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Abstract

Plantsproducea widerange of complex secondary metabolites that have many applications,
for example as pharmaceutical agents. Gene discovery and the elucidatidres® tinique
biosynthetic pathways is challenging since many of the enzymatic transformations are
unprecedented. InGatharanthus roseus the sole producer of the valuable awtncer
compounds vinblastine and vincristine, the biosynthetathway for thesealkaloids is highly
complex and crucial steps are still unknown. Recently, the tight transcriptiosractation of

the early part of this pathway enabled discovery of some of the central enzymatic steps by
analysing the gene eexpression patterns anasting potential candidates using virus induced
gene silencing. Additionallyt has become apparent that some plant secondary metabolite
pathways exhibit physical clustering of pathway related genes in the genome. This thesis
highlights how both strategi&of gene discovery can be applied for the targeted discovery of
genes for missing steps in biosynthesisiofi-model plants Ceexpression analysis to identify
candidates and subsequent testing of these candidates using virus induced gene silencing has
led to the discoveryand subsequent characterisatiai the enzymetabersonine 2oxygenase
(T30) a key oxidation step in vindoline biosynthesisis thesidurthermore reports the first

C. roseusvhole genome sequence dditionally aBAC library was obtaia and selected BACs
sequenced Analysisof the combinedsequencingdata establisted that gene clusteringloes
indeed occur foralkaloid biosynthesis i€. roseusgnd yieldeda new set ofcandidatesfor so

far unknown pathway enzymesSelected candidates awe been tested by silencing or
expression and results are discuss@&tie sequence information provides a valuable resource
for the wider community, available as a searchablepublically available database
(http://medicinalplantgenomics.msu.edw/)The workpresented in this thesis highlights how
next generation sequence data can be exploited to elucidate complex secondary metabolic

pathways.
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1 Introduction

Natural products, also called secondary or specialised metabolites, unlike primary metabolites,

do not directly contribute to essential growth and development of the organism. |dstesse

molecules have other key functions such as mediating the interaction between plants and their

environment 1. Additionally, many plant specialised metabolites have served humans for

centuries as traditional medicines and still fos I dzy' A lj dzS NB &2 dzNDOS F2NJ G2RI &8¢
industry Figurel). The staggering amount of not yet investigated plants and compounds

promises a diverse and ladgeuntapped space of discovety
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Digitalis purpurea
digoxin
an antiarrhythmic compound

(0]

O

Taxus brevifolia
Taxol
an anti-cancer compound

Cinchona
Quinine
an antimalarial compound

Catharanthus roseus

vinblastine (R= Me) vincristine (R = CHO) OMe
an anti-cancer compound MeO OMe
N-Me MeO O
: L0
/OH + HN:
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(0]
m Colchicum autumnale
Colchicine

Atropa belladonna
Scopolamine a medication against gout
Chondrodendron tomentosum

Tubocurarine
an adjunct to anesthesia

an antiemetic

Figurel Selected plant derived ioactive specialised metaboliteand medicinal application

Specialised metaboliteare often structuraly complex(Figurel) making chemical synthesis fo
largescale commercial production challenging. Efforts to alleviate supply issues in an

economical way has led to research into alternative production systems including plant cell
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cultures®# and heterologous expression in microbial host3he latter, however, requires a
detailed understanding of the biosynthesis of the desired compound in the native plant. Most
importantly, this agproach requires the knowledge of which genes encode the biosynthetic

enzymes responsible for the production of the target compounds.

Discovery of enzymes involved in a particular secondary metabolic pathway has in the past
exploited many di#frent approacks. Recently,hite combination of metabolomic data with
gene expression dathas been shown to posa powerful strategy for gene discovery and
pathway elucidatiorf. This approach combines the knowledge of occurrence and distribution
of target ®mpounds in different plant tissues, whole plants or related plant species, with gene
expression informationCorrelating the presence of genes with the presence of the metabolite
of interest can provide clues to identify candidate biosynthetic geAeseond widely used
approach examines the genomic organisation of secondary metabolite biosynthesis. This
strategy is based on the observation that in some plant secondary metabolite pathways the
responsible genes are physicafig-localised into a genomicudter ’. Notably, both of these
approaches benefit greatly from increased availability of plant transcriptome and genome

sequencing data due to decreasing sequencing ¢osts

To facilitate compilation of a short list of biosynthetic gene candidates from these data, the
anticipated pathway chemistris used to predict the enzyme class of the missing steps in
metabolite biosynthesis. Yet since many planturced biochemicals arise only from a narrow
phylogenetic space, and involve unprecedented chemical transformatioraking these
predictions can be lallenging. nivestigation of the biosynthesis of a single metabolite or a
specific group of plantlerived compoundsherefore requires a detailed study of thiadividual
metabolomic, transcriptomic and genomitata. Ultimately, progress in the dissectiof the
complex network of secondary metabolite biosynthesis helps not only the understanding of
the production of a specific compound, but also delivers new tools and knowledge for

discovery of new pathways and theanipulation of existing ones.
1.1 Monoterpeneindole alkaloids of the nadicinal plantCatharanthusroseus

1.1.1 Plant natural products
Plants produce a wide range of natural compounds with a multitude of different functions.
While primary metabolites are essential for the survival of plants, secondany, calked

specialised metabolites or phytochemicals, are +@ssential. Nevertheless in many cases
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these natural products have an important function for plant survival and fithess by for example

contributing to plant reproductioff and plant protectiont®.

According to their losynthetic originplant natural products can be grouped into classes, such
as terpenoids, alkaloids and phenylpropanoids and othieenplic compounds. All natural
products are derived from building blocks provided by primary metabolism such as acetyl

coenzyme A, shikimic acid, mevalonic acid, amino acids -aledxXyxylulose fphosphate.

1.1.2 Alkaloids
More than 12000 of the over 50000 knovmatural productsbelong to the group of alkaloids

and evidence for their use as medicine by humans reaches back more than 4008.years

Most alkaloids are biosynthesid via complex enzymatic pathways often comprising 20 or
more steps.Alkaloidsare a heterogeneouslass of secondary metabolite®ntaining a basic
nitrogen, and are usuallylerived from amino acidslhese metabolites can bgrouped into
subclasses such dsdole or quinoline alkaloidsthat are derived from tryptophanpenzyl
isoquinolinealkaloidsthat are derived from tyrsine,piperidinealkaloidsthat are derived from
lysine, pyrrolidine alkaloidghat are derived from orrthine, phenylethylamine alkaloidhat

are derived fromphenylalanineand imidazole alkaloid¢hat are derived from histiding?

(Figure2).

morphine o . ) quinidine
benzqsoqumolme alkaloid derived from quinoline alkaloid derived from tryptophan
tyrosine antiarrhythmic

analgesic

HN™
0 HO
©)ko
cocaine ephedrine quinine
tropane alkaloid derived from ornithine phenylethylamine derived from phenylalanine quinoline alkaloidderived from tryptophan
and arginine antiasthmatic antimalarial

local anaesthetic

Figure2 Slectedplant derivedalkaloids of different subclasses andedicalapplication

Alkaloids frequentlypossess pronounced biological activitidsit play a role in, for example,

defending plants against herbivorés Additionally, nany alkaloids are well known for thei
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poisonous and/ or medicinal attribute$hebenzylisoquinolie alkaloidmorphine can be used
asan opiate type pain medicatiotf while cocaine is a strong stimulant but can be used as a
local anaesthetié®. Quinidire, a stereocisomer ofhe well-known antmalarial drugquinine, is

an antarrhythmic agent®. Ephedrine istructurally related tathe amphetamines and known

in Chinese traditional medicine since BC

1.1.3 Monoterpene indole ¢ékaloids

Approximately 3000 different monoterpene indole alkaloids (MIAs) can be found uréNat
dispersed over six plant families, mainly tApocynaceae, Loganiaceae, and Rubiada#e
also in thelcacinaceae, Nyssaceae, Alangiackeaeiles.All MIAs originate from a convergent
pathway that utilises tryptamine, provided by the amino acid trygtap (shikimic acid
pathway)and secologanin, anonoterpene moiety derivedrom geranytpyrophosphate (GPP)
via the2-Gmethyl-D-erythritol 4-phosphate(MEP)pathway'®. Many MIAs have beerxploited

for their potent pharmacological activiti€sigure3).

(0]
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H
Y
N O\
_0
strychnine sarpagine mitragynine dregamine
pesticide, poison antipsychotic opioid-like psychoactive anti-cancer
Strychnos nux vomica Rauwolfia serpentina Mitragyna speciosa Tabernaemontana elegans

Figure3 A selection of nonoterpene indole alkaloids and their medicinal application

1.1.4 Catharanthus roseus

Catharanthusroseusor Madagascar periwinklea major producer of MIAdelongs to the
genus Catharanthusthat comprises eight species of herbaceous perennial plants. Of these
seven are endemic to the Island of Madagas€amoseu$as long been used tnaditional folk

medicine.

C. roseusas glasy, dark green and oval leav@e wild plant has a pale pink flower with a
LJdzNLX S aSeéeS¢é¢ao LG Aa | LJ2 Lddzf | NJ LJ I y (i ang dzS
ornamental value Intensive breeding efforts wa yielded a huge variety of different flower

colours and growth shapé&igure4).
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Figure4 Flowers andeavesof three C. roseuvarieties

The C. roseusarietiesd { dzy { (2 N t)ZLINK O %/ iiid COEETYBRRINEEKGI 9&Saé¢ o6 NRIK

C. roseuslisplays a rich specialised metabolism, and is particularly well known for its alkaloid
profile. C. roseusproduces MIAs, which, like all MIAs, areproduced from a central
intermediate, stictosidine, that is derived from both tryptophan and the monoterpene
secologanin Kigure 5) 8 Many C. roseusderived alkaloids, such asajmalicine, an
antiarrhythmic, and serpentine, an amtypertensve, have been widely used as prescription
drugs in the past®. However, intense, longstanding scientific interestCnroseuss driven
primarily by the discovery of the antancer properties of its bisindolalkaloid metabolites
vinblastine Figurel) and its oxidised congener vincristine. Thesenpounds are bisindole
alkaloids which form il€.roseusas a result of thelimerisation of the two MIAs catharanthine

and vindoline. Vinblastine and vincristine were originally discovered when screening traditional
medicinal herbs for theitherapeutic properties in the early 1960% These alkaloids bind to
microtubules and consequently arrest the cell cycle, which makes them powerful
OKSY2UKSNY LISdziAO RNHzZZ&SE YR FNB LINAYI NAf @& dzaSR
cancer Semisynthesis using vinblastine as a starting precursor has yielded vinoréfzned
vindesine?, which are also now used in the clinic as -@aticer agents. Further chemical

modification of vinorelbie yield anticancer compounds such as vinflunfié®

The demad for vinblastine and vincristine is still satisfied by extraction ff@moseugplants.
However, the extraction of vinblastine and vincristine, or their precwsatharanthine and
vindoline, fromC. roseuslants is a laborious and costly task. Yee ttomplex chemical
synthesis is even lessconomicallyviable, which explains the ongoing interest to either

increase alkaloid production i@. roseugself or to develop an alternative production system.

(s}
QX

Collectively, these efforts have resulted @ reeuso SAy3 2yS 2F (2RI &Qa o
medicinal plants.
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1.1.5 Strictosidine biosynthesis in Catharanthus roseus

More than 130 different MIAs have been reported to be producedbyoseud®. All MIAs are
derived from the central precursor molecule strictosidine tligtformedas a condensation
product of the terpenoid moiety secologanifigure5A) and the indole moiety tryptamine
(Figure5B), via a PicteSpenglercondensation Figure5C)1824 Investigationinto strictosidine
biosynthesis irC. roseusver the past decades has led to the elucidation of all reactions, as
well as establishing the order of all enzymatic steps involved in its production. This has
consequentlyenabled the production of the early part of alkaloid biosynthesis, strictosidine

biosynthesis, irs.cerevisiagyeast) as an alternative ho%t
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geraniol 8-hydroxygeraniol 8-hydroxygeranial

H  Tryptophan
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CO,H CO,H H
7-deoxyloganic acid 7-deoxyloganetic acid cis-transnepetalactol c tryptamine
7DLHJ
_ . 0Glc _ ., 0Glc 0Glc —
H = H : (b=
o} LAMT e SLs o)
e HO"
HO O > = O
H H H
CO,H CO,Me OHC CO,CH3
loganic acid loganin secologanin

strictosidine

Figure5 Biosynthesis of strictosidine precursor secologanin and tryptamiimeC. roseus
A: The biosynthesis of secolagin inC. roseuproceed from MEP pathway precursors IPP and DMAP

that form GPPR with its first committed step being thdormation of geraniol. Thaine-step pathway
comprisesan oxidation by theenzymesggeraniol 8 hydroxylaséG8H) an oxidationby 8-hydroxygeraniol
oxidoreductasg GOR)cyclisation byiridoid synthasg1SY)anothe oxidation byiridoid oxidasg(l0O) a
glycosylation by7-deoxyloganetic acid glucosyltransfera@LGT)a hydroxylation by7-deoxyloganic
acid hydroxylas¢7DLH)and subsequent methylation bipganic acid methyltransferasge AMT)and a
final oxidation ly secologanin synthaséSLS)B: Tryptamine isproduced via thedecarboxylation of
tryptophan bythe enzyme tryptophan synthase (TDQ). Strictosidine is formed by the action of
strictosidine synthase (STR).
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Secologanin production proceeds from the isepoids isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPRyhich formgeranylpyrophosphate (GPP). IPP and DMAP
can be produced by two pathways the cytosolic mevalonate (MVA) and thenewalonate or
plastidic methyiD-erythritol 4-phosphate (MEP) pathway[1-*C}glucose feeding of. roseus
cell suspension culturelas established that i€. roseushe MEP pathway is predominantly

responsiblefor secologanin productioff.

GPP ighen converted to geraniol byeraniol synthase&’. Geraniolis hydroxylated bythe
cytochrome P45@eraniot8 hydroxylase (G#) to 8-hydroxygeraniof®. In combination with

the action of 8nhydroxygeraniol oxidoreductase (GOR) the linear dialdehydro8eranial is
formed ?°. 8-oxogeranial is cyclisedylridoid synthase (ISY) Iridoid oxidase (I0), a second
cytochrome P450 involved in secologanin production, oxidises-tcés-nepetalactol to #
deoxyloganetic acid®®% This product is subsequently glycosylated bye@xyloganetic acid
glucesyltransferase (7DLGP} and further hydoxylated by a third cytochrome4B0, 7
deoxyloganic acithydroxylase (7DLH%3 and methylated by loganic acid methyltransferase
(LAMT) to form logani?f. In a final step performed by the dth cytochrome P450 involved in
this pathway loganin is oxidatilye cleaved by secologanin synthase (SLS) to vyield the

monoterpenesecologanirt® (Figure5A).

In a parallel pathway tryptamine is producéitbyieldtryptamine the ami acid tryptophan is
decarboxylated by the pyridoxal phosphate dependent enzyme, tryptophan decarboxylase
(TDC)%* (Figure5B). The condensation of secologanin and tryptamine to form the central
metabolic intermediate, stctosidine is the first committed step in the formation of MIAs and

represents a key branch point in this pathwdy

1.1.6 Fate of deglycosylated strictosidine

The deglycosylation oftsctosiRA Yy S 0 & & {DNcOsidasdSGR)E théS nextstep in

alkaloid biosynthesign C. roseusand other monoterpeneindole alkaloid producing plants
Deglycosylated strictosidine rearranges th21-dehydrogeissoschizine, whicforms the

structural bass forthe diverse range of scaffolds occurriimgthis plant InC. roseushe highly

reactive intermediate istransormed by an unknown number of subsequent reactiotisat

lead to the molecular rearrangements necessary for the formation of the threeingdist

molecular backbones or skeletons, representiing three different classes ofC. roseus
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alkaloids, namely the iboga, the corynanthe and the aspidosperma alkéfogise6). None of
the biosynthetic genes responsible for th@nsformation of strictosidine aglycone to these
scaffolds was known at the beginning of this work, though a biosynthetic gene responsible for

the biosynthesis of the corynanthe skeleton has been identified in the last{ear

Os_H ~
. <" o-Glc + ‘ AN NH, -
XN
H
MeO,c” -0

. tryptamine
secologanin

STR

MeO,C

yohimbine
corynanthe scaffold

serpentine
Rauwolfia serpentina

corynanthe scaffold
Catharanthus roseus

ajmaline
corynanthe scaffold
Rauwolfia serpentina

catharanthine
iboga scaffold
Catharanthus roseus

vincamine
eburnamine scaffold
Vinca minor

vindoline
aspidosperma scaffold
Catharanthus roseus

Figure6 Examples of tsictosidine derived scaffoldsn C. roseusnd related plants
Secologanin and tryptaminare condenseé by strictosidine synthse (STR) to form strictosidine.

Strictosidine is deglycosylated by strictosidineb-glucosidase (SGD) and rearranges to 4;21
dehydrogeissoschizine whidarms thestructural basis for different of alkaloid backboneis multiple
plant speciesSrictosidine derivedVIA scaffoldsin C. roseusire represented by serpentine (corynanthe
scaffold), catharanthine (iboga scaffold) andvindoline (aspidosperma scaffold), hile Rauwolfia
serpentinecontains for exampleéhe MIAyohimbine (also corynanthe scaffold) and ajmaline (ajmalan

scaffold).Vinca minora close relative of. roseuscontains the MIA vincamine an eburnamine scaffold.
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1.1.7 Vindoline biosynthesis i€atharanhusroseus

Vindoline is one of the precursors for vinblastine production, and is widely used in semi
synthesis of vinblastine by chemical coupling with catharanthine. Vindoline is derived from the
simpler precursor tabersonine, which is produced from sigiline aglycone in a pathway
uncharacterised to date. Tabersonine is then derivatised to vindoline through a series of
tailoring reactions. During the course of this work a vindoline biosynthesis gene was
discovered, so vindoline biosynthesis and the egeand enzymes involved will be introduced

here in more detail, presenting the state of knowledge at the start of this work.

The biogenic origin of the alkaloid vindoline from the precursor tabersonine and their shared
terpenoid origin has been a focus wivestigation since the 1960s, beginning with feeding
studies using isotopically labeled substrates and the isolation and characterisation of
intermediates and end product&. Early research into ¢hpathway leading from tabersonine

to vindoline established a set of necessary reactions and a conclusive order of thos¥.steps

After initial hydroxylation of tabersonindy tabersoninel6-hydroxylase (T@H) 442, the
resulting 16hydroxytabersonine is <{ethylated by 1éhydroxytabersonine 16>
methyltransferase (160MPfto form 16 methoxytabersonineThe next reaction, which yields
the product 16-methoxy-2-3-dihydro-3-hydroxytabersoning is a formal hydrationof 16
methoxytabersonine The gene or genes responsible for this transformation were unknown at
the start of this thesisSubsequentlyan N-methyltransferase (NMT¥ catalyses methylation

of the indoline nitrogen. Bsacetoxyvindolinethe NMT productis further hydroxydted by
desacetoxyvindoline #iydroxylase (D4H}* to form deacetylvindoline andnia final step,
deacetylvindoline is @cetylated by deacetylvindoline acetyltransferase (DAT)o vyield

vindoline(Figure7).
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16-hydroxy tabersonine

160MT

16-methoxy-2,3-dihydro- bbb
3-hydroxytabersonine

NMT

desacetoxyvindoline deacetylvindoline vindoline

Figure7 Vindoline biosynthesis enzymes known at the start of thisrk
Starting from the substrate tabersonine, the steps of vtk biosynthesiknown at the start of this

work werethe oxidation of tabersonine by tabersonine-hgdroxylase (T16H) and methylation of the
same position by LBydroxytabersonineO-methyltransferase (160MT). After one or possibly two
unknown step the biosynthesis proceeds with the methylation by -Bgdroxy2,3-dihydro-3-
hydroxytabersonineN methyltransferase (NMT), hydroxylation kgesacetoxyvindoline -iydroxylase
(D4B and ends with a final acetylation by deacetylvindolin®-4cetyltransferase (DAT

1.1.8 Localisation of alkaloid biosynthesis in Catharanthus roseus

The localisation of MIA biosynthesis has been studigd.iroseusvith three cell types known

to be involved in this pathwayrhe very early steps of seaidoid production are localised to

the IPAP cells and most likely the intermediate loganic acid is imported into the epidermis
(Figure8) ?°. In the epidermis, tabersonine, catharanthine and other alkaloids are produced. A
large proportion of catharanthine is actively exported ag ABC transporter out of the
epidermis to a waxy outer layer of the I€8&f Other end products of the alkatbbiosynthesis

of C. roseusuch as serpentine and vindoline are stored in the vacuole of the mesophyll. The
application ofcarborundum abrasiorio C. roseudeaves, yieldindeaf epidermis enriched

extracts demonstrated an accumulation of tabersonine ah@-methoxytabersonine irthis
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fraction suggesting an epidermal location of the two initial steps in vindoline biosyntHesis
While transcripts of NMT are primarily found in the epiderfiiithe two last steps carried out

by D4Hand DATare localised to the specialised mesophyll cells the idioblasts and the laticifer
making desacetoxyvindoline the most likeltransported intermediate *° (Figure 8).
Consequently, all current models of alkaloid biosynthesisCinroseusnvolve a complex
network of biosyithetic intermediate transport. This is true for the early part of the pathway,

strictosidine productionas well as later partikie the vindoline biosynthesis.

) Internal Phloem
gera_nlol Associated Parenchyma
\ 4
loganic acid

|

tryptophan loganic acid Epidermis
v

tryptamine secologanin

strictosidine

A .
tabersonine catharanthine

v
desacetoxyvindoline

Figure8 Localisation of alkaloid biosynthesis i@. roseusn three cell types

Localisation of alkaloid biosynthesis@roseuseaf, modified after*®° Three cell types are involved in
alkaloid biosynthesidzarly steps of iridoid biosynthesis are localised to theernal phloem associated
parenchymawhile later steps ee localised to the epidermisThe epidermiss also the main site of
tryptamine biosynthesis and the early steps of vindoline biosynthesis. Only the last two steps of
vindoline biosynthesis are located at specialised cells at the leaf body mesophyll (laticifer and idioblast
cells). Furthermore the ndicinaly important bisindole alkaloids vinblastine and vincristine are
predomiantly found in this cell typeSolid arrove represent single steps while dotted arreuwndicate

multiple enzymatt steps.
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1.1.9 Function of alkaloids irfCatharanthusroseus

Studiesinto the native biological function of. roseuslkaloids are hindered by the lack of its
natural aggressors. Alkaloids such as catharanthine and vindoline, which account for the
largest amount of total alkaloid content i@. roseusare produced by the lpnt as part of
normal development. Yet under certain stress conditions, mimicked by application of methyl
jasmonate and other elicitors, production of these alkaloids increases up to 3@8ldThis
observation has led to different hypotheses regarding the function of alkaloid ioseus
defence against pathogen and herbivore attack. It has been suggested that glucosyl
intermediates of alkaloid biosynthesis, such as strictosidine, are inactive alkaloids that are
stored in the vacuole to be reactivated by formation of the aglycone, which is a highly reactive
and therefore toxic compound. Such storage of inactive compounds, thateamzymatically
activated by deglycosylation upon pathogen attack, are well known in plants for example from
the glucosinolates of the Brassica speciesin C. roseughe resulting aglycone is a highly
reactive dialdehyde that causes protein crosslinking and precipitation. Therefore, it was
suggested that it mightesve as a defence system or may reduce the nutritional value of the
plant for the attacking herbivoré. In other studiesC. roseugxtracts and their antimicrobial

and antifeedant potential has been investigateédand it has been found that deglycosylated
strictosidine was active againhseveral microorganisn®S. Catharanthine, which accumulates

at the C. roseugeaf surface in concentrations of 14 pg to 23 pg per amas able to inhibitn

vitro the growth of fungal zoospore$liytopthora parasiticaat comparable concentrations.
However commercially availablBhytopthoraresistant and unresistanC. roseusvarieties
contain similar levels of catharanthine suggestingnare complex mechanism dh vivo

disease resistanc®.

