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1 Literature review

1.1 Catharanthus roseus
Catharanthus roseus (L.) G. Don., commonly referred to as Madagascar periwinkle,
is an ornamental shrub belonging to the Apocynaceae family in the Gentaniales order
and is closely related to the Vinca genus (van der Heijden et al., 2004). It is an important medicinal plant that has been studied extensively to understand biosynthesis of
alkaloids in plants. Alkaloids are a large and diverse group of plant secondary metabolites occuring in 20 % of all plant species (Facchini and De Luca, 2008). Monoterpenoid
indole alkaloids (MIA) are one of the largest and most diverse group of plant natural products with over 3000 different known structures and are found mainly in the
Apocynaceae, Loganiaceae and Rubiaceae families (Facchini and De Luca, 2008).
MIAs are derived from condensation of the monoterpene secologanin with the indole
moiety tryptamine (Facchini and De Luca, 2008). Catharanthus roseus alone produces
more than 130 MIAs of which several are used in the pharmaceutical industry. For
example, ajmalicine is used as an hypertensive, and the dimeric MIAs vinblastine and
vincristine are used to treat various cancers such as Hodgkin’s disease, leukemia or

1 Literature review

2

lymphomas (van der Heijden et al., 2004). Although these MIAs are present in extremely low amounts - 1 g of vinblastine is isolated from about 500 kg of dried leaves
- the complexity and high stereospecificity of these compounds makes chemical synthesis uneconomical (van der Heijden et al., 2004). The annual production costs of
vinblastine, vincristine and ajmalicine are $ 1,000,000, $3,500,000 and $ 2000 per kg,
and the annual world production is 12 kg, 1 kg and 5000 kg, respectively (van der
Heijden et al., 2004). While the dimeric MIAs vinblastine and vincristine are harvested in small amounts from C. roseus leaves exclusively, ajmalicine is harvested
from several sources including Rauwolfia serpentina roots where it occurs at levels
up to 0.2 % of dry weight (Roja and Heble, 1996; Drapeau et al., 1987). The production costs of MIAs have stimulated breeding efforts for developing high MIA varieties
(Kulkarni et al., 1999; Sharma et al., 2012) as well as plant tissue culture approaches
comined with metabolic engineering (Deus-Neumann and Zenk, 1984; Moreno et al.,
1995; Arvy et al., 1994; Aerts et al., 1994; De Luca et al., 2012; Miettinen et al.,
2014). Early efforts were focused on plant cell cultures that would provide a stable
supply of MIAs independent of environmental constraints, habitat limitations and
slow growth of plants. Although high MIA producing cell lines have been reported,
MIA production was not stable over several generations (Deus-Neumann and Zenk,
1984). In addition, C. roseus cell cultures are incapable of synthesizing the important
monomeric MIA vindoline which is part of the dimeric MIAs vinblastine and vincristine (St-Pierre et al., 1999; Facchini and De Luca, 2008). Efforts were also focused
on over-expressing some of the key steps of MIA biosynthesis in either cell suspension
or hairy roots, that produced mixed results attributed to the highly complex regu-
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lation of MIA biosynthesis (van der Fits and Memelink, 2000a; Canel et al., 1998;
Hughes et al., 2004).
Screening of MIA content of different cultivars bred for their ornamental value
showed significant variability in their accumulation patterns (Dutta et al., 2005; Magnotta et al., 2006). Screening of mutant populations of C. roseus has been performed in
India, where researchers have been focused on breeding of proprietary pharmaceutical
lines that are not commercially available (Dutta et al., 2005; Rai et al., 2003; Chaudhary et al., 2011). It has been suggested that expression of MIA pathway genes and
the accumulation of related MIAs in populations of different cultivars are positively
correlated (Dutta et al., 2005). Two C. roseus mutants were identified in a screen for
lines with higher tolerance to salt stress, but the relatedness between salt tolerance
and MIA yield is unknown (Pandey-Rai et al., 2003). Among different approaches for
mutagenesis, EMS (ethyl methanesulfonate) has become especially popular (Greene
et al., 2003). EMS is an alkylating agent that results in random point mutations.
Alkylation of guanine (G) residues by EMS results in O6 -ethylguanine which can pair
with thymine (T) . The original G/C (cytosine) pair is replaced with an adenine (A)/T
in the subsequent DNA repair (Greene et al., 2003). Missense mutations that change
the amino acid encoded by a particular DNA codon, occur at almost two-thirds of
all EMS mutations, with another 30 % being silent mutations and the remaining 5 %
resulting in introduced stop codons (McCallum et al., 2000). Screens of EMS mutagenized Catharanthus roseus lines revealed three mutants with higher root or leaf MIAs.
Two mutants showed a (semi-)dwarf phenotype, whereas the third had a “wavy leaf
margin” appearance (Kulkarni et al., 1999).
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Although widely implemented in model organisms such as Arabidopsis or rice,
screening of mutant populations in Catharanthus roseus is in its infancy. This is
in part due to a lack of fast and reliable screening methods, but clearly efforts on
identification of high MIA cell culture lines and metabolic engineering over the last
30 years have not resulted in the detection of high MIA lines either (Miettinen et al.,
2014).

1.2 Biosynthesis of Monoterpenoid Indole Alkaloids
The biosynthesis of MIAs in C. roseus can be divided into four different stages:
1. the MEP pathway (2-C-methyl-D-erythritol-4-phosphate), which provides the
isoprenoid subunit isopentenyl diphosphate (IPP) and is considered as primary
metabolism.
2. the iridoid pathway that leads to formation of secologanin from IPP which
provides the terpene moiety of MIAs.
3. the mid-pathway which involves biosynthesis of the indole moiety tryptamine
and its condensation with secologanin to form the central precursor strictosidine
as well as its subsequent deglycosylation. Deglycosylation of strictosidine gives
rise to a series of unstable intermediates that are channeled into the different
classes of MIAs that is species-specific, but little is known about this part.
4. the late pathway describes the conversion from tabersonine to vindoline and
involves six enzymatic steps, whereas the biosynthesis of catharanthine has not
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been elucidated. Vindoline and catharanthine are coupled to form the anticancer
dimeric MIA vinblastine (Costa et al., 2008).
Two separate routes for IPP biosynthesis exist in plants - the cytosolic mevalonate
(MVA) pathway and the plastidic MEP pathway (Lichtenthaler, 1999). Early feeding
studies supported the role of the MEP pathway supplying IPP towards MIA biosynthesis, although some cross-talk between MEP and MVA pathway is likely (Lichtenthaler, 1999; Contin et al., 1998). Several enzymes from the MEP pathway have been
cloned from C. roseus, including deoxyxylulose 5-phosphate synthase (DXS) (Chahed
et al., 2000), deoxyxylulose 5-reductase (DXR) (Veau et al., 2000), methylerythritol 2,4-diphosphate synthase (MECS) (Veau et al., 2000) and hydroxymethylbutenyl
diphosphate synthase (HDS) (Oudin et al., 2007). The final product of the MEP pathway, IPP, is isomerized to form dimethylallyl diphosphate (DMAPP). This step is catalyzed by IPP isomerase and is a key step in isoprenoid biosynthesis (Ramos-Valdivia
et al., 1997). Condensation of DMAPP with IPP forms geranyl diphosphate (GPP),
the precursor for monoterpenes (Contin et al., 1998). Biosynthesis of geraniol from
GPP is catalyzed by geraniol synthase (GS), and the gene encoding this enzyme has
recently been cloned and characterized (Simkin et al., 2013). The complete biosynthesis of GPP takes place in the chloroplasts of internal phloem-associated parenchyma
(IPAP) cells where all of these genes are preferentially expressed over other leaf cell
types (Burlat et al., 2004; Oudin et al., 2007).
