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  Abstract         An abnormally high temperature produces a stress response in turbot causing large economic 
losses in the turbot aquaculture industry of China. A genetic improvement of the upper thermal tolerance 
(UTT) of turbot could allow cultured fi sh to adapt. A genetic evaluation of UTT is required for determining 
the practicability of including this trait into a breeding program. In this study, data were recorded from a 
temperature tolerance test conducted on 3 200 individual turbots from 32 full-sib groups. A cross-sectional 
linear model and a cross-sectional threshold probit model were used to analyze the test-period survival and 
a cross-sectional threshold logit model was used to analyze the test-day survival. In addition, phenotypic 
and genetic correlations between body weight and survival data were estimated. The estimated heritability 
values obtained from the cross-sectional linear model (CSL), the cross-sectional threshold (probit) model 
(THRp), and the cross-sectional threshold (logit) model (THRl) were 0.247 9±0.108 3, 0.288 3±0.161 2, 
and 0.106 9±0.045 2, respectively. The correlation coeffi  cients among the full-sib family estimated breeding 
values (EBVs) obtained from the three models were greater than 0.998 6 and all models produced an almost 
identical family ranking. The accuracies of selection obtained with the CSL, THRp, and THRl model were 
0.773 8, 0.775 4, and 0.784 4, respectively, the greatest from the THRl model. The genetic correlations 
between body weight and survival data EBVs from the CSL, THRp, and THRl models were 0.020 1, -6.201 1× 
10 -4 , and -3.115 4×10 -4 , respectively, and the phenotypic correlations between the two traits were -0.837 1 
and -0.667 1, respectively. The fi ndings of this study provide background information to determine the best 
strategy of selection for the genetic improvement of UTT in turbot. 
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 1 INTRODUCTION 

 Turbot ( Scophthalmus   maximus  L.) is one of the 
most economically important aquaculture fl atfi sh 
species globally. This species is widely distributed in 
the Mediterranean, the Black Sea, and Sea Baltic Sea 
(Zhang et al., 2014; Wang et al., 2015; Wang and Ma, 
2016; Ma et al., 2018). In recent years, there have 
been great advances in turbot culture in China; 
however, some issues, including temperature 
tolerance, are restricting the development of the 
industry. Water temperature is one of the most 

important environmental factors infl uencing fi sh 
growth (Campinho et al., 2004; Larsson and Berglund, 
2005; Imsland et al., 2007; Árnason et al., 2009; 
Huang et al., 2014). Turbot is a kind of cold-water fi sh 
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with rigorous temperature requirements, and so is 
especially susceptible to temperature stress (Zhang et 
al., 2014; Ma et al., 2018). Suitable water temperatures 
for turbot range from 16 to 24°C (Xu et al., 2015; Ma 
et al., 2018). Under good water quality conditions, 
adult turbot can tolerate temperatures of 25–26°C, but 
not for extended periods. The high and low growth 
temperature ranges were 21–22°C and 7–8°C, 
respectively (Ma et al., 2012). Purdom et al. (1972) 
showed that the maximum temperature for turbot 
growth is 18.9°C. Survival rates of juvenile turbot 
cultured for 20 days in 4–20°C, 22–24°C, 26°C, and 
28°C in 20 days were 100%, 80%, 40%, and 0%, 
respectively (Gao et al., 2006). Temperature 
essentially aff ects physiological, and biochemical life 
history processes of a fi sh (Beitinger et al., 2000). 
Abnormally high temperatures would result in a stress 
response in fi sh, causing reduced disease resistance, 
growth rate, and reproductive activity (Dominguez et 
al., 2004). Natural water temperatures in turbot 
culture areas of North China where turbot are usually 
higher than 26°C throughout the whole summer (May 
to September) (Zhang et al., 2014; Ma et al., 2018). 
As optimal growth temperatures are around 16°C, 
these high temperatures are unsuitable for rearing 
turbot. To overcome this issue, the current cooling 
method is generally used with seawater pumped from 
deep wells. This method is eff ective but also has 
obvious disadvantages. The extraction of groundwater 
requires large amounts of energy and can cause a 
large-scale decrease in the water table and subsequent 
water shortages (Ma et al., 2018). The culture cycle of 
turbot on the South China coast is usually from mid-
November to the following April, representing a short 
culture cycle. Extending the cycle will greatly 
improve the effi  ciency of the culture process. Thus, 
the genetic improvement of the upper thermal 
tolerance of turbot is extremely important in 
promoting the sustainable and stable development of 
the industry. 

