
Supplementary figures

Fig. S1. Spectral reflectance profile of berries



Fig. S2 Generalised heritability of spectral data collected for berries in July 2017. (a)

Heritability of individual wavelengths and (b) Heritability of principal components.



Fig. S3 Profile plots of LOD scores for four different spectral and physical traits (GRVI,

753/417, PC2 and leaf chlorophyll concentration) in linkage group 3 across the 2017 season.
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Fig. S4a. Plot showing locations of QTLs found for different spectral and physical traits in
linkage group 1. The boxes represent the one-LOD support intervals and the whiskers show
the two-LOD support interval (i.e. the positions where the LOD has decreased by one or two
from its maximum. Data for the seven dates are distinguished by colour and shading.)
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Fig. S4b. Plot showing locations of QTLs found for different spectral and physical traits in
linkage group 2. The boxes represent the one-LOD support intervals and the whiskers show
the two-LOD support interval (i.e. the positions where the LOD has decrease by one or two
from its maximum. Data for the seven dates are distinguished by colour and shading.



FRUITE8OMT ERUB271PR

RUB22a
ERubLR_SQ01_P18
Risnf4 26S_prot
ERubLR_SQ1_FG23Pgl
s502_p14187_F46
s5341_p1614_R55 s2744_p9703_F23 s408_p41565_R11 s606_p40774_F19 RubnebH15
s2456_p19264_F31 s301_p33526_F27
s522_p69285_F63 s16474_p705_F16 s408_p122_R24 s606_p30980_F34 s1968_p30934_F13
s1447_p31421_F6 s662_p27120_R10 JHIRi681_152_ATN s11_p74181_F61 s5379_p6798_R43
s83116_p109_F49 s578_p22985_F8 s5426_p3359_F19 s1134_p18687_R35 s4984_p3949_R6
s2144_p8859_F32 s1636_p27888_R14 s11_p377742_F24 s39_p51325_R24 s444_p41246_R49
s11_p79113_R43 s2_p57021_R34
s39_p120787_F10 s2_p386459_F37 s39_p51325_R57 s2_p409875_R1 s39_p32056_F16
ERubLR_SQ071_E10TF s39_p108364_F43 s2_p174392_R47 s2_p58645_F34 s39_p139339_F14
s2_p140049_R59 s1896_p25069_R50 s2_p338377_F59 s39_p124012_R54 s11_p199493_F9
s2_p216241_F19 s11_p80132_F56 s39_p208016_R44 s39_p204755_F60 s2_p63442_R32
s39_p204392_R37
s39_p231532_F17 s791_p13962_F59
s791_p12412_F16
n3_301_p12882_R39 s392_p10472_R32
s88_p16209_F36 s2144_p10107_R58 s392_p30879_F51 s392_p10472_R49 s88_p37354_F21
ERubLR_SQ13.2C12IPPI s1349_p26771_F31
s1896_p5319_F58 ERubLR_SQ12.4A04DMQ s5426_p3359_R46
s88_p165011_R50
s95_p139607_R23
s201_p22551_R10 n3_5379_p24202_F63 n4_863_p49831_F49 s581_p26911_R51
s95_p12828_F53
s95_p47997_R34

s341_p50738_R43 s408_p56337_F24
s35592_p457_F41
s2694_p13809_F43 s1159_p22778_R23 GMsc16083_10289_100

s3530_p8421_F19

s7085_p3705_F27
n3_1037_p49251_F37 JHIRi681_131_ATN
n3_1649_p16470_F36 n1_5379_p24202_F63
s6106_p2260_R11