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1.2.1 The early pathway: Iridoid biosynthesis
The first committed step in iridoid biosynthesis in C. roseus involves oxidation of
geraniol to 10-hydroxygeraniol, catalyzed by geraniol 10-hydroxylase (G10H), a cytochrome P450 monoxygenase (CYP76B6) first described by Meehan and Coscia
(1973), and then cloned and functionally characterized by Collu et al. (2001). The
membrane-bound cytochrome P-450 reductase (CPR) requires the cofactors FMN,
FAD and NADPH and transfers electrons from NADPH to the cytochrome P450
monooxygenase (Meijer et al., 1993). Further oxidation of 10-hydroxygeraniol to the
aldehyde 10-oxogeraniol by 10-hydroxygeraniol oxidoreductase (10HGO), cyclization
by iridoid synthase (IS) and further oxidation by deoxyloganetic acid synthase (7DLS)
yields deoxyloganetic acid (Figure 1.1) (Sanchez-Iturbe et al., 2005; Uesato et al., 1987;
Geu-Flores et al., 2012; Salim et al., 2014). Three different glucosyltransferases have
been identified that are capable of glycosylating deoxyloganetic acid. CrUGT8 had
highest catalytic efficiency and high substrate specificity, making it the most likely
enzyme to perform this reaction in vivo (Asada et al., 2013). Subsequent hydroxylation of deoxyloganic acid by the newly identified 7-deoxyloganic acid-7-hydroxylase
(DL7H) gives loganic acid (Salim et al., 2013). This compound is further methylated
by loganic acid O-methyltransferase (LAMT) to loganin (Murata et al., 2008), and
cleavage of the cyclopentane ring by secologanin synthase (SLS) yields the iridoid secologanin (Figure 1.1). This is catalyzed by an unusual cytochrome P450 and was first
detected in cell suspension cultures of Lonicera japonica and later cloned and functionally characterized from C. roseus (Yamamoto et al., 2000; Irmler et al., 2000). The
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reaction order of hydroxylation and methylation seems different between Lonicera and
Catharanthus. Catharanthus DL7H exclusively accepts the non-methylated substrate
deoxyloganic acid, and CrLAMT exclusively accepts the hydroxylated substrate loganic acid, thus firmly establishing reaction order in Catharanthus, whereas it has
been suggested that methylation precedes hydroxylation in Lonicera japonica (Figure 1.1) (Murata et al., 2008; Salim et al., 2013; Irmler et al., 2000; Katano et al.,
2001). All steps including glycosylation and subsequent hydroxylation are localized in
the IPAP cells whereas LAMT and SLS have been localized to epidermal cells (Burlat
et al., 2004; Asada et al., 2013; Salim et al., 2014; Geu-Flores et al., 2012; Murata
et al., 2008; Irmler et al., 2000). This means that an undetermined loganic acid transporter may shuttle loganic acid from IPAP cells to the epidermis where it is further
converted into secologanin.

1.2.2 The mid-pathway of MIA biosynthesis
The indole moiety of MIAs is provided by decarboxylation of the amino acid tryptophan. Tryptophan decarboxylase (TDC), a pyridoxal-phosphate dependent enzyme,
decarboxylates the amino acid tryptophan and is the bridge between primary and secondary metabolism (Figure 1.3) (De Luca et al., 1989). Tryptamine and secologanin
are coupled in a stereoselective pictet-spengler reaction to form the general MIA precursor strictosidine (Figure 1.2). Strictosidine synthase (STR) was first cloned from
Rauwolfia serpentina and functionally expressed in E. coli, and subsequently cloned
from C. roseus as well (Kutchan, 1989; McKnight et al., 1990). STR, which has a
transit peptide at the N-terminus that targets it to the vacuole (Stevens et al., 1993;
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Figure 1.1: Iridoid biosynthesis in C. roseus. Biosynthesis of loganic acid from geraniol takes
place in IPAP cells, whereas the second and last step occur in the leaf epidermis. Abbreviations:
G10H geraniol-10-hydroxylase, 10HGO 10-hydroxygeraniol oxidoreductase, IS iridoid synthase,
7DLS 7-deoxyloganetic acid synthase, UGT8 iridoid glucosyltransferase, DL7H deoxyloganic acid
7-hydroxylase, LAMT loganic acid methyl transferase, SLS secologanin synthase.

McKnight et al., 1991), can also accept substrates with a variety of substitutions on the
indole ring as well as certain modified secologanin derivatives (Galan and O’Connor,
2006; McCoy et al., 2006).
Deglycosylation of the central MIA precursor strictosidine gives rise to a series of
unstable intermediates which are then channeled by mostly uncharacterized enzymes
into the different classes of MIAs. Strictosidine β-glucosidase (SGD) was purified
in 1998 from C. roseus cell suspension cultures (Luijendijk et al., 1998), and then
cloned and functionally characterized in 2000 (Geerlings et al., 2000). It is encoded
by a single copy gene whose protein sequence has up to 60 % amino acid sequence
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identity with other plant β-glucosidases. SGD occurs as large homo-oligomers in
planta, as well as when it is expressed in E. coli cells. This oligomerization appears
to protect SGD from proteinase degradation (Geerlings et al., 2000; Guirimand et
al., 2010). This stability to proteases has led to suggestions that SGD has another,
uncharacterized role in plant defense mechanism (Geerlings et al., 2000; Guirimand et
al., 2010). Early work suggested SGD to be associated with the endoplasmic reticulum
(ER), which was based on the occurrence of a bright yellow SGD reaction product
that accumulated outside the nucleus in in situ localization experiments with C.
roseus cells and protoplasts (Geerlings et al., 2000). But recent work with SGDyellow florescence protein tagging experiments suggests that SGD exists as part of a
supra-molecular complex within the nucleus (Geerlings et al., 2000; Guirimand et al.,
2010). The three dimensional structure of SGD shows a typical (β/α)8 barrel fold of
the large glucosidase family with the glucose part of strictosidine bound deep in the
binding pocket and the aglycone pointing towards the solvent (Barleben et al., 2007).
The structural elucidation of several artificial SGD mutants also revealed its catalytic
mechanism (Barleben et al., 2007).
Deglycosylation of strictosidine results in a reactive hemiacetal intermediate which
opens to form a dialdehyde which is further modified to form a 4,21-dehydrocorynantheine aldehyde (Gerasimenko et al., 2002). The aldehyde undergoes rearrangements to the closed ring form, 19β cathenamine and 19α epi-cathenamine (Figure 1.2)
(Gerasimenko et al., 2002; Heinstein et al., 1979; Kan-Fan and Husson, 1979). The
open ring form 4,21-dehydrogeissoschizine is presumed to be the intermediate in the
equilibrium between 19β cathenamine and 19α epi-cathenamine (Gerasimenko et al.,
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2002; Heinstein et al., 1979; Kan-Fan and Husson, 1979). In other studies, deglycosylation of N-substituted forms of strictosidine suggested that spontaneous conversion
of the strictosidine aglycone to these other intermediates occurs after product release
from the enzyme (O’Connor and Maresh, 2006). The occurrence of vallesiachotamine
after strictosidine deglycosylation is generally believed to be a side-product, as vallesiachotamine is more thermodynamically stable than the cathenamine isomers, and
it accumulates after prolonged incubation of strictosidine with SGD (Brown, 1977;
Brown, 1979). Although SGD does not show very strict substrate specificity, it is
highly stereo-selective and only accepts strictosidine, but not vincoside which has an
R configuration at C3 (Brown, 1977).
