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Abstract

Introduction Commercially, blackcurrants (Ribes nigrum L.) are grown mainly for processing, especially for juice produc-
tion. They are valued for their high levels of polyphenols, especially anthocyanins, which contribute to their characteristic
deep colour, but also as a good source of vitamin C. Recently, evidence has accrued that polyphenols, such as anthocyanins,
may have specific human health benefits.

Objective The aims of this study were to investigate the genetic control of polyphenols and other key juice processing traits
in blackcurrants.

Methods The levels, over 2 years, of vitamin C, citrate, malate, succinate, total organic acids, total anthocyanins and total
phenolics together with 46 mainly polyphenol metabolites were measured in a blackcurrant biparental mapping population.
Quantitative trait loci (QTLs) for these traits were mapped onto a high-density SNP linkage map.

Results At least one QTL was detected for each trait, with good consistency between the 2 years. Clusters of QTLs were
found on each of the eight linkage groups (LG). For example, QTLs for the major anthocyanidin glucosides, delphinidin-3-O-
glucoside and cyanidin-3-O-glucoside, co-localised with a QTL for total anthocyanin content on LG3 whereas the major
anthocyanidin rutinosides, delphinidin-3-O-rutinoside and cyanidin-3-O-rutinoside, had QTLs on LG1 and LG2. Many of
the QTLs explained a high proportion of the trait variation, with the most significant region, on LG3 at~ 35 cM, explaining
more than 60% of the variation in the coumaroylated metabolites, Cyanidin-coumaroyl-glucose, Delphinidin-coumaroyl-
glucose, Kaempferol-coumaroyl-glucose and Myricetin-coumaroyl-glucose.

Conclusion The identification of robust QTLs for key polyphenol classes and individual polyphenols in blackcurrant provides
great potential for marker-assisted breeding for improved levels of key components.
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1 Introduction

Blackcurrants are economically significant horticultural
Electronic supplementary material The online version of this products in Russia, Poland, Germany, China, Scandinavia,
article (https://dm.org/lO.10.07/51 130.6—020—1647—6) .contams Great Britain, New Zealand and many other eastern Euro-

supplementary material, which is available to authorized users. R X
pean countries (Brennan 1996). The estimated annual world
P4 Gordon J. McDougall production approaches 600,000 tons (https://www.fao.org/
gordon.mcdougall @hutton.ac.uk faostat/). Blackcurrants are primarily grown for juice pro-
duction but are also processed for purees, jams, and other
food products and varieties for the fresh market (e.g. Big
) ) Ben) have been developed to expand this sector. Blackcur-

Cell and Molecular Sciences, The James Hutton Institute, .. . .

Dundee. UK rants are valued for their high vitamin C content (Hummer
and Barney 2002) but the quality and consumer accept-
ability of their juices and purees is greatly influenced by
their colour. The rich purple-black colour of blackcurrants

Environmental and Biochemical Sciences Department, The
James Hutton Institute, Dundee, UK

Biomathematics & Statistics Scotland, Dundee, UK

Forestry and Genetic Department, Swedish University
of Agricultural Sciences, Umed, Sweden

@ Springer


https://www.fao.org/faostat/
https://www.fao.org/faostat/
http://crossmark.crossref.org/dialog/?doi=10.1007/s11306-020-1647-6&domain=pdf
https://doi.org/10.1007/s11306-020-1647-6

25 Page2of23

I.N. Abreu et al.

is dependent on their high content of anthocyanins, in
particular their characteristic anthocyanin profile based
on 3-0-glucosides and 3-O-rutinosides of cyanidin and
delphinidin (Macheix et al. 1990; Slimestad and Solheim
2002). Cultivars of blackcurrant show considerable vari-
ability in anthocyanin levels, and the selection of higher
levels of anthocyanin represents a key objective for many
breeders (Brennan 1996) to improve the colour of berries
and their products. A single portion of blackcurrants can
provide 100-300 mg of anthocyanins (Deighton et al. 2000;
Kahkonen et al. 2003) and anthocyanins have been associ-
ated with a range of human health benefits such as reduction
of the risk of cardiovascular diseases (Ghosh & Scheepens
2009), cancers (Guo et al. 2009), neurodegenerative diseases
(Vepsildinen et al. 2013; Ramassamy 2006), and diabetes
(Torronen et al. 2012). However, although dominated by
anthocyanins, blackcurrants also contain a range of other
polyphenolic components (e.g. flavonols & hydroxycinnamic
acid derivatives; McDougall et al. 2005; Mattila et al. 2011)
which may contribute to health benefits in their own right
and/or influence taste or flavour. Therefore, the inheritance
of these potential health beneficial components is important
for the selection of future blackcurrant cultivars.

A key advance in berry fruit breeding has been the use
of molecular markers for the selection of key traits, par-
ticularly for traits that either cannot be evaluated until the
plant is mature, such as fruit quality, or traits that require
complex phenotyping procedures, e.g. pest and disease
resistances. The James Hutton Institute (JHI) has a long his-
tory of blackcurrant breeding and significant investment in
marker and linkage map development in recent years is now
leading to considerable advances in breeding efficiency as
marker-assisted selection strategies are employed. The first
genetic linkage map of blackcurrant, using AFLP, SSR and
SNP markers, was constructed in a small mapping popula-
tion of 82 offspring developed from two lines from the JHI
(then SCRI) breeding programme (Brennan et al. 2008). A
major gene, Ce, for gall mite (Cecidophyopsis ribis) resist-
ance was mapped to linkage group (LG) 2, and this has led
to the development of a marker-based diagnostic for gall
mite resistant germplasm (Brennan et al. 2009). QTLs for
titratable juice acidity, pH, ascorbic acid, specific gravity,
hundred berry weight (HBW) and phenological traits were
also detected by Brennan et al. (2008). No QTLs for antho-
cyanin content were detected in this study, but were noted in
a subsequent QTL x year analysis in an extended population
from the same cross (Hackett et al. 2010).

A more detailed SNP and SSR map was constructed using
454 sequencing and 311 offspring from the same cross (Rus-
sell et al. 2011). This was extended further using genotyp-
ing-by-sequencing (GbS) by Russell et al. (2014), giving a
high-quality map with up to 204 SNPs on each linkage group
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which allowed location of QTLs for hundred berry weight
(HBW) and °Brix.

Previous work has been undertaken to assess the impact
of environment and genotype on key blackcurrant quality
traits such as sugar and acid content (Heiberg et al. 1992;
Woznicki et al. 2017; Nwankno et al. 2012; Zheng et al.
2009), vitamin C (Hancock et al. 2007; Zheng et al. 2009;
Walker et al. 2010; Vagiri et al. 2013), and polyphenol and
anthocyanin content (Nour et al. 2011; Vagiri et al. 2013;
Tian et al. 2019). However, very little is known regarding
the genetic determinants of these key quality traits.

In this paper, we take advantage of a recently developed
high-density GbS SNP linkage map (Russell et al. 2014) to
map loci associated with levels of vitamin C, citrate, malate,
succinate, total organic acids, total juice anthocyanins and
total juice phenolics together with 46 specific polyphenol
components in a blackcurrant biparental mapping population
over two growing seasons.

2 Materials and methods
2.1 Plant material

Fruits were harvested from the reference blackcurrant map-
ping population SCRI 9328, (Brennan et al. 2008) when
commercially ripe, then stored at -20 °C until processed.
This population is an F; progeny from a cross between two
diverse parents grown at the James Hutton Institute, desig-
nated S36 (female) and S10 (male). The S36 parent was a
selection from an SCRI 1987 cross (parents Ben Alder X Ben
Loyal) and has large berries and commercially acceptable
fruit quality parameters. Parent S10 was a selection from
East Malling cross B1834 (parents B1426 x Ben Lomond)
and has small to medium sized berries with lower fruit qual-
ity, earlier bud break and resistance to gall mite (Cecidophy-
opsis ribis). The population was grown in an un-replicated
trial and fruit was sampled from the parents and progeny in
2008 and 2009. To ensure equivalent ripeness, fruit from
different progeny was collected each day when first ripe
over the harvest period (late July—early August in 2008
and 2009), frozen and a sub-sample (> 10 g) was used for
juicing.

2.2 Metabolite analysis

2.2.1 Juice extractions

Juice was extracted from frozen fruits after homogenisa-
tion in a Waring blender and centrifugation at 2 500 X g,

10 min at 5 °C. The juice sample (supernatant) was frozen
in aliquots.
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2.2.2 Biochemical analysis

Two sets of traits were analysed in the juice samples. The
first set was of general traits e.g. total anthocyanins and total
phenolics. The second set consists of specific components
measured separately, namely ascorbate, citrate, malate and
succinate and, by summation, total acids (TOAS) by HPLC
and 46 mainly polyphenol components that were measured
by liquid chromatography mass spectrometry. For all chro-
matographic measurements, the extractions were performed
twice and the standard deviation was calculated from these.
For the total phenol and anthocyanin analyses, triplicates
were recorded.

2.2.3 Total anthocyanin and phenolic measurements

The juice samples were analysed by the colorimetric total
phenol and total anthocyanin methods described by McDou-
gall et al. (2005). Standard curves of gallic acid (Sigma
Chem Co. Ltd) and cyanidin-3-0-glucose (Extrasynthese)
respectively were used for quantifications.

2.2.4 Ascorbate and organic acids

Juice was diluted 10 times in 5% metaphosphoric acid con-
taining 5 mM TCEP and HPLC-PDA analysis carried out
according to Hancock et al. (2007). The HPLC analysis by
HPLC-PDA used a isocratic mobile phase of 8 mM H,SO,
in water at 0.6 ml/min over 30 min. The quantifications were
based on standard curves of ascorbate, citric acid, malic acid
and succinic acid (Sigma) from 0.25 to 1.0 mg/ml.

2.2.5 Liquid Chromatography Mass Spectrometry (LC-MS)
Analysis

After thawing on ice, juice samples were vortexed and tripli-
cate 475 pL samples were transferred to separate Eppendorff
tubes and the internal standard solution (25 pL of 0.5 mg/
mL Morin in methanol; Sigma Chem Co. Ltd) was added
then vortexed mixed. After centrifugation at 10 000xg for
10 min at 5 °C, the supernatants were removed and placed in
0.45 pM PTEE filter vials (Thomson Instrument Company,
Bioprocess Engineering Services Ltd, Kent, UK) prior to
analysis. Samples were analysed using a LC system consist-
ing of an Accela 600 quaternary pump and Acela PDA detec-
tor coupled to an LTQ Orbitrap mass spectrometer (Thermo
Fisher Scientific Ltd.). Samples (10 pL) were injected onto
a 2x 150 mm (4 pm) Synergy Hydro-RP 80 fitted with a
C18 4% 2 mm Security Guard cartridge (Phenomenex Ltd,
Macclesfield, UK.). Auto-sampler and column temperatures
were maintained at 6 and 30 °C, respectively. The samples
were analysed at a flow rate of 200 pL/min using a binary
mobile phase of (A) 0.1% aqueous formic acid and (B) 0.1%

formic acid in 50% acetonitrile/water with the following gra-
dient: 0 —5 min, 5% B; 5—22 min, 5—50% B; 22 — 32 min,
50 —100% and 32-34 min 100% B. Mass detection was car-
ried out using an LTQ Orbitrap mass spectrometer in posi-
tive ESI mode. Two scan events were employed; full-scan
analysis was followed by data-dependent MS/MS of the
three most intense ions using collision energies of 45 eV
source voltage (set at 3.4 kV) in wide-band activation mode.
The instrument was optimized by tuning against Morin at a
resolution of 100,000 in a range of 80 —2000 mass units. For
optimal electrospray ionization, the source conditions were
set at a source temperature of 280 °C, sheath gas at 60 arbi-
trary units, and an auxiliary gas at five arbitrary units. Prior
to analysis, the mass accuracy of the instrument was assured
by calibration following the manufacturer’s protocols. All
predicted formula data presented were accurate at <2 ppm.

