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Genetic mapping of semi-polar metabolites in pepper fruits
(Capsicum sp.): towards unravelling the molecular
regulation of flavonoid quantitative trait loci
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Abstract Untargeted LCMS profiling of semi-polar
metabolites followed by metabolite quantitative trait
locus (mQTL) analysis was performed in ripe pepper
fruits of 113 F2 plants derived from a cross between
Capsicum annuum AC1979 (no. 19) and Capsicum
chinense No. 4661 Selection (no. 18). The parental
accessions were selected based on their variation in
fruit morphological characteristics and fruit content of
some target phytonutrients. Clear segregation of fruit
colour and fruit metabolite profiles was observed in the
F2 population. The F2 plants formed three clusters
based on their metabolite profiles. Of the total of 542
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metabolites, 52 could be annotated, including a range
of flavonoids, such as flavone C-glycosides, flavonol
O-glycosides and naringenin chalcone, as well as
several phenylpropanoids, a capsaicin analogue, fatty
acid derivatives and amino acid derivatives. Interval
mapping revealed 279 mQTLs in total. Two mQTL
hotspots were found on chromosome 9. These two
chromosomal regions regulated the relative levels of
35 and 103 metabolites, respectively. Analysis also
revealed an mQTL for a capsaicin analogue, located on
chromosome 7. Confirmation of flavonoid mQTLs
using a set of six flavonoid candidate gene markers and
their corresponding expression data (expression QTLs)
indicated the Ca-MYB12 transcription factor gene on
chromosome 1 and the gene encoding flavone synthase
(FS-2) on chromosome 6 as likely causative genes
determining the variation in naringenin chalcone and
flavone C-glycosides, respectively, in this population.
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The combination of large-scale metabolite profiling
and QTL analysis provided valuable insight into the
genomic regions and genes important for the produc-
tion of (secondary) metabolites in pepper fruit. This
will impact breeding strategies aimed at optimising the
content of specific metabolites in pepper fruit.

Keywords Capsicum - F2 population -
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MYBI2

Introduction

Pepper (Capsicum spp.) is a member of the Solanaceae
family, together with other important crops such as
eggplant (Solanum melongena), tomato (Solanum
lycopersicum) and potato (Solanum tuberosum). The
genus Capsicum is categorised into 25 species and
displays a wide range of genetic diversity. To introduce
new traits into commercial hybrids, breeding programs
based on interspecific crosses between cultivated and
wild species, including Capsicum annuum L., Capsi-
cum chinense Jacq., Capsicum frutescens L., Capsicum
baccatum L. and Capsicum pubescens Ruiz and Pav.
are underway. Such crosses produce fertile and heter-
ogeneous progenies (Djian-Caporilano et al. 2007) and
give opportunities to introduce economically valuable
traits from wild species into the cultivated varieties.
One such opportunity is the enrichment of pepper fruits
with phytonutrients that encompass potential health-
promoting properties.

Metabolite studies in pepper fruits have been
mainly focused on the targeted analyses of specific
groups of well-known pepper phytonutrients,
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including ascorbic acid (vitamin C), tocopherols
(vitamin E), carotenoids (provitamin A), flavonoids
and capsaicinoids (Wahyuni et al. 2011; Howard and
Wildman 2007). Untargeted metabolite profiling
techniques, such as those based on mass spectrometry
(MS), allow the detection of metabolites in a biolog-
ical sample, without a priori knowledge of the identity
of the metabolites detected. Such a profiling approach
gives the opportunity to analyse hundreds of metab-
olites simultaneously and provides the necessary
information to elucidate metabolic relationships at
the biochemical level. For instance, untargeted profil-
ing approaches have been used to obtain an overview
of the metabolic diversity in germplasm collections of
Arabidopsis (Keurentjes et al. 2006), tomato (Tikunov
et al. 2005) and pepper (Wahyuni et al. 2013), and
have helped scientists to understand the genetic
control of the metabolic pathways underlying the
main biochemical contrasts between the genotypes
under study. Metabolic pathways are generally con-
trolled by multiple genes encoding specific biosyn-
thetic enzymes as well as regulatory factors. The
dramatic effect that both structural and transcription
factor genes can have on the flux through a metabolic
pathway has been demonstrated in, for example,
transgenic tomatoes that produce high amounts of
flavonols due to overexpression of the petunia CHI
gene, which encodes the rate-limiting enzyme in the
flavonoid pathway in tomato (Muir et al. 2001), or as
the result of the introduction of transcription factor
genes that up-regulate the endogenous flavonoid
pathway genes in the fruit (Bovy et al. 2002; Butelli
et al. 2008). The combination of metabolic and genetic
analyses helps to identify genetic markers and key
genes that underlie so-called metabolite quantitative
trait loci (mQTLs), genomic regions which are
associated with increased (or decreased) metabolite
levels. Using targeted metabolite analyses approaches,
the genetic regulation of specific metabolites, such as
chlorophyll (Brand et al. 2012) and the pungent
capsaicinoids (Ben-Chaim et al. 2006; Blum et al.
2002, 2003), has been analysed in pepper fruit. Two
major QTLs, pc8.1 and pcl0.1, that control chloro-
phyll content were identified in a population based on
a cross between a dark green C. annuum and a light
green C. chinense accession (Brand et al. 2012). In
addition, the QTL pc8.1 also affected carotenoid
content in ripe fruit in that population. In pungent
peppers, the ability to produce capsaicinoids is
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determined by the presence of a functional Punl gene
on chromosome 2, which encodes the acyltransferase
AT3 required for the formation of capsaicin from its
aromatic precursor vanillylamine and various acyl
moieties derived from the catabolism of branched-
chain amino acids (Mazourek et al. 2009). A loss-of-
function allele of this gene, punli-1, is present in all
commercial non-pungent pepper varieties. Up to six
QTLs affecting the capsaicinoid levels in pungent
accessions have been identified on chromosomes 3, 4
and 7 (Ben-Chaim et al. 2006; Blum et al. 2003).

