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Heemstra & Randall 1993; Pierre et al. 2008 	

Epinephelus fuscoguttatus

Cromileptes altivelis Plectropomus leopardus E. lanceolatus

E. coioides E. malabaricus Pomeroy 

2002; Rahimnejad et al. 2015 	

Kohno et al. 

1997; Marte 2003; Harikrishnan et al. 2011; Petersen et al. 2013 	

1 	 E. 

bruneus 1

Liu 2013; Kessuwan 2015 	 

Bartley et al. 2001; Epifanio & Nielsen 2001 	

E. polyphekadion

James et al. 1999 	 2008
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Ch’ng & Senoo 	

Rachmansyah et al. 2009; Shapawi et al. 2014 	 2

1 1 3 kg

Heemstra & Randall 1993; Sadovy et al, 2003 	 2

Senoo 2010 	

Othman et al. 2015; Rahimnejad et 

al. 2015; Sun et al. 2016 	

Figure 1 	

F1

Figures 2 and 3 	

	 

Quantitative Traits, QT

Quantitative Trait Loci, QTLs Massault et al. 2008 	

QTL QTL
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QTL

Koral et al. 2007; Presti et al. 2009; Tong & Sun; 2015 	QTL

DNA

Marker Assisted Selection, MAS

	DNA

QTL

 2002; Presti et al. 2009 	

DNA

MAS Fuji et al. 2007 	

QTL Moghadam et al. 2007; Wringe et al. 2010

Wang et al. 2012 Wang et al. 2015 Wang et al. 2015

Liu et al. 2014 Song et al. 2012 Loukovitis et al. 2012

Kessuwan et al. 2016

Yu et al. 2016 	

2 QTL Kessuwan 

2015 	 

MAS F1

	 1 	 2

QTL 	 3

QTL 	

F1 	 
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QTL DNA

DNA 	

DNA

	 DNA RFLP

Restriction Fragment Length Polymorphism AFLP Amplified Fragment Length 

Polymorphism SSR Simple Sequence Repeat SNP Single Nucleotide Polymorphism

40

Yue 2014 	 E. 

aeneus SSR

SNP Dor et al. 2014; 

Kessuwan et al. 2016; Kessuwan 2015; You et al. 2013 	DNA

SSR

Liu & Cordes 2004; Barbará et al. 2007 QTL

F1

	 1,500 SSR

Liu 2013; Kubota et al.2014; Kessuwan 2015 SSR

	

SSR
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DNA  

2013 3 F0

1 1 F1 178

	

	 DNA Coimbra et al. 2003

	 DNA NanoDrop 2000c Thermo Fisher Scientific, Waltham, MA, 

USA 	 

 

 

Kubota et al. 2014 PCR

DNA

	PCR TET 0.05 pmol µl-1 forward primer 0.5 pmol µl-1 

reverse primer 2.0 mM MgCl2 1× Ex Taq buffer 0.2 mM dNTP 1% bovine serum 

albumin 0.025 U TaKaRa Ex Taq Takara Bio Inc., Otsu, Shiga, Japan 50 ng

DNA 10 µl Mastercycler pro S Eppendorf, Barkhauseweg, 

Hamburg, Germany 	PCR 95°C 5 95°C 30 56°C 

1 72°C 1 36 72°C 10 4°C

	 PCR Loading dye 98% formamide, 10 mM EDTA (pH 

8.0), 0.05% bromophenol blue 95°C 15 8 M 6%

1800 V 2 	

Typhoon FLA 9500 biomolecular imager GE Healthcare Life Sciences, Little 

Chalfont, Buckinghamshire, UK PCR
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DNA  

DNA

SSR

F0 	 QTL

20 cM SSR Massault 

et al. 2008 	 SSR F0 F1 178

	

LINKMFEX software package version 2.3 Danzmann 2006 	

	

	 logarithm of odds

LOD 4.0 	

Map Manager QTX Manly et al. 2001

	

	

	

SSR

+2 	 MapChart version 2.1

Voorrips 2002 	F1

Song et al. 2012
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SSR  

869 SSR 804 SSR

	 457 56.8%

289 35.9% 	 189 SSR

	 SSR

416 SSR F1 178 	 

 

 

416 SSR 24

Figure 4 	 347

SSR 1,201.8 cM 	

41.2 cM 20 59.0 cM 14

	 235 SSR

953.7 cM 	 2.8 cM

13 61.4 cM 14 	 SSR

1

263 171

	 2

4.6 cM 5.6 cM 	

10 37

14.6% 9 23 13.6%

P < 0.05, Figure 4 	
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4 5

1 2 13

	

1,445.3 cM 1,294.0 

cM 83.2% 73.7%

Tables 1 and 2 	 

 

 

SSR

166 	166 SSR 2

1,111.8 cM 870.2 cM

1.28:1 Table 3 	 
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24

Guo et al. 2014 	 416 SSR

24 	

953.7 cM 1201.8 cM

2 Ela_LG9 13 2

	 SSR

	

	 1.12:1

1.03:1 1.19:1

Kessuwan et al. 2016; 

You et al. 2013; Dor et al. 2014 	

Sakamoto et al. 2000

Singer et al. 

2002 	 F1

SSR 1.28:1
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	 Segregation Distortion 

Loci, SDL

Xu 2008 	

SDL

Xu et al. 1997 	

4 5 1 2 13

SDL 	 SDL F1
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Figure 4  

Efu_LG	 Ela_LG	 cM

*P < 0.05, **P < 0.01  
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Table 1 )

 

 

 
 

(cM) (cM) (cM)  

1 

(cM) 

2 

(cM) 

 

(cM) (%) 

Efu_LG1 16 11 47.7 4.3 12.0 

 

56.8 57.2 57.0 83.6 

Efu_LG2 14 11 48.4 4.4 14.4 

 

57.5 58.1 57.8 83.7 

Efu_LG3 20 14 49.9 3.6 12.6 

 

59.0 57.6 58.3 85.6 

Efu_LG4 9 8 53.3 6.7 22.1 

 

62.4 68.5 65.5 81.4 

Efu_LG5 10 8 50.2 6.3 24.2 

 

