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1. Plant metabolites and metabolism  

Plants manufacture a myriad of metabolites of which many are known to date while many 
more have to be discovered yet. An estimate of the number of metabolites within the plant 
kingdom is in excess of 500,000 (Dixon and Strack 2003) though this may be an 
underestimation of the true number (Pichersky and Lewinsohn 2011). These metabolites 
can be divided into two major categories: primary and secondary metabolites (PMs and 
SMs). PMs play a role in basic functions such as cell growth and division, respiration, 
storage and reproduction (Bourgaud et al. 2011). Some common examples of PMs include, 
but not limited to, carbohydrates, lipids, proteins and certain amino acids. Conversely, SMs 
are often referred to metabolites that are not necessary for cell survival but are thought to be 
required for plant survival in their natural environment (see a review by Kliebenstein 2004).  

2. Plant secondary metabolites and their various functions  

SMs have various biological properties that are of ecological relevance. The ecological 
functions include, but are not limited to, antiviral, anti-herbivore, anti-microbial, 
competition, attracting pollinates, protection against frost and drought and protection 
against radiation. As such, they are vital in plant-environment interactions (Hartmann 1996; 
Kessler and Baldwin 2002; Mithofer and Boland 2012). Their bioactivity although evolved 
to protect plants from adverse environmental conditions is not limited to this. SMs also play 
an important role in our daily life. SMs play a positive role in e.g. medicines and food (e.g. 
phytomedicines, food health, nutritional values) (Lila and Raskin 2005), and in e.g. crop 
protection (Landis et al. 2000; Cardinale et al. 2003). SMs can play a negative role because 
of their sometimes adverse or hazardous impacts (e.g. food contaminants, poisonous or 
carcinogenic properties) (Molyneux et al. 2007; Edgar et al. 2011; EFSA 2011). Overall, 
there is no doubt that plants are a rich source of natural products possessing interesting 
biological and medicinal properties (Ravishankar and Venkataraman 1990; Caporale 1995; 
Cook and Samman 1996; Ravishankar and Rao 2000; Morton et al. 2000; Newman et al. 
2003; see reviews by Dias et al. 2012, Cragg and Newman 2013 and Atanasov et al. 2015). 

Nearly all energy and nutrients supporting organisms in food webs comes from plants and it 
is therefore not surprising that one of the most prominent adaptations of plants is defence 
against natural enemies (Harborne 2001; Ralphs et al. 2004). Basically, the proposed 
functions include: defence against micro-organisms, including bacteria, fungi and viruses, 
against grazing mammal and insect herbivores, and competition with other plants. In 
addition, plants have to protect themselves against physical stresses such as temperature 
and drought stress, and the damaging effects of ultraviolet radiation (Bednarek and Osbourn 
2009; Saito and Matsuda 2010; Pichersky and Lewinsohn 2011; Wink 2011). To protect 
themselves against these threats, plants have developed an array of defensive strategies 
(Freeman and Beattie 2008). Among them, chemical defences covering many classes of 
(secondary) metabolites, represent a major barrier to these threats. This is especially true for 
herbivory (Mithofer and Boland 2012). Plants can have two ways to avoid being eaten. 

http://onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.2004.01180.x/full#b9
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-3040.2004.01180.x/full#b6
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First, they can avoid being selected for oviposition or herbivory, in other words, to send 
them to neighbouring plants.  Second, they can increase the mortality of herbivores that do 
eat from them. In this thesis, we focused on mortality because relatively easy bioassays are 
available to study the activity of (combinations of) metabolites. 

3. The diversity of plant secondary metabolites 

SMs are tremendously diverse both in terms of numbers and chemical structures (Hartmann 
1996; Wink 1999; Futuyma and Agrawal 2009; Wink 2010; Kliebenstein 2012). 
Approximately 200,000 SMs are known and recorded in databases (De Luca and St Pierre 
2000; Mithofer and Boland 2012) including more than 12,000 alkaloids, more than 8,000 
phenolics and over 25,000 terpenoids (Radulovic et al. 2013). Even at the level of a single 
cell chemical diversity is high: 50 metabolites were characterized in specific cells of 
Arabidopsis roots (Moussaieff et al. 2013).  

Classes of metabolites regarded as SMs include glucosinolates, saponins, alkaloids, 
essential oils, flavonoids and organic acids, and the like (Mithofer and Boland 2012). For 
all these broad classes, a considerable diversity is also found within a class. For instance, 
according to the Dictionary of Natural Products (2006), there are 147 different 
sesquiterpene skeletal types, and 118 different diterpene subclasses. Presence and/or 
absence of specific functional groups can further diversify the metabolites in the same 
(sub)class (Radulovic et al. 2013). An extra layer of complexity is the existence of 
interactions between metabolites, which can also multiply the diversity in terms of, for 
instance, various interaction patterns. In the context of plant defence, few studies have 
addressed the metabolite interactions and their effects on fending off herbivores.  

Although often the diversity is not well understood, it is hypothesized that the process of 
coevolution between plant and herbivores is responsible for the tremendous diversification 
of plant SMs (Fraenkel 1959; Ehrlich and Raven 1964; Macel et al. 2005; Iason et al. 2011). 
Another hypothesis is that a mixture of SMs is more effective than the individual 
metabolites (Berenbaum et al. 1991; Rasmann and Agrawal 2009). In this thesis, I mainly 
focus on the 2nd hypothesis.  

4. Structural diversity and the bioactivity of individual metabolites 

The structural diversity of SMs suggests a great variety in bioactivities. The structure of a 
metabolite determines its physicochemical properties, which in interaction with bio-systems, 
shapes its biological activity. Accordingly, small changes in chemical structure may alter 
the bioactivity largely. Both the efficacy may change and the type of bioactivity can fully 
change (Sneath 1966). Structure-activity relationships of metabolites are well-known in the 
pharmaceutical and chemical industries with wide applications (McKinney et al. 2000). In 
an ecological context, structural variation of SMs within a single class could lead to 
important differences in ecological function (Kliebenstein 2012). For instance, condensed 
tannins with different structures differed markedly in their anti-herbivore activity (Ayres et 
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al. 1997). A simple hydroxylation of glucosinolates increased the resistance of A. thaliana 
against the lepidopteran Trichoplusia ni (Hansen et al. 2008).  