The equilibrium between cathenamine, epi-cathenamine and the open-ring form
4,21-dehydrogeissoschizine has been observed in vitro and seems to favor cathenamine
over the other two forms (Heinstein et al., 1979). Labeling studies using D2 O or
NADPD with cell-free C. roseus enzyme extracts suggest that protonation at the C20
is required for subsequent enzymatic reduction at C21 in the α position (Stöckigt et
al., 1983).
Although up to four reduced (epi-)cathenamine forms are theoretically possible
(Figure 1.2), only ajmalicine and tetrahydroalstonine have been isolated from plants,
and epi-ajmalicine has been shown to occur in trace amounts in in vitro enzyme assays
(Treimer and Zenk, 1978; Stöckigt et al., 1983). Protonation at C20 , which defines the
stereochemistry, occurs spontaneously in aqueous solutions, but reduction at C21 is
enzyme-dependent (Stöckigt et al., 1983). A tetrahydroalstonine synthase (THS) was
partially purified from C. roseus cell cultures that only accumulated tetrahydroal-
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Figure 1.2: Biosynthesis of cathenamine after deglycosylation of strictosidine. The intermediates in the synthesis of cathenamine are shown, with an equilibrium occurring between
cathenamine, epicathenamine and the open-ring form 4,21-dehydrogeissoschizine. Reduction of
the iminium form of cathenamine is enzyme catalyzed and dependent on NADPH. Vallesiachotamine occurs as a side product. Abbreviation: STR strictosidine synthase, SGD strictosidine
β-glucosidase. Modified after Stöckigt et al., 1983.

stonine but no other corynanthe MIAs (Hemscheidt and Zenk, 1985). THS was able
to reduce cathenamine only to tetrahydroalstonine and used NADPH exclusively as
a cofactor (Hemscheidt and Zenk, 1985). Cell-free extracts from a different cell culture were fractionated by anion exchange chromatography to separate THS from an
enzyme with ajmalicine and epi-ajmalicine synthase (AJS) activity (Hemscheidt and
Zenk, 1985), to show that two separate enzymes were responsible for the formation of
tetrahydroalstonine and (epi-)ajmalicine, respectively. These two enzymes thus differ
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in their acceptance of the C20 hydrogen stereochemistry, with THS accepting the C20
hydrogen only in α, and AJS in β (Figure 1.2). The C21 hydrogen transferred from
NADPH is added only in α orientation by both THS and AJS. Recently, a potential
cathenamine reductase (CR) was cloned that was claimed to be an AJS, but these
preliminary results require further verification to clearly identify the reaction products being produced (Hasnain, 2010). This putative CR belongs to the superfamily
of Aldo-Keto Reductases (AKR) and is closely related to a putative chalcone reductase from Sesbania rostrata. The putative molecular weight of the AKR of 35 kDa
suggests that it behaves as a dimer in planta since the molecular weight of the active
enzyme from plant extracts (Hemscheidt and Zenk, 1985) and from recombinant protein expressed in E. coli (Hasnain, 2010) was 80 kDa as determined by size exclusion
chromatography (Hasnain, 2010; Hemscheidt and Zenk, 1985).
Although early feeding studies suggested that geissoschizine, the reduced form of
4,21-dehydrogeissoschizine, was the common precursor of corynanthe MIAs, subsequent studies confirmed that the dehydro-form is the actual precursor (Figure 1.2)
(Stöckigt et al., 1980; Stöckigt, 1978). A geissoschizine dehydrogenase was partially
purified from C. roseus cell cultures, suggesting that this conversion can take place
in vivo (Pfitzner and Stöckigt, 1982). Different rearrangements of the 4,21-dehydrogeissoschizine ring structure gives rise to the corynanthe, iboga and aspidosperma ring
rearrangements that make up three major classes of MIAs (Qureshi and Scott, 1968;
Szabo, 2008). Nothing is presently known about the enzyme reactions involved in any
of these key rearrangements.
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1.2.3 The late pathway: Vindoline biosynthesis
Vindoline, which belongs to the aspidosperma class of MIAs, is derived from tabersonine in six enzymatic steps. Tabersonine is first hydroxylated at the 16 position
by the cytochrome P450-dependent tabersonine-16-hydroxylase (T16H1, CYP71D12;
Figure 1.3) (St-Pierre and De Luca, 1995; Schröder et al., 1999). This gene was cloned
from cell cultures, but recently it was shown that it occurs only in undifferentiated
cells and in flowers, whereas a newly identified clone, named T16H2 (CYP71D351) is
expressed in young leaves where vindoline biosynthesis occurs (Besseau et al., 2013).
Both proteins share 86.5 % identity at the amino acid level. The preferential expression of this endoplasmic reticulum associated enzyme in the leaf epidermis has higher
affinity for the substrate tabersonine. Importantly, the T16H2 gene was not expressed
in a low vindoline accumulating C. roseus line, and silencing of T16H2 leads to reduction of vindoline levels and it was concluded that T16H2 is the enzyme involved
in vindoline biosynthesis, whereas T16H1 is a flower-specific enzyme. Of all known
MIA biosynthetic genes, only T16H is known to be encoded by two distinct genes
(Besseau et al., 2013). The conversion of 16-hydroxytabersonine to its O-methylated
intermediate is catalysed by 16-hydroxytabersonine-16-O-methyltransferase (16OMT)
in the epidermis (Levac et al., 2008). It precedes oxidation at the 2,3 position by a
yet to be identified enzyme that will complete the biochemical characterization of the
steps involved in the conversion of tabersonine to vindoline (Facchini and De Luca,
2008). 16OMT was cloned from the leaf epidermis, and functional characterization
showed it to be a highly substrate specific enzyme that does not accept the 2,3-
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dihydro version of 16-hydroxytabersonine. These results establish the reaction order
in vindoline biosynthesis, with methylation preceding the next oxidation step (Levac
et al., 2008). N -methylation of the indole moiety is catalyzed by a member of a newly
discovered family of tocopherol-like methyl transferases (Figure 1.3) (Liscombe et al.,
2010). NMT (16-hydroxy-2,3-dihydro-3-hydroxytabersonine N -methyltransferase) enzyme activity appears to be associated with chloroplast thylakoid membranes. These
results suggested that its expression may be restricted to the chloroplast-rich mesophyll layer in leaves (Dethier and De Luca, 1993; De Luca et al., 1987). And this
further suggests that 16-methoxytabersonine must be transported from the leaf epidermis, where 16OMT is localized, to the mesophyll by an unidentified transporter. The
two last steps in vindoline biosynthesis involve hydroxylation by the oxoglutaratedependent desacetoxyvindoline 4-hydroxylase (D4H) and finally, O-acetylation catalyzed by deacetylvindoline 4-O-acetyltransferase (DAT; Figure 1.3) (De Carolis and
De Luca, 1993; De Carolis and De Luca, 1994; St-Pierre et al., 1998; De Luca et al.,
1987). Both steps are regulated by light and are localized to laticifer and idioblast
cells, suggesting that desacetoxyvindoline is transported from the mesophyll cells to
the laticifer and idioblast cells (Vázquez-Flota et al., 1997; St-Pierre et al., 1999).