59.3 64.5 61.9 81.0 

Efu_LG6 11 8 53.3 6.7 16.3 

 

62.4 68.5 65.5 81.4 

Efu_LG7 12 10 53.5 5.4 13.8 

 

62.6 65.4 64.0 83.6 

Efu_LG8 18 12 49.9 4.2 12.0 

 

59.0 59.0 59.0 84.6 

Efu_LG9 13 11 46.4 4.2 9.7 

 

55.5 55.7 55.6 83.4 

Efu_LG10 25 18 50.4 2.8 12.0 

 

59.5 56.3 57.9 87.0 

Efu_LG11 14 7 49.3 7.0 24.9 

 

58.4 65.7 62.1 79.4 

Efu_LG12 15 13 52.4 4.0 13.8 

 

61.5 61.1 61.3 85.4 

Efu_LG13 24 18 48.8 2.7 14.4 

 

57.9 54.5 56.2 86.8 

Efu_LG14 16 13 59.0 4.5 14.4 

 

68.1 68.8 68.5 86.1 

Efu_LG15 10 9 45.7 5.1 14.5 

 

54.8 57.1 56.0 81.6 

Efu_LG16 12 11 54.1 4.9 15.0 

 

63.2 64.9 64.1 84.4 

Efu_LG17 18 11 48.1 4.4 10.3 

 

57.2 57.7 57.5 83.7 

Efu_LG18 11 9 53.5 5.9 14.4 

 

62.6 66.9 64.8 82.6 

Efu_LG19 21 14 49.2 3.5 11.4 

 

58.3 56.8 57.6 85.5 

Efu_LG20 6 5 41.2 8.2 14.4 

 

50.3 61.8 56.1 73.5 

Efu_LG21 15 13 52.9 4.1 15.0 

 

62.0 61.7 61.9 85.5 

Efu_LG22 15 14 50.8 3.6 16.9 

 

59.9 58.6 59.3 85.7 

Efu_LG23 12 8 47.7 6.0 10.8 

 

56.8 61.3 59.1 80.7 

Efu_LG24 10 7 46.1 6.6 28.6 

 

55.2 61.5 58.4 79.0 

347 263 1201.8 4.6 �  �  1421.1  1469.4  1445.3 83.2 
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Table 2 )  

 

 
 

(cM) (cM) (cM)  

1 

(cM) 

2 

(cM) 

 

(cM) (%) 

Ela_LG1 11 7 42.0 6.0 17.5 
 

53.2 56.0 54.6 77.0 

Ela_LG2 6 5 30.0 6.0 22.1 
 

41.2 45.0 43.1 69.6 

Ela_LG3 11 6 20.3 3.4 16.9 
 

31.5 28.4 29.9 67.8 

Ela_LG4 8 8 40.7 5.1 16.3 
 

51.9 52.3 52.1 78.1 

Ela_LG5 8 6 54.0 9.0 31.8 
 

65.2 75.6 70.4 76.7 

Ela_LG6 9 8 46.9 5.9 17.5 
 

58.1 60.3 59.2 79.3 

Ela_LG7 11 9 45.4 5.0 11.4 
 

56.6 56.8 56.7 80.1 

Ela_LG8 11 9 39.8 4.4 13.2 
 

51.0 49.8 50.4 79.0 

Ela_LG9 10 7 11.8 1.7 3.9 
 

23.0 15.7 19.3 61.0 

Ela_LG9+2 2 2 6.8 3.4 6.8 
 

18.0 20.4 19.2 35.5 

Ela_LG10 17 10 32.2 3.2 8.5 
 

43.4 39.4 41.4 77.9 

Ela_LG11 8 4 50.6 12.7 39.9 
 

61.8 84.3 73.0 69.3 

Ela_LG12 10 6 25.9 4.3 16.3 
 

37.1 36.3 36.7 70.7 

Ela_LG13 12 5 2.8 0.6 1.1 
 

14.0 4.2 9.1 30.8 

Ela_LG13+2 4 3 10.2 3.4 6.2 
 

21.4 20.4 20.9 48.9 

Ela_LG14 13 11 61.4 5.6 13.8 
 

72.6 73.7 73.1 84.0 

Ela_LG15 6 6 27.2 4.5 18.2 
 

38.4 38.1 38.2 71.2 

Ela_LG16 8 7 44.1 6.3 16.3 
 

55.3 58.8 57.0 77.3 

Ela_LG17 13 10 48.2 4.8 17.5 
 

59.4 58.9 59.1 81.5 

Ela_LG18 7 5 33.4 6.7 24.9 
 

44.6 50.1 47.3 70.6 

Ela_LG19 13 8 50.5 6.3 37.0 
 

61.7 64.9 63.3 79.8 

Ela_LG20 6 4 36.3 9.1 27.8 
 

47.5 60.5 54.0 67.3 

Ela_LG21 11 9 52.3 5.8 18.8 
 

63.5 65.4 64.4 81.2 

Ela_LG22 6 5 32.2 6.4 16.9 
 

43.4 48.3 45.8 70.3 

Ela_LG23 9 8 51.2 6.4 23.5 
 

62.4 65.8 64.1 79.9 

Ela_LG24 5 3 57.5 19.2 32.6 
 

68.7 115.0 91.8 62.6 

235 171 953.7 5.6 
  

1243.7 1344.3 1294.0 73.7 
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Table 3 (  

(LG) 
(cM) 

	 	