Yet, we do know still little about the effects of structural variation in an ecological context 
because most studies to date considered ecological functions at the level of a class of 
metabolites (see a review by Lattanzio et al. 2006). Of equal importance is to study 
biological functions at the level of diversity within a class of structurally related metabolites. 
Comparing the activity of a group of structurally strongly related metabolites can provide a 
tool to determine the active chemical part of that particular group. The latter is essential 
determining the key factors of the activity, and in distinguishing between active and 
inactive molecules.  

5. Interactions between plant metabolites 

The co-occurrence of metabolites in plants indicates a high possibility of interactions 
between metabolites (Nelson and Kursar 1999; Whitehead and Bowers 2014). In line with 
the level of complexity of chemical diversity, interactions between SMs can occur within a 
structurally related class, between different classes of metabolites, and within the natural 
phytochemical background in which PMs occur.  

Although the potential for interactions between SMs is well recognized (Gershenzon et al. 
2012), interactions between SMs and the effects of such interactions on herbivore 
performance have not received much attention yet. It is due in part to the difficulty of 
detecting and analyzing metabolite interactions in a proper manner (Nelson and Kursar 
1999). Previous studies mainly focused on interactions between well-characterized SMs 
within a single class of metabolites. Examples include the antagonistic effects of two linear 
furanocoumarins on the beet armyworm Spodoptera exigua (Diawara et al. 1993), the 
synergistic effects of two amides on several insects (Dyer et al. 2003; Richards et al. 2010; 
Whitehead and Bowers 2014), the synergistic effects of two potato glycoalkaloids on the 
snail Helix aspersa (Smith et al. 2001) and on the Khapra beetle Trogoderma granrium 
(Nenaah 2011), and synergistic effects of two iridoid glycosides on the buckeye butterfly 
Junonia coenia (Richards et al. 2012). With respect to pyrrolizidine alkaloids (PAs) (Macel 
et al. 2005) found synergistic effects of PAs on the beet armyworm S. exigua and the locust 
Locusta migratoria while no interaction was found between PAs in their effects on the 
thrips Frankliniella occidentalis and the aphid Myzus persicae. Meanwhile, interactions 
may also occur between metabolites of different classes. This has been less well studied but 
interesting exceptions are: the synergistic effects between myristicin (a phenylpropene) and 
xanthotoxin (a furanocoumarin) on the corn earworm Heliothis zea (Berenbaum and Neal 
1985), the synergistic effects of volatile monoterpenes and α-terthienyl on the European 
corn borer Ostrinia nubilalis (Guillet et al. 1998), the antagonistic effects of potassium 
peroxymonosulphate, chlorogenic acid (CGA), indole and caryophyllene (a sesquiterpene) 
on the brine shrimp Artemia franciscana (Nelson and Kursar 1999), the synergistic effect of 
cacalol (a sesquiterpene) and seneciphylline (a pyrrolizidine alkaloid, PA) on the generalist 
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Callimorpha dominula while no interaction effect on the specialist leaf beetles Oreina 
cacaliae or O. speciosissima was observed (Hagele and Rowell-Rahier 2000), the 
synergistic effects of phytic acid and xanthotoxin on two lepidopteran species Trichoplusia 
ni and Depressaria pastinacella (Green et al. 2001), and the antagonistic effects of CGA 
and jacobine (a PA) on S. exigua cell lines (Nuringtyas 2014). 

While results from combinations of known metabolites strongly point to the importance of 
interactions between metabolites, investigating all possible combinations of metabolites in a 
single plant is simply impossible due to the tremendous number of metabolites that are 
present in any given plant. The situation could become even more complex if interactions 
occur among unidentified or unknown metabolites. It is becoming clear that unknowns 
account for a great part of the metabolites in plants (Kliebenstein 2012). It is thus an 
exceptionally challenging task to disentangle the potential interactions among SMs in 
complex natural conditions and to investigate their effects on relevant bioactivity in an 
ecological context.  

The ecological and evolutionary significance of metabolite interactions 

Interactions between metabolites and their biological effects are assumed to be of 
significance for their bioactivity e.g. protection against herbivores, from functional, 
ecological and evolutionary perspectives because SMs, in nature, always occur in a 
phytochemical background of other PMs and SMs. 

Interactions may provide a more comprehensive understanding of biological functions of 
individual SMs. Since Fraenkel published his now-famous article in Science in 1959, the 
past six decades have witnessed a great progress in understanding plant-environment 
relationships. The defensive function of many plant SMs is no longer doubted. That does 
not mean, however, that all SMs are active as defence compounds. The ecological role of 
many SMs is still unknown. This raises the question how metabolites that on their own are 
apparently less effective or inactive contribute to plant fitness. The examples given above 
suggest that the bioactivity of single SMs can be greatly enhanced in concert with others. 
Many SMs may not be active by themselves but potentiate the function of other SMs. 

Potential interactions between metabolites may also explain why some SMs show a certain 
bioactivity in particular species while they do not show this in others. For instance, CGA in 
Chrysanthemum was negatively correlated with the feeding damage of the western flower 
thrips, Frankliniella occidentalis (Leiss et al. 2009), while no effect of CGA on thrips was 
detected in tomato, Solanum lycopersicum (Mirnezhad 2011).  

Synergism between SMs can be of selective advantage to plants by producing a greater 
defensive effect at a lower cost than single metabolites alone (Fagerstrom 1989; Dyer et al. 
2003; Jones et al. 2005; Ryabushkina 2005; Richards et al. 2010 and 2012). Before 
reaching the target sites, a single metabolite has to pass counter defensive strategies 
employed by herbivores or pathogens, e.g. excretion, sequestration, degradation, etc. 



Chapter 1 

12 
 

(Berenbaum 2002; Despres et al. 2007). Working in concert with other SMs, that would 
protect them against these counter strategies would increase the efficacy of the bioactivity.  

While synergistic interactions can provide a fitness advantage to plants, antagonistic 
interactions in most cases would not do so. However, given the large amount of plant 
metabolites, antagonistic interactions between metabolites may also occur. Currently, we 
know of very few studies that have reported antagonistic interactions and the effect of such 
interactions (but see Diawara et al. 1993; Nelson and Kursar 1999; Nuringtyas 2014). There 
are only few hypotheses about potentially positive effects of antagonistic interactions for 
plants. One of them is to avoid autotoxicity. Altogether, from an evolutionary point of view, 
antagonistic interactions are not easily explained and rather may represent a constraint or a 
trade-off caused by the accumulation of metabolites in plants (Nelson and Kursar 1999). 
However, experimental evidence is currently lacking to back up this hypothesis.  