 Establishing the genetic variation of economically 
important traits is a prerequisite for a successful 
commercial selective breeding program (Taylor et al., 
2009). Hence, estimation of genetic parameters for 
improved traits is an important and essential element 
of fi sh breeding programs (Fu et al., 2015; Sun et al., 
2015; Liu et al., 2016; Ma et al., 2018). Heritability, 
genetic correlation, and repetition rate are major 
genetic parameters describing the heredity of 
quantitative traits in quantitative genetic analysis and 
can elucidate the proportion of variation of quantitative 

traits and of co-variation between two traits attributing 
to genetic eff ects by estimating variance components. 
Therefore, these three genetic parameters play a very 
important role in evaluating breeding value, predicting 
response to selection and determining properly 
breeding plans (Sun et al., 2015; Ma et al., 2018). The 
accurate estimation of these parameters is related 
directly to the effi  ciency of the breeding program.  

 The characteristics assessed, as a selection trait, 
must adequately predict the objective trait and be cost 
eff ective to measure (Taylor et al., 2009). In many 
aquaculture breeding programs, the selection trait for 
temperature resistance is generally measured as 
survival or upper thermal tolerance (UTT; calculated 
as cumulative thermal exposure in degree hours) 
under a controlled thermal challenge (Johns, 1981; 
Thomas et al., 2000; Perry et al., 2003, 2005; Encomio 
and Chu, 2005; Nakajima et al., 2009; Liu et al., 2011; 
Pess et al., 2011; Ma et al., 2012; Zhang et al., 2014). 
The economic importance of UTTs in aquaculture 
species has given rise to some experiments estimating 
genetic parameters with the aim of genetic 
improvement, but these studies were mainly focused 
on the genetic evaluation of UTT as a selection trait of 
temperature resistance (Perry et al., 2005; Liu et al., 
2011; Zhang et al., 2014). Less attention has, to date, 
been paid to estimating genetic parameters of survival 
under thermal challenge, although survival has been 
considered as an evaluation index of temperature 
resistance in some works of literature (Johns, 1981; 
Thomas et al., 2000; Perry et al., 2003; Encomio and 
Chu, 2005; Nakajima et al., 2009; Pess et al., 2011; 
Ma et al., 2012). Statistical models for survival data 
analysis can be classifi ed as longitudinal and cross-
sectional models, such as the proportional hazard 
frailty model and the threshold model (Yáñez et al., 
2013). There are diff erences between the two types of 
models, in terms of how to use available information 
(Ødegård et al., 2011). Cross-sectional models are the 
simplest models for analyzing challenge test data and 
have been shown to produce accurate predictions of 
breeding values (Ødegård et al., 2006, 2007), 
especially for balanced data with a large sample size 
in similar environments (Ødegård et al., 2011). Thus, 
cross-sectional models can be defi ned as models 
evaluating temperature resistance measured as a 
single record at a fi xed time point. 

 The ultimate goal of the breeding program, 
regardless of any improved traits, is to achieve greater 
economic benefi ts. There is little value to 
thermotolerance selection without considering growth 
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rate, and a fast growth rate should be included in the 
breeding goal of the genetic improvement of 
thermotolerance. A selective breeding program for 
fast growth and thermotolerance in turbot was carried 
out at the Yellow Sea Fisheries Research Institute, 
Chinese Academy of Fishery Sciences in 2007. The 
current study evaluates the heritability of upper 
thermal tolerance in turbot using survival data 
obtained from a thermal challenge and body weight. 
Genetic correlations between the two traits were 
carried out by full- and half-sib family analysis using 
three kinds of cross-sectional models (cross-sectional 
linear model, cross-sectional threshold probit model, 
and cross-sectional threshold logit model) and the 
animal model. The main objective of this study was to 
provide an insight into the selection using the genetic 
parameters of the two traits. 