n3_2750_p4816_R44
s25360_p1491_F56 s1037_p31228_R13 s1037_p31228_F7 s1890_p17634_R37
n1_1037_p49251_F37 n4_1001_p8552_R2
n1_1649_p16470_F36
s5692_p10823_F64 s1798_p22650_R3
n3_1798_p33650_R43 n1_1798_p33650_R43 n1_2750_p4816_R44 s5692_p10823_R19 n3_14527_p2054_R54
s4100_p10216_R52 s522_p54553_F14 s1798_p22650_R43 s1798_p25111_F61 s4198_p13132_R26
s2352_p12368_F41 JHIRi_10729_AlkR
s3741_p8329_F28 s41308_p793_F16 n1_14527_p2054_R54 s420_p8298_F36 s388_p46870_F9
n1_4830_p3660_R39
s2597_p10553_R13 n1_39680_p802_F56
n3_39680_p802_F56 s2597_p10293_R38
s966_p18927_R18
n1_2070_p17737_F62 s1739_p7593_F49 s564_p41473_F44
s2521_p14885_F32 s1998_p42703_R51 n3_4830_p3660_R39 s10077_p4435_F53 s4353_p11874_F10
s4353_p12199_F7 n1_1076_p3693_R11 s4353_p12199_F15 s4964_p9442_F48 s2945_p11341_R13
n3_5935_p3292_F12 s4964_p9742_F48
s59561_p275_R31 n3_2070_p17737_F62 n3_2165_p13179_F38 s10442_p3480_F31
s1878_p21572_F41 GMsc5473_37721_136 n4_14752_p1677_F9 s1481_p875_F18 n3_16234_p1972_R25
n3_4498_p13616_R1 s2074_p20164_F30
s1754_p16810_F27 n4_17410_p1412_R26 n4_8474_p1363_R10
n4_570_p52011_F64 n4_23522_p1162_F41 Rub242a RUB160a s4261_p1911_F38
s3607_p4522_R4 n1_16234_p1972_R25 s16144_p1316_F31
s5045_p4350_R36 s3205_p31330_R47 s879_p30283_F46 n3_4442_p8100_F15 s879_p30283_F62
s2070_p17613_R42 s176_p83013_R56 RiM015 s4515_p5092_R42 JHI_20114_3_NIF
s83_p9962_R23 s3894_p11185_R1 n3_4316_p6798_F59 n1_2165_p13179_F38 s16580_p451_R47
s4687_p13077_R52 s1747_p16300_F49 n1_8535_p1125_R24 s564_p32775_R24 s235_p60901_F50
s235_p60901_F36 s50313_p362_F44 s1076_p20564_F24 RiCTR1rev s1076_p12412_F29
s1407_p18372_R29 s235_p40821_F41 s998_p22879_R5
n1_5935_p3292_F12 s9771_p8466_R52 s4862_p5749_F49 s1315_p6195_R58 s10442_p3765_F18
s564_p113_R18 n1_879_p30283_F33 s1192_p19185_R54 s564_p47989_F8 s3781_p11346_F46
n1_3963_p30506_F22 s2165_p17847_R4 n3_418_p50245_F54 s1192_p19859_F8 s1260_p26384_F31
s1250_p26700_R20 water_c0035_GTIP s34971_p177_R36 s4830_p9111_R31 n3_3296_p5137_F11
s5888_p5695_F30 s73_p146041_F33 n1_4442_p8100_F15 n4_10179_p464_F64 s880_p7808_F21
Rub17a s6039_p9597_R36
s1541_p20772_F25 s880_p34155_F64 s1514_p21817_R9 s5422_p8488_R51 s3486_p3597_F58
s3264_p4878_R7 s9301_p8021_R31 s5888_p5695_F53 s2398_p10575_R30 454C1803_PGIP2
454CL8848C1_ZFP8 n4_6951_p807_F61 s674_p29106_R11 s1340_p31442_R55 s4414_p10522_F63
n4_4005_p7367_R57 s1340_p33084_R12 n4_44367_p281_R20
s419_p19763_F17 n3_879_p30283_F33 RUB19a s79_p18010_F22 s6317_p9742_R5
s2505_p13285_F55 s2770_p16733_R16 s79_p161249_F57 s3428_p6669_F32 s1094_p17962_R11
s2954_p17069_R1 s377_p33847_R1 s1499_p20629_F46 s4488_p5434_R7 s1348_p11479_F52
s4923_p10599_R26 s2011_p17914_R3 s2770_p21121_F30 s1348_p28293_R18 s1499_p16445_R36
s2505_p21239_F55 s79_p50532_F60 n3_1076_p3693_R11 s1814_p26263_R11 s3006_p14497_R34
s1868_p11424_F58 n3_3963_p30506_F22
s79_p15382_F8 s79_p157867_F36 s1348_p28293_R47 s8206_p1237_R52 s4746_p4267_R5
s79_p26703_R18 s3296_p5137_R55 s9301_p8021_F46 s567_p64460_F37 JHI_33046_HS
