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PROPOSITIONS

Breeding for retention of phytochemicals during processing is a novel approach to

improve food quality (this thesis).

Novel metabolomics techniques are powerful tools to propose new hypotheses,
but conventional analytical methods are still required to confirm the findings (this

thesis).

Various compounds contribute to the beneficial effects of fruits and vegetables
on human health (Martin et al. 2013); therefore increased concentrations
of specific phytochemicals cannot compensate for lower consumption.

Martin, C; Zhang, Y; Tonelli, C; Petroni, K (2013). Plants, diet, and health. Annual Review of Plant Biology 64: 19-46.

Chronic sleep restriction in our 24-h society is associated with increased obesity
and diabetes occurrence (Knutson, 2007); hence strategies to reduce the incidence
of obesity and related diseases should also tackle the problem of sleep deprivation.

Knutson, K L; Spiegel, K; Penev, P; Van Cauter, E (2007). The metabolic consequences of sleep deprivation.
Sleep Medicine Reviews 11 (3): 163-178

A shorter food supply chain by using local and seasonal food products will reduce food

fraud.

We should be happy about the things we have rather than complaining about the things

we don’t have.

Propositions belonging to the thesis, entitled:
“Plant science meets food science: genetic effects of glucosinolate degradation during
food processing in Brassica”
Kristin Hennig
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CHAPTER 1

1.1 Introduction

The World Health Organization (WHO) identified nutrition as the major modifiable
factor for the occurrence of chronic diseases that increased dramatically over the last
decades [1]. Several studies report epidemiological evidence for a reduced risk of disease
through a higher consumption of fruits and vegetables [2-4]. Fruits and vegetables contain
high amounts of dietary fibre and potassium, low amounts of sodium, a broad spectrum
of phytochemicals and are of low energy density [4]. Phytochemicals are non-essential
nutrients occurring in plant-based foods, which have been linked to reduced incidence
and progression of a range of diseases. Phytochemicals supplied in purified form as dietary
supplements either lose their bioactivity or behave differently compared to whole foods
[2, 3]. Carotenoids, flavonols and more complex polyphenols, saponins, phytosterols and

glucosinolates belong to the most important groups of phytochemicals [5].
1.2 The glucosinolate - myrosinase system

Glucosinolates (GLs) are a group of phytochemicals that exclusively occur in Cruciferous
plants. Important vegetable crops belong to the subfamily Brassicaceae, like turnips,
cabbage, broccoli, cauliflower, kale, Chinese cabbage, Chinese kale, but also horseradish
and mustard [6]. Chemically, GLs are B-thioglucoside-N-hydroxysulphates with a
sulphur-linked S-p-glucopyranose moiety. Up to 120 different GLs have been identified
with a common core structure, but differing in their side chain (aliphatic, aromatic, and
indolic). However, only a restricted number (3-10 GLs) occurs in commonly consumed

vegetables. Chemical names, structures and occurrence of some GLs are given in Table 1.1.

GLs coexist with an endogenous enzyme myrosinase (fS-thioglucosidase, E.C. 3.2.1.147)
in the plant tissue, but are located in different cells and are therefore physically
separated. Upon tissue damage, GLs are hydrolysed by myrosinase giving rise to a
range of breakdown products (isothiocyanates, nitriles, epithionitriles, thiocyanates,
oxazolidine-2-thiones) (Figure 1.1). The structure of the GL side chain, the reaction
conditions (e.g. pH), presence of additional cofactors (e.g. Fe?*) and proteins (e.g.
epithiospecifier protein (ESP) and thiocyanate-forming protein) determine the type of
hydrolysis product formed [7-10].
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Table 1.1: Chemical names, structures, occurrence and concentrations of glucosinolates commonly found in

Brassica vegetables and some Brassicaceae seeds (modified from [6, 13, 14]).

HO,

o
General glucosinolate structure RTS o
1w
0504
. . Structure Molecular 2
- Chemical name side . . B . Conc. range
Trivial name . side-chain weight Main source
chain (R2) [/mol]* [mmol/100g FW]
Aliphatic
I, .
. - . . R S green cauliflower 0-11.8
Glucoibervirin 3-Methylthiopropyl \S/\/(. 407.48 White cauliflower 15-71
H,
Glucoerucin 4-Methylthiobutyl- /S\/\/C_ 421.51 rocket 52-109
H,
s c broccoli sprouts 59 - 181
Glucoiberin 3-Methylsulfinylpropyl- !)l 423.48 savoy cal}))bage 2450
[0}
. ; 1 1, broccoli sprouts 233-676
Glucoraphanin 4-Methylsulfinylbutyl- PN 437.51 broceoli 24 - 285
H, Brussels s -
iniori 2. _ Sl prouts 46-91
Sinigrin Prop-2-enyl \/( 35937 white cauliflower 57-121
H,
Gluconapin But-3-enyl- /\/( - 373.40 pak choi 24 -157
al e Chi bb 23-25
uco- _4-envl- c— inese cabbage 3-
brassicanapin Pent-4-enyl NN 387.42 pak choi 27-69
H,
c—
- (2R)-2-Hydroxybut- /\‘/ turnip 18-41
Progoitrin 3-enyl- L 39041 Chinese broccoli 49
Indolic
H,C—
many vegetables, e.g.:
- o ~ N broccoli 13-29
Glucobrassicin Indol-3-ylmethyl . 448.47 cauliflower 11-33
\
H
o e—
many vegetables, e.g.:
4-Hydoxy- 4-Hydroxy-indol-3- N 465.47 broccoli 0.1-33
glucobrassicin ylmethyl- N . cauliflower 0.2-28
\Il
\0
HC— many vegetables, e.g.:
4-Methoxy- 4-Methoxy-indol-3- o\ 479.50 broccoli 09-28
glucobrassicin ylmethyl- . cauliflower 0.7-3.2
N
H
HyC—
many vegetables, e.g.:
Neo- N-methoxyindol-3- N 479.50 broccoli 1.8-13
glucobrassicin ylmethyl- N . cauliflower 0.9-3.0
>)
Aromatic
Glucotropaeolin Benzyl- ©/ 396.41 garden cress
H,
N
Gluconasturtiin Phenylethyl- ©/ 410.44 water cress

! Calculated with protonated sulphate group

2 Conversions from dry weight to fresh weight calculated assuming 10% dry matter
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GL hydrolysis products are involved in the defence system of the plant, they have toxic
and deterring properties to herbivores (reviewed by Textor and Gershenzon [11]).
GLs determine the typical flavour of Brassica vegetables; sinigrin and gluconapin are
described as bitter, whereas glucoiberin, glucoraphanin, glucoibervirin and glucoerucin
do not contribute to the bitterness [12]. Furthermore, GL hydrolysis products show
antifungal, antibacterial and insecticidal properties and positive effects on human
health [5].

\)\50’; R—N=—C=—8$
isothiocyanate
A
*°
HO
H,O glucose R i% pH 2-5 R o=
—c=
o _— =
R s OH N S CC/ ESP, Fe? nitrile
\]U/ o ]U}
O805° R—S—C=N
—_— —De————
\0503' thiocyanate

glucosinolate ) \
c=N

R[N epithionitriles
R = variable side chain O%

1 = if R hydroxylated 5

2 = if R with terminal double bond Oxazolidine-2-thione

Figure 1.1: Enzymatic breakdown of glucosinolates. The type of breakdown product formed depends on the
reaction environment, for example enzymatic cofactors (epithiospecifier protein (ESP), ferrous ions (Fe?")
(adjusted from Fahey et al. [8] and Latte, Apple & Lampen [10]).

1.3 Health effects of glucosinolates

Epidemiological studies suggest an inverse association between consumption of
cruciferous vegetables and the risk of lung, stomach, colorectal, breast, bladder and
prostate cancer. Studies on cell and animal models support the epidemiological evidence.
GLs are not bioactive themselves, their isothiocyanate (ITC) breakdown products
are bioactive and act on the process of carcinogenesis [15]. In contrast, nitriles don’t
show bioactivity at dietary levels [16]. Sulforaphane, the ITC derived from the aliphatic
glucoraphanin, which is the most abundant GL in broccolij, is the most widely studied
and appears to be the most bioactive substance. Limited evidence for protective effects
exists also for iberin-ITC (derived from glucoiberin), phenylethyl-ITC (derived from

gluconasturtiin), benzyl-ITC (from glucotropaeolin) and for allyl-ITC (from sinigrin)

10
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[10, 15]. Also indoles (indole-3-carbinol derived from glucobrassicin) as degradation

products have shown anticarcinogenic properties [10, 17].

The described mechanisms affecting key regulators of carcinogenesis for ITCs are:

a) protection against external factors by affecting xenobiotic metabolism, b) targeting
of tumour cell growth and c) increasing antioxidant activities of cells. Other biological
activities of ITCs that are indirectly linked to cancer are anti-inflammatory effects and
anti-bacterial properties against Helicobacter pylori which cause gastritis and enhance
the risk of gastric cancer [15, 18]. ITCs alter the xenobiotic metabolism by inhibition
of phase 1 enzymes and by induction of phase 2 enzymes. Phase 1 enzymes catalyse
hydrolytic, oxidation or reduction reactions to form more polar compounds that can
be further metabolised by phase 2 enzymes. The products of phase 1 enzyme reactions
are possibly highly reactive intermediates that can be harmful by binding to DNA,
RNA and proteins. Phase 2 enzymes convert the intermediates into inactive products
which are then excreted from the body [5, 15]. ITCs influence tumour cell growth by
induction of apoptosis (programmed cell death), inhibition of cell cycle progression,
and inhibition of angiogenesis (playing an important role in maintaining tumour growth
and size). ITCs affect the antioxidant levels in the cells by an increase of glutathione
levels, which maintains cellular oxidation-reduction balance [15, 16]. Indole-3-carbinol
and its major metabolite diindoylmethane has been shown to induce alteration of the
oestrogen metabolism, which may cause the prevention or breast cancer in mice [16].
Furthermore, a few studies suggest that indole-3-carbinol and sulforaphane may protect

against inflammatory diseases [15, 16, 18, 19].

Besides the health promoting properties, some negative effects of GL breakdown
products have been described. For some GL-derived degradation products goitrogenic
effects (swelling of the thyroid gland) have been observed in animal studies. Mutagenic
potential of broccoli extract, especially in fresh juice, was found in a limited number
of in vitro and experimental animal studies. Mutagenic products were detected after
incubation of the indolic-GL neoglucobrassicin with myrosinase. Animal experiments
showed that some nitriles might cause damages in specific organs when applied in
unphysiological high concentrations. However, these toxic properties have not been

reported in humans [10].

Brassica vegetables are commonly consumed after cooking, where myrosinase has been

inactivated. GLs can be converted into beneficial ITCs by myrosinases of the intestinal

11
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flora, although the conversion rate is about 3-10 times lower compared to ingestion
of uncooked Brassica vegetables [19-21]. Furthermore, the conversion rate varies
enormously (1%-40%) between individuals [22]. Due to the conversion of GLs into ITCs
by the intestinal flora, high levels of intact GLs, in the absence of active myrosinase at
the stage of consumption, are considered to exhibit health promoting effects as well.
Since the main intake of GLs in the diet is through products that do not contain active
myrosinase, it is likely that the observed health effects in epidemiological studies are

mainly the result of the conversion by the intestinal flora.

1.4 Effects of food processing

Brassica vegetables are commonly consumed after cooking, which leads to changes in the
GL myrosinase system. Mechanisms affecting the GL-myrosinase system that could take
place in the vegetables during cooking have been identified as a) enzymatic degradation
of GLs, b) (partial) inactivation of myrosinase, c) leaching of GLs, breakdown products
and myrosinase into the cooking water and d) thermal degradation of GLs and breakdown
products as illustrated in Figure 1.2. GL losses during food processing strongly depend
on the cooking method and time-temperature profile applied [23]. During cooking, the
various mechanisms could take place either sequentially or simultaneously that involve

(bio)chemical reactions, heat and mass transfer [24].

Intact cells Destructed cells Destructed cells
s e e s s 5
1 3 4 I
TR ESAIEN I
", v L e '
' J 51 Figure 1.2:
o - 2
el i Possible changes in the
Thermal
degradation glucosinolate-myrosinase
(80 — 120°C)
5 ® S - i ‘ = | system  during  food
—_— @ 4—‘ A
e o " ‘ processing. Depending on
the processing conditions,
the mechanisms could
W Glucosinolate ]
take place sequentially
Myrosinase Denatured Myrosinase | 1.  Cell lysis .
: Y u Y 2. Leaching or simultaneously and to
Enzymatic breakdown products 3. Myrosinase activity (20-40°C) .
4. Myrosinase denaturation (40-70°C) different extent (adapted
@ Thermal degradation products 5. Thermal degradation (80-120°C) from Dekker et al. [23]).
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1.4.1 Inactivation of myrosinase

Enzymatic degradation of GLs during cooking appears to be a minor mechanism during
food processing, since myrosinase is inactivated at temperatures below common
processing temperatures (100°C). Purified myrosinase from mustard seeds (sinapis
alba L.) was thermally stable during 10 min heat treatment at 60°C, but was quickly
inactivated at higher temperatures [25]. Slightly lower thermostability after heat
treatment for 10 min was reported in broccoli juice where myrosinase was thermally
stable up to 40°C, at 60°the myrosinase activity was reduced by 90% and at 70°C no
myrosinase activity was detected anymore [26]. Partially purified myrosinase from
broccoli did not show inactivation up to 30°C, however at 40°C significant inactivation
occurred [27]. Similar results were reported from partially purified myrosinase from
green cabbage, which was stable for 10 min up to 35°C and 90% of the activity was lost
after 10 min at 60°C [28]. These data show slight differences in stability of myrosinase
among different vegetables; however, inactivation occurs rapidly at temperatures below
the cooking temperature of 100°C. Steaming of vegetables for a short time can result
in residual myrosinase activity, for example after steaming of red cabbage for 7 min,
10% of myrosinase activity remained [29] and steaming of broccoli for less than 6 min

preserved myrosinase activity partially [30].

1.4.2 Leaching

Leaching of GL is the major cause of GL losses during boiling and blanching (with
submersion into water) and it is strongly dependent on the ratio of vegetable to water,
the heating time and method, and the type and geometrical shape of the vegetable
tissues. GL losses of 25-75% are typically expected during boiling. During steaming,
diffusion and leaching are lower compared to boiling, because the vegetable is not in
direct contact with a large pool of water. Steaming is generally regarded as the mildest
treatment since only slightly decreased or even increased GL concentrations are

reported, possibly due to increased extractability [6, 24].

1.4.3 Thermal degradation

Thermal degradation of GLs refers to the degradation induced by heat. The chemical
structure of a GL and the time-temperature profile applied influence GL thermal
degradation. Furthermore, differences in thermal stability depending on the pH of the

reaction environment were observed [31, 32]. Ferrous ions (Fe?*) promote thermal
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degradation releasing ferric ions (Fe*) when added in molar excess with respect to
the GL [33]. Increased GL thermal degradation was observed in the presence of the
combination of vitamin C and ferrous ions (Fe?*) in a buffer solution compared to the
sole presence of ferrous ions, due to redox-cycling of ferric ions (Fe®**) by vitamin C;
however, degradation in the buffer solution was still lower when compared to a broccoli

sprout matrix [34].

Differences in thermal degradation of chemically identical GLs have been described
between five Brassica vegetables. The indolic GL glucobrassicin was six times more
stable in red cabbage compared to Brussels sprouts and two times more stable in red
cabbage compared to broccoli. Twentyfold difference in thermal stability was observed
for the aliphatic GL gluconapin between broccoli and Brussels sprouts. Fifteen minutes
of heating at 100°C hardly reduced the glucobrassicin concentration in red cabbage,
but in Brussels sprouts only 40% of the initial glucobrassicin concentration remained
[35]. By kinetic modelling Oerlemans et al. [32] estimated GL losses caused by thermal
degradation in red cabbage for cooking and canning. Cooking of red cabbage at 100°C
for 40 min was predicted to lead to moderate GL losses (38% loss of indolic, 8% loss of
aliphatic GLs), whereas for canning at 120°C for 40 min severe GL losses (78% loss of

total GLs) were predicted.

Studies in watercress seeds and broccoli sprouts identified simple nitriles as thermal
degradation products [14, 36] that don’'t show biological activity at dietary levels [16].
These studies indicate that thermal degradation is an undesired process during heating
since GLs are lost and no bioactive ITCs seem to be formed; however, studies only exist
on seeds and sprouts and so far nitrile formation has not been shown in fully grown

vegetables.

1.5 Factors influencing initial glucosinolate concentration

GL composition and content vary widely between Brassica vegetables, with genotype
being the most important factor determining GL content and concentration. However,
environmental factors and cultivation practices, such as soil, climate and fertilization,
influence GL concentrations as well [6]. For instance, total GL concentrations were higher
in spring than in autumn season in ten Brassica oleracea cultivars [37]. Furthermore,
GL profiles change during plant development and vary significantly between different

organs. The highest GL concentrations are reported in reproductive tissues and organs,
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like seeds, siliques, flowers and developing inflorescences [38]. For example, the
glucoraphanin concentration was between 7- and 12-fold higher in florets compared
to the stem at the heading stage of broccoli. Glucoraphanin concentrations in broccoli
decreased from seeds and seedlings till flowering stages between 80- and 1400-fold
depending on the cultivar and its initial glucoraphanin concentration in the seeds [39].
Moreover, during a seven-day sprouting period glucobrassicin concentrations increased
whereas the total aliphatic GL concentrations decreased in a study with broccoli,

cauliflower, white, red and savoy cabbages [40].

1.6 Glucosinolate biosynthesis pathway

Amino acids are precursors of GLs; based on the structure of the amino acid, GLs are
divided into three groups: a) aliphatic GLs are derived from alanine, leucine, isoleucine,
methionine and valine, b) aromatic GLs are derived from phenylalanine and tryptophan
and c) indolic GLs are derived from tryptophan. As shown in Figure 1.3, three main
stages of the GLs biosynthesis can be defined: a) chain elongation of the amino acid
precursor (only methionine, tryptophan), b) formation of the core GL structure and c)

secondary modifications of the amino acid side chain [38].

Inthefirststage, chainelongationis catalysed by methylthioalkylmalate (MAM) synthases
by condensation of acetyl-CoA, which is the methyl group donor of the reaction. Further

chain elongations can occur by repeated cycles of acetyl-CoA condensation [6].

Five steps are required for the formation of the core GL structure, the second stage in
GL biosynthesis. First, the amino acid precursor is oxidised to aldoximes by side chain-
specific cytochrome P450 monooxygenases (cytochromes P450) of the CYP79 gene
family. The aldoximes are further oxidised by cytochromes P450 of the CYP83 gene
family to aci-nitro compounds or nitrile oxides, which are strong electrophiles that react
spontaneously with thiols to form S-alkylthiohydroximates. Subsequently, a C-S lyase
causes the cleavage of the S-alkylthiohydroximate conjugates into thiohydroximates.
Thiohydroximates are unstable and reactive compounds, which are glycosylated and

sulphated to form the GL core structure [38].

Secondary modifications of the side chain, oxidations, eliminations, alkylations and
esterifications, are the final stages of GL biosynthesis. Methionine-derived GLs are
modified by a-ketoglutarate-dependent dioxygenases, which are encoded by AOP genes,

to produce alkenyl and hydroxyalkenyl GLs [38]. Furthermore, a flavin monooxygenase
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that localises within the GS-OX locus is potentially responsible for the S-oxygenation in
the GL side chain of aliphatic GLs. The hydroxylation of the indolic GL glucobrassicin
caused by the gene CYP81F2 [41].

Next to the MAM, CYP79, CYP83 and AOP gene families, MYB genes are involved in GL
biosynthesis. MYB28, MYB29 and MYB76 genes are transcription factors that control
expression of the structural genes for production of aliphatic GLs [41]. Additionally,
MYB34, MYB51 and MYB122 have been described as transcription factors for indolic
GL synthesis, affecting CYP79 and CYP83 genes [42-44].

R—CH—COOH
NH, 2 2
. . \ H _ 8§ _CH,—CH_COOH
amino acid CYP79 gene family R—HQC_C'Z/ CYP83 gene family R—HZC—E} Ilng

w ~0H
Acetyl-CoA thiby oH

/ S-alkylthichydroximate
C-Slyase
R{Hzc)n—$H—COOH 2 glucosyltransferase
NH, sulphotransferase
. . 3 HO,
elongated amino acid APO genes
side chain modified - &OH
I inolat 8 OH
glucosinolate R_H,C_C~ o
1 = side chain elongation IH\OSO -
2 = formation of glucosinolate core structure 3
3 = side chain modification glucosinolate

Figure 1.3: Main steps of the glucosinolate biosynthesis, modified from Verkerk et al. [6]

1.7 Breeding for increased initial glucosinolate content

Selection for resistance to herbivores and selection for milder flavours have likely
indirectly influenced the levels and types of GLs present in Brassica vegetables. Certain
GLs, namely sinigrin and gluconapin are responsible for the strong flavour of certain
cabbages and Brussels sprouts. The selection for milder flavours has either led to a
decreased total GL concentration or GL profiles are altered towards GLs that influence
the flavour only slightly, like glucoraphanin and glucoiberin [6]. Direct breeding
for enhanced levels of specific GLs has been performed in broccoli to increase the
concentration of glucoraphanin and glucoiberin; their ITCs are potent inducers of phase

I detoxification enzymes. This cultivar is marketed under the name Beneforte [45-47].
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1.8 Phytochemicals in the food chain

Despite convincing beneficial effects on health, the fruit and vegetable consumption
is below the recommended intake (400 g per capita per day) in Northern Europe and
North America; only a small and negligible minority of the world’s population reaches
the recommended intake [1]. The development of new products with increased
phytochemical concentrations might partly compensate for the low consumption of
fruit and vegetables and provides new market opportunities for several actors in the

food chain.

In Figure 1.4 the relations between the different actors in the food chain are illustrated
using the example of GLs as one type of phytochemicals. Food technologists study
the effects of processing methods on the level of GLs [6, 24]. Food technologists and
horticulturists have common research areas in post-harvesting processes, such
as ripening, deterioration and changes of GLs during storage [48]. Furthermore,
horticulturists study the effect of cultivation practices and climate [49], which is
a common research area with plant breeders who study genotype x environment
interaction. Additionally, breeders investigate the genetic regulation of GL metabolism
and apply this knowledge to develop vegetables with high GL content, such as a specific

cultivar of broccoli that is rich in glucoraphanin [47].

Genotype x Development of Optimisation of food
environment +—P optimal cultivation processing methods to
interaction Existing practices, using retain phytochemicals
interactions|  gitterent genotypes
. Existing Optimisation of
Breeding ‘for ‘ Study of pos}-harvesl interactions|  storage conditions to
vegetables with high processes (ripening & > minimise deterioration
phytochemical content deterioration) after harvest
. : Food
Plant Breeder Horticulturist .
technologist
& - - E LIS ~ _’-i
H-“":::__-____ ______ Required interactions - -
Consumer

Higher intake of phytochemicals

Figure 1.4: Existing and required interactions and overlapping research topics of glucosinolate research

among different actors in the food chain.
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Interdisciplinary research combining plant breeding and food technology, by using
food processing parameters as breeding traits, appears to be a promising approach
in the effort to retain high GL levels throughout the supply chain until the stage of
consumption. Combined with breeding efforts to produce vegetables with increased

initial phytochemical contents, this approach may lead to an increased intake of GLs.

1.9 Introduction to marker-assisted breeding

Many agriculturally important traits such as yield, disease resistance, sugar or vitamin
content are controlled by many genes and are known as quantitative traits. The regions
within genomes that are associated with a particular quantitative trait are known as
quantitative trait loci (QTL) [50]. Phenotypic variation for the trait of interest is the first

step to find the molecular nature of genetic differences [51].

Genetic differences between individual organisms or species can be revealed by using
molecular markers. Mostly, molecular markers don’t target genes themselves but are
located in the proximity of genes. Three different groups of molecular markers can be
identified, based on their method of detection: a) hybridisation, b) polymerase chain
reaction and c) DNA-melting curves. The availability of DNA sequence information
greatly facilitated the generation of molecular markers that belong to the groups b and
c. Genetic linkage maps indicate positions and relative genetic distances of molecular
markers. One important application of linkage maps is to identify QTLs associated
with a trait of interest. For the construction of linkage maps, segregating plant
populations are required that are derived from the cross of two homozygous parents
with phenotypic variation in the trait of interest, as illustrated in Figure 1.5. From the
F -generation, segregating populations can be developed by backcrossing with one
parental line (backcross population), by regenerating plants from microspore mother
cells (immature pollen grains) that spontaneously undergo chromosome duplication
(doubled haploid population) and by self-pollination of the F,-generation for six to eight
generations (recombinant inbred line population). The genotypes of the individual
plants of the segregating population differ in their composition of parental DNA, due
to recombination between the homologous parental chromosomes. Furthermore,
molecular marker alleles and parental alleles of genes segregate throughout the plant
population which is caused by chromosome recombination (called crossing-over)

during meiosis. The chromosome recombination can be exploited for genetic map
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construction, as between genetic markers/genes that are physically located nearby the
recombination frequency will be lower than between markers/genes that are located
far apart. Segregating populations contain typically between 50 and 250 individuals
(lines). Phenotypic information of the individual lines of the segregating population are
combined with information of the molecular markers on the linkage map and statistical
methods are applied to detect associations between phenotype and molecular markers,
which are called QTLs [50].

Parental lines —size difference
(differing in the trait of interest )

Parent 1 Parent 2

Sy
F1 generation (_.‘\Mr//)

Selfing (n-times) orl microspore culture

Segregating plant population
- e.g. Doubled Haploid population
-e.g. Recombinant Inbred lines

|

Scoring for Genetic markers = genetic map
Individual: 1 2 3 4 Marker

Figure 1.5:
Scoring for Phenotypic traits Introduction to quantitative genetics
(e.g. size, yield, dissase resistance based on Collard, et al. [50] on the

=controlled by several genes = quantitative traits)
example of the quantitative trait

broccoli size and the application
Quantitative trait locus (QTL) mapping . .
= analysis of associations between genetic markers and phenotypic trait of marker-phenotype-relations in

- application of e.g. M5 in Marker Assisted Breeding marker-assisted breeding.
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In addition, quantitative traits are not only affected by several genes, but also by the
environmental conditions during growth. Plant breeders dissect these genetic and
environmental effects, with the aim to cross QTLs with beneficial alleles into commercial
cultivars and obtain varieties with improved genetic architecture of the target traits.
The presence/absence of a molecular marker underlying the QTL of the trait of interest
can be used in marker-assisted selection (MAS), which is a selection method based on
the genotype at a specific position. The selection of a genotype for further breeding has
several advantages a) that genotypes can be selected at the seedling stage before the
phenotype is detectable, b) traits with low heritability can be selected and c) specific
traits where phenotypic evaluation is laborious, costly or not possible can be tested.
These advantages make MAS more efficient, reliable and cost-effective compared to

phenotypic selection used in conventional breeding [50].

1.10 Objective and outline of the thesis

The objective of this thesis was to investigate genetic effects related to GL degradation
during food processing to breed for vegetables with improved GL retention. This
approach may complement the existing breeding efforts for vegetables with increased
initial GL concentrations. Furthermore, genetic regions associated with GL degradation
provide a starting point to investigate molecular mechanisms causing GL losses during
food processing. This interdisciplinary approach can lead to higher GL concentrations
at the stage of consumption and subsequently to a higher intake of health promoting
compounds, as illustrated in Figure 1.4. Variation in the trait of interest is required
to identify genetic loci associated with it [51]. Variation of GL thermal degradation
of chemically identical GLs has been shown among different vegetables [35], which
provides the basis to study genetic effects. Therefore, the focus of this thesis is on GL

thermal degradation as an important mechanism of GL losses during food processing.

Genetic studies require the investigation of segregating populations or collections with
high numbers of different genotypes. Studying food processing in a systematic way using
a kinetic modelling approach involves several processing time points. The combination
of the two methodologies requires high-throughput sample preparation to investigate
genetic effects of GL degradation during food processing. GLs are most commonly
analysed as desulpho-GLs, which necessitates an enzymatic desulphation step during

sample preparation; however, desulphation protocols described in literature differ
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widely. In chapter 2 we investigated whether this desulphation could be optimized in

microtiter plates to obtain reliable results with a high-throughput method.

Differences in thermal degradation of chemically identical GLs among different
vegetables mightbe caused by differences in the vegetables matrix [35], which is affected
by the genotype but also growing seasons, age of the plants, storage time and conditions
after harvest. The first aim of the experiments described in chapter 3 was to study the
effect of the genotype and season on GL thermal degradation in well-characterised plant
material. The second aim was to develop a rapid method to quantitatively determine
degradation rate constants using kinetic modelling, which will provide the methodology
to study the genetic and environmental effects on thermal GL degradation in a more

efficient way.

In chapter 4 the kinetic modelling approach was applied to a segregating plant
population developed by crossing broccoli and Chinese kale to test the hypothesis if GL

thermal degradation is genetically regulated.

Metabolites form,amongother compounds, the matrix ofavegetable which may influence
GL thermal degradation. Untargeted metabolomics approaches are used to measure
as many metabolites as possible to obtain patterns or fingerprints of processed food
samples [52, 53]. Since there is yet no knowledge on which metabolites can influence
GL thermal degradation, an untargeted metabolomics approach is a promising tool to
associate differences in metabolite composition to differential GL thermal degradation
rates. In chapter 5 this approach was applied to identify metabolites associated with GL

thermal degradation using random forest regression and QTL mapping.

The final Chapter (chapter 6) summarises the main finding of this thesis, followed by a
critical discussion and implications for further research. Furthermore, the possibilities
and benefits of this interdisciplinary approach, breeding for food processing traits, are

discussed.
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CHAPTER 2

Abstract

Glucosinolates are phytochemicals with health promoting properties. Determination
as desulpho-glucosinolates is widely used and a desulphation in microtiter plates has
been applied to reach high-throughput. The use of various sulphatase concentrations
and volumes throughout literature necessitates the identification of an appropriate
desulphation procedure in microtiter plates. High sulphatase concentrations (= 15 mg/
mL) decreased the concentration of the internal standard glucotropaeolin, whereas the
other glucosinolates were less affected. Due to the calculation based on the recovery
of glucotropaeolin, this leads to an overestimation of glucosinolate concentrations
after desulphation with high sulphatase concentrations. A glucosidase side-activity,
present in the crude sulphatase powder, is likely causing this phenomenon. At lower
sulphatase concentrations (1 mg/mL) glucoiberin and glucoraphanin were insufficiently
desulphated. Combining these effects, results in a small range of applicable sulphatase
concentrations. A purified sulphatase preparation resulted in good recoveries for a
diversity of samples and is hence recommended for high-throughput desulphation in

microtiter plates.