LG1 Ebr01321FRA/EfuSTR0029DB 0.0  3.9  

 
EfuSTR0029DB/Ebr01422FRA 0.0  5.1  

 
Ebr01422FRA/Ebr00236FRA 1.1  1.7  

 
Ebr00236FRA/Ebr00806FRA 20.5  29.6  

 
Ebr00806FRA/Ebr00899FRA 12.0  1.7  

 
(LG1) 33.6  42.0  

LG2 Ebr01006FRA/EseSTR70DB 29.1  28.3  

 
EseSTR70DB/EguSTR129DB 7.9  1.7  

 
EguSTR129DB/Ebr00056FRA 11.4  0.0  

 
(LG2) 48.4  30.0  

LG3 Ebr01353FRA/EfuSTR320DB 29.6  16.9  

 
EfuSTR320DB/EfuSTR0041DB 0.0  0.0  

 
EfuSTR0041DB/EawSTR12DB 0.0  1.1  

 
EawSTR12DB/EfuSTR0040DB 1.1  0.6  

 
EfuSTR0040DB/Ebr00798FRA 2.8  1.1  

 
Ebr00798FRA/EguSTR122DB 7.4  0.0  

 
EguSTR122DB/Ebr01056FRA 3.9  0.6  

 
Ebr01056FRA/Ebr01239FRA 0.6  0.0  

 
Ebr01239FRA/Ebr01433FRA 2.8  0.0  

 
(LG3) 48.2  20.3  

LG4 Ebr00469FRA/Ebr00947FRA 6.8  16.3  

 
Ebr00947FRA/Ebr00812FRA 7.3  2.8  

 
Ebr00812FRA/Ebr00897FRA 5.1  2.8  

 
Ebr00897FRA/Ebr01019FRA 33.5  8.0  

 
(LG4) 52.7  29.9  

LG5 Ebr01339FRA/Ebr00297FRA 5.6  0.0  

 
Ebr00297FRA/Ebr01288FRA 6.2  0.6  

 
Ebr01288FRA/Ebr00685FRA 4.5  0.0  

 
Ebr00685FRA/Ebr00305FRA 32.7  31.7  

 
Ebr00305FRA/MmiSTR266DB 0.0  0.6  

 
(LG5) 49.0  32.9  

LG6 EguSTR130DB/ElaSTR392DB 19.1  0.6  
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ElaSTR392DB/EfuSTR0005DB 13.7  3.9  

    
Table 3  

(LG) 
(cM) 

	 	

 
EfuSTR0005DB/Ebr00734FRA 5.1  3.4  

 
Ebr00734FRA/Ebr00196FRA 11.4  6.2  

 
Ebr00196FRA/Ebr01157FRA 4.0  9.7  

 
Ebr01157FRA/Ebr00282FRA 0.0  5.6  

 
Ebr00282FRA/Ebr01306FRA 0.0  17.5  

 
(LG6) 53.3  46.9  

LG7 EfuSTR201DB/ElaSTR220DB 0.0  11.4  

 
ElaSTR220DB/ElaSTR412DB 1.1  2.3  

 
ElaSTR412DB/Ebr00628FRA 2.3  10.8  

 
Ebr00628FRA/Ebr00959FRA 3.3  9.7  

 
Ebr00959FRA/Ebr00693FRA 10.3  3.3  

 
Ebr00693FRA/Ebr00762FRA 8.5  2.8  

 
Ebr00762FRA/Ebr00462FRA 15.0  5.1  

 
(LG7) 40.5  45.4  

LG8 Ebr01086FRA/Ebr01201FRA 0.0  4.5  

 
Ebr01201FRA/Ebr00822FRA 0.0  13.2  

 
Ebr00822FRA/Ebr01041FRA 0.0  0.6  

 
Ebr01041FRA/Ebr00204FRA 2.8  8.5  

 
Ebr00204FRA/Ebr01168FRA 7.4  6.2  

 
Ebr01168FRA/ElaSTR402DB 0.5  0.0  

 
ElaSTR402DB/ElaSTR394DB 15.3  5.1  

 
ElaSTR394DB/Ebr00797FRA 5.1  1.7  

 
Ebr00797FRA/EitSTR376DB 0.0  0.0  

 
(LG8) 31.1  39.8  

LG9 Ebr01076FRA/Ebr01459FRA 2.2  0.0  

 
Ebr01459FRA/Ebr01134FRA 12.5  0.5  

 
Ebr01134FRA/Ebr00910FRA 22.7  7.3  

 
Ebr00910FRA/EguSTR157DB 0.0  0.0  

 
EguSTR157DB/Ebr01290FRA 2.2  0.6  

 
Ebr01290FRA/Ebr01120FRA 1.7  2.8  

 
(LG9) 41.3  11.2  

LG10 Ebr01272FRA/Ebr00445FRA 0.0  0.6  

 
Ebr00445FRA/Ebr00984FRA 2.8  13.0  



 

30 
 

 

Table 3  

(LG) 
(cM) 

	 	

 
Ebr00984FRA/Ebr01032FRA 3.4  2.2  

 
Ebr01032FRA/Ebr00814FRA 4.5  6.8  

 
Ebr00814FRA/Ebr00974FRA 12.0  2.8  

 
Ebr00974FRA/EseSTR95DB 2.3  0.0  

 
EseSTR95DB/Ebr00317FRA 3.9  2.3  

 
Ebr00317FRA/Ebr00909FRA 13.0  4.5  

 
Ebr00909FRA/EfuSTR339DB 0.6  0.0  

 
EfuSTR339DB/Ebr00774FRA 2.2  0.0  

 
Ebr00774FRA/Ebr01071FRA 5.7  0.0  

 
(LG10) 50.4  32.2  

LG11 Ebr00728FRA/Ebr00894FRA 0.0  39.9  

 
Ebr00894FRA/Ebr00279FRA 25.5  10.7  

 
Ebr00279FRA/Ebr00687FRA 7.3  0.0  

 
Ebr00687FRA/ElaSTR223DB 15.9  0.0  

 
(LG11) 48.7  50.6  

LG12 Ebr00245FRA/Ebr01054FRA 3.4  16.3  

 
Ebr01054FRA/EfuSTR330DB 7.3  6.2  

 
EfuSTR330DB/Ebr00010FRA 13.2  1.7  

 
Ebr00010FRA/Ebr00793FRA 18.9  1.7  

 
Ebr00793FRA/Ebr01325FRA 3.9  0.0  

 
Ebr01325FRA/Ebr00857FRA 1.7  0.0  

 
(LG12) 48.4  25.9  

LG13 Ebr00102FRA/Ebr01291FRA 2.2  0.6  

 
Ebr01291FRA/Ebr01380FRA 7.9  0.0  

 
Ebr01380FRA/Ebr00826FRA 3.9  0.0  

 
Ebr00826FRA/Ebr01101FRA 4.0  0.5  

 
Ebr01101FRA/Ebr01402FRA 3.4  1.1  

 
Ebr01402FRA/EitSTR381DB 26.8  0.0  

 
EitSTR381DB/Ebr01097FRA 0.0  6.2  

 
Ebr01097FRA/Ebr01242FRA 0.0  4.0  

 
(LG13) 48.2  12.4  

LG14 EfuSTR0054DB/Ebr00945FRA 6.2  0.6  

 
Ebr00945FRA/Ebr01426FRA 1.7  0.5  
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Table 3  

