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ABSTRACT

Glucosinolates are a group of secondary plant metabolites, which have been shown
to play important roles in human health and nutrition. Identification of novel genesor
regulators of expression are important for optimising the glucosinolate composition
of Brassica crops. This project aimed to develop a HPLC based methodology for
quantifying these compounds within Brassica leaf material and to use this to map
Quantitative Trait Loci for individua glucosinolates within Brassica oleracea
mapping populations. Glucosinolates were analysed using an optimized HPLC-UV
method developed in this study for complete separation of desulfated glucosinolates
with high resolution for quantification measurements. The reproducibility of the
desulfation reaction was improved for robust enzymatic reaction of sulfatase. A data
dependent MS and MSMS methodol ogy was devel oped to confidently identify seven
glucosinolates in the 89 AGDH plant lines distributed between aliphatic and indolic
glucosinolate, with different combinations from the parental plants A12DHd and
GDDH33. For the quantitative measurements of glucosinolates, an optimized level of
glucotropaeolin was used as an internal standard (I1S1). In addition, we have
demonstrated the first use of a second internal standard (I1S2) to significantly
improve the reproducibility of the quantitative measurements. Aliphatic
glucosinolates were predominant over indolic glucosinolates, where progoitrin has
the highest abundance.

This methodology was then used to identify Quantitative Trait Loci for individual
glucosinolates and for key points in their biosynthesis. A major gene effect was
found near the top of B. oleracea LG9 associated with aliphatic glucosinolate
synthesis. In addition other Quantitative Trait Loci were identified which
corresponded with previous work by other groups and to which individual gene
function could be attributed. A number of novel Quantitative Trait Loci were also
found which control the synthesis of glucosinolates distributed on the nine
chromosomes of C genome. A combination of the quantitative data and genetic
analysis of glucosinolate profiles was used to infer the existence of factors at distinct
loci and associated these with specific steps in the biosynthesis pathway of
glucosinolates in B. oleracea. The assignment of genes or gene regulator functions to
Quantitative Trait Loci identified in this study was consistent with known positions
of Brassica candidate genes and collinear regions of the Arabidopsis genome.
Consequently, this information can be applied to other Brassica species for breeding
vegetable crops with modified glucosinolate profiles.
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| ntroduction

1.1. Glucosinolates and their occurrence

Glucosinolates are a uniform class of 3-thioglucosides, derived from amino acids and
grouped according to their side-chain structure (R). From Figure 1, it can be seen that
al glucosinolates share the same aglycone structure and vary in their side-chain
representing the precursor amino acids that were involved in the biosynthesis of the

individual compound (Schonhof et al., 2004).

OH
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Q |
HO
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Figure 1 The general structure of glucosinolate (Davidson et a., 2001; Fenwick et al., 1983)

Glucosinolates are plant secondary metabolites that are implicated in decreasing the
risk of cancer as a part of a vegetable-rich diet (1.7). They are found in all members
of the cruciferous plants, including the Brassica crops, Brussels sprouts, broccoli,
cauliflower, cabbage, watercress, oilseed rape and mustard. They are responsible for
the pungent aroma of these plants (Higdon et a., 2007). Previous studies have
focused on glucosinolate natural products from Brassica, and a list of structures,
names and molecular masses of glucosinolates identified and isolated from different
Brassica oleracea (B. oleracea) species by other research groups is included in
Appendix A (Carteaand Velasco, 2008).

The first study regarding the properties of glucosinolates and isothiocyanates was at

the beginning of the 17" century; this was followed by the isolation of sinigrin and
1



sinabin in the 1830s. In 1956, the correct structure and the first chemical
glucosinolate synthesis were proposed. Since the 1970s, many studies have focused
on the beneficial biological effects of glucosinolates, and their breakdown products,
on human and animal nutrition (Carteaand Velasco, 2008).

Plant glucosinolate content is typically a quantitative trait, under polygenetic control
and the influence of environmental conditions (Kliebenstein, 2009). The value of
identifying the Quantitative Trait Locus (QTL) responsible for the metabolite content
in plants as a valuable contribution to plant breeding strategies and the biotechnology
industry has been highlighted (Keurentjes et al., 2006). QTL analysis in segregating
plant populations has been used to detect the presence of loci affecting metabolite
profiles associated with particular synthesis and modification pathways (Gao et al.,
2007; Kliebenstein, 2009; Lou et a., 2008). Further investigations of the loci
affecting the glucosinolate profile in B. oleracea are one of the objectives of this
presented work. For example, identification of QTLs controlling seed fatty acid
synthesis and the modification pathway in the Brassica C genome may have an
influence on developing economically viable oilseed crops with modified fatty acid
profiles and maximizing the energy efficient yield of oils within crop species (Barker

et al., 2007).

1.2. History, diversity and evolution of Brassica oleracea

The diploid species of the genus Brassica in the Brassicinae family, have elicited
attention because of their complex genetic relationships and the utilization of many
of the species as vegetable, oil, and fodder crops (Lanner et a., 1997). The genus
Brassica, containes a number of important agricultural species, such as rape seed (B.

napus), cabbage (B. oleracea), turnip rape (B.rapa) and mustard (B. nigra, B. juncea



and B. carinata). The genomic relationship between these speciesis referred to as the
triangle of U (U, 1935) (Diagram 1), where the basic diploid species has been
classified cytogenetically as (B. rapa AA; 2n=20), (B. nigra BB; 2n=16) and (B.
oleracea CC; 2n=18) interbreed interspecifically with one another to form three new
allotetraploid species (B. juncea AABB; 2n=36), (B. carinata BBCC; 2n=34) and (B.

napus AACC; 2n= 38).

Brassica nigra

]
| 4}—‘_\_)\%(

n=§

ca juncea
n=18

n=10

= =5 :
Brassica oleracea gfr ~,  Brassicarapa

Brassica napus

Diagram 1 The "Triangle of U" diagram, showing the genetic relationships between
the six species of the genus Brassica. Chromosomes from each of the genomes A, B
and C are represented by different colours (U, 1935).

In particular, the species B. oleracea displays an interesting genetic diversity,
represented by 14 cultivated type (Dias, 1995). It has almost twice the chromosome

number and four times the genome size of Arabidopsis (Suzuki et al., 2003).

Although they have diverged from the same ancestor 14.5-20.4 million years ago
3



(Gao et a., 2004), it has been hypothesized that B. oleracea diverged from A.
thaliana by genome rearrangement as a result of polyploidization. A. thaliana has
been widely used as a model plant to study the genetics of Brassica species, as this
plant genomic sequence is well established and known; it also has the advantage of
small genome (Qiu et al., 2009). This is in agreement with a study in which a
"conservative algorithm” was developed to identify co-linear loci between the
genomes. The algorithm identified 34 significant A. thaliana regions that are co-
linear with >28% of the B. oleracea genetic map (Lukens et al., 2003). Severa
comparative genetic analyses showed some gene homologues between A. thaliana
and Brassica with similar structure and functions (Babula et a., 2006; Mun €t al.,
2009; Qiu et al., 2009). Gene mapping and sequencing of these two genera show
incompl ete conservation for the content of the genes and co-linearity between them
which is due to chromosomal rearrangement (Gao et al., 2004).

Severa evolutionary scenarios have been suggested to be the main cause of the
observed diversity in plant metabolites among and between species (Jones and Firn,
1991; Kliebenstein, 2004). It has been suggested that glucosinolate biosynthesis was
aresult of awell known detoxification evolutionary mechanism in plants expressing
cyanogenic glucosides (Wittstock and Halkier, 2002). Arabidopsis thaliana (A.
thaliana) expresses a wide range of secondary metabolites, which can be classified
into four major classes. phenylpropanoids, glucosinolates, terpenoids and
phytoalexins. Glucosinolates are the largest group among these secondary
metabolites in Arabidopsis (Kliebenstein, 2004). The three main classes of
glucosinolates are well studied in Arabidopsis with very wide diversity in their

profile and distribution, making it a suitable model for QTL mapping in other related



species in order to identify the genes involved in glucosinolate biosynthesis

(Kliebenstein, 2009; Wittstock and Halkier, 2002).

1.3. Glucosinolate biosynthetic pathways

Different biosynthetic pathways resulted in variations in glucosinolate content, both
between, and within the same species, leading to a hypothesis that this content is
subject to both genetic and environmental control (Li and Quiros, 2003; Mithen,
2001; Windsor et a., 2005).

Figure 2 shows the general biosynthetic pathways of glucosinolates. Aliphatic
glucosinolates are derived from methionine, indole glucosinolates are derived from
tryptophan and aromatic glucosinolates are derived from tyrosine or phenylaanine
(Schonhof et a., 2004). In addition, a substrate-enzyme dependent route evolved in
the core structure formation of the three maor classes of glucosinolates, were
classified into two main groups depending on the stage of the biosynthesis they
control. The first group; cytochromes P450 belonging to the CYP79 family are
responsible for catalyzing the conversion of amino acids to adoximes, which will be
converted into the corresponding aci-nitro compound by the aid of the second group
of enzymes CYP83 (Graser et a., 2001; Halkier and Gershenzon, 2006; Mewis et al.,
2006). This is followed by the formation of a thiohydroximic acid by a C-S lyase,
after which desulfoglucosinolate formation is catalyzed by S-glucosyl transferase,
and finaly the formation of glucosinolates by sulfotransferase. The last three
enzymes involved in the core structure formation are common for all classes of
glucosinolates (Windsor et al., 2005; Zang et a., 2009). The last phase in

glucosinolate biosynthesis are the side-chain modifications that involve oxidation,



hydroxylation and methoxylation, which are under genetic and environmental control
(Mithen, 2001).

In the biosynthetic pathway of aiphatic glucosinolates, methionine can undergo
several elongation cycles for the addition of one methylene group at atime before it
can enter the pathway for the formation of the glucosinolate core structure (Textor et
al., 2007). Fine mapping of Gls-elong loci, on chromosome 5 in A. thaliana (de
Quiros et a., 2000), enabled the identification of MAM1, MAM2 and MAM-Like
(MAM-L) genes coding methylthioalkylmalate synthases (MAMS) that belong to the
enzyme class (EC 2.3.3.-) (Benderoth et al., 2009). Thisisinvolved in the e ongation
of methionine in aliphatic glucosinolates by catalyzing the condensation reaction of
acetyl coenzyme A with -methylthio-2-oxoalkanoic acids to give 2-(o-
methylthioalkyl) malate intermediates (Halkier and Gershenzon, 2006). MAM1 and
MAM2 encode for 4 and 3 carbon side-chain glucosinolates respectively, while
MAM-L encodes mainly for 5, 6, 7 and 8 carbon side-chain glucosinolates as well as
all other chain lengths (Keurentjes et al., 2006; Textor et a., 2007). In addition,
MAM-L was found to catalyse the production of isopropyl malate (IPM) in the
leucine biosynthesis pathway (Halkier and Gershenzon, 2006; Keurentjes et al.,
2006; Textor et a., 2007). In a study investigating enzymes involved in the
elongation step in the secondary metabolism of aliphatic glucosinolates and the
analogous primary metabolism of the amino acid leucine (Field et al., 2004), it was
revealed that both metabolic pathways require enzymes to catalyze the condensation
of acetyl coenzyme A and 2-oxo acids. These are MAMS and isopropyl maate
synthase (IPMS; EC 2.3.3.13), encoded by the MAM gene family. MAMS showed
high homology to IPMS revealing an evolutionary link with glucosinolates (Halkier

and Gershenzon, 2006).
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Figure 2 Outline of glucosinolate biosynthesis: 1. Prior to entering this pathway, amino acids can undergo
one or more rounds of chain elongation. 2. The conversion of amino acids to the basic glucosinolate
skeleton with genes encoding enzymes for each step. 3. Additional side chain modifications can occur
following the pathway. R indicates the variable side chain (Halkier and Gershenzon, 2006)



Among the MAM genes identified in the model species Arabidopsis are MAML-3 and
MAML-4 found on chromosome 1, MAML-3 has IPMS activity and showed an
impact on the biosynthesis of leucine, while MAML-4 affected soluble amino acid
content (Field et a., 2004).

The long chain aliphatic glucosinolates produced via pathways independent of the
short chain glucosinolates, as substrate-enzyme dependent routes were investigated
(Wittstock and Halkier, 2002). Elongated methionine was oxidized to adoximes by
CYP79F1 and CYP79F2 for the biosynthesis of short and long glucosinolates
respectively, aliphatic aldoximes were converted to form the aci-nitro compound via
CYP83A1 (Chen et d., 2003).

As in aliphatic glucosinolates, phenylalanine may undergo a chain elongation step
before the core structure formation of aromatic glucosinolates. CYP79A2 and
CYP79B3 control aldoximes derived from phenylalanine and tryptophan for the
synthesis of aromatic and indolic glucosinolates, respectively. CYP83B1 catalyzes
the conversion of aromatic and indolic adoximes into the corresponding
glucosinolates (Bak et a., 2001; Halkier and Gershenzon, 2006; Hansen et a., 2001;
Hull et a., 2000; Windsor et a., 2005).

Common features in the biosynthetic pathway were found between glucosinolates
and the other classes of secondary plant metabolites studied in Brassica species; such
as cyanogenic glucosides (glycosides); briefly, at the stage of core structure
formation, they are both derived from similar amino acids and have oximes as
intermediates (Mithen, 2001). Studies revealed that in both pathways, amino acids
were converted to aldoximes with the aid of CYP79 enzymes. The main difference
was in the type of enzymes that catalyzed the metabolism of adoximes, where

sequence homology studies showed high similarity between CYP7IEL and CYP83
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that controlled the synthesis of cyanogenic glucosides and glucosinolates

respectively (Hakier and Gershenzon, 2006)

1.4. Glucosinolates and their breakdown products

Myrosinase (thioglucoside glucohydrolase enzyme; EC 3.2.1.147) has the ability to
catalyze the hydrolysis of glycosides, including glucosinolates (Bor et al., 2009).
Myrosinase is segregated from glucosinolates in intact plants by cell organelles
(Bennett et al., 2006). When this compartmentalization is lost by physical damage to
plant tissue during, for example, freezing and thawing, chopping, and chewing,
myrosinase catalyzed metabolism of glucosinolates occurs (Song et a., 2005),
catalysing their conversion to the corresponding aglycone which then decomposes to
isothiocyanates, thiocyanates, or nitriles (Figure 3) (Bennett et al., 2004; Grubb and
Abel, 2006). Thus, the presumed heath benefits of consuming food containing
glucosinolates are achieved by the ability of the alimentary tract to produce different
anticancer hydrolysis products in the digestive system from Brassica crops using
myrosinase enzyme in the digestive tract and in plants. Moreover, it depends on the
level of myrosinase activity in the human diet, as this will ensure more complete
hydrolysis of glucosinolates (Ciedlik et al., 2007). The types of products after the
myrosinase hydrolysis are dependent on the substrate type, pH, and availability of
ferrous ions and epithiospecific proteins (ESP). In the presence of glucosinoltes with
terminal double bond in thir side, chain along with ESP may result in the production
of epithioisothiocyanates. Isothiocyanates are the major product at physiological pH

(Bones and Rossiter, 2006).
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Figure 3 Basic glucosinolate structure and common myrosinase hydrolysis products, shown at
different pH values. Based on (Bennett et al., 2004; Grubb and Abel, 2006)

This myrosinase-glucosinolate system may also be considered a part of the plant
defence system against herbivores and pathogens, with at least six different types of
these enzymes found in A. thaliana. By comparing their catalytic properties and
functions towards sinigrin hydrolysis and responses to different ascorbic acid
concentrations and other conditions, up to 22-fold differences in activity have been
found (Andersson et a., 2009). In addition, myrosinase activity was very sensitive to
ascorbic acid concentration (with maximum activity in the range of 0.7-1 mM), pH

(4-7), temperature, and high salt concentrations. This indicates different functions of

10



similar enzymes in planta, in order to ensure plant fitness in different environments.
In turn, this helps our understanding of the evolutionary system among plants and
may be useful for plant breeders.

Paying more attention to those factors affecting myrosinase activity, such as climate,
that have a pronounced effect on myrosinase activity may bring benefits (Charron et
al., 2005). The effect of temperature and photosynthetic photon flux (PPF) on
myrosinase activity has been studied; the results show a positive and a negative
linear relationship respectively. The expected effects of both temperature and PPF on

plant nutrient uptake, which affects myrosinase activity, explained this.

1.5. Natural variation in glucosinolate profile in Brassica, under
genetic and enviromental control

Different Brassica crops express glucosinolate profiles with wide qualitative and
guantitative variations, where B. oleracea has the most diverse profile compared to
B. rapa and B. napus, (Antonious et a., 2009; Bellostas et a., 2007b; Brown et al.,
2003; Matthaus and Luftmann, 2000). These differences are mainly due to genetic
polymorphisms at the loci determining side chain modifications (Traka and Mithen,
20009).

Significant genotype and environmental effects on the profile of glucosinolates in
broccoli florets have previously been observed (Farnham et a., 2004). The
interaction between both genotype and environment was pronounced in all cases
except for glucoraphanin, for which the genotype effect extended more influence
than environment. Previous studies referred to the genetic effect to control the
biosynthesis of aliphatic glucosinolates, while variation in levels of indolic

glucosinolates was primarily controlled by environmental effect and by interaction of
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environment and genotype effect. Also it was clearly shown that aromatic and
aliphatic glucosinolates are less sensitive than indolic glucosinolates to storage and
processing conditions (Cartea and Velasco, 2008).

With regard to environmental effects, many factors interact to contribute to
glucosinolate level; plant age, plant parts, temperature, day length, water stress, soil
type and pest attack (Velasco et a., 2007). Thisisin agreement with earlier studies
(Schonhof et a., 1999), wherein the results show that the daily mean sum of
temperature and light affect the biosynthesis of enzymes contributing to
glucosinolate biosynthesis; the sulfur and nitrogen supply and the density of plant
spacing all affect glucosinolate biosynthesis in addition to mechanica stress during
plant growth.

Table 1 summarizes the relative effects of different environmental factors on
metabolite production; including glucosinolates, in the Brassica plants commonly
used for human consumption (Jahangir et a., 2009). Each compound’s production is
affected differently from the others by a stress factor; also, the order and the timing

of the subsequent stress factors may control the final profile of these metabolites.
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Table 1 Summary of the changes in production of different metabolites, increased (+) or
decreased (-) as a result of environmental stress factors that affecting the biosynthetic
pathway and/ or their regulatorsin Brassica species. N.D: not detected (Jahangir et al., 2009)

Stress induced Herbivore/ Jasmonate/ Temperature/  Metal/
metabolite production pathogen  Salicylate/ Light/ Fertilizer
Ethylene uv

Aromatic glucosinolates +/- + +/- +/-
Aliphatic glucosinolates + + +/- +/-
Indole glucosinolates + + +/- +/-
Phenylpropanoids + + +/- +
Flavonoids + + +/- +/-
Steroids + + +/- +
Amino acids +/- N.D +/- +
Jasmonic acid + - N.D N.D
Sdlicylic acid + - N.D N.D
Sucrose, glucose N.D - N.D -
Carotenoids N.D N.D + N.D
Organic acids N.D N.D N.D +

1.6. Theroleof glucosinolatesin human diet and promoting health

In genera, plants as foods are well known to have a wide variety of nutrients that
have an impact on human health. Some of them are essential as our body cannot
synthesise them, for example, vitamin C. Others are specific factors which are
sometimes lacking, for example, amino acids and some fatty acids.

Knowing the health benefits of phytochemicals as anticancer, antioxidant, antifungal
agents, or as protective factors against other chronic diseases (e.g. diabetes and
cardiovascular disorders) led to the development of the "Five-a-day" campaign in the
UK (http://www.nhs.uk/livewell/5Saday/pages/Sadayhome.aspx/) to encourage people
to eat more healthily. Five portions a day of fruits and vegetable are recommended.

Unfortunately, the sometimes perceived unpleasant taste minimizes people’ s appetite
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for certain vegetables and suggests the necessity of supplements or fortified food to
meet the need of these essential compounds (Lai et a., 2008), although the benefit
from vitamin supplements is much less than a fruit and vegetable rich diet in
preventing diseases, such as cancer. A study by (Thompson et al., 2010) supported
the role for antioxidant nutrients from vegetables, and some fruits, as protective
factors against the risk of non-Hodgkin’s lymphoma. The study has not shown an
association with supplemental intake of antioxidant nutrients, suggesting that any
association is likely to be mediated through foods. This has mechanistic implications
(potentia synergies between antioxidants and other anti-carcinogenic compounds in
these foods) and suggests that prevention approaches will likely need to be targeted
toward foods or food groups, and not individual nutrients, particularly taken as
supplements.