Mechanisms underlying the interaction effects 

As mentioned above, to be active, individual metabolites have to pass several steps of the 
pests’ defensive system. All these steps can be supported or influenced by other metabolites, 
accordingly resulting in interaction effects. For insect herbivores the underlying 
mechanisms of synergistic or antagonistic interactions between SMs are not well 
understood. Still, we can borrow ideas from other research fields, e.g. pharmacology, that 
learns that an interaction may occur in the kinetic phase (i.e. processes of uptake, 
distribution, metabolism and excretion) or in the dynamic phase (i.e. effects on the receptor, 
cellular target or organ) (Williamson 2001; Zimmermann et al. 2007; Biavatti 2009; Efferth 
and Koch 2011; Labuschagne et al. 2012).  

In the kinetic phase, possible interactions may be due to changing cell surface 
hydrophobicity, cell wall permeability (Walencka et al. 2007), and/or cytoplasmic 
membrane permeability (Campos et al. 2009; Amin et al. 2015). For instance, saponins are 
well known to modify the cell membrane and thus facilitate the uptake of glycoalkaloids of 
rat and human intestinal cells (Gee et al. 1996; Wink 2008; Herrmann and Wink 2011). 
Mechanisms of interaction may also involve the ability of one component of a mixture to 
interfere or inhibit the detoxification of others. For instance, phytic acid inhibits insect 
cytochromes P450 monoxygenases, thereby reducing the detoxification of xanthotoxin, a 
defensive furanocoumarin (Green et al. 2001). 

In the dynamic phase, metabolites may interact by means of blocking or disturbing 
membrane-bound receptor function. For instance, 5’-methoxyhydnocarpin (a flavonolignan) 
blocked the Nor A efflux pump of bacteria and thus potentiated the antimicrobial effect of 
berberine (Stermite et al. 2000). Ramipril inhibits the angiotensin receptor, thereby 
facilitating the antihypertensive effect of candesartan-cilexetil on spontaneously 
hypertensive rats (Raasch et al. 2004).  

6. Approaches to bioactivity research 
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It is a great challenge to evaluate interactions between plant metabolites given the 
enormous number of metabolites in plants and the even greater number of possible 
interactions. Additionally, there is a large number of unidentified or even unknown 
metabolites in a plant (Trethewey 2004), among which interactions may also occur. We can 
use a bottom-up or a top-down approach, both of which integrate various scales of research 
objectives. These are central approaches of systems biology (Bruggeman et al. 2007), 
however, the application of the two approaches in plant-insect context are still in infancy. 
In this thesis, I use both approaches to understand the importance of the interactions 
between plant metabolites in the context of the plant-insect associations. 

A bottom-up approach usually starts with combining specific metabolites. Prederably, this 
should be done on the basis of the existing knowledge of the metabolites. For instance, 
saponins are well known to modify the cell membrane and thus facilitate the uptake of other 
compounds (Berenbaum 1985; Raymond 2013). In this thesis, I studied the interaction 
between pyrrolizidine alkaloids (PAs) and chlorogenic acid (CGA) knowing that they are 
differently distributed over plant cell layers (Nuringtyas et al. 2012) and that CGA is known 
to interact with the alkaloid caffeine (Mösli Waldhauser and Baumann 1995). Prior 
information of individual metabolites not only forms a starting point for the study of their 
interaction, but also allows us to propose or hypothesize how metabolites that are of interest 
may be expected to interact. This approach provides a view of the interaction effects in a 
metabolite-specific manner. 

In the absence of prior knowledge about the metabolites that are involved, taking the 
metabolome into account provides an alternative starting point. I used this top-dwon 
approach by adding individual metabolites that are of particular interest (PAs) to plant 
extracts and fractions. In this thesis I only set the first step by taking the effect of fractions 
of a plant methanol extract into account. This approach could be continued with further 
sub-fractionation and recombining sub-fractions to narrow down the specific metabolites 
that are of particular interest.  

In this thesis, I will study (i) the effects of individual metabolites, (ii) the interaction effects 
between metabolites within a structural related class, (ii) the interaction effects between 
metabolites of different classes and (iv) the influence of natural phytochemical backgrounds 
on the activity of individual metabolites. 

7. Research systems 

In this thesis, I used Jacobaea vulgaris as a model plant, which contains PAs, a well-known 
group of SMs. From a perspective of structure diversity, more than 400 PAs have been 
identified (Chou and Fu 2006). J. vulgaris contains more than 37 different PAs (Cheng et al. 
2011a). PAs can occur in two forms: the free base and the N-oxide. Although some 
jacobine-like PAs are reported to occur upto 50% as free base in J. vulgaris (Joosten et al.), 
the N-oxide is the major storage form in plants (Hartmann et al. 1989). As to ecological 
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functions, PAs have been shown to play an important role in the plant-environment 
interactions, showing negative effects on mammalian and insect herbivores and on micro-
organisms (Dreyer et al. 1985; de Boer 1999; Reina et al. 2001; Siciliano et al. 2005; 
Dominguez et al. 2008; also see reviews by Macel 2011 and Trigo 2011 and references 
therein; Jing et al. 2015). However, our understanding of the roles of PAs in plant defence 
is still incomplete. 

First, most of the existing evidence for the defensive effects of PAs comes from correlation 
studies on whole plants or genotypes (Vrieling et al. 1991; Leiss et al. 2009; Cheng et al. 
2011; Kostenko et al. 2013; Wei et al. 2015) and to a lesser extent from bioassays with 
single PAs (but see Lindigkeit et al. 1997; Macel et al. 2005; Dominguez et al. 2008). The 
latter is probably due to the limited commercial availability of PAs. In this thesis, in 
addition to commercial PAs, I therefore isolated several PAs from their respective 
chemotypes of J. vulgaris, and the corresponding N-oxides were also obtained by N-
oxidation for application in insect bioassays and bacterial tests.  