The quality of the MS response was checked by monitor-
ing blanks containing internal standards and quality control
samples of juices from parental line interspersed through the
sequence of samples. After peak checking, raw peak areas
for the major components were obtained using the resident
Xcalibur software. After export of MS peak data to Micro-
soft Excel, the peak areas were ratioed against the internal
standard (Morin).

2.3 Statistical analysis
2.3.1 Exploratory analysis of metabolite data

The mean trait levels for the parents and each offspring were
calculated as the mean over the two technical replicates for
each year separately. The Pearson correlation between the
offspring means for each year was calculated to assess the
repeatability of each trait. The distributions of the metabolite
levels were examined; most were found to be skewed and so
log,, transformations were made of the metabolite means
before QTL mapping. The general traits (total anthocyanins
(TA), total phenols (TP), organic acids etc.) had more sym-
metric distributions and were analysed on the original scale.

2.3.2 Genetic map and QTL analysis

Genetic maps of this population have been published
by Brennan et al. (2008) and Russell et al. (2011). Most
recently, a high-density map combining SNP and SSR mark-
ers from Russell et al. (2011) and SNPs from genotyping
by sequencing (GbS) has been published by Russell et al.
(2014). This was constructed using 216 offspring from
SCRI 9328, and has a total map length of 771 cM. The mean
marker density, excluding co-segregating markers, is 1.74
markers per cM. This map was used here for the QTL map-
ping analysis, based on approximately 140 offspring which
had both SNP genotypes and trait information available.
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QTL mapping was carried out using the MapQTL 5
software (Van Ooijen 2004) and the QTL mapping routines
in GenStat 17 (GenStat for Windows 17th Edition 2014.
VSN International, Hemel Hempstead, UK. GenStat.co.uk).
Kruskal-Wallis mapping in MapQTL 5 was used as a pre-
liminary test to identify regions of the genome linked to each
metabolite, and to explore whether alleles from one or both
parents were contributing. A permutation test was carried
out using GenStat to establish appropriate thresholds for the
Kruskal-Wallis test. Interval mapping and multiple QTL
mapping were then carried out using GenStat. This analy-
sis combines information across genetic markers along the
chromosome to estimate the probabilities of each possible
QTL genotype for each offspring at each position. In a cross
such as this with outbreeding parents, the parental genotypes
at a QTL are usually represented as ab x cd, with offspring
genotypes ac, ad, bc and bd. Genetic predictors for the S36
(maternal) additive effect (P;), the S10 (paternal) additive
effect (P,) and the dominance effect (D) can then be derived
from the genotype probabilities pr(ac) etc. as:

P, = pr(bc) + pr(bd) — pr(ac) — pr(ad)
P, = pr(bd) + pr(ad) — pr(bc) — pr(ac)

D = pr(bd) — pr(bc) — pr(ad) + pr(ac)

and these can be used as explanatory variables in a lin-
ear model for each metabolite. For metabolites that were
detected in both years, a multi-environment QTL analysis
was carried out in Genstat to test for QTL x year interac-
tions. The approach of Li and Ji (2005), based on the effec-
tive number of independent tests, was used to obtain a
genome-wide significance threshold.

3 Results

3.1 Exploratory analysis of general and metabolite
data

Forty-six metabolites were detected in the fruit of the prog-
eny by LC-MS in 2008, and all but one (K-mal-Glc) were
detected again in 2009. Most components were identified as
polyphenols except for two amino acids, tryptophan and phe-
nylalanine (Table 1; Supplementary Fig. S1). Table 2 sum-
marises the mean levels of ascorbate, citrate, malate and suc-
cinate, total acids (TOAS), total anthocyanins (TA) and total
phenolics (TP) and the metabolites for the parents S10 and
S36 for each year, and the mean, minimum, maximum and
standard deviation (SD) for the offspring, together with the
correlation between years. The mean levels for the organic
acids were higher in 2009 than in 2008, but similar between
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years for total anthocyanins and total phenolics. The general
trait levels showed moderate correlations between the two
years, with values between 0.41 and 0.68, which were all
statistically significant (p <0.001) for this size of population.

The parents had similar characteristic LC-MS traces but
with some quantitative differences. Line S10 had relatively
lower amounts of the major delphinidin anthocyanins and
other more minor components (Fig. S1). Four anthocyanins,
Dp-Glc, Dp-Rut, Cy-Glc and Cy-Rut, were the most abun-
dant components in the parents and the progeny (Table I;
Fig. S1), which is characteristic of blackcurrants (McDou-
gall et al. 2005; Slimestad and Solheim 2002; Allwood
et al. 2019) where they can comprise up to 70% of the total
phenolic composition. The anthocyanin rutinosides were
generally more abundant than glucosides which is often
noted in juices over solvent-extracted samples (Mattila et al.
2011). The presence of other anthocyanin components was
confirmed including the later eluting, characteristic cou-
maroylated derivatives (Cy-coum-Glc and Dp-coum-Glc),
some more minor rutinosides of Petunidin (Pt), Pelargonidin
(Pg) and Peonidin (Pn) (Slimestad and Solheim 2002) along
with condensation products of anthocyanins with epigallo-
catechin (EGC; McDougall et al. 2005). The samples also
contained characteristic glucosides and rutinosides of the
flavonols Myricetin (M), Quercetin (Q), Kaempferol (K)
and Isorhamnetin (IR), also characteristic of blackcurrants
(Slimestad and Solheim 2002; Mattila et al. 2011). Malo-
nylated flavonol glucosides were also noted. There was evi-
dence for the presence of coumaroylated flavonol hexoses
(i.e. M-coum-Hex and K-coum-Hex). These had charac-
teristic PDA (pronounced absorbance at 355 and 315 nm)
and yielded the expected predicted molecular formulae
(e.g. PubChem Compound IDs 44,259,435 & 90,657,184).
Further studies in negative ionisation mode showed that
the putative M-coum-Hex peak gave m/z 625.1214 with a
predicted molecular formula of C5,H,50,5 and yielded MS?
fragments of 479 (loss of 146 =coumaroyl), 463 (loss of
162 =hexose) and 317 (loss of 308 = coumaroyl and hexose).
We have noted similar evidence for the presence of M-coum-
Glc in our other LC-MS" studies on blackcurrant samples
(results not shown). However, these components have not
yet been confirmed in blackcurrants although K-coum-Glc
has been noted in strawberry extracts (Zhang et al. 2008)
and Q-coum-Glc in cranberries (Vvedenskaya et al. 2004).

Apart from M-Gal-b, which was the only metabolite for
which the correlation between the years was not signifi-
cant, the mean metabolite levels were higher in 2009 than
in 2008. Correlations (after a log transformation) between
the 2 years range from 0.16 (for M-Gal-b) up to 0.88 for
IR-Glc-a (Table 2). Correlations among the metabolites and
general traits within each year are shown in supplementary
Tables Sla and S1b. These are discussed below along with
the QTL results.
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Table 1 The metabolites detected by LC-MS

RT PDA max m/z [M+H]* MS? Predicted Formula* Putative identity Short name
8.68 270 785.1564 767, 617, 481, 287 C36H330, EGC-antho-glucoside derivative EGC-antho-Glc
8.52 265 166.0862 120 CyH,,0,N Phenylalanine Phe

11.05 270,525 611.1398 465, 303 C30Hy,0y4 Delphinidin-diglucoside Dp-diGlc-a
10.70 280, 520 915.1991 169, 607, 427, 287 C4H 30,3 Cyanidin-EGC-rutinoside Cy-EGC-Rut-a
11.20 280, 525 769.1618 751, 601, 465, 303 C3¢H330 9 Delphinidin-EGC-glucoside Dp-EGC-Glc-a
11.98 275,525 611.1403 465, 303 C30H,,0y4 Delphinidin-diglucoside Dp-diGlc-b
12.58 270 307.0813 289, 139 CsH,50; Epigallocatechin EGC

1272 215,525 769.1618 751, 607, 481, 287 C3¢H330y9 Delphinidin-EGC-glucoside Dp-EGC-Glc-b
1342 215,525 915.1901 897, 769, 607, 481, 439, 303 C;Hy30,;3 Delphinidin-EGC-rutinoside Dp-EGC-Rut-a
13.52 215,525 915.1903 897, 769, 607, 481, 439, 303 C;Hy30,5 Delphinidin-EGC-rutinoside Dp-EGC-Rut-b
13.17 245 205.0972 188 C,H,30,N, Tryptophan Trp

13.78 290, 325 355.1024 163 C,¢H90g Chlorogenic acid CGA

13.86 285,520 899.2258 753, 591, 423, 287 C4Hy30,, Cyanidin-EGC-rutinoside Cy-EGC-Rut-b
14.07 285,520 915.1984 897, 769, 607, 439, 345, 303 C;Hy30,3 Delphinidin-EGC-rutinoside Dp-EGC-Rut-c
14.57 285,325 181.0502 163 CyHyO4 Caffeic acid Caff

15.47 280, 525 465.1026 303 C,H,,0,, Delphinidin-3-0-glucoside Dp-Glc

16.49 280, 525 611.1608 465, 303 Cy;H;3,044 Delphinidin-3-O-rutinoside Dp-Rut

16.56 280, 520 449.1077 287 C,H,,0y, Cyanidin-3-0-glucoside Cy-Glc

16.92 280, 520 595.1657 449, 287 Cy;H3,045 Cyanidin-3-O-rutinoside Cy-Rut

17.53 280, 520 625.1762 479, 317 CygH33046 Petunidin-3-O-rutinoside Pt-Rut

18.21 280, 505 579.1709 433,271 C,;H;0y, Pelargonidin-3-O-rutinoside Pg-Rut

18.58 280, 520 609.1814 463, 301 CygH330 5 Peonidin-3-O-rutinoside Pn-Rut

19.33 355 481.2278 463,319 C,H,,03 Myricetin-3-0-galactoside M-Gal-a
20.46 355 627.1557 609, 481, 319 C,,H;,0, Mpyricetin-3-O-rutinoside M-Rut