In order to find novel mQTLs in pepper fruit, we
analysed a segregating F2 population derived from a
cross between the wild pepper accession C. annuum
AC1979 (no. 19) and the cultivated accession C.
chinense No. 4661 Selection (no. 18) for variation in
semi-polar metabolites, using accurate mass LC-
QTOF-MS. Subsequently we carried out an mQTL
analysis using amplified fragment length polymor-
phism (AFLP) and microsatellite marker data avail-
able for this population (Maharijaya et al. 2012b). The
parental accessions were selected based on the results
of a previous study with 32 pepper accessions
(Wahyuni et al. 2011, 2013) and differed in several
metabolic traits: C. annuum AC1979 (no. 19) is highly
pungent and has a high level of capsianosides (diter-
pene glycosides) and luteolin-O-glycosides (Wahyuni
et al. 2011), whereas C. chinense No. 4661 Selection
(no. 18) showed high levels of the flavonoid naringe-
nin chalcone (Wahyuni et al. 2013). The two acces-
sions also differed for their susceptibility to two thrips
species, Frankliniella occidentalis and Thrips parvi-
spinus: leaves of C. annuum AC1979 (no. 19) showed
a high thrips resistance, while C. chinense No. 4661
Selection (no. 18) was very susceptible (Maharijaya
et al. 2011, 2012a). This approach revealed valuable
insight into the genomic regions important for the
production of (secondary) metabolites in pepper fruit.
Confirmation of the results using a candidate gene
approach, in which flavonoid mQTL, gene expression
(eQTL) and candidate gene marker data were com-
bined, indicated several flavonoid genes as the caus-
ative gene underlying important flavonoid QTLs and
provided valuable insight into the molecular regula-
tion of the flavonoid pathway in pepper fruit. The
impact of this approach on future breeding strategies
aimed at developing new pepper varieties with a
desired composition of specific metabolites will be
discussed.

Materials and methods
Plant materials

An interspecific F2 population was derived from a
cross between C. annuum AC1979 (no. 19) as the
female and C. chinense No. 4661 Selection (no. 18) as
the male (Supplemental Fig. 1), previously described
by Maharijaya et al. (2012b). In short, seeds of the two
parental accessions were obtained from the Centre for
Genetic Resources, The Netherlands (CGN). After
crossing the two accessions, the F1 plants were grown
in a controlled environmental greenhouse located in
Wageningen (The Netherlands) from December 2007
until September 2008. Two F1 plants showing homo-
geneous phenotypes were chosen and were self-
pollinated to obtain the F2 generation. The F2
population was subsequently cultivated from Decem-
ber 2008 until September 2009 and consisted of 201
plants: 81 plants from F1-1 and 120 plants from F1-2.
These plants were randomly arranged in eight rows of
32 plants: including F2 plants, cuttings of F1 plants
and the parental plants. Of the 201 F2 plants, only 113
plants produced enough fruits for further analysis and,
depending on fruit size, 10-50 ripe fruits were
harvested from each of these plants. Whole fruits
were frozen in liquid nitrogen, ground and stored at
—80 °C for further metabolite analysis.

Extraction and analysis of semi-polar metabolites

Semi-polar metabolites were analysed from whole
ripe fruits of 113 F2 plants, two F1 plants, and the
parents C. annuum AC1979 (no. 19) and C. chinense
No. 4661 Selection (no. 18). Metabolite extraction was
performed according to de Vos et al. (2007). Briefly,
ripe pepper fruits were frozen in liquid nitrogen and
ground to a powder. Aliquots of 500 mg frozen
powder were extracted with 1.5 ml of 99.875 %
methanol acidified with 0.125 % formic acid. The
extracts were sonicated, centrifuged and filtered
through a 0.2-um polytetrafluoroethylene (PTFE)
filter. To check for total technical variations (i.e.
extraction, sample analysis and data processing),
quality control samples were prepared by pooling
fruit material that was extracted 10 times using the
same procedure and injected after every 15 extracts.
All extracts were analysed using reversed phase
liquid chromatography (Waters Alliance HPLC 2695)
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coupled to a photodiode array detector and a quadru-
pole time of flight high-resolution mass spectrometry
(LC-PDA-QTOF-MS) system (Waters QTOF-
Ultima), using C18-reversed phase chromatography
(Phenomenex C-18 Luna column) and negative elec-
trospray ionisation, mainly as described previously (de
Vos et al. 2007). Extracts were diluted 10 times to
prevent ionisation saturation and 5 pl of the diluted
extract was injected and separated using a binary
gradient of ultrapure water (A) and acetonitrile (B),
both acidified with 0.1 % formic acid, with a flow rate
of 0.19 ml/min. The initial solvent composition con-
sisted of 95 % of A and 5 % of B, increased linearly to
35 % A and 65 % B in 45 min and maintained for
2 min. The column was washed with 25 % A and
75 % B for 5 min and equilibrated to 95 % A and 5 %
B for 2 min before the next injection.

Metabolite data processing

Semi-polar metabolite data were processed as
described below:

Mass spectral alignment, filtering and clustering

The dataset was processed using the MetAlign soft-
ware package (www.metalign.nl) for baseline correc-
tion, noise estimation and ion-wise mass spectral
alignment (Lommen and Kools 2012). Absent values
were replaced by the local noise. The MetAlign output
was processed with MSClust for data reduction and
extraction of compound mass spectra through clus-
tering of individual ions originating from the same
metabolite (Tikunov et al. 2012). A total of 542 so-
called reconstructed metabolites were thus obtained
and used for mQTL analyses.

Putative identification of semi-polar metabolites

The identification of semi-polar metabolites was based
on their UV spectra (if present), observed accurate
mass (LC-QTOF-MS) and MS" fragmentation patterns
(LTQ-Orbitrap FTMS), as described by Wahyuni et al.
(2013). Putative identification of semi-polar metabo-
lites was obtained using different metabolite databases
such as Dictionary of Natural Products (http://dnp.
chemnetbase.com) and KNApSAcK (http://kanaya.
naistjp/KNApSAcK) and based on comparison with
an accurate mass in-house metabolite database
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developed from literature data (Marin et al. 2004) and
previous metabolomics experiments in combina-
tion with accurate MS" fragmentation experiments
(Wahyuni et al. 2011, 2013).