1.1.10 Summaryof MIA biosynthesis irCatharanthus roseus

More than six decades of research iffo roseusave helped to draw a picture of alkaloid
biosynthesis including many of the individual pathway enzymas$ e@orresponding genes
(Figure9).
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Figure9 Characterised genes of alkaloid biosynthesisdnroseus
Genesof the monoterpene indole alkaloid pathway . roseugpublishedas of May 2016Missing

genesare represented byquestion marks. Bshed arrowsindicate unknown numbers of enzymatic
steps. Black top row arrowsrepresent methylerythritol phosphate (MEPpathway, the upstream
terpene biosynthesis geneB XS, deoxyD-xylulose 5phosphate synthase DXR, ddeoxyD-xylulose
5-phosphate reductoisomerase; CMSdibhosphocytigl-methylerythritol 2phosphatesynthase; CMK,
4-diphosphocytidyR-GmethytD-erythritol kinase; MCS, 2@ethylkD-erythritol 2,4cyclodiphosphate
synthase; HDS, GCPE protein; HDRydroxy2-methyltbutenyl 4diphosphate reductase; IPI, plastid
isopentenyl pyrophosphate, dimethylallyl pyrophosphate isomerase; GPPS, ggayghosphate
synthase and GES, plastid geraniol synthase. Botiwarrepresentiridoid biosynthesis geness8H,
geraniol 8hydroxylase; GOR;l8/droxygeraniol oxidoreductase; ISY, iridoid synthase; 10, iridoid oxidase
(CYP76A26); 7TDLGT, Uidkcose iridoid glucosyltransferase; 7DLHiebxyloganic acid-Aydroxylase;
LAMT, loganic acid methyltransése and SLSecologanin synthas®edarrows represent downsgam
alkaloid biosynthesis genesTDC, tryptophan decarboxylase; STR, strictosidine synthase; SGD,
strictosidine b-glucosidase;THAS, tetrahydroalstonine synthase; T19H, tabersonine/lodtiner 19
hydroxylase (CYP71BJ1) aMAT, minovincinine 1BydroxyO-acetyltransferase. Blue arrow represent
vindoline biosynthesis pathway:16H1, tabersonine 1Bydroxylase 1 (CYRD12); T16H2, tabersonine
16-hydroxylase 2 (CYP71D351); 160MT -hydroxytabersonine O-methyltransferase; T30 16
methoxytabersone dxigenase; T3R, IGethoxytabersonine 3eductase NM, 16methoxy-2,3
dihydro-3-hydroxytabersonineN-methyltransferase; D4Hdesacetoxyvindolingl-hydroxylase andAT,

deacetylvindoline 4-acetyltransferase.

28



1.2 Available sequence resourcdsr Catharanthus roseus

The following section summarises the sequence resources available at the start of this work.
Since the discovery dhe medicinal value o€. roseusinterest in the elucidation of the MIA
pathways has led to the application of available sequencing technologies to this model
medicinal plant. The result has been insights not only into alkaloid biosynthesis but also into

areas such as the transcriptional regulation and transport of secondary metabolism.

1.2.1 Catharanthusroseusexpressed sequence tags

Expressed sequence tags (ESTspanerated by sequencing randomly selected clones from a
cDNA library. The resulting sequas are relatively short with only 500 to 800 $pThe NCBI
EST database reports 20,168 ESTE€ #iraranthus roseusThe first ever reported EST datasets
for C.roseustwo cDNAlibraries of leaf base and root tip tisséie did not succeed in capturing
the majority of known genes of MIA production i@. roseus However, in 2008 the
identification of the geneencoding loganic acid methyl transferase (LAMT), a major pathway
step in the MIA pathway o€.roseus was reported. This discovery utilised an EST dataset
generated using leaf epidermis tisstfeSince many steps of MIA biosynthesis are known to be
localised to this tissue, the epidermis ©f roseusas been of special interest for investigation
into alkaloid biosynthesis. It was shown that it is indeed the preferred site for the production
of precursors of vindoline biosynthesis* as well as the site of predominant expression of
other MIA genes such 83DCSTRand SLS>%C

The same EST set helped identifyhi@roxytabersonine @nethyltransferase X60MT), the
second enzymatic step in vindoline biosynthesi€imoseus* after several previous attempts

to clone 160MTfrom C. roseusising homology based methods or protein purification had
failed 662 Ultimately the discovery of further pathway genes such as that of a transporter
involved in catharantime transport*® and that of7-deoxyloganic acid hydroxylaseQLH , a

key step in the secoidoid pathway, were guided by the knowlezlgf the high expression in

epidermis tissue.

The results of the analysis of the same EST dataset also facilitated the cloning of a gene that,
when functionally expressed in yeast, results in the preferential accumulatioraofyrin over
i -amyrin. Consideng its predominant expression in the leaf epidermal cells, combined with

the knowledge that the main triterpene froi@. roseuaursolic acid, is derived from amyrin and
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is exclusively secreted to the cuticular wax layer, strongly suggestshis geneis amyrin
synthase®*54. The first of thetwo publications additionally reports the discovery of amyrin
oxidase (AO), amultifunctional G28 oxidase that catalyses the subsequerduccessive
oxidationst SF RAy3 (2 (KS LINE RdzOdnyihyagaid ExplaitiNgithef A O
mentioned EST data to search for candidate genes with high expression in leaf epidermis of

C.roseus®.

1.2.2 Catharanthus roseus transcriptomic data
All transcriptomic data available f@. roseust the start of this work wade novoassembled,
as no reference genome fa€. roseusvas available. The NCBI sequence read archive (SRA)

contains 6%entries forC. roseuss of May 2016.

The transcriptomic data set used in this thesis igobhust set of annotated transcript
assemblies o€ roseuslt is publicly availablat http://medicinalplantgenomics.msu.edu/The
development of thisMedicinal Fant Genomics Resour¢®PGRWwas facilitated using isolated
RNAfrom a broad range of cell typg3ablel), from whichcDNA librariesvere constructed
and then sequencedsing thelllumina sequencing platform witkingle endreads and a read
length of 36 bF®.
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Tablel Tissues and treatments contained in MPGR transcriptomic dataset

This set is derived from 23 differef. roseusissues and/ or treatment§°. Suspension cultures were
treated with 0.3 mg/ml yeast extract (Yi©) different amounts of time. t8rile seedlings and hairy roots
were incubated with 10QuM methyl jasmonate (MJA) for different amounts of time TheTDQ hairy

roots arelines with silencedryptophan decarboxylasexpressiorf®. The RebH hairy rodine expresses

a bacterial halogenasé’. In bold are recalculated transcriptomes on the basis of t@e roseus

genome®®,

Number | Tissue/ experimental condition
1 Flowers

2 Suspension culture YE 6 h

3 Suspension culture YE 12 h

4 Suspension culture YE 24 h

5 Sterile seedlings MeJA O h

6 Sterile seedlings MeJA 6 h

7 Sterile seedlings MeJA 12 h

8 Sterile seedlings MeJA 24 h

9 Sterile seedlings MeJA 5 d

10 Sterile seedlings MeJA 12 d
11 Sterile seedlings (control)

12 Suspensio culture (control)

13 Mature leaf

14 Immature leaf

15 Stem

16 Root

17 Wild type hairy roots

18 Wild type hairy roots MeJA O h
19 Wild type hairy roots MeJA 24 h
20 TDCi hairy root

21 TDCi hairy root MeJA 0 h

22 TDCi hairy root MeJA 24 h

23 RebHhairy root

Two additional sources are also available. Firstly, Cathaftyg://(vww.cathacyc.org)
provides a platform on whiclC. roseudranscriptomic data is linked to metabolic pathways

and offers tools for their visualisation and analy8is It conprises two newly generated
transcriptomic datasets as well as the compl€eroseusranscriptomic data from the MPGR
consortium mentioned above. Recalculating the FPKM values, the obtained expression data is
comparable between both applied datasets. Tthéga is easily accessible for individual genes.

Secondly, the Canadian based Phytometadyttp{/www.phytometasyn.org) provides a
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further source with 74 plant transcriptome assemblies of which 9 belonGatbharanthus?™.
Here different members of th€atharanthusgenus such a€. longifoliusand C. ovalisare

reported.

After the C. roseudraft genome assembly became available raw data of 8 tissues of the
original MPGR data sefdblel) was aligned to the genome and used to recalculate expression

(FPKM) for those 8 transcriptom&s

1.2.3 Catharanthus roseus genomic data

In 2014 the genome of coffeeCoffea canephorajvas published™. Belonging to the same
plant oder asC. roseughe Gentianalescoffee also contains alkaloids. Yet the coffee alkaloids
are produced by substantially different biosynthetic pathways and homologi€s toseugsre
very unlikely.C. roseuselongs to the plant family Apocynaceaenlfpone other genomic
resouice for plants of the Apocynaceae familyaigilable, a0.5 x genome ofthe common
milkweed 2. Sequene data for the C. roseusplastid genomes available’®, but no nuclear

genomic data foCC. roseusvas available at the start of this thesis.

1.3 Coexpression analysis for gene discovery in plant secondary metabolism

1.3.1 General aspects of eexpression

Gene ceexpression describes the similgriof gene expression patterns under various
conditions. Functionally related genes, such as the genes belonging to a metabolic pathway,
often display ceexpression making KS G 3IdzAf G o0& | aa20AlF0A2y¢E
gene discovery®. Many examples for eexpression of specific pathways pnmary "¢ and
especially irsecondary metabolism exist such as anthocyanin biosynthegistimaliana’®, or

the production of monoterpenes iA. thalianaflowers?”.

1.3.2 Aspects of caexpression analysis specific to Catharanthus roseus

Global ceexpression analyses are possible for model plants suck\.athaliana where
hundreds®® of datasets are available and can be computationally miffeéorC. roseugar
lessresources are available. However, a dataset composed of 23 tissues and treatments was
established in 201% and careful analysis has led to a number of gene discoveries in alkaloid
biosynthesis inC. roseus®’ as thispathway displays strong eexpression at least in its

upstream regiorf®.
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However, this datasef® has its limitations. Out of the 23 tissues of this set, 11 are obtained
from tissue cultures such as hairy root cultureslauspension cultures. This is due to the fact
that a lot of early research focused @h roseugell and tissue cultures for both practical and
commercial reasond Both systems are relatively easy to maintain and can be scaled up to
demands. The biggest advantage is however the ipiigg to genetically modify these
systems. Successful examples are the overexpression of transcription factor ORCAZ2 in cell
suspension cultures to study its effect on alkaloid productfbor the silencing of tryptamine
biosynthesis in hairy roots, a tissue that is also included in the transcriptomic d&taset
explore the ptential of producing nomatural alkaloids by feeding alternative substrafés
Nevertheless, limitations of cell and tissue cultsirare apparent. Apart from their instability
and fluctuation in alkaloid quantity over tinf@ most suspension cultures producaly the
MIAs ajmalicine and serpentine. Hairy roots additionally produce tabersonine and
catharanthine, but both systems lack the ability to generate the full spectrum of different
alkaloids produced by whole plants. Most importantly the medicinally vaduaitkaloids
vinblastine and vincristine cannot be obtained frath roseuscell cultures or hairy roots
because of their lack of vindoline production. This has an important implicatieexmession
analysis of transcriptome data obtained from tissueshwiiconsistent vindoline production

are consequently an unreliable source for gene discovery in vindoline biosynthesis.

1.4 Virus Induced Gene Silencing

While techniques such as -®xpression analysis provide candidates, further investigation of a
possible imolvement of these identified candidates in alkaloid biosynthesis requires additional
experimental tools. Classical functional genomic studies for the rapid analysis of enzymes rely
on loss of function techniques such as the generation of knockout mut&otsmany non

model organisms, such &3. roseusa reliable protocol for stable genetic transformation is
lacking. Alternatively Virus Induced Gene Silencing (VIGS), a transient posttranscriptional gene

silencing technique, provides a system to asses f@metionin planta

Virus induced gene silencing (VIGS) utilises the RNAiI mechanism for the sequence specific
down regulation of protein expression. Infection of plants with a viral vector, which
additionally carries part of a host plant gemesults insequencespecific post trangiptional

gene silencing (PTG%) The technique xploits the fact that plants defend themselves against

viral infection by targeting the virglenome for sequecespecific degradation Double
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stranded RNA (dR&NA)is producedduring viral replicatiorby RNApolymerase from the single
stranded viraRNA. The dsRNArmcognsed andcleaved byDICERspecific enzymethat are

part of the plans defence response. Bse enzymes degrade the dsRNA to form 21 to 30
nucleotide long smalhterference RNA (siRN&) The siRNA is subsequently incorporated into
the RNAInduced silencing complex (RISC) which uses them asldempo recognise
complementary messenger RNA (mMRNA). Argonaute proteins, which form a part of the
multiprotein RISC complex, cleave the identified specific miRNBoth virus and lant mRNAs
targeted in this manner are degraded, consequently leading to reduced adatiom of
specific transcripts, reduced translatiaand ultimately to a knockdown phenotypeof the

targeted hostgene®.

One of the most widely applied VIGS techniques emphaysbacteriumtumefaciengo infect

the host plant with Tobacco Rattle Virus (TRVMain advantages adpplyingTRV, apart from

its large host range, are its limited visual symptoms on the intebtest plant and the ability of
TRV to infect cells at an early tingmint in their development and differentiation and
subsequently to start gene silencing before large amounts of the target protein are produced
by the cell. Additionally, unlike most other plant viruses, TRV is tabj@netrate growing
points in plantsand is therefore able to not only spread by transport but alsocbif to cell

distribution via cell divisior?’.

TRV is a bipartite positive senBNA virughat consists of RNA1 and RNA2. RNA1 encodes
several genes including eeplicag andproteins involved in viral movemerthat allow long

distance movement of RNA1 in the plant and systemic infection without the requirement of
RNAZ22 RNAZincludes aviral coat proteinwhich can encapsulate both RNA1 and RNA2. Most
importantly RNA2 was engineered to contain a multiple cloning site to allow insertion of target
gene sequence from the host plaft The TRV RNA1 and RNA2 were each cloned between
cauliflower mosaic virus (CaMV) 35S promoter and a nopaline synthase (NOS) terminator of a
T-DNA vector. This binary shuttle vector is able to replicate in Bottoliand inA. tumefaciens

8 The resulting plasmids pTRV1 and pTRV2 have been used for successful gene silencing in a

diverse range of plants such as tomdtoopium poppy’* and barley*.

To nfect plants,A. tumefacienscultures carrying either pTRV1 or pTRV2 are mixed in equal
amounts and used for infiltration of a host plarfigure 10). Once the IDNA has been
integrated into the host plant genome and transcribedl b § KS K2 ad LX I yiQa wb! LR

formation of the syemic virus occurs and the amiral RNAsilencing pathway is induced.
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Figurel0 Schemaic overview ofagrobacterium mediated TRV gene silencing in plants
Short segments @ually 208400 bp) of candidate genes are cloned into the pTRV2 veCtompetentA.

tumefaciensvas transformed with the pTRV2 vectmmd mixed with a second. tumefaciengontaining
the pTRV1 plasmid. Plants are infected with the mixed Agrobacteriuturesiiby pinching (forceps or

syringe). Other methods include drenchitigr biolistic method$*. Figure rodified after®®.

1.5 Gene clustering iplant secondary metabolism

¢ KS (SN % definedSaNgBypof genes that are functionally relatedregulated and

often transcribed as a single messenger RNA (MRNA). Operons were thought to be restricted
to prokaryotic organisms with only a few exceptions, such as the biotithagis pathway of
yeast®” or the major histocompatibility complex in humatfs However it was shown that for
example filamentous fungi harbour a rich and diverse range of gene clusters that produce

secondary metabolites, many of whitave antimicrobial and antibiotic functidh

The recent discovery of a relatively modest number of secondary metabolite gene clusters in
plants has stirred great attention and has been discus€&d*and reviewed1°%1%to a great
extent. Plant metabolic gene clusters are now known Various plants and a variety of
different secondary metabolites, with terpenoid clusters being the most abundBaiblé2).

Much of the excitement generated by the discovery of plant gene clusters is due to the
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consideration thatthe discovery of such gene clustering in plants could enable efficient

elucidation of complex specialised biosynthetic pathways and circumvent the current laborious

process of plant gene discovery.

Table2 Examples of known plantezondary metabolite cluster

Table modified aftet®>106

plant class/ secondary metabolite reported
maize Zea mayssp.) benzoxazinones (bx cluster, DIBOA, DIMBOA) 1997
cassavaNlanihot escolenta cyanogenic glucosides/ linamarin and lotaustralin 2011
sorghum Sorghunbicolor) cyanogenic glucosides/ dhumr 2011
lotus (Lotus japonicus) cyanogenic glucosides/ linamarin and lotaustralin 2011
poppy Papaver somniferujn alkaloid/ noscapine 2012
tomato (Solanum lycopersicum | alkaloid/ sterodial glycoalkaloids 2013
potato (Solanum tuberosuin alkaloid/ sterodal glycoalkaloids 2013
variousSolanunssp monoterpene 2013
rice Oryza sativa diterpene/ phytocassane (chromosome 2) 2009
rice Oryza sativa diterpene/ momilactone (chromosome 4) 2004
oat (Avenassp) triterpene/avenacin 2004
lotus (Lotus japonia) triterpene/ lupeol 2013
thale cress (Arabidopsis thaliana| triterpene/thalianol 2008
thale cress (Arabidopsis thaliana| triterpene/marneral 2011
variousEuphorbiaceassp. diterpenoid 2014
ricinus Ricinus communjs diterpenoid 2014
barley Hordeumvulgare 1°7 beta-diketone 2016
1.5.1 A definition of plantspecialised metabolisngene cluster
According to a recent review, a gene cluster is defineddab: &aSd 2F (62 2N Y2NB

homologous genes encoding enzymes from the same pathway (to be distinguished from the

gene clustrs resulting from tandem duplication anbose consisting of homologous geneés

105 A more detailed definition cannot be made as the plant gene clsstdentified to date

vary greatly in many aspects suchcdhsster sizethe actual number of genes, the number of

genes unrelated to the pathway contained within the cluster, theegulation of the genes,

and the order of genes in respect to the ordetlie pathway for which they are responsible. A

brief overview over a few selected gene clusters in secondary metabolism discovered to date is

given in the following section.

One of the two known rice gene clusterthe chromosome 2 cluster, inclusl@eneghat are

involved in the production of not one but two different phytoalexins, phytocassanes and

oryzalides/ oryzadione¥® These genes are differently regulated, an exception to the typically

co-regulated genes of plant gene cluster. Thee mhromosome 2 cluster contaifisur closely
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related members of the cytochrome P450 CYP76M subfar@ilyP76M®B). These four
homologous P450s have a similar buot identical substrate scop®® providing a metabolic
plasticty that might enable positive selection pressure and play a role in the further evolution
of this cluster.The second rice specialisetetabolite cluster is involved in the production of
momilactone and is located on chromosomelécontains aputative dehydrogenase gene
(AK103462 and two functionally unknown P450 gen€&YP99A2and CYP99Aogether with
OsKS4and OsCycl both diterpene cyclase genes. Together these genes form a chitin
oligosaccharide eliciterand UVinducible gene cluster involveid momilactone biosynthesis

that spans a distance of 168 kB.

The first ever secondary metaboliteluster to be discoveredin plants is much larger. It
encodesthe 2,4dihydroxy7-methoxy1,4-benzoxazir8-one (DIMBOApiosynthesisin maize

111 While six of the steps of this pathway (Bx1 to 5 and Bx8) are located within less than 300 kb
on maize chromosome 4, the sixgtep in DIMBQA biosynthesis, Bx6 is located thMb
distance while the seventh step Bx7 is located in as far as 15 Mb distance and further genes

identified to bebelonging to the same pathway are not even on the same chromosgine

The 10gene clusteffor the production of noscapinedentified inPapaver somniferurfopium
poppy) *2is one of the few so far identified clustdraplicated inthe biosyrthesisof alkaloids
Containing three O-methyltransferases, four cytochrome P450 enzymesne
acetyltransferase,one carboxyleterase and a short-chain ddwydrogenase/reductaseit

comprises five different enzyme classes on a genomic region spanning ordg.221

1.5.2 Originof plant specialised metabolite cluster

The known cluster can give insight into evolution of plant secondary metabolism. For example,
the biosynthesis of several terpenesSnlanum lycopersicura gene clusteon chromosome 8

is responsible.Notably, similar clusters could be detected at the same position on
chromosome 8 in several closely related members ofSbé&anumplant family. Thisyntheny

thus provides insight into the possible evolution of this conserved cluster by duplication and
divergence from an original set of gen&& Another particularity can be seen in the DIMBOA
cluster of maize. It originates most likely from an ancestral monocot as wheat and rye for
example are able to synthesis DIMBOA yet the gene cluster responsible is split in two parts in

the genome, most likely due to a genomic translocation evénts
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114 and can for example be observed in the biosynthesis of cyanogenic glucositesusn
japonicus the Poaceae sorghumSerghum bicolgr and in the Euphorbiaceae cassava
(Manihot esculenta In all three plants, wibh are only distantly related, cyanogenic glucoside
biosynthesis has evolved and the responsible genes are clustered. Whilafpronicusind M.
esculentathe cyanogenic glucosides linamarin and lotaustralin are biosynthesised from L
valine and lsoleucine, inS. bicolomiosynthesis of a different class of cyanogenic glucoside
starts with the precursor-tyrosine. Although the biosynthesis in all three cases requires three
steps and in all three plants species the first and third step is carriedyoatsimila enzyme (a
Cyp79 and a UGT8%)yo facts suggest a convergent evolution. Fitse gene responsible for
the second step in the biosynthesis has been recruited frwmdifferent P40 families (CYP71
and CYP736) and second, treler of the gene in theindividualclusteris very different and

does not suggest a common inheritance but rather an independent occurféhce

1.5.3 Gene clustering supporgsathway elucidation

The important crop planiat (Avena ssp). produces the defence compounavenacin, a
saponin triterpene. Originally a mutant population was screened for saponin deficient (SAD)
plants and it was shown that nine out of ten SAD mutantsegregate suggesting a close
physical location of the responsible genes in the gendtheOver the following years much
could be revealed regarding the location, but aidentity and function, of genes involved in
avenacin biosythesis.h I Gamyrin synthaseAsbASi1&ncodes for the first committed step in

this biosynthetic pathway. Genetic and biochemical analysis indicatedd8t@4S1s located in

the linkage group D of the diploid oat genome together with at least three ot@res
required for distinct biochemical processes in avenacin synthesis, forming a gene cluster that
had not arisen from simple gene duplication of a common ance&tor More precise
information on the exact location of the genes involved in this cluster gene could be obtained
by the addition of BAC data realing that the first two steps of avenacin biosynthesis, the 2,3
oxidosqualene cyclisation byl Y& NRA Yy & @ y (i kaiydirSoxidageRre |Gckt&l within

70 kb on the oat genom&?8 119 A further methyltransferase gene, responsible for the SAD 9
mutant could also be linked to this clustét®® and ultimately the clustekknown to date
comprises five genes, representing five of the original ten sad mutants (SAD 1, 2, 7, 9 and 10)
whose identity and function in avenacinoBynthesis could be uncovered. These discoveries
highlight how gene clusters streamline the functional retuéerisation of plant metabolic

genes.
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1.6 Aim of the work presented in this thesis

The highly complex secondary metabolite pathwayCofroseusleading to the production of
valuable anticancer compounds, has been the focus of research for decades. Ndesghe

not all enzymatic steps involved in the biosynthesis of the complex alkaloids have been
discovered. Full understanding of the entire pathway would enable the production of these
compounds in alternative hosts as well as the targeted enzymatic mafincof individual
compounds, allowing for the rapid expansion of the existing plethora of natural products from

C. roseus

The recent acceleration of sequencing approaches to obtain plant genomic data has driven the
discovery of a number of metabolic geplusters involved in a variety of secondary metabolite
pathways in a range of plants. In parallel, the availability of transcriptomic datasets has

allowed the application of cexpression analyses to identify new genes.

This thesis aims at coriming co-expression analysis, which has aided discovery of genes
involved in plant secondary metabolism in many plant species, with the investigation of
potential gene clustering of th&€. roseusMIA pathway. The objective is to discover and
characterisein vitro missing steps in the alkaloid biosynthesisGn roseusas well as to

functionally validate the involvement of genigsplantain this secondary metabolic pathway.

Co-expression analysis has been used to successfully identify a missing step in vindoline
biosynthesisusing existing transcriptomic resourc®s The second part of this thesis describes

the generationof newly established genomic resources, selected BACstlandirst draft
genome, forC. roseuslt describes thebioinformatics analysis of the obtained data and

subsequent confirmation usindgCR from genomic DNA.

Chapter Il validates thim plantarole of two functionally identical alkaloid pathway genes in
C.roseusleaves applying VIGS. presentsand discusseshe results of experimental data
obtained from determination of silencing success applying gRTORGRGS tissuas well as

comparing,GMS measurements of leaf extracts of silenced and unsilenced caissaks.