20.79 355 481.0975 319 C,H,,0y3 Mpyricetin-3-0-galactoside M-Gal-b

20.97 355 481.0975 319 C,H,;, 03 Mpyricetin-3-0-glucoside M-Glc

21.82 355 567.0980 319 C,4H53044 Myricetin-malonly-galactoside M-mal-Gal
2226 355 611.1608 465, 303 Cy;H3,046 Quercetin-3-O-rutinoside Q-Rut

22.63 350 567.0979 505, 319 C,4Hy3044 Myricetin-malonly-glucoside M-mal-Glc
22.86 355 465.1027 303 C,H,,0,, Quercetin-3-0-galactoside Q-Gal

23.09 355 465.1026 303 C,H,,0/, Quercetin-3-0-glucoside Q-Glc

23.37 280,325,530  611.1396 303 C30H»,014 Delphinidin-coumaroyl-glucoside Dp-coum-Glc
2395 350 595.1657 449, 303 C,7H;,05 Kaempferol-3-O-rutinoside K-Rut

24.10 355 551.1030 303 Cy,Hy305 Quercetin-malonly-glucoside Q-mal-Glc
2422 355 479.1183 317 C,H530, Isorhamnetin-3-0-glucoside IR-Glc-a
24.52 280,320,520  595.1448 449, 287 C30H,,03 Cyanidin-coumaroyl-glucoside Cy-coum-Glc
2481 345 449.1077 287 C, H,,0, Kaempferol-3-0-glucoside K-Glc

24.87 350 479.1183 317 C,,H,30, Isorhamnetin-3-0-galactoside IR-Gal

2497 315 422.1423 260 C,H,,O9N Nigrumin-coumarate Nig-coum
25.14 350 479.1182 317 Cy,H,30, Isorhamnetin-3-0O-glucoside IR-Glc-b

25.57 310 452.1526 290 C,H,50,(N Nigrumin-ferulate Nig-fer

25.68 355 535.1081 287 Cy,Hy30 4 Kaempferol-malonly-glucoside K-mal-Glc
26.21 350 565.1187 433,317 CygHys05 Isorhamnetin-malonly-glucoside IR-mal-Glc-a
26.33 315,355 627.1345 465, 319 C30Hy;05 Mpyricetin-coumaroyl-hexose M-coum-Hex
26.49 355 565.1187 433, 359, 317 CysH,505 Isorhamnetin-malonly-glucoside IR-mal-Glc-b
26.62 315,355 595.1297 287 C;30H,,03 Kaempferol-coumaroyl-hexose K-coum-Hex

RT =retention time

*predicted formulae based on m/z [M +H]™ values; underlined values are the major PDA signals or MS? fragments. EGC = epigallocatechin. All
sugars are assumed to be linked to the 3 position except the diglucosides which are 3, 5-linked. The assignments of hexoside types are based on
literature (e.g. that galactosides elute before glucosides) and that most hexosides are glucosides. The previously unrecorded flavonol coumaroyl
components are listed as hexosides. Most metabolites were identified at MSI level 2 (Sumner et al. 2007; i.e. MS?2 and/or accurate mass MS
match to a single metabolite or isomeric metabolites) but standards were available for cyanidin-3-O-glucoside, cyandin-3-O-rutinoside, delphini-

din-3-O-rutinoside, quercetin-3-O-glucoside and quercetin-3-O-rutinoside so these compounds were identified at MSI level 1
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Table 2 Summgry statistics Name Year Parents Offspring
for the metabolites and general
traits for each year S36 S10 Mean Min Max SD Corr
Ascorbate 2008 0.123 0.195 0.162 0.092 0.318 0.035 0.683
2009 0.124 0.227 0.177 0.104 0.270 0.033
Citrate 2008 3.713 2.609 3.090 2.003 4.403 0.491 0.606
2009 4.060 4.142 3.935 2.568 5.132 0.545
Malate 2008 1.079 1.429 1.442 0.849 2.468 0.280 0.549
2009 1.861 2.792 2.583 1.762 3.566 0.388
Succinate 2008 0.606 0.803 0.814 0.230 1.610 0.257 0.634
2009 1.249 2.188 1.612 0.951 2.653 0.334
TOAS 2008 5.398 4.842 5.346 3.294 7.505 0.662 0.446
2009 7.170 9.123 8.130 5.733 10.800 0.937
TA 2008 0.173 0.212 0.198 0.113 0.268 0.035 0.414
2009 0.196 0.222 0.186 0.100 0.272 0.034
TP 2008 0.326 0.529 0.425 0.282 0.639 0.059 0.523
2009 0.289 0.528 0.391 0.276 0.534 0.060
EGC-antho-Glc 2008 0.255 0.122 0.194 0.063 0.571 0.096 0.795
2009 0.524 0.814 0.896 0.433 2.082 0.309
Phe 2008 1.275 3.174 1.884 0.662 5.044 0.812 0.637
2009 2.392 2.853 2.450 1.115 5.908 0.982
Dp-diGlc-a 2008 0.094 0.125 0.109 0.029 0.232 0.035 0.688
2009 0.162 0.354 0.283 0.153 0.536 0.065
Cy-EGC-Rut-a 2008 0.002 0.007 0.004 0.001 0.016 0.003 0.534
2009 0.004 0.030 0.034 0.006 0.109 0.232
Dp-EGC-Glc-a 2008 0.022 0.010 0.013 0.007 0.033 0.005 0.743
2009 0.066 0.041 0.057 0.026 0.153 0.024
Dp-diGlc-b 2008 0.047 0.173 0.075 0.027 0.155 0.027 0.585
2009 0.098 0.513 0.236 0.125 0.430 0.062
EGC 2008 0.246 0.398 0.287 0.117 0.469 0.070 0.549
2009 0.383 0913 0.640 0.369 1.037 0.119
Dp-EGC-Glc-b 2008 0.049 0.022 0.025 0.010 0.063 0.010 0.683
2009 0.101 0.063 0.085 0.041 0.193 0.028
Dp-EGC-Rut-a 2008 0.074 0.019 0.028 0.001 0.113 0.020 0.604
2009 0.131 0.054 0.076 0.015 0.215 0.044
Dp-EGC-Rut-b 2008 0.013 0.032 0.021 0.001 0.050 0.006 0.522
2009 0.028 0.138 0.077 0.037 0.135 0.021
Trp 2008 0.873 2.830 1.153 0.350 2.793 0.507 0.416
2009 0.710 1.368 1.689 0.288 4.439 0.841
CGA 2008 0.828 0.294 0.478 0.063 1.339 0.263 0.840
2009 1.473 0.608 1.223 0.190 3.306 0.622
Cy-EGC-Rut-b 2008 0.118 0.070 0.070 0.017 0.237 0.036 0.554
2009 0.133 0.117 0.113 0.032 0.293 0.048
Dp-EGC-Rut-c 2008 0.007 0.013 0.009 0.000 0.055 0.005 0.512
2009 0.015 0.059 0.034 0.016 0.064 0.010
Caft 2008 0.513 1.046 0.507 0.255 1.006 0.153 0.708
2009 0.776 1.670 0.978 0.529 1.819 0.252
Dp-Glc 2008 14.21 8.29 9.29 4.59 18.16 2.74 0.441
2009 17.65 21.87 17.07 7.92 20.09 3.64
Dp-Rut 2008 4422 25.53 26.92 12.40 59.51 7.22 0.469
2009 66.42 54.82 51.96 29.10 75.67 9.35
Cy-Glc 2008 9.29 10.44 8.08 3.54 16.43 2.66 0.531
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Table 2 (continued)

Name Year Parents Offspring
S36 S10 Mean Min Max SD Corr

2009 11.10 23.30 13.54 6.28 26.47 3.92

Cy-Rut 2008 42.72 34.48 33.06 18.68 56.54 6.60 0.262
2009 60.91 66.35 60.33 39.10 88.61 10.14

Pt-Rut 2008 1.321 1.063 0.834 0.289 1.906 0.301 0.639
2009 1.695 2.044 1.642 0.484 3.255 0.574

Pg-Rut 2008 0.660 0.365 0.468 0.124 1.348 0.225 0.666
2009 0.853 0.675 0.780 0.295 1.703 0.276

Pn-Rut 2008 1.114 1.776 1.047 0.193 2.239 0.406 0.662
2009 1.209 2.889 1.872 0.625 4.000 0.779

M-Gal-a 2008 0.079 0.091 0.070 0.021 0.154 0.026 0.781
2009 0.133 0.191 0.140 0.059 0.252 0.427

M-Rut 2008 1.525 0.833 0.813 0.366 1.690 0.248 0.448
2009 NA NA 1.806 0.940 2.954 0.381

M-Gal-b 2008 0.370 0.277 0.218 0.052 0.494 0.084 0.129
2009 0.016 0.016 0.015 0.005 0.028 0.005

M-Glc 2008 0.945 0.778 0.582 0.194 1.148 0.183 0.311
2009 1.963 2.276 1.614 0.625 2.858 0.436

M-Mal-Gal 2008 0.322 0.252 0.257 0.084 0.567 0.096 0.694
2009 0.818 0.598 0.628 0.194 1.070 0.190

Q-Rut 2008 1.318 1.113 1.031 0.456 2227 0.306 0.489
2009 3.598 2.321 2.608 1.431 4.597 0.615

M-Mal-Glc 2008 0.050 0.051 0.044 0.004 0.157 0.029 0.763
2009 0.072 0.143 0.095 0.017 0.270 0.051

Q-Gal 2008 0.196 0.305 0.233 0.095 0.560 0.082 0.520
2009 0.468 0.633 0.601 0.257 1.150 0.169

Q-Glc 2008 0.775 1.713 0.839 0.368 1.773 0.246 0.776
2009 1.475 3.5717 1.845 1.026 3.733 0.508

Dp-Coum-Glc 2008 2.403 0.348 1.171 0.063 3.878 0.938 0.821
2009 2.607 0.713 2.719 0.298 8.382 1.959

K-Rut 2008 0.401 0.348 0.285 0.000 0.680 0.119 0.376
2009 0.813 0.632 0.719 0.098 1.618 0.282

Q-Mal-Glc 2008 0.375 0.368 0.431 0.142 1.162 0.212 0.690
2009 1.573 1.100 1.267 0.325 2.749 0.519

IR-Glc-a 2008 0.005 0.095 0.022 0.001 0.098 0.023 0.884
2009 0.012 0.175 0.0413 0.005 0.132 0.031

Cy-Coum-Glc 2008 1.218 0.336 0.994 0.058 3.996 0.854 0.807
2009 1.184 0.484 1.918 0.183 6.544 1.518

K-Glc 2008 0.306 0.661 0.435 0.120 1.167 0.192 0.768
2009 0.532 1.152 0.799 0.352 2.162 0.304

IR-Gal 2008 0.022 0.012 0.036 0.003 0.136 0.026 0.422
2009 0.110 0.081 0.125 0.021 0.305 0.066

Nig-coum 2008 0.709 1.234 0.756 0.352 1.564 0.221 0.612
2009 0.980 1.641 1.295 0.612 2.624 0.377

