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Abstract

Scopolin and its aglycone scopoletin are nearly ubiquitous coumarin derivatives synthesized
in the phenylpropanoid pathway. They are heavily involved in pathogen- and oxidative stress
defence and might have regulatory functions. Recently, a large medicinal potential was
discovered. Despite their importance, some aspects of the late biosynthesis are still unclear
and regulatory elements for their accumulation are virtually unknown. Feruloyl-CoA-6-
Hydroxylase 1 (F6’H1) had been recently identified by Kai et al. (2008) as a key enzyme for
scopoletin synthesis in Arabidopsis thaliana. An insertion mutant of F6’H1, which is scopolin-
free, was used in this work for analyses of scopolin localisation and pathogen susceptibility.
Phenylpropanoid profiling of f6’h1 revealed that F6’H1 is essential for the synthesis of other
fluorescing compounds. One of these was esculin, which was never thought to be dependent
on F6’H1, giving new insights into coumarin biosynthesis. The highest accumulation of
scopolin and scopoletin is usually found in roots, but its function in this organ is barely
understood. This work shows that scopolin accumulates constitutively in the root
endodermis and is sometimes also present in pericycle and cortex, the later especially after
elicitation. It is absent in rhizodermis or stele. A reinforcement of the endodermis barrier
and possible growth-regulating effects at the pericycle are discussed. The absence of
scopolin and scopoletin during an infection of Arabidopsis thaliana with the root pathogen
Plasmodiophora brassicae resulted in slightly higher infection rates and symptom severity,
especially at a low pathogen pressure and under additional stress. Pathogen infection, high-
sucrose, osmotic stress and cold application led to an increase of scopolin and scopoletin
accumulation in roots, but also in leaves. Especially cold stress led to a dramatic increase of
scopolin and scopoletin in leaves of Arabidopsis, which were hitherto regarded as poor
accumulators of both coumarins. Three regulators of scopolin accumulation were identified.
The gene AtTHO1 (HPR1), which is a member of the RNA processing and exporting THO/TREX
complex, positively influences scopolin levels. A T-DNA insertion mutant of AtTHO1 had also
changed root growth patterns under stress, but no defects in root tissue development. The
THO/TREX complex is known to be involved in RNA silencing, probably as a mediator of the
silencing RNA signal. A model is presented in which the THO/TREX-mediated signal acts as a
switch which blocks competing processes and/or promotes scopolin accumulation under
stress conditions. Furthermore, two transcription factors of Arabidopsis were found, BEE1
and BEE1-LIKE (At5g45580) that were necessary for the scopolin cold response in leaves.
Insertion mutation lines of both transcription factors have strikingly identical
phenylpropanoid profiles under cold stress, dissimilar from wild type, and might be
members of the same signalling chain.
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Plants have the remarkable ability to produce more than 100,000 low-molecular-mass
compounds, which are called secondary metabolites. They are generally non-essential for
the basic metabolic processes, but the development of such diversity was driven by their
role in stress defence (Dixon, 2001). In unfavourable conditions like cold or intense light the
accumulation of phenylpropanoids is a part of the protective measurements taken by the
plant to survive. Phenylpropanoids are also a key factor in the defence against microbial,
insect or predator attack. Secondary compounds might be specific for certain taxa, but
others exert their defensive function across the plant kingdom, like some branches of the
phenylpropanoid metabolism. Two phenylpropanoid compounds are the coumarins
scopoletin and its glycosylated form scopolin (Figure 1). Scopolin is regarded as the less-
reactive storage and transport form and scopoletin the active form (Chong et al., 1999).
Scopolin accumulates in vacuoles (Taguchi et al., 2000). To restore the active form, scopolin
is deglycosylated by B-glucosidases (Ahn et al., 2010). In plant cells, glucosides and the
corresponding reactive aglycone-releasing B-glucosidases are generally located in different
cellular compartments (Kojima et al., 1979). A source for B-glucosidases was found in the ER,
which forms protein aggregates upon disruption, in which the activity of glucosidases
increases (Yamada et al., 2011). Additionally, evidence was provided that extracellular
scopolin may be hydrolyzed by a cell-wall-associated B-glucosidase leading to the release of
scopoletin in the apoplast (Chong et al., 1999). Sargent and Skoog (1960) report a steady-
state equilibrium with a scopolin to scopoletin ratio of 13:1 in healthy tissue, which shifts
towards scopoletin under pathogen attack.

I It f
/O X glycosyltransferase o N
H Xy B-glucosidase o
wOH

Scopoletin

Scopolin

OH OH

Figure 1: Structures and conversion of scopoletin and scopoletin.

History of scopolin and scopoletin research

More than 100 years ago, J.F. Eykman discovered scopolin and its aglycone scopoletin in the
Japanese belladonna Scopolia japonica Maxim. (Solanaceae), a traditional Japanese
medicinal plant. With preparations of this plant, chronic bronchitis, dysentery,
inflammations and deep wounds were treated. Eykman isolated a nitrogen-free substance
from its roots that formed slightly gray or yellowish crystals, which had a strong blue
fluorescence in ethanolic or acidic solutions. He named it scopoletin after the plant it was
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found in. In the same extract, he also found the glycoside of scopoletin, which he named
scopolin, which formed white crystals. 0.1 g scopolin caused sleepiness for hours in a dog
without being lethal. Eykman also postulated correctly, based on their chemical properties,
that scopoletin is closely related to the other cinnamic acid derivatives known at that time,
namely esculin, esculetin, daphnin, daphnetin, caffeic acid, ferulic acid and umbelliferone.
He also suggested the correct sum formula for scopoletin, C1oHg04, which he called a methyl-
esculetin, which also was proven to be true. In addition, he gave the exact reaction equation
for the deglycosylation of scopolin to glucose and scopoletin (Eykman, 1883).

However, scopoletin had been already discovered before Eykman. A substance with a
striking blue fluorescence had been described for the first time by Geiger (1843) from Atropa
belladonna (Solanaceae). Richter (1837) working at the same time with extracts of Atropa
belladonna named it “Blauschillerstoff” (blue sparkling substance). Kunz (1885), after
chemical analyses of the “Schillerstoff”, renamed the fluorescing substance into chrysatropa
acid. Henschke proved in 1888 that Eykman'’s scopoletin is identical with Kunz’ chrysatropa
acid. In the yellow jasmine Gelsemium sempervirens (Gelsemiaceae) scopoletin was found by
Wormley (1870), who named it gelseminic acid. Moreover, in 1863, de Vry (1864) isolated a
fluorescing substance he called Murrayin from the flowers of Murraya exotica L. (Orange
Jessamine, Rutaceae) which turned out to be scopolin.

Distribution of scopolin and scopoletin in the plant kingdom

It is not well recognized that scopoletin and scopolin are not only present in the families they
were discovered in during the 19" century and early 20" century, which are the Solanaceae,
the Gelsemiaceae, the Rutaceae, the Convolvulaceae and the Asteraceae (Wehmer, 1931).
Until now, they have been found in nearly 80 plant families (see appendix p. Al) evenly
distributed over the magnolids, monocots and dicots. From the larger families, no references
for only a number of monocot families (Piperaceae, Annonaceae, Amaryllidaceae, Iridaceae,
Asparagaceae, Arecaceae, Bromeliaceae, Cyperaceae) could be found, as well as for only few
of the dicot families (Begoniaceae, Cucurbitaceae, Myrtaceae, Melastomataceae,
Gesneriaceae, Lamiaceae, Boraginaceae, Campanulaceae), although in most of these
scopolin and scopoletin might also be present. Most interestingly, scopoletin and other
coumarins were also found in fungi (Murray et al., 1982; Tirillini and Stoppini, 1996; Wang et
al., 2007). Reports of occurrence in gymnosperms and early angiosperms do not exist until
now (Figure 2).

Whereas the distribution of scopoletin and scopolin throughout the plant families is
impressive, the ability to produce them is sometimes lost, too. As this is known especially
from cultivars of crops (Santamour Jr and Riedel, 1994), this did probably happen during
breeding, but an evolutionary loss in some taxa is also likely. Their ubiquity leads to the
conclusion that the pathway towards them developed very early (or parallel?) in the
phylogenetic history of plants and the fact that it was kept in so many taxa points strongly to
a vital role in plants.
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Early

angiosperms Amborellales, Nymphaeales, Austrobaileyales, Chloranthales

Canellales, Piperales, Laurales, Magnoliales

Magnolids

Acorales, Alismatales, Petrosaviales, Dioscoreales,
Pandanales, Liliales, Asparagales

Commelinids | Arecales, Poales, Commelinales, Zingiberales

Monocots

Ceratophyllales, Ranunculales, Sabiales, Proteales,
Trochodendrales, Buxales, Gunnerales, Dilleniales,
Saxifragales, Vitales

Zygophyllales, Celastrales, Oxalidales, Malphigiales,
Fabids Fabales, Rosales, Cucurbitales, Fagales

Rosids

. Geraniales, Myrtales, Crossomatales, Picramniales,
Malvids Sapindales, Huerteales, Malvales, Brassicales

Eudicots

Santalales, Berberidopsidales, Caryophyllales

Cornales, Ericales

Garryales, Gentianales, Lamiales, Solanales,

Lamids Boraginales

Asterids

Aquifoliales, Asterales, Escalloniales, Bruniales,

Campanulids _ ; .
Apiales, Paracryphiales, Dipsacales

Figure 2: Phylogenetic distribution of scopolin and scopoletin in angiosperms. Taxa of Angiosperms
down to orders, for which references for the presence of scopolin and/or scopoletin were found
(blue). Phylogenetic tree simplified from Stevens (2001 onwards).
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Functions of scopolin and scopoletin

Scopolin and scopoletin are involved in pathogen defence responses

Very early, scopoletin was found to be linked to pathogen infections: Rupert Best (1936,
1944, 1948) found scopoletin in a ring around necrotic lesions after an infection with tomato
spotted wilt virus in Nicotiana tabacum, N. glutinosa (tobacco), Lycopersicon esculentum
(tomato), Petunia hybrida and Solanum tuberosum (potato). Scopoletin was found to
accumulate also in potato tubers infected with the leaf roll virus (Andreae, 1948). It was
often reported that scopoletin levels rise also after infection with fungi, e.g. with
Plasmopara halstedii (downy mildew) on sunflower (Spring et al., 1991), Ceratocystis on
plane tree (ElImodafar et al., 1993) and Microcyclus ulei on rubber tree (Garcia et al., 1995).
The glycoside scopolin was found in potato tubers infected with Phytophtora infestans
(Hughes and Swain, 1960). A rise in scopolin also occurred during a bacterial infection
(Pseudomonas solanacearum, Sequeira , 1967), especially adjacent to infected tissue, but
with a systemic rise of scopolin levels as well. Interestingly, the colonization with an
arbuscular mycorrhiza elicited no scopoletin accumulation, but also no repression (Maier et
al., 2000; Schwob et al., 2000). Scopoletin was also found on the leaf surface of Apiaceae,
Rutaceae and Lauraceae, where they have inhibiting effects on spore germination, and also
in the stem bark and wood in the beech and rue family (Zobel et al., 1991; Somanabandhu et
al., 1992; Neville and Bohm, 1994; Prats et al., 2002).

Numerous reports showed that in vitro, scopoletin is able to inhibit the growth of different
species of bacteria and fungi (Goy et al., 1993). However, many authors doubt a direct action
against the attacking pathogen because of too low concentrations in planta (e.g.
Minamikawa et al. (1963)). Snook et al. (1991) found that resistance of tobacco cultivars
towards black shank disease did not depend on the presence or absence of scopoletin in the
cultivars, although scopoletin was highly active against the fungus in vitro. Breton et al.
(1997) did not consider scopoletin a major defence mechanism for the rubber tree, mostly
because the pathogens tested had the ability to detoxify scopoletin. In most cases, the
effectiveness of scopoletin to prevent diseases seems to depend on the pathogen’s ability to
detoxify the coumarin. To support this theory, a study in sunflower showed that pathogenic
and non-pathogenic fungi caused a considerable rise in scopolin and scopoletin levels, with
the pathogenic fungus being able to rapidly degrade scopoletin and the non-pathogenic not
(Tal and Robeson, 1986). El Oirdi et al. (2010) also correlated a reduced resistance of tobacco
cultivars to Botrytis cinerea (grey mold) with the fungus’ ability to metabolize scopoletin.
Other case studies showed a direct connection between pathogen resistance and
constitutively high amounts of scopoletin (Goy et al., 1993) or the ability to react fast with
scopolin production. In the pathosystem plane tree (Platanus spp.) and Ceratocystis
fimbriata f. sp. platani, an agent of cancer stain disease, scopoletin was part of a successful
defence: a quick accumulation of fungitoxic levels of scopoletin and excretion on the leaf
surface combined with a hypersensitive reaction prevented the disease in resistant plane
tree species. Susceptible plane trees were characterized by large necroses and a slow and
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low phytoalexin production (Elmodafar et al., 1995). In some cases, when scopoletin
production was still too slow to inhibit fungal germination, it aided at least in the
confinement of the pathogen by forming a ring around the infected area (EImodafar et al.,
1993). The resistance of elm species towards Dutch Elm disease (Ophiostoma novo-
ulmi/Ophiostoma ulmi syn. Ceratocystis ulmi) was also tentatively linked to their ability to
react very fast with scopoletin production towards the fungal attack (Valle et al., 1997).
Likewise, in rubber tree, the degree of resistance towards the ascomycete Microcyclus ulei
was related to the rapidity and intensity of scopoletin accumulation (Garcia et al., 1995;
Garcia et al., 1999; Churngchow and Rattarasarn, 2001). Scopolin is usually regarded as the
inactive form of scopoletin, but in head rot of sunflower it had the same inhibitory effects as
scopoletin (Prats et al., 2006; Prats et al., 2007). Other authors are convinced of a specific
action of scopoletin against fungi besides a general antifungal activity of phenolic
compounds (Urdangarin et al., 1999): a synergistic effect with other phenylpropanoids was
described by Carpinella et al. (2005). In that study, scopoletin on itself had only weak effects
on the Fusarium verticillioides fungus in vitro. But combined with other phenylpropanoids, it
enhanced dramatically their antifungal activities. De Rafael et al. (2001) postulated, that the
presence of scopoletin during Dutch Elm Disease might be only a consequence of H,0,
production. However, the majority of authors confer to scopoletin in aerial parts as a
phytoalexin, which is per definition de-novo synthesized at the site of a pathogen infection
and acts antimicrobial. In roots, accumulation seems to be constitutively.

Additionally, scopoletin offers protection against feeding insects (Olson and Roseland, 1991;
Adfa et al., 2010; Tripathi et al., 2011) and could decrease their survival (Westcott et al.,
1992). There are also strong hints that scopolin-rich sunflower cultivars have an increased
resistance towards the parasitic plant Orobanche cernua (Serghini et al., 2001; Sauerborn et
al., 2002).

Scopoletin has antioxidative properties and is a scavenger of ROS

For scopoletin, a protection against oxidation and radical formation by reactive oxygen
species is strongly assumed. The antioxidative properties of phenolics arise from their high
reactivity as electron donors. As good reducing agents, they can either act as replacement
targets for oxidative processes, or they function as scavengers of ROS: after collision with a
free radical, the newly-formed phenolic radical can stabilize the unpaired electron in the
delocalized electron cloud of its aromatic ring and thus stop the chain reaction. Some
phenolics also chelate metal ions and thus terminate the radical producing Fenton reaction
(Karuppanapandian et al., 2011). In plants, scopoletin and scopolin accumulation is strongly
induced by processes leading to an increased production of ROS. There was only a weak
direct activity observed against lipid oxidation (Thuong et al., 2010). However, scopoletin
was found to enhance the activity of other antioxidants like superoxide dismutase, catalase
and glutathione (Shaw et al., 2003; Panda and Kar, 2006). One special mode of oxidation
protection could be the inhibition of peroxidases, which is most likely exerted not only by
competitive inhibition (Andreae, 1952; Sirois and Miller, 1972). Kang et al. (1999) suggest a
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system where scopoletin inhibits the production of nitric oxide (NO) by inhibiting an NO
synthase and therefore the production of peroxynitrite (ONOO") out of NO and superoxide
(027), which is much more toxic than both molecules alone.

Assays for determination of ROS-scavenging show also direct quenching activities for
scopoletin. The ECso (50% of quenching) of scopoletin for superoxide O, was determined as
1.27 mg/ml, for singlet oxygen (*0,) 0.68 mg/ml, for hydroxyl radicals (*OH) > 4.00 mg/ml
and for peroxynitrite (ONOO-) 0.042 mg/ml, respectively (Ikeda et al., 2009). This is a low to
moderate activity towards hydroxyl radicals, superoxide and singlet oxygen (around 2% of
the activity of ascorbic acid), but a high quenching value for peroxynitrite (Ikeda et al., 2009).
Thuong et al. (2010) testify scopoletin a high activity against peroxyl radicals (ROOe), but no
effectiveness against DPPH, also none for hydroxyl radicals (¢OH), hyperoxid anions (O.)
and hypochlorid (HOCI). The antioxidant properties of scopoletin might have been under-
evaluated, since no ROS-scavenging activity was shown in in-vitro tests with the commonly
used artificial RO-species DPPH, see also Shaw et al. (2003).

The oxidation of scopoletin and the resulting loss of fluorescence have been used for an
assay for measuring the production of reactive oxygen species (ROS), mostly for hydrogen
peroxide (H20,), in animal tissue systems (Shah and Walker (1992). There are hints that this
reaction plays also an important role in planta: scopoletin quickly accumulates during the
deterioration of cassava roots after the harvest in all parts of the root and coincides with a
quick rotting process. Scopoletin and its oxidized form used to be made responsible for the
quick deterioration of cassava under storage. But Reilly et al. (2003) finally developed a
model where an H;0, burst occurs as a wounding reaction after harvest, which is not
stopped as in an intact plant. The massive scopoletin production would then be a last
measure of the plant to eliminate H,0, when other methods had failed (e.g. when no more
catalase is present) and not the cause for the rotting process. In the reaction with H,0,,
scopoletin obviously acts strongly as a replacement target for oxidation. Interestingly, the
oxidized form of scopoletin was four times more effective against fungus germination than
scopoletin itself (Gomez-Vasquez et al., 2004).

Scopoletin is part of hypersensitive responses

Connected to the close relationship between H,0,- and scopoletin formation, there are hints
that scopoletin is directly involved in the hypersensitive response (HR). The HR is a very
efficient mechanism of induced disease resistance in plants. During the HR, the infected
tissue undergoes a local cell-death program and surrounding areas are fortified with
mechanical and chemical barriers, which stops the pathogen spread. One of the earliest
responses is the so-called oxidative burst, a massive increase in the production of reactive
oxygen species (ROS), which are probably the key mediators of cell death. They also could
act as diffusible signals for adjacent cells in order to activate a broad range of defence
responses without those cells being destined to die (Chong et al., 2002). In tobacco,
scopoletin was found in areas surrounding necrotic tissue, forming a characteristic, strongly
fluorescing ring (Dorey et al., 1997). Dorey et al. (1999) also observed a consumption of
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scopoletin during HR. Chong et al. (1999) developed a model, in which the pathogen elicitor
leads to an early accumulation of a glycosyltransferase, which is followed by an
accumulation of scopolin. In this model, H,0, production causes a release of scopolin in the
extracellular space as H,O, scavenger after deglycosylation. Antisense plants of this
glycosyltransferase with heavily depleted levels of scopoletin and scopolin were not able to
contain the necrotic area and were more susceptible to the virus (Chong et al., 2002). The
authors concluded a dual role for scopolin/scopoletin in the HR: First, to stop cell death by
eliminating ROS in adjacent cells and secondly, to stop the virus by forming an antiviral
barrier. A similar model was created for Pseudomonas syringae pv. tomato and Arabidopsis
thaliana (L.) Heynh. by Simon et al. (2010). There, scopoletin is found in the infected area
and scopolin in adjacent cells. Scopolin is thought to provide a source for free scopoletin to
scavenge ROS. In addition, Massoud et al. (2012) showed that scopoletin accumulation
might be a result, but not the cause for systemically acquired resistance (SAR) mediated by
phloem-mobile phosphite (H3PO3).

Abiotic factors and phytohormones affect scopolin and scopoletin accumulation
Scopoletin and scopolin production is also induced by abiotic factors: Increased contents
were reported after treatment with UV, cold and x- as well as gamma radiation (Koeppe et
al., 1969; 1970a, 1970b; Riov et al., 1971). In these cases, the antioxidative properties of
scopoletin might help to minimize damages resulting from radical formation. Nitrogen-
(Armstrong et al., 1970), potassium- (Lehman and Rice, 1972) and boron deficiency also
caused a dramatic increase of scopolin in tobacco, the latter presumably by inhibiting lignin
biosynthesis and subsequent accumulation of coumarin precursors (Watanabe et al., 1961).
Alkenale and alkanale also caused scopoletin increase and may act as volatile elicitors for
plant defence (Zeringue, 1992). Gutierrez et al. (1995) tested several other abiotic stressors
in sunflower like sucrose, shortwave UV, Triton-100 and CuCl,, which elicited scopoletin
production in the aerial parts, but not in the roots. Long wave UV, salicylic acid,
dichloroisonicotinic acid or glutathione had no effect in their studies. The reactions were
age-dependent. Elevated levels of CO, also caused scopolin/scopoletin levels to increase,
leading to an increased virus resistance (Matros et al., 2006). Sargent and Skoog (1960)
reported that scopoletin levels rose due to enzymatic hydrolysis of scopolin after wounding
and also after the application of the auxin indole acetic acid (IAA). Skoog and Montaldi
(1961) postulated a complex interaction between plant hormones and scopoletin, affecting
plant growth. Many other phytohormones affect scopoletin and scopolin accumulation:
salicylic acid increased scopolin and scopoletin accumulation in tobacco leaves (Maslak,
2002), but not in sunflower (Gutierrez et al., 1995). Methyljasmonate increases scopoletin
accumulation in fruits (Zeringue, 2002). The synthetic auxin 2,4-dichlorophenoxyactic acid
(2,4-D) increased both coumarins in shoots and roots (Dieterman et al., 1964). Grosskinsky
etal. (2011) proved that scopoletin could substitute for the cytokinin signal in a salicylic acid-
independent defence mechanism against Pseudomonas syringae pv. tabaci. Wounding also
induced scopoletin accumulation (Cabello-Hurtado et al., 1998).
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Scopoletin, a potential regulator of growth?

Andreae (1952) showed that externally applied scopoletin concentrations of 1 p.p.m.
promoted root growth and 50 p.p.m. inhibited it. The inhibiting effect of scopoletin
manifested itself in vitro as retarded elongation, inhibited root hair development,
discoloration and blackening (at 3x10™ M:; Pollock et al., 1954). Pollock et al. (1954) showed
an antimitotic activity of scopoletin. The growth-promoting effects of scopoletin at low
concentrations were attributed to the inhibition of IAA degradation shown in vitro, in which
scopoletin was an alternative substrate for an IAA oxidase (Andreae, 1952). IAA (indole
acetic acid) is an auxin with a growth-inhibitory effect in higher doses and a stimulating
effect in very low doses. Goodwin and Kavanagh (1949) and Goodwin and Pollock (1954)
reported a scopoletin gradient in Avena roots: high concentrations in the non-growing parts,
low concentrations at the root tip. Based on this gradient, the in vitro growth-effecting
properties of scopoletin and its interaction with IAA, Pollock et al. (1954) and Avers and
Goodwin (1956) proposed it to be an internal growth regulator in Avena. Supporting their
theory, scopoletin concentrations at the root tip did not reach the inhibitory level, but
scopoletin was indeed in the inhibitory range in the older portion of roots. Sirois and Miller
(1972) further refined the IAA model by postulating a stabile scopoletin-peroxidase complex,
which can be reverted by excess IAA concentrations. It is also known that scopolin and
scopoletin levels itself are regulated by plant hormones (Skoog and Montaldi, 1961; Taguchi
et al., 2001; see previous paragraph). It could play a regulatory role in growth and
differentiation of roots. In animal systems, high scopoletin concentrations also could lead to
apoptosis; as it was shown to stop the proliferation of tumour cells and to activate a signal
cascade leading to programmed cell-death (Liu et al., 2001; Kim et al., 2005).

Other functions of scopolin and scopoletin

Phenylpropanoid molecules consist only of carbon, hydrogen and oxygen. Unlike alkaloids
for example, they do not compete for nitrogen and do also not impact on the limiting
element phosphorus. Instead they offer an “energy escape valve” for excess energy and
assimilates from photosynthesis with the additional bonus of their antioxidative, light
protective, antibiotic and predator-deterrent properties (Hernandez and Van Breusegem,
2010). Scopolin and scopoletin, as one of the most common hydroxycoumarins besides
umbelliferone and esculetin (Harborne, 1980), probably provide such a convenient carbon
sink. There are hints that scopoletin and other non-conjugated phenylpropanoids are
selectively enriched under excess carbon, as, at least under high CO,, other nitrogen-free
compounds like structural phenylpropanoids (lignins) and sesquiterpenoids are not enriched
(Matros et al., 2006).

A. thaliana and tobacco produced scopoletin and scopolin upon infection with the thaxtomin
A-producing bacterium Streptomyces scabei. The resulting programmed cell-death in
tobacco was not induced by scopoletin, since injections of scopoletin did not cause
apoptosis. The direct antimicrobial effect of scopoletin on S. scabei was only moderate, but
it caused considerable decrease in toxin production by rapidly downregulating a known
synthesis gene of thaxtomin (Lerat et al., 2009).
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Figure 3: The multiple functions of scopoletin and scopolin in plants

Muiller-Enoch (1994) assigned to scopoletin a role as a photoreceptor and phototransducer
in cytochrome P450. Some studies indicated that scopoletin has allelopathic effects on the
root growth of neighbouring plants when combined with other compounds like vanillic acid
and o-coumaric acid (Fay and Duke, 1977; Perez and Ormenonunez, 1991; Baghestani et al.,
1999; Kim and Lee, 2011). Furthermore, Ma et al. (2004) report a copper-dependent ability
of scopoletin to cleave DNA. A function for this in plants is not known, but it was discussed
as a possible antitumor agent in cancer therapy.

Medicinal properties of scopoletin

Quite recently, scopoletin was identified as one or the active compound in traditional
medicinal plants all over the world. Interestingly, some medicinal properties resemble some
proven or suspected properties in plants, like the growth-regulating effects in root tissue and
the tumour-reducing effects of scopoletin. Here, the putative functions are summarized in
the following table:
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Table 1: Medicinal properties of scopoletin

Medicinal
effect

Description and mechanisms

References

Antispasmodic and
hypotensive

Cardioprotective

Anticoagulant

Analgetic,
antinociceptive,
antipyretic,
antiphlogistic

Antitumoral

Antiangiogenic

Antibiotic

Neuroprotective

Hepatoprotective

Scopoletin was determined as the active compound from smooth-muscle-relaxing
traditional Viburnum preparations. The muscle-relaxing effects were attributed to
its ability to inhibit the intracellular calcium mobilization. An additional reduction of
blood pressure by dilatation of blood vessels was reported. It is also diuretic.

Scopoletin also seems to activate lipoprotein lipase, which plays a central role in
the removal of triglycerides from the blood stream. Scopoletin inhibits the
oxidation of low density lipoproteins (LDL). Both are major factors causing
arteriosclerosis. Scopoletin influences heart rate and - contraction.

Scopoletin, like many coumarins, has an inhibitory effect on platelet aggregation
(blood clotting).

Scopoletin is a prostaglandin synthesis inhibitor, which relieves pain and
inflammation. It was five times more effective than aspirin. Scopoletin also
suppresses pro-inflammatory cytokines and PGE(2) and other inflammatory
mediators like IL-6 and TNF-alpha. It was also reported to reduce pain reception
(“antinociceptive™) caused by inhibition of glutamatergic transmission and cytokine
inhibition. The healing effect for gastro-oesophageal inflammation by the
traditional preparation of Morinda citrifolia, “Noni”, could be recreated by the
corresponding dose of pure scopoletin alone.

Scopoletin has a selective effect on tumour cells, shown by an antiproliferative
effect on tumoral lymphoma cells. Artificial scopoletin derivatives even have a
higher anti-tumour activity. Scopoletin is also a moderate inhibitor of xanthine
oxidase, an enzyme reducing xanthin, but also producing ROS and uric acid in the
human system, which may lead to cancer or gout, respectively. In addition it is
uricosuric, which means it promotes excretion of uric acid. Scopoletin inhibited the
mutagenicity of cigarette smoke condensate, but toxicity for the smoker himself
could not be excluded.

Scopoletin inhibits the formation of new blood vessels (angiogenesis) and not via
cytotoxicity, but via downregulating ERK1/2 extracellular-signal-regulated kinases.
Angiogenesis plays a role in cancer, arthritis and eye retina diseases. An anti-
arthritic effect could be shown.

Scopoletin is active against some pathogenic fungi, moderate antibacterial towards
Pseudomonas aeruginosa, Proteus mirabilis, Staphylococcus aureus, Klebsiella
pneumoniae and Escherichia coli. No action against some other bacterial pathogens
and the malaria-causing protist Plasmodium falciparum was observed. Scopoletin,
esculetin and umbelliferone (and also esculin when hydrolysed by the gut flora)
have the ability to terminate enterohaemorrhagic E.coli (EHEC) in the gut, hence a
coumarin-rich diet in animals and humans was suggested as a way to prevent the
more and more frequent outbreaks of EHEC.

Scopoletin has an acetylcholinesterase inhibitor activity, which might help in
treatment of Alzheimer’s disease. Acetylcholinesterase degrades the
neurotransmitter acetylcholine, which is lacking due to the neuron loss marking
that disease. In a screen with 11000 natural compounds for potential
acetylcholinesterase inhibitors, scopolin and scopoletin were selected and their
effectiveness proofed in vitro and in vivo. Neuroprotectice properties during
oxygen-glucose deprivation were described. An antidepressant effect of scopoletin
which is connected to serotonin, noradrenalin and dopamine receptor systems, was
reported.

Scopoletin has hepatoprotective properties, as shown in cell culture. An inhibitory
effect of scopoletin on inducible nitric oxide synthases whose induction may insert
pro-inflammatory effects by accumulation of NO or a mechanism involving the
inhibition of eicosanoid biosynthesis, cell influx and peroxidation were suggested as
active principle. As a non-competitive inhibitor of B-glucoronidase, scopoletin has
the potential to inhibit gall stone formation.
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Treatment of A superior performance of scopoletin than a standard thyroid drug against Panda and Kar (2006); Zhang
metabolic hyperthyroidism and hyperglycaemia without hepatotoxicity was reported. etal. (2010); Park et al.
disorders Scopoletin can ameliorate insulin resistance by upregulating PPAR gamma 2 (2011)

expression, so it may be a useful candidate for managing metabolic disorders,
including type 2 diabetes mellitus. In addition, scopoletin has aldose reductase
inhibitor ability, an enzyme which causes complications during diabetes.

Side effects: Scopoletin is not classified as a toxic substance. The acute toxicity LD50 (oral, rat) is 3800mg/kg. For comparison, ethanol has
an LD50 of 6200 mg/kg, acetylsalicylic acid (Aspirin) 1500 mg/kg. However, it is classified as irritating to eyes, respiratory system and skin.
Sunlight aggravates skin reaction (Material Safety Data Sheets from Carl Roth GmbH, Karlsruhe, Sigma-Aldrich GmbH, Miinchen and Roth et
al. (1994)). However, scopoletin was linked to a neuropathy seen in populations sustaining on a Cassava root diet, which contains excessive
amounts of scopoletin (Ezeanyika et al., 1999). Yet, other authors attribute the detrimental effects of a Cassava diet solely to its cyanogenic
compounds, which may not be adequately removed during food preparation (Blagbrough et al., 2010). Side effects of scopoletin
administration were not reported (e.g. Santamaria et al. (2012)).

Until now, no drug containing scopoletin besides the traditional herbal preparations has
been introduced.

The synthesis of scopolin and scopoletin within the phenylpropanoid
pathway

Scopoletin and scopolin originate from the amino acid phenylalanine, which is first
desaminated by the enzyme PAL (phenylalanine ammonia-lyase). The product is cinnamic
acid. The next step is the introduction of a hydroxyl group onto the phenol ring, leading to p-
coumaric acid. P-coumaric acid is then esterified to p-coumaroyl-CoA. Under loss of the CoA
ester, shikimic acid is introduced to the carboxyl group yielding p-coumaroylshikimic acid. A
second hydroxylation of the phenol ring leads to caffeoylshikimic acid. The loss of the
shikimic acid group leads to caffeic acid, which is also present as its COA ester (Bourgaud et
al., 2006; Heldt and Piechulla, 2008). The next step in Arabidopsis thaliana is the methylation
of the 3-hydroxy group of caffeic acid or caffeoyl-CoA by the -caffeic acid-o-
methyltransferase CAOMT1 or the caffeoyl-CoA-o-methyl-transferase CCoAOMTL,
respectively, leading to ferulic acid or its CoA ester (Kai et al., 2006; Kai et al., 2008).Then, a
second hydroxyl group is introduced into the phenol ring of feruloyl-CoA, which can
originate from caffeoyl-CoA or ferulic acid. This step is catalysed by the Fe(ll)- and 2-
oxoglutarate-dependent dioxygenase F6'H1, which is essential for scopoletin synthesis in
Arabidopsis. The resulting 6-hydroxyferuloyl-CoA is the last ascertained step towards
scopoletin. The theoretically following reactions towards scopoletin are the E-Z
isomerisation of the carboxyl-group and the proton at the double bond, the closing of the
second ring (lactonisation), which are still uncertain. Kai et al. (2008) favour an enzyme-free,
light-dependent modus of lactonisation, whereas Bayoumi et al. (2008) provide evidence for
a light-independent isomerase for the E-Z isomerisation step in Cassava. The final
glycosylation towards scopolin is done by one or several of the 120 glycosyltransferases in
Arabidopsis, from which many have scopoletin glycosyltransferase activity in vitro (Lim et al.,
2003). Two alternative pathways for scopoletin synthesis are discussed, the first from caffeic
acid via 2’hydroxy caffeic acid or their CoA esters and esculetin, the second from p-coumaric
acid via umbelliferone and esculetin (Bourgaud et al., 2006, figure 4). In tobacco, both
pathways do not seem to be involved in scopoletin formation (Fritig et al., 1970). In
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Figure 4: Phenylpropanoid pathway leading to coumarins adapted from Bourgaud et al. (2006):
“Pathways in grey have been unequivocally established. Glycosylated compounds are not shown for
clarity. Enzymes assigned by a question mark are hypothetical. R=CO,H or CO-ScoA; C2H, cinnamic
acid 2-hydroxylase; C4H cinnamic acid 4-hydroxylase; 4CL, 4-coumarate:CoA ligase; CO2H, 4-
coumaric acid 2-hydroxylase; HCT, hydroxycinnamoyl-transferase; CAOMT, caffeic acid O-
methyltransferase; CCOAOMT, caffeoyl CoA O-methyltransferase; CA2H, caffeic acid 2-hydroxylase;
FA2H, ferulic acid 2-hydroxylase; MDCA2H, methylenedioxycinnamic acid 2-hydrolase; O-MT, O-
methyltransferase”. Kai et al (2008) found the hypothetical enzyme ,,FA2H?“ in Arabidopsis and
named it feryloyl CoA 6-hydroxylase 1 (F6'H1). Bayoumi et al. (2008) established an enzymatic E-Z-
isomerisation of hydroxyferulic acid in cassava (red annotations).

Arabidopsis, Kai et al. (2008) showed that only the pathway via feruloyl-CoA leads to
scopoletin. However, Kai et al. give no explanation for the traces of esculetin they found
earlier in Arabidopsis (Kai et al., 2006), which should not be present if the alternative
pathways do not exist.

All authors agree that pathways may vary in different species. Substances, for which scopolin
and scopoletin are the precursors, are not known, besides a non-fluorescing compound
which is a product of peroxidation of scopoletin by a new-found peroxidase. This enzyme
was made responsible for a decline of scopoletin 72 hours after elicitation (Edwards et al.,
1997). Nevertheless, there might be other compounds with scopoletin or scopolin as
precursors.

Regulation of scopolin and scopoletin synthesis and accumulation
The general principle of regulation in the phenylpropanoid pathway is that each branch is
under separate control, which ensures that the appropriate compounds are produced when
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and where required. The control takes largely place at the level of transcription of the
regulators and of the corresponding biosynthetic genes (Quattrocchio et al., 2006). Until
now, only a few cases of posttranslational control of phenylpropanoid metabolism are
known, like the dependence of anthocyanin synthesis on one splicing variant of a synthesis
gene in Black Mexican Sweet maize (Pairoba and Walbot, 2003). Translational regulation is
exercised by transcription factors (TFs), proteins that recognise specific promoter sequences
of the genes they control. They recruit RNA polymerase Il to the gene for mRNA synthesis. TF
binding is also dependent on chromatin structure and histone modification. Plants encode
2000 to 4000 transcription factors, but the number of characterized TFs is comparatively
small. According to the current state of knowledge, plant TFs have a hierarchical structure
resembling a pyramid, in which master TFs at the top control few central TFs (figure 5).
Those control TFs on lower hierarchical levels and so on down to the TFs that control the
biosynthetic enzymes (Grotewold, 2008).

Figure 5: Diagram of a model gene regulatory network in plants showing TFs (red stars) at various
levels in the pyramidal hierarchical arrangement. Blue lines indicate the direct interaction of one
TF with another (Grotewold, 2008).

TFs can be positive or negative regulators of a pathway (Quattrocchio et al., 2006). Several
studies revealed that phenylpropanoid biosynthesis is controlled by different types of TFs,
from which the most prominent are the MYB factors. These TFs were described first in the
avian myeloblastosis virus (AMV) by Klempnauer et al. (1982). A MYB domain consists of one
to three imperfect repeats (R1, R2, R3) with about 52 amino acid residues forming a helix-
turn-helix structure, which intercalates in the major groove of the DNA. Plant MYB proteins
were classified into three major groups: R2R3-MYB, with two adjacent repeats; R1R2R3-
MYB, with three adjacent repeats; and a heterogeneous group collectively referred to as the
MYB-related proteins, which usually but not always contain a single MYB repeat (Yanhui et
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al., 2006). MYB factors were shown to control anthocyanin biosynthesis (Borevitz et al.,
2000) and flavonol accumulation (Mehrtens et al., 2005; Stracke et al., 2007). Other known
families of TFs controlling phenylpropanoid synthesis are WDR (tryptophan-aspartic acid
repeat protein) bHLH (basic helix-loop-helix protein), WIP zink finger , WRKY, HD-GL2
(homeodomain GLABRAZ2), ABS MADS (Arabidopsis B-Sister MADS) and DOF (DNA-binding-
with-one-finger) transcription factors (Kubo et al., 1999; Johnson et al., 2002; Nesi et al.,
2002; Sagasser et al., 2002; Baudry et al., 2004; Skirycz et al., 2007). TFs either directly
control the synthetic pathways of the phenylpropanoids or they determine the cellular
identity of a group of cells, and phenylpropanoid production is the consequence of a change
in the developmental program of such cells (Grotewold, 2008). Regulation by transcription
factors sometimes needs coactivators. TFs are also targets of miRNAs, which cause gene
silencing and have been shown to mediate cell-to-cell and long-distance signalling
(Grotewold, 2008; Molnar et al., 2011).

Knowledge about the regulation of the branch of the phenylpropanoid pathway leading
specifically to scopolin and scopoletin is scarce. Elicitation is caused by various biotic and
abiotic factors (see above). According to Sharan et al. (1998), scopoletin production is
differentially controlled as it is common for the phenylpropanoid pathway: PAL, the key
enzyme for phenylpropanoid metabolism, was activated both by methyl jasmonate (MJ) and
a fungal elicitor (Fusarium). Scopolin and scopoletin levels rose only after MJ treatment. One
of the very few works dealing with the regulation of scopolin production by transcription
factors is about the antagonizing transcription factors MYB12 promoting flavonol synthesis
and MYB4 suppressing flavonol synthesis and thus promoting scopoletin production
(Schenke et al., 2011). The expression of glycosyltransferases performing the last synthesis
step from scopoletin to scopolin does also effect scopolin and scopoletin accumulation:
tobacco plants ectopically expressing a pathogen/SA-inducible glycosyltransferase had an
enhanced capacity for scopolin formation and a higher resistance against potato virus X
(Matros and Mock, 2004). In another case study, overexpression of a glycosyltransferase
lead to doubled scopoletin/scopolin contents under TMV attack, but this increased only the
necrotic areas and did not lead to increased virus resistance (Gachon et al., 2004).

Objectives

The first aim of this study was to find yet unknown regulators of scopolin accumulation. In
Arabidopsis thaliana, scopoletin was discovered only quite recently (Rohde et al., 2004). This
model plant is completely sequenced, all gene loci are known and many genes are
annotated. There are also vast collections of mutant plants. This gave the possibility to
screen for mutants in the accumulation of scopolin and pinpoint the mutation directly to a
known locus of the Arabidopsis genome. To achieve this, two new screening systems with
different elicitors of scopolin were developed and applied to Arabidopsis mutant collections.
The first system was based on the application of sucrose to a collection of activation-tagging
lines. Phenotyping was done by a pre-selection of fluorescing roots under UV-light and
determination of scopolin contents by HPLC. With activation-tagging, the gene whose over-
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expression caused the phenotype, had still to be identified from the genes surrounding the
insertion site of the activation-tag. The second screening system used the induction of
scopolin under cold stress in leaves. Here, insertion mutation collections with emphasis on
putative transcription factors were screened. In both systems, candidates were found and
characterized in the frame of this work.

The second aim was to elucidate the role of scopolin and scopoletin in roots in more detail.
The function of scopoletin as a phytoalexin, whose production is initiated after pathogen
attack in leaves and stems is relatively well characterised. However, it is much higher
accumulated in roots, where its role is much less clear. Many authors observed constitutively
high levels in roots, but hints towards a specific function in roots are rare: There are the
early works postulating an influence of scopoletin on root growth, but nearly no published
results about pathosystems investigating a possible protective function of scopolin or
scopoletin. One exception is the action of scopoletin against the parasitic plant Orobanche in
sunflower. This might be, because root pathogens were not relevant in the investigated
species or because pathosystems for roots are not very common. To draw conclusions for a
possible function, the distribution of scopolin in different root tissues under various
conditions was determined. The effects of biotic and abiotic stresses on root scopolin
content and on gene expression were monitored. The performance of a scopolin-free
mutant in a root-pathogen-system using the protist Plasmodiophora brassicae was
evaluated. Coumarin profiling of this mutant also gave new insights into coumarin
biosynthesis in Arabidopsis.
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Scopolin is localized in endodermis and cortex of roots

High-sucrose conditions cause an accumulation of scopolin, which can be monitored by
increasing root fluorescence

Roots of Arabidopsis thaliana fluoresce under UV light which can be considerably enhanced
by growth on high-sucrose medium (Figure 6 A+B). HPLC analyses showed that scopolin
accumulation in roots is dependent on the sucrose content of the medium. The
chromatograms also showed that under the applied conditions, scopolin and scopoletin
contribute the most to the fluorescence of the root extracts (e.g. at 3% sucrose the peaks of
scopoletin and scopolin accounted for 80-95% of the total peak area of all fluorescing
compounds; Figure 6 C-E). Provided that no fluorescence from insoluble cell wall
components exceeded considerably the scopolin fluorescence, it was ascertained that the
strong fluorescence of roots under high-sucrose is nearly exclusively caused by an
accumulation of scopolin. These results were used to visualize the accumulation of scopolin
in microscopic root images and to establish a screening procedure using a common gel
documentation system to identify mutants from collections that are affected in scopolin
accumulation. For that, the optimum fluorescence conditions of scopolin and scopoletin at
vacuolar pH were determined as follows: excitation wavelength 328 nm or 336 nm for
scopolin and for scopoletin 346 nm; best wavelength to detect emission for scopolin 438 nm
and for scopoletin 456 nm.

Confocal laser scanning microscopy (CLSM) revealed a substance in vacuoles of root
endodermis and cortex with a scopolin-like emission spectrum

CLSM was applied to localize scopolin and to distinguish between cell-wall fluorescence and
the extractable compounds. Fluorescence images were taken from wild type Arabidopsis
roots cultivated in 0.5% or 3% sucrose medium. Fluorescing areas with two different
underlying spectra could be convoluted with the imaging analysis. One fluorescence
spectrum which belonged to a strong fluorescence was found in the cortex and the
endodermis. It had a maximum emission between 430nm and 440nm, like scopolin. The
other spectrum was measured in the vascular tissue and in cell walls. It had two maxima at
420nm and 450nm (Figure 7).

To verify the putative localization of scopolin in endodermis and cortex, around 70 samples
were analyzed: At 3% sucrose, the fluorescence with the spectrum of scopolin was always
detected in the endodermis and in most samples also in the cortex. The intensity did vary,
but was usually very strong in these areas. The pericycle, when it was visible in bright field
might also fluoresce, but that was difficult to discern. The scopolin-like type of fluorescence
was never visible in the vascular tissue, the rhizodermis or the root hairs. At 0.5% sucrose,
that fluorescence was always detected in the endodermis, but seldom in the cortex (figure
8A). The intensity was weaker than in 3% samples. In the root tip, the fluorescence was
differently distributed: in the outermost part of the tip, fluorescence was weak and evenly
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Figure 6: Root fluorescence of Arabidopsis thaliana and scopolin content on media with varying
sucrose concentrations. The scopolin content of roots rises with increasing sucrose availability.
Roots on high-sucrose medium have a strong fluorescence and high scopolin contents. A+B: False-
colour fluorescence images of plants grown on 3% sucrose- (A) or 0.5% sucrose-containing agar
plates (B). C+D Fluorescence chromatograms of root extracts from hydroponic culture with 3%
sucrose- (C) or 0.5% sucrose medium (D). E Scopolin contents of root extracts from hydroponic
culture with varying sucrose concentrations (mean and SD, n=5).
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distributed among the undifferentiated cells. In the differentiation zone, before the root
hairs are formed, fluorescence was usually very intense, while the root core lost its
fluorescence. As soon as root hairs appeared, the fluorescence also vanished out of the
outer layers and centred more and more on the cell layers surrounding the central cylinder
(Figure 8 G). The fluorescence of the endodermis was visible in the whole length of the root,
until endodermis and cortex became dissolved at the oldest parts of the root. Samples from
soil showed the same distribution. Interestingly, samples with inclusions most likely from
pathogens or symbionts (Twan Rutten', personal communication) had no effect on the
accumulation of the putative scopolin fluorescence at the inclusion sites, but a third
fluorescence spectrum surrounding the inclusion bodies was detected (Figure 8 C). Tobacco
showed the same distribution of the putative scopolin fluorescence (Figure 8 D+F) as
Arabidopsis.

Validation of the localization of scopolin with scopolin-free insertional mutants

According to Kai et al. (2008) Arabidopsis thaliana mutants defective in the
methyltransferase CCOAOMT1 (ccoaomtl) produce less scopolin than wild type and
hydroxylase F6'H1 mutants (f6’hl) contain virtually no scopolin. HPLC measurements
confirmed the data of Kai et al. with line ccoaomtl having half the scopolin content of the
wild type and no detectable scopolin in f6’h1l. CLSM-fluorescence images at comparable
settings revealed that roots of ccoaomtl had a medium fluorescence compared to a strong
fluorescence of WT roots, and in f6’h1 the fluorescence was weak (figure 9). Hence, without
scopolin or scopoletin, there is no root fluorescence in endodermis and cortex, or any strong
fluorescence at all, only a weak fluorescence of the cell walls.

The performance of the insertional mutant f6’h1 in an imaging system using plants on agar
plates under UV-light is shown in figure 10. The difference between f6’hl plants and WT
plants was very obvious: Roots of the scopolin-free f6’h1 produced barely any fluorescence
signals.
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Figure 7: Longitudinal view of an Arabidopsis root from fluorescence microscopy. Cortex and
endodermis had a strong fluorescence, which had the emission spectrum of scopolin. Two zones
with different fluorescence spectra were detected. The first spectrum with an emission maximum at
430nm-440nm was detected in cortex and endodermis. The second spectrum with two maxima at
420nm and 450nm was detected in the area of the vascular tissue and in all cell walls. A: Emission
spectra of the two selected areas 1 and 2 from B. B: Fluorescence image of a root with fluorescing
areas. 1 (red cross) = endodermis, 2 (green cross) = vascular tissue. C Overlay of a bright field image
and the two detected fluorescences unmixed: Blue: All pixels having spectrum 1. Yellow: All pixels
with spectrum 2.