Multivariate analysis

Semi-polar metabolite datasets containing the inten-
sity levels of all centrotypes for all pepper samples
were analysed separately using multivariate statistical
analyses included in the Genemath XT version 1.6.1
software. Pre-treatment of the data was performed by
log, transformation and mean centering. 542 metab-
olites were subjected to principal component analysis
(PCA) and hierarchical cluster analysis (HCA). HCA
was performed by using the UPGMA method and
Pearson’s coefficient matrix in Genemath XT soft-
ware. To test the reliability of the dendrogram
produced by HCA, bootstrap analysis was performed
with 100 replications.

Genetic linkage map construction and metabolic
QTL mapping analysis

A genetic linkage map was constructed with AFLP
and microsatellite markers as described by Maharijaya
et al. (2012b). In brief, 15 primer combinations were
used to develop the following AFLP markers: P17-
M39, P17-M32, P14-M50, P14-M49, P14-M48, P14-
M41, P11-M61, P11-M48, E38-M49, E36-M48, E35-
M58, E35-M49, E35-M48, E34-M48 and E32-M49.
The sequence of these primers followed the standard
list for AFLP primer nomenclature (http://wheat.pw.
usda.gov/ggpages/keygene AFLPs.html). For micro-
satellite marker amplification, 56 simple sequence
repeat (SSR) primers were used and the primer
sequences were described in Maharijaya et al.
(2012b). The microsatellite markers were used to
assign linkage groups to known pepper markers (Wu
etal. 2009; Yiet al. 2006; Lee et al. 2009). Based on all
markers a linkage map was constructed using JoinMap
4.1 (van Ooijen 2006).

Metabolite QTL mapping analysis was performed
using MapQTL 6.0 (van Ooijen 2009). Briefly, the
dataset containing the relative intensities of 542
metabolites was subjected to QTL analysis. To define
the significance threshold of logarithm of odds (LOD),
1,000 permutation tests (P < 0.05) were performed on
several metabolites having low LOD score values for
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QTL detection. This led to a LOD threshold value of
3.7.

RNA extraction

Total RNA was extracted from 50 mg freeze-ground
pericarp of ripe fruits of 113 F2 segregating plants
and the two parents C. annuum AC1979 (no. 19)
and C. chinense No. 4661 Selection (no. 18) using
RNeasy Plant Minikit (Qiagen) according to the
manufacturer’s instructions. The quality and quan-
tity of total RNA were measured by a Nanodrop
spectrophotometer ND1000 (Isogen Life Science)
and evaluated by electrophoresis using 200 ng of
the total RNA from each sample on 1.2 % w/v
agarose gel. cDNA was synthesised from 1 pg of
total RNA using Tagman® Reverse Transcription
(Applied Biosystems) according to the manufac-
turer’s instructions.

Selection and isolation of pepper flavonoid
candidate genes

Putative flavonoid candidate gene sequences were
selected from the pepper gene index database (http://
compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.
pl?gudb=pepper), based on homology with known
flavonoid genes from tomato, i.e. chalcone synthase
(CHS), chalcone isomerase (CHI), flavanone 3-hy-
droxylse (F3H), flavonol synthase (FLS), and flavo-
noid 3'-hydroxylase (F3'H). In short, the tomato genes
were compared with the pepper gene index using
BLAST-N and the five best hits for each gene were re-
BLASTed against the tomato genome. Only those
expressed sequence tags showing their best hit with a
known tomato flavonoid gene were considered as a
candidate for gene expression and/or marker analysis.
In addition, a candidate flavone synthase-2 (F'S-2) was
selected based on homology with the Lobelia erinus
FS-2 gene. Furthermore, a MYB12 transcription factor
gene (coded as Ca-MYBI2 in this report) was isolated
from pepper cDNA using the rapid amplification of
c¢DNA ends (RACE)-PCR technique, using primer sets
derived from the SIMYBI2 gene. For each candidate
gene, a set of primers was designed using Primer3Plus
(http://probes.pw.usda.gov/cgi-bin/batchprimer3/
batchprimer3.cgi). Candidate genes and primer
sequences are described in Supplemental Table 1.

Flavonoid gene expression analysis

Gene expression analysis was carried out by quanti-
tative real-time PCR (qRT-PCR) using an iCycler iQ
machine (Bio-Rad Laboratories) with iQ SYBR Green
Supermix (Bio-Rad Laboratories) as fluorescent dye.
The housekeeping gene o-tubulin was chosen to
normalise the expression levels of candidate genes,
due to the stability of its Ct (threshold cycle) value
over all samples (results not shown). Expression levels
of candidate genes were determined by the delta Ct
(ACt) values, calculated by subtracting the Ct value of
each candidate gene from the Ct value of a-fubulin.
For easy representation, 274 was calculated, multi-
plied by 100 and converted to log,, as described by
Livak and Schmittgen (2001).

Detection of SNPs in flavonoid candidate genes
and mapping of the genetic position of flavonoid
SNP markers

Single nucleotide polymorphism (SNP) detection was
carried out by sequence analysis of PCR fragments of
14 flavonoid genes and one R2R3-MYBI2 transcrip-
tion factor gene obtained from cDNA and/or genomic
DNA of the two parents of the F2 population. Based on
SNPs detected on sequences from both parents, a pair
of specific primers was designed using Primer-Picker
(KBioscience, UK) for each SNP (Supplemental
Table 1) and genotyping of the F2 population was
carried out using KASPar SNP Genotyping (KBio-
science, UK). A subset of SNP profiles was integrated
with AFLP and microsatellite markers to reconstruct
the genetic map using JoinMap 4.1 (van Ooijen 2006).