IR-Glc-b 2008 0.014 0.023 0.020 0.000 0.069 0.012 0.409
2009 0.092 0.038 0.075 0.016 0.250 0.041

Nig-fer 2008 0.224 0.222 0.209 0.093 0.442 0.071 0.568
2009 0.260 0.333 0.334 0.138 0.653 0.109

K-Mal-Glc 2008 0.252 0.199 0.171 0.089 0.352 0.047
2009 NF NF NF NF NF NF
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Table 2 (continued)

Name Year Parents Offspring
S36 S10 Mean Min Max SD Corr
IR-Mal-Glc-a 2008 0.062 0.052 0.096 0.016 0.337 0.070 0.607
2009 0.298 0.220 0.321 0.053 0.844 0.155
M-Coum-Hex 2008 0.128 0.018 0.059 0.002 0.180 0.050 0.849
2009 0.143 0.026 0.144 0.008 0.451 0.113
IR-Mal-Glc-b 2008 0.066 0.038 0.092 0.019 0.031 0.061 0.605
2009 0.473 0.162 0.364 0.061 1.038 0.187
K-Coum-Hex 2008 0.038 0.005 0.020 0.001 0.087 0.020 0.880
2009 0.023 0.003 0.048 0.001 0.258 0.047

The mean levels for the parents are shown, and the mean, minimum (Min), maximum (Max) and standard
deviation (SD) for the offspring. Corr shows the correlation between the offspring for the 2 years. For the
general traits (ascorbate—TP) this has been calculated on the natural scale and for the metabolites this is
calculated after transformation to a log;, scale. NA =data not available; NF =metabolite not found for that

year

3.2 QTL mapping

For most of the traits, there was good agreement between
the QTLs found in the two years. The results presented
here are from a QTL by year analysis, fitting joint effects
of the QTLs, year and their interaction. The threshold for
declaring a QTL as present was estimated by the Li and
Ji (2005) approach as—log;,(p) =3.46 or 5.16 corre-
sponding to a genome-wide significance of 0.05 and 0.001
respectively. In general, QTLs were defined as major if
they had —log,,(p) > 10, as strong if -log,,(p) values were
between 10 and 5, and as minor if —log,,(p) <5. At least one
QTL was detected for each metabolite, but usually three or
four QTLs were found and for chlorogenic acid (CGA) there
were six QTLs across LG 1,LG2,LG3,LG4,LG 6 and LG
8. Major QTLs were detected on all eight linkage groups.
Details of the QTLs are given in Table 3, and the positions
are shown in the linkage maps in Fig. la—f. The QTLs are
discussed below for each linkage group in turn, ordered by
their significance.

3.21 LG3

The most significant region was around 34-35 cM on LG
3, where major QTLs were detected for the coumaroylated
metabolites, Cy-coum-Glc, Dp-coum-Glc, K-coum-hex, and
M-coum-hex, with —log,,(p) values between 65.1 and 101.3.
These were all highly positively correlated (Table Sla, b).
In general, QTLs for more than one metabolite were often
found in close proximity on the linkage groups. Where
metabolites, such as these coumaroylated components, have
closely located QTLs, additive and dominance effects of the
parents (that are similar in significance and direction) may
indicate a common underlying gene causing the metabo-
lites to increase or decrease together, while effects opposite
in direction may suggest different metabolic pathways, or
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that one metabolite increases as another decreases. The S36
parent had higher values than the S10 parent for all of these
metabolites in both years and the effect in the offspring was
predominantly an additive effect of parent S36. The additive
effects of the S10 parent and the dominance effects were not
significant, and there was only weak evidence for any QTL X
year effect (p=0.04). Figure 2a illustrates the mean levels of
the coumaroylated metabolites for the four possible offspring
genotype classes at 35 cM, with the offspring receiving the B
allele from parent S36 having higher levels than those with
the A allele but little difference between the offspring receiv-
ing the C allele or the D allele from parent S10. This region
explained around 70% of the variation in these metabolites.
Candidate SNPs for marker-assisted selection for these traits
will have genotype AB X AA for the parents, and the closest
such marker was comp11926_c0_seqlF7.

A major QTL also mapped to this region for the flavonol,
Q-mal-Glc, with —log,o(p) =16.0. Again, the significant
effect was that of parent S36, but for this the offspring
receiving the B allele had lower levels than those receiv-
ing the A allele, the opposite situation to the coumaroylated
metabolites above. There were also major QTLs for the fla-
vonol derivatives M-mal-Glc and M-mal-Gal, and strong
QTLs for Q-Glc, K-Glc and IR-mal-Glc-b on LG 3, with
peak significance between 30 and 43 cM, with similar effects
to Q-mal-Glc. Figure 2b shows the mean levels of these
metabolites for the four offspring genotype classes. These
effects are consistent with the negative correlations found
between these flavonols and the coumaroylated metabolites
(Table Sla, b).

In addition to QTLs mapping to 34-35 cM, there was
a second region of major QTLs on LG 3 between 52 and
70 cM. The most significant QTL was for nigrumin cou-
marate (Nig-coum) at 57 cM on LG 3, with—log,4(p) =35.2.
The closest marker is comp188_c0_seql, which is heterozy-
gous in the S10 parent only (i.e. segregating AA x AB with
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Table 3 The QTLs detected for each trait

Pos. t t t t t t Sig Sig_ Sig
Name LG (cM) |Largest|-logioP|add;_08|add;_09|add,_08|add,_09|dom_08|dom_09|add;*year|add,*year|dom*year
Pn Rut LG1 59.9|N 9.63 6.45 5.51 2.39 2.18| -0.83 1.27 ns ns 0.044
Pt-Rut LG1 43.4Y 13.52 6.41 6.97| -0.98 1.74| -1.41 1.54 ns 0.008 0.002
Pn Rut LG1 29.1)Y 10.84 5.94 6.13| -0.93 0.86 131 3.32 ns ns ns
Dp-EGC-Glc-a |LG1 43.3|N 5.79 0.20| -0.50 3.09 5.85 0.23 1.31 ns 0.006 ns
Dp-Rut LG1 50.3|N 6.81] -2.18 0.18 -4.81| -1.49| -4.00, -0.38 ns <0.001 0.015
Cy-EGC-Rut-b |LG1 43.2|N 4.23| -2.24 0.24| -4.14 0.23] -1.94| -0.23 ns <0.001 ns
Dp-EGC-Rut-a |LG1 43.2|N 5.89| -2.57 0.36/ -5.01| -0.13] -1.44 0.12| 0.043 <0.001 ns
Pg-Rut LG1 48.5Y 42.71| -12.80| -9.01|] -0.55 1.65| -2.40| -0.24| <0.001 ns 0.05
K-Rut LG1 54.2|Y 10.83 6.06 4.75 0.70 1.98 2.06 0.31 ns ns ns
IR-mal-Glc-a |LG1 56.2|Y 8.59 5.68 4.97 1.23 1.62| -0.29| -2.41 ns ns 0.048
K-mal-Glc LG1 55.91Y 5.60 4.38 4.00 -0.25
IR-Gal LG1 42.9|N 3.57 3.93 3.20 2.57 1.12 0.13 0.81 ns ns ns
IR-mal-Glc-b  |LG1 38.7|N 3.98 3.90 4.58 0.72 1.38 1.31 0.23 ns ns ns
IR-Glc-b LG1 39.3|N 4.28 2.10 4.24 0.81 1.39 2.89 0.19 ns ns ns
M-Gal-b LG1 37.5|N 3.92 1.41 0.19] -2.21 2.75| -1.08 2.29 ns <0.001 0.026
M-Rut LG1 45.5|N 3.89| -1.17 0.74] -4.33 0.68| -1.18 1.37 ns <0.001 ns
IR-Glc-a LG1 47.7|N 6.03| -4.55/--2.89| -3.11| -2.53| -3.24| -2.22 ns ns ns
M-Gal-a LG1 50.0|N 11.17| -6.07| -3.46| -4.17| -1.06) -3.18] -2.91| 0.006 <0.001 ns
Q-Glc LG1 44 .3Y 10.05| -6.78| -5.81| -2.11| -2.33| -0.74 0.30 ns ns ns
Trp LG1 31.7|N 15.39| -1.62| -0.60 6.68 8.31 2.39 1.67 ns ns ns
Nig-coum LG1 55.3|N 3.74 3.08 1.36 1.83 1.61 0.40| -3.26 ns ns 0.003
Citrate LG1 46.2|N 5.84 1.63 5.70 0.36 0.61 1.99 1.70| <.001 ns ns
Succinate LG1 53.5|N 9.06 2.84 5.15 3.43 4.42 0.63 2.05 ns ns ns
TP LG1 38.2|Y 7.05 4.74 5.14 2.05 1.85 0.56 0.53 ns ns ns
TOAS LG1 46.0|N 5.72 1.72 5.03 2.74 2.10 1.02 1.69| 0.004 ns ns
Ascorbate LG1 43.0|N 6.96 4.93 4.92 2.04 3.26| -1.06] -0.17 ns ns ns
TA LG1 53.9|N 6.17| -0.05 2,50 -3.71] -3.12| -3.68] -1.19 ns ns ns
HBW LG1 52.5|Y 10.13 2.44 0.29 5.32 4.00 3.87 4.70| 0.045 ns ns
Dp-diGlc-b LG2 62.6|Y 10.12 0.90 0.29 5.53 5.32| -2.95 0.38 ns ns <0.001
Cy-Glc LG2 58.4|N 12.74 1.92 1.43 5.01 6.11| -2.52 0.36 ns ns 0.019
Pn Rut LG2 58.5|N 5.02 1.50 0.99 4.24 4.98 0.19 1.78 ns ns ns
Cy-EGC-Rut-a |LG2 29.5|N 6.53| -4.90| -4.19 1.34| -199] -0.09] -0.53 ns <0.001 ns
Pg-Rut LG2 61.1|N 3.98 1.87| -0.02| -0.39 1.88| -4.65| -0.93 ns ns <0.001
Dp-EGC-Rut-b |LG2 64.9|N 3.49 0.14 0.49| -0.63 3.55| -2.88] -0.79 ns <0.001 0.005
Cy-Rut LG2 61.1|N 4.00 2.93 2.62| -1.97 0.53] -3.56| -1.23 ns 0.023 ns
Dp-EGC-Glc-b |LG2 65.6|N 4.26 2.17 0.55| -2.85 2.12| -2.88| -0.36 ns <0.001 0.032
Dp-Glc LG2 64.2|N 4.49 2.46 1.51| -3.89 0.35| -3.02 0.74 ns 0.001 0.002
Dp-coum-Glc |LG2 62.5|N 4.38 0.97 1.84| -4.40, -2.60/ -3.01| -0.90 ns ns 0.018
Pt-Rut LG2 65.6|N 5.02 1.03 0.94| -5.12| -0.83] -0.57 0.65 ns <0.001 ns
Cy-EGC-Rut-b |LG2 58.4|N 6.02 1.66 0.51] -5.45| -2.11] -2.60 0.41 ns 0.013 0.011
Dp-Rut LG2 61.1)Y 22.36 2.59 1.11| -9.60f -4.58| -4.10|--0.67 ns <0.001 0.005
Dp-EGC-Rut-a |LG2 55.2|Y 19.22 0.95 0.22| -9.72| -5.34| -1.32 0.91 ns <0.001 0.05
K-Glc LG2 61.5|Y 10.97 0.39| -0.47 7.49 6.42| -0.14 0.12 ns ns ns
Q-Glc LG2 56.9|N 7.40 0.34)] -0.28 6.05 5.46|--0.12 0.34 ns ns ns
M-mal-Glc LG2 61.8|N 3.91| -1.41] -0.93] -4.71| -184 0.87 1.53 ns 0.022 0.04
Q-Gal LG2 66.8|N 5.10 1.18 0.91] -5.19| -2.81] -2.23] -1.70 ns 0.041 ns
Q-Rut LG2 65.4|N 7.07 2.31 1.28| -5.67| -2.93] -3.04] -0.48 ns 0.004 ns
M-Gal-b LG2 61.5|N 6.02 0.23| -0.97| -5.83| -1.58 -2.07 0.79 ns <0.001 0.006
M-Rut LG2 61.1|Y 10.66 2.39 0.85| -5.85| -3.14| -4.39 0.27 ns 0.012 <0.001
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Table 3 (continued)