Evidence from the literature (Abercrombie et al., 2005); has shown the promising
healthy effects of glucosinolates are not only for prevention and treatment of cancer,
but also for protection from heart disease(s) as well as other neurodegenerative and
chronic diseases (Jin et al., 2009). Thus, the need to measure the number and size of
dietary servings per week in order to compare efficiency of different crucifers is
important.

Numerous studies have shown the health-promoting effects of Brassicaceae.
Broccoli was found to be especidly rich in vitamin C and secondary plant
compounds, such as glucosinolates (Verhoeven et a., 1997). Other nutrients and
phytochemicals have been found in cruciferous plants; including folate, fiber,
carotenoids and chlorophyll all of which have a chemoprotective effect (Higdon et
a., 2007). Results from a large study (Michaud et al., 1999) reported a significant

correlation between cruciferous vegetable consumption and a reduction in bladder
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cancer incidence. Other studies provide evidence that cruciferous vegetable
consumption reduces the risk of cancers of the colon/rectum, prostate, breast, and
lung, as well as non-Hodgkin's lymphoma. In a recent study carried by
(Kusznierewicz et al., 2008), the results showed a strong statistical correlation
between total glucosinolate level and antioxidant activity in white cabbage. These
findings were as a result of the hight content of polyphenols and flavonoids which
are implicated in the protective effects against reactive oxygen species (postulated to
be the main cause of many ageing processes and other diseases). This was found to
be interrelated with the effect of growing conditions, climate and geographic origin
on ateration of bioactive compounds in these plants.

Wet thermal treatments of cultivars expressing health beneficia phytochemicals,
were studied in different Brassica varieties, especialy in broccoli and cauliflowers.
The effect of boiling, blanching and steaming on the levels of glucosinolates,
phenols, anthocyanins and antioxidant parameters in cauliflowers, cultivated under
the same environment conditions and processed immediately after harvest, have been
studied (Volden et a., 2009). It was observed that the least influence on these
phytochemicals was with steaming and the biggest influence when boiled. The loss
of a large fraction of glucosinolates and antioxidants resulted in total glucosinolate
levels being reduced by 55 and 42% for boiling and blanching respectively,
compared to only 19% by steaming. Other compounds were similarly affected, but to
a lesser effect than glucosinolates. Thus, in order to maximize the availability of
glucosinolates in our diet, it has been highly recommended that the cooking
procedure of these kinds of vegetables be modified, by replacing the boiling step,
with steaming, microwaving or stir-fry, to minimize leaching of glucosinolates into

the cooking water (Song and Thornalley, 2007). Early studies concentrated on the
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toxic and anti-nutritional effects of glucosinolates; e.g. oxazolidine-2-thione derived
from progoitrin, showed goitrogenic and growth retardation activity on animals, but
no similar effect on humans (Cartea and Velasco, 2008). Thus, the need for
improving plant metabolomics research through different analytical and genetic
tools, is necessary; to ensure relative composition of healthy metabolites in relation
to toxic or sensoria unacceptable compounds are optima and under control

(Hounsome et al., 2008).

1.7. Potential of glucosinolatesin prevention and therapy of cancer

In recent years, several epidemiological studies have suggested that isothiocyanates
resulting from the hydrolysis of alkyl glucosinolates found in cruciferous vegetables
may play a chemoprotective role in the human diet by reducing the risk of cancer
(Hecht, 2000).

A review of anticancer effects of glucosinolates highlights several points where
studies can disagree, in particular, the spectrum of anticancer activities.
Epidemiological evidences suggested "possible” hedth benefits rather than a
particular activity, which is limited to lung and gastric cancer and not proven to be
for all types of cancers by the uptake of a specific subtype of vegetables with critical
type and amount of phytochemicals. In addition, they emphasized the role in humans
of polymorphism for the genes responsible for glutathione S-transferase (GST)
enzymes that are responsible for detoxification process for carcinogenic factors,
which in turn reduces the risk of cancer and ageing progresses. Different individuals
express these genes differently, thus altering their susceptibility for cancer by

affecting their responses to cancer “chemoprotective” food (Kim and Park, 2009).
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Investigations showed that the anti-cancer effect is not the same with all
glucosinolates and their catabolic products, but is dependent on the nature of the side
chain of the parent glucosinolate (Schonhof et a., 2004). Studies to compare the
health promoting effects of individual products derived from glucosinolate
myrosinase hydrolysis, the most important of which are sulforaphane (SF) and
indole-3-carbinol (I3C) (Borowski et al., 2008), versus the effect of a whole plant
extract containing their precursor glucosinolates, glucoraphanin and glucobrassicin
respectively, are the focus of clinical research aiming to find potential cancer
preventing and treatment compounds. The pathways triggered by SF and 13C are
different, and thus studying the interaction between SF and I3C in an extract, on their
effect on any cancer type is still an area of interest for researchers, as a possible
synergetic activity for their anti-inflammatory effect is expected (Jeffery and Araya,
2009). Different mechanisms of action were proposed for the chemoprotective
catabolic product 13C present in broccoli, cabbage, Brussels sprouts and
cauliflowers, which has been proved to be successful against respiratory papilloma,
and both breast and cervical cancer through inhibition of transcription of estrogen-
responsive genes stimulated by 17(3-estradiol, as well as by its condensation product,
3,3’ -diindolymethane (DIM), which is produced under acidic pH. These were found
to have not only a preventive effect, but also therapeutic treatment for prostate
cancer. In an in vivo study, mice inoculated with prostate cancer cells, and injected
intraperitoneally with 13C (20 mg/ kg body weight), three times a week for 14 days
before and after transplantation of prostate cancer cells, showed inhibition of cell
growth (78% decrease in tumour volume) by induction of apoptosis and inhibition of
cell proliferation (Souli et a., 2008). The ability of I13C to induce cytochrome

enzymes responsible for Phase 1l detoxification, and unfortunately, also as inducer
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for Phase | enzymes, which are known to be responsible for activation of
carcinogenesis were also studied (Bellostas et al., 2007a).

SF the isothiocyanate catabolic product derived from sulfur containing glucosinolates
such as glucoraphanin present in broccoli sprouts, broccoli, cabbage and Brussels
sprouts, was found to be a powerful inducer of phase Il and an inhibitor of phase |
cellular enzymes. In addition, it has antioxidant activity and the ability to induce cell
apoptosis as well as its anti-inflammatory activity, and antibacterial activity against
Helicobacter pylori. Other hydrolysis products derived from different aliphatic
glucosinolates, including iberin from glucoiberin, erucin from glucoerucin, crambene
from epi-progoitrin and allyl isothiocyanate from sinigrin, were all found to have
anticancer activity similar to SF, and strongly correlated to their R side-chain
structure (Cartea and Vel asco, 2008; Higdon et al., 2007).

I sothiocyanates derived from aromatic and aliphatic glucosinolates were found to be
different in their anti-cancer activity, which is related to their side-chain structure.
Secondary metabolites derived from aromatic amino acids such as gluconasturtiin,
the precursor of phenethyl isothiocyanate present in watercress, has demonstrated
activity against lung, leukemia, colon, prostate, liver and esophageal cancer (Hecht,
2000; Kim and Park, 2009). Benzyl isothiocyanate derived from glucotropaeolin
found in cabbage, garden cress and Indian cress, has been studied for its
chemoprotective activity. They showed the ability to induce cancer cell apoptosis as
well as their ability to induce phase Il cellular enzymes or to inhibit phase | cellular
enzymes (Cartea and Velasco, 2008; Higdon et al., 2007; Pappa et al., 2006).

The effects of cooked and autolysed Brussels sprouts extracts, which are rich in
sinigrin were investigated and the results reveadled an inhibition activity for DNA

strand cleavage in human lymphocytes exposed to 100 uM H,O, for 5 min, possibly
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through scavenging oxygen radicals, and to a lesser extent through induction of
phase Il enzymes. The results showed that both cooked and autolysed Brussels
sprouts extracts had aimost the same inhibition activity (38%) at concentrations of 10
ng/ mL and 5 pug/ mL respectively. The hydrolysis product, the isothiocyanate
derived from sinigrin was at higher concentrations in the autolysed plant extracts
(Zhu and Loft, 2001).

Comparison of the cell growth inhibition activity of SF, phenethyl isothiocyanate,
I3C and DIM on human colon cancer cell lines has been studied (Pappa et a., 2006).
The half-maximal inhibitory concentration (ICsp) in cell lines were: 15 muM for SF
and 10 muM for phenethyl-isothiocyanate, 13C and DIM after 24 and 48h. The study

found isothiocyanate to be cytotoxic, whereas indoles acted in a cytostatic manner.

1.8. Postulated defence role of glucosinolates as a secondary
metabolite: mediating the interaction between plants and
herbivore

Brassicaceae defence systems contain several chemical compounds, including
protease inhibitors, saponins, anthocyanins and glucosinolates. The latter group is the
most well known and studied of these compounds. Bearing in mind the postul ated
defence role of glucosinolates as secondary metabolites, a review (Grubb and Abel,
2006), discusses the variations in systemic distribution of glucosinolate in plants,
finding the highest level in reproductive tissue (seeds, siliques, flowers, and
devel oping inflorescence), followed by leaves, roots, and fully expanded |eaves.

It is known that some cabbage aphids feed on cruciferous plants and are able to store
glucosinolates in their intact form which they can later use them for defence against

any attack which cause tissue damage by releasing their own myrosinase enzyme
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which results in the production of hydrolysis products such as isothiocyanates (Pratt
et al., 2008).

Severa studies were performed in an attempt to correlate the plant’s glucosinolate
profile, with the damage caused by herbivores (Hopkins et al., 2009). Three wild
Brassica populations, which grow naturally along the Atlantic coastline of the UK
and France and one cultivar of B. oleracea, grown in a tempreture controlled
greenhouse and has lower levels of glucosinolates in leaf tissue than plants of the
wild populations, were compared regarding the performance of a specialist Pieris
rapae (P.rapae) and a generalist Mamestra brassicae (M. brassicae) insect
herbivore, and their endoparasitoids (Gols et al., 2008). The results showed that the
development of specialist insects correlated to high levels of indolic glucosinolates
(neoglucobrassicin and glucobrassicin) which cause a prolonged development timein
P. rapae, where the level of aliphatic glucosinolates was not changed. Populations
expressing higher levels of aliphatic glucosinolates (gluconapin and sinigrin) caused
reduced survival against the generalist insects.

Although the wild population in this study was grown over a very short distance
(within 15 km), they showed variations in glucosinolate profile caused by "local
biotic and abiotic traits'. In turn, this caused natural selection pressures, which
explained the genetic differences between populations grown in close proximity,
expressing different secondary metabolite levels.

As different synthetic pathways are involved in the production of aiphatic and indole
glucosinolates, this is selected largely by environmental factors. Depending on the
local insect population, glucosinolate composition in plants will be largely dependent
on different resistance of these insects to glucosinolates, as the evolutionary changes

are correlated to the ratio of specific to generalist insects coexisting in the same area.
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This can affect the selection of not only genes regulating glucosinolate biosynthesis,
but also genes regulating the glucosinolate hydrolysis profile (Kliebenstein et al.,
2005; Windsor et a., 2005).

The effect of the level of specific biosynthetically related glucosinolates, on the
associated herbivore community composition in the specidist P. Rapae, and a
generalist M. Brassicae, has been studied. This was conducted on B. oleracea
cultivars, in the field and in the laboratory in order to eliminate the possibility of
competition between herbivores or differences in predation rates. Investigating the
oviposition performance of both of them, it was observed that variations in the short
side chain akenyl glucosinolates affect the composition of the herbivore community
to a significant extent, while higher concentrations of long side chain glucosinolates
resulted in higher biodiversity, regardiess of the degree of speciadization of the
herbivore. This indicates that insect biodiversity is not affected by plant biodiversity
alone, but also by intra-species variations in plant secondary metabolites (Poelman et
al., 2009).

This has shown a very big influence on ecosystem biodiversity by qualitative and
quantitative phytochemical variations of the plant phenotypes, and by their
degradation product profile, a co-ordered system under environmental control
(Hopkins et a., 2009; Newton et al., 2009). This indicates that not only the level of
individual metabolite is critical but also that the total and relative concentration is of

major importance.
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1.9. Different analytical methods for intact and desulfated
glucosinolate analysis

Glucosinolate profilesin plants from different origins have been studied qualitatively
and quantitatively for heath benefits, agricultural, economic and ecological
purposes. Two main approaches have been used.

Direct measurements of intact glucosinolates, determining the individual and/ or
total concentrations of glucosinolates. Intact glucosinolates have been purified from
plant material by reverse phase high performance liquid chromatography (HPLC)
and identified by nuclear magnetic resonance (NMR) and by mass spectrometry (MS)
methods. These methods reported a high yield (>90%) for individual glucosinolates
guantified using the purification method described in astudy by (Song et al., 2006).
The indirect measurement of glucosinolate derivatives produced by enzymatic
hydrolysis (myrosinase and sulfatase enzyme) in order to measure the level of the
break down products. Myrosinase enzymes are used to hydrolyze glucosinolates and
the enzymatically released glucose is used for quantitative determination of total
glucosinolate concentration (Antonious et a., 2009). Sulfate hydrolysis of
glucosinolates, producing desulfated glucosinolates, has been used widely for
gualitative and quantitative analysis of individual glucosinolates (Brown et a., 2003;
EEC, 1990; Matthaus and Luftmann, 2000). Gas chromatography (GC) (Olsen and
Sorensen, 1981), HPLC (Leoni et al., 1998) and near infrared spectroscopy (NIRS)
(Font et al., 2005), were used for separation of desulfated glucosinolates, followed by
comparative analysis using tandem MS (MSMS), UV absorbance, NMR and retention
time (RT) with pure standards for confirmation and identification (Agerbirk et al.,

2001; Bellostas et a., 2007a; Kiddle et ., 2001).
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Quantification based on peak area of desulfated glucosinolates and comparison to
peak area of internal or external standards can be accomplished by applying a
relative response factor or calibration curves respectively, and a relative
concentration for each individual compound has been obtained (Brown et al., 2003;
Kim et al., 2009).

Desulfated glucosinolates have been analysed using HPLC-APCI/MSMS methods
(Griffiths et al., 2000). Desulfoglucosinolates were identified by application of
fragmentation energy; the expected fragment weights were measured and used for
qualitative analysis. The quantification method used was based on HPLC-APCI/MS
and has the advantage of the ability to measure glucosinolates at low concentrations,
which was lower than the minimum quantification levels in the HPLC-UV method.
The disadvantage of this precise quantification method is the need to establish a
calibration curve for each individual desulfated glucosinolate using pure standards,
which are not commercialy available. These would need to be prepared either by
chemical synthesis of their analogues or by preparative chromatography from a crude
plant extract using solid phase extraction (SPE) and HPLC purification and
separation techniques (Rochfort et a., 2006).

The use of GC for separation and identification of trimethylsilyl and pertrimethylsilyl
derivatives of intact and desulfated glucosinolates respectively has been studied
(Hrncirik et a., 1998). The need for a derivatization step prior to analysis is not
suitable for heat sensitive compounds. Moreover, the poor separation of
glucosinolates with a methylsulfinyl side chain, made the HPLC method more
popular as both methods showed the same accuracy and precision.

A strategy for the identification and quantification of intact glucosinolates from plant

extract using combinations of different analytical techniques has been proposed.
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Typically this comprises paired ion chromatography, *"H NMR, MS, and chemical
ionization. Myrosinase hydrolysis is used to confirm the identity of glucosinolates
and the resulting isothiocyanates used for quantitative analysis. This strategy has the
advantages of being simple, rapid and does not need specia equipment or
derivatization reactions (Presteraet al., 1996).

The indirect analysis approach used in this presented work utilizing the sulfatase
desulfation reaction, has the disadvantage of variability of the analytical results,
being subjected to enzymatic reaction conditions such as temperature, pH, time of
reaction, but having the advantage of the convenience of the analytical methods used.
Therefore, optimization of the laboratory working conditions during sample

preparation and analysis were essential.

1.10 Aims

To genetically map regions regulating the synthesis of individual glucosinolatesin B.
Oleracea, mapping populations with the aim of using such information to optimize

the glucosinolates content in vegetabl e crops.

1.11 Objectives

To develop experimental protocols suitable for analysis of glucosinolate

profiles from large numbers of Brassica samples.

e To analyse samples from four parental plant lines

e To identify mapping populations with parent plants that is significantly
different in their glucosinolate profiles.

e To use QTL mapping to investigate any linkage between genetic factors and

expression of glucosinolates.
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Extraction and analysis of glucosinolates

2.1 Introduction

Extraction and analysis of intact glucosinolates was performed using the procedure
published by (Song et al., 2006), which was developed to isolate and separate
glucosinolates with high purity from vegetable seeds. The first step of the
chromatographic  extraction process involved anion exchange column
chromatography exploiting the affinity of the sulfate moiety of intact glucosinolates
with Sephadex. Intact glucosinolates were eluted from the column in fractions
according to their chemical differences using solvents with different polarities. A
structural feature common to al glucosinolates is the presence of a strongly acidic
sulfate group. Therefore, paired ion chromatography of glucosinolate mixtures was
necessary (Prestera et al., 1996). Separation and identification of intact
glucosinolates was performed using reverse phase high performance liquid
chromatography HPLC-MS analysis. Maximum UV absorbance at 224 nm was used

for detection of intact glucosinolates.

The standard procedures described in the officia Journal of the European
communities (EEC, 1990) were used for the extraction and desulfation of
glucosinolates with some modifications. The principle of this method is shown in

Figure 4.
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Addition of an internal standard (IS)
to plant material at a fixed concentration

Extraction of plant material in methanol
Load extract onto ion exchange column

Flushing the ion exchange column with sodium acetate
buffer at pH 4 to remove the hydrophilic components

Desulfation of glucosinolates bound to ion exchange column
overnight at room temperature using sulfatase enzyme

Elution of desulfated glucosinolates
from the ion exchange column with water

HPLC separation and identification of desulfated glucosinolates
according to their retention times

Quantification of desulfoglucosinolates relative to IS (umole/g dried
plant material) using absolute peak area at 229 nm UV absorbance

Figure 4 Flow diagram of the method described in the ( EEC, 1990) protocol for the determination
of desulfated glucosinolates. Separation of desulfated glucosinolates by HPLC and identification
by their RT. Quantification of desulfated glucosinolates in the extract was achieved relative to
internal standard (1S), by applying a relative response factor to correct for differences in the UV
absorbance between IS and the detected desulfoglucosinolates.
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The standard procedure describes the extraction of glucosinolates using methanol,
with sinigrin or glucotropaeolin added at a fixed concentration prior to extraction as
an internal standard material (IS) which was used for quantification proposes.
Purification of the extract was on an ion exchange column using acetate buffer before
the enzymatic desulfation of glucosinolates into their desulfated form utilizing
sulfatase enzyme from Helix pomatia type H1. The desulfoglucosinolates were
eluted from the column with water and then separated using reversed phase HPLC
with UV detection at 229 nm. Identification of eluted compounds was achieved by
their order of elution in the chromatography. Quantification of the content of each
desulfated glucosinolate, expressed in micromoless g of completely dry plant
material, was calculated relative to IS. Relative response factors (RRF) were applied

to correct for differences in UV absorbance between IS and desulfoglucosinol ates.

2.1.1 Mechanism of desulfation reaction of glucosinolates

Desulfation of glucosinolates has been achieved using aryl sulfatase (aryl
sulfohydrolases, EC 3.1.6.1) Type-1, which catalyses the hydrolysis of sulfate esters
of awide variety of aromatic compounds. The most important source of it is from the
intestinal juice of the snail, Helix pomatia, which is commercialy available and
contains large amounts of aryl, steroid, and glucosinolate sulfatase activities, the
latter catalyses the hydrolysis of sulfate group from glucosinolates (Leoni et al.,
1998).

Figure 5 shows the desulfation reaction at equilibrium when both intact and

desulfated glucosinolates are present in the same solution.
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Figure 5 The desulfation reaction of glucosinolates by sulfatase enzyme from Helix pomatia.
Desulfated glucosinolates are detected as sodium salts and/ or their protonated equivalent dependent
on the pH of the reaction solution.