Flavonoid QTL and flavonoid eQTL analyses

Flavonoid QTLs obtained in previous analysis of this
research were re-analysed with the genetic map
improved with flavonoid SNP markers using MapQTL
6.0 (van Ooijen 2009). Subsequently, flavonoid gene
transcript QTL (eQTL) analysis was performed with
the same genetic map and software as those used to re-
analysed flavonoid QTLs. The significant LOD
thresholds were defined with a permutation test
(1,000; P < 0.05) on genes and several metabolites
having low LOD score values for QTL detection,
leading to a LOD threshold value for eQTL of 3.6 and
mQTL of 3.7.
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Results
Phenotype of parental, F1 and F2 plants

The two parental accessions that were used for
generating the F2 population (Supplemental Fig. 1),
C. annuum AC1979 (no. 19) and C. chinense No. 4661
Selection (no. 18), varied in fruit colour, shape and
size. Fruits of C. annuum AC 1979 (no. 19) were small
(1.5 cm) and the colour of ripe-stage fruits was red
(Supplemental Fig. 2a), while C. chinense No. 4661
Selection (no. 18) produced large (8.5 cm) brown ripe
fruits (Supplemental Fig. 2b). Ripe fruits of F1 plants
were red [similar to the female parent C. annuum
ACI1979 (no. 19)], with a length of about 2.5 cm
(Supplemental Fig. 2c). The ripe fruit colour of the F2
plants segregated among individuals and ranged over
dark red, red, brown and dark brown with a frequency
of 20, 56, 13 and 11 %, respectively (Supplemental
Fig. 2d). In addition, the fruit size segregated among
F2 plants: the smallest fruit was 1 cm and the biggest
reached up to 5 cm (Supplemental Fig. 2d).

Semi-polar metabolites in ripe fruits of parental,
F1 and F2 plants

From previous work we observed that C. annuum
ACI1979 (no. 19) accumulated relatively high levels of
capsianosides, capsaicinoids, chlorogenic acid and
luteolin O-glycosides in its fruits, while C. chinense
No. 4661 Selection (no. 18) fruits showed relatively
high levels of naringenin chalcone and several specific
flavonoid glycosides, such as a flavanone-tri-methyl-
hexose-pentose and quercetin 3-O-rhamnoside-7-O-
glucoside (Wahyuni et al. 2011, 2013). Using untar-
geted LC-PDA-QTOF-MS we determined the metab-
olite profiles of ripe fruits from parental, F1 and F2
plants. In total, 542 semi-polar metabolites were
detected over all samples, of which 74 metabolites
(14 %) were detected only in parent C. annuum
AC1979 (no. 19) and six metabolites (1 %) were
detected only in C. chinense No. 4661 Selection (no.
18) (Fig. 1; circles A and B). Despite those differ-
ences, the two parents also shared five metabolites
(0.9 %) which were not detected in the two F1 plants
(Fig. 1; intersection C). The fruit metabolite profiles
of the two F1 plants showed that these plants were
identical and contained 120 metabolites (22 %) that
were below detection limits in either parent (Fig. 1;
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circle G). In addition, the contribution of each parent
to the metabolite profiles of the F1 was shown by the
presence of 75 metabolites (14 %) derived from
female parent no. 19 (Fig. 1; intersection E) and 43
(8 %) derived from male parent no. 18 (Fig. 1;
intersection F). Another 89 metabolites (16 %) were
shared between all F1 plants and both parents (Fig. 1;
intersection D). The other 130 metabolites (24 %)
were detected neither in parents nor in F1 plants, thus
they were uniquely detected in fruits from F2 plants
(Fig. 1; H).

Out of the 542 metabolites, 52 could be putatively
identified based on comparison with an accurate mass
in-house metabolite database developed from litera-
ture data (Marin et al. 2004) and from previous
metabolomics experiments using the same LCMS
system, in combination with accurate MS" fragmen-
tation experiments (Wahyuni et al. 2013; Supplemen-
tal Table 2). These metabolites belonged to a number
of compound classes, such as flavonoids, phenylprop-
anoids, acyclic diterpenoids and fatty acid derivatives.
Of all putatively identified metabolites, 43 accumu-
lated at detectable levels in fruits of one or both
parents and/or the F1 plants (Fig. 2), whereas 9
metabolites were uniquely found in F2 plants only.
Acyclic diterpenoids with different sugar decorations,
a capsaicin analogue, a lignan, fatty acid derivatives
and amino acid derivatives, as well as the flavone
luteolin 7-O-(2-apiosyl)-glucoside, were found in the
female parent and F1 plants. In addition, we detected
naringenin chalcone, quercetin 3-O-rhamnoside-7-O-
glucoside, luteolin C-glycosides and some yet
unknown metabolites in the male parent and F1 plants.
Flavonoids, including apigenin, luteolin and quercetin
glycosides were relatively abundant in F1 plants
compared to the parents.

The semi-polar metabolite profiles in ripe fruits of
all F2 plants were subjected to PCA and HCA. Based
on the variation in semi-polar metabolite profiles, PCA
revealed a separation of the samples into three main
clusters: Cluster I contained eight F2 plants, Cluster 11
consisted of 11 F2 plants plus the accession C. annuum
AC1979 (no. 19) and Cluster III contained 92 F2
plants together with the F1 plants (Fig. 3a). Three F2
plants and the male parent C. chinense No. 4661
Selection (no. 18) were not assigned to a specific
cluster and they showed an intermediate behaviour.
The first principal component (PC1) explained 32.5 %
of the variation and separated Cluster I and Cluster 11
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Codes: No. of Metabolites
A: P1 74
B: P2 6
C: P1+P2 5
D: P1+P2+F1 89
E: P1+F1 75
F: P2+F1 43
G: F1 120
H: Only present in F2 130
Total: 542

Fig. 1 Venn diagram of 542 semi-polar metabolites detected in
ripe fruits of two parental accessions, P/ = C. annuum AC1979
(no. 19) and P2 = C. chinense No. 4661 Selection (no. 18), and
F1 and F2 plants. Values in circles and intersections illustrate
the number of metabolites accumulating in each of the sample

from Cluster III. The second principal component
(PC2) explained 11.2 % of the variation and separated
Cluster I from Cluster II.