Chapter 1l reports the discovery and cheterisation of a missingstep in vindoline
biosynthesis. Coexpression analysis results in gene candidates and VIGS is applied to establish
their involvement in vindoline biosynthesis. A positive candidate is identified and characterised
using a yeast expssion system. The chaptdiscusses the implications of an obsennedivo
rearrangement of the product of this step.
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Chapter IV reportghe newly establishment and analysis of genomic resources including
genomic data and BAC datehergenomic contexof alkaloid biosynthesis investigatedand
further researchis presented. fie extent ofobservedgene clustering in MIA biosynthesis

C.roseusconsidering the quality anguantity of the available daté& discussed

Chapter V presents an overview @f VIGS experimentthat were discovered byeither co-
expression analyses or genome mining and highlights some of the most promising outttomes.

also presents an approach to improve the existing VIGS protocol.

The overarching theme of this research is uglise existing transcriptomic and newly
developed genomic resources in the task of gene discovery in secondary metabolism in the

medicinal model plan€ roseus
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2 Investigating thein planta role of two C roseusenzymes

with identical in vitro function

Part of this work was initiated as a collaboration with the group of Vincent Courdavault,
University of Tours, France. VIGS constructs were designed, VIGS experiments and
metabolite analysis as well agRT PCRf the target gene and pathway related gesewere
performed by Franziska Kellner. The results of this work have been publisheéd ifhe full

publication can be found at the end of this thesis.

2.1 Introduction

The medicinal plat C. roseusknown for its production of the two valuable awthncer
compounds vinblastine and vincristine, has one of the most extensively studied secondary
metabolite pathways. More than 130 different monoterpene indole alkaloids (MIAs) have been
reported for C. roseus®. Despite decades of research that have shed light on the complex

biosynthesis of MIAs, not all enzymatic steps are known.

For many normmodel organisms, siicas C. roseusa reliable protocol for stable genetic
transformation is lacking. Therefore to validate or functionally characterise steps of alkaloid
biosynthesis alternative tools have been developed such as Virus Induced Gene Silencing
(VIGS). VIGS idransient posttranscriponal gene silencing technique thptovides a system

to assess gene functian planta

2.1.1 Virus Induced Gene Silencing@atharanthusroseus

VIGSirC.roseug & FANBG Sadlof AAKSR o0& 5 NByadpingS [ A a
the gene silencing technique that had been shown to be functional in various pfants

Tobacco rattle virus [\ was chosen, astas known thalC. roseuss susceptible to infection

with this virus. To assay successful silencin@.imoseusyoung plants were pinched withA.
tumefaciendransformed with a plasmid harbouring a segment of @eoseuphotoporphyrin

IX magnesium @atase subunit IChIH (Figurell).
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Silencing of this chlorophyll biosynthetic gene should result in a lack of chlorophyll production,
and consequently a yellowing of the leaf. SilencingCbiHhad previously been useih
Nicdiana benthamianaas visual markef??. As seen inFigure 11, the yellowing, which
indicates successful gene silencing, is not restricted to the leaf tissue. Although not reported

for C.roseus specific geneilencing for flower or pericarp is possible.

Figurell C. roseuphotoporphyrin IX magnesium chelatase subunit H (ChIH) silencing
An 1tweek oldC. roseuplant three weeks after inoculation with. tumefaciensarbouring the MBS

vector for silencingC. roseus ChlH he visible yellowing affectthe leavesabove the pinching sitas
well asstem, sepals and pericarplowever, the silencing effedoes not spread into tissue beneath the

pinching site.

2.1.2 Optimisation of VIGS i€atharanthus roseus

Virus induced gene silencing@ roseusas been streamlined by the introduction of theacil

excisionbased clonindUSER cloning) methdé to the established VIGS pTRV2 vecidris

ligation-independent cloning technique utilises PCR primers that contain a single deoxyuridine

NB & A RdzS el TNd sbdeduentpti@atment of the PCR produsith UracitSpecific

Excision ReagefUSERenzyme leads to the generagio 2 ¥ y ydzOf S20A RS 0Q 2 @3SNK
overhangs complement the ends of a USER comige lineari®d vector allowingfor

transformation of E. coli without prior ligation For this purpose a new cassette had been

introduced into the pTRV2 vector that facilitates rapid cloning with the newly created pTRV2u

vector®.
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2.2 Results and Bcussion
The enzyme tabersonine I6/droxylase (T16H), a cytochrome P450, synthesises the first
committed step of vindoline biosynthesis i@. roseus hydroxylating the biosynthetic

intermediatetabersonine at the 16 position of the inbtk ring Figurel?).

N
H  COMe N

COzMe
tabersonine 16-hydroxytabersonine

Figurel2 Tabersonine 1éydroxylase reaction catalysed by T16H

Given the importance of vindoline in the production of the azdgncer agent vinbldige, there

has been great interest in elucidating all of the biosynthetic enzymes that convert tabersonine
to vindoline. In 1999 a gene encoding T16H was successfully cloned from a light and nutritional
downshift inducedC.roseussuspension culture lin€P3a by the group of Schroedérit was
discovered after previoususrose density gradiententrifugation revealed a subcellular
localisation at the endoplasmic reticulurauggesting it to be a cytochrome P45%.
Tabersonine 1éydroxylag (T16H) was able to catalyse the conversion of tabersonine-to 16
methoxytabersonine when cexpressed with the partner P450 reductase (P450red) as a

translational fusion irkE. coli

This gene was shown to be expressed in the epidermiS.abseudeavesusing RT PCR of
isolated epidermal cell¥. The presence of 16Hin an epidermis enriched EST data ¥atas
consistent with these results. However, when the group of Vincent Courdavault (University of
Tours, France) attempted to demdrate the localisation off16Hin C. roseudeaves using
RNA in situ hybridéion, the gene could not be detectellore careful analysis led instead to
the discovery of &16Hlike gene T16H2 inC. roseueaves with high sequence similarity. The
two T16H genes, T16H1(the gene identified in 1999) an@il6H2,share 86.5% nucleotide
identity. A C. roseusxpression data set available at the tirfieis not precise enough to
distinguish between both isoforms. Therefore, theoeession profiles oT16Hland T16H2are

not accurately represented in this dataset, making it challenging to understand the function of

these two isoformsKigurel3).
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Figurel3 Expression off16Hand other vindoline biosynthesis genes
Expression value$ (2 3 i Xfor thacontig thatrepresents bothT16Hversions and all other at the time

known vindoline biosynthesis genes in the tissues: A (flower), B, C and D (sterile seedlings treated with
MeJA 0, &nd 12 h), E (mature leaf), F (young leaf), G (stem) and H (root) according to the data obtained

from (http://medicinalplantgenomics.msu.ed/

2.2.1 Mapping transcriptomic raw data to bothTr 16Hindividual ORFs

Read mapping is a method used in bioinformatics wkich short raw reads from
transcriptome sequencing are aligned to a reference sequence such as the open reading frame
(ORF) of a gene. The different amount of matching reads for each reference sequence

represents their individual abundance and can be usechlculate gene expression values.

As mentioned above the expression Ti6H1and T16H2was not individually represented in

the transcriptomic data set available at the tinfe In order toinvestigatethe individual
expression of each of the highly similar versions of T16H mapping of raw reads of three
transcriptomic raw data sets was performed. According to data obtained from mapping the
raw reads the expression off 16H2and T16H1differs quite significantly in differértissues.

For the mapping two sources were used. The raw data of two tissues ofCthenseus
transcriptomic data set made available by thiedicinal Plant Genomics Resoui@®¢PGRY®

and one tissue (leaf) from a second dyu® (Phytometasynhttp://www.phytometasyn.caj.
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The quality and amount of raw data is different for both studies with the first one being
composed of only single reads with 35 bp read length and considerably less coverage. However
the data conclusively supports thatl6H1is expressed at negligible leveisleaf tissues of
C.roseus while T16H1is clearly the predominantly expressed version in flowers and

suspension cultureTiable3).

Table3 Distribution of mapped reads folf 16Hland T16H2in different C.roseustissues

Tissue Source Number of raw | Reads mapped to| Reads mapped tc
reads T16H1 T16H2
Flower SRX047002 31,645,190 15259 6333
Suspension Cultur{ SRX047006 26,234,705 725 198
Leaf SRX096098| 292,873,732 337 65339

To investigate the function of th newly foundT16Hgenein C. roseudeaf tissue, VIGS
experiments were conducted as described in the following section. Along with the enzymology
work performed in the Courdavault Group, these data demonstrate that both genes are
functional tabersonine l#iydorxylases, yet that they have undergone $ubctionalisation,

leading todifferential spatial localisation of vindoline biosyntheis

2.2.2 T16H2VIGS construct

To investigate thefunction of the newly foundT16H gene in C. roseusleaves, VIGS
experiments were conducted as described in the following sections. Even though all evidence
suggested that the previously reported T16Htvas not present in leaves the VIGS plasmid for
T16H2silencing was constructed to minimize potential cross silencing. Due to the high
sequence shilarity it was impossible to choose a region that did not contain any identical
regions between the twdlr'16Hgenes. Ultimately, the final VIGS construct contains a gene
fragment that incorporates part of the untranslated region (UTR) to maximise sequence
differences and has only a single 23 bp long region that is identical betWg2and T16H1
(Figureld).
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T16H2 [ TG- ATTGG AAACTTG-- CCAG TGAF- G 23
TG ATT G AACTT CCA TGAT

T16H1 1321 CATTTGCTTTGGCTAATATAGAATTGCCATTAGCACAACTTTOGATTTTGATTGGA380
T16H2 24 AAACAAATATTGATAAATTAGACATGACGGAGAGTAGAGGGGTAACAGTTAGAAGEEGAAG
AA CAAATATGA AAATTA A ATGA GAGAGTAGAGGGGTAACAGTTEAGAAG
T16H1 1381 AATCAAATACTGAGAAATTAAATATGAAAGAGAGTAGAGG@GTAAGGCGAGAALZ40
T16H2 84 ATGATTTGTGTCTGATTCCATTTCCTTATTCTGCTTCTTCTCTCAAAGGTAAATATI#ASGA
ATGATTTGTT TGA TCCATT TT TTCT C TCTTCTC G AAATTT A
T16H1 1441 ATGATTTGTATTTGACTCCAGTTAATTTTTCTTCCTCTTCTCCIGAAAATCTITA 1499
T16H2 144 TGGAGACAACATCACCAAATAATTGAAGACGAAGA- TTGTAGGTCATGAAT193
GA ACAA CAA AT G AG CCAGA TTT TCT T
T16H1 1500 CCGAAACAA- TTCAAGACATGGTAGTCCATGAAGGATTTTTTTTTTTTTTCTTIGHD
T16H2 194 AG TTGTCGGTCAAGAA ATGGTGGCAAAAATTGACGGAAGATTTCGTTGCTAAR48
TT TC C AGAA ATG GG AATT T GGA TT GTT T
T16H1 1556 CCTTTTTCTTACGAGAAGTCCATGAAGGATTAAGTGGA -- TTTGTTAGTTTG1609
T16H2 249 CCATF 252
CCT
T16H1 1610 CCTTTGGTAACAAGTTTGTGGATTTGTTTGTATCTAAATGAATAAAGCAATGATTIGELTC

Figurel4 Sequence identity between T16H2_VIGS construct adéH1gene
The nucleic acid segnce alignment ofT16H1and T16H2 show the single 23 bp long section

(highlighted in grey}hat is identical between the gene segment used for silenditigH2and the
correspondingT16HL gene segmentThe forward and reverse primer for cloning the VIGSstoict are
in bold.

The designed VIGS construct was used in silencing experiments on 8 we€k mdeus
seedlings. As a control, tissue harvested from plants infected with an empty vector (EV)
silencing construct was used. Silenced tissue was harvéisted weeks after infection, milled

and each sample divided into two fractions, one for RNA extraction and subsequent gRT PCR

and the second fraction to be prepared foetabolite analysis with [-MS.

2.2.3 T16H2 silencing success determined by gqRT PCR

RNA wagxtracted from 6 samples d@fl6H2 VIGS tissue and an equal amount of RNA from EV
control tissues was converted to cDNA amd6H2 gene expression was measured. An
approximately 80% decrease of transcripts in the T16H2 silenced tissues relative to the EV

controls confirmed the efficient knockdown of the T16H2 gene by Hg8re15).
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Figurel5 Silencing eféct on gene expression Gf16H2
Relative expression of16H2gene inT16H2silenced tissues compardd EV tissue (n=6). Expression

was normalised to expression of CrRA3#a presented ithe mean+ SEM

Repeated efforts to detect the presence ®16H1in the silenced or empty vector control
tissues gave only negative results. If diy6Hlexpressions present in leaves @&. roseud is

below the detection limit of the gRT PCR protocol.

2.2.4 T16H2 silencing influences leaf alkaloid content

The alkaloidcontent of C.roseushas beeninvestigatedand reported several times ovéhe

past yearst®'?5 One studyexaminesthe leaves of 64 modern commerci@l roseuwsarieties

128 reportinga large spectrum of total alkaloid concentration ranging frgupraximately 5 mg

to 0.5 mg peg dry weight?6, Although over 130 different MIAs areported forC. roseusnly

a few accumulate to significant levels@ roseusissues™. & { dzy { 2 NXFiguréd\NkeO 2 (i ¢
variety used predominaiy for this thesis accumulates 1.9 mg of catharanthine per g dry leaf

tissue and 0.8 mg per g dry leaf tissue of vindoline eathes an averagedotal alkaloid

content of 3mg perg leaf tissué?.
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Liquid Chromatography Mass SpectrometbyG1S measurements ofeaf tissuemethanol
extracts areused toexaminethe effect of silencing a specific gena leaf alkaloiccontent. As
a first analysis of the obtained datdahe peak area of theknown metabolites secologanin,
strictosidine,serpentine catharanthine, tabersoninejindolineand vindorosingFigurel6) are

investigated.

3 O H 7z N
a “H y
_O-Glc N\
MeO,C MeO,C 0 m 0% ~OMe

strictosidine secologanin catharanthine tabersonine vindoline (R = OMe)

vindorosine (R = H)

Figurel6 Chemical structures of metabolitevestigated in silenced leaf tissue

Generaly samples of between six and eight individually silenced plants are measured per
treatment. LGMS analysis of all VIGS experiments used eith&@urveyorhigh performance
liquid chromatographyHPLC3ystem attached to a DecaXPplus ion trap M&(maeFinnigan)

or a Nexera/Prominence UHPLC-TIF (Shimadzu) All compounds of interest ionise

comparably on both machines (iionel Hill, Dr. Richard Payne, personal communication

LCMS datawas obtainedas total ion chromatogram (TIQFigure 17 A). Peak areawas
calculatedfrom the extracted ion chromatograEIC) for each dhe metabolites of interest

(Figurel7 B)using the appropriate software for each instrument.
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Figurel7 Representative chromatograrof young leaf tissue oC. roseusnethanol extract
A: Representativeiotal ion chromatogram(TIC)of a C. roseust { dzy { (i 2 NMnethaniNekt@d &f ¢

young leaf tissue obtained on the-TOF mass analyser (ShimadBiRed Extracted ion chromatogram
(EICYor m/z 337 representing catharanthine and tabersonine atdi3.9 and 4.3 respectively, blue and
black EICfor vindoline and vindorosi with m/z 457 and m/z 427 respectively.C. Red: Extracted ion
chromatogram (EIQpr strictosidine withm/z 531, blue: EICfor secologanin (Naadduct)with m/z 411
and black EICfor serpentine withm/z 349.
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For the Thermedrinnigan iodrap instrumentpeak areas were calculatagsingthe Thermo,
Xcalibur Roadmap 2.2 SP1.48 software. ForlThBoF masspectrometa (Shimadzu) peak

areas were calculated using the ShimadztMSCsolution software version 3.80.409.

The extractedpeak areasare normalised ®» sample issue weight and caffeinas internal
standard Subsequently statistical analyseasused tocompare theaverage normalised peak
areas ofmetabolites in silencetb those ofempty vector control tissue® detect significantly

changes in alkaldiaccumulation.

2.2.4.1 T16H2 silencing alters vindoline and vindorosine accumulasanificantly

The hydroxylation of tabersonine at the C16 position by T16H is the first enzymatic step in the
multiple step biosynthesis of vindoline from tabersonineCinrosealeaves Chapter 1 Figure

7.

The silenced tissues of two independent VIGS expnts were analysed by HEIS using the
ThermaFinnigan iortrap instrument.Already during initial inspection of the data it became
strikingly app@rent that the vindoline peak im16H2silenced plants was reduced while at the
same time the peak for a closely related alkaloid, vindorosine was increased in comparison to
EV control samples. Vindorosine is a naturally occurring vindoline derivativdattiet the
hydroxyl moiety at carbon 16. In EV control tissues vindorosine is consistently found at lower

levels than vindoline, but iMH162silenced tssues, this ratio is reverseBigurels).
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Figure18 Comparisorof extracted ion chromatograms of 16H2and E\silenced tissues
Extracted ion chromatogramsbtained from LEMS data generated othe ThermaFinnigan iorrap

instrument for vindorosine fn/z 427) andvindoline (/z 457) A: Representative exaple of an EV
silenced plant. The vindoline peak, usually the largest peak in the chromatogram, exceeds the
vindorosine peakB: Representative example of BL6H2silenced plant. The area of the vindorosine

peak exceeds the vindoline peak.

Peak areasvere calculated fronvindoline and vindorosin&lQusingthe Xcalbur software.
Obtained data wasormalised by internal standard and sample fresh weight. Statistical
analysis was performed and confirmed the obserebange irvindoline and vindorosine
accumudtion (Figurel9). Although a strong decrease of vindoline was observed, levels of

tabersonine, the substrate afl6H were not significantly altered.
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Figurel9 T16H2silencing effect orleaf vindoline, vindorosineand tabersonine content
Relative MIA content as mean peak armarmalised by tissue weight and internal standafat

vindoling vindorosineand tabersoninein T16H2silenced plants in comparison &V control plants

(n=8). Error bars represer SEM Rvalue was calculated using $izR Styedt (F*%9<0.01, ***p<0.001).

2.2.4.2 T16H2silencing causes changes in accumulation of possible intermediates of
vindoline and vindorosine biosynthesis

The data obtained from statistical analysis of extractedkpareas of the major metabolite

clearly showed a significant decrease in the level of accumulating vindoline in favour of an

equally strong increase of a new mass thought to be vindorosine, thmathoxylated

analogue of vindoline. The levels of otherokm alkaloids that can be identified using

available standards such as secologanin, strictosidine and catharanthine, were unaffected by

silencing as no significant changes could be detected.

The order of reactions in vindoline biosynthesis is well estaddis First the C16 position is
hydroxylated by T16H and the same position is subsequently methoxylated. Although the next
step (or steps) were unknown at the time, it had been shown that the known downstream
enzymes of vindoline biosynthesMT, D4H and DAT were able to accept the 16
methoxylated and the demethoxylated tabersonine derivativ&s suggesting the observed
change in vindoline ahvindorosine levels are due to a shift in metabolic flux caused by the

silencing ofT16HZFigure20).
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NHY , T16H NHD _ 160MT NH\

OQ —'Ho—’lvleo

CO,Me CO,Me H COyMe
tabersonine 16-hydroxytabersonine 16-methoxytabersonine
Exact Mass 336.18 Exact Mass 352.18 Exact Mass 366.19
N\ l J NpH\
e (T30) ~(/
NS MeO N
H ~ CO,Me H © CO,Me

proposed at the time

proposed at the time
unknown intermediate

unknown intermediate

Exact Mass 352.18 Exact Mass 382.19
(T3 R) NH \
.,,/ 'll/
MeO /
N ’COzMe N H 'CO,Me
H HOH H HOH
desmethylvindoline 16-methoxy-2,3 dihydro-3
Exact Mass 354.19 hydroxytabersonine
N MT Exact Mass 384.20
:.,/ 'l’/
MeO
N ""CO,Me N '"CO,Me
Md1OH Md1OH
desacetoxyvindorosine desacetoxyvindoline
Exact Mass 368.21 D4H Exact Mass 398.22
W4 (n/
OH MeO OH
N L 'CO,Me L 'CO,Me
MeH OH MeH OH
deacteylvindorosine deacteylvindoline
Exact Mass 384.20 DAT Exact Mass 414.22
MeO
N
N MeHOH
vindorosine vindoline
Chemical Formula: Co4H3¢N,05 Chemical Formula: Cy5H3,N,06
Exact Mass: 426.22 Exact Mass: 456.22

Figure20 Vindoline and proposed vindorosine biosynthesis@ rogus
Vindoline and vindorosine biosynthesis @ roseusproceed from the joint substrate tabersonine.

Enzymatic steps in brackeasd the respective intermediates were not known at the time. At the time

known genedNMT, D4Hand DAThad been shown t@acceptthe 16methoxy and the unmethoxylated

tabersonine derivative&?1127
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To investigate in more detail the metabolic changes caused by silem&iBig2 automated
peak extractedwas performed on silenced and unsilenced samples)(urségthe software
XCM$Son all obtained metabdte data raw filesAll extracted peak areasvere normalised by
sample fresh weight. Interestingly, comparing the peak mean fcheaeeatment, out of 616
extractedpeaks the highest increase was thatloé vindoline pealand te largest decrease of

a extactedpeak was fothat of vindorosine, confirming the previous observations.

Vindoline and vindorosine biosynthesis proceed via several intermediate steps. None of the
intermediates accumulates 6. roseuseavesat high levelsand for none of them stastards
were available at the time. Two of the possible intermediates share the same calculated

monoisotopicmass Table4).

Table4 Intermediates of vindoline andiindorosine biosynthesis
Intermediates of vidoline and vindorosine biosynthesis with exact masses. Masses in bold occur in the

vindoline as well as in the vindorosine biosynthesis.

monoisotopic

vindoline biosynthesis intermediates mass
16-hydroxytabersonine 3521860
16-methoxytabersonine 366.1913
16-methoxy-2,3-dihydro-3-hydroxytabersonine | 384.2122
desacetoxyvindoline 398.2278
deacetylvindoline 414.2227
vindoline 456.2227
vindorosine biosynthesis intermediates

2,3-dihydro-3 hydroxytabersonine 354.1943
desacetoxyvindorosine 368.2173
deacetylvindorosine 384. 2122
vindorosine 426.2227

The dataset generated by applying the automafeebk extraction was mined for peaks of
masses corresponding to the intermediates in vindoline and vindorosine biosyntRégpise(
20, Table4). For all intermediates at least one correggling peak could be identified &ble

5).
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Table5 Peaks corresponding to vindoline andndorosine biosynthesisntermediates
Peaks extracted automatically using the XCMS software out. @éM\&Stotal ion chromatogramdata set

of EV and T16H silenced leaf tissdracts wereinvestigated for the increase or decrease of peaks of
masses that correspond to intermediatein the biosynthesiof vindoline and vindorosine. Data
presented includeghe m/z, { (i dzR Sy (i @aluei edrd df coresponding peak area foi6H2
silenced and EV silenced plants (n=8) and the calculated increase or decreasanafaiipeak area.
Grey underlined are peaks with significant changesdjue <0.05). Bold is vindoline identifiadcording

to an availablestandard.

masses corresponding to vindoline biosynthesis |masses corresponding to vindorosine biosynthesig

m/ ttest mean mean EV Increase/ m/. ttest mean mean EV| Increase
z T16H2 decrease z T16H2 decreasd

353.2108|0.01510 |0.056 0.164 {+--0.108 |355.2383(0.01334 (0.059 0.031 4-0.0278
353.2233|0.16093 |0.376 0.290 410.0864 |355.0168(0.71545 (0.113 0.106 410.0068
353.2476|0.08736 |0.216 0.333 --0.117 |355.2612(0.23687 |0.045 0.059 4--0.014
353.2497|0.26053 |0.116 0.094 410.0211 |355.3352(0.01750 [0.010 0.021 J--0.011
367.3066|0.77367 |0.436 0.414 110.0222 |369.1218(0.61415 |0.025 0.023 4-0.0018
367.219 |0.87304 |0.060 0.058 4-0.002 |369.3115|0.58344 |0.167 0.143 410.0237
385.2615|0.02374 |0.077 0.046 410.0311 |385.2615(0.02374 (0.077 0.046 4-0.0311
399.3247|0.03159 |0.026 0.083 {+-0.057 |427.2513(0.01513 [4.932 2.791 42.1409
415.2446|0.00012 (0.013 0.030 4--0.017
457.218 |0.00001 (1.275 3.025 -1.749

To further investigate this two samples of silenced and control tissue extracts were subjected
to an accurate mass analg using a Surveyor LC system attached to an LTQ Orbitrap (Thermo).
For the calculated exact masses of six of the ten possible intermediates, peaks were detected,
with correspondingnasses within a range of 3 ppiaple6). Fourof those peaks correspond

to intermediates significantly decreased in vindoline biosynthesis or significantly increased in
vindorosine suggesting a redirection of flux from vindoline to vindorosine production in

silenced leaves.
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Table6 Accurate mass analysigith Surveyor LC system attached to an LTQ Orbitrap
Accurate mass was determined of methanol extracts of T16H silenced and not silenced EV control

tissues using &urveyor LC system attached to an LTQ Orbifféyermo). Foall possible intermediates
of vindoline and vindorosine biosynthesis exact masses were calculated and compared to peaks of

accurate mass measured samples. For six masses a single corresponding peak could be detected.