Secondly, despite the fact of co-occurrence of metabolites in plants and the ecological 
importance of metabolite interactions, we know little about the interactions within the PA 
group or between PAs and other SMs, and their effects on insect herbivores. Alongside 
with PAs, a wide diversity of PMs and SMs is also present in Jacobaea species (Kirk et al. 
2005; Leiss et al. 2009), including sugars (sucrose), amino acids (alanine), carboxylic acids 
(succinic, fumaric and malic acids), phenolic acids (chlorogenic, feruloylquinic acids), 
flavonoids (kaempferol) and benzoquinoids (jacaranone). The mode of actions of individual 
PAs and PA N-oxides in concert with other metabolites may differ from that when acting 
alone. Study on interactions and their effects would provide extra or even novel information 
on the roles of PAs and PA N-oxides in plant defence. 

Another key question is the bioactivity of the two forms of PAs. Previous studies have 
demonstrated in general that PAs are more active than the corresponding PA N-oxides in 
fending off insect herbivores (Dreyer et al 1985; Hartmann et al. 1989; van Dam et al. 1995; 
Macel et al. 2005; Hartmann 2007; Nuringtyas et al. 2014). However, such a conclusion 
was built upon comparing the effects of single PAs, but not in the context of other 
metabolites. What we do not know is whether the two forms of PAs differ in their effects in 
the presence of other metabolites. Preliminary studies with S. exigua cell lines present 
evidence for antagonistic interactions between jacobine and CGA (Nuringtyas 2014). The 
PA N-oxides have not been studied in this respect yet. 

CGA is one of the most widespread phenolics in the plant kingdom. With respect to 
ecological functions, CGA has been reported to be involved in defence against insect 
herbivores including thrips (Leiss et al. 2009), as evidenced by correlative studies and 
bioassays with artificial diets. From a mechanistic point of view, it is known that CGA 
forms a π-molecular complex with caffeine (a purine alkaloid) (Mösli Waldhauser and 
Baumann 1995). Furthermore, Nuringtyas et al. (2012) found that the mesophyll of J. 
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vulgaris contained large amounts of PAs while CGA was accumulated in the epidermis. It 
remains unclear, however, how such a differential accumulation over cell layers functions 
in plant defence. Overall, both viewpoints are of interest and provide a starting point for 
investigating the interactions between PAs and CGA and their effects.  

In this thesis, a generalist herbivore, the western flower thrips, Frankliniella occidentalis, 
was used. F. occidentalis is a key insect pest that feeds on a wide variety of plant species, 
including many important crops (Kirk and Terry 2003). As a polyphagous insect, thrips has 
a wide range of more than 250 host plants belonging to 62 different families (Jensen 2000). 
Through the piercing-sucking mouthparts, they cause two types of damage on plants. 
Feeding on actively growing tissue leads to malformation in plant growth, and eventually 
yield loss, while feeding on expanded tissue results in silver damage, which affects product 
appearance and reduces market quality (de Jager et al. 1995). In addition, thrips can vector 
diseases such as tomato spotted wilt virus, which affects a wide range of plants (Tsao et al. 
2005). In thrips resistance, SMs play an important role, for instance, CGA and an 
isobutylamide in chrysanthemum (Tsao et al. 2005; Leiss et al. 2009), PAs in Senecio 
(Macel et al. 2005), acylsugars in tomato (Romero-González et al. 2010) and flavonoids in 
carrots (Leiss et al. 2013). 

While the focus of this thesis is on the importance of synergistic and antagonistic effects 
between plant metabolites on insect herbivores, we wanted to investigate whether or not the 
impact of interactions between plant metabolites plays an important role on other types of 
bioactivity.  

Next to being deterrents and toxins for insect herbivores, PAs have been shown to be 
carcinogenic in rats (European Food Safety Authority 2011) and genotoxic to Drosophila 
melanogaster (Frei et al. 1992). The genotoxicity of PAs are presumably induced by 
nucleoside adduct formation, such as DNA cross-linking, DNA-protein cross-linking, and 
DNA-alkylation (Frei et al. 1992; Fu et al. 2001 and 2002). Cross-linking with DNA can 
produce mutations. As important early steps in genotoxicity, mutations can occur as point 
mutations, deletions, rearrangements of DNA, chromosomal breaks and rearrangements and 
finally, as gain or loss of whole chromosomes (Mortelmans and Zeiger 2000).  

The most well-known genotoxicity assay, the Salmonella/microsome mutagenicity test, also 
known as the Ames test, is a short-term in vitro bacterial reverse mutation assay specifically 
designed to detect DNA mutations, involving substitution, addition or deletion of one or a 
few DNA base pairs (Ames et al. 1975; McCann et al. 1975; Fessard and Le Hégarat 2010). 
In this thesis, therefore, testing mutagenicity of PAs, an important indicator of bioactivity, 
was included as a supplementary to the anti-herbivore bioactivity of PAs. 

8. Research questions 

The central theme of this thesis is to understand the importance of interactions between 
plant metabolites and their effects in the plant-insect associations. In particular, I first 
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studied the effects of individual PAs and their corresponding N-oxides on thrips. On the 
basis of the results of individual SMs, I further searched for evidence of interactions 
between SMs and their effects on thrips. Lastly, I investigated the influence of natural 
backgrounds on the activity of individual SMs. I will address the following questions.  

1. How does the phytochemical background influence the bioactivity of individual PAs: 
resistance against thrips?   

a) Do individual free base PAs and PA N-oxides have an effect on thrips mortality? 
(Chapter 2) 

b) Do PA N-oxides show synergistic effects on thrips mortality? (Chapter 2) 

c) How do PAs interact with CGA on thrips mortality? 

- How does CGA combined with free base PAs affect thrips mortality? (Chapter 3) 

- How does CGA combined with PA N-oxides affect thrips mortality? (Chapter 4) 

d) How do plant fractions combined with free base PAs and PA N-oxides affect thrips 
mortality? (Chapter 5) 

2. How does the phytochemical background influence the bioactivity of individual PAs: 
mutagenicity?   

a) Are free base PAs, plant fractions and their combination mutagenic to Salmonella 
typhimurium? (Chapter 6) 

9. Outline of this thesis  

Chapter 2 details the effects of individual PAs and their corresponding N-oxides on thrips. 
I studied whether individual SMs within a structurally related group differed in their effects 
on thrips mortality.  