HCA of the set of 542 semi-polar metabolites
revealed the presence of specific metabolite groups,
arbitrarily denoted A to F, as characterised by their
specific accumulation pattern across the genotypes
(Fig. 3b). Structurally related metabolites derived
from the same metabolic pathway may cluster
together, as shown previously for volatiles in tomato
(Tikunov et al. 2005) and pepper (Eggink et al. 2012;
Wahyuni et al. 2013). The heat map of the 542
metabolites shows a group of 98 metabolites in group
D, which contained all flavone C-glycosides next to
flavonol O-glycosides, naringenin chalcone and its
glycoside derivative, phenylpropanoids, a capsaicin
analogue, fatty acid derivatives and amino acid
derivatives (Fig. 3b; Supplemental Table 2). The
metabolites in this group and all metabolites in group
C were present at different relative abundances in all
plants tested and their segregation pattern in the F2
plants was not specific for any of the three genotype
clusters, since genotypes with high and low abundance
of these metabolites were present in each cluster.
Metabolites in group B accumulated at relatively high
abundance in the ripe fruits from the F2 plants of
Cluster I only. Three out of the 90 metabolites of group

groups. A metabolite was denoted as “detected” in a given
sample when the mass intensity level of its centrotype mass peak
was above the local noise. According to the Metalign output, the
local noise was set at a mass intensity of 37

B were putatively identified as capsicosides, a group of
steroidal glycosides detected previously in C. annuum
var. acuminatum seeds (Yahara et al. 1994; lorizzi
et al. 2002). These compounds were reported to have
antimicrobial activity against yeast and fungi (lorizzi
et al. 2002). All 94 metabolites in group A accumu-
lated at relatively high levels in Cluster II which
contained several F2 plants and the female parent (no.
19). Group A contained five capsianosides and six
flavonoid O-glycosides, including several luteolin O-
glycosides as well as quercetin and kaempferol O-
glycosides. These compounds were previously shown
to accumulate at relatively high levels in female parent
no. 19 (Wahyuni et al. 2013) and in the F1 plants
(Fig. 3b; Supplemental Table 2), in comparison to
parent no. 18. The 187 metabolites in groups E and F
were detected at low levels in genotype Clusters I and
IT and contributed to the characteristic metabolite
pattern of genotype Cluster III. Metabolites of group E
accumulated at relatively high levels in all plants of
genotype Cluster III and contained several unique but
as yet unknown metabolites, detected as doubly
charged negative ions, as well as one capsianoside
and one capsoside (Fig. 3b; Supplemental Table 2).
Capsoside is a cell wall galactolipid that has been
previously detected in very small amounts in ripe
fruits of C. annuum var. acuminatum (lorizzi et al.

@ Springer



510

Mol Breeding (2014) 33:503-518

Fig. 2 Heat map of 43
putative semi-polar
metabolites which
accumulated in ripe fruits of
the parental accessions, C.
annuum AC1979 (no. 19)
and C. chinense No. 4661
Selection (no. 18), and/or
the two F1 plants. A color-
coded matrix represents
values of the metabolite
intensity in each genotype,
which has been log,-
transformed and mean-
centered. (Color figure
online)
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2001). Other capsianosides with different glycoside
decorations were present in groups D, E and F. In
addition, one specific flavonol glycoside, present in
group F, was detected at relatively high abundance in
several F2 plants of Cluster III.

QTL analyses of the F2 population
To uncover genetic loci controlling the observed

variation in metabolic profiles, we subsequently ana-
lysed the genetic distribution of the 542 metabolite
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patterns using QTL analysis. We could significantly
link 231 metabolites to one or more genetic markers
(based on interval mapping with a LOD threshold of
3.7), accounting for a total of 279 mQTLs. In total 24
out of these 231 metabolites were putatively annotated
as belonging to several metabolite classes, including
acyclic diterpenoids/capsianosides, phenylpropanoids,
fatty acid derivatives, amino acid derivatives and
flavonoids (Supplemental Table 4). In addition, we
found several mQTLs for as yet unknown, doubly
charged compounds (Supplemental Table 4). The 279
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Fig. 3 Principal a
component and hierarchical w0
cluster analysis of F2 plants,
two F1 plants and two
parental accessions.

a Principal component
analysis. PI = C. annuum o
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AC1979 (no. 19) and C.
chinense No. 4661 Selection
(no. 18). A color-coded
matrix represents the value
of the metabolite intensity in
pepper samples, which has
been log,-transformed and
mean-centered. The
alphabets (A—F) represent
metabolite clusters.
Characteristics of the
underlying metabolites are
presented in Supplemental
Table 2. (Color figure
online)
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mQTLs were not evenly distributed over the genome
and in particular two major QTL hotspots were
detected on chromosome 9 (Fig. 4a): one mQTL
hotspot harbouring 35 mQTLs co-localised with the
marker HpmsE143-9_Q1 at 76 cM and a second
hotspot harbouring 103 mQTLs co-localised with the
marker P11M48-517 at 100 cM (Fig. 4b). The first
group included several doubly charged compounds,
which were detected at significant levels in both the
male parent (no. 18) and the F1 plants (Supplemental

compounds
mu flavonoids

B P2 = C. chinense No. 4661 Selection (no. 18) g acyclic diterpenoids ™ lle/Leu derivative
B F1 plants