M-mal-Gal LG2 62.6|N 7.29] -0.77| -153| -5.89| -3.36/ -0.50 2.19 ns 0.033 0.005
Q-mal-Glc LG2 66.3|N 8.64 1.17 1.06| -6.95| -4.30, -0.45 -0.39 ns 0.01 ns
M-Gal-a LG2 59.6|Y 16.05| -1.76| -2.51| -8.64| -7.04/ -1.49| -1.03 ns ns ns
Caff LG2 56.6|Y 12.57 0.58| -0.67 7.31 6.68| -0.22| -0.34 ns ns ns
Phe LG2 53.0|Y 1191 -4.07| -4.57 5.91 3.00) -0.09] -1.55 ns 0.007 ns
CGA LG2 57.9|Y 16.03 4.13 4,57 -7.23| -7.12| -0.83] -0.31 ns ns ns
TA LG2 61.1|Y 10.55 2.79 291 -524| -224| -4.97| -1.09 ns 0.029 0.001
Dp-EGC-Rut-b |LG3 56.6|N 5.23| -4.83] -3.19| -0.07 1.23| -1.11 1.09 ns 0.035 ns
Dp-EGC-Rut-c |LG3 56.3|N 7.00f -6.10| -1.90| -0.20 1.71 0.94 1.28| 0.002 ns ns
Pn Rut LG3 71.4|n 3.85| -4.21| -2.80] -137| -2.32 2.10| -0.01 ns ns ns
Cy-EGC-Rut-a |LG3 82.9|N 4.59 1.24 448 -2.13| -2.14/ -157| -0.46] 0.006 ns ns
Cy-Rut LG3 64.5|Y 5.47| -4.48| -3.92| -237| -135 1.90 0.64 ns ns ns
Pg-Rut LG3 63.4|N 8.11| -3.80] -4.62| -3.02| -2.76 1.68 1.42 ns ns ns
Dp-EGC-Rut-a |LG3 56.8|N 479 -2.95| -2.23| -3.69| -3.37 0.63] -0.61 ns ns ns
Dp-diGlc-b LG3 70.3|N 8.21| -6.05] -2.48| -4.00] -1.51 2.21 0.86| 0.003 0.013 ns
Pt-Rut LG3 62.8|N 549/ -0.66] -0.81| -524| -4.62 1.42 0.78 ns ns ns
Dp-EGC-Glc-a |LG3 58.6|N 6.63 1.66 2.02| -5.71] -3.57| -0.59| -0.43 ns 0.009 ns
Cy-EGC-Rut-b [LG3 55.2|Y 14.71) -4.69| -4.62| -5.79| -4.51 0.12 0.25 ns ns ns
EGC-antho-Glc|LG3 65.2|N 10.68 3.27 2.65| -6.43] -3.26] -0.29| -0.36 ns 0.002 ns
Dp-Glc LG3 56.3|Y 18.48| -1.89| -1.39] -842| -5.90 1.55 0.79 ns ns ns
Dp-EGC-Glc-b |LG3 55.2|N 16.56| -1.77| -0.27| -8.49| -5.86| -0.59| -0.01 ns 0.021 ns
Cy-Glc LG3 56.3|Y 3438 -4.03| -3.07| -9.76] -7.20 1.54 1.38 ns ns ns
Dp-coum-Glc |LG3 33.8|Y 65.11| 15.52 13.47 0.65| -0.78 1.14| -0.06] 0.035 ns ns
Cy-coum-Glc |LG3 33.8|Y 66.59| 15.57| 13.44 0.69| -1.47 1.24 0.08 ns ns ns
K-coum-Hex |LG3 33.8|Y 101.28| 19.22| 16.87| -1.45| -1.48 0.90 0.95 ns ns ns
M-coum-Hex |LG3 33.8|Y 82.66| 17.13| 14.91| -1.08| -1.42 1.82 0.76| 0.039 ns ns
Q-Rut LG3 63.7|Y 9.71 3.69 4.44 3.54 3.43 1.20 1.01| <0.001 ns ns
M-Rut LG3 65.2|N 4.12 3.61 3.26 0.38| -1.39 1.00 0.58 ns ns ns
K-mal-Glc LG3 64.3|N 4.11 2.78 -3.56 -0.44

M-Gal-b LG3 21.0|N 3.55 198 -0.89| -0.76] -4.05 0.57 2.79 ns ns ns
M-Glc LG3 59.6|Y 4.16 1.39| -0.29| -4.39| -2.56 2.19 0.84 ns ns ns
IR-Glc-b LG3 79.3|N 4.95 1.17 0.37 5.04 3.16|] -2.28| -0.89 ns ns ns
K-Rut LG3 61.9|N 4,50, -0.45 2.24 3.75 2.76 131 0.37 ns ns ns
IR-Glc-a LG3 65.2|N 12.97| -2.22| -0.87 7.41 6.33| -1.53] -0.30 ns ns ns
IR-mal-Glc-b  |LG3 39.8|N 5.48 -4.39| -2.60 1.43 0.75| -3.27| -2.24| 0.021 ns ns
IR-mal-Glc-a |LG3 56.2|N 7.83] -4.85| -2.10 3.38 1.86| -2.76] -1.01/ 0.01 ns ns
M-mal-Gal LG3 39.8|Y 15.24| -5.26| -4.46| -6.07| -4.27| -1.25| -1.01 ns ns ns
M-Gal-a LG3 64.5|N 457 -5.28| -2.59| -1.81| -0.92 1.09 0.13| 0.016 ns ns
Q-Glc LG3 39.3|N 8.46| -5.41| -475| -1.85 -0.11] -1.14] -2.32 ns ns ns
K-Glc LG3 42.7|N 7.57| -5.61| -3.76/ -2.00] -0.34| -0.50| -2.07 ns ns ns
M-Gal-b LG3 64.3|Y 14.69| -5.96 3.18| -4.09 0.39| -0.25| -2.45| <0.001 | <0.001 ns
M-mal-Glc LG3 30.8|N 11.91) -7.06] -4.15| -2.49| -2.22| -1.17| -1.09 ns ns ns
Q-Gal LG3 56.2|Y 12.61| -7.39| -3.04 1.12 1.38| -1.34] -1.93| <0.001 ns ns
Q-mal-Glc LG3 33.8|Y 15.99| -8.04| -6.75| -0.23 0.68| -1.57| -1.29 ns ns ns
M-mal-Glc LG3 63.7|Y 28.71| -9.16| -7.48 -6.37| -4.67| -0.73 0.70| 0.031 ns ns
CGA LG3 63.7|N 3.75 4.15 3.45 1.88 1.30| -3.33] -1.32 ns ns 0.027
Trp LG3 4.4|N 3.78 2.90 3.62| -0.19 0.65| -3.05 -1.84 ns ns ns
Nig-fer LG3 52.2|Y 20.21 3.68 3.75| -8.39| -7.13] -1.13 0.26 ns ns ns
Nig-coum LG3 57.4|Y 35.18 1.18 4.07| -10.39| -10.17| -1.31 0.93| <0.001 ns 0.029
Malate LG3 79.8|N 3.94 2.56 4.14 2.25 2.17| -237| -1.01 ns ns ns
Succinate LG3 58.8|N 445 -2.57| -1.01] -2.48 -3.98 -1.21 0.09| 0.017 ns ns
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Table 3 (continued)