Severa studies in the literature have shown the effect of different experimental
parameters on the final recovery of desulfated glucosinolates. In a study on the effect
of systematic variations in the analytical parameters including incubation time and
sulfatase concentration on the desulfation reaction of different glucosinolates
(Quinsac and Ribaillier, 1987), it was reported that the ratios between the peak areas
of desulfated glucosinolates and the peak area of the IS varied according to the
incubation time. Each glucosinolate reached equilibrium after different incubation
times according to the nature of the glucosinolate; for example; the rate of
desulfation for glucotropaeolin was approximately two fold that for sinigrin using
diluted sulfatase solutions (Fiebig, 1991) and, therefore, the calculated amount of
total desulfated glucosinolates using sinigrin as an internal standard would be lower
than the content calculated via glucotropaeolin. Sinigrin and progoitrin are desulfated
less rapidly than gluconapin and gluobrassicanapin (Quinsac and Ribaillier, 1987). In
addition, differences in the time necessary to reach the equilibrium step in the
desulfation reaction vary linearly with the dilution factor of the sulfatase solution

(Quinsac and Ribaillier, 1987). Variations in the desulfation yield were more
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pronounced between different glucosinolates when diluted sulfatase solutions were
used (Fiebig, 1991).

In any study involving desulfated glucosinolates, attention must be paid to
experimental design to ensure an efficient, reproducible, robust enzymatic
desulfation is achieved.

Depending on the total content of glucosinolates present in the extract, (Wathelet et
al., 2004), showed that the desulfation reaction of glucosinolates in a mixture is
affected by feedback inhibition of the enzyme causing a slowing down of the
reaction resulting in the incomplete desulfation of glucosinolates. In such a case,
extending the desulfation time is necessary.

Two approaches have been used for the desulfation of glucosinolates. The reaction
can be ether performed in solution, or with the intact species bound to a
chromatography matrix, as demonstrated by (Fiebig, 1991). They reported that the
results obtained from enzymatic hydrolysis of glucosinolates on an ion-exchange
column and in solution are different. In addition, the binding of desulfated
glucosinolates to the column may vary between different desulfated glucosinolates
resulting in varying yields. However, desulfation on an ion exchange resin is
preferable to that performed in solution as the latter method lacks the ability to
eliminate other hydrophilic materials in the extract, which co-elute with the
desulfated glucosinolates and interfere with the anaytica method. Using an ion
exchange resin, awashing step can be utilised to eliminate unbound compounds prior

to the application of the sulfatase enzyme.
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2.1.2 Quantification of desulfated glucosinolates

Several RRF vaues for desulfated glucosinolates are available in the literature,
calculated relative to particular glucosinolates and at different UV wavelengths
(Brown et al., 2003; EEC, 1990; Fiebig, 1991; Wathelet et a., 2004). In this study,
the values published in the standardised protocol (EEC, 1990) were used. These
values were experimentally calculated by different l|aboratories relative to
desulfosinigrin a 229 nm. This list has the advantage that it is the most
comprehensive, as it has the RRF for all the glucosinolates previously detected in
Brassica species. In addition, it has been used in the majority of the published
studies.

The previous section described various factors affecting the desulfation reaction rate
of glucosinolates in a plant extract, including the incubation time, sulfatase solution
concentration, nature of glucosinolate content and the medium where the extraction
is performed (in solution or in an ion exchange column). These are important
parameters to evaluate when choosing a particular glucosinolate as an IS for use in
the relative quantitative measurements of the glucosinolate content of plant extracts.
In the ( EEC, 1990) method, only one IS was used prior to the extraction for the
validation of the extraction, desulfation, separation and quantification methodol ogy.
For this study, only glucotropaeolin and sinigrin were commercialy available to use
as pure standard reference glucosinolates. Therefore, it would be necessary to check
for the presence of any of these available standards in plant extracts. A suitable “1S1”
should be chosen based on the lack of endogenous glucosinolate in plant material. It
is essential to experimentally determine the optimum concentration of IS1 in the

extract in order to obtain quantitative measurements without exceeding the linear
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range of the UV detector, whilst ensuring complete resolution of the IS1 peak from
other components in the samples.

A second internal standard (1S2) would provide additiona information that could be
used to improve the reproducibility of the quantitative measurements. This would be
added to each sample at a fixed concentration prior to sample injection onto the
HPLC system. The peak area of 1S2 can then be used to correct for the variability in
the quantitative measurements due to variation in the injection volume. Ideally, this
second “1S2” should elute early in the chromatogram thus being well resolved from
the other interesting analyte peaks. Similarly, the concentration of 1S2 would need to

be experimentally determined.

2.1.3 Characterisation of desulfated glucosinolates by means of ES| -
MS/MS analysis

The HPLC-UV method was used for separation of desulfated glucosinolates in the
plant extract as described in the standard protocol ( EEC, 1990). In this method
potential desulfated glucosinolates were identified by comparing their RT in the UV
chromatogram at 229 nm with well known glucosinolates previously detected in
Brassica species. In fact, according to the chromatographic conditions being used;
variations in the mobile phase gradient, composition, flow rate or the type of column,
desulfated glucosinolates can elute with different RT and in a different order in the

chromatogram (Wathelet et al., 2004).

Alternatively, desulfated glucosinolates have been identified by comparing their UV
spectra to those of purified standards (Brown et al., 2003). This method used
isocratic rather than gradient elution to avoid any possible drift in the UV detector

base line, which can result in poor peak separation (Wathelet et al., 2004).
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Therefore, coupling the chromatographic method to an analytical method which has
the ability to discriminate individual desulfated glucosinolates (e.g. MS NMR), was
essential to ascertain reliable identification of desulfated glucosinolates in plant

extracts (Kiddle et a., 2001).

The methodology used in this study was based on developing a HPLC-UV/ES -
MSMS method for identification of desulfated glucosinolates in the plant extracts.
Desulfated glucosinolates are characterised by m/z values presenting the protonated
and sodium molecular ions, [M+H] * and [M+Na] * , respectively (Zimmermann et
al., 2007). Confirmation of the identity of desulfated glucosinolates was performed
using an MSMS fragmentation method, which produces a typical fergment ion for all
desulfated glucosinolates with the general formula of [M+H-CgH100s] *, resulting in
the observation of fragment ion with 162.1 Da less mass than the precursor ion

(Griffiths et a., 2000; Matthaus and Luftmann, 2000; Zimmermann et a., 2007).
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2.1.4 Aims

In this study, the aim was to characterize the glucosinolate profiles of the double
haploid (DH) lines from two B. oleracea reference segregating mapping populations
(AG, NG) in order to map the Quantitative Trait Loci (QTL) of the glucosinolates

within this population.

2.1.5 Objectives

e Establish an experimental protocol for the anaysis of intact and desulfated
glucosinolates from different plant samples

e Establish robust enzymatic desulfation of intact glucosinolates from each
sample.

e Develop an HPLC method to resolve individual desulfated glucosinolates.

e |dentify potential desulfated glucosinolates using mass spectrometry (MS)
and confirm identities by tandem MS (MSMS).

e ldentify suitable standards for use in the methodology to improve the
quantitative measurements.

e Quantification of desulfated glucosinolates from the chromatogram based on

UV absorbance at 229 nm and relative response factors.
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2.2 Materials and methods

2.2.1 General material

Glucotropaeolin (benzyl glucosinolate) from Applichem and sinigrin (2-propenyl
glucosinolate) from Sigma Aldrich are currently the only commercially available
glucosinolates. Desulfated neoglucobrassicin was obtained from the Agricultural

Research Council, (CRA-CIN) Viadi Corticella, Italy.

Barium acetate Ba(OAcC) , and lead (II) acetate trihydrate Pb(OAC); «3H,O were

purchased from Sigma Aldrich, all were of analytical grade.

Trifluoroacetic acid (TFA) was purchased from Fluka. 0.1% Formic acid and 0.1%
formic in acetonitrile were of HPLC-MS grade purchased from J.T. Baker. Deionised

water (Millipore Q-POD ™ Milli-Q) was used in all experiments.

2.2.2 Plant material

Doubled haploid (DH) lines from two B. oleracea reference segregating mapping
populations have been described previously by (Sebastian et al., 2000). The AG
population was represented by 89 DH lines that had been derived by another culture
from an F1 produced from a cross between Chinese kale; A12DH (var. alboglabra)
and broccoli; GD33DH (var. italica). The NG population was represented by 69 DH
lines derived from an F1 resulting from a cross between cauliflower; CA25 (var.
botrytis) and Brussels sprouts Gower; AC498 (var. gemmifera). The plant materials
used in this study were grown in a glasshouse under standardised conditions from

April until September of 2008, as descried below.
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The seeds were sown into (FP7) pot with M2 compost at a depth of 2 mm into a hole
and covered lightly with compost. Two seeds can be sown in each pot to allow for
possible non-germination and the extra one thinned out once growth has been
established. Each pot was lablled with the plant accession number. These pots were
randomly placed in glasshouse number 16 at 18 °C with additional light for day
length. Watering only was used for the first 3-4 weeks, and then nutrients were added
into the water for three times per week regime, by Warwick HRI horticulture
services, and then moved into a larger pot when the plantlet is in suaitable size.
Plants were caned and tied to ensure healthy plant growth and to maximise leaf

growth.

Young fully expanded healthy leaves were collected at the bud initiation stage and
flash frozen in liquid nitrogen, to inactivate endogenous myrosinase, and then stored
at -80 °C until required (Sanyo ultra low temperature freezer model: MDF-792).
Frozen leaves were dried using a freeze drier (Edwards super modulyo model:
Prirania 501) and processed for 3-4 days until completely Iyophilized, then stored at

-20 °C.

2.3 Experiments

A robust, quantitatively, statistically valid protocol was developed in this study for
the extraction and desulfation of glucosinolates from the analysed plant materials. A
detailed description for each step involved in this protocol is described in the

following sections.
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2.3.1 Extraction of glucosinolates from plant material

The method described by (Brown et a., 2003) was used for the extraction of
glucosinolates from B. oleracea leaves. 0.3 g of plant material was extracted using
20 mL of boiling water containing 2 umol 1S1, 30 umol Pb(OAc), and 30 pmol
Ba(OAC) , to precipitate proteins and free sulfate ions. After 10 min boiling using a
hotplate with water reflux (Electromantle CAT NO EM 0500/CE) with 30 min
agitation and sonication (Kerry), the samples were cooled to 4 °C and centrifuged at
3000 g for 40 min (Heraes sepatech centrifuge Omnifuge 2.0RS model: SD00400/

YR 2000).

2.3.2 Preparation of DEAE-Sephadex A-25 column

DEAE Sephadex A-25 (GE Hedlthcare) is a weak anion exchanger with a
diethylaminoethyl group. The ion exchange step was used to bind intact
glucosinolates, remove contaminating hydrophilic and unbound materia that could
interfere with any downstream quantification and MS-based measurements. The
Sephadex column was prepared by suspending 2 g of the powder into an excess of
sodium acetate buffer pH 5.5. Complete swelling takes 1-2 days at room temperature.
The durry was washed with excess deionised water, poured into the column and
washed with 200 mL of deionised water followed by 200 mL of agueous methanol
before application of the plant extract. This process was found to be essentia to

remove any polymers which can appear as peaks in the mass spectra from the eluate.

2.3.3 Purification of intact glucosinolates

Initially the method described by (Song et a., 2006) was used for the collection of

intact glucosinolates in fractions according to their affinity to the ion exchange
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column. Extracts of plant material were loaded onto the Sephadex column; distilled
water (500 mL) and 50% methanol (200 mL) were used for washing the column.
Intact glucosinolates were eluted sequentially with 0.1 mol/ L potassium nitrate (200
mL), 0.1 mol/ L potassium sulfate (200 mL) and 0.2 mol/ L potassium sulfate (200
mL). Each eluted fraction of potassium nitrate and potassium sulfate was collected,
evaporated to dryness under vacuum at 50 “C and resuspended in 2 mL HPLC water

and spin filtered prior to HPLC analysis.

2.3.4 Desulfation of intact glucosinolates

Plant material was extracted and loaded onto the Sephadex column. The column
bound intact glucosinolates were flushed with 67% aqueous methanol (200 mL), and
then they were capped and treated overnight with a solution of aryl sulfatase as
described by (Brown et al., 2003) to convert the glucosinolates to their desulfated

derivatives.

2.3.5 Preparation of aryl sulfatase solution

Sulfatase was commercially available and was purchased from Sigma Aldrich. The
batch had an activity of 22400 Units/ g solid, at the optimum pH (5-7) at 37 °C.

Sulfatase for glucosinolate desulfation was prepared as described by (Graser et dl.,
2001). Aryl sulfatase 66 mg was dissolved in deionised water (6 mL) and mixed with
absolute ethanol (6 mL). After centrifugation at 5000 g for 20 min at 4 °C (DuPont
Sorval IRC- 5B, centrifuge model: SD: 00611, YR 2000), the supernatant was mixed
with additional absolute ethanol (18 mL) and centrifuged at 4000 g for 15 min, at 4

°C. The pellet from this second centrifugation was dissolved in deionised water (150
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mL) and divided into 1 mL aliquots and stored at —20 °C. This sulfatase stock

solution had a concentration of 10 U/ mL.

2.3.6 Optimisation of the enzymatic desulfation reaction

It was essential to establish a robust and reproducible methodology for the
desulfation of the glucosinolates bound to the ion exchange column. This was
achieved using a range of sulfatase enzyme concentrations to try to ensure as

compl ete as possible desulfation of the glucosinolates present across all the samples.

In the method described by (Brown et a., 2003) after washing the column with 67%
aqueous methanol (200 mL), sulfatase solution was added at the top of the column
and kept overnight at room temperature. In order to improve the reproducibility of
the enzymatic desulfation reaction, several steps within the sample preparation
protocol were optimized. After the methanol wash, the Sephadex matrix including
the bound intact glucosinolates were equilibrated in sodium acetate buffer pH 5.5
(200 mL). The Sephadex material was then transferred into 100 mL glass bottles and
treated with varying concentrations of aryl sulfatase solution at a fixed volume of 1
mL. The total volume of the reaction was adjusted to 40 mL with the acetate buffer.
The Sephadex, plant extract and buffered enzyme were incubated in a shaking
incubator at 37 °C at 80 rpm (New Brunswick ScientificModel: Innova ® 44) to
ensure optimum contact between the enzyme and the bound glucosinolates. After 18
hrs, the Sephadex material containing the desulfated glucosinolates was transferred
into an empty column and eluted with 60% agueous methanol (200 mL). The eluent
was evaporated to dryness under vacuum at 70 °C (BUCHI Laborortechnik B-480

with rotavapor R-114), resuspended in 2 mL of 0.1% formic acid and spin filtered
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using 0.2 um cellulose acetate micro spin filter tubes (Grace) at 1000 rpm for 30
seconds (Helena Biosciences Centurion Scientific LTD model: K80) prior to HPLC-

MSMSanalysis.

In this study, experiments were performed in order to show the effect of sulfatase
solution concentration on the production of desulfated glucosinolates, in order to
establish the optimised enzyme concentration for desulfation of glucosinolates across
the plant materials being analysed. The methodology described above was employed
using a range of sulfatase concentrations. The absolute amounts of enzyme for
optimal desulfation reaction were determined based on a study for the production of
desulfated glucosinolates by (Leoni et a., 1998). In the study, 0.5 g plant material
and 3 umol sinigrin (as IS) were extracted with water and treated with 0.25 units (U)
of sulfatase enzyme. A batch of homogeneous plant material was generated and used
for al of the enzyme concentrations; 2.5 g of homogeneous plant materia was
extracted without adding 1S1 and divided into five equal volumes. Each portion was
desulfated using a serial dilution of sulfatase enzyme solution, ultimately containing
0.25, 1.25, 2.5, 3.75 and 5 U in ImL fina volume prepared as described in section
(2.3.5). The relative area (compared to 1S2) of each detected desulfated glucosinolate
peak in the HPLC-UV chromatogram at 229 nm was determined, in three

(chromatographic) technical replicates.

2.3.7 Optimisation of concentration of ISl used for quantitative
measur ements
In the method described by (Brown et al., 2003), 0.2 g plant material and 0.5 pumoles

of sinigrin (as 1S) were extracted with water and a relative response factor was used
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to determine the concentrations of the desulfated glucosinolates in the samples
relative to the IS. In our experiments, glucotropaeolin was used (as IS1) for relative
quantitative measurements of glucosinolate content in al plant lines. An appropriate
level of IS1 addition, needed to be established prior to the analysis of any plant
extracts. Experiments were performed to determine the optimal ratio of plant

material to |S1 concentration as follows:

e 0.5 g plant material was extracted with 0.5 pmoles of IS1 (1 g: 1 pmoles)
e 0.5 g plant material was extracted with 2 umoles of IS1 (1 g : 4 umoles)

e 0.3 g plant material was extracted with 2 umoles of IS1 (1 g: 6.7 pmoles)

In order to ensure maximum desulfation of all glucosinolates (including the IS1) in
the plant extract, these samples were desulfated using sulfatase solution containing
10 U of sulfatase enzymesin 1 mL, and the optimized desulfation reaction was used
as described in section (2.3.6). These samples were then subjected to the HPLC-

MSMSanalysis and analysed in triplicate.

2.3.8 Optimisation of concentration of IS2 used for quantitative

measur ements

Seria dilutions of intact sinigrin in agueous solution were prepared at a fina
concentration of 1 mg/ mL, 2 mg/ mL and 6 mg/ mL. An aliquot containing 5 pL of
each concentration was diluted 10-fold in water and analysed. A 25 L of each of
the above solutions was injected into the HPLC without using MS anaysis. The
optimum concentration of 1S2 was determined initially by comparison of the absolute
peak areals of 1S2 compared to the absolute peak areas typically obtained for the

desulfated glucosinolates in the extracts anaysed to date. A concentration was
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selected that provided average peak areas similar to those of the analysts of interest.
This concentration was further validated by addition to a plant extract and analysed

intriplicate.

2.4 Analysis of glucosinolates

In this study, preliminary anayses for the detection of intact and desulfated

glucosinolates in four different plant lines were performed on an Agilent 1100 series
HPLC coupled with Bruker Daltonics ES-MS. This instrument was not available for

use later on, and therefore a Thermo Fisher scientific HPLC-LTQ XL mass

spectrometer was used.

2.4.1 Preliminary analysisof glucosinolatesin plant extract

The initial experiments to detect glucosinolates were performed on an Agilent 1100
series HPLC comprising of UV detector (diode array detector G1315B); binary pump
(G1312A), auto sampler (G1313A), degasser (G1379A) and column oven (G1316A).
A Lichrospher RP-C18, 250 x 4.60 mm, with a particle size 5 um (Phenomenex)
column was used held at a constant 25 °C, for the separation of intact and desulfated

glucosinol ates.

2.4.1.1 HPLC Separation of intact glucosinolates

The separation of intact glucosinolates was based on the method described by (Song
et a., 2006) with modifications. Water (A) and methanol (B) gradient solvents
containing 0.1% TFA were used to separate intact glucosinolates at a flow rate of
1mL/ min using Lichrospher RP-C18, 250 x 4.60 mm column, with a particle size of
5 um. A linear gradient was performed to 50% B over 45 min as shown in Table 2.

The effluent was monitored at 224 nm by diode array detection. Three technical
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replicates each containing 50 pL of each sample were injected into the HPLC

system.

Table 2 The HPLC gradient used to separate intact glucosinolates. Water (A) and methanol (B)
gradient solvents containing 0.1% TFA at aflow rate of ImL/ min using Lichrospher RP-C18

Time (min) % B
0 0
5 0
35 15
45 50
50 50
55 0

2.4.1.2 HPLC separation of desulfated glucosinolates

The methodology used was based on that published by (Brown et a., 2003) with
modifications. Water (A) and acetonitrile (B) gradient solvents containing 0.1% TFA
were used to separate desulfoglucosinolates at a flow rate of 1mL/ min using
Lichrospher RP-C18, 250 x 4.60 mm column, with a particle size of 5 um. A linear
gradient was performed to 93% B over 25 min as shown in Table 3, within this
gradient desulfated glucosinolates eluted approximately between 12 to 32 min. The
effluent was monitored at 229 nm by diode array detection. Three technical replicates

using 50 ul of sample were performed for each extract.
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Table 3 The HPLC gradient used to separate desulfated glucosinolates. Water (A) and acetonitrile
(B) gradient solvents containing 0.1% TFA at a flow rate of 1mL/ min using Lichrospher RP-C18,
250 x 4.60 mm, with aparticle size 5 um column at Agilent 1100 series

Time (min) % B
0 0
5 0
6 15
11 5
13 7
23 21
28 29
35 43
36 93
40 93
41 15
48 15




2.4.1.3 I dentification of glucosinolates by ESI-MS

Confirmation of the eluting glucosinolates was achieved using an online Bruker
Datonics HCT plus mass spectrometer. The ES-MS (G2431A/G2431-60001)
instrumental conditions were as follows:

o Capillary exit 121V, HV capillary 4000 V.

e Drying gas nitrogen temperature 300 °C, and drying gas flow 10 L/ min,
nebulizer= 40 psi.

e Scan range of 50-2000 nVz, scan mode was ultra scan in a range of 50-3000
m/z at a speed of 26000 (m/z) / second. During the tuning procedures, the
instrument was operated at a scan range of 50-3000 myz and the following
single charged positive ions nm/z 118.2, 322.2, 822.0, 921.9, 1321.8, 1521.7
and 2121.7 were observed.

e Smart parameter settings were as follows: compound stability is 100% and
trap drive is 100%. ICC smart target is 100000 with a maximum
accumulation time at 20 msec.