M F2 plants

fatty acid derivative

B phenylpropanoids

Table 2). The mQTL hotspot adjacent to marker
P11M48-517 included seven putatively annotated
metabolites, of which five were putatively identified
as capsianosides. The QTL for these capsianosides was
derived from the female parent (no. 19), as demon-
strated by the positive effect of the homozygous A
allele on their accumulation (Supplemental Table 4)
and their relative abundance in the female parent
(Fig. 2). In addition, we revealed 11 mQTLs for
flavonoid glycosides distributed over several genomic
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Fig. 4 Overview of a 120
mQTLs in pepper fruit.
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locations (Supplemental Table 4). QTLs for quercetin,
luteolin and apigenin glycosides were located at
different positions on different chromosomes, i.e. we
found a QTL for quercetin rhamnoside-glucoside on
chromosome 2 at 144 ¢cM and a QTL for quercetin 3-O-
rhamnoside on chromosome 10 at 7 cM (linkage group
10b). On chromosome 6, several QTLs for flavone C-
glycosides, including two apigenin C-glycosides and
two luteolin C-glycosides, were found in the region
from 160 to 167 cM. In addition, QTLs for two
methylated luteolin glycosides were found on chro-
mosome 9 at 68 and 97 cM, in the QTL hotspot region.
On the top of chromosome 9 we also found a QTL for
naringenin chalcone (Fig. 4b). Furthermore, two QTLs
for flavanone-3-methylglucose pentose were found on
chromosome 6 and 7, respectively. QTLs for other
phenylpropanoids and acyclic diterpenoids were
observed at different linkage groups (Supplemental
Table 4). The capsaicin analogue, which has been
shown previously to be highly correlated with total
capsaicinoid levels (Wahyuni et al. 2011), was linked
to a QTL on chromosome 7 (98 cM).

To validate the flavonoid QTLs detected using the
untargeted metabolomics approach and to gain insight
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in the underlying molecular regulation, three experi-
ments were conducted: (1) mapping the genetic
position of flavonoid candidate genes, (2) re-analysis
of the flavonoid mQTLs using the flavonoid candidate
genes as markers and (3) expression QTL (eQTL)
analysis using flavonoid gene expression data. Firstly,
a Ca-MYBI?2 transcription factor gene, three chalcone
synthase (CHS-A, CHS-1 and CHS-2), four chalcone
isomerase (CHI-1, CHI-2, CHI-3 and CHI-4), a
flavanone-3-hydroxylase (F3H), a flavonol synthase
(FLS) and three flavanone-3'-hydroxylase (F3'H-1,
F3'H-2 and F3'H-3) candidate genes were identified
based on homology with known tomato flavonoid
genes. In addition, a flavone synthase candidate gene
(FS-2) was identified based on homology with the
Lobelia erinus flavone synthase (FS-2) gene. For ten
genes (Ca-MYB12, CHS-2, CHI-1, CHI-2, CHI-4,
F3H, F3'H-1, F3’H-3, FLS and FS-2), SNPs between
the two population parents were obtained and used to
genotype the segregating F2 population. These data
were used to locate the position of the candidate genes
on the pepper genetic map. Out of these ten candidate
genes, five genes could be located on chromosome
regions, i.e. Ca-MYBI12 at 89.6 cM on chromosome 1,
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CHS-2 on the top (0.0 cM) of chromosome 5 (linkage
group Sa), CHI-2 at 154 cM on chromosome 5
(linkage group 5a), FS-2 at 162.1 cM on chromosome
6 and CHI-4 at 176.8 cM on chromosome 6 (Fig. 5;
Supplemental Table 3). FLS could not be linked to this
genetic map. Secondly, all detected flavonoids were
re-analysed for mQTLs using the updated genetic map
including the flavonoid candidate genes markers.
Several flavonoids showed their strongest linkage
(based on LOD score) to one or more of the flavonoid
candidate gene markers (Fig.5; Supplemental
Table 5). For example, in addition to the one on
chromosome 9, we identified a second naringenin
chalcone mQTL linked to the Ca-MYB12 marker on
chromosome 1 (LOD score = 4.1). Together, these
two mQTLs explain 37 % of the variation in naringe-
nin chalcone. A strong mQTL for flavone C-glyco-
sides was found on chromosome 6, having its strongest
association with the FS-2 gene (162 cM;
LOD = 15.3), which encodes the last step in the
biosynthesis of flavones. This QTL explains up to
40 % of the variation in flavone C-glycosides. A
significant association of flavone C-glycosides was
also found with the nearby CHI-4 (176.8 cM;
LOD = 7.7) marker. We are not sure, however,
whether CHI-4 represents a separate mQTL, since
this locus overlaps with the FS-2 QTL interval.
Thirdly, we analysed the expression of the candidate
genes in ripe fruits of the F2 individuals and subjected
them to an eQTL analysis. For eleven genes (Ca-
MYBI2, CHS-1, CHS-2, CHI-1, CHI-2, CHI-4, F3H,
F3'H-1, F3'H-3, FLS and FS-2), significant expression
levels could be observed and these could be used for
eQTL analysis, while three candidate genes (CHS-A,
CHI-3, and F3'H-2) were not expressed in pepper
fruit. Strong eQTLs were found for CHS-1, CHS-2,
CHI-2, FLS and Ca-MYBI2, overlapping with the
position of the naringenin chalcone mQTL at the Ca-
MYBI2 marker on chromosome 1 (Fig. 5). eQTLs for
CHS-1, CHS-2, CHI-I, CHI-2 and FS-2 also co-
localised with the naringenin chalcone mQTL on the
top of chromosome 9. In addition to the flavone C-
glycosides, the FS-2 marker on chromosome 6 was
associated with an eQTL of the corresponding FS-2
gene. Similarly, a CHI-4 eQTL showed the strongest
association with the SNP marker in the CHI-4 gene.
Additional eQTLs were found for F3'H-1 on chromo-
some 3, F3H-4 on chromosome 4 and F3H on
chromosome 8. None of these eQTLs co-localised

with a flavonoid mQTL, neither did they have an
association with any of the flavonoid genes mapped in
this study. It should, however, be noted that these three
genes were not among the set of mapped flavonoid
genes.