(LG) 
(cM) 

	 	

 
Ebr01426FRA/EfuSTR358DB 4.5  0.0  

 
EfuSTR358DB/Ebr00783FRA 6.8  1.1  

 
Ebr00783FRA/Ebr01174FRA 7.9  8.0  

 
Ebr01174FRA/Ebr00520FRA 17.3  8.5  

 
Ebr00520FRA/Ebr00084FRA 11.2  17.6  

 
Ebr00084FRA/Ebr01254FRA 0.6  2.8  

 
Ebr01254FRA/Ebr00780FRA 0.0  22.3  

 
(LG14) 56.2  61.4  

LG15 Ebr00222FRA/Ebr00131FRA 17.6  18.2  

 
Ebr00131FRA/EfuSTR0076DB 23.6  6.2  

 
(LG15) 41.2  24.4  

LG16 Ebr00184FRA/Ebr01421FRA 40.0  10.8  

 
Ebr01421FRA/Ebr00939FRA 3.3  6.8  

 
Ebr00939FRA/EfuSTR0020DB 10.3  16.2  

 
EfuSTR0020DB/EfuSTR360DB 0.0  9.7  

 
EfuSTR360DB/Ebr01289FRA 0.5  0.6  

 
(LG16) 54.1  44.1  

LG17 Ebr00621FRA/ElaSTR411DB 0.0  1.2  

 
ElaSTR411DB/EfuSTR425DB 0.0  1.7  

 
EfuSTR425DB/Ebr01002FRA 0.0  0.5  

 
Ebr01002FRA/Ebr01210FRA 0.0  17.6  

 
Ebr01210FRA/Ebr01065FRA 1.1  12.6  

 
Ebr01065FRA/Ebr00884FRA 14.2  6.8  

 
Ebr00884FRA/Ebr00896FRA 0.0  1.1  

 
Ebr00896FRA/Ebr01461FRA 5.6  0.0  

 
Ebr01461FRA/EcoSTR261DB 16.5  2.8  

 
(LG17) 37.4  44.3  

LG18 Ebr00217FRA/Ebr00111FRA 14.4  0.6  

 
Ebr00111FRA/ElaSTR405DB 7.4  0.0  

 
ElaSTR405DB/Ebr01099FRA 27.8  6.2  

 
(LG18) 49.6  6.8  

LG19 EguSTR126DB/Ebr01150FRA 0.0  0.6  

 
Ebr01150FRA/Ebr01025FRA 0.6  3.3  
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Table 3  

(LG) 
(cM) 

	 	

 
Ebr01025FRA/Ebr00724FRA 0.5  2.8  

 
Ebr00724FRA/Ebr01093FRA 0.0  2.3  

 
Ebr01093FRA/PlaSTR269DB 14.1  37.0  

 
PlaSTR269DB/Ebr00856FRA 6.2  3.4  

 
Ebr00856FRA/Ebr01275FRA 21.1  1.1  

 
Ebr01275FRA/EawSTR42DB 6.7  0.0  

 
EawSTR42DB/Ebr00333FRA 0.0  0.0  

 
(LG19) 49.2  50.5  

LG20 EguSTR139DB/Ebr01309FRA 14.4  27.8  

 
Ebr01309FRA/Ebr00666FRA 26.8  8.5  

 
(LG20) 41.2  36.3  

LG21 Ebr00145FRA/EfuSTR341DB 0.0  2.2  

 
EfuSTR341DB/Ebr01448FRA 0.0  18.9  

 
Ebr01448FRA/Ebr01299FRA 1.1  12.6  

 
Ebr01299FRA/Ebr00594FRA 23.8  17.5  

 
Ebr00594FRA/ElaSTR393DB 2.3  1.1  

 
ElaSTR393DB/EguSTR155DB 1.1  0.0  

 
EguSTR155DB/Ebr00999FRA 21.8  0.0  

 
(LG21) 50.1  52.3  

LG22 Ebr00711FRA/EacSTR236DB 2.3  4.5  

 
EacSTR236DB/EfuSTR0061DB 23.6  16.9  

 
EfuSTR0061DB/Ebr01319FRA 2.3  0.5  

 
Ebr01319FRA/Ebr00467FRA 17.0  0.0  

 
(LG22) 45.2  21.9  

LG23 Ebr00624FRA/Ebr01236FRA 0.0  6.8  

 
Ebr01236FRA/Ebr00958FRA 0.0  23.5  

 
Ebr00958FRA/Ebr00975FRA 1.7  6.2  

 
Ebr00975FRA/EguSTR125DB 36.4  14.1  

 
EguSTR125DB/Ebr00817FRA 9.6  0.6  

 
(LG23) 47.7  51.2  

LG24 Ebr01287FRA/Ebr01170FRA 7.9  0.0  

 
Ebr01170FRA/Ebr01077FRA 37.7  32.6  

 
Ebr01077FRA/Ebr01003FRA 0.5  24.9  
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Table 3  

(LG) 
(cM) 

	 	

 
(LG24) 46.1  57.5  

LG1–24 1111.8  870.2  

�  ���� 1.28  1 
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2  

F1 QTL  

 

QTL

F2 	

QTL Wang et 

al. 2006; Guimarães et al. 2007 	

F1 QTL

Doerge 2002 	

6 Luin et al. 2013 F2

10 	 F1

QTL Song et al. 2012; Wang et al. 