TP LG3 50.3|N 472 -2.31 0.70| -3.62| -3.91 1.89| -0.53| 0.017 ns 0.018
TA LG3 55.2|N 7.24) -2.16| -1.93| -4.46| -4.89 0.18 0.27 ns ns ns
TOAS LG3 51.7\Y 12.75 2.39 4.08/ -5.28 -6.59 0.13 0.92 ns ns ns
Citrate LG3 56.8|Y 31.14 2.55 3.70| -9.13| -10.64 0.53 0.30 ns ns ns
Dp-Rut LG4 61.9|N 4.41 0.82| -1.26 4.52 3.21) -1.09| -1.72 ns ns ns
Pg-Rut LG4 62.6|N 3.49 0.57 -1.16 3.79 3.16|] -1.16] -1.35 ns ns ns
Cy-EGC-Rut-a LG4 55.2|N 3.67| -2.99] -4.29| -0.51| -0.96 1.60 -0.72 ns ns ns
Dp-coum-Glc |LG4 55.2|N 4.38 1.08] -3.18] -2.13| -3.06] -1.23| -0.27| <0.001 ns ns
Dp-coum-Glc |LG4 6.7|N 3.56 3.67 1.06| -2.38] -1.11 0.22 2.23| 0.004 ns ns
Cy-coum-Glc |LG4 55.2|N 4.79 0.56| -3.62| -3.13] -2.85| -0.49| -0.23] <0.001 ns ns
Dp-Glc LG4 57.3|N 10.64| -3.50| -5.38| -3.98| -3.08| -1.02] -2.73 ns ns ns
Cy-Glc LG4 57.0|N 18.56| -3.43| -6.03| -5.80, -4.57| -0.92| -2.77 ns ns ns
M-Rut LG4 60.0|N 10.50{ -2.03| -2.45 6.29 4.42| -0.70] -0.18 ns ns ns
Q-Rut LG4 61.6|N 5.21| -0.92] -1.18 4.09 439 -1.71 0.25 ns ns ns
M-Glc LG4 60.0|N 3.91| -3.64] -4.30 0.18/ -0.37| -0.96| -1.14 ns ns ns
M-Gal-b LG4 65.2|N 450 -2.40| -2.95| -0.06 3.93| -1.40f -0.49| 0.026 ns ns
IR-Gal LG4 99.7|N 4.68 4.66 0.36] -0.15| -1.36| -1.56 1.26| <0.001 ns 0.005
IR-mal-Glc-b |LG4 71.6|N 4.68 3.74| -0.72| -1.41] -181 2.93 1.00| <0.001 ns ns
M-coum-Hex |LG4 75.2|N 3.55| -1.47| -3.85| -1.95/ -1.35 -194| -2.12| 0.036 ns ns
IR-Glc-b LG4 61.4)Y 5.31 2.97| -0.22| -3.75| -2.89 2.33 1.87| 0.013 ns ns
IR-mal-Glc-a |LG4 19.2|N 5.01| -0.20 -1.88] -4.54| -2.00f -2.11] -0.78 ns 0.023 ns
K-coum-Hex |[LG4 55.2|N 7.29 0.66| -2.97| -5.29| -3.34 0.74 0.48| 0.001 ns ns
IR-Glc-a LG4 60.2|Y 83.13| -2.20| -1.50| -20.01| -11.50 0.46| -0.72 ns <0.001 ns
Nig-coum LG4 91.8|N 3.91 1.66| -1.20 2.23 3.46 1.83| -1.56 ns ns 0.004
Nig-fer LG4 18.2|N 3.79 1.10 2.19| -3.57| -1.62| -2.14 -0.89 ns ns ns
CGA LG4 70.1|N 469 -2.25| -3.47| -3.89] -3.35 0.12| -1.37 ns ns ns
Ascorbate LG4 49.7|N 3.65 4.29 2.43| -0.19 0.58| -1.19| -0.41| 0.013 ns ns
Malate LG4 58.0|Y 447 -230| -4.04 -0.66| -0.47 2.15 2.77 ns ns ns
TA LG4 59.7|N 4.16| -1.12| -4.16 2.86 2.00f -1.02| -1.06/ 0.033 ns ns
TP LG4 55.2|N 441 -0.79| -431 -0.12 2.53] -1.95| -1.04] <.001 0.018 ns
Succinate LG4 55.2|N 8.26| -2.39| -6.19 2.28 3.12| -0.09] -1.55 ns ns ns
Cy-EGC-Rut-b |LG5 34.4|N 5.21| -4.36| -2.89| -0.17 2.87 0.03 0.65 ns 0.001 ns
Dp-EGC-Rut-a LG5 29.5|N 6.11| -5.21| -2.52 0.70 2.49| -0.90| -1.18] 0.008 0.021 ns
Dp-diGlc-a LG5 36.0)Y 12.29| -5.96| -4.92| -5.11| -3.55 1.65 2.23 ns 0.031 ns
Dp-EGC-Glc-a |LG5 34.1)Y 27.82| -6.79| -6.94| -591| -6.22 1.86 4.54 ns ns 0.032
Dp-EGC-Glc-b |LG5 35.6Y 26.22| -8.61] -7.01] -6.01] -5.55 0.98 2.41 ns ns ns
EGC-antho-Glc|LG5 35.6|Y 57.64| -9.65| -8.36| -12.04| -8.64 1.39 2.62| 0.021 0.002 ns
Q-Glc LG5 43.7|N 7.68 2.27 2.74 4.68 4.43 2.10 2.66 ns ns ns
Q-mal-Glc LG5 39.8|N 6.39| -3.18 -3.52| -397| -3.88 3.11 2.21 ns ns ns
Q-Gal LG5 24.5|N 7.95| -1.52| -439| -4.78| -4.18 1.46 1.50 0.04 ns ns
M-Gal-a LG5 41.5|N 9.23 3.58 3.32| -5.20f -3.91 1.76 1.98 ns ns ns
Caff LG5 43.7|N 7.98 1.48 2.38 5.64 3.80 1.25 2.36 ns 0.041 ns
Citrate LG5 34.1|N 3.59| -0.17| -3.14 141 -3.05| -0.61 0.38 ns < .001 ns
TP LG5 30.9|N 5.70| -2.78| -1.78| -3.48| -4.37 2.24 1.81 ns ns ns
Ascorbate LG5 39.5)Y 7.25| -2.86| -2.56| -4.35 -6.18 0.55 0.77 ns ns ns
HBW LG5 28.1|N 4.89 2.37 1.06 4.73 2.83| -0.40[ -2.19 ns 0.025 0.049
Cy-EGC-Rut-a [LG6 18.6|Y 6.54 3.74 4.94 1.89 1.96 0.15| -1.83 ns ns 0.035
Cy-EGC-Rut-b |LG6 11.3|N 4.51 2.09 0.48| -3.54| -3.23 1.55 3.49| 0.039 ns ns
Cy-Rut LG6 17.8|N 5.43| -0.21) -3.31] -2.26| -3.49| -0.55 2.77| 0.006 ns 0.013
Dp-Rut LG6 17.8|N 3.74| -1.10| -2.93| -245 -2.74 -0.31 2.12| 0.037 ns 0.041
Pt-Rut LG6 11.3|N 6.15| -2.83| -4.49| -3.14| -1.36/ -0.01 1.89| 0.004 ns ns
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AB offspring having lower mean levels than AA). There was
another significant QTL (with —log,(p) =20.2) nearby at
52 cM for nigrumin ferulate (Nig-fer). These butenenitrile
components (Lu et al. 2002) were highly correlated, with a
correlation of 0.77 in 2008 and 0.87 in 2009. Both parents
had significant effects for these metabolites, especially S10,
but there were no significant dominance effects. Citrate also
has its largest QTL at 57 cM on LG3, with —log,(p) =31.1,
and shows a similar pattern of effects.

The largest QTLs for the major anthocyanins Cy-Glc and
Dp-Glc were also in this region of LG 3, with the high-
est significance (—log;,(p) =34.4 and 18.5 respectively)
at 56 cM. For Cy-Rut, the maximum peak was nearby,
at 64 cM, with—1log,,(p) =5.5. For each of these QTLs,
there were again significant effects, with the same direc-
tion, for each parent, but no significant dominance effects.
However, there was no significant QTL for the other major

Table 3 (continued)

Fig. 1 Linkage maps showing QTL locations. The box shows thep
one-LOD support interval and the whiskers show the two-LOD inter-
val. Major QTLs are shown as solid boxes, strong QTLs as diagonally
filled boxes and minor QTLs as unfilled boxes. Red =anthocyanins,
blue =flavonols, black = other traits. Figure 1a—h show linkage groups
(LG) 1-8

anthocyanin, Dp-Rut, in this region. There were further
major QTLs in this region, with consistent effects with the
same direction, for the less abundant anthocyanin deriva-
tives, Dp-EGC-Glc-b, Cy-EGC-Rut-b, and EGC-antho-Glc
and strong QTLs for Dp-diGlc-b, Dp-EGC-Glc-a, Pg-Rut,
Pt-Rut, Dp-EGC-Rut-b and Dp-EGC-Rut-c, however all of
these except Cy-EGC-Rut-b have larger QTLs elsewhere.
There were also minor QTLs between 50 and 82 cM for the
anthocyanins Dp-EGC-Rut-a, Cy-EGC-Rut-a and Pn-Rut.
Total anthocyanin content (TA) also had a strong QTL in

Pn Rut LG6 22.4|n 6.39| -3.50| -6.01 0.25 0.14| -1.06 0.75| 0.001 ns ns
M-mal-Gal LG6 23.0|N 7.64 4.33 2.49| -5.04| -3.56 0.68 2.00| 0.042 ns ns
K-Glc LG6 14.1|N 5.39 3.63 3.84 3.49 2.11 0.34 0.32 ns ns ns
IR-Gal LG6 58.5|N 3.46 2.77 0.08 2.06] -1.90| -1.51] -1.65 ns 0.032 ns
Phe LG6 25.5|N 3.76| -1.01] -1.24 2.68 3.87 1.70 2.21 ns ns ns
CGA LG6 31.2|N 3.70 1.34 3.02 3.15 3.10, -0.86| -1.67| 0.026 ns ns
Caff LG6 29.5|N 4.53| -3.75| -3.70 1.49 2.77 1.37 0.07 ns ns ns
Trp LG6 10.8|Y 4.14| -1.65| -3.86 1.09| -1.89 0.92 1.98| 0.013 0.013 ns
Succinate LG6 17.3|Y 16.12 5.96 7.75| -2.29| -2.50/ -1.55/ -1.15 0.01 ns ns
TA LG6 17.8|N 5.07| -1.52| -2.10] -1.61] -4.13 0.86 2.85 ns 0.039 ns
Citrate LG6 10.8|N 5.54| -3.41] -3.90| -2.24| -2.70 0.25| -1.33 ns ns ns
Dp-EGC-Rut-b |LG7 24.1)Y 11.76 5.14 7.10| -1.36] -0.96 ns ns ns
Dp-EGC-Rut-c |LG7 24.1|Y 7.79 5.57 5.03| -0.03| -1.47 ns ns ns
Dp-diGlc-a LG7 25.6|N 10.44 0.26 0.84 6.70 4.84| -2.45 -1.26 ns 0.027 ns
Dp-diGlc-b LG7 24.2|N 5.49 5.44 4.19| -0.20| -0.23 ns 0.005 ns
Dp-EGC-Glc-a |LG7 62.5|N 4.37 0.01 1.34| -1.92| -4.14] -2.79| -2.15 ns ns ns
M-coum-Hex |LG7 21.9|N 4.38| -0.35 2.09 2.36 432 -1.46| -1.40 ns ns ns
IR-mal-Glc-a |LG7 24.2|N 3.97| -0.25| -1.60f -3.70 -3.88 0.44 1.21 ns ns ns
IR-Glc-b LG7 36.1|N 3.46| -0.19] -1.08| -2.28 -4.33] -1.63 0.63 ns ns 0.038
EGC LG7 49.6|Y 7.95 0.25 1.53 5.27 4.37| -3.00] -0.01 ns ns 0.006
Dp-EGC-Glc-a |LG8 52.1|N 499 -437| -4.63 0.47 0.83| -0.33] -0.98 ns ns ns
Dp-EGC-Glc-b |LG8 49.6|N 6.05| -5.11| -4.72 0.50 0.69| -0.33] -0.09 ns ns ns
IR-Gal LG8 69.9Y 7.35| -3.88] -2.68 0.75 0.52| -3.27| -3.93 ns ns ns
Q-mal-Glc LG8 70.7|N 3.59| -2.61] -2.89 0.40| -0.34| -3.42| v2.73 ns ns ns
IR-mal-Glc-a |LG8 70.7|N 7.75| -3.97| -3.47 0.66 0.00f -4.01] -3.54| 0.049 ns ns
IR-mal-Glc-b  |LG8 69.2|Y 8.95| -3.27| -3.76 1.14| -0.63| -499| -433 ns ns ns
K-Glc LG8 51.6|N 5.10f -4.73| -4.62 0.73 0.47| -0.57| -1.86 ns ns ns
CGA LG8 53.0|N 14.16] -8.39| -4.92| -0.20 -1.58| -1.14| -2.08| 0.002 ns ns
citrate LG8 51.6|N 3.70 3.93 2.52| -0.30 0.58 2.39 1.88| 0.036 ns ns

The colour coding in the Name column denotes group of metabolites; red = anthocyanins, blue = flavonols, green = other phenolics and white =
other traits. LG denotes the linkage group, Pos. (cM) shows the position in cM, Largest shows Y for the most significant QTL for each metabo-
lites and N otherwise. The columns t add,;_08 etc. are t-values for the additive effects of parent 1, of parent 2 and the dominance effect for each
year (pink shading of the t-values denotes a significant positive effect and green a significant negative effect). The Sig add.year etc. shows the
significance of the interaction between each genetic effect and year
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this region, with the parental effects in the same direction as
for the above individual anthocyanin metabolites.