The involvement of four different cell types (IPAP cells, leaf epidermis, leaf mesophyll
and idioblast/laticifers), the above-ground specific expression of the tabersonine to
vindoline part of the pathway and the role played by light in the last two steps in
vindoline biosynthesis provide plausible explanations for the failure of cell cultures to
produce vindoline.
Whereas later steps of vindoline biosynthesis take place inside the leaf, catharan-
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Figure 1.3: The late MIA pathway leading to the formation of the dimeric MIA vinblastine. Biosynthesis of strictosidine and its deglycosylation lead to the formation of tabersonine
and catharanthine through unknown intermediates. Hydroxylation and methylation of tabersonine takes place in the epidermis, whereas N-methylation occurs in mesophyll cells. D4H
and DAT are localized to laticifer and idioblast cells. Catharanthine is secreted onto the leaf
surface, spatially separating it from vindoline. Coupling of vindoline and catharanthine to vinblastine occurs upon leaf damage. Abbreviations: TDC tryptophan decarboxylase, STR strictosidine synthase, SGD strictosidine β-glucosidase, T16H tabersonine 16-hydroxylase, 16OMT
16-hydroxytabersonine O-methyltransferase, NMT N -methyltransferase, D4H desacetoxyvindoline 4-hydroxylase, DAT deacetylvindoline 4-O-acetyltransferase, PRX peroxidase.
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thine has been detected on the surface of leaves, within the wax exudates (Roepke
et al., 2010). The spatial separation of vindoline and catharanthine provides an explanation for the extremely low levels of dimeric MIAs in plants which are derived from
the condensation of these two monomers. Only if the leaf is damaged, for example by
herbivory, will the two monomers meet and can be condensed to the powerful dimeric
mitosis inhibitors vinblastine and vincristine (Roepke et al., 2010). Recently, a transporter from the ATP-binding cassette (ABC) super-family has been characterized
that can export catharanthine from yeast cells into the media (Yu et al., 2013).

1.2.3.1 MIA biosynthesis in roots
The profile of MIAs found in roots is different from that found in aerial parts of
Catharanthus. While both ajmalicine and catharanthine accumulate in roots, vindoline has only been found in above ground plant parts (van der Heijden et al., 2004).
Tabersonine is oxidized into hörhammericine and lochnericine (Laflamme et al., 2001;
Rodriguez et al., 2003). Oxidation of tabersonine to the epoxide lochernicine is catalyzed by tabersonine-6,7-epoxidase, whereas the root-tip specific minovincinine 19O-acetyltransferase (MAT) is involved in the formation of 6,7-dehydroechitovenine
and/or 19-O-acetylhörhammericine (Laflamme et al., 2001). Another modification of
tabersonine in roots involves 19-O-methylation by tabersonine-19-hydroxylase (T19H),
which also accepts lochnericine as a substrate (Giddings et al., 2011). In general, the
conversions of tabersonine are less known in roots than in leaves.
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1.3 Regulation of MIA biosynthesis is highly
complex in C. roseus
MIA biosynthesis in C. roseus is complex and under very tight regulatory control.
Although progress has been made in recent years to identify transcription factors that
are involved in the regulation of MIA biosynthesis genes, we are still far away from a
clear understanding of the regulatory pathways involved. This is in part due to the lack
of established protocols as they exist in model plants like Arabidopsis or rice, but also
to differences in experimental conditions and cellular backgrounds used. Much of the
work has been done by over-expressing transcription factors in either cell suspension
cultures or hairy roots and measuring MIA biosynthesis and transcript levels of MIA
biosynthesis genes. While this gives an indication of the MIA biosynthetic steps that
are regulated by the transcription factor studied, the phenotypes observed can be
of secondary nature and may be caused by the transcription factor activating other
regulatory elements which then produce the observed differences in MIA biosynthesis.
In contrast, primary responses in transcriptional activation occur without biosynthesis
of new proteins and changes in transcript abundance usually occur within 20 min of
transcriptional activation (Pauw and Memelink, 2004b).
Early studies showed that MIA biosynthesis in cell suspension cultures can be
stimulated by addition of fungal elicitors, by treatment with plant hormones (jasmonate, methyl jasmonate [MeJA], ethylene, cytokinine), by UV-B light treatment
and by omission of auxin from the growth media (Gundlach et al., 1992; Ouwerkerk and Memelink, 1999a; Arvy et al., 1994; Garnier et al., 1996; Aerts et al., 1994;
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Vázquez-Flota et al., 2004; Papon et al., 2005). Jasmonates (JAs), a collective term
for jasmonate, MeJA and other functionally active structural analogs, have been used
extensively to induce expression of MIA biosynthesis genes and the formation of MIAs
(Gundlach et al., 1992). JAs are fatty acid derivatives synthesized from the octadecanoid pathway. Cleavage of membrane lipids by lipases yields α-linolenic acid, which
is converted to the stable intermediate 12-oxo-phytodienoic acid by actions of 13lipoxygenase, 13-allene oxide synthase and allene oxide cyclase. Reduction and three
subsequent β-oxidations of the intermediate yield jasmonate. Methylation of jasmonate gives the volatile hormone MeJA, and conjugation of jasmonate to isoleucine
provides the most active form of JAs, jasmonoyl-isoleucine (JA-Ile) (Wasternack, 2007;
Thines et al., 2007).
C. roseus cell cultures respond to different elicitors by activating the biosynthesis of
different MIAs. The corynanthe-type MIA ajmalicine is induced by ethylene, MeJA
and mechanical wounding, while production of the iboga MIA catharanthine is only
induced by MeJA (Vázquez-Flota et al., 2004). In general, cytokinin and ethylene
have similar, but distinct effects on MIA biosynthesis, and both seem to regulate
MIA biosynthesis via two different pathways (Yahia et al., 1998; Papon et al., 2005).
Wounding in general seemed to have only secondary effects, as all responses occurred
more than 36 h after treatment while responses to MeJA and other hormones were
more rapid. It is likely that wounding triggers the formation of MeJA in plants,
that in turn confers a MeJA response (Glauser et al., 2008). JAs induce accumulation of MIAs and all MIA pathway genes tested so far (Vázquez-Flota et al., 2004).
Because cell cultures are not capable of synthesizing vindoline, seedlings have been
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used to study the regulation of vindoline biosynthesis which is tightly controlled by
seedling development and light (Vázquez-Flota and De Luca, 1998; Vázquez-Flota
et al., 2000). The last steps in vindoline biosynthesis require light, and D4H and
DAT proteins are activated in a phytochrome-dependent process whose details are
unknown. A post-translational modification is highly likely, as enzymatically active
isoforms of DAT and D4H are observed only after red light treatment (Aerts and
De Luca, 1992; Power et al., 1990; Vázquez-Flota and De Luca, 1998; Vázquez-Flota
et al., 2000). Due to MeJA as the major player in induction of MIA biosynthesis,
response of MIA biosynthesis genes to MeJA elicitation has been studied extensively.
MeJA up-regulates expression and activity of all known MIA pathway genes as well
as genes in primary metabolism that lead to MIA precursor formation (Aerts et al.,
1994; van der Fits and Memelink, 2000a; Zhang et al., 2011; Memelink et al., 2001).