s1500_p33751_R3 s874_p24131_F19
s2342_p15277_R9 s1891_p7833_R56 s4425_p3451_F8 JHIRi_54644GR_snp97 s14554_p2021_R36
s418_p18204_F43 GMsc499_35735_76 s1868_p11424_R23 s418_p52804_F62
s698_p72155_R57 s418_p31353_R2 s2268_p19196_R28 RUB2a2 Rub2a1
s3246_p13440_F35 s352_p11213_F47 s3240_p14302_R17 s4358_p356_R19 s3246_p13440_R4
n1_24115_p359_F18 s352_p11213_R19
s43928_p437_F32 n3_24115_p359_F18 s352_p5859_R43
s402_p28069_F13 s784_p37504_F6 s4316_p7715_R4 n3_2005_p4301_F64 s4045_p7796_R9
n1_2005_p4301_F64
s149_p100152_R44 n1_2005_p3000_F19 n3_2005_p3000_F19
GMsc1205_4122_166
n1_367_p65500_R16 n1_693_p25489_R35 ERubLRcont74PME-I n3_224_p76446_R20 n1_224_p76446_R20
s970_p60642_R28
s748_p37498_F46 n3_693_p25489_R35 Pip_La_E02V0_Aq1
Pip_La_E02V0_Aq2 n3_367_p65500_R16 s2782_p18065_R34
n3_922_p44630_R32
RibGal1 s1809_p27461_R49 n1_922_p44630_R32
n1_1320_p10595_F13 Ri9O22_ORF3 s1360_p12654_F16 Ri9022_ORF6 JHI_42376_unk
n1_4615_p65_R31 s1721_p16719_R13
n1_2847_p4439_R3 JHI_44413_226MyB JHI_44413_372MyB
Ri9022SSR01 s1532_p17118_R4 s15894_p2436_R53 n3_2847_p4439_R22 n1_2847_p4439_R22
n1_2191_p30763_R24
s932_p11839_F34 n3_2191_p30763_R24 Ri9022_ORF7 n3_1320_p10595_F13
s1082_p27483_R18 454C3991_PME s1082_p27483_R57 s5380_p9108_F55 s439_p70054_R16
s6241_p4398_F7 Ri9022_ORF15 s3721_p10454_R48
s2201_p18307_R57 n3_2847_p4439_R3 n1_5839_p8625_F7 n1_777_p822_R12 n1_2695_p10615_F7
s10296_p2666_R50 n3_5839_p8625_F7
n1_2396_p33102_F62 n3_2695_p10615_F7 n3_2396_p33102_F62 s777_p67726_R16
s41233_p156_F48 n3_777_p822_R12 s927_p43241_R8 s63202_p207_F55 s676_p42456_R7
n1_664_p39805_F54
s2201_p40297_R3 s6545_p19178_R3 s2405_p11978_F41
s994_p14676_R10 s3898_p13742_R52 s1918_p16081_R5 s1733_p24082_R56
s1733_p2603_F42 s21619_p1670_F23 s994_p5547_R51 s1733_p4485_R27 s1733_p14190_F40
s1124_p14840_R45
s3304_p6022_R26 n3_6910_p8468_R46
s676_p31561_R41 n3_6910_p8468_R39 n3_835_p42265_F20 s676_p42456_R25
454C2985_PSY s2490_p26636_R13 n1_6910_p8468_R39 s664_p12064_R56 n1_6910_p8468_R46
ERubLath2_c24 n4_10689_p10272_R49 s936_p26908_F40 s664_p29108_R5 s37694_p610_F60
JHIRi_5456PIF JHIRi_197775PIF s1925_p19240_F17 ERubLath2_C21 s826_p18312_R43
s2858_p15894_R58 s3183_p12541_R36 s826_p32641_F28 s1200_p8263_R54 s826_p31642_F46
s2697_p8571_F24 s1200_p7531_R43 s1925_p19240_F49 s3183_p12569_F48 s826_p32641_F42
s4283_p15703_F62 s76_p20165_F19 s5185_p11198_F49 s76_p84300_R45 s76_p8296_R9
s5185_p11198_R1
s76_p9781_F38 s76_p159465_F57
s76_p168141_R3 s162_p87963_R40
s162_p98479_R24 s162_p82669_R59 s162_p39790_F28
s52_p86324_R59 s294_p56323_R11 s52_p119828_R55 s52_p108370_R22 s294_p56323_R16
s4_p643592_F26
JHIRi20954_snp187 ERubLR_SQ12.2C05Acon s4_p643592_F63 s4_p609350_R48 s4_p518541_R47
water_c0020_PIP2
s4_p178458_F56 s4_p94128_R50 s4_p124533_F28 s4_p118494_F50 s4_p90349_R37
s734_p24402_R53
s4_p23746_F40 s734_p25520_R7 s4_p23746_R4 s734_p20606_R25 s65_p73873_F15
s65_p132744_F31 s65_p73873_R21 s858_p19397_R7
s65_p181620_R20
s263_p77886_F18 s182_p91185_R6