Keywords:
Brassicaceae, sulphatase purification, sulphatase side activity, desulphation of

glucosinolates, arylsulphatase, sample preparation
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2.1 Introduction

Glucosinolates (GLs) are a group of secondary plant metabolites, which are almost
exclusively found in the Brassicaceae family. Chemically, GLs are S-thioglucoside-
N-hydroxysulphates with a side chain (R) and a sulphur linked p-D-glucopyranose
moiety [8]. Depending on the structure of the side chain, GLs are divided into different
classes: aliphatic, aromatic and indolic GLs [6]. GLs are not directly bioactive, but after
conversion into breakdown products by the enzyme myrosinase (S-thioglucosidase, E.C.
3.2.1.147) several biological activities are ascribed to them [8]. Breakdown products
(BDP) are involved in the defence system of the plant [11], are responsible for the
typical flavour of Brassica vegetables and some breakdown products exhibit health
promoting properties (reviewed by Verkerk et al. [6]). GLs have been linked with the
strongly inverse association of Brassica consumption and several cancer risks [6]. Due
to the health promoting properties of GLs and their BDP, research has been performed
to optimise the GL content of Brassica vegetables, specifically breeding for vegetables
with altered GL content and reduction of GL losses during industrial and domestic
processing. The effects caused by breeding, different post-harvest treatments, storage

and processing are reviewed by Verkerk et al. [6].

In order to determine changes in GL content due to breeding and food processing, an
accurate and high-throughput determination method is needed. Different methods
for GL determination have been developed, but the HPLC analysis of desulpho-GL
is most generally used [54]. In this method, GL extracts are applied to ion-exchange
columns, where GLs are bound due to the negative charge of their sulphate group.
The columns are incubated with the enzyme sulphatase, removing the sulphate group
and subsequently the GLs can be eluted with water. The publication of a protocol to
determine GLs in rapeseeds by the International Standard Organization harmonized the
GL analysis in 1992 (ISO 9167-1). Since then, pitfalls in the method were identified [55]
and improvements were suggested [56]. Furthermore, the method has been modified
and applied for different samples, which generated confusion about the reliability of GL
determinations [54]. In order to reach a high sample throughput, desulphation has been
performed in 96-well microtiter plates [57]. Compared to the ISO 9167-1 method, a
reduced amount of ion-exchange material is used in microtiter plates, which can lead to
new pitfalls. Consequently, it is important to use an appropriate amount of sulphatase,

because desulphation is a crucial step in the sample preparation of desulpho-GLs.
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Desulphation protocols found in literature differ widely. According to ISO 9167-1,
sulphatase has to be purified prior to application on the ion-exchange column. Simple
purification procedures have been suggested by Wathelet et al. [56] and applied by Van
Eylen et al. [58]. In some laboratories sulphatase is purified prior to application [13,
58-63]. In other laboratories purification is omitted and sulphatase is used as a crude
preparation [32, 57, 64-67]. Furthermore, sulphatase concentrations range from 1 mg/
mL [65] to 25 mg/mL [32] and volumes of enzyme solutions range from 10 pL [57] to
500 pL [68, 69]. In several publications the desulphation procedure is not explicitly
described; instead references to different articles are given, which adds more confusion.
A review discussing several aspects of the GL analysis has been published recently by
Clarke [70]; however, desulphation procedures were not discussed. Due to the wide
range of applied sulphatase concentrations, the aim of this study is to determine an
appropriate desulphation procedure for the preparation of desulpho-GLs in microtiter
plates. Here we report on our findings and we recommend a simple purification
procedure of the sulphatase for accurate analysis of desulpho-GLs with high-throughput

and in a smaller scale.

2.2 Materials and Methods

2.2.1 Plant material

Red cabbage cultivar “Buscaro F1” (Bejo, The Netherlands) was sown in late April 2009,
grown for 6 weeks in the greenhouse, then transplanted into the field (Wageningen, The
Netherlands) and heads were harvested in the middle of September 2009. A plant line
(AG2186) of a doubled haploid population (AGDH) developed by crossing B. oleracea
spp. alboglabra (A12DHd) and a B. oleracea ssp. italica (GDDH33) [71] was sown in
March 2009 and leaves were harvested 8 weeks after sowing. Plants were grown in the

greenhouse in Wageningen, The Netherlands.

After harvesting, red cabbage heads and leaves of AG2186 were brought to the laboratory
and immediately chopped (into approximately 3 x 3 cm pieces), frozen with liquid
nitrogen, freeze-dried (GRInstruments, Model GRI 20-85 MP 1996, The Netherlands)
and ground into a fine powder. Dried plant powder was stored in closed containers at
-20°C in the dark.
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2.2.2 Chemicals

Solvents used for extraction and chromatography were of HPLC grade and bought from
Biosolve (Valkenswaard, The Netherlands). The DEAE Sephadex-A25 and sinigrin (SIN)
were purchased from Sigma Aldrich (Zwijndrecht, The Netherlands). The internal
standard glucotropaeolin was purchased from the Laboratory of Biochemistry, Plant
Breeding and Acclimatization Institute at Radzikow, Btonie, Poland. Four different
batches of sulphatase from Helix pomatia (Sigma Aldrich, cat. no. S9626) were used for
the experiments with the lot no.: 105K3796 (sulphatase A), 058K3805 (sulphatase B),
029K3782 (sulphatase C) and 089K3797 (sulphatase D). Names in parentheses will be
used in the following sections to refer to the different batches. The sulphatase activities
were specified by the supplier as follows: sulphatase A: 14 000 U/g, sulphatase B: 24
190 U/g, sulphatase C: 23 500 U/g and sulphatase D: 26 290 U/g. The f-glucuronidase
activities were given as: sulphatase A: 498 800 U/g, sulphatase B: 1 521 800 U/g,
sulphatase C: 1 774 000 U/g and sulphatase D: 2 921 000 U/g.

2.2.3 Glucosinolate extraction

The extraction procedure was performed according to ISO 9167-1:1992 with slight
modifications. Freeze dried Brassica powder (20 mg) was weighed into 2 mL tubes,
extracted with 1 mL hot methanol (70%, 75°C) for 10 min and centrifuged for 5 min
at room temperature at 16 000g. Glucotropaeolin was added as an internal standard
(3 mM, 50 pL to red cabbage, 25 pL to AG2186) during the first extraction. The pellet
was re-extracted in the same way and the combined supernatants were used for
desulphation. A sinigrin-glucotropaeolin-mixture was prepared by dissolving different

volumes of sinigrin and glucotropaeolin standard solutions (3 mM) in 70% methanol.

2.2.4 Desulphation of glucosinolates

Desulphation in microtiter plates

Desulphation of GLs was performed according to ISO 9167 1:1992 and Kliebenstein
et al. [57] with modifications. lon-exchange columns were built with DEAE Sephadex-
A25 in 96-well microtiter-filter plates (Multiscreen® Deep Well Solvinert Filter Plate,
Millipore, cat. No. MDRL N04 10). In order to pack the columns, to remove rinsing
liquids, to load and to elute the samples, the microtiter plates were centrifuged for 5 min
at 900g. Sephadex (10 g) was suspended in 80 mL 2 M acetic acid, swollen overnight

and 80 mL of 2 M acetic acid were added the following day. [on-exchange columns were
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built by pipetting 500 pL of swollen Sephadex suspension (equates to about 30 mg dry
Sephadex) into each well of the microtiter plate and the columns were rinsed twice with
300 puL water. The GL extracts were loaded in two aliquots of 1 mL on the ion-exchange
columns and subsequently rinsed twice with 500 pL sodium acetate buffer (20 mM, pH
= 4.0). For desulphation of GLs, 100 pL freshly prepared sulphatase solution in varying
concentrations (1 - 25 mg/mL, purified) were added to the ion-exchange columns and
incubated for 16 h at 25°C. Desulpho-GLs were eluted after incubation in microtiter

plates by adding 100 pL water twice.

Purification of sulphatase

Purification of sulphatase was performed by a simplification of the procedure of Van
Eylen et al., [58]: 70 mg sulphatase were dissolved in 3 mL water and precipitated
with 12 mL ethanol. After centrifugation (1500g, room temperature), the pellet was
dissolved in 2 mL water and passed through a 0.5 mL DEAE Sephadex column built
in syringes. Before sulphatase was passed through the Sephadex column, the column
was rinsed twice with 0.5 mL water and 0.5 mL sodium acetate buffer (20 mM, pH =
4.0). The sulphatase was purified directly prior to the application on the ion-exchange

column in the microtiter plates to avoid changes in activity due to storage.

Desulphation in larger scale

Desulphation in microtiter plates was compared to desulphation at larger scale in 2
mL-syringes as described by Verkerk et al. [67]. lon-exchange columns were built with
DEAE Sephadex in syringes with 3 mL swollen Sephadex suspension (equates to about
190 mg dry Sephadex) and rinsed twice with 1 mL water. Samples were loaded in two
portions of 1 mL and the columns were rinsed twice with 1 mL sodium acetate buffer
(20 mM, pH=4.0). The ion-exchange columns were incubated with 75 pL sulphatase (25
mg/mL) for 16 h at 25°C. The scale of this method is comparable to the scale of the ISO

9167-1 method. The desulphation in microtiter plates is at a 6-fold smaller scale.

The data presented in the results section refer to the desulphation in microtiter plates,

if not mentioned otherwise.

2.2.5 HPLC analysis
Desulpho-GLs were analysed by high-performance liquid chromatography (HPLC) as
described by [67]. The HPLC analysis was conducted on a gradient system HPLC (Spectra

Physics) using a GraceSmart RP C18 column (150 mm x 4.6 mm) with a flow rate of
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1 mL/min, column temperature of 20°C and an injection volume of 20 puL. Solvent A
consisted of 0.05% tetramethylammoniumchloride (Merck 822156) dissolved in water
and solvent B consisted of 0.05% tetramethylammoniumchloride dissolved in water/
acetonitrile (60:40, v/v). The total running time amounted to 31 min and the gradient
was as followed: 100% A and 0% B for 1 min, then in 20 min to 0% A and 100% B, in
5 min back to 100% A and 0% B, after which the column was equilibrated for 5 min
with solvent A. Detection was performed with a DAD detector (Spectra System UV 6000
LP) at 229 nm and UV spectra were recorded from 220-550 nm. Identification of GLs
was based on retention times compared to standard GLs (sinigrin, glucotropaeolin), GLs
present in the certified rapeseeds (Colza, European Reference material ERM®-BC367),
GLs present in reference vegetables and UV-spectra of GLs [72]. GLs were quantified
against the internal standard glucotropaeolin using relative response factors as given in
IS0 9167-1:1992, recalculated to glucotropaeolin.

2.2.6 Statistics
Averages, standard deviations were calculated and t-test (p < 0.05) was performed

using Microsoft Excel.

2.3 Results and Discussion

2.3.1 Effect of sulphatase concentration on standard solutions

The glucosinolates (GLs) sinigrin and glucotropaeolin are recommended as internal
standards in the ISO 9167-1 method [73]. Thus, sinigrin and glucotropaeolin were used
as standards to check the performance of the GL determination with desulphation in
microtiter plates. The desulphation in microtiter plates provides a high-throughput
and less Sephadex material is used to build the ion-exchange columns. This sinigrin-
glucotropaeolin-mixture was loaded on ion-exchange columns and incubated with
sulphatase concentrations of 25 mg/mL and 5 mg/mL (both sulphatase batch C).
sinigrin is present in rape seeds, mustard and some Brassica oleracea, such as red
cabbage, white cabbage, savoy and cauliflower [40], and thus cannot be used as internal
standard in these samples. For that reason, glucotropaeolin is used as internal standard

to calculate the sinigrin concentration in the sinigrin-glucotropaeolin-mixture.
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In Figure 2.1, the chromatogram overlay of the desulphated sinigrin-glucotropaeolin-
mixture shows a 33% lower glucotropaeolin area after desulphation with 25 mg/mL
sulphatase compared to the 5 mg/mL sulphatase treatment, whereas sinigrin areas
differed only by 0.8%. Taking into account that sinigrin has a relative response factor
(RRF) relative to glucotropaeolin of 1.05, and the same concentration of the two GLs was
used for desulphation, the peak areas of sinigrin and glucotropaeolin were expected to
be similar within one sample. The glucotropaeolin area was 34% smaller than the area
after desulphation with 25 mg/mL, while the areas were the same after desulphation
with 5 mg/mL sulphatase (Figure 2.1). Consequently, using glucotropaeolin as an
internal standard for the calculation of the sinigrin concentration resulted in a higher
sinigrin concentration after desulphation with 25 mg/mL than after desulphation with
5 mg/mL. As a result, desulphation with 25 mg/mL sulphatase caused a substantial
overestimation of the sinigrin concentration. The impact of different sulphatase

concentrations on calculated sinigrin recoveries is shown in Table 2.1.
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Table 2.1: Calculated sinigrin recovery in a sinigrin-glucotropaeolin-mixture after desulphation with
sulphatase concentrations ranging from 25 mg/mL to 1 mg/mL and a purified preparation (35 mg/mL
without accounting for losses during the purification). The sinigrin concentration on the ion-exchange
column amounted to 0.075 umol and the glucotropaeolin concentration amounted to 0.076 pmol. n = number

of independent repeats in duplicate.

Calculated recovery desulpho-sinigrin:

Sulphatase concentration Relative standard

Average (%) deviation (%)

25 mg/mL (n=4) 212 50
15 mg/mL (n = 3) 149 26
5mg/mL (n =4) 116

1mg/mL (n=2) 104 2
purified (n = 2) 106 11
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The best calculated sinigrin recoveries were obtained after desulphation with 1 mg/
mL sulphatase (104%) and with the purified sulphatase (106%). With increasing
sulphatase concentration, the calculated recoveries increased; the maximum was
observed after desulphation with 25 mg/mL (212%). Furthermore, Table 2.1 shows
that the repeatability decreased at higher sulphatase concentrations. The high standard
deviation after desulphation with 25 mg/mL can be explained by the observed instability
of glucotropaeolin in the sample solution during the time in the auto-sampler until HPLC
analysis. When the time until analysis amounted to 26 h, the measured glucotropaeolin
area was lower than after 9 h in the auto-sampler. Consequently, 26 h in the auto-
sampler led to lower glucotropaeolin concentrations. This effect was not observed for

desulphation with 5 mg/mL, 1 mg/mL and purified sulphatase.

The small-scale desulphation in microtiter plates was compared to a larger scale
desulphation in syringes, using six times more ion-exchange material according to
Verkerk et al. [67] and the highest sulphatase concentration (25 mg/mL). Experiments
at this larger scale, performed with the sinigrin-glucotropaeolin-mixture of the same
concentration as in the microtiter plates, resulted in a calculated sinigrin recovery of
116% + 5%. A possible reason for the differences between syringes and microtiter plates
is the different amount of ion-exchange material used and consequently, a different

efficiency of the enzymatic reactions.

From these results we can conclude that for a reliable GL analysis in microtiter plates
a reduction in the sulphatase concentration or a purification is required. A too low
sulphatase concentration, however, could result in incomplete desulphation. A study
performed by Fiebig [55] showed that a low sulphatase activity (0.05 U/mL) is not
sufficient to desulphate solutions of 20 mmol/L GLs on ion-exchange columns after
23 h of incubation. This study determined a minimum sulphatase concentration that
is needed for the complete desulphation of GLs. An upper limit was not suggested,
because after complete desulphation with a higher sulphatase activity (0.5 U/mL), peak
areas did not change with longer incubation times. Based on the results of Fiebig [55]
our observations of breakdown of glucotropaeolin at high sulphatase concentrations
were not expected; however, the samples in the study of Fiebig [55] were prepared
according to the ISO 9167-1 method, with a purified sulphatase and a higher amount of

ion-exchange material than in the microtiter plates.
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In summary, two phenomena were observed when high sulphatase concentrations
were used for desulphation in microtiter plates: 1) different peak areas of sinigrin and
glucotropaeolin, although the applied concentration and response factor were similar
and 2) an instability of the desulpho-glucotropaeolin in the sample solution until HPLC
analysis. Both observations indicate a side activity of the sulphatase, which will be

discussed in the following section.

2.3.2 Effect of sulphatase concentration on red cabbage samples

The effect of sulphatase concentration on the internal standard glucotropaeolin in red
cabbage samples was similar to what was shown for the standard solution (sinigrin-
glucotropaeolin-mixture). When the same amount of glucotropaeolin was added to a
red cabbage sample as was to the sinigrin-glucotropaeolin-mixture, the glucotropaeolin
areas were not equal after desulphation with a high sulphatase concentration (25 mg/
mL). In contrast with a low sulphatase concentration (5 mg/mL) the areas were equal
and higher than after desulphation with high sulphatase concentration. Apparently,
desulphation is differently affected in sinigrin-glucotropaeolin-mixture and red cabbage
due to the different type of GLs and the higher total GL concentration in red cabbage

extract.

In order to study the effects of various sulphatase concentrations (25 mg/mL - 1 mg/
mL, purified) on all GLs in red cabbage, peak areas are presented in Figure 2.2. Different
sulphatase concentrations did notaffectthe peak areas of mostofthealiphatic GLs, except
for glucoiberin and glucoraphanin. After desulphation with 1 mg/mL sulphatase, the
peak areas of glucoiberin and glucoraphanin were 60% smaller than after desulphation
with the purified sulphatase. The indolic GLs glucobrassicin, neoglucobrassicin and the
benzyl GL glucotropaeolin were affected by different sulphatase concentrations. Peak
areas were decreasing with increasing sulphatase concentrations and highest peak
areas were measured after desulphation with the purified sulphatase. The peak area of
glucotropaeolin, which is, as mentioned above, widely used as internal standard, was
24% smaller after desulphation with 25 mg/mL sulphatase compared to the purified
sulphatase. Glucobrassicin was affected to a lesser extent, though the peak area was

10% smaller after desulphation with 25 mg/mL compared to the purified sulphatase.

Also, an additional twofold dilution of purified sulphatase resulted in a significant
decrease in peak areas for the two aliphatic GLs glucoiberin and glucoraphanin (p <

0.05; data not shown). Summing up, desulphation of GLs in red cabbage with purified
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sulphatase resulted in the highest peak areas; however, peak areas of all GLs were not
significantly different between desulphation with 5 mg/mL and purified sulphatase (p <
0.05). Further dilution of the purified sulphatase was not possible, because the amount

of glucoiberin and glucoraphanin would be underestimated.
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Figure 2.2: Peak areas of glucosinolates present in red cabbage after desulphation with different sulphatase
concentrations: ] 25 mg/mL, [ 15 mg/mlL, 5 mg/mL, 1 mg/mL, EEEH purified
(35 mg/mL¥). Glucotropaeolin was added as internal standard. The bars show average values of duplicates
and error bars represent the standard deviations. (IB) glucoiberin, (PRO) progoitrin, (SIN) sinigrin, (RAPH)
glucoraphanin, (NAP) gluconapin, (40H-GB) 4-hydroxy-glucobrassicin, (TROP) glucotropaeolin, (GB)
glucobrassicin, (4-Me-GB) 4-methoxy-glucobrassicin, (Neo-GB) neoglucobrassicin.

* Sulphatase concentration, not accounting for losses during purification

Thedifferencesin peakareas after desulphation with different sulphatase concentrations
reflectthedifferencesintotal GL concentration calculated with glucotropaeolinasinternal
standard. Based on the calculated total GL concentration (the sum of the calculated
individual GLs), it would be concluded, falsely, that 25 mg/mL sulphatase resulted in
the highest GL concentration and is consequently the best sample preparation (Figure
2.3). However, the decrease in glucotropaeolin peak area with increasing sulphatase
concentration caused an overestimation of the individual and total GL concentration.

Desulphation with purified sulphatase resulted in the highest peak areas for all GLs,
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including the internal standard glucotropaeolin, hence gave the most accurate result.

Combining the results of red cabbage samples and the sinigrin-glucotropaeolin-mixture,
the purified sulphatase gave best results for sinigrin-glucotropaeolin-mixture and red
cabbage, whereas 1 mg/mL would be appropriate for sinigrin-glucotropaeolin-mixture
and 5 mg/mL for red cabbage. Using 5 mg/mL sulphatase could overestimate the GL
concentration in a sample with a low number of GL and of a low concentration, as it was
shown for the sinigrin-glucotropaeolin-mixture. However, desulphation with 1 mg/mL
appeared not complete for the aliphatic GLs glucoiberin and glucoraphanin in a sample
with more GLs present and a higher total GL concentration. Taking these aspects into
account, the purified sulphatase is applicable for a broader range of samples and is

recommended for the desulphation of GLs with high-throughput in microtiter plates.
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Figure 2.3: Calculated total GL content (sum of individual GLs) in red cabbage after desulphation with
sulphatase concentrations ranging from 25 mg/mL to 1 mg/mL and purified sulphatase preparation (35 mg/
mL¥). The bars show one repeat in duplicate, error bars show standard deviations.

* Sulphatase concentration, not accounting for losses during purification

In accordance with our findings, Wathelet et al. [54] stated that the sulphatase-GL-ratio
is crucial for the analytical result. Although the reason was not known, the authors
suggested differences in desulphation velocity and feedback inhibition, depending on
the type of GL, as possible reasons for this phenomenon. In our study, desulphation
of only glucoiberin and glucoraphanin, which consist both of a sulfinyl side chain and
differ only by one C-atom, was insufficient at the lowest sulphatase concentration
(1 mg/mL). A lower affinity of the sulphatase to glucoiberin and glucoraphanin and
consequently a lower desulphation velocity could explain this observation. Wathelet et

al. [54] suggested a feedback inhibition for samples containing glucoiberin, because an
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elution and second incubation step were needed to complete the desulphation. Due to
the setup of our experiments the exact mechanism leading to lower glucoiberin and

glucoraphanin concentrations remains speculative.

In contrast to glucoraphanin and glucoiberin, peak areas of glucotropaeolin were
decreasing with increasing sulphatase concentrations, whereas the sinigrin peak
areas remained constant. Since Fiebig [55] reported a higher desulphation velocity of
glucotropaeolin than sinigrin, our observation indicates a side reaction present in the
crude enzyme, breaking down glucotropaeolin at high sulphatase concentrations (15
and 25 mg/mL). An inhibition of the sulphatase activity at high enzyme concentrations
seems unlikely, because inhibition should be observed for more GLs than glucotropaeolin,
especially since glucotropaeolin is preferably hydrolysed by the sulphatase.
Furthermore, the instability of desulpho-glucotropaeolin in the sample solution during
storage in the auto-sampler until HPLC analysis pointed to a possible side reaction. The
sulphatase powder used shows a 3 glucuronidase side activity that is specified by the
supplier Sigma-Aldrich. If the S-glucuronidase reacts with a glucose residue as well, a
myrosinase-like breakdown of GLs could occur. In studies of Kwon et al. [74] the same
sulphatase powder was used to remove a glucose moiety from the glycoside-isoflavon
genistin, because it contains S-glycosidase side activity. The side-chain of glucotropaeolin
consists of a benzyl-moiety, as does genistin that consists of several benzyl groups. Due
to the similar structure, the B-glycosidase side activity reported for genistin, could
lead to a breakdown of glucotropaeolin at high sulphatase concentrations. Reacting
preferably with molecules with benzyl rings, the glucosidase side activity explains that
glucotropaeolin was mostly adversely affected at high sulphatase concentrations, since

it was the only benzyl GL present in the red cabbage sample.

2.3.3 Effect of sulphatase batch

In addition to the effect of different sulphatase concentrations on the GL analysis, the
performance of desulphation in microtiter plates was tested for three different enzyme
batches (sulphatase A, B and C). Solutions of the three sulphatase batches were used
in varying concentrations for desulphation of a sinigrin-glucotropaeolin-mixture.
The sinigrin recovery was calculated based upon the glucotropaeolin area as internal
standard, as described in section “Effect of sulphatase concentration on standard
solutions”. Lower glucotropaeolin areas, due to a potential side activity of the sulphatase,

led to a too high calculated sinigrin recovery.
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As shown in Figure 2.4, the sulphatase batch had a large impact on the calculated
sinigrin recovery. For sulphatase batch A and C, the too high recoveries became lower
with decreasing sulphatase concentrations; however, for sulphatase batch B, recoveries
of nearly 100% were obtained for all sulphatase concentrations. This experiment
demonstrates that different enzyme batches from the same supplier affects the accuracy

of GL analysis.
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Calculated sinigrin recovery [%]

25 15 5 purified (35)*
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Figure 2.4: Calculated sinigrin recovery after desulphation with different sulphatase batches: sulphatase
A, %% sulphatase B, 1 sulphatase C. Sulphatase concentrations ranged from 25 mg/mL to 1 mg/mL and
a purified sulphatase preparation (35 mg/mL*). The sinigrin concentration on the ion-exchange column
amounted to 0.15 pmol and the glucotropaeolin concentration amounted to 0.14 pmol. The bars represent
averages of one repeat in duplicate and error bars represent standard deviations. * Sulphatase concentration,

not accounting for losses during purification

The specification of the sulphatase and S-glucuronidase activity by the supplier cannot
explain the obtained sinigrin recoveries. Sulphatase A had the lowest sulphatase activity
(14000U/gsolid)andresultedintoohighrecoveries.Keepinginmind thatglucotropaeolin
is faster desulphated than sinigrin [55] a calculated sinigrin recovery below 100% could
be explained for sulphatase A, but not a too high recovery. For sulphatase B the highest
sulphatase activity of the three batches (24 190 U/g solid) was given, and desulphation
resulted in recoveries of nearly 100% for all sulphatase concentrations. Due to that fact,
an inhibition of the desulphation at high enzyme concentrations is unlikely, although
the discussion is limited by the fact that sulphatase activity is not determined on GLs by
the supplier. The glucuronidase side activities are also not correlating with the observed

sinigrin recovery pattern. A slightly higher glucuronidase activity in sulphatase C could
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explain the too high results after desulphation with sulphatase C compared to sulphatase

B, but the three times lower glucuronidase activity of sulphatase A is conflicting.

As aresult, no conclusion about the expected accuracy of the desulphation can be drawn
from the specifications given by the supplier. Purification of the sulphatase leads to
accurate recoveries, independent from the sulphatase batch and is hence recommended

prior to desulphation.

2.3.4 Repeatability of GL determination with purified sulphatase

The repeatability of the GL determination with desulphation in microtiter plates was
assessed by repeating the analyses (extraction, desulphation and measurement) ten
times in duplicate for a high GL sample (red cabbage) and a low GL sample (plant
line AG2186 of a doubled haploid population). The two samples were stored at -20°C
between the analyses. A new batch of sulphatase (batch D) was used and purified
directly before desulphation. Both samples contained the same individual GLs: the
aliphatic GLs glucoiberin, sinigrin, progoitrin, glucoraphanin, gluconapin and the
indolic GLs glucobrassicin, 4-hydroxy-glucobrassicin, 4-methoxy-glucobrassicin and
neoglucobrassicin, but in different concentrations. The total GL content, calculated as

the sum of the individual GL concentrations (Figure 2.5), differed by 3-fold.
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Figure 2.5: Variation of the calculated total glucosinolate concentration in red cabbage and AG2186 during ten
repeats in duplicate. Desulphation was performed with purified sulphatase (35 mg/mL without accounting
losses during the purification) and the total GL concentration was calculated as the sum of individual GLs.
Symbols represent single values: O AG2186, 4 red cabbage. Lines represent the average of all repeats: —
red cabbage, ....... AG2186.
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In the ISO 9167-1 method [73] the repeatability of the GL determination is specified
to a maximum difference between two independent single test results of 2 umol/g for
samples containing less than 20 umol GLs/g and to a maximum difference of 4 pmol/g
for samples containing 20 pmol/g to 35 umol GLs/g. The average total GL concentration
for red cabbage amounted to 22.1 pmol/g DW with a maximum difference measured
between duplicates of 1.5 pumol/g DW. The average total GL concentration AG2186
amounted to 7.5 pmol/g DW with a maximum difference between duplicates of 2.1
umol/g DW. For both samples the maximum differences have met the ISO requirement.
Regarding the overall range of the 10 repeats in duplicate the measured range for red
cabbage amounted to 2.0 pmol/g DW and 2.9 pmol/g DW for AG2186. For red cabbage
the ISO requirements are met again, whereas the range of AG2186 slightly exceeds the

ISO specifications.

The relative standard deviation of all the repeats amounted to 2.7% for red cabbage and
9.5% for sample AG2186. The relative standard deviations show a good repeatability of
the GL determination for two samples, measured with purified sulphatase over a period

of three months.

The minimum total GL concentration measured in red cabbage in the ten repeats
amounts to 21.2 pmol/g DW and the maximum amounts to 23.2 umol /g DW. Comparing
this range to the GL concentrations determined with different sulphatase concentrations
during desulphation (Figure 2.3) shows that the range of the ten repeats is much
smaller than the differences determined with varying sulphatase concentrations. The
GL concentrations determined with 25 mg/mL, 15 mg/mL and 1 mg/mL sulphatase
lie outside the measured range of the ten repeats, whereas the GL concentrations
determined with 5 mg/mL and purified sulphatase lie within the measured range.
Hence, the desulphation with 25 mg/mL, 15 mg/mL and 1 mg/mL results in differences
in total GL concentration far exceeding the variation observed during the ten repeats in

duplicate and can be seen as true differences.
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2.4 Conclusion

The effect of different sulphatase concentrations and a purified sulphatase preparation
on the accuracy of the GL determination in microtiter plates was tested. The presented
data demonstrate that the applied sulphatase concentration is crucial for the analytical
result, which is in accordance with previous reports [54, 55]. However, our data show
for the first time an inverse effect of sulphatase concentration on the peak area of a GL.
Tests, performed with a sinigrin-glucotropaeolin-standard and red cabbage, resulted in
decreased peak areas of glucotropaeolin at high sulphatase concentrations (15 mg/mL
and 25 mg/mL), whereas most other GLs were hardly affected. Hence, the calculation of
the GL concentration using glucotropaeolin as an internal standard leads to a substantial
overestimation of GLs after desulphation with high sulphatase concentrations. A
glucosidase side activity, reacting preferentially on glucotropaeolin, is suggested as
a possible reason for the observed phenomenon. Surprisingly, the glucotropaeolin

degradation was not detected in one of the three applied sulphatase batches.