 2 MATERIAL AND METHOD 

 2.1 Production of families and rearing 

 The data used were obtained from a breeding 
program initiated in 2007 by the Yellow Sea Fisheries 
Research Institute, Qingdao, China. Four turbot 
stocks were imported from France, England, Norway, 
and Denmark between June 2002 and September 
2003. Genetic background analyses of the four stocks 
were used to establish base populations for selective 
breeding. 170 brood stocks, comprising 68 males and 
102 females were obtained. These brood stocks (G 0  
generation) were individually tagged with PIT-Tags 
(Passive Integrated Transponder, Biosonic, Seattle, 
USA) in December 2006. In April 2007, 56 F 1  full-
sib families were constructed successfully using 
nested mating designs with two females mated to one 
male by Tianyuan Aquatic Limited Corporation, 
Yantai, Shandong, China. At the early rearing stage, 
the families were reared in separate tanks until 
tagging. When the families reached three months of 
age, 250–300 individuals were randomly selected 
from each family for tagging using VIE (Visible 
Implant Elastomer) (to distinguish diff erent families) 
and then stocked communally. When all tagged 
individuals with VIE were communally reared up to 
nine months of age, they were individually tagged 
with PIT (to distinguish individuals and families). In 
April 2008, when the families were 12 months of 
age, 32 high survival families (100 animals per 
family) were selected to test upper thermal tolerance. 
To ensure similar rearing conditions for all families 
at diff erent stages of rearing, measures were taken to 

standardize both the stocking density and the 
environmental conditions. The standard operating 
procedures followed those recommended by Wang et 
al. (2010).  

 2.2 Challenge test and data collection 

 In April 2008, 3 200 individuals from 32 families 
(100 animals per family) were used to test upper 
thermal tolerance. Individuals from each family were 
reared in separate tanks for ten days at 13°C before 
exposure to an acute thermal challenge. Some 
individuals did not survive the ten days of temporary 
culture and only fi ve families had 100% survival rates 
at the beginning of the experiment. Over the entire 
experimental period, the temperature at which fi sh 
were subjected to chronic thermal shock increased by 
14°C (1°C/12 h up to 25°C and 1°C/24 h from 25°C 
to 27°C), after which the temperature was maintained 
at 27°C until the end of the experiment. The 
experiment was stopped when 50% of all individuals 
were recorded to have lost their activity. The time to 
LOA (loss of activity) was determined according to 
the reaction of test fi sh when the water was agitated 
for ten seconds. The experiment lasted for 
approximately 145 h in total. During the experimental 
process, automatic thermostat control, aerated 
cultures, and stagnant water were applied to culture 
the experimental fi sh. Fish activity was observed 
every hour and individuals exhibiting LOA were 
removed in a timely fashion. During the 
thermotolerance test, normal feeding, water exchange, 
and bottom clearing were carried out once a day.  

 Trait defi nition of challenge test survival is used 
according to the method of Yáñez et al. (2013).  

 1. Test-period survival (TPS), which was scored as 
0 if the fi sh lost activity in the experimental period 
and 1 if the fi sh were active until the end of the 
experiment. This trait was analyzed using a CSL 
model (cross-sectional linear model) and a THRp 
model (binary threshold (probit) model), to account 
for the binary nature of the trait. 

 2. Test-day survival (TDS), in which the survival 
time (unit, day) was transformed into binary survival 
records. There was one record for every day the fi sh 
kept in the challenge test and the number of records 
per fi sh equals the number of days until LOA (A 
starting point was determined based on the test-day of 
the fi rst LOA). For each day, an observation was 
scored as 0 if the fi sh were active on the actual test-
day and 1 if the fi sh were not active on the actual-test 
day (Yáñez et al., 2013). This trait was analyzed using 
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a THRl model with a logit link function (survival 
score model), to account for the binary nature of the 
trait.  

 The body weight of fi sh was also measured using 
an electronic balance with a precision of 0.01 g. 