Next, I evaluated whether interactions exist between SMs by testing the effects of 
combinations of two well-characterized SMs on thrips mortality. In Chapter 2 I tested 
whether PA N-oxides act synergistically on thrips mortality in bioassays. Chapter 3 reports 
on the antagonistic effects of PAs and CGA on thrips mortality in bioassays. This chapter 
also investigates the roles of the functional groups of the CGA molecule in the interaction 
with PAs by addition/elimination of specific groups, or changing the substitution pattern.  

In Chapter 4 I tested whether PA N-oxides and CGA interact in their effects on thrips 
mortality in bioassays. The interaction effects of PAs and PA N-oxides with CGA on thrips 
were compared with data obtained in Chapter 3.  

In Chapter 5 I investigated the effects of a whole extract from Jacobaea leaves and five 
fractions on thrips mortality. To the plant extract fractions, PAs were added to study the 
influence of natural backgrounds on the effects of individual PAs on thrips mortality. In 
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Chapter 6 I used a quick and simple indicator of bioactivity, the Ames test, to study the 
mutagenicity of 10 plant fractions and 13 sub-fractions of Jacobaea plant extracts. Here I 
also studied the metabolite interactions on mutagenicity by re-covering sub-fractions and by 
demonstrating the influence of natural backgrounds by adding PAs into five fractions of 
leaf extracts.  

Chapter 7 summarizes the findings presented in this thesis.  

References  

Ames BN, McCann J, Yamasaki E. 1975. Methods for detecting carcinogens and mutagens with the 
salmonella/mammalian-microsome mutagenicity test. Mutat Res 31:347-364  

Amin MU, Khurram M, Khattak B, Khan J. 2015. Antibiotic additive and synergistic action of rutin, 
morin and quercetin against methicillin resistant Staphylococcus aureus. BMC Complement 
Altern Med 15:59  

Atanasov AG, Waltenberger B, Pferschy-Wenzig E, Linder T, Wawrosch C, et al. 2015. Discovery 
and resupply of pharmacologically active plant-derived natural products: A review. Biotechnol 
Adv 33:1582-1614 

Ayres MP, Clausen TP, Maclen J, Redman AM, Reichardt PB. 1997. Diversity of structure and 
antiherbivore activity in condensed tannins. Ecology 78:1696-1712 

Bednarek P, Osbourn A. 2009. Plant-microbe interactions: chemical diversity in plant defense. 
Science 324:746-748 

Berenbaum M, Neal JJ. 1985. Synergism between myristicin and xanthotoxin, a naturally cooccurring 
plant toxicant. J Chem Ecol 11:1349-1358 

Berenbaum M. 1985. Brementown revisited: interactions among allelochemicals in plants. Recent 
Advances in Phytochemistry Vol 19: Chemically mediated interactions between plants and other 
organisms (eds G.A. Cooper-Driver, T. Swain & E.E. Conn), pp.139-169. Plenum Press, New 
York City, New York 

Berenbaum MR, Nitao JK, Zangerl AR. 1991. Adaptive significance of furanocoumarin diversity in 
Pastinaca sativa (Apicaceae). J Chem Ecol 17:207-215 

Berenbaum MR. 2002. Postgenomic chemical ecology: From genetic code to ecological interactions. 
J Chem Ecol 28:873-896 

Biavatti MW. 2009. Synergy: an old wisdom, a new paradigm for pharmacotherapy. Braz J Pharm Sci 
45:371-378 

Bourgaud F, Gravot A, Milesi S, Gontier E. 2001. Production of plant secondary metabolites: a 
historical perspective. Plant Sci 161:839-851 

Bruggeman FJ, Hornberg JJ, Boogerd FC, Westerhoff HV. 2007. Introduction to systems biology. 
EXS 97:1-19 

Caporale LH. 1995. Chemical ecology- a view from the pharmaceutical-industry. Proc Natl Acad Sci 
USA 92:75-82 

Cardinale BJ, Harvey CT, Gross K, Ives AR. 2003. Biodiversity and biocontrol: emergent impacts of 
a multi-enemy assemblage on pest suppression and crop yield in an agroecosystem. Ecol Lett 
6:857-865 



Chapter 1 

18 
 

Cheng D, Kirk H, Mulder PPJ, Vrieling K, Klinkhamer PGL. 2011a. Pyrrolizidine alkaloid variation 
in shoots and roots of segregating hybrids between Jacobaea vulgaris and Jacobaea aquatica. 
New Phytol 192:1010-1023  

Cheng D, Kirk H, Mulder PPJ, Vrieling K, Klinkhamer PGL. 2011b. The relationship between 
structurally different pyrrolizidine alkaloids and western flower thrips resistance in F(2) hybrids 
of Jacobaea vulgaris and Jacobaea aquatica. J Chem Ecol 10:1071-1080 

Chou MW, Fu PP. 2006. Formation of DHP-derived DNA adducts in vivo from dietary supplements 
and Chinese herbal plant extracts containing carcinogenic pyrrolizidine alkaloids. Toxicol Ind 
Health 22:321-327 

Cook NC, Samman S. 1996. Flavonoids - Chemistry, metabolism, cardioprotective effects, and 
dietary sources. J Nutr Biochem 7:66-76 

Cragg GM, Newman DJ. 2013. Natural products: A continuing source of novel drug leads. Biochim 
Biophys Acta 1830:3670-3695 

de Boer NJ. 1999. Pyrrolizidine alkaloid distribution in Senecio jacobaea rosettes minimises losses to 
generalist feeding. Entomol Exp Appl 91:169-173 

de Jager CM, Butot RPT, Klinkhamer PGL, van der Meijden E. 1995. Chemical characteristics of 
Chrysanthemum cause resistance to Frankliniella occidentalis (Thysanoptera: Thripidae). J 
Econ Entomol 88:1746-1753 

De Luca V, St Pierre B. 2000. The cell and developmental biology of alkaloid biosynthesis. Trends 
Plant Sci 5:168-173 

Després L, David JP, Gallet C. 2007. The evolutionary ecology of insect resistance to plant chemicals. 
Trends Ecol Evol 22:298-307 

Dias DA, Urban S, Roessner U. 2012. A historical overview of natural products in drug discovery. 
Metabolites 2:303-336 