Figure 8: Examples having fluorescence with the emission maximum of scopolin (blue colour). All
tested root samples have a strong fluorescence at the endodermis zone and sometimes also the
cortex which has the emission spectrum of scopolin. A Arabidopsis root from hydroponic culture
with 0.5% sucrose. B Arabidopsis root from hydroponic culture with 3% sucrose with the beginning
formation of a lateral root. C Arabidopsis root from soil. Fluorescence unmixed. An inclusion of
foreign bodies is visible. D Longitudinal view of a tobacco root. E Cross-section of an Arabidopsis root
from 3% sucrose. F Cross-section of a tobacco root (unmixed) G Arabidopsis root tip from hydroponic
culture with 3% (two images assembled). Images by Dr. Twan Rutten and Stefanie Doll. (Next page.)
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Figure 9: Root fluorescence of the insertional mutants ccoaomtl and f6’hl compared to WT. The
strong fluorescence of endodermis and cortex under high-sucrose conditions depends on the
presence of scopolin. Scopolin and scopoletin were the soluble compounds that contributed the
most to the fluorescence of root extracts. A: The latest steps in the synthesis pathway towards
scopoletin established by Kai et al (2008). (Markings in red show the missing steps in the mutants
ccoaomtl and f6’h1.) B-D CLSM images of roots from WT and mutant Arabidopsis plants (exc.364nm;
em. 385-450nm. Overlay of fluorescence and bright field images. Mutants with a deficiency in the
scopolin pathway showed severely reduced root fluorescence. E-G Fluorescence chromatograms of
root extracts from respective plants (exc. 340nm, em.430nm).
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Figure 10: Fluorescence image of an agar plate (3% sucrose) with f6’h1 plants (left) and wild type
Col-0 plants (right). The plate was turned upside-down and Epi-UV (UV-light from above) was used,
enabling a view on the roots without disturbance by the leaves.
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F6’H1 is not only essential for the synthesis of scopolin and scopoletin, but
also for the synthesis of other fluorescing compounds

As shown above, scopolin and scopoletin contributed the most to the fluorescence of roots
in WT and their absence caused the non-fluorescing phenotype of f6’hl. However, a
thorough inspection of fluorescence chromatograms of WT and f6’h1 revealed that at least
six substances were missing or severely reduced in f6’h1 besides scopolin and scopoletin
(Figure 11A), which was not mentioned in Kai et al. (2008). The UV chromatograms showed
only minor reductions in some peaks of f6’h1, and no missing peaks (Figure 11B).
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Figure 11: Overlays of root extracts from WT Col-0 (black) and f6’h1 (red). A. Eight substances are
missing or strongly reduced in the insertional mutant f6’h1 in a fluorescence chromatogram. Number
3 and 5 had already been annotated by Kai et al. (2008) as scopolin and scopoletin. (Fluorescence
detection at 336nm/438nm, gainl). B. Overlay of root extracts as UV chromatograms. No UV peak is
missing, although some substances seem to be slightly reduced in f6’hl. Chromatograms were
extracted at 280nm UV detection.

Peak 1 was identified as esculin by fluorescence, retention time and mass'. Isoscopolin
matched the absent peak 2. A substance with the mass of 207 with an earlier retention time

! For peak identification, a combined fluorescence detection/LC-MS approach was applied, because

fluorescence detection is still more sensitive for the very low amounts of coumarin derivatives in Arabidopsis
than LC-MS. FL-detection also has the benefit to be very specific for coumarins when appropriate wavelengths
are chosen. As against that, LC-MS detection suffered from the low abundance of coumarins and the signal
overload of more than 800 mass signals detectable in Arabidopsis roots (von Roepenack-Lahaye et al., 2004).
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was additionally found. Both were absent in f6’h1. Esculetin with the same RT as peak 2 was
not found in WT, although the detection limit was determined as low as 0.1- 1ug/ml in LC-
MS. (Esculetin fluorescence was quenched by the acidic solvents and could not be used for
esculetin quantification.) Peak 3 was confirmed as scopolin. Peak 4 did not match any
standard tested. However, two masses at the exact retention time were found in this
fraction, 373 and 355, that were at least severely reduced in f6’h1. The respective fractions
were also checked for the masses of ayapin, hydroxycaffeic acid/hydroxyconiferyl alcohol
and hydroxyferulic acid. The only difference found was for the mass belonging to
hydroxyferulic acid (M+H=211), eluting slightly too early to match peak 4. This mass was not
present in the f6’h1 fractions. This could be a fragment of 6-hydroxy feruloyl CoA, which was
expected to be absent in f6’h1. A standard for hydroxyferulic acid was not available. Peak 5
was confirmed to be scopoletin. The retention time of peak 6 matched the retention time of
the main mass of this fraction, 663, and peak 7 the mass 811, both were present in WT and
nearly absent in f6’h1. Two other masses eluting at the same time, 343 and 503, were not
different. Peak 8 matched exactly the retention time of 7-methoxycoumarin (herniarin) and
3-methoxycoumarin in the FLD chromatograms. Their mass (M+H) of 177 was found in WT at
the exact retention time, but was closely surrounded by other peaks with the same mass.
The main masses of the WT fraction were 321, 373, 517, 535 and 591. The mass of 321 was
reduced in f6’h1. The mass 591 was not detected there, so this was another candidate for
peak 8. Additional standards were also used as reference for the LC-MS analyses of the
fractions. From these, sinapoylglucoside and sinapic acid were reduced in f6’hl and
isoscopoletin was completely missing. Substances found in both lines were traces of p-
coumaric acid, caffeic acid and ferulic acid from the core pathway, furthermore chlorogenic
acid, catechin and weak traces of rutin. Trans-cinnamic acid, o-coumaric acid and the
flavonoids quercitrin, hesperidin and kaempferol-3-o-rutinoside, MDCA, umbelliferone,
scoparone, daphnetin and 3,4 dihydrocoumarin were not detected or uncertain already in
WT. Umbelliferone determination was uncertain, as it had only an integrated area of 3 in
both lines, which is close to background noise. Figure 12 shows comparative LC-MS runs of
standards, wild type- and f6’hl extracts. For masses, retention times and compounds
identified and present in WT and mutant, see appendix tables 1-3. Figure 13 shows
comparative LC-MS runs of reference substances and concentrated fractions of wild type
and f6’h1 fractions.

Substances found missing or strongly reduced in
f6’h1 as determined by LC-MS:

Esculin (absent) Sinapic acid (reduced)

Isoscopolin (absent) Scopoletin (absent)

Scopolin (absent) Unknown compound 4 (M=663) (reduced)
Unknown Compound 1 (M=207, absent) Unknown compound 5 (M=811) (reduced)
Sinapoylglucoside (reduced) Unknown compound 6 (M=321) (reduced)
Unknown compound 2 (M=211. absent) Unknown compound 7 (M=591) (absent)
Unknown Compound 3 (M1=373; M2=355, Herniarin (?)

reduced)

Isoscopoletin (absent)
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Figure 12: Annotation of fluorescence chromatograms of root extracts showing identified peaks
and the difference between WT Col-0 and the mutant f6’h1. a) chlorogenic acid, b) caffeic acid, c)
sinapoyl glucoside (reduced to 1/3), d) p-coumaric acid, e) ferulic acid, f) sinapic acid. Annotated
peaks match exactly the mass and retention time of standards. Peak 8 was only tentatively
annotated, because it matched also mass and retention time of its isoform 3-methoxycoumarin and
because several peaks with the same mass ran closely together, from which the others were also
present in f6’h1. Another candidate for peak 8 had the mass of 591.

Figure 13 (Next pages): TOF-MS analyses of fractions corresponding to the 6 unknown absent
peaks in f6’hl. Comparisons between reference substances, WT and f6’hl fractions of the
respective retention times. FLD: The absent peak is shown in an overlay of root extracts from WT
Col-0 (black), f6’h1 (red) and reference substances (green). Fluorescence detection at 336nm/438nm,
gainl. TOF MS: Mass chromatograms of reference substances and the corresponding fractions of WT
and f6’h1. Each chromatogram shows a single mass extracted from the mass spectrum (number at
the upper right corner of each chromatogram, number in the second line of the text field). Upper
number at top of peak = retention time. Second number on top of peak = peak area. (The area can be
used for comparison. Peak height (y-axis: %) is given in percent of the highest peak in each run and
not suitable for quantification. Most compounds eluted in more than one fraction). LC-MS spectra at
the retention time of the absent peak.
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Peak 1: Esculin
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Peak 2:
TOFMS
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Peak 4

Mass spectrum of main MS peak
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Peak 4, continued
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Peaks 6+7
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Peak 8, continued
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Results

Root growth of insertion mutation lines ccoaomtl and f6’h1 differed from WT - First
results.

To investigate if the scopolin content had an influence on root growth, line ccoamtl with
about half the scopolin contents of WT and f6’h1, which is scopolin-free, were cultivated
vertically for 16 days on agar plates with 0.5% sucrose in a pilot experiment. To half of the
set an additional stress factor was added (digital images of plants courtesy of Nicole
Schmid?). The stressed groups had shorter roots and more lateral roots than the non-
stressed groups. Within the non-stressed group, ccoaomtl had longer roots than WT and
f6’h1, which were identical. But both f6’h1 and ccoaomtl had less lateral roots than WT. In
the stressed group, however, ccoaomtl had shorter roots even than WT, whereas f6’h1 was
again identical to WT. Ccoaomtl also had under stress conditions less lateral roots than WT,
f6’h1 did not differ from WT (ANOVA with Bonferroni correction, n=24-40).

Control (0.5%sucrose) Stressed (0.5% sucrose)
12 12
n=24-40
10 10
b
a a
— 8- ? I a — 8- b
s I s
= =
2 6 o 6 -
° °
g g
2 4 2 4
2 1 2 4
0 T T T 0 -
Col-0 ccoaomtl f6'hl Col-0 ccoaomtl f6'hl
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a 15 4§ b
14 4
| !
12

10

-
o
|
—T
lateral roots

lateral roots

T T T
Col-0 ccoaomtl f6'hl Col-0 ccoaomtl f6'hl

Figure 14: Root growth of WT Col-0 and two loss-of-function mutants towards the production of
scopolin and scopoletin. Line ccoamtl has half the scopolin contents of WT, f6’h1 is scopolin-free.
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Results

The presence of scopolin has minor effects on the severity of a
Plasmodiophora brassicae infection

A pathogen test developed by Siemens et al. (2002) was applied to WT and f6’h1 plants to
test whether the presence of scopolin offers protection against this gall-forming root
pathogen. The most relevant parameters measured in this test are the infection rate and the
disease index. The disease index evaluates the severity of symptoms by sorting each plant
into defined classes from 0 — symptom free to 4 — heavy deformations. Four independent
experiments were carried out, however with varying spore virulence and environmental
conditions. Scopolin levels in WT were measured for each symptom class in the last three
experiments. For roots, symptom class 1 had the highest scopolin content in experiment 2
and 3, but in experiment 4 the scopolin peak was shifted to symptom class 2. The leaf
scopolin content rose moderately from class 0 to class 4. Scopoletin levels were roughly the
same in classes 0, 1 and 2 as the one of an untreated control, but they sank considerably in
classes 3 and 4. In leaves, there was a slight increase towards class 4 in two experiments
(Figure 15). In the first experiment, there was a tendency that f6’hl plants were more
severely affected than WT plants, although results just failed to be significant (p = 0.11,
Figure 16). The result from the first experiment could be recreated once (p=0.14). Two other
experiments failed to produce any differences. Results are summarized in Table 2.

Table 2: Infection rates and disease indices for WT and f6’hl after an infection with
Plasmodiophora brassicae.

Exper Spores WT Col-0 f6’hl p (t-test) WTCol-0 f6’hl p (t-test) n
imen perplant Infection Infection Infection Disease Disease  Disease Index
t rate rate rate Index Index
(mean) (mean) (mean) (mean)
1. 2x10° 38% 56% 0.11 19 28 0.12 4
2x10° 8% 12% 0.24 3 6 0.69 (U-test) 4
2. 2x10’ 100% 100% 0.93 87 87 0.98 9
2x10° 97% 97% 0.75 82 81 0.5 9
3. 2x10° 98% 91% - 75 73 - 1
2x10° 77% 84% 0.14 47 49 0.60 8
4, 2x10° 94% 99% 0.045 64 67 0.39 2
2x10* 66% 67% 0.94 37 34 0.681 6
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Figure 15: WT Col-0 after a Plasmodiophora brassicae infection: Scopolin accumulates highest in
plant roots with only minor symptoms. The scopoletin content decreases in heavily affected plants.
Leaf contents are not affected or rise slightly with the severity of the infection. A Second
experiment: Scopolin content of roots and leaves of 8 pools per symptom class (mean value and
standard deviation). Data points with different letters (a, b, c) are significantly different from each
other (p < 0.05, ANOVA with Student-Newman-Keuls post-hoc test). B: Plants with typical
manifestation of symptoms for each class. C Fourth experiment: Scopolin content of roots and leaves
of 8 pools per symptom class and an untreated control. D Scopoletin content of the same pools as C
(mean value and standard deviation).

Figure 16 (Next page) Experimental design and exemplary results of a Plasmodiophora brassicae
experimental system. The scopolin-free mutant f6’h1 is compared to WT Col-0. A First experiment:
Same weights of seeds were sown on one quarter of a tray and 2ml of a spore suspension was
pipetted to the roots of each plant. WT performed visually better than f6’h1. B Second to fourth
experiment: Seedlings were transplanted to 96-well trays, where each single plant was separated.
Mean values for infection rate (C) and severity of symptoms (D) were lower for f6'h1, however,
differences failed to be significant (p=0.1, n=4).
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Identification of genes involved in the accumulation of scopolin under high-
sucrose

A shift from low-sucrose conditions to high-sucrose conditions alters the expression of
more than 4000 genes in A. thaliana

In an Arabidopsis plant, a shift from low-sucrose medium to high-sucrose medium in a
special sterile hydroponic culture system triggers the accumulation of the coumarin scopolin
in roots and leaves (Figure 17, data for leaves not shown). An array expression analysis was
performed to monitor the overall responses and to correlate changes in mRNA levels to the
observed metabolic changes. It was also meant to find candidates that might be responsible
for the enhanced scopolin accumulation. To determine the suitable time point for harvesting
to gain relevant RNA populations, RNA extracts and protein extracts and from several time
points after a shift were made. Scopolin accumulation in roots increased after 48 hours and
had its highest value at 7 days. In leaves, the scopolin content increased until 72 hours,
where it reached a plateau. Scopolin accumulation mainly took place in roots and therefore
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roots were selected for analysis. The protein extracts were analysed for their ability to
transform a scopoletin standard into scopolin. The protein extracts’ conversion rates
increased very slightly and with fluctuations until 36 hours. At 48 hours, they reached a peak
and declined in later samples (Figure 17). In a Northern Blot, a probe for the
glycosyltransferase UGT 73B3, which is known to have scopoletin as a substrate (Maslak,
2002) was applied to the RNA extracts. However, signals showed only minor differences
between the time points and could not be used for the determination of the optimum time
point for harvest. As the accumulation of enzyme precedes the accumulation of product, the
RNA peak for the enzyme should precede the enzyme peak. Based on these results, it was
clear that samples for RNA extraction had to be taken distinctly earlier than 48 hours (Figure
17), so the time point 24 hours after the shift was chosen. For the chip analysis itself,
Arabidopsis Col-0 plants were grown in the hydroponic culture system on 0.5% sucrose.
After four weeks cultivation, time point zero samples were harvested, as well as samples
from plants 24 hours after the shift to high-sucrose and samples from a control group, which
was shifted only to fresh 0.5% sucrose medium. Comparisons were done from time point
zero to high sucrose and from time point zero to the control group. Fold changes, which
occurred in the control group, were subtracted from the high-sucrose fold changes to
eliminate changes which occurred only because of the shift to fresh medium.
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Figure 17: Determination of the optimum time point of harvest to gain sucrose-shift related RNAs.
The product, scopolin, was measured at defined time points after the shift from 0.5% sucrose to 3%
sucrose in root extracts [ug scopolin/g FW]. Total protein extracts from every time point were used
to produce scopolin out of a scopoletin standard [ug scopolin/ug total protein]. The highest value of
each curve was set as 100%. Mean values and standard deviation, n = 3. SGTs: scopoletin
glucosyltransferases of A. thaliana.

Results were filtered by the parameters of a minimum fold change of 2 and a significance
level of p<0.01. 1876 genes were upregulated and 2288 were downregulated. The Top 100
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genes for each case are given in appendix 1. The highest upregulation of gene expression
occurred for an NAD+ ADP-ribosyltransferase gene, followed by a gene coding for an
unknown protein and a gene which is involved in anaerobic respiration. Upregulated genes
from the top 100 that belonged to the primary metabolism were involved in carbohydrate
synthesis and fatty acid metabolism. 31 genes from the top 100 were involved in stress
response. They were associated with hypoxia, osmotic stress, oxidative stress, heat stress,
wounding, detoxification or were involved in flavonoid biosynthesis. Three sucrose
synthases were remarkable, which are activated under osmotic stress. Moreover, there was
an activation of genes involved in transcription and translation, transport, ageing and cell
wall modification (see appendix table A5).

The genes that were most highly downregulated coded for a dormancy/auxin related protein
of unknown function, the peptidase SCPL13 (serine carboxypeptidase-like 13, involved in
proteolysis) and a plant invertase/methylesterase inhibitor. Primary metabolism genes in the
top 100 were associated mainly with protein degradation and modification or had nutrient
reservoir activity. From the downregulated genes associated with stress, 12 were involved in
pathogen defence. Others were related to osmotic stress, oxidative stress or responded to
water deprivation. Two genes were involved in sugar transmembrane transport (SWEET 3,
SWEET 11), probably accompanied by two other transporters from the same nodulin
superfamily. Furthermore, some downregulated genes were involved in lignin/cell wall
biosynthesis, root development and growth (see appendix table A6).

The number of genes that were regulated in the shifting experiment was too high to
select suitable candidates responsible for the increase in scopolin. For that reason, a
mutant collection was screened for their scopolin content to identify single genes
influencing the regulation of scopolin accumulation.

Screening of activation-tagging lines revealed that AtTHO1 positively influenced scopolin
accumulation

Overview:
First part: Screen

Screen of a collection of activation-tagging lines for enhanced root fluorescence

Isolation of the activation-tagged line N21392 6/1 with enhanced scopolin levels
Determination of the T-DNA insertion site in line N21392 6/1

Selection and testing of candidate genes near the insertion site of the T-DNA in line N21392
6/1 - Identification of At5g09860 (AtTHO1) as the gene causing the phenotype in N21392
6/1

5. Verification of the influence of AtTHOL by the construction of independent overexpression
lines and the complementation of a deletion mutation line

Mo
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Second part: Characterisation of AtTHO1

6. Insilico analyses of AtTHO1

7. Insilico analyses of genes associated with AtTHO1 (complex members) and phenotyping of
deletion mutations of the complex

8. Gene expression analysis of a deletion mutation line of AtTHO1 (atthol)

9. Further phenotyping of atthol: Morphology, reaction to cold, high-sucrose and osmotic
stress

1. Screen of a collection of activation-tagging lines for enhanced root fluorescence

A collection of activation-tagged Arabidopsis thaliana lines was screened for increased
scopolin content. These lines carried a T-DNA randomly inserted into the genome (Weigel et
al., 2000). This T-DNA contained four 35S enhancer elements which activated the
transcription of nearby genes up- or downstream of the insertion site. This collection had to
be screened for mutants in scopolin accumulation. For an initial screen, enhanced root
fluorescence was used as a marker for increased scopolin content. The screen by root
fluorescence resulted in 36 candidate lines (Figure 18).
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Figure 18 (previous page): System for the screen of the collection of activation-tagging lines for
enhanced scopolin accumulation. For the first two rounds of screening, an imaging system was
applied: The mutant plants were grown together with wild type plants on agar plates. A gel
documentation system was fitted with appropriate excitation and emission filters and mutant plants
compared to wild type plants for more strongly fluorescing roots on 0.5% sucrose. Selected plants
were cultivated further for seed production. The final selection of candidates was achieved by HPLC
analysis of root extracts from liquid culture.

Figure 19: Four examples of the 36 activation-tagging lines that were selected for enhanced root
fluorescence compared to wild type (WT). False-colour fluorescence pictures of plantlets grown on
0.5% sucrose agar plates. Mutant lines are on the left side of the plate, WT on the right. Roots of WT
plants are nearly invisible, whereas most mutant plant roots show a bright fluorescence. The roots
are visible as the white lines, partially covered by dark or light blue areas which are the leaves. Roots
from the mutant lines appear brighter than the respective WT on the right.
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2. lIsolation of the activation-tagged line N21392 6/1 with enhanced scopolin levels
Several independent HPLC analyses confirmed the higher scopolin content of line N21392
6/1 in hydroponic and partially in soil culture (figure 20). Line N21368 25/1 also had a
significantly higher scopolin content. In soil culture the scopolin content of N21368 25/1 was
significantly lower than WT.
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3. Determination of the T-DNA insertion site of the activation tag in line N21392 6/1
PCRs on the T-DNA sequence revealed that only 50-60% of the offspring lines N21392 6/1/2
and N21392 6/1/7 contained the T-DNA insertion. Plasmid rescue resulted in two plasmid-
containing E.coli colonies from an EcoRI digest of line N21392 6/1/2-DNA. Sequencing was
successful for the right border primer RB. The sequenced fragment was 724 bp long,
however, the clipped sequence reached only from base pair 78 to 349 (=272bp) with a high
degree of low to medium quality sequencing results. Sequencing and alignment with NCBI
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Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) revealed that the insertion
site of the T-DNA was most certainly within one of Arabidopsis‘ numerous actin genes. Best
high scores and probability were reached for ACT8 and ACT7 (Table 3). Because of the
similarity in the genomic sequence of the actin genes and the low quality of sequencing, the
correct insertion site was uncertain and had to be confirmed with additional PCRs. For line
N21368 25/1, gene identification brought no conclusive results (see appendix p. A20).

1. DNA isolation from activation tagging line

Arabidopsis-

BASTA" ‘ Amp* 4 x 35S Enhancer

2. Digestion [I

:‘ :

03% - EcoRl @ 03%

3. Religation @ @ T4 - Ligase
@ o O

4. Transformation of E. coli

5. Selection on ampicillin medium, over-
night culture and DNA extraction \
Primer 1

/ Primer 2
6. PCR and sequencing @
[0 PCRproduct

Figure 21: Principle of the identification of the T-DNA’s insertion site: Genomic mutant DNA is
digested with an enzyme that cuts once within the T-DNA and anywhere in the genomic DNA. With
the religation, a new plasmid is formed which contains part of the T-DNA and a fragment of the
genomic DNA that was interrupted by the T-DNA-insertion. With transforming in E.coli and
antibiotica selection, the newly created plasmid with the desired fragment can be identified and
amplified (plasmid rescue, Weigel et al., 2000).

Table 3: BLAST (Altschul et al., 1997) results of the DNA-fragment adjacent to the T-DNA insertion in line
N21392 6/1/2

Sequences producing high scoring Segment Pairs ~ Highscore Probability P
At1g49240 68414.t05050 actin 8 (ACT8) 843 3.2e-39
At5g09810 68418.t01028 actin 7 (ACT7) 816 9.8e-39
At3g18780 68416.t02127 actin 2 (ACT2) 780 9.9e-38
At3g12110 68416.t01337 actin 11 (ACT11) 744 3.6e-36
At3g46520 68416.t04694 actin 12 (ACT12) 645 9.8e-31
At5g59370 68418.t06891 actin 4 (ACT4) 650 6.0e-30
At2g37620 68415.t04258 actin 1 (ACT1) 726 3.0e-27
At3g53750 68416.t05511 actin 3 (ACT3) 713 1.2e-26
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The clipped sequence of the 800bp-fragment was aligned to Actin 8. It partially matched the
base pairs 1537-1817. Adding the unsequenced part of the fragment, the insertion site was
assumed to be on position 1460 of Actin 8 or roughly in the same area, if one of the other
actins was interrupted. Specific primers for Actin 7 and 8 were designed, located up- and
downstream of the calculated insertion site. A PCR on the rescued plasmid with these
specific primers resulted in a PCR product for ACT7. As against that, specific primers for ACT
8 produced no result (Figure 22). To exclude an insertion into another actin gene besides
ACT7, a complementary PCR approach was used: A new set of ACT7 primers binding
upstream and downstream of the calculated insertion site of the T-DNA was created. The
template for the new PCR was the genomic DNA of 12 single plants from line N21392 6/1/2
that had been tested for the T-DNA insertion. In this approach, primers for ACT8 led to a PCR
product in all plants tested. Therefore, at least one intact ACT8 was present in all plants.
However, with primers for ACT7, for 5 out of 12 plants, there was no PCR product (Figure
23). In these plants, there was no intact ACT7, which meant they were homozygous for a T-
DNA insertion in ACT7.

Fragment of ACTIN X Primers for ACT8 Primers for ACT7

Figure 22: Identification of the insertion site of the T-DNA from N21392 6/1: Distinguishing
between ACT8 and ACT7. PCRs with specific primers on the rescued plasmids P1 and P2. These
plasmids were formed out of a fragment after a digest of mutant plant DNA from the activation-
tagged line. It contained a part of the T-DNA and a fragment of adjacent plant DNA. Only primers for
ACT7 bound to the genomic DNA closest to the T-DNA insertion. C (Control) = Col-7 wild type whole
plant DNA.
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PCR product

Primers for ACTS8 Primers for ACT7

WT

All plants with intact ACT8 5 of 12 plants with interrupted ACT7

Figure 23: Identification of the insertion site of the T-DNA from line N21392 6/1, complementary
approach. Confirmation of insertion into ACT7. Plants from the F2 generation of the original single
plant. PCRs for amplification of an intact ACT8 produced fragments in every plant tested. PCRs for an
intact ACT7 resulted in no fragments in 5 out of 12 plants.

4. Selection and testing of candidate genes near the insertion site of the T-DNA in line
N21392 6/1 - Identification of At5g09860 (AtTHOL1) as the gene causing the
phenotype

The T-DNA insertion into Actin 7 (At5g09810) had probably destroyed its function and
activated the transcription of nearby genes. Based on the annotation of the genes
surrounding Actin7, a selection was made from these candidates, which genes were likely to
cause a scopolin phenotype. (Appendix Table A7 shows the genes surrounding ACT7, their
former and their current annotations.) Genes were selected that were close to the insertion
site (approx. ten gens up- and downstream) and had annotations that suggested a possible
influence on secondary metabolism (transcription factors, reactions to biotic stress) or that
were annotated as “unknown”. Excluded were genes with a distinct expression only in
certain parts or organelles or at certain developmental stages like flowers/flowering, as well
as structural-, cell-wall-organizing or house-keeping genes (like a cellulose synthase or the
Actin 7).

The following genes were selected as possible candidates:

1. At5g09750 DNA binding/transcription factor

2. At5g09780 Transcriptional factor B3 family protein
3. At5g09805 Similar to unknown Protein At5g64667.1
4. At5909830 BolA-like family protein
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5. At5g09850 Transcription elongation factor
6. At5g09860 Nuclear matrix protein related
7. At5g09890 Protein kinase, putative

8. At5g09800 U-Box containing protein, involved in protein ubiquitination, response to
chitin

In a double approach, over-expression lines of the selected candidate genes were created
and insertional mutants acquired, since there was the possibility that one of the methods
might fail to create a phenotype: A single “knock-out” might not be sufficient to reduce the
scopolin level because of other genes with redundant functions or might only effect scopolin
production under certain conditions. Recreating the phenotype of the original Weigel-line
N21392 6/1 by over-expressing the gene might also fail, because too high expression levels
may cause RNAI effects (Fire et al., 1998) or inhibit the formation of protein complexes
(,,Squelching” (Cahill et al., 1994)).

Generation and analysis of over-expression lines (OE) of the candidate genes

Selection of T1 seeds on kanamycin after Agrobacterium-mediated transformation of Col-7
WT plants returned transgenic lines for At5g09750, At5g09805 and At5g09830. For
At5g09860 and At5g09890 there were also kanamycin-resistant T1 plants, but the
transformation was unstable and the T2 generation had lost its kanamycin resistance. None
of the created over-expression lines had a significantly altered scopolin level (Figure 24).
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Figure 24 (previous page): Scopolin contents of lines in which candidate genes were overexpressed.
No significant difference was found. This is a summary of several experiments. For each locus, one
or more independent over-expression lines were cultivated on 0.5% sucrose. Values are given as
percentage of the mean value of the wild type samples grown at the same time. Comparison of mean
values was done with the numeric data (ug scopolin/g FW) to the according wild type cultivation (t-
test or ANOVA).

Analysis of insertional mutants of the candidate genes

The off-spring of homozygous or segregating insertional mutants from the candidate genes
At5g09750, At5g09800, At5909805, At5g09830, At5g09850, At5g09860 and At5g09890 were
cultivated on high-sucrose medium. As their scopolin content was compared to WT, it
became apparent that many offspring lines of the GABI-KAT insertional mutant GK052D02
for the gene At5g09860 had severely or moderately reduced levels of the coumarin. Those
offspring lines were analyzed by PCR for their segregation status, with the result that the
lines with the severely reduced scopolin content were homozygous for the T-DNA insertion,
those with the moderately reduced level were heterozygous and the lines with WT scopolin
levels had no T-DNA insertion. Two homozygous offspring lines, GK052D02_3 and
GK052D02_7, were regrown and analyzed several times and showed in all replicates a
significantly reduced scopolin content, only around 40-60% of the wild type Col-O (Figure
25). With that, the most likely candidate to influence scopolin accumulation was identified.
The gene At5g09860 was 13 kbases upstream from the insertion site of the activation tag.
The insertional mutant of At5g09890, however, had not a lower scopolin content, but a 2-3
times higher scopolin content than wild type in two independent experiments. This gene lies
downstream of the insertion site on the anti-sense strain of the DNA. According to TAIR
(Rhee et al., 2003), it codes for a protein kinase family protein. A BLAST N search (Altschul et
al., 1997) identified with a probability of 0e+00 a catalytic domain of Nuclear Dbf2-Related
kinase-like Protein Serine/Threonine Kinases. NDR kinases regulate mitosis, cell growth,
embryonic development, neurological processes and they are also required for proper
centrosome duplication (Hergovich et al., 2006; Marchler-Bauer et al., 2011). Therefore, this
gene was very unlikely to have an influence on scopolin accumulation. However, it is known
that an insertion mutation into a gene can alter the expression of neighbouring genes
(Pekarik and lIzpisua Belmonte, 2008), for example via 35S promoters which are often
contained in the transfer DNA, as it is also the case in the SALK-vector pROK2. This also gives
a second proof for the presence of a scopolin-influencing gene in the vicinity. An insertional
mutant for the last candidate gene, At5g09780, is still not available.

Figure 25 (Next page): Scopolin content of insertional mutant lines from the candidate genes
surrounding Actin7. HPLC analyses of root extracts. A: Scopolin content of all insertional mutants on
3% sucrose. From At5909830 and At5g09850, several independent insertional mutants were
available; n=10. B Scatterplot of the KO (insertion mutation) of At5g09860 (GK052D02) and wild type.
The zygoty status of each sample is marked as determined by PCR. Lines determined as homozygous
had the lowest scopolin contents. C Validation of scopolin contents of GK052D02 compared to WT on
3% sucrose. N=8. D Homozygous insertional mutants of At5g09860 compared to WT under different
conditions. n=10; 10; 20. (Bar charts: Mean values and standard deviation, comparison of mean
values with t-test compared to WT, *** = p<0.001; ** - p =<0.01)

60| Page



Results

o
= 2
=3
" 5 ~
e —————————————— ()68 60051 O o
m TIoowmoomﬁQlOv‘_ %
AN
- a
e — 05860051V O NS S
A v o
| —— 0£8600S)V 0N & 6 6 6 © o o o
© © © © © o o
N~ [{e] Lo <t o™ o~ —
_ [AAd 8/81] urfodoog
—_— - 0360051 O
e—{ 00360051V O m m :
£l 8 |z @ %
~ 2l & |& >
alqejrene auoN | 08260051V O = g m nonwvm
ARPE 3 i
_ eele e we| | Omv\ m*
e )G/ 60051V O < —
I 1S
o N N —_
||z
——— 0-]0D 1M . ameo R _PIV gt
< aa = |00
o o o o o o o ! T T T T v T Y T T

[0-100 LM J0 %] utjodoos [AAd 8/81] urjododg [AA A /8] urjodoog

6l|Page

soil
culture

3%

sucrose

0.5%
sucrose



Results

Analysis of the genetic background of GK052D02

According to GABI-KAT?, line GK052D02 might have two other T-DNA insertions besides the
insertion into At5g09860 (confirmation status listed as “unknown”): one unconfirmed
insertion was in gene At1g07260 (UDP-glucosyl transferase 71C3), the other into At5g14340
(myb domain protein 40). The original stock of GK052D02 still contained insertional mutant
plants of UGT71C3, as PCRs with start- and end primers for the gene showed. The offspring
lines GK052D02-3 and GK052D02-7, which were used for all the experiments described in
this work, contained only the intact gene: PCRs with start- and end primers for the gene gave
a PCR signal for every single plant. The PCR product was sequenced and was 100% identical
to the TAIR sequence (Rhee et al., 2003). In addition, PCRs gave no signal with one gene
specific primer and the left- or right border primer of the T-DNA. Moreover, a SALK-
insertional mutant line of Atlg07260 had no reduced scopolin content compared to WT
(Figure 26 A, C, D). So, it was valid to completely discount this part of the genetic
background. Offspring lines GK052D02-3 and GK052D02-7 had in addition to the insertion
into AtTHO1 also a homozygous insertion into MYB40 (as proven by PCR, Figure 26 B). The
original line GK052D02 still contained a small proportion of plants with at least one intact
copy of MYB40. An independent insertional mutant line of MYB40 was acquired. A first
phenotyping of a few single plants of before bulking and determination of the segregation
status was completed, showed a very slight reduction of scopolin in roots in myb40, but not
as low as in GK052D02 upon sucrose feeding. The later cultivation of two homozygous
myb40 lines resulted in a slight reduction of the scopolin content for one line and a wild
type-like phenotype for the other (see figure 33 and appendix figure A2). The additional
insertion might have contributed to the low scopolin content, but was not the primary cause
for it. Another line with an insertion only in At5g09860 was not available®. A segregation of
both insertions via backcrossing was not an option because of the close proximity of the
genes.

5. Verification of the influence of At5g09860 (AtTHO1) by the construction of
independent over-expression lines and the complementation of a deletion
mutation line

Construction of over-expression plants for At5g09860

The failed attempt to create a stable over-expression line for At5g09860 was repeated to
have a second independent proof of the role of At5g09860 in the scopolin regulation. The
cDNA clone G14437 used for the first attempt was found to have a non-silent point-
mutation. Hence, the CDS region of At5g09860 was amplified by RT-PCR. Several reverse
transcriptases and oligonucleotides were tested. An RT-PCR setup with the gene specific
reverse primer and a high-yield reverse transcriptase finally brought the desired fragment. It
was incorporated into Gateway vector pENTR-D-TOPO, sequenced and proved to be a

8 http://www.gabi-kat.de/db/showseq.php?line=052D02&gene=At5g09860; Bielefeld University , Chair of
Genome Research, Bielefeld, Germany
* Recently, the lines FLAG204H05 and FLAG191B10 with an insertion in At5g09860 became available.
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Figure 26: Determination of additional T-DNA insertions into the scopolin-reduced mutant line GK052D02 and
phenotyping of possible background insertion mutations. A+ B PCRs on single plants of offspring line GK052D02-3 and WT
for intact genes. A: There is an intact copy of At1g07260 (UGT71C3) present in all plants of GK052D02-3. B. GK052D02-3 is a
homozygous insertional mutant for At5g14340 (MYB40). C: The root scopolin content of an insertional mutant of UGT71C3
does not have a scopolin phenotype other than WT (HPLC analysis of root extracts from hydroponic culture with 3%
sucrose, t-test, n=10, p=0.701, mean and STD). D: Scopolin content of an insertional mutant line of myb40 (pre-test): The
scopolin content is slightly reduced (t-test, n=9, *-p<0.05).

faultless clone. Arabidopsis plants were transformed using the binary vector pB2GW7 and
Agrobacterium-mediated plant transformation. 8 plants bearing the glufosinate resistance
could be selected. Their T2 generation is segregating 3:1 for the BASTA resistance or fully
resistant. From these lines, overexpression lines 1 and 2 accumulated significantly more
scopolin than WT in two out of three independent harvests, line 3 in only one replicate.
(However, the second harvest, in which no line had higher scopolin content than WT, had
also unusually high scopolin contents in WT, Figure 27) Their scopolin contents resembled or
surpassed the phenotype of line N21392 6/1 from the original activation tagging screen.

Figure 27 (next page): Root scopolin content of overexpression lines of At5g09860. Graphical
summary of three independent harvests. Overexpression lines 1 and 2 accumulated significantly
more scopolin than WT in two out of three replicates, line 3 in one replicate. Col-0 plants were
transformed with the CDS-region of AtTHOL in the overexpression vector pB2GW?7. Mean value and
standard deviation of the average scopolin contents from three harvests. Statistics were calculated
individually for each harvest = inscriptions next to each column: 1: 1% harvest. 2: 2" harvest. 3: 3"
harvest, n=10-15); * p<0.05; ** p<0.01: *** p<0.001, t-test compared to WT.
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Complementation of the insertion mutation line GK052D02 of with the genomic and promoter
sequence of At5g09860

To prove that the T-DNA insertion in At5g09860 caused the significant reduction of scopolin
compared to wild type in GABI-KAT line GK052D02, that line was complemented with the
intact sequence of At5g09860 and promoter region. For this, a 6113bp long fragment,
consisting of the genomic region and 1810bp upstream as possible promoter sequence, had
to be amplified accurately from genomic DNA, integrated into a cloning vector, a destination
vector, and finally into the insertional mutant line. Because of the large fragment length,
several adjustments to the manufacturers’ standard protocols had to be made (see material
and methods): The amplification from genomic DNA succeeded using a high fidelity
polymerase and the closing of the plasmid ring was aided by a considerable elongation of
the incubation time. Integrated into the entry vector and sequenced, a faultless clone could
be identified. With Agrobacterium-mediated plant transformation, twenty glufosinate-
resistant T1 plants could be selected. Seeds from 17 lines were grown in hydroponic culture
with 3% sucrose and compared to WT and GK052D02. Scopolin levels of the lines ranged
from the value of the insertional mutant to the value of the wild type, and in one case, line
15, surpassing wild type level considerably. However, the scopolin content of the lines
deviated considerably in different harvests. Yet, line 15 reached and surpassed WT level in all
tests. Complemented line 7 was significantly wild type-like in 2 harvests and a bit lower than
WT in the two other experiments. Protein extracts of the complemented lines were tested
with the produced antibody against AtTHO1. A weak signal was gained for lines 1, 2, 4, 7, 9,
15, 16 and 18.
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Figure 28: Scopolin contents of 17 independent complemented lines (Compl1-Comp18) of GABI-Kat
line GKO52D02 with the promoter and genomic region of At5g09860 (AtTHO1). Graphical summary
of three independent harvests. Mean value and standard deviation of the average scopolin contents
from three harvests. Statistics were calculated individually for each harvest = inscriptions next to
each column: 1: 1% harvest. 2: 2" harvest. 3: 3 harvest. Scopolin content of root extracts from
hydroponic culture. Complementation lines with an “a” are not significantly different from the
insertional mutant GK052D02; lines with a “b” are not significantly different from the WT line Col-0.
(t-test or u-test, p<0.05). Lines Comp2, 3, 4, 5, 6, 9, 16 were only cultivated once, lines Comp1l, 13,
14, 17 twice.

root scopolin contents [pug/g FW]

6. In-silico analyses of AtTHO1

Current annotations and publications referring to At5g09860 — The gene was annotated as
AtTHO1, a member of the AtTHO/TREX complex involved in mRNA processing and export

In 2010, the previously as “nuclear matrix protein related” annotated gene was identified as
a homologue to the yeast gene THO1 (HPR1) at the same time by Furumizu et al. (2010) and
by Yelina et al. (2010). Yelina et al. referred to it as AtTHO1, which was assumed for this
work. Furumizu et al. called AtTHO1 EMU for “erecta mRNA under-expressed”. In the newest
literature it is mostly referred to as HPR1. In yeast, this gene is part of THO/TREX complex,
which processes and exports mRNAs (Chavez et al., 2000; Stréler et al., 2002). In accordance
with the yeast nomenclature, THO stands for “suppressors of the transcriptional defects of
hprlA by overexpression (Piruat and Aguilera, 1998) and TREX for “transcription” and
“(mRNA)export”(StraRer et al., 2002). In the array data collection of Genevestigator (Hruz et
al., 2008) AtTHOL has high expression levels in embryo and endosperm and a medium
expression in all other tissues except for sperm cell culture. According to Genevestigator
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(Hruz et al., 2008), AtTHOl is more than two-fold downregulated in some and
downregulated by trend in most experiments with the pathogen Pseudomonas syringae and
other pathogens and the pathogen-attack simulating elicitor flagellin22. ABA causes a more
than two-fold downregulation in one experiment and a downwards trend in the nearly all
ABA treated samples. In all cold stress experiments included in Genevestigator, AtTHO1 was
upregulated, in some experiments more than two-fold.

Promoter analysis of AtTHO1

The putative promoter region contains a number of binding sites which are related to
hormonal signalling pathways. A number of motifs are related to floral and leaf development
and cell growth, two of these, AtMYC2 and Bellringer are related to lateral growth. A number
of MYB factor binding sites are related to dehydration. Three of its MYB sites are connected
with phenylpropanoid metabolism. Other sites contain motifs known from light- or
circadian-clock-responsive gens. The promoter also contains a recognition site for ICE1
(MYCCONSENSUSAT), the “Core of low temperature responsive element”
(LTRECOREATCOR15) and the low temperature-responsive RAV1 (Chang et al., 2008).

Expression of AtTHO1 in roots

According to Birnbaum et al. (2003), AtTHO1 had a comparatively low expression in roots
with a hybridisation signal from 20 to 90. (Results were gained on 10-day-old plants under
high-sucrose by protoplast sorting. Maximum signal was 14600). In that setup, AtTHO1 had
its highest expression at the root tip and the lowest in the differentiated root. The tissue
with the highest expression is the stele, closely followed by endodermis and epidermis
(figure 29).
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Figure 29: Relative gene expression of AtTHO1 (At5g09860) in different root tissues according to
Birnbaum et al. (2003). Stage 1: Root tip. Stage 2: Differentiation zone Stage 3: Root hair zone.
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Figure 30 Expression pattern of the putative components of the predicted THO/TREX complex in
Arabidopsis thaliana. The complex as a whole is only equally expressed in the developing seed
(Genevestigator (Hruz et al., 2008) as of 2012/07/16. At5g09860 = AtTHO1 (orange); At1g24706=
AtTHO?2 (green), At5g56130= AtTHOS (lilac); At5g42920= AtTHO5a (blue), At2g19430= AtTHOG (red),
At5g16790= AtTHO7a (brown), At3g02950 = AtTHO7b (yellow).

7. In-silico analyses of genes associated with AtTHO1 and phenotyping of deletion

mutations in the complex

Expression levels of other members of the putative THO/TREX complex

Eight loci of Arabidopsis were identified as putative members of the predicted Arabidopsis

THO/TREX complex (Yelina et al., 2010). Using Genevestigator data, expression levels of the

complex members in different tissues were compared. (For THO5b (At1g45233), no
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Genevestigator data was available.) In the developing seed, the predicted complex members
are present in nearly equal amounts. In all other tissues, the mRNA detected differs
considerably between the components: THO5a usually has the highest expression, followed
by AtTHO6. AtTHO1, AtTHO2 and AtTHO3 have a medium, more or less matching expression
(Figure 30). Looking at expression levels of the complex members under different conditions,
there is in most cases no strong regulation or divergence between the components. For
example, under continuous light the complex as a whole is down-regulated, and under cold
stress there is a tendency to up-regulate all genes of the complex. During senescence, all
complex members, except for 7A and 7B, are upregulated.

Other members of the THO/TREX complex also have altered scopolin levels

In three independent harvests, the scopolin content of insertional mutants for each complex
member was compared to WT. Insertional mutants for AtTHO1, 5b, 6, 7a and 7b were
homozygous. Line attho3 (1) and attho5a were homozygous with few plants with a still
intact gene copy. Lines attho2 and attho3 (2) were still segregating. None of the lines had
the same low scopolin content as GK052D02. However, attho2 had a significantly lower
content than WT in two out of three harvests, line attho3 (1) also in two out of three, as well
as attho5a and 7b. Lines attho5b, 6 and 7a were significantly lower in one out of two
experiments (Figure 31).

8. Gene expression analysis of GABI-KAT line GK052D02 -3 containing the insertional
mutant of AtTHO1 compared to WT

To estimate, if or which transcript levels might be influenced by the probably RNA-
processing and RNA-signal-producing AtTHO1 during elicitation of scopolin accumulation,
GABI-KAT line GK052D02_3 containing a homozygous insertional mutant of AtTHO1 was
analysed on an Affymetrix Gene expression chip. WT and GK052D02 were grown on low-
sucrose medium, transferred to high-sucrose medium and their roots harvested after 24
hours. The analysis of the array data sets revealed 762 significantly differently expressed
genes comparing WT and insertional mutant at a significance level of p<0.05. Rejected were
all genes with changes smaller than two-fold to identify robust changes which left only 121
genes. Those were filtered again to eliminate probe sets with too weak signals. These
generally accepted methods and parameters for array analysis. (Wodicka et al., 1997)
revealed 3 induced and 3 repressed genes, as shown in Table 4 and Table 5.

Transcripts that were detected as increased in the presence of an intact AtTHO1 after the
treatment were a RING/U-Box superfamily protein, the unknown protein of At3g05770 and
the phytosulfokine precursor AtPSK2.
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Figure 31: Root scopolin contents of insertional mutants of the members of the putative THO/TREX
complex in Arabidopsis, harvest two and three (hydroponic culture; 3% sucrose). Insertional mutant
lines for each member of the THO/TREX complex tend to have a lower scopolin content than WT.
However, in some cases results failed to be significant or were not consistent. A: Second harvest of
segregating lines attho2, attho3 (1) + (2), attho5a and homozygous lines atthol and 7b, n = 10: All lines tested
were significantly lower than WT except for attho3 (2). B: Third harvest: Lines attho2, 3, and 5 were still
segregating. All lines have a clear tendency to have lower scopolin content than WT (significant for atthol, 2, 3,
5a, 7b). Normally distributed data was compared to WT by t-test, not normally distributed data by Mann-
Whitney-U-test. * p<0.05; ** p<0.01; *** p<0.001. Box Plots: Horizontal line, middle = median; upper and
lower horizontal line = 25" and 75" percentile, “whiskers” = 5% and 95% percentile, circles = outliers.

Table 4 Genes higher expressed in wild type compared to GK052D02 (atthol/myb40). This table
shows 3 upregulated genes, sorted by their absolute fold change. A fold change of e.g. 2 indicates that
the gene is two-fold upregulated in the Col-0 group. The first column gives the rank of the gene among the
regulated genes.

Rank AffyID Gene Code Gene Short p- Log(Fold Fold
symbol/Gene description Valu change) change
name e
3) 260973_at At1g53490 [F22G10.16] RING/U-box 3.676e 1.738 3.335
superfamily protein -02
5) 258739 _s_at At3g05770 [F20D21.12] unknown protein 2.360e 1.074 2.106
-03
6) 266799 _at At2922860 [ATPSK2)/ Phytosulfokine 2 3.999e 1.050 2.070
PHYTOSULFOKIN  precursor, coding -03
E 2 PRECURSOR for a unique plant
peptide growth
factor
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Table 5 Genes lower expressed in wild type compared to GK052D02 (atthol/myb40). A fold change
of e.g. -2 indicated that the gene is two-fold downregulated in the Col-0 group. The first column gives the rank
of the gene among the regulated genes.