 2.3 Data analysis 

 2.3.1 Estimation of genetic parameters for survival 
data 

 Genetic parameters for survival date were estimated 
using three kinds of cross-sectional models (univariate 
sire-dam models), i.e., cross-sectional linear model 
(CSL), cross-sectional threshold probit model (THRp) 
and cross-sectional threshold logit model (THRl), in 
order to take the binary nature of the trait into account. 
CSL and THRl were used to analyze the test-period 
survival, and THRp was used to analyze the test-day 
survival. The three cross-sectional models can be 
written as: 

 CSL:  y  ijk = μ + S  i + D  j + c  ij + e  ijk , 

 THRp: Pr( Y  ijk =1)= Φ ( μ + S  i + D  j + c  ij ), 
 where  y  ijk  is 0 if the fi sh lost activity in the test period 
and 1 if the fi sh maintained activity until the end of 
the experiment;  μ  is the population mean;  S  i  is the 
random genetic eff ect of the sire  i ;  D  j  is the random 
genetic eff ect of the dam  j ;  c  ij  is full-sib family random 
eff ect;  e  ijk  is the random residual; and  Φ () is the 
standard cumulative normal distribution function: 
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 where  y  ijk  is 0 if the fi sh retained activity on the actual 
test-day and 1 if the fi sh lost activity on the actual-test 
day. The other parameters are as defi ned above. 

 For the three models, sire and dam eff ects assumed 
~ N  (0,  Aσ   2  SD ) where  Aσ  2  SD    = σ  2  S = σ  2  D  and  A  is the additive 
genetic relationship matrix among the animals 
(including parents). Residuals assumed ~  N  (0,  IN  2  e ) 
for estimation of heritability, the residual variance on 
the scale for THRp was set to 1 and was set to π 2 /3~3.3 
for the THRl model (Yáñez et al., 2013). 

 For the three cross-sectional models (CSL, THRp, 
and THRl) narrow sense heritability was calculated 
as: 
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 where  σ  2  S ,  σ  2  D ,  σ  2  c , and  σ  2  e , and are the sire variance 

component, dam variance component, full-sib family 
variance component, and residual variance 
component, respectively. 

 2.3.2 Model comparison 

 As the cross-sectional models estimating genetic 
parameters of survival used two kinds of diff erent 
trait defi nitions, the accuracy of selection ( r  τ ) was 
used to compare the models. The accuracy of selection 
was determined through the correlation between the 
estimated breeding values (EBVs) of full-sib families 
for two random data subsets using the variance 
components estimated from the entire dataset. The 
accuracy of selection is closely related to the Pearson 
correlation coeffi  cient between the EBVs of full-sib 
families ( r EBV) predicted using diff erent data 
subsets. According to selection index theory, it has 
been proven that  r EBV≈ r  2  τ  when there is a similar 
amount of information per family in the two data sets 
and there is an unbiased prediction of breeding values 
(Gitterle et al., 2006; Yáñez et al., 2013). Hence, the 
estimated  r EBV can be used for evaluating models 
according to their accuracy of selection (Gitterle et 
al., 2006; Yáñez et al., 2013). Furthermore, rank 
correlations of EBVs of full-sib families from each 
model were calculated to determine the agreement 
between the genetic predictions of the diff erent 
methods. 

 2.3.3 Estimation of genetic parameters for body 
weight 

 The genetic parameters for body weight were 
estimated using an animal model. The model can be 
written as: 

  y  ij = μ + a  i + f  j + e  ij , 
 where  μ  is the mean value of population,  y  ij  is the 
measured values of body weight,  a  i  is the random 
additive eff ect of an individual and is distributed ~ N  
(0,  A   σ  2  a ) where  A  is the numerator relationship 
matrix,  f  j  is the full-sib family as a random eff ect and 
 e  ij  is the residual random eff ect (between fi sh within 
families).  

 For the animal model, the narrow sense heritability 
was calculated as the proportion of additive genetic 
variance to total variance as follows: 
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 where  σ  2  a ,  σ  2  f , and  σ  2  e , are additive variance components, 
the full-sib family variance component, and the 
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residual variance component, respectively. 
 The heritability and breeding values of the two 

traits were estimated using the software package 
ASReml version 3.0 (Gilmour et al., 2009). In order 
to determine the agreement among genetic predictions 
of three cross-sectional models, the rank correlation 
(Pearson and Spearman) coeffi  cient among the full-
sib family survival EBVs from each model were 
calculated using the software package ASReml 
version 3.0 (Gilmour et al., 2009). The phenotypic 
and genetic correlations between the two traits were 
calculated based on phenotype and breeding values 
by using SPSS 13.0 (SPSS Inc., Chicago, IL, USA, 
2001). The  t  test was used to test the signifi cance level 
of each estimate from zero. Before analysis, all data 
were checked for outliers using box plots.  