The tuning mixture for the ES-MS was purchased from Agilent Technology; its
composition is described in Appendix B.

The outlet of the diode array detector on the HPLC system was connected directly to
the MS source. Negative ion mode was used for detection of intact glucosinolates,

whilst positive ion mode detection of desulfated glucosinolates was used.

2.4.2 Optimisation of the experimental method used for separation
of desulfated glucosinolatesusing HPLC

For the qualitative and quantitative analyses needed for desulfated glucosinolates a

Thermo Fisher Scientific HPLC-LTQ XL mass spectromer was used comprising of
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Accella autosampler, utilizing full loop injection (25 pL), with all samples housed at
ambient room temperature. An Accella LC quaternary pumping system was used as a
binary system and an Accella photodiode array detector (PDA) was used to collect
spectral data from 200-600 nm using one channel at 229 nm for absorbance maxima
for the desulfated glucosinolates.

The analytical column used for all analyses was a Zorbax Eclipse XDB-C18 4.6 x
150 mm 5 pm with in-line Zorbrax reliance analytical guard column (4 x 80 mm, 5

pum), from Agilent Technologies.

The outlet from the PDA of the HPLC was connected to the mass spectrometer via a
T- piece union, which splits 30% of the HPLC eluate to waste. The first 5 min and
the last 16 min of the chromatographic flow were diverted to waste to reduce

contamination of the MSion source.

2.4.3 Optimisation of the mass spectrometer experimental conditions

for characterisation of desulfated glucosinolates

Identification of the eluting desulfated glucosinolates was achieved using an online
Thermo Fisher Scientific electrospray ionisation mass spectrometer with linear ion
trap mass analyser and utilizing the Xcalibur LTQ program Rev 2.5.0. The

experimental conditions were as follows:

e TheES nozzlewas held at 5 kV and atemperature of 280 'C.
e Nitrogen gas used to assist in the nebulisation of the spray and to ad
desolvation with sheath and auxiliary gas flows of 10 psi and 5 arbitrary

respectively.
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e The instrument was operated in positive ion mode for the detection of
desulfated glucosinolates using full scan mode (MS and MSMS scans with a

resolution of 1000).

The tuning solution was prepared by dissolving N-vanillylnonanamide (Sigma
Aldrich) in 0.1% formic acid in acetonitrile at a concentration of 0.08 mg/ mL. In
order to tune the lenses in the system, the automated process was performed and
optimised on the ion observed at m/z 294, as the mass range of the expected
desulfated glucosinolates was m/z 200 to 500.

Cdlibration of the instrumental conditions was performed using the in-built automatic
calibration program every three months and was checked every day to ensure that the
mass drift was no greater than £0.2 Da. The ES calibration solution composition is
described in Appendix C. The following singly charged positive ions for caffeine m/z
195, MRFA m/z 524 and Ultramark 1621 mV/z 1222, 1522, and 1822 were observed

and used for the calibration. The calibration conditions were as follows:

e Cadibration solution was infused at a flow rate of 5 pL/ min into the ES
source by the syringe pump.

e TheES nozzlewas held at 4.5 kV and atemperature of 275 C.

e Sheath and auxiliary gas flows of 10 psi and O arbitrary respectively.

e The instrument was operated in full, norma scan mode. MS data were
collected over m/z range 150-2000 with a maximum injection time of 200

msec.
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244 Development of a reproducible HPLC method for optimal
separation of desulfated glucosinolates

The method used to separate desulfated glucosinolates (described under section
2.4.1.2) using the Lichrospher RP-C18, 250 x 4.60 mm column, resulted in poor peak
separation. Therefore, further improvement was based on the method described by

(Matthaus and Luftmann, 2000) with modifications, as follows:

e A shorter Zorbax Eclipse XDB-C18 4.6 x 150 mm, 5 um particle size
reversed phase column was used for al subsequent analyses.

e Theflow rate used was reduced to 0.25 mL/ min.

e The mobile phase was composed of water (solvent A) and acetonitrile
(solvent B) linear gradient, the ion-pairing agent was replaced with 0.1%
formic acid to increase the ionization efficiency of the compounds in the ES/
MS source to resolve the desulfated glucosinolates. A linear gradient was
performed to 95% B over 33 min as shown in Table 4, within this gradient
desulfated glucosinolates eluted approximately between 9 and 29 min.

e The gradient length was increased by 8 min to ensure good peak separation
for desulfated glucosinolates during the latter stages of the chromatography.

e The washing and equilibrating time for the column was extended for an extra
9 min, the flow rate used at this stage was increased to 0.4 mL/ min. This
improved the reproducibility for the chromatographic separation of the next
sample by decreasing the time required for each HPLC analysis.

e A full loop injection (25 puL) was used for three technical replicates.
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Table 4 The HPLC gradient used to separate desulfated glucosinolates using water (A) and
acetonitrile (B) solvents containing 0.1% formic acid and Zorbax Eclipse XDB-C18 column based
on (Matthaus et al., 2000)

Time (min) Flow rate (mL/ min) | %B
0 0.25 5
2 0.25 5
28 0.25 41
30 0.25 41
35 0.25 95
40 0.40 95
42 0.40 5
56 0.40 5

245 Development of MS and MSMS method to confidently
identify desulfated glucosinolates

To confidently identify desulfated glucosinolates in the plant extracts, an ES-MSMS
method was used based on the method described by (Griffiths et al., 2000; Matthaus
and Luftmann, 2000; Zimmermann et a., 2007) with modifications. The MSMS
fragmentation of the protonated adduct [M+H] * under collisional activation
conditionsistypical for all desulfated glucosinolates, and produces the neutral |oss of
a 162.1 ion corresponding to the sugar group (Matthaus and Luftmann, 2000). This
method has the advantages of producing a fragment ion characteristic of all
desulfated glucosinolates with other additional structure specific fragments, used for
structure determination of glucosinolates with the same molecular weights.

Within the Xcalibur MS program Rev 2.0.7, a mass inclusion list was created,
spanning the region 280-399, containing the expected nVz of 13 protonated
desulfated precursors shown in Table 5 (described in Appendix A), including the m/z

range of the MSMS acquisitions for each precursor.
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Table 5 The mass inclusion list for the expected 13 protonated desulfated glucosinolates precursor,
with their MSMS (nV2) ranges.

Desulfated glucosinolates [M+H] * MSMS
(m'2) n/z range

Sinigrin 280 65-290
Gluconapin 294 70-305
Glucobrassicanipin 308 70-320
Progoitrin 310 75-320
Glucotropaeolin (1S1) 330 80-340
Glucoerucin 342 80-355
Gluconasturtiin 344 80-355
Glucoraphanin 358 85-370
Glucobrassicin 369 90-380
Glucoayssin 372 90-390
4-Hydroxyglucobrassicin 385 95-395
Glucohesperin 386 95-400
4-Methoxydroxyglucobrassicin/ Neouglucobrassicin 399 95-410

In the mass spectrometry method, three scan events were specified as follows:

1) Thefirst event involved the collection of MS data over the m/z range 150-500

2) After five minutes, the instrument switched into a data dependent mode,
performed a single MS scan, determined if one of the ions specified in the
mass inclusion list was present and if so, acquired MSMS data on the
precursor ion observed for 30 msec using normalised collision energy of 35
with a 2 Daisolation width. If none of the ions were observed the instrument
remained in MS mode until a specified ion was detected.

3) After 35 min, the instrument returned to MS acquisition mode until the run

ceased at 56 min.

As the samples were in sodium acetate buffer, this resulted in abuild up of salt at the
inlet to the source region. This required frequent cleaning of the heated capillary and

ion transfer tube to maintain high sensitivity.
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For example, desulfoglucotropaeolin was characterised by comparing RT and m/z
data with pure standard materia (Figure 6). In the UV chromatogram,
desulfoglocotropaeolin eluted at 20.83 min (Figure 6, A). In the MS spectrum,
desulfoglucotropaeolin was observed with m/z 352.0 and 330.0, corresponding to the
ions [M+Na] * and [M+H] * respectively (Figure 6, B). Fragmentation of the
protonated adduct (mvVz 330.0) of desulfoglucotropaeolin gave the expected fragment

(m/z 168.0), which corresponded to the loss of the sugar group (Figure 6, C).

Desulfoglucotropaeolin
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Figure 6 Characterisation of desulfoglucotropaeolin using A: RT at 20.83 min in the UV chromatogram,
B: the [M+Na] * and [M+H] ¥ adducts, with m/z 352.0 and 330.0 respectively in the ESI-MS spectrum,
C: the expected fragment with nvVz 168.0 observed in the MSMS spectrum obtained after selecting the
precursor ion with m/z 330.0
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2.4.6 Development of dtatistically valid method for quantifying

desulfated glucosinolatesin plant extractsrelativeto|S1

A dsatistically valid method for quantifying desulfated glucosinolates from the
chromatograms of the AGDH plant extracts and their parental lines relative to 1S1
and based on UV absorbance at 229 nm utilizing RRF was established.

From the UV chromatogram of 0.3 g GDDH33 leaves extracted with 2 pmoles of
IS1, desulfated and injected into the HPLC as described under section (2.4.4), the
absolute peak area of desulfated glucosinolates were converted to relative peak area
(based on 1S2). The relative peak area value obtained for each peak in the extract,
including 1S1, was used to correct for the small variations in the injection volumes

caused by the auto sampler.

The Avaon peak detection algorithm was used for integrating peak area in the
chromatogram of UV absorbance of 229 nm. The algorithm was used to integrate the

peak areas between the retention time range 8-12 and 16-28 min.

The RRF used in this study, for each desulfated glucosinolate was calculated relative
to desulfosinigrin as described in the standardised protocol (EEC, 1990). These RRF
were in turn derived relative to desulfoglucotropaeolin (1S1), in order to correct for
differences in the UV absorbance between different desulfated glucosinolates as

shown in Table 6.
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Table 6 Relative response factor (RRF) for desulfated %I ucosinolates determined by UV absorbance at
229 nm ? (EEC, 1990) relative to desulfosinigrin, ° RRF used in this study derived relative to
desulfoglucotropaeolin (IS1), based on (EEC, 1990)

Desulfated glucosinolate RRF?° RRF®
Desulfoglucoraphanin 1.07 1.13
Desulfoprogoitrin 1.09 1.15
Desulfosinigrin 1.00 1.05
Desulfogluconapin 111 117
Desulfoglucobrassicin 0.29 0.31
Desulfo4-methoxyglucobrassicin 0.25 0.26
Desulfoneoglucobrassicin 0.20 0.21
Desulfoglucotropaeolin (1S1) 0.95 1.00

The RRF for each desulfated glucosinolate was applied to the relative areals to
correct for variation in absorbance between 1S1 and the desulfated components in the
extract. The content of each glucosinolate relative to I1S1, expressed in (umoles/g) of
completely dried sample was calculated using Equation 1, as described in the
standard protocol (EEC, 1990).

_ Relative peak area of desulfoglucosinolate y umoles of 1S1

Relative peak area of IS1 Dry weight (g) of extracted plant material
x RRF of deslfoglucosinolate

Equation 1 Calculation of the content of each glucosinolate relative to 1S1, expressed in (umoles/g) of
completely dried sample (EEC, 1990)

A flow diagram of the methodology employed in this study is shown in Figure 7.
This methodology will be referred to as the optimized HPLC-UV/ES-MSMS

method and was used to generate all the results detailed in section (2.5.8).
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2 umole of I1S1 (glucotropaeolin) added into 0.3 g plant material

Extraction of plant material using
20 mL water and load onto an ion exchange column

Flushing the ion exchange column with 67%
methanol and equilibration with acetate buffer =
pH 5.5 to remove hydrophilic material

Incubation of glucosinolates bond to ion exchange resin for 18 hr at
37°C and 80 rpm using 10 U of sulfatase enzyme

Elution of desulfated glucosinolates from the ion
exchange column with 60% methanol

Evaporation to dryness and re-suspension
of the extract in 2 mL of 0.1% formic acid

5 pL of (6 mg/ mL) IS2 added to 1.5 mL frozen for
0.5 mL extract further analysis

Analyzed by HPLC using
three technical replicates (25 pL each)

Identification of desulfated Determine the relative area of each
glucosinolates by means of desulfated glucosinolates (based on
MS/MS analysis I1S2) compared to relative area of IS1

Applying relative response factor for] |
each desulfoglucosinolate

Measurement of concentration of each desulfated glucosinolates
relative to I1S1 in dried plant material (umoles/qg)

Figure 7 Flow diagram indicating the general protocol developed in this study for the analysis of
desulfated glucosinolates from Brassica leaves.
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2.4.7 Development of a quality control test for the chromatography

and mass spectrometry per formance

It was essential to perform daily quality control (QC) checks to confirm mass
accuracy/sensitivity from the MS and chromatographic resolution for the HPLC prior
to any analysis being undertaken. Therefore, it was important to ensure reproducible
and stable chromatography prior to any sample analysis, this was achieved by the
injection of a sample consisting of 0.1 % formic acid and 5 pL of I1S2 at
concentration of 6 mg/ mL injected into the HPLC using the method described in
section 2.4.2) without MS analysis. This test was performed several times until the
chromatography showed a stable UV chromatogram with an IS2 peak appeared at a

RT of approximately 8.25 min, with a peak width at half- height of 10 secs.

After that, a QC test solution composed of a mixture of 2 umoles of sinigrin and 2
pumoles of glucotropaeolin previously desulfated using the protocol described in
section (2.3.6) and doped with 5 pL of 1S2 at concentration of (6 mg/ mL) was then
injected into the HPLC using the method described in section (2.4.4). This test was
performed at the beginning of the analysis each day and after every 10 samples being
analysed, unless any sample during the analysis demonstrated poor chromatography
or mass spectrometry. Examples of the chromatography  Figure 8), MS (Figure 9)

and MSMS (Figure 10) spectra obtained during a QC analysis are shown.
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Figure 8 Typical chromatogram obtained at 229 nm of a QC analysis, show peaks of desulfosinigrin,
desulfoglucotropaeolin and 1S2
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Figure 9 Typica ES-MS obtained from a QC analysis containing 2 umoles of desulfosinigrin

(upper) and 2 umoles of desulfoglucotropaeolin (lower) respectively
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Figure 10 The ES-MSMS spectra obtained during QC analysis, containing 2 pmoles of
desulfosinigrin (upper) and 2 pmoles of desulfoglucotropaeolin (lower), shown are the
common fragment ions with m/z 117.9 and 168.0, respectively

Thetypical limits of acceptance for each component in the QC test solution including
peak RT, relative area, chromatographic resolution calculated as the peak width at
half height and the experimentally determined myz for the protonated adduct from the

MSand MSMS spectra are shown in Table 7.
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Table 7 Typical values obtained from a QC analysis including chromatographic RT (min), relative
peak area (based on 1S2), peak width at half height and the experimentally determined m/z of the
protonated adduct from the MS and the characteristic fragment ion observed in the MSMS spectrum

QC solution Retentiontime Relative Peak width at [M+H] * MSMS
components (min) peak half height

area (secs) n z m/z
1S2 8.3 1.0 10
Desulfosinigrin 114 114 17 280.3 1180
Desulfoglucotropaeolin 20.7 1.96 12 330.0 168.0

The accepted shift from the typical values listed in Table 7, were experimentally
determined in the range of £0.3 min, £0.2 Da and 20% for RT, m/z and relative peak

area, respectively.

The QC test was regjected if any of its components failed to show any of the above

listed values within the accepted ranges.
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2.5 Results and discussion

2.5.1 Extraction and analysisof intact glucosinolates

Based on the method described by (Song et al., 2006) (and detailed in section
2.4.1.1) using a Lichrospher RP-C18 column, the plant lines A12DH and GD33DH
were analysed for the presence of intact glucosinolates. The plant materias were
extracted and characterized by HPLC-MS. Unfortunately, the chromatography
coupled with the mass spectrometry failed to identify any peaks corresponding to
individual intact glucosinolates (data not shown), due to the presence of high levels
of salts used for eluting intact glucosinolates in fractions from the Sephadex column
(as described in section 2.3.3). Therefore, it was decided to desulfate glucosinolates

prior to the HPLC-MSanalysis.

2.5.2 Preliminary qualitative analysis of desulfated glucosinolates

A method for the extraction of the desulfated glucosinolates from Brassica leaves
was used based on a desulfation enzymatic reaction, utilizing sulfatase enzyme, on
an ion-exchange resin, as described by (Brown et a., 2003). Four plant lines;
A12DH, GD33DH, AC498, CA25 and a selection of the derived double haploid
mapping population; AGDH and NGDH were analysed by the HPLC-MS method (as
described in section 2.4.1.2) using a Lichrospher RP-C18 column. The
chromatography coupled with the mass spectrometry analysis, showed severd
compounds with m/z corresponding to potential desulfated glucosinolates eluting

with RT order as expected from the literature.
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Different glucosinolate profiles were observed in A12DH and GD33DH, based on
RT and experimentally determined m/z values (Table 8). By comparing the two plant
lines profiles, it can be seen that three glucosinolates appear in GD33DH that were
not observed in A12DH; they were desulfoglucoraphanin, desulfogluconasturtiin and
desulfoneoglucobrassicin (Figure 11). Five glucosinolates appear in A12DH that
were not observed in GD33DH; they were: desulfoglucoiberin, desulfoprogoitrin,
desulfosinigrin, desulfoglucoalyssin and desulfoconapin (Figure 12). Only two
compounds appeared to be common to both plant lines, they were

desulfoglucobrassin and desulfo-4-methoxyglucobrassin.

Table 8 Glucosinolates profiles detected in the parental plant lines A12DH and GD33DH in the
preliminary qualitative analysis

Glucosinolates detected in A12DH  Glucosinolates detected in GD33DH  Retentiontime  MS

(min) (m/2)

Desulfoglucoiberin 13.0 366.0
Desulfoprogoitrin 14.0 332.0
Desulfosinigrin 17.0 302.0
Desulfoglucoraphanin 18.0 380.0

Desulfoglucoalyssin 20.0 394.0
Desulfogluconapin 21.0 316.0
Desulfoglucobrassicin Desulfoglucobrassicin 27.0 391.0
Desulfogluconasturtiin 28.0 366.0

Desulfo-4-methoxyglucobrassicn Desulfo-4-methoxyglucobrassicin 29.0 421.0
Desulfoneoglucobrassicin 31.0 421.0
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Figure 11 The total ion chromatogram and the mass spectrum of the GD33DH extract in the
preliminary qualitative analysis showed five potential desulfated glucosinolates in circles as described
inTable8
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Figure
12 The total ion chromatogram and the mass spectrum of A12DH extract in the preliminary
qualitative analysis showed seven potential desulfated glucosinolatesin circles as described in Table 8
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The glucosinolate profiles observed in AC498 and CA25 lines were compared, as
shown in Table 9. Two glucosinolates were only observed in CA25; desulfosinigrin
and desulfoneoglucobrassicin, while five compounds were common to both plant
lines;, desulfoglucoiberin, desulfoglucoraphanin, desulfo4-hydroxyglucobrassin,

desulfoglucobrassicin and desulfo-4-methoxyglucobrassin.

Table 9 Glucosinolate profiles detected in the parental plant lines AC498 and CA25 in the
preliminary qualitative analysis

Glucosinolates detected in AC498 Glucosinolates detected in CA25 Retentiontime MS

(min) (m/2)

Desulfoglucoiberin Desulfoglucoiberin 13.0 366.0
Desulfosinigrin 18.0 302.0

Desulfoglucoraphanin Desulfoglucoraphanin 19.0 380.0
Desulfo4-hydroxyglucobrassicin Desulfo4-hydroxyglucobrassicin 20.0 407.0
Desulfoglucobrassicin Desulfoglucobrassicin 28.0 391.0
Desulfo4-methoxyglucobrassicin Desulfo-4-methoxyglucobrassicin 29.0 421.0
Desulfoneoglucabrassicin 31.0 421.0

A subset of 36 AGDH douple haploid plant lines derived from cross between
A12DH and GD33DH were analysed using the method described by (Brown et a.,
2003) and their glucosinolate profiles were found to be varied from their parental
lines. Qualitatively, a number of glucosinolates were observed including
desulfoglucoiberin,  desulfoprogoitrin,  desulfosinigrin,  desulfoglucoalyssin,
desulfoconapin,  desulfoglucoraphanin,  desulfogluconasturtiin,  desulfoneo-
glucobrassicin, desulfoglucobrassin, and desulfo-4-methoxyglucobrassin in various

combinations (data not shown). At this stage, their were no quantitative mesurments
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for glucosinoltes content in these plant samples. The variation in the glucosinolate

profiles between the NGDH plants lines were less significant (data not shown).