Rank  AffyID Gene Code  Gene Short p- Log(Fold  Fold
symbol/Ge  description Value  change) change
ne name

1) 250505_at  At5g09870 [CESA5)/ Encodes a 1.449e-  -3.080 -8.456
CELLULOSE cellulose synthase 04
SYNTHASE 5 isomer, related to

CESA6
2) 262719 _at  At1g43590 transposable 1.816e-  -2.456 -5.488
element gene; 02
similar to
unknown protein

4) 250173_at  At5¢14340 [AtMYB40]/ Member of the 9.948e-  -1.511 -2.851

MYB DOMAIN R2R3 factor gene 04

PROTEIN 40 family

In-silico analyses of the genes with an altered expression in GK052D02 (atthol)

The RING/U-Box superfamily protein with a DNA-binding function contains the conserved
domains LOH1CR12 from the LOH1CR12 superfamily and F-BAR-Fes-Fer from the BAR
superfamily. LOH1CR12 (Loss of heterocygosity 12) is a tumour suppressor protein of
unknown exact function which was discovered in human. F-BAR domains are dimerization
modules that bind and bend membranes and are found in proteins involved in membrane
dynamics and actin reorganization. Fes (feline sarcoma), and Fer (Fes related) are
cytoplasmic (or nonreceptor) tyrosine kinases that play roles in haematopoiesis,
inflammation and immunity, growth factor signalling, cytoskeletal regulation, cell migration
and adhesion, and the regulation of cell-cell interactions (Marchler-Bauer et al., 2011), at
least in vertebrates. A function in plants is not known. The protein is present with 99-100%
similarity in Arabidopsis lyrata, Populus trichocarpa, Vitis vinifera, Sorghum bicolor and Oryza
sativa. The closest hit with 45% for a protein with a known function in the plant kingdom is
the transcription factor bZIP113 from soybean which is a negative regulator of ABA and
confers salt and freezing tolerance in Arabidopsis. At1g53490 is expressed in medium to high
levels in the developing seed and in low to medium levels in all organs. In the array data
collected by Genevestigator, it is more than two-fold regulated only by the chemicals 2,4-
dichlorophenoxyacetic acid, CMP and fenclorim. For cold and drought stress, its regulation
resembled strikingly the one of AtTHO1 (Figure 32).

At3g05770 is still annotated as unknown. It codes probably for a 410AA protein. Close
similarities are only between unknown proteins of A. thaliana, A. lyrata and Brassica napus
subsp. pekinensis. It has medium expression levels in anthers and pollen and low to medium
expression in stamen, root cell culture, sperm cell culture, flower and root. It has a more
than two-fold upregulation after contact with nematodes, benzyladenine, CMP, fenclorim,
norflurazon and OPDA. Downregulation (in part more than two-fold) occurs after IAA
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Figure 32: Genevestigator (Hruz et al., 2008) collection of array data for At1g53490 (RING/U-Box
protein; red) and AtTHO1 (blue); sorted for experimental conditions; excerpt. The regulation of
both genes under cold and draught stress has a striking resemblance to each other. One rectangle
comprises a two-fold-change. Left column: condition, right column: control sample.

exposition, light, iron deficiency, nitrate starvation and hypoxia. No putative conserved

domains were detected.

AtPSK2 is a phytosulfokine 2 precursor. It is modified into a signal peptide required for
proliferation and differentiation of plant cells. Phytosulfokines are active as either a
pentapeptide or a C-terminally truncated tetrapeptide. The cDNA of AtPSK2 is 544bp long;
the coding region is only 264bp long. In WT, this gene is two-fold upregulated. The promoter
of AtPSK2 was shown to be active in the central cylinder of the differentiated parts of the
roots. It is particularly active in the sites where new lateral roots were formed, but not at all
in the root tip (Kutschmar et al., 2009).
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Transcripts that are higher abundant in GK052D02 were Cellulose Synthase 5, a transposable
element gene and the Myb Domain Protein 40. CESA 5 is a cellulose synthase isomer sorted
in the group of five primary wall-type CesAs in Arabidopsis. It is required for the production
of the murcilage coat of imbibed seeds (Sullivan et al., 2011). It also supports cell wall
thickening in shoot trichomes (Betancur et al., 2010). It has the highest expression in root
cortex cell culture, stem nodes, axillary buds and shoots and the seed coat, but expression is
medium to high in all tissues except for anthers and pollen. It is probably negatively
regulated by GLABRA2, which results in less cellulose in Arabidopsis roots (Tominaga-Wada
etal., 2009). It has to be emphasised, that this gene lies directly upstream from AtTHOZ1; that
means, its expression was 8 times higher, when the neighbouring gene was knocked out. So,
the enhanced transcription might be an artefact of the deletion mutation nearby. As already
mentioned above, such artefacts are known and can be caused by 35s CAMV promoters in
the T-DNA (Pekarik and Izpisua Belmonte, 2008). (Actually, the T-DNA of vector pAC161 in
line GK052D02 contains a 35s CAMV promoter.)

At1g43590 contains the conserved domain Plant-tran from the Plant-tran super family. This
family contains transposases which are putative members of the PIF/Ping-Pong family.
Those transposases are responsible for the amplification of Tourist-like MITES (miniature
inverted-repeat transposable elements) (Zhang et al., 2004). Transposition is very probably
activated by stress and might be controlled by the plant via RNA silencing (Mirouze and
Paszkowski, 2011). It has medium expression levels in cell cultures and endosperm. It is
upregulated more than two fold in experiments with Golovinomyces cichoracearum, ABA,
night extension and cold. It is more than two-fold downregulated by Pseudomonas syringae,
high CO,, brassinolid/hydroborate, light, glucose, sucrose and drought (Genevestigator, Hruz
et al.2008).

MYB 40 is a member of the R2R3-MYB gene family of transcription factors. Members of this
family have been shown to regulate phenylpropanoid metabolism in Arabidopsis thaliana,
but their function is not exclusively limited to secondary metabolism (Stracke et al., 2001). It
is very root specific and has its highest expression in lateral roots and the elongation zone. It
is downregulated more than two-fold by IAA and hypoxia, and upregulated by nitrate
starvation, cell-sorting and protoplasting (Genevestigator, Hruz et al.,, 2008). Line
GK052D02_3 was shown to have a second T-DNA insertion in this gene (See: “Analysis of the
genetic background of GK052D02”), which probably caused the enhanced expression in the
deletion mutation line.

Analyses of the scopolin contents of insertion mutation lines of genes with an altered expression
in GK052D02

A T-DNA insertion in CESA5 or the transposon At1g43590, which were over-expressed in
GK052D02 caused no scopolin/scopoletin phenotype different from WT. Insertion mutants
of the RING-U-Box protein and the unknown protein, that were under-expressed in the
mutant, had a slight decrease in the scopolin content which was significant for all but one
lines tested. The phenotype of line GK052D02 was not reached (Figure 33).
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Figure 33: Root scopolin and scopoletin contents of T-DNA insertion lines of differentially
expressed genes in GK052D02 (atthol/myb40). RING-U-Box and the unknown protein were higher
expressed in WT, CESA5 and the transposon were higher expressed in GK052D02. A second T-DNA
insertion in line GK052D02 was found in MYB40. None of the lines had scopolin contents as low as in
GK052D02 (atthol/myb40). Cesa5 and the transposon deletion have WT-like scopolin/scopoletin
content. The insertion into the unknown protein, MYB40 and probably also in RING-U-Box caused an
intermediate phenotype. Boxes with the letter “a” are not significantly different from GK052D02,
with a “b” not significantly different from WT, boxes with no letter are significantly different from
both. (Mann-Whitney-U-test, n=10, p<0.05.)

9. Further phenotyping of atthol

Insertion mutation line GK052D02-3 has no other obvious changes in phenylpropanoid content
expect for one other fluorescing compound

Grown at high-sucrose, scopoletin was strongly reduced and another fluorescing compound at 3.1
min was moderately reduced in the mutant GK052D02-3 (atthol/myb40) in addition to scopolin
(figure 34). The masses to this peak could only be tentatively assigned because of low signal intensity.
They were M1 = 369, M2 = 207 at 3.1 min. The difference between these masses (162) corresponds
to the mass of a conjugated hexose, so this substance might be a compound conjugated to a sugar
residue. A match to a known compound was not possible. Other differences were only
minor.Overexpression lines of AtTHOL1 had no visible difference in the peak at 3.1 min and in no
other peak expect for scopolin and scopoletin. Homozygous myb40 lines did not have a difference in
this peak compared to WT.
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Figure 34: Chromatograms of root extracts from WT and GK052D02-3 (atthol). Scopolin and
scopoletin are strongly reduced. Another substance with a fluorescence at 300/400nm at 3.1min is
also reduced. A mass of M = 369 was tentatively assigned to it. Overlays of four pools of 10 plants for
each line. A: UV detection at 280 nm. B: Fluorescence detection at 336/438 nm (= optimum
conditions for scopolin detection). C Fluorescence detection at 300/400 nm (= conditions for
detection of most fluorescing phenylpropanoids)
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AtTHO1 influences the cold-induced accumulation of scopolin

In regard of the in-silico results, cold stress experiments with the insertional mutant of
AtTHO1, GK052D02 and the wild type Col-0 were performed. Four-week-old plants were
kept at 10°C for one week or remained in 20°C as the control. Comparing the root scopolin
content: Wt in 10°C and 20° was significantly different from each other (t-test; p=0.004).
GK052D02 in 10°C and 20°C was also significantly different (t-test; p<0.001). WT in 10°C and
GK052D02 in 10°C were different with p=0.029 (Mann-Whitney U-test). WT in 20°C and
GK052D02 in 20°C were not different from each other (U-test). As for the shoot (=leaf)
scopolin content: In WT at 10°C, scopolin was close to the detection limit. In all other leaf
samples tested, it was not detected (Figure 35). However, in previous experiments (see Cold
stress experiments), scopolin was found to accumulate clearly under cold stress. When
analyzing marker peaks for cold stress in chromatograms at 280nm UV detection, no
difference in the reaction of the visible secondary compounds could be found.
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Figure 35: Scopolin contents of shoots and roots after cold treatment (10°C) and control conditions
(20°C). Tested lines were the wild type Col-0 and the insertional mutant of AtTHO1, GK052D02_3.
(Pair-wise t-tests, level of significance p<0.05, columns with the same letters (a, b, ¢) do not differ
significantly from each other; 10°C: n=4 pools, 20°C: n=2 pools).

A defect in AtTHO1 reduces the reaction towards a carbon source and towards osmotic
stress without additional carbon

As the screening had already revealed, GK052D02 had significantly reduced scopolin levels
under high-sucrose conditions compared to WT. The reaction of the mutant in varying
sucrose concentrations and in a shifting experiment from low-sucrose to high-sucrose or
mannitol-medium had been observed during the diploma thesis of D. Berreth (Berreth,
2011). With rising sucrose concentration, the scopolin content in roots rose in WT. The curve
of GK052D02 followed the WT curve, but did not reach its level. (Experiments were
performed twice with similar results.) In another experiment for distinguishing between
osmotic and feeding effects of sucrose, 4-week-old plants pre-cultured on 0.5%-sucrose
medium were transferred to fresh media with different concentrations of sucrose or
mannitol. Mannitol was applied as an osmolyte which cannot be metabolised by
Arabidopsis. An addition of 0.5% sucrose to the mannitol media was necessary because
growth on sucrose-free medium impeded plant growth considerably. Mannitol addition up
to 1.5% mannitol (=2% osmoticum) caused an increase in scopolin production in WT, but not
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as much as with sucrose as the only osmoticum. Mannitol in higher concentrations led to a
decline in scopolin accumulation. In the mutant GK052D02, the initial increase in scopolin at
lower mannitol concentrations was missing (figure 36).

140

120

X
/

1 1 =—f—(052D02 on sucrose
I /L/ = — WT Col-0 on sucrose
= === (052D02 on mannitol
"‘--*d" N = == =WT Col-0 on mannitol
e =

0 0.5 1 135 2 2.5 3 3.5 4
% osmoticum

scopolin [ug/g FW]

s o
o o
i —

M
]

o

Figure 36 Reaction of scopolin in WT and GK052D02 roots towards different concentrations of
osmotica (hydroponic culture) one week after transfer to the respective medium. N=5. Mannitol-
media always contained 0.5% sucrose. For the mannitol curves, an x-value of e.g. 1.5% osmoticum
stands for 1% mannitol and 0.5% sucrose. (Plant growth, sample preparation and HPLC
measurements by D. Berreth, graphs by the author.)

Morphological characteristics of GKO52D02 under standard and stress conditions

(The morphological characterisation and the behaviour of line GK052D02 under different stress conditions
compared to wild type was part of the Diploma thesis of Dorothee-Carina Berreth (Berreth, 2011) supervised by
the author and Dr. Hans-Peter Mock. Raw data and photographs were made available to the author to
complete unfinished measurements. So, the following paragraphs contain data which was in parts already
published in Berreth 2011, but is now presented in the complete version. The contributions of D. Berreth and the
author to each result are explicitly stated in each paragraph.)

The in-silico analysis of the functions of AtTHO1 suggested an influence of this gene on
developmental patterns via its effect on ERECTA, whose most prominent function is amongst
others the influence on tissue development (Furumizu et al., 2010). For that reason, it had to
be investigated if the observed decline in scopolin content in atthol was caused by
deformations or loss of tissue identity. A thorough morphological characterisation of the
mutant line should reveal abnormalities and, if not, a more direct influence of AtTHO1 on
scopolin accumulation was to be assumed.

Cell layers and scopolin accumulation in different tissues; root organization and root tip
formation in WT and GK052D02;

In Arabidopsis, all root tissues, (except the vascular bundle) consist of a single cell layer. In
the differentiated root, all the cell layers present in WT were also present in GK052D02.
Rhizodermis, cortex endodermis and pericycle were clearly visible and showed no abnormal
formations. The anatomy of root tips also did not differ in an obvious way (figure 37).
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WT

GK052D02

Figure 37: Comparative root morphology of WT and GK052D02. Root tips and cell layers. Root tips
of WT and GK052D02 do not differ from another in an obvious way. The proportions are the same
and no deformations occur. In the mutant, all cell layers are present, and tissues are not formed
differently. A-H: root tips of A. thaliana (20x). A+B Two typical forms of root tips from WT on 0.5%
sucrose. C+D Two typical forms of root tips from WT on 3% sucrose. E+F Two typical forms of root
tips from GK052D02 on 0.5% sucrose. G+H Two typical forms of root tips from GK052D02 on 3%
sucrose. I+J Confocal laser scanning images of differentiated roots of WT (1) and GK052D02 (J) at the
root hair zone (va = vascular tissue, pe=pericycle, en=endodermis, co=cortex, rh=rhizodermis).
(Binocular images by D. Berreth, CLSM -images by Dr. Twan Rutten, D. Berreth and Stefanie Ddll.)

attho10.5% WT 0.5% atthol1.5% WT 1.5% atthol3%

Figure 38: Comparative root morphology of WT and GK052D02. There are no deformations or
obvious anomalies in the roots of GK052D02. Images of root base, middle section and root tips
grown on solid media with varying sucrose concentrations (=percent values). (Binocular images by D.
Berreth).

No obvious anomalies in macroscopic root images were found (figure 38). Root bases, root
middle sections and root tips of GK052D02 were not deformed and not abnormally
proportioned (Berreth, 2011). In particular, root tips of GK052D02 were not lengthened or
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Table 6: Root morphology of GK052D02. Comparisons of biometrical data from WT and GK052D02:
n.s. = not significant * p<0.05, **p<0.01, ***p<0.001, t-tests compared to the corresponding WT; -
measurements not possible/not done.

Experiment 1. Exp. (n=10) 2.Exp. (old  3.Exp. 4. Exp.
plants, (n=115- (n=77-108)
n=48-87) 149)
Root length
(longer)
0.5% sucrose n.s. n.s. n.s. n.s.
1.5% sucrose n.s. faleal n.s. n.s.
3% sucrose * n.s. n.s. faleal

Root hairs per

mm (more)
0.5% sucrose n.s.
1.5% sucrose n.s.
3% sucrose *x

Lateral roots

(less)
0.5% sucrose n.s. - Hok -
1.5% sucrose n.s. - n.s. FH*
3% sucrose * - FH* n.s.

Lateral roots per

cm (less)
0.5% sucrose n.s. - Kk —
1.5% sucrose n.s. - n.s. Fh*
3% sucrose n.s. - - ke

shortened or deformed and had no obviously different phenotype, both under standard
(0.5% sucrose) and stress conditions (3%sucrose). Fluorescence images of root tips revealed
that the accumulation of scopolin in WT and GK052D02 took place in exactly the same
tissues (Figure 39): In the differentiated root from low-sucrose medium, scopolin
accumulated in that experiment exclusively in the endodermis in both lines. The
fluorescence of each single endodermis cell was just weaker in GK052D02. At 3% sucrose,
scopolin fluorescence was visible in endodermis and cortex cells in both lines. Again, the
fluorescence of the single cells in GK052D02 was weaker. The accumulation of scopolin in
the undifferentiated root seems to be equal, maybe a bit more pronounced in WT at low-
sucrose. Cell layers, root tip formation and the tissues that accumulated scopolin were
identical in WT and GK052D02, both under stress and standard conditions. Only the amount
of scopolin, which a single cell accumulated, differed slightly under standard conditions and
considerably under high-sucrose conditions.

Root length, lateral root formation and root hairs in WT and GK052D02 under control
and stress conditions

The primary root length and the number of lateral roots were determined in four
independent experiments on agar plates with varying sucrose content. WT plants had the

longest primary roots at 1.5% sucrose. The main root was shortened at 0.5% and 3%. The
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number of lateral roots was equal in 1.5 and 3% sucrose and reduced in 0.5%. Line
GK052D02-3 had a tendency to not shorten its roots under high sucrose. It also had a very
strong tendency to produce less lateral roots, especially at 3% sucrose, which was highly
significant for most comparisons (Table 6). During the first experiment, root hairs were
counted on the middle section of the primary root. There was a significant difference
between WT and GK052D02, but only at 3% sucrose. There, GK052D02 had more root hairs
per mm. However, this seemed to be caused mainly by the reduced branching. A graphical
summary for the first experiment is given in Figure 40. (The second experiment was done
with plants in a later developmental stage where the counting of lateral roots became
impossible.)
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Figure 40 (previous page): Biometric data: GK052D02 compared to WT Col-0 from media with
varying sucrose concentration. The mutant GK052D02 reacts different only at 3% sucrose. There,
the primary roots are not as much shortened as the WT’s, the number of lateral roots is lower and
it has more root hairs at the middle section of the main root. A: Primary root length, n=10. B:
Number of lateral roots per plant; n=10 C: Root hairs per mm on middle section of the main (primary)
root; n=20 D Middle section with root hairs of a GK052D02 root. E: Middle section with root hairs of
a WT Col-0 root A-C: Box Plots: Horizontal line in the middle = median; upper and lower horizontal
line = 25™ and 75" percentile, “whiskers” = 5™ and 95" percentile, circles = outliers, comparison of
GK052D02 values towards the wild type values of each group for significant differences (Mann-
Whitney-U-test: * = p<0.05; **=p<0.01 (Binocular images by D. Berreth, measurements and
statistical analysis by the author).

In summary, mutant line GABI-Kat GK052D02 has two distinct and consistently confirmed
phenotypes:

1. Areduced scopolin accumulation per cell under stress conditions (high-carbon, osmotic, cold
stress).

2. Less lateral roots than WT. Differences are more pronounced under less-than-optimum
growth conditions (high-sucrose).

Cold stress induces the accumulation of scopolin in leaves

Arabidopsis thaliana reacts to cold stress with the production of phenylpropanoids and
other secondary compounds in leaves (e.g. Dixon and Paiva (1995)). Under standard
conditions, scopolin can only be found in traces in leaves of Arabidopsis thaliana. During a
pilot experiment it became apparent that scopolin was strongly increased after cold stress.
But not only scopolin accumulated, but a number of about 20 well-discernible peaks were
increased, both in fluorescence and UV detection (figure 41).

Substance identification

The identity of the scopolin peak could be confirmed by MS data. The mass of scopolin was
found at the retention time of a scopolin standard (mass 355 [M+H], figure 42). The three UV
main peaks were identified by LC-MS as kaempferol-derivatives, following the earlier peak
identification of Arabidopsis phenylpropanoids under cold stress of Korn et al. (2008),
completed with additional information by Maruyama et al. (2009): Peak 1 was kaempferitrin
(kaempferol  3-rhamnoside  7-rhamnoside, mass 579 (M+H) , peak 2
kaempferol+rhamnose+glucose (kaempferol-3-glucoside-7-rhamnoside, mass 595 (M+H))
and the third peak kaempferol+ glucose+ rhamnose +rhamnose (kaempferol 3-[6’-glucosyl)
rhamnoside] 7-rhamnoside, mass 741 (M+H)). One fragment mass of all three peaks was
287, which is the mass of kaempferol [M+H]. Peak 1 also contained sinapoylmalate as a
shoulder peak; however, the calculated area for this mass peak only comprised 1/10 of the
area of kaempferitrin (figure 43).
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Figure 41: Effects of cold stress on fluorescing leaf compounds in Arabidopsis thaliana. Overlay of
two fluorescence chromatograms at 300/400nm of leaf extracts from 36-day-old plants. Several
peaks of fluorescing substances increase after cold stress. Black line: Plants exposed to 10°C for 1
week; red line: control plants kept at growing conditions (20°C).
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Figure 42: Confirmation of the identity of scopolin: the coumarin is the fluorescence peak (RT 3.59)
which reacts strongly to cold stress. (LC-MS data. Leaf extracts of 6 week old plants, the 10°C
chromatogram belongs to plants that were kept at 10°C for one week before harvesting.)

82|Page



Results

0,06 -

0,04 A

AU

0,02 A

0,00 ~

l Minutes

20120319_KS_Blatt_10Grad_A 2 3: Diode Array

UV 3 Range: 9.2e-2
2 5062 408 .80 o
00 ’ ‘BOMA T T R SR V¥ 7 5‘19 5‘37 T T T e T T T y kaempferitrin e ° O
ZDJZDQJsiKsiB\atLlﬂsradi:D 20 50 00 50 o0 e 8% o0 1 Toénmns?gs+ (kaempferOH'rham‘ OIHV\O O ‘ °
1009 204 l 2% nose+rhamnose) mass579 b o o ko
ven
R mass e e am (MeH) . .
) 00 200 ' 300 00 00 600 0o 8oo | 800 | 1000 O Q
201203;97;(375\3:(7105@5; ¢ > ’ 1 m; MS ES+ ° © O ° i kaem pfe rol+rham-
o 0 D P N nose+glucose; mass 595
2

o

1502,
Are
< 1 Time Height  Area Area% o o o (M+H)
520 5800 159167 100.00 o o
00

200 300 4.00 500 600 7.00 800 200 10.00 o

: o
201203;97;(375\3:(7105@5; 1: TOF MS ES+ o o o, O
10y i 20083 kaempferol+glucose+ ﬁ ¢ .
0 5o
) o

- Tme v s wes fNAMNOSe+rhamnose; mass
Was ST 100258 10000
741 (M+H)

100 200 300 | 400 500 | 600 | 700 | 800 900 1000
20120319_KS_Blatt_10Grad_A 1: TOF MS ES+
- 287
Fragmentofall 3:
kaempferol: mass 287

(M+H)

% 424
Area

< E 447 48 Time Height Area Area%

2z 447 107 2721 1568

520 196 4758 2742

0 T T T T T T T T ¥ T T T T T T
900

e 56
10.00

Figure 43: Identification of the three main UV peaks reacting to cold stress. A: Overlay of two
chromatograms (280nm UV). Black line: Plants exposed to 10°C for 1 week; red line: control plants
kept at growing conditions (20°C). B: The peaks were identified by their main mass. A fragment with
the mass of kaempferol was found at the retention time of all three peaks (mass chromatograms on
the left). Structures of kaempferol and its three most prominent cold-reacting derivatives (right):
Peak 1: kaempferol 3-rhamnoside 7-rhamnoside. Peak 2: Kaempferol 3-glucoside 7-rhamnoside. Peak
3: kaempferol 3-[6’-glucosyl) rhamnoside] 7-rhamnoside. Structures according to Maruyama et al.
(2009).

Development of a screening system for cold stress experiments with Arabidopsis thaliana
The hitherto unknown fact that scopolin accumulated distinctly in Arabidopsis leaves under
cold stress was used to create a screening system for regulatory genes of scopolin
accumulation. The chance to use leaf material instead of roots opened up the possibility to
screen faster and easier for mutants in scopolin accumulation. In the previous screen with
varying degrees of sucrose, roots had to be gained from sterile culture, which limited the
number of screened lines considerably. Besides that, the new system should be used to
screen simultaneously for mutants generally deficient in cold response. For that, the three
main UV peaks and the scopolin peak were elected as marker peaks.

For maximum success in material and time consuming screens of large mutant collections, a
robust and reliable screening system had to be carefully developed. At first, the technical
aspects were resolved. For details see “Materials and Methods”. The results of comparative

runs were to use an HPLC separations method from Yonekura-Sakakibara et al. (2008), a
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method which used a phenyl column and a gradient from 100% polar solvent to 60% polar
solvent within 10minutes (HPLC method 4). The standard laboratory extraction method,
which was developed for 100mg plant material, was tested for the minimum amount of
starting material to accommodate for low sample amounts that were expected for young
plants: 25mg of powdered plant material led to exactly the same peak heights as 100mg
from the same material. However, 10mg were not sufficient. To determine optimum
conditions for a screen under cold stress, HPLC chromatograms from plants grown at 20°C
and plants transferred to 10°C for 1 week before harvest were compared to each other. The
following growing conditions were varied during that experiment: age of plants, substrate
and growing place. The age of the plants had the greatest influence: Differences between
cold stress and control were most pronounced at the youngest age tested, in 5-week-old
plants, although the total amounts of phenylpropanoids were the lowest there. At that age,
peaks were up to 20 times higher under cold stress, whereas in the next age group peaks are
only doubled. Plants of 9 weeks and older showed only small differences or none at all. The
choice of substrate had a considerable effect on total amounts of detected substances;
however, the effects were not consistent for all peaks. Some reacted to an increase in
nutrients by increasing and some declined. The effect on the relations of peak areas gained
under control or treatment conditions were minor and also not consistent. Slightly more
peaks showed greater differences on nutrient-rich substrate. The effect increased with plant
age. The two growing places tested had minor to no effect on the total amount and relative
increase of substances. At the youngest age, the smaller plant growth chamber caused a
higher increase in slightly more peaks than the large environmental room (see Table 7 and
Figure 44). In addition, biometric data was gathered for each combination of conditions. The
growing place had no influence on plant development. Plants grown in nutrient-rich
substrate had a tendency to produce larger rosettes, more leaf biomass and larger leaves;
the root weight was not affected. Differences became only prominent in the older age
groups.

For scopolin, differences between cold treatment and control were up to 200times high,
although the loss of difference was already severe in the second age group.

Table 7: Peaks selected as marker peaks for large screenings in cold stress experiments

Marker peak name Peaks (retention Positive difference Peak area
time) control vs. treatment  [mV*sec] after
[%] cold treatment
(36-day-old
plants)
Scopolin 3.59 (FLD 300/400nm) 1567-21669 3709-10294
3 (Kaempferol+glctrhatrha)  4.05 (PDA 280nm) 504-625 63-117
2 (Kaempferol+glctrha) 4.77 (PDA 280nm) 915-1747 120-133
1 (Kaempferitrin) 5.27.(PDA 280nm) 386-565 148-201
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Figure 44: Test for optimum conditions for a cold stress screening with Arabidopsis thaliana to
show maximum difference towards a 20°C control. Combination of plant age, substrate and
growing place were evaluated. Peak areas gained for all conditions were compared as shown here
for scopolin and the most prominent kaempferol derivative. Different harvests after 5, 7, 8, 9 and 10
weeks. The legend shows column names in each age group from left to right: PGC = plant growing
chamber; S1 = low-nutrient substrate; S2 = nutrient-rich substrate; ER = environmental room.
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Table 8: Peaks at 280nm UV detection from Arabidopsis thaliana leaf extracts which increased
significantly after cold stress and the best conditions for maximum differences between control
and treatment for each peak. PGC = plant growth chamber; ER = environmental room, S1 = low-nutrient
substrate, S2 nutrient-rich substrate, - = indifferent

Peak (retention time) Optimum plant age for Best combination of growing place and substrate in
maximum  differences the group of the determined optimum plant age
between control and
cold treatment

3.29 36days ER/S2

3.8 36days ER/S2
4.05 36days PGC/S1
4.23 36days, 51days PGC/S1/S2
4.39 36days -

4.77 36days PGC/S1
4.84 36days, 51 days -

5.22 36days PGC/S2
5.27 36days ER/S2

5.32 36days -

6.07 36days -

Best conditions 36days Plant growing chamber/Nutrient rich substrate

Table 9 Peaks at 300/400nm fluorescence detection from Arabidopsis thaliana leaf extracts which
increased significantly after cold stress treatment. Best conditions to cause maximum positive
differences between treatment and control. PGC = plant growth chamber; ER = environmental room, S1 = low-
nutrient substrate, S2 nutrient-rich substrate, - = indifferent

Peaks (retention time) Optimum plant age for Best combination of growing place and substrate in
maximum  differences the group of the determined optimum plant age
between control and
cold treatment

1.78 36days ER/S2
2.77 36days PGC/S1
3.13 36days PGC/S2
3.29 36days -

3.59 (Scopolin) 36days PGC/S2
5.07 36days ER/S2
5.22 36days PGC/S2
5.43 36days -

6.27 36days -/S2
7.36 36days -/S1
Best conditions 36days Plant growing chamber/Nutrient rich substrate

Summary: Differences were most pronounced at the youngest age tested. The older the
plants, the smaller became the difference between treatment and control until it was lost
in the oldest plants. The substrate influenced peak heights, but not equally for all peaks.
The growing place had no influence. The optimum conditions for a cold stress screening
experiment for scopolin and other phenylpropanoids accumulating under cold stress were
determined as: Cold treatment of four-week-old plants in nutrient-rich substrate.
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Application of the newly established screening system for cold stress
experiments

EMS mutants with deficiencies in cold stress reactions accumulated different amounts of
scopolin

From 46 EMS-mutagenized candidate lines from an earlier cold stress screen (Peterek and
Mock, unpublished) 3 lines were confirmed, which showed not the strong increase in some
compounds after cold stress, as WT plants did. All compounds stayed exactly at the level as
in the 20°C control which matched also the 20°C WT control (Figure 45). Only in line 8-73-22
the marker peaks were already reduced at 20°C. The three lines were analysed for their
reaction in the scopolin peak. Line 10-294-5-5 did react to cold with accumulation of
scopolin, but not as strong as WT. Line 8-73-22 had the same accumulation of scopolin like
WT. In line 8-78-24, the 10°C fluorescence chromatogram was identical to a WT control at
20°C (Figure 46). Other lines from the rescreen showed minor differences to WT and were
not analyzed further.

Transcription factors BEE1 and At5g45580 positively influence scopolin accumulation
under cold stress

The seed collection RIKEN Ds transposon lines (Kuromori et al., 2004) contains lines with a
single insertion mutation caused by a T-DNA insertion on a known location. A part of the
collection comprises insertion mutations of 313 putative transcription factors. This part was
screened with the newly developed system described above. In three independent
experiments, three lines were isolated, which did not react to cold stress with scopolin
accumulation. Two of these had nearly completely identical chromatograms, including an
additional peak and the same reduction of kaempferol-derivatives. Those were the
brassinosteroid synthesis regulator BEE1 and the line TF300 (locus At5g45580), which is from
now on referred to as “BEE1-LIKE” (Figure 47). Additional lines with an altered reaction
towards cold stress that were detected in the screens are given in Table 10.

Current annotation for BEE1 and BEE1-like

According to TAIR (Rhee et al., 2003), At5g45580 (BEE1-LIKE) codes for a myb-type
transcriptional regulator. Next hit according to NCBI’s alignment tool BLASTn (Altschul et al.,
1997) with the whole genomic DNA is transcription factor APL (Altered Phloem
Development, At1g79430) with a maximum identity of 80%. The predicted protein is 264
amino acids long. With NCBI’s Protein BLAST (Altschul et al., 1997) three conserved domains
were found: 1. SHAQKYF class MYB-like DNA-binding domain. This is a DNA-binding domain
restricted to (but common in) plant proteins, many of which also contain a response
regulator domain. 2. A MYB-CC type transfactor with a LHEQLE motif. This family is found
towards the C-terminus of MYB-CC type transcription factors and carries a highly conserved
LHEQLE sequence motif. 3. Domain PLN03162, annotated as “golden-2 like transcription
factor domain (provisional)”. Closest protein hits were the hypothetical protein
ARALYDRAFT_356449 from Arabidopsis lyrata subsp. lyrata, a putative transcription factor
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Figure 45: HPLC-UV profiles of candidates from a cold stress screen with Arabidopsis thaliana EMS
mutants. EMS lines at 10°C, EMS lines at 20°C and WT at 20° have similar peak heights. UV
detection at 280nm. Black solid line = WT at 10°C; red solid line = WT at 20°C; black dashed line=EMS
line at 10°; red dashed line EMS line at 20°C. A: WT and EMS line 10-294-5-5. B: WT and EMS line 8-
73-22. CWT and EMS line 8-78-24.
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Figure 46: Fluorescence profiles of the candidates from the cold stress screen with Arabidopsis
thaliana EMS mutants. The mutant lines did not react to cold stress with an accumulation of
kaempferol derivatives (marker peaks). However, they differ in the scopolin accumulation after
cold stress. A: WT and EMS line 10-294-5-5. The scopolin accumulation was reduced compared to
WT. B: WT and EMS line 8-73-22. The line accumulated exactly as much scopolin as the WT under
cold stress. C WT and EMS line 8-78-24. The EMS line behaved after cold stress exactly like a WT
under control condition; there was no accumulation of scopolin. Fluorescence detection at
exc.360/em.450nm. Black solid line = WT at 10°C; red solid line = WT at 20°C; black dashed line=EMS
line at 10°; red dashed line EMS line at 20°C.

from Ricinus communis and a predicted APL-like myb family transcription factor from Glycine
max. Closest hit in Arabidopsis thaliana is a HTH transcriptional regulator, MYB-type, with
the locus AT3G24120. Gene expression analysis data from Genevestigator is nearly non-
existent.

BEE1 is one of three basic helix-loop-helix (bHLH) transcription factors called Brassinosteroid
Enhanced Expression (BEE) which were identified in Arabidopsis due to their rapid
upregulation by brassinolide. Brassinolide is a brassinosteroid plant hormone active in
numerous signalling pathways, like salt stress (EI-Mashad and Mohamed, 2012), elongation
(Kurepin et al., 2012) and drought resistance (Li and Feng, 2011). BEE1 transcription is
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Table 10: Candidates of a cold stress experiment with insertional mutants of putative transcription
factors in Arabidopsis thaliana. Their phenotype was confirmed in 2 independent experiments. Gene
descriptions and references were acquired from TAIR (Rhee et al., 2003). The screen was conducted for three
marker substances reacting to cold stress in WT: 1= kaempferol 3-rhamnoside 7-rhamnoside. 2: Kaempferol 3-
glucoside 7-rhamnoside. 3: kaempferol 3-[6’-glucosyl) rhamnoside] 7-rhamnoside.

Locus Line Description Kaempferol Scopolin at 10°C
number derivatives at
10°C
At1l 4 TF215 STO, plays a role in light signalling 1 enhanced, extra peak at  Slightly reduced
t 9060 0 (Indorf et al., 2007) 4.38min accumulation.

BEE1, regulates brassinosteroid  2+3 slightly reduced, extra  Not accumulating.
Atlgl84oo TF311 synthesis (Poppenberger et al., 2011), peak at 4.62min

controlled by ICE1 (Lee et al., 2005)

cold- and light-responsive (Vergnolle et 3 slightly reduced Reduced accumulation.
Atzg45680 TF298 al., 2005; Lopez-Juez et al., 2008)

contains TUDOR-domain, contains RNA- 2+3 slightly reduced WT-like.
Atzg48160 TF295 polymerase I, large subunit domain
At4900940 TF296 cold-responsive (Vergnolle et al., 2005) 3 slightly reduced, extra Reduced accumulation.

peak at 4.62

LRL2, regulates root hair development 2+3 slightly reduced WT-like.
At4g30980 TF292 (Karas et al., 2009), modulates circadian

parameters (Hanano et al., 2008)

GATA12, reacts to light stimulus and  1+3 slightly reduced, extra  Not accumulating.
At5925830 TF287 circadian rhythms (Manfield et al., peak at 4.62min

2007)

Homeodomain-like superfamily  2+3 slightly reduced, extra  Not accumulating.

At5945580 TF300 protein; contains SHAQKYF class myb-  peak at 4.62min

like DNA-binding domain, a MYB-CC
type transfactor with a LHEQLE motif
and domain PLN03162 (golden-2 like
transcription factor)

upregulated by ICE1 signalling, one of the most prominent genes in Arabidopsis mediating
early response towards cold stress (Lee et al., 2005). BEE1 is thought to be a controller of
brassinosteroid synthesis (Friedrichsen et al., 2002).

Promoter analysis of BEE1-LIKE

Motifs of transcription factor binding sites found in 1851 bp upstream of the translation
start, sorted by number of different motifs: They are involved in development, dehydration
light, cold (RAV1, ICE1 binding sites), phenylpropanoid synthesis, ABA response, auxin
response, anaerobic conditions and phosphate and sulphur starvation (Chang et al., 2008).

Intensity of scopolin accumulation under cold stress is dependent on light quality

In the first screen of the RIKEN collection, the wild type had the highest scopolin values
measured during all the cold stress experiments. This experiment was conducted in a large
walk-in environmental room instead in “Percival”-incubators as the previous experiments.
Temperature and total amount of light were maintained as in the incubators. However, the
light spectrum reached more into the UV range. In that screen, scopolin reached higher
values as previously in the incubators. In the WT samples, absolute values for scopolin in the
large chamber were five times higher than in the incubator under control conditions and
three times higher at cold stress. The ratio between control and treatment however stayed
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the same: Scopolin under cold stress was 10 times higher than under control conditions in
the chamber as well as in the incubators.
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Figure 47: The MYB-like transcription factor At5g45580 had nearly identical profiles as the
brassinosteroid synthesis regulator BEE1 at cold stress. Al: RIKEN line TF311 (At1g18400, BEE1) and
WT at 280nm. Reaction to cold stress is reduced. There was one additional peak (black arrow). A2
TF311 (At1g18400, BEE1) and WT at 336/438nm fluorescence detection. In BEE1 the scopolin peaks
remained at control level. B1 RIKEN line TF300 (At5945580, BEE1-LIKE) and WT: Reduced reaction to
cold stress and one additional peak (black arrow). B2: TF300 (At5g45580, BEE1-LIKE) and WT at
336/438nm fluorescence detection. (HPLC-chromatograms of leaf extracts. Black solid line = WT at
10°C. Red solid line = WT at 20°C. Black dashed line: RIKEN line at 10°C. Red dashed line: RIKEN line at
10°C.)
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Figure 48: Amounts of scopolin in wild type (Nossen-0) differ in different growing facilities. HPLC-
chromatograms of leaf extracts from all biological WT replicates. Black solid line = walk-in chamber at
10°C. Red solid line = walk-in chamber at 20°C. Black dashed line: incubator at 10°C. Red dashed line:
incubator at 20°C. Fluorescence chromatograms at 360/450nm.
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F6’H1 is not only essential for the synthesis of scopolin, but also for the
synthesis of other fluorescing compounds, one of these being esculin

In the mutant f6’h1, the enzyme F6’H1 catalysing the hydroxylation of feruloyl CoA towards
6’hydroxyferuloyl CoA is disabled. Kai et al. (2008) proofed that scopolin and scopoletin
production in Arabidopsis thaliana is dependent on this step. However, the thorough
analysis of the mutant revealed that six other fluorescing compounds and the non-
fluorescing isoscopoletin are also not present without a functioning F6’'H1. Identification of
coumarins in Arabidopsis was rather challenging because of very low levels of most
coumarin derivatives for LC-MS detection. Amongst others, scopolin, scopoletin, esculin, a
substance with the mass and retention time of herniarin and traces of isoscopolin,
isoscopoletin and umbelliferone, but no esculetin or scoparone were detectable in wild type.
In comparison, Kai et al. 2006 also detected scopolin, scopoletin, esculin or cichoriin, but also
traces of esculetin. They did not detect umbelliferone, herniarin and scoparone. The esculin
contents of Arabidopsis wildtype plants was very low, at about 0.3 pg/g fresh weight
compared to scopolin (10-600 ug/g FW) or scopoletin (1-10 pg/g FW). (Interestingly, these
values resemble the contents of tobacco callus cultures of cultivars Samsun NN and S2LS3
(ee appendix, figure A4). Esculetin, if it is present in Arabidopsis, which should be a necessity
for the formation of esculin, would be much lower than 0.1 ug/g FW. However, as | could
show that at least esculin is definitely present in Arabidopsis WT (and probably also in
tobacco), but not in the F6’H1 mutant, the current coumarin pathway must be modified (see
Figure 49): Umbelliferone was detected in very small traces in f6’h1 and WT, but esculin was
not, so this hydroxylation step will not happen in Arabidopsis. Likewise, the methylation
towards herniarin probably does not happen, if the absent peak is really herniarin. If the
identification of umbelliferone and herniarin was wrong, and Kai et al. are right in claiming
that they are not present in Arabidopsis, then were is still the problem of the origin of
esculin and esculetin. Since F6’H1 was proven not to hydroxylate caffeic acid and its ester
(Kai et al. 2008), the reactions from hydroxy caffeic acid also does not happen. This leaves
only scopoletin as the precursor for esculetin/esculin, isoscopoletin/isoscopolin (and for
herniarin, if the identification was correct). To form esculetin, scopoletin’s methyl group
must be exchanged for a hydroxylgroup. Such a reaction is mentioned in the review of
Bourgaud et al. (2006) for the reaction of herniarin to umbelliferone. The amounts of
scopolin/scopoletin and isoscopolin/isoscopoletin as well as esculin/esculetin differ that
much from each other in favour of scopolin and scopoletin; that one could say that the
production of the latter are not favoured in Arabidopsis. There might not be an enzyme
which is specific for these reactions, and they might happen as a trace activity from enzymes
from other pathways. Or they might be actively suppressed. There are hints that esculin and
not scopolin accumulates in the root tip of Avena (Pollock et al., 1954; Avers and Goodwin,
1956). If this is also the case in Arabidopsis, this might be a site, where such an inhibition is
stopped. Furthermore, recent discoveries indicate, that esculetin might be needed in roots
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as a chelator under nutrient deficiency (Schmid®, unpublished). This could be another
incident, where the reaction from scopoletin to esculetin is promoted in Arabidopsis. As for
the other substances affected in the mutant, sinapic acid and sinapoylglucose were found to
be reduced. The sinapic acid derivatives originate from the same pathway as scopoletin
including the methylation of caffeoyl-CoA by CCoOAOMT towards feruloyl-CoA, but then
followed by the reaction to coniferylaldehyde, to 5-hydroxyconiferylaldehyde, to
sinapaldehyde, to sinapic acid (sinapate) and by glycosylation to sinapoylglucose (Milkowski
and Strack, 2010). This main pathway should not be affected by a mutation of F6'HL.
However, there might be two alternative routes (Kanehisa et al., 2010): The first via
hydroxyferulic acid, without a CoA ester group. In scopoletin synthesis the pathway was
strictly ferulic acid — feruloyl-CoA — hydroxyferuloyl-CoA (Kai et al., 2008), so it is probable,
that free hydroxyferulic acid is not present. The second alternative route would be from
feruloyl-CoA to hydroxyferuloyl-CoA which is exclusively catalyzed by F6'H1. From there,
hydroxyconiferylalcohol or sinapoyl CoA could be formed, linking this alternative route back
to the main pathway (Figure 50). If this alternative route is missing by a loss of F6'H1, the

mm H m @[%/COH m —ep  P450
-_——== oH * ] = = = putative P450
o-Coumaric aci arin I

-=> non-P450 enzyme
® lactonization

coH ﬂ /@/\)\
p Coumaroyl-CoA

p-Coumaric acid / HCT H
/ Y OH HO.
' ’ pe)

2H o COH = -~ T
| / - -’_p _________ D/\/ :©/\/_ - < ;\j/\/
/ o CAOMTor |0 y
\ CCoAOMT

/
> Ho »  p-Coumaroylshikimic acid OH Caffeaylshikimic acid Caffeic acid Ferulic acid MDCA ND
R -
oc o] Y
S e ’
HO OH (Kai et al.
2',4"-Dihydroxycinnamic acid o Hﬂ 2008) OH
. 2'-Hydroxy calfeic acid 7 _Hydmzyfe m] acid 2-ydeony MDCA
[ ] [ ]
Y [ ]
o o N = = - || | ]-F-le————= > -_——
HO (- T HO 0" 0., 0" o
UmbelliferaneV P> C4H Esculetin? T X Scopalet v Ayapin
. X " XEsculin OMT? | e X SCOpOlIn R
Prenyltransferase |/ N1 - 3 T 7
, 3 . W, L e
: LA, oemmm 200N, (50 WLJEA
P MeO o o O—MT? MeO
= o X Herniarin ? Xlsoscol poletin Scoparone
To Furanocoumarins X Isoscopolin N.D

Figure 49: The phenylpropanoid pathway from Bourgaud et al. (2006), modified to accomodate the
findings in Arabidopsis thaliana WT and the mutant f6’hl with the defective ferulic acid
hydroxylase. Coumarins marked with a red cross were present in the WT and missing in f6’h1.
Umbelliferone was found in traces in both WT and f6’h1. MDCA and Scoparone were not detected in
WT. Markings in lilac are proposed changes to the pathway. 2-hydroxyferulic acid and/or scopoletin
are necessary precursor for esculetin/esculin, isoscopoletin/isoscopolin, probably also herniarin.
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Levels of sinapic acid derivatives could very well be affected.

The substance underlying peak 4 had the two masses 373 and 355. 355 was also the mass
gained for scopolin and the difference to 373 indicates the loss of one molecule of water. So,
this peak might be a substance similar to scopolin. Peaks 6 and 7 belonged to compounds
with a high molecular weight, 663 and 811: No further hints of the identity of these
compounds could be found, except that von Roepenack-Lahaye et al. (2004) also listed a
substance with the mass of 810.2553 as an unknown root compound. Also no substance was
assigned to the mass of 591, which was found in peak 8.

=> 1-O-Sinapoyl B-D-Glucose

Caffeicacid =————2Ferulicacid = = = = => Hydroxyf:arulicacid E RS 3 SinapilcacidE
1
1 i
F6'H1 \I’ \1,
Caffeoyl-CoA —}Fequoyl-CoA —————> Hydroxyferuloyl-COA = = = » Sinapoyl-CoA
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Figure 50: Established pathway and alternative routes towards sinapic acid in Arabidopsis thaliana.
Solid arrows: established routes (Kai et al., 2008; Milkowski and Strack, 2010). Dashed arrows:
alternative routes, (Kanehisa et al., 2010) that might or might not exist in Arabidopsis. The phenotype
of an insertion mutant of F6’H1 suggests an alternative pathway via hydroxyferuloyl-CoA.

Scopolin accumulates specifically in the root endodermis — Does it support
endodermis function?

In the developed root, scopolin was present in the endodermis. This was shown for all the
samples from Arabidopsis and tobacco under all conditions tested. For this reason, it is valid
to say that scopolin is constitutively accumulated in the endodermis of these species. At
high-sucrose conditions, which increased scopolin accumulation considerably, it was also
found in the cortex. When the pericycle was discernible, scopolin was sometimes also found
in that tissue. It was never found in the stele, the rhizodermis or root hair cells. This very
specific localisation was surprising, because if the functions of scopolin in roots resembled
the assumed ones in the aerial parts (pathogen defence and protection against ROS, see
introduction), one would have expected a less specific distribution.

The experiments with sucrose and mannitol showed that the osmotic effect of sucrose
solutions only plays a minor role in the accumulation of scopolin, because lower
concentrations of mannitol were less effective than sucrose solutions with the same osmotic
potential. Higher concentrations of mannitol even had a negative effect on scopolin
accumulation. Under stress conditions, where photosynthesis products cannot be utilised for
growth, phenylpropanoids are assumed to be a carbon sink and energy dissipater, to remove
excess photoassimilates and —energy. The plant also profits from their additional functions
like herbivore deterrents, antioxidants, allelopathic compounds and their other assumed
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Tracheary
elements

Figure 51: Ways of transport of water and solubles in the root. Apoplastic transport (a): By
diffusion through cell walls and extracellular spaces outside of cells. The apoplastic transport ends
at the endodermis, where it is taken up through pores into the lumen of endodermis cell, but can
continue in the apoplast of the pericycle. Symplastic transport (b). Free diffusion in the cytoplasma
of cells connected by plasmodesmata. Transcellular transport (c): Water and solubles are taken up
in the vacuoles (Raven et al., 2007).

functions (Hernandez and Van Breusegem, 2010). Scopolin might be one of the main
phenylpropanoid compounds acting as carbon sinks. But as all the conditions that occur
under high-sucrose (as indicated by the gene expression analysis), like hypoxia (Blokhina et
al., 2003), osmotic stress and the activation of the metabolic processes itself
(Karuppanapandian et al., 2011) also cause an increase in ROS, it is highly probable that
scopoletin acts additionally as a scavenger of ROS.