On the one hand, the degradation of glucotropaeolin at high sulphatase concentration
determines an upper limit of the sulphatase concentration, but on the other hand a
minimum concentration is needed for the complete desulphation of all GLs. The
lowest sulphatase concentration (1 mg/mL) led to an insufficient desulphation of the
aliphatic GLs glucoiberin and glucoraphanin and therefore to an underestimation of
their concentration. As a result, a small range of crude sulphatase concentrations can
be applied for GL determination. Furthermore, the optimal sulphatase concentration
depends on the amount and the number of GL present in the sample. The application
of a purified sulphatase preparation resulted in good recoveries for the standard
solutions and the red cabbage samples. In conclusion, the use of purified sulphatase is
recommended for determination of GL in microtiter plates for a broad range of samples

and independently from the sulphatase batch.
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Abstract

Kinetic modelling was used as a tool to quantitatively estimate glucosinolate thermal
degradation rate constants. Literature shows that thermal degradation rates differ
in different vegetables. Well-characterised plant material, leaves of broccoli and
Chinese kale plants grown in two seasons, was used in the study. It was shown that
a first order reaction is appropriate to model glucosinolate degradation independent
from the season. No difference in degradation rate constants of structurally identical
glucosinolates was found between broccoli and Chinese kale leaves when grown in the
same season. However, glucosinolate degradation rate constants were highly affected by
the season (20% to 80% increase in spring compared to autumn). These results suggest
that differences in glucosinolate degradation rate constants can be due to variation in
environmental as well as in genetic factors. Furthermore, a methodology to estimate
rate constants rapidly is provided to enable the analysis of high sample numbers for

future studies.

Keywords:
Brassicaceae, glucosinolates, glucosinolate breakdown, kinetic modelling, model
discrimination, B. oleracea var. alboglabra, B. oleracea var. italica, seasonal effects,

thermal degradation
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3.1 Introduction

Kinetic modelling is a mathematical tool with which chemical changes in foods can
be described in a quantitative way [75]. Modelling has been used to study the effect
of food processing on the concentration of health promoting compounds, as the
awareness on the relation of food and health has increased over the last decades [23].
One group of bioactive compounds comprises the glucosinolates (GLs), which occur in
high concentrations in plants of the Brassicaceae family. The basic chemical structure of
GLs is a B-thioglucoside N-hydroxysulphates with a sulphur linked $-D-glucopyranose
moiety and a side chain (R), which determines the class of GL (aromatic, indolic and
aliphatic) [6]. The biological activity of GLs is ascribed to their breakdown products,
which are obtained by the enzymatic conversion of GLs by the endogenous plant
enzyme myrosinase (S-thioglucosidase, E.C. 3.2.1.147) [8]. Depending on the reaction
conditions, several types of breakdown products can be formed, such as isothiocyanates,
thiocyanates, epithionitriles and nitriles, from which isothiocyanates are most biological
active [14]. Breakdown products of specific GLs contribute to the typical flavour of
Brassica vegetables and isothiocyanates in particular have been associated with a lower

risk of cancer [6].

The majority of Brassica vegetables is consumed after domestic cooking, which leads
to inactivation of myrosinase and leaves intact GLs [15]. Intact GLs can be hydrolysed
by the gut microbiota into breakdown products, but the conversion rate is less than
after ingestion of vegetables with intact myrosinase [19, 76]. Several mechanisms of
GL losses during food processing have been described: a) enzymatic breakdown by
myrosinase upon cell lysis; b) leaching of GLs into the cooking water and c) thermal
degradation [23]. The term thermal degradation refers to the degradation solely
induced by heat, without any enzymatic reactions. Next to leaching of GLs into the
cooking water, thermal degradation is one of the major mechanisms leading to losses of
GLs during food processing, since myrosinase is inactivated quickly in most processes
[23]. Thermal degradation leads to the formation of nitriles, which are potentially
toxic [36] and thus undesired during food processing. To quantitatively study thermal
degradation in isolation, the plant material should be treated to inactivate myrosinase

and heated in the absence of a separate water phase.

Thermal degradation has been studied in this way in red cabbage and broccoli sprouts,

showing that the GL degradation is dependent on the structure of the GL side chain
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[31, 32]. The degradation kinetics were described by a first order model [32]. A study
comparing the thermal degradation of GLs for five different vegetables showed that the
stability of structurally identical GLs differed in different vegetables (broccoli, Brussels
sprouts, red cabbage, Chinese cabbage and pak choi). The five studied vegetables have
different matrices and hence provide different reaction environments for thermal
degradation [35].

In order to get more insight into the causes of differences in thermal degradation,
well-characterised plant material is required to exclude differences in degradation
due to different growing locations, seasons, age of the plants, storage time and storage
conditions. All the mentioned factors possibly influence the food matrix and hence the
thermal degradation. It has been shown that the initial GL concentrations in vegetables
are affected by the season [77]. Consequently, the question arises if the thermal

degradation is affected by the season as well.

The aims of this investigation were to study the effect of the genotype and season on
thermal GL degradation in well-characterised plant material and to develop a rapid
method to quantitatively determine the thermal degradation rate constants. This
information will provide the methodology for future experiments to study in detail the
genetic and environmental effects on thermal GL degradation in a more efficient way.

Knowledge of the genetic factors influencing GL degradation will enable plant breeders
to develop vegetables with low GL degradation, resulting in higher GL concentrations at

the point of consumption to increase health benefits for the consumer.

3.2 Materials and methods

3.2.1 Plant material

A rapid-cycling Chinese kale doubled haploid (DH) line, B. oleracea var. alboglabra
(A12DHd), and a broccoli DH line, B. oleracea var. italica (GDDH33), are the parental
lines of a DH population developed by Bohuon et al. [71]. For the sake of convenience the
genotype A12DHd will be referred to as Chinese kale and the genotype GDDH33 will be
referred to as broccoli. Five plants of each genotype were grown in autumn 2010 and in
spring 2011. Seeds were sown into soil, transplanted into 19 cm diameter pots after two
weeks and grown randomised for six weeks after transplanting in an air-conditioned
greenhouse in Wageningen (The Netherlands). Fertilizer was given two to three times

per week (electric conductivity 2.1). In autumn 2010 (middle of October until middle of
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December) temperatures ranged from 17°C to 22°C (night/ day) and a photoperiod of
16 h was applied. In spring 2011 (end of March till end of May), temperatures were set
to 17°C/ 22°C (night/ day); however, on sunny and warm days the temperature could
rise to 30°C during the afternoon, because greenhouses are not cooled. Artificial light

was applied if the natural photoperiod was shorter than 16 h.

Six weeks after transplanting, all the leaves without petioles from five plants per
genotype were harvested in the morning and transported on ice to the laboratory for
further sample preparation. All leaves of the five plants per genotype were mixed to
prepare one homogenous sample. Previous studies showed [32, 78] that a microwave
treatment at high power for a short time was effective in inactivating the enzyme
myrosinase while retaining a high level of GLs. This allowed studying the thermal
degradation as the sole mechanism of GL degradation. Leaves were cut into pieces of
about 3x 3 cm, 75 g were collected into a plastic beaker and held on ice until microwave
treatment. In total, five plastic beakers, each containing 75 g of leaves, were placed at
the same time in a microwave at 900 W for 6 min. Samples were immediately cooled on
ice, weight loss was recorded and the samples were subsequently freeze dried. Dried
samples were weighed to record the water loss, ground into a fine power and stored at

-20 °C until further treatment.

3.2.2 Chemicals

Solvents used for extraction and chromatography were of HPLC grade and bought from
Biosolve (Valkenswaard, The Netherlands). The DEAE Sephadex-A25 and sinigrin (prop-
2-enyl-GL) were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). The
internal standard glucotropaeolin (benzyl-GL) was purchased from the Laboratory of
Biochemistry, Plant Breeding and Acclimatization Institute (Radzikow, Btonie, Poland).
Sulphatase from Helix pomatia (Sigma-Aldrich, Zwijndrecht, The Netherlands) was used

for the experiments.

3.2.3 Thermal degradation

Dried plant powder was weighed into 2 mL plastic tubes with screw caps and
reconstituted to the water content present in the plant before microwave treatment
and drying. Varying amounts of dried plant powder were weighed into tubes and 180
uL of water were added to each tube and mixed. Tubes with reconstituted samples were
heated in a heating block at 100°C for 0, 15, 30, 45, 60, 75, 90, 105 and 120 min. All

45



CHAPTER 3

heat treatments were performed in duplicate. Temperatures were monitored inside the
sample with a thermocouple, which was placed through the cap of the tube. The average
time to reach 100°C in the samples amounted to 4 min. Time recording started when the
tubes were placed into the heating block. After heating, samples were cooled on ice and
stored at -20°C till GL analysis.

3.2.4 Glucosinolate analysis

Samples were prepared by heating for nine different time points (in duplicate) per
genotype and season. Each sample was prepared once for GL analysis. The GLs were
analysed as desulpho-GLs in microtiter plates (chapter 2, [79]), which is based on ISO
9167-1:1992. The reconstituted and heated samples (about 200 mg) were extracted
with 1 mL hot methanol (70%, 75°C) for 10 min and centrifuged for 5 min at room
temperature at 16 000g. Glucotropaeolin was added as an internal standard (3 mM,
25 pL) during the first extraction. The pellet was re-extracted in the same way and the
combined supernatants were used for desulphation. DEAE Sephadex-A25 columns
were built in 96-well microtiter-filter plates (Millipore, Amsterdam, The Netherlands).
In order to pack the columns, to remove rinsing liquids, to load and to elute the samples,
the microtiter plates were centrifuged for 5 min at 900 g. The GL extracts were loaded in
two aliquots of 1 mL on the ion-exchange columns and subsequently rinsed twice with
500 pL sodium acetate buffer (20 mM, pH=4.0). For desulphation of GLs, 100 pL freshly
purified sulphatase solution was added to the ion-exchange columns and incubated for
16 h at 25°C. Desulpho-GLs were eluted after incubation in microtiter plates by adding
100 pL water twice.

Desulpho-GLs were analysed by high-performance liquid chromatography (HPLC) as
described by Verkerk et al. [67]. Identification of GLs was based on retention times
compared to standard GLs (sinigrin, glucotropaeolin), GLs present in the European
Reference Material Rapeseeds (Sigma-Aldrich, Zwijndrecht, The Netherlands), GLs
present in reference vegetables and UV-spectra of GLs [72]. GLs were quantitated
against the internal standard glucotropaeolin using relative response factors as given in
IS0 9167-1:1992, recalculated to glucotropaeolin. The initial GLs concentrations prior

to heating were determined after the myrosinase inactivation step.
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3.2.5 Modelling

Modelling of GL degradation has been performed using all the data for each genotype and
season separately. The molecular mechanism of thermal GL degradation is not known.
The general rate law for a single reactant at a concentration c is described in Equation
3.1, with the rate of the reaction r, the concentration c, the reaction rate constant k and
the order of the reaction, n [80]. The order of a reaction describes the dependence of the
reaction rate on the reactant concentration. In contrast to elementary reactions n can be

fractional and does not necessarily correspond to the stoichiometry of the reaction [80].

_de _

=kc"
dt

Equation 3.1: r=
The integral with respect to time of the general rate law allows to follow the GL
degradation over time (Equation 3.2 and Equation 3.3) [80] with c the GL concentration
at a certain time point, ¢, the GL concentration at time zero (prior to heating), k, the
degradation rate constant, the time ¢t and n the order of the reaction.

1
Equation 3.2: c=[c," ™ +(n-1)-k,-t]'"" for n=1

Equation 3.3: c=cy e forn=1

Kinetic parameters (k 2C, for the first order reaction and k 2 Cph for the n' order reaction)
were obtained by fitting the model through the individual data points by minimizing the
sum of squared residuals [75] using the solver function in Microsoft Excel. The macro
Solver Aid was used to obtain the standard deviation of the parameters and the linear
correlation coefficients of the parameters [81, 82]. The corrected Akaike information
criterion (AIC) was used to discriminate between the first and the n™ order model
(Equation 3.4) [80], with m the number of data points, SS _the sum of squared residuals
and p the number of parameters. For model discrimination only the differences between
the AIC for the different models is relevant (Equation 3.5) [80]. The probability P, to

estimate which model is more likely was calculated using Equation 3.6. If P, .is smaller

than 0.5 the first order model is more likely, whereas if P, . is greater than 0.5 the n®

AlC
order model is more likely [80].
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Equation 3.4: AlC, :mln[SS’]+2(p+1)+2(p+1)[p_+2]
m m—p

Equation 3.5: AIC, = AICC o AICC o

e(fo'SAAIC )

Equation 3.6: P 15 eC0%hm)

alc =

3.2.6 Statistics

Means of the initial GL concentration were compared using one-way Analysis of Variance
(significance level p < 0.05), followed by a Tukey’s Honestly Significant Different test
(HSD) to test for differences between individual groups using the software IBM SPSS
statistics 19. To test for significances of the k, values between two genotypes and the
two seasons, t-tests have been performed. The standard deviations of the k, values were
obtained by the macro SolverAid and the degrees of freedom were calculated from the
number of data points reduced by the number of parameters. Furthermore, a paired
t-test was applied to test for significances of the k, values of all GLs between both
seasons (Microsoft Excel 2010).
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3.3 Results and Discussion

3.3.1 Variation of the initial glucosinolate concentration in different seasons

Nine different GLs were identified in leaves of Chinese kale and broccoli used in this
study (Figure 3.1). The broccoli leaves contained glucoraphanin (4-methylsulfinylbutyl-
GL, 1), glucobrassicin (indol-3-ylmethyl-GL, 6), 4-hydroxy-glucobrassicin
(4-hydroxyindol-3-ylmethyl-GL, 7), 4-methoxy-glucobrassicin (4-methoxyindol-3-
ylmethyl-GL, 8) and neoglucobrassicin (N-methoxyindol-3 ylmethyl-GL, 9). Glucoiberin
(3-methylsulfinylpropyl-GL, 2) was detected in broccoli in spring 2011 only. In
Chinese kale leaves contained the same GLs and additionally sinigrin (prop-2-enyl-
GL, 3), gluconapin (but-3-enyl-GL, 4) and progoitrin ((2R)-2-hydroxybut-3-enyl-GL, 5)
(concentrations shown in Table 3.1). The total GL concentration, calculated as the sum
of the individual GLs, differs significantly between the broccoli and Chinese kale in the
same season and also between the two seasons for each genotype. In broccoli the total
GL concentration was increased in spring 2011 compared to autumn 2010, which is in
accordance with results from Charron et al. [37], who found increased GL concentrations
in spring compared to autumn season. The total GL concentration decreased in Chinese
kale in spring 2011 compared to autumn 2010 that may be explained by the different
developmental stage in the two seasons. The Chinese kale plants were already bolting at
the time of harvest in spring 2011 and not in autumn 2010, and GL concentrations are

changing during plant development [83].
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Figure 3.1: Chemical structures and trivial names of the glucosinolates identified in leaves of a broccoli and a

Chinese kale genotype used in this study.
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Table 3.1: Total and individual glucosinolate concentrations in broccoli and Chinese kale in two different
seasons. Different letters indicate significant differences between the different genotypes and seasons for
each glucosinolate (p < 0.05, Tukey’s HSD test and t-test if the glucosinolate was present in Chinese kale

only).

E Broccoli E Chinese kale
Glucosinolate \ average * standard deviation | average * standard deviation
5 [umol/100 g FW] 5 [umol/100 g FW]
E autumn 2010 spring 2011 : autumn 2010 spring 2011
Glucoiberin 5 13.13+0.70° & 2.67+0.03" 2.99+0.05°
Progoitrin ! ' 1.19+£0.002 0.35+0.05°
Sinigrin . . 11.24+£0.19* 7.64+0.10°
Glucoraphanin '+ 15.89+0.51° 22.22+1.12% 407 +0.05° 6.66 £0.54°¢
Gluconapin h 1 2790+0.64° 23.63+0.08"
4-hydroxy-glucobrassiscin E 0.46 +0.012 1.97 £0.08° E 0.32+0.07° 0.42+0.012
Glucobrassicin | 22.20+1.05° 10.50+0.37> | 7.07+0.09° 4.63+0.081
4-methoxy-glucobrassicin i 1.65 +0.03* 2.94+0.05° : 0.72+0.01¢ 1.16 £ 0.00 ¢
Neo-glucobrassicin | 4.44 £ 0.04° 257+0.19° ! 053%0.02° 0.39 +0.03°
Total glucosinolates | 4465+1.61° 53.33+250" | 5572+1.05° 47.88+0.58°

3.3.2 Model discrimination for glucosinolate degradation

Modelling of GL degradation provides a good tool to quantitate the overall degradation
progression over time. The obtained parameters facilitate the comparison of data to
study genetic and environmental effects of GL degradation. Parameters can be used
by the food industry to predict GL concentrations at other heating time points. The
aim of the study is to compare thermal degradation of structurally identical GLs in
leaves of a broccoli and a Chinese kale genotype grown in autumn and spring season.
Glucoraphanin (1) and glucobrassicin (6), the most abundant GLs in both genotypes,
were used to determine the best fitting model. For model discrimination experimental
GL concentrations were fitted to the n™ and first order model (equation 2 & 3). Table
3.2 presents the parameters of most interest for both models and both GLs. The
reaction order n was estimated close to one for glucoraphanin in broccoli and Chinese
kale in spring 2011 and for glucobrassicin in Chinese kale in both seasons, which is in
accordance with previous results [32, 35]. However the order deviated from one for the
other GL-season combinations. The AIC_confirms these results (Table 3.2). The graphs

in Figure 3.2 demonstrate the difference between the models for glucoraphanin.
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Table 3.2: Estimated parameters by fitting different models through the measured glucosinolate concentrations
after various heating times (0-120 min). B = broccoli, CK = Chinese kale. kd = rate constant, n = reaction order,
SD = standard deviation, AIC, = corrected Akaike information criterion, AAIC = AIC n™ - AIC | _ and P, . = the

1st AIC
probability of the AIC (P, . < 0.5, first order model is more likely, P, . > 0.5 n™ order model is more likely).

(¢ (o

sD k,.10* SD k.10 SD
Genotype Season n ) [um.ol_l(“ 1 (k) [:n in] (k) A P,
min] [%] [%]
n'" order model 1t order model
__________________________________________________ Glucoraphanin
B A 2010 1.70  0.24 8.4 59.6 1.4 6.7 -7.2 0971
CK A 2010 148 0.18 9.5 67.6 1.5 5.0 -6.1 096!
B S2011 1.09 0.11 3.2 24.4 2.6 1.4 2.2 0.252
CK S2011 1.06 0.11 2.9 37.7 2.4 3.9 28 0.20°
"""""""""""""""""""""""""" Glucobrassicin
B A2010 | 118 007 - 45 166 | 30 35 | 41 0897
CK A 2010 099 0.07 3.0 23.0 31 2.8 29 019!
B S2011 0.87  0.06 2.5 19.5 3.7 3.1 -1.3 0.66°
CK S2011 0.88  0.08 2.4 323 3.8 3.8 1.1 036!

! n™ order is more likely, ? first order is more likely

Comparing the resulting degradation rate constants k, of the firstand the n* order model
(Table 3.2), shows that the k, values differ considerably between the two models. This
is as expected, when the order differs the concentration term in the rate equation 1 is
changing and therefore very different rate constants are estimated at the same reaction
rates. To compare the k, values among different plants and seasons, one common order
for all the plants has to be chosen. The introduction of one more parameter to a model
increases the uncertainty of the parameters and they could become less meaningful;
hence, the uncertainty is an important factor to discuss in model discrimination. The
standard deviations of the k, values were much higher in the models with the n* order
equation, ranging from 17% to 60% of the estimated k, values. Contrarily, the standard
deviations of the k, values estimated with a first order reaction were all below 7%.
Hence, the k, values estimated with the first order equation were more precise and
more meaningful than the k, values estimated with the n™ order equation. This fact
shows that the n* order model fitted better, but the parameters were less meaningful

for the purpose of this study.
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Figure 3.2: First order and n™ order fit through the measured data for glucoraphanin in broccoli autumn
2010 (A), Chinese kale autumn 2010 (B), broccoli spring 2011 (C) and Chinese kale spring 2011 (D).

3.3.3 Seasonal and genetic effects on glucosinolate thermal degradation

The k, values of all GLs at 100°C are presented in Figure 3.3. The GLs 4-hydroxy-
glucobrassicin (7) and progoitrin (5)inspring2011in Chinesekale could notbe modelled,
because the initial concentrations were too low to quantitate their concentration after
heating. Figure 3.3 shows clearly higher degradation rate constants for the indolic
GLs (6-9) compared to the aliphatic GLs (1-5), which is in accordance with previous
results [32, 35]. The order of k, values of all GLs was the same in the two genotypes
Chinese kale and broccoli grown in the two seasons (from lowest to highest k, value):
glucoiberin < progoitrin < sinigrin < glucoraphanin < gluconapin < neoglucobrassicin
< glucobrassicin < 4-methoxy-glucobrassicin. Experiments with five different Brassica

vegetables showed the same order of degradation at 100°C [35].

Additionally our experiments point out that the GL degradation is significantly higher
in spring 2011 compared to autumn 2010 for all GLs in both genotypes (p < 0.01,

paired t-test). In spring 2011 the k, values for all GLs analysed in Chinese kale were
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between 20% and 80% higher and for broccoli between 16% and 80% higher than
in autumn 2010. The difference between the seasons was lower for indolic GLs than
for aliphatic GLs in both genotypes (Figure 3.3). The observed differences in k, for the
same GLs in the two genotypes are generally small and only a few are significantly
different. This result is in contrast to previous results that showed that the degradation
of chemical identical GLs differed in five different Brassica vegetables [35]. Dekker et
al. [35] suggested differences in vegetable matrix and hence differences in the reaction
environment for the thermal degradation as reason for the differences. Other authors
showed that the pH influenced thermal degradation of GLs, being lower in neutral and
slightly acidic medium, whereas degradation was increased in basic medium [31]. Water,
as a mediator of chemical reactions, influences the degradation of GLs as well. It has
been shown that thermal GL degradation is increasing with decreasing water content,
except when water contents are very low (13%) [84]. In the study of Dekker et al. [35],
the GL degradation was determined in the edible parts of five different vegetables, red
cabbage, Brussels sprouts, broccoli, Chinese cabbage and pak choi, at their commercial
maturity. Hence different plant organs were studied at different developmental stages
of the plants. Furthermore the vegetables were bought in a supermarket, thus the
growing and storage conditions were not known. In this study we can separate the
genetic and environmental effects on degradation, since we used leaves of broccoli and
Chinese kale grown under two defined conditions (spring 2010, autumn 2011), which
were analysed immediately after harvest, without storage. This resulted in the same
degradation speed for several GLs in broccoli leaves and Chinese kale leaves. Our data
showed also clearly that the season has a bigimpact on both GL concentration and the GL
degradation suggesting that the differences among different vegetables in the study of
Dekker et al. [35] can be caused by seasonal, environmental effects as well as by genetic
effects. Studying the GL degradation in a segregating plant population, like the AGDH
doubled haploid population developed from a F1 of a cross between the broccoli and
the Chinese kale used in this study [71], could answer the question regarding the effects
of environment and genetics on GL degradation. With knowledge of genetic factors on
GL degradation, vegetables with a higher retention of GLs during food processing can
be bred. With knowledge of the environmental influence on GL degradation, the optimal
genotype-environment combination can be selected. This strategy provides a novel
opportunity to the food industry to improve the level of health promoting compounds

at the stage of consumption.
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Figure 3.3: Rate constants (k,values) of glucosinolate thermal degradationat 100°Cinbroccoliand Chinese kale
in autumn 2010 and spring 2011. The bars show the modelled k, values and error bars represent the standard
deviations of the parameters. (IB) glucoiberin, (PRO) progoitrin, (SIN) sinigrin, (RAPH) glucoraphanin, (NAP)
gluconapin, (GB) glucobrassicin, (4-Me-GB) 4-methoxy-glucobrassicin, (NEO) neoglucobrassicin. Missing
bars indicate the absence of the glucosinolate or the levels were too low for modelling. The letters indicate

significant differences (p < 0.05).

3.3.4 Improving the methodology to estimate rate constants rapidly

In a follow-up study, we want to quantitate the genetic effect of GL thermal degradation,
for which a large segregating population is needed, the progeny from the parental
genotypes described in this study. These large data (> 100 progeny) require high-
throughput GL degradation studies; one step towards this is the use of less heating
time points for GL determination. To investigate this possibility, the dataset of the
two investigated genotypes grown in both seasons was modelled using the first order
reaction (Equation 3.3) in two ways: with all nine different heating times and with a
subset of four heating times (0, 15, 30 and 60 min). In total 24 datasets of GLs were
modelled. The obtained kinetic parameters (k, and c,) estimated with nine heating
times were plotted against the parameters estimated with four heating times (Figure 3
4). The slope amounted to 1.08 for the k, value (Figure 3.4 A) and to 0.98 for the ¢, value
(Figure 3.4 B), which shows that almost equal parameters are obtained by modelling

with four data points (k, value: R? = 0.993, ¢, value: R* = 0.999). The average difference
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between the parameters estimated with nine and four heating times amounted to 2.1%
for the k, value and to 0.8% for the ¢, value, which is lower than the average standard
deviations of the estimated parameters with nine heating times (4.7% for k, and 2.5%
for ¢,) and hence confirm the results of Figure 3.4. As expected, the standard deviations
of the parameters estimated with four heating times were higher than after estimation
with nine heating times. An average standard deviation from the 24 models of 6.8%
for the k, value and 2.8% for the c, after modelling with four heating time points were
considered to be acceptable.

All the data show that four heating times (0, 15, 30 and 60 min) are sufficient to estimate
the k, value, which will be used for determination of thermal GL degradation in a high
number of samples in future studies to study the genetic regulation of GL composition

and thermal degradation.
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Figure 3.4: Plots of estimated parameters using 9 heating times and 4 heating times for the first order modelling.
Data of all glucosinolates present in Broccoli and Chinese kale in two different seasons were modelled.

A: degradation speed (k, values), B: initial glucosinolate concentration (c, value).
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CHAPTER 4

Abstract

Epidemiological and mechanistic studies show health promoting effects of GLs and
their breakdown products. In literature differences in non-enzymatic glucosinolate
degradation rates during food processing among different vegetables are described,
which provides the basis for studying genetic effects of this trait and breeding for
vegetables with high glucosinolate retention during food processing. Non-enzymatic
glucosinolate degradation, induced by heat, was studied in a publically available Brassica
oleracea doubled haploid population, data were modelled to obtain degradation rate
constants that were used as phenotypic traits to perform quantitative trait loci (QTL)
mapping. Glucosinolate degradation rate constants were determined for five aliphatic
and two indolic GLs. Degradation rates were independent from the initial glucosinolate
concentration. Two QTL were identified for the degradation rate of the indolic
glucobrassicin and one QTL for the degradation of the aliphatic glucoraphanin, which
co-localises with one of the QTL for glucobrassicin. Factors within the plant matrix
might influence the degradation of different GLs in different genotypes. In addition to
genotypic effects, we demonstrated that growing conditions influence glucosinolate
degradation as well. The study identified QTL for glucosinolate degradation, giving the
opportunity to breed for vegetables with a high retention of GLs during food processing,

although the underlying mechanisms remain unknown.

Keywords
Glucosinolates, food processing, kinetic modelling, QTL mapping, Brassica oleracea,

doubled haploid population

58



QUANTITATIVE TRAIT LOCI ANALYSIS OF NON-ENZYMATIC GLUCOSINOLATE DEGRADATION

4.1 Introduction

Glucosinolates (GLs) are an important group of secondary plant metabolites involved in
the plant defence system and, from a human point of view, GLs exhibit interesting health
promoting properties. In epidemiological studies the intake of GL containing vegetables
is related to a reduced incidence of certain cancers. Epidemiological data associate the
cancer protective effects of Brassica vegetables to GLs; however, no biological activity
of intact GLs could be demonstrated in in-vitro studies [15]. Upon cell damage, GLs are
hydrolysed by the endogenous enzyme myrosinase (f-thioglucosidase, EC 3.2.1.147),
which results in enzymatic degradation and the formation of a variety of breakdown
products. One type of breakdown products, isothiocyanates, are bioactive by affecting
the process of carcinogenesis in several organs, such as lung, stomach, colorectal and
breast [15]. In the absence of active myrosinase in the food ingested, GLs can also be
converted into breakdown products by the human gut flora, although this conversion is
less efficient [19, 76].

The large variation in the content and composition of GLs in Brassica vegetables is
reviewed extensively by Verkerk et al. [6]. Although this variation is caused by several
factors such as environmental factors, including soil, climate and fertilisation, the most
important factor determining the GL content is genetic variation [6]. Many genes which
are involved in the GL pathway have been studied using the natural variation combined
with molecular marker techniques and subsequent cloning of the identified quantitative
trait loci (QTL). Characterization of QTL for GL biosynthesis has been conducted in
Arabidopsis [85] and Brassicaceae [86, 87]. Genes involved in the GL pathway are
summarized by Sgnderby et al. [41] and Wang et al. [88].

Thelevelsand types of GLs in Brassica vegetables show natural genetic variation and have
been altered further by breeding, indirectly through the selection of taste, flavour and
possibly through the selection for resistance to herbivores [6], and directly by breeding
for enhanced levels of GLs expected to be associated with health benefits. Breeding for a
higher GLs content in broccoli, in particular glucoraphanin (4-methylsulfinylbutyl-GL),
was achieved by introgression of three small segments of the genome of a wild Brassica
species, Brassica villosa, into a broccoli background [45, 47]. Furthermore, it was shown
that the high glucoraphanin levels are retained during cooking for short times. As a
result of this breeding strategy, a broccoli with a high content of glucoraphanin was

launched into the UK market in autumn 2011 under the name Beneforte [89].
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Breeding for higher GL concentrations is one way to increase the intake of GLs. However,
from a food science perspective, optimizing food processing methods to retain the GLs
is equally important, since enhanced levels in primary production can easily be lost
during processing and preparation [23]. Three main mechanisms of GL losses during
food processing have been described as: a) enzymatic breakdown by myrosinase, b)
leaching of GLs and enzymatic breakdown products into the cooking water and c)
thermal degradation of GLs [23]. The term “thermal degradation”, as one sub-process of
GL degradation, refers to the GL degradation solely induced by heat without myrosinase
activity. Myrosinase is a thermolable enzyme, the activity of which is considerably
reduced at moderately high temperatures. A treatment for 3 min at 60°C reduced the
myrosinase activity by 90% in broccoli [27], a microwave treatment for 120 s with a
final temperature of 88°C resulted in almost complete loss of myrosinase activity in
cabbage [29] and steaming for 6 min led to almost complete loss of myrosinase activity
in broccoli reaching a temperature of 80°C [30]. These studies demonstrate that the
temperatures applied during industrial processing and domestic preparation of Brassica
vegetables quickly inactivate myrosinase, leaving leaching and thermal degradation as

the main mechanisms for GL losses in processing and preparation.