Calculated| Fourd
Formula (m/z, (m/z, Error
[M+H]) | [M+HD | (ppm)

16-hydroxytabersonine| C21H24N203 353.1860 | 353.1850| 2.74
desacetoxyvindorosine| C22H28N203 369.2173 | 369.2176| 0.90
deacetylvindorosine C22H28N204 385.2122 | 385.2120| 0.48

vindorosine C24H30N20Y 427.2227 | 427.2227| 0.11
desacetoxywidoline C23H30N204 399.2278 | 399.2280| 0.42
deacetylvindoline C23H30N20Y 415.2227 | 415.2229| 0.36

2.2.5 Effect of T1L6H2 silencing on other alkaloid biosynthesis genes

The silencing off16H2gene expression was successful and led to a significant change in
metabdite profile, clearly identifying its role in vindoline biosynthesis in leave&.afbseus
Repeated attempts to quantiff 16Hlexpression failed. If it is expressed at all, expression of
this gene remained below the qRT PCR detection limit in both em@tyor and TL6H2

silenced tissues.

The change®bservedin metabolic phenotypeof T16Hsilenced tissues can be explained by
T16Hsilencing alone and do natuggestssignificant reduction in expression other MIA
pathway gene. Therefoe it can be assumethat the redirection of flux does not lead ta
possible feedback inhibition of the pathway. Insteachression of three exemplary chosen
alkaloid biosynthesis genes both upstrea@8fl) and downstream@4Hand DAT) of T16H2is
increased inf16H2silencedtissues Figure21) as if to compensate for the reduced vindoline

accumulation.

56



S 25 S 25 S 25
o 9o &
Z 2 | 4 T
o 2 o 2 T S 2 |
< I < x
O 15 1 o 15 o 15
c
c c Q
S gl S 1 S 1
2 - =
g 05 g 05 % 0.5
(] o =
T 0 |<T: 0 z 0
<
A EV  T16H2 a EV  T16H2 8 EV  T16H2
silencing target silencing target silencing target

Figure21 Gene expression of alkaloid biosynthesis gene§ t6H2silenced tissues
Relative expression aflkaloid biosythesis gene§&8H D4Hnd DATIn T16HZsilenced tssues compared

to EV tissue (n394 Expression was normalised to expression of CrRP&8. presented ishe mean

+SEM

2.3 Conclusion

A protein was discovered 6. roseudeaves with 82% identity in the deduteamino acid
sequence to the known vindoline biosynthesis gene tabersoninrbytifoxylase (T16H). The
original C. roseusT16H(T16H) gene was discovered in 1999. It had been cloned from a
C.roseussuspension culturé!. Rigorousin vivo characterisation identified the newly found

gene to be a second gene encoding a functidri&H(T16H3.

In the scope of this thesis the plantafunction and relevance of th&16F2 gene inC. roseus
leaves was investigated. It could be confirmed that indeed this m&6His responsible for
vindoline biosynthesis irfC. roseudeaves, the primary site of vindolinend subsequently

dimeric MIA production ifC. roseué’.

Successful silencing of the expression of the newly identfis@H2to approximately 20% of

the level in empty vector contidissue, led to significant changes in metabolite profile. Most
strikingly the level of vindoline is reduced by almost 60% as a result of silencing and instead,
levels of the desnethoxy vindoline analogue, vindorosine are increased by a similar amount
suggesting a redirection of metabolic flux. Vindorosine had been isolated in trace amounts
from C. roseudor the first time in the early 19608 and later research into vindoline/

vindorosine productionn C roseudinked the biosynthesis of both alkaloids.
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It had been established that the downstream vindoline biosynthesis gliE D4Hand DAT

are able to accept both the methoxylated and the unmethoxylated precursor as substrate
121127 (Figure 23). The significant reduction of vindoline biosynthetic intermediates and
increase of vindorosineniermediates support this hypotheidut since authentic standards
remain unavailable these results have to be interpreted not without caution. Despite higis, t
combined evidence of our results strongly suggest tha6H2and not T16H1is indeed the
hydroxylase responsible for the first step in vindoline biosynthesis in leaves and represents a
crucial control point determining the composition of accumulatingabtids inC. roseuseaves

and the fate of tabersonine.

An individual expression profile for the twid6Hversions was not visible in the original MPRG
expression data séf. Data resulting from the mapping of raw readstwb different publicly
available transcriptomic studie®° strongly sugests a preferential expression ®L6H2in
leaves, whilelf'16H1is the predominantlyexpressed versioim tissues like flower. The mapping
confirms thatT16H1is the dominating versionx@ressed in suspension culturdgable3d). This
tissue specific expression of botli6Hversions is in accordance with our own qRT PCR results

and the gRT PCR results obtained by our collaborators Tibkigenes in different tissue.

In retrospect, it is interesting to nof¢hat in the publication that first reports the discovery of
the T16H1gene *, the possible existence of a second closely related gene is mentioned.
Performing a genomic DNA Southern blot in this study showed hybridisation bands that led to
the hypothesis of possibly at least two closely relagghes existing. Yet given the much
stronger expression of16H1over T16H2in the cell suspension culture tissue, it is not

surprising thaff16H1rather thanT16H2was cloned.

After the C. roseugienome was sequenced, as describedCimapter 4we discoveed that
T16Hland T16H2are part of a gene pair located in close proximity next to each dthérhis
suggests a recent duplication event andl be discussed further at the correspding chapter

of this thesis.

The biosynthesis of vindoline and vindohreated alkaloids such as vindorosinednroseuss

highly complex with over 20 enzymatic steps, involving at least three different cell types, as
well as several different subdelar localisations. The discovery Bi6H2 a second functional
tabersonine 1éhydroxylase, adds a novel dimension of complexity to the already complicated

network of alkaloid production if€. roseuslt is the first example of two genes @ roseus
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that, despitecatalysingthe same enzymatic reactioaye transcriptionally regulated in a way
that determines theirindividually differenttissue dependentelevance and function. A clear
distinction has to be made to genes with a simple redundant functibe. Rerein presented
evidence clearly shows ho@. roseusises subunctionalisation of secondary metabolic genes.
Unfortunately there is no literature available that would investigate if vindorosine and
vindoline have different functions in for example protion ofthe plant from different types

of herbivores. Therefore, it can only be speculated if the differing ratios of vindoline or

vindorosine production holds any evolutionary advantage.

The deconvolution of the twd'l6Hgenes has implications for ex@le for ceexpression
analysis. A set of genes-espressed with either one of the twbl6Hversions is clearly going
to be very different from a set of genes-oegulated with the combined expression of the two
T16Hgenes. It raises the question if theaee more genes i€. roseuslkaloid biosynthesis for

which close paralogues with district tissue dependent expression exist.
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3 Discovery of an enzymatic step in vindoline biosynthesis

Some aspects of this work were conducted in close collaboration witlerners of the
hQ/ 2yy2NJ [6 5N bld {KSNRSY IyR 5K Tha SLIKI yAS

publication can be found at the end of this document.

Shotgun sequencing of the transcriptome (R&¢4) allows the detailed study of gene
expression witin a certain tissue and/ or under a certain experimental condition. It allows us
to observe and compare the individual expression profiles of genes-éxm@ssion analyses

129 Functionally related genes, such as the genes belonging to a certain metabolic pathway,
often display a similar expression pattefin both primary "4 and secondary’613!

metabolism, making cexpression analysis a powerful tool for gene discoVery

The search for a missing enzymatic step in vindoline biosynthesis that is presented in this
chapter utlises ceexpression analyses of a larGeroseusranscriptomic data set® to identify

genes that are cordinately regulated with known genes of vindoline biosynthesis. The
physiological function othe identified candidite genes was testeth planta utilising VIGS, a
reverse genetics method for targeted transient gene silenaingj resulted in identification of

a promising gene candidate for the missing-riéthoxytabersonine @®xygenase step in
vindoline biosynthesis Sibsequently 16-methoxytabersonine ®xygenase (T30) was
characterigd in vitro and in a yeast expression system in collaboration with Dr. Nat Sherden

and Dr. Stephanie Brown.

3.1 Introduction

Vindoline is one of the two necessary precursors for the formatioin® valuable antcancer
compounds vinblastine and vindorosine, uniquely produced by and laboriously extracted from
C. roseusVindoline biosynthesis i@. roseusias been studied extensively, with the discovery

of enzymatic activity for one of the pattay steps first reported almost 30 years dgo

Despite these efforts the full elidation of vindoline biosynthesis was still lacking one crucial
step at the start of this work. The order of reactions that leads to vindoline production has long
been established®***2and the known enzymes of the vindudi pathway at the start of this
work, the genes encoding those enzymes and the localisation of the enzyme within the leaf of

C. roseuswill be introduced briefly Kigure 22): Vindoline biosynthesis is initiated by two
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enzymes predminantly expressed in the epidermis of leavésTalersonine 16éhydroxylase
(T16H) * and 16hydroxytabersonine O-methyltransferase (16MT) ** hydroxylate and
subsequently methylate the C16 position of tabersonine to yielsngghoxytabersonine. The
gene or genes respaible for the subsequent hydration reaction were unknown at the start of
this work.After hydration, thenext enzymatic step is the methylation of the indoline nitrogen
catalysed by l#nethoxy2,3-dihydro-3-hydroxytabersonine Mnethyltransferase (NMT}?.
The gene encoding NMT was discovered in 2818ll literature reporting the localisation of
NMT inC. roseupredates this publication and therefore thesmhlisation experiments relied
on detecting protein activity by assaying the substrate with different cellular fractions
obtained by ultracentrifugationThese studies repo mesophyll andhot epidermis location
for NMT3*47 suggestingthat eitherthe epidermisor the mesophylcould be the location of the
unknown hydration enzymatic step(sHowever later studies confirmed a predominant
expression ofNMT in the epidermis using gRT P&Rwhich suggests that the hydration
reaction also takes place in the epiderntimally the last two stps of vindoline biosynthesis,
the hydroxylation ofdesacetoxyvindolindy desacetoxyvindoline-Aydroxylase (D4H}* to
form deacetylvindoline followed by-@cetylation by deacetylvindoline acetyltransferase (DAT)
4 to yield vindoline, are located in specialised mesophyll cells, the idioblasts and lafitifers
The subcellular localisation of vindoline/vindorosine bitdkgsis has also been assessed.
Utilising a combination oc&FP imaging, bimolecular fluorescence complementation assays and
yeast twehybrid analysishowed thatT16H a cytochrome P450 enzyme, is localised to the
endoplasmic reticulum (ER), while 160MTroalimerises in the cytoplasAi?z D4H and DAT
are as well cytosolit®® while NMTis associated with peroxisome membrarigaye Liscombe

and Vincent Courdavault, personal communicati@igure2?2).
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mesophyll with idioblasts and laticifer cells

Figure22 Known steps in vindoline biosynthesis with cellular and subcellular location
At the start of this thesis known vindog biosynthesis genes had been identified BE6H tabersorine

16-hydroxylase 16 0DMT 16-hydroxytabersoningd-methyltransferaseNMT, 16-methoxy-2,3-dihydro-3-
hydroxytabersonine N-methyltransferase, D4H desacetoxyvindolingl-hydroxylase and DAT
deacetyVindoline 4O-acetyltransferas. For genes in red enzyme location is the ER, in bhayme

location is cytosolic anblackdepicts a localisation of the enzyme with the peroxisome membrane.

Catharanthine and vindoline are the two most abundant alkal@id€. roseus?®. The work

reported in Chapter2 conclusively describes that the. roseud | NA SG& a{ dzy{ 42 N) | LINA
predominantly employed in this thesis, contains a significant amotiancadditional alkaloid,

vindorosine. Vindorosine is a desethoxy vindoline analogue and was first isolated in trace

amounts fromC. roseusn 1963128 The biosynthesis of both compounds is closelyelink

Silencing the first step in vindoline biosynthesis redirects the flux from vindoline towards the

production of vindorosine inC. roseusit { dzy { { 2 NJ“*2 TheddJolideniatonsra in

accordance with previous publications where it had been demonstrated that the downstream

62



vindoline biosynthesis enzym®&MT, D4H and DAT are able to accept both the methoxylated
and the unmethoxylated precursor as substradt&!?’ leading ultimately to the production of

either vindoline or vindorosind={gure23).

— 3 5 > > > > — —>

? ? 160MT T16H _
vindoline < < < < < < < tabersonine

DAT D4H NMT ? ? /
vindorosine 4 < < < <

Figure23Vindoline/ vindorosine biosynthesis
At the start of this thesiknown genesn the synthesis ofindoline and vindorosine C. roseusArrows

represent single enzymatic steps. Dashed arrows represent unknown number of enzymatic steps.
Question marks represent unknown enzymatic stefdue (top row) arrowsrepresent iridoid
biosynthesis genes. Grey arrows represent downstream alkaloid biosynthesés.gBlack arrows
represent then known vindoline/ vindorosine biosynthesis pathway genes. Genes in black are exclusive
in vindoline biosynthesis: T16Htabersonne 16hydroxylase 1 (CYP71D12) aridbOMT, 16
hydroxytabersonineO-methyltransferase. Genes in deare active in both vindoline and vindorosine
pathway: NMT, 16methoxy-2,3-dihydro-3-hydroxytabersonine  N-methyltransferase; D4H,

desacetoxyvindolingl-hydroxylase an®AT, deacetylvindoline-@-acetyltransferas.

3.1.1 Proposed reaction for the missing stepwindoline biosynthesis

The product of the enzymatic reaction carried out by the enz®@MT, and the substrate
for the missing step in vindoline biosynthegsis 16methoxy tabersonineNMT, carrying out
the next known enzymatic step after this missingps accepts only the 2;8ihydration
product 16methoxy-2,3-dihydro-3-hydroxytabersonine and not tabersonirt¢ However, the
exact reaction mechanism yielding -fréethoxy-2,3-dihydro-3-hydroxytabersonine remained

speculative.

Chemical studies investigating the total synthesis of vindoline all report the occurrence of an
intermediate  between  lémethoxy tabersonine and  I@ethoxy2,3-dihydro-3-
hydroxytabersonineg®437 although no such intermediate has been identified in plants. This

intermediate suggests thiahe net hydration reaction most likely proceeds stepwise via two
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reactions. As shown iRigure24, it can be hypothesised that first an epoxide is formed from
the C2, C3 alkene of 4fiethoxy tabersonine. This epoxide spontandgugpens to the imine
alcohol and a reduction of the imine leads to the formation of the final productmé&éoxy

2,3-dihydro-3-hydroxytabersonine.

16-methoxytabersonine 16-methoxy-2,3-dihydro-3-
hydroxytabersonine

Figure24 Proposedreaction for missing step iwindoline biosynthesis
The proposed two step reaction from -ZBethoxy tabersonine to I8nethoxy2,3-dihydro-3-

hydroxytabersonine

On the basis of these chemical studies, it was assumed that the biosynthetic process of the
hydration likely requires an akising enzyme to first catalyse the formation of the
epoxide/imine alcohol. For the following necessary reduction of the resulting imine alcohol, a
second enzyme was proposed to be involved. To start our search, an oxidising enzyme, in
particular an epoxidse, became the focus of the search for suitable gene candidates for the
missing step in vindoline biosynthesis. Since epoxidation reactions can be catalysed by

cytochrome P450¥%8 special attention was paid to candidates annotated as a P450.

3.1.2 Strategies for identifying candidates for missing stapvindoline biosynthesis
Extensive research over the past decades had focused on finding the remaining unknown steps
in C. roseuslkaloid biosynthesis. Gexpression analysis has proven to be a powerful gene
discovery tool in plant systems. Based on theservation that genes belonging to a single
specialised metabolic pathway are often expressed in a similar paffereoexpression
analysis is employed to identify gene catates for unknown enzymatic steps in this pathway,
AY Yy FLILINERIF OK adywameYoSd daltyteSR a3 dzi £

In C. roseushe expression of MIA pathway genes strongly responds to MeJA elicifitoml

the approach oféguilt-by-associatioa has been employed successfully by comparing elicited
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and nonelicited tissues. For example the closeregulation of a majority of the alkaloid
biosynthesis genes i@. roseué® had previously enabled the discovery of genes such as iridoid

synthase®® and tabersonine 1$ydroxylase’®.

The strategy for the search of the missing steps in vindoline biosynthesis was led by two major
hypotheses. First, the missing gene/s in vindoline biosynthesis vinmutsbregulated with the

already known vindoline biosynthesis genes. Second, it is most likely that an oxidising enzyme,
such as a cytochrome P450, is responsible for this undiscovered enzymatic step and that a

subsequent reduction or reducing enzyme miglgo be required.

In consequence the candidate selection combined both hypotheseexfession analysis of

the availableC. roseusgene expression data for various physiological and experimental
conditions would provide a candidate list with genes whegpression profile is similar to that

of known vindoline biosynthetic genes. Functional characterisation focused on candidates that
belong to the cytochrome P450 enzyme class, proposed to be the most likely enzyme class to

catalyse formation of an epoxid€igure24).
3.2 Results and Bcussion

3.2.1 Transcriptomic data for céxpression analysis
For the ceexpressionanalysis a datasatomprising expression values (B@KM) of 3287
contigs over 23ifferent C. roseusissues and/ or teatments was employeépb. This dataet is

availabk at http://medicinalplantgenomics.msu.ed/

Since indoling'vindorosine are not reproducibly producedn either suspension culturesr

hairy roots 8, those tissues were excluded from further analysBonsequently all co
expression analysis used up to eightroseugissues and experimental conditis. For most
analyses six tissues were employéldwer, mature leaf, young leaf, neglicited seedling,
seedling elicited with methyl jasmonate for 5 days and seedling elicitédmaéthyl jasmonate

for 12 days.

3.2.2 Initial data examination

The upstream reign of alkaloid biosynthesis, the set@oid pathway Chapter 1 Figureb),

has been shown to be tightly aegulated*®, which has facilitatedhe discovery of genes such
as iridoid synthasé® . An initial examination of the expression of known vindoline biosynthetic
genes revealed that the very close-egpression is not fully maintainedFigure 25 A) in

comparison to genes involved in the upstream se@woid production Figure25 B).
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Figure25 Expression of vindoline biosyn#fsis genes and sedddoid biosynthesis genes
Expressionvalues ésf 2 3 i Cdf @.aoseugienes. Gene expression is displayed for the tissédes

(flower), B, C and D (sterile seedlings treated with MeJA 0, 6 and 1Xmgtire leaf) and F (young
leaf). A: A selection of secaridoid pathway gensare displayedB: A seéction of vindoline biosynthesis

genes are displayed.

3.2.3 Coexpression analysis of vindoline biosynthesis

Numerous software tools for gene expression analysis are available. Data in this work were
primarily analysed using th#&ultiExperiment Viewer (MeV v&). software. Ceaxpression
analysis employs different clustering methods with a broad range of clustering algorithms
being available. They apply either similarity or distance measure and can be further combined
with additional parameters'®. For this work several clustering methods were tested.
Generally, the most productive method was hierarchical clustering (average linkage distance)

applyingdifferent distance metrics such d@earson correlatiorsimilar to the ceexpression
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experiments described in**%. Known genes involved in the vindoline biosynthesis pathway
were marked and it was obseed to what extent different distance metrics and different
tissue combinations produced a cluster of those genes. The goal was to identify a cluster that
would contain all or most known vindoline biosynthesis genes and a minimal number of other
uncharacerised ceregulated genes. However the outcome of these analyses were of limited
success as vindoline biosynthesis itself is not very tightly coregulkigdré25). Candidates

identified from those experiments and resulting ViE&Beriments are reported in Chaptér

The set of VIGS candidates that ultimately led to the discovery of the missing step in vindoline
biosynthesis originates from filtering the original large dataset to reduce the number of
contigs. Filtering was penfmed by applying different thresholds for minimum expression
value in certain tissues as well as minimum inductvalues by methyl jasmonate. Ultimately
those contigs with an expressioalue (ogiFPKNM lower than 1.0 in flowermature leaf, young
leaf, andthree seedlingtissues were eliminated, since vindoline is predicted to be synthesised
in these tissues. Sinerethyl jasmonate is a known elicitor BfIA biosynthesi$*:, expression
values of contigs in nealicited seedlings wereompared to the corresponding expression
value inseedlings after 12 days eficitation with methyl jasmonate. Onlgontigswith a ratio
greater thanl.0 (elicited/non-elicited) were retained. Together, these steps reduced the total
number of contigs from33,248 to 6538. All previously identified vindoline biosynthesis
pathway genesT16H 160MT NMT, D4H andDAT) were still included in this data set. These
6538 contigs were named Subset ald screened for contigsrotated as cytochrome P450.

This searchesulted in38 cytochrome P45@andidates Figure?).
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. non
. t23i g elicitated/ VlGS revised gene
Transcript ID young S candidate X
leaf tissue eI|C|taFed name annotation
seedling
cra_locus_7369 iso_2 len_1702_ver_3 2.09 2.38
cra_locus_1753 iso_2 len_2512 ver_3 4,75 1.84 C44
cra_locus_24716_iso_1 _len_1549 ver_3 2.82 1.69
cra_locus_4293 iso_2_len_2076_ver_3 5.69 1.63 c47
cra_locus_5338 _iso_3 len_1820_ver_3 3.22 1.52
cra_locus_15539 iso_2_len_1747_ver_3| 4.06 1.46
cra_locus_9393 iso_1 _len_941 ver_ 3 4.79 1.33 SLS (KF309242.1)
cra_locus_3243 iso_4 len P2 ver_3 5.49 1.32 7DLH (KF415115.1)
cra_locus_5201_iso_5 len_1638_ver_3 4.16 13
cra_locus_589 iso_4 len_2044_ver_3 4.34 1.28
cra_locus_605_iso_4 len_1576_ver_3 6.51 1.26 10 (KF302066.1)
cra_locus_15915 iso_3_len 2758 ver_3 1.43 1.24
cra_locus_7549 iso_4 len_1960_ver_3 4.18 1.23 C20
cra_locus_11931 iso_1 len 427 ver_3 6.77 1.22 SLS like
cra_locus_1071_iso_4 len_2072_ver_3 5.97 1.18
cra_locus_2442 iso_7_len_1193 ver_3 7.19 1.18 C30
cra_locus_18082_iso_1_len_750_ver_3 151 1.14
cra_locus_9461_iso_1_len_2170_ver_3 5.33 1.13
cra_locus_671_iso_4 len_1679_ver_3 6.04 1.13
cra_locus_1656_iso_6_len_2093_ver_3 3.45 1.13
cra_locus_4585_iso_4 len_2055_ver_3 4.44 1.12
cra_locus_3614 iso_5 len 2267 _ver_3 4.66 111
cra_locus_1227 iso_6 len_1706_ver_3 5 11 C48
cra_locus_17827 iso_1 len 1524 ver_3 3.63 11
cra_locus_3274 iso_2 len_1806_ver_3 2.3 11
cra_locus_6313 iso_4 len_2019 ver_ 3 1.38 1.09
cra_locus_4244 iso_1 len_2009 ver_ 3 3.77 1.08
cra_locus_11820_iso_4_len_2037_ver_3] 2.95 1.05
cra_locus_6425 iso_2_len_1992 ver_3 2.74 1.05
cra_locus_12789 iso_2_len_1965_ver_3 5.18 1.05
cra_locus_47945 iso_1_len_897_ver_3 5.06 1.04
cra_locus_14905 iso_1 len_1191 ver 3| 4.04 1.04
cra_locus_828 iso_9 len_1821 ver_3 6.35 1.03
cra_locus_2317_iso_3 len 1999 ver 3 4.82 1.02
cra_locus 1131 iso 1 len 1777 ver_3 5.12 1.02
cra_locus 17344 iso_1 len 1088 ver_ 3 55 1.01
cra_locus_11715 iso_1 len 2413 ver_ 3 4.08 1.01
cra_locus_14103 iso_6 len 1909 ver_ 3 3.54 1

Table7 Transcripts annotated as ¢gchrome P450 contained in SubseA
Fitering expression data df. roseusis described in the text aboyéelded a subsedf 6538 contigshat

contained 38 contigs annotated as cytochrof@d50. TheseytochromeP450 genesvere sorted by
their individual response to elicitation by @thyl jasmonate calculated as the ratio ekpression in
sterile seedlingsgainststerile seedlingreated with metyl jasmonatefor 12 days. A BLA&Eearch of
the nucleotide sequencef each ofthe individual38 contigs revealed thatontigscra_locus9393
cra_locus11931,cra_locus3243 cra_locus605 correspond to the known pathway gen&.S7DLH
and |0, which ae involved in secologanin biosynthesis.
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The nucleotide sequences of all 38 contigs were inspected manually and it was revealed that
they contained four already known pathway genéBLHIOand two partial fragments oL S

This is unsurprising, considegi the criteria that led to the selection of this set. As the genes
encoding7DLH* and 10 #were discovered after the publication of the transcriptomic data set

% those genes were still only annotated as cytochrome P450. The known pathway gene T16H
is also a cytoclmme P450 and had been manually removed prior to the extraction of the
cytochrome P450 candidate genes. Of the remaining 34 contigs, five candidates (C30
(cra_locus2442, C44 ¢ra_locus1l753, C47 ¢ra_locus4293), C48dra_locus1227) and C20

(in bold inTable7) corresponds tor3Q (cra_locus7549) were chosen for immediate further
analysis based on their high response to methyl jasmonate or tighkpeession with various

MIA biosynthetic genes, with the expectation that if positive results were obtained,

additional candidates from the list would be tested.