Diawara M, Trumble J, White K, Carson W, Martinez L. 1993. Toxicity of linear furanocoumarins to 
Spodoptera exigua: evidence for antagonistic interactions. J Chem Ecol. 19:2473-2484 

Dictionary of Natural Products, 2006. version 14.1, 1982-2006; Chapman & Hall/CRC, New York. 
Dixon RA, Strack D. 2003. Phytochemistry meets genome analysis, and beyond. Phytochemistry 

62:815-816 
Domínguez DM, Reina M, Santos-Guerra A, Santana O, Agulló T, et al. 2008. Pyrrolizidine alkaloids 

from Canarian endemic plants and their biological effects. Biochem Syst Ecol 36:153-166  
Dreyer DL, Jones KC, Molyneux RJ. 1985. Feeding deterrency of some pyrrolizidine, indolizidine, 

and quinolizidine alkaloids towards pea aphid (Acyrthosiphon pisum) and evidence for phloem 
transport of indolizidine alkaloid swainsonine. J Chem Ecol 11:1045-1051 

Dyer LA, Dodson CD, Stireman JO, Tobler MA, Smilanich AM, Fincher RM, et al. 2003. Synergistic 
effects of three Piper amides on generalist and specialist herbivores. J Chem Ecol 29:2499-2514 

Edgar JA, Colegate SM, Boppré M, Molyneux RJ. 2011. Pyrrolizidine alkaloids in food: a spectrum 
of potential health consequences. Food Addit Contam 28:308-324 

Edgar JA, Molyneux RJ, Colegate SM. 2015. Pyrrolizidine alkaloids: potential role in the etiology of 
cancers, pulmonary hypertension, congenital anomalies, and liver disease. Chem Res Toxicol 28: 
4-20 

Efferth T, Koch E. 2011. Complex interactions between phytochemicals. The multi-target therapeutic 
concept of phytotherapy. Curr Drug Targets 12:122-132 

Ehrlich PR, Raven PH. 1964. Butterflies and plants: a study in coevolution. Evolution 18:586-608 



General introduction 

19 
 

European Food Safety Authority. 2011. Scientific opinion on pyrrolizidine alkaloids in food and feed. 
EFSA Journal. Parma, Italy. 9:2406  

Fagerstrom T 1989. Anti-herbivory chemical defense in plants: a note on the concept of cost. Am Nat 
133:281-287 

Fessard V, Le Hégarat L. 2010. A strategy to study genotoxicity: application to aquatic toxins, limits 
and solutions. Anal Bioanal Chem 397:1715–1722. 

Fraenkel GS. 1959. The raison d'être of secondary plant substances. Science 129:1466-1470 
Freeman BC, Beattie GA. 2008. An overview of plant defenses against pathogens and herbivores. The 

Plant Health Instructor 
Frei H, Luthy J, Brauchli J, Zweifel U, Wurgler FE, et al. 1992. Structure/activity relationships of the 

genotoxic potencies of sixteen pyrrolizidine alkaloids assayed for the induction of somatic 
mutation and recombination in wing cells of Drosophila melanogaster. Chem Biol Interact 
83:1–22 

Fu PP, Chou MW, Xia Q, Yang YC, Yan J, et al. 2001. Genotoxic pyrrolizidine alkaloids and 
pyrrolizidine alkaloid N-oxides-mechanisms leading to DNA adduct formation and 
tumorigenicity. Environ Carcinogen Ecotoxicol Rev C19:353 

Fu PP, Xia QS, Lin G, Chou MW. 2002. Genotoxic pyrrolizidine alkaloids - mechanisms leading to 
DNA adduct formation and tumorigenicity. Int J Mol Sci 3:948-964 

Futuyma DJ, Agrawal AA. 2009. Macroevolution and the biological diversity of plants and 
herbivores. Proc Natl Acad Sci USA 106:18054-18061 

Gee JM, Wortley GM, Johnson IT, Price KR, Rutten AA, et al. 1996. Effects of saponins and 
glycoalkaloids on the permeability and viability of mammalian intestinal cells and on the 
integrity of tissue preparations in vitro. Toxicol In Vitro 10:117-128 

Green ES, Zangerl AR, Berenbaum MR. 2001. Effects of phytic acid and xanthotoxin on growth and 
detoxification in caterpillars. J Chem Ecol 27:1763-1773 

Guillet G, Belanger A, Arnason JT. 1998. Volatile monterpenes in Porophyllum gracile and P. 
ruderale (Asteraceae): identification, localization and insecticidal synergism with alpha-
terthienyl. Phytochemistry 49:423-429  

Hägele BF, Rowell-Rahier M. 2000. Choice, performance and heritability of performance of 
specialist and generalist insect herbivores towards cacalol and seneciphylline, two 
allelochemicals of Adenostyles alpina (Asteraceae). J Evol Biol 13:131-142 

Hansen BG, Kerwin RE, Ober JA, Lambrix VM, Mitchell-Olds T, et al. 2008. A novel 2-oxoacid 
dependent dioxygenase involved in the formation of the goiterogenic 2-hydroxybut-3-enyl 
glucosinolate and generalist insect resistance in Arabidopsis. Plant Physiol 148:2096-2108 

Harborne JB. 2001. Twenty-five years of chemical ecology. Nat Prod Rep 18:361-379 
Hartmann T, Ehmke A, Eilert U, von Borstel K, Theuring C. 1989. Sites of synthesis, translocation 

and accumulation of pyrrolizidine alkaloid N-oxides in Senecio vulgaris. Planta 177:98-107 
Hartmann T. 1996. Diversity and variability of plant secondary metabolism: a mechanistic view. 