The measurements obtained were quadlitative in nature due to the frequent
observation of more than one species eluting in a single UV peak (identified by MS
analysis), which indicated insufficient separation efficiency of the HPLC method
being used and so further optimisation would be required to obtain appropriate

quantitative measurements.

2.5.3 Improvement of the HPLC method for optimal separation of

desulfated glucosinolates

A sample of 0.5 g of GD33DH was extracted and desulfated as described by (Brown
et a., 2003), prior to injection into the HPLC-MS using a Zorbax Eclipse XDB-C18
column and the mobile phase gradient (as described in Table 3). Poor
chromatographic separation for desulfated glucosinolates was observed, especialy
towards the end of the chromatograph as shown in (Figure 13, A). This mobile phase
gradient was improved by increasing the gradient time length with 8 min towards the
end of the chromatography and by extending the length of equilibration cycle with 9
min at increased flow rate to improve the reproducibility of the next sample (as
described in Table 4). An injection made with a sample of 0.5 g of GD33DH into the
HPLC-MS using the improved method showed good peak separation for desulfated

glucosinolates as shown in (Figure 13, B).
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Figure 13 Chromatograms from 0.5 g of GD33DH extracted and desulfated as described by (Brown
et al., 2003) prior to injection into the HPLC-MS using Zorbax Eclipse XDB-C18 column. A: using
the mobile phase gradient as described in Table 3; showed poor chromatographic separation for
desulfated glucosinolates especially towards the end of the chromatograph. B: improved
chromatographic separation was obtained using the mobile phase described in Table 4

IS1: first internal standard (desulfoglucotropaeolin), 1: desulfoglucobrassicin, :desulfod-
methoxyglucobrassicin, *: desulfoneoglcobrassicin

A sample of 0.5 g of GD33DH was extracted and desulfated as described by (Brown
et a., 2003) and then injected into the HPLC-MS as three technical replicates (as
described under section 2.4.2) using a Zorbax Eclipse XDB-C18 column. With this
improved methodology, reproducible chromatography and peak separation with
improved resolution was observed between the technical replicates, shown in Figure

14.
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Figure 14 Three chromatograms indicating good resolution of the components from a GD33DH
extract and improved reproducibility between technical replicates

2.5.4 Establishing a robust enzymatic desulfation reaction for intact

glucosinolates

A preparation of GD33DH extract generated from 1 g of plant material was divided
into two aliquots and desulfated using the method described by (Brown et al., 2003)
and analysed using the HPLC-MS method described in section (2.4.2). The
chromatograms obtained from the two desulfation reactions showed the presence of
desulfated glucosinolates at differing levels in both samples as seen in Figure 15,
indicating the lack of desulfation reaction reproducibility from the (Brown et al.,
2003) method. Therefore, optimization of the desulfation reaction was required to

obtain reproducible quantitative measurements.
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Figure 15 The UV chromatograms obtained from two identical samples, processed from the same
bulk plant extract of GD33DH plant line, desulfated independently using the non-optimized method*,
indicating alack of reproducibility in the enzymatic desulfation reaction.

* (Brown et a., 2003)

To establish a reproducible and complete desulfation reaction of intact
glucosinolates, a batch of homogeneous GD33DH extract was generated from 2.5 g
of plant material and divided into five fractions, each fraction was loaded into a
Sephadex column. The Sephadex matrix including the bound intact glucosinolates
was equilibrated in sodium acetate buffer and treated with different concentrations of
sulfatase solution. The Sephadex, plant extract and buffered enzyme were incubated
in a shaking incubator as described in section (2.3.6). These samples were then
analysed for their desulfated glucosinolate content using the HPLC-MSMS
optimized method described in section (2.4.2). The chromatograms obtained from the
five concentrations dependent desulfation reactions are shown in Figure 16.
Although the desulfated glucosinolates were eluting reproducibly from the HPLC
column, it was apparent that at the lower enzyme concentration, incomplete

desulfation was occurring during the incubation period.
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Figure 16 A bulk extract of GD33DH divided into five fractions, each fraction was desulfated using
a range of sulfatase solution concentrations; reproducible desulfation reactions of intact
glucosinolates were obtained

The average relative area (based on IS2) of each detected desulfated glucosinolate
peak in the HPLC-UV chromatogram at 229 nm was determined in three technical
replicates. By increasing the enzyme solution concentration, no obvious differences
in the peak areas of the first eluting desulfated glucosinolate (desulfoglucoraphanin)
were observed. An increase in the average relative area was observed for the last
desulfo-4-

three €eluting desulfated glucosinolates (desulfoglucobrassicin,

methoxyglucobrassicin and desulfoneoglucobrassicin), until the measurements
plateaued within the range 1.25-3.75 U/ mL, which indicated that the desulfation
reaction of these glucosinolates had reached equilibrium. For desulfo-4-
methoxyglucobrassicin, the average relative area showed a plateau at enzyme

solution concentration range of 3.75-5 U/ mL (Figure 17). Within this range,
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desulfation of 4-methoxyglucobrassicin (as well as al other glucosinolates in the

extract) reached equilibrium.
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Figure 17 Plot of the average relative area (based on 1S2) of each desulfated glucosinolate against
increasing concentrations of sulfatase solution, indicates the desulfation reaction of all glucosinolates
reached equilibrium at the concentration range of (3.75-5 U/ mL)

In order to ensure a robust enzymatic desulfation reaction of glucosinolates across
the 89 plant lines which may express glucosinolates at higher content or with
different composition, the enzyme solution concentration used in this study was

doubled to 10 U/ mL.
2.5.5 Determination of the optimal ratio of 1S1 added to the plant
material prior to extraction

In order to quantify desulfated glucosinolates, the correct level of IS1 should be

experimentally determined prior to extraction. IS1 was added to the plant material
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prior to extraction in order to reduce variations in the extraction and desulfation
reactions that may occur between different samples. The optimal concentration of
IS1 in the extract was determined using different ratios of 1S1 to plant material as

described under section (2.3.7).

In two independent experiments; 0.5 g of GD33DH material were dopped with 0.5
pmole and 2 umoles of 1S1, equivalent to the ratios of (1g: 1 pmole) and (1g: 4
pumoles); respectively, and then extracted and desulfated prior to the HPLC-MSMS
analysis (as described in sections 2.3.6). No I1S1 was observed in either experiment
(Figure 18, A and B respectively). This suggested the need to increase the ratio of
IS1 to plant material extracted in order to increase the intensity of the IS1 peak to a
detectable level. Consequently, 0.3 g of GD33DH was extracted with 2 umole of 1S1
(equivaent to the ratio of 1 g: 6.7 umoles) prior to desulfation and HPLC-MSMS
analysis. In the UV chromatogram; IS1 was observed at approximately 20.7 min
(Figure 18, C), with an absolute peak area was within the range observed from

endogenous desulfated glucosinolates in the plant lines.
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Figure 18 Chromatograms of GD33DH extracted with different ratios of the internal standard
glucotropaeolin (1S1). A: (1g: 1 pmole), B: (1g: 4 pmoles), and at the optimal ratio shown in
chromatogram C: (1g: 6.7 pumoles), where |S1 peak appeared at 20.7 min.

1: desulfoglucobrassicin, 2: desulfo-4-methoxyglucobrassicin, 3: desulfoneoglucobrassicin

70



2.5.6 Determination of the optimal concentration of IS2 used to

improve reproducibility of the quantitative measurements

Initial experiments were performed using only one internal standard (I1S1) and the
standard deviation of the peak areas obtained for three technical replicates cal cul ated.
2 umoles of IS1 were added into 0.3 g of GD33DH leaf material and extracted prior
to analysis by HPLC-UV/ES-MSMS using the method described in section (2.4.4).
The absolute peak areas of each desulfated glucosinolate in the UV chromatogram at
229 nm (obtained from the Avalon peak detection algorithm as described in section
2.4.6) were converted relative to IS1 peak area. The average and standard deviation
in three technical replicates, and the % of the ratio of standard deviation to the
average peak area are shown in Table 10. The relative areas (from 1S1) observed
showed variation, which may lead to inaccurate or imprecise quantitative

measurements.

Table 10 Integrated peak area measurements for individual desulfated glucosinolate from GD33DH
extract, relative to 1S1 peak. The average and standard deviation are shown for three technical replicates.
The % of the ratio of standard deviation to the average peak area indicating variationsin the relative peaks

area
Compounds Relative  Relative Relative Average STDEV % STDEV
area area area replicate replicate relativeto
T1 T2 T3 peak area

IS1 1.0 1.0 1.0 1.0 0.0
Desulfoglucoraphanin 0.0682 0.0774 0.0631 0.0696 0.0072 10%
Desulfoglucobrassicin 1.5945 1.9597 1.4983 1.6842 0.2434 14%
Desulfo4-methoxyglucobrassicin 2.3474 2.6953 2.3068 2.4499 0.2135 9%
Desulfoneoglucobrassicin 2.7739 3.0643 24677 2.7687 0.2983 10%
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In order to improve the accuracy of the quantitative measurements for the plant
extract components, 1S2 was added to each sample prior to injection into the HPLC
and the standard deviation of the measurements calculated. The optimum level of 1S2
was experimentally determined and therefore, three solutions consisting of 5 uL of
IS2 at concentrations of 1 mg/ mL, 2 mg/ mL and 6 mg/ mL were diluted in 500 pL
of water and injected into the HPLC as described under section (2.3.82.4.4). In the
obtained chromatograms of the three samples, IS2 peak eluted at 8.7 min;
interestingly only in the injection made with the solution containing (6 mg/ mL) was
an 1S2 peak detected. The more diluted solutions produced a peak area below the

useful level required for its use as a base peak (data not shown).

In order to validate the optimal level of 1S2 in the plant extract, a sample consisted of
2 pumoles I1S1 added into 0.3 g of GD33DH leaf material were extracted with water
and doped with 5 pL of 1S2 at a concentration of 6 mg/ mL (1.5 pug on column), was
then injected into the HPLC in three technical replicates (as described under section
2.4.4). In the UV chromatograms, IS2 peak eluted at 8.14 min within the linear range

of the UV detector at 229 nm (Figure 19).
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Figure 19 The chromatogram of a sample consisting of 0.3 g GD33DH extracted with 2 pmoles of 1S1
and doped with IS2 at concentration of 1.5 pg on column, 1S2 peak eluted at approximately 8.17 min
was used as a base peak to correct for variations caused by the autosampler observed between the
technical repeats

For the quantitative measurements of desulfated glucosinolates, the relative peak
area for individual compounds was calculated based on the 1S2 peak. The standard
deviations and the % of the ratio of standard deviation to the average peak area are
shown in Table 11. The variations in relative areas between the three technical
replicates were significantly reduced by applying the peak area of 1S2 instead of 1S1

as abase peak for all other peaks of desulfated glucosinolates in the extract.
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Table 11 Integrated peak area measurements for individual desulfated glucosinolates from GD33DH
extract, based on |S2, the average and standard deviation are shown for three technical replicates. The
% of the ratio of standard deviation to the average peak area indicating very low variation in the
relative peaks area obtained from different injections

Compounds Relative  Relative Relative Average STDEV % STDEV
area area area  replicates replicates relativeto
T1 T2 T3 peak area
1S2 1.0 1.0 1.0 1.0 0.0
IS1 0.0788 0.0792 0.0744  0.0775 0.0027 3.5%
Desulfoglucoraphanin 0.07%4 0.0805 0.0686  0.0761 0.0066 8.7%
Desulfoglucobrassicin 0.0305 0.0296 0.0349  0.0317 0.0029 9.0%
Desulfo4-methoxyglucobrassicin 0.1167 0.1107 0.1056  0.1111 0.0057 5.0%
Desulfoneoglucobrassicin 0.1382 0.1259  0.1129  0.1257 0.0126 10.0%

2.5.6 Development of an automated MS and MS/MS method to
confidently identify desulfated glucosinolates

In order to identify desulfated glucosinolates in plant extracts, an automated MS
analysis was developed utilizing the Thermo Fisher Scientific LTQ XL electrospray
ionization mass spectrometer with linear ion trap mass analyser (as described under
section (2.4.5).

Within the 89 AGDH plant population studied in this work, each plant line was
dopped with 1S1, desulfated and an aliquot of 1S2 added prior to injection into the
HPLC-MSMS (as described in section 2.4.4). Severa compounds were identified as
potentially desulfated glucosinolates, by comparing their m/z and RT with well
known glucosinolates previously detected in Brassica species. They were (in order of
their RT in the chromatogram); desulfoglucoraphanin, desulfoprogoitrin,
desulfosinigrin, desulfogluconapin, desulfoglucobrassicin, desulfo-4-

methoxyglucobrassicin -~ and  desulfoneoglucobrassicin. These  desulfated
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glucosinolates were characterised by the m/z of protonated and sodiated molecular
ions, [M+H] © and [M+Na] * respectively, as shown in Table 12. Absolute
confirmation of the identity of the desulfated glucosinolates was not possible by RT
and nV/z alone and thus an extra dimension of the analysis was included. A list of the
protonated m/z of commonly occurring desulfated glucosinolates was generated
within the Xcalibur software (as described in section 2.4.5). If any of the desulfated
glucosinolates were detected by their m/z within a given RT window, the precursor
ion was selected for MSMS analysis. The MSMS spectra generated were inspected
for the characteristic loss of the sugar group. A combination of RT, myz and the
presence of the characteristic fragment ion was used to confirm the detection of a

desulfated glucosinolate.

Table 12 Desulfated glucosinolates detected from different AGDH plant lines identified with their RT and
m/z in the MS and confirmation of identify by the characteristic loss of 162.1 Da in the MSMS spectrum.
Additional structure-specific fragments were used to distinguish desulfated glucosinolates with identical
molecular weight

Desulfated glucosinolates Retention [M+Na]* [M+H]®  MSMS MSMS
time (m'2) (m'z)  fragmention  other characteristic
(min) after loss of fragment ion
sugar group
(m'z) (m'2)
Desulfoglucoraphanin 8.5 380.0 358.0 196.0
Desulfoprogoitrin 8.7 330.0 310.0 148.0
Desulfosinigrin 11.2 302.0 280.0 118.0
Desulfogluconapin 16.3 316.0 294.0 132.0
Desulfoglucobrassicin 22.2 391.0 369.0 207.0
Desulfo-4-methoxyglucobrassin 235 421.0 399.0 237.0 160.0[R] *
Desulfoneoglucobrassicin 27.0 421.0 399.0 237.0 205.0 [RCNOH+2H] *
177.0[ROH] *

130.0[R-CH30+H] *
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In the mass spectra of the plant lines expressing desulfo-4-methoxyglucobrassicin
and desulfoneoglucobrassicin, which eluted at RT 23.5 and 27.2 min respectively,
both glucosinolates have the same (m/z) value of 399.0 for the [M+H] * molecule
(Figure 20, A). As expected they showed the highest intensity for the common
typical fragment molecule with m/z of 237.0 in the MSMS spectrum (Figure 20, B
and C). These two glucosinolates were differentiated by comparing their RT with
pure standard desulfoneoglucobrassicin. From this it was possible to confirm the
later peak at 27.2 min as desulfoneoglucobrassicin.

Additionally, other structure specific fragments dependent on the R side chain, were
used for structural determination of desulfated glucosinolates (Griffiths et a., 2000;
Zimmermann et al., 2007). Fragmentation of desulfoneoglucobrassicin produces
fragment molecules with (m/z) of 205.0, 177.0 and 130.0, corresponding to
[RCNOH+2H] ¥, [ROH] * and [R-CH30+H] * molecules; respectively (Figure 20, C).
Fragmentation of desulfo-4-methoxyglucobrassicin produced a structure specific

fragment with (m/z) of 160.0, which correspond to the [R] * molecule (Figure 20, B).
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In an AGDH plant line extract, a compound eluted at 37 min and with my/z of 294.5.

This compound, corresponding to the mass of desulfogluconapin, was subjected to

MSMS analysis for further confirmation. No fragment ion at (nv/z) of 132.0 was

observed for this compound (Figure 21) and thus, it was established that this

compound was not desulfogluconapin.

Potential desulfogluconapin?
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Figure 21 The chromatographic separation and MS produced by HPLC-MSMS of an AGDH
plant line extract. Peak eluted at 37 min had m/z 294.5 corresponding to desulfogluconapin, but
failed to show the expected fragment ion at m/z 132.0 in the MS/MS spectrum
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In order to quantify desulfated glucosinolates across all plant lines being analysed in
this study, it was essentia to determine the lower limit of detection for individual
desulfated glucosinolates based on the minimum relative concentration at which the
characteristic fragment in the MSMS spectrum was observed. Therefore, a generic
limit of detection for each desulfated glucosinolates observed in the mass spectrum

of plant extracts was calculated and is shown in Table 13

Table 13 The lower limit of detection for individual desulfated glucosinolates, based on the observation
of the characteristic fragment in the MS'MS spectrum

Desulfated glucosinolates Lower limit of detection
(umole/ g dry plant material )
Desulfoglucoraphanin 0.30
Desulfoprogoitrin 5.00
Desulfosinigrin 0.90
Desulfogluconapin 0.50
Desulfoglucobrassicin 0.35
Desulfo4-methoxyglucobrassin 0.03
Desulfoneoglucobrassicin 0.05

25.7 Effect of Relative Response Factors on quantitative

measur ements

In this work, the determination of the qualitative and quantitative profiles of
glucosinolates in a B. oleracea population of 89 AGDH plant lines, produced from a
cross between A12DH and GD33DH, was based on the standardised protocol of the
(EEC, 1990) method.

Therefore, for each plant line 0.3 g of dried leaf material were dopped with 2 pmoles
of 1S1, desulfated with 10 U of sulfatase enzymes and injected into the HPLC-

UV/ES-MSMS analysis as described in the flow diagram shown in Figure 7 Flow
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diagram indicating the general protocol developed in this study for the analysis of
desulfated glucosinolates from Brassica |eaves.

The quantification of individual glucosinolates was based on the peak area for each
compound observed in the UV chromatogram at 229 nm calculated relative to 1S2
peak and compared to the relative peak area of I1S1. The RRF for each desulfated
glucosinolate was applied to the relative areals. The relative concentration of each
glucosinolate (expressed in pmoles/ g of dried plant material) was obtained (as
described in section 2.4.6).

Severa response factor values for desulfoglucosinolates are available in the literature
and by applying different values of the RRFs, the calculation of the content of
individual glucosinolates varied. For example, 0.3 g of AGDH6044 plant line was
dopped with 2 umoles of IS1, desulfated with 10 U of sulfatase enzymes and injected
into the HPLC-UV/ES-MSMS (as described in Figure 7). By comparing the content
of individual glucosinolates in the extract calculated using the RRF from the (EEC,
1990) method with their content using RRF from the (Brown et al., 2003) method
(Table 14), higher concentrations were obtained from the latter method for all
glucosinolates (Figure 22), except for glucoraphanin and gluconapin as they have

identical RRF in both methods.
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Table 14 Relative response factors (RRF) for desulfated glucosinolates relative to
desulfoglucotropaelin (1S1) determined at UV absorbance 229 nm in different laboratories. * (EEC,
1990) °(Brown et al., 2003)

Desulfated glucosinolate RRF? RRF°®
Desulfoglucoraphanin 1.13 113
Desulfoprogoitrin 1.15 Not measured
Desulfosinigrin 1.05 1.25
Desulfogluconapin 117 1.25
Desulfoglucobrassicin 0.31 0.38
Desulfo4-methoxyglucobrassicin 0.26 0.38
Desulfoneoglucobrassicin 0.21 0.25
1.60 -
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Figure 22 Bar chart representing the relative concentration of individual glucosinolates in the
AGDH 6044 plant line, calculated by using different RRF. Higher relative concentrations were
obtained using RRF from the (Brown et al., 2003) method as described in Table 14.
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2.5.8 Determination of glucosinolate profiles in the AGDH
population
Within the 89 AGDH plant lines analysed in this work, seven desulfated
glucosinolates were identified using the HPLC-MSMS method developed in this
study as described under section (2.4.5). They were found to chemically belong to
two different groups, the aliphatic and the indolic glucosinolates. The aiphatic
glucosinolate group contains glucoraphanin, progoitrin, sinigrin and gluconapin. The
indolic glucosinolate group contains glucobrassicin, 4-methoxyglucobrassicin and
neoglucobrassicin.
As expected, the AGDH plant lines contained glucosinolates in different
combinations from their parental lines, where the A12DH parenta line was found to
contain sinigrin, gluconapin, glucobrassicin and 4-methoxyglucobrassicin, the
GD33DH parental line was found to express glucoraphanin, glucobrassicin, 4-
methoxyglucobrassicin and neoglucobrassicin.
Quantification of the glucosinolate content in the AGDH plant lines was calculated
relative to 1S1 (umoles/ g of dry plant material) for individual glucosinolates using
the RRF published in the (EEC, 1990) protocol, and the quantification method
validated in this study (as described in section 2.4.6). These data are presented in
Appendix D.
The quantitative analysis of the individua glucosinolate concentration revealed that
the AGDH population expressed higher levels of aliphatic than indolic glucosinolates
as shown in Figure 23. The box plot for the average relative concentration in three
technical replicates for the individua glucosinolates showed variability in the

percentage concentration of each glucosinolate expressed in the AGDH population
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presented by interquartile range. In addition, the median, maximum and minimum

concentrations of individual glucosinolates showed variability between the AGDH

plant lines.
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Figure 23 Box plot presenting the variability in the percentage for the average relative concentration
of each glucosinolate expressed in the AGDH population. The boxes represented the interquartile
range, with median indicated by a line within the box. The whiskers attached to the boxes represent

the maximum and minimum concentrations

The predominant glucosinolate in the AGDH plant lines was progoitrin which was
present in greater amounts than al the other glucosinolates with average relative
concentration of 12.95 umoles/ g of dry leaves material, followed by sinigrin (2.31

pumoles @), gluconapin (1.92 pmoles @), glucoraphanin (1.72 pmoles @),
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glucobrassicin (0.75 pmoles @), 4-methoxyglucobrassicin (0.43 umoles/ g), and
neoglucobrassicin (0.22 umoles g).