ERubLR_SQ05.3_D11AOC s509_p31442_R10
s43_p139030_R2 s43_p133627_R37 s43_p106602_R40 ERubLRSQ10.2E02SAMDC s23806_p346_F23
s43_p133627_R48 s68_p214194_F17 s509_p33043_R8 s43_p205299_R41 s68_p3175_F19
s68_p202883_R30 s68_p195079_R3 s43_p247571_R37 s68_p56938_R38 s43_p170469_R27
s68_p80059_F57 s6_p598515_F60 s68_p191211_F47 s68_p183812_R51 s582_p41429_F37
s68_p60485_R49 JHIRi_41071b
JHIRi41071_RGP2 s6_p583611_F8 s6_p380492_F25 s6_p419262_F28
s6_p565723_R47 s6_p591516_F51 s6_p485440_R12 s6_p474103_F59 s6_p495016_F11

s6_p306071_F10 s6_p144703_F58 s6_p131425_R36 s6_p95293_R11
s6_p277325_R52 s6_p39530_R27
s15_p390865_F33 s15_p316614_F27 s15_p414781_R38 s15_p349993_R45
s15_p356857_R17 s15_p248899_R31 s15_p255900_R14 s15_p251755_F56
JHIRI34798b_snp522 s15_p223373_F17 s15_p164076_F37 s15_p81071_R4 s15_p83418_R56
s114_p63064_R21 s15_p164076_F55 s15_p83418_R10
JHIRI34798a_snp332 s145_p95642_R8 s145_p66198_F43 s15_p72202_R18
s145_p169892_F16 JHIRi37996_snp298

s423_p9129_R47 s3567_p3379_F25 s99_p36353_F46 s99_p22431_F15
n4_95391_p194_F39 s1981_p20489_R2 GMsc14_8880_81 s423_p97488_F47 s423_p9129_R55
s256_p50355_R23 s14_p149124_F52 s797_p119491_R33 s300_p41679_R51 s300_p74656_F26
s1258_p7854_F49 s538_p97570_R8 s14_p133601_R36 s14_p167688_R9 s724_p16558_R49
s401_p58492_F18 s480_p6695_R23 s14_p367572_F19 s423_p17271_F64 s797_p113615_R27
s249_p68013_R59 s401_p60480_F31 s5568_p8633_F26 n1_724_p47761_R53 s3533_p15626_F28
s300_p36419_R20 s724_p31306_F44 s423_p49690_R38
s256_p6924_F62 n1_24908_p754_R41 s423_p141302_F57 s538_p97570_R26 s6969_p2261_R54
s14_p429302_F14
s538_p18079_R28

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

34

36

38

40

42

44

46

48

50

52

54

56

58

60

62

64

66

68

70

72

74

76

78

80

82

84

86

88

90

92

94

96

98

100

102

104

106

108

110

112

114

116

118

120

122

124

126

128

pd
en

_a
ug

16
, L

OD
 =

 6.
66

9

pd
iam

_a
ug

16
, L

OD
 =

 4.
24

1

dip
_M

ay
4, 

LO
D 

= 
7.4

de
p_

ma
y4

, L
OD

 =
 9.

2

he
p_

Ma
y4

, L
OD

 =
 7.

0

dip
_J

un
26

, L
OD

 =
 7.

3

de
p_

Ju
n2

6, 
LO

D 
= 

9.1

he
p_

Ju
n2

6, 
LO

D 
= 

5.6
dip

_S
ep

6, 
LO

D 
= 

4.4

de
p_

Se
p6

, L
OD

 =
 8.

8he
p_

Se
p6

, L
OD

 =
 5.

6

Ch
l_j

un
, L

OD
 =

 5.
0

Ch
l_a

ug
, L

OD
 =

 5.
8

Ch
l_s

ep
, L

OD
 =

 6.
6

Be
rry

    
 42

7/6
79

, L
OD

 =
 7.

6

42
7/9

31
, L

OD
 =

 12
.2

53
9/9

31
, L

OD
 =

 12
.4

65
1/9

31
, L

OD
 =

 10
.6

73
5/7

91
, L

OD
 =

 8.
6

73
5/8

47
, L

OD
 =

 7.
3

73
5/9

03
, L

OD
 =

 6.
4

76
3/7

91
, L

OD
 =

 5.
3

PC
1, 

LO
D 

= 
6.8

PC
3, 

LO
D 

= 
8.5

PC
4, 

LO
D 

= 
5.1

PC
6, 

LO
D 

= 
4.5

PC
8, 

LO
D 

= 
4.9

Au
g1

6  
    

 gr
ee

n, 
LO

D 
= 

7.1
ND

RE
, L

OD
 =

 6.
6

GR
VI

, L
OD

 =
 5.

4

86
5/4

17
, L

OD
 =

 4.
7

74
7/6

86
, L

OD
 =

 6.
3

55
1/m

, L
OD

 =
 5.

9
75

3/m
, L

OD
 =

 5.
4

PC
2, 

LO
D 

= 
7.1

PC
8, 

LO
D 

= 
6.7

PC
11

, L
OD

 =
 8.

9

55
7/6

58
, L

OD
 =

 5.
0

PC
7, 

LO
D 

= 
4.5

03
05

17
    

 N
DV

I, L
OD

 =
 9.

4

GN
DV

I, L
OD

 =
 7.

6

86
5/4

17
, L

OD
 =

 9.
2

55
1/5

09
, L

OD
 =

 4.
7

71
1/6

86
, L

OD
 =

 10
.0

74
7/6

86
, L

OD
 =

 9.
0

55
1/m

, L
OD

 =
 6.

3

67
7/m

, L
OD

 =
 9.

3

75
3/m

, L
OD

 =
 5.

4

PC
2, 

LO
D 

= 
7.7

25
05

17
    

   g
re

en
, L

OD
 =

 10
.4

ND
VI

, L
OD

 =
 8.

2

GR
VI

, L
OD

 =
 9.