The specific and distinctive accumulation of scopolin in the endodermis, even under low-
stress conditions, points to a very special function in this tissue. The endodermis is
distinguished from the other cell layers by forming the Casparian strip. This is a cell-wall
modification which by incrustination of lignin and sometimes suberin makes the endodermis
impenetrable for apoplastic ions and water (Figure 51). Any substance which is not part of
the symplastic movement of solubles is prevented from entering the vascular bundle. By
this, the water and ion uptake is tightly controlled and the ion gradient maintained, which
powers the transpiration stream. But also a backflow of ions is prevented, when
transpiration is low (Bonnett, 1968; Enstone et al., 2002). Nutrients are directionally and
selectively transported through the endodermis by influx and efflux carriers (Alassimone et
al., 2012). Alassimone et al. (2012) even call the endodermis the “plant’s inner skin”, as it is
the structure which completely separates soil and plant. The easiest explanation for the
presence of scopolin in endodermal cells would be a co-activation of its synthesis when
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lignin production for the Casparian strip is activated. Guaiacyl lignin and syringyl lignin are
derived from direct precursors of scopolin (e.g. hydroxyferuloyl-CoA, feruloyl-CoA or
caffeoyl-CoA, Kanehisa et al. (2010)). However, the various properties of scopoletin make
additional functions and even an independent regulation from lignin formation very likely:
Another assumed function of the endodermis is to prevent a pathogen infection of the
vascular tissue. This is probably more important than protecting other root tissues like
cortex and epidermis, whose colonisation might even be beneficial during symbiotic
mycorrhiza formation. As soon as a pathogen succeeds in entering the transport vessels, the
plant usually dies quickly as it is known from wilting diseases caused by various pathogens
like Fusarium, so a good defence at this site is crucial for plant survival. Evidence for a role of
the endodermis in biotic stress defence is still lacking (Alassimone et al., 2012). But, it has
been reported that a Fusarium infection was stopped at the endodermis (Bhalla et al., 1992)
and that mycorrhizal fungi never penetrate this cell layer (Enstone et al., 2002). The
Casparian strip is resistant to cell-wall-degrading enzymes used by pathogens attacking
primary cell walls (Schreiber et al., 1999). Juvenile root knot nematodes avoid passing the
endodermis, move apoplastically to the root tip and enter the vascular bundle through
meristematic cells (Williamson and Gleason, 2003). In the defence against pathogens trying
to enter the vascular tissue, scopolin might be a second barrier behind the Casparian strip, a
pre-formed pathogen defence which pathogens encounter as soon as they enter the
endodermis. Its localisation is strikingly similar to the localisation of homospermidine
synthase (HS), the first specific enzyme for the synthesis of pyrrolizidine alkaloid (PA). In two
plant species being able to produce this alkaloid in their roots (Symphytum officinale,
Cynoglossum officinale), HS was exclusively localised in endodermis and pericycle. As PAs are
key components for the chemical defence of these species, the activation of its synthesis
pathway in the endodermis was also interpreted as a measurement to protect sensitive
tissues like the reproductive pericycle (Niemuller et al., 2012).

During the presented study, three insertion mutation lines with reduced or no scopolin
(ccoaomtl, atthol, f6’h1) deviated from wild type in lateral root formation and root length,
which was most pronounced under stress conditions. Nicole Schmid® (personal
communication), having found a deficiency in nutrient uptake in ccoaomtl and f6’hl,
suggested an indirect influence of scopoletin or a closely related compound like esculetin on
root growth resulting in a starvation phenotype. On the other hand, scopoletin and esculetin
themselves have growth-influencing properties in vitro as shown in older studies (Andreae,
1952; Pollock et al., 1954; Avers and Goodwin, 1956; Sirois and Miller, 1972). Antiproliferatic
effects of scopoletin on cells were confirmed by modern cancer research (Adams et al.,
2006; Arcos et al.,, 2006; Manuele et al., 2006). The earlier authors suggested a
concentration-dependent growth-promoting or -inhibiting effect of scopoletin in the root.
Targets in the root for growth-regulating substances are the meristem at the root tip and the
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meristematic part of the pericycle. When meristematic pericycle cells undergo cell division,
lateral root development is initiated (Charlton, 1996). Auxins, like indole acetic acid, have
been established as the main signal for lateral root formation (Casimiro et al., 2003; De Smet
et al., 2007). Supports for growth-influencing properties of scopoletin from this study are the
strikingly specific accumulation next to a meristematic tissue and the reduction of lateral
roots in scopolin-deficient mutants. The endodermis might release scopoletin into the
apoplast towards the pericycle cells and thus prevent cell division. Scopolin and scopoletin
have actually been found in the apoplast (cassava root, Buschmann et al., 2000). Lateral root
formation might be promoted by enhancing the auxin signal, if scopoletin protected auxin
molecules from degradation.

Scopolin and scopoletin offer minor protection against the biotrophic
protist Plasmodiophora brassicae

Scopoletin has been shown to be a true phytoalexin in aerial parts of the plant with proven
action against bacteria, viruses and fungi (see introduction). Therefore, a similar function in
roots was expected. The breeding of plants which react fast towards pathogens with
scopolin/scopoletin production or have constitutively high coumarin levels is regarded as a
tool for plant breeders to provide crops with a high pathogen resistance. Initial trials are
currently held with the rubber tree, which is threatened by the more and more fungicide-
resistant South American leaf blight (Microcyclus ulei) or with head-rot-resistant sunflower
cultivars (Garcia et al., 1999; Prats et al., 2006). Plasmodiophora brassicae is an obligate
biotrophic pathogen belonging to the kingdom of Protista and there in the phylum Rhizaria.
It was formerly classified as a slime mould. It causes the club root disease in Brassicaceae. In
the first step of the infection, the zoospore infects the root hairs. The second stage occurs in
cortex and stele, where sporulating plasmodia cause large gall formation at the roots or
hypocotyl. The galls form a strong metabolic sink, leading to stunted growth and finally, in
most cases, the death of the infected plant. With the decay of the infected root the resting
spores are released. It is an economically important and currently spreading disease in
Brassicaceae (Ludwig-Mdller and Schuller, 2008).

In the presented study, Col-0 wild type plants had in two out of four experiments by trend
lower infection rates than the scopolin-free mutant f6’h1. The experiment with the greatest
differences between WT and mutant suffered from some extreme conditions (heat, dryness,
and aphids in a non-conditioned green house; low infection potential of spores). For the
following experiments, cultivation conditions were improved and a new batch of spores
acquired. Infection rates increased dramatically and no differences could be detected
between WT and mutant anymore, until spore density was further lowered. Results indicate
that scopoletin has only a defence-adjuvant function in this patho-system, which offers only
a moderate protection when the infection pressure is low and abiotic stresses have to be
coped with at the same time.

Antimicrobial plant natural products have a relatively broad spectrum activity, as it was also
shown for sopoletin in-vitro, and specificity is often determined by whether or not a
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pathogen has the enzymatic machinery to detoxify a particular host product (Vanetten et al.,
1989). Accumulation of inducible compounds is usually linked to the perception of the
pathogen by receptors of the host (Dixon, 2001). However, Pasold et al. (2010) showed that
F6’H1 gene expression is increased two-fold in an early state of a P. brassicae-infection
alongside numerous other genes from the flavonoid pathway. In the present study,
scopolin/scopoletin levels were increased, especially in plants with less severe symptoms.
Obviously, there is a specific activation of scopoletin production after the attack with P.
brassicae, but only a minor protective effect. As against that, in the study of Pasold et al.
flavonoid levels also increased, but flavonoid-free mutants performed even better than WT.

It could be worthwhile to test the scopolin-free mutant against other root pathogens, ideally
against microbes that try to enter the vascular system to test a possibly protective function
of scopolin in the endodermis. But it would have to be a pathogen, against which
Arabidopsis wild type plants have a relatively high resistance. Pathosystems for leaves are
numerous, for example with Pseudomonas (Grosskinsky et al., 2011), Peronospora (Weigel
and Glazebrook, 2001) or Xanthomonas (Feng et al., 2012), but pathosystems specific for
Arabidopsis roots are rare besides the well-established Plasmodiophora system. Verticillium
might be a good choice, but WT Col-0, the background of f6’h1, was reported to be rather
susceptible to it (Ralhan et al., 2012), Fusarium might be another option, but its
pathogenicity on Arabidopsis roots would have to be tested at first, which is also true for a
Phytophtora system. Another possibility for a pathosytem might be the application of
Pseudomonas to roots (Millet et al., 2010).

Cold stress induces high-level scopolin accumulation in Arabidopsis leaves
Arabidopsis leaves had been described as poor accumulators of scopolin (Kai et al., 2006),
their contents being 180 times lower than in roots. Indeed, in leaves under standard
conditions, scopolin was usually lower than 0.1 ug/g FW, whereas in roots the measured
scopolin contents ranged from 10 pg to 600 pg under different conditions. However, the
cold stress experiments presented above were marked by a dramatic increase in scopolin to
3-50 pug and more, which rivalled quite the lower levels of scopolin measured in roots. This
new finding raises the question of a function of scopolin or its aglycone scopoletin under
cold stress.

Cold stress application in Arabidopsis leads to changes in expression levels of several
hundred genes and to dramatic alterations in plant metabolite profiles (e.g. (Hannah et al.,
2005; Kaplan et al., 2007). These changes are adaptations to growth at low temperatures
and preparations to survive freezing. Freezing damage control is achieved by keeping the
water within the cell to prevent the formation of ice crystals between cell wall and cell
membrane. The formation of large crystals causes tissue disruption. Membranes and
proteins have to be stabilized to maintain their functions. The water is kept in the cell by the
accumulation of osmotically active so-called compatible solutes like sugars, proline or
betaine (Yancey et al., 1982).
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But already at above-freezing temperatures the plant is prone to damage by cold: Most
chemical reactions in plants follow the rule of van-‘t Hoff, which says that they are slowed
down at cold temperatures, but the light reaction in photosynthesis does not (Chance and
Nishimura, 1960). Intermediates cannot be used by the slowed-down enzymes of the Calvin-
Cycle and reactive oxygen species occur. These are highly detrimental to all molecules in the
cell, but also thought to be an important signal for the cold-acclimation process. Also, by the
destruction of photosystems by ROS the pressure of the accumulation of photosynthesis
products will be attenuated. Yet, ROS have to be scavenged to stop the chain reaction and
prevent too much damage. To protect the plant from excess light, phenylpropanoids are
thought to be accumulated as UV screens and visible light absorbers or dissipaters (Havaux
and Kloppstech, 2001). Scopoletin itself has reactive oxygen scavenging properties, its
effectiveness depends on the molecule to be scavenged (see introduction). Additionally, it
preserves the activity of GSH (gluthathion), SOD (superoxide dismutase), GST (gluthathion S-
transferases) and prevents lipid peroxidation (Kang et al., 1998). Furthermore, scopoletin
inhibits the formation of peroxynitrite (Kang et al., 1999). Therefore, it would be a good
candidate to offer protection against ROS from photosynthesis.

Absolute scopolin accumulation in the presented experiments depended on the facility used
for cultivation. The major difference between those was the quality of light. High UV seemed
to increase the scopolin accumulation under cold stress. But in a UV-free incubator, there
was still a reaction of scopolin. The kaempferol derivatives reacted more independently from
the growing facilities. Korn et al. (2008) already suggested for those a UV-light-independent
function under cold stress, like membrane stabilisation or ROS scavenging in the chloroplast.
However, even if scopolin does only react to ROS production caused by excessive light during
cold stress it would still be a component of cold reaction, as cold stress and high-light stress
are usually related in natural habitats, when incoming light energy cannot be used due to
slowed down metabolism.

AtTHO1, a member of the mRNA-processing THO/TREX complex, influences
scopolin accumulation and root growth under stress conditions.

In the experiments presented in this work, the mutant GK052D02 containing a T-DNA-
insertion in AtTHO1 failed to react towards cold stress with scopolin accumulation in leaves.
Challenged with high-sucrose, wild type plants accumulated scopolin in roots, shortened
their root growth and initiated the development of secondary roots. The mutant was
impaired in all of these reactions. Summarized in a simple model, the WT plant percepted a
stress, cold-, high-sucrose- or osmotic stress, and the intact AtTHO1 mediated a signal which
finally led to enhanced scopolin accumulation.

By overexpression, deletion mutation and complementation of the deletion mutation with
AtTHO1, a positive influence of this gene on scopolin and scopoletin accumulation was
shown. This effect on scopolin accumulation could also be shown for other members of the
THO/TREX complex in Arabidopsis. A deletion mutant of atthol, GK052D02-3 had the
additional phenotype of altered root growth under stress conditions. In that mutant, four

100|Page



Discussion

other genes were differentially expressed. However, this mutant line had a second insertion
into the gene MYB40, which might have influenced the expression of these genes and root
growth. It also contributed very slightly to the scopolin phenotype. Further analyses of
newly-available insertion mutants of AtTHO1 and MYB40 will clear up the additional traits.
Focussing on the influence of AtTHO1 on the accumulation of scopolin/scopoletin, a model
will be presented that combines the observed phenotype with the functions of the
THO/TREX complex suggested in literature (table 11).

Table 11: Overview over publications about AtTHO1.

Authors  Title Content Reference
Furumizu, Characterization of AtTHO1 (EMU) was identified as homologous to a member of  Furumizu et al.
C. EMU, the the yeast THO complex. The EMU mutant was found to (2010)
Tsukaya, H.  Arabidopsis homolog  accymulate  unprocessed MRNA of the developmental
Komeda, Y. of the yeast THO .0, 1310r ERECTA and had a slightly increased occurrence of

complex - member deformed seedlings

HPR1 :
Yelina, N. E.  Putative Arabidopsis Eight loci in Arabidopsis for members of an AtTHO/TREX Yelina et al.
Smith, L. M. THO/TREX ~ mRNA  complex were identified, including AtTHO1. TEX1 was shown (2010)
Jones, A. M. export complex is  tg interact with the predicted members. TEX1 mutants were
EZIIS’E'A L?;r?;\ézdne an'g defective in the processing of a long SiRNA precursor. The
Baul (;ombe, endogenous  SiRNA authors postulate a f_unctlon _of th_e AtTHO/T_RE_X cqmplex in
D.C. biosynthesis cell-to-cell and long-distance signalling by RNAI-silencing.
Jauvion, V. The conserved RNA  The authors postulate the existence of a THO/TREX complexin  Jauvion et al.
Elmayan, T.  trafficking proteins  plants. They identify AtTHO1 (HPR1) and AtTEX1 as homologs (2010)
Vaucheret, ~ HPR1 and TEX1 are 5 members of the animal THO/TREX complex. They showed
H. involved i the s hoth genes are involved in post-transcriptional gene

production of . . .

endogenous and Silencing, because mutants acc_umulated SiRNA precursors and

exogenous  small had a decreased accumulation of mature siRNAs. They

interfering  RNA in  propose that both HPR1 and TEX1 participate in the trafficking

Arabidopsis of siRNA precursors to the ARGONAUTE catalytic center.
Pan, H. HPR1, a component ~ HPR1 mutants were shown to be more resistant to Panetal. (2012)
Liu, S. of the THO/TREX necrotrophic fungi and more susceptible to biotrophic
Tang, D. complex, plays an pathogens. A function as a switch between two competing

important role in
disease resistance
and senescence in
Arabidopsis

defence reactions was proposed. HPR1 was also shown to
counteract ethylene induced senescence.

AtTHO1 plays a role in the production of microRNAs (miRNAs), which are loaded on
messenger ribonucleoprotein (MRNP) particles which mediate mRNA processing (Furumizu
et al.,, 2010; Jauvion et al., 2010; Yelina et al., 2010). Furumizu et al. (2010) showed that the
loss of AtTHOL1 also led to a loss of alternative splicing variants. AtTHOL1 is also involved in
the production of small interfering RNAs (siRNAs). These siRNAs or their precursors can
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Figure 52: Intercellular and systemic RNAi-silencing in plants: Phase 1: A longer s(small)RNA-
precursor molecule in a hairpin-structure is processed by DICER nuclease into primary SRNAs
(miRNAs or siRNAs). Phase 2: The primary sRNA is bound to an ARGONAUTE protein and guided to a
second target single-strand sRNA. An RNA-dependent RNA polymerase (RDR) synthesizes a second
strand to form a double-strand sRNA. This is cut by DICER into many siRNAs. These are loaded on an
ARGONATE molecule and guided to a complementary RNA or DNA. A targeted RNA molecule can be
cleaved, repressed or destabilized (post transcriptional gene silencing). Targeted DNA or histones can
be epigenetically modified (transcriptional gene silencing). Any of the small RNAs might be
transported cell-to-cell or in the phloem. The suggested role of the THO/TREX complex is to affect
the transport of a siRNA precursor from its place of synthesis to the place of processing (after Yelina
et al. (2010) and Melnyk et al. (2011)). The size of the depicted components of the THO/TREX
corresponds to their actual size in kDa.
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move between cells via plasmodesmata, move to and cause silencing in a sink tissue (Jauvion
et al., 2010; Yelina et al., 2010). Figure 52 shows the mechanism how a silencing signal is
produced and amplified and the components involved in this process. There are 7179 loci in
Arabidopsis for small RNAs, from which 35% are associated with mobile signalling (Molnar et
al., 2010). The THO/TREX complex is not a general requirement for SRNA biosynthesis, but is
selectively recruited to some precursor molecules. The cause for this selectivity is not known
(Yelina et al., 2010).

AtTHO1 was shown to influence the developmental regulator ERECTA, a serine/threonine
kinase, which is amongst other functions involved in determining organ specifity (Furumizu
et al., 2010). For this reason, there was the possibility that cell identity in the analysed
mutants was affected, leading to a deviating set of accumulated secondary metabolites.
However, the presented results showed no abnormal tissue organisation, and scopolin was
accumulated in the same tissue in wild type and mutant. An influence of AtTHO1 on scopolin
accumulation via regulation of organ-development by ERECTA does not seem likely.
However, ERECTA is regarded as a pleiotropic regulator of developmental and physiological
processes, as well as a modulator of responses to environmental stimuli (van Zanten et al.,
2009). A disease resistance related to ERECTA was shown, which was independent of its
functions in organ development (Sanchez-Rodriguez et al., 2009). For this reason, an
involvement of AtTHO1 and ERECTA on scopolin accumulation is possible. Interestingly, the
A. thaliana ecotype variant Landsberg erecta carries a mutation in the ERECTA gene, and
preliminary analyses of the scopolin contents of different wild types showed a tendency of
Landsberg erecta to accumulate less scopolin than other ecotypes from the presented study
(appendix figure A5).

In this study, phenotypic differences between wild type and atthol plants were only
pronounced under stress conditions, an observation which was confirmed by Pan et al.
(2012). For this reason, the importance of the THO/TREX complex must be specific for
challenging conditions. Interestingly, Pan et al. (2012) report that AtTHO1 was necessary for
resistance against the biotrophic powdery mildew Golovinomyces cichoracearum,
Pseudomonas syringae (bacterium) and Hyaloperonospora (oomycete). In particular, it was
connected to induced cell death and contributed to the production of hydrogen peroxide in
the oxidative burst during a hypersensitive reaction. In their model, the gene ENHANCED
DISEASE RESISTANCE1 (EDR1) promotes the defence against necrotrophic pathogens and
blocks defensive measurements against biotrophic attacks. Consequently, the loss-of-
function mutation edrl was resistant against the abovementioned biotrophic pathogens and
more susceptible towards the necrotrophic Alternaria brassicicola and the hemibiotrophic
Colletotrichum higginsianum. The edrl resistance acts via the salicylic acid pathway and not
the ethylene pathway. Within an edr1/atthol double mutant, the biotrophic resistance was
lost. Furthermore, AtTHO1 influenced callose disposition and suppressed the expression of
senescence-related genes after ethylene treatment. They showed also that AtTHOL is
expressed in all tissues and the protein is localized in the nucleus only. They see the role of
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the THO/TREX complex in the control of the nucleo-cytoplasmatic trafficking of important
regulators of defence. In their model, AtTHO1 plays the role of a switch between two
competing defence reactions.

The phenotype observed in atthol in this study (reduced scopolin accumulation and lateral
root formation) was most pronounced under stress conditions. In these conditions, the
mutant resembled the WT phenotype under standard conditions. Therefore, this signalling
chain in which AtTHOL is involved is most likely a chain for stress perception or stress
response.

The postulated “switch” from standard growth to stress response caused by AtTHO1 could
be achieved by alternative splicing variants of mRNAs, the processing and transport of RNA
signals as silencers for the “normal” metabolism or even the production of small RNAs as
long-distance signals towards meristems and scopolin producing/accumulating tissues or
ectopic regulators of gene expression. Targets for this post-translational control are
consequently members (or a single member) of a signalling chain of transcription factors or
signalling molecules (like the kinase ERECTA), leading finally to the observed “low-
scopolin/longer-and-less-branched roots”-phenotype.

Expression analysis of the genes in the mutant line with an insertion into AtTHO1,
GK052D02, resulted in some interesting candidates that might be downstream components
of the signalling chain influenced by AtTHO1’. The unique growth factor ATPSK2, which is
related to branching and was lower expressed in the mutant GK052D02, is very likely
involved in the formation of lateral roots. The RING-U-Box protein At1g53490, also lower
expressed in the mutant, had a strikingly similar regulation as AtTHO1. Another RING-protein
with ubiquitin-ligase activity (KEEP ON GOING - KEG) is involved in the abovementioned
edrl-resistance as well (Wawrzynska et al., 2008). The unknown protein At3g05770 may be
another downstream component. Insertion mutations of both genes had lower scopolin
contents than wild type, but not as low as GK052D02. The overabundance of the transposon
RNA of At1g43590 in the mutant is an interesting find, since it is the current opinion, that
transposon transcription is activated by stress and that they are controlled by RNA silencing
(Mirouze and Paszkowski, 2011). Hence, the THO/TREX complex might be such a controller
of potentially gene disrupting transposition. As an insertion mutation into the transposon
DNA produced no phenotype, a connection to the observed phenotype is very unlikely.
Figure 53 shows a model for the AtTHOl-mediated response causing the high-
scopolin/branched root phenotype in WT as a reaction to stress.

It is highly probable, that AtTHO1 acts in an assembly variant of the THO/TREX complex, as
the mutants of AtTHO2 (although still heterozygous) AtTHO3, 5a and 7b also had a reduced
scopolin accumulation. (The difference in the scopolin contents between the members of
these members of THO complex and the investigated mutant line GK052D02 might be

’ Gene expression analysis had to be done on a mutant with an additional insertion mutation (myb40) and
needs verification with another atthol and/or myb40 line, which have become available only recently.
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Figure 53: Working model for the role of AtTHO1 in scopolin accumulation and root growth under
stress conditions: A stress signal activates the transcription of a DNA-locus or the processing of an
already present RNA molecule by the THO/TREX complex. The complex might process the RNA or
mediate the transport towards a processing or silencing site. The result is a signal which is able to
affect scopolin accumulation and root growth. This can be an alternative splice variant of a
transcription factor, a silencing RNA or a moving sRNA signal which might trigger a systemic
reaction. The signal might be a negative regulator of “normal” processes (acting as a “switch”) or
an activator of stress defence. This model is based on the phenotype and expression analysis of the
AtTHO1 mutant GK052D02. The genes coding for the RING-U-Box protein, At3g05770 and ATPSK2
were higher expressed in WT than in GK052D02. Insertion mutations of RING-U-Box and At3g05770
had reduced scopolin contents. ATPSK2, which is a precursor to a unique growth factor present at
the branching sites of roots, but not at the root tip, is associated with secondary root formations.
References: see text.
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Figure 54: Cold stress signaling in Arabidopsis thaliana and its connection to drought stress
signalling. Many genes are activated by both stresses, so a cross talk is postulated. CBF/DREBL is
involved in draught and cold stress signaling. DREB2’s main function is draught resistance. It does
affect cold resistance only slightly. ABA signalling is not involved in cold-stress signalling. BEEL is
activated by ICE1. Mutations in BEE1 and BEE1-like have similar effects on scopolin accumulation
under cold stress. Boxes: cis-acting elements, ovals and circles: transcription factors (Shinozaki et al.
(2003), with the putative scopolin signalling pathway added.)

explained by an additional effect of its second insertion into MYB40). Interestingly, the
expression patterns in roots of the members of the THO/TREX complex with a scopolin
phenotype in deletion mutations match quite well. The diverging expression patterns of the
other members of the AtTHO complex suggest that it might be assembled differently in
different tissues. This suggests that it could have various functions, for which not all
members are necessary for each task, a view also held by Yelina et al. (2010).

Transcription factors BEE1 and At5g45580 (“BEE1-LIKE”) are involved in
scopolin accumulation under cold stress

Under cold stress, two insertion mutation lines were isolated with a strikingly identical
phenylpropanoid profile. This profile diverged from wild type first and foremost, because no
scopolin accumulated in leaves after exposure to 10°C. But there was also a minor reduction
of kaempferol derivatives and a substance not accumulating in wild type. The function of
At5945580 (“BEE1-LIKE”), annotated as a MYB-like transcription factor, is completely
unknown. Promoter analysis points to a role in dehydration besides cold stress. BEEL is
involved in brassinosteroid signalling and is activated by ICE1, the main cold-mediating
transcription factor in Arabidopsis. Judging from the identical profile, BEE1 and BEE1-like
might be members of the same signal transduction chain, leading to modulation of the
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phenylpropanoid content under cold stress. Cold stress signalling is in some parts interlaced
with drought stress signalling with or without ABA signal transduction (figure 55). To
elucidate their role in the cold stress signalling chain, expression levels of BEE1 and BEE1-
like, CBF1 (early responding cold stress gene), Corl5a (late responding cold stress gene) and
F6’H1 (late synthesis gene) in WT and deletion mutations of BEE1, BEE1-LIKE, ICE1, CBF1 and
an ABA-deficient line shall be analysed in a follow-up project to this work. This project will
also analyze the reaction of BEE1 and BEE1-LIKE in various stresses like UV or high-sucrose.
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Materials and Methods

General procedures

Sterilisation of seed material

A small aliquot of seeds was incubated in 1 ml of ethanol 70% (v/v) for 2 minutes. The liquid
was removed and replaced by 500 pl sodium hypochlorite solution (NaOCI* 5% (v/v)) with 20
ul Tween 20% Incubation time was 8 min. The bleach was removed and seeds were rinsed
trice with sterile water. For easier distribution, seeds were suspended in 0.1% (w/v) sterile
agarose® (modified after Schlesier et al., 2003).

Cultivation of Arabidopsis thaliana on agar plates

Sterilised seeds were placed with a distance of at least 1 cm to each other on agar plates
containing % MS (2,2 g/I Murashige & Skoog medium including vitamins* (Murashige and
Skoog, 1962), 0.5% (w/v) sucrose® and 0.8% (w/v) plant agar* (gel strength > 1100 g/cm?), pH
5.7-5.8). Plates were sealed with Parafilm® M* and kept 3-4 days at 4°C, before plants were
grown for 3-4 weeks on cultivation shelves (day 16 h, 25°C; night 8 h, 20°C).

Cultivation of Arabidopsis thaliana in sterile hydroponic culture

Sterilized and stratified seeds were grown for four weeks in a hydroponic culture system as
described in Schlesier et al. (2003). This system consists of a % litre glass mould jar with lid
and clamps®, a stainless steel plantlet carrier and a light-protective pot. A simplified variant
of the published protocol was applied: first, the nutritive solution was filled exactly as high as
to touch the wire cloth of the plantlet carrier from below. Then, the seeds, already
suspended in 0.1% agarose, were distributed evenly on the mesh with a 200ul pipette or
toothpick (up to 10 seeds per jar). The nutrient solution consisted of Y2 MS (1,1 g/l Murashige
& Skoog medium (Murashige and Skoog, 1962) including vitamins* and 0.5-3% sucrose® as
required by the experiment (figure 56).

Figure 55: Hydroponic culture system for controlled growth conditions and easy root harvest

Cultivation of Arabidopsis thaliana in soil culture
Seeds were sown on a low-nutrient substrate (“Substrat 1”°, a peat substrate for low to

medium nutrient requirements, fine structured, N 140 mg/I, P 160 mg/I, K 180 mg/I, Mg 100
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mg/I S 120 mg/l, with trace elements), stratified 3-4 days at 4°C, kept in a growth chamber
with a 9/15 hr day/night period at 21/18°C. Level of illumination was 120-150 pmol m? s™.
After 2 weeks, they were transplanted into single pots in the same substrate. Six-week-old
plants were transferred to a green house with 16 h of supplemental lighting to induce
flowering.

Imaging system for root fluorescence

Imaging system, version 1

Three- to four-week-old plants grown on agar plates were photographed with the gel
documentation system Diana 11?2, UV light for optimum scopolin fluorescence was generated
by full UV filtered by an additional 200 x 200 x 2 mm filter plate (transmittance 250-400 nm,
optimum 340 nm)®, which was placed below the agar plate. An emission filter with an
optimum transmission at 460 nm (D460/50 m emission interference filter, 25 mm
diameter)” was placed in front of the camera lens. Camera settings: Exposure Time 10sec,
scan 2 times, Gamma: 0.98 (Diana/95 Version 1.6). For easier evaluation, the Diana grey
scale picture was converted into a false colour image by AIDA software (Advanced Data
Image Analyzer Version 2.3.007%).

Imaging system, version 2

Agar plates with 3-4 weeks-old plants were placed upside-down inside the dark-chamber of
the fluorescence imaging system Quantum ST4*. Excitation was done by epi-UV at 365nm.
Emission light was filtered by a 440nm-filter (F-440M582%). The image was taken using the
camera software “Quantum-capt version 15.17”.

Extraction of phenolic compounds from roots and leaves for HPLC analysis

Root material from hydroponic culture was harvested with a scalpel, dried diligently with
tissue paper and frozen immediately in liquid nitrogen. Samples from soil were rinsed quickly
in a three-step washing system, dried with tissue paper and frozen. Leaves were frozen
immediately after harvest. All samples were kept at -80°C. Samples larger than 150 mg were
pre-homogenised with mortar and pistil and only an aliquot used for analysis. Per 100 mg
sample, 400 pl methanol (Lichrosolv Methanol Gradient Grade’) was added without thawing
the sample beforehand. Homogenisation was carried out with a tissue homogenizer
(Precellys 24%) and zirconium silicate (58%) grinding beads, @ 1.0-1.2 mm (RIMAX ZS-R®) for 2
X 45 sec. at 5500 rpm in 2ml reaction tubes. Samples were centrifuged in a table top
centrifuge at 16400 rpm/28500 x g, at 4°C for 10 min. The supernatant was transferred to a
new tube and the pellet resolved in the same amount of methanol as in step 1, and the
centrifugation step repeated. Both supernatants were mixed and centrifuged again for 10
min. Before injection, an aliquot of the sample was diluted to 80% with the acidic solvent
from the aqueous phase of the HPLC run and centrifuged again for 5 min.

Methods used for liquid chromatography
Several HPLC methods were used because of improvements in hardware and separation
techniques. The respective method for each experiment is indicated.
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Preparation of standards: Scopolin, produced from scopoletin'® by a recombinant
glycosyltransferase (Matros and Mock, 2004), was quantified with a B-glucosidase assay
(Maslak, 2002). Peak identification for scopolin and scopoletin in raw extracts of roots:
retention time was determined by overlays with standards, further validation was done by
extraction of UV spectra and comparison to the standard, by spiking the raw extract with the
standard and MS analysis with a liquid chromatography- time of flight mass spectrometer
(LCT premier'?). Isoscopolin was produced from isoscopoletin®® with the same method as
scopolin.

HPLC method 1

A Waters Alliance System™ fitted with a Jasco FP-1520 Fluorescence detector' was used.
Separation was done on a C18 column (Aqua 5 pum; 4,6x250 mm; RP 18; 125 A). Solvent A
was 98% (v/v) water (Lichrosolv’) and 2% (v/v) of a solution of 5% (w/v) ammonium
formate®® in formic acid®. Solvent B was acetonitrile’®. Gradient: from Omin, 97% A to 20
min, 85% A, slightly convex curve. From 20min, 85% A to 50 min, 60% A, slightly convex
curve. From 50 min, 60% A to 60 min, 0% A, linear curve. The flow was 1 ml per minute,
column temperature was 25°C. Fluorescence was measured with an excitation wavelength
of 340 nm at 430 nm emission wavelength (based on Mock et al., 1999).

HPLC method 2

A Waters ACQUITY UPLC system fitted with an ACQUITY UPLC® Photodiode Array (PDA)
Detector'! and a Jasco FP-920 Fluorescence detector'® with a 5-pl-flow cell was used. The
column used was an ACQUITY UPLC BEH C18 Column, 2.1 x 50 mm, 1.7 um with an ACQUITY
BEH Shield RP18 VanGuard Pre-column, 1.7 um, 2.1 x 5 mm'* and an elution gradient with
solvent A (v/v: 98% water (Lichrosolv’) with 2% of an ammonium formate® -formic acid®
solution. (5% w/v) and solvent B (acetonitrile’) from 0 min to 1 min, 100% A, from 1 min to
3 min to 85%A, from 3 to 6 min to 60% A, from 6 to 7 min, to 0% A, with linear curves and a
flow of 0.55ml per minute (adaptation of HPLC method 1 for UPLC by A. Kothe). A 1.5 min
delay was added to restore the initial conditions. Column temperature was 30°C.
Fluorescence was measured with an excitation wavelength of 340 nm at 430 nm emission
wavelength; UV data were extracted at 280 nm.

HPLC method 3

As HPLC method 2, but the Jasco Fluorescence Detector was replaced by an ACQUITY UPLC®
Fluorescence (FL) Detector™. Scopolin and scopoletin were quantified by fluorescence
detection at 336 nm excitation/438 nm emission wavelenght.

HPLC method 4
This separation method followed Yonekura-Sakakibara et al. (2008): The Waters Aquity UPLC
system was used with a BEH phenyl column (Waters ACQUITY UPLC BEH Phenyl Column,
130A 2.1 x 100 mm, 1.7 pm, product number 186002885) and an ACQUITY UPLC BEH Phenyl
VanGuard Pre-column, 130A, 1.7 pm, 2.1 mm x 5 mm, product number 186003979, The
column temperature was 35°C. The gradient was linear from Omin, 100% solvent A (0.1%
(v/v) formic acid®™ in 18MQ water (Milli-Q'")) to 10min, 40% B (0.1% (v/v) formic acid® in
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acetonitrile™). Solvent B was brought up to 100% after each run to clean the column and the
initial conditions were restored in a delay of 3.5min. Samples were evaluated with UV
detection at 280nm and fluorescence detection at 300/400 nm, 336/438 nm and 360/450
nm.

Isolation of plasmid DNA

Extraction of plasmid DNA from bacteria was carried out as follows, based on a protocol for
alkaline lysis from Birnboim and Doly (1979): the bacterial pellet from 1.5 ml over-night
culture was resolved in 100 pl lysis buffer (50 mM TRIS*/HCI, 50 mM EDTA® pH 8.0, 15%
sucrose’). Proteins were denaturated by adding 200 pl SDS solution (200 mM NaOH, 1%
(w/v) SDS') and 150 pl of a cooled solution of 3 M potassium acetate’ with 11.5% (v/v) acetic
acid’. Samples were incubated on ice for 10 min and centrifugated at approx. 10000 x g at
4°C. Isopropanol (0.6 volumes) was added to the supernatant and vortexed vigorously. DNA
was precipitated with 10 min of centrifugation at approx. 18000 x g at 4°C. The pellet was
washed with 300 pl of ice-cold ethanol (70% v/v) and another centrifugation step of 5 min,
18000 x g and 4°C. The pellet was dried and resolved in 35 pl water in a shaker at 70°C for 30
min.

Polymerase chain reaction

Polymerase chain reactions were performed with a Taq polymerase (DreamTaqg™>) according
to the manual. Primers were designed following the “Guidelines for primer design” from the
Fermentas DreamTaq Polymerase manual (2008): Length 20-30bp, difference of melting
temperature < 5°C, GC content 40-60%, primer should end on G or C, but avoiding of more
than 3 G or C at the 3’ end. Primers were checked for hairpin formation, 3’ complementarity
and self-annealing with OligoCalc (Kibbe, 2007) and ordered from MWG-Biotech™ .

Agrobacterium-mediated plant transformation

Expression vectors with insertions of plant DNA were transferred into the Agrobacterium
strain C58C1, containing the pGV2260 plasmid (Deblaere et al., 1985) according to Hofgen
and Willmitzer (1988). Arabidopsis plants were transformed with the floral dipping method
of Clough and Bent (1998), with minor changes: Agrobacterium was grown in 400ml YEB-
medium (Vervliet et al., 1975); and a modified infiltration medium following Bechtold et al.
(1993): 2.2g/1 Murashige & Skoog medium including vitamins* and 5 % (m/v) sucrose’,
0.0187uM benzylaminopurine™, 0.1g/l acetosyringone®®, 0.025% Silwet L-77 (“Vac-In-
Stuff™*), pH 5.7, was used.

SDS gel electrophoresis and blotting
SDS-Page gel electrophoresis was done after Laemmli (1970) in a vertical 20x10cm double
gel system (Perfect Blue*®) at 175 V, 300 mA and room temperature. Loading gel: 13% (v/v)
of 30% acrylamid/N,N’methylenbisacrylamid (37.5:1) solution (Rotiphorese® Gel 30); 25% of
0.5M Tris-HCI; 1% of 10% (m/v) SDS solution; 0.5% of 10% (m/v) ammonium persulfate
solution; 0.2% TEMED; 60.3% water. Separation gel: 32% (v/v) of 30%
acrylamid/N,N’methylenbisacrylamid (37.5:1) solution (Rotiphorese® Gel 30); 24% of 1.5 M
Tris-HCI; 1% of 10% (m/v) SDS solution; 0.5% of 10% (m/v) ammonium persulfate solution;
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0.1% TEMED; 42.4% water). After separation, the SDS gel was equilibrated for 5 min in a
solution of 25mM Tris and 20% (v/v) methanol, pH 10.4 (anode solution Il). A transfer of
proteins was done with a semi-dry-blotter® in a blot of the following assembly: on top of the
anode plate were 6 layers of blotting paper (BF3>°) soaked in a solution of 0.3 M Tris and
20% (v/v) methanol, pH 10.4 (anode solution 1), then 3 layers of blotting paper soaked in
anode solution I, a PVDF membrane (Immobilon-P Membrane, 0.45 um'’), wetted with
methanol, rinsed in water for 2 min and equilibrated in anode solution Il for 2 min, then the
SDS gel, then nine layers of blotting paper soaked in a solution of 40 mM 6-aminohexanoic
acid, 0.01% (m/v) SDS and 20% (v/v) methanol (cathode solution) and finally the weighed
down cathode plate on top. The blot was run for 1.5 hours with a current of 0.8 mA/cm? gel
area and 50 V. The aluminium-based staining protocol of Kang et al. (2002) was applied for
colloidal Coomassie staining of proteins. After electrophoresis, gels were washed twice with
water for 10 min and subsequently incubated in staining solution (5 % aluminium sulfate-
(14-18)-hydrate, 0.02 % CBB-G250, 10 % ethanol, 2 % ortho-phosphoric acid) for 1-3 h and
destaining solution (10 % ethanol, 2 % ortho-phosphoric acid) for 30 min to visualize the
proteins (Hedtmann, 2012). (All chemicals from Carl Roth'.)

Immunodetection

For immunodetection, the PVDF membrane was incubated after protein transfer overnight
in a blocking solution (10mM Tris-CI* pH 8.0, 150mM NaCl*, and 0.05% (v/v) Tween20°
(TBST) and 1% (m/v) bovine serum albumin®') after washing the membrane three times in
TBST. The first antibody (against the His-tag of the recombinant protein = monoclonal anti-
polyHistidine antibody produced in mouse® 1:4000 in TBST and 0.5% (m/v) bovine serum
albumin or the self-produced antibody against AtTHO1 1:1000) was left on the membrane
for 1 hour and excess removed with washing three times with TBST. The second antibody
was an anti-mouse IgG (whole molecule)-alkaline phosphatase antibody produced in rabbit'?
or an anti —rabbit AP antibody for AtTHOL1, which were applied for 30min in a 1:5000
solution in TBST with 0.5% (m/v) BSA. Excess antibody was removed by washing trice with
TBST. Staining of bands was done in a NBT/BCIP' reaction catalyzed by the alkaline
phosphatase of the second antibody according to the BCIP manual.

Statistical analyses

For comparison of mean values to detect significant differences between two or more
groups, the software SigmaPlot?* was used. Numeric data was tested for normal distribution
(Shapiro-Wilk) and equality of variances. If the data set passed both tests, a t-test against the
control or respectively an ANOVA with a post-hoc test for multiple comparisons was
performed. Result graphs for normally distributed data contained the arithmetic mean value
and the standard deviation. For not-normally distributed data and for non-numeric data, a
Mann-Whitney-U-test against the control group, was used. For more groups, the Kruskal-
Wallis test followed by a post-hoc test was applied. For this type of data, box plots depicting
the median, the 25% and 75% percentiles, the 5% and 95% percentiles and the outliers were
shown. The applied post-hoc tests are stated in each experiment.
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Localisation of scopolin in roots

Plant material

Locus Gene Line Type Origin Primer for PCR on
insertion
Arabidopsis
thaliana
At4g34050 CCoAOMT1 SALK_151507C (NASC Stock No. T-DNA NASC* See Kai et al. (2008)
N664340) insertion
At3g13610 F6'H1 SALK_132418C (N658415), T-DNA NASC® See Kai et al. (2008)
(Alonso et al., 2003); insertion
- Col-0 (N1092) wild type NASC®
Nicotiana
tabacum
- cv. SamsunNN wild type Bioplant,
“Vereinigte
Saatzuchten
eG” Ebsdorf,
Germany

Homozygosis of offspring lines for ccoaomtl and f6 'h1 was tested by PCRs with the primers
suggested by Kai et al. (2008). DNA extraction was done according to Edwards et al. (1991)
using a commercial homogenizer (Precellys24®) and zirconium silicate (58%) grinding beads,
@ 1.0-1.2mm (RIMAX ZS-R®). HPLC analyses were performed using HPLC method 2.

Confocal laser scanning fluorescence microscopy

Optimum fluorescence conditions of scopolin and scopoletin were determined using
dilutions of HPLC standards (see: “Methods used for liquid chromatography” page 109) in an
acetic acid/Na-acetate buffer (pH 5.0) with a dual scanning micro plate spectrofluorometer
(SPECTRAmax Gemini’®). The tested range for the excitation spectra was from 300nm to
400nm and for the emission spectra from 390nm to 610nm. Fluorescence microscopy was
performed by Dr. Twan Rutten (Structural Cell Biology, IPK Gatersleben, Germany) and the
author with a confocal laser scanning microscope (LSM 510 Meta?’) with the LSM software
release 3.2. Samples for longitudinal views were placed untreated on slides. (Cutting was not
necessary, since confocal microscopy can depict layer for layer by zooming through several
planes of the sample, generating so-called “z-stacks”.) The excitation wavelength was 364nm
and emission wavelengths ranged from 385-450nm. Emission spectra of different root zones
and of a scopoletin standard were recorded (“Lambda stacks”). Pixels belonging to different
spectra were assigned different false-colours (“unmixing” Figure 56) in pictures marked as
such. Cross sections were embedded in agar and hand-cut. Images were taken with a
twenty-fold magnification and zoomed twice. Control samples were Col-0 (N1092) and
tobacco cultivar SamsunNN (SNN).
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Figure 56: Generating fluorescence images, in which areas with different fluorescence properties
are marked with different colours (“Unmixing”): A: A bright-field image of the sample is taken. B A
fluorescence image is taken from the same area. Zones of interest are marked manually in the
software (“1 red cross”, “2 green cross”). A fluorescence spectrum of the sample is recorded
(“lambda stack™) (no image). C The fluorescence spectra of the marked areas are extracted. D+E:
Pixels having the same spectra as the marked areas are assigned false-colours. (Here, for the
spectrum “1” the colour blue was chosen (D), for spectrum “2” yellow (E)). F: The final picture is
generated by overlays of images A+D+E.

Elucidation of substances missing in the profile of a root extract of the
insertional mutant f6’'h1
Extracts from roots of WT Col-0 and f6’h1 from 50 pooled plants out of soil culture were
measured using HPLC method 4. To identify the deviating peaks, chromatograms were
compared to a collection of standards of secondary compounds. When a number of putative
candidate compounds was gained, a preparative HPLC run was performed: the methanol (ca.
4.5ml) from 5ml of pooled root extracts (=625mg starting material) was evaporated and the
liquid level refilled with solvent A (0.1% formic acid’® in 18MQ water (Milli-Q*")). The sample
was separated on an XBridge Prep C18 5um column (10x150mm)11 connected to a Waters
600 pump/controller module with the PDA 2996'. Solvent B was 0.1% formic acid™ in
acetonitrile™. The flow was 1 ml/min. The gradient was linear from 0 min, 100% A to 230
min, 40%B. Fractions (1, 4, 9 or 10 ml; relevant fractions of Col-0 were 1 ml, of f6’h1 4 ml)
were collected with a fraction collector (Frac-100'8). All fractions were analyzed by HPLC-FLD
measurements. Peak 1 could be recovered in WT fractions 20-21 (52-53min), peak 2 in
fractions 23-24 (55-56min), scopolin in fractions 25-29 (57-61min), peak 4 in fractions 36-37
(68-69min), scopoletin in fractions 46-48 (78-80min), peak 6 in fractions 62-65 (94- 97min),
peak 7 in fractions 64-66 (96-98min) and peak 8 in fractions 74-77 (106-109min). These
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corresponded to the f6’h1 fractions 13-14 (peak 1), 14 (peak 2), 15-16 (scopolin), 17-18
(peak 4), 20 (scopoletin), 24-25 (peak 6 and 7) and 27-28 (peak 8). Fractions were analyzed
by LC-MS measurements: separation as described in HPLC method 4 without fluorescence
detection. The UPLC was coupled to an electrospray ionization-time-of-flight (ESI-ToF) mass
spectrometer (LCT Premier'!). For details of measurement see Korn et al. (2008). However,
signals were close to background noise, so all fractions were evaporated completely,
resolved at 30°C in 50ul methanol each, diluted to 80% with solvent A and measured again
by LC-MS. The corresponding fractions of WT and f6’h1 were compared to LC-MS runs of
standards of substances they might contain considering their respective retention times. In
detail, the main masses gained for the standard were explicitly searched for in the respective
fractions of WT and f6’h1 and integrated at the respective retention times. For missing peaks
that matched no standard, masses of coumarins and precursors were searched and mass
spectra were analyzed (appendix tables A1-A3). Theoretical masses of a collection of
phenylpropanoids, with emphasis on compounds close to the pathway towards scopolin are
given in the appendix, table A4.

Evaluation of the effects of a Plasmodiophora brassicae infection on the
insertional mutant f6’h1 and the wild type Col-0

Frozen spore suspensions of Plasmodiophora brassicae strain E3 (Siemens et al., 2009) were
kindly provided by J. Ludwig-Muller and S. Bretschneider, Institut fir Botanik, TU Dresden,
Germany. Inoculation was done by injecting the soil around each plant with 2 ml of a spore
suspension or in the control, with 2 ml water (Siemens et al., 2002). Plants were cultivated in
a green house in April-May, June-July, September-October and February-March,
respectively. Plants were grown either in large trays, divided in four parts (2x f6’h1, 2x WT
per tray) or in single-well plates (Quickpot 96T, 48 plants per line) on bedding substrate 1.
Disease evaluation was achieved by determining the infection rate and calculation of the
disease index (DI) according to Klewer et al. (2001). For that, each single plant was sorted
into one of five categories of symptom severity .The disease index is calculated as DI =
(1n1+2n2+3ns+4n,4)* 100/4N;, where n;-n, are the number of plants sorted into categories 1-
4 and N; is the total number of plants in all five categories. To make unbiased symptom
evaluations, line identity was masked by the usage of neutral identifiers, which were
decoded only after evaluation was finished. For HPLC analysis, roots or leaves of each
category in each parallel were pooled, homogenized and measured using HPLC method 4.