3.2.4 Virus induced gene silencing of selected cytochrome P450 candidates

To determine whether any of the candidates, (C30 (cra_ldatAs?), C44 ¢ra_locus1753),

CA47 ¢ra_lacus 4293), C48 gra_locus1227) and C20cfa_locus7549, were involved in
vindoline biosynthesis, we used VIGS to assess the metabolic phenotype that results from
silencing of these genes. The expected outcome of successful silencing of an enzyme directly
involved in a secondary metabolite pathway is the accumulation of precursors and/or direct
substrate to this enzymatic step as well as the reduction of products of this reaction. The
intermediates in vindoline biosynthesis are known to accumulate onhgiy small amounts in

C. roseudeaf tissue*>'2! making their detection difficult, however both vindoline and the
upstream precursor tabersonine are clear peaks that can easily be identified using available

standards.

VIGS experiments were conducted as described in ChagterBriefly, competent
Agrobacteriumwas transformed with a plasmid harbouring a 2800 bp long sean of the
gene of interest.Agrobacteriumwas then used to infect youn@. roseuglants. Leaf tissue of

plants silenced with this construct were harvested and prepared for metabolic analysis.

Of the five tested candidates, one (candidate C20) gave #wrel metabolic phenotype,

implicating this gene in vindoline biosynthesis. Consequently, C20 was named 16
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methoxytabersonine &xygenase T30Q. The results of silencing of the remaining four
candidates suggested that they played no role in MIA biosyighasd are discussed in
Chapter 5

3.2.4.1 Initial inspection of silencing results for C20, C30, C44, C47 and C48

Initial inspection of the total ion chromatograms (TIC) oMEtraces of tissue extracts from
C30, C44, C47 and C48 showed no major changes irbatistacomposition or content.
However afirst inspection of the total ion chromatograms (TIC) of\I€ traces ofC20 T30

tissue extracts showed the clear emergence of a significantly increased peak compared to

traces of EV control tissu€igure26).
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Figure26 Comparison of TIC of an EV silenced antB&®silenced leaf extract
The comparison of total ionohromatograms of two sampleg: Representative total ion chromatogram

of anEVsilenced leaf extret. B: Representative total ion chromatogram off80silenced leaf extract
with a stongincreaseof a peak with a mass ah/z 367, whichcorresponds to predicted substrate of

T30, 1émethoxytabersonine.
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3.2.4.2 Metabolite analysis of silencing results for CZD30, C44, C47 and C48
Analyses of six major accumulating alkaloids by manual extraction of peak area and
normalisation of data by weight and internal standard revealed that silencing of the candidates
C30, C44, C47 and C48 caused no major changes inatieta{Chapter 5Table28).

However the peak that increases in intensity upk80silencing has a masé m/z 367, which
corresponds to the mass of the predicted substrate of T3O)méatoxytabersonine,

suggestinghat this gendikely encodeshe missing step in vindoline biosynthedtgure27).
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Figure27 T3O0silencing effect orleaf m/z 367 and tabersonine content
Relative MIA content as mean peak area fofz 367 and tebersoninein T30 silenced plants in

comparison toEVcontrol plants (n=8). Error bars represanean+ SEM Rvalue was calculated using
9i dzR Styeédt (¢Ex0.05, **p<0.005).

Further strong evidence for the involvement B80in vindoline biosynthesis vgaprovided by

the significant decrease of vindolineFigure 28). Additionally vindorosine, the des
methoxylated analog of vindoline, was also significantly reduced supporting the assumption
that T30Ois involved in both pathwayd$-igure23). Three independent VIGS experiments were

conducted for this candidate, with all resulting in similar significant metabolite changes.
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Figure28 T30silencing effect orleaf vindoline and vindorosinecontent
Relative MIA content as mean peak area for vindoline and vindordsinE3O silenced plants in

comparison toEVcontrol plants (n=8). Error bars represenean+ SEM P-value was calcutad using

i dzR Styedt ¢*<0.005, **p<0.00005.

3.2.5 Transcriptionaldown-regulation of candidate C20T30

To confirm that the observed strong metabolic phenotype is in fact caused by succCeE3Sful
gene silencing, the expression ®80Owas measured with gRT PCR in silenced tissues. In
comparison to EV carol tissues, T30 silencingled to a significant change im30 gene
expression Figure29). The transcripts oT30were 70% decreased compared to EV control

silenced tissues.
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Figure29 Gene expressionfol'30in silenced tissue
Relative expression @t30in tissue silenced for candida®&8Oin comparison to tissue silenced with EV

control (n=6) Expression was normalised to CrREg#essionData presented is the meanSEM

3.2.6 Invitro assays confirm T3le in vindoline biosynthesis

The successful significant downregulationT@0Oexpressiorand the resulting strong changes
in vindoline concentration suggest an involvemenfT80in alkaloid biosynthesis i6. roseus

To further investigate the functionfdhis candidate we proceeded to characterise this enzyme

in a yeast expression system.

Numerous expression systems such as insect t8lend E. coli'®® have been reported for
successful plant P450 expression. Howevegyipus researclin P450 enzymes conductday
0 KS h Qlab?daydotkér labs working of. roseus$450 charactrisation?*42 has most
successfullyisedthe Saccharomyces cerevisisieain WAT11layeast strain harbouring thA.
thaliana P450 reductasé®, as expression system for plant P450 enzynigwerdore, the

heterologous expression of T30 was performed in this system.

T30was cloned into the yeast expression plasmid pXP2418nd competent WAT11 yeast

cells weretransformedwith this pXP218 plasmidVAT11 transformed with an empty plasmid
pXP218 served as gty vector control. The yeast culture was grown as 100 ml liquid culture

in selective mediaProtein expression was induced and yeast microsomes harbouring the P450
were isolated as described previousfy. This was done for the yeast strain WAT11 with the
T3O0harbouring plasmid (WAT11+pT30), as well as a yeast strain containing the EV plasmid
(WAT11+pEV) that served as a negatuentrol.
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Both microsomal fractions were assayed in the presence of NADPH and the crude, aqueous
fraction of a leaf extract of #30silenced tissue as substrate. After one hour of incubation, all

of the accumulated mass of/z 367 observed in the silendetissues was consumed by the
WAT11+pT30 microsomes, and a new peak withmén of 383 appeared as the product
(Figure30A). The mass of this product corresponds to the mass of the proposed epoxide/imine
alcohol intermediate in widoline biosynthesisHigure24). It was therefore concluded that the
newly identified geneél30does catalyse only the first step of the two step reaction from 16
methoxytabersonine tdl6-methoxy-2,3-dihydro-3-hydroxytabersonineNo conversion ofn/z

367 intom/z 383 by the WAT11+pEV microsomes even after 12 hours was obse&igede(

30B).
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Figure30 Microsomal assays using30silenced tissue extracts as substrate
Assays usin@30 silenced le& extract and yeast microsomal fractioria presence of NADPH: The

peak of massn/z 367 is consumed in the WAT11¥BO microsomesontaining assaydnstead a new
peak appears with anassm/z of 383.B: No conversion ofn/z 367 by the WATI+pEV microsomes

containing assay intm/z 383 even after 12 hours was observed.

It had been speculated that the missing step in vindoline biosynthesis would be able to accept
both tabersonine and I#nethoxytabersonine, as all subsequent genes in vindblin

vindorosine biosynthesis are able to accept methoxylated and unmethoxylated
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substratest?1?7 (Figure 23). Since tabersonine is not present in high quantities in the VIGS
extracts, commercially available tabersonine was used in microsomal ass&ysgiMt final
concentration, an amount sufficient for IMS measurements. Theses assays confirmed that

tabersonine is also an accepted substratd 80O(Figure31).
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Figure31 Microsomal assays usingbersonine as substrate
Assays usindgabersonineand yeast microsomal fractions presence of NADPHA: The peak of

tabersonine disappears in assays with WATIB£p microsomes. Instead a new peak appears with an

m/z of 353. B: No conversion afabersonineby the WAT11+RV een after 12 hours was observed.

3.2.7 Characterisation of substrate and product ®BOreaction

The combined results of the gene silencing experiments and the microsomal assays clearly
suggested thaff30is involved in vindoline biosynthesis @ roseus We wanted to further
confirm the reaction carried out byf30 by characterising the structure of the enzymatic
product. Therefore, sufficient amounts of both substraterh6thoxytabersonine and product
needed to be available for subsequent strualiinvestigations such as nuclear magnetic

resonance (NMR).

Neither the T30 natural substrate in vindoline biosynthesism&shoxytabersonine, nor the
product of theT3Oreaction were commercially available. In experiments performed in parallel

with this work, a yeast strain (Strain A) containing all previously identified vindoline
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biosynthesis genesT(6H 160MT NMT, D4H DAT) (Figure23) integrated into its genome
including CPR the P450 reductase fror. roseus*® was engineered by Stephanie Brown
ohQ/ 2yy2Nl flouvd

Strain A was used to produce-friéethoxytabersonine from tabersonine by the action of T16H
and 160MT. Feeding of tabersonine to aiijaulture of Strain A had shown that this results

in m/z 367 accumulation, corresponding to the product of T16H and 160MT 16
methoxytabersonine. No further downstream vindoline biosynthesis intermediates

accumulate in the culture, since the enzyme thatsaafter 160MT is absent.

To produce lénethoxytabersonine on a milligram scale, a liquid culture of Strain A was
supplemented with 120 uM tabersonine and the formation of theméthoxytabersonine
production was monitored over time by IMS. After all tabrsonine was consumed, the
product was extracted from the supernatant of the culture with ethyl acetate and analysed by

NMR to confirm its structure by comparing it to reported literature valfés

Strain A was also used to produdetT30 product. Th€3Ogene was introduced into Strain A

by transforming competent cells of Strain A with the previously construg@@containing
pXP218 plasmid to create strain_A+pT30. A corresponding negative control was created by
transforming in therespective empty plasmid into strain A to create strain_A+pEV. Strain A
with the empty vector control plasmid displayed predictably the same product as Strain A
without any plasmid forming only I®ethoxytabersonine as identified by -etution with the

now available standardr{gure32B and C). However, strain_A+pTi@@ to the production of

both T30 products 16methoxy2,3-dihydro-3-hydroxytabersonine and 2s8ihydro-3-
hydroxytabersonineHigure32A). Urder these conditions, the ratio of products favoured the
desmethoxy product derived directly from tabersoninm/gz 353) as opposed to the product

derived from 16methoxytabersonineri/z 383), which is on pathway to vindoline.
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Figure32 Products of yeasstrain A, with and withoutT30
Yeast gain A transformed with a plasmid containifg8Oor an EV plasmid wasupplementedwith

tabersonine and extractetbn chromatogram®f expected productsvere monitored after 24 hoursOf
the extraded ion chromatograms threare coeluting with known standards, these anm/z 337 for

tabersonine,m/z 367 for 16methoxytabersonine anan/z 383 for thesubsequentlycharacterised T30
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product. A: Extractedon chromatograms ofhe tabersoninesupplemented strain_ A+pT3®evealsthat
after 24 hoursthe substrate tabersoninent/z 337) is almosfully consumeal. Three new peaks emerge
m/z 367, which corresponds to the ¥6ethoxylated substrate oT30as well asn/z 383 andm/z 353,
likely representing tB methoxylated and nomethoxylated products ofT3Q B: Extracted ion
chromatograms othe tabersoninesupplemented strain_A+pEShow that after 24 burs culture the
substrate tabersonine nf/z 337) has been completely consumed and instead-ni&hoxylated
tabersonine ifi/z 367) is accumulating. Nu/z 383 andm/z 353 are produced in a strain lacking thaO
gene. C Extrated ion chromatogramsof standards form/z 337 (tabersoning, m/z 367 (L6

methoxytabersoningandm/z 383 for the later characterise@i3Oproduct.

To improve the yield of the vindoline pathway T30 productnighoxy2,3-dihydro-3-
hydroxytabersonine for structural characterisation, an alternative production method was
used. A large scale liquid culture of the previously employed yeast WAdrisfdrmed with

the T3Oharbouring plasmid (WAT11+pT30) was used to convenmdiBoxytabersonine via a
single step reaction into th&@3O0product. As with 18nethoxytabersonine, the product was

extracted from the media, purified and characterised as dbscrbelow.

3.2.8 Structural characterisation of thd3Oproduct in vindoline biosynthesis

The obtained T30 enzymatic product was analysed dmatacterised by IR, HRMS and
Ul Kyw/ ubb baw o0& bl (K. i hafl beer aiktBipaied tfat ditieQthe? y y 2 NJ
epoxide or, if the epoxide spontaneously opens, the imine alcohol, would be observed.
However, the NMR data did not correspond to eitlidrthese products. After an extensive
review of the literature, Dr. Sherden recognised thairr2ne,3-alcohols on the tabersonine
framework are able to undergo an acid catalysed rearrangent®it’. Gratifyingly the NMR
resonances coasponded to literature reports of this rearranged product. This implies that,
although not observable, the epoxide and imine alcohol forms initially but in absence of the
subsequent enzyme that reduces the imine alcohol, the product rearranges to this new
scaffold Figure33).
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Figure33 T3O0reaction and observed rearrangement of reaction product
Acid catalysed rearrangements of ther@ine 3-alkohol, in absence of thsubsequent reductase, turn

the initially by the action of T30 formed epoxide and into the eburnamineamine skeletonProposal

by Dr. Nat Sherden according to previously reported dzfta

This rearrangement had first been proposed for the biosynthesis of the pharmaceutically
important vincamine from the tabersonine/ aspidosperma skelef¥nVincamine, an alkaloid
from the C. roseuslose relativeVinca minoris used to synthesise vinpocetirlegure34) first

in the early 1960s. Vinpocetine, available under the trade name Cavimtoa $D78, is a drug
used for treatment of conditions such as cerebrovascular disorders, chronic stroke and

degenerative senile cerebral dysfunction (Alzheim&rs)
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vinpocetine vincamine

Figure34 Chemical structures ofincamine and vinpocetine

The structural similarity between the rearranged intermediate and vincamine suggest that
perhaps inV. majorthe reductase is missing completely and a homolod2®is involved in
vincamine biosynthesis. These results also exrpentally establish a long standing hypothesis,
namely the biosynthetic relationship of the aspidosperma (tabersonine, vindelized

eburnamine (vincamine, vincopeting)pe alkaloids.

3.3 Conclusion

Vindoline is &C. roseuslerived natural product that isised in the semsynthesis of valuable
anti-cancer drugs'®®. The order of steps in vindoline biosynthesis from the precursor
tabersonine is noarbitrary but follows a strict sequence of reactions. This sequence is largely
dictated by the substrate specificity of the enzymes involved. At the start of this thesis five
34414345 gyt of the proposed sevet?*!*” enzymes as well as the encoding genes were known

(Figure22, Figure23).

In this work, a cytochrome P450 was discovered amongst a number of candidate genes that is
required in the biosynthesis of vindoline and also the alternative shunt product vindorosine. It
oxidises 1é8methoxy tabersonine and tabersonine and was namedrnEthoxytabersonine 3

oxidase oimf3Q
The successful candidate wasestéd following two major leads:

Firstly we hypothesised that it was a cytochrome P450 enzyme, as most chemical studies
suggested the missing step to involve an epoxidatiit®’, a reaction often carried out by

P450 enzyme§®,
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Secondly special attention was paid to the gene expression of the candidates in dif@erent
roseustissues and experimental conditions. Candidates were selected that showed a strong
resemblance to the expression profile of known alkaloid biosynthesis ger@sraseuss the

alkaloid biosynthesis genes ©f roseusre known to be caegulated*,

VIGSexperiments of five selected P450 candidates revealed that significantly reduced gene
expression ofcra locus 7549 (candidate C2BYy successful transient gene downregulation,
leads to the significant decrease in levels of vindoline in leaf tissGe i@eus This decrease is
accompanied by a significant increase in a compound with a mass and retention time identical
to 16-methoxytabersonine, the expected substrate of the silencE&D gene. The shunt
product 16desmethoxyvindoline (vindorosine) is alsignificantly reduced while tabersonine

is increased, suggesting that the candidate gene is involved in both the vindoline and

vindorosine pathways.

Enzymatic assays with the successful candidate showed that T30 is able to enzymatically
convert both tabersnine and 1@methoxytabersonie to their respective oxidised products as
evidenced by the appearance of a compound with the expected mass on-BtELa5say.
Several yeast strains were employed to produce milligram quantities of the substrate and
product of T30in vindoline biosynthesis for structural elucidation. Structural studies of the
product, however, revealed that in the absence of the subsequent reduction, the reaction
product undergoes rearrangement. This rearrangement leads to formation of a product
structurally similar to the alkaloid vincamine from the plaftmajor a closeC. roseuselative.
Based on extensive work reported in the literature, we can infer that the expected
epoxide/imine alcohol was formed by T3O, but rearranged to the new modiuring
purification. This discovery also opens up opportunities of gene discovery in vincamine
biosynthesis following hypothesis thatT@8Ohomolog in absence of a subsequent reductase

could be involved in vincamine biosynthesis.

The discovery off 30 closes the gap in vindoline biosynthesis and will ultimately aid the
understanding and possible reconstitution of the complete vindoline pathway. It furthermore
provides evidence for a lorgfanding hypothesis about the biosynthetic relationship of the
aspidbsperma and eburnamingype alkaloids and might aid the discovery of vincamine

biosynthesis iV. major
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The function of the remainingytochrome P450 candidategdble 7) still remains to be
determined. Obviously the expressipattern of the four candidates that had been subjected

to VIGS, especially their strong increase in expression after induction with methyl jasmonate
suggests a potentially involved in stress response and/or plant defence. As it has recently been
shown thatbeginning an investigation with as little as a single pathogen induced upregulated
P450in combination with metabolomics and cexpression analysis can lead to exciting
discovery like that of the previously unknowrhydroxyindole3-carbonyl nitrile pathvay even

in a weltstudied organism such @abidopsis thalian&*.

After it had become apparent that a second enzymatic stepld be needed t@ompletethe
vindoline biosynthesis pathwayhe same Subset A frorwhich the T30 gene had been
successfully identified, was nd&d for contigs with a reductase annotation. They were tested

using VIGS experimerdasd the resits are presented in Chapter 5.

In parallel to this work and the resulting publicatiét? a second publication reported the
discovery of not onlyf30but also of the subsequent enzymatic step carried oufTBRthe
tabersonine Zreductase “®. This discovery completed the search for missing genes and
consequently for the first time reports the complete reconstitution of the tabersonine to

vindoline pathway in the alternative hoSacchomyces cerevisie
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4 Gene clusterig in alkaloid biosynthesis i€.roseus

The major findings of analysing thé€C. roseusdraft genome and the individual BAC

assemblies for gene clustering in alkaloid biosynthesis have been published

Biosynthesis of the valuable amthncer compounds vinblastine and vincristine by the p@nt
roseushas been under investigation ever since the discovery of their chemical structure and
anti-cancer activityin the mid twentieth century’®. Precursors of vinblastine and vincristine,
which are classified as bisindole alkaloids, are vindoline and catharanthine, produced primarily
in above ground tissues. The approximately 30 step biosynthetic pathway, although studied for
decades, is still not fully resolved, despite the many efforts to discover the enzymes
responsilte for alkaloid biosynthesis that have been made over the years. These efforts have
included exploitation of major sequencing technique developments such as obt&ningeus

EST dat&® and RNA seq dat®. Recent discoveriesush as the 10 gene cluster in alkaloid
noscapine synthesis in opium popfy, gave evidence that the genes of some plant secondary
metabolic pathway are located in close proximity to each other on the genome. This raised
the question whethesuch gene clustering could also be observe@.inoseusa discovery that
would greatly progress the elucidation of alkaloid biosynthesis in this model medicinal plant.
To answer this question a draft genome f0r roseusn combination with sequence BAC
constructs was obtained, and the organisation of the monoterpene indole alkaloid biosynthetic

genes was analysed.

4.1 Introduction

4.1.1 Bacterial artificial chromosomes

The ability to clone sections of eukaryotic DNA larger than 100 kb is crucial for magidaibl
applications. With the introduction of the yeast artificial chromosomes (YACs) in the late
1980s, cloning and maintenance of DNA fragments of up to 1000 kb became féasible
Apparent disadvantages of this system, such as high level of chimerism, insert instability and
contamination of cloned insert DN#ith yeast DNAX™® |ed to research into alternative
systems and the development oftmcterial €. colj based systent’. The low copy fertility ¢F
factor) plasmid oE. coliwas modified by the addition of a multiple cloning site and universal
promoters together with the addition of ahloramphenicol resistance gene to facilitate
negative selectin of nontransformed bacteriaresulting in the original bacterial artificial
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chromosome (BAC) plasmid pBAC188LSince then, the original plasmid pBAC108L has been
modified and optimised to suit differergurposes, leading to the development of alternative
plasmids such as the commercial pIndB@&C8Hindlll vector Epicentre, USAused in this
study. This vector is strictly regulated to a single copy per cell and has been widely used for

construction of phnt BAC libraries.

A BAC genomic librargombines a set of recombinant clones that contain all of the DNA
sequence present in an individual organism. To construct such a library, high molecular weight
DNA is digested with the appropriate restriction reade, in this case Hindlll, and the resulting
DNA fragmats are cloned into the lineaisl pIndigegBACBHindlll vector. CompeteriE. coli

was transformed with the resulting plasmifSgure35).

Figure35 Schematic overview of BAC library construction

DNA is extracted from the cells and digested with Hindlll, a restriction enzyme. DNA fragments are

cloned into a vector ané. coltransformed with this vector.
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The resulting library can either beqgeenced fully and used to facilitagenomic analysis such
as largescale physical mappirg®and genomic sequenciri’. Alternativelythe clones can be
sequenced sequentially using the known sequence of on€ ®Ascreen the library for the
overlapping/adjacent BAC intachnique called chromosome walking that can be exploited to

sequence entire chromosomes or a specific genomic region of int&test

4.1.2 Plant whole genome sequencing

The number of available plant genomes has been growing steadily since the first successful
plant genome project, théArabidopsis thalian@enome, was copleted in 2001, In 2012

alone, 13 nw plant genomes were publishedy the end of 2013 more than 50 different plant
genomes were available, and with this trajectory likely to continue, many more are expected
to be published over the coming yedfd Plant genome size is variable withroseusaving a

moderate size genome in comparison with otlpgants Figure36).