6

86
5/4

17
, L

OD
 =

 10
.0

55
1/5

09
, L

OD
 =

 5.
3

74
7/6

86
, L

OD
 =

 9.
7

46
7/m

, L
OD

 =
 7.

2

55
1/m

, L
OD

 =
 10

.3
75

3/m
, L

OD
 =

 4.
5

PC
2, 

LO
D 

= 
9.0

PC
3, 

LO
D 

= 
4.3

PC
14

, L
OD

 =
 6.

6

28
06

17
    

 gr
ee

n, 
LO

D 
= 

7.0
nir

, L
OD

 =
 4.

4

ND
RE

, L
OD

 =
 7.

9

GN
DV

I, L
OD

 =
 7.

2

86
5/4

17
, L

OD
 =

 8.
1

55
1/5

09
, L

OD
 =

 5.
7

71
9/6

86
, L

OD
 =

 6.
3

74
7/6

86
, L

OD
 =

 7.
0

55
1/m

, L
OD

 =
 8.

6

75
3/m

, L
OD

 =
 4.

7

PC
1, 

LO
D 

= 
5.0

PC
2, 

LO
D 

= 
7.8

PC
5, 

LO
D 

= 
4.3

PC
6, 

LO
D 

= 
4.3PC

13
, L

OD
 =

 4.
0

12
07

17
    

 gr
ee

n, 
LO

D 
= 

7.2
ND

VI
, L

OD
 =

 4.
9

ND
RE

, L
OD

 =
 8.

1

GN
DV

I, L
OD

 =
 6.

0

86
5/4

17
, L

OD
 =

 4.
0

71
1/6

86
, L

OD
 =

 4.
4

74
7/6

86
, L

OD
 =

 7.
3

55
1/m

, L
OD

 =
 6.

5
67

7/m
, L

OD
 =

 4.
8

PC
2, 

LO
D 

= 
4.1

PC
3, 

LO
D 

= 
4.9

PC
5, 

LO
D 

= 
5.2

PC
12

, L
OD

 =
 6.

0

PC
14

, L
OD

 =
 3.

9
02

08
19

    
 N

DV
I, L

OD
 =

 3.
9

ND
RE

, L
OD

 =
 7.

5

GN
DV

I, L
OD

 =
 5.

6

86
5/4

17
, L

OD
 =

 6.
1

74
7/6

86
, L

OD
 =

 7.
7

55
1/m

, L
OD

 =
 5.

6
75

3/m
, L

OD
 =

 4.
7

PC
2, 

LO
D 

= 
4.3

PC
7, 

LO
D 

= 
7.1

50
9/5

12
, L

OD
 =

 4.
0

01
09

17
    

   g
re

en
, L

OD
 =

 4.
3

re
d, 

LO
D 

= 
5.6

ND
RE

, L
OD

 =
 11

.7

GR
VI

, L
OD

 =
 7.

1

86
5/4

17
, L

OD
 =

 6.
4

74
7/6

86
, L

OD
 =

 9.
9

55
1/m

, L
OD

 =
 5.

8

67
7/m

, L
OD

 =
 6.

1

75
3/m

, L
OD

 =
 5.

2

PC
3, 

LO
D 

= 
9.3

PC
5, 

LO
D 

= 
5.0

PC
8, 

LO
D 

= 
5.7

PC
11

, L
OD

 =
 6.

7
LG3

Fig. S4c. Plot showing locations of QTLs found for different spectral and physical traits in
linkage group 3. The boxes represent the one-LOD support intervals and the whiskers show
the two-LOD support interval (i.e. the positions where the LOD has decrease by one or two
from its maximum. Data for the seven dates are distinguished by colour and shading.
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Fig. S4d. Plot showing locations of QTLs found for different spectral and physical traits in
linkage group 4. The boxes represent the one-LOD support intervals and the whiskers show
the two-LOD support interval (i.e. the positions where the LOD has decrease by one or two
from its maximum. Data for the seven dates are distinguished by colour and shading.
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Fig. S4e. Plot showing locations of QTLs found for different spectral and physical traits in
linkage group 5. The boxes represent the one-LOD support intervals and the whiskers show
the two-LOD support interval (i.e. the positions where the LOD has decrease by one or two
from its maximum. Data for the seven dates are distinguished by colour and shading.
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Fig. S4f. Plot showing locations of QTLs found for different spectral and physical traits in
linkage group 6. The boxes represent the one-LOD support intervals and the whiskers show
the two-LOD support interval (i.e. the positions where the LOD has decrease by one or two
from its maximum. Data for the seven dates are distinguished by colour and shading.