Identification of genes involved in the accumulation of scopolin under high-
sucrose

Expression analysis of genes in a shifting experiment from low-sucrose to high sucrose
Arabidopsis Col-0 (N1092) plants were cultivated in the hydroponic culture system described
above (see p. 108). Root and leaf scopolin contents were determined from three pools from
different timepoints after shifting in four independent experiments using HPLC method 4.
During the fourth experiment, total protein was extracted from samples from each
timepoint, desalted and used in an enzyme assay to produce scopolin out of scopoletin as
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described in Maslak (2002), p. 25 f. Amounts of scopolin produced by the protein raw extract
were used as a measure for SGT-activity. Northern Blot: RNA was extracted after Logemann
et al. (1987) using a guanidine hydrochloride-containing buffer followed by direct extraction
with phenol/chloroform. Blotting, labelling of a cDNA probe with radioactive phosphorus
and hybridization also followed Maslak (2002), p. 36 f. As a probe, a 382bp long fragment
from the CDS (coding sequence) of UGT73B3 (At4g34131) was used, (amplified from cDNA,
primers 5-GGCTGAGAGAGGAAAGAAAGCAAGC-3; 5’-CAGGCCATGTCACCATTGGTAGC-3).

Micro array analysis: RNA extraction was done with a plant RNA extraction kit (RNeasy Plant
Kit?®), with an on-column DNAse digest. Labelling and hybridisation to Agilent Arabidopsis V3
Gene Expression Microarrays (4x44k)*° was done by an external service (Array-On GmbH,
Gatersleben, Germany). A Cy3-Cy5 two-colour system (Agilent.TwoColor.21169) and the
Agilent Feature Extraction Software (v10.5) were used to create normalized Excel files in
which fold changes for each gene out of the normalized signal were calculated.

Comparisons and replicates:

Array 1_1: time point zero/Cy3 - high sucrose/Cy5 (Pool 1)
Array 1_2: time point zero/Cy3 — control (low sucrose)/Cy5 (Pool 1)

Array 2_1: time point zero/Cy3 - high sucrose/Cy5 (Pool 2)
Array 2_2: time point zero/Cy3 — control (low sucrose)/Cy5 (Pool 2)

Data evaluation: starting point: Excel file with the normalized signal changes between each
sample pair on one array as log ratio. 1. Fold changes for each feature (gene) on every array
were calculated (=IF([log ratio]<0;-1/POWER(10, ([log ratio]);POWER(10, ([log ratio])). 3. For
Array 1_1 and Array 2_1, (“time point zero vs. high sucrose”) all features with an assigned p
value > 0.01 on one or both arrays were removed. (The p-value is assigned to each log ratio
by the extraction software based on error calculations on the raw signal.) 4. The mean value
of the fold changes for Array 1_1 and Array 2_1 was calculated (“time point zero vs. high
sucrose”, two arrays). The mean value of the fold changes for Array 1_2 and Array 2_2 was
calculated (“time point zero vs. control”, two arrays). 5. The difference between the fold
changes for both comparisons was calculated if the assigned p-value of “time point zero vs.
control” was p<0.01 on both of its arrays to remove changes that occurred only by the
application of fresh media. Features were annotated using TAIR’s Bulk Data Retrieval Tool
(Swarbreck et al., 2008).
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Screening of activation-tagging lines for enhanced root fluorescence

[ oo
interrupted gene

Figure 57 Schematic composition of the T-DNA in the activation tagging lines: Left Border (LB) —
BASTA herbicide resistance — pBstKS+ (including ampicillin resistance) — 4x 35S-Enhancer elements —
Left Border (RB).

The collection of activation-tagged lines (figure 57) was delivered as a set of 86 pools
containing a mixture of 100 lines per pool (NASC Stock # N21995”°, Weigel et al., 2000). An
aliquot of each pool, containing 200-300 seeds, was sown on agar plates containing 0.5%
sucrose’, so that any of the 8600 lines was represented by an average of 2-3 plants in the
screen. Wild type Col-0 (NASC Stock # N1092%°) was grown on 1/3 of each plate for
comparison. 3-4 week old plants were photographed with the camera system Diana 11%, see
“Imaging system version 1”, p. 109. Plants with higher root fluorescence than the wild type
were potted into soil and protected from outcrossing and seed loss by seed harvesting
devices (Aracons). For the rescreen, seeds from one mother plant were grown on 2/3 of
one agar plate, and wild type on the other third of each plate. Those plates were evaluated
as above. Offspring lines from positive plants from the rescreen were grown in hydroponic
culture and the root scopolin contents determined by HPLC method 1. Lines were selected
as candidates, when they had significantly higher scopolin contents than wild type in three
independent harvests.

Identification of the insertion site of the activation tag

DNA from 10 single plants from lines N21392 6/1/2 and 6/1/7 and N21368 25/1/5 was
extracted using a DNA extraction kit (Invisorb® Spin Plant Mini Kit*?). T-DNA-insertion was
tested with PCR using primers for the 35S-enhancer elements (5-GAT CCC CAA CAT GGT
GGA GCA C-3', 5-CTA GAT ATC ACA TCA ATC CAC TTG CTT TG-3"). Plasmid rescue (digest and
religation of T-DNA and adjacent genomic DNA, followed by transformation in E.coli) was
performed according to the protocol given by Weigel et al. (2000). Enzymes used for digest
were EcoRI and Hindlll for N21392 6/1/2 + 7, and KPNI, BamHI, Notl, Hindlll or Pstl*® for
N21368 25/1/5. The newly ligated vectors were transformed into E.coli XL1 Blue. PCR on the
newly constructed plasmids was performed with the left border (LB) and right border primer
(RB) of the T-DNA, for primer sequences see Weigel et al. (2000). The resulting PCR products,
constituting the fragment of genomic Arabidopsis DNA adjacent to the insertion site were
eluted from the gel with a gel extraction kit (QIAquick®®). Samples were sequenced™ using
the primers suggested by Weigel et al. (2000). The sequence gained for N21392 6/1 was
analysed using the TIGR Arabidopsis thaliana Database (Gish, 1996-2006). The sequence
gained for N21368 25/1/5 was analysed with NCBI BLAST (Altschul et al., 1997). The
differentiation between ACTIN7 (At5g09810) and ACTIN8 (At1g49240), the possible insertion
sites in lines N21392 6/1/2 and 6/1/7, was achieved by two independent PCR approaches:
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1. Primers for ACTIN7 and ACTIN8 from regions as diverse as possible within the
incorporated Arabidopsis-DNA fragment in the newly constructed plasmid were used.
(ACTIN7: 5'-ATT CAA TGT CCC TGC CAT G-3"; 5'-GAG GAA GAG CAT ACC CC-3'; ACTINS: 5'-CTT
TAA TTC TCC AGC TAT G-3'; 5'-GTG GAA GTG AGA AAC CC-3'). Template was the plasmid
preparation from E.coli, which was also used for sequencing.

2. Primers binding up- and downstream of the insertion site in regions of maximum
diversity were used in PCRs with genomic plant DNA from line N21392 6/1/2 which had a
proven T-DNA insertion. (ACTIN7: 5'- CTTAAAGTCGTTCTCTTTTTGTAACAGG-3'; 5'-
CTGAAAGTTTTAAAGAGGCGGAATTG-3"; ACTINS: 5'- ATTGATCACAGTGAAATGATTTTCTTTA-3",
5' GAGGAGTTGTCTACATTTAATCAAC-3"). Gene sequences were downloaded from TAIR (Rhee
etal., 2003).

Identification of the gene whose over-expression caused the enhanced scopolin
accumulation in line N21392 6/1

Generation and analysis of over-expression lines of the candidate genes

Over-expression lines were generated using the Gateway™** system combined with
Agrobacterium-mediated plant transformation. Entry clones were produced following the
Invitrogen User Manual “pENTR™-Directional-TOPO® Cloning Kits”*: At first, the CDS region
of each candidate gene had to be made available). Several methods were applied, for
details, see Table 12.

Table 12: Entry clones containing the cDNA or CDS regions of the candidate genes surrounding At5g09810
(ACTIN7)

Locus Primer for cloning and/or control PCRs Origin of CDS-DNA

At5g09750 5'-CACCATGAATAATTATAATATGAACCCATCTC-3’ Amplification from cDNA
5-CTAGATTAATTCTCCTACTCCTCTTCC-3’

At5g09780 5-CACCATGGCAAGTAACCCTGATTTTCTTTG-3’ Gateway™ clone DQ056675
5-TTATGGCTTTGAGACAACTAGAAGCAGCTC-3

At5g09800 5’- CACCATGAGGAGCGATGATC-3’ pUni51 U61902*°
5’- TCAAAACGGCATAATATGTGTCGT-3’

At5g09805 5-CACCATGTCTTCTCGAAGCCAC-3’ Synthetic DNA in pSV-X vector®’
5-TTAAGTCTTAGTACTACTTAAACGATTC-3’

At5g09830 5’- CACCATGGTGACGAAGGAGCAAGTCG-3’ Amplification from cDNA
5’- TCAGGCATCTTTGGTTAAGGTTGCAGAGTC-3’

At5g09850 5’- CACCATGGATTTGGATGATTTCCGATC-3’ amplification from cDNA (Gateway™
5’- TTACCAGTGTCTACCACCTTGAGAAC'3 clone G13994* 300bp at 5’ too short)

At5g09860 5'- CACCATGGATGCATTTAGAGATGCTATATTG-3’ amplification from cDNA, Gateway™
5’- TCATGAGACGGGCATAGGAGGATG -3’ clone G14437*° with point mutation)

At5g09890 5’- CACCATGGACGGCGCCGATG -3’ Gateway™ clone G09539*
5’- CTATGTCTTGTGGTTTAACTCACCACCTTC -3’

Production of entry clones from cDNA: RNA from Arabidopsis thaliana Col-0 (root and leaf)
was extracted with an RNA extraction kit (RNeasy Plant Kit?®), in which homogenized
samples were treated with a lysis buffer, filtered, RNA bound to a spin column, washed and
eluted (Qiagen, 2010). First-strand cDNA synthesis was performed with a reverse
transcriptase (iScript™ cDNA Synthesis Kit*®) and PCR with high-fidelity, blunt-end generating
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DNA polymerases (Herculase Il DNA Polymerase® (At5g09750 and At5g09830) or Pfu DNA
polymerase® (At5g09850)). For AT5g09800, full-length cDNA from the pUni51 clone U61902
was used as a template for a PCR with Pfu DNA polymerase. The resulting PCR fragments
were eluted from an agarose gel with a gel extraction kit (QIAquick®®) and inserted into the
vector pENTR-D-TOPO*. The generated entry clones were verified by sequencing®.
Sequences were aligned with CDS sequences downloaded from TAIR (Rhee et al., 2003) using
a sequence alignment programme (Lasergene 6’s Megalign*'). Sequences with less than
100% similarity were rejected. LR-clonase reactions to create destination vectors were
performed with Gateway® LR Clonase® Il enzyme mix**. The vector used was the binary
vector pk2GW7 (Karimi et al., 2002)*, the Escherichia coli strain was XL-1 Blue*®. Plasmid
preparations of all eight destination vectors were transformed into Agrobacterium and used
for the transformation of Arabidopsis Col-7 plants (N3731% = background of activation-
tagging lines). Seeds were selected on agar plates containing ¥2 MS, 1.5% (m/v) sucrose and
50 pug/ml kanamycin. The scopolin contents of the over expression lines grown in hydroponic
culture were measured using HPLC method 2 (OEAt5g09750 and OEAt59g09430) or HPLC
method 3.

Analyses of insertion mutation lines of the candidate genes

Insertional mutants for the candidate genes surrounding ACTIN7 were either lines from the
Salk Institute Genomic Analysis Laboratory T-DNA insertion collection (Alonso et al., 2003),
or JIC SM lines (John Innes Centre Suppressor-mutator lines) (Tissier et al., 1999), or GABI-
KAT lines (Li et al., 2007), see table 13 for details. They were ordered from NASC? or directly

from GABI-KAT*,
Table 13: Investigated insertional mutants for the candidate genes surrounding At5g09810 (ACTIN7)

Locus Name/ID Segregation status

At5g09750 SALK_005294C (NASC ID: N665157) homozygous

At5g09780 None available

At5g09800 SALK_101434C (NASC ID: N671794) homozygous

At5g09805 SM_3.35905 (NASC ID: 122616) unknown

At5g09830 GABI-KAT 357C12 unknown
SALK_013477 (R) (NASC ID: N513477) segregating

At5g09850 GABI-KAT 772H03 unknown
GK-332611.01 -.18 (NASC ID: N335302 - 19) segregating
SALK_072990 (Y) (AN) (NASC ID: N572990)

At5g09860 GABI-KAT GK052D02 segregating

At5g09890 SALK_078846 (NASC ID: N578846) segregating

Several offspring lines for each of the ordered insertional mutants were grown in hydroponic
culture containing 0.5% or 3% of sucrose. The scopolin content of root extracts was
measured using HPLC method 2 or 3 and compared to wild type Col-0.

To determine the segregation status of the GABI-Kat offspring lines GK052D02 2, 3, 6, 7, and
9, DNA was extracted from 10 single plants of each line according to Edwards et al. (1991)
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using a commercial tissue homogenizer (Precellys24®). Each plant was tested via PCR by
primers suggested in the GABI-Kat delivery papers: gene specific primer. 5-
TTGATAGGTTTACTGCTGGAAAGG-3"; T-DNA primer: 5’-CCAAAGATGGACCCCCACCCAC-3’ for a
T-DNA-insertion  in  At5g09860, and by the self-created primers 5'-
CACCTTTGATGCTCAACCACTAAGCGAAGA-3'  (mid-part  of  At5g09860) and 5'-
TCATGAGACGGGCATAGGAGGATGATC-3’ (end of At5g09860) for indicating a non-interrupted
At5g09860.

Construction of over-expression plants for the candidate gene At5g09860 (AtTHO1)

Insertion of the CDS region of AtTHOL1 into a Gateway entry vector

RNA was isolated using a plant RNA isolation kit (RNeasy Plant Kit?®) from roots of Col-0.
First-strand synthesis was successful using 300 ng total RNA, the gene specific reverse primer
5-TCATGAGACGGGCATAGGAGGATG-3" and a reverse transcriptase with a high sensitivity
(Maxima®®). It was performed according to the manufacturer’s instructions for cDNA
synthesis with gene specific primers. Second strand synthesis was achieved with Pfu
polymerase™ at 58.1°-60.7°C with the forward primer 5
CACCATGGATGCATTTAGAGATGCTATATTG-3’ and the reverse primer 5'-
TCATGAGACGGGCATAGGAGGATG-3. The integration into pENTR-D-TOPO was done
according to the Invitrogen support’s suggestions for long fragments: 7.5ng PCR-product,
3.7ul salt solution, 1ul vector and 12.3ul water were incubated overnight and transferred
into E.coli TOP TEN®*. Constructs were verified by sequencing.

Production of over-expression lines of AtTHO1

The CDS region enclosed in the produced entry clone was transferred in an LR-reaction to
the over-expression vector pB2GW?7 (Karimi et al., 2002)*? according to the manual of the
applied Gateway® LR Clonase® Il enzyme mix** using the E.coli strain XL-1 Blue*®. 50 Col-0
wild type plants were treated with the floral dipping method for Agrobacterium-mediated
plant transformation described above. Seeds from TO plants were selected on soil with a
spray application of a 0.00578% (m/v) solution of ammonium glufosinate (Basta@"). The
segregation status of T1 lines was determined by cultivation of T2 seeds on agar-plates
containing 5 pg ammonium glufosinate per ml (DL-phosphinotricin®).

Complementation of the insertion mutation line GK052D02 of with the genomic and
promoter sequence of At5g09860 — optimizing cloning procedures accommodating for an
unusually large fragment

The complementation strategy followed Shibuya et al. (2007). The genomic sequence from
At5g09860 and 2000bp upstream were copied out of the TAIR SeqViewer Nucleotide view
(Rhee et al., 2003). A 6113bp long fragment was amplified using the primers 5'-
CACCGTTTCTCCTTGATTTCAAC-3" and 5’-TTACGCAAAAGAACTTAATTGTATGATG-3’ and a high
fidelity DNA polymerase (PRECISOR*®) on genomic DNA of Col-0 ((isolated with commercial
DNA extraction kit (nexttec Genomic DNA isolation kit for plants*’). The fragment was
inserted into pENTR-D-TOPO** with variations to the manufacturer’s manual: The TOPO
reaction set up was 18ng PCR-Product, 1ul TOPO vector solution, 3.7ul salt solution and

120 Page



Materials and Methods

14.3ul water and incubation overnight. The fragment was transferred to vector pMDC123
(CD3-747 from ABRC*® (Curtis and Grossniklaus, 2003)) in the E.coli strain XL-1 Blue® after a
LR-clonase reaction with Gateway® LR Clonase® Il enzyme mix** according to the
manufacturer’s instructions. The selection of positive clones was done by EcoRI digest or
colony PCR. For the colony PCR, a pipette tip was dipped into a bacterial colony, then into
the PCR reaction setup and then used to inoculate a 3 ml-LB-medium overnight culture.
Primers used for colony PCR were 5’- GATATTCTTGGAGTAGACGAGAGTGTC-3' (pMDC123-
backbone) and 5’-CATCCTCCTATGCCCGTCTCATG-3" (insert). Fifty homozygous insertional
mutant plants for At5g09860 (offspring lines GK052D02 3 and 7**) were transformed with
the floral dipping method described above. Plants were dipped twice with a seven day
interval. Seeds from TO plants were selected on soil with a spray application of a 0.00578%
(m/v) solution of ammonium glufosinate (Basta®").The scopolin contents of complemented
lines grown in hydroponic culture were measured using HPLC method 3. Proteins were
extracted following Qi and Katagiri (2009). Immunodetection was carried out as described
above with an antibody against AtTHO1.

Production of an antibody against AtTHO1

A pENTR-D-TOPO plasmid preparation containing the CDS region of AtTHO1 was used in a LR
clonase reaction with LR Clonase Il Enzyme Mix and the protein expression vector pDest17
following the instructions in the Invitrogen manual “E.coli Expression System with Gateway®
Technology (2010). The plasmid was transferred to E. coli Topl0 cells and selected with
ampicillin.  Transformants  were  analysed both with PCR  (primers 5'-
CACCATGGATGCATTTAGAGATGCTATATTG-3" and 5’-TCATGAGACGGGCATAGGAGGATG-3) as
well as with digest with EcoRI. Plasmid preparations of positive clones were transferred to
the E. coli strain BL21-Al™ for recombinant protein expression®. Expression and isolation of
the recombinant protein was done after “The QIAexpressionist™”. The recombinant protein
was purified by preparative SDS gel electrophoresis, the corresponding band cut out and
eluted from the gel with an electro eluter (model 422*%) over night with 50 mA in an elution
buffer with 25 mM TRIS!, 192 mM glycine® and 0.1% (m/v) SDS". Identity of the protein was
confirmed by MALDI-TOF mass spectrometry as described in Hedtmann (2012): After tryptic
digest, 0.5 pl of the sample was deposited onto a MALDI target (MTP 384 target plate
AnchorChip 800um®®) and subsequently covered with 1 pl matrix solution (0.7 mg/ml a-
cyano-4-hydroxycinnamic acid (HCCA) in 90 % ACN, 0.1 % TFA, 1 mM (NH)4H,PO,4). A MALDI
tandem MS instrument (Ultraflextreme®®) was used to acquire peptide mass fingerprints
(PMF). Peptide calibration standard covering a mass range from 1,000-4,000 Dalton were
used for external calibration and trypsin autolysis peaks (m/z 842.509, 2211.104) for internal
calibration. PMF were subjected to protein homology identification using Mascot search
engine (Matrix Science, London, United Kingdom) in Biotools 3.0 software (Bruker Daltonics)
by searching for Viridiplantae in the NCBI non-redundant protein database. The production
of the antibody in rabbit was a service of the group “Phytoantibodies”, IPK Gatersleben,
Germany.
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Expression levels and scopolin content of other members of the putative AtTHO/TREX
complex

Expression levels of the predicted members of the AtTHO/TREX complex were investigated
using the array data collection of Genevestigator (Hruz et al., 2008). For scopolin analysis
insertional mutants were analyzed (Table 14). The scopolin contents of roots grown in
hydroponic culture with 3% sucrose were measured using HPLC method 4.

Table 14: The members of the predicted THO complex in Arabidopsis thaliana, based on similarity
to Drosophila and mammalian THO/TREX (Yelina et al., 2010) and investigated insertional mutants.
Primers were created with the T-DNA Primer design tool of the SALK Institute Genomic Analysis
Laboratory (SIGnAL) http://signal.salk.edu/tdnaprimers.2.htmi

THO Arabidopsis  Gene Insertional mutant Primers for determination of
component  homolog names in segregation status
(predicted) Arabidopsis

THO1 (HPR1) At5g09860 AtTHOL/AtHPR  GABI-KAT GK052D02* seep. 124
1, EMU
THO2 Atl1g24706 AtTHO2 SALK_051591 (N55191) TGCAGTTCCTAATATGTAAAGAGGGA
-GTTAAAAGCTTCCTCTAAACGAGG
THO3 (TEX1) At5¢56130 AtTHO3/ALTEX  SALK_059869 (N559869) CAACAATAACAGAAACGAACACAACA
1 AGGTAAAGAAATTACATGACCGTG

SALK_100012 (N600012) ACTTACGGACATCCAGAATTGTAAG
GAAGCGAAGCTCTGATATTCAGTAG

THO5 At5g42920 AtTHOSA; SALK 100556 (N60556) ATTGCTTCTAACTTCCACAACTTTC
ATTHOC5A ACTTCAAGGCCTTATAAATGGGTAC
At1g45233 AtTHO5B; SALK_122387C (N656928) homozygous
ATTHOC5B
THO6 At2g19430 AtTHOG; SALK_021789C (N658552) homozygous
AtTHOC6
THO7 At5916790 AtTHOTA,; SALK_078514C (N6556338)  homozygous
AtTHOC7A
At3g02950 AtTHOT7B; SALK_052697 (N552697) AAGTAAAATAACGGAGAAACGTGTG
AtTHOC7B AGAGTGTGAGACGATAAGGAAACTG
THO4(Aly) At5959950 Not analyzed
At1g66260
At5g37720
At5g02530
UAP56 Not found

Expression analysis in the insertional mutant of AtTHO1

Plants from wild type Col-0 and GK052D02 were grown for 4 weeks in hydroponic culture
with % MS and 0.5% sucrose. 18 hours after replacing the medium with ¥4 MS and 3%
sucrose, the roots were harvested in 2 x 3 pools of 5 growth jars (=10 plants per jar) to
obtain 3 biological replicates of 50 plants for each line. RNA was extracted using an RNA
extraction kit with on-column DNAse digest (RNeasy Plant Kit?®) according to the
manufacturer’s instructions. Affymetrix 3’ Expression Profiling and bioinformatic analysis
was done by ATLAS Biolabs GmbH, Berlin, Germany. Six microarrays (GeneChip Arabidopsis
ATH1 Genome Arrays®®), one per sample, were used for hybridisation. The signals were
normalised over all 6 arrays. The arrays were grouped into “Col-0” and “GK052D02”. The
mean value for the signals for each probe set was compared between the groups with a t-
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test. Level of significance was set at p<0.05. Fold changes between groups for each probe set
were calculated. Changes smaller than twice up- or downregulated were rejected. Results
were filtered by the present/absent status (Detection call) of each probe set. Probe sets that
were not present in at least 50 percent of one group were rejected. Annotation of
significantly regulated genes was done using TAIR database (Rhee et al., 2003); for the
translated protein sequence NCBI's BLASTp (Altschul et al., 1997) and for additional
expression data Genevestigator (Hruz et al., 2008).

Phenotyping of insertional mutants of genes with an altered transcription level in mutant
GK052D02-3 besides AtTHO1 based on the array data

Hydroponic culture with 3% sucrose was set up as described above. Root scopolin and
scopoletin content was determined with HPLC method 4 using 2 independent homozygous
lines, or, if not available, two off-spring lines, in 10 pools of ten plants each. For plant
material and primers for the determination of the segregation status see table 15.

Table 15: Insertional mutant lines® for genes with an altered expression in GK052D02-3

Locus Gene name Insertional mutant  Primers for determination of segregation
status
At5g09870 CESA5 SALK_023353 (BA) 5'-GGAAGTCCAAGGGTTGAAGGAGATGAG-3
(N523353) 5'-GCATCAGATATTCCCACAATGACTCCGATTAC-3’
SALK_099008 (BN)
(N599008)
SALK_125535 (BZ)
(N625535)

At5g14340 MYB40 N429176 (GK-304H04 5-CGTGCTGTGACAAAATTGGATTGAAGAGAG-3’
Set = GK-304H04.01- 5’-GATTATCATCAAGATTGGCGAAGAGGTCC-3’

12/N719466 - N719476)

At1g53490 RING-U-Box SALK_014624 (E) (R) 5-‘GGTTTGTGTCAATCTCGAATCAGGGAG-3'
superfamily (N514624) 5'-GACCATTAGGACTTCCACCTAGGCAG-3’
protein SALK_080613 (CG)

(N580613).
At1g43590 transposon SALK_022212C 5-ATGGCTTTTGTAGTCAACGGGAATGAG-3';
(N667940) 5-TTAAGCTTGAATCGGACCAAACTTTTGCCA-3'
At3g05770 unknown protein SALK_069840C 5-GATGAGATCGAGAAGAGACTTCAAGGTC-3’
(N669818) 5'-CGAAGATGAGATCGAGAAGAGACTTCAAG-3'
At2g22860 ATPSK2 none available

Reaction of GK052D02 towards osmotic stress

Experiments with varying sucrose and mannitol concentrations were performed by D.
Berreth and are described in her thesis, pages 69-73 (Berreth, 2011). HPLC raw data, gained
with method 4, were kindly provided for further evaluation.

Morphological characteristics of GK052D02 under standard and stress conditions

Images of root tips, root middle sections and root bases of WT and GK052D02 were taken
with a binocular by D. Berreth, (described in Berreth (2011), pp. 36-37). Images of root
middle sections were used to count root hairs by the author. For that purpose, a paper
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frame equating to 1 mm of the original root size in the image was placed on top of the image
and all visible root hairs within the frame were counted. Cell layers and scopolin
accumulation in WT and GK052D02 were analyzed with CLSM (D. Berreth, pp.37 and 59-61).
Root length and lateral root formation was determined on three week-old plants grown on
vertically placed agar plates.

Analysis of the genetic background of GK052D02

Insertion of a T-DNA into the genes At1g07260 and At5g14340 was tested via PCR with the
following primers: At1g07260: 5’-CGACGGCGGCTAAAACGTTATC-3’; 5'-
CTCTCTTCCTCGGCGTATCCTCAC-3’ (intact gene), 5-CGTAGATTTAAGCTCCGGCAAC-3' (gene
primer forward insertion), 5-GTTGCCGGAGCTTAAATCTACG-3' (gene primer reverse
insertion), 5-CCATATTGACCATCATACTCATTGC-3’ (pPAC161LB) 5-
GCAAGTGGATTGATGTGATATCTC-3’(pAC161RB). At5g14340: 5’-
CGTGCTGTGACAAAATTGGATTGAAGAGAG-3’, 5-GATTATCATCAAGATTGGCGAAGAGGTCC-3
(intact gene). DNA extraction was performed following Dellaporta (1994). Number of plants:
was 10-19 per line. SALK line for phenotyping: At1g07260: SALK_021979C*. GABI-KAT lines
for phenotyping myb40: GK-304H04.01-12 (N7119465-72%). Scopolin content of roots was
measured using HPLC method 4. Lateral roots were counted on 3-week-old plants vertically
cultured on agar-plates.

Analysis of phenylpropanoid shifts following cold stress in Arabidopsis
thaliana

Peak identification

Leaf extracts were separated as described in HPLC method 4. However, the UPLC was
coupled to an electrospray ionization-time-of-flight (ESI-TOF) mass spectrometer (LCT
Premier'!) instead of the fluorescence detector. Details of measurement and a list of
candidate masses previously identified in cold stress experiments with Arabidopsis thaliana
were taken from the works of Korn et al. (2008).

Development of a screening system for cold stress experiments with Arabidopsis thaliana
Four methods for optimum peak separation for Arabidopsis extracts were tested: The first
was the standard laboratory method (HPLC method 3, see p. 110) using a 5 cm C18 column
and a 7 min gradient from 100% polar solvent to 0% polar solvent. The second method was
taken from Tohge et al. (2007) with a 10 cm C18-column and a 20 min gradient from 100%
polar solvent to 80% polar solvent. The third method tested was the method of Tohge et al.
(2007) on the 5 cm C18 column. The fourth method was taken from Yonekura-Sakakibara et
al. (2008), a method which used a phenyl column and a gradient from 100% polar solvent to
60% polar solvent within 10 minutes. The aqueous solvent was in all cases acidified water,
the non-polar solvent acetonitril with or without formic acid. The same Arabidopsis root-
shoot-mix extract was measured with all four methods and all visible peaks were counted.
The highest number of peaks, 52, was gained with the method of Yonekura-Sakakibara et al.,
followed by the method of Tohge et al. on the long column (51peaks), the method of Tohge
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et al. on the short column (44 peaks) and the laboratory standard method with 42
distinguishable peaks. In addition, the resolution Rs of each column was calculated. The
highest resolution was achieved by the method of Yonekura-Sakakibara et al. with Rs =
53.62, followed by the method of Tohge et al. on the short column (Rs = 34.62), the
laboratory standard method (Rs = 33.48) and the method of Tohge et al. on the long column
(Rs = 32.35). For performing best in both categories, the method of Yonekura-Sakakibara et
al. (2008) was selected for the screen, but it had to be extended by a washing step to clean
the column and by additional fluorescence channels (for general phenylpropanoid detection:
300/400nm, for optimum scopolin detection: 336/438nm and for anthocyanin detection
340/450nm (Drabent et al., 1999)). Methanolic plant extracts were made with the standard
extraction method (see p.109). HPLC runs for method comparison were performed as
described in Yonekura-Sakakibara et al. (2008), Tohge et al. (2007) and HPLC method 3 (see
p. 110). The resolution R of each column was calculated with the formula

_ 2(tlast peak — tfirst peak)
¢ =

Wfirst peak + Wiast peak
with t=retention time and w=peak width (Lottspeich, 2005).

The following growing conditions were varied during that experiment. age of plants,
substrate and growing place. Columbia 0 plants (N1092?°) were grown for 14 days in a low-
nutrient peat substrate (“Substrat 1” see p. 108) in a plant incubator (Percival®®). (20°C/18°C,
9 hours light, 210 pmol m? s™) for seedling cultivation. They were repotted in single pots
(diameter 5cm) in either the low-nutrient substrate or a high-nutrient substrate (peat,
structure medium grade, N 280mg/l, P320mg/l, K 360mg/l, Mg 360mg/I, S 120mg/I
(“Substrat 27°). For further growth, they were placed either back in the environmental room
or a plant growth chamber® (20°C/18°C, 9 hours light, 180 pumol m™ s?). 1 week before
harvest, half of the plants were transferred to 10°C into a plant incubator (Percival®). Time
points for harvest were 5, 7, 9 and 10 weeks after sowing. Two pools of plants from each
condition were analysed. Peak areas for the larger peaks were compared between 10°C
plants and 20°C plants with a t-test and the relation of the areas between treatment and
control was calculated. Leaf material from all conditions was analyzed via HPLC. All larger
peaks at 280 nm UV detection and in the fluorescence trace at 300/400 nm were
quantitatively evaluated. The percentage of increase in peak area from control to cold stress
samples was taken as a measure to evaluate the influence of each condition.

Cold stress screening system for large numbers of lines (final version)

Seeds were sown on 96-well tree propagation trays (Quickpot 96T>°) on bedding substrate 1
(see p. 108) and covered with a transparent plastic cover for propagation crates™.
Cultivation conditions were a 12/12 hr day/night period at 21/18°C at 120-150 pmol m? s
light and 80% humidity in a walk-in growing chamber. After 14 days, 4 seedlings per line
were transplanted on 96-well trays with high-level nutrient supply substrate (“Substrat 2"°).
Twenty eight days after sowing, 4 plants per line were harvested. Then, the temperature was
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lowered to 10°C. A wild type control was kept at the initial conditions. After 7 days at 10°C,
the other 4 rosettes of each line were harvested into aluminium foils and frozen immediately
in liquid nitrogen. Sample preparation: Homogenization of pools using mortar and pistil,
followed by methanolic extraction and analysis with HPLC method 4. Data analysis:
Application of a processing method for identifying the three marker peaks (kaempferol-
derivatives) at 4.05 min, at 4.77 min and at 5.27 min (280 nm) and the scopolin peak at
336/438nm fluorescence detection and export of peak areas to and sorting in Excel.

Rescreen of candidates from an EMS-mutagenized Arabidopsis seed collection

46 independent or offspring-lines of an EMS-mutagenized mutant collection (Arabidopsis
thaliana M2 Columbia (Col-0), batch no. 99A, Parental group 4 (1192 lines)** were subjected
to a rescreen. Their behaviour under cold stress had diverged from wild type under cold
stress. The original screen had been conducted by Silke Peterek 2005-2008. Every line
contained an average of five point mutations. Cultivation: Plants were grown for 14 days in
“Substrat 1” (see p. 108) in a plant incubator (Percival®®) (20°C/18°C, 12 hours light, 120-150
umol m?s™). Repotting was done in single pots (diameter 5 cm) in “Substrat 2”° (see p 124).
4 weeks after sowing, half of the plants were transferred to a 10°C plant incubator. 5 weeks
after sowing pools of four plants were harvested. Samples were analysed with HPLC method
4. Chromatograms were sorted after the three marker peaks with the software
ChromaVilns®®.

Screen of a collection of insertional mutants of putative transcription factors in
Arabidopsis thaliana

300 lines of the RIKEN Ds transposon seed collection® containing insertional mutants of
putative transcription factors (TF lines) and the Arabidopsis wild type background Nossen-0
where screened in a slightly modified screening: Seeds were sown on 96-well tree
propagation trays (Quickpot 96T°) on bedding substrate 1 (see page 108) and covered with
a transparent plastic cover™. Cultivation conditions were a 12/12 hr day/night period at
21/18°C at 130-140 pumol m™? s light and 80% humidity in a walk-in growing chamber. After
14 days, 8 seedlings per line were transplanted on 96-well trays with high-level nutrient
supply substrate (“Substrat 27°, see p.124). Twenty-eight days after sowing, 4 plants per line
were harvested and the temperature was lowered to 10°C. A wild type control was kept at
the initial conditions. After 7 days at 10°C, the other 4 rosettes of each line were harvested.
Samples were analyzed using HPLC method 4. Samples were sorted for the heights of the
marker peaks with the software ChromaVilns®.

Cold stress screens with parts of the SALK collection

The SALK collection (Salk Institute Genomic Analysis Laboratory T-DNA insertion collection
(Alonso et al., 2003)) N27941 from NASC? provides homozygous insertional mutants of 6868
genes of Arabidopsis thaliana. A pilot experiment was conducted as described in the
rescreen of the EMS-mutagenized lines. 700 lines were screened with the final version of the
developed system.
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Appendix

List of families containing scopoletin and/or scopolin

Solanaceae (Geiger, 1843; Eykman, 1883)
Gelsemiaceae (Wormley, 1870)

Rutaceae (de Vry, 1864)

Poaceae (Andreae, 1952)

Araliaceae (Urban, 1958)

Caprifoliaceae (Glennie and Bohm, 1968)
Orchidaceae (Wrigley, 1960)

Meliaceae (Mahogany family) (Basak and Chakrabo.Dp, 1970)
Malvaceae ((Wakelyn et al., 1974)
Anacardiaceae (Tabulated Phytochemical Reports, 1975)
Apiaceae (Kartnig et al., 1975)

Araceae*

Liliaceae*

Apocynaceae*

Balsaminaceae*

Calicanthaceae*

Capparidaceae*

Caryophyllaceae*

Chenopodiaceae (now Amaranthaceae)*
Crassulaceae™

Dipsacaceae™

Ebenaceae*

Ericaceae*

Euphorbiaceae*

Fouquieriaceae*

Fagaceae*

Gentianaceae*

Fabaceae*

Plantaginaceae*

Loasaceae*

Loganiaceae*

Nepenthaceae*

Moraceae*

Oleaceae™

Passifloraceae*

Platanaceae*

Polemoniaceae*

Polygonaceae™

Ranunculaceae*

Rosaceae*

Rubiaceae*

Salicaceae*

Saxifragaceae™

Scrophulariaceae*

Simaroubaceae (Tree-of-heaven family)*
Thymelaeaceae™

Ulmaceae*

Violaceae*

Zygophyllaceae*

*= (Murray et al., 1982)
Hippocastanoideae (Miller et al., 1990)
Simaroubaceae (tree-of-heaven family Fo et al. (1992))
Acanthaceae (Bratoeff and Perezamador, 1994)
Lauraceae (Neville and Bohm, 1994)
Vahliaceae (Majinda et al., 1995)
Rhamnaceae (Lee et al., 1995)
Icacinaceae (polyphyletic, Wu et al. (1995))
Geraniaceae (Kayser and Kolodziej, 1995)
Bombacaceae (Paula et al., 1996)
Papaveraceae (Fliniaux et al., 1997)
Proteaceae (Erazo et al., 1997)
Urticaceae (Lichius and Muth, 1997)

Ledocarpaceae (Hnatyszyn et al., 1998)
Nyssaceae (Li et al., 2000)

Burseraceae (frankincense and myrrh family; Bandeira et al.
(2002))

Brassicaceae (Rohde et al., 2004)
Zingiberaceae (Abas et al., 2005)
Adoxaceae (Mohamed et al., 2005)
Polygalaceae (Meotti et al., 2006)
Santalaceae (Zhang et al., 2006)
Sapindaceae (Lemos et al., 2006)
Dipterocarpaceae (Muhtadi et al., 2006)
Clusiaceae (Ngoupayo et al., 2007)
Quillajaceae (Ribera et al., 2008)
Connaraceae (de Oliveira et al., 2012).

Al|Page



Appendix

Table A16: Identification of absent fluorescence peaks in f6’hl. Peaks were regarded as
identified, if a standard matched the peak in a fluorescence chromatogram and mass and
retention time in an LC-MS run. “Unknown compounds” are masses that were found at the
approximated MS-retention time (FLD retention time + 0.4min) in WT and not or reduced in

f6’hl.
Altered peaks and RT Found in Found RT Fragment Candidate Found in
candidate substances FLD WT root inf6’hl [min]  masses substance f6’hl  root
found in the respective [min] (FLD) root (TOF candidate found in WT (TOF MS)
fractions (FLD) MS) substances root
(exact match to
standard RT and
mass TOF-MS)
altered peak 1 3.107  Found N.D.
= esculin 311  Found N.D. 3.54 341 [M+H] Found N.D.
altered peak 2 3496  Found Reduced
= isoscopolin 347 2 ? 355 (M+H) at N.D.
3.89min
altered peak 3 3651  Found N.D.
= scopolin 366  Found N.D. 4.08 355 [M+H] Found N.D.
altered peak 4 4319  Found N.D.
unknown compound 3 M1=373 at Reduced (1/8
4.78min of WT)
M2=355 at Reduced (1/8
4.78min of WT)
(M1-H,0?)
altered peak 5 4.828  Found N.D.
= scopoletin 483  Found N.D. 5.37 193 [M+H] Found N.D.
altered peak 6 6.244  Found reduced M=663 at 6.68min  Reduced to
unknown compound 4 (1/3 of 1/40 of WT
WT)
altered peak 7 6.384  Found N.D.
unknown compound 5 M=811at6.77min  Reduced (1/50
of WT)
altered peak 8 6.817  Found N.D.
7-methoxycoumarin 6.84 Found N.D. 7.27 177 [M+H] Found Peak
(=herniarin)/ Z\issllgj::wnt
3-methoxycoumarin
or
M=591 at 7.26 N.D.

unknown compound 7
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Table A17: Other substances absent in f6’h1 that were not visible in fluorescence chromatograms.

Substance RT Foundin  Found RT Fragment Found in WT Found in
FLD WTroot inf6’hl [min] masses root (TOF MS) f6’hl root
[min]  (FLD) root TOF (exactmatchto  (TOF MS)
(FLD) MS standard RT and
mass)
unknown compound 1 M=207 at 3.45min  N.D.
sinapoylglucoside 3.93 N.D. N.D. 4.25 M1: 207 [M-Glc- Found Reduced (1/3
H.0] of WT)
M2: 225 (M-Glc]
unknown compound 2 M=211at 4.38min  N.D.
isoscopo|etin 4.63 N.D. N.D. 5.16 193 [M+H] Found N.D.
sinapic acid 4913 N.D. Traces? 531 M1: 207[M-H,0 M1: Found Traces?
(overlaid by +H] M2: Traces N.D.
scopoletin)

unknown compound 6

M2: 225 [M+H]

321 at 7.03min

Reduced (1/5
of WT)

Table A18: Substances that were equally present or absent in f6’h1 and WT

Standards: RT Foundin  Found RT Fragment Found in WT Found in
FLD WTroot inf6’hl [min] masses root (TOF MS)  f6’h1 root
[min] (FLD) root TOF (exact match (TOF MS)
(FLD) MS to standard RT
and mass)
catechin No - - 352 290 Found Found
fluores
cence
chlorogenic acid 3.33 N.D. N.D. 3.60 M1: 355 [M+H] M1: Traces M1: Traces
M2: 163 [caffeic M2: Found M2: Found
acid -H,0+H]
caffeic acid 3.39 N.D. N.D. 3.87 163 [M-H,0+H] Traces Traces
esculetin 3.46 ? ? 3.96 179 [M+H] N.D. N.D.
Daphnetin No - - 4.25 179 [M+H] ND (Traces?) N.D. (Traces?)
fluores
cence
p-coumaric acid 4.26 Found Found 4.69 M1: 147 [M- Traces Traces?
H,0+H]
M2: 165 [M+H]
umbelliferone 4.63 ? ? 5.01 163 [M+H] Traces Traces
ferulic acid 4.77 N.D. Traces? 5.25 M1:177 [M-H,0 M1:Traces M1: Traces
(overlaid by +H] M2:N.D. M2:N.D.
scopoletin) M2: 195 [M+H]
rutin No - - 5.36 611 [M+H] Traces Traces
fluores
cence
o-coumaric acid 5.50 Traces? Traces? 591 M1: 147 [M-H,0 N.D. N.D.
+H]
M2: 165 [M+H]
kaempferol-3-o- No - - 591 595 [M+H] N.D. N.D.
| X fluores
rutinoside cence
quercitrin No - - 6.14 M1: 303 N.D. N.D.
fluores [quercetin+H]
cence M2: 449

[quercetin+rha+H]
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cyanidin 3-0-( 2"-0-
(xylosyl) 6"-O-(p-
coumaroyl) glucoside)5-
O-malonylglucoside
(Tohge et al., 2005)
scoparone

hesperidin
3,4-Dihydrocoumarin
trans- 3,4-
(Methylenedioxy)cinna

mic acid (MDCA)

trans-cinnamic acid

6.177

No
fluores
cence.
No
fluores
cence
7.009

No
fluores
cence

Found

Found

6.23

6.50

6.73

7.11

7.42

741

M=975.242

207 [M+H]

611 [M+H]

149 [M+H]

M1: 175 [M-H,0
+H]
M2: 193 [M+H]

M1: 131 [M-H,0
+H]
M2: 149 [M+H]

N.D. (Traces?)

N.D.

N.D.

N.D. (Traces?)

N.D.

N.D. (Traces?)

N.D.

N.D.

N.D. (Traces?)

N.D.
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Molecular masses of some phenylpropanoids

Table A19: Molecular masses of phenolic compounds with emphasis on Substance

the coumarin derivatives pathway

Substance Mass
trans-cinnamic acid 148
3,4-dihydrocoumarin 148
umbelliferone 162
0-coumaric acid 164
p-coumaric acid 164
3-methoxycoumarin 176
7-methoxycoumarin (herniarin) 176
coniferyl aldehyde 178
daphnetin 178
esculetin 178
caffeic acid 180
angelicin 186
psoralen 186
ayapin 190
hydrangetin 192
isoscopoletin 192
methylenedioxycinnamic acid (MDCA) | 192
scopoletin 192
5-hydroxyconiferyl aldehyde 194
ferulic acid 194
2’-hydroxycaffeic acid 196
5-hydroxyconiferyl alcohol 196
scoparone 206
fraxetin 208
isofraxetin 208
2’-hydroxyferulic acid 210

Mass
bergapten 216
sphondin 216
xanthotoxin 216
sinapic acid 224
xanthyletin 228
osthol 244
isopimpinellin 246
pimpinellin 246
catechin 290
sinapoylcholine 310
skimmin 324
sinapoyl malate 339
cichoriin 340
esculin 340
daphnin 340
coniferin 342
chlorogenic acid 354
isoscopolin 354
scopolin 354
syringin 372
sinapoylglucoside 386
puberulin 443
quercitrin 448
naringin 580
kaempferol-3-o-rutinoside 594
hesperidin 610
rutin 610
coenzymeA 767
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Genes regulated after a shift from low-sucrose to high-sucrose medium

Table A20: Top 100 genes that were upregulated in a shifting experiment from low-sucrose to high sucrose in Arabidopsis roots.

Fold Change \ Systematic Name

categories \ Primary Gene Symbol \ Gene Model Description

primary metabolism

44.81499174 AT5G01320.1 pyruvate Thiamine pyrophosphate dependent pyruvate decarboxylase family protein;
decarboxylase
activity

35.04139533 AT1G43800.1 fatty acid metabolic Plant stearoyl-acyl-carrier-protein desaturase family protein; FUNCTIONS IN: acyl-[acyl-carrier-protein]
process desaturase activity, oxidoreductase activity, transition metal ion binding; INVOLVED IN: oxidation reduction,

fatty acid metabolic process, fatty acid biosynthetic process;

21.42810977 AT4G33070.1 pyruvate Thiamine pyrophosphate dependent pyruvate decarboxylase family protein;
decarboxylase
activity

19.22020685 AT3G21720.1 carboxylic acid | ISOCITRATE LYASE (ICL) Encodes a glyoxylate cycle enzyme isocitrate lyase (ICL).
metabolic process

13.25059668 AT3G21720.1 see above see above see above

12.1313477 AT1G05650.1 carbohydrate Pectin lyase-like superfamily protein; FUNCTIONS IN: polygalacturonase activity; INVOLVED IN: carbohydrate
metabolic process metabolic process; LOCATED IN: endomembrane system;

11.61995669 AT5G65140.1 trehalose TREHALOSE-6-PHOSPHATE Haloacid dehalogenase-like hydrolase (HAD) superfamily protein; FUNCTIONS IN: catalytic activity, trehalose-
biosynthetic process | PHOSPHATASE J (TPPJ) phosphatase activity; INVOLVED IN: response to cadmium ion, trehalose biosynthetic process;

11.28479051 AT1G52700.1 carboxylesterase alpha/beta-Hydrolases superfamily protein; FUNCTIONS IN: hydrolase activity, carboxylesterase activity
activity

9.909884317 AT5G19550.1 nitrogen compound | ASPARTATE AMINOTRANSFERASE 2 | Nitrogen metabolism. Major cytosolic isoenzyme controlling aspartate biosynthesis in the light.
metabolic process (ASP2)

9.416623956 AT1G52700.1 see above see above see above

7.421468149 AT3G15650.1 alpha/beta-Hydrolases superfamily protein; FUNCTIONS IN: hydrolase activity, carboxylesterase activity;

7.046798104 AT1G43800.1 see above see above

6.902 AT1G02850.1 carbohydrate BETA GLUCOSIDASE 11 (BGLU11) beta glucosidase 11 (BGLU11); FUNCTIONS IN: cation binding, hydrolase activity, hydrolyzing O-glucosyl

metabolic process

compounds, catalytic activity; INVOLVED IN: carbohydrate metabolic process;
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6.791 AT4G14690.1 regulation of | EARLY LIGHT-INDUCIBLE PROTEIN 2 | Encodes an early light-induced protein. ELIPs are thought not to be directly involved in the synthesis and
chlorophyll (ELIP2) assembly of specific photosynthetic complexes, but rather affect the biogenesis of all chlorophyll-binding
biosynthetic process complexes. A study (PMID 17553115) has shown that the chlorophyll synthesis pathway was downregulated as

a result of constitutive ELIP2 expression, leading to decreased chlorophyll availability for the assembly of
pigment-binding proteins for photosynthesis.