Genome size in Mb Picea abies
19,600 Mb
Zea mayes o
Solanum lycopersicum 2300 Mb Genlisea aurea
900 Mb ‘ 63 Mb

\ Hordeumvulgare

5,100 Mb
Caricapapaya ®
372 Mb _ Catharanthus roseus
- 738 Mb
Arabidopsis thaliana
125 Mb

Figure36 Genome size of different plants
Genome size for Genlisea aurk3 Picea abies®, Zea mayes®®, Solanum lycopersicuni®, Hordeum

vulgare?®®’, Carica papayd®® and Arabidopsis thalian&®°in comparison taC. roseu$§®16°
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Over the past decade sequencing costs have steadily declined while the speed in which data is
generated has increased massively due to the development of high throughput sequéncing
Most of the recently published plant genomes have been sequenced using the lllumina
technique that increasingly replaces the previously applied Sangeeseing. lllumina paired

end sequencing, which was used to generate the genomic sequence. fmseuscreates a
read-pair for every sequenced DNA template. Although the full sequence of the DNA fragment
is not known, the distance between the two endki®wn igure37). Sequencing is followed

by assembly, the computational reconstruction of an original long sequence from short
sequenced reads. First, individual short reads are assembled into longer continuous sections,
so cakd contigs. With paire@nd sequencing data this process is continued using the
additional position information to join contigs into even longer scaffollgyre37). Without

an existing referencgenome this process is calldd-novoassembly.

original DNA
repetitive region

sequenced ends

DNA fragments
paired end reads -> 100-500 bp inserts

N / —

DNA fragments
sequenced ends X )
Mate pair reads -> 2-20 kb inserts

Figure37 Pairedend sequencing and Matpairs
Pairedend sequencing results in both ends of a DNA fragment being sequenced creating two individual

reads for each piece of DNA. Although the full sequence of th& fbdgiment is not known the distance
between the two ends is known and cée used to increase the assemigyality especially across
repetitive regions that are generally difficult to sequence and assenMidge pair sequencing provides

information for exen longer DNA fragments improving assembly scaffold length strongly.
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The quality of an assembly depends on many factors comprising, for example, the quality of
the original template DNA, the quality, length and amount of created reads as well as the
assenbly process and the software used. It is difficult to define the success of a sequencing
project or the quality of an assembly without a relevant standard for compati$oriowever
commonly used metrics are physical coverage which refers to how often the sum of all reads
or readpairs could cover the whole genome. This is different from the sequencing ceverag
sequencing depth which refers to the average number of reads for a specific locus. As the most
common way to describe the quality of an assembly the N50 value for contigs or scaffolds is
used?®2 The N50 value refers to the size (in kb) above which half of the total length of the
sequence set can be found. A higher N50 therefore is indicafive ligher percentage of
longer contigs which ultimately determines the explanatory capacity of the assembly with
respect to gaining insight into the genomic organisation of the organism sequenced. A low N50
can be causgby highly repetitive sequences, lgmorphisms or simply low quality or missing

sequencing datd’.

A typical N50 value for de novolllumina sequencing and assembly project, according to
similar studies, was expected to be close to the value of 12.5 kb, reporte@iufarmis sativus

171 Other comparable genome sequencing projects, suchaséquencing ofannabis sativa,

relied on including further data obtained from, for exampigate-pair libraries to increase the

N50 from 2 kb (only lllumina data) to 12 kb and reach an even higher N50 of 16 kb after further
addition of largeinsert 454data'’2 It has to be noted that the H0 can be significantly higher

for scaffolds containing genes, as the higher complexity of theses sequences enables better
assembly and therefore for example in t@&annabis sativatudy the N50 is 24.9 kb for gene

containing scaffold™.

Apart from Sanger sequencing and lllumina, other segirey platforms have been developed
such as the commercial Affimetrix, the SoLiD and the Roche 454 platform as well as the
relatively recently established PacBio sequencing. Since each sequencing technique has
limitations, indeed most plant genome projecteve used hybrid approaches creating an

assembly by combining data from more than one of the available platféfins
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4.1.3 Discovery of gene clusters in plant secondary metabolism

The possible clustering of genes involved in a speddi&yhthetic pathway in plant secondary
metabolism is a relatively recent observation. Today clustering has only been shown for a small
number of plant secondary metabolic pathways. On the other hand the actual number of fully
elucidated plant secondary matolite pathways is, with less than 50, relatively small and
therefore a prediction as to whether to expect more clustered pathways, or whether clustering

remains the exception to the rule, is speculathe

Even in the absence of a genome sequence, trait guided discoveries of plant secondary
metabolite cluster have been reported. It was for example possible to link a clear phenotypic
trait, such as the accumulation of noscapinePi@apaver somniferunk'? or the resistance to a
herbivore inZea mays'?, to a certain region of the genome by mapping and to consequently
determine the multigenic region responsible for the trait as a cluster of biosynthesis pathway
genes. In both cases BACs of the trait identifiedions were obtained and facilitated the

discovery of the cluster of secondary metabolite pathway genes.

The availability of a genome sequence enables the targeted and detailed analyses of
neighbouring regions of known pathways genes and has led to fimpbe the discovery of
gene clustering in triterpene biosynthesis liotus japonicus’®. Triterpene biosynthesis had
previously ben shown to cluster for example from the work witlvena strigoséoat) 115118,

The strategy for identification of triterpene gene clusterind.@uus japonicusvas to search for
GaAidyl G dzNB% oxBosdiaeneSdyclase (OSC) enzymes that form the skeleton
structure of triterpenes, in the available genomic data. Consequently the genomic areas
containing the OSCs was mined for potential gene clustering, resulting in the identification and
characterisation ofa triterpene gene clustet’>. The mining of publicly available sequencing
data for combinations of certain genes in close progirhias led for example to the discovery

of the triterpene thalianot’® and marneral’’ cluster inArabidopsis thalianaln conclusion the
discovery of gene secondary metabolite clusterplant genome data strongly depends on the
amount and quality of the genomic data available, most importantly on the length of

contiguous sequences available in the assembly.
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4.1.4 Aim of the project

The goal of this sequencing project was to gain insigtd the genomic organisation of
alkaloid biosynthesis inC. roseusand to investigate possible gene clustering of the
monoterpene indole alkaloid secondary metabolite pathway. Despite recent advancements in
gene discovery in alkaloid biosynthesis Gn rogus, that have for example enabled the
reconstitution of the secdridoid part of the pathway in yeast andNicotiana benthamiana’,
crucial steps that lead to th€. roseusypical alkaloid classes, and therefore to the precursors

of valuable anticancer compounds vinblastine and vincristine, still remain unknown.

Reported fant gene clusters vary in size between 35 and several hundréd.kKkhe expected

N50 scaffold size of an assembly based on lllumina HiSeq sequencing raw data of a single
TruSeq genomic DNA library (as used in this case)l® ilower part of this range. Therefore

to increase the chances of observing gene clustering in alkaloid biosynthesis it was decided to
additionally obtain BACs, which cover a region of up to 150 kb surrounding a target gene, for
selected alkaloid pathwagenes. A BAC library was created and then screened for BACs
containing the desired pathway genes. The sequence information obtained would also serve as
a confirmation of the results of the assembly of the draft genome as the coverage of the BAC
sequencilg is much higher and a better assembly of this data is expected. It would most
importantly enable us to investigate a relatively large neighbouring genomic regions of the

chosen alkaloid pathway gene.

Ample transcriptomic data is available 1Gr roseusnd mining this data, especially using-co
expression analysis, has led to a great humber of discoveries of so far unknown pathway
components, regulators and transporters. The data is however limited in precision and
completeness for example by not being psscenough to distinguish between the individual
expression of close homologs. With the availability of a reference genome all existing
transcriptomic data could be revaluated increasing the precision and explanatory power of

co-expression analysis.

C.roseusis selfpollinating and diploid (2n = 16). The genome size was determined by flow
cytometry and revealed a-@lue of 1C = 0.76 pg, corresponding to 738 NpOverall, this
inbred plant, with a moderate sized genome, is an excellent candidate for whole genome

sequencingln summary, obtaining one of the first medicinal plant genomes would not only
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provide a valuable source for further pathway discgverC. roseusbut provides a valuable
resource for comparative plant genomics especially in the light of highly specialised and

complex secondary metabolism.

4.2 Results and Discussion

C. roseuggenomic DNA was extracted and sent to The Genome AnalysiseCAGAC,
Norwich, UK) were it was sequenced and assembled. In patalielseuplant material was

sent to Bio S&T Inc. (Montreal, Canada) where DNA was extracted and the BAC library was

constructed and later the screening of the BAC library for spéaifiets was conducted.

4.2.1 Catharanthus roseus/hole genome sequencing and assembly statistics
Genomic DNA of. roseust { dzy { G2 NXY | LINAO2(G¢ 61 & SEGNI OGSR
weight DNA. From this material a single TruSeq library was constructec 888 bp fragment
size and sequenced on one lane lllumina HiSeq at The Genome Analysis Centre (TGAC,
Norwich, UK), yielding 33 Gb of data that was subsequently assembled usingAByf&IS
applying a kmer size of 71. This assembly consisted of 78 766 scaffolds larger than 200 bp and
half of the assembly is covered by scaffolds larger than 26,256 bp (N50). The sum of all
scaffolds larger than 200 bp is 5235 Gb. The longest scafftiid sissembly is 250 200 bp. The
raw reads of the draft genome are available at NCBI SRA BioProject number PRINA252611. The
assembly (C. roseusSunStorm Apricot v.1.0) has been deposited under the accession
JQHZ00000000 at the NCBI Whalenome Shotgun Sagnce database. A database that is
publicly available and searchable of the assen(BlyroseusSunStorm Apricot v.1.0) is located

at The Medicinal Plant Genomics Resouht(//medicinalplantgenomics.msu.edi/
4.2.2 Catharanthus roseuBAC library constructin, candidates and screening

4.2.2.1 Construction of BAC library

BASTE ¥

The BAC library was constructed from plant material of the s@meseust { dzy { G 2 N | LINKR O2 ( ¢

plants used to obtain the material for genome sequencing to ensure maximal comparability. At
Bio S&T IndMontreal, Canada) the pINDIGOBB@ector inE. colistrain DH10B was used to
create the BAC library. The obtained library was pooled in a 96 well plate. Each of the wells
contained approximately 500 clones. The BAC library had an approximately 10 Jeldgm®

and an average insert size of 155 kb (Areti Karadimos, personal communication).
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4.2.2.2 Candidate genes for BAC library screening

The obtained BAC library was to be screened for individual BACs that contain known genes of
C. roseusilkaloid biosynthesis tmcrease the chance of discovery of possible gene clustering.
Initially three geneslSY, T16Hand SGD were chosen as targets for screening the BAC library
(Figure38). Each of these candidatespresent a key sfp in alkaloid biosynthesi$SYfor the
monoterpene secéridoid pathway, T16Has the first committed enzyme of the vindoline
pathway, andSGDwhich is the origin of the complex and poorly understood scaffold formation
that results in the threelasses oélkaloids, the iboga, the corynanthe and the aspidosperma,
found in C. roseusThe reaction product of the deglycosylation reaction catalysed by SGD
formulates an even greater diversity, as this intermediate enters multiple pathways to both
indole and quaoline alkaloid types in the three plant families Apocynaceae, Rubiaceae, and
Loganiaceae, though still none of the genes responsible for the formation of those diverse
alkaloid typessd known today*®. In summary this makeSGDthe most interesting gene for
which clustering could potentially lead to discoveries that are applicable to not@nigseus

but other strictosidine derivative producing plants.

G8H GOR _ ISY 10 | 7DLGT 7DLH LAMT  SLS
» > > » » > » >

T16H1
DAT  D4H NMT TSR T30 160MT _Ti6H2 , | S6D

¢ ¢ ‘ THAS

? MAT T19H

Figure38 Genes of alkaloid biosynthesis includingrididate genes for BAC library screening
Monoterpene indole alkaloid pathway i@. roseusMissing genes are represented by question marks.

Dashed arrows indicate unknown numbers of enzymatic steps. Genes fdr aB&AC was obtained in
the initial screen are in red bold. Genes for which a BAC was obtained in the second screen are in blue
bold. Black (top row) arrows represent iridoid biosynthesis genes: G8H, geranidr&ylase; GOR; 8
hydroxygeraniol oxidoredttase; ISY, iridoid synthase; 10O, iridoid oxidase (CYP76A26); 7DLGT, UDP
glucose iridoid glucosyltransferase; 7DLHdedxyloganic acid -liydroxylase; LAMT, loganic acid
methyltransferase and SLS, secologanin synthase. Grey arrows represent downstredoid alka
biosynthesis genes: TDC, tryptophan decarboxylase; STR, strictosidine synthase; SGD, striztosidine
glucosidase; THAS, tetrahydroalstonine synthase; T19H, tabersonine/lochnericihgdrb@ylase
(CYP71BJ1) and MAT, minovincinineh¢@roxyO-acetyltransferase. Black arrows (middle row)
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represent vindoline biosynthesis pathway: T16H1, tabersonindyiBoxylase 1 (CYP71D12); T16H2,
tabersonine 1lénydroxylase 2 (CYP71D351); 160MFhyidroxytabersoningd-methyltransferase; T30
16-methoxytabersone dxigenase; T3R, Ifethoxytabersonine 3eductase NMT, l#nethoxy2,3-
dihydro-3-hydroxytabersonineN-methyltransferase; D4H, desacetoxyvindolfvydroxylase and DAT,

deacetylvindoline 4D-acetyltransferase.

Suitable primers were designed and tested for eaahdidate gene, with the aim to obtain a
gene specific band of 200 to 500 bp when amplifying from genomic DNA. The suitable primers
were send to Bio S&T Inc. (Montreal, Canada) to screerCtheseuBAC library. For each
candidate gene a BAC was ideistif and extracted from the library. Both an individual culture,

as LB stab, and a small amount of extracted plasmid were received for each extracted BAC.

The initial set of candidatdSY T16H2and SGDwere chosen without any prior knowledge of
the genom¢ context of alkaloid biosynthesis @. roseusAnalysis of the drafC. roseus
genome, as described below, revealed that the two pathway g@iEsand STRare located in
close proximity on the same scaffoligure46). This scifiold has a size of onB9 490 bp and

it was decided that a BAC of this region would not only strengthen the evidence pointing to the
existence of this cluster but, with an expected size of up to 150 kb, a BAC could additionally
reveal possible more gendsvolved in this clusterOnly one further geneMATE a transport
protein, is found on theSTRTDCgenome scaffold as shown ifkigure46). The genes are
located on the scaffold in the following orddtATE, TD@nd STR. To maxise the extension

of the known region into the direction of thHdATEgene, Bio S&T Inc. (Montreal, Canada) first
screened the BAC library for positive clones of the geelE.Then, all positive identified
BACs foMATEwould, in a second round, be scrazhfor the existence of the ger&TRand a
single BAC that containdd ATEbut not STRvould be chosero obtain a BAC with maximum
extension into the genomic region beyond thEATEgene. For this purpose two further primer
pairs specific for the genddATEand STRwvere designed and sent to Bio S&T Inc. from which

positive identified clones were sent back.

The results of the sequencing of the fiSGDBAC and the subsequent assembly suggested
that SGDwas not located on this BAC, so it was decided to repkst screen with an
optimised primer pair. As at this time point tl@ roseuslraft genome was available, a second
improved SGDspecific primer pair was designed and the BAC library screened agé&&Gor

and sequenced.
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4.2.2.3 BAC extraction, sequencing and assbly

DNA was extracted for all candidates in house, except for the second SGD_BAC that was sent

RANBOGfe (G2 w2o0Ay dzSttQa fFLo oa{!x 9lLad [y
on a MiSeq with a 150 bp or 250 bp fragment size, after construof a single TruSeq DNA
libraryl & w20AY dzSttQa fl1o oa{! =z 9FLad [lyaAray3a:

Sequencing data was assembled after reducing the raw read number to only the first 50000
reads using the MIRX assembler. The assembly was analysed regarding scaffold number,
scaffold size and the combined lengthurfique scaffolds in comparison to expected insert size

of the individual BACT@ble8).

Table8 BAC assembly results
Assembly of BAC sequencing data including number of scaffoldef{cudlue for scaffals is 1 kb),

number of scaffolds larger or smaller 2000 bp, sum of all scaffolds larger 2000 bp and largest scaffold of

the assembly in comparison to experimentally determined expected insert size of individual BAC.

Target No. of No. scaffolds | No. scaffolds Largest SSC:?O?JSaIL Si;e of BAC
scaffolds > 2000 bp <2000 bp scaffold 2000 bp insert

SGD 2 2 0 93 247 bp 105 551 bp 105 000 bp

T16H2 6 4 2 59 670 bp 113 751 bp 125 000 bp
ISY 17 7 10 29 781 bp 79 090 bp 125 000 bp
STR 18 18 0 15 240 bp 78 250 bp 97 000 bp

MATE 22 13 9 16 340 bp 85 000 bp 90 000 bp
SGD 44 24 20 19 891 bp 99 178 bp 100 00 bp

4.2.3 Representation of alkaloid genes in draft genonad BAC assemblies
No nucleargenomic sequence fdt. roseusr any other alkaloid producingqoit was available
at the beginning of this thesis. The analysis described below was aimed to determine the

genomic organisation of the known MIA biosynthetic genes.

Encouraged by the high number of large scaffolds present in the genome, we investigated the
completeness of the assembly by searching for all known MIA biosynthesis pathway genes

(Figure 38). All published sequences of genes involved in the production of alkaloi@s in
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roseuswere searched manually and could be idagtif in the draft unannotated genome
(Table9). Manual inspection revealed that fatDLHthe exons are distributedn two rather

than one scaffoldbut those two scaffolds overlap and can be joined to form one continuous
sequence. MWh the exception ofSGDand T3Oall pathway genes could be unambiguously
assigned to a single scaffold revealing the individual exon intron structure for each known
pathway gene and making the investigation oflocalised genes, at least to some extent,

possible.

Table9 C. roseuscaffolds of all alkaloid pathway genes known today
For all 25 known (to date) alkaloid pathway geneLofoseushe gene abbreviation, full gene name,

scaffold number and size, as well as the idéstti{ID) of gene locus on individual contig are given. The

genesSGDand T30are not available (n.a.) in full length in the assembly.

Gene Full Gene Name Locus ID Scaffold S_caffold
No. size (bp)
G8H geraniol 8hydroxylase CRO_015220 | 3061275 29,875
GOR 8-hydroxygeraniol oxidoreductase CRO_033830 | 3068899 39,235
ISY iridoid synthase CRO_033829 | 3047130 46,594
10 iridoid oxidase (CYP76A26) CRO_006321 | 3064716 28,101
7DLGT UDRglucose iridoid glucosyltransferase CRO_027006 | 3050165 46,244
. . CRO_014616 & 2952847 &| 5,196 &
7DLH 7-deoxylogait acid 7hydroxylase CR6_005949 3058188 40,675
LAMT loganic acid methyltransferase CRO_028497 | 3052816 52,328
SLS_1 secologanin synthaslke protein 1 CRO_009297 | 3045390 49,729
SLS_2 secologanin synthase/ cytochrome4B0 CRO_032842 | 3047714 65,404
SLS_3 secologanin synthaskke protein 2 CRO_012140| 3071001 48,935
SLS 4 secologanin synthaslke protein 3 CRO_024556 | 3063455 76,903
TDC tryptophan decarboxylase CRO_006098 | 3045674 29,490
STR strictosidine synthase CRO_00899 3045674 29,490
SGD strictosidineb-glucosidase n.a. n.a. n.a.
T16H1 tabersonine 1énhydroxylase CYP71D12 CRO_017448 | 3064268 32,093
T16H2 T16Hlike protein CRO_017447 | 3064268 32,093
160MT 16-hydroxytabersonine @nethyltransferase CRO_004356 | 3051716 19,234
T30 tabersonine 3hydroxylase n.a. n.a. n.a.
T3R tabersonine 3reductase CRO_021541 | 3066548 34,599
NMT 16throxyz’3g'2%‘;3;2¥22¥3ber50”'”e NI crO 033266 | 3065019 | 10,334
D4H desacetoxyvindolind-hydroxylase CRO_012504 | 2969470 16,035
DAT deacetylvindoline 4>-acetyltransferase CRO_020280 | 3060125 26,177
THAS tetrahydroalstonine synthase CRO_024553 | 3063455 76,903
T19H tabersonine/lochnericine 1@ydroxylase CRO_021082 | 2964965 34,685
MAT minovincinine 1%hydroxyO-acetytransferase CRO_005213 | 3067490 69,370
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4.2.4 Gene contenbf pathway gene genomic scaffoldand BAC assemblies
For initial analysis, the unannotated draft genome was examined. Scaffolds identified to
contain known pathway genes were examined for further geoetent using BLASTn search
against theC. roseudranscriptome available at the timé& to mine for the presence and
identity of neighbouring genes. From those transcripts, candidates that could potentially be
missing step# C. roseusilkaloid biosynthesis have been chosen and investigated either in the
a021LIS 2F (GKA&a (GKSaAaAa 2N o 20KSNJ YSYOSNER 2
annotated as an alcohol dehydrogenase that is located in proximity to SLS was functionall

characterised as an MIA enzyme involved in heteroyohimbine biosyntiesis

After thisfirst extended analysis of the assembly and in preparation of the publication of this

data %8 the genome was annotated and the raw reads of 8 out of the 23 tissues contained in

the original transcriptomic datase®® were used to calculate FPKM values for this revised

OGN} YAONRLIG2YAO RIFGIFIaShd o@& 5N WS2y3g22y YAY
Recently, in preparation of this thesis, the amg analysis was repeated using the newly
obtained annotation of the genome and the recalculated transcriptomic data as it is of much
higher quality. In the original transcriptomic data, individual transcripts were often not full
length and required indidual manual inspection. In general, the obtained results of both
analyses are the same. Furthermore the original mining was extended to pathway thahes

had been discoveredfter the initial analysis, such as the vindoline pathway genes F3®

and T3R&,

In total, 25 known pathway genes were employed in this analysis. The detailed giatiestiof

their genomic context in combination with the BAC assembly data yielded 96 individual
transcripts that are located in close proximity to the previously identifie€C2%0seuslkaloid
pathway genes. Individual results are presented below withrigsults of the parallel analysis

of the content of the BAC assemblies. If possible, the order of BAC scaffolds was manually
determined using the BAC ends, overlapping regions of individual scaffolds, transcripts
spanning more than one scaffold, and byABI n search against the draft genome scaffolds. To
confirm individual findings, PCR from genomic DNA was conducted. The analysis presented
below begins with the seewmidoid pathway genes and follows the natural order of enzymatic

steps inC. roseuslkaldd biosynthesis.
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4.2.5 Geraniol-8 hydroxylase and $iydroxygeraniol oxidoreductase
The hydroxylation of geraniol by geran®lhydroxylase (G8Hj® represents the first
committed step of the secaridoid pathway. This cytochrome P450 enzynedobgs to the
CYP76 family and geraniol hydroxylation activity has been shown for several members of this
family, for example, fromArabidopsis thaliana®’. The product of G8H,-8xogeraniol, is
converted by &ydroxygeraniol oxidoreductase (GOR)which is a medium chain alcohol

dehydrogenase, to the linear dialdehydegogeranial Figure39).

=~ ISY
OH G8H =~ OH GOR S X0
JR—— —_— -
X
X OH N OH

geraniol 8-hydroxygeraniol 8-hydroxygeranial cis-transnepetalactol
o \
- oGl
* H (?Glc S H c :_ H ?Glc
ol T 9 LAMT How Q 7DLH 9  7pLet
L J NS s -
H " CoH H
COMe 2 COyH CO,H

loganin loganic acid 7-deoxyloganic acid

7-deoxyloganetic acid

|

Figure39 Monoterpene indole alkaloid pathway irC. roseus (Part I)

Secairidoid section of MIA pathway from geraniol to loganin: G8H, geranioydoxylase; GOR,- 8
hydroxygeaniol oxidoreductase; ISY, iridoid synthase; IO, iridoid oxidase; 7DLGTludbse iridoid

glucosyltransferase; 7DLHd@oxyloganic acid-fiydroxylase.

TheG8Hscaffold contains only one further transcript, not a known alkaloid pathway gene and
the GQR scaffold contains six further transcripts none of which is a known alkaloid pathway
gene Table 10). Based on the annotation, it seems unlikely that any of these genes adjacent to

G8Hand GORplay a role in the MIA pathway.
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Table 10 Scaffold containing alkaloid biosynthesis gene geranidiygiroxylase
Scaffold number, size and contained transcripts ID and annotation. Alkaloid pathway gene in bold.

Gene Scaffold ;g:fzgg Transcript ID Transcmpt annotation

G8H 3061275 29,875 CRO_015221 DUF1649 domain containing protein
CRO_015220 geraniol 8hydroxylase

GOR 3068899 39,235 CRO_033830 8-hydroxygeraniol oxidoreductase
CRO_004421 aspartate aminotransferase
CRO_004419 Glycosyl hydralse family protein
CRO_004420 Glycosyl hydrolase family protein
CRO_004422 hypothetical protein
CRO_004424 RNA polymerasedssociated factor PAF67
CRO_004423 Tetraspanin family protein

4.2.6 Iridoid synthase
The product of GOR-@&ogeranialjs converted by iridoid synthase (ISY) to a mixture of cis
trans-iridodial and cigrans-nepetalactol® (Figure39). For the ISYgene, the daft genome
data as well as the corresponding BAC (ISY_BAC) were analymedyjenome scaffold

containing ISY contains six further transcrigtalfle11).

Table11l Genome scaffold containing alkaloid biosthesis gene iridoid synthase
Scaffold number, size and contained transcripts ID and annotation. Alkaloid pathway gene in bold.