There were also major QTLs for the flavonols, M-mal-
Gal (in addition to the QTL at 39 cM), M-Gal-b, IR-Glc-a
and Q-Gal, with peaks in the region from 56-65 cM, with
-log,(p) values of 28.7, 14.7, 13.0 and 12.6 respectively.
There were also strong QTLs for Q-Rut and IR-mal-Glc-a
in the same region and minor QTLs for M-gal-a, M-Glc,
M-Rut, K-Rut, K-mal-Glc (only found in 2008) and IR-Glc-b

between 60 and 79 cM. Minor QTLs were also found in this
region for CGA, TP, succinate, malate, together with a major
QTL for TOAS.

3.2.2 LG4
There was a major QTL for IR-Glc-a on LG4 at 60 cM

(—log,¢(p)=83.1). The effect in the offspring was predomi-
nantly an effect of the S10 parent. There was a significant
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interaction between the effect of parent S10 and year, with
the effect in 2008 being larger than in 2009. The isomer IR-
Glc-b also had its largest QTL in this region but this QTL
was much less significant, with —log,,(p) =5.3. There was
a further strong QTL for K-coum-Hex nearby, at 55 cM. For
all of these QTLs, the effect of the S10 parent was in the
same direction. There was also a major QTL for M-Rut and
a strong QTL for Q-Rut at 60-61 cM, where again the effect
of the S10 parent was most significant, but with the oppo-
site direction to the above metabolites. Minor QTLs for the
flavonols, M-Glc, M-Gal-b, M-coum-Hex and IR-mal-Glc-
b, also mapped to the region from 60 to 75 cM, and there
was a QTL for IR-Gal at 99 cM. For these, the effect of the
S36 parent was generally more significant, with a negative
effect for the M- metabolites and a positive effect for the IR-
metabolites. A strong QTL for IR-mal-Glc-a was separate
from the rest, at 19 cM.

There were also strong QTLs in the region 57-60 cM of
LG4 for the anthocyanin glucosides, Cy-Glc and Dp-Glc
(—log,o(p)=18.6 and 10.6 respectively). None of these
show a significant QTL by year interaction. Both parents
had significant additive effects of similar sizes. These QTLs,
while highly significant, were smaller than the QTLs for
these anthocyanins on LG3. Five other anthocyanins had
minor QTLs lying between 55 and 63 cM: Cy-coum-Glc,
Dp-coum-Glc and Cy-EGC-Rut-a had effects with the same
directions as for Cy-Glc and Dp-Glc while Dp-Rut and Pg-
Rut had significant effects for S10 only, and with the oppo-
site direction.

The region from 50 to 60 cM also contained a strong
QTL for succinate, with —log;,(p) =8.3. Both parents had
significant effects. There were also minor QTLs for malate,
TA, and TP, with effects in the same direction, and a minor
QTL for ascorbate with its effects in the opposite direction.
Further minor QTLs for Nig-coum, Nig-fer and CGA were
detected at 92 cM, 18 cM and 70 cM.

3.23 LG5

There was a major QTL for the metabolite with M+H =785
at 36 cM on LGS, with —log,,(p)=57.6. This metabolite
may be an EGC-anthocyanin glucoside derivative (EGC-
antho-Glc), as its exact mass gave the formula C;3H;30,,
just one oxygen different from Dp-EGC-Glc-a & b, which
also had major QTLs here (—log,,(p) values=27.8 and 26.2
respectively). EGC-antho-Glc had a high correlation of 0.93
with Dp-EGC-Glc-a in 2008 and 0.87 in 2009. Dp-diGlc-a
also had a major QTL in this region (—log,,(p) =12.3). All
of these metabolites showed high positive correlations, and
QTL effects with the same direction. QTL X year interac-
tions were either weak or non-significant, apart from the
interaction of the effect of S10 with year for EGC-antho-Glc
(p=0.002), where the effect was larger in 2008 than in 2009.

@ Springer

The additive effects of both parents were significant, with
similar sizes and the same direction, but there was little evi-
dence of a dominance effect. This is a very dense region and
there is some variation in the marker showing the highest
association with these traits. However, all the most signifi-
cant markers, such as CL1Contig525_204 at 36 cM, were
of type AB X AB, with the AB heterozygote class having
mean metabolite values between those of the AA and BB
homozygotes. Two further anthocyanins, Dp-EGC-Rut-a and
Cy-EGC-Rut-b, had strong QTLs between 30-35 cM but for
these, the S36 parent was more significant.

There were also strong QTLs on LGS in the region
40-44 cM for the flavonols, M-Gal-a, Q-Glc and Q-mal-
Glc, and for Q-Gal at 24 cM. Both parents had significant
effects, but with different patterns. For example, the alleles
associated with an increase in Q-mal-Glc were associated
with a decrease in Q-Glc, its immediate precursor in the
metabolomic pathway. This suggests that this QTL is asso-
ciated with the addition of a malonyl group to the Q-Glc
precursor. This is different to the QTL for these metabolites
on LG3 at 33-34 cM, where the alleles increase or decrease
both metabolites together.

Further strong QTLs were found in the region 28-44 cM,
for ascorbate, caffeic acid, TP, HBW and citrate (although
the latter had a significant year by QTL effect with p<0.001,
and only the 2009 coefficient was significant).

3.24 LG1

There was a major QTL for the minor anthocyanin, Pg-Rut,
at49 cM on LG 1 (—log,,(p)=42.7). Pt-Rut and Pn-Rut also
had their largest QTLs on this LG. The peak for Pt-Rut was
at 43 cM (—log,,(p)=13.5), while for Pn-Rut, two QTLs
were detected at 29 ¢cM and 60 cM (—log,,(p)=10.8 and 9.6
respectively) in a multiple QTL model. For these QTLs, only
the effect of the S36 parent was significant. The relationships
among these three metabolites in the offspring was complex,
and is illustrated in Fig. 3 for the 2008 levels, where the off-
spring are coloured according to their genotype at the most
closely associated marker, comp23369_c0_seql, at 49.8 cM
on LG1, which has parental genotype AB X AA. Pt-Rut and
Pn-Rut were highly correlated and showed QTL effects in
the same direction, with offspring having the AB genotype
having lower values for both metabolites than those having
the AA genotype (Fig. 3). Pg-Rut had QTL effects in the
opposite direction. These data may indicate that this QTL
controls the actvitiy of flavonol hydroxylases that catalyse
the conversion of precursors away from the Pg branch and
into the Pn and Pt anthocyanidin branches (Fig. S2). The
plot of Pg-Rut against Pt-Rut shows two clear clusters, cor-
responding to the marker genotypes. The overall correlations
of Pg-Rut with Pt-Rut and Pn-Rut are not significant, but
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there are positive correlations within each cluster. The cor-
responding plot for the 2009 data (not shown) is very similar.

There were also strong QTLs in this region of LG1 for
Dp—Rut, Dp-EGC-Rut-a and Dp-EGC-Glc-a and a minor
QTL for Cy-EGC-Rut-b but the rutinoside metabolites all
showed strong QTL X year interactions (p <0.001), with the
effects for each parent being significant only in 2008. For
Dp-EGC-Glc-a, only the S10 parent was significant, with its
effect in the opposite direction to the rutinoside metabolites.

The flavonols, M-Gal-a, K-Rut and Q-Glc, also had major
QTLs in this region (—log,(p) values of 11.2, 10.8 and 10.0
respectively). There were also strong QTLs for K-mal-Glc,
IR-Glc-a and IR-mal-Glc-a and minor QTLs for M-Gal-
b, M-Rut, IR-Gal, IR-Glc-b and IR-mal-Glc-b. The three
myricetin metabolites showed significant QTL x year effects
(p<0.001) but the others did not. K-Rut, K-mal-Glc, IR-Gal,
IR-Glc-b, IR-mal-Glc-a and IR-mal-Glc-b showed similar
effects to Pt-Rut and Pn-Rut, with significant effects of the
S36 parent only. However, M-Gal-a, Q-Glc, IR-Glc-a have
significant effects for both parents, and in the opposite direc-
tion to those of the other flavonols.

log(Pg-Rut), 2008

There were also strong QTLs mapped to this region for
citrate, succinate, ascorbate, TOAS, TA and TP. The effects
of both parents were significant and similar in size apart
from for citrate, which showed a strong QTL X year interac-
tion. A minor QTL for Nig-coum was also found here. A
major QTL for Trp was found at 32 cM on LG 1, with only
the effect of the S10 parent being significant.

Russell et al. (2014) analysed hundred berry weight
(HBW) in this cross and found that the largest QTL was
also at 52 cM on LG1. The most significantly linked marker
was TP3120, with genotype AB X AB. This QTL showed a
strong dominance effect, and offspring with the BB genotype
at this marker had on average 17.3 g greater HBW (25.4%
increase) than for the AA and AB genotypes. We hypoth-
esised that some of the metabolite QTLs might be influenced
by berry size, with smaller berries having a higher propor-
tion of skin and so having a higher level of metabolites that
are more abundant in skins. This was tested by regressing
the metabolite level on HBW and the genotype at marker
TP3120. If the marker was significantly associated with the
metabolite level in a regression model without HBW as an
explanatory variable but the marker was not significant in a
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model including HBW, this would indicate that the metabo-
lite level was being driven by berry size. However none of
the metabolites showed this pattern. It therefore seems more
likely that the QTLs on LG 1 that affect the metabolite levels
are different to that for HBW.

3.25 1G2

A more diverse range of metabolites had major QTLs on
LG2, between 53 and 66 cM. The most significant were
Dp-Rut and Dp-EGC-Rut, along with M-Gal-a, M-Rut
(—log,(p) values of 22.4, 19.2, 16.0 and 10.7 respectively).
For these traits, the main effect was of parent S10, with the
offspring inheriting the AB genotype having lower levels
than those inheriting the AA genotype. There were strong
QTLs in this region for Cy-EGC-Rut-b, Q-Rut, M-Gal-b,
M-mal-Gal and Q-mal-Glc and minor QTLs for Dp-Glc, Dp-
EGC-Glc-b, Dp-coum-Glc, Pt-Rut, M-mal-Glc and Q-Gal,
all of which had effects in the same direction.

There were further major QTLs in this region for Cy-Glc,
Caff, K-Glc and Dp-diGlc-b (—log,(p) values of 12.7, 12.6,
11.9, 10.9 and 10.1 respectively), with the main effect again
being parent S10, but with its effect in the opposite direction
to the metabolites above. A strong QTL in this region for
Q-Glc also showed the same pattern of effects.