A study, comparing the thermal degradation of GLs for five different vegetables, showed
that the stability of structurally identical GLs differed in different Brassica vegetables
(broccoli, Brussels sprouts, red cabbage, Chinese cabbage and pak choi). The five
studied vegetables differ in many traits, like metabolic composition, and hence provide
different reaction environments for thermal degradation [35]. These differences in
metabolic composition are determined by biochemical traits and will be (partly)
genetically regulated. Therefore, it is hypothesized that thermal degradation of GLs is
(partly) genetically regulated and therefore genomic regions influencing the thermal

degradation rates of GLs can be identified.

Totestthishypothesis, GLthermal degradation was studied ina Brassica oleracea doubled
haploid population (AGDH, broccoli x Chinese kale, [71]) using a kinetic modelling
approach as described in chapter 3, [90]. The values of the obtained degradation rate
constants were used as traits to perform QTL analysis. The described QTL analysis of
GL degradation provides novel insights in the role of the genetic background during
food processing. Observed QTL could facilitate breeding for vegetables with a higher
retention of GLs during processing. Furthermore, the future identification of biochemical

traits underlying the observed QTL and subsequently genes influencing the processing
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of vegetables could lead to new breeding strategies to breed for vegetables that retain
GLs better than others during food processing. The proposed strategy complements
breeding strategies for high GL content, in order to retain high GL concentrations
throughout the entire food production chain and ensure a high GL concentration at the

stage of consumption.

4.2 Materials and methods

4.2.1 Plant material

The doubled haploid (DH) population AGDH, developed by Bohuon et al. [71], was used
to study GL thermal degradation. This population was developed by crossing two DH
parents, a rapid-cycling Chinese kale line, B. oleracea var. alboglabra (A12DHd), and a
calabrese broccoli line, B. oleracea var. italica (GDDH33), through microspore culture of
the F,. Seeds were sown into soil, plants were transplanted into 19 cm diameter pots
after two weeks, randomised and grown for 6 weeks after transplanting in a greenhouse
in Wageningen (The Netherlands). A total of 100 DH lines of the population was grown
in five replicates in spring 2009 (end of March till end of May) under natural light and
temperature conditions. Due to the lack of seeds, the parental lines were not included in
the study. Temperatures ranged from 5°C to 16°C during the night and from 13°C to 30°C
during the day. Fertiliser was given two to three times per week (electric conductivity
2.1). A subset of ten DH lines of the population, selected based on their GL degradation
in 2009, was grown again in spring 2011 (end of March till end of May) in a greenhouse
in Wageningen. Temperatures ranged from 17°C to 22°C (night/day); however, on sunny
and warm days the temperature could rise to 30°C during the afternoon. Artificial light

was applied if the natural photoperiod was shorter than 16 h.

Eight weeks after sowing, leaves without petioles were harvested in the morning and
transported on ice to the laboratory for further sample preparation. Harvesting of the
100 DH lines in spring 2009 was performed on four consecutive mornings, but all five
biological replicates of the same DH line were harvested at the same day. Harvesting
in spring 2011 was performed in one morning. All leaves from the five plants per DH
line were pooled to prepare one homogenous sample per DH line. This approach was

chosen to prepare an average sample accounting for the variation during growth.

In order to study the GL thermal degradation as a sole mechanism, without enzymatic

GL degradation, the myrosinase was inactivated by microwave treatment. Microwave
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treatment was performed at high power for a short time, which has shown to fully
inactivate myrosinase with high retention of GLs [32, 78]. Leaves were cut into pieces
of about 3 x 3 cm, of which 75 g was placed into a plastic beaker and held on ice until
microwave treatment. In total, five plastic beakers, each containing 75 g of leaves,
were placed at the same time in a microwave at 900 W for 6 min. After the microwave
treatment, samples were immediately cooled on ice, weight loss was recorded and the
samples were subsequently freeze dried. Dried samples were weighed to record the

water loss, ground into a fine power and stored at -20°C until further treatment.

4.2.2 Chemicals

Solvents used for extraction and chromatography were of HPLC grade and bought from
Biosolve (Valkenswaard, The Netherlands). The DEAE Sephadex-A25 and sinigrin (prop-
2-enyl-GL) were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). The
internal standard glucotropaeolin (benzyl-GL) was purchased from the Laboratory of
Biochemistry, Plant Breeding and Acclimatization Institute at Radzikow, Btonie, Poland.
Two different batches of sulphatase from Helix pomatia (Sigma-Aldrich, Zwijndrecht,
The Netherlands) were used for the experiments (lot nr. 089K3797 and 029K3782).

4.2.3 Thermal degradation

Dried plant powder was weighed into 2 mL plastic tubes with screw caps and
reconstituted with MilliQ water to obtain 200-220 mg plant material having the same
water content as before the microwave treatment and drying. Tubes with reconstituted
samples were heated in a heating block at 100°C for 0, 15, 30 and 60 min. All heating
experiments were performed in duplicate. Temperatures were monitored inside the
sample with a thermocouple, which was placed through the cap of the tube. The average
time to reach 100°C in the samples amounted to 4 min. After the predefined heating

times, samples were cooled on ice and stored at -20°C till GL analysis.
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4.2.4 Glucosinolate analysis
GLs were analysed as desulpho-GLs by HPLC. The reconstituted and heated samples
were extracted with hot methanol (70%) and subsequently desulphated in microtiter

plates with a purified sulphatase as described in chapter 2, [79].

4.2.5 Modelling

Mathematical modelling was used as a tool to describe the thermal degradation speed
of GLs in a quantitative way. Since the molecular mechanism of GL degradation is
not known, the reaction can be described by empirical models. Equation 4.1 displays
the integral of the general rate law with respect to time for the case that the order
of the reaction equals 1 with c the GL concentration at a certain time point, ¢, the GL
concentration at time zero (without heating), k, the degradation rate constant and the
heating time t at a constant temperature. For this first order mechanism GLs are in one
limiting reaction step degraded into other products, whereby the rate is proportional to
the concentration of the remaining GLs. In several studies the first order equation has
been applied to model GL thermal degradation [32, 35, 84] and it has been shown for
the parental lines of the DH population used in this study that GL degradation follows a
first order reaction independently from the growing season (chapter 3, [90]).

—kyt
Equation 4.1: c=c e

0
4.2.6 Statistics

The Shapiro-Wilk normality test was performed using the program R to test for the
normal distribution of the data (significance level p < 0.05). The Pearson correlation
coefficients and the significance of the correlations were determined using the software
IBM SPSS Statistics 19. The Bonferoni adjustment was used to correct the significance
value for multiple testing by dividing the significance levels o = 0.05 and o = 0.01 by
the number of paired comparisons made. Analysis of Variance (ANOVA) was performed
to test for an influence of the sampling on the degradation rate constants (k,) using
the software IBM SPSS Statistics 19. No significant influence of the harvesting day
on the k, values was found for glucobrassicin, sinigrin, progoitrin, gluconapin and
neoglucobrassicin. Small differences were detected for glucoiberin and glucoraphanin

between harvesting day 1 and day 3.
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4.2.7 QTL mapping

The linkage map used for QTL analysis has been constructed with a subset of 107
DH lines of the AGDH population. The map was constructed based on restriction
fragment length polymorphism (RFLP), amplified fragment length polymorphism
(AFLP) and microsatellite markers published by Sebastian et al. [91]. The final map
was constructed with the subset of 107 DH lines using the software JoinMap 4.0. The
genetic map constructed with 210 DH lines of the population is publically available on
www.brassicainfo.com. The total length of the two maps are comparable, the length of
the individual linkage groups differ, due to a different number of DH lines used for the

map construction in this study:.

QTL mapping was performed using the Software MapQTL 6.0 [92] using the GL thermal
degradation rate constants (k, values) and the initial GL concentrations (c, values) as
phenotypic traits. The analysis started with interval mapping (IM) and a permutation
test was applied to each dataset (1000 repetitions) to decide the LOD (logarithm of
odds) threshold (p < 0.05). In this study a genome-wide LOD value of 2.7 was used as
significant threshold for the ¢, value and the k, value of the GLs glucobrassicin (indol-3-
ylmethyl-GL) and glucoraphanin (4-methylsulfinyl-GL); a genome-wide LOD of 2.8 was
used as the significant threshold for the ¢, value of glucoiberin (3-methylsulfinylpropyl-
GL) and 2.6 for the ¢, value of gluconapin (but-3-enyl-GL). The results of the interval
mapping were used to identify putative QTLs, which were selected as cofactors if their
LOD value exceeded the chromosome-wide threshold. Cofactors were verified by using
the automatic cofactor selection tool and only significant markers (p < 0.02) were used
as cofactors for the subsequent restricted multiple-QTL model mapping (RMQM). A
map interval of 5 cM was used for both IM and RMQM analyses.

The data were analysed for epistaticinteraction by regression analysis using the software
IBM SPSS Statistics 19. The peak markers of each QTL which had low missing values
were used to estimate the contributions of individual markers and their interaction to
the phenotypic variance. The individual effects and the interactions were fitted into the
regression model for the interaction of two QTL (Equation 4.2) and a p-value < 0.05 was

applied to determine the significance of the interaction.

Equation 4.2: y=p,+B,Q,+B,Q,+B0,.0Q,
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4.3 Results

4.3.1 Initial glucosinolate concentrations in the Doubled Haploid population

The GL profile and concentrations varied substantially throughout the DH population
and only few GLs could be identified in all DH lines. The most abundant GLs identified
in all of the 100 DH lines of the DH population were the aliphatic GL glucoraphanin
(4-methylsulfinylbutyl-GL) and the indolic GL glucobrassicin (indol-3-ylmethyl-
GL). Table 4.1 gives an overview of the range of initial GL concentrations (c, values)
determined in the DH population and shows the structures of the GLs including the
chemical and trivial names. Other aliphatic GLs present in most of the DH lines are
glucoiberin (3-methylsulfinylpropyl-GL), progoitrin ((2R)-2-hydroxybut-3-enyl-GL),
sinigrin (prop-2-enyl-GL) and gluconapin (but-3-enyl-GL). Furthermore, the indolic GL
neoglucobrassicin (N-methoxyindol-3-ylmethyl-GL) could be identified in 91 DH lines
with the lowest GL concentrations. The histogram of the initial GL concentrations (c,
values) of glucoraphanin and glucobrassicin are presented Figure 4.1 a & b. The Shapiro
test for normal distribution shows that both datasets are not normally distributed (p
< 0.05). QTL mapping was conducted for the initial GL concentrations (c, values) and
the results are presented in Figure 4.2 a-d. Two QTL were identified for the aliphatic GL
glucoraphanin, one on linkage group C09 (30% explained variation) and on one linkage
group CO1 (9.4% explained variation). The QTL for glucoiberin co-localises with one of
the QTL for glucoraphanin on linkage group C09 (28% explained variation), both GLs
are methylsulfinyl-GL differing by only one C-atom in their side chain. On linkage group
C07 a small QTL for another aliphatic GL, gluconapin, is located explaining 16% of the
variation. Two QTL for the initial GL concentration of the indolic GL glucobrassicin are

located on linkage group C03 (15% and 12% explained variation).
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Figure 4.1: Histogram of the initial glucoraphanin (a, RAPH) and glucobrassicin (b, GB) concentration (c,

value) in the DH population in spring 2009, bars represent the observed frequencies
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Table 4.1: Chemical structure of identified glucosinolates and range of modelled initial glucosinolate
concentrations (c, values) in the DH population in spring 2009.

Ho,

General glucosinolate structure “T‘%,’”
Structure DH lines with Concentration Average
Glucosinolate side-chain detected range range
glucosinolate (N) [umol/g FW] [umol/g FW]
H,
Glucoiberin ? NN
3-Methylsulfinylpropyl- i 65 0.011-0.321 0.096
"""" Gucoraphanine
ucoraphanin ® - 4 S -
4-Methylsifinylbutyl- Re S _~_* 100 0.006 - 1.568 0.277
S, H,
Pf;;f%fg)‘lyl_ R= 40 0.017 - 0.675 0.169
Gluconapin * R= e 60 0.028 - 1.180 0.306
But-3-enyl- Z ) )
H,
Progoitrin ® R= c—
(2R)-2-Hydroxybut-3-enyl- /Y 45 0.010 - 1.134 0.360
OH
Glucobrassicin| /:< T 100 0.008 - 0.328 0.114
Indol-3-ylmethyl- =\ 008 - 0. :
/
H
Neoglucobrassicin ' Qj//‘; 91 0.004 - 0.088 0.020
N-methoxyindol-3-ylmethyl- k= \ : : :

2 Classified as aliphatic glucosinolate according to the structure of the side chain,
! Classified as indolic glucosinolate according to the structure of the side chain

a Linkage group C01 b Linkage group C03
4.0 5.0 4
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Figure 4.2: QTLs for the initial glucosinolate concentrations (c, values) of glucobrassicin, glucoraphanin, glucoiberin
and gluconapin in spring 2009. The black horizontal line represents the genome-wide LOD value, determined with
the permutation test. ~ glucoraphanin; ...... gluconapin, -___ glucoiberin — glucobrassicin, —..LOD
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4.3.2 Glucosinolate thermal degradation rate constants

The value of the thermal degradation rate constant k,describes the steepness of the
degradation curve and is hence a quantitative measure for the rate of the GL degradation
(chapter 3, [90]). The distribution of GL degradation rate constants (k, values) of the
two most abundant GLs in the DH population is presented in Figure 4.3. The average
k, value of glucobrassicin amounted to 3.21¢10? min™ and the average k, value of
glucoraphanin amounted to 1.85¢10 min, hence the degradation of glucobrassicin
is almost twice as fast as the degradation of glucoraphanin. For both GLs the k, values
show a normal distribution throughout the DH population (Shapiro-Wilk normality
test, p > 0.05). Table 4.2 gives an overview of the variation of the k, values for all GLs
identified in the DH population. The highest variation was observed for glucoraphanin
(8.7-fold difference), whereas the variation of the k, values for the other GLs was lower
(around 3-fold). The average k,values are lower for the GLs with an aliphatic side chain
(glucoiberin, sinigrin, progoitrin, glucoraphanin, gluconapin) compared to the GLs
with an indolic side chain (glucobrassicin, neoglucobrassicin). The data show that GL
degradation is dependent on two factors: a) the structure of the GL side chain and b)
on the plant matrix, as illustrated by the distribution of the GL degradation throughout
the DH population. Furthermore, the low correlation coefficients between the k, and
the ¢, values (Table 4.2) show that the GL degradation is not dependent on the initial

GL concentration.

Table 4.2: Variation of the glucosinolate thermal degradation (k, values) for all the GLs identified in the DH

population and the correlation with the initial glucosinolate concentrations (c, values) in spring 2009.

Glucosinolate Max.

Mean k, value Range k, Correlation k, - ¢,

(pre])s;rﬁrilgsx;n of k,-10%[min™] k,-10%[min™] dig?;ﬁ;l)ce values ™
_ Glucoiberin®(65) 126 066-204 3T 0038
,,,,, Progoitrin*(45) 144 063-246 39 0174
,,,,,, Sinigrin®(40) 165 100-230 23 0191

Glucoraphanin ® (100) 1.85 0.34-3.00 8.7 -0.044
 Gluconapin®(60) 191 080-274 34 0117
© Glucobrassicin (100) 321 155-463 30 0027
* Neoglucobrassicin (91) 252 164-421 29 0193

" None of the correlations was significant (p > 0.05)
2 Classified as aliphatic GL according to the structure of the side chain,
IClassified as indolic GL according to the structure of the side chain
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4.3.3 Correlation of thermal degradation of different glucosinolates

As shown in Table 4.1, the GL concentrations varied throughout the DH population and not
all GLs could be identified in all the DH lines. In order to determine if the degradation of
different GLs in the same DH lines are correlated, the k d values of two different GLs present
in the same DH lines were plotted against each other. As an example, the plot of the k, values
of the aliphatic GL glucoraphanin against the k, values of the indolic GL glucobrassicin is
shown in Figure 4.4, which shows a positive linear relationship. To estimate the strength
of the relationship between the k, values of all different GLs, the Pearson correlation
coefficients and significances were calculated (Table 4.3). For all the possible combinations
of the different GLs positive correlations were found. All was observed were strong (r > 0.5);
except for neoglucobrassicin (r < 0.5) with glucoiberin and sinigrin, but all the correlations
are significant (p < 0.05) and most of the correlations are highly significant (p < 0.01). The
strongest correlations (r > 0.9) were observed for the aliphatic GLs gluconapin with sinigrin
and gluconapin with progoitrin. Gluconapin and sinigrin are both alkenyl-GLs, which differ
in their side chain only by one CH,-group. The side chain of progoitrin consists also of an
alkenyl-group with the only modification compared to gluconapin being a hydroxyl-group at
the second C-atom. The k, values of glucoraphanin and glucoiberin are also highly correlated
(r = 0.886), which are both sulfinyl-GLs with one CH,-group difference in their side chains.
The correlations for GLs with structurally different side chains are less strong, for example
the aliphatic GL glucoraphanin versus the indolic GL glucobrassicin (r = 0.771). The linear
correlation of the k, values of different GLs in the same DH lines indicates that similar factors
influence the thermal degradation of structurally different GLs. The influencing factors for
the degradation of aliphatic GLs may differ from the influencing factors for the degradation of

indolic GLs, since the correlation between k, values of aliphatic and indolic GLs is less strong.
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Table 4.3: Correlation coefficients of the k, values for glucosinolate thermal degradation of the DH population
in spring 2009 for the different glucosinolates, when they were present in the same DH lines (Abbreviations:
aliphatic GLs: glucoiberin (IB), progoitrin (PRO), sinigrin (SIN), glucoraphanin (RAPH), gluconapin (NAP);
indolic GLs: glucobrassicin (GB), neoglucobrassicin (NEO)).

k,2009 IB PRO SIN RAPH NAP GB NEO
IB 1 0.577* 0.586** 0.886™* 0.514* 0.658** 0.410*
PRO 0.577* 1 0.871** 0.799** 0.928** 0.604** 0.557**
SIN 0.586** 0.871** 1 0.734** 0.940** 0.677** 0.489*
RAPH 0.886** 0.799** 0.734** 1 0.832%* 0.771** 0.543**
NAP 0.514* 0.928** 0.940** 0.832** 1 0.750** 0.530**
GB 0.658** 0.604** 0.677** 0.771** 0.750** 1 0.584**
NEO 0.410** 0.557** 0.489* 0.543** 0.530** 0.584** 1

** Correlation is significant at the level 0.01 (2-tailed, corrected for multiple testing: a < 0.00048);

* Correlation is significant at the level 0.05 (2-tailed, corrected for multiple testing: a < 0.00238)

4.3.4 Quantitative trait loci analysis of glucosinolate thermal degradation

To test the hypothesis if the variation in GL degradation can be explained genetically,
QTL mapping was performed for GL thermal degradation using the degradation rate
constants (k, values) obtained from modelling the measured GL concentrations after
several heating times using the first order equation (Equation 4.1). Two significant
QTLs could be identified for GL degradation (Figure 4.5). The major QTL was identified
on linkage group C09, which explains 13.6% of phenotypic variation for glucobrassicin
(LOD = 3.7) and 12.2% of the phenotypic variation for glucoraphanin (LOD = 3.5).
Furthermore, for the degradation of glucobrassicin a second QTL (LOD = 3.24) was
identified on linkage group C07, explaining another 11.4% of the phenotypic variation.
QTL mapping for the GLs, which were present in less than 100 DH lines, did not result in
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any significant results, probably due to the lower number of data. The co-localization of
one QTL for the degradation of glucobrassicin and glucoraphanin suggests that there are
common genetic factors involved in the degradation of the two GLs. No epistatic effects
were found for the two QTLs identified for the degradation of glucobrassicin using
regression analysis (p > 0.05). As shown in Table 4.2, the GL degradation rate constants
(k,values) are independent from the initial GL concentration. This result was confirmed
by QTL mapping of the initial GL concentrations of glucoraphanin and glucobrassicin,

which did not co-localise with the QTLs for GL degradation (Figure 4.2).
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Figure 4.5: QTLs for glucosinolate thermal degradation of glucobrassicin and glucoraphanin in spring 2009,
the black horizontal line represents the genome-wide LOD value, determined with the permutation test.

— glucoraphanin; — glucobrassicin, —.. LOD

4.3.5 Influence of the season on the glucosinolate thermal degradation

To test if the GL degradation is reproducible, ten DH lines selected to cover the observed
range of GL degradation rate constants for glucobrassicin and glucoraphanin in spring
2009 were grown in 2011 in the same season and treated in the same way as in spring
2009. The obtained first order degradation rate constants (k, values) were compared
(Figure 4.6). The k,values for glucoraphanin were between 23% lower and 120%
higher in spring 2011 compared to spring 2009 (Figure 4.6a) and the k, values for
glucobrassicin were between 22% lower and 72% higher in spring 2011 compared to
spring 2009 (Figure 4.6b). The observed range of k, values was smaller in spring 2011
compared to spring 2009 for glucobrassicin and glucoraphanin. Furthermore, Figure
4.6 illustrates that in most of the DH lines a change in the k, value in 2011 compared
to 2009 for glucobrassicin was associated with a change in the same direction in the k,
value for glucoraphanin. For that reason the Pearson correlation coefficients for the k,
values of different GLs in spring 2011 were calculated (Table 4.4). The k, values of the

different GLs are all strongly correlated (r > 0.5), although only some correlations are
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significant. A strong correlation of the degradation of different GLs in the same DH lines
was also found in spring 2009. However, the k, values of the same GLs in spring 2009
and spring 2011 are not correlated (r < 0.5, not significant, Table 4.5). The correlation of
the kd values of different GLs within each season indicates again, that there are common
factors in the DH lines influencing the GL thermal degradation which are affected by the
environment. The initial GLs concentrations were found to be independent from the
k, values in spring 2011 for most of the GLs (correlations not significant), similar as it
was shown for the DH population in spring 2009. In contrast to the k, values, the initial
GL concentrations (c, values) of the same GLs are significantly correlated between the
seasons, except for glucobrassicin and neoglucobrassicin, which were present at low

levels compared to the aliphatic GLs.
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Table 4.4: Correlation coefficients for glucosinolate thermal degradation (k, values) of a subset of the DH
population (10 lines) in 2011, when present in the same DH lines (Abbreviations: aliphatic GLs: glucoiberin
(IB), progoitrin (PRO), sinigrin (SIN), glucoraphanin (RAPH), gluconapin (NAP); indolic GLs: glucobrassicin
(GB), neoglucobrassicin (NEO)).

k,2011 IB PRO SIN RAPH NAP GB NEO
IB 1 0.963 0.862 0.929* 0.894 0.874 0.973*
PRO 0.963 1 0.881 0.976 0.963 0.961 0.920
SIN 0.862 0.881 1 0.871 0.919 0.809 0.785

RAPH 0.929* 0.976 0.871 1 0.867 0.944* 0.898*
NAP 0.894 0.963 0.919 0.867 1 0.878 0.971
GB 0.874 0.961 0.809 0.944* 0.878 1 0.835
NEO 0.973* 0.920 0.785 0.898* 0.791 0.835 1

* Correlation is significant at the level 0.05 (2-tailed, corrected for multiple testing: o < 0.00238)

Table 4.5: Correlation coefficients for glucosinolate thermal degradation (k, values) and the initial
glucosinolate concentrations (c, values) of a subset of the DH population (10 lines) in 2011 and correlation

with values determined in the same DH lines in 2009, when present in the same DH lines.

Glucosinolate Correlation k, - c, Correlation k, Correlation ¢,
values 2011 2009 -2011 2009-2011
Glucoiberin 0.160 -0.257 0.926**
Progoitrin 0.963** 0.063 0.998**
T smgan 0s99 0281 0992
Glucoraphanin 0.356 -0.217 0.944**
"""""" Glconapin  -0261 0300 o097
7 Glucobrassicn - o195 0005 osa1
""""" Neoglucobrassicn 038 033 091

** Correlation is significant at the level 0.01 (2-tailed), * correlation is significant at the level 0.05 (2-tailed)
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4.4 Discussion

A publically available DH population, obtained by crossing a broccoli genotype with a
Chinese kale genotype [71], was used to study a novel agronomic trait, GL degradation
rate during food processing. A mechanistic approach was applied by studying the
GL degradation solely induced by heat without degradation caused by the enzyme
myrosinase. Previous research has shown that enzymatic degradation during processing
of Brassica vegetables is far less important for GL loss than thermal degradation.
Experimental data on GL thermal degradation have been modelled to obtain first order
rate constants (k, values) to compare the degradation speed of the GLs in different
DH lines. A rapid method for quantitatively determining the rate constants was used
(chapter 3,[90]). Threefold difference in GL degradation rate constants throughout
the DH population were observed for most of the GLs, except for glucoraphanin which
differed by 9-fold. GL degradation in the parental lines was investigated in autumn 2010
and spring 2011 (chapter 3, [90]). The degradation rates of structurally identical GLs
did not differ significantly between the parental lines, a Chinese kale and a broccoli,
within each season; however, a large variation for GLs degradation rate constants in
the DH progeny was observed, a phenomenon called transgressive segregation, which
occurs especially if multiple genetic locus controls the trait and when both parents have

alleles with opposite effects at the different loci [93].

Previously, thermal degradation of the GLs gluconapin, glucobrassicin and
4-methoxyglucobrassicin was studied in five different Brassica vegetables by Dekker et al.
[35]. The highestdifference in GL degradation rates, 21-fold, was observed for gluconapin
between broccoli and Brussels sprouts, whereas 6-fold difference were found for the
degradation rates of glucobrassicin and 4-fold difference for 4-methoxyglucobrassicin
between red cabbage and Brussels sprouts. Dekker et al. [35] suggested differences in
the reaction environment caused by the different plant matrices of the vegetables as a
reason for the differences in GL degradation. The term “plant matrix” refers here to the
metabolite composition which is the biochemical basis of a vegetable since fully ground
tissue was used to study GL thermal degradation and hence the cell and tissue structure
does not influence GL degradation. In our study, the differences in GL degradation
rates throughout the DH population were smaller than in the study of Dekker et al.
[35], who investigated very different edible parts of each studied vegetable, which are

the inflorescences of Broccoli, the auxiliary buds of Brussels sprouts, the leaves of the
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cabbages and pak choi at commercial maturity bought in a supermarket. The vegetables
are likely produced in different geographical regions and had different transport and
storage histories. So the observed differences in that case were the combined effect of
growing conditions, genetic variation, developmental variation and plant age. The DH
lines of the DH population in this study were grown in the same conditions and the
same organs were investigated, which is likely the reason for smaller differences in the
plant matrix and hence a smaller differences in the GL degradation rates. Additionally,
the DH population reflects only the genetic variation of two parents which is only part
of the variation within the species. Identified factors in the plant matrix that influence

GL degradation rates are pH and water content [31, 84].

In our study we could identify two QTLs for the degradation of glucobrassicin, explaining
in total 25% of the explained variation. One QTL was identified for the degradation
of glucoraphanin, explaining 12% of the phenotypic variation, which co-localised
with one of the QTL identified for the glucobrassicin degradation. With these results
the hypothesis, that there is a (partly) genetic regulation of GL degradation, can be
accepted. The genetic regulation of GL degradation is most likely indirectly via factors
in the plant matrix influencing the stability of GLs during heat treatment. The two
QTLs identified for the degradation of glucobrassicin and the transgressive segregation
show that GL degradation is a complex trait with several loci involved. Furthermore,
the GL degradation appears to be strongly affected by the season and year. In the
parental lines, thermal degradation was between 20% and 80% higher in spring 2012
compared to autumn 2011 depending on the type of GL (chapter 3, [90]). In contrast
to the GL degradation in the parental lines, the degradation of the GLs in subset of the
DH population (10 DH lines) was in some DH lines increased and in some DH lines
decreased between the two seasons, which indicates that the factors that form the plant
matrix were differently affected by the season in different DH lines. The correlation of
the degradation of different GLs within both seasons, suggests that the same factors in
one DH line influence the degradation rate of different GLs. These factors, which may
be specific metabolites, are assumed to be not only affected by the genotype of the DH
line, but also by the environment, since the GL degradation of the same GL was not

correlated between the two years.

The presented correlation data demonstrate that the speed of the GL degradation is
independent from the initial GL concentration in the DH population. Furthermore,
the identified QTLs for GL degradation do not co-localise with the identified QTLs
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for the initial GL concentration. Several studies have been conducted to elucidate the
genes involved in GL biosynthesis, such as the AOP-family (2-oxoglutarate-dependent
dioxygenase), MAM-family (methylthioalkylmalate synthase) and MYB-family [41, 57,
85]., Lou et al. [87] predicted the AOP genes on two homologous loci, one on linkage
group A03 and another one on linkage group A09, in Brassica rapa. The QTLs for the
initial GL concentration in this Brassica oleracea population mapped on linkage group
C03 and on top of linkage group C09; the genes underlying these QTLs are possibly AOP

due to the synteny between the B. oleracea and B. rapa genome.

The precise factors underlying the differences in GL degradation between the
different DH lines remain unknown. If oxygen played a role in GL thermal degradation,
antioxidants are possible substances to prevent GL degradation. Possibly a combination
of several factors determines the GL degradation speed in a DH line. The identification
of GL thermal degradation products in broccoli sprouts showed that the corresponding
nitriles are the dominant breakdown products and the corresponding isothiocyanates
are formed in minor quantities [36]. Since the thermal breakdown products are the
same as the enzymatic breakdown products formed by myrosinase (only the profile
is different), it can be speculated that during heating the glucose is hydrolysed from
the GL leaving the same unstable intermediate as in the enzymatic breakdown,
which rearranges into nitriles and isothiocyanates. However, the formed breakdown
products do not provide information about the factors influencing GL degradation. The
identified QTL regions are too large to scan for orthologous genes with an assigned
function in Arabidopsis, because there is no indication which type of genes could cause
the differences in GL degradation. Fine mapping of the DH population is an option to
narrow down the number of genes. Further analysis of the metabolic composition of the

DH lines will shed light on the factors retarding or increasing GL degradation.

QTL studies for food processing traits have not been performed frequently, only two
examples were found in literature: One on the colour retention during canning of black
beans [94] and one on the pasting properties of barley [95]. Both authors identified
multiple QTL on several chromosomes which were affected by the environmental and
growth conditions. These studies, similar to the presented study on GL degradation,
show that food processing traits are complex traits and the genes underlying these
traits are not known or only partly known. QTL studies could not only facilitate marker-
assisted breeding to select for varieties that perform better during food processing,

but also represent the first steps toward identification of the genes responsible for
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these QTLs. Identifying these genomic regions is the first step towards understanding
the mechanism of GL degradation and identification of factors that influence this

degradation.