Gene Scaffold ;E?Egls) Transcript ID Transcript annotation
ISY 3047130 46,594 CRO_025458 alpha/betaHydrolase protei

CRO_025459 cytochrome B5 isoform B
CRO_025460 glycinerich protein
CRO_033829 iridoid synthase
CRO_025461 iridoid synthase paralog
CRO_025462 Protein of unknown function (DUF620)
CRO_025463 RNA binding (pumilio)
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The combined M BAC assembly was only approximaté8,000 bp,smaller than the
previously experimentally predicted insert size of 125,000 bp for this Bal@e@). However

in combination with the draft genome scaffolds, the size of the cavemgion could be
increased by manualuration of the assemblto about 160,000 bpTablel2). Importantly the

draft genome scaffold folSYand the ISY_BAC scaffolds are close to identical. This accordance
was observed for all EAdata and strengthens the validity of both assemblies. A number of
interesting observations were made from the annotations of the genes on these scaffolds, and

are discussed further below.

Tablel21SY_BAC assembly scaffolds
Size 6 ISY_BAC scaffolds larger 2000 bp, corresponding scaffolds with size in bp, transcripts contained

and transcripts functional annotation. In bold is the known pathway gé8¥ (CRO_025460/

JX974564 1 Its neighbouring gene CRO_025461 represents a duplicat the former.

BAC
Scaffold/size
in bp

Corresponding
Scaffold/size in bp

Transcripts
contained

Functional annotation

c3/29781

3070152/ 76482

CRO_015511

adenine phosphoribosyl transferase

CRO_015512

Family of unknown function (DUF566)

CRO_08513

Glycosyl hydrolase family 35 protein

CRO_015508

LOB domaifcontaining protein

CRO_015509

nucleic acid binding

CRO_015510

ROOT HAIR DEFECTH/KE

CRO_015507

salt tolerance zinc finger

c1/27294

3068236/ 44765

CRO_029922

ankyrin epeat family protein

CRO_029919

casein kinase alpha

CRO_029921

Peroxisomal membrane 22 kDa (Mpv17/PMP22)

CRO_029920

Syntaxin/tSNARE family protein

CRO_029918

TBRassociated factor

€2/22015

3047130/ 46594

CRO_025458

alpha/betaHydrolags superfamily

CRO_025459

cytochrome B5 isoform B

CRO_025460

iridoid synthase

CRO_025461

iridoid synthase paralog

CRO_025462

Protein of unknown function (DUF620)

CRO_025463

RNA binding (pumilio)

c5/7939

3068236/ 44765

already conained in cl

c6/6467

3068236/ 44765

already contained in c1

c7/4986

3047130/ 46594

already contained in c2

c4/4041

3068236/ 44765

already contained in c1
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According to the analysis of the genomic data, ISY is accompanied by a second gene
CRO_025461, andoid synthase paralogrheC. roseugienome contains six members of the
LINE 3Sa G SWRREOUp aiS o6t pi wo FlrYAf&@ K2Yz2f 232 dz
(Table 13). Four out of the six members of this family have beeowsh to accept 8

oxogeranial as substrate in vitro, though their functiorplantaremains uncleat®.

Table13 Sequence similarity of. roseusLINE 3 S & (i SedBctAse erzymies
Sequence similarity in % based on nucleotide alignment o€sisoseus pi w 3ISy S Tl YAf &

CRO_025460, the actukbYgene, corresponds to KJ873886.1 and is highlighted in red. CRO_025461
corresponds to KJ8738851h. bold are the genes that have been shown to be ablimtaitro convert 8

oxogeranial, the origindBYsubstrate's’,

KJ873884.1 | KJ873885.1 | KJ873883.1 | KJ873886.1 | KJ873882.1 | KJ873887.1
KJ873884.1 69.3 81.3 64 83.6 56.9
KJ873885.1| 69.3 68 65.6 70.6 58.2
KJ873883.1| 81.3 68 62.7 86.5 54.6
KJ873886.1 | 64 65.6 62.7 64.5 59.4
KJ873882.1 | 83.6 70.6 86.5 64.5 56.8
KJ873887.1| 56.9 58.2 54.6 59.4 56.8

The two calocalised and functionbl identical genes iridoid synthase and CRO_025461 are
additionally very tightly ceex pressed Figue 40). The physiological function and involvement

of iridoid synthase inC. roseusalkaloid biosynthesis had been confirmed previously with
targeted virus induced gene silencing (VI€SHowever VIGS experiments silencing the gene
corresponding to contig CRO_025461 cannot support an involvement of CRO_025461 in
alkaloid biosynthesi&™,
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Figue 40 Gene expression of iridoid synthase and iridoid synthase paralog
Expression valuesag f 2 3 i LCdf YS¥ (CRO_025460) and thiSY paralogue (CRO_02461). Gene

expression is displayed for the tissues: A (flower), B, C and D (sterile seedlings treated with MeJA 0, 6

and 12 h), E (mature leaf), F (young leaf), G (stem) and H (root).

ContigCRO_P5459, a second gene localised in close proximity to the iridoid synthase gene, is
annotated as cytochrome B3he alkaloid biosynthetic pathway . roseusncludes seven
enzymatic steps that are catalysed by cytochrome P450 enzymes (G8HDL®, BLI16H,

T19H and T30). The catalysis of these P450s relies on electron shuttling from cytochrome P450
reductase (CPR). It has been shown that this can be aided by additional action from
cytochrome B5'%2 However, the involvenm of this enzyme in the alkaloid biosynthetic

pathway has not been experimentally investigated.

It is not clear is any of the other genes located in the ISY_BAC covered region are used in the

MIA pathway, though these genes are under consideration farréuexperimental analyses.

4.2.7 Iridoid oxidase, 7deoxyloganetic acid glucosyltransferase déoxyloganic
acid hydroxylase and loganic acid methyltransferase
A second cytochrome P450 in the séddoid pathway inC. roseusiridoid oxidase 1Q) 3%,
oxidises cidrans-nepetalactol to 7deoxyloganetic acid. The -deoxyloganetic acid is
subsequently glycosylated by-deoxyloganetic acid glucosyltransferaseDLGY #. The
reaction product is hydroxylated by the third cytochrome P450 of the #éaoid pathway in
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C. roseus 7-deoxyloganic acid hydroxylas&OLH 3 and methylated by loganic acid
methyltransferasel(AMT) to form loganin** (Figure39).

The IO scaffold contains only one further transcript. The scaffold contai@iDgGTcontains
five further transcripts. Two overlapping scaffolds each contain a parf@fH.No further
transcript is located on the first of the two scaffolds, while five further transcripts are located
on the second scaffold. Finally thé\MTscaffold contains only one further traaript (Table

14). None of these transcripts is a known alkaloid pathway gene.

Table14 Scaffold containing alkaloid biosynthesis get®, 7DLGT7DLHand LAMT
Scaffold number, size and contained trans@ifi? and annotation. Alkaloid pathway gene in bold.

Gene Scaffold ;g:fzgls) Transcript ID Transcript annotation
10 3064716 28,101 CRO_006322 AGAMOU$gike

CRO_006321 iridoid oxidase (CYP76A26)

7DLGT 3050165 46,244 CRO_027003 UDRglucosyl tansferase
CRO_027004 UDRglucosyl transferase
CRO_027001 UDRglucosyl transferase
CRO_027005 UDRglucosyl transferase
CRO_027006 UDRglucose iridoid glucosyltransferase
CRO_027002 heat shock protein 18.2

7DLH 2952847 5,196 CRO_0148 7-deoxyloganic acid -hydroxylase

7DLH 3058188 40,675 CRO_005949 7-deoxyloganic acid -hydroxylase
CRO_005951 glyoxalase Il
CRO_005950 Ribosomal protein L18ae family
CRO_029081 hypothetical protein
CRO_029082 hypothetical protein
CRO_029080 Plasmamembrane choline transporter

LAMT 3052816 52,328 CRO_028498 hypothetical protein
CRO_028497 loganic acid methyltransferase

Four of the transcripts located close to the pathway gébé GTare as well annotated as UDP
glucosyl trasferases (UGT). These proteins belong to the large and diverse family of glucosyl
transferases. Many (15%). roseusranscripts are annotated as UGT, a value that corresponds

to that of approximately 120 UGTs foundAmabidopsis thaliand® and 137 UGTs in fla&.

There is no evidence that suggests that those UGTs of close physical proximity are involved in

alkaloid biosynthesis i@. roseus
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4.2.8 Secologanin synthase and tetrahydroalstonine synthase
In the final step of the seewidoid section of MIA biosynthesis €. roseudoganin is
oxidatively cleaved by the fourth cytochrome P450 of this pathway, secologanin sydthase

yield the iridoid terpene secologanin.

OxH ~ ., OGlc
3 \0-Gle ~C
- SLS O 0
o} NF
MeOzC H
COzMe
secologanin loganin
STR
 — +
(0]
OH
TDC z
N N
H H
tryptamine tryptophan

4,21-dihydrogeissoschizine

M902C
cathenamine tetrahydroalstonine

Figure41 Monoterpene indole alkaloid pathway inC. roseus (Part I1)
Section of the MIA pathway i€. roseusSLS, secologanin synthase; TDC, tryptophan decarboxylase;

STR, strictosidine synthase; SGD, strictosidighicosidase and THAS, tetrahydroalstonine synthase.
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The initial analysis of the draft genome identified four paralogs of this geaeh could be

linked to an individual scaffold, placing each gene in a district genomic comtaxXel5).

Tablel5 Scaffolds containing alkaloid biosynthesis gene secologanin synthase

Scaffold number, size and contained transcripts ID and annotation. Alkaloid pathway gene in bold.

Gene Scaffold ;;:fzgf) Transcrip ID Transcript annotation

SLS 1 3045390 49,729 CRO_009299 hypothetical protein
CRO_009298 hypothetical protein
CRO_009297 secologanin synthaséike protein

SLS 2 3047714 65,404 CRO_032843 hypothetical protein
CRO_032844 hypothetical proein
CRO_032845 hypothetical protein
CRO_032842 secologanin synthase/ cytochrome (CYP72)

SLS_3 3071001 48,935 CRO_012141 hypothetical protein
CRO_012139 MuDR family transposase
CRO_012142 hypothetical protein
CRO_012140 secologam synthaselike protein

ﬁ_ﬁ&—é 3063455 76,903 CRO_024555 hypothetical protein
CRO_024559 hypothetical protein
CRO_024558 hypothetical protein
CRO_024554 hypothetical protein
CRO_024552 reticuline oxidase likgrotein (RO)
CRO_023857 hypothetical protein
CRO_024556 secologanin synthaséike protein
CRO_024553 tetrahydroalstonine synthase

The exon intron structure of all four paralogs is identicat the size and sequence oha

introns varies(Figure42). To confirm this initial observation, primers were designed for the

individual SLS versions for PCR from genomic DNA. Sequencing of the four PCR products

confirmed the differences between the four SLS paralogs in the genic and thgendn

regions, strengthening the correctness of the genome assembly.
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Figure42 Exon intron structure of all four secologanin synthaparalog genes
Schematic representation of exon intron structureSif$aralog genes. Black sectiorepresent exons.

Gene open reading frame size is 1584 $pg1 and 4) or 1575 bis(.S2 and 3).

.\MF SLS_1
. M SLS_2
WF SLS_3
W SLS_4

Tablel6 Nucleotide sequence similarity of the four secologanin synthgsealog genes
Nucleotide alignment of all four SLS sences cloned fronC. roseust { dzy' { G 2 N ! LINA O2 (¢ RA&LJX |

sequence identity in %.

SLS 1 |[SLS 2 |SLS 3 |SLS 4
SLS_1 94.2 94.2 93.9
SLS 2 | 94.2 97.7 97.2
SLS 3 |94.2 97.7 96.6
SLS 4 |93.9 97.2 96.6

All four SLSparalogs were cloned successjuffom cDNAThe SLSaralogs are between 94
and 98 identical in nucleotide sequencEaplel6). This high sequence similarity had made it
impossible to assemble the four paralogs individually in the original transcriptomicsdéta
leading to various partiaBLSranscripts but no fullSLSranscript *. In the new improved
transcriptomic dataset obtained usingehgenome assembly as referen®®, the individual
expression profiles of these genes can be resohdufe43). An involvement of all four
versions ofSLSn C. roseusalkaloid biosynthesis is assumed based on their high sequence

similarity and the fact that all four versions are expressed in the relevant tissues.
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Figure43 Gene expression of all fosecologanin synthasparaloggenes
Expression valuesagf 2 3 i df all fourSLSJaralogs. Gene expression is displayed for the tissues: A

(flower), B, C and D (sterile seedlings treated with MeJA 0, 6 and 12 h), E (mature leaf), F (young leaf), G

(stem) and H (root).

4.2.8.1 Further contat of SLS 4 scaffolgltetrahydroalstonine synthase (THAS)

After establishing the consistency of the assembly data, a closer inspection of abli&ur
scaffold revealed that the SLS 4 scaffold contains two further transcripts of interest, the
annotation d which suggests that they may have the potential to be involved in the unknown
steps of alkaloid biosynthesi§dble15). The contiglCRO_024553 (cra_locus_1974 iso_3 in

the original transcriptomic datasé®0 ¢l a | yy2GFGSR a4 aaiayl LRt
Despite its relatively low expressionnmture and young leaf it displays a strong upregulation

after methyl jasmonate induction and was therefore suspected to be involved in alkaloid

biosyntlesis inC. roseus

After observing the evidence of gene clustering for this candidate, it was subsequently tested
for its potential involvement in alkaloid biosynthesis. The activity of this enzyme was tested by
Anna Stavrinides and Dr. Evangelos Tatsi®) were working on elucidation of enzymatic
steps following the deglycosylation of strictosidifidose experiments included targeted gene

silencing as well as expression of this candidatE.icoliand testing it with the strictosidine
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aglycone, theSGDreaction product. It was shown that this enzyme can accept the aglycone
and convert it to the heteroyohimbing/pe alkaloid tetrahydroalstonineF{gure41). It was
consequently named tetrahydroalstonine synthase. It represents finst ever report of
cloning and characterisation of a gene involved at the crucial branch point in monoterpene
alkaloid diversity not only i€. roseudut in all monoterpene alkaloid producing planfddAS

has been further characterised and the restits/e been publishet.

The term collinearity in plant genomics describes the conseoreér of genes that can be
observed between different plant speci&$. In plant gene clustering, collinearity refers to the
order of genes belonging to a cluster representing the exact order of reactions irathegy.

It is however rather the exception then the rule that plant gene cluster display a strong
collinearity 1’4 Therefore the factthat THAS is an enzyme not actidgectly on the SLS

product Figure4l) is not unexpected.

4.2.8.2 Further content of SLS_4 scaffajdeticuline oxidase (RO)

The second contig of potential interest, CRO_024552, is annotated asuaingtioxidase like
protein. Reticuline oxidase, orSgreticuline oxygen oxidoreductase, is a methyldnalge
forming enzyme, also called berberine bridge enzyme, first characterised Eswhscholzia
californica(california poppy) where it is essentitd the formation of benzophenanthridine
alkaloids that are involved in plant defence against pathogenic attdéksloweverROis not
expressed in leaves and therefore silencing of this gene using VIG$dseuss not possible
(Figure44). Furthermore, it is only minimally induced by methyl jasmonate, a fact that makes
its involvement in alkaloid biosynthesis less likely, as all so far reported genes are strongly

methyl jasmonate induced.hE function of RO remains unknown.
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Figured44 Gene expression dBLSTHASand ROin C. roseus
Expression valuesag f 2 31 L of YSAS4 paralogue as well a§HAS (CRO_024553) andRO

(CRO_024552). Gene expression is displayednrtissues: A (flower), B, C and D (sterile seedlings
treated with MeJA 0, 6 and 12 h), E (mature leaf), F (young leaf), G (stem) and H (root).

4.2.9 Tryptophan decarboxylase & strictosidine synthase
In parallel to the reaction of loganin to secologanin catety by secologanin syntha¢sLS),
the amino acid tryptophan is decarboxylated by the pyridoxal phosphate dependent enzyme,
tryptophan decarboxylase (TDC) to form tryptamifgFigure41). Both products, secologanin
and tryptamine are enzymatically joined in a PieSgiengler condensation reaction catalysed
by strictosidine synthase (STR), the first committed step in the creation of texpeme indole

alkaloids by formation of the central metabolic intermediate strictosidifigyre41) 18818,

4.2.9.1 Genome scaffold for tryptophan decarboxylase
TheTD(genome scaffold contains two further transcripts, one representing the pathway gene
STRand one further transcript annotated as an efflux family protein of Mhdti-antimicrobial

extrusion proteintype MATE) Tablel7).
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Table17 Scaffold containing alkaloid biosynthesis gene tryptophan decarboxylase
Scaffold number, size and contained transcripts ID and annotation. Alkaloid pathway gene in bold.

Scaffold

Gene Scaffold size (bp) Transcript ID Transcript annotation
TDC/STF 3045674 29,490 CRO_006099 strictosidine synthase
CRO_006098 tryptophan decarboxylase
CRO_006097 MATE efflux family protein

To ensure that this observation of pathwggne clustering is not an artefact of the assembly,

PCR using genomic DNA as template was conducted. The forward primer for this PCR was
located in the coding region of thEDCgene while the reverse primer was located in the
coding region of theSTRgene. Both primers amplified only one single target as was
determined by BLAST search against the genome assembly. The expected band size was 6849
bp. A band of approximately this size was amplified using PCR. saseusggenomic DNA
(Figure4b).

7000 bp -

1500 bp -

500 bp -

Figure45 Products obtained by amplifying DCand STRrom genomic DNA
A band of approximately 7000 bp could be obtained usinfD&Cand STRspecific primer pair orC.

roseusgenomic DNA, suggestingeticlose proximity of these genes in tBeroseugenome.

Mapping the full open reading frames (ORFs) of all three genes to the genomic scaffold
revealed their exact intron exon structure, direction of the ORFs and the distance between the
individual gens. The gene¥DCand STRare located only approximately 6000 bp apart with no
other transcript mapping to this sectiofigure46).
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TDC genomic scaffold 3045674 (29 490 bp)
MATE TDC STR

Figure46 Representation of scaffold 3045674 with gendBATE, TD@nd STR
Schematic representation of location of the three open reading frames for the gL TDCand STR

Black sections represent exons.

The TDC/ STR genomic scaffold contains a third transCRf._00609i8 annotated as a Mate

efflux family protein (MATE), a transport proteif®. Members of this family have ba
implicated in various transport processes in plants and interestingly also in the transport of
secondary metabolite$®’. The expression profile of these three-logalised genes displays
remarkably strong coegulation Figure47) making MATE an excellent candeldor further

OKIF NI OGSNRAIFI GA2yd ¢KAA OKFNIOGSNRARAIFIGARZ2Y 61 &
(John Innes Centre, Norwich, UK), with his work strongly suggesting that MATE is responsible

for transporting secologanin, the eubstrate of STR,dm the cytosol into the vacuole.
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Figure47 Expression profile oT DG STRand MATE

Expression valuesigt 2 3 i Xof TO& STRand MATE Gene expression is displayed in the tissues: A
(flower), B, C and D (sterile seedlings treated with MeJA 0, 6 and 12 h), E (mature leaf), F (young leaf), G
(stem) and H (root).
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4.2.9.2 STR_BAC and MATE_BAC

Originally we instructedBio S&T Inc. (Montreal, Canada) to extract a BAC that contained
MATE but not STR{o ensure that we could extend the BAC sequence data in the direction of
MATE This approach however failed and both BACs obtained still contained Sitiand

MATE (Table 18) The content of the STBACand the MATEBAC assemblies &lmost
identical. Only the overlap of a further genomic scaffold with one of the MATE_BAC scaffolds
allows the extension of the sequence. MATE_BAC scaffold ¢3 oveiitpgenomic scaffold
3064339, a scaffold that B7 729 bp long and allows to connect seven further transcripts to

the existing gene clustef &blel8).

Tablel8 STR_BAC and MATE_BAC assembly scaffolds
Siz of STR_BAC and MATE_BAC scaffolds larger 2000 bp, corresponding genomic scaffolds with size in

bp, transcripts contained and transcript functional annotation. Bold are the known pathway genes

strictosidine synthase and tryptophan decarboxylase.

STR_BAC Cg;:)eniﬁ:ondlng Transcripts

Saffold/size | 9 o crip Functional annotation

: scaffold/size in | contained

in bp

bp

c1/15240 3045674/29490[ CRO_006097 MATE efflux family protein
CRO_006098 tryptophan decarboxylase
CRO_006099 strictosidine synthase

c2/5461 already contained in c1

c3/3698 already contained in c1

MATE_BAC Corresponding

Scaffold/size genomic L Trans_cripts Functional annotation
in bp scaffold/size in | contained
bp

c4/16340 3045674/29490] CRO_006097 MATE efflux family protein
CRO_006098 tryptophan decarboxylase
CRO_006099 strictosidine synthase

c3/14187 3064339/57729] CRO_006603 cytochrome P450, family 71, subfamily B
CRO_006604 Fbox family protein
CRO_006605 Galactosyltransferase family protein
CRO_006606 alpha carboit anhydrase
CRO_006607 Ubiquitin-like superfamily protein
CRO_006608 aconitase
CRO_006609 Polynucleotidyl transferase

c2/6507 already contained in c4

c1/6003 already contained in c4
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A surprisingly low number of transcripts that dam associated with both BACs is likely due to

the large proportion of highly repetitive sequencésdotgdot graph'®?wasused to investigate
sequence similarity as similarity miadr Horizontal and vertical edges representing the
aSljdzSy0Sa G2 0SS O2YLI NBR ¢AGK AydehtigahiRthe f aR
two sequences. The structure and complexity of a sequence can be gatestiby comparing

it in a dotdot to itself. A dotplot then visualises regions of low complexity buas highly
repetitive and low complexity sequences that are particularly challenging to asséflale

more or lessdlly coloured regions. The ddgi of the combired assembly of the MATE_BAC
(85000 bp, Table8) displays a high proportion of highly repetitive sequen{iéigure 48).
However, the MATE_BAC contains a transcript annotated as a cytochrome P450 enzyme,
transcript CRO_006603, which belongs to the CYP71 family. The expression values for this
P450 is however very different from that of the pathwagngsSTRand TDC This P450 is only
expressed in seedling and stem tissugig(re 49). Therefore, no VIGS experiment was

conducted and the function of this gene remains unknown.

STR_BAC scaffolds =2000 bp
ooo 40,000

10,000

20,000

30,000

2000 bp

]
=]
=
s

STR_BAC scaffolds =

50,000

60,000

70,000

Figure48 Dotplot (self) of all scaffolds > 2000 bp of the STR_BAC
The assembly of the STR_BAC results in a total number of 13 scaffolds with highly repetitive content.
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Figure49 Expression of transcripts of MATE_BAC scaffold
Expression valuesagf 2 3 i Yof trarescripts contained in scaffol8B064339in comparison toTDCSTR

and MATE Gene expression is displayed for the tissues: A (flower), B, C and D (sterile seedlings treated

with MeJA 0, 6 and 12 h), E (mature leaf), F (young leaf), G (stehij &oot).

Other genes in close proximity include a contig annotated as aconitase. Aconitases are
essential irorsulphur proteins facilitating the isomerisation of isocitrate from citrate indicating
their function in primary metabolism pathways. Additally aconitase genes frodrabidopsis

were shown to be involved in transcriptional regulating resistance to oxidative sttéss
Although aconitase (CRO_006608) issgpressed with the alkaloid pathway gengBCand
STRFigure49) there is no other evidence suggesting an involvement of this gene in alkaloid
biosynthesis inC. roseusGiven the known bidemistry of this alkaloid pathway, a role for

aconitase activity does not seem likely.

4.2.10 Strictosidinep-glucosidase
The deglycosylation of strictosidine by strictosidinglucosidas¢SGD}® results in formation
of a reactive daldehyde species thatubsequently rearranges to 4,2iehydrogeissoschizine,
an intermediate from which nearly all structural scaffolds of monoterpene indole alkaloids are
derived®® (Figure41).
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4.2.10.1 SGD scaffold
Multiple scaffolds can be associated with tB&Dgene sequence, none of which represent the

full gene, which contains 13 exor&aplel9).

Table19 Scaffolds containing alkaloidibsynthesis gene strictosidinb-glucosidase
Scaffold number, size and contained transcripts ID and annotation. Neither any of the genomic nor the

transcripts represent the full open reading frame of SGD.