 3 RESULT 

 3.1 Survival summary 

 Survival rates for turbot families in the experimental 
temperature tolerance test are shown in Table 1. The 
survival rates of 32 families ranged from 20.8% to 
87.0%. The survival rate of family 13 was the lowest 
(20.8%), while family 3 exhibited the highest survival 
rate (87.0%). There was substantial genetic variation 
in temperature tolerance among families. 

 3.2 Estimation of variance components 

 Heritability values for family survival data under 
high temperature stress were 0.247 9±0.108 3, 
0.288 3±0.161 2, and 0.106 9±0.045 2, from the CSL, 

 Table 1 Mean weight, survival rate and hour to death for each turbot family in the thermal tolerance challenge (standard 
deviation in parenthesis) 

 Family 
number 

 Number of hour to death 
 Mean weight (g)  Survival 

rate (%) 
 Family 
number 

 Number of hour to death 
 Mean weight (g)  Survival rate (%) 

 The fi rst  The last  The fi rst  The last 

 1  48  139  129.551 1
(39.570 2)  69.6  17  32  144  275.004 0

(66.605 4)  23.8 

 2  59  135  109.000 2 
(32.377 2)  79.1  18  34  136  182.385 6 

(45.576 5)  41. 0 

 3  54  128  129.272 1 
(40.775 7)  87.0  19  38  121  259.090 9 

(69.093 4)  41.8 

 4  33  132  141.222 0 
(35.109 4)  65. 0  20  41  139  269.766 5 

(54.469 8)  29.9 

 5  38  142  311.070 0 
(60.933 5)  32.1  21  42  143  144.417 0 

(37.529 8)  66.1 

 6  42  144  234.386 2 
(50.230 0)  36.7  22  48  145  159.234 5 

(33.878 7)  51.1 

 7  58  133  212.891 4 
(44.207 4)  40.2  23  37  141  155.829 0 

(37.289 8)  42.8 

 8  62  146  136.483 4 
(41.166 7)  65.9  24  51  144  198.752 3 

(47.726 5)  36.6 

 9  42  140  109.823 3 
(32.374 4)  74.4  25  58  143  148.477 7 

(45.548 8)  50.4 

 10  53  144  116.542 3 
(29.019 7)  81.1  26  41  144  163.130 9 

(38.904 4)  42.5 

 11  48  141  122.775 0 
(40.775 8)  52.1  27  37  139  135.146 1 

(36.620 0)  53.6 

 12  52  124  116.072 0 
(29.015 6)  81.9  28  57  129  239.814 3 

(55.115 5)  36.5 

 13  25  143  275.007 5 
(66.646 3)  20.8  29  49  131  110.026 6 

(39.452 1)  69.6 

 14  28  144  288.494 4 
(63.082 3)  34.9  30  52  142  138.263 9 

(39.346 9)  57. 0 

 15  68  130  169.706 5 
(47.952 6)  48.5  31  21  144  171.113 7 

(43.556 7)  32.2 

 16  54  144  145.736 5 
(38.027 3)  50.6  32  32  143  121.672 2 

(59.790 0)  41. 0 
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THRp, and THRl models, respectively. The standard 
error values obtained for these heritabilities were 
0.108 3, 0.161 2, and 0.045 2 from the CSL, THRp, 
and THRl models, respectively (Table 2). 

 The Pearson and Spearman correlation coeffi  cients 
from the full-sib family EBVs based on the three 
models were shown in Table 3. All correlations were 
positive and high (higher than 0.998 5). Pearson 
correlation coeffi  cients between THRlEBV and 
THRpEBV, THRlEBV and CSLEBV, and THRpEBV 
and CSLEBV were 0.999 6, 0.998 8, and 0.998 7, 
respectively. The highest correlation was obtained 
between THRlEBV and THRpEBV. The other two 
correlation coeffi  cients were only 0.000 8 and 0.000 1, 
respectively. Spearman correlation coeffi  cients 
between THRlEBV and THRpEBV, TTHRlEBV and 
CSLEBV, and THRpEBV and CSLEBV were 0.998 8, 
0.998 9, and 0.998 5. The highest correlation was 
achieved between TTHRlEBV and CSLEBV, while 
the other two correlation coeffi  cients were only 

0.000 1 and 0.000 3. These results indicated that an 
almost identical ranking of families is generated 
regardless of which model is used.  