Linkage Group 1

In August 2016 there was only one trait (551/509) mapping to LG1, at 6 cM (Table 3) with a LOD of

4.4, so not significant at 99% threshold. In 2017 QTLs were found in this region (1-20 cM) in June,

July, August and September (Fig. S4a). The maximum LOD score for a spectral trait in June is 5.4 for

a nearby ratio 509/512 at 1 cM; this trait also maps to the same region in July and September with

LODs of 3.87 and 4.64 respectively. None of the physical plant scores collected in this study map

onto this area of the linkage group, though previously a number of traits such as anthocyanin

pigments [1,2], fruit weight and size and fruit firmness [3] and crumbly fruit [4] mapped in the 0-18 cM

region. All the previously detected QTLs here are for traits relating to fruit but spectral traits are

based on whole plant reflectance. This could indicate they relate to different processes in the plant

or that the imaging platform is detecting differences across entire plant which will have an effect on

fruit quality.

Linkage Group 2

On LG 2 (Fig. S4b) a number of regions were identified at different positions in this group. A region

around 25-38 cM was identified in August 2016 and June 2017 with different spectral traits (470/512

in 2016, green in 2017). Previous work has shown that a region coinciding with the 28 cM QTL

region identified here co-locates with a number of physical traits such as Gene H[5] which causes

canes either to be pubescent or non-pubescent and is associated through this region with resistance

to cane diseases. The genetic control of cane spines and the number of fruiting laterals also locates

to this 28 cM region [6]. A region around 98-107 cM was detected in late May, June and July 2017

(PC7, PC8, PC15). As the principal components are calculated separately for each date, the

difference in PC number found here is not surprising. The August measures of leaf chlorophyll

concentration mapped to 98 cM, where ripening related traits have previously been mapped [7],

along with lateral number [6]. The PC scores also identified a region around 65 cM in late May and

June. This 65 cM region also co-locates with previously-detected ripening related traits.

Linkage Group 3

Linkage group 3 has always been the most complicated linkage group to interpret in our previous

QTL studies, and this study identified LG3 as the location of many QTLs: a simplified linkage map is

shown (Fig. S4c). The main peak QTL were grouped approximately into four main regions to aid

interpretation: 0-11 cM, 22-29 cM, 36-41 cM, 47-81 cM.



The 0-11 cM region was detected in July and August dates in 2017 with GNDVI and 551/m appearing

here. QTLs previously located here include plant traits such as bush density and overall plant density
[6] as well as fruit colour[2].

The 22-29 cM region showed a number of QTLs in August 2016 but there were few QTLs detected in

2017, only bush density in May and a principal component score in August 2017. Ripening related

traits have been mapped close to this region in previous studies.

The 36-41 cM region showed some QTLs for a number of spectral traits in early May 2017 as well as

plant health and diameter in June. The region has potential overlap with both the previous group

and the next group making interpretation of separate QTLs here challenging. This region has

appeared in previous QTL studies with multiple plant architectural QTLs including spines, leaf density,

bush density, leaf hairs, cane density, cane splitting, root density and diameter [6] as well as a

number of ripening and fruit traits such as colour [2] and firmness [3,7,8].

The 47-81 cM region is a very significant region for every scoring with QTLs for many spectral traits

across all 2017 dates and density in May, June and September, health in May and September, and

leaf chlorophyll concentration in June. QTLs are seen in this region across all dates other than early

May. QTLs found have here different parental effects, indicating there may well be more distinct

QTL regions. Details of parental effects are available in the supplementary table. This region has

previously mapped traits such as root sucker density and diameter from the mother plant [9], lateral

density, height, leaf density [6] and fruit traits including firmness and ripening [3,7,8].

Given the complexity of linkage group 3 four profile plots of LOD scores from 2017 are included in

the supplementary material.

Linkage Group 4

Linkage group 4 (Fig. S4d) shows spectral traits QTLs from 0-13 cM across most dates in 2017 and in

August 2016. These are found for multiple spectral traits, but the significant traits differ on different

dates. For example, 467/m has a QTL with LOD value of 5.77 in May 2017, no QTL is found in June or

July but then a QTL reappears with a lower LOD score (4.0) in August 2017 and again in September

(LOD 5.9). This could indicate it is related to plant behaviours more expressed at the start and end

of season. QTLs for cane density and plant health were also found here in May, and a small QTL for

cane density in September. Previous work has found QTLs in this region for leaf density, bush

density and leaf hairs [10]. QTLs were also found at other positions on some dates, as shown in Fig. 8.

In September there was a QTL for PC13 mapping to 24 cM and a nearby QTL for plant height was

found in June.



Linkage Group 5

Linkage group 5 (Fig. S4e) shows a range of QTL positions for different dates, although some were

QTLs with low LOD scores and large support intervals. In June PC17 had a QTL with a LOD score of

4.85 at 8 cM and QTLs for ten-berry weight and fruit brix values were found in same region.

Previous studies have found physical traits mapping to this region, including fruit ripening [7,8], plant

height and cane splitting [10]. A QTL for leaf chlorophyll concentration in September was found at

35cM. A QTL was found for 551/509 at 49 cM in September. Previous work also found a QTL for

lateral length at 65 cM (Graham et al., 2014), a region where a number of spectral QTLs were found

for PC scores from imaging data throughout the season, PC17 at 82 cM in May, PC6 at 67 cM in June,

PC8 at 63 cM in July and PC4 at 67 cM in August.