For a few components, the effects of both parents were
significant. The largest QTLs for CGA and TA occurred at
58 ¢cM and 61 cM with —log,,(p) values of 16.0 and 10.5
and there was also a major QTL for Phe. There was a minor
QTL here for Cy-Rut. For Cy-EGC-Rut-a, there was a strong
QTL, with only parent S36 having a significant effect but
this was well-separated from the other QTLs, with the peak
at 29 cM.

3.2.6 LG6

Succinate had its most significant QTL on LG6 at 17 cM,
with —log,o(p)=16.1. This was mainly an effect of parent
S36. There were also strong QTLs for the anthocyanins
Cy-Rut, Cy-EGC-Rut-a, Pt-Rut, Pn-Rut and minor QTLs
for Cy-EGC-Rut-b and Dp-Rut with peaks between 11 and
22 cM. These were also mainly effects of the S36 parent,
with smaller effects of the S10 parent. The effects for the
EGC metabolites, Cy-EGC-Rut-a and Cy-EGC-Rut-b, were
in the same direction as for succinate, while those for the
other anthocyanins were in the opposite direction.

There were further strong QTLs in the same region for
M-mal-Gal, K-Glc and citrate and minor QTLs for TA and
Trp. There were minor QTLs for Caff, CGA and Phe in the
range 25-31 cM and one for IR-Gal at 58 cM.

@ Springer

3.27 LGS

There was a major QTL for CGA mapping to 53 cM on
LG8 (-log,o(p)=14.2). The main effect was of parent S36,
with the offspring inheriting the AB genotype having higher
levels than those inheriting the AA genotype. However LG8
has very few markers from the S10 parent in this region so
its effects are difficult to estimate reliably. There was also
a strong QTL for Dp-EGC-Glc-b and a minor QTL for Dp-
EGC-3-Glc-a in this region, with similar effects, together
with a minor QTL for citrate with its effect in the opposite
direction. There were also strong QTLs at 69—-70 cM on LG8
for IR-mal-Glc-a, IR-mal-Glc-b and IR-Gal and minor QTLs
for K-Glc and Q-mal-Glc. These all show similar patterns of
allele effects, with significant dominance.

3.28 LG7

LG 7 contains very few markers from the S36 parent and
the QTLs all showed significant effects of S10 only. Two
metabolites, Dp-EGC-Rut-b and Dp-diGlc-a, had major
QTLs on LG 7 in the region 24-25 cM with —log,(p) of
11.7 and 10.4 respectively. There were also strong QTLs
in the same region for Dp-EGC-Rut-c and Dp-diGlc-b and
minor QTLs for M-coum-Hex and IR-mal-Glc-a together
with a minor QTL for IR-Glc-b at 36 cM. The AA genotype
at this marker had higher levels of all metabolites except
for the last two, which had the opposite effects. There was a
further strong QTL for EGC at 49 ¢cM and a minor one for
DP-EGC-Glc-a at 62 cM.

4 Discussion

We have detected many significant QTLs affecting levels
of metabolites in this cross, with generally good consist-
ency across the two years. Commercially, anthocyanins
and vitamin C have been the most important components
in blackcurrant. One strong QTL for ascorbate content was
found on LGS, very close to major QTLs for the anthocya-
nins Dp-diGlc-a, Dp-EGC-Glc-a, Dp-EGC-Glc-b and EGC-
antho-Glc and another on LG1, close to strong QTLs for
Pg-Rut and Pt_rut and strong or minor QTLs for several
other anthocyanins and flavonols. There was also a weak
QTL for ascorbate on LG4, again close to weak QTLs for
several other anthocyanins. These areas need further work
and may inform future research on the control of ascorbate
levels in blackcurrant.

The focus was on the major QTLs for total anthocya-
nin content found on different linkage groups. There was
a major QTL for total anthocyanins on LG2 at 61 cM,
with —log,,(p) =10.5. Indeed, two of the major anthocya-
nins, Dp-Rut and Cy-Glc, also had major QTLs around this
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area but many other metabolites also map here. In decreasing
order of significance, these include Dp-Rut, Dp-EGC-Rut,
chlorogenic acid, Cy-Glc, caffeic acid, Phe, Dp-diGlc-b, Cy-
EGC-Rut-b, Pn-Rut and Pt-Rut. These also co-locate with
more minor QTLs for other anthocyanin derivatives such as
Dp-EGC-Glc-b, Dp-EGC-Rut-b, Pg-Rut and Cy-Rut. There
are also major QTLs for flavonol components in this area,
e.g. for M-Gal-a, K-Glc and M-Rut. Perhaps understand-
ably given that the peak of a QTL will overlie many genes
that could be involved in various functions, this area is not
particularly specific for the major anthocyanin components,
which could be expected as total anthocyanin values are
assessed on red colouration, which may be influenced by all
anthocyanin derivatives.

There were major QTLs for the major anthocyanidin
glucosides, Cy-Glc and Dp-Glc, on LG3 at 58 cM close
to a strong QTL for total anthocyanins. Once again, this
area also has major QTLs for Dp-EGC-Glc-b, EGC-antho-
Glc and Cy-EGC-Rut-b but also strong or minor QTLs for
other anthocyanin components. On LG4 at~61 cM, there
were major QTLs for Cy-Glc and Dp-Glc which lie under a
minor QTL for total anthocyanins. However, once again, this
also coincides with major QTLs for the flavonols, IR-Glc-a
and M-Rut and a number of less significant QTLs for other
components. Overall, it does not appear that any one QTL
provides a major genetic influence that controls the levels
of the major anthocyanins and is crucial for blackcurrant
juice colour.

Although the coumaroylated anthocyanins, Cy-coum-Glc,
Dp-coum-Glc, are relatively minor phenolic components in
blackcurrant (Slimestad and Solheim 2002), coumaroyla-
tion has been suggested to alter both the colour and stability
of anthocyanins (Sigurdson et al. 2018) and increasing the
levels of coumaroylated anthocyanins may influence black-
currant juice colour. The finding of very significant QTLs for
these coumaroylated anthocyanins but also the putative cou-
maroylated flavonol components, K-coum-Glc and M-coum-
Glc, on LG3 at~34 cM, suggests some element involving
the genetic control of addition of coumaroyl groups. This
area also has strong QTLs for malonylated flavonols which
may suggest that control of more general esterification reac-
tions are involved. On LG8 around 65 cM, there were strong
QTLs for 2 IR-mal-Glc isomers IR-Gal and a minor QTL
for and Q-mal-Glc. It is possible that the grouping of these
QTLs could specifically relate to control of malonylation
reactions.

The detection of strong QTLs for EGC-anthocyanin
derivatives (McDougall et al. 2005) is of interest. LG 5 has
major QTLs for two isomers of Dp-EGC-Glc and strong
QTLs for Dp-EGC-Rut-a and Cy-EGC-Rut-b close to 35 cM.
The putative EGC anthocyanin derivative (EGC-antho-Glc
with m/z [M+H]* =785) also has a major QTL in this area
as does the 3, 5-diglucoside of delphinidin, Dp-diGlc-a.

There are a similar collection of QTLs for Dp-diGlc-b and
Dp-EGC-Rut-a on LG2. On LG7, major or strong QTLs for
two Dp-EGC-Rut isomers were also closely associated with
QTLs for two Dp-diGlc isomers. Overall, these strong QTLs
indicate that there may be some genetic control of the levels
of the EGC-anthocyanin components which suggests that
they are not formed through a non-catalysed condensation
between their parent anthocyanins and epigallocatechin. The
relationship between the diglucosides and the EGC deriva-
tives is not understood.

The genomic regions that underlie some of the most sig-
nificant QTLs were examined for the presence of genes that
could contribute to the levels of the metabolites. Given the
status of annotation of the blackcurrant genome, this pro-
cess uncovers many genes with homologies to proteins of
unknown function and possible regulatory genes. Full explo-
ration of the involvement of these genes in the accumulation
of specific polyphenol components would require substantial
further analysis and is beyond the scope of this paper. How-
ever, beneath the major QTL on LG5 at 35-36 cM, which
was associated with EGC condensation products of DpGlc,
there were genes with high sequence homology to structural
genes involved in the anthocyanin biosynthetic pathway. In
particular, there were genes with high homology to chal-
cone synthase (CHS; Apple—92% homology; Arabidopsis
AT5G13930.1—89% homology) and leucoanthocyandin
dioxgenase (LDO; Apple—77% homology; Arabidopsis
AT4G22880.1—76% homology). Chalcone synthase cataly-
ses the synthesis of naringenin chalcone from p-coumaroyl
coA (Fig. S2) and is the first committed step in the flavonoid
pathway that ultimately produces anthocyanins. Leucoantho-
cyanidin dioxgenase (also called anthocyanidin synthase,
ANS), catalyses the conversion of leucoanthocyanidin pre-
cursors into the main anthocyanidins, pelargonidin, cyanidin
and delphinidin (Fig. S2) and both genes have been associ-
ated with anthocyanin biosynthesis in berries (Jaakola et al.
2002).

CHS is a member of a plant-specific multigene family of
polyketide synthases (Austin and Noel 2003), which may
show different specificities or be differentially expressed in
various tissues (Zhou et al. 2013). There are also multiple
genes homologous to ANS in Arabidopsis and these multi-
ple forms may catalyse the synthesis of specific anthocya-
nidins from their leucoanthocyanidin precursors and may
be expressed differentially in specific tissues (https://pmn.
plantcyc.org/ARA/NEW-IMAGE?object=PWY-5125). The
importance of ANS in anthocyanin accumulation is high-
lighted by the finding that yellow raspberries that lack antho-
cyanins have a non-functional ANS gene with nonsense
mutations (Rafique et al. 2016). Crucially, genes with simi-
lar homology to the Arabidopsis CHS gene (AT4G22880.1)
and the Arabidopsis ANS gene (AT4G22880.1) were found
to be expressed during ripening and colour development

@ Springer
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of blackcurrant fruit (Jarret et al. 2018). Similarly, Li et al
(2015) noted that the expression of an ANS homologue was
upregulated during fruit maturation and correlated with the
accumulation of anthocyanins in blackcurrant. A key prob-
lem associated with the annotation of multigene families
such the polyketide synthases and 2-oxoglutarate dependent
dioxygenases (of which ANS is a member) is the observation
that functional and sequence divergence between species can
often lead to misleading gene annotation. However, the find-
ing that these genes underlie QTL associated with specific
anthocyanins combined with the previous observation that
their expression occurred during fruit colour development
(Jarret et al. 2018) provides a high degree of confidence that
the genes are indeed correctly annotated.

5 Conclusions

The identification of major,robust QTLs for key polyphe-
nol classes and for individual polyphenols in blackcurrant
provides great potential for marker-assisted breeding for
improved levels of industrially-important components. How-
ever further work is required to examine the genes that may
control the levels of these components.
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