 The Pearson correlation coeffi  cients and the 
accuracy of selection among full-sib family EBVs 
from two data subsets are presented in Table 4. Among 
the three models tested, the highest correlation and 
accuracy of selection between the two random data 
subsets were achieved with the THRl model 
( r EBV=0.638 1,  r  τ =0.784 4), the lowest correlation 
and accuracy of selection values were obtained with 
the CSL model ( r EBV=0.598 8,  r  τ =0.773 8). The 
THRp model had moderate correlation and accuracy 
of selection values ( r EBV=0.601 2,  r  τ =0.775 4). 
Accuracies of selection were very similar between the 
CSL and THRp models ( r  τ =0.773 8 and 0.775 4 for 
CSL and THRp). 

 Heritability of body weight under high temperature 
stress using the animal model was 0.387 1±0.123 3 
and the standard error was 0.123 3. The standard error 
of heritability (0.123 3) was signifi cantly lower than 
the corresponding heritability (Table 5). 

 3.3 Genetic correlations 

 Genetic and phenotypic correlations (Pearson 
correlation) between body weight and survival data 
under high temperature stress were calculated (Table 
6). The phenotypic correlations between body weight 
and test-period survival and between body weight and 
test-day survival were -0.837 1 and  -3.115 4×10-4, 
respectively. The genetic correlations between body 
weight and EBVs from the CSL, THRp, and THRl 
models were 0.020 1, -6.201 1×10 -4 , and  -0.168 8  , 

 Table 3 Spearman (below diagonal) and Pearson (above 
diagonal) correlation coeffi  cients between family 
EBVs for three models for survival data from a 
thermal tolerance challenge  

 Model  CSLEBV  THRpEBV  THRlEBV 

 CSLEBV  1.000 0  0.998 7**  0.998 8** 

 THRpEBV  0.998 5**  1.000 0  0.999 6** 

 THRlEBV  0.998 9**  0.998 8**  1.000 0 

 *, **: Signifi cant at 0.05 and 0.01, respectively. 

 Table 4 Estimated Pearson correlation coeffi  cients a  ( r EBV) 
and accuracy of selection values ( r  τ ) between the 
predicted family b  EBVs ( r EBV) from two subsets 
of data using three statistical models 

 Models    r EBV   r  τ  

 CSL  0.598 8  0.773 8 

 THRp  0.601 2  0.775 4 

 THRl  0.638 1  0.784 4 

  a  all correlations were signifi cantly diff erent from zero ( P <0.0001);  b  a total 
of 30 full-sib families were included in the analyses. 

 Table 5 Variance components and heritability ( h  2 ) with 
standard error (±SE) of body weight 

 Trait 
 Variances components  Heritability 

 h  2 ±SE   σ  2  a  ±SE   2  f  ±SE   σ  2  e  ±SE 

 BW/g  1 598.916 0±
1 105.247 9 

 1.117 3×10 -6 ±
1.004 4×10 -6  

 2 531.109 0±
1 017.440 1 

 0.387 1±
0.123 3 

  σ  2  a : additive genetic variance;  σ  2  f : full-sib variance;  σ  2  e : residual variance;  h  2 : 
heritability. 