2015; Kessuwan et al. 2016 QTL F1

	 QTL

QTL QTL QTL

Mackay 1996

QTL  

2000 	 F1

QTL QTL
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2013 3 F0

2 1 F1

2 	

	

PIT Passive Integrated Transponder 5 15 cm 	

PIT 2 5

2014 10 	 cm

g 	 

 

DNA  

DNA 1 Coimbra et al. 2003

	 DNA NanoDrop 2000c Thermo Fisher Scientific, Waltham, MA, USA

	 1 PCR

	 

 

QTL  

2014 10 TL BW

Fulton's condition factor, FK QTL 	

Luin et al. 2013 Fulton 1902 100×BW/TL3

	 BW g TL cm 	QTL

Shapiro–Wilk

Yang et al. 2006 Box–Cox
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QTL 	 1

LINKMFEX software package version 2.3 Danzmann 2006 Map Manager QTX

Manly et al. 2001

QTL 	QTL

R/qtl

Broman et al. 2003 QTL

	QTL single-QTL 	

EM Expectation-Maximization

1 cM 	 2.5 cM two-QTL

QTL 	 single-QTL two-QTL

QTL multiple QTL model

QTL 	QTL 1,000

permutation test Churchill & Doerge 1994 5%

LOD QTL 	

QTL drop-one-term QTL

percentage of Phenotypic Variation Explained, 

PVE 	 QTL 95% Confidence Interval, CI

95% 	 QTL

Wang et al. 2006 QTL DNA

	 QTL 1 A

SSR QTL

1 B QTL SSR

QTL 	 
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2014 10 F1 2

7 SSR Ebr00008FRA, Ebr00010FRA, Ebr00184FRA, Ebr00317FRA, 

Ebr00333FRA, EguSTR151FRA, and EacSTR236DB

A B 178 168 Table 4 	

A B

P < 0.01, Table 5 	

	QTL

Figures 5 and 6 	

A SSR QTL

B QTL 	 A 178 1

	 

 

A QTL  

QTL

7 QTL 6 Table 6 	

4 QTL

8 10 13 19 SSR Ebr01086FRA Ebr00814FRA

Ebr01402FRA Ebr01150FRA 	 QTL LOD

3.57–6.61 QTL 6.3–12.1% 	

QTL QTL LOD
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	 8 10

QTL 	 QTL

Ebr01086FRA Ebr00814FRA

400 g Figure 7 	

QTL QTL 	 

2 QTL

3 10 SSR EawSTR12DB

EfuSTR339DB 	 QTL LOD 3.00

QTL 6.9% 	

QTL 3 SSR EfuSTR0040DB

QTL 	 QTL QTL 1

LOD 3.57 8.8% 	

QTL QTL 	 

 

A QTL  

QTL QTL

QTL DNA 4

Table 7 	

4 QTL qBW13t:qBW3g qBW19t:qBW3g qBW13t:qBW10g

qBW19t:qBW10g

t1g1

	 3 QTL QTL

	 qBW13t:qBW3g QTL

t1g1 t2g2 504.6 g 	 
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B QTL  

A QTL 7 QTL 6 	

6 87 SSR B

QTL Table 8 	

QTL 8 SSR

Ebr00822FRA LOD 2.19 5.8%

	 QTL QTL

	 

QTL 10 SSR Ebr00317FRA

Ebr01032FRA 	 QTL LOD 2.34 2.48

QTL 6.2% 6.5% 	

QTL QTL 	

QTL QTL

QTL DNA 4

A

QTL 	 
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F1

QTL 	

1 178 A

SSR QTL QTL

B 168 	 QTL

DNA DNA

20 cM

Massault et al. 2008 	 1

20 cM 4 9

Tables 1 and 2 	

Ela_LG24 1 Figure 4 	

DNA DNA

2 4.6 cM

5.6 cM 83.2% 73.7% 	

QTL Wang et al. 2012; Liu et al. 

2014 	 1 QTL

QTL 	

Next-Generation Sequencing, NGS

SNP

Davey et al. 2011 	RAD Restriction Site Associated DNA 

Sequence, RAD-seq NGS SNP
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2 QTL

	

QTL 0.2–5.6 cM Wang et al. 2015

0.2–0.7 cM Yu et al. 2016 0.7–15.3 cM Song et al. 2012 QTL

1

	 QTL

SNP 	 

F1 A 7 QTL 6

8 10 13 19

3 10 Table 6 	 QTL

6.3–12.1% 	 8 QTL

7.5–18.9% Kessuwan et al. 2016 	

6 QTL 10.5–16.0%

Wang et al. 2015 	

QTL

	

QTL 4 QTL

LOD QTL

95% 	 3

10 QTL 2 QTL

QTL QTL 	

F1 4 QTL

QTL
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8 10 QTL

Table 6 QTL Ebr01086FRA Ebr00814FRA

400 g Figure 7 	

QTL 	 QTL Carlborg 

et al. 2003; Ankra-Badu et al. 2010 Wringe et al. 2010

QTL 	

2

	

QTL

	

QTL 	

Cui et al. 2015

42 QTL 59 QTL

	

	

QTL

	 QTL

	 

QTL DNA

Table 7 	

8 10 QTL
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QTL QTL

Figure 7 	 QTL

F1 QTL

	3 QTL

qBW13t:qBW3g qBW19t:qBW3g qBW13t:qBW10g

QTL

	F1

3 Birchler et al. 2006; Tang et al. 2010; Shang et al. 2016 	

	

QTL

Semel et al. 2006; Shang et al. 2016 	

QTL Ishikawa 2009 	

F1

	

F2 	

F1

QTL

1 	 

A F1 B A
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7 QTL Table 8 	

8 SSR Ebr00822FRA

10 SSR Ebr01032FRA

QTL 	 SSR A

QTL 95% Figure 4 and Table 6 	

A QTL

	 A B 2

QTL qBW8t qBW10g F1

	 QTL F1

QTL 	 A LOD

8 13 19 QTL

3 QTL

B 	 Kessuwan et al. 2016 F1

8 10 13 19

QTL 	 8 10 13

19 8

10 13 19 	 QTL

Reid et al. 2005 4

QTL

	 10 3

QTL 	

3 QTL
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(A)  (cm) 

 
(B)  (g) 

 
(C)  

 
Figure 5 F1 2  
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(A)  (cm) 

 
(B)  (g) 

 
(C)  

 
Figure 6 F1 2
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Figure 7 QTLs (qBW8t, qBW10t)  