In conclusion, this study shows that QTL mapping for GL degradation rate constants
during food processing is possible and gives new opportunities to develop vegetables
with an increased retention of their health promoting properties during industrial
processing or home cooking. Breeding for vegetables with a high retention of GLs during
processing can complement the development of vegetables with high initial GL content
to obtain vegetables with a high concentration of health promoting compounds at the

stage of consumption.
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CHAPTER 5

Abstract

Thermal processing of Brassicavegetables canlead to substantial loss of potential health-
promoting glucosinolates. The extent of thermal degradation of a specific glucosinolate
varies in different vegetables, possibly due to differences in the composition of
other metabolites within the plant matrices. An untargeted metabolomics approach
followed by random forest regression was applied to identify metabolites associated
to glucosinolate thermal degradation in a segregating Brassica oleracea population.
Out of 413 metabolites, 15 were significantly associated with the degradation rate
constant of glucobrassicin, 6 with the rate constant of glucoraphanin and 2 with both
GL degradation rate constants. Among these twenty-three different metabolites three
were identified as flavonols (one kaempferol- and two quercetin-derivatives) and two
as glucosinolates (4-methoxyglucobrassicin, gluconasturtiin). Twenty quantitative trait
loci (QTL) for these metabolites that were significantly associated to glucoraphanin
and glucobrassicin degradation were identified on linkage groups C01, C07 and C09.
Two flavonols mapped on linkage groups C07 and C09 and co-localise with the QTLs for

glucosinolate degradation determined previously.

Keywords
metabolomics, LC-QTOF-MS, glucosinolates, thermal degradation, food processing,

Brassica oleracea, flavonols, random forest regression
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5.1 Introduction

Brassica vegetables contain a specific group of phytochemicals, glucosinolates (GLs)
that are almost exclusively found in this plant family. GLs coexist with an endogenous
enzyme, myrosinase (E.C. 3.2.1.147), in the plant tissue but physically separated to avoid
hydrolysis until tissue damage. Epidemiological and mechanistic studies have shown
health protective effects of GLs and their enzymatic hydrolysis products against several
types of cancer, for example colon, colorectal, breast, bladder and prostate cancer [15].
However, as a result of food processing of Brassica vegetables the amount of GLs can
be lowered substantially and hence there is growing interest to minimize losses during
vegetable processing. Several mechanisms lead to losses of GLs during food processing:
a) enzymatic breakdown of GLs, b) leaching of GLs and breakdown products into the
cooking water and c) thermal degradation [23]. The term thermal degradation refers
to the degradation solely induced by heat. Losses of 78% of the total GLs caused by
thermal degradation were estimated during canning of red cabbage [32]. Thermal
degradation in Brussels sprouts reduced one type of GL, the indolic glucobrassicin
by 60% after heating for 15 min at 100°C [35]. It has been shown that the thermal
degradation is dependent on the chemical structure of the GL [31, 32], but also on the
reaction environment, i.e. vegetable matrix, since the thermal degradation of chemically
identical GLs differs in different vegetables [35]. It was hypothesised that the different
matrices in these vegetables caused the differences in GL degradation. In this chapter,
the term “matrix” refers to metabolites and other components present in the vegetables,
since fully ground tissue was used to determine the thermal degradation and influences
of the cell walls and tissue structure could be excluded [35]. The metabolite composition
of plants is (partly) genetically determined [96], hence we hypothesised that thermal
degradation of GLs can be (partly) genetically regulated. Quantitative trait loci (QTL)
mapping is the association of quantitative traits with molecular markers and is one
possibility to identify genetic regions [50]. If GL degradation is genetically regulated,
QTL may be identified for this trait and may help plant breeders in developing Brassica
vegetables with an improved matrix for thermal stability of GLs. The genetic effects of
thermal degradation have been investigated in chapter 4 [97], where QTLs explaining
part of the variation in thermal degradation were identified. Furthermore, it has been
shown in another study that environmental factors like the growing season influence
thermal degradation (chapter 3, [90]). From these results the question arises which

mechanism underlies the identified QTLs.
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Metabolomics is an important comparative tool to study global metabolite levels of e.g.
plant materials treated with various conditions. Untargeted metabolomics approaches
are used to measure as many metabolites as possible to obtain patterns or fingerprints of
processed food samples [52, 53]. Since there is yet no knowledge on which metabolites
can influence GL thermal degradation, an untargeted metabolomics approach is a
promising tool to associate differences in metabolite composition to differential GL
thermal degradation. In the present study an untargeted LC-MS-based metabolomics
approach was applied to test if GL thermal degradation during food processing can be
associated to metabolites. If certain metabolites influence the degradation rate of GLs,
breeding for changing the concentrations of these metabolites can result in improved
stability of GLs during food processing. The screening and selection for genotypes by
analysing their concentration of certain metabolites is less laborious than testing the
GL degradation during food processing in different genotypes. Hence the knowledge of
metabolites influencing GL thermal degradation will facilitate breeding for vegetables
with a high retention of GLs during food processing and will help to maximize the health

promoting effects of GLs in Brassica vegetables at the stage of consumption.

5.2 Materials and methods

5.2.1 Plant material

A Doubled haploid (DH) population, developed by Bohuon et al. [71], was used to study
GL thermal degradation. This population was developed by crossing two DH parents, a
rapid-cycling Chinese kale line, B. oleracea var. alboglabra (A12DHd), and a Calabrese
broccoli line, B. oleracea var. italica (GDDH33), through microspore culture of the F,.
A total of 100 DH lines of the DH population were grown in spring 2009 and a subset
of 10 DH lines was grown again in spring 2011. Growing, harvesting and subsequent
microwave treatments to inactivate the myrosinase were performed as described in the

materials and methods of chapter 4.

5.2.2 Sample treatment

A preliminary study was performed to investigate the effect of heating on the metabolite
composition of three DH lines of the DH population grown in 2009 and 2011 (AG6105,
AG1017 and AG6026). The lines were selected based on previously determined thermal
degradationrate constants (k) of glucoraphanin (4-methylsulfinylbutyl-GL, compound 1
in Figure 5.1) and glucobrassicin (Indol-3-ylmethyl-GL, compound 2 in Figure 5.1) which
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were the GLs present in all lines of the DH population (chapter 4). Thermal degradation
rate constants were calculated by modelling the measured GL concentrations over the
heating time at 100°C (0, 15, 30 & 60 min) using a first order kinetics as described
in chapter 3, [90]. The degradation rate constant (k,) describes the steepness of the
degradation curve. Plant material that was not microwaved was analysed without
heating, whereas the microwaved material (with inactivated myrosinase) was used for
the heating study. Dried plant powder was reconstituted with MilliQ water to obtain
0.5 g plant material having the same water content as before the microwave treatment
and drying. Closed tubes containing this plant material were then placed in a heating
block at 100°C for 0, 15, 30 and 60 min. The average time for samples to reach boiling
point (100°C) was 4 min. After heating, samples were quickly cooled on ice and stored

at -20°C till metabolite analysis.

The preliminary study showed a main effect of the genotype and a smaller effect of
the heating step on the metabolite profiles. Hence the metabolites of 85 DH lines were

analysed in the main study in the microwaved plant material, without further heating.

HO,

HO,
jo
S ﬁou | s\%o“
HO, OH
o l h| HO' 0 HO, | Ho o
N Noso- N

|5\ s P on h 0805 o ~osor

e \/\/\r o H s ol
| HO I | on

Noso- glucobrassicin {2) y HO gluoonasturtiin_(4)
) (indol-3-yimethylglucosinolate) / Sosos (Phenylethylglucosinolate)

glucoraphanin (1) "

(4-methylsulfinylbutylglucosinolate) 4-methoxyglucobrassicin (3)
(4-methoxyindol-3-
ylmethylglucosinolate)

Figure 5.1: Chemical structures of some glucosinolates identified in the DH population

5.2.3 Metabolite profiling

Extraction of semi-polar metabolites was performed according to De Vos et al. [98]. For
the preliminary experiment the reconstituted samples (corresponding to 0.5 g fresh
weight) were extracted with 1.5 mL methanol (99.867%) acidified with formic acid
(0.133%) and shaken with a vortex immediately. Based on 95% water in the plant tissue
the final solvent concentration is 75% methanol with 0.1% formic acid. The dried plant
material corresponding to the amount presentin 0.5 g fresh weight of the 85 lines from
the main study was directly extracted with 1.5 mL methanol (75%) acidified with 0.1%

formicacid. Metabolites were extracted by 15 min sonication at 40 kHz and subsequently
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centrifuged at 20 000g at room temperature. The supernatants were filtered through 0.2
um PTFE filters, transferred into vials and analysed directly. All samples were extracted
and analysed in a randomised order. Chromatographic separation was performed on a
Luna C18 column (2.0x 150 mm, 3 um pore size, Phenomenex) on a Waters Alliance HPLC
and detected by photodiode array detector (Waters 2997) followed by an accurate mass
QTOF-MS (Waters QTOF Ultima) operating in negative ionization mode. LC gradient and
MS settings were as described in De Vos et al. [98].

5.2.4 Data processing

The software MetAlign (www.metalign.nl; [99]) was used for peak picking at a minimal
signal to noise ratio of 3 and for ion-wise mass spectral alignment. Subsequently peaks
present in at least 3 samples at an intensity of at least 3 times the noise were selected,
leaving 1310 reproducible and reliable mass features. Absent values were replaced by
randomised values between 2.5 and 3 times the noise. Afterwards, 413 metabolites were
reconstructed by using the tool MSClust, in which an unsupervised clustering method
based on similarities between mass features of both chromatographic retention time and
relative abundance over samples is applied [100]. The annotation of the reconstructed
metabolites was based on in-house metabolite databases of accurate masses combined
with experimentally obtained retention times, as well as based on accurate masses
of known broccoli metabolites as published by Vallejo et al. [101]. The metabolite
annotations were divided into 4 different identification levels, according to Sumner et
al. [102]. The elemental composition calculator of the MassLynx acquisition software
(Waters) of the LC-QTOF MS was used to calculate elemental compositions based on
accurate masses and isotopic fit for the metabolites that could not be annotated with

other databases.

5.2.5 Statistical analyses

From each reconstructed metabolite (mass cluster) the ion with the highest intensity
within the mass cluster (SIM) was selected and subjected to statistical analysis. Data
were log transformed and mean centred prior to principal components analysis
(PCA), which was performed using the software Latentix™ 2.11 (http://www.latentix.
com). The software Multiexperiment viewer (http://www.tm4.org/mev/about,
[103]) was used to perform hierarchical cluster analysis after log transformation of
the data using Euclidean distance and weighed average linkage clustering algorithm.

Pearson correlation coefficients were calculated with previously determined thermal
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degradation rate constants (k, values) and log intensities of the selected mass signals
from 413 metabolites using Microsoft Excel 2010.

Random forest regression [104] was performed using the Random Forest library in R
statistical software (http://www.r-project.org/) to relate the previously determined
GL thermal degradation rate constants (k, values) of glucobrassicin and glucoraphanin,
separately, to the log transformed intensity values of the 413 metabolites measured
with LC-MS. Random forest importance values (i.e. the increase in mean squared
error (MSE) after permutation of each individual metabolite) were used to quantify
the relevance of individual metabolites (as ranked in Table 5.2). Significance of the
Random Forest models and of the individual metabolites was assessed using a second
permutation approach: here the response was permuted 100 times and the random
forest model was re-run with the permuted data, and importance values were stored for
all metabolites. Then the 95%-percentiles of R? values (for significance of the model) and
the importance values were used as threshold levels for significance. For glucoraphanin
the 95% percentile of the R? value was 3.3% and for glucobrassicin 3.4%. The random
forest prediction values R? represent the explained variance for the samples which were
not used to build the random forest model (out of the bag samples) and were predicted

using the built model over all metabolites.

5.2.6 QTL mapping

The linkage map, used for QTL analysis, has been constructed with a subset of 107 DH
lines of the AGDH population. The map was constructed based on restriction fragment
length polymorphism (RFLP), amplified fragment length polymorphism (AFLP) and
microsatellite markers published by Sebastian et al. [91]. The final map was constructed
with the subset of 107 lines using the software JoinMap 4.0. The genetic map constructed
with 210 lines of the plant population is publically available on www.brassicainfo.com.
The total length of the two maps are comparable, the length of the individual linkage
groups differ, due to a different number of plant lines used for the map construction in

this study.

QTL mapping was performed using the Software MapQTL 6.0 [92] using the GL
degradation rate constants (k, values) of glucobrassicin and glucoraphanin (compounds
1 & 2 in Figure 5.1) determined in chapter 4, and from each metabolite the single ion
fragment with the highest intensity (SIM) as phenotypic traits. The analysis started
with interval mapping (IM) and a permutation test was applied to each dataset (1000
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repetitions) to decide the LOD (logarithm of odds) threshold (p < 0.05). In this study
an average genome-wide LOD value of 2.8 was used as significant threshold for the
degradation rate constants and the metabolites. The results of the interval mapping were
used to identify QTLs, which were selected as cofactors if their LOD value exceeded the
chromosome-wide threshold. Cofactors were verified by using the automatic cofactor
selection tool and only significant markers (P < 0.02) were used as cofactors for the
subsequent restricted multiple-QTL model mapping (RMQM). A map interval of 5 cM
was used for both IM and RMQM analyses.

5.3 Results

5.3.1 Metabolite profiling during processing of three DH lines grown in two
different years

In order to estimate differences in semi-polar metabolite profiles between genotypes
and growing year, three doubled haploid (DH) lines of the DH population were selected
for LC-MS analysis in a preliminary experiment. Since the aim of this study was to test
whether metabolites related to GL thermal degradation rates can be identified, these
three lines were selected based on their differences in degradation rate constants (k)
determined in a previous study. The k, value of DH line AG 6105 increased in 2011
compared to 2009, for DH line AG 1017 it remained almost constant and for DH line
AG 6026 it decreased (Table 5.1) & (chapter 4). To investigate the effect of heating on
metabolite profiles, leaves of three DH lines grown in two different years were analysed
fresh (without prior microwave treatment), after microwave treatment (time point
0) and after heating at 100°C up to 60 min. From these LC-MS data 227 metabolites
were extracted in all the samples with varying concentrations. Hierarchical cluster
analysis (HCA) showed three main clusters each representing a different genotype.
Each genotype cluster is separated again based on the growing year and the smallest
clusters are formed by changes in metabolite composition during heating (Figure 5.2
A). Similar effects were visible in the principle component analysis (PCA, Figure 5.2
B, C): the first PC (x-axis) separates all genotypes from each other and in the second
PC (y-axis) effects of both the genotype and the growing years are visible. The first
two components account for 57% of the variance, hence it is concluded that the main
factors influencing metabolite composition was firstly the genotype and secondly the
growing year. The effect of processing is clearly expressed in PC 4 only (11% explained

variance): all the fresh samples are located in the positive part of PC 4 and processing
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times are increasing in the negative direction of PC4. Genotype AG6105 showed the
lowest GL degradation rate constant in 2009 and genotype AG6026 showed the highest
rate constant in 2009, whereas the rate constants of the genotypes AG6105, AG6026 in
2011 and AG1017 in both years are very similar (Table 5.1).
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Figure 5.2: Dendogram of hierarchical cluster analysis (HCA) and scores plots of principle component
analysis (PCA) of metabolite profiles (SIM) of three doubled haploid lines, grown in two years and processed
for several time points. Sample codes first represent the growing year, followed by the processing time: F =
fresh sample, 0 = microwaved sample, 15 = microwaved & 15 min heated, 30 = microwaved & 30min heated,
60 = microwaved and 60 min heated at 100°C. One colour represents one genotype: green = AG6026, pink =
AG1017, blue = AG6105. Figure A: Dendogram from HCA, B: x-axis = PC1, y-axis = PC2; figure C: x-axis = PC1,
y-axis = PC4.
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Table 5.1: Glucosinolate thermal degradation rate constants (k, value) in three different DH lines of the
DH population for two different types of glucosinolates in two growing years determined in chapter 4. Rate
constants were determined by modelling glucosinolate concentrations over the heating time using a first

order kinetics. The rate constants describe the steepness of the degradation curve.

DH line k,value glucobrassicin [min™'] k,value glucoraphanin [min]
2009 2011 2009 2011
AG 6105 0.019 0.033 0.011 0.024
AG 1017 0.038 0.034 0.019 0.023
AG 6026 0.045 0.035 0.030 0.023

No separation in the PCA according to this pattern could be observed. In summary, HCA
and PCA show that the overall LC-MS profile of the selected DH lines was most affected
by genotype while thermal treatment had much smaller effects. For the main study
of this chapter it was therefore sufficient to only analyse the metabolite profiles after

microwave blanching to inactivate myrosinase, without further heating.

5.3.2 Metabolite profiling of the segregating Brassica population

A more comprehensive study was performed by analysing semi-polar metabolites
in leaves of 85 lines from the DH population (all grown within the same year), after
microwave treatment, without further heating (i.e. time point 0 of thermal treatment).
From the LC-MS data, a total of 413 reconstructed metabolites was detected and HCA
based on the relative intensities of these metabolites revealed four main clusters
of genotypes (Figure 5.3A). One of these clusters was separated by PC1 (22% of the
explained variance), whereas the other clusters did not show clear groupings (Figure
5.3B). The genotypes in the scores plot are coloured according to the GL degradation
rate constants of glucobrassicin (compound 2 in Figure 5.1). The genotypes with higher
glucobrassicin degradation rate constants tend to be in positive direction of PC2 (15.5%
explained variance) and the genotypes with lower degradation rate constants tend
to be in the negative direction of PC2, but there is no clear separation. The loadings
plot (Figure 5.3C) of the first two PCs did not show a separation of the metabolites,
likely because the analysed population is a segregating population with a continuous
variation of traits throughout the population. PCA could not reveal a relation between

GL degradation rate constants and metabolite variation.
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5.3.3 Relating metabolites to glucosinolate degradation rate constants

Subsequently, random forest regression [104] was used to relate the GL degradation rate
constants of the two GLs present in all the lines of the DH population (compound 1 & 2
in Figure 5.1) to the relative intensities of the 413 LC-MS metabolites. The random forest
prediction values (R?) are a measure of the performance of the model and represents
the explained variance for the samples which were not used to build the random forest
model over all metabolites. The R? value of the model was 27.0% for glucobrassicin
and 8.3% for glucoraphanin, which are both above the significance threshold (3.4%).
These results show that the GL degradation rate constants could be partly predicted
using a set of semi-polar metabolites. Seventeen metabolites significantly contributed
to the explained variance of the degradation rate constant of glucobrassicin and eight
metabolites contributed to that of glucoraphanin (Table 5.2). The metabolites are ranked
based on the contribution of each compound to the prediction of the degradation rate
constant of both GLs, while the correlation coefficient indicates the direction of the
effect. Ten metabolites were positively correlated to the degradation of glucobrassicin,
while seven metabolites were negatively correlated. With regard to degradation of
glucoraphanin, four metabolites were positively correlated and four metabolites were
negatively correlated. The metabolite information and their putative identities are given
in Table 5.2. Two GLs, i.e. 4-methoxyglucobrassicin (GB 16 & GR 4, compound 3 in Figure
5.1) and gluconasturtiin (GR 7, compound 4 in Figure 5.1), are negatively correlated to
the degradation of glucoraphanin, while 4-methoxyglucobrassicin was also negatively
correlated to the degradation of glucobrassicin. These negative correlations suggest a
lower degradation with increasing amounts of these two compounds. Two quercetin-
derivatives (GB 10 & GB 14 in Table 5.2) were positively correlated to the degradation
rate constants of glucobrassicin, while eight other yet unknown metabolites were
also positively correlated to the degradation rate constant of glucobrassicin. Another
flavonol-derivative (GB 6) showed no correlation (r = -0.03) with the degradation rate

constants of glucobrassicin.

As shown in Figure 5.2, heating alters the overall metabolite composition, although the
effect of the genotype was much stronger in the three DH lines tested. To check the
thermal stability of those identified metabolites that were significantly correlated to the
GL degradation rate constants in the entire DH population, the preliminary dataset with
the thermal treatment was re-evaluated for these compounds. Observed peak intensities

of both, the two GLs and the three identified flavonol-derivatives over different heating
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times are displayed in Figure 5.4. In all three DH lines the degradation of these GLs varied

between 0% and 60% after 15 min of heating, whereas the three flavonol-derivatives

were not degraded. Sixty min of heating degraded these GLs completely. In contrast, the

three flavonol-derivatives were degraded by only 20% after 60 min of heating.
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5.3.4 Quantitative trait loci mapping of the metabolites

QTL mapping was performed for those metabolites which were significantly associated

with GL thermal degradation, in order to check whether the QTLs for these metabolites

and the QTLs for GL degradation rate constants overlap. The QTLs on linkage groups
C01, C07 and CO09 (where most of the identified QTLs are located) are displayed in
Figure 5.5 together with the QTLs of the GL degradation rate constants determined in

our previous study on the same plant material (chapter 4).
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QTL of metabolites significantly associated to the degradation rate of glucobrassicin
The QTL of two metabolites (GB 3, GB 10 in Table 5.2) associated to the degradation rate
constant of glucobrassicin co-localised with the QTL for the degradation rate constant
for glucobrassicin on linkage groups C09 and C07. The metabolite GB 10 was identified
as quercetin-3-sophoroside-7-glucoside-2-caffeoyl whereas metabolite GB 3 could
not be identified yet. The QTL of two other metabolites (GB 12, GB 14; Table 5.2) co-
localised with the locus for the degradation rate constant of glucobrassicin, which was
present on linkage group C09, while the QTL of another five metabolites (GB 1, GB 2, GB
4, GB 7, GB 11; Table 5 2) co-localised with the locus for the degradation rate constant
of glucobrassicin on linkage group C07. Metabolite GB 14 was identified as quercetin-3-
sophoroside-7-glycoside, whereas the other metabolites could not be identified yet. Two
of these nine metabolites mapping on linkage groups C07 and C09 were identified as
flavonol-derivatives and show a co-localization with the yet unknown five metabolites.
The intensities of these nine metabolites are positively correlated with the degradation
rate constant of glucobrassicin. No QTL was identified for the third identified flavonol-
derivative. The QTL of three metabolites (GB 5, GB 9, GB 15 in Table 5.2) that were
significantly associated to the degradation of glucobrassicin were located on linkage
group CO01, where no QTL for degradation rate constants have been identified. These
three metabolites, which could not be identified yet, were negatively correlated with

the degradation rate constant of glucobrassicin.

QTL of metabolites significantly associated to the degradation rate of glucoraphanin
For the degradation rate constant of glucoraphanin one QTL was identified previously
on linkage group C09 co-localizing with one QTL for the degradation rate constant of
glucobrassicin (chapter 4). No metabolite QTL related to the degradation rate constant
of glucoraphanin were co-localizing on linkage group C09. On linkage group C07, co-
localizing with metabolite QTL related to the degradation of glucobrassicin, four QTL
for metabolites related to the degradation of glucoraphanin are located (GR 1, GR 2, GR
7, GR 8 in Table 5.2). The intensities of three of the metabolites (GR 2, GR 7, GR 8) are
positively correlated with the degradation rate constants of glucoraphanin and a negative
correlation was found for the intensities of one other metabolites (GR 1) mapping on
this linkage group. Metabolite GR 7 was identified as gluconasturtiin (compound 4 in
Figure 5.1). Another GL, 4-methoxyglucobassicin (compound 3 in Figure 5.1), was also
significantly related to the degradation of glucoraphanin, but no QTL could be identified
for this GL.

20



METABOLOMICS - IDENTIFICATION OF FACTORS INFLUENCING THERMAL DEGRADATION

[s01] aseqerep yoysdyNy ut Ajpanoadsal * papoLInw PIISSDAG UL PUB DaID.IS]O DIISSDAG UL PILIDSA( ¢

1[0200.q Ul [TQT] SaI0.L19,] 73 uBIaqIeg-sewo], ‘ofo[[eA Aq paqLdsa( g

spunodwod dy1ads spIemoy suonedrpul

JOY1INJ OU aJe 3IdY) J9AIMOY ‘1[0220.1q Ul symsal paysiqndun pue [T0T] selella] 3 uelaqleg-sewo], ‘olo[iep Aq paqusap sprouedoadjfusyd yam Suryojewr st ssepy
punodwod umouun = 4 ‘sassep punodwod pasLldeIeyd Apaneind = ¢ ‘spunoduwod pajejouue Ajpaneind = zZ ‘spunodwod paynuapl = T :[z0T] v 72 Jouwing 03 SuIp1oddy ,
wdd g juswn.sui sy Jo AJBINIJE SSBIA ¢

(paurtojsuery Sof) SanISULIUI 8[[0EIDW PUR JULISUOD k1 UonepeIdap 21e[oulsoons usamiaq JUSIDYJO0d UONE[A.LI0D UOSIed ] ,

9)[0CBIOW [ENPIAIPUT YIED JO uonenuLIad J1a)je 10119 a1enbs SuUeaw Ul 95ea1dul U0 paseq SI [9POw (¥ 35210} wopuey ay) 03 aduelrodu Jo Sunjuey ,

/ ¥ 8¥Z  0€0- LT (¢¥p=) L1 9o

/ 1 upIsselqoon(8-Axoyrou-i S0 N“H "D z1 0ZE90'LLY 672  0£0- 91 (v ¥n=) 91 go
10D N"H" ¥z Z1SZ1'S8z  L'ST  ¥Z0- ST STEg9
600 4 1@P1s0oN[S-/-apIs0on[S-g-unadtond) “0%H" 20 LITFT'SZ9  TST  TIH0 ¥1 a%:0)

/ ¥ “0™H"™ L0 8TISTTES +9€  +€0 €1 €1 4o
600 ¥ v(ap1soan[3-prouedoadiuayd-ouoaey) 01" 79 986£'6LYT  €YZ  0F0 z1 FA%:0)
L0D *0°N"H*D 6VIVLVYT  LLT 9%0 1 1T 99

6007 £0D g alf0ayyea-z-aprsoon(8-£-apisotoydos-g-unsaend 0’ 'HD SY'T 8£97Z6%6 8€T  S¥0 0T 0T g9
10D ¥ 98T 670 6 699

/ ¥ 01" 81 S7S6T'T98 87T  SO0- 8 84n
L0D ¥ “0"H") 7 L88EETLZT 04T IS0 L A:0)

/ 4 ,@Pp1s0on3-£-apisoroydos-g-jorsydwaey| “0"H"D) ¥l 88L6T'TLL  OST €00 9 949
102 ¥ "o"H"™ 1R 07ZS7'L8S  0'SE  ¥20- S ¥ 0}
L0D ¥ v(ap1soan[3-prouedoadifuayd-ouoaey) “0*H" 0's €€887°560T T6T  0S0 ¥ &:0)

6027 0D ¥ v(ep1sooni3-prouedo.difuayd-jouoaey) "0”H*) 6'€ SYIVELIST  0ST  #S0 g )
L0D ¥ v(eprsooni3-prouedo.difuayd-jouoaey) “0”H"D 17 LLO6Z6L0T  6LT  6V0 4 4:0)
L0D ¥ v(ap1sooni3-prouedoadi£uayd-jouoaey) “0”H"D ¥0 7£€87°S60T  ¥'ST IS0 1 149

upissearqooiny
110 Jqudqp @ lmedo o
Jo dnoad yuonejouue fmuopr saneng e[nuLIO} ouBIAYIP H-W] awn  ,JJood 14 oy Jaquinu
mev—ﬁ_‘.— JO [9A97] [eyusuwafy SSel ssewn uon WLI0D) 01 yuey 9}I[oqeld N

paAldsqQ  -u91dy

"U01SSa.189.1 159.10] WOPUE. Y}IM PIUTULIISP UIISse1qoon|3 pue urueydeloon(s Jo s)ueIsuod a)el UOHBpPeI3ap 03 UOHE[AI JUBIYIUSIS [}IM SINIIUSPI PUe SA[0qeId]N :7°S S[qeL

91



CHAPTER 5

[50T1] aseqerep yovsAyNDI ul ‘Ajpandadsal ‘ pjpoLINW PIISSD.IG UT PUE DaOD.I3J0 DIISSDAG Ul PICLIDSI( ¢y

1[00001q Ul [TQT] Sa10.119 23 UBIaqIEg-SRWO], ‘Ola[[eA AqQ PaqLIDSa( 4
spunodwod 21j199ds spIemo) suonedrpur
JOUAINY OU a1k 2J9Y) J9AdMOY ‘1[0200.1q Ul synsal paysiiqndun pue [TQT] salalie] 3 uelagreg-sewo], ‘oloiep Aq paqriosap sprouedoadjfuayd yym Suryojew si Ssepy y
punodwod umouun =  ‘sassep punodwiod pasLvldeteyd Apanend = ¢ ‘spunodwod pajejouue Ajpaneind = z ‘spunodwiod paynuapl = T :[z0T] v 72 Jouwns 03 SuIp.I0dy ,,
wdd g yuswn.nsur ay Jo A>eIndde SSeA ¢
(pauriojsuery 807) SaNISUIIUI S}[OEISW PUE JULISUOD 311 UOTBPEISIP 91[OUISOIN[S U89M}S( JUSIONJO0D UONE[S.LI0D UOSIed ] ,
9)1[0qEISW [ENPIAIPUT YIBS Jo UoneinuLIad 19)je 10118 a1enbs sueaw Ul 9SeaIUT UO paseq SI [ppoul () 150.10] wopuey 3y 03 souertodwr jo Sunjuey

L0D ¥ d"0°N"HD 89 885591'88% T 9¢'0 8 8uo
L0D 1 UIMINSeuoann S°oN"‘H*"D ¥'T 12065022y 8€Z  LVO- L L¥D
10D ¥ *0"N"H"D S0 ¥Y0S67L0L TSP 9€0 9 94D
100 ¥ 19¢  0€0 S 0]
/ 1 umIsseqoon(3-Axoyiaw-4 s 0 N“H""D €71 202€90°LLY  6WT  LTO- ¥ (91 9=) ¥ 4O
/ 8%¢ 120~ € (£1¥9=) £¥H
L0D ¥ “0"N""H" D g LOL¥ZETZ8  T6E 620 z A0}
L0D ¥ ¥y ST0- T 199
upIsseIqoinn
110 [waqg /W) [ jopouw
yuonejouue e[nuLIO} £ IH-W] swn  peod  t Jaquinu
jo dnoag Amnuapi aaneind QIUIPIP ER L]
JO [9A97 |EAUENIE) ssewt uon 110D aM[oqeId N
a8eyury SSe 0} yuey
paAIasqQ RULCIEM |

panunuod :7's dqeL

92



METABOLOMICS - IDENTIFICATION OF FACTORS INFLUENCING THERMAL DEGRADATION

‘Surseaoul aqe sa109s (JO'] 93 MO[[oA 03 pal woJj pue (3s9) uonenuLad ay) YIM pauIuLIalep a.102s (O] 9pIim awiouas adelase) 8'z > 2.102s (OT) ppo Jo wypLeso e
sajearpur deuneay 9y Ul .nojod a)ym ay ], ‘paerdsip ae 4 teydeyd ur paurueialap (uwissedqoon|s = gn "’y ‘urueyderoon(s = qyy 7y) s;ueisuod sjel uonepeisop are[oursoon|s
a3 Jo L0 ay3 uosLredwod .10, "paje[a.t AQUEIYIUSIS aIoMm S9I[0]eIdW Y} JUELISUOD d)kI UONepe.ISap 91e[oulsoon|s YoIym 0} S9qLIdSIp apIs Ya[ a3 uo puagdal ay ] (ejdand)
600 ‘(ueai3) £0D ‘(pat) 10D sdno.us aSexur] uo syueISUod djel Uonepe.I3ap ae[ouIsodn|s ay) 03 paje[a.l Apuedyrusis sapjogela ay Jo (1.10) 10o]en sanenueny) :5 s a.anSLf

2% o _mpeegizielibiebfusen abogzobaz obe 2leziBoi l 3. Beg B oo B o go2PBBEEE 23.2.8 P2ag. . 2.3 Box BB B 3.
wmmmmwmmwmmmwmmme%MuuMmmeMwmmmmmmmmwmmmnmummmmmmmeMummmxmmwwmmwmuwmmMmwmwmmgmmmmmumwwmmmmmmmmnum wmwwwmﬂmmmmmmmmmmmmwmm
SRR RN E PR EEEEEEEERERREE R EREE EE 44 £ EEEREEL e BER L FEEE B EEEEEERE RS S B R R LR L

vv_ SlUelsuod ajel CDEMUS@@D

(0]
=
1E. (%0°€2) 9y = m
= 1 [ ©
( wﬂ mmmw_ - oo (%o¥e) sH9 m
........................................... -k&mﬁhJﬁllﬂHp------------------------------------------liw
%60V ¥ 89 [ J (%z'5E) 51 89
(s ve) g o)
(559 01 a0 — (%F'52) 01 89 m
ﬂl. ) (%8 ve) :m_wl rg
(6eaw) 21 99 PeRTEEY ki) D Em (%6°¢2) 5 89 m
(%L1 i) € 89 2
e (%5 /¢) £ 89
— (%6'12) 1 89 i
T | I———
600 91 100 91 21095 Q07 102 91
8 9 4 8¢ ¢ 0

(@]

| 1 | |r [=]
Emhmo-w__ﬂ&ul_ °c

=1

Aay Jojon

93



CHAPTER 5

5.4 Discussion

Untargeted metabolite profiling of semi-polar metabolites was performed to identify
metabolites in the plant matrix influencing the thermal degradation of GLs, as occurring
during Brassica vegetable processing. PCA revealed a major influence of the genotype
on the metabolite profile, followed by the growing season. The effect of heating was
more than three times lower than the genotypic effect. To our knowledge, large-scale
untargeted metabolomics studies in relation to heating of Brassica vegetables have not
been reported before, although differences in metabolite profiles have been assessed in

relation to differential accessions, cultivars and growing locations [106, 107].