 Table 2 Variance components and heritability ( h  2 ) with standard error (±SE) of family survival data under high temperature 
stress 

 Model    σ  2  S  ±SE   σ  2  D  ±SE   σ  2  c  ±SE   σ  2  e  ±SE   h  2 ±SE 

 CSL  0.015 9±0.006 9  0.001 3±0.000 4  0.022 1±0.000 6  0.217 2±0.007 0  0.247 9±0.108 3 

 THRp  0.100 5±0.069 7  0.156 3±0.039 7  0.143 1±0.001 1  0.994 4±0.020 0  0.288 3±0.161 2 

 THRl  0.040 1±0.010 5  0.364 3±0.069 4  0.121 1±0.001 0  0.974 7±0.017 0  0.106 9±0.045 2 
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respectively. A low positive correlation (0.020 1) was 
obtained between body weight and CSLEBV, while 
the correlation coeffi  cients between body weight and 
THRpEBV and between body weight and THRlEBV 
were negative (-6.201 1×10 -4  and  -0.168 8).  

 4 DISCUSSION 

 In the current study, a total of 3 200 individuals 
from 32 families were subjected to a thermal challenge 
to estimate genetic parameters of survival (test-period 
survival and test-day survival) using the restricted 
likelihood method based on CSL, THRp and THRl 
models. The CSL and THRp models were used for 
analysis of test-period survival, and the THRl model 
was applied to test-day survival. The estimated 
heritabilities obtained from the three models were 
0.247 9±0.108 3, 0.288 3±0.161 2, and 0.106 9± 
0.045 2, respectively. The diff erences between the 
estimated heritabilities are attributed mainly to 
diff erences in trait defi nition and analysis. The 
estimated heritability obtained from the THRl model 
was signifi cantly lower than the estimated heritability 
values obtained from the CSL and THRp models. It is 
likely that this is due to the division of data into several 
days across the test period. The full-sib family EBV 
estimates from the three models were very high and 
gave an almost identical ranking of families. These 
results are in keeping with the fi ndings of Ødegård et 
al. (2006), Gitterle et al. (2006), and Yáñez et al. 
(2013). The accuracy of selection using the CSL 
model was almost identical to that obtained using the 
THRp model, whereas the accuracy of selection from 
the THRl model was slightly higher than those of the 
CSL and THRp models were. In addition, the standard 
error from the THRl model was signifi cantly lower 
than the corresponding heritability in comparison with 
the CSL and THRp models. Therefore, the THRl 
model could be considered as the optimal model to 
estimate heritability from survival data based on both 

accuracy of selection and standard error. 
 The results from the current study and those 

reported by other authors show that there are signifi cant 
diff erences between current heritabilities for survival 
data and heritabilities for UTT in both rainbow trout 
and turbot. These diff erences are mainly due to 
diff erent evaluation indexes used for temperature 
resistance. The heritabilities of survival data, in the 
present study, are higher than the UTT values reported 
by both Zhang et al. (2014) and Liu et al. (2011). It is 
speculated that these intraspecifi c diff erences are 
primarily due to the number of samples contributing to 
the estimates, diff erent developmental periods of 
samples, diff erent source populations, and diff erent 
statistical methods or models, in addition to diff erent 
evaluation indexes. The heritabilities of current 
survival data obtained in the current study were 
signifi cantly lower than the reported UTT for rainbow 
trout. It is likely that this discrepancy is due to 
diff erences between species, in addition to diff erences 
in evaluation indexes and the aforementioned factors 
of intraspecifi c diff erences that aff ect the genetic 
estimation of turbot. Heritability for body weight in 
turbot, under high temperature stress, was 
0.387 1±0.123 3 and presented a high heritability. The 
phenotypic correlations between body weight and test 
survival, in addition to body weight and test-day 
survival, were -0.837 1 and -0.667 1, respectively. The 
genetic correlations between body weight and EBVs 
from the CSL, THRp, and THRl models were 0.020 1, 
-6.201 1×10 -4  and -3.115 4×10 -4 , respectively. 
Although the phenotypic correlations between body 
weight and survival data were negative (-0.837 1 and 
-0.667 1) and the genetic correlations between body 
weight and CSLEBV had a low positive value 
(0.020 1). The conclusions about genetic and 
phenotypic correlations between upper thermal 
tolerance and body weight obtained from the current 
study are, on the whole, consistent with the conclusions 
of Perry et al. (2005), Liu et al. (2011) and Zhang et al. 
(2014), although the evaluation indicator for heat 
tolerance was diff erent. There was a low positive 
correlation or negative correlation between 
thermotolerance and body weight regardless of the 
evaluation indicator used. Heritable traits usually 
include morphological, behavioral, physiological and 
life-history traits. For most morphological/production 
traits, phenotypic and genetic correlations tend to be 
highly positive (Perry et al., 2005). However, 
associations between morphological and physiological 
traits are generally more variable (Perry et al., 2005; 