Addition of yeast elicitor can induce MIA biosynthesis directly or indirectly by an
increase in intracellular calcium concentration and a putative protein kinase, which
has been suggested to be a mitogen-associated protein kinase (MAPK) (Figure 1.4)
(Menke et al., 1999a; Memelink et al., 2001). Early work showed that Cpr, Str and
Tdc are coordinately regulated by different treatments including JAs, yeast elicitor,
auxin starvation and UV-B light. Both Str and Tdc promoters contain JA- and
elicitor-responsive regions (Pasquali et al., 1992; Roewer et al., 1992; Cardoso et al.,
1997; Menke et al., 1999a; Ouwerkerk and Memelink, 1999a; Ouwerkerk et al., 1999b;
Ouwerkerk et al., 1999c). The str and tdc transcripts accumulate within 30 min of
treatment with JAs, suggesting that they are primary response targets, whereas responses to yeast elicitor and UV-B light seem to be secondary (van der Fits and
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Memelink, 2001; Ouwerkerk et al., 1999b).
JA biosynthesis
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Figure 1.4: Scheme of transcriptional control of MIA biosynthesis. Two different elicitation
pathways are shown: A yeast elicitor, calcium-dependent pathway that regulates BPF-1 and
possibly other transcription factors and the JA, ORCA3-dependent pathway. Binding of JA-Ile
to the jasmonate receptor complex targets it to proteasomal degradation and releases MYC2 which
induces Orca3 transcription. ORCA3 is the major transcription factor that induces expression of
several MIA biosynthetic genes, including Tdc and Str. Yeast elicitor can also induce jasmonate
biosynthesis through an unknown signaling pathway which is thought to involve a MAP Kinase,
and possibly prenylation of proteins. Several transcription factors have been identified that bind
to the promoters of Tdc and Str but the detailed interactions between these transcription factors
remain unknown.

The so-called TD-region in the Tdc promoter functions as an enhancer. A G-Box
like sequence (AACGTG), called a T/G Box, is located downstream of the enhancers
in the DB region and functions as an elicitor and UV-B responsive element (Figure 1.4)
(Ouwerkerk and Memelink, 1999a; Ouwerkerk et al., 1999b). G-Boxes are found in
several promoters of light- and stress-induced genes. They have been shown to confer
ability to respond to JAs, and are statistically significantly over-represented in JA
response genes (Williams et al., 1992; Pauw and Memelink, 2004b). Downstream of the
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T/G-Box, the DB region contains further UV-B and elicitor responsive elements and
may also have repressor activity, but no known transcription factor binding sites have
been identified within this part of the promoter (Ouwerkerk and Memelink, 1999a;
Ouwerkerk et al., 1999b). The Str promoter also contains several enhancer elements
as well as a qualitative element containing a GCC-Box like element (GACCGCC),
which was named JA responsive element (JERE) (Menke et al., 1999b). GCC boxes
confer JA-response in many defense-related genes such as PR (pathogen-responsive)
and the JA-response gene Pdf1.2 (Plant defensin), although it is questionable whether
Pdf1.2 is a primary response gene (Pauw and Memelink, 2004b). Just upstream of
the JERE in the Str promoter, a full G-Box (CTCGAG) has been identified (Pauw
and Memelink, 2004b).
The JERE region of the Str promoter was used in a Y1H (yeast one hybrid) screen
that identified two AP2/ERF (Apetala 2/ethylene responsive element binding factor)
transcription factors that were named ORCA1 and ORCA2 (octadecanoid responsive
Catharanthus AP2-domain protein) (Menke et al., 1999b). The AP2/ERF family is
a large group of transcription factors that is unique to plants. Members of the ERF
subfamily, to which the ORCA proteins belong, contain a single conserved AP2/ERF
domain and have been implicated in responses to ethylene, as well as to various abiotic stresses (van der Fits and Memelink, 2000a; Mizoi et al., 2012). The involvement
of ORCA1 in regulating MIA biosynthesis is questionable, but ORCA2 is a transcriptional activator that interacts in a sequence-specific manner with the JERE of the Str
promoter, and is itself induced by elicitors and MeJA (Menke et al., 1999b). Similarly,
ORCA2 over-expression in cell cultures induced Str, whereas ORCA1 over-expression
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had no effect on Str expression and ORCA1 is also not induced by MeJA (Menke
et al., 1999a).
ORCA3 was identified by a T-DNA activation approach in cell suspension cultures
(van der Fits and Memelink, 2000a). Over-expression of ORCA3 in cell cultures led to
increased expression of Str, Tdc, Cpr, D4h, Asα (anthranilate synthase) and Dxs, but
the early pathway genes G10h and Ggpps, as well as late pathway gene Dat, were not
induced (van der Fits and Memelink, 2000a). Sgd showed variable expression, which
suggests that other transcription factors in addition to ORCA3 regulate this gene.
Further studies by EMSAs (electro mobility shift assay) and Y1H showed that ORCA3
binds to the GCC box found in the JERE of the Str promoter, and it also binds to
unidentified sequences in the Cpr and the Tdc promoter that are different from GCC
boxes (van der Fits and Memelink, 2000a; van der Fits and Memelink, 2001). However,
later over-expression analyses do not suggest an up-regulation of Cpr by ORCA3
(Peebles et al., 2009; Li et al., 2013; Hasnain, 2010). Under regular cell suspension
growth conditions, ORCA3-induced expression of late MIA pathway genes lead to
increased biosynthesis of strictosidine, ajmalicine and an unidentified lochnericinetype MIA, but only if the precursors loganin and tryptamine were supplied (van
der Fits and Memelink, 2000a). Because the iridoid pathway is mostly not regulated
by ORCA3, over-expression of Orca3 in cell cultures cannot overcome the need for
elicitation by fungal elicitor/MeJA or auxin starvation to facilitate MIA production
(van der Fits and Memelink, 2000a; Peebles et al., 2009; Li et al., 2013).
Although Orca3 expression is induced in less than 30 min by treatment with MeJA
and it precedes maximal induction of Str and Tdc, increased Orca3 gene expression
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does not seem to be essential for JA-responsive expression of target genes (Pauw and
Memelink, 2004b; van der Fits and Memelink, 2000a; van der Fits and Memelink,
2001). An unknown post-translational modification of ORCA3 is required to activate
transcriptional activity, and phosphorylation by a kinase has been suggested many
times in the past decade but has never been experimentally verified (Menke et al.,
1999a; van der Fits and Memelink, 2000a). This hypothesis has been supported by the
fact that phosphorylation of the AP2/ERF transcription factor PTI4 (Pto interactor)
enhanced its binding to the GCC box which is found in PR genes in tomato (Gu
et al., 2000).
An additional region, known as the BA region that is upstream of the G-Box and
the JERE in the Str promoter is responsive to elicitor but not to MeJA (Menke et al.,
1999a; van der Fits and Memelink, 2000a). A Y1H with this region identified the parsley box P-binding factor (BPF-1) which contains a single MYB domain (van der Fits
et al., 2000b). EMSAs showed that BPF-1 binds specifically to two different binding
sites in the BA fragment of the Str promoter, but to no other Str or Tdc promoter
fragments (van der Fits et al., 2000b). The identified binding regions are relatively
A/T rich and have no similarity to any other known cis-acting sequences, including
the P-Box that described the binding site for parsley BPF-1. Both Catharanthus and
parsley BPF have higher affinities for the Str promoter BA fragment than for the previously described P-box (van der Fits et al., 2000b). Expression of Bpf-1 is induced
by yeast elicitor; it requires intracellular calcium influx and protein phosphorylation,
but it seems to act independently of JA biosynthesis that was previously shown to be
induced by elicitor in a calcium-dependent manner (van der Fits et al., 2000b; Menke
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et al., 1999a). This suggests that MIA biosynthesis is regulated by a JA-dependent
pathway, through ORCA3, and a yeast elicitor, JA- and ORCA3- independent pathway, acting via BPF-1 (Figure 1.4). It would be interesting to see whether BPF-1 can
induce expression of Orca3 in a JA-independent manner.