Linkage Group 6

Linkage group 6 (Fig. S4f) showed a consistent detection of imaging QTL across all dates in a region

around 66-77 cM. The most significant QTLs were generally found for PCs: PC8 with LOD 7.1 at 61

cM in early May, PC15 with LOD 6.4 at 74 cM in late May, PC8 with LOD 5.4 at 66 cM in June and PC7

with LOD 5.4 at 64 cM in July. QTLs were also found in this region with the ratio 509/512 early May,

July and August although only in August did the LOD score reach the higher 99% threshold (LOD

scores 4.2, 4.1 and 5.1). QTLs were also detected at this position for leaf chlorophyll concentration

in July, August and September. Previous work identified QTLs for cane splitting at 69 cM [6], for root

rot damage and root diameter [9], leaf density and bush density at 86 cM, and for compositional

traits for berry colour and total anthocyanin contents, as well as lateral cane density around 77 cM,

again coinciding with spectral traits detected from imaging data. The detection of spectral QTLs

across the season corresponding to a region known to contain physical QTLs shows our spectral

traits have physical significance. The fact these spectral traits are principal components shows they

are possibly more complex than can be picked up with simple wavelength ratios, presenting

challenges for the application of this method to practical phenotyping.

No significant QTLs were detected for LG7.
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3rd May 2017 25th  May 2017 28th June 2017 12th  July 2017 2nd August  2017 1st September  2017

LG Position Max LOD Trait Other sig 
wavelengths

Other  sig traits Parent Max LOD Trait Other  sig 
wavelengths

Other sig 
traits

Parent Max LOD Trait Other sig wavelengths Other  sig traits Parent Max LOD Trait
Other  sig 
wavelengt
hs

Other sig 
traits

Parent Max LOD Trait
Other sig 
wavelengt
hs

Other  sig 
traits

Parent Max LOD Trait
Other  sig 
wavelengt
hs

Other sig 
traits

Parent

LG1 0-10cM -
3.89 
(10cM)

PC14
Latham

5.44 (1 
cM)

R80/81 R61/87,  r55/40,  r57/93 Latham
4.73 
(1cM)

R55/40
R57/93,  
r80/81

Latham -
5.05 
(10cM)

PC9
R57/93,  
R61/87,  
r50/88

Dominant

LG1 16-20cM - -
4.19 
(17cM)

PC5 Additive
4.62 
(17cM)

R61/87
R50/88,  
PC12

Additive
4.88 
(20cM)

PC18 R55/40 Additive
4.09 
(16cM)

R80/81  r55/40 Latham

LG1 74cM
Height_May  (LOD  
4.87, 74cM)

Dom
Height_Jun  (LOD  4.26,  
74cM))

Dom

LG2 25-38cM -
4.50 
(38cM)

R80/81
Dominant

4.75 
(25cM)

green R55/m,PC2 Latham
3.87 
(31cM)

R167/7
Dominant

-
3.95 
(25cM)

PC7
Latham

LG2 62-69cM -
4.78 
(67cM)

PC14
Additive

6.65 
(69cM)

PC6 PC10,PC11 Latham - - -

LG2 86-103cM -
4.77 
(107cM)

PC15
Dominant

4.93 
(98cM)

PC7 Latham
5.70 (86 
cM)

PC8 PC7 Latham -
Chl_Aug  
(LOD 
3.97, 
97cM)

-

LG3 3-11cM - - -
7.15 
(11cM)

green
R55/m,  
PC3,GND
VI, GRVI

Dominant
5.64 (3 
cM)

R55/m
R80/81,G
NDVI,  
GRVI

Dominant -

LG3 22-29cM
6.26 
(29cM)

R55/m
Diam_May  (LOD 
7.43, 29cM)

Dominant - -
3.90 
(18cM)

PC14
Incorporate  above?

-

LG3 36-41cM
7.74 
(40cM)

PC2
R135/m,  
r127/m,GNDVI

Additive
9.95 
(41cM)

R167/7
R25/m,  r127/7,  
r135/m,  PC14

Latham

 diam_Jun  (LOD  7.26,  
41cM),  health_June  (LOD 
5.62, 41cM)

Additive
4.32 
(36cM)

PC2 Latham

LG3 47-63cM
10.01 
(57cM)

R112/103

R100/m,r167/7,  
r127/7,r115/105,  
r25/m,r55/40,  
r125/105,Red,  
NDVI,  GRVI,  
NDRE

den_May  (LOD  
9.16, 50cM),  
health_May  (LOD 
7.0, 50cM)