 Table 6 Genetic and phenotypic correlations between body 
weight and survival data under high temperature 
stress (Pearson correlation) 

 Correlation  TPS  TDS 

 Phenotypic correlation  -0.837 1**  -3.115 4×10 -4  

 Genetic correlation  0.020 1* (A)  -6.201 1×10 -4  (B)  -0.168 8* 

 TPS: test-period survival; TDS: test-day survival; A: genetic correlation 
between body weight and EBV of TPS estimated based on CSL model; B: 
genetic correlation between body weight and EBV of TDS estimated based 
on THRp model. Asterisk: signifi cant at 0.05 (*) and 0.01 (**). 
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Liu et al., 2011; Zhang et al., 2014). The results of the 
current study further confi rmed this conclusion.  

 The magnitude of heritability can be categorized as 
low (0.050 0–0.150 0), medium (0.200 0–0.400 0), 
high (0.450 0–0.600 0), and very high (>0.650 0) (Xu 
et al., 2015). In the present study, the three estimated 
heritabilities from the CSL, THRp and THRl models 
were 0.247 9±0.108 3, 0.288 3±0.161 2, and 
0.106 9±0.045 2, respectively. According to the 
classifi cation levels of Xu et al. (2015), the three 
heritabilities could be defi ned as a medium, medium 
and low, respectively. Selection methods are very 
fl exible for the genetic improvement of traits with 
moderate heritability, while selection for traits with 
low heritability needs to be carefully considerate. 
Family selection is preferred when common 
environmental eff ects are low (Rye et al., 1990; Wang 
et al., 2010). Family selection is a feasible method for 
genetic improvement of survival under high 
temperature stress. The magnitude of correlation 
coeffi  cients was classifi ed as low (0.000 0–0.400 0), 
medium (0.450 0–0.550 0) and high (0.600 0–1.000 0) 
without considering the sign (Xu et al., 2015). In the 
current study, the phenotypic correlations between 
body weight and survival data were -0.837 1 and 
-0.667 1, respectively, and the genetic correlations 
between body weight and survival EBVs obtained 
from the CSL, THRp, and THRl models were 0.020 1, 
-6.201 1×10 -4 , and -3.115 4×10 -4 , respectively. The 
phenotypic correlations were negative and high in 
magnitude but negative/positive and low for the 
genetic correlations. Negative genetic correlation 
between traits might cause off sets in genetic gain. 
Thus, it is impossible to achieve better breeding results 
simultaneously for survival under high temperature 
stress and body weight gain in a selection program. In 
view of the negative/positive and low genetic 
correlations between the two traits, strategies to 
achieve simultaneous improvement need more 
investigation. Initial cultivation of two new strains 
followed by hybridization may be worth considering, 
while another potential strategy may be to try 
introducing heat tolerant genes from other species 
using clustered regularly interspaced short palindromic 
repeats (CRISPR). From the point of view of breeding, 
the estimated genetic parameters gave the basic 
information to determine the ideal selection plan to be 
adopted in the breeding program in order to allow the 
response to selection. Signifi cant advances, which will 
improve turbot culture effi  ciency, are possible using 
the results of the current study.  

 5 CONCLUSION 

 The heritability values of the survival data from the 
CSL, THRp, and THRl models could be defi ned as 
medium and low levels of heritability. Family 
selection is a feasible method for genetic improvement 
of survival under high temperature stress. The 
phenotypic correlations between body weight and 
survival were negative and high in magnitude, and the 
genetic correlations between body weight and survival 
EBVs from the CSL, THRp and THRl models were 
negative/positive and low. It is impossible to achieve 
better breeding results for survival under high 
temperature stress while simultaneously improving 
body weight in a selection program. Given the 
negative/positive and low genetic correlations 
between the two traits, a breeding method of fi rst 
cultivating two new strains, followed by hybridization 
of the two strains may be worth considering. Another 
potential strategy might be to try introducing heat 
tolerant genes from other species using CRISPR.  
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