 (g) 	 QTL (qBW8t, qBW10t)
DNA Ebr01086FRA Ebr00814FRA 	

Ebr00814FRA Ebr01086FRA 	

Ebr01086FRA “t1” Ebr00814FRA
“t1” “t2” 1,580 g 1,930 g 	

Ebr01086FRA “t2” Ebr00814FRA
“t1” “t2” 1,806 g 1,528 g

	 ± 1 	 
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Table 4 F1 2  

A 178 	 � � B 168 	 

P  � � P  

(TL) 44.22  50.70  33.50  3.94  0.0007* 
�

42.86 50.20 32.04 4.57 0.1458 

(BW) 1736.00  2819.00  721.00  565.75  0.4383 
�

1559.00 2745.00 596.00 539.50 0.3504 

(FK) 2.01  2.37  1.76  0.16  0.0098* 
�

1.97 2.44 1.45 0.18 0.0015* 

) cm g ( P Shapiro–Wilk
 (P < 0.05)   
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Table 5 (  

A 178 	 � � B 168 	 

TL BW FK 
�

TL BW FK 

(TL) 
 

0.961 0.286 
� �

0.955 0.292 

(BW) 
  

0.513 
� �  

0.532 

(FK) 
   � � � �

1% )   
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Table 6 F1 A ( QTL  

QTL

(cM)	 (cM) 
LOD  

(%) 

95%

(cM) 
QTL  

(TL) Efu_LG8 (0.0) Ebr01086FRA (0.0) 6.56 12.0 0.0–10.0 qTL8t 

  
Efu_LG10 (10.0  Ebr00814FRA (10.7) 6.61 12.1 2.5–15.0 qTL10t 

  
Efu_LG13 (22.5) Ebr01402FRA (22.0) 6.48 11.9 14.6–35.0 qTL13t 

  
Efu_LG19 (0.0) Ebr01150FRA (0.0) 3.57 6.3 0.0–12.5 qTL19t 

  

Efu_LG8 (0.0) 

:Efu_LG10 (10.0)  
6.48 11.9 

 
qTL8:10t 

        
(BW) Efu_LG8 (0.0) Ebr01086FRA (0.0) 6.00 11.2 0.0–10.2 qBW8t 

  
Efu_LG10 (12.5) Ebr00814FRA (10.7) 6.19 11.5 2.5–17.5 qBW10t 

  
Efu_LG13 (25.0) Ebr00509FRA (24.2) 5.95 11.1 12.5–35.0 qBW13t 

  
Efu_LG19 (0.0) Ebr01150FRA (0.0) 3.60 6.5 0.0–12.5 qBW19t 

  

Efu_LG8 (0.0) 

:Efu_LG10 (12.5)  
5.83 10.8 

 
qBW8:10t 

        
 

Ela_LG3 (17.5) EawSTR12DB (18.0) 3.00 6.9 5.0–20.3 qBW3g 

  
Ela_LG10 (32.2) EfuSTR339DB (32.2) 3.00 6.9 15.0–32.2 qBW10g 

        
(FK) Ela_LG3 (18.6) EfuSTR0040DB (18.6) 3.57 8.8 12.5–20.3 qFK3g 

QTL 5% QTL QTL “ : ”
QTL:QTL  
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Table 7 F1 A ( QTL  

QTL  
( (g) 

t1g1 t1g2 t2g1 t2g2 

qBW8t : qBW3g 1830.77  1662.52  1794.52  1506.57  † 

qBW10t : qBW3g 1792.27  1582.77  1831.69  1610.58  † 

qBW13t : qBW3g 1923.64  1758.69  1675.25  1419.00  ‡†§ 

qBW19t : qBW3g 1968.17  1692.65  1674.92  1520.93  ‡†§ 

qBW8t : qBW10g 1835.85  1635.92  1789.33  1565.58  † 

qBW10t : qBW10g 1758.74  1632.04  1868.42  1554.94  † 

qBW13t : qBW10g 1942.03  1719.58  1624.28  1496.20  ‡†§ 

qBW19t : qBW10g 1915.08  1751.57  1712.08  1501.78  ‡† 

QTL “ : ” QTL 	 :QTL 	

( “t1” “t2” ( “g1” “g2”
( (

) QTL “ ‡ ” “ † ” (

QTL “ § ”  
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Table 8 F1 B ( QTL  

QTL

(cM)	 (cM) 
LOD  

(%) 

95%

(cM) 

A (

QTL  

 (TL)  Ela_LG10 (35.5) Ebr00317FRA (35.5) 2.34 6.2 10.0–37.5 
 

        
(BW)  Efu_LG8 (1.8) Ebr00822FRA (1.8) 2.19 5.8 0.0–37.5 qBW8t 

        
�   Ela_LG10 (18.1) Ebr01032FRA (18.1) 2.48 6.5 10.0–37.5 qBW10g 

QTL 5% QTL  
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3  

F1 QTL  

 

Mackay 2001 	

QTL QTL

Poormohammad Kiani et al. 2009; Souza et al. 2013 	

QTL

QTL Hadjipavlou & Bishop 2008; Ishikawa 2009 	

QTL

Wang et al. 2006; Wang et al. 2015; Kessuwan et al. 2016

QTL 	 2

F1 QTL 7 QTL

	QTL F1

	 3

QTL
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2 2 1

F1 2 	 2

2013 8 2014 10 cm

g 	 F1 5 19

	 

 

DNA  

DNA 1 Coimbra et al. 2003

	 1 PCR

	 

 

QTL  

cm g QTL

	 2015

	 10

2 2 5 5 10

	 2013 8 10 2014

2 5 10 5 7 11 14 19

	 11 7

	

14 11 7 5 1

19 14 2
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	 1 2

QTL 	

WLe WWe SLe SWe RLe

RWe 6 QTL 	QTL 2

R/qtl

Broman et al. 2003 QTL

	 QTL Shapiro–Wilk

Yang et al. 2006

Box–Cox QTL

	 1 LINKMFEX software package version 2.3 Danzmann 

2006 Map Manager QTX Manly et al. 2001

QTL 	 2 A SSR

QTL B QTL A

QTL SSR

QTL 	 QTL

QTL

Specific Growth Rate, SGR QTL
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2 1 F1