To relate extensive metabolite profiles to GL degradation rate constants, leaves from
85 lines of a segregating DH population, with varying thermal stability of their GLs
glucobrassicin and glucoraphanin (chapter 4), were analysed by accurate mass LC-
MS. Random forest regression is an approach which has good predictive power even
when most regressor variables are not related to the response, it is a suitable tool in
case of more variables than observations, as is mostly the case for -omics data, and it
is protected against over fitting [104]. Because of these attributes, it is a potentially
suitable approach to relate the variation in abundance of the many metabolites
present in Brassica leaves to the degradation rate constants of GLs, in order to pinpoint
candidate compounds influencing GL stability. The explained variance of the random
forest model over all metabolites, 27% and 8% for the degradation rate constant of
glucobrassicin and glucoraphanin, respectively, show that these semi-polar metabolites
can partly predict the degradation rate constants of these two major GLs in Brassica
vegetables. The use of different extraction solvents to cover a wider range of polarities
and analyses by different analytical platforms, such as GC-MS and NMR, would enable
the detection of more compounds and possibly increase the predictive power. Random
forest regression was also applied by Eggink et al. [108] to predict sensory attributes of
fresh sweet pepper. Eight different sensory attributes could be significantly predicted
with a set of volatile and non-volatile metabolites with on average 46% of explained
variance, whereas six sensory attributes could not be predicted. The explained variance
was higher compared to our study; but the two studies have very different setups and
concern very different attributes, and the absolute levels of explained variance are
therefore difficult to compare. Unfortunately no closer related studies are available in

literature yet.
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For the degradation rate constant of glucobrassicin, 3 of the 17 metabolites which
were significantly related could be annotated as derivatives of the flavonols kaempferol
and quercetin. The quercetin-derivatives showed a positive correlation with the GL
degradation rate constants, suggesting a higher GL degradation rate with increasing
levels of these flavonols. Bellostas et al. [33] proposed a mechanism for non-enzymatic
GL degradation in the presence of ferrous-ions (Fe?*), thereby producing ferricions (Fe3*)
and releasing nitriles (Figure 5.6). Hanschen et al. [34] showed an enhanced thermal
degradation of the aliphatic GL sinigrin when added to a broccoli matrix compared to
degradation in water at the same pH. The addition of ferrous ions to the water led to an
increased thermal degradation, although the degradation rate was still lower than in
the broccoli matrix at twice as high concentration of ferrous ions in the water, indicating
that Fe?* present in the broccoli was not the only determining factor. The simultaneous
addition of ferrous ions and vitamin C led to a higher degradation of sinigrin compared
to the addition of ferrous ions alone and the authors therefore proposed a synergistic
effect of the vitamin C based on its Fe3*-reducing ability resulting in redox-cycling of this
metal ion. Macdkova et al. [109] demonstrated that quercetin also exhibit Fe**-reducing
activity, which is dependent on the pH, the ratio flavonoid/ferric ions and degree of
glycosylation. The positive correlation of the quercetin-derivatives with the degradation
rate constant of glucobrassicin may therefore relate to this redox-cycling activity. In the
study of Hanschen et al. [34] the presence of vitamin C and ferrous ions in the buffered
sinigrin solution could still not fully explain the degradation of sinigrin observed in
the broccoli sprout matrix. Our findings that quercetin-derivatives are associated with
increased GL degradation may at least partly explain the remaining gap in the study of
Hanschen et al. [34]. Eight yet-unidentified metabolites were also positively correlated
with the degradation rate constants of glucobrassicin, and it is tempting to speculate
that their effect is also based on their Fe**-reducing power, analogous to the positively

correlating quercetin-derivatives.
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Figure 5.6: Mechanism of non-enzymatic glucosinolate degradation catalysed by ferrous ions (Fe?") leading

to the formation of nitriles, as proposed by Bellostas et al. [33]
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QTLs could be identified for nine of the ten metabolites that were positively correlated
to the degradation rate constant of glucobrassicin and all these QTLs map either on
linkage group C07, or on linkage group C09, or on both linkage groups, and hence they
co-localise with the QTLs identified for the degradation rate constant of glucobrassicin.
The co-localization of the QTLs further supports the identified association of these
metabolites with the degradation rate. The two quercetin-derivatives both map on
linkage group C07 and one additionally on linkage group C09. Metabolites of the same
biochemical pathway often co-localise on the same linkage group, as it was shown for
GLs by Lou et al. [87].

Seven metabolites related to the degradation rate constant of glucobrassicin show a
negative correlation with the rate constant. One of these metabolites was identified
as 4-methoxyglucobrassicin, which was degraded fast during 60 min of heating
(Figure 5.4). This negative correlation may be explained by a competitive degradation
mechanism in which 4-methoxyglucobrassicin is degraded faster and hence can reduce
the degradation of glucobrassicin. Confirming this idea, Oerlemans et al. [32] showed
thatthe degradation rate constant of 4-methoxyglucobrassicinin red cabbage was higher
than that of glucobrassicin. The combination of both, positive and negative correlations
of the degradation rate constants of glucobrassicin with metabolites illustrate the

complexity of the GL degradation mechanism.

The QTLs of the degradation rate constants of glucoraphanin and glucobrassicin
co-localise on linkage group CO07 and the degradation rate constants of the two
GLs are well correlated (Pearson correlation coefficient: 0.77). Therefore it was
expected that some of the metabolites are associated to the degradation of both
glucobrassicin and glucoraphanin. However, this was the case for two metabolites only
(4-methoxyglucbrassicin, one not identified). The QTLs of four metabolites co-localised
with both QTLs for the degradation rate constant of glucobrassicin and the QTLs of
seven other yet unidentified metabolites associated with the degradation rate constant
on linkage group CO7. The co-localization of these metabolites with the two GLs in
combination with the similar direction of their correlation coefficients suggests that
similar groups of compounds are related to the GL degradation. On linkage group C01
the metabolite related to the degradation of glucoraphanin is positively correlated with
the rate constant whereas the metabolites related to the degradation of glucobrassicin

are negatively correlated; this observation requires further investigation.
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QTLs of metabolites related to GL degradation were identified on linkage groups C01,
C07 and C09. Although only a few of the associated metabolites have yet been identified,
the markers underlying these loci can be used in marker-assisted breeding to produce
new Brassica vegetable varieties with reduced GL degradation by heating during food

processing.

5.5 Conclusion

In conclusion, the present study shows that untargeted metabolomics technologies,
such as C18 reversed-phase LC-MS, combined with suitable statistical tools, such as
random forest regression, are suitable to identify factors within the plant matrix that
influence GL stability during heating. The use of a broader range of extraction solvents
combined with different but complementary analytical platform might increase the
explained variation of the GL degradation rate constants and identify different groups
of metabolites associated with GL degradation rates. Our results of LC-MS profiling
of crude methanol extracts from leaves of 85 DH lines from a Brassica oleracea DH
population indicate that flavonols present in the same vegetable may increase the GL
thermal degradation in the plant matrix, possibly by redox-cycling of endogenous iron
molecules in the plant matrix. The fact that other metabolites present may retard the
degradation of GLs illustrates the complexity of the vegetable system. Clearly, further
research is needed to explain and control the thermal degradation of GLs in different
vegetables. This approach is valuable for breeding new Brassica varieties with higher

retention of GLs during food processing.
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CHAPTER 6

6.1 Introduction

Phytochemicals in plant-based foods have been linked to a reduced incidence and
progression of diseases [2, 3]. Glucosinolates (GLs) are phytochemicals that are typical
for Brassica and other Cruciferous plants. The intake of GLs has been associated with
lowered risks of several types of cancer and other diseases [15]. To reach a high level of
GLs in the vegetables at the stage of consumption, research along the food chain aimed
to maintain or increase the concentrations of certain GLs and to lower the losses during
food processing; however, effects of the different steps in the food chain are mostly
studied separately. In this thesis, an interdisciplinary approach, combining food science
and plant science, was applied to explore the possibilities to retain GLs throughout the
food chain. The objective of this thesis was to investigate genetic effects related to GL
degradation during food processing in order to explore if food processing parameters
can be used as phenotypic traits by plant breeders to breed new vegetable varieties with
improved GL retention. Additionally, the identification of genetic regions associated
with GL degradation provides a starting point to investigate molecular mechanisms
causing GL losses. Several mechanisms have been described leading to GL reduction
during food processing, one of them is thermal degradation, which is solely induced by
heat and is the focus of this thesis. This discussion starts with a summary of the main
findings, followed by methodological considerations and the discussion of the results.

Finally, future prospects and main conclusions of the research are described.

6.2 Main findings

One challenge of integrating plant science and food science is the high number of samples
to be analysed to apply quantitative genetics to technological traits, in particular when a
kineticapproachisused.In chapter 2 the analysis of GLs, as desulpho-GLs, was optimized
to obtain reliable results using a high-throughput method. The effect of the sulphatase
preparation on the accuracy of the enzymatic desulphation step in microtiter plates was
tested. For the first time an inverse effect of the sulphatase concentration on the peak
area of a GL, glucotropaeolin, which is often used as internal standard, was reported.
Decreased peak areas of the internal standard led to a substantial overestimation of GL
concentrations. We recommend the application of a purified sulphatase preparation to
obtain good GL recoveries for a broad range of samples. This finding emphasizes the

importance of having suitable analytical methods; in particular for the interdisciplinary

100



GENERAL DISCUSSION

approach we advocate in this thesis, where actions in the various disciplines depend

strongly on the analytical outcomes.

Kinetic modelling was applied to describe GL thermal degradation in a quantitative way
in chapter 3. The first aim was to identify an appropriate model for the description of
GL degradation in two genotypes and two different seasons. Model discrimination was
performed for first- and n**-order models and it was shown that a first order reaction
was appropriate in both seasons and genotypes. The second aim was to investigate the
effect of season and genotype on GL thermal degradation. No difference in degradation
rate constants of structurally identical GLs was found between leaves of a broccoli and
a Chinese kale genotype when grown in the same season. However, GL degradation rate

constants were highly affected by the season (20% to 80% difference).

In chapter 4, the kinetic modelling approach was applied to a doubled haploid (DH)
population, obtained by crossing the broccoli and Chinese kale genotypes investigated
in chapter 3. GL degradation rate constants were determined for five aliphatic and two
indolic GL and they varied by 3-fold throughout the population for most GLs. Quantitative
trait loci (QTL) for the degradation rate constants were identified for the two GLs that
occurred in all genotypes; two QTLs were identified for glucobrassicin (25% explained
variation) and one for glucoraphanin (12% explained variation). A co-localization of the
QTLs and correlations between the rate constants of different GLs indicate that similar
factors in the plant matrix influence GL degradation. In addition to the genotypic effects,

the growing conditions influence GL degradation as well.

An untargeted metabolomics approach was applied to test if metabolites are
associated with GL thermal degradation rate constants in chapter 5. Out of 413
metabolites, 15 were significantly associated with the degradation rate constant of
glucobrassicin, 6 with the degradation rate constant of glucoraphanin and 2 with both
GL degradation rate constants. Among these 23 different metabolites, 3 were identified
as flavonols (kaempferol-3-sophoroside-7-glucoside, quercetin-3-sophoroside-7-
glucoside-2-caffeoyl, quercetin-3-glucoside-7-glucoside) and two as glucosinolates
(4-methoxyglucobrassicin, gluconasturtiin). QTLs for two flavonols co-localise with the

QTL for glucosinolate degradation in chapter 4.
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6.3 Methodological considerations

6.3.1 Choice of plant population

Several types of plant populations have been described in literature, e.g. backcross
populations, recombinantinbred line populationsand doubled haploid (DH) populations
[50]. For the work of this thesis a publically available DH population was used, which
was developed by crossing a broccoli and a Chinese kale genotype [71]. The advantage
of DH populations is that each DH line is homozygous so that genetically identical
seeds can be produced to perform repeated phenotyping with identical genotypes. A
disadvantage of DH populations is that they are derived from single gametes that they
are induced to regenerate into diploid plants. Thus, a single meiosis per DH line occurred,
which results in low recombination rates and consequently a genetic map with lower
resolution compared to genetic maps for other types of populations. Recombinantinbred
lines require, for example, self-pollination between six to eight generations resulting in
more chromosomal recombination and higher resolution genetic maps compared to DH
populations. As recombinant inbred lines are homozygous, they share that advantage
with DH lines. However, for a bi-annual crop as Brassica up to 4 years are required to

reach homozygous lines in these populations.

GL degradation of the parental lines of this DH population was investigated in chapter
3. Based on the results of Dekker et al. [35], who reported that GL thermal degradation
differed in five Brassica vegetables, differences in GL thermal degradation between
this Chinese kale and this broccoli genotype grown in the same season were expected;
however, degradation of structurally identical GLs did not differ between the two
parental genotypes. Despite similar degradation rate constants of the parental lines, the
degradation rate constants segregated quantitatively throughout the DH population,
which is a phenomenon called transgressive segregation (phenotypic values are beyond

the range of the parents) and generally means that the trait is quantitatively inherited.

6.3.2 Experimental design

Genetic effects explained 12% and 25% of the variation of the degradation rate constants
for the GLs glucoraphanin and glucobrassicin, respectively. The remaining variation of
the rate constants is caused by environmental effects, experimental noise and minor
genetic effects (QTL), which cannot be detected, due to the size (100 lines) of the

used DH population. To reduce the experimental noise, five biological replicates were
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grown randomised in the greenhouse and harvesting was performed in the mornings
because variation in GL concentration throughout the day is highly significant [110].
Furthermore, the circadian clock influences the primary and secondary metabolism of
plants [42, 111] which might influence GL thermal degradation. Due to the sample size,
harvesting of the whole population had to be performed in five consecutive mornings
where all biological replicates were harvested the same day and were subsequently
pooled to prepare one homogenous sample for the GL degradation study. The assumption
underlying the pooling was to prepare an average sample accounting for the variation
in the five biological replicates and keep the number of samples manageable. Variation
caused by the different harvesting days was shown to be not significant (chapter 4) for
the degradation rate constants of most of the GLs. Harvesting one replicate per DH line
per day, rather than harvesting all replicates the same day, performing the subsequent
inactivation of myrosinase on each biological replicate separately and pool the material

afterwards is an alternative to the chosen experimental setup, but it is more laborious.

Microwave treatment at high power for a short time has shown to fully inactivate
myrosinase and retain GLs [78]. This treatment was chosen to study thermal degradation
as the sole mechanism and exclude enzymatic GL degradation. The microwave treatment
also alters other metabolites and proteins than myrosinase, which leads to different
experimental conditions compared to common household/industrial preparation.
Alternative ways to inactivate myrosinase could be adding hot water, adding enzyme
inhibitors or using metabolically engineered plants that have negligible myrosinase
activity. Hanschen et al. [31] added boiling water to dried broccoli sprout powder to
inactivate myrosinase, but water was added by a factor five more compared to the
natural amount of water occurring in broccoli. Competitive inhibitors of myrosinase
have been described in literature with structural similarities to glucotropaeolin with
50% reduction of the enzyme activity at milli-molar and micro-molar level respectively
[112, 113]. Transgenic Brassica rapa genotypes with ablated myrosin cells have been
developed without affecting plant viability. Transgenic seedlings showed 84% less
myrosinase activity compared to the wild type [114, 115], but GL profiles are altered
and possibly other metabolites as well. All mentioned alternatives for the microwave
treatment alter metabolite profiles. The least invasive method may be the enzyme
inhibitors, though the inhibition is competitive and GL degradation may still take place.
The microwave treatment is an additional heating step before the actual heat treatment

and is, compared to the described alternatives, seen as the best option for this study,
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although heat labile metabolites may be degraded. The effect of heating on the overall
metabolite profile, as determined in chapter 5, was in some lines of this DH population

three times smaller than the effect of genotype and environment.

To ensure that myrosinase was inactivated by the microwave treatment, a subset of the
DH lines was tested for remaining myrosinase activity. The subset was selected based
on the water loss during microwave treatment as a measure of the heating intensity. No
myrosinase activity was detected during 40 min of incubation when 15% or more water
evaporated during microwave treatment, which was the case for most of the DH lines

(data not shown).

6.3.3 Kinetic modelling & quantitative trait loci mapping

Kinetic modelling was chosen as a tool to describe chemical changes in foods in a
quantitative way [75]. Using degradation rate constants (k, values) as phenotypic
traits for the QTL mapping has the advantage that the overall reaction is characterised
and includes more information than a single processing time point. Furthermore, the
degradation rate constant is independent from the initial concentration, which resulted
in different locations for the degradation QTLs compared to the QTLs for the initial GL
concentration, illustrating that the identified genetic regions are true degradation QTLs
(chapter 4).

For the degradation rate of glucobrassicin two QTLs were identified and for the
degradation rate of glucoraphanin only one QTL was identified (chapter 4). Furthermore,
more metabolites were associated with the degradation rates of glucobrassicin than for
glucoraphanin (chapter 5). The degradation rate constants (k, values) of glucobrassicin
had lower standard deviations (8% on average over the whole population) than the rate
constants of glucoraphanin (18% on average over the whole population, (from data in
table 4-2, standard deviations not shown)). Less accurate k, values of the glucoraphanin
degradation,asindicated by the standard deviations,is one possible reason whyless QTLs
and less metabolites are associated with the degradation of glucoraphanin compared
to glucobrassicin. Less accurate k, values could be a result of a poorer fit of the first
order model for glucoraphanin. The abundance of two GLs (4-methoxyglucobrassicin,
gluconasturtiin) was associated with the degradation of glucoraphanin, whereas only
one GL (4-methoxyglucobrassicin) was associated with the degradation of glucobrassicin
(chapter 5, Table 5.2). Gluconasturtiin and 4-methoxyglucobrassicin degrade with

increasing heating time, which suggests that the first order model needs to be corrected
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for the degradation of the influencing compounds. The rank of importance to random
forest model of the two GLs is higher for the glucoraphanin model (rank 4 & 7 of 8)
than for glucobrassicin (rank 16 of 17). The higher rank of importance of GLs on the
degradation rate constants of glucoraphanin than of glucobrassicin suggests that the
first order model is appropriate for the degradation of glucobrassicin and less so for
glucoraphanin. Regarding the residuals of the glucoraphanin degradation models,
however, no clear trend was visible for DH lines with high 4-methoxyglucorbrassicin
concentrations, which would indicate an inappropriate fit of the first order model.
The first order model is an empirical model, which was applied since the molecular
mechanism of thermal degradation is not known and selected based on the best fit. A
change in the reaction conditions causes a change in the mechanism which will affect

the order of a reaction.

Another factor that could affect the number of QTLs and the associated metabolites with
the degradation of glucoraphanin is that small differences of the k, values were found
between the harvesting days, whereas no differences were found for glucobrassicin.
ANOVA and subsequent post-hoc tests revealed significant differences between
harvesting day one and harvesting day three for glucoraphanin, whereas the other days

did not differ significantly from each other.
6.4 Discussion and interpretation of the results

6.4.1 Glucosinolate analysis

An official method for GL analysis was published in 1992 by the International Standard
Organisation [73] with the aim to standardize the analyses in rapeseeds. This method
has been adjusted to analyse other Brassica species and analysis of GLs as desulpho-GLs
is still the most widely used [116]. The desulphation decreases the polarity of the GLs
and hence improves chromatographic separation on reversed-phase columns [116].
The data presented in chapter 2 demonstrate that the analytical result strongly depends
on the applied sulphatase concentration, on the chemical structure and concentration
of the GLs in the sample. Furthermore, it has been shown that the sulphatase batch can
influence the determined GL concentration as well. The lack of commercially available
standards impedes the adjustments of methods and quality control and subsequently,

can make the comparison of results obtained in different laboratories difficult.

The analysis ofintact GLs is an alternative to avoid the desulphation step. Recentadvances
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in the development of column material allow the separation of the very polar intact GLs
in short time [117]. The desulphation procedure on ion-exchange columns includes a
concentration step of the extract, which is not required when highly sensitive detectors,
such as QTOF-MS, are used. The use of these highly sensitive detectors, however, is more
expensive than a common UV-detector [117]. Intact GLs are often detected with MS
[118-121] which makes the identification of the GLs more reliable, but requires external
standards as pure compounds for accurate quantification due to the strong influence
of the matrix on the ionization [70]. An advantage of the desulpho-method combined
with UV-detection is the quantification via established relative response factors (RRF)
which recently have been summarized by Clarke [70]. The analysis of desulpho-
GLs with UV- and MS-detection has been suggested for quantification and structural
identification [116], but this method still requires a reliable desulphation procedure.
The analysis of intact and desulpho-GLs have both strengths and weaknesses, but the
lack of commercially available standards hinders the quantification and reliability for
both methods.

6.4.2 Breeding for food quality traits
Up to now, only few studies in literature have combined breeding and food processing.
In the following paragraphs existing genetic studies on several food quality traits are

reviewed, with and without prior knowledge on mechanisms underlying the trait.

Genetic studies with prior knowledge of the trait

An example of a breeding strategy for affecting a quality attribute of a processed food
product is the breeding for improving the colour of potato chips. Li et al. [122] identified
QTLs for the colour of potato chips after frying. A too dark colour of potato chips, a
negative quality attribute, is a result of the Maillard reaction, a reaction between free
amino groups and reducing sugars occurring at high temperatures. A high amount of
reducing sugars results in dark colour during frying and formation of the toxicologically
suspect compound acrylamide, whereas a high starch content and a low amount of
reducing sugars results in lighter colours. For the genotyping, DNA markers were partly
designed based on known genes involved in sugar and starch metabolism. The authors
identified several QTLs for chip quality and most significant QTLs were detected
at genetic loci that encode enzymes involved in carbohydrate metabolism. Another
example is given by Simons et al. [123] who studied the genetic effects of bread making

quality traits in spring wheat using a segregating population. Gluten, consisting of the
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main two proteins glutenin and gliadin, affects the rheological (viscoelastic) properties
of dough and hence plays a major role in dough strength and baking performance.
The authors complemented the genetic map with molecular markers based on the
DNA sequences of high and low molecular weight glutenins. A major QTL, explaining
47 to 63% of the phenotypic variation for three dough mixing time parameters and
bread making performance, was identified at the genomic region where also the high

molecular weight glutenin gene mapped.

Both studies clearly illustrate the advantage of the use of mechanistic knowledge from
food scientists to study the genetics related to food quality attributes and identify allelic

variation of the genes causally related to the variation in these attributes.

Genetic studies without prior knowledge of the trait

In contrast to the studies presented in the previous section, the following examples of
quantitative food processing traits have in common that the molecular mechanisms
affecting the trait are not known. Dong et al. [116] mapped QTLs for the popping
characteristics of popcorn in a segregating population that was evaluated for three
different food processing traits, popping volume, popping fold and popping rate and
identified QTLs for all three popping characteristics. The explained phenotypic variation
by each QTL varied from 6.2% to 29.5%, depending on the trait and the environment
in which the population was grown. Furthermore, the authors identified a significant
genotype x environment interaction, showing that the QTLs are dependent on the

environment.

Wright & Kelly [94] studied the canning quality of black beans (Phaseolus vulgaris
L.), which is determined by a strong colour, intact beans and a desirable texture after
canning. The final colour might be influenced by the initial anthocyanin levels in the
black bean seed coat and the amount of leaching into the cooking water; however, the
molecular mechanisms determining the leaching rate are unknown. A segregating
black bean population, derived from a cross of a high yielding parent with low colour
retention and a parent with acceptable colour retention, was evaluated in four years.
Seven QTLs related to canned bean colour were identified, which shows the complexity
of the trait. For most traits QTLs could be identified, despite a strong interaction between

environment and traits.
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QTL mapping for the rheological properties during dough making from barley flour was
performed by Wang et al. [95] using a segregating population. A shorter time to peak
viscosity and lower pasting temperature are favourable for malting and food processing.
Lower pasting temperatures are related to starches with low amylose content, but also
other components, like lipids, protein and beta-glucan, affect flour pasting properties.
The study showed that flour pasting quality traits are quantitatively inherited, with
many QTLs explaining between 4% and 15% of the phenotypic variation. Flour pasting
quality is also affected by the growth environment as the identified sets of QTLs were

depending on the growing years and environments.

The examples on traits without knowledge of the exact molecular mechanisms show
that breeding for improvement of food processing traits does not necessarily require
the detailed understanding of the biochemical pathways. The position of the QTL in the
genome can assist in finding causal genes in the QTL region for species with genome
sequence information and may even help to identify underlying mechanisms occurring

during food processing.

6.4.3 Phytochemical concentration as a food quality attribute

The presented studies on breeding for food quality traits cover several aspects of
food quality, mainly related to colour, texture and taste. Food quality can be generally
described as “satisfaction of consumer expectations” and food quality attributes as
product properties that are relevant to determine the quality [80]. Food quality can be
decomposed into extrinsic and intrinsic quality attributes: extrinsic attributes are linked
to the product but are not a property itself, e.g. price, acceptability for religious reasons,
the way of production, brands, while intrinsic quality attributes are the properties of the
product itself, e.g. texture, taste, nutritional value, chemical and microbiological safety
[80]. A selection of intrinsic food quality attributes is illustrated in Figure 6.1, which are
the focus of food scientists since they are measurable attributes [80]. Phytochemical
content, in particular GL content, is the focus of this thesis, which belongs to the quality

attribute “nutritional value”.
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Nutritional value
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6.4.4 Breeding for increased glucosinolate retention during food processing

Glucosinolate thermal degradation

The chemical structure of a GL, the time-temperature profile applied, the water content
and the pH of the reaction environment influence GL thermal degradation [32, 36, 84].
Additionally, ferrous ions (Fe?) mediate thermal degradation [33]. The presence of
both vitamin C and ferrous ions in a buffer solution even further enhanced the thermal
degradation rate due to redox-cycling of ferric ions (Fe®**) by vitamin C; however, the
degradation in the buffer solution was lower compared to a broccoli sprout matrix
[34]. Differences in thermal degradation speed of chemically identical GLs have been
described in five different Brassica vegetables [35] and three heading cabbage cultivars
[124]. The explanation for the observed differences is unknown since these vegetables
were not only different in their genetic background (cultivar/type) but also in stage of
maturity, organs processed (e.g. broccoli heads, cabbage leaves), growing locations and

storage conditions.

To our knowledge, we are the first group investigating genetic effects of GL thermal
degradation during food processing. It was shown that indeed multiple QTLs are
associated with GL thermal degradation, explaining a part of the observed variation
between the different genotypes. Furthermore, GL thermal degradation was influenced
by the growing season, which isa common phenomenon of quantitatively inherited traits
(chapter 3 & 4). To apply the identified QTLs for marker-assisted selection (MAS) the
QTL mustbe stable across environments and time [125], which cannotbe predicted from
the current experimental data. The effect size of a QTL is another criterion to determine
if MAS will be efficient for breeders. Hospital [125] concludes that there is no clear limit

for the size of QTLs to be used for MAS and that some companies claim to use QTLs
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explainingless than 10% of phenotypic variation for MAS. Each of the QTLs identified for
GL degradation explained more than 10% of the variation and are according to Hospital
suitable for MAS. For traits with low heritability and small effects, as it is the case for
GL degradation, MAS would be beneficial because phenotypic effects might be hard to
detect each season, but MAS is effective to introgress previously determined QTLs in
elite germplasm. In addition, QTL x QTL and QTL x genetic background interaction have
to be investigated to predict the success of MAS to avoid that the effect of the QTL is lost
in another genetic background [125].

Leaching of glucosinolates

Leaching of GLs into the cooking water causes the majority of GL losses during boiling
and is dependent on the type of vegetable, the size of (cut) vegetable pieces, the ratio
water/vegetable, the boiling time and method [23, 24]. Many studies investigated the
effect of boiling on retained GL levels; however, results across studies are difficult to
compare due to the wide range of boiling methods applied, especially vegetable/water
ratios. Also many studies do not study specifically leaching losses and only report the
total loss observed due to all possible mechanisms. The studies that report quantitative
information on leaching as a separate mechanism during processing are described
below and possible phenotypic variation that could be associated with genetic variation

is presented.