The ratio between the maximum and minimum concentrations of individual
glucosinolate was calculated and Log;o transformed. Interestingly, the highest
variation was observed between the minimum and maximum levels was with 4-
methoxyglucobrassicin exhibiting 2 dynamic fold and the lowest variation was
observed for glucobrassicin and neoglucobrassicin with 1.2 dynamic fold only,
where al other glucosinolates were with similar range of variation of (1.8-1.6)

dynamic fold (Table 15).

Table 15 Variations observed between glucosinolates content in the AGDH population calculated as
the Log,, of theratio between the maximum and minimum concentrations of individual glucosinolate

Glucosinolates Variations between maximum

and minimum concentrations
(dynamic fold)

4-Methoxyglucobrassicin 2.0

Glucobrassicin 18

Progoitrin 18

Sinigrin 1.7

Glucoraphanin 1.6

Neoglucobrassicin 12

Glucobrassicin 12

In this section, the results of the glucosinolates observed in the AGDH plant lines

and comparisons with their parental lines, are presented bel ow:
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2.5.8.1 Desulfoglucoraphanin

Desulfoglucoraphanin is an aiphatic glucosinolate which was the first desulfated
glucosinolate eluting in the chromatograms of 36 AGDH plant lines and in the
parental line GD33DH, at approximately 8.5 min (Figure 24, A).
Desulfoglucoraphanin was identified in the MS spectra with m/z value of 380.0 and
358.0, corresponding to the ion [M+Na] * and [M+H] ~, respectively (Figure 24, B).
The expected characteristic fragment molecule with m/z 196.0 was observed in the
MS/MS spectrum (Figure 24, C).

The highest relative concentration of glucoraphanin was found in the plant line
AGDH1058 while the lowest relative concentration was found in the plant line
AGDH1060 at 10.07 and 0.25, umoles/ g of dry leaf materia, respectively. For the
other 34 AGDH plant lines, they contained glucoraphanin at relative concentrations
in the range of 7.72-0.28 umoles/ g of dry leaf material (Figure 25). The parental line
GD33DH contained glucoraphanin at a relative concentration of 2.11 pmoles/ g of
dry leaf material, while in the parental line A12DH we were unable to detect a peak

corresponding to glucoraphanin.
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Figure 24 Desulfoglucoraphanin expressed in AGDH1058 plant extract, A: eluting in the UV and
mass chromatogram with RT approximately 8.5 min, B: in the MS spectrum desul foglucoraphanin
was detected with nvz of 380.0 and 358.0 corresponding to the ions [M+Na] © and [M+H] *
respectively, C: in the MSMS spectrum the typical fragment ion for desulfoglucoraphanin with
m/z 196.0, was observed.
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2.5.8.2 Desulfoprogoitrin

Desulfoprogoitrin is the second diphatic glucosinolate which eluted in the
chromatograms of 33 AGDH plant lines at approximately 8.7 min (Figure 26, A), but
it was not observed in either of the parental lines analysed in this study suggesting
that the parental lines may lack different genes within the biosynthetic pathway i.e.
there is complementation in some of the progeny. However, this glucosinolate was
previoudy detected in the preliminarly analysis experiments as being synthesised by
the parental line A12DH and gluconapin, the precursor of progoitrin biosynthes's,
was observed in this study being synthesised by A12DH. Therefore, the absence of
progoitrin in the parental line A12DH in this experiment is more likely to be
attributed to environmental effects, which may suppress the transaction of the gene
involved in converting gluconapin into progoitrin during the side chain modification
stage. Apparently, this gene was functional in the AGDH plant lines in the conditions
of the preliminary experiment which synthesised progoitrin.

Desulfoprogoitrin was identified in the MS spectra with an m/z value of 330.0 and
310.0, corresponding to [M+Na] * and [M+H] " ions, respectively (Figure 26, B). The
expected characteristic fragment ion with nm/z 148.0 was observed in the MSMS
spectrum (Figure 26, C).

The highest relative concentration of progoitrin was found in the plant line
AGDH4035 while the lowest relative concentration was found in the plant line
AGDH2221 at 78.58 and 1.25, umoles/ g of dry leaf material, respectively (Figure
27). For the other 31 AGDH plant lines, they were expressing progoitrin at relative

concentrations in the range of 65.55-3.32 umoles/ g of dry leaf material.
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Figure 26 Desulfoprogoitrin expressed in AGDH3088 plant extract, A: eluting in the UV and mass
chromatogram with RT approximately 8.7 min, B: in the MS spectrum desulfoprogoitrin was
detected with m/z of 332.0 and 310.0 corresponding to the ions [M+Na] © and [M+H] *
respectively, C: in the MSMS spectrum the typical fragment ion for desulfoprogoitrin with mv/z
148.0, was observed.
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2.5.8.3 Desulfosinigrin

The third desulfoglucosinolate eluting in the chromatograms of the 28 AGDH plant
lines and in the parental plant line A12DH, was the aliphatic glucosinolate
desulfosinigrin, at approximately 11.2 min (Figure 28, A).

Desulfosinigrin was identified in the MS spectra with m/z value of 302.0 and 280.0,
corresponding to the ions [M+Na] * and [M+H] *, respectively (Figure 28, B). The
expected characteristic fragment ion with m/z 118.0 was observed in the MSMS
spectrum (Figure 28, C).

The highest relative concentration of sinigrin was found in the plant line AGDH1039
while the lowest relative concentration was found in the plant line AGDH2221 at
15.34 and 0.31, umoles/ g of dry leaf material; respectively. For the other 26 AGDH
plant lines, they were expressing sinigrin at relative concentrations in the range of
5.15-0.49 umoles/ g of dry leaf material (Figure 29).

The parental line A12DH was expressing sinigrin at a relative concentration of 1.58
umoles/ g of dry leaf materia, while in the parenta line GD33DH, it was not

possible to detect peak corresponding to sinigrin.

91



11.24
1000000 A
1 583 613 UV chromatogram at 229 nm
o) —
§ 500000— 5.98
] 8.94
7 7.44
N 9.72 12.25 14,00 14.89 15.85 16.36 17.85 18.77 19.58
0 TI I T T T T T [T T T [T T T T I T I T T T T T[T T T T T T T T[T T T T[T T T T [T I T T [ T T T T T T T T [ TT T [ TTT
5 14 15 16 17 18 19
Time (min)
11.37
8100 11.28 11.48
S L
3 Mass chromatogram for desulfosinigrin
3 8.23
2 5 - 8.27
[}
2
% 5.36 5.48 §29 7ﬁ1 X 8.70 9.63 11.12 11-937 12.36 14.42 14.89 16.26 16.76 18.26 18.7%
[ e
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time (min)
[M+Na]*
B MS spectrum @
200000
2
z [M+H]*
£ 100000
- 303.27 364.22
158.73 18528 208.02 226.03 24112 259‘.35 H 32191 33622 37¢
0 T \HH‘im\”m\hmi“”\‘m‘\”mi””im\““‘iHH\W‘\‘mi“”\”m\w‘i””\m‘\”m\mi”“\hm\wm‘ ‘MHWHH\H m\‘ \hm\‘m‘\” ‘\‘ Himim‘\‘ mim‘i“‘\H‘”i”“\m‘\Hmiwi”h\
160 180 200 220 240 260 300 320 340 360 3¢
+ m/z
[M+H-CH,,06]
C
2
25000
Q
=
o 85.02 10003 11497 | 120.0413308 14510 16002 17212 190.34 20218
T T T T T T T T T T I T T T I T T T I T T T I T T T T T
80 100 120 140 160 180 200
m/z

Figure 28 Desulfosinigrin expressed in AGDH1039 plant extract, A: eluting in the UV and mass
chromatogram with RT approximately 11.2 min, B: in the MS spectrum desulfosinigrin was
detected with nvz of 302.0 and 280.0 corresponding to the ions [M+Na] © and [M+H] *
respectively, C: in the MSMS spectrum the typical fragment ion for desulfosinigrin with nvz
118.0, was observed.
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Figure 29 The average relative concentration of sinigrin in 28 AGDH plant lines, green bar presenting

the parental line A12DH, error bars were calculated for three technical replicates



2.5.8.4 Desulfogluconapin

The fourth aliphatic desulfated glucosinolate eluting in the chromatogram at
approximately 16.3 min was desulfogluconapin (Figure 30, A), observed in 45
AGDH plant lines and in the parental line A12DH.

Desulfogluconapin was identified in the MS spectra with my/z values of 316.0 and
294.0, corresponding to the ions [M+Na] " and [M+H] *, respectively (Figure 30, B).
The expected characteristic fragment ion with myz 132.0 was observed in the MSMS
spectrum (Figure 30, C).

The highest relative concentration of gluconapin was found in the plant line
AGDH1039 while the lowest relative concentration was found in the plant line
AGDHA4199 at 7.17 and 0.11, umoles/ g of dry leaf materia; respectively. For the
other 43 AGDH plant lines, they expressed gluconapin at relative concentrations in
the range of 4.65-0.26 umoles/ g of dry leaf materia (Figure 31). The parenta line
A12DHd was expressing gluconapin at relative concentrations of 2.09 pmoles/ g of
dry leaves material, while in the parental line GD33DH, we were unable to detect a

peak corresponding to gluconapin.
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Figure 30 Desulfogluconapin expressed in AGDH3088 plant extract, A: eluting in the UV and
mass chromatogram with RT approximately 16.3 min, B: in the MS spectrum desulfogluconapin
was detected with mvz of 316.0 and 294.0 corresponding to the ions [M+Na] © and [M+H] *
respectively, C: in the MS/MS spectrum the typical fragment ion for desulfogluconapin with nvz

132.0, was observed.
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Figure 31 The average relative concentration of gluconapin in 45 AGDH plant lines, green bar presenting the parental line

A12DH. error bars were calculated for three technical replicates



2.5.8.5 Desulfoglucobrassicin

The fifth desulfated glucosinolate eluting in the chromatogram, at approximately
22.2 min, was the first indolic desulfated glucosinolate; desulfoglucobrassicin
(Figure 32, A), which was observed in 85 AGDH plant lines as well as in the
parental lines A12DH and GD33DH.

Desulfoglucobrassicin was identified in the MS spectrum with m/z values of 391.0
and 366.0, corresponding to the ions [M+Na] * and [M+H] *, respectively (Figure 32,
B). The expected characteristic fragment ion with m/z 207.0 was observed in the
MS/MS spectrum (Figure 32, C).

The highest relative concentration of glucobrassicin was found in the plant line
AGDH3130 at 2.51 pumoles g of dry leaf materia, while the lowest relative
concentration was found in the plant lines AGDH5012 and AGDH 3070 at 0.15
pmoles/ g of dry leaves materia. For the other 85 AGDH plant lines, they expressed
glucobrassicin at a relative concentration in the range of 1.99-0.29 pmoles/ g of dry
leaf material (Figure 33). The parental lines A12DHd and GDDH33 were expressing
glucobrassicin at a relative concentration of 0.44 and 0.94 pmoles/ g of dry leaf

material, respectively.
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Figure 32 Desulfoglucobrassicin expressed in AGDH5010 plant extract, A: eluting in the UV and mass
chromatogram with RT approximately 22.2 min, B: in the MS spectrum desulfoglucobrassicin was
detected with mvz of 391.0 and 369.0 corresponding to the ions [M+Na] © and [M+H] * respectively, C:
in the MS'MS spectrum the typical fragment ion for desulfoglucobrassicin with m/z 207.0, was observed.
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2.5.8.6 Desulfo-4-methoxyglucobrassicin

The sixth desulfated glucosinolate eluting in the chromatogram at approximately
23.5 min, was the indolic glucosinolate desulfo-4-methoxyglucobrassicin (Figure 34,
A); it was observed in all 89 AGDH plant lines as well as in the parenta lines
A12DH and GD33DH.

Desulfo-4-methoxyglucobrassicin was identified in the MS spectra with myz values of
421.0 and 399.0, corresponding to the ions [M+Na] * and [M+H] *, respectively
(Figure 34, B). The expected characteristic fragment ion with m/z 237.0 and the
structure specific fragment ions with m/z 160.0 (corresponding to the fragment ion
[R] 7), were observed in the MSMS spectrum (Figure 34, C).

The highest relative concentration of 4-methoxyglucobrassicin was found in the
plant line AGDH5081 at 3.01 umoles/ g of dry leaf materia, while the lowest
relative concentration was found in the plant lines AGDH4034 at 0.03, umoles/ g of
dry leaf material. For the other 87 AGDH plant lines, they expressed 4-
methoxyglucobrassicin at relative concentrations in the range of 2.98-0.04 umoles/ g
of dry leaf material (Figure 35). The parental lines A12DHd and GDDH33 were
expressing 4-methoxyglucobrassicin at relative concentrations of 0.63 and 1.14

pumoles/ g of dry leaf material, respectively.
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Figure 34 Desulfo-4-methoxyglucobrassicin expressed in A12DHd plant extract, A: eluting in the UV
and mass chromatogram with RT approximately 23.5 min, B: in the MS spectrum desulfo-4-
methoxyglucobrassicin was detected with m/z of 421.0 and 399.0 corresponding to the ions [M+Na] *
and [M+H] * respectively, C: in the MSMS spectrum the typical fragment ion for desulfo-4-
methoxyglucobrassicin with m/z 207.0, and the structure specific fragment ions with m/z 160.0
corresponding to the fragment ion [R]", were observed.
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Figure 35 The average relative concentration of 4-methoxyglucobrassicin in 89 AGDH plant lines, red and green bars presenting the

parental lines GD33DH and A12DH respectively, error bars were calculated for three technical replicates



2.5.8.7 Desulfoneoglucobrassicin

The last desulfated glucosinolate eluting in the chromatogram was the indolic
glucosinolate desulfoneoglucobrassicin, at approximately 27.2 min (Figure 36, A),
and it was observed in 41 AGDH plant lines as well asin the parental line GD33DH.
Desulfoneoglucobrassicin was identified in the MS spectra with m/z values of 421.0
and 399.0, corresponding to the ions [M+Na] * and [M+H] *, respectively (Figure 36,
B). The expected characteristic fragment ion with m/z 237.0 and the structure
specific fragments ions with m/z 205.0, 177.0 and 130.0 which were corresponding
to the fragment ions [RCNOH+2H] *, [ROH] " and [R-CH30+H] * respectively, were
observed in the MSMS spectrum (Figure 36, C).

The highest relative concentration of neoglucobrassicin was found in the plant line
AGDH3123 a 0.90 umoles/ g of dry leaf materia, while the lowest relative
concentration was found in the plant lines AGDH1042 at 0.05, umoles/ g of dry leaf
material. For the other 39 AGDH plant lines, they expressed neoglucobrassicin at
relative concentrations in the range of 0.86-0.06 umoles/ g of dry leaf material
(Figure 37). The parental line GD33DH expressed neoglucobrassicin at a relative
concentration of 0.13 umoles/ g of dry leaf material, while in the parental line

A12DH; we were unable to detect a peak corresponding to neoglucobrassicin.
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Figure 36 Desulfoneoglucobrassicin expressed in AGDH2190 plant extract, A: eluting in the UV and mass
chromatogram with RT approximately 27.0 min, B: in the MS spectrum desulfoneoglucobrassicin was
detected with nvz of 421.0 and 399.0 corresponding to the ions [M+Na] * and [M+H] * respectively, C: inthe
MSMS spectrum the typical fragment ion for desulfoneoglucobrassicin with m/z 207.0, and the structure
specific fragment ions with nmvz 130, 177 and 205 corresponding to [R-CH;O+H]" , [ROH]" and
[RCNOH+2H]" respectively, were observed.
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Figure 37 The average relative concentration of neoglucobrassicin in 41 AGDH plant lines, red bar presenting the

parental line GD33DH, error bars were calculated for three technical replicates



25.9 Diverdification of glucosnolates among species of

Brassicaceae

The Brassicaceae family consists of vegetable crops of biological, economica and
agricultural importance attributed to their phytochemical content of which, the active
compounds glucosinolates are of great interest in this study. However, their activity
is largely determined by their content and, therefore the Brassicaceae family has
been widely investigated for their glucosinolate composition (Francisco et al., 2009;
Meyer and Adam, 2008).

In the following section, the range and average concentrations for the individual
glucosinolates, the sum of aliphatic glucosinolates, and the sum of indolic
glucosinolates in the 89 AGDH plant materials, will be discussed. These
concentrations, converted to percentage of their contribution to the total
glucosinolate content, and to the chemical class to which they belong, are shown in

Table 16.
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Table 16 Variation in the glucosinolate range and average concentrations expressed in (umole/ g*)
calculated from AGDH plant lines. The % of their contribution to the total glucosinolate content and to
the chemical class to which belong is shown. * Dry plant material

Trait Range Average % Tota % Aliphatic % Indolic
(umole/ g*) (umole/ g*)  glucosinolates  glucosinolates glucosinolates

Sum aliphatic 0.28-88.06 8.31 85.0 100

glucosinolates

Sum indolic 0.41-4.40 1.26 15.0 100

Glucosinolates

Glucoraphanin 0.28-7.72 1.72 315 39.3

Progoitrin 3.32-65.55 12.95 73.2 78.6

Sinigrin 0.49-5.15 231 21.7 24.7

Gluconapin 0.26-4.65 1.92 159 17.7

Glucobrassicin 0.29-1.99 0.75 9.9 60.8

4-Methoxyglucobrassicicn 0.04-2.98 0.43 52 34.2

Neoglucobrassicin 0.06-0.86 0.22 4.0 16.1

In al plant lines greater variation in the concentration was observed within the
aliphatic glucosinolates, both as a group and as individuals, than within the indolic
glucosinolates, as indicated by the wider range of measured concentrations from the
plant lines synthesising glucosinolates in the studied plant population (as shown in
Table 16). The average aliphatic glucosinolate concentration across all analysed plant
lines was 8.31 pmoles/ g dry leaf material; representing 85.0% of the total
glucosinolate content. Progoitrin was the most abundant aliphatic glucosinolate and
was responsible for 78.6% of the aliphatic glucosinolate content observed in 33
AGDH lines, followed by glucoraphanin (39.3%) by 36 AGDH lines, sinigrin
(24.7%) by 28 AGDH lines and gluconapin (17.7%) by 45 AGDH lines.

While the average indolic glucosinolate content was 1.26 pmoles/ g dry leaf material,
representing only 15.0% of the total glucosinolates content of the AGDH population.

The most abundant indolic glucosinolate was glucobrassicin contributing with 60.8%
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observed in 85 AGDH lines, followed by 4-methoxyglucobrassicin (34.2%) by 89
AGDH lines and neoglucobrassicin (16.1%) by 41 AGDH lines of the total indolic
glucosinolate content.

A comparison of the relative glucosinolate content determined from the AGDH plant
lines in our study with kale, broccoli and cauliflower valuesin the literature revealed
interesting variations in the glucosinolate profiles synthesied by thes vegetable crops

asshownin Table 17.