A B

Figure 8 and Table 9 	

A B P < 0.01, 

Table 10 	QTL

2

Figures 9 and 10 	

Table 11 	 

 

A QTL  

QTL

QTL Table 12 	

13 QTL 	 QTL

LOD 8.05 18.8%

LOD 2.78 6.9% 	

2 QTL 8 10 19 QTL

8 10 QTL 	

QTL 13 QTL

QTL 	 LOD

LOD

	 2 QTL 8 10
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19 QTL 8 10 QTL

	 2

QTL QTL QTL

	 

2 QTL

3 QTL LOD 2.87

2.77 	 QTL 10

QTL LOD 2.80 	

QTL 5%

	 2 QTL QTL

QTL 	 

 

A QTL  

QTL

QTL QTL 2

SGR QTL Table 13 	

13 QTL 19

QTL 2 QTL

	

10 QTL QTL

	 3 QTL

2 2

QTL 3

	 

 



58 
 

B QTL  

A QTL 2 B

Table 14 	

QTL 3 8 SSR

EfuSTR0040DB Ebr00786FRA QTL

	 B 3 QTL A

QTL 	 3

QTL 8 QTL 	

8 QTL

3 QTL

	

QTL A 10

13 19 QTL 8 10 QTL B

	 

QTL

10 LOD 3.23

QTL 8.4% 	 QTL QTL

LOD

QTL 	

QTL A 3

QTL B 	 QTL

10 QTL

A

Table 15 	 
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F1

3 QTL

	 A

QTL QTL 2 QTL

95% Figure 4, Tables 

6 and 12 	 13 QTL

QTL 	 8 10 19

3 QTL 8 10 QTL

QTL 	

13 QTL

8 10 19 QTL

	 

2 QTL

2 QTL 	

	

QTL QTL

8 10 19 QTL

3 QTL

Tables 9 and 12 	 13 QTL

QTL LOD

	 10 QTL

	QTL
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10 QTL

Table 13 	

Table 11 	

Varsamos et al. 2005 	

F1

Othman et al. 2005 30 g L-1 35 g L-1

	

	

2 QTL

QTL Sauvage et al. 2012 	

QTL DNA 1

3- -3-

CoA HMG-CoA 	

QTL QTL

10 QTL

	 

A F1 B A

QTL 2 2 QTL QTL

Tables 8 and 14 	 8 QTL

A 10 QTL

LOD 	 QTL
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B 10

QTL

Table 15 	

10 QTL

	

B A QTL

	

	 QTL

B F1 QTL

DNA QTL

	 

90 289

QTL

QTL Wang et al. 2006 	

QTL O’Malley et al. 2010; Wang et al. 2015 	

QTL

	

	

QTL 	

10 QTL
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Figure 8 F1 2   

cm g
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(A)  (WLe, cm) 

 
(B)  (SLe, cm) 

 
(C)  (RLe, cm) 

 
Figure 9 F1 2  
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(D)  (WWe, g) 

 
(E)  (SWe, g) 

 
(F)  (WWe, g) 

 
Figure 9  
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(A)  (WLe, cm) 

 

(B)  (SLe, cm) 

 

(C)  (RLe, cm) 

 

Figure 10 F1 2  
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(D)  (WWe, g) 

 

(E)  (SWe, g) 

 

(F)  (WWe, g) 

 

Figure 10 
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Table 9 F1 2  

A 178 	 � � B 168 	 

P  � � P  

     �      
(WLe) 9.26  11.32  5.40  1.40  0.0203* 

�
8.88  11.31  4.72  1.57  0.0007* 

(SLe) 6.44  8.44  2.25  2.02  0.0001* 
�

5.85  8.27  2.75  1.45  0.1637  

(RLe) 12.60  16.76  6.43  4.00  0.0034* 
�

12.40  17.20  6.20  2.13  0.1550  

     �      
(WWe) 389.16  632.14  164.90  150.75  0.9775  

�
350.65  562.27  174.02  118.99  0.0661  

(SWe) 360.58  721.29  24.83  313.30  0.9047  
�

324.31  678.85  79.19  142.26  0.0121* 

(RWe) 900.35  1654.84  338.24  573.04  0.3466  � � 846.60  1552.61  224.24  345.45  0.2516  

) cm g ( P Shapiro–Wilk
 (P < 0.05)  
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Table 10 (  

 
A 178 	 

�
B 168 	 

SLe RLe WWe SWe RWe 
�

SLe RLe WWe SWe RWe 

   
 

    
 �      

(WLe) 0.533  0.563  0.866  0.647  0.680  
�

0.599  0.610  0.903  0.653  0.722  

(SLe) 
 

0.560  0.620  0.905  0.700  
�  

0.641  0.701  0.938  0.752  

(RLe) 
  

0.709  0.676  0.874  
�   

0.684  0.676  0.861  

 
  

      
�   

      

(WWe) 
   

0.747  0.798  
�    

0.745  0.813  

(SWe) 
    

0.779  
�     

0.811  

(RWe) �  �  �  �  �  � � �  �  �  �  �  

1% )   
 
 
 
 
 
 



 

69 
 

 
 
 
 
 
 
 

Table 11 	  

(°C) (g L-1) pH ����� 

2013  
    

8  27.9 ± 0.4   28.2 ± 2.2  7.94 ± 0.23  4.10 ± 0.98  
9  28.4 ± 0.6  27.5 ± 3.3  8.03 ± 0.18  4.13 ± 0.74  
10  28.0 ± 0.2 29.6 ± 0.5  8.39 ± 0.28  5.28 ± 0.68  
11  28.4 ± 0.5  28.3 ± 1.7  8.32 ± 0.57  3.73 ± 0.10  
12  27.3 ± 0.5  30.0 ± 0.0  8.17 ± 0.25  5.20 ± 0.18  
2014  