6.086 AT3G52720.1 one-carbon ALPHA CARBONIC ANHYDRASE 1 | Encodes a putative alpha carbonic anhydrase (CAH1) located in the chloroplast stroma. Most chloroplast
metabolic process (ACA1) proteins are encoded by the nuclear genome and imported with the help of sorting signals that are intrinsic

parts of the polypeptides. CAH1 takes an alternative route through the secretory pathway, and becomes N-
glycosylated before entering the chloroplast.
stress

133.6597248 AT5G10040.1 anaerobic unknown protein
respiration

65.61227324 AT1G77120.1 response to osmotic | ALCOHOL DEHYDROGENASE 1 (ADH1) | Catalyzes the reduction of acetaldehyde using NADH as reductant. Requires zinc for activity. Dimer. Anaerobic
stress response polypeptide (ANP). Fermentation. The protein undergoes thiolation following treatment with the

oxidant tert-butylhydroperoxide.

44.69307231 AT1G77120.1 see above see above see above

43.78978273 AT2G47520.1 response to anoxia, | ETHYLENE RESPONSE FACTOR 71 | Encodesa member of the ERF (ethylene response factor) subfamily B-2 of ERF/AP2 transcription factor family.
regulation of | (ERF71) The protein contains one AP2 domain. There are 5 members in this subfamily including RAP2.2 AND RAP2.12.
transcription

40.73527144 AT1G69880.1 cell redox | THIOREDOXIN H-TYPE 8 (TH8) thioredoxin H-type 8 (TH8); INVOLVED IN: N-terminal protein myristoylation, cell redox homeostasis
homeostasis

37.72179725 AT3G43190.1 sucrose biosynthetic | SUCROSE SYNTHASE 4 (SUS4) Encodes a protein with sucrose synthase activity (SUS4).
process/response to
osmotic stress

34.50012261 AT3G43190.1 see above see above see above

31.58295671 AT5G10040.1 see above see above

29.85499962 AT3G43190.1 see above see above see above

26.96378754 AT5G38910.1 nutrient  reservoir RmIC-like cupins superfamily protein; FUNCTIONS IN: manganese ion binding, nutrient reservoir activity
activity

23.83721548 AT3G43190.1 see above see above see above

21.52159121 AT1G05680.1 response to osmotic | URIDINE DIPHOSPHATE | Encodes a UDP-glucosyltransferase, UGT74E2 that acts on IBA (indole-3-butyric acid) and affects auxin
stress, shoot | GLYCOSYLTRANSFERASE 74E2 | homeostasis. The transcript and protein levels of this enzyme are strongly induced by H202 and may allow
morphogenesis (UGT74E2) integration of ROS (reactive oxygen species) and auxin signaling. This enzyme can also transfer glucosyl groups

to several compounds related to the explosive TNT when this synthetic compound is taken up from the
environment.

21.36183861 AT4G25200.1 response to heat MITOCHONDRION-LOCALIZED SMALL | AtHSP23.6-mito mRNA, nuclear gene encoding mitochondrial

HEAT SHOCK PROTEIN 23.6 (HSP23.6-
MITO)

21.32215113 AT5G08640.1 flavonoid FLAVONOL SYNTHASE 1 (FLS1) Encodes a flavonol synthase that catalyzes formation of flavonols from dihydroflavonols.
biosynthetic process

18.78142326 AT1G77120.1 see above see above see above
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17.5817965 AT2G16060.1 Response to | HEMOGLOBIN 1 (HB1) Encodes a class 1 nonsymbiotic hemoglobin induced by low oxygen levels with very high oxygen affinity. It is
hypoxia/oxygen not likely to be a hemoglobin transporter because of its extremely high affinity for oxygen. Overexpression
binding impairs cold stress-induced nitric oxide (NO) production.

14.71750876 AT5G50600.1 steroid  metabolic | HYDROXYSTEROID DEHYDROGENASE | Encodes a hydroxysteroid dehydrogenase shown to act as a NADP+-dependent 11&beta;-, 17&beta;-
process 1 (HSD1) hydroxysteroid dehydrogenase/17&beta;-ketosteroid reductase called HSD1. Two copies of HSD1 (At5g50600

and At5g50700) exist in the Arabidopsis genome as a result of an exact 33-kb duplication on chromosome 5
encompassing seven genes. There are five homologs of HSD1 in Arabidopsis (HSD2-At3g47350, HSD3-
At3g47360, HSD4-At5g50590, HSD4-At5g50690 and HSD6-At5g50770; HSD4 has two copies due to the same
gene duplication event occurred to HSD1) (Plant Cell Physiology 50:1463). At5g50690 is also named as HSD7
(Plant Physiology 145:87). HSD1 is identified from the proteome of oil bodies from mature seeds.
Transcription of HSD1 is specifically and highly induced in oil-accumulating tissues of mature seeds; transcript
disappears during germination. To date, the endogenous substrates of this enzyme are not known.

13.80639703 AT4G10265.1 response to Wound-responsive family protein;
wounding

13.52995754 AT1G53540.1 response to heat HSP20-like chaperones superfamily protein; CONTAINS InterPro DOMAIN/s: Heat shock protein Hsp20

(InterPro: IPR002068), HSP20-like chaperone (InterPro:IPRO08978); BEST Arabidopsis thaliana protein match is:
heat shock protein 17.4 (TAIR:AT3G46230.1); Has 7090 Blast hits to 7089 proteins in 1610 species: Archae -
175; Bacteria - 4287; Metazoa - 66; Fungi - 302; Plants - 1606; Viruses - 0; Other Eukaryotes - 654 (source: NCBI
BLink).

12.71660064 AT3G03270.2 response to stress

12.19103521 AT1G17180.1 toxin catabolic | GLUTATHIONE S-TRANSFERASE TAU | Encodes glutathione transferase belonging to the tau class of GSTs. Naming convention according to Wagner
process 25 (GSTU25) et al. (2002).

11.98953834 AT1G07400.1 response to HSP20-like chaperones superfamily protein
heat/response  to
oxidative stress

11.48167517 AT4G30380.1 cellular response to Encodes a Plant Natriuretic Peptide (PNP). PNPs are a class of systemically mobile molecules distantly related
hypoxia to expansins; their biological role has remained elusive.

10.30197171 AT4G10270.1 response to Wound-responsive family protein
wounding

10.19994101 AT2G26040.1 see above

10.02885383 AT3G51240.1 flavonoid FLAVANONE 3-HYDROXYLASE (F3H) Encodes flavanone 3-hydroxylase that is coordinately expressed with chalcone synthase and chalcone
biosynthetic process isomerases. Regulates flavonoid biosynthesis.

9.510073891 AT2G16060.1 Response to
hypoxia/oxygen
binding

9.337645555 AT5G20830.1 sucrose biosynthetic | SUCROSE SYNTHASE 1 (SUS1) Encodes a protein with sucrose synthase activity (SUS1).
process/response to
osmotic stress

9.312342779 AT5G56080.1 nicotianamine NICOTIANAMINE SYNTHASE 2 (NAS2) Encodes a protein with nicotianamine synthase activity. Its transcript levels rise in roots in response to zinc
biosynthetic process deficiency and rise in leaves in response to elevated levels of zinc.

8.838913263 AT5G39050.1 O- PHENOLIC GLUCOSIDE | Encodes a malonyltransferase that may play a role in phenolic xenobiotic detoxification.
malonyltransferase MALONYLTRANSFERASE 1 (PMAT1)
activity

8.138045922 AT2G21640.1 response to Encodes a protein of unknown function that is a marker for oxidative stress response.

oxidative stress
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8.137165503 AT1G17170.1 toxin catabolic | GLUTATHIONE S-TRANSFERASE TAU | Encodes glutathione transferase belonging to the tau class of GSTs. Naming convention according to Wagner
process 24 (GSTU24) et al. (2002).
8.12316463 AT3G03270.1 response to stress Adenine nucleotide alpha hydrolases-like superfamily protein; INVOLVED IN: response to stress
8.051482104 AT2G29500.1 response to HSP20-like chaperones superfamily protein
heat/response  to
oxidative stress
7.649411174 AT3G51240.1 see above see above see above
7.447940758 AT2G21640.1 response to | PYRL-LIKE 2 (PYL2) Encodes a member of the PYR (pyrabactin resistance)/PYL (PYR1-like)/RCAR (regulatory components of ABA
oxidative stress receptor) family proteins with 14 members. PYR/PYL/RCAR family proteins function as abscisic acid sensors.
Mediate ABA-dependent regulation of protein phosphatase 2Cs ABI1 and ABI2.
7.296339624 AT5G20830.1 see above see above see above
6.272 AT5G49190.1 sucrose biosynthetic | SUCROSE SYNTHASE 2 (SUS2) Encodes a sucrose synthase (SUS2). The activity of the enzyme could not be assayed as proved to be insoluble
process/response to (PMID 17257168). However, analyses of a sus2 mutant revealed a deficiency in sucrose synthase activity 12
osmotic stress and 15 days after flowering. There are some reports that SUS2 transcript levels are increased in leaves
specifically by O (2) deficiency whereas other reports indicate that SUS2 is expressed only in seeds.
Immunlocalization shows that SUS2 is present in the cytosol of developing seeds, but, it also associated with
plastids, though not located within them.
6.262 AT3G55120.1 flavonoid TRANSPARENT TESTA 5 (TT5) Catalyzes the conversion of chalcones into flavanones. Required for the accumulation of purple anthocyanins
biosynthetic process in leaves and stems.
transcription/translation
189.0301618 AT3G47720.1 NAD+ ADP- | SIMILAR TO RCD ONE 4 (SRO4) Encodes a protein with similarity to RCD1 but without the WWE domain. The protein does have a PARP
ribosyltransferase signature upstream of the C-terminal protein interaction domain. The PARP signature may bind NAD+ and
activity attach the ADP-ribose-moiety from NAD+ to the target molecule. Its presence suggests a role for the protein in
ADP ribosylation.
65.31020106 AT1G12805.1 nucleotide binding nucleotide binding
62.45049232 AT3G47720.1 see above see above see above
31.20630654 AT1G12805.1 see above see above
14.05315749 AT2G27535.1 cytosolic large ribosomal protein L10A family protein
ribosomal subunit
8.665058898 AT4G28811.1 regulation of basic helix-loop-helix (bHLH) DNA-binding superfamily protein; FUNCTIONS IN: transcription regulator activity
transcription
7.87081517 AT4G32950.1 dephosphorylation Protein phosphatase 2C family protein; FUNCTIONS IN: protein serine/threonine phosphatase activity, catalytic
activity
6.463 AT3G17609.1 response to karrikin/ | HY5-HOMOLOG (HYH) Encodes a homolog of HY5 (HYH). Involved in phyB signaling pathway.
regulation of
transcription
transport
22.7978632 AT2G29870.1 water transport Aquaporin-like superfamily protein; FUNCTIONS IN: water channel activity; INVOLVED IN: transport
10.81814774 AT2G37870.1 lipid transport Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein; FUNCTIONS IN: lipid

binding; INVOLVED IN: lipid transport
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10.15785917 AT5G52860.1 ATPase activity, | ATP-BINDING CASSETTE G8 (ABCG8) ABC-2 type transporter family protein; FUNCTIONS IN: ATPase activity, coupled to transmembrane movement
coupled to of substances
transmembrane
movement of
substances

8.992584055 AT5G44110.1 transport ATP-BINDING CASSETTE A21 (ABCI21) | Encodes a member of the NAP subfamily of ABC transporters.

8.873173878 AT2G04070.1 drug MATE efflux family protein; FUNCTIONS IN: antiporter activity, drug transmembrane transporter activity,
transmembrane transporter activity; INVOLVED IN: transport, drug transmembrane transport, transmembrane transport
transport

6.377 AT4G00165.1 lipid transport Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein; FUNCTIONS IN: lipid

binding; INVOLVED IN: N-terminal protein myristoylation, lipid transport

6.138 TC303451 antiporter/ drug tc|NM_126448 antiporter/ drug transporter/ transporter
transporter/
transporter

other

171.4679745 AT3G29970.1 unknown B12D protein

131.0546103 AT2G39510.1 unknown Nodulin MtN21 /EamA-like transporter family protein

72.90182275 AT2G17850.1 ageing Rhodanese/Cell cycle control phosphatase superfamily protein

53.55248723 AT2G17850.1 see above see above

39.86385608 AT2G39510.1 unknown

38.15629017 AT2G14247.1 unknown Expressed protein

36.00384885 AT3G50610.1 unknown unknown protein

28.10064058 AT3G21860.1 ubiquitin-dependent | SKP1-LIKE 10 (SK10) SKP1-like 10 (SK10); CONTAINS InterPro DOMAIN/s: E3 ubiquitin ligase, SCF complex, Skp subunit
protein catabolic (InterPro:IPR016897), SKP1 component, dimerisation
process

25.73177312 AT4G33560.1 unknown Wound-responsive family protein

25.20452269 AT3G20395.1 zinc ion binding RING/U-box superfamily protein; FUNCTIONS IN: zinc ion binding

21.99348763 AT2G44460.1 catalytic BETA GLUCOSIDASE 28 (BGLU28) beta glucosidase 28 (BGLU28); FUNCTIONS IN: cation binding, hydrolase activity, hydrolyzing O-glycosyl
activity/hydrolase compounds, catalytic activity; INVOLVED IN: response to karrikin
activity, hydrolyzing
O-glycosyl
compounds

17.71606949 AT5G10580.2 unknown Protein of unknown function, DUF599

16.40491946 AT2G38823.1 unknown unknown protein

13.84217596 AT1G08090.1 lateral root | NITRATE TRANSPORTER 2:1 (NRT2:1) High-affinity nitrate transporter. Up-regulated by nitrate. Functions as a repressor of lateral root initiation

development/nitrate
transport

independently of nitrate uptake.
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13.32026143 AT4G01630.1 plant-type cell wall | EXPANSIN A17 (EXPA17) Member of Alpha-Expansin Gene Family. Naming convention from the Expansin Working Group (Kende et al,
modification 2004. Plant Mol Bio)
involved in
multidimensional
cell growth

13.18697099 AT3G14300.1 cell wall (ATPMEPCRC) ATPMEPCRC; FUNCTIONS IN: pectinesterase activity; INVOLVED IN: cell wall modification
modification

12.84761981 AT3G20395.1 zinc ion binding

11.42905828 AT3G22550.1 unknown Protein of unknown function (DUF581)

10.51991552 AT5G61412.1 unknown unknown protein

10.24987234 AT1G67100.1 response to | LOB DOMAIN-CONTAINING PROTEIN | LOB domain-containing protein 40 (LBD40); CONTAINS InterPro DOMAIN/s: Lateral organ boundaries, LOB
gibberellin stimulus 40 (LBD40) (InterPro:IPR004883)

9.761348677 AT5G04120.1 catalytic activity Phosphoglycerate mutase family protein; FUNCTIONS IN: catalytic activity

9.487959831

AT1G60750.1

oxidation-reduction

NAD(P)-linked oxidoreductase superfamily protein; FUNCTIONS IN: oxidoreductase activity; INVOLVED IN:

process oxidation reduction

9.047490532 AT1G67270.1 unknown Zinc-finger domain of monoamine-oxidase A repressor R1 protein

9.008340398 AT1G26290.1 unknown Unknown protein (source: NCBI BLink).

8.82978219 AT4G19230.1 abscisic acid | CYTOCHROME P450, FAMILY 707, | Encodes a protein with ABA 8'-hydroxylase activity, involved in ABA catabolism. Member of the CYP707A gene
metabolic process/ | SUBFAMILY A, POLYPEPTIDE 1 | family. CYP707A1 appears to play an important role in determining the ABA levels in dry seeds. Gene involved
fungus defence (CYP707A1) in postgermination growth. Overexpression of CYP707A1 leads to a decrease in ABA levels and a reduction in

after-ripening period to break dormancy.

8.798110289 AT5G43450.1 1- encodes a protein whose sequence is similar to ACC oxidase
aminocyclopropane-
1-carboxylate
oxidase activity

8.771324969 AT1G60050.1 unknown Nodulin MtN21 /EamA-like transporter family protein

8.352842342 AT4G19230.1 AT2G21640.1

8.321887289 AT2G14070.1 unknown wound-responsive protein-related; CONTAINS InterPro DOMAIN/s: FBD-like (InterPro:IPRO06566), Protein of

unknown function wound-induced (InterPro:IPR022251); BEST Arabidopsis thaliana protein match is: Protein
with RNI-like/FBD-like domains (TAIR:AT3G59180.1); Has 177 Blast hits to 175 proteins in 13 species: Archae -
0; Bacteria - 0; Metazoa - 0; Fungi - 0; Plants - 177; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).

8.137767619 AT4G24110.1 response to karrikin unknown protein

8.112079852 AT1G26770.1 plant-type cell wall | EXPANSIN A10 (EXPA10) Encodes an expansin. Naming convention from the Expansin Working Group (Kende et al, Plant Mol Bio).
modification Involved in the formation of nematode-induced syncytia in roots of Arabidopsis thaliana.
involved in
multidimensional
cell growth

8.092580012 AT4G12735.1 unknown unknown protein
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8.019408389 AT1G05560.1 abscisic acid | UDP-GLUCOSYLTRANSFERASE 75B1 | A UDP-glucose transferase localized in the phragmoplast. It has been co-purified with the callose synthase
glucosyltransferase (UGT75B1) complex and may transfer UDP-glucose from sucrose synthase to the callose synthase and thus help form a
activity/cell wall substrate channel for the synthesis of callose at the forming cell plate. Induced by salicylic acid. Independent
biogenesis of NPR1 for their induction by salicylic acid. UGT1 encodes a protein with glucosyltransferase activity with high

sequence homology to UGT2 (AT1G05530). It belongs to an UGT subfamily that binds UDP-glucose but not
UDP-glucuronate, UDP-galactose, or UDP-rhamnose as the glucosyl donor. UGT1 was shown to be able to use
abscisic acid as glucosylation substrate in the presence of UDP-glucose. UGT1/UGT75B1 catalyzes the
formation of the p-aminobenzoate-glucose ester in vitro and in vivo. It appears to be the enzyme
predominantly responsible for pABA-Glc formation in Arabidopsis based on assays in leaves, flowers, and
siliques.

7.720983199 AT4G37370.1 electron carrier | CYTOCHROME P450, FAMILY 81, | member of CYP81D
activity SUBFAMILY D, POLYPEPTIDE 8

(CYP81D8)

7.317086706 AT5G50610.1 unknown unknown protein

7.285759992 AT5G08630.1 unknown DDT domain-containing protein

7.226778408 AT2G46420.1 unknown Plant protein 1589 of unknown function

7.207464621 AT1G52690.1 embryo LATE EMBRYOGENESIS ABUNDANT 7 | Late embryogenesis abundant protein (LEA) family protein; BEST Arabidopsis thaliana protein match is: Late
development ending | (LEA7) embryogenesis abundant protein (LEA) family protein (TAIR:AT3G15670.1)
in seed dormancy

7.165372832 AT5G39890.1 cysteamine Protein of unknown function (DUF1637); FUNCTIONS IN: cysteamine dioxygenase activity; INVOLVED IN:
dioxygenase activity oxidation reduction

7.037 AT5G04120.1 catalytic activity Phosphoglycerate mutase family protein; FUNCTIONS IN: catalytic activity; INVOLVED IN: metabolic process

6.950 AT2G46420.1 unknown Plant protein 1589 of unknown function

6.852 AT5G03400.1 unknown unknown protein

6.835 AT1G15415.1 unknown The protein encoded by this gene was identified as a part of pollen proteome by mass spec analysis. It has

weak homology to LEA (late embryo abundant) proteins. Encodes protein phosphatase 2A (PP2A) B'gamma
subunit. Targeted to nucleus and cytosol.

6.699 TA53132_3702 unknown tc|GB]AY144109.1]AAN08444.1 hypothetical protein [Arabidopsis thaliana] [NP537440]

6.556 AT4G18650.1 protein binding A maternally expressed imprinted gene.

6.455 AT1G70260.1 unknown Nodulin MtN21 /EamA-like transporter family protein

6.437 AT1G70260.1 unknown

6.431 NP455927 unknown tc|GB]AC004681.3| AAC25931.1 hypothetical protein [Arabidopsis thaliana] [NP455927]

6.393 AT4G26460.1 methyltransferase S-adenosyl-L-methionine-dependent  methyltransferases ~ superfamily ~ protein;  FUNCTIONS  IN:
activity methyltransferase activity

6.332 BP603152 unknown tc|]ACEA_ARATH (P28297) Isocitrate lyase (Isocitrase) (Isocitratase) (ICL), partial (13%) [TC312541]

6.113 AT2G19590.1 ethylene ACC OXIDASE 1 (ACO1) encodes a protein whose sequence is similar to 1-aminocyclopropane-1-carboxylate oxidase

biosynthetic process
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Table A21: Top 100 genes that were downregulated in a shifting experiment from low-sucrose to high sucrose in Arabidopsis roots. (Some genes appear in

replicates. Only the first entry has a description.)

Fold Change | Systematic Name | categories | Primary Gene Symbol | Gene Model Description
primary metabolism
-57.33151873 AT2G22980.1 proteolysis SERINE CARBOXYPEPTIDASE-LIKE 13 | serine carboxypeptidase-like 13 (SCPL13); FUNCTIONS IN: serine-type carboxypeptidase activity; INVOLVED
(SCPL13) IN: proteolysis
-27.59360349 AT3G15840.1 chlororespiration POST-ILLUMINATION ~ CHLOROPHYLL | Encodes a chloroplast-targeted protein localized in the stroma that is a novel component essential for
FLUORESCENCE INCREASE (PIFI) NDH-mediated non-photochemical reduction of the plastoquinone pool in chlororespiratory electron
transport.

-16.40155205 AT3G05950.1 nutrient reservoir RmiC-like cupins superfamily protein; FUNCTIONS IN: manganese ion binding, nutrient reservoir activity
activity

-14.49466552 AT1G80440.1 Galactose oxidase Galactose oxidase/kelch repeat superfamily protein

-11.54801698 AT1G80440.1 see above see above

-11.26092963 AT3G27660.1 lipid storage/response | OLEOSIN 4 (OLEO4) Encodes oleosin4 (Plant Cell, 2006, 18:1961), a protein found in oil bodies, involved in seed lipid
to freezing accumulation. Functions in freezing tolerance of seeds. Note: also referred to as OLE3 in Plant Journal

2008, 55:798.

-10.48018727 AT1G08630.1 threonine catabolic | THREONINE ALDOLASE 1 (THA1) Encodes a threonine aldolase, involved in threonine degradation to glycine. Primarily expressed in seeds
process and seedlings.

-9.808 AT5G39150.1 nutrient reservoir RmiC-like cupins superfamily protein; FUNCTIONS IN: manganese ion binding, nutrient reservoir activity
activity

-9.698878361 AT3G04300.1 unknown RmIC-like cupins superfamily protein; CONTAINS InterPro DOMAIN/s:  Cupin, RmIC-type

(InterPro:IPR011051), Protein of unknown function DUF861, cupin-3 (InterPro:IPR008579), RmIC-like jelly
roll fold (InterPro:IPR014710)

-9.446 AT2G22960.1 proteolysis alpha/beta-Hydrolases superfamily protein; FUNCTIONS IN: serine-type carboxypeptidase activity;

INVOLVED IN: proteolysis

-9.334 AT3G15840.3 see above see above see above

-8.712 AT1G08630.1 see above see above see above

-8.659088909 AT1G10070.1 branched chain family | BRANCHED-CHAIN AMINO ACID | Encodes a chloroplast branched-chain amino acid aminotransferase. Complements the yeast leu/iso-
amino acid metabolic | TRANSAMINASE 2 (BCAT-2) leu/val auxotrophy mutant.
process

-8.464034346 AT1G11530.1 protein thiol-disulfide | C-TERMINAL CYSTEINE RESIDUE IS | Encodes a monocysteinic thioredoxin, thioredoxin in which the second cysteine of the redox site is
exchange CHANGED TO A SERINE 1 (CXXS1) replaced by a serine, with low disulfide reductase but efficient disulfide isomerase activity.

stress

-43.12987024 AT5G06690.1 cell redox homeostasis | WCRKC THIOREDOXIN 1 (WCRKC1) Encodes a thioredoxin (WCRKC1) localized in chloroplast stroma. Contains a WCRKC motif.

-32.28458463 AT2G26560.1 oxylipin  biosynthetic | PHOSPHOLIPASE A 2A (PLA2A) Encodes a lipid acyl hydrolase with wide substrate specificity that accumulates upon infection by fungal
process/HR/pathogen and bacterial pathogens. Protein is localized in the cytoplasm in healthy leaves, and in membranes in
defence infected cells. Plays a role in cell death and differentially affects the accumulation of oxylipins. Contributes

to resistance to virus.
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-31.52519487 AT1G71030.1 anthocyanin MYB-LIKE 2 (MYBL2) Encodes a putative myb family transcription factor. In contrast to most other myb-like proteins its myb
biosynthetic process domain consists of a single repeat. A proline-rich region potentially involved in transactivation is found in
the C-terminal part of the protein. Its transcript accumulates mainly in leaves.

-23.086 AT2G34315.1 avirulence/GTP Avirulence induced gene (AIG1) family protein; FUNCTIONS IN: GTP binding; INVOLVED IN: biological

binding process unknown; LOCATED IN: cellular component unknown; EXPRESSED IN: embryo, root, stamen;

-22.13267676 AT2G26560.1 see above see above see above

-17.51732829 AT2G18050.1 nucleosome HISTONE H1-3 (HIS1-3) Encodes a structurally divergent linker histone whose gene expression is induced by dehydration and ABA.

assembly/response to
water deprivation

-16.78355322 AT1G19610.1 defense response (PDF1.4) Predicted to encode a PR (pathogenesis-related) protein. Belongs to the plant defensin (PDF) family

-16.71247599 AT5G61590.1 response to water Encodes a member of the ERF (ethylene response factor) subfamily B-3 of ERF/AP2 transcription factor

deprivation family. The protein contains one AP2 domain. There are 18 members in this subfamily including ATERF-1,
ATERF-2, AND ATERF-5.
-16.2981233 AT2G18050.1 see above see above see above
-13.94386323 AT2G41240.1 response to water | BASIC HELIX-LOOP-HELIX PROTEIN 100 | Encodes a member of the basic helix-loop-helix transcription factor family protein.
deprivation (BHLH100)
-12.73733265 AT1G67980.1 lignin biosynthetic | CAFFEQYL-COA 3-0- | Encodes S-adenosyl-L-methionine: transcaffeoyl Coenzyme A 3-O-methyltransferase.
process METHYLTRANSFERASE (CCOAMT)
-12.60537562 AT2G30750.1 response to bacterium CYTOCHROME  P450, FAMILY 71, | putative cytochrome P450
SUBFAMILY A, POLYPEPTIDE 12
(CYP71A12)

-12.46460006 AT4G35770.1 aging/stress response SENESCENCE 1 (SEN1) Senescence-associated gene that is strongly induced by phosphate starvation. Transcripts are differentially
regulated at the level of mRNA stability at different times of day. mRNAs are targets of the mRNA
degradation pathway mediated by the downstream (DST) instability determinant.

-12.41288582 AT5G56550.1 response to oxidative | OXIDATIVE STRESS 3 (OXS3) Encodes OXIDATIVE STRESS 3 (OXS3); involved in tolerance to heavy metals and oxidative stress.

stress/heavy metals

-12.17873376 AT2G43010.1 light response PHYTOCHROME INTERACTING FACTOR | Isolated as a semidominant mutation defective in red -light responses. Encodes a nuclear localized bHLH

4 (PIF4) protein that interacts with active PhyB protein. Negatively regulates phyB mediated red light responses.
Involved in shade avoidance response. Protein abundance is negatively regulated by PhyB.
-11.12077634 AT1G76800.1 response to The gene encodes nodulin-like2 whose transcript abundance was repressed under conditions of Fe-
iron/response to deficient growth.
ethylene
-10.82269606 AT2G40000.1 response to | ORTHOLOG OF SUGAR BEET HS1 PRO-1 | ortholog of sugar beet HS1 PRO-1 2 (HSPRO2); CONTAINS InterPro DOMAIN/s: Hslpro-1, C-terminal
bacterium/response to | 2 (HSPRO2) (InterPro:IPR009743), Hslpro-1, N-terminal
oxidative stress
-10.76499577 AT2G14560.2 defense response to | LATE UPREGULATED IN RESPONSE TO | Encodes LURP1, a member of the LURP cluster (late upregulated in response to Hyaloperonospora
fungus HYALOPERONOSPORA PARASITICA | parasitica) which exhibits a pronounced upregulation after recognition of the pathogenic oomycte H.
(LURP1) parasitica. LURP1 is required for full basal defense to H. parasitica and resistance to this pathogen
mediated by the R-proteins RPP4 and RPP5.
-10.61910414 AT2G40000.1 see above see above see above
-10.549 AT2G40000.1 see above see above see above
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-10.43537398 AT2G40000.1 see above see above see above

-10.3322584 AT3G48360.1 regulation of response | BTB AND TAZ DOMAIN PROTEIN 2 (bt2) | Encodes a protein (BT2) that is an essential component of the TAC1-mediated telomerase activation
to stress pathway. Acts redundantly with BT3 and BT1 during female gametophyte development and with BT3

during male gametophyte development. BT2 also mediates multiple responses to nutrients, stresses, and
hormones.

-10.01897596 AT3G53770.1 response to stress late embryogenesis abundant 3 (LEA3) family protein; FUNCTIONS IN: molecular function unknown;

INVOLVED IN: response to stress

-9.840847714 AT4G18210.1 response to | PURINE PERMEASE 10 (PUP10) Member of a family of proteins related to PUP1, a purine transporter. May be involved in the transport of
nematode/ purine purine and purine derivatives such as cytokinins, across the plasma membrane.
base transport

-9.739996772 AT1G78290.2 protein kinase | SNF1-RELATED PROTEIN KINASE 2-8 | Encodes a member of SNF1-related protein kinase (SnRK2) family whose activity is activated by ionic (salt)
activity/response  to | (SNRK2-8) and non-ionic (mannitol) osmotic stress and dehydration.
osmotic stress

-9.242306416 AT2G18660.1 pathogen defence PLANT NATRIURETIC PEPTIDE A (PNP-A) | Encodes PNP-A (Plant Natriuretic Peptide A). PNPs are a class of systemically mobile molecules distantly

related to expansins; their biological role has remained elusive. PNP-A contains a signal peptide domain
and is secreted into the extracellular space. Co-expression analyses using microarray data suggest that
PNP-A may function as a component of plant defence response and SAR in particular, and could be
classified as a newly identified PR protein.

-9.101856037 AT4G34410.1 defense response to | REDOX RESPONSIVE TRANSCRIPTION | Encodes a member of the ERF (ethylene response factor) subfamily B-3 of ERF/AP2 transcription factor
fungus FACTOR 1 (RRTF1) family. The protein contains one AP2 domain. There are 18 members in this subfamily including ATERF-1,

ATERF-2, AND ATERF-5.

-8.907947018 AT5G63160.1 response to | BTB AND TAZ DOMAIN PROTEIN 1 (btl) | BTB and TAZ domain protein. Short-lived nuclear-cytoplasmic protein targeted for degradation by the 26S
stress/development proteosome pathway. Acts redundantly with BT2 and BT3 during female gametophyte development.
related

-8.619885379 AT4G16860.1 defense response to | RECOGNITION OF PERONOSPORA | Confers resistance to Peronospora parasitica. RPP4 is coordinately regulated by transcriptional activation
fungus PARASITICA 4 (RPP4) and RNA silencing.

-8.59568345 AT4G21920.1 N-terminal protein unknown protein; FUNCTIONS IN: molecular function unknown; INVOLVED IN: N-terminal protein
myristoylation myristoylation

-8.541 AT1G79700.1 pathogen Integrase-type DNA-binding superfamily protein; CONTAINS InterPro DOMAIN/s: DNA-binding, integrase-
response/organ type  (InterPro:IPRO16177), Pathogenesis-related  transcriptional ~ factor/ERF, DNA-binding
morphogenesis (InterPro:IPR001471); BEST Arabidopsis thaliana protein match is: ARIA-interacting double AP2 domain

protein (TAIR:AT1G16060.1)

-8.261352955 AT3G48360.1 see above see above see above

-8.161833179 AT4G35770.1 see above see above

-8.095959121 AT4G33980.1 response to karrikin BEST Arabidopsis thaliana protein match is: cold regulated gene 27 (TAIR:AT5G42900.2)

transcription/translation

-13.18628501 AT2G25900.1 transcription (ATCTH) putative Cys3His zinc finger protein (ATCTH) mRNA, complete

-12.85536174 AT5G04150.1 transcription  factor (BHLH101) BHLH101; FUNCTIONS IN: DNA binding, sequence-specific DNA binding transcription factor activity;
activity INVOLVED IN: regulation of transcription; LOCATED IN: nucleus; EXPRESSED IN: root, leaf

-9.712921887 AT1G76590.1 transcription PLATZ transcription factor family protein; CONTAINS InterPro DOMAIN/s: Protein of unknown function

DUF597

-9.702631486 AT2G25900.1
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-9.033111811 DR229968 transcription tc]QILVRO_ARATH (Q9LVR0) Homeodomain transcription factor-like (At5g66700) (Homeodomain protein),
partial (33%) [TC313719]
-8.51077722 AT2G21900.1 transcription WRKY DNA-BINDING PROTEIN 59 | member of WRKY Transcription Factor; Group lI-c
(WRKY59)
transport
-28.70405708 AT4G08300.1 transport Nodulin MtN21 /EamA-like transporter family protein; LOCATED IN: membrane
-21.927 AT5G53190.1 sugar transmembrane (SWEET3) Nodulin MtN3 family protein; INVOLVED IN: biological process unknown; LOCATED IN: integral to
transporter activity membrane, membrane
-16.43323808 AT4G08290.1 transport Nodulin MtN21 /EamA-like transporter family protein; LOCATED IN: endomembrane system, membrane
-9.679008051 AT3G48740.1 sugar transmembrane (SWEET11) Nodulin MtN3 family protein; INVOLVED IN: biological process unknown; LOCATED IN: endomembrane
transporter activity system, integral to membrane, membrane
-8.110502792 AT1G29100.1 metal ion transport Heavy metal transport/detoxification superfamily protein ; FUNCTIONS IN: copper ion binding, metal ion
binding; INVOLVED IN: copper ion transport, metal ion transport; CONTAINS InterPro DOMAIN/s: Heavy
metal transport/detoxification protein
other
-67.05014157 AT2G33830.2 unknown Dormancy/auxin associated family protein; CONTAINS InterPro DOMAIN/s: Dormancy/auxin associated
(InterPro:IPR008406)
-63.89327116 AT2G33830.2 see above see above
-43.9885641 AT5G62360.1 negative regulation of Plant invertase/pectin methylesterase inhibitor superfamily protein; FUNCTIONS IN: enzyme inhibitor
catalytic activity activity, pectinesterase inhibitor activity, pectinesterase activity
-39.584 AT2G33830.1 see above see above
-31.77040758 AT2G33830.1 see above see above
-28.61890166 AT3G26740.1 unknown CCR-LIKE (CCL) Transcripts are differentially regulated at the level of mRNA stability at different times of day controlled by
the circadian clock. mRNAs are targets of the mRNA degradation pathway mediated by the downstream
(DST) instability determinant.
-24.138 AT2G05540.1 unknown Glycine-rich protein family; LOCATED IN: endomembrane system
-23.086 AT2G34315.1 GTP binding Avirulence induced gene (AIG1) family protein; FUNCTIONS IN: GTP binding; INVOLVED IN: biological
process unknown; LOCATED IN: cellular component unknown; EXPRESSED IN: embryo, root, stamen;
-22.03284023 AT2G05540.1 see above see above
-21.589 TC304561 unknown unknown
-21.58177559 AT2G33830.1 see above see above
-19.77438442 AT4G16000.1 unknown unknown protein
-19.70954881 AT5G62360.1 see above see above
-18.594 EF183277 unknown ug|Arabidopsis thaliana clone asmbl_4567 unknown mRNA sequence [EF183277]
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-18.1952969 AT1G61810.1 lignin biosynthetic | BETA-GLUCOSIDASE 45 (BGLU45) beta-glucosidase 45 (BGLU45); FUNCTIONS IN: cation binding, hydrolase activity, hydrolyzing O-glycosyl
process compounds, catalytic activity; INVOLVED IN: lignin biosynthetic process; LOCATED IN: endomembrane

system

-18.05153209 AT4G15990.1 unknown unknown protein

-17.0171671 AT3G23880.1 unknown F-box and associated interaction domains-containing protein

-16.64803323 AT5G54585.1 unknown unknown protein

-16.506 AT1G13710.1 positive regulation of | CYTOCHROME P450, FAMILY 78, | Encodes the cytochrome P450 CYP78A5 monooxygenase. Contributes to the generation of a growth-
organ growth SUBFAMILY A, POLYPEPTIDE 5 | stimulating signal distinct from the classical phytohormones that prevents proliferation arrest, promoting

(CYP78A5) organ growth.

-16.08650559 AT2G14990.1 transposable element transposable element gene; non-LTR retrotransposon family (LINE), has a 8.7e-37 P-value blast match to
gene GB:NP_038605 L1 repeat, Tf subfamily, member 30 (LINE-element) (Mus musculus)

-15.69002305 AK222109 unknown ug | Arabidopsis thaliana mRNA for hypothetical protein, complete cds, clone: RAFL22-91-A11 [AK222109]

-15.47046057 AT2G44220.1 unknown Protein of Unknown Function (DUF239)

-14.549 TA29648 3702 unknown unknown

-13.656 TA30818_3702 unknown unknown

-12.46814199 AT3G15450.1 unknown Aluminium induced protein with YGL and LRDR motifs; FUNCTIONS IN: molecular function unknown

-11.12966792 AT3G50560.1 oxidation-reduction NAD(P)-binding Rossmann-fold superfamily protein; FUNCTIONS IN: oxidoreductase activity, binding,
process catalytic activity; INVOLVED IN: oxidation reduction, metabolic process

-11.12644923 AT3G01175.1 unknown Protein of unknown function (DUF1666)

-11.11166233 AT1G22160.1 unknown Protein of unknown function (DUF581);

-11.00681255 AT2G47400.1 negative regulation of | CP12 DOMAIN-CONTAINING PROTEIN 1 | CP12-1 encodes a small peptide found in the chloroplast stroma. It belongs to the CP12 gene family
reductive pentose- | (CP12-1) thought to be involved in the formation of a supramolecular complex with glyceraldehyde-3-phosphate
phosphate cycle dehydrogenase (GAPDH) and phosphoribulokinase (PRK) embedded in the Calvin cycle.

-10.97248679 AT2G46660.1 oxidation-reduction CYTOCHROME  P450, FAMILY 78, | member of CYP78A
process SUBFAMILY A,  POLYPEPTIDE 6

(CYP78A6)
-10.79532735 AT1G64160.1 lignan biosynthetic Disease resistance-responsive (dirigent-like protein) family protein; FUNCTIONS IN: molecular function

process/defence
response

unknown; INVOLVED IN: lignan biosynthetic process, defense response; LOCATED IN: endomembrane
system; EXPRESSED IN: petal, hypocotyl, root; EXPRESSED DURING: petal differentiation and expansion
stage; CONTAINS InterPro DOMAIN/s: Plant disease resistance response protein (InterPro:IPR004265)
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-10.56188958 AT4G13090.1 xyloglucan:xyloglucosyl | XYLOGLUCAN xyloglucan endotransglucosylase/hydrolase 2 (XTH2); FUNCTIONS IN: hydrolase activity, acting on glycosyl
transferase activity ENDOTRANSGLUCOSYLASE/HYDROLASE | bonds, xyloglucan:xyloglucosyl transferase activity, hydrolase activity, hydrolyzing O-glycosyl compounds;
2 (XTH2) INVOLVED IN: carbohydrate metabolic process, cellular glucan metabolic process; LOCATED IN:
endomembrane system, cell wall, apoplast; CONTAINS InterPro DOMAIN/s: Xyloglucan
endotransglucosylase/hydrolase (InterPro:IPR016455), Beta-glucanase (InterPro:IPR008264), Xyloglucan
endo-transglycosylase, C-terminal (InterPro:IPR010713), Concanavalin A-like lectin/glucanase, subgroup
(InterPro:IPR013320), Concanavalin A-like lectin/glucanase (InterPro:IPR008985), Glycoside hydrolase,
family 16 (InterPro:IPRO00757)
-10.48077003 AT3G02390.1 unknown unknown protein
-10.30711893 AT1G68040.1 methylation S-adenosyl-L-methionine-dependent methyltransferases superfamily protein; FUNCTIONS IN: S-
adenosylmethionine-dependent methyltransferase activity, methyltransferase activity; INVOLVED IN:
biological process unknown; LOCATED IN: cellular component unknown; EXPRESSED IN: root;
-10.27182669 AT2G47400.1 see above see above see above
-10.090 BE039144 unknown tc|QILEBO_ARATH (Q9LE80) Arabidopsis thaliana genomic DNA, chromosome 3, P1 clone: MJK13
(AT3g15450/MJK13_11) (MJK13.11 protein), partial (75%) [TC306364]
-10.08629039 AT3G14185.1 unknown Unknown gene
-9.967226723 AT2G28305.1 unknown LONELY GUY 1 (LOG1) LONELY GUY 1 (LOG1); CONTAINS InterPro DOMAIN/s: Conserved hypothetical protein CHP00730
(InterPro:IPR005269); BEST Arabidopsis thaliana protein match is: lysine decarboxylase family protein
(TAIR:AT2G37210.1)
-9.931862614 AT1G58320.1 unknown PLAC8 family protein; CONTAINS InterPro DOMAIN/s: Protein of unknown function Cys-rich
(InterPro:IPR006461)
-9.925850615 AT3G15450.3 unknown
-9.849845185 AT1G21400.1 oxidation-reduction Thiamin diphosphate-binding fold (THDP-binding) superfamily protein; FUNCTIONS IN: oxidoreductase
process activity, acting on the aldehyde or oxo group of donors, disulfide as acceptor, 3-methyl-2-oxobutanoate
dehydrogenase (2-methylpropanoyl-transferring) activity; INVOLVED IN: metabolic process; EXPRESSED IN:
guard cell
-9.73788155 AT1G28330.1 response to sucrose | DORMANCY-ASSOCIATED PROTEIN-LIKE | dormancy-associated protein (DRM1)
stimulus 1(DYLY)
-9.592999219 AT5G45310.1 unknown unknown protein
-9.27750991 AT5G44440.1 oxidation-reduction FAD-binding Berberine family protein; FUNCTIONS IN: electron carrier activity, oxidoreductase activity, FAD
process binding, catalytic activity; LOCATED IN: endomembrane system
-9.209328235 AT1G30030.1 transposable element transposable element gene; non-LTR retrotransposon family (LINE), has a 3.5e-30 P-value blast match to
gene GB:AAA39398 ORF2 (Mus musculus) (LINE-element)
-9.187198904 AT5G44585.1 unknown unknown protein;
-9.181852929 AT5G02160.1 unknown unknown protein
-9.082768473 AT5G44582.1 unknown unknown protein
-9.070612504 AT5G66700.1 root development HOMEOBOX 53 (HB53) Encodes a homeodomain protein. Member of HD-ZIP 1 family, most closely related to HB5. AtHB53 is
auxin-inducible and its induction is inhibited by cytokinin, especially in roots therefore may be involved in
root development.
-8.811941806 AT3G49790.1 ATP binding Carbohydrate-binding protein; FUNCTIONS IN: ATP binding; INVOLVED IN: biological process unknown
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-8.724712767 AT1G28330.2 see above see above see above
-8.689745933 AT3G15630.1 unknown unknown protein
-8.603443004 AT4G18830.1 negative regulation of | OVATE FAMILY PROTEIN 5 (OFP5) Member of the ovate protein family. Interacts with BLH1 and KNAT3. Regulates the subcellular localization
transcription, DNA- of BLH1.
dependent
-8.331 AT5G66052.1 unknown unknown protein
-8.307 AT2G33810.1 positive regulation of | SQUAMOSA PROMOTER  BINDING | Encodes a member of the SPL (squamosa-promoter binding protein-like) gene family, a novel gene family
flower development PROTEIN-LIKE 3 (SPL3) encoding DNA binding proteins and putative transcription factors. Contains the SBP-box, which encodes
the SBP-domain, required and sufficient for interaction with DNA. It binds DNA, may directly regulate AP1,
and is involved in regulation of flowering and vegetative phase change. Its temporal expression is
regulated by the microRNA miR156. The target site for the microRNA is in the 3'UTR.
-8.161 TA25819_3702 unknown unknown
-8.110 AT5G44417.1 pseudogene pseudogene, similar to CPRD2, blastp match of 42% identity and 7.0e-94 P-value to
GP]13161397]dbj]BAB33033.1] JAB056448 CPRD2 (Kai et al.)
-8.100 AV788815 unknown tc|]ATOLEOST4 oleosin type4 (McElver et al.) (exp=-1; wgp=0; cg=0), partial (18%) [TC311214]
-7.984882299 AT2G47400.1 see above see above see above
-7.972896593 AT1G78460.1 Heme-binding SOUL heme-binding family protein; FUNCTIONS IN: binding;
-7.971 AT5G50590.1 oxidation-reduction HYDROXYSTEROID DEHYDROGENASE 4 | Encodes a putative hydroxysteroid dehydrogenase (HSD). Genes that encode HSD include: At5g50600 and
process (HSD4) At5g50700 (HSD1), At3g47350 (HSD2), At3g47360 (HSD3), At5g50590 and At5g50690 (HSD4), At5g50770
(HSD6) (Plant Cell Physiology 50:1463). Two copies of HSD1 and HSD4 exist due to a gene duplication
event. In Plant Physiology 145:87, At5g50690 is HSD7, At4g10020 is HSD5.
-7.940256867 AT3G60270.1 electron carrier activity Cupredoxin superfamily protein; FUNCTIONS IN: electron carrier activity, copper ion binding; LOCATED IN:
anchored to membrane; CONTAINS InterPro DOMAIN/s: Plastocyanin-like (InterPro:IPR003245),
Cupredoxin (InterPro:IPR008972)
-7.94020467 AT3G29240.1 unknown Protein of unknown function (DUF179)
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Plasmid rescue and candidate genes for activation tagging line N21368 25/1/5

Plasmid rescue was also carried out for line N21368 25/1/5, a homozygous line. Sequencing
returned a 169 bp fragment. An exact search with NCBI’'s megablast (Miller et al., 2000) of two
fragments gained either by Hindlll digest and sequencing via SKC12 or PST1 digest and the RB
primer returned no similarity to the Arabidopsis thaliana genome, but 98% similarity HSP Homo
sapiens v-KI-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS). Allowing less rigid search
parameters (blastn, (Altschul et al., 1997) returned an insertion between AT5G27860, an
unknown protein located in the chloroplast and expressed in the pollen tube; and AT5G27870,
an invertase/pectin methylesterase inhibitor superfamily protein involved in cell wall
modification and expressed in various stages of flowering. However, this match spanned only
28 base pairs and had 93% similarity. Some insertional mutant lines of genes around the
putative insertion site were available, including some promising candidate genes. They were:

At5g27830: molecular function unknown; involved in response to oxidative stress; located in
endomembrane system

At5g27840: encodes a serine/threonine protein phosphatase; expressed in roots, rosettes and
flowers

At5g21860: upstream of insertion site, unknown protein, involved in pollen tube growth

At5g21870: downstream of insertion site, invertase/pectin methylesterase inhibitor
superfamily protein

At5g27885: transposable element gene; gypsy-like retrotransposon family.

An analysis of the root scopolin content of the lines on 3% sucrose brought no significant
difference compared to WT (Figure A58). In tendency, the insertional mutant of At5g27830 had
the lowest scopolin content of the lines tested. It has the conserved domain of a folate receptor
(Marchler-Bauer et al., 2011).
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Figure A58: Root scopolin content of insertional mutants around the insertion site of the second activation-
tagged line, N21368 25/1.

Genes surrounding ACT7

Table A6: Genes surrounding ACT7 (At5g09810) and their annotations. The column “Annotations up to
June 2008” shows the TAIR search results from the original search in 2008 and the latest TAIR citations at that
time. “Current annotation” gives the most recent gene description and citation from TAIR (Rhee et al., 2003).