A higher extent of leaching was reported in a leafy Brassica napus type compared to four
Brassica oleracea types, which is probably related to a thinner wax layer of the B. napus
type [124]. The structure of the cabbage (kale or heading type, B. oleracea) revealed
only small differences in leaching, but an increased surface by shredding promoted
leaching [124]. In two broccoli cultivars, short time boiling significantly reduced the
concentrations of glucoraphanin (aliphatic GL) and glucobrassicin (indolic GL), though
the retention of both GLs was slightly higher in the cultivar Marathon compared to
Booster [126]. For five different vegetables differences of 30% in leaching are reported,
however boiling times varied slightly between the vegetables [127]. In contrast,
Francisco et al. [128] did not find significant variety x cooking method interactions
for any GL in five varieties of turnips greens (leaves) and turnip tops (young sprouting
shoots) (B. rapa). Furthermore, for five different cauliflower cultivars boiling and

blanching showed differences in GL losses only for some cultivars and some GLs [129].

The presented studies on leaching of GLs show variation among different vegetables and
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to a lower extent between cultivars and indicate a potential to breed for less leaching
of GLs; however, systematic and mechanistic studies are lacking. Hence, systematic
studies with well-defined plant material, grown under the same conditions and several
processing time points are needed to evaluate potential variation. In order to identify
QTLs for leaching in future research, it is essential that the leaching losses of lines from
a segregating population are quantified in a uniform way. A good way to do this is by
a kinetic modelling approach as described by Sarvan et al. [44]. In short, this method
is using the GL content of both the water and vegetable phase at different processing
times (and temperatures if appropriate) at a known water/vegetable ratio. By fitting
the kinetic model to the data, a rate constant for leaching for each vegetable is obtained.
These rate constants can subsequently be used for QTL analysis in a similar way as
described in our study of thermal degradation. If QTLs can be identified, breeding for

vegetables with lower leaching losses can be done in an efficient way.

Myrosinase

The activity of the enzyme myrosinase is of minor influence during food processing, since
it is inactivated below common cooking temperatures (chapter 1). However, if Brassica
vegetables or sprouts are consumed raw, myrosinase is active and hydrolysis products
can be formed in the mouth leading to 3 - 10 times higher concentrations of beneficial
isothiocyanates compared to the ingestion of cooked vegetables [19-21]. Myrosinase
associated proteins are cofactors that influence the type of breakdown products formed,
especially epithiospecifier protein (ESP) directs the reaction towards the formation of
nitriles, which are not associated with health benefits, on the expense of isothiocyanate
formation. Not all Brassica species contain ESP; it was detected in turnip, Brussels
sprouts and white cabbage, and absent in horseradish seeds and mustard seeds [130].
Differences in isothiocyanate and nitrile production between different cultivars were
also reported in broccoli [131]. Breeding for e.g. broccoli sprouts with low amounts or

absence of ESP is a potential breeding goal to increase the isothiocyanate production.

Another way to increase isothiocyanate production is mild heat treatment of e.g.
broccoli, since ESP is more heat sensitive than myrosinase, leading to increased
sulforaphane (isothiocyanate of glucoraphanin) production after mild heat treatments
where myrosinase was still active, but ESP inactivated. Optimal steaming times (1 min
to 3 min) to reach highest sulforaphane concentrations differed per cultivar, either

caused by different amounts of myrosinase or by differences in structure of the broccoli
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head resulting in different heat transfer [131]. These results suggest that some cultivars
can retain more myrosinase activity after certain steaming times than others, which
could be a potential breeding trait and mechanism to investigate. Furthermore, the
selection of specific cultivars for the production of vegetable products could enhance
product properties. For example, Oliviero et al. [43] suggested steam blanching of
broccoli for 3 min, followed by a novel adsorption drying technique allowing lower
drying temperatures (40 - 50°C) than conventional drying techniques to obtain a dried
broccoli product with active myrosinase. The selection of broccoli cultivars with higher
isothiocyanate production under these specific processing conditions could increase

health promoting effects and the quality of the broccoli product.

Both genetic and environmental influences on the level of health promoting compounds
formed during vegetable processing by the GL-myrosinase-system are illustrated
in Figure 6.2. This summary can be used to identify factors influencing the different
degradation mechanisms and study their genetic effects with the aim to reach a high

content of health promoting compounds before the product is consumed.
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Figure 6.2: Possible genetic and environmental effects on factors influencing glucosinolate degradation
during food processing, GLs = glucosinolates, ITC = isothiocyanates, MYR = myrosinase, ESP = epithiospecifier

protein, AA = ascorbic acid
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6.4.5 Challenges of breeding for vegetables with improved food processing properties
To study genetic effects of food processing traits, as suggested in the previous paragraphs,
it is essential to quantitatively assess the processing properties for a large number of
individuals in segregating populations. To obtain a population with substantial variation
in the trait of interest, vegetable accessions and cultivars exhibiting a large difference in
the trait can be crossed to develop segregating populations for genetic mapping studies.

Various approaches are available to develop segregating populations.

Following the development of the populations, the major challenge for studying food
processing traits is the number of samples involved. Farnham et al. [132] stated that
the challenge in enhancing phytonutrient content is that a plant breeder needs to
analyse a large number of plant samples and that the collaborators responsible for the
characterization of phytonutrient content, such as nutritionists or biochemists, do not
always understand the nature of plant breeding and the necessity of large populations
in a breeding effort. Combining the requirement of large populations (100 to 200
individuals) with mechanistic studies of food processing, where several time points
and replicates for processing are needed, will result in at least 1000 samples (>10 data
points x >100 individual plants).

1. Development of a high-throughput method to determine concentration
of phytochemicals

2. Screening of cultivars for differences in phytochemical retention during
food processing

3. Development of a segregating population by crossing cultivars with
maximum differences in phytochemical retention

4.  Genetic map construction
5. Growing of the segregating population under certain conditions

6. Analysis of phtytochemical concentrations after several processing
times & kinetic modelling of the results per individual line

T‘ Line 1 T' Line 2 T Line ... Line 100
L
\0-044 \C-Qmo \‘*-004 \"'*-'o

7. QTL mapping (with genotypic data and rate constant from kinetic

Figure 6.3:
Workflow for studying

modelling) . .
genetic regulation of
8. Test for environmental effects by repeating steps 5 -7 in a different phytochemical retention
season/year during food processing.
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Studying the gene x environment interactions of food processing traits is another
challenge leading to a further increase in the number of experiments and analyses as
shown for the cooking time in beans [133] and for GL thermal degradation (chapter 3 & 4).
Recentadvancesin development of high-throughputanalytical methodologies will facilitate
the analysis of such high sample numbers. A possible workflow for the identification of

genetic loci regulating phytochemical retention is presented in Figure 6.3.

6.4.6 Metabolites influencing glucosinolate degradation

Up to now the full sequence of the Brassica oleracea genome has not been published,
which hinders the identification of genes underlying the detected QTLs for GL
degradation. Furthermore, fine mapping of the DH population would be required to
obtain smaller genetic regions with fewer possible genes underlying the QTLs, since little
prior knowledge about GL degradation exists. As an alternative approach, an untargeted
metabolomics approach combined with random forestregression was applied to identify
metabolites associated with GL thermal degradation to form new hypotheses about the
underlying mechanism. Two GLs, three flavonols and 18 not annotated metabolites were
significantly associated with thermal degradation rate constants. The two GLs possibly
degrade faster and hence can reduce the degradation of glucobrassicin by a competitive
mechanism. The flavonols possibly enhance degradation of glucobrassicin by the
reduction of ferric ions (Fe**) to ferrous ions (Fe?*) which mediates the degradation
of GL under the formation of nitriles and ferric ions ([33], chapter 5). Vitamin C was
identified to enhance the degradation of sinigrin in a buffered solution in the presence
of ferrous ions due to the redox-cycling ability of vitamin C [34]. Vitamin C was not
associated with GL thermal degradation in the experiments in this thesis because the
LC-MS method applied did not detect vitamin C. Furthermore, vitamin C might have

been degraded during the microwave treatment due to its susceptibility to heat.

Since ferrous ions are the actual compounds mediating the GL thermal degradation,
their initial concentration may play a role in GL thermal degradation [33, 34]. The
iron uptake in Brassica is dependent on genotype when grown in one location [134]
and dependent on the vegetable, soil and climate conditions when grown in different
locations [135]. Furthermore, a significant genotype x environment interaction for iron
levels in broccoli was shown [136]. The alteration of iron levels in Brassica vegetables
might affect GL thermal degradation; however; the reduction of iron levels would lead to

lower mineral intake. Furthermore, an increased level of vitamin C or other metabolites
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with reducing properties may increase GL thermal degradation even at low ferrous ion

concentrations.

Until now, the enhanced GL thermal degradation in the presence of vitamin C and
ferrous ions has only been shown for the aliphatic GL sinigrin [34] and in chapter 5
the three flavonols were only associated with glucobrassicin degradation and not with
glucoraphanin. The correlation of the degradation rate constants of the different GLs
(chapter 4) suggests that similar metabolites influence GL thermal degradation. The
proposed mechanism of thermal GL degradation mediated by ferrous ions of Bellostas
et al. [33] does not suggest an influence of the side chain on the reaction, because the
ligands are expected to be the sulphur in the thioglucose and the oxygen in the sulphate
group (Figure 5.6). Targeted analysis and model systems are required to confirm the
findings that some flavonols influence glucobrassicin degradation. More investigations
are needed, to test if the ferrous-ion-mediated mechanism shows the same reactivity
towards the different GLs. Other factors, such as water content [84] and pH [36], influence
GL thermal degradation as well. Until now it is unknown whether these factors affect

the ferric-ion-mediated degradation or whether another unknown mechanism exists.

The QTL analysis of metabolites associated with the degradation rate constants of
glucoraphanin and glucobrassicin revealed additional QTLs on linkage group CO01
where no QTL for the degradation rate constants had been identified (chapter 5).
Furthermore, the explained variation of each metabolite QTL is up to three times higher
than the explained variation of the degradation rate QTLs (Figure 5.5), which is likely
due to less experimental noise. For the metabolite QTLs intensity values were used
directly, whereas the degradation rate constants were determined by kinetic modelling
after several heating time points. A larger population size increases the power of the
detected QTLs, possibly a QTL on linkage group CO1 could have been detected for
the degradation rate constants in addition to the QTL on linkage group C07 and CO09.
Sequence information of Brassica oleracea may help in the future to identify the genes
underlying metabolite and degradation QTLs. The combination of sequence information
and the identity of the metabolites allow a more specific selection of candidate genes for

GL thermal degradation.
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6.4.7 Which doses of glucosinolates are healthy?

The dose-response curve of phytochemicals on the risk of chronic diseases isnotlinear, it
follows generally a U-shaped curve with low levels causing an increased risk, an optimal
protective amount and excessive levels causing risk again [137]. The development of
vegetables with increased GL concentrations, such as the high-glucoraphanin broccoli
Beneforte [46], and breeding for high GL retention during food processing aim at a

higher intake of GLs and hence requires the estimation of potential risks.

Epidemiological studies associate a decreased risk of cancer with high consumption
of Brassica vegetables [138], but a good estimation of GL intake of the populations
is difficult, as the huge level of variation throughout the food chain and the cooking
method can lower GL concentrations in the consumed product substantially [23].
The physiological effect of each GL depends on its chemical structure, for example
the hydrolysis product of progoitrin is goitrogenic at high concentrations which was
not found for most other GLs [139]. Intake of broccoli sprouts extracts over seven
days with varying glucoraphanin (24 and 96 mg/day) and sulforaphane (10 mg/day)
concentrations did not show toxic side effects of liver and thyroid [[140] cited in [18]].
Contrarily, alimited number of in vitro and animal studies indicate a mutagenic potential
of broccoli extracts, which might be caused by neoglucobrassicin in the presence
of myrosinase. In humans, however, genotoxic effects have not been reported after
consumption of broccoli [10]. Furthermore, in vitro and experimental animal studies
indicate that certain nitriles might cause damage in specific organs when extremely

high concentrations were applied, which exceed the intake of humans by far [10].

Current studies don’t indicate that an increased intake of GLs will lead to toxic effects in
humans, especially with focus on increased glucoraphanin concentrations. The majority
of Brassica vegetables is consumed cooked where myrosinase has been inactivated;
hence the microflora will convert GLs into bioactive isothiocyanates with a considerably
lower conversion rate. Latté et al. [10] conclude from their risk-benefit assessments that
benefits of broccoli consumption in modest quantities and processed form outweigh
potential risks. Other preparations, such as broccoli-based dietary supplements, diets
with extraordinary high intake and consumption as a raw vegetable, require further

investigations to evaluate benefits and risks in the future.

116



GENERAL DISCUSSION

6.5 Recommendations and implications

In this thesis genetic loci for GL thermal degradation have been identified and show
that breeding for GL retention during processing is possible. Nevertheless, it was also
revealed that GL thermal degradation is strongly influenced by the environment. Follow-
up studies are needed with material grown in different seasons and biological replicates
to test if the identified QTLs are stable across different environments. Data about
biological variation may give further insight in the relative importance of the genetic
effects. The degradation of chemically identical GLs in parental lines of the investigated
DH population did not differ when grown in the same season. Systematic studies of
different cultivars and genotypes, grown at the same location and environment will
reveal the variation of GL degradation in commonly consumed Brassica vegetables.
The genotypes with large variation in GL degradation could be used to develop new
segregating populations, which may exhibit larger variation than the currently used
population and may lead to larger genetic effects of GL thermal degradation than
observed with this DH population. A bigger population size (>100 lines) could potentially
lead to the identification of more QTLs. Fine mapping of the DH population used in this
thesis could result in the identification of smaller genetic regions, which can be used to

search for functional genes when the Brassica oleracea genome will be published.

Studies onthermal degradation productsin water cress seeds and broccoli sprouts report
nitriles, which don’t show health promoting effects at dietary levels, as degradation
products [7, 14, 36]. However, studies in vegetables at commercial maturity are still
lacking to confirm nitriles as degradation product, but from this data GL thermal
degradation can be regarded as an undesired mechanism during food processing.
Related to the mechanism of thermal degradation by ferric ions, reconstitution
experiments with flavonols are required to prove the findings in chapter 5 that three
flavonols are positively correlated with the degradation rate constants of glucobrassicin.
Furthermore, the use of different metabolomics platforms, such as GC-MS and NMR,
and different extraction solvents to cover a wider range of polarities will provide more
information on which classes of metabolites influence GL thermal degradation. Once
metabolites that affect GL thermal degradation are identified, screening and breeding

for those metabolites will be facilitated.

Next to thermal degradation, leaching of GLs into the cooking water is a major cause for

GL losses during food processing. More mechanistic and systematic studies are needed
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to explore possibilities to breed for leaching of GLs into the cooking water.

The combination of two disciplines is a promising, but also challenging approach for the
future. Possible benefits for plant breeders and food scientists are summarized in Table 6.1.
A higher extent of collaboration may reduce variability of plant based products along
the food chain in the future. One big challenge is the sample size required for genetic
studies combined with phenotyping for food quality traits, but the development of high-
throughput analysis techniques will certainly help in achieving the goal. Studying food
processing traits in a high number of genotypes allows the use of advanced statistical
methods to identify new mechanisms and hypotheses using untargeted methods, as

shown in chapter 5. Targeted methods are still required to prove the new hypotheses.

Table 6.1: Possible benefits from the collaboration of food scientists and plant breeders

Benefits of the collaboration for:
a) Food Scientists:

Insight in genetic & environmental variation of quality attributes
Tools to dissect genetic and environmental variation

Protocols for optimal generation of plant material

Quantitative trait loci for identification of causal genes that may
accelerate research about mechanisms during food processing

SNENENEN

b) Plant Breeders:

v' Insight in the food chain about quality changes till product
reaches consumer

¥v" Insight in mechanisms taking place during food processing
- may lead to more defined genetic regions

v" Protocols for mechanistic phentoyping procedures for food
processing traits

Breeding for food processing traits is a novel approach to improve food quality. The
work in this thesis and some literature examples show that it can be a valuable approach
to improve food quality in the future. The examples reported in literature aim mostly
at food quality attributes that are directly perceived by the consumer, such as colour
and texture. Phytochemical concentrations are not directly perceived by the consumer,
unless they are related to colour, e.g. carotenoids, which may complicate marketing
compared to an improved colour or texture. Vitamins and other micronutrients are
known for a long time to be essential to our body [137], hence the consumer acceptance

and willingness to buy a higher priced product might be higher than for a product
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high in phytochemicals, from which health beneficial effects have been established
only recently. The general approach to use specific cultivars to increase food quality
attributes and to breed for improved quality attributes has the potential to improve

food quality, but it is still at the beginning.

6.6 Main conclusions

The research conducted in this thesis demonstrates that GL thermal degradation is
partly genetically regulated and the identified QTLs may be used in future marker-
assisted selection (MAS) to breed for vegetables with improved GL retention during
food processing. Furthermore, environmental factors, such as season and growing
year, influence GL thermal degradation. However, stability of the QTLs across different

seasons and growing locations is a requirement for efficient MAS.

The identified genetic regions associated with GL thermal degradation were not
used to scan for orthologous genes with an assigned function in Arabidopsis thaliana
because the identified regions are too large and no prior knowledge could help to
assign candidate genes. Instead, an untargeted metabolomics approach was applied to
investigate causes of the variation in GL thermal degradation. Metabolites associated
with GL thermal degradation were identified, which partly explain the variation in the
degradation rate constants throughout the population. The results indicate that three
flavonols may increase GL thermal degradation and two GLs, other than glucoraphanin
and glucobrassicin, may decrease GL thermal degradation in the matrix. Eighteen
not-annotated metabolites were associated with GL thermal degradation, some with
positive and some with negative correlations, which illustrates the complexity of factors
influencing this reaction. Future research to confirm these findings and annotate

unknown metabolites is required.

The findings provide necessary information to breed for vegetables with increased GL
retention during food processing, but clearly more studies are required to reach that
goal in the future. Furthermore, a methodology to identify metabolic factors causing the
variation of GL thermal degradation in different vegetables was applied successfully.
The combination of metabolite identities with genetic loci associated with GL thermal
degradation and future sequence information of Brassica will help to identify candidate

genes and molecular mechanisms for GL thermal degradation.
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In order to improve specific quality attributes of plant foods, breeding for quantitative
food processing traits is a promising and challenging approach. As shown in this
chapter, it has potential in the improvement of the nutritional quality of food products
by combining the disciplines food science and plant science to select and breed for
varieties with not only higher initial amounts of phytochemicals but also with a high

retention during processing.
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SUMMARY

Background

Phytochemicals are non-essential nutrients occurring in plant-based foods, which have
been linked to a reduced incidence and progression of diseases. Glucosinolates (GLs)
are phytochemicals that are typical for Brassica and other Cruciferous plants, such
as cabbage, broccoli, Brussels sprouts, Chinese cabbage, mustard and horseradish.
Chemically, GLs are f-thioglucosides N-hydroxysulphates with a sulphur-linked S-D-
glucopyranose moiety. Up to 120 different GLs have been identified with a common core
structure, but differing in their side chain (aliphatic, aromatic, indolic). However, only a
restricted number (3-10 GLs) occurs in commonly consumed vegetables. The intake of
GLs has been associated with lowered risks of several types of cancer and other diseases.
To reach a high level of GLs in the vegetables at the stage of consumption, research along
the food chain aims to increase the initial concentrations of certain GLs and to lower GL
losses; however, effects of the different steps in the food chain are mostly investigated
separately. In this thesis an interdisciplinary approach, combining food science and
plant science, was applied to explore the possibilities to improve the retention of GLs

throughout the food chain.
Aim

The objective of this thesis was to investigate genetic effects related to GL degradation
during food processing in order to test if food processing parameters can be used
as phenotypic traits and breed for vegetables with improved GL retention. The
identification of genetic regions associated with GL degradation provides a starting
point to investigate molecular mechanisms causing GL losses. Variation in the trait of
interest is required to identify genetic loci associated with it. Several mechanisms have
been described leading to GL reduction during food processing; one of them is thermal
degradation, which is solely induced by heat. Variation of GL thermal degradation rates
of chemically identical GLs has been shown among different vegetables, which provides

the basis to study genetic effects and was the focus of this thesis.
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Results

One challenge of integrating plant science and food science is the high number of
samples to be analysed to apply quantitative genetics to food technological traits. In the
first study (described in chapter 2), the analysis of GLs, as desulpho-GLs, was optimized
to reach accurate results using a high-throughput method. The effect of the sulphatase
preparation on the accuracy of the enzymatic desulphation step in microtiter plates
was tested. The desulphation procedure applied to determine GLs as desulpho-GLs
was found to be crucial for the analytical result. For the first time an inverse effect of
the sulphatase concentration on the peak area of a GL, glucotropaeolin, which is often
used as internal standard, was shown, leading to a substantial overestimation of GL
concentrations. We recommend the application of a purified sulphatase preparation
to obtain accurate results for a broad range of samples. This finding emphasises the
importance of having suitable analytical methods, in particular for the interdisciplinary
approach, where actions in the various disciplines depend strongly on the analytical

outcomes.

Kinetic modelling was applied as a tool to describe GL thermal degradation in a
quantitative way in a broccoli (B. oleracea var. italica) and a Chinese kale (B. oleracea
var. alboglabra) genotype in chapter 3. The first aim was to identify an appropriate
model for the description of GL degradation in the two genotypes and two different
seasons. Model discrimination was performed for first- and n"-order models and it was
shown that a first order reaction was appropriate in both seasons and genotypes. The
firstand n"-order models are empirical models, which were applied since the molecular
mechanism of thermal degradation is not known. The first order model was selected
based on the best fit through the measured data. The second aim of this study was to
investigate the effect of season and genotype on GL thermal degradation. Degradation
rate constants obtained from the modelling were higher for indolic GLs than for
aliphatic GL. Furthermore, we have previously demonstrated that thermal degradation
rate constants of chemically identical GLs differed in five different Brassica vegetables;
hence differences in GL thermal degradation between this Chinese kale and this broccoli
genotype grown in the same season were expected. However, the resulting degradation
rate constants of chemically identical GLs did not differ between the broccoli and the
Chinese kale genotype when grown in the same season, but were strongly affected by

the season (20% to 80% difference). In this study, defined genotypes were grown under
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the same conditions, whereas in literature different vegetables, at different maturity,

with unknown growing conditions and storage history were used.

A publically available segregating population (doubled-haploid (DH)), developed by
crossingthebroccoliand the Chinese kale genotype studied in chapter 3, was investigated
for GL thermal degradation in chapter 4. Thermal degradation rate constants were
determined in 100 DH lines and were combined with molecular marker information to
identify genetic regions associated with GL thermal degradation (quantitative trait loci
(QTL)). Despite the fact that the degradation rate constants of chemically identical GLs
did not differ in the parental genotypes of the segregating population, rate constants
varied by 3-fold throughout the population for most GLs. The phenomenon that the
phenotypicvalues of the segregating population are beyond the range of the parentallines
is called transgressive segregation and generally means that the trait is quantitatively
inherited (controlled by several genes). QTLs were identified for the two GLs which
occurred in all genotypes; two QTLs were identified for glucobrassicin on linkage
groups C07 and C09 (25% explained variation) and one for glucoraphanin on linkage
group C07 (12% of explained variation). A co-localisation of the QTLs on linkage group
C07 and correlations between the rate constants of different GLs indicate that similar
factors in the plant matrix influence GL degradation. In addition to the genotypic effects,
the growing year influences GL degradation as well, which is a common phenomenon
of quantitatively inherited traits. The identified QTL can be used for marker-assisted
selection (MAS), which is a selection method based on the genotype at a specific position
to increase breeding efficiency. The identified QTL must be stable across environments
and time to be applied efficiently to MAS, which cannot be predicted from the current
experimental data. Hence, further experiments are required to apply the identified GL
thermal degradation QTL to MAS and breed for vegetables with increased GL retention

during food processing in the future.

Up to now the full sequence of the Brassica oleracea genome has not been published,
which hinders theidentification of genesunderlying the detected QTL for GL degradation.
Furthermore, fine mapping of the DH population would be required to obtain smaller
genetic regions with fewer possible genes within the QTL. The selection of candidate
genes is difficult, since little prior knowledge about the molecular mechanism of GL
degradation exists. As an alternative, an untargeted metabolomics approach combined
with random forest regression was applied to identify metabolites associated with

GL thermal degradation rate constants to form new hypotheses about the underlying
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mechanism (chapter 5). Metabolites associated with the variation in the GL thermal
degradation rate constants throughout the DH population were identified. Out of
413 analysed metabolites, 15 were significantly associated with the degradation rate
constants of glucobrassicin, 6 with the degradation rate constants of glucoraphanin
and 2 with both GL degradation rate constants. Due to the co-localisation of the
degradation QTLs, a higher number of metabolites associated with both GL degradation
rate constants was expected. Among these 23 different metabolites, 3 were identified
as flavonols (1 kaempferol- and 2 quercetin-derivatives) and 2 as GLs (gluconasturtiin,
4-methoxyglucobrassicin). The flavonols were positively correlated with the degradation
rate constants of glucobrassicin and possibly enhance the degradation by the reduction
of ferric ions (Fe**) to ferrous ions (Fe?*) that mediate the degradation of GL under the
formation of ferric ions. One GL was negatively correlated with the degradation rate
constant of glucobrassicin and 2 GLs with the rate constant of glucoraphanin, which
may reduce the degradation of glucobrassicin and glucoraphanin by a competitive
mechanism. Furthermore, 18 metabolites could not be annotated, some showing
positive and some showing negative correlation. Possibly enhancing and retarding
effects of metabolites on GL degradation illustrate the complexity of the system. Further
research is required to prove the findings and to investigate the mechanisms of thermal

GL degradation in more detail.

QTL analysis of metabolites associated with the GL degradation rate constants revealed
metabolite QTL on linkage groups C07 and C09, which co-localise with the QTL identified
for GL degradation rate constants. An additional QTL was detected on linkage group
C01 where no QTL for the degradation rate constants had been identified (chapter 5).
The future availability of sequence information of Brassica oleracea may help to identify
the genes underlying metabolite and degradation QTLs. The combination of sequence
information and the identity of the metabolites will allow a more specific selection of

candidate genes.

The combination of plant science and food science to improve food quality in general
is discussed in chapter 6. The main challenge to breed for vegetables with improved
food processing properties is the number of samples to be analysed. Recent advances in
development of high-throughput analytical methodologies will facilitate the analysis of
such high sample numbers. Both disciplines will benefit from such collaboration and it
may reduce variability and increase the quality of plant based products along the food

chain in the future.
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Conclusions

The research conducted in this thesis demonstrates that GL thermal degradation is partly
genetically regulated. In addition, environmental factors, such as season and growing
year, influence GL thermal degradation. The findings provide necessary information
to breed for vegetables with increased GL retention during food processing, but more
studies about environmental stability of the genetic regions are required to use this
genetic regions in MAS in the future. Furthermore, a methodology to identify metabolic
factors causing the variation of GL thermal degradation in different vegetables was
applied successfully. Three flavonols, two GLs and 18 not annotated metabolites were
associated with GL thermal degradation, which also requires future research to confirm
these findings. The use of other metabolomics/ proteomics platforms may reveal more
metabolites associated with thermal degradation. The combination of metabolite
identities with genetic loci associated with GL thermal degradation and future sequence
information of Brassica oleracea will help to identify candidate genes and molecular

mechanisms for GL thermal degradation.

In order to improve specific quality attributes of plant foods, breeding for quantitative
food processing traits is a promising and challenging approach. It has potential in the
improvement of the nutritional quality of food products by combining the disciplines
food and plant science to select and breed for varieties that not only have higher initial
amounts of phytochemicals but that also have a high retention during storage and

processing.
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Achtergrond

Fytochemicaliénzijninplantenaanwezigenutriéntendievoorde mensnietessentieel zijn,
maar welke waarschijnlijkwel gezondheidsbevorderende eigenschappenhebbendie een
rol spelen bij het voorkomen van, en/of de vermindering van het risico op ziekten zoals
kanker en hart- en vaatziekten. Glucosinolaten (GLn) zijn een groep van fytochemicalién
die alleen in Brassica en andere groenten uit de familie van de kruisbloemigen
(cruciferen), zoals bijvoorbeeld rode en boerenkool, broccoli, spruitjes, Chinese kool,
mosterd en mierikswortel, aanwezig zijn. Chemisch gezien zijn GLn S-thioglucoside
N-hydroxysulphaten met een f-D-glucopyranose groep die aan een zwavel-atoom
gebonden is. Er zijn ongeveer 120 verschillende GLn geidentificeerd, met een identieke
kernstructuur, maar met ieder een verschillende alifatische, aromatische of indolische
zijketen. In specifieke Brassica-groenten komt slechts een beperkt aantal (3-10) GLn
voor. Het eten van Brassica-groenten en hiermee dus de inname van specifieke GLn is
gekoppeld aan een vermindering van het risico op verschillende vormen van kanker en
andere ziekten. Verschillende stappen in de levensmiddelenproductieketen beinvloeden
de concentraties van GLn in de groenten. De concentratie na de oogst is afhankelijk
van het genotype, het klimaat, de bodem en andere omstandigheden. Door opslag en
huishoudelijk of industrieel koken kan de concentratie van GLn sterk gereduceerd
worden.Dooronderzoekaanverschillende stappenindelevensmiddelenproductieketen
kunnen de GL-concentraties in het geconsumeerde product verhoogd worden. Dit kan
bijvoorbeeld door met behulp van veredeling hogere concentraties van bepaalde GLn
in het geoogste gewas te verkrijgen, maar ook door te zorgen voor lagere verliezen van
GLn tijdens de verwerking en bereiding van groenten. Meestal worden effecten van
verschillende stappen in de levensmiddelketen afzonderlijk van elkaar onderzocht. In
dit proefschrift zijn de expertises van plantenwetenschappers gecombineerd met die
van levensmiddeltechnologen om zo met een interdisciplinaire onderzoekbenadering

door de hele levensmiddelenproductieketen GLn beter te behouden.
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Doel van dit proefschrift

Het doel van dit proefschrift is het onderzoeken of er genetische factoren zijn die een
rol spelen bij de afbraak van GLn tijdens de bereiding. Voor het bepalen van
de genetische regio’s is onderzocht of procesparameters tijdens de bereiding van
levensmiddelen als fenotypische eigenschappen kunnen worden gebruikt om groenten
te kunnen veredelen met een hoger behoud van GLn tijdens de voedselverwerking en
-bereiding. De identificatie van gebieden in het kool-genoom die geassocieerd zijn met
GL-afbraak biedt een uitgangspunt om moleculaire mechanismen die de GL-afbraak
veroorzaken te onderzoeken. Deze gebieden in het genoom worden aangeduid als
Quantitative Trait Loci (QTL), welke bepaald kunnen worden in genetische studies aan
populaties; deze gebieden verklaren een deel van de variatie in de te meten eigenschap,
wat veroorzaakt wordt door genen die in dit gebied liggen met direct effect op die
eigenschap. Om de QTL die aan de eigenschappen gekoppeld zijn te identificeren, is het
van belang dat variatie in de eigenschappen aanwezig is in planten met verschillende
genetische achtergrond. Verschillende mechanismen voor GL-afbraak tijdens de
voedselbereiding zijn beschreven, één van deze mechanismen is de thermische afbraak
die bij hoge temperatuur plaatsvindt. Variatie in de thermische afbraak van chemisch
identieke GLn in verschillende koolgroenten was beschreven en biedt dus de basis om
genetische factoren die aan deze thermische GL-afbraak gekoppeld zijn te bepalen en

verder te onderzoeken.