    
1  27.0 ± 0.6  32.6 ± 1.1  8.50 ± 0.09  5.00 ± 0.55  
2  27.7 ± 0.5  34.5 ± 0.6  8.26 ± 0.08  4.60 ± 0.59  
3  28.2 ± 0.4  34.5 ± 0.6  8.18 ± 0.07  4.83 ± 0.48  
4  29.6 ± 0.5  33.0 ± 0.8  8.05 ± 0.11  3.70 ± 0.49  
5  29.9 ± 0.3  32.7 ± 0.8  7.87 ± 0.08  4.32 ± 0.48  
6  29.3 ± 0.4  30.3 ± 0.6  8.07 ± 0.02  5.17 ± 1.00  
7  28.8 ± 0.4  29.8 ± 1.3  8.29 ± 0.13  5.25 ± 0.60  
8  28.3 ± 0.5  28.5 ± 2.1  8.19 ± 0.59  5.30 ± 0.14  
9  28.4 ± 0.5  27.0 ± 0.8  7.66 ± 0.13  4.80 ± 0.49  
10  28.7 ± 0.4  25.8 ± 2.2  7.90 ± 0.41  4.70 ± 1.16  

    
27.9 ± 0.7  30.1 ± 3.1  8.26 ± 0.21  4.75 ± 0.57  
28.8 ± 1.1  33.7 ± 1.0* 8.09 ± 0.17  4.36 ± 0.49  
28.6 ± 0.6  28.8 ± 2.0  8.04 ± 0.23  4.78 ± 0.50  
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Table 12 F1 A ( QTL  

 QTL  

LOD ����� (%)	 

�  

 

 qTL8t, qBW8t / / 
6.26 

(11.8)  

6.19 

(11.0) 
/ 

5.91 

(11.2) 

 
qTL10t, qBW10t / / 

6.69 

(12.7)  

5.73 

(10.1) 
/ 

6.11 

(11.6) 

 
qTL13t, qBW13t 

8.05 

(18.8) 

2.78 

(6.9) 

4.64 

(8.6)  

8.65 

(15.9) 

3.89 

(9.5) 

5.02 

(9.4) 

 
qTL19t, qBW19t / / 

4.71 

(8.7)  

3.39 

(5.8) 
/ 

3.86 

(7.1) 

 
qTL8:10t, qBW8:10t / / 

6.21 

(11.7)  

5.72 

(10.1) 
/ 

5.74 

(10.9) 

        
 qBW3g / / / 

 

2.87 

(7.1) 
/ 

2.77 

(6.9) 

�  qBW10g / / / 
 

/ 
2.80 

(7.0) 
/ 

QTL 5% QTL QTL ) “ / ”
QTL “ : ” QTL:QTL QTL 2 Table 6
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Table 13 F1 A ( QTL  

 QTL  
 

(SGR) 

QTL �  QTL

2 	  2 	

 qBW8t Ebr01086FRA 0.900 0.535 0.378 
 

0.877 0.532 0.375 

 
qBW10t Ebr00814FRA 0.894 0.525 0.376 

 
0.882 0.544 0.377 

 
qBW13t Ebr00509FRA 0.911* 0.545* 0.380 

 
0.863 0.522 0.372 

 
qBW19t Ebr01150FRA 0.902* 0.543 0.386* 

 
0.878 0.526 0.368 

 qBW3g EawSTR12DB 0.898 0.534 0.382 
 

0.877 0.534 0.370 

�  qBW10g EfuSTR339DB 0.893 0.553* 0.379 
 

0.883 0.513 0.374 

  
 

       

 

qBW13t, 

qBW19t, 

qBW10g   

Ebr00509FRA, 

Ebr01150FRA, 

EfuSTR339DB 
0.925* 0.582* 0.386 

 
0.858 0.497 0.361 

QTL 2 Table 6  
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Table 14 F1 B ( QTL  

 
QTL

(cM)	 (cM) 

A� � � �

(

QTL  

LOD (%)	 

 
 

 

�  

 Efu_LG3 (30.0) EfuSTR0040DB (31.5) 
 

4.65 

(11.3) 
/ / 

 
/ / / 

 
Efu_LG8 (1.8) Ebr00822FRA (1.8) 

qTL8t,  

qBW8t 
/ / / 

 

2.54 

(6.7) 
/ / 

 
Efu_LG8 (35.0) Ebr00786FRA (32.7) 

 

4.76 

(11.6) 
/ / 

 
/ / / 

 

Efu_LG3 (30.0) 

:Efu_LG8 (35.0)   

2.79 

(6.6) 
/ / 

 
/ / / 

           
 Ela_LG10 (18.1) Ebr01032FRA (18.1) qBW10g / 

3.23 

(8.4) 
/ 

 
/ 

3.61 

(9.4) 

2.16 

(5.7) 

QTL 5% QTL QTL ) “ / ”
QTL “ : ” QTL:QTL QTL 2 Table 6
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Table 15 F1 B ( QTL  

 

A

(

QTL  
 

(SGR) 

QTL �  QTL

2 	  2 	

 qBW8t Ebr00822FRA 0.862 0.527 0.392 
 

0.845 0.510 0.386 

 qBW10g Ebr01032FRA 0.863 0.545* 0.392 
 

0.846 0.497 0.388 

QTL 2 Table 6  
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F1

416 SSR

	 24

Guo et al. 2014

1,000 cM 	

SSR 1.28:1

	

2

4.6 cM 5.6 cM 83.2% 73.7% 	

QTL

Liu et al. 2014; Wang et al. 2012

QTL QTL

	 QTL

SNP 	 

F1 A 7 QTL

6 8 10 13 19

3 10 	 QTL

6.3–12.1%

QTL 	 A

F1 B QTL

8 10 A

QTL 	 2 QTL
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	 B QTL

F1

Kessuwan et al. 2016 	 QTL

Reid et al. 2005 7 QTL

	 

F1 	

3

QTL 	

QTL 6 QTL

	 10 QTL

A B LOD

	 QTL A B

10 QTL

	

	

2 QTL

QTL Sauvage et al. 

2012 	 10

QTL

	

QTL

	

QTL
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F1 F1 	

Figures 2 and 3 	

	 F1

QTL 	

QTL 3

	 QTL

F1 Figure 11 	

4 QTL 2 QTL

QTL

F1 	

MAS

F1 F1

	 

QTL F1

181

29 Amphai et al. personal communication

	

MAS

Figure 11 	
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Figure 11 F1  
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