Table 17 Variations in the relative glucosinolate contents in AGDH, kale, broccoli and cauliflower.
3(Carteaet al., 2008; Velasco et al., 2007), © (Schonhof et al., 2004) and ¢ (Volden et al., 2009)

% of total glucosinolate
Trait
AGDH Kae Broccoli ¢ Cauliflower ¢
Total aiphatic 85.0 70.0% >03.4 57.3
52.3°
Total indolic 15.0 30.0° 5.9 42.7
46.4°
Glucoraphanin 315 0.50° 26.5 2.3
Progoitrin 73.2 278 3.7 37.0
Sinigrin 21.7 35.9° 0.9 5.9
Gluconapin 159 57.7
Glucobrassicin 9.9 89.1° 3.4 29.1
40.8°
4-Methoxyglucobrassicin 5.2 04 53
Neoglucobrassicin 4.0 8.82 14 2.7
5.6

Our results are in good agreement with the quantitative analysis of desulfated
glucosinolates concentrations presented by (Cartea et a., 2008; Velasco et a., 2007),
who reported the profiles from the edible parts of vegetable kales (leaves and flower

buds), showing that aiphatic glucosinolates were dominant. Cartea et al., (2008)
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reported 70.0% of the glucosinolate was aiphatic, with the indolic glucosinolates
comprising the remaining 30.0%, whilst (Cartea et al., 2008; Velasco et a., 2007)
reported 52.3% aliphatic content. High levels of aiphatic glucosinolates were also
reported by (Schonhof et a., 2004; Volden et a., 2009), in Chinese broccoli with
over 90% of the total glucosinolate content. Cauliflower aliphatic glucosinolate
content has been observed at 57.3% (Volden et al., 2009).

In this study, progoitrin was the major glucosinolate observed, representing 73.2% of
the total glucosinolate content, followed by glucoraphanin (31.5%), sinigrin (21.7%),
and gluconapin (15.9%). This was in agreement with (Volden et a., 2009), who
reported the relative content of intact glucosinolates in the florets of five cauliflower
cultivars and found that the most abundant aliphatic glucosinolate was progoitrin
(37.0% fresh material), followed by sinigrin (5.9%) and glucoraphanin (2.3%). In
contrast studies on desulfated glucosinolate content, (Schonhof et al., 2004) found
gluconapin to be the most abundant in Chinese broccoli plant material representing
(57.7%) of the total glucosinolate content, followed by glucoraphanin (26.5%),
progoitrin (3.7%) and sinigrin (0.9%). In contrast, in kale (Cartea et a., 2008;
Velasco et a., 2007), desulfated glucosinolate content showed sinigrin present at the
highest abundance with (35.9%), followed by progoitrin (2.7%) and glucoraphanin
(0.5%).

In generd, the levels of indolic glucosinolates in our AGDH population agreed with
other published studies (Cartea et al., 2008; Kushad et a., 1999; Schonhof et al.,
2004; Song and Thornalley, 2007; Velasco et a., 2007; Volden et a., 2009). In this
study, glucobrassicin was present at 9.9%, followed by 4-methoxyglucobrassicin
(5.2%) and neoglucobrassicin (4.0%). These results are in agreement with (Schonhof

et a., 2004), who studied the desulfated glucosinolates in Chinese broccoli, reporting
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the highest proportion within the indolic glucosinolates to be glucobrassicin at 3.4%
of the total glucosinolate content, followed by neoglucobrassicin (1.4%) and 4-
methoxyglucobrassicin (0.4%).

Higher levels of glucobrassicin were observed in kale varieties by (Cartea et a.,
2008) comprising 89.1% of the total glucosinolate content, and neoglucobrassicin
(8.8%). The same results were reported by (Velasco et al., 2007), who studied
glucosinolate content in kale and found the highest proportion for glucobrassicin
with 40.8% of the total, while neoglucobrassicin was only 5.6%, with no
observations reported for 4-methoxyglucobrassicin in kale. While investigations of
intact glucosinolate content in cauliflower (Volden et a., 2009), showed moderate
content of glucobrassicin (29.1%), followed by 4-methoxyglucobrassicin (5.3%) and
neoglucobrassicin (2.7%) of the total glucosinolate content.

The reason for these differences might be most probably linked to cultivar
differences, growing conditions (temperature, day light, and soil nutrients), water
content in the plant material used for analysis, methods of extraction and method of

quantification measurements.

2.5.10 Selected AGDH plant lines of biological interest

Investigation of the glucosinolate profilesin all plant lines analysed in this study for
their total and individua glucosinolate content, revealed some interesting plant lines
that have potential biological applications including medical, agricultural, economic
and consumer acceptance.

The parental plant line GDDH33 expressed total glucosinolates at a relative

concentration of 4.32 umole/ g dry plant material, composed of glucoraphanin
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(48.8%), glucobrassicin  (21.7%), 4-methoxyglucobrassicin  (25.4%) and
neoglucobrassicin (3.0%) as seenin Table 18.

Studies on the health promoting effects of individual products derived from
glucoraphanin hydrolysis, the most important of which is sulforane (SF), are the
focus of the clinical research to find potential cancer prevention and/ or treatment
compounds. In addition, glucoraphanin may help protect from serious chronic
diseases affecting the cardiovascular or the nervous system (Jeffery and Araya,
2009). The benefit of producing crops with the highest content of glucoraphanin as
the major aliphatic glucosinolate, is that the hydrolysis product SF is not volatile and
so, will not affect the flavour or the aroma of the vegetables, which may increase the
customer acceptance for healthy vegetables (Traka and Mithen, 2009).

The parental plant line A12DH, was found to express total glucosinolates at
approximately the same relative concentration as GD33DH (4.73 pmole/ g dry plant
material), with a composition of gnigrin (33.3%), gluconapin (44.2%),
glucobrassicin (9.2%) and 4-methoxyglucobrassicin (13.3%). The disadvantage of
vegetable crops synthesising a high content of aliphatic glucosinolates containing
alkene bonds can be the bitter taste (Schonhof et al., 2004). On the other hand, a
vegetable crop with this glucosinolate profile is considered a safe material for
feeding animals due to the natural absence of progoitrin, which is toxic to farm

animals.
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The highest content of total glucosinolates observed among all the analysed plant
lines in this population, was for the plant line AGDH1039 which expressed
glucosinolates at a total concentration of 90.73 umole/ g dry plant material,
composed of progoitrin (72.2%), sinigrin (16.9%), gluconapin (7.9%), 4-
methoxyglucobrassicin (2.3%) and glucobrassicin (0.6%). This plant line had the
highest total content of aliphatic glucosinolates observed with a concentration of
88.0 umole/ g dry plant material, composed of progoitrin (74.5%), sinigrin (17.4%)
and gluconapin (8.1%). The disadvantages of vegetable crops expressing this
glucosinolate profile are not only the bitter taste (Schonhof et a., 2004), but also the
toxic effect of the hydrolysis product of progoitrin (Cartea and Velasco, 2008).
Within the 89 AGDH plant lines analysed in this study, 14 lines were found not to
express aiphatic glucosinolates at detectable levels, AGDH2206, AGDH5081,
AGDH2056, AGDH3235, AGDH1074, AGDH1059, AGDH6024, AGDH1038,
AGDH4054, AGDH1004, AGDH1015, AGDH5012, AGDH5008, and AGDH1049.
The lowest content of aliphatic glucosinolates was found in the plant line
AGDHA4034 that expressed glucoraphanin at a concentration of (0.28 pumole/ g dry
plant material) with a relative concentration of total glucosinolates at (28.0%). Such
a vegetable crop would have higher consumer acceptance because of the good taste,
but with minimum health benefits due to its low total glucosinolate content.

The plant line AGDH2206 was found to express the highest total indolic
glucosinolate content within the AGDH population with a concentration of 4.4
pmole/ g dry plant material, composed of 4-methoxyglucobrassicin (67.7%) and
glucobrassicin (32.3%), suggested potential anti-fungal defensive activity for this

plant material, due to its high content of 4-methoxyglucobrassicin, which is
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important for agricultural applications as an organic bio-fumigant (Bednarek et al.,
2009). In addition to the dietary benefit of the most important indolic glucosinolates
in Brassica vegetables, glucobrassicin is known to decrease the risk for breast cancer
(Jeffery and Araya, 2009).

Three of the lines; AGDH5012, AGDH5008 and AGDH1049 expressed trace
amounts of indolic glucosinolates in the concentration range 0.41-0.47 pmole/ g dry
plant material and appeared to have very limited biological interest.

The plant line AG4051 did not express progoitrin at a detectable level, but was found
to express a combination of glucoraphanin and sinigrin at the highest content
compared to the AGDH plant lines, when progoitrin was not observed. Sinigrin was
produced at concentrations of 2.5 umole/ g dry plant material corresponding to
(36.2%) of the total glucosinolates content. Sinigrin is known as a powerful
biofumigant, due to the production of the hydrolysis product alyl isothiocyanate,
which reduces the attraction of insects (Bellostas et a., 2007b; Hall et a., 2001).
Also it is a precursor for isothiocyanate, known for anticancer activity (Cartea and
Velasco, 2008; Higdon et al., 2007). Glucoraphanin is regarded as the most
important glucosinolate in Brassica vegetables for its benefits to health and was
expressed in this plant line at a concentration of 2.82 umole/ g dry plant material
corresponding to (41.1%) of the total glucosinolates content. As progoitrin was not
observed at detectable levels in this plant line, there does not appear to be a health
risk associated with the consumption of such a crop. Therefore, it is considered an
important plant lines for developing a crop for a healthy diet in addition to the other

possible agricultural applications.
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It was not surprising to find that glucosinolates produced by the same biosynthetic
pathway (more detailed discussion will be presented in Chapter 3) were expressed

together in most plant lines as shown in (Figure 38).

% Glucoraphanin % Neoglucobrassicin

% Progoitrin

4-Methoxyglucobrassicin

® GDDH33 ®A12DHd = AGDH1039
m AGDH4034 ®mAGDH2206 ®AGDH4051
% Total glucosinolates
1%
%

2%

) 3%
% Gluconapin

% Sinigrin

% Glucobrassicin

‘1%

Figure 38 Pie charts showing the total glucosinolates detected across the plant lines, GD33DH,
A12DH, AGDH1039, AGDH4034, AGDH2206 and AGDHA4051, with the values indicating % of
the total glucosinolate and % of the individual glucosinolates observed between the six selected
plant lines shown

The aliphatic glucosinolates; sinigrin and gluconapin were expressed by the plant
lines;, A12DH, AGDH1039 and AGDH4051, while the indolic glucosinolates
4-methoxyglucobrassicin and glucobrassicin were expressed by the plant lines
GD33DH, A12DHd, AGDH1039, AGDH4034, AGDH2206 and AGDH4051. In
contrast, athough glucoraphanin is the precursor of gluconapin biosynthesis; they
were observed together in only one plant line AGDH4051, indicating that the plant
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lines expressing high levels of either of these two glucosinolates expressed the
second glucosinolate at undetectable levels. This could be because the number of
plant lines analysed in this study was not sufficiently large, or due to the presence of
gene(s) controlling their biosynthesisin a qualitative rather than quantitative pattern.
The diphatic glucosinolate; glucoraphanin and the indolic glucosinolates,
neoglucobrassicin, 4-methoxyglucobrassicin and glucobrassicin, were expressed
together in GD33DH, AGDH4051 and AGDH4034 plant lines. Although the
biosynthetic pathway of aiphatic glucosinolates is independent from the biosynthetic
pathway of indolic glucosinolates, they share a common set of enzymes that are
involved in the core structure formation of all glucosinolates classes (as described in
Chapter 1), which control the total glucosinolates content expressed in plant
materials.

The AGDH1039 plant line expressed the highest percentage of total glucosinolates
compared to the other plant lines, and was aso found to contain high levels of
progoitrin compared to the other lines shown in Figure 38. Further discussion of this
observation will be presented from genetic point of view in Chapter 3.

In general, the plant lines expressing aliphatic glucosinolates at high levels expressed
the indolic glucosinolates at lower levels, and vice versa. This is a known
observation of the secondary metabolites in the plant kingdom, where the expression
of any of these metabolites can be altered to improve the plant fitness in response to

stress (Jones and Firn, 1991; Kliebenstein, 2004).
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2.6 Conclusion

The analysis of intact glucosinolates in this study was unsuccessful presumably
due to the high salt content in the plant extract samples. Therefore, the analysis
of desulfated glucosinolates was adopted over intact glucosinolate analysis.

An HPLC-UV method was optimized for complete separation of desulfated
glucosinolates in the plant extract with high resolution for quantification
measurements of glucosinolates.

The reproducibility of the desulfation reaction was improved with the use of an
acetate buffer at pH=5.5 for the desulfation step, the use of a shaking incubator
during the enzymatic step and the use of the optimal ratio of sulfatase solution
concentration to amount of plant material for maximum desulfation reaction.

An optimized level of interna standard (IS1) was experimentally determined,
and used for al subsequent quantitative measurements of glucosinolates.

| have demonstrated the first use of a second internal standard (IS2) to improve
the reproducibility of the quantitative measurements.

Development of a data dependent MS and MSMS based methodology for the
identification and characterisation of 13 desulfated glucosinolates.

The relative concentration of individual desulfated glucosinolates to IS1 was
calculated using peak areas in the UV chromatogram at 229 nm and the relative
response factor (RRF) as described in the standardised procedures ( EEC, 1990).
In total seven glucosinolates were detected in the 89 AGDH plant lines
distributed between aliphatic and indolic glucosinolate groups, with different

combinations from the parental plants A12DH and GD33DH, and displaying
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wide qualitative and quantitative variations in their glucosinolate profiles, while
no aromatic glucosinolates were detected.

Aliphatic glucosinolates were predominant over indolic glucosinolates in the 89
AGDH plant lines, whilst progoitrin was found in the highest abundance among
the total glucosinolate concentration.

The observed variations in the glucosinolate profiles of the AGDH plant lines,
revealed the presence of six plant lines expressing glucosinolates with unique
qualitative and quantitative contents of biological importance for medical,
agricultural and economical applications.

The quantitative measurements undertaken can help increase understanding of

the biosynthetic pathway of glucosinolates in the studied plant population.
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| dentifying QTL affecting glucosinolates biosynthesisin

Brassica oleracea

3.1 Introduction

Analysis of quantitative trait loci (QTL) in plant progeny derived from a cross of two
parents, which showed significant differences in their trait profiles, involves linkage
analysis between a set of markers and phenotypic data, utilising the genetic linkage
map of their chromosomes where their molecular markers types and locations are
known (Tanksley, 1993; Van Ooijen, 1999). The natural genetic variations observed
for the quantitative traits can be exploited using QTL analysis to identify candidate
genetic loci or genes that affect metabolite biosynthesis (Kearsey, 1998). Once a
significant QTL (p< 0.05) of a trait has been identified in a population, genes within
the QTL confidence interval that affect the trait can be determined by a number of
different approaches including comparative genomics at two levels, genetic and
physical mapping, and DNA sequencing (Gao et a., 2004). In addition combining
gene expression profiles with metabolite profiles may provide more information on

genes underlying the QTL (Lou et al., 2008).

The screening of a DH mapping population, which varied in their parental profiles,
with its associated molecular map, alows the identification of genetic regions that
affect glucosinolate content in the mapping population. Genes affecting glucosinolate
biosynthesis have been previoudly identified in Arabidopsis (Kliebenstein, 2009;
Mewis et a., 2006; Pfalz et al., 2009) and in other Brassica species such as in B.
rapa (Lou et a., 2008). The conservation of gene order (co-linearity) between

Arabidopsis, B. rapa and B. oleracea (Luis Iniguez-Luy et al., 2009) can be used to
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identify candidate genes underlying mapped QTLs that affect glucosinolate content.
In addition, novel QTLs not previously identified may be discovered. Consequently,
information developed in B. oleracea can be applied to other Brassica species as a
result of the close relatedness of the species (Bellostas et al., 2007b; Gao et al., 2004;

Kliebenstein et al., 2001a; Lou et a., 2008; Lukens et a., 2003).

Specific glucosinolates have been studied intensively for their bio-fumigation and
anti-cancer effects (Bellostas et al., 2007b; Schonhof et al., 2004). The activity of
glucosinolates is largely affected by their chemical structure, which is determined by
their precursor amino acid and the type of modifications to the carbon side chain
group (R) (Hakier and Gershenzon, 2006; Li and Quiros, 2003; Mithen, 2001;
Windsor et a., 2005). Major genes underlying QTL affecting these individual
glucosinolates biosynthesis ultimately characterized by map based cloning. For
breeding purposes, markers tightly linked to the QTL could be adopted for marker
assisted breeding strategies (Tanksley, 1993). Such information has potentia
applications in many different areas of ecological, agronomic, economic and health

values.

3.2 Objectives

e To perform the anaysis using different mapping methods; interval mapping
(IM) and composite interval mapping (CIM), or multiple QTL mapping (MQM)
methods, to search for consistency of QTL, utilizing two different QTL mapping
programs.

e To determine genes or gene regulators underlying mapped QTL, utilising
previousy mapped genes in Arabidopsis and B. rapa for glucosinolate

biosynthesi s through applying a comparative genomic approach.
120



e To suggest regions on the genome where novel factors, which are involved in

glucosinolate synthesis may be located.

3.3 Materialsand methods

3.3.1 Thegenetic map

The AGDH mapping population is derived from a cross between rapid cycling B.
oleracea line; A12DH (var. alboglabra) as the female parent and the broccoli line
GD33DH (var. italica) as the male parent (Bohuon et a., 1996). Severa versions of
the genetic map for this population have been published (Bohuon et al., 1996; Rae et
al., 1999; Sebastian et a., 2000). The map has been recently updated with the
addition of a number of SSR markers and mapped gene loci (GR Teakle, University
of Warwick, unpublished results). In this work, a subset of the AGDH population
was available (89) that encompassed recombination breakpoints distributed widely
across all the linkage groups. For the QTL analysis a subset of markers distributed at
approximately 10 centi-Morgan (cM) intervals, selected based on having the most

complete genotype information, was used (Barker et a., 2007).
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3.3.2 Plant material

The AGDH population were grown under controlled environmental conditions as
described in Chapter 2. Each plant line was represented by three genetically identical
plants. Young fully expanded healthy leaves were collected at the bud initiation stage
from the three plants as a bulk material, and were mixed in order to pool

homogeneous plant material.

3.3.3 Phenotyping

The initial analysis showed that the glucosinolate profiles varied within the AGDH
lines as segregation for these traits was found between the parental lines ( as shown
in Chapter 2) and therefore, the AGDH plant population was chosen for QTL
mapping. In addition, the quantitative analysis of glucosinolate profilesin the AGDH
plant lines reveded continuous variation for the individua glucosinolate
concentrations, which suggesting they are complex traits controlled by polymorphic
genes (Mackay, 1996). Each of these polymorphic genes contributes a small,
approximately additive, effect on the phenotype at constant environmental

conditions.

3.3.4 Dataanalysisfor QTL mapping

In the AGDH plant lines analysed in this study, seven different glucosinolates
segregating for content in the parenta lines (see Chapter 2) were analysed. They
were categorized into two different chemical classes of glucosinolates, the aliphatic
glucosinolates including; glucoraphanin, progoitrin, sinigrin and gluconapin, and the
indolic glucosinolates including; glucobrassicin, 4-methoxyglucobrassicin and

neoglucobrassicin.
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For QTL mapping of glucosinolates produced in the AGDH plant population, the
data model used was based on the average relative concentration (relative to 1S1) for
the individual glucosinolates and on the sum of glucosinolates of the same chemical
class obtained from three technical replicates (as described in Chapter 2). In addition,
the sum of sinigrin and gluconapin was used to map QTL control of the akene bond
formation, where the sum of glucoraphanin and progoitrin was used to map QTL for
the biosynthesis of the rest of aiphatic glucosinolates.

When a plant line did not express a glucosinolate at a concentration that could be
detected, an arbitary figure of half the concentration of the lower limit of detection
was used. The limit of detection for the individual glucosinolates were previously
measured as described in Chapter 2 Table 13. This approach was chosen over simply
including these points as missing data since biosynthesis for these glucosinolates
could occur, producing glucosinolates at undetectable concentrations. These
concentration values were 10g;o transformed to increase the homogeneity of variance

between plant lines.