Discussion

The cross between C. annuum AC1979 (no. 19) and C.
chinense No. 4661 Selection (no. 18) generated a
varied F2 population that genetically segregated for
fruit colour as well as for the composition and level of
metabolites in ripe fruits. The red fruit colour of the
female parent C. annuum AC 1979 (no. 19) is
regulated by the dominant Y locus, encoding capsan-
thin—capsorubin synthase (CCS) which catalyses the
production of the red carotenoids capsanthin and
capsorubin from antheraxanthin and violaxanthin,
respectively (Lefebvre et al. 1998; Paran and van der
Knaap 2007). The male parent, C. chinense No. 4661
Selection (no. 18), is brown-fruited, caused by the
simultaneous accumulation of both red carotenoids
and green chlorophyll B. Brown-fruited pepper con-
tain a single recessive cl (chlorophyll retainer) locus
combined with the dominant Y locus (Efrati et al.
2005; Roca et al. 2006) and the crossing of both
parents (y"cl™ x yTcl) resulted in a red-fruited F1
(vtyteltel). The F2 fruit colour segregated into the
expected 3:1 (red:brown) ratio, due to segregation of
the cl gene.

The crossing of the parents with different metab-
olite profiles revealed the segregation of metabolites
detected in either or both parents over the F2 plants, as
we observed for the metabolites in groups A, C and D
(Fig. 3b). Based on metabolite profile, the F1 hybrid
was most similar to the male parent C. chinense No.
4661 Selection (no. 18), since they clustered together
into genotype cluster III in both the PCA (Fig. 3a) as
well as the HCA (Fig. 3b). This cluster also contained
the majority of F2 plants, indicating that the biochem-
ical profile of the male parent (no. 18) was dominant
over the female parent (no. 19) in both the F1 and the
F2. This may suggest that the male parent (no. 18)
contains many dominant alleles for metabolite pro-
duction. However, we cannot exclude that several
mQTLs from the female parent may be linked to lethal
traits coming from the wild female parent, which may
lead to lethality or reduced flower and fruit set and thus
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Fig. 5 Flavonoid mQTLs and flavonoid candidate gene eQTLs
on pepper chromosomes. Light blue boxes indicate flavonoid
mQTLs, the yellow box indicates the Ca-MYBI2 transcription
factor eQTL and green boxes indicate eQTLs of flavonoid
structural candidate genes. Boxes with grey dotted outlines
indicate flavone C-glycoside mQTLs and an FS-2 eQTL with

to a skewed segregation. This is supported by the fact
that from 201 F2 plants, only 113 set fruit and hence
could be used in this study. In addition, a skewed
segregation for several markers has indeed been
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significant LOD scores (mQTL > 3.7;eQTL > 3.6) at the CHI-
4 locus, but these are not considered as a separate locus for those
metabolites, since they overlap with the FS-2 QTL interval. CHS
chalcone synthase, CHI chalcone isomerase, F3H flavanone-3-
hydroxylase, FLS flavonol synthase, F3'H flavonoid-3'-hydrox-
ylase, F'S flavone synthase. (Color figure online)

observed by genetic analysis of the F2 population
(Maharijaya et al. 2012b). Ripe fruits from both the F1
hybrid as well as several F2 plants contained metab-
olites that were not detected in any of the parents
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(metabolite clusters B, E and F). These metabolites are
likely the result of epistatic effects of alleles from both
parents. In addition to such epistatic effects, we found
several metabolites that were significantly (up to
12-fold) more abundant in some F2 plants compared to
both parents and the F1 hybrid (particularly flavonoid
glycosides in metabolite group D, such as flavone C-
glycosides, flavonol O-glycosides and naringenin
chalcone). This may be caused by a combination of
positive alleles derived from both parents, a phenom-
enon called transgressive segregation. Alternatively,
such extreme phenotypes may also reflect environ-
mental variation or an interaction between genotype
and environment. Replicated trials would be needed to
distinguish between these different possibilities.
Using the segregation in metabolite profiles we could
define various mQTLs from the correlation between
the genetic and metabolic data sets. At least 231
(43 %) of the 542 metabolites could be linked to one or
more genetic markers. The mQTLs were unevenly
distributed over the pepper genome, as we could
identify mQTL hotspots on chromosome 9 showing an
association with up to 103 metabolites. This suggests
that large groups of metabolites share a common
genetic region, encoding one or more genes that
regulate the accumulation of those metabolites. For
example, on the QTL hotspot at 75 cM on chromo-
some 9 we found co-localisation of 16 as-yet-unknown
metabolites which all showed a typical doubly charged
ionisation behaviour in our LCMS set-up, suggesting
the presence of a regulatory gene driving the synthesis
of these compounds or a structural gene at an early step
in the biosynthetic pathway leading to these doubly
charged compounds.

The mQTL hotspot on the bottom of chromosome 9
(99 cM) was linked to four acyclic diterpenoids, also
called capsianosides (Supplemental Table 4). Accu-
rate mass MS and MS" fragmentation information
revealed that these capsianosides contained different
decorations of the basic diterpene skeleton (Supple-
mental Table 2). For example, capsianoside VIII has a
diglucoside conjugated to the C-3 position of the
capsianoside aglycone, whereas capsianoside IX has a
triglucoside at this position (Lee et al. 2006; Supple-
mental Fig. 3). These five capsianosides accumulated
in genotypes homozygous for the maternal allele
(parent no. 19 and F2 plants) of the corresponding
marker, suggesting that this allele may encode a
regulatory gene which up-regulates the capsianoside

biosynthetic pathway. Alternatively, it is possible that
this QTL region encodes one or more modifying
enzymes, such as glycosyltransferases, which lead to
the production of these structurally different
capsianosides.