The Str and Tdc promoters contain active G-Box and G-Box-like (AACGTG) elements, respectively. The GT-1 proteins, which have been correlated to light-regulated
gene-expression, bind to multiple regions in the Str, Tdc and Cpr promoters, but
several of the promoter regions that are bound by GT-1 are unresponsive to yeast
elicitor or to MeJA (Pasquali et al., 1999; Cardoso et al., 1997; Ouwerkerk et al.,
1999c). Most likely, these GT-1 proteins are general transcription factors required for
basal expression or to confer light responsiveness, as most promoters of MIA biosynthesis genes, such as Tdc, G10h, Dat or Cpr, contain several motifs associated with
light-responsiveness. In addition to GT-1 transcription factors, G-Boxes are bound
by GBF-type (G-Box binding factor) bZIP proteins or basic helix-loop-helix (bHLH)
transcription factors (Pauw and Memelink, 2004b). Two GBFs that belong to two
different subfamilies were isolated by PCR with degenerate primers targeting highly
conserved regions of GBFs (Sibéril et al., 2001). While both GBF proteins could bind
to the G-box containing Str promoter fragment and they both repressed Str gene
expression, they had weak affinity to the G-box-like sequence found in the Tdc promoter (Sibéril et al., 2001). Interestingly, tobacco GBF also does not bind to the
ACGT core in the Tdc promoter (Ouwerkerk et al., 1999c). Although GBF represses
Str gene expression, their organ-specific expression does not overlap, suggesting that
GBF might not directly regulate Str or Tdc gene expression (Sibéril et al., 2001).
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A Y1H screen with the G-Box-like sequence of the Tdc promoter yielded three
protein Zinc finger Catharanthus transcription factors (ZCT) (Pauw et al., 2004a).
The ZCTs bound to the DB region - which has been suggested to contain repressor
elements - of the Tdc promoter and the G-Box in the Str promoter in a zinc-dependent
manner and repressed their expression (Pauw et al., 2004a; Ouwerkerk and Memelink,
1999a). The similarities in binding affinity and expression profile suggest functional
redundancy of ZCTs, although slight differences in binding affinities could account
for fine-tuning Str and Tdc expression (Pauw et al., 2004a). ZCTs are also induced
by yeast elicitor and MeJA within 30 min after treatment, which is similar to Orca3
expression (Pauw et al., 2004a; van der Fits and Memelink, 2000a). The binding site
for ZCT proteins on the Str promoter is overlapping but distinct from the binding
site of ORCA3, and both transcription factors bind to the DB region in the Tdc
promoter, but more detailed studies in the exact nature of interaction/competition
between ZCT and ORCA3 need to be executed.
In addition to the JERE in the Str promoter, a bipartite JERE in the Orca3
promoter was identified that consists of a quantitative and a qualitative sequence but
shares no significant similarities to the Str JERE (Vom Endt et al., 2007). Whereas the
Str JERE contains a GCC-box like element that is bound by ORCA3, a GCC-box is
absent from the Orca3 JERE, suggesting that Orca3 is not regulated by an AP2-type
transcription factor (Vom Endt et al., 2007). The Orca3 JERE contains the same T/G
Box as the Tdc promoter, whereas the full G-Box in the Str promoter is just upstream
of the JERE (Ouwerkerk and Memelink, 1999a; Menke et al., 1999b; Vom Endt et al.,
2007). The G-Box-like sequence in the Orca3 promoter was shown to be a qualitative
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component that acts as an on/off switch in response to MeJA and is downstream
of an A/T-rich sequence that acts as a quantitative sequence and is important for
the expression level (Vom Endt et al., 2007). The JERE from the Orca3 promoter
was used in a Y1H screen against a MeJA-induced cDNA library. Several different
classes of transcription factors that bound to the JERE were found, but none bound
specifically to the qualitative sequence (Vom Endt et al., 2007). Two AT-hook proteins
were identified that bound to the quantitative sequence and had an activating effect of
JERE mediated gene expression (Vom Endt et al., 2007). The authors concluded that
AT-hook proteins, which co-regulate transcription by modifying DNA architecture,
bind to the quantitative element and act as transcriptional enhancers (Vom Endt et
al., 2007).
Although MYC2 was isolated in a Y1H that used the full G-Box found in the Str
promoter, it failed to trans-activate expression of Str when the G-Box was used in the
context of a larger Str promoter fragment (Zhang et al., 2011). However, MYC2 binds
to and activates the T/G-Box in the JERE of the Orca3 promoter and binding to the
same T/G-Box in the Tdc promoter has not been tested. Although bHLH proteins
are known to form heterodimers, no interaction partner has been identified for MYC2
(Zhang et al., 2011). RNAinterference-mediated suppression of MYC2 in hairy roots
decreased JA-dependent induction of Orca2 and Orca3, but not Str or Tdc, suggesting
that MYC2 activates Orca3 expression in response to JAs, whereas the biosynthetic
genes are regulated by additional transcription factors in response to MeJA (Zhang et
al., 2011). In Arabidopsis, MYC2 is directly bound and repressed by the JA-receptor
complex. In the absence of JA, JAZ (jasmonate ZIM domain) proteins form a complex
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with co-repressors TOPLESS (TPL) and NOVEL INTERACTOR OF JAZ (NINJA)
(Pauwels et al., 2010). Upon binding of the bioactive JA-Ile by a complex of JAZ,
the F-Box protein COI1 (CORONATIVE INSENSITIVE 1) and the cofactor inositol
pentakisphosphate, the F-Box protein functions as an E3 ubiquitin ligase and targets
the JAZ/TPL/NINJA complex for proteasomal degradation. This relieves repression
of MYC2 and permits expression of JA responsive genes (Chini et al., 2007; Sheard
et al., 2010; Lorenzo et al., 2004; Pauwels et al., 2010). Thus, COI1, JAZ and MYC2
act upstream of ORCA3 to control JA-mediated gene expression (Zhang et al., 2011;
Montiel et al., 2011). Similar actions are highly likely in C. roseus where MYC2
is released from repression of the JA receptor complex upon binding to JA-Ile and
MYC2 then activates Orca3 expression by binding to the T/G-Box in the JERE
region (Figure 1.4). This is further supported by observations that the Orca3 JERE
is also active in Arabidopsis and controlled solely by AtMYC2 (Montiel et al., 2011).
MYC1 has been shown to bind to the G-Box in the Str promoter and is induced by
MeJA as a secondary response gene, but it is questionable whether it has any role in
regulating Str gene expression (Chatel et al., 2003). It is not known if MYC1 binds
any other G-Boxes found in MIA gene promoters.