Onderzoek en resultaten

Het koppelen van de onderzoeksgebieden op het gebied van plantenveredeling en
levensmiddelentechnologie vereist de analyse van grote aantallen monsters om
kwantitatieve genetica op levensmiddelentechnologische eigenschappen toe te
kunnen passen. In hoofdstuk 2 is de optimalisatie van een GL-analysemethode (als
desulfo-GLn) beschreven. De geoptimaliseerde methode geeft nauwkeurige resultaten
in een snelle procedure geschikt voor grote aantallen monsters. De invloed van de
sulfataseconcentratie en de monstervoorbereiding op de nauwkeurigheid van de
enzymatische desulfatatie in microtiter- platen is hiervoor in detail bestudeerd. De
details van de toegepaste desulfatatiemethode is cruciaal voor de nauwkeurigheid van
het analyseresultaat. Voor de eerste keer is hierbij een negatief effect gevonden van

de sulfataseconcentratie op het piekoppervlak van een GL, glucotropaeolin, dat vaak

145



SAMENVATTING

als interne standaard wordt gebruikt, Hierdoor bleken er systematisch te hoge GL-
concentraties te worden gevonden. Het gebruik van een gezuiverd sulfatase-preparaat
wordt hierdoor aanbevolen om nauwkeurige resultaten in monsters met uiteenlopende
GL-concentraties te verkrijgen. Dit resultaat benadrukt het belang van geschikte
analytische methoden, vooral bij interdisciplinair onderzoek waarbij de analyse-
resultaten in sterke mate de vervolgstappen in de verschillende disciplines bepalen.

Kinetisch modelleren is als hulpmiddel gebruikt om de thermische afbraak van GLn in
de gebruikte ouderlijnen van een uitsplitsende populatie, broccoli broccoli (B. oleracea
var. italica) en Chinese broccoli of Gai Lan (B. oleracea var. alboglabra), kwantitatief te
beschrijven (hoofdstuk 3). Het eerste doel van deze studie was een geschikt model
voor de kinetiek van afbraak in de twee genotypen voor twee seizoenen te identificeren.
Door middel van modeldiscriminatie werd aangetoond dat voor beide genotypen en
seizoenen een 1°-orde kinetiek de experimentele data beter beschreef dan een n®-orde
kinetiek. Beide onderzochte modellen zijn empirische modellen, welke zijn gekozen
omdat het moleculaire mechanisme van thermische GL-afbraak niet bekend is. Het
tweede doel van deze studie was om de invloed van genotype en seizoen op de thermale
afbraak van de individuele GL te onderzoeken. De bepaalde 1¢-orde snelheidsconstanten
waren hoger voor GLn met een indolische zijketen dan voor de GLn met een alifatische
zijketen. In een eerdere studie was aangetoond dat de snelheidsconstanten voor
thermische afbraak van chemisch identieke GLn in vijf verschillende Brassica-groenten
verschillend zijn. Hierdoor werd een verschillende thermische afbraak snelheid tussen
de broccoli en Chinese broccoli genotypen in hetzelfde seizoen verwacht. De gevonden
snelheidsconstanten verschilden echter niet tussen de onderzochte broccoli en Chinese
broccoli genotypen in hetzelfde seizoen. Daarentegen was de invloed van het seizoen
op de thermische afbraak van chemisch identieke GL groot (20% tot 80% verschil).
In deze studie zijn goed gedefinieerde organen (bladeren van 8 weken oude planten)
van bekende genotypen welke onder dezelfde condities geteeld zijn, gebruikt. In
de eerdere studie daarentegen, zijn verschillende groenten gebruikt met vele, vaak
onbekende, verschillen, zoals: leeftijd, orgaantype, teeltlocatie en -omstandigheden,

opslagcondities.

De snelheidsconstantes van de thermische GL-afbraak is verder onderzocht in honderd
liinen van een vrij beschikbare, splitsende, verdubbelde haploide populatie (DH),
die door kruising van de broccoli met de Chinese broccoli is verkregen (hoofdstuk

4). Deze ouderlijnen zijn in hoofdstuk 3 voor thermische GL-afbraak onderzocht. De
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gevonden afbraakconstanten zijn gecombineerd met moleculaire marker data van al
de honderd lijnen van de DH populatie om genetische regio’s (quantitative trait loci
(QTL)) te identificeren die met de thermische GL-afbraak geassocieerd zijn. Hoewel
de thermische afbraak van chemisch identieke GLn in de oudergenotypen van deze
populatie niet verschilden, varieerden de snelheidsconstanten met een factor drie voor
de splitsende populatie van nakomelingen. Het fenomeen dat de fenotypische waarden
buiten het bereik van de waarden van de ouder genotypen liggen wordt transgressieve
segregatie genoemd. Dit betekent dat een eigenschap kwantitatief overerft en wordt
bepaald door meer dan één gen. QTL voor de GLn die in alle genotypen aanwezig
waren, zijn geidentificeerd: twee QTL voor glucobrassicin op chromosomen C07 en C09
(25% verklaarde variatie) en één QTL voor glucoraphanine op chromosoom C07 (12%
verklaarde variatie). Het feit dat de QTL op chromosoom CO07 voor twee verschillende
GLn op dezelfde positie liggen en dat de afbraakconstanten van verschillende GLn in
dezelfde planten gecorreleerd zijn, wijst erop dat soortgelijke factoren in de plantmatrix
de thermische afbraak van deze verschillende GLn beinvloeden. Naast de genotypische
effecten heeft het jaar van de teelt ook invloed op de GL-afbraak. Dit is een gebruikelijk
fenomeen voor kwantitatief overervende eigenschappen. De geidentificeerde QTL
kunnen gebruikt worden voor merkergestuurde selectie (MAS), een indirecte
selectiemethode die gebruik maakt van moleculaire merkers die de QTL flankeren. Dit
verhoogt de effectiviteit van de veredeling voor stabielere GLn, daar merkeranalyse
vele malen minder kostbaar en arbeidsintensief is, dan het bepalen van GL-afbraak
aan vele genotypen van splitsende populaties. Bovendien is MAS niet afhankelijk van
seizoeneffecten en teeltcondities, en kunnen QTL die alleen in bepaalde teelt condities
tot expressie komen, toch altijd geselecteerd worden. Of de geidentificeerde QTL voor
de thermische GL-afbraak effectief zijn onder verschillende teeltomstandigheden, kan
met de huidige data nog niet voorspeld worden. Meer experimenten zijn noodzakelijk
om de thermische afbraak QTL in MAS in de toekomst toe te kunnen passen voor het

veredelen van groenten met een verhoogde stabiliteit van GLn.

De sequentie van het Brassice oleracea-genoom is tot nu toe niet gepubliceerd, hetgeen
de identificatie van de genen op het genoom onder de QTL voor thermische GL-afbraak
verhindert. Bovendien is gedetailleerde genetische kartering noodzakelijk om kleinere
genetische regio’s te verkrijgen met minder opties voor kandidaatgenen in de QTL voor
GL- afbraak. Het vinden van kandidaatgenen is moeilijk omdat weinig bekend is over de

factoren die de GL-afbraak beinvloeden.
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Een alternatieve benadering om de onderliggende factoren voor de thermische
GL-afbraak te identificeren is “untargeted metabolomics” gecombineerd met
“random forest” regressie. Deze methode is gekozen om metabolieten die met de
GL-afbraaksnelheidsconstanten geassocieerd zijn te identificeren en om hiermee
nieuwe hypothesen over de mechanismen van de thermische GL-afbraak te kunnen
formuleren (hoofdstuk 5). Een aantal metabolieten die met de GL-afbraak in de DH-
populatie geassocieerd zijn, zijn met deze methode gevonden. Van de 413 metabolieten
welke geidentificeerd zijn in de DH-populatie, waren er 15 significant geassocieerd
met de snelheidsconstante van glucobrassicine, 6 met de snelheidconstanten van
glucoraphanin en 2 met die van allebei GLn. De verwachting was dat een groter aantal
metabolieten met beide GL-afbraaksnelheidsconstanten geassocieerd zou zijn, omdat
de QTL op koppelingsgroep C07 voor beide GLn is gevonden. Uit deze 23 metaboliten
zijn 3 als flavonolen (een kaempferol- and twee quercetine-derivaten) en twee als GLn
(4-methoxyglucobrassicine, gluconasturtiine) geidentificeerd. De flavonolen zijn positief
gecorreleerd met de snelheidsconstanten van glucobrassicin. Het zou kunnen dat
flavonolen de afbraaksnelheid van glucobrassicin verhogen doordat ze Fe** ijzerionen
kunnenreduceren naar Fe?*ionen, die de afbraak van GLn onder vorming van Fe3* kunnen
versnellen. Eén GL was geassocieerd met de snelheidsconstante van glucobrassin en twee
GLn met de afbraaksnelheidsconstante van glucoraphanin, welke mogelijk de afbraak
van glucobrassicine en glucoraphanine door een competitief mechanisme vertragen. De
identiteit van 18 metabolieten kon niet bepaald worden, sommige hiervan zijn positief
en sommige negatief met de GL-afbraaksnelheidsconstanten gecorreleerd. Het feit dat
er zowel versnellende als vertragende effecten van metabolieten gevonden zijn toont de
complexiteit van de GL-afbraakmechanismen aan. Vervolgstudies zijn noodzakelijk om
deze resultaten te bevestigen en om de moleculaire mechanismen van de GL-afbraak op

te helderen.

De QTL-analyse van de metabolieten die met de GL-afbraaksnelheidsconstanten
gecorreleerd waren, heeft QTL op chromosomen C07 en C09 aangetoond, die op
dezelfde posities liggen als de QTL voor de GL-afbraaksnelheden zelf. Verder is een QTL
op chromosoom CO01 geidentificeerd waar geen QTL voor GL-afbraak gevonden zijn
(hoofdstuk5).Sequentie-informatie van Brassica oleraceakanin de toekomstde zoektocht
naar genen die onder de QTL voor metabolieten en GL-afbraak liggen ondersteunen. De
combinatie van sequentie-informatie en de identiteit van metabolieten kan het bepalen

van kandidaatgenen betrokken bij de thermische afbraak van GLn faciliteren.
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De combinatie van plantenwetenschappen en levensmiddelentechnologie om de
kwaliteit van levensmiddelen te verbeteren is bediscussieerd in hoofdstuk 6. De grootste
uitdaging bij de plantenveredeling voor levensmiddelentechnologische eigenschappen
is het grote aantal monsters dat geanalyseerd moet worden voor kwantitatief genetische
analyses. Nieuwe ontwikkelingen in “high-throughput” analyse technieken zullen
analyse van grote monsterhoeveelheiden makkelijker maken. Allebei de disciplines
zullen van deze samenwerking profiteren en wellicht kan hierdoor de grote variatie
in de kwaliteit van op planten gebaseerde producten hierdoor in de toekomst worden

verminderd.

Conclusies

Het onderzoek in dit proefschrift toont aan, dat de thermische afbraak van GLn deels
genetisch gereguleerd is. Hiernaast beinvloeden omgevingsfactoren, bijvoorbeeld
seizoen enjaarvande teelt, de afbraaksnelheid van GLn. De resultaten van dit proefschrift
geven de noodzakelijke informatie om groenten te kunnen veredelen met een verhoogde
GL-stabiliteit tijdens de voedselverwerking en bereiding. Wel zijn er meer studies nodig
om de stabiliteit van de gevonden QTL in verschillende omgevingen te onderzoeken en
dus de effectiviteit van MAS voor de GLn stabiliteit te bepalen. Verder is een methologie
ontwikkeld om metabole factoren die de thermale GL-afbraak kunnen beinvloeden te
identificeren. Drie flavonolen, twee GLn en 18 ongeidentificeerde metabolieten zijn
met GL-afbraak geassocieerd. Door andere metabolomics/ proteomics-platforms te
gebruiken kunnen mogelijkmeermetabolieten geidentificeerd worden die de thermische
GL-afbraak beinvloeden. De combinatie van metabolietinformatie, de genetische loci
die de GL-afbraak beinvloeden en sequentie- informatie van Brassica oleracea zal in
de toekomst meer mogelijkheden bieden voor het identificeren van kandidaatgenen en

moleculaire mechanismen voor thermale GL-afbraak.

De combinatie van plantenveredeling en kwantitatieve informatie vanuit de
levensmiddelentechnologie is een veelbelovende en uitdagende nadering om de
kwaliteit van levensmiddelen te verbeteren. Er is potentie om de nutritionele kwaliteit
van levensmiddelen te verbeteren door deze interdisciplinaire aanpak, met als doel
gewassen te veredelen die niet alleen een hoger uitgangsgehalte aan fytochemicalién
hebben, maar waarin deze componenten ook stabieler zijn tijdens verwerking, bereiding

en opslag.
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Hintergrund

Glucosinolate  sind sekundire Pflanzenstoffe, die typischerweise in den Arten
der Brassicacea und anderen Kreuzbliitengewdchsen vorkommen, wozu Gemiise
wie Brokkoli, Rotkohl, Rosenkohl, Chinakohl, aber auch Raps, Senf und Meerrettich
gehoren. Glucosinolaten und deren Abbauprodukten werden gesundheitsfordernde
Eigenschaften, insbesondere die Hemmung von Krebserkrankungen, nachgesagt.
Auflerdem tragen die Abbauprodukte von Glucosinolaten zum Geschmack und Aroma
von Brassica-Gemiise bei. Chemisch gehéren Glucosinolate zu den B-Thioglucosid-N-
hydroxysulfaten. Diese bestehen aus einem Agluconrest der liber ein Schwefelatom
mit einer Glucoseeinheit verbunden ist. Uber 120 verschiedene Glucosinolate, die eine
gemeinsame Grundstruktur haben und sich im Aufbau des Agluconrestes unterscheiden,
wurden bisher identifiziert. Basierend auf der chemischen Struktur des Agluconrestes
werden Glucosinolate in drei Untergruppen eingeteilt, in aliphatische, aromatische
und indolische Glucosinolate. Jede Gemiisesorte enthalt allerdings nur eine bestimmte

Anzahl an Glucosinolaten (3-10).

Aufgrund ihrer gesundheitsfordernden  Eigenschaften wird eine hohe
Glucosinolatkonzentration zum Zeitpunkt des Verzehrs angestrebt. Diese kann durch
verschiedene Schritte in der Lebensmittelkette modifiziert werden. So haben zum einen
der Genotyp und die Anbaubedingungen einen Einfluss auf die Ausgangskonzentration
derGlucosinolateund zumanderenkdnnendie Lagerungund die Zubereitungder Gemiise
den Glucosinolatgehaltin Gemiisesorten erheblich reduzieren. Das Ausmaf$ der Verluste
wird durch die Art und Dauer der Zubereitung beeinflusst. Bisher wurde der Einfluss der
verschiedenen Schritte in der Lebensmittelkette getrennt voneinander betrachtet. Der
Gegenstand dieser Arbeit ist es deshalb Pflanzenziichtung und Lebensmitteltechnologie
zu verbinden, um Madglichkeiten zu erforschen, hohe Glucosinolatkonzentrationen

innerhalb der gesamten Lebensmittelkette aufrechtzuerhalten.
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Zielstellung

Das Ziel dieser Arbeit war es, genetische Effekte des Glucosinolatabbaus wahrend
der Gemiisezubereitung zu untersuchen. Dabei sollte gepriift werden, ob
lebensmitteltechnologische Parameter als phanotypische Merkmale eingesetzt
werden konnen, um Gemise zu ziichten, die Glucosinolatkonzentrationen ladnger
aufrechterhalten. Die Bestimmung von genetischen Regionen kann als Ausgangspunkt
verwendet werden, um molekulare Mechanismen des Glucosinolatabbaus zu
untersuchen. Unterschiede in einer phanotypischen Eigenschaft sind Voraussetzung fiir
die Identifizierung von zugehorigen genetischen Regionen. Verschiedene Mechanismen
wurden bereits in der Literatur beschrieben, die Glucosinolatverluste wahrend der
Gemiisezubereitung beeinflussen. Dazu gehort u.a. der thermisch induzierte Abbau, fiir
den gezeigt werden konnte, dass chemisch identische Glucosinolate in verschiedenen
Gemdiisesorten unterschiedlich stabil sind. Diese Unterschiede bilden die Grundlage, um

genetische Effekte zu untersuchen und sind Schwerpunkt dieser Arbeit.

Ergebnisse

Die hohe Probenanzahl, die notwendig ist, um quantitative Genetik und
lebensmitteltechnologische Eigenschaften zu verbinden, stellt eine besondere
Herausforderung dar. Deshalb wurde die Bestimmung von Glucosinolaten optimiert,
um genaue Ergebnisse mit einem hohen Probendurchsatz zu erzielen (Kapitel 2).
Glucosinolate werden iiblicherweise als Desulfo-Glucosinolate bestimmt, um ihre
Polaritat zu verringern und somit die chromatographische Trennung zu verbessern.
Die enzymatische Desulfierung wurde in Mikrotiterplatten durchgefiihrt. Dabei wurde
sowohl der Einfluss der Sulfatasekonzentration als auch der Einfluss der Reinigung
der Sulfatase auf Richtigkeit des Analysenergebnisses untersucht. Die Ergebnisse
zeigen, dass die Konzentration und die Reinigung der Sulfatase einen entscheidenden
Einfluss auf das Analysenergebnis haben. Erstmalig wurde ein negativer Effekt der
Sulfatasekonzentration auf die Peakflache eines Glucosinolates, dem Glucotropaeolin,
gezeigt. Glucotropaeolin wird oft als interner Standard verwendet, deshalb fithren
geringere Peakflachen zu falsch positiven Ergebnissen aller Glucosinolate. Ein kurzer
Reinigungsschritt der Sulfatase wird empfohlen, um genaue Analysenergebnisse in

verschiedenen Proben mit einem breiten Konzentrationsbereich zu erzielen.

Fiir die Quantifizierung des thermisch induzierten Glucosinolatabbaus in einem
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Brokkoli-Genotyp (B. oleracea var. italica) und einem chinesischen Brokkoli-Genotyp (B.
oleracea var. alboglabra) wurde die kinetische Modellierung (Kapitel 3) angewendet.
Als Erstes wurde ein geeignetes Modell zur Beschreibung des Glucosinolatabbaus
in den zwei Genotypen, die in zwei verschiedenen Jahreszeiten angebaut wurden,
identifiziert. Es wurden empirische Modelle der Reaktionen erster und n-ter Ordnung
angewendet, da der molekulare Abbaumechanismus der Glucosinolate nicht bekannt
ist. Zur Unterscheidung, welche der beiden Modelle die Daten besser beschreibt, wurde
die Methode der kleinsten Quadrate angewendet und der resultierende Fit zwischen
den beiden Modellen verglichen. Das Modell erster Ordnung wurde fiir weitere
Modellierungen ausgewahlt, da die bestimmten Parameter genauer als mit dem Modell
n-ter Ordnung waren. Als Zweites wurde der Einfluss des Genotyps und der Jahreszeit
auf den Glucosinolatabbau untersucht. Die mit dem Modell erster Ordnung bestimmten
Abbauraten waren im Fall der indolischen Glucosinolate grofer als fiir aliphatische
Glucosinolate. Die Abbauraten chemisch identischer Glucosinolate waren in diesem
Brokkoli-Genotyp und in diesem chinesischen Brokkoli-Genotyp gleich grof3, wenn sie
in der gleichen Jahreszeit angebaut wurden. Die Jahreszeit hatte einen grof3en Einfluss
auf die thermische Stabilitdt von Glucosinolaten in den zwei untersuchten Genotypen
(20%ige bis 80%ige Unterschiede). Im Gegensatz dazu, wurde in vorhergehenden
Untersuchungen gezeigt, dass chemisch identische Glucosinolate in verschiedenen
Gemiisesorten unterschiedliche thermische Stabilititen aufweisen. Fiir die in dieser
Arbeit beschriebenen Experimente wurden zwei Genotypen verwendet, die unter
gleichen Bedingungen angebaut wurden. Hingegen wurden in den in der Literatur
beschriebenen Experimenten verschiedene Gemiise mit unbekanntem Genotyp und
Herkunft, unterschiedlichen Anbau- und Lagerbedingungen und Reife verwendet. Diese
Faktoren konnen ein Grund fiir die unterschiedlichen Ergebnisse der beiden Studien

sein.

Durch Kreuzung der in Kapitel 3 untersuchten Brokkoli- und chinesischen Brokkoli-
Genotypen wurde eine doppelhaploide Pflanzenpopulation entwickelt. In Kapitel 4
wurde die thermische Stabilitat von verschiedenen Glucosinolaten in dieser Population
untersucht. Thermische Abbauraten von Glucosinolaten wurden in 100 Pflanzenlinien
bestimmt und die Daten mit genetischen Marker-Informationen kombiniert, um
Genabschnitte zu identifizieren, die mit thermischen Glucosinolatabbau assoziiert sind
(quantitativetraitloci[QTL]).Obwohldie Abbauratenchemischidentischer Glucosinolate

indenelterlichen Genotypen der Pflanzenpopulation nichtverschieden waren, variierten
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die Abbaukonstanten der meisten Glucosinolate innerhalb der Pflanzenpopulation
dreifach. Wenn die phinotypischen Merkmale der Population jenseits der elterlichen
Werte liegen, bedeutet das, dass eine Eigenschaft quantitativ vererbt wird, das heifst
von mehreren Genen beeinflusst wird. Es konnten QTL fiir die Abbauraten von zwei
Gluosinolaten bestimmt werden: Zwei QTL wurden fiir Glucobrassicin auf den
Chromosomen C07 und C09 (25% Varianzaufkldarung) und ein QTL fiir Glucoraphanin
auf dem Chromosom C07 (12% Varianzaufklarung) identifiziert. Die ermittelten QTL
fiir Glucobrassicin und Glucoraphanin auf Chromosom C07 liegen auf dem gleichen
Genabschnitt. Zusatzlich korrelieren die Abbauraten von verschiedenen Glucosinolaten,
was ein Indiz dafir ist, dass ahnliche Faktoren innerhalb der Pflanzenmatrix den Abbau
chemisch verschiedener Glucosinolate beeinflussen. Neben genetischen Effekten wird
der Glucosinolatabbau von Umweltbedingungen beeinflusst, was fiir quantitativvererbte
Eigenschaften tblich ist. Die identifizierten QTL konnen zur Prazisionszucht (marker
assisted selection) verwendet werden, wobei die Genotypen, welche zur Ziichtung der
nachsten Generation verwendet werden, anhand von molekularen Markern ausgewahlt
werden, die die QTL umgeben. Diese Art der Auswahl der Elterngeneration erhoht die
Effektivitat der Ziichtung, da eine Analyse der genetischen Marker weniger arbeits- und
kostenintensiv als die Bestimmung des Glucosinolatabbaus in vielen Genotypen einer
Pflanzenpopulation ist. Die Vorrausetzung fiir die Prazisionszuchtist allerdings, dass die
QTLunterverschiedenen Anbaubedingungen stabil sind, wasanhand der durchgefiihrten
Experimente nichtvorhergesagt werden kann. Weitere Untersuchungen sind notwendig,
um die identifizierten QTL fiir den Glucosinolatabbau zur Prazisionszucht anwenden zu
kénnen, und um in Zukunft Gemiise mit einer erhéhten Stabilitit von Glucosinolaten

wahrend der Lebensmittelzubereitung ziichten.

Bisher wurde die Genomsequenz von Brassica oleracea nicht veroffentlicht, wodurch
die Identifizierung von Genen, die den Glucosinolatabbau-QTL zugrunde liegen,
erschwert wird. Auferdem ist eine Feinkartierung der genetischen Karte dieser
Pflanzenpopulation notwendig, um kleinere genetische Regionen zu identifizieren und
damit die Anzahl moéglicher Gene zu verringern. Weiterhin ist der Mechanismus des
Glucosinolatabbau nicht bekannt und bietet somit keinen Anhaltspunkt fiir die Auswahl

von Kandiatengenen.

Als alternative Herangehensweise wurde eine Metabolomik-Analyse mit der Random
Forest Regression kombiniert, um Metabolite, die mit den Glucosinolatabbaukonstanten

korrelieren, zu identifizieren und neue Hypothesen tiber mogliche Abbaumechansimen
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zu formulieren (Kapitel 5). Mit Hilfe dieser beiden Methoden konnten Metabolite,
die mit den Glucosinolatabbaukonstanten assoziiert sind, bestimmt werden. Von
413 bestimmten Metaboliten waren 15 signifikant mit den Abbaukonstanten von
Glucobrassicin, sechs signifikant mit den Abbaukonstanten von Glucoraphanin und
zwei signifikant mit beiden Glucosinoaten assoziiert. Es wurde eine héhere Anzahl an
Metaboliten, die mit beiden Glucosinolatabbaukonstanten assoziiert sind, erwartet, da
ein gemeinsamer QTL auf Chromosom C07 identifiziert wurde. Von diesen 23 insgesamt
Metaboliten wurden drei als Flavonole (1 Kaempferol- und 2 Quercetinderivate) und
zwei als glucosinolate (Gluconasturtiin, 4-methoxyglucobrassicin) identifiziert. Die
Flavonole waren positiv mit den Glucosinolatabbaukonstanten korreliert und erh6hen
somit moglicherweise den Glucosinolatabbau durch Reduktion von Fe*- zu Fe®*-
Ionen, welche den Glucosinolat-abbau katalysieren. Ein Glucosinolat war negativ mit
den Abbaukonstanten von Glucobrassicin korreliert und zwei Glucosinolate mit den
Abbaukonstanten von Glucoraphanin. Diese negative Korrelation kdnnte auf einen
kompetitiven Mechanismus hindeuten und somit den Abbau bestimmter Glucosinolate
verlangsamen. Weitere 18 Metabolite konnten nicht identifiziert werden, wovon einige
negativ und andere positiv mit den Glucosinolatabbaukonstanten korrelierten. Effekte
von Metaboliten, die den Glucosinolatabbau moglicherweise steigern und andere
Metabolite, die ihn moglicherwiese verlangsamen, verdeutlichen die Komplexitat des
Reaktionssystems. Weitere Studien sind notwendig, um diese Ergebnisse zu bestatigen

und den Mechanismus des Glucosinolatabbaus genauer zu beschreiben.

Die QTL-Analyse von Metaboliten, die mit den Glucosinolatabbaukonstanten assoziiert
waren, zeigte Metaboliten-QTL auf den Chromosomen C07 und C09 auf, welche auf der
gleichen Genregion liegen wie die Glucosinolatabbau-QTL. Weiterhin wurde ein weiterer
Metaboliten-QTL auf dem Chromosom CO01 identifiziert, wo kein Glucosinolatabbau-
QTL nachgewiesen wurde (Kapitel 5). Die Sequenzierung des Brassica oleracea Genoms
konnte die Identifikation der Gene, die den Metaboliten-QTL und den Glucosinolatabbau-
QTL zugrunde liegen, in der Zukunft erleichtern. Weiterhin kann die Kombination der
Sequenzinformationen mit der Identitdt von Metaboliten die Auswahl von spezifischen

Kandidatengenen erleichtern.

Der allgemeine Ansatzpunkt, um die Qualitdt von Lebensmitteln durch die Verkniipfung
von Pflanzenziichtung und Lebensmittelchemie zu verbessern, wurde in Kapitel 6
diskutiert. Jiingste Fortschritte in der Entwicklung von Analysenmethoden mit hohem

Probendurchsatz werden die Analyse notwendiger Probenanzahlen, welche die grofdte
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Herausforderung darstellt, weiter erleichtern. Durch die gemeinsame Betrachtung
von biochemischen Verdnderungen innerhalb der Lebensmittelkette konnen beide
Forschungsdisziplinen profitieren und damit moglicherweise die Qualitdit von

pflanzlichen Lebensmitteln innerhalb der Lebensmittelkette in Zukunft verbessern

Schlussfolgerungen und Ausblick

Die im Rahmen dieser Arbeit durchgefiihrten Experimente zeigen, dass thermischer
Glucosinolatabbau teilweise genetisch bedingt ist. Auflerdem beeinflussen
Umweltfaktoren, wie Anbausaison und -jahr, die Glucosinolatabbaugeschwindigkeit. Die
Ergebnissedieser Arbeitzeigen erstmals, dass Brassica-Gemiisesortenmiteinererhdhten
Glucosinolatstabilitdt wahrend der Lebensmittelzubereitung geziichtet werden kénnen.
Weitere Studien sind notwendig um die Stabilitat der genetischen Regionen zu priifen,
um diese effektiv in der Prazisionszucht anwenden zu kénnen. Weiterhin wurde eine
Herangehensweise erarbeitet, um Metabolite zu identifizieren, die moglicherweise den
thermischen Glucosinolatabbau beeinflussen. Drei Flavonole, zwei Glucosinolate und 18
nicht identifizierte Metabolite waren mit dem Glucosinolatabbau assoziiert. Durch die
Anwendung anderer Metabolomik- und Proteomik-Plattformen konnten weitere Stoffe
identifiziert werden, die den Glucosinolatabbau beeinflussen konnten. Die Kombination
von genetischen Regionen, Metaboliten und zukiinftig der Genomsequenz von Brassica
oleracea wird die Identifikation von Genen und Mechanismen des Glucosinolatabbaus

erleichtern.

Die Verkniipfung von Pflanzenziichtung und quantitativen lebensmitteltechnologischen
Parametern ist eine herausfordernde wund gleichzeitig vielversprechende
Herangehensweise, um die Qualitdt von pflanzlichen Lebensmitteln zu verbessern.
Sie bietet die Mdoglichkeit, den Nahrwert von pflanzlichen Lebensmitteln zu erhdhen,
indem Sorten geziichtet werden, die nicht nur einen hdheren Ausgangswert an
sekundaren Pflanzenstoffen besitzen, sondern diese auch wahrend der Zubereitung

aufrechterhalten.
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