3.3.5 QTL mapping

Mapping QTL to chromosoma regions was performed using Windows QTL
Cartographer ver 2.5 (Win QTL Cart) (htt: //stangen.ncsu.edu/qtlCart/WQTL Cart.
htm). The IM anaysis was used to scan the whole genome searching for an interval
locating between a pair of linked marker loci with regard to their effects on the
quantitative trait, utilizing a molecular linkage map to obtain variance ratios to each
significant QTL (Tanksley, 1993). Kosambi mapping function was used to trandate
from recombination frequency to distance on the chromosome with precision of 2

cM. To get more precise QTLs, CIM analysis was used (Zeng, 1993). CIM can
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remove the effect of non-target QTL on the estimation of atarget QTL. In the Win
QTL Cart, the cofactors were chosen automatically by setting the program
parameters using standard model 6, control marker number 5 (number of markers to
control for the genetic background), window size of 10 cM (to block out regions of
the genome on either side of the markers that are tightly linked to the test site) and
the forward regression method.

The results were confirmed by reanalysing the data using Map QTL® ver 4.0
analysis (Van Ooijen, 2002), utilizing the IM analysis and the MQM analysis
previously described by (Jansen and Stam, 1994). In the MQM analysis, markers
nearby previoudly identified QTL in the IM anaysis were fitted and used as
cofactors, in order to absorb the effect of the QTL in their background, and therefore
enhancing the power of the search for other segregating QTLs (Van Ooijen, 1999).
The logyo of the likelihood ratio (variance ratio); statistically determined as the Log
of Odds (LOD score) (Mackay, 1996) for the presence of a segregating QTL
compared to absence of segregating QTL, was calculated at a given position on the
genome for individual plant lines in the population from the marker genotypes and
the linkage map (Lander and Botstein, 1989). In all analysis methods, the frequency
distribution of the maximum LOD score was determined by implementing a 1000
permutation test in order to determine the genome-wide significant threshold at (p<
0.05). When the QTL is significant, a LOD score peak exceeding the threshold value
appears. Map positions for maximum LOD score and the two LOD support intervals
were determined relative to the genetic map in cM, and shown for each QTL with the
markers allocated at these points where applicable.

At any QTL locus the contribution of an increasing allele from the female parent

(A12DH), indicated by a positive additive effect, is equivalent to the contribution of
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a decreasing alele from a male parent (GD33DH), indicated by a negative additive

effect. The genetic variance explained by QTL was calculated using Equation 2.

(Additive effect )

S (x- 7Y

1

2
X —

Equation 2 The genetic variance explained by QTL was calculated from the additive effect and the
mean in 89 AGDH line, x: trait value, x(1[J: the mean of trait values in three technical replicates, n:
size of plant population (Griffiths et al., 1996)

MapChart © ver 2.2 (Voorrips, 2002) software was used for the graphical

presentation of linkage maps and QTLSs.

3.4 Results and discussion

3.4.1 Variations of the glucosinolate content in the AGDH plant
lines

The relative concentrations of individua glucosinolates (relative to IS1) were

determined for the 89 AGDH population and their parental lines, A12DH and

GD33DH in three technical replicates (as described in section 2.4.6). The average

and standard deviation for the three technical replicates for each plant line were

calculated, and the results are shown in Appendix D.

The initial analysis of the quantitative data, obtained using the average relative
concentration of individual glucosinolates, indicates large variations in glucosinolate
concentrations in al plant lines. For example, 87 AGDH plant lines were found to
express glucobrassicin (as described in section 2.5.8.5), the average relative
concentrations of glucobrassicin expressed by these plant lines, varied between 0.15

and 2.51 umole/ g dry plant material (Figure 33). The standard deviations for the
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relative concentrations, calculated from three technical replicates for each plant line
indicate that the variance increased at higher concentrations in comparison to lower

concentrations, as shown in Figure 39.
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Figure 39 Scatter plot showing the standard deviation in three technical replicates compared to the
average relative concentration (to IS1) of glucobrassicinin the 87 AGDH plant lines

When the quantitative data were log;o transformed, using the model of data analysis
described in section (3.3.4), a continuous, fairly unimodal distribution of the average
relative concentrations of glucobrassicin in the 89 AGDH plant lines was obtained,

which approximated to anormal distribution as shown in Figure 40 .
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Figure 40 Normal Q.Q plot of the average relative concentration (to 1S1) of glucobrassicin in 89
AGDH plant lines

The frequency histogram of the average relative concentrations of glucobrassicin in
the 89 AGDH plant lines, obtained using the model of the analysis (as described in
section3.3.4), shown in Figure 41, aso shows a continuous distribution of
glucobrassicin conentrations within the AGDH population. Glucobrassicin relative
concentrations in the A12DH and GD33DH plant lines are indicated by arrows,
showing that the synthesis of glucobrassicin by the parental plants lines were within
the concentration range of its synthesisin the AGDH offsprings.

All other glucosinolates synthesied by the AGDH plant lines, were analysed using
the same model as described for glucobrassicin analysis, and showed continuous
distributions of their content. This indicates that the synthesis of glucosinolates is a

quantitative trait possibly under the control of polygenes. The histograms showing
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the continuous distribution of glucosinolate content in the AGDH plant lines and

their parental lines are shown in Appendix D.

A

!

20

15

10 |

Frequancy of distribution for AG DH lines

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4

Log, of the average relative concentration of glucobrassicin
Figure 41 Frequency distribution of glucobrassicin in 89 AGDH plant lines. Parental scores are

indicated by A = A12DH and G = GD33DH

3.4.2 Predicting the key points in glucosinolate biosynthesis
pathways

Glucosinolates are classified into three mgjor groups, namely aliphatic, indolic and
aromatic glucosinolates, based on the amino acids from which they are synthesized
via independent metabolic pathways, and share a common set of enzymes involved
in the core structure formation of glucosinolates, which is under genetic control
(Figure 2) (Halkier and Gershenzon, 2006). The general biosynthesis pathway of
glucosinolates involves three main phases as summarised below:

e Prior to entering the biosynthesis pathway for the synthesis of aiphatic

glucosinolates, methionine can undergo several elongation cycles for addition
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of one methylene group at a time before it can enter the pathway for the
formation of the aliphatic glucosinolate core structure.
e Conversion of amino acids to the basic glucosinolate skeleton.
e Additional side chain modifications can occur following the pathway,
resulting in the vast diversity of glucosinolate content observed.
Consequently, the pattern of relationships between levels of individual glucosinolates
across the AGDH population can provide information on the genetic contribution to
the synthesis and modification pathways. Correlation analyses between
glucosinolates expressed by the AGDH plant lines were illustrated using a scatter
plot matrix shown in Figure 42. These plots alow the interpretation of trends within,
and between, different groups of glucosinolates, demonstrating how genetic
variations within a single biochemical step can affect subsequent products. By
identifying genetic variation for such steps, we were then able to investigate them in

more detail through QTL mapping.
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Figure 42 Scatter plots matrix of glucosinolate in 89 AGDH plant lines. Each individua plot
represents a pairwise comparison for the average relative concentrations of two glucosinolates. When
a plant line did not express glucosinolates at a detectable level, it was scored as half the amount of
detection. Blue and green were for indolic and aliphatic glucosinolates, respectively.

The relationship between individual aliphatic glucosinolates; sinigrin with progoitrin,
glucoraphanin with gluconapin, and progoitrin with gluconapin; indicate that when a
plant line expressed any of them at concentrations lower than the detection level (as
shown by the dots line near the edges of the pairwise squares), the other
glucosinolates of the pair were expressed at detectable levels. This pattern indicates
the presence of genes that control the biosynthesis of specific aiphatic

glucosinolates, possibly through regulating the side chain modification phase. As
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expected, when singrin and gluconapin were compared, there is no obvious
relationship observed between their levels as they undergo independent pathways
during the elongation phase prior to core structure formation of glucosinolates that is
largely under genetic control.

However, comparing glucoraphanin to sinigrin and glucoraphanin to progoitrin, there
are some indications of a positive relationship in their content indicating the presence
of genes that control the core structure formation of the analysed aliphatic
glucosinolates. Therefore, QTL mapping of individual and total aliphatic
glucosinolates may revea the presence of candidate loci that control aliphatic
glucosinolate synthesis at specific positionsin their synthesis.

A positive linear relationship was observed between the indolic glucosinolates
analysed in the AGDH plant lines, which indicates that there is a shared step in their
biosynthesis pathway.

As the biosynthesis of all classes of glucosinolates share a common set of enzymes
involved in the core dtructure formation, the parwise plot for 4-
methoxyglucobrassicin with sinigrin, progoitrin, and glucoraphanin, showed a

positive linear relationship between aliphatic and indolic glucosinolates levels.

34.3 Analysis of QTL affecting glucosinolates content in B.

oleracea

All the plant populations used in this experiment were grown in the same glasshouse
and under constant environmental conditions in order to minimize the environmental
effect (as described in section 2.2.2). These mapping anayses highlighting different
QTLs for different glucosinolates can be divided into two main categories as
discussed below.
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34.3.1 QTL associated with aliphatic glucosinolate biosynthesis

This section, will be considering the significant QTLs with p< 0.05 only. The LOD
scores at each marker position were calculated for individual aliphatic glucosinolates,
total aiphatic glucosinolates, the sum of glucoraphanin and progoitrin and for the
sum of sinigrin and gluconapin utilizing the CIM analysis, as shown in Table 19. All
other non-significant QTLs detected using the CIM analysis was not detected using
other mapping methods. Thus, they were not investigated further.

QTL mapping revealed the presence of 26 total QTLS, of which only 18 QTLs were
significantly affecting aliphatic glucosinolate content, distributed on 6 out of 9
linkage groups (LG) over the C genome of B. oleracea, as shown on Map 1.
Interestingly on LG3 (Map 1-A), a QTL was found for progoitrin, which co-localized
with QTLs for gluconapin, and for the sum of sinigrin and gluconapin were
identified within two discrete regions. The QTL identified for the sum of sinigrin and
gluconapin was supported by the presence of the same QTL within approximately
the same interval (44.7-71.7) cM, with a significant LOD score using Map QTL/

MQM analysis (Table 3in Appendix E).
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Table 19 QTLs detected for aliphatic glucosinolate and sub classes of aliphatic glucosinolates, in 89
AGDH segregating mapping population sorted by trait type using the Win QTL Cartographer program
with CIM analysis. The QTLs are shown related to the molar concentration/ g dry plant material. Map
positions expressed relative to an integrated map in bold for significant QTLs defined as these with
LOD scores above the threshold level were significant at * (p<0.05) and ** (p<0.01) determined by
1000 permutation test for each trait analysed. The maximum LOD point and the two LOD support
interval are shown for each QTL in centi-Morgans (cM) with the nearest markers allocated at these
points where applicable. Additive effects indicated for each trait, with positive effect associated with
A12DH and negative effect associated with GD33DH parents. Italic for QTL confirmed by IM or by
Map QTL analysis. % variation of trait explained by QTL equal to the additive effect squared as a
proportion of the line variance calculated using Equation 2 for the significant QTLs only

Trait LG Position  Marker Additive LOD LOD Two LOD Yovariation
(cM) effect score  Threshold support explained
interva by QTL
(cM)
Glucoraphanin 1 304 pW239E2 0.1736 245 27
7 0.0 pO87E2 -0.1396 1.56
7 9.1 pO131E2 -0.1346 1.65
7 62.0 pCeriE3 0.1488 1.79
9* 149 pO125E1IN -0.2120 3.46 0.0-23.1 17.14%
Progoitrin 3* 305 pw111J1 -0.1990 3.15 25 22.1-40.3 30.94%
4 23.2 pO171J1 -0.0994 2.20
7* 0.0 pO87E2 -0.1307 2.66 0.0-17.9 13.34%
Sinigrin 3 83.6 pN207E1 -0.0810 1.75 2.6
5% 336 pW164E1 0.1243 3.74 21.5-42.8 13.27%
8 58.1 pO143E2 -0.0989 1.91
9* 0.0 pN52E2 0.1250 3.73 0.0-12.3 13.42%
Gluconapin 3 20.4 pN102E1 0.1131 1.67 3.0
3* 56.2 pW143J1 -0.1551 3.12 44.3-71.3 7.99%
8 474 pR97J1 -0.1637 2.18
8* 58.1 pO143E2 -0.1700 3.40 39.8-75.7 9.60%
gx* 129 pO125E1IN 0.2601 8.45 2.2-20.9 22.49%
Total aliphatic 7* 0.0 pO87E2 -0.1355 3.25 25 0.0-17.1 16.69%
glucosinolates 8* 58.1 pO143E2 -0.1189 251 39.2-75.7 12.85%
9* 4.0 pN52E2 0.1082 2.60 0.0-23.3 10.55%
Sum of 2 0.0 pW116E1 -0.0415 1.93 2.6
glucoraphanin 7* 0.0 pO87E2 -0.0638 3.59 0.0-17.4 16.76%
and progoitrin 8* 58.1 pO143E2 -0.0595 3.04 39.5-75.9 14.58%
9* 4.0 pN52E2 0.0603 3.77 0.0-22.9 14.79%
Sum of sinigrin 3* 66.4 pN213J2 -0.1120 2.95 27 a44.7-71.7 8.62%
and gluconapin 8* 56.6 AC- -0.1405 345 51.4-75.7 13.57%
gx* 10.0 CAAEQ5 0.1859 5.33 0.0-22.9 23.75%
9* 58.4 pN52E2 -0.2035 2.69 28.46%
pW233J1
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Map 1-A Brassica oleracea linkage map based on AGDH population (Unpublished revision of the
Sebastian et a (2000) Integrated map by Graham Teakle) with QTLs detected for individual aliphatic
glucosinolates, the total aliphatic glucosinolates, the sum of glucoraphanin and progoitrin and the sum
of sinigrin and gluconapin using Win QTL Car. CIM analysis. C: chromosomes1-9, significant QTL
determined at *(p< 0.05) and ** (p< 0.001)
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On LG5 Continue Map -B) in the interval (21.5-42.8) cM, evidence of a QTL for

sinigrin was strengthened by MQM analysis using the MAP QTL program (Table 3

Appendix E), which yielded a significant QTL.
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Continue Map 1-B
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On LG7 at (0.0-17.1) cM (Continue Map 1-C), three QTLs for progoitrin, total
aliphatic glucosinolates and for the sum of glucoraphanin and progoitrin are co-
localized. The QTLs identified for the sum of glucoraphanin and progoitrin were
observed at different positions using IM anaysis at 50.3 cM (Table 20) and Map

QTL/ IM analysis at 50.3 cM (Table 1 Appendix E).
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Continue Map 1-C
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Table 20 QTLs detected for individual glucosinolate, total aliphatic glucosinolates and sub classes of
aliphatic glucosinolates, in 89 AGDH segregating mapping population sorted by trait type using the
Win QTL Cartographer program with IM analysis. The QTLs are shown related to the molar
concentration/ g dry plant material. Map positions expressed relative to an integrated map in bold for
significant QTLs defined as these with LOD scores above the threshold level were significant at *
(p<0.05) ** (p<0.001) determined by 1000 permutation test for each trait analysed. The maximum
LOD point and the two LOD support interval are shown for each QTL in centi-Morgans (cM) with the
nearest markers allocated at these points where applicable. Additive effects indicated for each trait,
with positive effect associated with A12DH and negative effect associated with GD33DH parents.
Italic for QTL confirmed by CIM or by Map QTL analysis. % variation of trait explained by QTL
equal to the additive effect squared as a proportion of the line variance calculated using Equation 2 for
the significant QTLs only

Trait LG  Postion Marker Additive  LOD LOD Two Yvariation
(cM) effect score  Threshold LOD explained
support by QTL
Interval
(cM)
Glucoraphanin =~ 9 14.9 pO125E1IN -0.1313 1.26 2.7
9 274 pwW13731 -0.1236 1.13
Progoitrin 1 733 pN53E2 -0.1419 1.48 24
3 305 pw11131 -0.1044 1.83
4 232 pO171J1 -0.0967 1.62
Sinigrin 1 81.3 pN53E2 -0.1266 1.67 25
1 99.6 pw216J1 -0.1017 1.78
3 83.6 pN207E1 -0.0977 1.78
5 336 pW164E1 0.0910 151
9 4.0 pN52E2 0.1113 20
Gluconapin 3 54.2 pwW14331 -0.1482 2.15 29
7 50.3 pN97J2 0.1371 184
gF* 8.0 pN52E2 0.2905 7.82 0.5-21.6 28.06%
gF* 254 pwW13731 0.2295 5.18 0.0-37.1 17.51%
Total adiphatic 1 75.3 pW112E1 -0.1410 152 25
glucosinolates 9 8.0 pN52E2 0.1042 181
Sum of 4 23.2 pO171J1 -0.0415 157
glucoraphanin 7 50.3 pN9732 0.0426 171 26
and progoitrin 8 58.1 pO143E2 -0.0507 1.70
o* 8.0 pN52E2 0.0593 261 0.0-46.1 14.48%
Sumof sinigrin = 1 79.3 pN53E2 -0.1516 154 2.7
and gluconapin 1 97.6 pWwW216J1 -0.1076 154
3 54.2 pwW14331 -0.1183 221
3 66.4 pN213J2 -0.1038 150
8 60.1 pO143E2 -0.1247 158
gF* 8.0 pN52E2 0.2137 6.64 0.0-23.7 31.38%
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On LG8 at the interval (39.2-75.9) cM Continue Map 1-D), QTLs for gluconapin,
total aliphatic glucosinolates, the sum of sinigrin and gluconapin, and for the sum of
glucoraphanin and progoitrin are co-localized, QTLs for gluconapin and total
aliphatic glucosinolates were only detected using CIM analysis. However, QTLs for
the sum of sinigrin and gluconapin, and for the sum of glucoraphanin and progoitrin
were only significant using CIM analysis, and they were supported by the presence
of QTLs within the same intervals near to each other, shown using IM analysis
(Table 20) and Map QTL/ IM analysis (Table 1 Appendix E). These QTLs suggest
the presence of two co-localized QTLs with different genes affecting the expression
of particular glucosinolates, possibly controlling side chain modifications for

aliphatic glucosinolates.
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Continue Map 1-D
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On LG9 (Map 1-E), six co-localized QTLs were detected at the interval of (0.0-23.3)
cM underlying for glucoraphanin, sinigrin, gluconapin, total aliphatic glucosinolates,
the sum of glucoraphanin and progoitrin, and for the sum of sinigrin and gluconapin.
For sinigrin, QTLs within the same interval were detected using the IM anaysis
(Table 20) and Map QTL/ IM analysis (Table 1 Appendix E); they were below the
significant threshold level. Therefore, there was a weak evidence to support the
presence of these QTLs. In addition, a QTL for the sum of sinigrin and gluconapin

was detected at 58.4 cM with (p<0.05).
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Continue Map 1-E
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3.4.3.2 Major gene effect

The QTLs underlying gluconapin, total aliphatic glucosinolates, the sum of
glucoraphanin and progoitrin, and the sum of sinigrin and gluconapin, were al
located on LG9 within the same interval (0.0- 12.9) cM using CIM (Table 19), IM
(Table 20) and Map QTL/ IM and MQM analysis (Tablesl and 3 in Appendix E) and
were al significant (p<0.05).

Interestingly, the QTLs for gluconapin and the sum of gluconapin and sinigrin were
highly significant (p<0.001) using CIM, IM analysis as well as using Map QTL/ IM
and MQM analysis, and were located on LG9 near to each other. Approximately half
the plant lines produced a detectable level of gluconapin and half did not, while 35%
of the plant lines produced a detectable level of sinigrin and 65% did not (Figure 43).
These findings raised a strong suggestion for the presence of a mgjor gene effect at
this locus. That was investigated by converting the quantitative data into presence or
absence scores corresponding to the parent, which formed a set that could be

genetically mapped.
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Figure 43 Frequency distribution of gluconapin and sinigrin in 89 AGDH plant lines. Parental
scores are indicated by A = A12DH and G = GD33DH

Gluconapin showed linkage to LG9 and mapped convincingly as a single locus at 9
cM, indicating that a major gene controlling the content of gluconapin is associated
with this locus. A single dominant Mendelian gene in B. oleracea controls the
production of alkene side chain glucosinolates, this has been mapped on LG9, at the
interval between the markers pW157 and pW137 at 12.3 and 23.4cM, respectively
(Hall et al., 2001).

There are 9 double recombinant scores (DRs) for this marker that don't fit the
pattern of recombination in the map and usually indicate scoring errors. These were
identified for the following plant lines: AGDH1036, AGDH2056, AGDH2185,
AGDH2206, AGDH2221, AGDH5012, AGDH6016, AGDH1038 and AGDH3013,

their dominant effect removed and were stated as missing values.
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In order to map the gene with the major effect on the synthesis of gluconapin, the
plant lines expressing gluconapin at concentrations lower than the detection level
were given missing values to eliminate their gene effect, consequently mapping QTL
for the major gene.

Once a magjor gene effect was identified, in order to remove its influence on traits
known to be linked through our knowledge of the metabolic pathway, the QTL data
was reanalysed following remova of lines associated with the dominance. As
expe