Locus
Name

Annotation up to June 2008

Current annotation (July 2011)

At509710

At5g09720

At509730
ATBX3

Magnesium transporter CorA-like family protein,
involved in metal ion transport, located in membrane,
has metal ion transmembrane transporter activity
(Zhao et al., 2007)

Magnesium transporter CorA-like family protein,
involved in metal ion transport, located in membrane,
has metal ion transmembrane transporter activity

Member of glycosyl hydrolase family 3, similar to a
beta-xylolase, involved in carbohydrate metabolic
process, located in endomembrane system, has
hydrolase activity, hydrolyzing O-glycosyl compounds
(Iglesias et al., 2006)

Magnesium transporter CorA-like family protein;
BEST Arabidopsis thaliana protein match is:
magnesium transporter 7 (Wu et al., 2008)

Magnesium transporter CorA-like family protein;
BEST Arabidopsis thaliana protein match is:
magnesium transporter 7

Encodes a protein similar to a beta-xylosidase
located in the extracellular matrix. This is a
member of glycosyl hydrolase family 3 and has six
other closely related members (Hanada et al.,
2011)
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At5g09740
HAM2

At5g09750

At509755

At5g09760

At5g09770

At509780

At509790
ATXR5

At5g09795

At5g09800

At5g09805

IDL3

At5309810
ACT7

Enzyme with histone acetyltransferase activity of the
MYST family 2, involved in chromatin assembly or
disassembly, located in nucleus, functions in nucleic
acid binding , zinc ion binding (Pikaard et al., 2007)

DNA binding/transcription factor, involved in
regulation of transcription, carpel formation,
transmitting tissue development, located in nucleus,

expressed during flower developmental stages
(Yanofsky et al., 2007)
Pre-tRNA, tRNA-Glu, involved in translational

elongation, has triplet codon-amino-acid adaptor
activity (Browning, 1996)

Pectinesterase family protein, involved in cell wall
modification, located in cell wall, has pectinesterase
activity, expressed in flower (Culligan et al., 2006)

Ribosomal protein L17 family protein, involved in
translation, located in ribosome, functions as
structural constituent of ribosome (Bonen and
Calixte, 2006)

Transcriptional factor B3 family protein, involved in
regulation of transcription, cellular component
unknown (Meyerowitz et al., 2007)

Encodes a SET-domain protein, probably involved in
cell-cycle regulation (Crane and Gelvin, 2007)

Pseudogene of F-Box family protein

U-Box containing protein, involved in protein
ubiquitination, located in ubiquitin ligase complex,
functions in binding, response to chitin (Libault et al.,
2007)

Similar to unknown protein At5g64667.1

Actin7, Member of Actin gene family. Mutants are
defective in germination and root growth. involved

Encodes an enzyme with histone
acetyltransferase  activity. HAM2  primarily
acetylate histone H4, but also display some ability
to acetylate H3. Prior acetylation of lysine 5 on
histone H4 reduces radioactive acetylation by
either HAM2. (Latrasse et al., 2008)

HECATE 3 (HEC3); FUNCTIONS IN: DNA binding,
sequence-specific DNA binding transcription
factor activity; INVOLVED IN: transmitting tissue
development, carpel formation, regulation of
transcription (Swain et al., 2009)

No updated annotation.

Plant invertase/pectin methylesterase inhibitor
superfamily; FUNCTIONS IN: enzyme inhibitor
activity, pectinesterase activity; INVOLVED IN: cell
wall modification (Ascencio-Ibanez et al., 2008)

No updated annotation.

No updated annotation.

Encodes a SET-domain protein, a H3K27
monomethyltransferase required for chromatin
structure and gene silencing. Regulates
heterochromatic DNA replication. Contains a
PCNA-binding domain. ATXR5 accumulates
preferentially during the late G1 or S phase,
suggesting that it plays a role in cell-cycle
regulation or progression. A plant line expressing
an RNAI construct directed against this gene has
reduced agrobacterium-mediated tumour
formation. (Michaels et al., 2009; Michaels et al.,
2010)

No updated annotation.

ARM repeat superfamily protein; FUNCTIONS IN:
ubiquitin-protein  ligase  activity,  binding;
INVOLVED IN: response to chitin; LOCATED IN:
ubiquitin ligase complex (Kim et al., 2008)

Similar to Inflorescence deficient in abscission
(IDA). Involved in floral organ abscission. (Aalen et
al., 2008)

Member of Actin gene family. Mutants are
defective in germination and root growth.
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At5309820

At5g09830

At5g09840

At5g09850

At5g09860
ATTHOL,
EMU

At5g09870
CESAS

At5g09880

in cytoskeleton organization and biogenesis (von
Koskull-Doring et al., 2007)

plastid-lipid associated protein PAP / fibrillin family
protein; Identical to Probable plastid-lipid-associated
protein 7, chloroplast precursor (PAP7) [Arabidopsis
Thaliana], biological process unknown, located in
chloroplast, structural molecule activity (Dal Bosco et
al., 2004)

BolA-like family protein; similar to unnamed protein
product [Vitis vinifera], biological process unknown,
localisation unknown, has transcription regulator
activity

similar to unknown protein [Arabidopsis thaliana],
located in mitochondrion, molecular function
unknown

transcription elongation factor-related, involved in
transcription, located in nucleus, functions in DNA
binding, protein binding, transcription regulator
activity (Green et al., 2001)

nuclear matrix protein-related; similar to unnamed
protein product [Vitis vinifera], biological process
unknown, cellular component unknown, molecular
function unknown

Encodes a cellulose synthase isomer, related to
CESAG, involved in cell-wall biogenesis, only
expressed in apical hook (Vernhettes et al., 2007)

RNA recognition motif (RRM)-containing protein;
similar to RNA recognition motif (RRM)-containing
protein [Arabidopsis thaliana] (TAIR:AT2G16940.1),
involved in m-RNA processing, located in nucleus,
functions in nucleic acid binding (lida et al., 2004)

(Meagher et al., 2009), (Meagher et al., 2010)

Plastid-lipid associated protein PAP / fibrillin
family protein; FUNCTIONS IN: structural
molecule activity; INVOLVED IN: biological process
unknown; LOCATED IN: chloroplast; EXPRESSED
IN: 23 plant structures; EXPRESSED DURING: 15
growth stages; CONTAINS InterPro DOMAIN/s:
Plastid lipid-associated protein/fibrillin
(InterPro:IPR006843); BEST Arabidopsis thaliana
protein match is: Plastid-lipid associated protein
PAP / fibrillin family protein (TAIR:AT3G26070.1);
(Ascencio-lbanez et al., 2008

BolA-like family protein; CONTAINS InterPro
DOMAIN/s: BolA-like protein
(InterPro:IPR002634); BEST Arabidopsis thaliana
protein match is: chloroplast sulphur E (Ascencio-
Ibanez et al., 2008)

Putative endonuclease or glycosyl hydrolase; BEST
Arabidopsis thaliana protein match is: Putative
endonuclease or glycosyl hydrolase
(TAIR:AT5G64710.1) (Kiba et al., 2005)

Transcription elongation factor (TFIIS) family
protein; FUNCTIONS IN: transcription regulator
activity, DNA binding; INVOLVED IN: transcription
(van Bentem et al., 2008)

Encodes a component of the putative Arabidopsis
THO/TREX complex: THO1 or HPR1 (At5g09860),
THO2 (At1g24706), THO3 or TEX1 (At5g56130),
THO5  (At5g42920,  Atlg45233), THO6
(At2g19430), and THO7 (At5g16790, At3g02950).
THO/TREX complexes in animals have been
implicated in the transport of mRNA precursors.
Mutants of THO3/TEX1, THO1, THO6 accumulate
reduced amount of small interfering (Si)RNA,
suggesting a role of the putative Arabidopsis
THO/TREX in siRNA biosynthesis. (Furumizu et al.,
2010) (Yelina et al., 2010). (Vaucheret et al.,
2010)

Encodes a cellulose synthase isomer, related to
CESAG6. As inferred from the null role of secondary
wall-type CesAs, included in a set of five primary
wall-type CesAs that may support trichome cell
wall thickening. (Sullivan et al., 2011)

Splicing factor, CC1-like; FUNCTIONS IN: RNA
binding, nucleotide binding, nucleic acid binding;
INVOLVED IN: mRNA processing; LOCATED IN:
nucleus; CONTAINS InterPro DOMAIN/s: RNA
recognition motif, RNP-1 Splicing factor, CC1-like),
Nucleotide-binding, alpha-beta plait. BEST
Arabidopsis thaliana protein match is: Splicing
factor, CC1-like (TAIR:AT2G16940.2) (Mahalingam
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At5g09890

At5g09900
RPN5A

At5309910

protein kinase, putative; similar to protein kinase
family protein [Arabidopsis thaliana]
(TAIR:ATAG14350.3), involved in amino acid
phosphorylation cellular component unknown, has
kinase activity (Bogre et al., 2003)

EMB2107/MSA/RPN5A (EMBRYO DEFECTIVE 2107);
similar to 26S proteasome regulatory subunit,
putative (RPN5) [Arabidopsis thaliana]
(TAIR:AT5G64760.1), ubiquitin-dependent protein,
catabolic process, embryonic development ending in
seed dormancy, located in proteasome regulatory
particle, lid subcomplex, molecular function unknown
(Yang et al., 2004)

ATP binding / GTP binding / transcription factor
binding; similar to LIP1 (LIGHT INSENSITIVE PERIOD1),
GTPase [Arabidopsis thaliana] (TAIR:AT5G64813.1),
involved in protein transport, small GTPase mediated
signal transduction, regulation of transcription, DNA-
dependent

etal.,, 2011)

Protein kinase family protein; FUNCTIONS IN:
kinase activity; INVOLVED IN: protein amino acid
phosphorylation; LOCATED IN: cytosol; BEST
Arabidopsis thaliana protein match is: AGC
(cAMP-dependent, cGMP-dependent and protein
kinase C) kinase family protein (Endo et al., 2011)

Encodes one of two isoforms for the 26S
proteasome regulatory protein (RN) subunit
RPNS5. For many functions it acts redundantly with
the paralogous gene RPN5b but also appears to
exert independent effects. (Book et al., 2010)

Ras-related small GTP-binding family protein;
functions in GTP binding, transcription factor
binding, ATP binding; involved in: protein
transport, small GTPase mediated signal
transduction, regulation of transcription, DNA-
dependent; located in: intracellular (Rehrauer et
al., 2010)
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Figure A59: Scopolin contents of roots of wild type Col-0 and insertional mutation lines GK052D02-3
(atthol/myb40) and N719474 1 (homozygous). Wild type and myb40 are not significantly different
from each other (“a”; p=1.0). GK052D02_3 has a significantly lower scopolin content than the other
lines (“b”; ANOVA with Bonferroni correction, p<0.001; n=10).
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Figure A60: Scopolin contents of 17 independent complemented lines (Compl1-Compl18) of GABI-Kat
line GKO52D02_3 with the promoter and genomic region of At5g09860 (AtTHO1). A-C Scopolin content
of root extracts from hydroponic culture. Complementation lines with an “a” are not significantly
different from the insertional mutant GK052D02; lines with a “b” are not significantly different from the
WT line Col-0. Lines with a “c” are significantly different from GK052D02 and WT (t-test or u-test,
p<0.05). A: n=2-9 (Screening) B: n = 15 C: n=10. Box Plots: Horizontal line, middle = median; upper and
lower horizontal line = 25" and 75" percentile, “whiskers” = 5% and 95% percentile, circles = outliers.
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Coumarin contents of tobacco cultures
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Figure A61: Coumarin contents of four tobacco callus cultures. Substance identification was done by LC-FLD only, where
isoscopolin and esculetin are not distinguishable.
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Figure A62: Scopolin contents of different ecotypes of A. thaliana on medium containing 3% sucrose,
preliminary results. Bars with the same letters are not significantly different from each other (ANOVA,
p<0.05, n=4)

Aalen RB, Stenvik GE, Tandstad NM, Guo Y, Shi CL, Kristiansen W, Holmgren A, Clark SE, Butenko MA
(2008) The EPIP peptide of INFLORESCENCE DEFICIENT IN ABSCISSION is sufficient to induce
abscission in Arabidopsis through the receptor-like kinases HAESA and HAESA-LIKE2. Plant Cell
20: 1805-1817

Abas F, Lajis NH, Shaari H, Israf DA, Stanslas J, Yusuf UK, Raof SM (2005) A labdane diterpene glucoside
from the rhizomes of Curcuma mangga. Journal of Natural Products 68: 1090-1093

Adams M, Efferth T, Bauer R (2006) Activity-guided isolation of scopoletin and isoscopoletin, the
inhibitory active principles towards CCRF-CEM leukaemia cells and multi-drug resistant
CEM/ADR5000 cells, from Artemisia argyi. Planta Medica 72: 862-864

Adfa M, Yoshimura T, Komura K, Koketsu M (2010) Antitermite activities of coumarin derivatives and
scopoletin from Protium javanicum Burm. f. Journal of Chemical Ecology 36: 720-726

Ahn YO, Shimizu B, Sakata K, Gantulga D, Zhou C, Bevan DR, Esen A (2010) Scopolin-hydrolyzing beta-
glucosidases in roots of Arabidopsis. Plant Cell Physiol 51: 132-143

Alassimone J, Roppolo D, Geldner N, Vermeer JEM (2012) The endodermis-development and
differentiation of the plant's inner skin. Protoplasma 249: 433-443

Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P, Stevenson DK, Zimmerman J, Barajas P,
Cheuk R, Gadrinab C, Heller C, Jeske A, Koesema E, Meyers CC, Parker H, Prednis L, Ansari Y,
Choy N, Deen H, Geralt M, Hazari N, Hom E, Karnes M, Mulholland C, Ndubaku R, Schmidt |,

A28|Page



Appendix

Guzman P, Aguilar-Henonin L, Schmid M, Weigel D, Carter DE, Marchand T, Risseeuw E,
Brogden D, Zeko A, Crosby WL, Berry CC, Ecker JR (2003) Genome-wide insertional mutagenesis
of Arabidopsis thaliana. Science 301: 653-657

Altschul SF, Madden TL, Schaffer AA, Zhang JH, Zhang Z, Miller W, Lipman DJ (1997) Gapped BLAST and
PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Research 25:
3389-3402

Andreae WA (1948) The isolation of a blue fluorescent compound scopoletin, from Green Mountain
Potato tubers, infected with leaf roll virus. Canadian Journal of Research Section C-Botanical
Sciences 26: 31-34

Andreae WA (1952) Effect of scopoletin on indoleacetic acid metabolism. Nature 170: 83-84

Arcos MLB, Cremaschi G, Werner S, Coussio J, Ferraro G, Anesini C (2006) Tilia cordata Mill. extracts
and scopoletin (isolated compound): Differential cell growth effects on lymphocytes.
Phytotherapy Research 20: 34-40

Armstrong GM, Rohrbaugh LM, Rice EL, Wender SH (1970) The effect of nitrogen deficiency on the
concentration of caffeoylquinic acids and scopolin in tobacco. Phytochemistry 9: 945-948

Ascencio-lbanez JT, Sozzani R, Lee TJ, Chu TM, Wolfinger RD, Cella R, Hanley-Bowdoin L (2008) Global
analysis of Arabidopsis gene expression uncovers a complex array of changes impacting
pathogen response and cell cycle during geminivirus infection. Plant Physiology 148: 436-454

Avers CJ, Goodwin RH (1956) Studies on roots. 4. Effects of coumarin and scopoletin on the standard
root growth pattern of Phleum Pratense. American Journal of Botany 43: 612-620

Baghestani A, Lemieux C, Leroux GD, Baziramakenga R, Simard RR (1999) Determination of
allelochemicals in spring cereal cultivars of different competitiveness. Weed Science 47: 498-504

Bandeira PN, Pessoa ODL, Trevisan MTS, Lemos TLG (2002) Secondary metabolites of Protium
heptaphyllum March. Quimica Nova 25: 1078-1080

Basak SP, Chakrabo.Dp (1970) Scopoletin from leaves of Swietenia mahagoni Jaqu. Journal of the Indian
Chemical Society 47: 722-&

Baudry A, Heim MA, Dubreucq B, Caboche M, Weisshaar B, Lepiniec L (2004) TT2, TT8, and TTG1
synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in
Arabidopsis thaliana. Plant Journal 39: 366-380

Bayoumi SAL, Rowan MG, Blagbrough IS, Beeching JR (2008) Biosynthesis of scopoletin and scopolin in
cassava roots during post-harvest physiological deterioration: The E-Z-isomerisation stage.
Phytochemistry 69: 2928-2936

Bechtold N, Ellis J, Pelletier G (1993) In-planta Agrobacterium-mediated gene-transfer by infiltration of
adult Arabidopsis thaliana plants. Comptes rendus de I'Académie des Sciences, Série 3, Sciences
de la vie = Life sciences 316: 1194-1199

Bent AF, Clough SJ (1998) Floral dip: a simplified method for Agrobacterium-mediated transformation of
Arabidopsis thaliana. Plant Journal 16: 735-743

Berreth D-C (2011) Analyse der gewebespezifischen Expression von Genen der Stressabwehr in
Arabidopsis-Wurzeln mit besonderer Berlicksichtigung von Genen des
Phenylpropanstoffwechsels. Diplomarbeit. Universitdt Hohenheim, Hohenheim

Best RJ (1936) Studies on a fluorescent substance present in plants. 1. Production of the substance as a
result of virus infection and some applications of the phenomenon. Australian Journal of
Experimental Biology and Medical Science 14: 199-213

Best RJ (1944) Studies on a fluorescent substance present in plants. 2. Isolation of the substance in a
pure state and its identification as 6-methoxy-7hydroxy 1:2 benzo-pyrone. Australian Journal of
Experimental Biology and Medical Science 22: 251-255

A29|Page



Appendix

Best RJ (1948) Studies on a fluorescent substance present in plants. Part 3: The distribution of scopoletin
in tobacco plants and some hypotheses on its part in metabolism. Australian Journal of
Experimental Biology and Medical Science 26: 223-230

Betancur L, Singh B, Rapp RA, Wendel JF, Marks MD, Roberts AW, Haigler CH (2010) Phylogenetically
distinct cellulose synthase genes support secondary wall thickening in Arabidopsis shoot
trichomes and cotton fiber. Journal of integrative plant biology 52: 205-220

Bhalla MK, Nozzolillo C, Schneider EF (1992) Observations on the responses of lentil root-cells to
hyphae of Fusarium oxysporum. Journal of Phytopathology-Phytopathologische Zeitschrift 135:
335-341

Birnbaum K, Shasha DE, Wang JY, Jung JW, Lambert GM, Galbraith DW, Benfey PN (2003) A gene
expression map of the Arabidopsis root. Science 302: 1956-1960

Birnboim HC, Doly J (1979) A rapid alkaline extraction procedure for screening recombinant plasmid
DNA. Nucleic Acids Research 7: 1513-1523

Blagbrough IS, Bayoumi SAL, Rowan MG, Beeching JR (2010) Cassava. An appraisal of its
phytochemistry and its biotechnological prospects. Phytochemistry 71: 1940-1951

Blokhina O, Virolainen E, Fagerstedt KV (2003) Antioxidants, oxidative damage and oxygen deprivation
stress: a review. Annals of Botany 91: 179-194

Bogre L, Okresz L, Henriques R, Anthony RG (2003) Growth signalling pathways in Arabidopsis and the
AGC protein kinases. Trends in Plant Science 8: 424-431

Bonen L, Calixte S (2006) Comparative analysis of bacterial-origin genes for plant mitochondrial
ribosomal proteins. Molecular Biology and Evolution 23: 701-712

Bonnett HT (1968) Root endodermis - fine structure and function. Journal of Cell Biology 37: 199-&

Book AJ, Gladman NP, Lee SS, Scalf M, Smith LM, Vierstra RD (2010) Affinity purification of the
Arabidopsis 26 S proteasome reveals a diverse array of plant proteolytic complexes. Journal of
Biological Chemistry 285: 25554-25569

Borevitz JO, Xia Y, Blount J, Dixon RA, Lamb C (2000) Activation tagging identifies a conserved MYB
regulator of phenylpropanoid biosynthesis. Plant Cell 12: 2383-2394

Bourgaud F, Hehn A, Larbat R, Doerper S, Gontier E, Kellner S, Matern U (2006) Biosynthesis of
coumarins in plants: a major pathway still to be unravelled for cytochrome P450 enzymes.
Phytochemistry Reviews 5: 293-308

Bratoeff EA, Perezamador MC (1994) Phytochemical study of Aphelandra aurantica Scheider
(Acanthaceae). Phyton - International Journal of Experimental Botany 56: 27-32

Breton F, Sanier C, dAuzac J (1997) Scopoletin production and degradation in relation to resistance of
Hevea brasiliensis to Corynespora cassiicola. Journal of plant physiology 151: 595-602

Browning KS (1996) The plant translational apparatus. Plant Molecular Biology 32: 107-144

Buschmann H, Rodriguez MX, Tohme J, Beeching JR (2000) Accumulation of hydroxycoumarins during
post-harvest deterioration of tuberous roots of Cassava (Manihot esculenta Crantz). Annals of
Botany 86: 1153-1160

Cabello-Hurtado F, Durst F, Jorrin JV, Werck-Reichhart D (1998) Coumarins in Helianthus tuberosus:
Characterization, induced accumulation and biosynthesis. Phytochemistry 49: 1029-1036

Cahill MA, Ernst WH, Janknecht R, Nordheim A (1994) Regulatory squelching. Febs Letters 344: 105-108

Capra JC, Cunha MP, Machado DG, Zomkowski ADE, Mendes BG, Santos ARS, Pizzolatti MG, Rodrigues
ALS (2010) Antidepressant-like effect of scopoletin, a coumarin isolated from Polygala sabulosa
(Polygalaceae) in mice: Evidence for the involvement of monoaminergic systems. Eur J
Pharmacol 643: 232-238

Carpinella MC, Ferrayoli CG, Palacios SM (2005) Antifungal synergistic effect of scopoletin, a
hydroxycoumarin isolated from Melia azedarach L. fruits. Journal of agricultural and food
chemistry 53: 2922-2927

A30|Page



Appendix

Casimiro I, Beeckman T, Graham N, Bhalerao R, Zhang HM, Casero P, Sandberg G, Bennett MJ (2003)
Dissecting Arabidopsis lateral root development. Trends in Plant Science 8: 165-171

Chance B, Nishimura M (1960) On the Mechanism of Chlorophyll-Cytochrome Interaction - the
Temperature Insensitivity of Light-Induced Cytochrome Oxidation in Chromatium. Proceedings
of the National Academy of Sciences of the United States of America 46: 19-24

Chang WC, Lee TY, Huang HD, Huang HY, Pan RL (2008) PlantPAN: Plant promoter analysis navigator,
for identifying combinatorial cis-regulatory elements with distance constraint in plant gene
groups. Bmc Genomics 9: 561

Chang WS, Chiang HC (1995) Structure-activity relationship of coumarins in xanthine oxidase inhibition.
Anticancer Research 15: 1969-1973

Charlton WA (1996) Lateral root initiation. In Y Waisel, A Eshel, U Kafkafi, eds, Plant Roots: The Hidden
Half, Ed 2nd. Marcel Dekker, New York, pp 149-173.

Chavez S, Beilharz T, Rondon AG, Erdjument-Bromage H, Tempst P, Svejstrup JQ, Lithgow T, Aguilera A
(2000) A protein complex containing Tho2, Hprl, Mftl and a novel protein, Thp2, connects
transcription elongation with mitotic recombination in Saccharomyces cerevisiae. The EMBO
journal 19: 5824-5834

Choi YG, Yeo S, Kim SH, Lim S (2012) Anti-inflammatory changes of gene expression by Artemisia
iwayomaogi in the LPS-stimulated human gingival fibroblast: Microarray analysis. Archives of
Pharmacal Research 35: 549-563

Chong J, Baltz R, Fritig B, Saindrenan P (1999) An early salicylic acid-, pathogen- and elicitor-inducible
tobacco glucosyltransferase: role in compartmentalization of phenolics and H,O, metabolism.
Febs Letters 458: 204-208

Chong J, Baltz R, Schmitt C, Beffa R, Fritig B, Saindrenan P (2002) Downregulation of a pathogen-
responsive tobacco UDP-GIc : phenylpropanoid glucosyltransferase reduces scopoletin glucoside
accumulation, enhances oxidative stress, and weakens virus resistance. Plant Cell 14: 1093-1107

Churngchow N, Rattarasarn M (2001) Biosynthesis of scopoletin in Hevea brasiliensis leaves inoculated
with Phytophthora palmivora. Journal of plant physiology 158: 875-882

Crane YM, Gelvin SB (2007) RNAi-mediated gene silencing reveals involvement of Arabidopsis
chromatin-related genes in Agrobacterium-mediated root transformation. Proc Natl Acad Sci U S
A 104: 15156-15161

Culligan KM, Robertson CE, Foreman J, Doerner P, Britt AB (2006) ATR and ATM play both distinct and
additive roles in response to ionizing radiation. Plant Journal 48: 947-961

Curtis MD, Grossniklaus U (2003) A gateway cloning vector set for high-throughput functional analysis
of genes in planta. Plant Physiology 133: 462-469

Dal Bosco C, Lezhneva L, Biehl A, Leister D, Strotmann H, Wanner G, Meurer J (2004) Inactivation of the
chloroplast ATP synthase gamma subunit results in high non-photochemical fluorescence
guenching and altered nuclear gene expression in Arabidopsis thaliana. Journal of Biological
Chemistry 279: 1060-1069

de Oliveira PV, Lemos RPL, Conserva LM (2012) Chemical constituents of Rourea doniana. Revista
Brasileira De Farmacognosia-Brazilian Journal of Pharmacognosy 22: 451-454

De Rafael MA, Valle T, Babiano MJ, Corchete P (2001) Correlation of resistance and H,O, production in
Ulmus pumila and Ulmus campestris cell suspension cultures inoculated with Ophiostoma novo-
ulmi. Physiologia Plantarum 111: 512-518

De Smet I, Tetsumura T, De Rybel B, Frey NFD, Laplaze L, Casimiro I, Swarup R, Naudts M, Vanneste S,
Audenaert D, Inze D, Bennett MJ, Beeckman T (2007) Auxin-dependent regulation of lateral
root positioning in the basal meristem of Arabidopsis. Development 134: 681-690

de Vry JE (1864) Ueber die Kultur der Chinabdume in Java und in den Neilgherries; tiber ein neues schon
krystallisirtes Harz aus der Antiaris toxicaria; lber das Upasgift; ber Hesperidin aus den Blithen

A3l|Page



Appendix

von Citrus decumana; Uiber das Murrayin; Gber einen krystallisirbaren Bitterstoff aus dem Samen
der Thevetia nereifolia und tiber das Cerberin. In KAdWi Wien, ed, Anzeiger der Kaiserlichen
Akademie der Wissenschaften. Sitzung der mathematisch-naturwissenschaftlichen Classe vom
14. Janner, Vol 1.2. Selbstverlag der K. Akademie der Wissenschaften, Wien, p 12

Deblaere R, Bytebier B, Degreve H, Deboeck F, Schell J, Vanmontagu M, Leemans J (1985) Efficient
Octopine Ti Plasmid-Derived Vectors for Agrobacterium-Mediated Gene-Transfer to Plants.
Nucleic Acids Research 13: 4777-4788

Dellaporta SL (1994) Good quality DNA for multiple PCRs. In EM Meyerowitz, ed, Arabidopsis: A
Laboratory Manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY

Dieterman LJ, Lin CY, Rohrbaugh L, Thiesfeld V, Wender SH (1964) Identification and quantitative
determination of scopolin and scopoletin in tobacco plants treated with 2,4-
dichlorophenoxyacetic acid. Analytical Biochemistry 9: 139-145

Ding ZQ, Dai Y, Hao HP, Pan R, Yao XJ, Wang ZT (2008) Anti-inflammatory effects of scopoletin and
underlying mechanisms. Pharmaceutical Biology 46: 854-860

Ding ZQ, Dai Y, Wang ZT (2005) Hypouricemic action of scopoletin arising from xanthine oxidase
inhibition and uricosuric activity. Planta Medica 71: 183-185

Dixon RA (2001) Natural products and plant disease resistance. Nature 411: 843-847

Dixon RA, Paiva NL (1995) Stress-induced phenylpropanoid metabolism. Plant Cell 7: 1085-1097

Dorey S, Baillieul F, Pierrel MA, Saindrenan P, Fritig B, Kauffmann S (1997) Spatial and temporal
induction of cell death, defense genes, and accumulation of salicylic acid in tobacco leaves
reacting hypersensitively to a fungal glycoprotein elicitor. Molecular Plant-Microbe Interactions
10: 646-655

Dorey S, Kopp M, Geoffroy P, Fritig B, Kauffmann S (1999) Hydrogen peroxide from the oxidative burst
is neither necessary nor sufficient for hypersensitive cell death induction, phenylalanine
ammonia lyase stimulation, salicylic acid accumulation, or scopoletin consumption in cultured
tobacco cells treated with elicitin. Plant Physiology 121: 163-171

Drabent R, Pliszka B, Olszewska T (1999) Fluorescence properties of plant anthocyanin pigments. I.
Fluorescence of anthocyanins in Brassica oleracea L. extracts. Journal of Photochemistry and
Photobiology B-Biology 50: 53-58

Duncan SH, Flint HJ, Stewart CS (1998) Inhibitory activity of gut bacteria against Escherichia coli 0157
mediated by dietary plant metabolites. FEMS microbiology letters 164: 283-288

Edwards K, Johnstone C, Thompson C (1991) A simple and rapid method for the preparation of plant
genomic DNA for PCR analysis. Nucleic Acids Research 19: 1349

Edwards R, Stones SM, GutierrezMellado MC, Jorrin J (1997) Characterization and inducibility of a
scopoletin-degrading enzyme from sunflower. Phytochemistry 45: 1109-1114

El-Mashad AAA, Mohamed HI (2012) Brassinolide alleviates salt stress and increases antioxidant activity
of cowpea plants (Vigna sinensis). Protoplasma 249: 625-635

El Oirdi M, Trapani A, Bouarab K (2010) The nature of tobacco resistance against Botrytis cinerea
depends on the infection structures of the pathogen. Environmental Microbiology 12: 239-253

Elmodafar C, Clerivet A, Fleuriet A, Macheix JJ (1993) Inoculation of Platanus acerifolia with
Ceratocystis fimbriata f. sp. platani induces scopoletin and umbelliferone accumulation.
Phytochemistry 34: 1271-1276

Elmodafar C, Clerivet A, Vigouroux A, Macheix JJ (1995) Accumulation of phytoalexins in leaves of plane
tree (Platanus spp) expressing susceptibility or resistance to Ceratocystis fimbriata f. sp. platani.
European Journal of Plant Pathology 101: 503-509

Endo Y, Nemoto K, Seto T, Takahashi H, Nozawa A, Seki M, Shinozaki K, Sawasaki T (2011)
Autophosphorylation profiling of Arabidopsis protein kinases using the cell-free system.
Phytochemistry 72: 1136-1144

A32|Page



Appendix

Enstone DE, Peterson CA, Ma FS (2002) Root endodermis and exodermis: Structure, function, and
responses to the environment. Journal of Plant Growth Regulation 21: 335-351

Erazo S, Garcia R, Backhouse N, Lemus I, Delporte C, Andrade C (1997) Phytochemical and biological
study of radal Lomatia hirsuta (Proteaceae). Journal of Ethnopharmacology 57: 81-83

Eykman JF (1883) Phytochemische Notizen ueber einige Japanische Pflanzen. Abhandlungen des Tokio
Daigaku (Universitat zu Tokio) 10: 16-25, 40-46

Ezeanyika LUS, Obidoa O, Shoyinka VO (1999) Comparative effects of scopoletin and cyanide on rat
brain, 1: Histopathology. Plant Foods for Human Nutrition 53: 351-358

Farah MH, Samuelsson G (1992) Pharmacologically active phenylpropanoids from Senra incana. Planta
Medica 58: 14-18

Fay PK, Duke WB (1977) Assessment of allelopathic potential in Avena germ plasm. Weed Science 25:
224-228

Feng F, Yang F, Rong W, Wu XG, Zhang J, Chen S, He CZ, Zhou JM (2012) A Xanthomonas uridine 5 '
monophosphate transferase inhibits plant immune kinases. Nature 485: 114-U149

Fermentas (2008) DreamTaq™ DNA Polymerase. Fermentas Life Sciences, Burlington

Fire A, Xu SQ, Montgomery MK, Kostas SA, Driver SE, Mello CC (1998) Potent and specific genetic
interference by double-stranded RNA in Caenorhabditis elegans. Nature 391: 806-811

Fliniaux MA, GilletManceau F, Marty D, Macek T, Monti JP, JacquinDubreuil A (1997) Evaluation of the
relation between the endogenous scopoletin and scopolin level of some solanaceous and
papaver cell suspensions and their ability to bioconvert scopoletin to scopolin. Plant Science
123: 205-210

Fo ER, Fernandes JB, Vieira PC, Dasilva MFD (1992) Canthin-6-one alkaloids from Picrolemma
granatensis. Phytochemistry 31: 2499-2501

Friedrichsen DM, Nemhauser J, Muramitsu T, Maloof JN, Alonso J, Ecker JR, Furuya M, Chory J (2002)
Three redundant brassinosteroid early response genes encode putative bHLH transcription
factors required for normal growth. Genetics 162: 1445-1456

Fritig B, Hirth L, Ourisson G (1970) Biosynthesis of the coumarins: Scopoletin formation in tobacco
tissue cultures. Phytochemistry 9: 1963-1975

Furumizu C, Tsukaya H, Komeda Y (2010) Characterization of EMU, the Arabidopsis homolog of the
yeast THO complex member HPR1. Rna-a Publication of the Rna Society 16: 1809-1817

Gachon C, Baltz R, Saindrenan P (2004) Over-expression of a scopoletin glucosyltransferase in Nicotiana
tabacum leads to precocious lesion formation during the hypersensitive response to tobacco
mosaic virus but does not affect virus resistance. Plant Molecular Biology 54: 137-146

Garcia D, Sanier C, Macheix JJ, Dauzac J (1995) Accumulation of scopoletin in Hevea brasiliensis infected
by Microcyclus ulei (P. HENN) V. ARX and evaluation of its fungitoxicity for 3 leaf pathogens of
rubber trees. Physiological and Molecular Plant Pathology 47: 213-223

Garcia D, Troispoux V, Grange N, Rivano F, d'Auzac J (1999) Evaluation of the resistance of 36 Hevea
clones to Microcyclus ulei and relation to their capacity to accumulate scopoletin and lignins.
European Journal of Forest Pathology 29: 323-338

Geiger PL (1843) Geiger's Handbuch der Chemie. Winter, Heidelberg/Wien

Gish W (1996-2006) TIGR db Arabidopsis thaliana. http://blast.jcvi.org/euk-blast/. J. Craig Venter
Institute

Glennie CW, Bohm BA (1968) Identification of scopoletin in hydrolysates of Weigela (Caprifoliaceae).
Phytochemistry 7: 1213-&

Gomez-Vasquez R, Day R, Buschmann H, Randles S, Beeching JR, Cooper RM (2004) Phenylpropanoids,
phenylalanine ammonia lyase and peroxidases in elicitor-challenged cassava (Manihot
esculenta) suspension cells and leaves. Annals of Botany 94: 87-97

A33|Page



Appendix

Goodwin RH, Kavanagh F (1949) The isolation of scopoletin, a blue-fluorescing compound from oat
roots. Bulletin of the Torrey Botanical Club 76: 255-265

Goodwin RH, Pollock BM (1954) Studies on Roots .1. Properties and Distribution of Fluorescent
Constituents in Avena Roots. American Journal of Botany 41: 516-520

Goy PA, Signer H, Reist R, Aichholz R, Blum W, Schmidt E, Kessmann H (1993) Accumulation of
scopoletin is associated with the high disease resistance of the hybrid Nicotiana glutinosa x
Nicotiana debneyi. Planta 191: 200-206

Green PJ, Perez-Amador MA, Lidder P, Johnson MA, Landgraf J, Wisman E (2001) New molecular
phenotypes in the dst mutants of Arabidopsis revealed by DNA microarray analysis. Plant Cell
13:2703-2717

Grosskinsky DK, Naseem M, Abdelmohsen UR, Plickert N, Engelke T, Griebel T, Zeier J, Novak O, Strnad
M, Pfeifhofer H, van der Graaff E, Simon U, Roitsch T (2011) Cytokinins mediate resistance
against Pseudomonas syringae in tobacco through increased antimicrobial phytoalexin synthesis
independent of salicylic acid signaling. Plant Physiol 157: 815-830

Grotewold E (2008) Transcription factors for predictive plant metabolic engineering: are we there yet?
Curr Opin Biotechnol 19: 138-144

Guantai AN, Addae-Mensah |1 (1999) Cardiovascular effect of Artemisia afra and its constituents.
Pharmaceutical Biology 37: 351-356

Gutierrez MC, Parry A, Tena M, Jorrin J, Edwards R (1995) Abiotic elicitation of coumarin phytoalexins
in sunflower. Phytochemistry 38: 1185-1191

Hanada K, Sawada Y, Kuromori T, Klausnitzer R, Saito K, Toyoda T, Shinozaki K, Li WH, Hirai MY (2011)
Functional compensation of primary and secondary metabolites by duplicate genes in
Arabidopsis thaliana. Molecular Biology and Evolution 28: 377-382

Hanano S, Stracke R, Jakoby M, Merkle T, Domagalska MA, Weisshaar B, Davis SJ (2008) A systematic
survey in Arabidopsis thaliana of transcription factors that modulate circadian parameters. Bmc
Genomics 9: 182

Hannah MA, Heyer AG, Hincha DK (2005) A global survey of gene regulation during cold acclimation in
Arabidopsis thaliana. Plos Genetics 1: 179-196

Harborne JB (1980) Plant phenolics. In EA Bell, BW Charlwood, eds, Encyclopedia of Plant Physiology,
New Series, Vol. 8, Secondary Plant Products. Springer-Verlag, Berlin, pp 329-402

Havaux M, Kloppstech K (2001) The protective functions of carotenoid and flavonoid pigments against
excess visible radiation at chilling temperature investigated in Arabidopsis npg and tt mutants.
Planta 213: 953-966

Hedtmann C (2012) Biochemical and molecular investigation of the HOP/STI1 protein family in plants.
Martin-Luther Universitat Halle-Wittenberg, Halle (Saale)

Heldt HW, Piechulla B (2008) Pflanzenbiochemie. Spektrum, Heidelberg

Hergovich A, Stegert MR, Schmitz D, Hemmings BA (2006) NDR kinases regulate essential cell processes
from yeast to humans. Nature reviews. Molecular cell biology 7: 253-264

Hernandez I, Van Breusegem F (2010) Opinion on the possible role of flavonoids as energy escape
valves: Novel tools for nature's Swiss army knife? Plant Science 179: 297-301

Hnatyszyn O, Martino V, Coussio J, Ferraro G (1998) Polyphenols from Balbisia calycina. Pharmaceutical
Biology 36: 362-364

Hofgen R, Willmitzer L (1988) Storage of competent cells for Agrobacterium transformation. Nucleic
Acids Research 16: 9877-9877

Hornick A, Lieb A, Vo NP, Rollinger JM, Stuppner H, Prast H (2011) The coumarin scopoletin potentiates
acetylcholine release from synaptosomes, amplifies hippocampal long-term potentiation and
ameliorates anticholinergic- and age-impaired memory. Neuroscience 197: 280-292

A34|Page



Appendix

Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, Widmayer P, Gruissem W, Zimmermann P
(2008) Genevestigator v3: a reference expression database for the meta-analysis of
transcriptomes. Advances in bioinformatics 2008: 420747

Hughes JC, Swain T (1960) Scopolin production in potato tubers infected with Phytophthora infestans.
Phytopathology 50: 398-400

Iglesias N, Abelenda JA, Rodino M, Sampedro J, Revilla G, Zarra 1 (2006) Apoplastic glycosidases active
against xyloglucan oligosaccharides of Arabidopsis thaliana. Plant and Cell Physiology 47: 55-63

lidaK, Seki M, Sakurai T, Satou M, Akiyama K, Toyoda T, Konagaya A, Shinozaki K (2004) Genome-wide
analysis of alternative pre-mRNA splicing in Arabidopsis thaliana based on full-length cDNA
sequences. Nucleic Acids Research 32: 5096-5103

Ikeda R, Wada M, Nishigaki T, Nakashima K (2009) Quantification of coumarin derivatives in Noni
(Morinda citrifolia) and their contribution of quenching effect on reactive oxygen species. Food
Chemistry 113: 1169-1172

Indorf M, Cordero J, Neuhaus G, Rodriguez-Franco M (2007) Salt tolerance (STO), a stress-related
protein, has a major role in light signalling. Plant Journal 51: 563-574

Invitrogen (2010) E.coli Expression system with Gateway(R) Technology. Gateway(R)-adapted
destination vectors for cloning and high-level expression of native or tagged recombinant
proteins in E.coli. In. Invitrogen Corporation, Carlsbad, CA

Jarboe CH, Zirvi KA, Nicholson JA, Schmidt CM (1967) Scopoletin, an antispasmodic component of
Viburnum opulus and prunifolium. J Med Chem 10: 488-489

Jauvion V, Elmayan T, Vaucheret H (2010) The conserved RNA trafficking proteins HPR1 and TEX1 are
involved in the production of endogenous and exogenous small interfering RNA in Arabidopsis.
Plant Cell 22: 2697-2709

Johnson CS, Kolevski B, Smyth DR (2002) TRANSPARENT TESTA GLABRAZ2, a trichome and seed coat
development gene of Arabidopsis, encodes a WRKY transcription factor. Plant Cell 14: 1359-
1375

Jurd L, Corse J, King AD, Bayne H, Mihara K (1971) Antimicrobial properties of natural phenols. 4.
Antimicrobial properties of 6,7-dihydroxycoumarins 7,8-dinydroxycoumarins, 6-
hydroxycoumarins and 8-hydroxycoumarins. Phytochemistry 10: 2971-&

Kai K, Mizutani M, Kawamura N, Yamamoto R, Tamai M, Yamaguchi H, Sakata K, Shimizu B (2008)
Scopoletin is biosynthesized via ortho-hydroxylation of feruloyl CoA by a 2-oxoglutarate-
dependent dioxygenase in Arabidopsis thaliana. The Plant Journal : for cell and molecular
biology 55: 989-999

Kai K, Shimizu B, Mizutani M, Watanabe K, Sakata K (2006) Accumulation of coumarins in Arabidopsis
thaliana. Phytochemistry 67: 379-386

Kanehisa M, Goto S, Furumichi M, Tanabe M, Hirakawa M (2010) KEGG for representation and analysis
of molecular networks involving diseases and drugs. Nucleic Acids Research 38: D355-360

Kang DH, Gho YS, Suh MK, Kang CH (2002) Highly sensitive and fast protein detection with coomassie
brilliant blue in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Bulletin of the
Korean Chemical Society 23: 1511-1512

Kang SY, Sung SH, Park JH, Kim YC (1998) Hepatoprotective activity of scopoletin, a constituent of
Solanum lyratum. Archives of Pharmacal Research 21: 718-722

Kang TH, Pae HO, Jeong SJ, Yoo JC, Choi BM, Jun CD, Chung HT, Miyamoto T, Higuchi R, Kim YC (1999)
Scopoletin: An inducible nitric oxide synthesis inhibitory active constituent from Artemisia
feddei. Planta Medica 65: 400-403

Kaplan F, Kopka J, Sung DY, Zhao W, Popp M, Porat R, Guy CL (2007) Transcript and metabolite profiling
during cold acclimation of Arabidopsis reveals an intricate relationship of cold-regulated gene
expression with modifications in metabolite content. Plant Journal 50: 967-981

A35|Page



Appendix

Karas B, Amyot L, Johansen C, Sato S, Tabata S, Kawaguchi M, Szczyglowski K (2009) Conservation of
lotus and Arabidopsis basic helix-loop-helix proteins reveals new players in root hair
development. Plant Physiol 151: 1175-1185

Karimi M, Inze D, Depicker A (2002) GATEWAY vectors for Agrobacterium-mediated plant
transformation. Trends in Plant Science 7: 193-195

Kartnig T, Moeckel H, Maunz B (1975) Occurrence of cumarins and sterols in tissue - cultures of roots of
Anethum graveolens and Pimpinella anisum. Planta Medica 27: 1-4

Karuppanapandian T, Moon JC, Kim C, Manoharan K, Kim W (2011) Reactive oxygen species in plants:
their generation, signal transduction, and scavenging mechanisms. Australian Journal of Crop
Science 5: 709-725

Kayser O, Kolodziej H (1995) Highly oxigenated coumarins from Pelargonium sidoides. Phytochemistry
39:1181-1185

Kayser O, Kolodziej H (1997) Antibacterial activity of extracts and constituents of Pelargonium sidoides
and Pelargonium reniforme. Planta Medica 63: 508-510

Kiba T, Naitou T, Koizumi N, Yamashino T, Sakakibara H, Mizuno T (2005) Combinatorial microarray
analysis revealing Arabidopsis genes implicated in cytokinin responses through the His -> Asp
phosphorelay circuitry. Plant and Cell Physiology 46: 339-355

Kibbe WA (2007) OligoCalc: an online oligonucleotide properties calculator. Nucleic Acids Research 35:
W43-46

Kim EK, Kwon KB, Shin BC, Seo EA, Lee YR, Kim JS, Park JW, Park BH, Ryu DG (2005) Scopoletin induces
apoptosis in human promyeloleukemic cells, accompanied by activations of nuclear factor kappa
B and caspase-3. Life Sciences 77: 824-836

Kim HJ, Jang SI, Kim YJ, Chung HT, Yun YG, Kang TH, Jeong OS, Kim YC (2004) Scopoletin suppresses
pro-inflammatory cytokines and PGE(2) from LPS-stimulated cell line, RAW 264.7 cells.
Fitoterapia 75: 261-266

Kim JS, Kim JC, Shim SH, Lee EJ, Jin W, Bae K, Son KH, Kim HP, Kang SS, Chang HW (2006) Chemical
constituents of the root of Dystaenia takeshimana and their anti-inflammatory activity. Archives
of Pharmacal Research 29: 617-623

Kim WT, Cho SK, Ryu MY, Song C, Kwak JM (2008) Arabidopsis PUB22 and PUB23 are homologous U-
box E3 ubiquitin ligases that play combinatory roles in response to drought stress. Plant Cell 20:
1899-1914

Kim YO, Lee EJ (2011) Comparison of phenolic compounds and the effects of invasive and native species
in East Asia: support for the novel weapons hypothesis. Ecological Research 26: 87-94

Klempnauer KH, Gonda TJ, Bishop JM (1982) Nucleotide sequence of the retroviral leukemia gene v-
myb and its cellular progenitor c-myb: the architecture of a transduced oncogene. Cell 31: 453-
463

Klewer A, Luerben H, Graf H, Siemens J (2001) Restriction fragment length polymorphism markers to
characterize Plasmodiophora brassicae single-spore isolates with different virulence patterns.
Journal of Phytopathology-Phytopathologische Zeitschrift 149: 121-127

Koeppe DE, Rohrbaugh LM, Rice EL, Wender SH (1970a) The effect of age and chilling temperature on
the concentration of scopolin and caffeoylquinic acids in tobacco. Physiologia Plantarum 23:
258-266

Koeppe DE, Rohrbaugh LM, Rice EL, Wender SH (1970b) The effect of X-radiation on the concentration
of scopolin and caffeoylquinic acids in tobacco. Radiation Botany 10: 261-265

Koeppe DE, Rohrbaugh LM, Wender SH (1969) The effect of varying U.V. intensities on the
concentration of scopolin and caffeoylquinic acids in tobacco and sunflower. Phytochemistry 8:
889-896

A6 |Page



Appendix

Kojima M, Poulton JE, Thayer SS, Conn EE (1979) Tissue Distributions of Dhurrin and of Enzymes
Involved in Its Metabolism in Leaves of Sorghum bicolor. Plant Physiol 63: 1022-1028

Korn M, Peterek S, Mock HP, Heyer AG, Hincha DK (2008) Heterosis in the freezing tolerance, and sugar
and flavonoid contents of crosses between Arabidopsis thaliana accessions of widely varying
freezing tolerance. Plant Cell and Environment 31: 813-827

Kubo H, Peeters AJ, Aarts MG, Pereira A, Koornneef M (1999) ANTHOCYANINLESS2, a homeobox gene
affecting anthocyanin distribution and root development in Arabidopsis. Plant Cell 11: 1217-
1226

Kunz H (1885) Ueber einige neue Bestandtheile der Atropa Belladonna. Archiv der Pharmacie 223: 722-
735