Entomol Exp Appl 80:177-188 
Hartmann T. 2007. From waste products to ecochemicals: fifty years research of plant secondary 

metabolism. Phytochemistry 68:2831-2846 
Herrmann F, Wink M. 2011. Synergistic interactions of saponins and monoterpenes in HeLa cells, 

Cos7 cells and in erythrocytes. Phytomedicine 18:1191-1196 
Jensen SE. 2000. Mechanisms associated with methiocarb resistance in Frankliniella occidentalis 

(Thysanoptera: Thripidae). J Econ Entomol 93:464-471 



Chapter 1 

20 
 

Jing J, Raaijmakers C, Kostenko O, Kos M, Mulder PPJ, Bezemer TM. 2015. Interactive effects of 
above- and belowground herbivory and plant competition on plant growth and defence. Basic 
Appl Ecol 16:500-509  

Jones AC, Blum JE, Pawlik JR. 2005. Testing for defensive synergy in Caribbean sponges: Bad taste 
or glass spicules? J Exp Mar Biol Ecol 322:67-81  

Joosten L, Cheng D, Mulder PPJ, Vrieling K, van Veen JA, et al. 2011. The genotype dependent 
presence of pyrrolizidine alkaloids as tertiary amine in Jacobaea vulgaris. Phytochemistry 
72:214-222 

Kessler A, Baldwin IT. 2002. Plant responses to insect herbivory: the emerging molecular analysis. 
Annu Rev Plant Biol 53:299-328 

Kirk H, Choi YH, Kim HK, Verpoorte R, van der Meijden E. 2005. Comparing metabolomes: the 
chemical consequences of hybridization in plants. New Phytol 167:613-622 

Kirk WD, Terry I. 2003. The spread of the western flower thrips Frankliniella occidentalis 
(Pergande). Agric For Entomol 5:301-310  

Kliebenstein DJ. 2004. Secondary metabolites and plant/environment interactions: a view through 
Arabidopsis thaliana tinged glasses. Plant Cell Environ 27:675-684 

Kliebenstein DJ. 2012. Plant defense compounds: Systems approaches to metabolic analysis. Annu 
Rev Phytopathol 50:155-173 

Kostenko O, Mulder PPJ, Bezemer TM. 2013. Effects of root herbivory on pyrrolizidine alkaloid 
content and aboveground plant-herbivore-parasitoid interactions in Jacobaea vulgaris. J Chem 
Ecol 39:109-119 

Labuschagne A, Hussein AA, Rodriguez B, Lall N. 2012. Synergistic antimycobacterial actions of 
Knowltonia vesicatoria (L.f) Sims. J Evid Based Complementary Altern Med 2012:1-9 

Landis DA, Wratten SD, Gurr GM. 2000. Habitat management to conserve natural enemies of 
arthropod pests in agriculture. Annu Rev Entomol 45:175-201  

Lattanzio V, Lattanzio VMT, Cardinali A. 2006. Role of phenolics in the resistance mechanisms of 
plants against fungal pathogens and insects. Phytochemistry: Advances in Research 2006:23-67 

Leiss KA, Choi YH, Abdel-Farid I, Verpoorte R, Klinkhamer PGL. 2009. NMR metabolomics of 
thrips (Frankliniella occidentalis) resistance in Senecio hybrids. J Chem Ecol 35:219-229 

Leiss KA, Cristofori G, van Steenis R, Verpoorte R, Klinkhamer PGL. 2013. An eco-metabolomic 
study of host plant resistance to Western flower thrips in cultivated, biofortified and wild carrots. 
Phytochemistry 93:63-70 

Lila MA, Raskin I. 2005. Health-related interactions of phytochemicals. J Food Sci 70:R20-R27 
Lindigkeit R, Biller A, Buch M, Schiebel HM, Boppre M, et al. 1997. The two faces of pyrrolizidine 

alkaloids: the role of tertiary amine and its N-oxide in chemical defense of insects with acquired 
plant alkaloids. Eur J Biochem 245:626-636 

Macel M, Bruinsma M, Dijkstra SM, Ooijendijk T, Niemeyer HM, et al. 2005. Differences in effects 
of pyrrolizidine alkaloids on five generalist insect herbivore species. J Chem Ecol 31:1493-1508  

Macel M. 2011. Attract and deter: a dual role for pyrrolizidine alkaloids in plant-insect interactions. 
Phytochem Rev 10:75-82 

McKinney JD, Richard A, Waller C, Newman MC, Gerberick F. 2000. The practice of structure 
activity relationships (SAR) in toxicology. Toxicol Sci 56:8-17 

Mirnezhad M. 2011. Host plant resistance of tomato plants to western flower thrips. PhD thesis, 
Leiden University, The Netherlands  



General introduction 

21 
 

Mithofer A, Boland W. 2012. Plant defense against herbivores: chemical aspects. Annu Rev Plant 
Biol 63:431-450 

Molyneux RJ, Lee ST, Gardner DR, Panter KE, James LF. 2007. Phytochemicals: The good, the bad 
and the ugly? Phytochemistry 68:2973-2985 

Mortelmans K, Zeiger E. 2000. The Ames Salmonella/microsome mutagenicity assay. Mutat Res 
455:29-60. 

Morton LW, Caccetta RA, Puddey IB, Croft KD. 2000. Chemistry and biological effects of dietary 
phenolic compounds: Relevance to cardiovascular disease. Clin Exp Pharmacol Physiol 27:152-
159 

Mösli Waldhauer SS, Baumann TW. 1996. Compartmentation of caffeine and related purine alkaloids 
depends exclusively on the physical chemistry of their vacuolar complex formation with 
chlorogenic acids. Phytochemistry 42:985-996 

Moussaieff A, Rogachev I, Brodsky L, Malitsky S, Toal TW, et al. 2013. High-resolution metabolic 
mapping of cell types in plant roots. Proc Natl Acad Sci USA 3:E1232-E1241 

Naczk M, Shahidi F. 2006. Phenolics in cereals, fruits and vegetables: Occurrence, extraction and 
analysis. J Pharmaceut Biomed 41:1523-1542 

Nelson AC, Kursar TA. 1999. Interactions among plant defense compounds: a method for analysis. 
Chemoecology 9:81-92  

Nenaah GE. 2011. Toxic and antifeedant activities of potato glycoalkaloids against Trogoderma 
granarium (Coleoptera: Dermestidae). J Stored Prod Res 47:185-190 

Newman DJ, Crag GM. 2016. Natural products as sources of new drugs from 1981 to 2014. J Nat 
Prod 79:629-661  

Nuringtyas TR, Choi YH, Verpoorte R, Klinkhamer PGL, Leiss KA. 2012. Differential tissue 
distribution of metabolites in Jacobaea vulgaris, Jacobaea aquatica and their crosses. 
Phytochemistry 78:89-97 