Additive
10.42 
(49cM)

green

R55/m,  r125/105,  
r112/103,  r115/105,  
r100/m,  PC2,  
PC3,GRVI,  GNDVI,  
NDVI,  red,  NDRE

Additive
8.64 
(47cM)

R55/m

R167/7,  r100/m,  r125/105,  
r127/7,  
PC2,PC5,PC12,Green,GNDVI,  
GRVI,  NDRE,  red

 Chl_Jun  (LOD  5.01, 59cM),  
den_Jun  (LOD  9.07,  47cM)

Latham
8.1 
(56cM)

NDRE  

R112/103,  
PC2,  PC5,  
r167/7,r12
5/105,r11
5/105,Red

Additive
7.49 
(56cM)

NDRE
R167/7,  
PC7

Latham
11.74 
(56cM)

NDRE

PC3,PC5,P
C8, 
r55/m,  
r25/m,  
r125/105,  
r115/105,
GRVI,  
GNDVI,  
red,green

den_Sep  
(LOD 
8.77, 
54cM),  
health_Se
p (LOD  
5.63, 
56cM)

Additive

LG3 72-81cM -
4.54 
(80cM)

R127/m Additive
6.31 
(74cM)

R115/105
R112/103,  r25/m,  r127/m,  
PC1,NDVI,NIR

Additive
6.05 
(76cM)

PC12
R100/m,  
NDVI

Dominant
7.73 
(73cM)

R125/105

R115/105,  
r127/m,  
r112/104,  
r127/7,  
NDVI

 Chl_Aug  
(LOD 
5.79, 
74cM)

Additive
6.75 
(80cM)

PC11

R100/m,  
r135/m,  
r167/7,  
r127/7,  
r112/103,  
r127/m,  
NDVI

 Chl_Sep  
(LOD 
6.65, 
76cM),  
diam_Sep  
(LOD 
4.42, 
75cM)

Additive

LG3 97-107cM -
5.29 
(98cM)

R55/40 Additive
5.69 
(97cM)

R55/40 R57/93,r118/m,PC6,PC13 Latham - - -

LG4 0-13cM
6.15 
(1cM)

R80/81

R100/m,  r25/m,  
r112/103,  
r55/40,  r127/7,  
r167/7,  
r115/105,  PC2,  
r57/93,  PC15,  
NDVI

den_May  (LOD  
5.23, 6cM),  
health_May  (LOD 
3.87, 6cM)  

Latham -
6.18 
(2cM)

PC8 PC5,PC14 Latham
4.77 
(6cM)

PC5 PC9 Additive
4.16 (2 
cM)

red R25/m Latham
5.92 
(2cM)

R25/m

R125/105,
r167/7,  
r127/7,  
r115/105,  
r100/m,  
PC11,red

 den_Sep  
(LOD 
3.84, 6cM)

Latham

LG4 19-26cM - -
3.92 
(24cM)

PC9 Ht_Jun  (LOD  4.13,  26cM) Dominant -
4.04 
(19cM)

PC7 Dominant
5.27 
(25cM)

R112/103
R55/40,  
PC13

Additive

LG4 44-57cM -
4.49 
(57cM)

PC2 R55/m,GRVI,  GNDVI Additive
4.64 
(46cM)

PC13 Dominant
3.98 
(44cM)

PC14 Dominant - -

LG4 90cM - -
6.64 
(90cM)

PC16 Additive - - -

LG5 3-17cM -
4.42 
(11cM)

PC15
Dominant

4.85 
(8cM)

PC17 Dominant
4.42 
(13cM)

PC20
R80/81,  
r55/40,  
PC9

Additive - -

LG5 22-41cM - - - 3.92 (41 
cM)

PC10 Additive 4.55 
(22cM)

PC5
Chl_Aug  
(LOD 
5.03, 
35cM)

Additive  4.86 
(49cM)

R55/40

LG5 51-82cM
4.74 
(82cM)

PC17 PC5 Dominant -
4.85 
(67cM)

PC6 PC11 Moy
5.67 
(63cM)

PC8 PC19 Moy
7.00 
(67cM)

PC4 Additive

LG6 3cM 4.16 
(3cM)

R25/m R127/7 Latham

LG6 55-88cM
7.06 
(61cM)

PC8
PC9,  PC7,  PC10,  
r55/40,  r80/81

Latham
6.43 
(74cM)

PC15

Latham

5.37 
(66cM)

PC8 PC11
Latham

5.44 
(64cM)

PC7 

R55/40,  
r57/93,  
R50/88,  
R80/81,  
R61/87

Chl_Jul  
(LOD 
4.16, 
67cM)

5.06 
(55cM)

R80/81
R55/40,r5
7/93,r61/8
7,PC8

Chl_Aug  
(LOD 
7.12, 
64cM)

Latham
4.07 
(64cM)

R55/40
Chl_Sep  
(LOD 7.7,  
77cM)

Latham

LG7 None None None None

Christine Hackett
Christine Hackett:
No imaging QTLs