Both parents used in this study were pungent, but
showed quantitative differences in capsaicin content
(Wahyuni et al. 2011). In this study we mapped a QTL
for the capsaicin analogue, which was shown to be
highly correlated with total capsaicin content (Wahy-
uni et al. 2013), on chromosome 7. In pepper, QTLs
that control the capsaicinoid content in ripe fruits have
been reported in a F3 population derived from an
interspecific cross between the mildly pungent C.
annuum cv. NuMex RNaky and the highly pungent C.
frutescens accession BG2814-6 (Ben-Chaim et al.
2006). Two capsaicinoid QTLs in this F3 population
were located on chromosome 2 and 7. The QTL on
chromosome 2 encodes AT3 (acyltransferase), the
structural gene encoding the enzyme responsible for
capsaicinoid condensation (Blum et al. 2002; Mazo-
urek et al. 2009). Candidate genes have also been
proposed for the QTL on chromosome 7, for example
the putative aminotransferase gene pAMT, which may
encode the enzyme -catalysing the formation of
vanillylamine from vanillin (Mazourek et al. 2009).
The co-localisation of a QTL for capsaicin content on
chromosome 7 in both populations may point to the
same underlying candidate gene. This will be exam-
ined in a follow-up study.

Several flavonoid mQTLs were detected in this F2
population (Supplemental Table 4). To get more
insight into the genes and molecular mechanisms
underlying these QTLs, we (1) mapped the position of
five flavonoid candidate genes and integrated these
data into an updated genetic map, (2) performed an
eQTL analysis based on gene expression data of 14
flavonoid genes and (3) re-analysed the flavonoid
mQTL data using the updated genetic map (Fig. 5;
Supplemental Table 5). This allowed the detection of
anew QTL for naringenin chalcone on chromosome 1,
with its QTL maximum at the Ca-MYBI2 gene.
Expression QTLs for Ca-MYBI12, CHS-1, CHS-2,
CHI-2 and FLS mapped at the same position. This is
fully in line with results observed in tomato, where the
MYBI2 gene has been shown to regulate the level of
naringenin chalcone in the peel of ripening tomato
fruits, through induction of the same set of flavonoid
structural genes (Ballester et al. 2010; Adato et al.
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2009). Although the mQTL for naringenin chalcone
on chromosome 9 was confirmed, none of the candi-
date genes tested mapped within this QTL interval.
However, significant eQTLs for CHS-1, CHS-2, CHI-
1, CHI-2 and FS-2 mapped at the same position,
suggesting that this naringenin chalcone mQTL is also
driven by the action of an as-yet-unknown transcrip-
tion factor gene, in analogy to the MYBI2 QTL on
chromosome 1. On chromosome 6, the mQTLs for
four flavone C-glycosides and the eQTL for flavone
synthase (FS-2) showed their strongest association
with the corresponding FS-2 marker at 162.1 cM,
explaining up to 40 % of the variation in these
compounds. This suggests that FS-2, which catalyses
the conversion of flavanones into flavones, is the gene
regulating flavone C-glycoside levels in this material,
through differences in its expression. Our current
efforts are geared towards the elucidation of the
causative mutations in the FS-2 gene or its promoter
leading to the observed gene expression differences.
In addition to these four flavone C-glycosides, three
additional flavone C-glycosides were detected in
metabolite group D of the HCA (Fig. 3b). These
seven flavone C-glycosides were highly correlated
with each other (R? > 0.6; Supplemental Table 6).
Although only four of these seven flavone glycosides
were significant in interval mapping, both the HCA
and correlation analysis suggest that the FS-2 locus
regulates the formation of all flavone C-glycosides, as
would be expected based on the function of the FS-2
enzyme. The lack of significance of the additional
three flavone C-glycosides in interval mapping might
be due to the limited population size, the presence of
additional, undiscovered QTLs and/or environmental
variation influencing the efficiency of QTL detection.
The CHI-4 locus at 176.8 cM on chromosome 6
showed an eQTL for the corresponding CHI-4 gene. In
addition this locus revealed significant associations
with the flavone C-glycosides and FS-2 gene expres-
sion. We cannot distinguish whether CHI-4 represents
a separate locus for flavone C-glycosides, since it
overlaps with the FS-2 QTL interval. However, the
fact that the direction of the CHI-4 eQTL is opposite to
that of the F'S-2 and flavone C-glycoside QTLs argues
against a second QTL for flavone C-glycosides
(Supplemental Table 5). For several other flavonoid
metabolite and expression QTLs, we did not observe a
link to any of the flavonoid genes tested. This is mainly
due to the limited number of flavonoid genes mapped
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in this study. Our results, however, demonstrate the
power of a candidate gene approach to find the genes
underlying important mQTLs, in the case of a well-
studied metabolic pathway. We are convinced that
genetic mapping of additional flavonoid candidate
genes would uncover the genes underlying several
additional flavonoid QTLs in this population.

All QTL results have been obtained from the
analysis of a segregating F2 population. In such a
population, all F2 individuals are unique and mortal.
Despite the lack of biological replicates in such a
population, reliable QTLs can be found, due to the fact
that every genomic region is represented, and there-
fore replicated, in 75 % of the F2 individuals.
Although reliable, the size of the QTL intervals in an
F2 population is rather large, since only a few meioses,
and hence recombinations, have taken place during its
development. On the other hand, the relatively high
level of heterozygosity present in an F2 population
makes it possible to estimate the degree of dominance
for detected QTLs (Semagn et al. 2010). Currently we
are developing a recombinant inbred line (RIL; >F6
generation) population based on the same cross
between C. annuum AC1979 (no. 19) and C. chinense
No. 4661 Selection (no. 18). Individuals of such a
population are homozygous for more than 97 %, can
be propagated indefinitely through seeds and form a
stable resource for future research. This material will
be used to further confirm and test the robustness of
selected QTLs, using biological replicates in different
environmental conditions.

In summary, our results suggest that the extensive
biochemical variation in pepper fruit is under the
genetic control of a limited number of chromosomal
regions (QTL hotspots), encoding genes that regulate
the accumulation of large sets of metabolites. In the
coming years we expect the release of the complete
sequence of the pepper genome (Park et al. 2012) and
this will aid strongly in the identification of the key
genes underlying important agronomic traits. Com-
bining genetic and biochemical datasets will help
breeders to develop new pepper varieties that unite a
desirable taste and nutritional profile with genetic
resistance to important diseases.
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