Although ORCA3 has commonly been referred to as the “master regulator” for
MIA biosynthesis in C. roseus, binding of ORCA2 to the JERE in the Str promoter
suggests that ORCA2 has a much bigger role in regulating MIA biosynthesis than
has been suggested so far (Menke et al., 1999b). Over-expression of ORCA2 and
ORCA3 in hairy root systems under inducible promoters suggested they regulate an
overlapping but distinct set of late MIA pathway genes. Both induced the expression
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of medium- to late pathway genes, however ORCA3-mediated induction of these genes
occurred 12 h earlier than that of ORCA2 (Peebles et al., 2009; Li et al., 2013).
Consistent with earlier results when ORCA3 was constitutively over-expressed in cell
cultures, over-expression of ORCA3 in hairy roots induced Asα, Dxs, Str as well
as Zct1, 2 and 3, which had not been identified in the original experiments (van
der Fits and Memelink, 2000a; Peebles et al., 2009). In hairy roots, however, overexpressed ORCA3 failed to induce expression of Tdc, Cpr or G10h as was reported in
cell cultures (Peebles et al., 2009; van der Fits and Memelink, 2000a). Interestingly,
ORCA3 induced expression of Orca2 after 12-24 h, whereas reciprocal effects were
only marginal. Although the gene expression results might suggest ORCA2 regulates
MIA gene expression through ORCA3, the absence of a G-Box in the Orca3 promoter
suggests that ORCA2 does not directly regulate Orca3 expression but rather induces
MIA biosynthetic genes through yet unidentified transcription factors, independent
of ORCA3 (Vom Endt et al., 2007; Peebles et al., 2009; Li et al., 2013). This is
further supported by Orca2 being solely induced by yeast elicitor, whereas Orca3 is
only induced by MeJA (Pauw and Memelink, 2004b). Although more genes in the
MIA pathway were expressed upon ORCA2 over-expression, responses to ORCA2
induction in hairy root lines were much slower (12 h to 48 h after induction) and less
pronounced when compared to those of ORCA3 induction (Li et al., 2013; Peebles et
al., 2009). Most interestingly, ORCA2 induced the early iridoid pathway genes G10h
and Lamt, and reduced expression of Sgd and Dat which are not regulated by ORCA3
(Li et al., 2013; van der Fits and Memelink, 2000a). Although MIA production was
increased in ORCA3 over-expressing hairy root lines, the increase in expression did
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not account for the increase in MIA transcript profiles and MIA production that was
observed after MeJA elicitation. This also points to the existence of other positive
regulators of the MIA pathway (Peebles et al., 2009). Induction of ORCA2 did not
cause major MIA changes, suggesting that ORCA2 might only act in combination
with other transcription factors, for example when binding to the JERE in the Str
promoter, or have secondary effects by starting transcriptional cascades that then
regulate expression of MIA biosynthesis genes independent of ORCA3 (Li et al., 2013).
When ORCA3 was over-expressed in whole C. roseus plants under control of the
35S cauliflower mosaic virus promoter, it stimulated formation of vindoline and catharanthine but not of dimeric MIAs (Pan et al., 2012), as the two monomers are spatially
separated in the leaves (Roepke et al., 2010). Similar to the over-expression of ORCA3
in cell suspension, genes encoding for Asα, Tdc, Str and D4h were up-regulated but
no difference was seen in Myc2 gene expression, suggesting that there is no feed-back
regulation between MYC2 and ORCA3 (Pan et al., 2012). In addition, several primary
metabolites and phenolic compounds also differed between ORCA3 over-expressing
and control plants, which could be caused by the effects of over-expression (Pan et al.,
2012). The differences seen in transcript profiling and MIA production when ORCA3
was over-expressed in cell cultures, hairy roots and whole plants show that regulation
of MIA biosynthesis is highly complex and requires several different cell types. The
differences in ORCA2 and ORCA3 over-expressing hairy root lines suggests that both
transcription factors are involved in the regulation of MIA pathway genes and that
they regulate an overlapping, but distinct set of genes (Memelink et al., 2001). This
was further evaluated by identifying transcripts that are induced in cell suspension
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lines over-expressing ORCA2, ORCA3 or a combination of both by the cDNA-AFLP
technology (Hasnain, 2010). The majority of transcripts that were identified encoded
uncharacterized proteins, and from known MIA pathway genes only Asα, Tdc, Sls and
10hgo were up-regulated by both ORCAs, while ORCA2 and ORCA3 alone only induced their own transcripts in addition to several unknown proteins (Hasnain, 2010).
Whereas ORCA2 and ORCA3 induced ajmalicine production, catharanthine was synthesized only in ORCA3 over-expressing lines. Several genes known to be targets of
ORCA3, such as Str, were not detected in the original AFLP screen, which could
be due to lack of restriction sites in the cDNA encoding these genes, and the experimental design covered only up to 80 % of total transcripts. Although the AFLP
technique gave rise to several highly likely biosynthetic, transport and transcription
factor candidates and identified a potential cathenamine reductase (Hasnain, 2010),
it is only of limited use. Further characterization of candidate genes will be difficult
as it is unknown from the AFLP results which reactions their gene products might
catalyze and due to the unavailability of substrates.
The presence of W-Boxes (TTGACC/T) in almost all promoters of MIA biosynthesis genes suggested that WRKY proteins are involved in the regulation of MIA
biosynthesis, and three Wrky genes were cloned by PCR with degenerate primers
(Suttipanta et al., 2011; Suttipanta, 2011). Although over-expression of WRKY1 and
WRKY2 in hairy roots both induced the production of serpentine accompanied by
a loss of catharanthine, Wrky1 and Wrky2 have opposite organ-specific expression
profiles. Wrky1 is mostly expressed in roots, less in fruits and mature leaves, whereas
Wrky2 is highly expressed in young leaves where MIA biosynthesis takes place, as
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well as in the stem (Murata et al., 2008; Suttipanta et al., 2011; Suttipanta, 2011).
WRKY1 induced and bound to two different W-Boxes in the Tdc promoter but in
vivo experiments suggest that WRKY1 recruits other activators to induce expression
of Tdc (Suttipanta et al., 2011). Interestingly, the Wrky1 promoter does not contain
any W-Boxes, which are typically found in promoters of WRKY transcription factors,
but the promoter contains several E-Boxes and MYB recognition motifs as well as
two JA-responsive as-1 motifs (TGACG) (Yang et al., 2013). Although Wrky1 and
Wrky2 were induced by MeJA and the closest Arabidopsis homolog of CrWRKY1
is AtWRKY70, which is down-regulated by JA and believed to be a negative master regulator for JA-responsive transcription factors, the exact role of WRKY1 in
MeJA-responsive MIA gene expression has yet to be elucidated (Li et al., 2004; Pauw
and Memelink, 2004b). The closest homolog of WRKY2 in tobacco is NtWRKY2
which is involved in elicitor-responsive transcription of defense genes (Yamamoto et
al., 2004). WRKY1 and WRKY2 induced a set of overlapping genes (Tdc, ASα, Zct)
but their roles varied in regulation of others. For example, WRKY1 repressed Orca2
and Orca3 whereas WRKY2 induced their expression (Suttipanta et al., 2011; Suttipanta, 2011). Although they have opposite expression profiles, the differences in gene
regulation show that WRKY1 and WRKY2 have different roles in the regulation of
MIA biosynthesis instead of having redundant roles as suggested for the ZCT proteins. This further points to the existence of a very complex regulatory network in
MIA biosynthesis in C. roseus that is different in expression of this pathway in belowand above-ground organs. Although over-expression of genes in hairy root cultures
is, despite its lengthy and tedious process, a feasible option to study the impact of
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transcription factors on MIA biosynthesis, the differences in MIA biosynthesis and its
regulation between roots and leaves question the usability of hairy roots as a general
study system.