Nuringtyas TR, Verpoorte R, Klinkhamer PGL, van Oers MM, Leiss KA. 2014. Toxicity of 
pyrrolizidine alkaloids to Spodoptera exigua using insect cell lines and injection bioassays. J 
Chem Ecol 40:609-616  

Nuringtyas TR. 2014. Pyrrolizidine alkaloid variation in Jacobaea plants: from plant organ to cell 
level. PhD thesis, Leiden University, The Netherlands 

Pichersky E, Lewinsohn E. 2011. Convergent evolution in plant specialized metabolism. Annu Rev 
Plant Physiol 62:549-566 

Raasch W, Johren O, Schwartz S, Gieselberg A, Dominiak P. 2004. Combined blockade of AT1-
receptors and ACE synergistically potentiates antihypertensive effects in SHR. J Hypertens 
22:611-618  

Radulovic NS, Blagojevic PD, Stojanovic-Radic ZZ, Stojanovic NM. 2013. Antimicrobial plant 
metabolites: structural diversity and mechanism of action. Curr Med Chem 20:932-952 

Rasmann S, Agrawal AA. 2009. Plant defense against herbivory: progress in identifying synergism, 
redundancy, and antagonism between resistance traits. Curr Opin Plant Biol 12:473-478 

Ravishankar GA, Rao SR. 2000. Biotechnological production of phytopharmaceuticals. J Biochem 
Mol Biol Biophys 4:73-102 

Ravishankar GA, Venkataraman LV. 1990. Food applications of plant cell cultures. Curr Sci 57:381-
383 

Reina M, González-Coloma A, Gutiérrez C, Cabrera R, Rodríguez ML, et al. 2001. Defensive 
chemistry of Senecio miser. J Nat Prod 64:6-11 



Chapter 1 

22 
 

Richards LA, Dyer LA, Smilanich AM, Dodson CD. 2010. Synergistic effects of amides from two 
Piper species on generalist and specialist herbivores. J Chem Ecol 36:1105-1113 

Richards LA, Lampert EC, Bowers MD, Dodson CD, Smilanich AM, et al. 2012. Synergistic effects 
of iridoid glycosides on the survival, development and immune response of a specialist 
caterpillar, Junonia coenia (Nymphalidae). J Chem Ecol 38:1276-1284 

Romero-González RR, Mirnezhad M, Leiss KA, Choi YH, Verpoorte R, et al. 2010. Metabolomic 
analysis of host-plant resistance to thrips in wild and domesticated tomatoes. Phytochem Anal 
21:110-117 

Ryabushkina NA. 2005. Synergism of metabolite action in plant responses to stresses. Russian J Plant 
Physiology 52:547-552 

Siciliano T, Leo MD, Bader A, Tommasi ND, Vrieling K, et al. 2005. Pyrrolizidine alkaloids from 
Anchusa strigosa and their antifeedant activity. Phytochemistry 66:1593-600 

Smith DB, Roddick JG, Jones LJ. 2001. Synergism between the potato glycoalkaloids α-chaconine 
and α-solanine in inhibition of snail feeding. Phytochemistry 57:229-234 

Sneath PHA. 1966. Relations between chemical structure and biological activity in peptides. J 
Theoret Biol 12: 157-195 

Stermitz FR, Lorenz P, Tamara JN, Zenewicz LA, Lewis K. 2000. Synergy in the medicinal plant: 
antimicrobial action of berberine potentiated by 5'-Methoxyhydrocarpin, a multidrug pump 
inhibitor. Proc Natl Acad Sci USA 97:1433-1437 

Trethewey R. 2004. Metabolite profiling as an aid to metabolic engineering. Curr Opin Plant Biol 
7:196-201  

Trigo JR. 2011. Effects of pyrrolizidine alkaloids through different trophic levels. Phytochem Rev 
10:83-98  

Tsao R, Marvin CH, Broadbent AB, Friesen M, Allen WR, et al. 2005. Evidence for an isobutylamide 
associated with host-plant resistance to western flower thrips, Frankliniella occidentalis, in 
chrysanthemum. J Chem Ecol 31:103-110 

van Dam NM, Vuister LWN, Bergshoeff C, de Vos H, van der Meijden E. 1995. The ‘‘raison d’eˆtre’’ 
of pyrrolizidine alkaloids in Cynoglossum officinale: deterrent effects against generalist 
herbivores. J Chem Ecol 21:507-523 

Vrieling K, Soldaat LL, Smit W. 1991. The influence of pyrrolizidine alkaloids of Senecio jacobaea 
on Tyria jacobaea, Brachycaudus cardii and Haplothrips senecionis. Neth J Zool 41:228-239 

Walencka E, Rozalska S, Wysokinska H, Rozalski M, Kuzma L, et al. 2007. Salvipisone and 
aethiopinone from Salvia sclarea hairy roots modulate staphylococcal antibiotic resistance and 
express anti-biofilm activity. Planta Medica 73:545-551 

Wei X, Vrieling K, Mulder PPJ, Klinkhamer PGL. 2015. Testing the generalist-specialist dilemma: 
the role of pyrrolizidine alkaloids in resistance to invertebrate herbivores in Jacobaea species. J 
Chem Ecol 41:159-167 

Whitehead SR, Bowers MD. 2014. Chemical ecology of fruit defence: synergistic and antagonistic 
interactions among amides from Piper. Funct Ecol 28:1094-1106 

Williamson EM. 2001. Synergy and other interactions in phytomedicines. Phytomedicine 8:401-409 
Wink M. 2008. Plant secondary metabolism: diversity, function and its evolution. Nat Prod Commun 

3:1205-1216 
Zimmermann GR, Lehar J, Keith CT. 2007. Multi-target therapeutics: when the whole is greater than 

the sum of the parts. Drug Discov Today 12:34-42 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Siciliano%20T%5BAuthor%5D&cauthor=true&cauthor_uid=15963543
http://www.ncbi.nlm.nih.gov/pubmed/?term=Leo%20MD%5BAuthor%5D&cauthor=true&cauthor_uid=15963543
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bader%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15963543
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tommasi%20ND%5BAuthor%5D&cauthor=true&cauthor_uid=15963543
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vrieling%20K%5BAuthor%5D&cauthor=true&cauthor_uid=15963543
http://www.ncbi.nlm.nih.gov/pubmed/15963543