Kurepin LV, Joo SH, Kim SK, Pharis RP, Back TG (2012) Interaction of brassinosteroids with light quality
and plant hormones in regulating shoot growth of young sunflower and Arabidopsis seedlings.
Journal of Plant Growth Regulation 31: 156-164

Kuromori T, Hirayama T, Kiyosue Y, Takabe H, Mizukado S, Sakurai T, Akiyama K, Kamiya A, Ito T,
Shinozaki K (2004) A collection of 11,800 single-copy Ds transposon insertion lines in
Arabidopsis. Plant Journal 37: 897-905

Kutschmar A, Rzewuski G, Stuhrwohldt N, Beemster GTS, Inze D, Sauter M (2009) PSK-alpha promotes
root growth in Arabidopsis. New Phytologist 181: 820-831

Laemmli UK (1970) Cleavage of structural proteins during assembly of head of bacteriophage T4. Nature
227: 680-&

Latrasse D, Benhamed M, Henry Y, Domenichini S, Kim W, Zhou DX, Delarue M (2008) The MYST
histone acetyltransferases are essential for gametophyte development in Arabidopsis. Bmc Plant
Biology 8

Lee BH, Henderson DA, Zhu JK (2005) The Arabidopsis cold-responsive transcriptome and its regulation
by ICEL. Plant Cell 17: 3155-3175

Lee JH, Lee KT, Yang JH, Baek NI, Kim DK (2004) Acetylcholinesterase inhibitors from the twigs of
Vaccinium oldhami Miquel. Archives of Pharmacal Research 27: 53-56

Lee SS, Tsai FY, Chen TS (1995) Chemical constituents from Berchemia formosana. Journal of the
Chinese Chemical Society 42: 101-105

Lehman RH, Rice EL (1972) Effect of deficiencies of nitrogen, potassium and sulfur on chlorogenic acids
and scopolin in sunflower. American Midland Naturalist 87: 71-&

Lemos TLG, Machado LL, Souza JSN, Fonseca AM, Maia JL, Pessoa ODL (2006) Antioxidant,
icthyotoxicity and brine shrimp lethality tests of Magonia glabrata. Fitoterapia 77: 443-445

Lerat S, Babana AH, El Oirdi M, El Hadrami A, Daayf F, Beaudoin N, Bouarab K, Beaulieu C (2009)
Streptomyces scabiei and its toxin thaxtomin A induce scopoletin biosynthesis in tobacco and
Arabidopsis thaliana. Plant Cell Reports 28: 1895-1903

Li KR, Feng CH (2011) Effects of brassinolide on drought resistance of Xanthoceras sorbifolia seedlings
under water stress. Acta Physiologiae Plantarum 33: 1293-1300

Li XC, EISohly HN, Clark AM (2000) 7-caffeoylsedoheptulose from Nyssa sylvatica. Phytochemistry 53:
1033-1037

Li Y, Rosso MG, Viehoever P, Weisshaar B (2007) GABI-Kat SimpleSearch: an Arabidopsis thaliana T-DNA
mutant database with detailed information for confirmed insertions. Nucleic Acids Research 35:
D874-878

Libault M, Wan JR, Czechowski T, Udvardi M, Stacey G (2007) Identification of 118 Arabidopsis
transcription factor and 30 ubiquitin-ligase genes responding to chitin, a plant-defense elicitor.
Molecular Plant-Microbe Interactions 20: 900-911

Lichius JJ, Muth C (1997) The inhibiting effects of Urtica dioica root extracts on experimentally induced
prostatic hyperplasia in the mouse. Planta Medica 63: 307-310

A37|Page



Appendix

Lim EK, Baldauf S, Li Y, Elias L, Worrall D, Spencer SP, Jackson RG, Taguchi G, Ross J, Bowles DJ (2003)
Evolution of substrate recognition across a multigene family of glycosyltransferases in
Arabidopsis. Glycobiology 13: 139-145

Liu XL, Zhang L, Fu XL, Chen K, Qian BC (2001) Effect of scopoletin on PC3 cell proliferation and
apoptosis. Acta Pharmacologica Sinica 22: 929-933

Logemann J, Schell J, Willmitzer L (1987) Improved method for the isolation of RNA from plant tissues.
Analytical Biochemistry 163: 16-20

Lopez-Juez E, Dillon E, Magyar Z, Khan S, Hazeldine S, de Jager SM, Murray JA, Beemster GT, Bogre L,
Shanahan H (2008) Distinct light-initiated gene expression and cell cycle programs in the shoot
apex and cotyledons of Arabidopsis. Plant Cell 20: 947-968

Lottspeich FE, Joachim W. (2005) Bioanalytik, Ed 2nd. Elsevier, Miinchen

Ludwig-Muller J, Schuller A (2008) What can we learn from clubroots: alterations in host roots and
hormone homeostasis caused by Plasmodiophora brassicae. European Journal of Plant
Pathology 121: 291-302

Ma CY, Musoke SF, Tan GT, Sydara K, Bouamanivong S, Southavong B, Soejarto DD, Fong HHS, Zhang
HJ (2008) Study of antimalarial activity of chemical constituents from Diospyros quaesita.
Chemistry & Biodiversity 5: 2442-2448

Ma J, Jones SH, Hecht SM (2004) A coumarin from Mallotus resinosus that mediates DNA cleavage.
Journal of Natural Products 67: 1614-1616

Mahalingam R, Peal L, Jambunathan N (2011) Phylogenetic and expression analysis of RNA-binding
proteins with triple RNA recognition motifs in plants. Molecules and Cells 31: 55-64

Mahattanadul S, Ridtitid W, Nima S, Phdoongsombut N, Ratanasuwon P, Kasiwong S (2011) Effects of
Morinda citrifolia aqueous fruit extract and its biomarker scopoletin on reflux esophagitis and
gastric ulcer in rats. Journal of Ethnopharmacology 134: 243-250

Maier W, Schmidt J, Nimtz M, Wray V, Strack D (2000) Secondary products in mycorrhizal roots of
tobacco and tomato. Phytochemistry 54: 473-479

Majinda RRT, Gray Al, Waigh RD, Waterman PG (1995) A seco-olean-18-ene triterpene acid from Vahlia
capensis. Phytochemistry 38: 461-463

Manfield IW, Devlin PF, Jen CH, Westhead DR, Gilmartin PM (2007) Conservation, convergence, and
divergence of light-responsive, circadian-regulated, and tissue-specific expression patterns
during evolution of the Arabidopsis GATA gene family. Plant Physiol 143: 941-958

Manuele MG, Ferraro G, Arcos MLB, Lopez P, Cremaschi G, Anesini C (2006) Comparative
immunomodulatory effect of scopoletin on tumoral and normal lymphocytes. Life Sciences 79:
2043-2048

Marchler-Bauer A, Lu S, Anderson JB, Chitsaz F, Derbyshire MK, DeWeese-Scott C, Fong JH, Geer LY,
Geer RC, Gonzales NR, Gwadz M, Hurwitz DI, Jackson JD, Ke Z, Lanczycki CJ, Lu F, Marchler GH,
Mullokandov M, Omelchenko MV, Robertson CL, Song JS, Thanki N, Yamashita RA, Zhang D,
Zhang N, Zheng C, Bryant SH (2011) CDD: a Conserved Domain Database for the functional
annotation of proteins. Nucleic Acids Research 39: D225-229

Maruyama K, Takeda M, Kidokoro S, Yamada K, Sakuma Y, Urano K, Fujita M, Yoshiwara K, Matsukura
S, Morishita Y, Sasaki R, Suzuki H, Saito K, Shibata D, Shinozaki K, Yamaguchi-Shinozaki K
(2009) Metabolic pathways involved in cold acclimation identified by integrated analysis of
metabolites and transcripts regulated by DREB1A and DREB2A. Plant Physiol 150: 1972-1980

Maslak A (2002) Einfluss erhohter atmospharischer CO2-Konzentrationen auf Sekundérstoffwechsel und
Pathogenabwehrmechanismen von Nicotiana tabacum. Dissertation. Martin-Luther-Universitat
Halle-Wittenberg, Halle/Saale

A38|Page



Appendix

Massoud K, Barchietto T, Le Rudulier T, Pallandre L, Didierlaurent L, Garmier M, Ambard-Bretteville F,
Seng JM, Saindrenan P (2012) Dissecting phosphite-induced priming in Arabidopsis infected
with Hyaloperonospora arabidopsidis. Plant Physiology 159: 286-298

Matros A, Amme S, Kettig B, Buck-Sorlin GH, Sonnewald U, Mock HP (2006) Growth at elevated CO2
concentrations leads to modified profiles of secondary metabolites in tobacco cv. SamsunNN
and to increased resistance against infection with potato virus Y. Plant Cell and Environment 29:
126-137

Matros A, Mock HP (2004) Ectopic expression of a UDP-glucose : phenylpropanoid glucosyltransferase
leads to increased resistance of transgenic tobacco plants against infection with potato virus Y.
Plant and Cell Physiology 45: 1185-1193

McElver J, Tzafrir I, Aux G, Rogers R, Ashby C, Smith K, Thomas C, Schetter A, Zhou Q, Cushman MA,
Tossberg J, Nickle T, Levin JZ, Law M, Meinke D, Patton D (2001) Insertional mutagenesis of
genes required for seed development in Arabidopsis thaliana. Genetics 159: 1751-1763

Meagher RB, Kandasamy MK, McKinney EC (2009) A single vegetative actin isovariant overexpressed
under the control of multiple regulatory sequences is sufficient for normal Arabidopsis
development. Plant Cell 21: 701-718

Meagher RB, Kandasamy MK, McKinney EC (2010) Differential sublocalization of actin variants within
the nucleus. Cytoskeleton 67: 729-743

Mehrtens F, Kranz H, Bednarek P, Weisshaar B (2005) The Arabidopsis transcription factor MYB12 is a
flavonol-specific regulator of phenylpropanoid biosynthesis. Plant Physiol 138: 1083-1096

Melnyk CW, Molnar A, Baulcombe DC (2011) Intercellular and systemic movement of RNA silencing
signals. Embo Journal 30: 3553-3563

Meotti FC, Ardenghi JV, Pretto JB, Souza WM, Moura JDA, Cunha A, Soldi C, Pizzolatti MG, Santos ARS
(2006) Antinociceptive properties of coumarins, steroid and dihydrostyryl-2-pyrones from
Polygala sabulosa (Polygalaceae) in mice. Journal of Pharmacy and Pharmacology 58: 107-112

Meyerowitz EM, Alves-Ferreira M, Wellmer F, Banhara A, Kumar V, Riechmann JL (2007) Global
expression profiling applied to the analysis of Arabidopsis stamen development. Plant
Physiology 145: 747-762

Michaels SD, Jacob Y, Feng SH, LeBlanc CA, Bernatavichute YV, Stroud H, Cokus S, Johnson LM,
Pellegrini M, Jacobsen SE (2009) ATXR5 and ATXR6 are H3K27 monomethyltransferases
required for chromatin structure and gene silencing. Nature Structural & Molecular Biology 16:
763-U796

Michaels SD, Jacob Y, Stroud H, LeBlanc C, Feng SH, Zhuo LT, Caro E, Hassel C, Gutierrez C, Jacobsen SE
(2010) Regulation of heterochromatic DNA replication by histone H3 lysine 27
methyltransferases. Nature 466: 987-U117

Milkowski C, Strack D (2010) Sinapate esters in brassicaceous plants: biochemistry, molecular biology,
evolution and metabolic engineering. Planta 232: 19-35

Miller D, Sutcliffe R, Thauvette J (1990) Sticker Stain formation in hardwoods - Isolation of scopoletin
from sugar maple (Acer saccharum March). Wood Science and Technology 24: 339-344

Miller W, Zhang Z, Schwartz S, Wagner L (2000) A greedy algorithm for aligning DNA sequences. Journal
of Computational Biology 7: 203-214

Millet YA, Danna CH, Clay NK, Songnuan W, Simon MD, Werck-Reichhart D, Ausubel FM (2010) Innate
immune responses activated in Arabidopsis roots by microbe-associated molecular patterns.
Plant Cell 22: 973-990

Minamikawa T, Akazawa T, Uritani | (1963) Analytical study of umbelliferone and scopoletin synthesis
in Sweet Potato roots infected by Ceratocystis fimbriata. Plant Physiol 38: 493-497

Mirouze M, Paszkowski J (2011) Epigenetic contribution to stress adaptation in plants. Current opinion
in plant biology 14: 267-274

A39|Page



Appendix

Mock HP, Heller W, Molina A, Neubohn B, Sandermann H, Grimm B (1999) Expression of
uroporphyrinogen decarboxylase or coproporphyrinogen oxidase antisense RNA in tobacco
induces pathogen defense responses conferring increased resistance to tobacco mosaic virus.
Journal of Biological Chemistry 274: 4231-4238

Mohamed MA, Marzouk MSA, Moharram FA, El-Sayed MM, Baiuomy AR (2005) Phytochemical
constituents and hepatoprotective activity of Viburnum tinus. Phytochemistry 66: 2780-2786

Molnar A, Melnyk C, Baulcombe DC (2011) Silencing signals in plants: a long journey for small RNAs.
Genome Biology 12: 215

Molnar A, Melnyk CW, Bassett A, Hardcastle TJ, Dunn R, Baulcombe DC (2010) Small silencing RNAs in
plants are mobile and direct epigenetic modification in recipient cells. Science 328: 872-875

Moon PD, Lee BH, Jeong HJ, An HJ, Park SJ, Kim HR, Ko SG, Um JY, Hong SH, Kim HM (2007) Use of
scopoletin to inhibit the production of inflammatory cytokines through inhibition of the I kappa
B/NF-kappa B signal cascade in the human mast cell line HMC-1. Eur J Pharmacol 555: 218-225

Muhtadi, Hakim EH, Juliawaty LD, Syah YM, Achmad SA, Latip J, Ghisalberti EL (2006) Cytotoxic
resveratrol oligomers from the tree bark of Dipterocarpus hasseltii. Fitoterapia 77: 550-555

Mdller-Enoch D (1994) Product autofluorescence activation in the cytochrome-P-450 monooxygenase
system. Zeitschrift Fur Naturforschung C - A Journal of Biosciences 49: 763-771

Murashige T, Skoog F (1962) A revised medium for rapid growth and bio assays with tobacco tissue
cultures. Physiologia Plantarum 15: 473-&

Murray RDH, Méndez J, Brown SA (1982) The natural occuring coumarins. Occurence, chemistry, and
biochemistry. John Wiley & Sons LTD, New York

Nesi N, Debeaujon I, Jond C, Stewart AJ, Jenkins Gl, Caboche M, Lepiniec L (2002) The TRANSPARENT
TESTA16 locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for
proper development and pigmentation of the seed coat. Plant Cell 14: 2463-2479

Neville HA, Bohm BA (1994) Flavonoids of Umbellularia californica. Phytochemistry 36: 1229-1231

Ngoupayo J, Noungoue DT, Lenta BN, Tabopda TK, Khan SN, Ngouela S, Shaiq MA, Tsamo E (2007)
Brevipsidone, a new depsidone and other alpha-glucosidase inhibitors from Garcinia
brevipedicellata (Clusiaceae). Natural Product Communications 2: 1141-1144

Niemuller D, Reimann A, Ober D (2012) Distinct Cell-Specific Expression of Homospermidine Synthase
Involved in Pyrrolizidine Alkaloid Biosynthesis in Three Species of the Boraginales. Plant
Physiology 159: 920-929

Ojewole JAO, Adesina SK (1983) Mechanism of the hypotensive effect of scopoletin isolated from the
fruit of Tetrapleura tetraptera. Planta Medica 49: 46-50

Okada Y, Miyauchi N, Suzuki K, Kobayashi T, Tsutsui C, Mayuzumi K, Nishibe S, Okuyama T (1995)
Search for naturally-occuring substances to prevent the complications of diabetes. 2. Inhibitory
effect of coumarin and flavonoid derivatives on bovine lens aldose reductase and rabbit
platelet-aggregation. Chemical & Pharmaceutical Bulletin 43: 1385-1387

Oliveira EJ, Romero MA, Silva MS, Silva BA, Medeiros IA (2001) Intracellular calcium mobilization as a
target for the spasmolytic action of scopoletin. Planta Medica 67: 605-608

Olson MM, Roseland CR (1991) Induction of the coumarins scopoletin and ayapin in sunflower by insect
feeding stress and effect of coumarins on the feeding of sunflower beetle (Coleoptera,
Chrysomelidae). Environmental Entomology 20: 1166-1172

Orhan I, Tosun F, Sener B (2008) Coumarin, anthroguinone and stilbene derivatives with
anticholinesterase activity. Zeitschrift Fiir Naturforschung Section C- A Journal of Biosciences 63:
366-370

Pairoba CF, Walbot V (2003) Post-transcriptional regulation of expression of the Bronze2 gene of Zea
mays L. Plant Molecular Biology 53: 75-86

AdO|Page



Appendix

Pan H, Liu S, Tang D (2012) HPR1, a component of the THO/TREX complex, plays an important role in
disease resistance and senescence in Arabidopsis. Plant Journal 69: 831-843

PanR, Dai Y, Yang J, Li Y, Yao XJ, Xia YF (2009) Anti-angiogenic Potential of Scopoletin is Associated
With the Inhibition of ERK1/2 Activation. Drug Development Research 70: 214-219

Pan R, Gao XH, Li Y, Xia YF, Dai Y (2010) Anti-arthritic effect of scopoletin, a coumarin compound
occurring in Erycibe obtusifolia Benth stems, is associated with decreased angiogenesis in
synovium. Fundamental & Clinical Pharmacology 24: 477-490

Pan R, Gao XH, Lu D, Xu XX, Xia YF, Dai Y (2011) Prevention of FGF-2-induced angiogenesis by
scopoletin, a coumarin compound isolated from Erycibe obtusifolia Benth, and its mechanism of
action. International Immunopharmacology 11: 2007-2016

Panda S, Kar A (2006) Evaluation of the antithyroid, antioxidative and antihyperglycemic activity of
scopoletin from Aegle marmelos leaves in hyperthyroid rats. Phytotherapy Research 20: 1103-
1105

Park HY, Kwon SB, Heo NK, Chun WJ, Kim MJ, Kwon YS (2011) Constituents of the stem of Angelica
gigas with rat lens aldose reductase inhibitory activity. Journal of the Korean Society for Applied
Biological Chemistry 54: 194-199

Pasold S, Siegel INA, Seidel C, Ludwig-Muller J (2010) Flavonoid accumulation in Arabidopsis thaliana
root galls caused by the obligate biotrophic pathogen Plasmodiophora brassicae. Molecular
Plant Pathology 11: 545-562

Paula VF, Barbosa LCA, Demuner AJ, Howarth OW, Veloso DP (1996) Chemical constituents of Ochroma
lagopus Swartz. Quimica Nova 19: 225-229

Pekarik V, Izpisua Belmonte JC (2008) NFIX--one gene, two knockouts, multiple effects. J Biol 7: 29

Perez FJ, Ormenonunez J (1991) Root exudates of wild oats - Allelopathic effect on spring wheat.
Phytochemistry 30: 2199-2202

Pikaard CS, Earley KW, Shook MS, Brower-Toland B, Hicks L (2007) In vitro specificities of Arabidopsis
co-activator histone acetyltransferases: implications for histone hyperacetylation in gene
activation. Plant Journal 52: 615-626

Piruat JI, Aguilera A (1998) A novel yeast gene, THOZ2, is involved in RNA pol Il transcription and provides
new evidence for transcriptional elongation-associated recombination. The EMBO journal 17:
4859-4872

Pollock BM, Goodwin RH, Greene S (1954) Studies on roots. 2. Effects of coumarin, scopoletin and other
substances on growth. American Journal of Botany 41: 521-529

Poppenberger B, Rozhon W, Khan M, Husar S, Adam G, Luschnig C, Fujioka S, Sieberer T (2011) CESTA,
a positive regulator of brassinosteroid biosynthesis. Embo Journal 30: 1149-1161

Prats E, Bazzalo ME, Leon A, Jorrin JV (2006) Fungitoxic effect of scopolin and related coumarins on
Sclerotinia sclerotiorum. A way to overcome sunflower head rot. Euphytica 147: 451-460

Prats E, Galindo JC, Bazzalo ME, Leon A, Macias FA, Rubiales D, Jorrin JV (2007) Antifungal activity of a
new phenolic compound from capitulum of a head rot-resistant sunflower genotype. Journal of
Chemical Ecology 33: 2245-2253

Prats E, Rubiales D, Jorrin J (2002) Acibenzolar-S-methyl-induced resistance to sunflower rust (Puccinia
helianthi) is associated with an enhancement of coumarins on foliar surface. Physiological and
Molecular Plant Pathology 60: 155-162

Qi Y, Katagiri F (2009) Purification of low-abundance Arabidopsis plasma-membrane protein complexes
and identification of candidate components. The Plant journal : for cell and molecular biology
57:932-944

Qiagen (2010) RNeasy® Mini Handbook, Ed 4. Qiagen, Hilden

Quattrocchio F, Baudry A, Lepiniec L, Grotewold E (2006) The regulation of flavonoid biosynthesis. In E
Grotewold, ed, The Science of Flavonoids. Springer, New York, pp 97-122

Adl|Page



Appendix

Ralhan A, Schottle S, Thurow C, Iven T, Feussner I, Polle A, Gatz C (2012) The vascular pathogen
Verticillium longisporum requires a jasmonic acid-independent COI1 function in roots to elicit
disease symptoms in Arabidopsis shoots. Plant Physiology 159: 1192-1203

Raven PH, Evert RF, Eichhorn SE (2007) Biology of plants. Palgrave Macmillan, New York

Rehrauer H, Aquino C, Gruissem W, Henz SR, Hilson P, Laubinger S, Naouar N, Patrignani A, Rombauts
S, Shu H, Van de Peer Y, Vuylsteke M, Weigel D, Zeller G, Hennig L (2010) AGRONOMICS1: a
new resource for Arabidopsis transcriptome profiling. Plant Physiol 152: 487-499

Reilly K, Gomez-Vasquez R, Buschmann H, Tohme J, Beeching JR (2003) Oxidative stress responses
during cassava post-harvest physiological deterioration. Plant Molecular Biology 53: 669-685

Rhee SY, Beavis W, Berardini TZ, Chen G, Dixon D, Doyle A, Garcia-Hernandez M, Huala E, Lander G,
Montoya M, Miller N, Mueller LA, Mundodi S, Reiser L, Tacklind J, Weems DC, Wu Y, Xu |, Yoo
D, Yoon J, Zhang P (2003) The Arabidopsis Information Resource (TAIR): a model organism
database providing a centralized, curated gateway to Arabidopsis biology, research materials
and community. Nucleic Acids Research 31: 224-228

Ribas CM, Meotti FC, Nascimento FP, Jacques AV, Dafre AL, Rodrigues ALS, Farina M, Soldi C, Mendes
BG, Pizzolatti MG, Santos ARS (2008) Antinociceptive effect of the Polygala sabulosa
hydroalcoholic extract in mice: Evidence for the involvement of glutamatergic receptors and
cytokine pathways. Basic & Clinical Pharmacology & Toxicology 103: 43-47

Ribera A, Cotoras M, Zuniga GE (2008) Effect of extracts from in vitro-grown shoots of Quillaja
saponaria Mol. on Botrytis cinerea Pers. World Journal of Microbiology & Biotechnology 24:
1803-1811

Richter W (1837) Bereitungs-Methode des Atropin, der Atropasdure und des Blauschillerstoffs. Journal
fur praktische Chemie 11: 29-33

Riov J, Goren R, Monselis.Sp, Kahan RS (1971) Effect of gamma-radiation on synthesis of scopoletin and
scopolin in grapefruit peel in relation to radiation damage. Radiation Research 45: 326-&

Rohde A, Morreel K, Ralph J, Goeminne G, Hostyn V, De Rycke R, Kushnir S, Van Doorsselaere J,
Joseleau JP, Vuylsteke M, Van Driessche G, Van Beeumen J, Messens E, Boerjan W (2004)
Molecular phenotyping of the pall and pal2 mutants of Arabidopsis thaliana reveals far-
reaching consequences on and carbohydrate metabolism. Plant Cell 16: 2749-2771

Rollinger JM, Hornick A, Langer T, Stuppner H, Prast H (2004) Acetylcholinesterase inhibitory activity of
scopolin and scopoletin discovered by virtual screening of natural products. J Med Chem 47:
6248-6254

RomertL, Jansson T, Curvall M, Jenssen D (1994) Screening for agents inhibiting the mutagenicity of
extracts and constituents of tobacco products. Mutation Research-Genetic Toxicology 322: 97-
110

Roth L, Daunderer M, Kormann K (1994) Giftpflanzen - Pflanzengifte: Giftpflanzen von A-Z. Notfallhilfe.
Allergische und Phototoxische Reaktionen, Ed 4. Auflage. ecomed, Landsberg/Lech

Sagasser M, Lu GH, Hahlbrock K, Weisshaar B (2002) A. thaliana TRANSPARENT TESTA 1 is involved in
seed coat development and defines the WIP subfamily of plant zinc finger proteins. Genes Dev
16: 138-149

Sanchez-Rodriguez C, Estevez JM, Llorente F, Hernandez-Blanco C, Jorda L, Pagan I, Berrocal M, Marco
Y, Somerville S, Molina A (2009) The ERECTA Receptor-Like Kinase Regulates Cell Wall-Mediated
Resistance to Pathogens in Arabidopsis thaliana. Mol Plant Microbe Interact 22: 953-963

Santamaria LA, Cerecero OR, Cortazar MG, Tortoriello J (2012) Effect of Bursera grandiflora on body
weight and lipemia in obese mice. Boletin Latinoamericano Y Del Caribe De Plantas Medicinales
Y Aromaticas 11: 138-146

Santamour Jr FS, Riedel LGH (1994) Distribution and inheritance of scopolin and herniarin in some
Prunus species. Biochemical Systematics and Ecology 22: 197-201

Ad2 | Page



Appendix

Sargent JA, Skoog F (1960) Effects of indoleacetic acid and kinetin on scopoletin-scopolin levels in
relation to growth of tobacco tissues in vitro. Plant Physiology 35: 934-941

Sauerborn J, Buschmann H, Ghiasi KG, Kogel KH (2002) Benzothiadiazole activates resistance in
sunflower (Helianthus annuus) to the root-parasitic weed Orobanche cumana. Phytopathology
92: 59-64

Schenke D, Bottcher C, Scheel D (2011) Crosstalk between abiotic ultraviolet-B stress and biotic (flg22)
stress signalling in Arabidopsis prevents flavonol accumulation in favor of pathogen defence
compound production. Plant Cell and Environment 34: 1849-1864

Schlesier B, Breton F, Mock HP (2003) A hydroponic culture system for growing Arabidopsis thaliana
plantlets under sterile conditions. Plant Molecular Biology Reporter 21: 449-456

Schmedahirschmann G, Loyola JI, Reyes S, Hubert E, Rodriguez M, Rodriguez J, Dutrabehrens M (1994)
Beta-glucoronidase inhibition and diuretic activity of Fabiana imbricata R and P (Solanaceae).
Phytotherapy Research 8: 485-487

Scholl RL, May ST, Ware DH (2000) Seed and molecular resources for Arabidopsis. Plant Physiology 124:
1477-1480

Schreiber L, Hartmann K, Skrabs M, Zeier J (1999) Apoplastic barriers in roots: chemical composition of
endodermal and hypodermal cell walls. Journal of Experimental Botany 50: 1267-1280

Schwob I, Ducher M, Coudret A (2000) An arbuscular mycorrhizal fungus (Glomus mosseae) induces a
defence-like response in rubber tree (Hevea brasiliensis) roots. Journal of plant physiology 156:
284-287

Sequeira L (1967) Accumulation of scopolin and scopoletin in tobacco plants infected by Pseudomonas
solanacearum. Phytopathology 57: 830-&

Serghini K, de Luque AP, Castejon-Munoz M, Garcia-Torres L, Jorrin JV (2001) Sunflower (Helianthus
annuus L.) response to broomrape (Orobanche cernua Loefl.) parasitism: induced synthesis and
excretion of 7-hydroxylated simple coumarins. Journal of Experimental Botany 52: 2227-2234

Shah SV, Walker PD (1992) Reactive oxygen metabolites in toxic acute-renal-failure. Renal Failure 14:
363-370

Sharan M, Taguchi G, Gonda K, Jouke T, Shimosaka M, Hayashida N, Okazaki M (1998) Effects of
methyl jasmonate and elicitor on the activation of phenylalanine ammonia-lyase and the
accumulation of scopoletin and scopolin in tobacco cell cultures. Plant Science 132: 13-19

Shaw CY, Chen CH, Hsu CC, Chen CC, Tsai YC (2003) Antioxidant properties of scopoletin isolated from
Sinomonium acutum. Phytother Res 17: 823-825

Shibuya N, Miya A, Albert P, Shinya T, Desaki Y, Ichimura K, Shirasu K, Narusaka Y, Kawakami N, Kaku
H (2007) CERK1, a LysM receptor kinase, is essential for chitin elicitor signaling in Arabidopsis.
Proceedings of the National Academy of Sciences of the United States of America 104: 19613-
19618

Shinozaki K, Yamaguchi-Shinozaki K, Seki M (2003) Regulatory network of gene expression in the
drought and cold stress responses. Current opinion in plant biology 6: 410-417

Siemens J, Graf H, Bulman S, In O, Ludwig-Mdiller J (2009) Monitoring expression of selected
Plasmodiophora brassicae genes during clubroot development in Arabidopsis thaliana. Plant
Pathology 58: 130-136

Siemens J, Nagel M, Ludwig-Miller J, Sacristan MD (2002) The interaction of Plasmodiophora brassicae
and Arabidopsis thaliana: Parameters for disease quantification and screening of mutant lines.
Journal of Phytopathology-Phytopathologische Zeitschrift 150: 592-605

Simon C, Langlois-Meurinne M, Bellvert F, Garmier M, Didierlaurent L, Massoud K, Chaouch S, Marie
A, Bodo B, Kauffmann S, Noctor G, Saindrenan P (2010) The differential spatial distribution of
secondary metabolites in Arabidopsis leaves reacting hypersensitively to Pseudomonas syringae
pv. tomato is dependent on the oxidative burst. Journal of Experimental Botany 61: 3355-3370

Ad3|Page



Appendix

Sirois JC, Miller RW (1972) The mechanism of the scopoletin-induced inhibition of the peroxidase-
catalyzed degradation of indole-3-acetate. Plant Physiol 49: 1012-1018

Skirycz A, Jozefczuk S, Stobiecki M, Muth D, Zanor MI, Witt I, Mueller-Roeber B (2007) Transcription
factor AtDOF4;2 affects phenylpropanoid metabolism in Arabidopsis thaliana. New Phytologist
175: 425-438

Skoog F, Montaldi E (1961) Auxin-kinetin interaction regulating scopoletin and scopolin levels in tobacco
tissue cultures. Proceedings of the National Academy of Sciences of the United States of
America 47: 36-&

Skoog F, Montaldi E (1961) Auxin-kinetin interaction regulating the scopoletin and scopolin levelsin
tobacco tissue cultures. Proc Natl Acad Sci U S A 47: 36-49

Snook ME, Chortyk OT, Csinos AS (1991) Black Shank Disease Fungus - Inhibition of Growth by Tobacco
Root Constituents and Related-Compounds. Acs Symposium Series 449: 388-398

Somanabandhu AO, Ruangrungsi N, Lange GL, Organ MG (1992) Studies on Thai medicinal plants. 12.
Constituents of the stem bark of Zanthoxylum limonella. Journal of the Science Society of
Thailand 18: 181-185

Son D, Lee P, Lee J, Lee S, Choi SY, Lee JW, Kim SY (2007) Neuroprotective effect of scopoletin from
Angelica dahurica on oxygen and glucose deprivation-exposed rat organotypic hippocampal slice
culture. Food Science and Biotechnology 16: 632-635

Spring O, Benz A, Faust V (1991) Impect of downy mildew (Plasmopara halstedtii) infection on the
development and metabolism of sunflower. Zeitschrift Fiir Pflanzenkrankheiten Und
Pflanzenschutz-Journal of Plant Diseases and Protection 98: 597-604

Stevens PF (2001 onwards) Angiosperm Phylogeny Website. Version 9.
http://www.mobot.org/MOBOT/research/APweb/.

Stracke R, Ishihara H, Huep G, Barsch A, Mehrtens F, Niehaus K, Weisshaar B (2007) Differential
regulation of closely related R2R3-MYB transcription factors controls flavonol accumulation in
different parts of the Arabidopsis thaliana seedling. Plant Journal 50: 660-677

Stracke R, Werber M, Weisshaar B (2001) The R2R3-MYB gene family in Arabidopsis thaliana. Current
opinion in plant biology 4: 447-456

StraRer K, Masuda S, Mason P, Pfannstiel J, Oppizzi M, Rodriguez-Navarro S, Rondon AG, Aguilera A,
Struhl K, Reed R, Hurt E (2002) TREX is a conserved complex coupling transcription with
messenger RNA export. Nature 417: 304-308

Sullivan S, Ralet MC, Berger A, Diatloff E, Bischoff V, Gonneau M, Marion-Poll A, North HM (2011)
CESA5 is required for the synthesis of cellulose with a role in structuring the adherent mucilage
of Arabidopsis seeds. Plant Physiol

Swain SM, Ogawa M, Kay P, Wilson S (2009) ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASE1
(ADPG1), ADPG2, and QUARTETZ are polygalacturonases required for cell separation during
reproductive development in Arabidopsis. Plant Cell 21: 216-233

Swarbreck D, Wilks C, Lamesch P, Berardini TZ, Garcia-Hernandez M, Foerster H, Li D, Meyer T, Muller
R, Ploetz L, Radenbaugh A, Singh S, Swing V, Tissier C, Zhang P, Huala E (2008) The Arabidopsis
Information Resource (TAIR): gene structure and function annotation. Nucleic Acids Research
36: D1009-D1014

Tabulated Phytochemical Reports. (1975) Phytochemistry 14: 1467-1468

Taguchi G, Fujikawa S, Yazawa T, Kodaira R, Hayashida N, Shimosaka M, Okazaki M (2000) Scopoletin
uptake from culture medium and accumulation in the vacuoles after conversion to scopolin in
2,4-D-treated tobacco cells. Plant science : an international journal of experimental plant biology
151: 153-161

Taguchi G, Yoshizawa K, Kodaira R, Hayashida N, Okazaki M (2001) Plant hormone regulation on
scopoletin metabolism from culture medium into tobacco cells. Plant Science 160: 905-911

Ad4d|Page



Appendix

Tal B, Robeson DJ (1986) The metabolism of sunflower phytoalexins ayapin and scopoletin - Plant-
fungus interactions. Plant Physiology 82: 167-172

Tanaka S, Ikeshiro Y, Tabata M, Konoshima M (1977) Anti-nociceptive substances from the roots of
Angelica acutiloba. Arzneimittelforschung 27: 2039-2045

Thuong PT, Hung TM, Ngoc TM, Ha DT, Min BS, Kwack SJ, Kang TS, Choi JS, Bae K (2010) Antioxidant
Activities of Coumarins from Korean Medicinal Plants and their Structure-Activity Relationships.
Phytotherapy Research 24: 101-106

Thuong PT, Na M, Su ND, Seong RS, Lee YM, Sok DE, Bae K (2005) Inhibitory effect of coumarins from
Weigela subsessilis on low density lipoprotein oxidation. Biological & Pharmaceutical Bulletin 28:
1095-1097

Tirillini B, Stoppini AM (1996) Coumarins distribution in four truffle species. Mycotaxon 57: 227-232

Tissier AF, Marillonnet S, Klimyuk V, Patel K, Torres MA, Murphy G, Jones JDG (1999) Multiple
Independent Defective Suppressor-mutator Transposon Insertions in Arabidopsis: A Tool for
Functional Genomics. The Plant Cell Online 11: 1841-1852

Tohge T, Nishiyama Y, Hirai MY, Yano M, Nakajima J, Awazuhara M, Inoue E, Takahashi H, Goodenowe
DB, Kitayama M, Noji M, Yamazaki M, Saito K (2005) Functional genomics by integrated
analysis of metabolome and transcriptome of Arabidopsis plants over-expressing an MYB
transcription factor. Plant Journal 42: 218-235

Tohge T, Yonekura-Sakakibara K, Niida R, Watanabe-Takahashi A, Saito K (2007) Phytochemical
genomics in Arabidopsis thaliana: A case study for functional identification of flavonoid
biosynthesis genes. Pure and Applied Chemistry 79: 811-823

Tominaga-Wada R, lwata M, Sugiyama J, Kotake T, Ishida T, Yokoyama R, Nishitani K, Okada K, Wada T
(2009) The GLABRA2 homeodomain protein directly regulates CESA5 and XTH17 gene
expression in Arabidopsis roots. The Plant journal : for cell and molecular biology 60: 564-574

Tripathi AK, Bhakuni RS, Upadhyay S, Gaur R (2011) Insect feeding deterrent and growth inhibitory
activities of scopoletin isolated from Artemisia annua against Spilarctia obliqua (Lepidoptera:
Noctuidae). Insect Science 18: 189-194

Urban R (1958) Physiologische Untersuchungen tiber einige Flavonoide und Oxyzimtsauren. Planta 52:
47-64

Urdangarin C, Regente MC, Jorrin J, de la Canal L (1999) Sunflower coumarin phytoalexins inhibit the
growth of the virulent pathogen Sclerotinia sclerotiorum. Journal of Phytopathology-
Phytopathologische Zeitschrift 147: 441-443

Valle T, Lopez JL, Hernandez JM, Corchete P (1997) Antifungal activity of scopoletin and its differential
accumulation in Ulmus pumila and Ulmus campestris cell suspension cultures infected with
Ophiostoma ulmi spores. Plant Science 125: 97-101

van Bentem SD, Anrather D, Dohnal |, Roitinger E, Csaszar E, Joore J, Buijnink J, Carreri A, Forzani C,
Lorkovic ZJ, Barta A, Lecourieux D, Verhounig A, Jonak C, Hirt H (2008) Site-specific
phosphorylation profiling of Arabidopsis proteins by mass spectrometry and peptide chip
analysis. Journal of Proteome Research 7: 2458-2470

van Zanten M, Snoek LB, Proveniers MC, Peeters AJ (2009) The many functions of ERECTA. Trends Plant
Sci 14: 214-218

Vanetten HD, Matthews DE, Matthews PS (1989) Phytoalexin Detoxification - Importance for
Pathogenicity and Practical Implications. Annual Review of Phytopathology 27: 143-164

Vaucheret H, Jauvion V, EImayan T (2010) The Conserved RNA Trafficking Proteins HPR1 and TEX1 Are
Involved in the Production of Endogenous and Exogenous Small Interfering RNA in Arabidopsis.
Plant Cell 22: 2697-2709

Ad5|Page



Appendix

Vergnolle C, Vaultier MN, Taconnat L, Renou JP, Kader JC, Zachowski A, Ruelland E (2005) The cold-
induced early activation of phospholipase C and D pathways determines the response of two
distinct clusters of genes in Arabidopsis cell suspensions. Plant Physiol 139: 1217-1233

Vernhettes S, Desprez T, Juraniec M, Crowell EF, Jouy H, Pochylova Z, Parcy F, Hofte H, Gonneau M
(2007) Organization of cellulose synthase complexes involved in primary cell wall synthesis in
Arabidopsis thaliana. Proceedings of the National Academy of Sciences of the United States of
America 104: 15572-15577

Vervliet G, Holsters M, Teuchy H, Vanmontagu M, Schell J (1975) Characterization of Different Plaque-
Forming and Defective Temperate Phages in Agrobacterium Strains. Journal of General Virology
26: 33-48

von Koskull-Doring P, Kotak S, Vierling E, Baumlein H (2007) A novel transcriptional cascade regulating
expression of heat stress proteins during seed development of Arabidopsis. Plant Cell 19: 182-
195

von Roepenack-Lahaye E, Degenkolb T, Zerjeski M, Franz M, Roth U, Wessjohann L, Schmidt J, Scheel
D, Clemens S (2004) Profiling of Arabidopsis secondary metabolites by capillary liquid
chromatography coupled to electrospray ionization quadrupole time-of-flight mass
spectrometry. Plant Physiol 134: 548-559

Wakelyn PJ, Stipanov.Rd, Bell AA (1974) Identification of scopoletin in dried bract of cotton plant.
Journal of agricultural and food chemistry 22: 567-568

Wang Y, Shang XY, Wang SJ, Mo SY, Li S, Yang YC, Ye F, Shi JG, He L (2007) Structures, biogenesis, and
biological activities of pyrano 4,3-c isochromen-4-one derivatives from the fungus Phellinus
igniarius. Journal of Natural Products 70: 296-299

Watanabe R, Mc IW, Skok J, Chorney W, Wender SH (1961) Accumulation of scopoletin glucoside in
boron-deficient tobacco leaves. Archives of Biochemistry and Biophysics 94: 241-243

Wawrzynska A, Christiansen KM, Lan Y, Rodibaugh NL, Innes RW (2008) Powdery mildew resistance
conferred by loss of the ENHANCED DISEASE RESISTANCE1L protein kinase is suppressed by a
missense mutation in KEEP ON GOING, a regulator of abscisic acid signaling. Plant Physiol 148:
1510-1522

Wehmer C (1931) Die Pflanzenstoffe: Botanisch-systematisch bearbeitet; Chemische Bestandteile und
Zusammensetzung der einzelnen Pflanzen und deren Produkte; Phanaerogamen. Gustav Fischer,
Jena

Weigel D, Ahn JH, Bldzquez MA, Borevitz JO, Christensen SK, Fankhauser C, Ferrdndiz C, Kardailsky I,
Malancharuvil EJ, Neff MM, Nguyen JT, Sato S, Wang Z-Y, Xia Y, Dixon RA, Harrison MJ, Lamb
CJ, Yanofsky MF, Chory J (2000) Activation Tagging in Arabidopsis. Plant Physiology 122: 1003-
1014

Weigel D, Glazebrook J (2001) Arabidopsis: A Laboratory Manual. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY

Westcott ND, Hinks CF, Olfert O (1992) Dietary effects of secondary plant compounds on nymphs of
Melanoplus sanguinipes (Orthoptera, Acrididae). Annals of the Entomological Society of America
85: 304-309

Williamson VM, Gleason CA (2003) Plant-nematode interactions. Current opinion in plant biology 6:
327-333

Wodicka L, Dong H, Mittmann M, Ho MH, Lockhart DJ (1997) Genome-wide expression monitoring in
Saccharomyces cerevisiae. Nature Biotechnology 15: 1359-1367

Wormley TG (1870) A contribution to our knowledge of the chemical composition of Gelsemium
sempervirens. The American journal of Pharmacy: 3-16

Wrigley TC (1960) Ayapin, scopoletin and 6,7-dimethoxycoumarin from Dendrobium thyrsiflorum
(Reichb. f.). Nature 188: 1108

Ad6|Page



Appendix

Wu TS, Leu YL, Hsu HC, Ou LF, Chen CC, Chen CF, Ou JC, Wu YC (1995) Constituents and cytotoxic
principles of Nothapodytes foetida. Phytochemistry 39: 383-385

Wu WH, Wang Y, Zhang WZ, Song LF, Zou JJ, Su Z (2008) Transcriptome Analyses Show Changes in Gene
Expression to Accompany Pollen Germination and Tube Growth in Arabidopsis. Plant Physiology
148: 1201-1211

Yamada K, Hara-Nishimura I, Nishimura M (2011) Unique Defense Strategy by the Endoplasmic
Reticulum Body in Plants. Plant and Cell Physiology 52: 2039-2049

Yamada K, LimJ, Dale JM, Chen H, Shinn P, Palm CJ, Southwick AM, Wu HC, Kim C, Nguyen M, Pham P,
Cheuk R, Karlin-Newmann G, Liu SX, Lam B, Sakano H, Wu T, Yu G, Miranda M, Quach HL,
Tripp M, Chang CH, Lee JM, Toriumi M, Chan MM, Tang CC, Onodera CS, Deng JM, Akiyama K,
Ansari Y, Arakawa T, Banh J, Banno F, Bowser L, Brooks S, Carninci P, Chao Q, Choy N, Enju A,
Goldsmith AD, Gurjal M, Hansen NF, Hayashizaki Y, Johnson-Hopson C, Hsuan VW, lida K,
Karnes M, Khan S, Koesema E, Ishida J, Jiang PX, Jones T, Kawai J, Kamiya A, Meyers C,
Nakajima M, Narusaka M, Seki M, Sakurai T, Satou M, Tamse R, Vaysberg M, Wallender EK,
Wong C, Yamamura Y, Yuan S, Shinozaki K, Davis RW, Theologis A, Ecker JR (2003) Empirical
analysis of transcriptional activity in the Arabidopsis genome. Science 302: 842-846

Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN (1982) Living with Water-Stress - Evolution of
Osmolyte Systems. Science 217: 1214-1222

Yang JY, Koo JH, Yoon HY, Lee JH, Park BH, Kim JS, Chi MS, Park JW (2007) Effect of scopoletin on
lipoprotein lipase activity in 3T3-L1 adipocytes. International Journal of Molecular Medicine 20:
527-531

Yang P, Fu H, Walker J, Papa CM, Smalle J, Ju YM, Vierstra RD (2004) Purification of the Arabidopsis 26
S proteasome: biochemical and molecular analyses revealed the presence of multiple isoforms.
Journal of Biological Chemistry 279: 6401-6413

Yanhui C, Xiaoyuan Y, Kun H, Meihua L, Jigang L, Zhaofeng G, Zhigiang L, Yunfei Z, Xiaoxiao W,
Xiaoming Q, Yunping S, Li Z, Xiaohui D, Jingchu L, Xing-Wang D, Zhangliang C, Hongya G, Li-Jia
Q (2006) The MYB transcription factor superfamily of Arabidopsis: expression analysis and
phylogenetic comparison with the rice MYB family. Plant Molecular Biology 60: 107-124

Yanofsky MF, Gremski K, Ditta G (2007) The HECATE genes regulate female reproductive tract
development in Arabidopsis thaliana. Development 134: 3593-3601

Yelina NE, Smith LM, Jones AM, Patel K, Kelly KA, Baulcombe DC (2010) Putative Arabidopsis THO/TREX
mRNA export complex is involved in transgene and endogenous siRNA biosynthesis. Proceedings
of the National Academy of Sciences of the United States of America 107: 13948-13953

Yonekura-Sakakibara K, Tohge T, Matsuda F, Nakabayashi R, Takayama H, Niida R, Watanabe-
Takahashi A, Inoue E, Saito K (2008) Comprehensive flavonol profiling and transcriptome
coexpression analysis leading to decoding gene-metabolite correlations in Arabidopsis. The Plant
Cell 20: 2160-2176

Zeringue HJ (1992) Effects of C-6-C-10 alkenals and alkanals on eliciting a defense response in the
developing cotton boll. Phytochemistry 31: 2305-2308

Zeringue HJ (2002) Effects of methyl jasmonate on phytoalexin production and aflatoxin control in the
developing cotton boll. Biochemical Systematics and Ecology 30: 497-503

Zhang WY, Lee JJ, Kim Y, Kim IS, Park JS, Myung CS (2010) Amelioration of Insulin Resistance by
Scopoletin in High-Glucose-Induced, Insulin-Resistant HepG2 Cells. Hormone and Metabolic
Research 42: 930-935

Zhang X, Jiang N, Feschotte C, Wessler SR (2004) PIF- and Pong-like transposable elements: distribution,
evolution and relationship with Tourist-like miniature inverted-repeat transposable elements.
Genetics 166: 971-986

Ad7|Page



Appendix

Zhang XY, Li BG, Zhou M, Yuan XH, Zhang GL (2006) Chemical constituents of Phacellaria compressa
Benth. Journal of integrative plant biology 48: 236-240

Zhao JW, Wang JL, An LL, Doerge RW, Chen ZJ, Grau CR, Meng JL, Osborn TC (2007) Analysis of gene
expression profiles in response to Sclerotinia sclerotiorum in Brassica napus. Planta 227: 13-24

Zhou JP, Wang L, Wei LJ, Zheng Y, Zhang HB, Wang YB, Cao P, Niu A, Wang J, Dai Y (2012) Synthesis and
Antitumor Activity of Scopoletin Derivatives. Letters in Drug Design & Discovery 9: 397-401

Zobel AM, Wang JY, March RE, Brown SA (1991) Identification of 8 coumarins occuring with psoralen,
xanthotoxin and bergapten on leaf surfaces. Journal of Chemical Ecology 17: 1859-1870

Ad8|Page