While ORCA3, and most other transcription factors identified so far are involved
in regulating expression of the mid- to late pathway genes, the early iridoid pathway
is regulated differently but much less information is available. A variety of promoters
from iridoid and MIA pathway genes have been cloned in recent years, but no comparative analyses or detailed transcription factor binding studies have been performed.
In general, JA and light responsive elements are over-represented in these promoters,
which is no surprise given that all MIA biosynthetic genes are up-regulated after JA
induction, and the strict requirement of light for vindoline biosynthesis. Hormoneresponsive elements are also regularly found in these promoters, and a type-B response
regulator (ARR5), involved in cytokinin signal transduction, has been shown to bind
to the Hds promoter in vitro (Ginis et al., 2012b). Surprisingly the ARR-5 binding
site is part of a putative intron in the Hds promoter but no splicing experiments were
performed, and the intron seemed to have no influence of its expression in tobacco
cells, questioning whether the in silico annotation holds true in planta (Ginis et al.,
2012a; Ginis et al., 2012b). In contrast, the G10h promoter does not contain many
known hormone-responsive elements, although its expression is induced by cytokinine
and/or ethylene (Papon et al., 2005). These two hormones also increased expression of
MEP pathway genes, suggesting that they regulate the earliest parts of the MIA pathway (Papon et al., 2005). Interestingly, G10h is the only gene known to date that is
regulated by intracellular calcium concentrations in auxin-mediated inhibition of MIA
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biosynthesis (Poutrain et al., 2009). The Hds promoter is also responsive to MeJA
and contains many potential transcription factor binding sites, and based solely on the
in silico analysis, it was suggested that it is regulated by different elicitor-responsive
transcription factors than are Tdc and Str (Suttipanta et al., 2007).
In addition to Str and Tdc promoters from the mid- to late pathway genes, only the
Dat promoter has been cloned. It contains several hormone as well as light-responsive
elements and three as-1 motifs, which confer MeJA responsiveness and are only found
in the Wrky1 promoter but not in other MIA pathway related genes (Ginis et al.,
2012a; Wang et al., 2010; Makhzoum et al., 2011). Despite all the in silico information
available on these promoters, we do not know which transcription factors bind to them,
and whether all identified binding boxes are active in planta. A discrepancy between
in silico annotation-based functions and those based on in vivo binding studies has
already been shown for the tomato PTI4 transcription factor. PTI4 was supposed to
strictly bind to GCC boxes but immunoprecipitation experiments showed that PTI4
can bind to some promoters lacking the GCC box, and it fails to bind to some GCCbox containing promoters (Chakravarthy et al., 2003). Together, these data suggest
that we are far from a clear understanding of transcription factor-DNA interactions.
Although substantial progress has been made in recent years to understand regulation of MIA biosynthesis in C. roseus, many open questions remain. It is clear that
MIA biosynthesis is regulated by several hormones. Whereas cytokinin and ethylene regulate the earliest steps, including the MEP pathway and G10h (Papon et al.,
2005), MeJA induces expression of nearly all known pathway genes that have been
tested. Interestingly, cytokinin and ethylene can only induce expression of MEP path-
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way genes in the absence of auxin, suggesting that the effects of auxin are epistatic
to cytokinin and ethylene. MeJA as a central defense hormone has been essential
in our understanding of MIA biosynthesis regulation, although the details of MeJA
signaling are mostly unknown in C. roseus. Prenylation of proteins is essential for JA
induction of MIA biosynthesis and Orca3 expression, but the targets of this specific
post-translation modification are not known (Courdavault et al., 2009). The existence
of two different JERE in the promoters of Str and Orca3 is highly intriguing and
suggests that they are bound by a different set of transcription factors. The “master
regulator” ORCA3 regulates several mid- to late pathway genes, but several questions
still remain. For example, why does ORCA3 regulate expression of D4h, but not
of T16h or Dat? Most likely, other transcription factors are involved that have not
been characterized so far and that are specific for the late steps in MIA biosynthesis.
Clearly, more work needs to be done to identify the transcription factors that are involved in the MIA pathway regulation, and a more detailed understanding of shared
recognition motifs in MIA promoters would be a good start.
The differences between cell culture systems and whole plants have also been mostly
overlooked. Because feeding of loganin to cell suspension cultures induced MIA
biosynthesis, it was concluded that iridoid biosynthesis is the rate-limiting step in
cell cultures, but whole plants accumulate secologanin in mg quantities (Asada et al.,
2013). Furthermore, T16H was cloned from cell cultures, but recently it was discovered that this particular isoform is specific only to flowers and cell cultures, whereas
the newly discovered T16H2 isoform is expressed in young leaves but not in undifferentiated cells (Schröder et al., 1999; Besseau et al., 2013). This further confirms
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that cell cultures and hairy roots are an entirely artificial system with little resemblance to the actual processes that occur in highly complex plants. In addition to
transcription factors, other regulatory elements may also control MIA biosynthesis.
The involvement of micro-RNA and small interfering RNAs in the regulation of anthocyanin biosynthesis is just emerging (Gou et al., 2011; Patra et al., 2013), and it
is more than likely that they too are involved in the regulation of MIA biosynthesis
in C. roseus.

1.3.1 Research goal and objectives
In the last few years, tremendous progress has been made in our understanding of the
biosynthesis of iridoids and the conversion of tabersonine to vindoline (Geu-Flores et
al., 2012; Salim et al., 2013; Asada et al., 2013; Simkin et al., 2013; Salim et al., 2014;
Liscombe et al., 2010). While bioinformatic approaches have been useful in identifying missing steps in the biosynthesis of iridoids and the conversion of tabersonine to
vindoline, the chemistry involving formation of the different MIA ring structures after
deglycosylation of strictosidine is largely unknown. Chemical mechanisms that lead to
iboga and aspidosperma MIAs have been proposed, but not experimentally verified,
and the types of enzymes catalyzing these reactions are also unknown. Bioinformatic approaches are therefore limited in identification of candidate genes that would
catalyze these reactions. Mutant collection lines have been successfully used in Arabidopsis or rice to identify a wide array of cellular processes. Laborious whole-leaf
alkaloid extractions have been the limiting factor in screening of Catharanthus mutant lines (Chaudhary et al., 2011), but the recent discovery of catharanthine on the
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leaf surface (Roepke et al., 2010), which is extracted by a simple dip of the leaf in
chloroform for one hour has made whole leaf MIA extractions obsolete. A screen of
3600 Catharanthus mutant plants yielded one line, M2-0754, with higher ajmalicine
and tetrahydroalstonine concentrations accompanied by a loss of catharanthine and
vindoline (Czerwinski, 2011). Preliminary characterization of the high ajmalicine line
suggested a regulatory element to be responsible for the observed phenotype.
The goal for this thesis was to use a comparative Illumina sequencing database of
mutant and wildtype and to identify the cause for the phenotype by comparing transcript abundance of genes between mutant and wildtype. Further, a high ajmalicine
mutant provided a unique tool to study the conversion of strictosidine aglycone products and especially the reduction of cathenamine and epi-cathenamine into ajmalicine,
tetrahydroalstonine and epi-ajmalicine (Figure 1.2). The objective for studying the
reduction of cathenamine was to determine whether synthesis of tetrahydroalstonine
and ajmalicine is catalyzed by a single, stereo-unspecific enzyme or two separate isoenzymes.
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