Gene Scaffold S_caffold Transcript ID Transcript annotation
size (bp)

2954985 834
3022133 734
3042673 2880 o o1coo
3043349 2919  CRO 028721
3042874 5337 CRO_031126
3038502 3868 C0-005478
3038594 5212
3062364 4,646

SGD

strictosidineb-glucosidase

Three contigs resembletie Nterminus of the gene, four the-@rminus of the gene, and one
contig the middle region. The gene was manually reconstructed from these 8 scaffolds and
consists of 13 exons and 12 introns. As in the case dbliggenes, individual parts of theGD
gene were cloned from genomic DNA and sequenced to confirm the manual reconstruction.
SGDspans more than 10 kb on the genontégure50). The exon intron organisation is not
unusual and can be found in other plant genomes suchices where a comparison of all
members of the glucosyl hydrolase familybdlucosidase revealed several types of gene
structures with the most common gene pattern being the one in which there are 13 exons
separated by 12 intron&¥®. Manual examiation by Robin Buell and cworkersat Michigan
State Urversity (MSU, East Lansing, YS#ad suggested that the misassemble8GD
represented a collapsed geme assemblyossiblyrepresenting a minimum of two closeGD
paralogsLater comparison with the Mate pair data confirmed the existence of two ps&8&dD

genessurrounding the actudull length SGD gene in tli& roseugenome.
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SGD intron/ exon structures on combined scaffolds (10 600 bp)

Figure50 Reconstructed exon intron structure of th8GDgene
The alkaloid biosynthesis ger8GDis represented partially by eight different scaffold@ombined the

exon/ intron structure becomes visible and reveals a total length of the gene in its genontéxtcoh

approximately 10000 bp.

4.2.10.2 SGD_BAC

The assembly of the first SGD_BAC resulted in only two scaffolds with a combined length of
105000 bp, idetical to the experimentally predicted insert size. Unfortunately the assembly of
this SGD_BAC does not contain the ac&@Dscreening target sequence, in fact it contains
almost no transcripts at allfable20). Attempts to magall obtained reads from the sequencing

of the first SGD_BAC automatically onto the sequenc8@Bdid not result in any matches,
suggesting that failure to detec$GDin the assembly was not due to a problem with the

assembly.

Table20First SGD_BAC assembly scaffolds
Scaffolds resulting from the assembly of the SGD_BAC sequencing data, corresponding genomic scaffold

and contained transcripts with functional annotation.

BAC Corresponding Transcriots

Scaffold/size | genomic crp Functional annotation

; o contained

in bp scaffold/size inbp

€1/93247 bp | 3057594/43594 CRO_022807 hypothetical protein
2971237/8169 -
3062333/20761 CRO_01323] hypothetical protein
3051495/16542 -
2959308/6578 -

€2/12304 2981604/43644 CRO_0002394 MuDR family transposase

As a consequence of the failure to loc&&Don the sequenced SGD_BAC, an improved primer
pair was designed to screen the BAC library for a second time. The new knowledge of its exact

genomic sequence helped identify an optimisetdhyer pair for the second screening of the
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BAC library. This time th8GDgene was part of the assembly and could, in full length, be
localised on one scaffold of the SGD_BAC asseriillylg21) confirming the prewmusly
manually reconstructed genomic structurBigure50). At this point, the genes surrounding
SGDxould be identified.

Table21 Second SGD_BAC assembly scaffolds
Scaffolds larger 2000 bgorresponding genomic scaffolds (in bp), transcripts contained and transcript

functional annotation.

BAC Corresponding .

. : Transcripts . .
Scaffold/size | genomic . Functional annotation
; o contained
in bp Scaffold/size in bp

€1/19897 2954369/20065 -

c4/14177 3038756/4822 -

2954985/834,
3022133/734,
3042873/2880, CRO_015796
3043349/2919, CRO_028721

c2/10658 3042874/5337, CRO_031126 SGDstrictosidine beta glucosidase
3038592/3868, CRO_005478
3038594/5212,
3062364/4646

c5/6829 3039922/3323 -
3110662/1692 -

c7/6246 3067087/8810 -
3039593/6049 -

€9/6202 3047206/8855 -

c8/5969 contained in c7

c3/5287 3041229/2400 -
3041230/2400 -

c25/4071 3066832/2982 -
3066655/35788 CRO_011777 2-oxoglutarate (20G) and Fe{tlgperdent oxygenase
CRO_01177§ 2-oxoglutarate (20G) and Fe{tlgpendent oxygenase
CRO_011779 cytochrome P450, family 71, subfamily B, polypeptide
CRO_01178] hypothetical protein

CRO_01178( Peptidase C78, ubiquitin fold modifispecific

c6/3659 3038311/3332 -

3038311/3301 -

295449/1670 -
c29/3566 contained in ¢c25

c11/3204 3059350/4493 CRO_026517 oligopeptide transporter
c10/2930 3039593/6049 -
c27/2271 contained in c11
cl14/2217 contained in c11
c12/2063 contained in 25
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The second SGD_BAC contains a transcript annotated as oligopeptide transporter. These
transport family enzymes are implicated in various biological functions with demonstrated
substrates in plants being metahelates, small peptides and glutathioA¥. Transport of
secondary metabolites is essential for complex pathsvlike the alkaloid pathway @. roseus

198 of which only two transporter have been characterised so*faf° However the contig
CRO_026512 is only 6@ long which is in stark contrast to the length described for the
oligopeptide transporters from other plants such Asthaliana?® suggesting this is a partial

gene/ pseudogene. Additionally CRO_026512 is not expressed in leaf tissues making it an

unsuitable candidate for gene silencirkggqure51).
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Figure51 Expression profile o6GDand colocalised genes
Expression values (ds2 3 i JCdaf ¥GDand colocalised transcriptsCR0026512 (partial transporter

gene), CRO_011777 and CRO_011778xd¢glutarate (20G) and Fe {#igpendent oxygenase) and
CRO_011779 (P450 gene, VIGS candidate G&8 expression is displayed for the tissues: A (flower),
B, C and D (sterile seedlings treated with MeJA 0, 6 and 12 h), E (mature leaf), d-1¢abyrG (stem)
and H (root).

The low expression values are also the reason two further transcripts ensdaffold,
CRO_011777 and CRO_011778, have not been subjected to further silencing experiments
despite the fact that 2xoglutarate (20G) and Fe{ti®pendent oxygenases can be implicated
in many examples of plant specialised metaboli&h CRO_011779 is annotated as P450
enzyme of the CYP71 family. Although again it displays low expression values, it was subjected
to two VIGS experiments. The results of these experiments are detai@dapters.
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4.2.11 Tabersonine 16hydroxylase& 16-hydroxytabersoninéD-methyl-transferase
The first committed step of the seven enzymatic reactions comprising vindoline biosynthesis
from the intermediate tabersonine irnC. roseusis catalysed by the cytochrome P450
tabersonine 16hydroxylase (T16H). This enzyme hydroxylates tabersonine at the 16 position
to 16-hydroxytabersoniné! (Figure52). It has been established as part of this thé€lkapter
2) that two T16Hgenes, T16H1land T16H2 exist inC. roseusand that both are involved in
vindoline biosynthesis in a tissue dependant manfietn the next enzymatic step the newly
installed hydroxyl group of tBydroxytabersonine imethylated by 1éhydroxytabersonin€-
methyltransferase (160MTY.

multiple
unknown steps

MeO,C  OH
4,21-dihydrogeissoschizine

16-hydroxy
tabersonine
160MT

A\

N /
COZMe
H
16-methoxy-2,3-dihydro- 16-methoxy-3-hydro-
3-hydroxytabersonine 3-hydroxytabersonine 16-methoxy
tabersonine
NMT

desacetoxyvindoline deacetylvindoline vindoline (R=H)

vindorosine (R=MeOQ)

Figure52 Monoterpene indole alkaloid pathway irC roseus (Part 111)
Downstream section of theMIA pathway in C. roseus:T16H2, tabersonine ZBydroxylase 2

(CYP71D351); 160MT, -tigdroxytabersonine O-methyltransferase; T30 i@ethoxytabersone 3
oxigenase;  T3R, I6ethoxytabersonine  3eductase  NMT, Lénethoxy-2,3-dihydro-3-
hydroxytabersonine  N-methyltransferase; D4H, desacetoxyvindolfiydroxylase; DAT,

deacetylvindoline 4-acetyltransferase.
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4.2.11.1 T16H and 160MT scaffold

The genomic scaffold foF16Hcontains both transcript§ 16H1and T16H2along with two
additional transcripts The genomic sdfold for 160MT contains one additional transcript
(Table22).

Table22 Scaffolds containing alkaloid biosynthesis genEs6Hand 160MT
Scaffold number, size and contained transcripts ID and annotatigalodd pathway genes in bold.

Gene Scaffold ;ngzgls) Transcript ID Transcript annotation
T16H 3064268 32,093 CRO_017450 DUF4283 domain containing protein
CRO_017447 T16Hlike protein
CRO_017449 cytochrome P450, family 71 B
CRO_01748 tabersonine 16hydroxylase CYP71D12
160MT 3051716 19,234 CRO_004355 cytochrome P450, family 71 B

CRO_004356 16-hydroxytabersonine @Gmethyltransferase

4.2.11.2 T16H2_BAC scaffolds

As already discovered from the T16H scaffold, the alkaloid pathway gaéétland T16H2
represent a reversed tandem duplicated gene pair of a member of the CYP71 protein family.
Both genes have been shown to carry out the same enzymatic reattionhe dkaloid
pathway genel60MTacts immediately after the T16H reaction and is part of the T16H2 _BAC
assembly Table23).
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Table23T16H2_BAC assembly scaffolds
Size of T16H2_BAC scaffolds larger 1000 bpegmonding genomic scaffolds with size in bp, transcripts

contained and transcript functional annotation. In bold are the known pathway get@OMT
(CRO_004356 T16H1(CRO_017448 and T16H2(CRO_017447). The transcript CRO_017449 is not

contained on the BC scaffold ¢3 but only on the genomic scaffold that overlaps partly with c3.

BAC . Corresponding Transcripts . .

Scaffold/size | genomic . Functional annotation

in bp scaffold/size in bp contained

c1/59670 2997859/42721 CRO_025929| cell wall protein precursor, pative
CRO_025930| Protein phosphatase 2C family protein
CRO_025927| Putative uncharactered protein ycfl5
CRO_025928| photosystem Il family protein
CRO_025931| cytochrome P450, family 71, subfamily B

3051716/19234 CRO_004356| 16-hydroxytabersonine Gmethyltransferase

CRO_004355| cytochrome P450, family 71, subfamily B

c3/24101 3064268/32093 CRO_017449| cytochrome P450, family 71, subfamily B
CRO_017450| DUF4283 domain containing protein
CRO_017447| T16Hlike protein
CRO_07448 | tabersonine 16hydroxylase CYP71D12

c4/16202 3043234/7991 CRO_002269| Peroxisomal membrane 22 kDa family protein
CRO_002270| signal peptide peptidase

2999338/4703 CRO_017854| FAR%related sequence

c2/13778 3030070/17788 CRO_015028| Auxinresporsive GH3 family protein
CRO_015029| Pentatricopeptide repeat (PFIRe) superfamily

c7/1969 3041661/3032 no transcripts contained

c5/1235 3051716/19234 already contained in c1

The assembly results reflect the previously experimentally predicteettirsize of this BAC.
The largest T16H2 BAC scaffold cl contains the known pathway 16€DeIT while the
second largest T16H2_BAC scaffold c3 contains the known pathway TEsld$and T16H2
(Figure53). It was not possible to cafusively order the scaffolds of this BAC manually but
given the fact thatl6OMTis located on a 56 000 bp long scaffold and the given total length of
the T16H2_BAC of 125 000 bp, we conclude ft&®MTand T16H1land T16H2cannot be
more then approximatel$0 000 bp distant.
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T16H2_BAC T16H2_BAC
scaffold c1 (59 670 bp) scaffold c3 (24 101 bp)
BAC end 160MT CRO_004355  T16H1 T16H2
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Figure53T16H2_BAC scaffolds c1 and c3
The T16H2_BAC scaffold c1 with the transcripts CRO_004356 (pathway6gaid) and CRO_004355,

a second CYP71 gene, and the T16H2_BAC scaffold c3 with the reversed thmpdieated transcripts
CRO_017447 (pathway ged6H) and CRO_017448 (pathway gem&6H). Blue arrow indicate
direction of gene ORF. The BAC scaffolds c1 contains one of the two BAC ends indicated by a black

arrow.

4.2.11.3 CYP71 from T16H2_BAC: CRO_025930, CR'449 andCRO_004355

The gene content of the T16H2_BAC assembly was evaluated for possible candidates for
unknown steps in alkaloid biosynthesis. Three transcripts are annotated as CYP71, the same
cytochrome P450 family a$16H Closer inspection of th€YP71 annotated transcripts,
CRO_025931 and CRO_017449, revealed that they are only partial gené€SR@tMN25931
containing only 612 bp and CRO_017449 containing only 441 bp. CRO_025931 represents most
likely a partial duplication of16H2as they stillshare 93.3% identity and was therefore not
included in any further investigations. For CRO_017449, the picture is less clear as the 441 bp
can be found in at least four other transcripts of various length, all of which have very low
expression values in ¢halkaloid producing relevant tissues such as flower, leaf, seedling, stem
and root. This contig was therefore also not included in further investigations. The third CYP71,
a full length P450 gene, found on the T16H2 BAC, is CRO_O0(gGE 53). This gene
however is negligibly expressed in tRe roseudissues leaf, stem, flower, seedling or root,

making it a very unlikely candidate for alkaloid biosynthesis.

According to functional annotation, the CYP71 faiisilthe largest family of cytochrome P450s

in C. roseusccounting for more than 70 of the 255 as P450 enzyme annotated transcripts.
This is in accordance with the numbers reported for other land plant genomes where CYP71
also represents the largest P45nfily2°2. However, how many of the transcripts annotated as
CYP71 inC. roseusare actually expressed, full length, functional genes and not partial

duplications, pseudogenes or assigly fragments remains to be investigated. Additionally
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CRO_017449 is not part of the actual T16H2_BAC but can only be found on the scaffold that
exceeds the T16H2_BAC scaffoldcb(e23). CRO_017449 was usedtesiplate to design a

VIGS construct and the construct was used to infiltrate yoGngoseuslants in a VIGS
experiment. However, this did not lead to any significant perturbations in metabg@$rapter

5, Table28).

4.2.12 Tabersonne 3-oxygenase, tabersonine-Beductase, Nmethyltransferase
and desacetoxyvindoline-fhydroxylase
The 16methoxytabersonine product of 160MT is further hydroxylated and reduced by the
concerted action of tabersonine-@&ygenase (T33¥° and tabersonine deductase (T3RY.
At the start of this thesis both genes were unknown. The reaction product of T30 and T3R, 16
methoxy 2,3dihydro-3-hydroxytabersonine, is thesubstrate for Nmethylation by the N
methyltransferase (NMT¥’ and further hydroxiation of the resulting desacetoxyvindoline by

desacetoxyvindoline-iydroxylase (D4H)-{gure52) 1%,

TheT30gene is, likessGDnot represented by a single contig in the new transcriptdifieut by
five different partial transcripts. On genome level none of the scaffolds contains a3all

gene and none of the scaffolds that contain parf@Ocontain any other transcripts.

TheT3Rgene is located on a single scaffold containing fuwther transcript. NMT is located
on a single scaffold containing one further transcripgHis located on a single scaffold
containing no further transcriptst@ble24). No other known or potential alkaloid biosynthesis

gene § located on any of the scaffolds.

Table24 Scaffold containing alkaloid biosynthesis gen€38R, NMTand D4H
Scaffold number, size and contained transcripts ID and annotation. Alkaloid pathway gene in bold.

Scaffod

Gene Scaffold . Transcript ID Transcript annotation
size (bp)

T3R CRO_021542 hypothetical protein
CRO_021541 tabersonine 3reductase

NMT 3065019 10,334 CRO_033267 hypothetical protein
CRO_033266 16-hydroxy-2,3-dihydro-3-hydroxytabersonine N

methyltransferase
D4H 2969470 16,035 CRO_012504 desacetoxyvindolined-hydroxylase
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4.2.13 Minovincinine 19hydroxy QOacetyltransferase, deacetylvindoline acetyl
transferase and tabersonine XBydroxylase
Tabersonine is a central intermediate in vindoline biosynthesis, whiderised in a seven
step pathway in aerial tissue$. In rootsa different set of genes is responsible for the

formation of several additional tabersonine derived alkalokigire54).
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19-0O-acetylhérhammericine 19-O-acetyltabersonine echitovenine

Figure54 Monoterpene indole alkaloid pathwayn C roseus (Part 1V)
Section of the MIA pathway in C. roseus DAT, deacetylvindoli@acktyltransferase; T19H,

tabersonine/lochnericine 1ydroxylase (CYP71BJ1) and MAT, minovincininehydBxyO-
acetyltransferase

In hairy root cultures oC. roseusthe alkaloids hérhammericine and lochnericine have been
detected and as in vindoline biosynthesis, their production can be strongly increased by
addition of elicitors such as jasmonic acid @A)Acting on tabersonine directly is tabersonine
19-hydroxylase (T19H), a cytochrome P45tryme that hydroxylates tabersonine in the 19

position yielding 19ydroxytabersonine. Additionally, it was shown that T19H can convert
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lochnericine into hérhammericing®. While in the last step of vindoline biosynthesis
deacetylvindoline is acetylated by deacetylvindoline acetyltransferase (E3Ai)the root
specific alkaloid biosynthesis a highly similar gene encodes the enzyme minovincinine 19
hydroxyO-acetyltransferase (MAT) which conducts the reaction from minovincinine to
echitovenine, similar to the one of DAT, in both cases transferring a acetyl group to a
tabersonine derived scaffold. It was however shown that MAT was unable to accept either
tabersonire directly or any other tabersonidée substrates that were not hydroxylated at the

19 position 2%, Deacetylvindoline, the natural substrate of DAT and hoérhammericine was
converted by MAT albeit at a much lower turnover rates. In cont@AT is specific to

deacetylvindoline and accepts no other substréfe

The scaffold foDAT contains two further Gacetyltransferase genes and thdAT scaffold
contains three further @acetyltransferase gened.19His located on a singlscaffold that

contains a second gene annotated as cytochrome PA&DI¢25).

Table25 Scaffold containing alkaloid biosynthesis geneAT, DATand T19H
Scaffold number, size and contained transcriptahid annotation. Alkaloid pathway gene in bold.

Gene Scaffold ;ngzglg Transcript ID Transcript annotation

DAT 3060125 26,177 CRO_020282 HXXXBype acyitransferase family protein
CRO_020283 hypothetical protein
CRO_020281 HXXXBype acy-transferase family protein
CRO_020280 deacetylvindoline 40-acetyltransferase
CRO_028722 RNA helicase family protein

MAT 3067490 69,370 CRO_005217 beta-1,3-glucanase
CRO_005218 Kunitz family trypsin and protease inhibitor
CRO_005212 Kunitz family trypsin and protease inhibitor
CRO_005211 HXXXBype acyitransferase family protein
CRO_005216 Kunitz family trypsin and protease inhibitor
CRO_005214 Kunitz family trypsin and protease inhibitor
CRO_005210 HXXXBype acyitransferase family protein
CRO_005215 HXXXBype acyitransferase family protein
CRO_005213 minovincinine 19hydroxy-O-acetyltransferase

T19H 2964965 34,685 CRO_021078 DEAD box RNA helicase (PRH75)
CRO_021079 Peptidase family M48 family protei
CRO_021080 Tetratricopeptide repeat (TPR
CRO_021081 cytochrome P450, family 704 A
CRO_021082 tabersonine/lochnericine 1%hydroxylase
CRO_021083 hypothetical protein
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4.2.13.1 Content of DAT and MAT scaffolds

The C. roseudranscriptome containg4 acetyl coenzyme -8ependent Gacetyltransferases
(HXXXD acytansferase family proteins). Minovincinine -h9droxy-O-acetyltransferase*®

and deacetylvindoline -©-acetyltransferaseé® share sequence identity on a nucleic acid level
and no otherC. roseugiene has a higher similarity to either gene, suggesting the evolution
from a common ancestor. The only HXXXD-tapkferase &mily protein on either of these
scaffolds that is expressed in leaf is thATgene Figure55) (Figure56). The function of the

other acyitransferases has not yet been elucidated.
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Figure55 Expression of eacetyltransferase genes located on th2ATscaffold
Expression values (as 2 3 i Cof \DAT and colocalised transcripts annotated as HXXXD -acyl

transferase family proteins. Gene expression is displayed for the tissudswrjf B, C and D (sterile

seedlings treated with MeJA 0, 6 and 12 h), E (mature leaf), F (young leaf), G (stem) and H (root).
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Figure56 Expression of écetyltransferase genes located on thdAT scaffold
Expression vale @s f 2 31 Cof WAT and colocalised transcripts annotated as HXXXD -acyl

transferase family proteins. Gene expression for displayed in the tissues: A (flower), B, C and D (sterile

seedlings treated with MeJA 0, 6 and 12 h), E (mature leaf), F (young I&tHn( and H (root).

4.2.13.2 Content of T19H scaffold

The biosythesis of root specific tabersonine derived alkaloids is missing one enzymatic step
(Figure54) the epoxidation of tabersonine to yield lochnericine. Biochemical charaatarn
usinglabeled*Gtabersoninehad suggested a cytochrome P450 to be involved in this reaction
205making CRO_021081, a transcript located in close proximif{L®ia compelling candidate

for this reaction despite its overall expréss being relatively lowrigure57.
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Figure57 Expression of T19H and neighbouring P450 transcript
Expression valueagf 2 3 i Cdf GRO_021082/T19knd colocalised P450 transcript CRO_021081.

Gene expession is displayed for the tissues: A (flower), B, C and D (sterile seedlings treated with MeJA
0, 6 and 12 h), E (mature leaf), F (ygueaf), G (stem) and H (root).

4.2.13.3 Expression of candidate for epoxidation in root specific alkaloid biosythesis

Testingof the physiological function of CRO_021081planta using silencing was omitted
since this candidate was predicted to be involved in a pathway localised to roots which cannot
be targeted by VIGS. Instead, the activity of this gene was assessed irPviiners were
designed and the full length gene encoded by CRO 021081 was clonedCfromseus

G { dzy & (i 2 NX6tenm adtNFodcPNAdnto the cloning vector pJEAnd subsequently into

the yeast expression vector pXP218. Sequencigfirmed a 1527 bp ORFof this gene,
referred to as candidate gen€72 Thenucleotide sequence of72was aligned to thel 19H
nucleotide sequencelnterestinglyboth P450 genes share only 52:2sequence identity on

nucleotide level and therefore do not represent a recent geaplidation event.

Competent cells of yeast strain WAT11, which harbours a P450 reduétjsevere
transformedwith pXP218 containing the candidate ge@&2 WAT11 transformed to contain

an empty plasnd served asempty vector control. Liquid cultures in appropriate selective
media were induced for protein expression and supplemented with 5.5 pM tabersonine. The
cultures were maintained for 48 hours and subsequentsthanol extracts of culture samples
measuredby LEMS(Xevq Waterg. No conversion of tabersonin@ comparison to EV plasmid

could be detectedFigure58)
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Figure58 Yeast expressin@72culture supplementedwith tabersonine
Extraced lon chromatogram of LGMS measurement (Xevo, Waterdspr the massesm/z 337,

corresponding to tabersonine and/z 353, corresponding to the product of the oxidat/ epoxidation
of tabersonine for yeast culture supplemented with tabersonine, with empty veptasmid (top) or

yeast culture supplemented with tabersonine, with plasmid contai@@g@(bottom).

It is possible that the missing epoxidation step is unable to accept tabersonine directly as a
substrate. Instead the enzyme could require-tiilroxytabersnine, the reaction product of

the tabersonine hydroxylation by T19H To investigate this possibilifyl 9Hwascloned from

C. roseusstem androot cDNA andcloned into pXP218 plasmi€Competent WAT11 was
transformed with the resulting plasmidMixed cultures ofC72plus T19Hwere tested. The
cultures were maintained for 48 hours in the presence of tabersonine amdesuently
measured by LS. Previous intensive work with tabersonine derivatives in yeast cultures
(Chapter3) had shown that the products of the yeast cultures can be freely exchanged

between yeast and media.

The yeast culture expressing T19H showsw peak of a mass corresponding to that of 19
hydroxylated tabersonine (m/z 353). No such peak is detectable in the empty vector control
culture Figure59). However the combination of C72 and T19H does not lead to the production

of a further new peak suggesting no conversion ch§@roxytabersonine.
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Figure59 Extrected lon chromatogramC72 T19Hcultures supplementedvith tabersonine
Extracted lon chromatogram of IMIS measurement (Xevo, Waters) forethmassesm/z 337,

corresponding to tabersonine armd/z 353, corresponding to the product of the oxidation/ epoxidation
of tabersonine.A: Yeast culture supplemented with tabersonineithwempty vector plasmidB: Yeast
culture supplemented with tabersoninavith plasmid containind19H C Yeast culture supplemented
with tabersonine, with plasmid containingl9Hand C72

In conclusion candidat€72was tested with two out of three possible substrates and did not
show any activity. The most likely explanatis thatC72is not a gene imved in this alkaloid

pathway.
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4.2.14 Clustering of other known secondary metabolite genes
Clustering of pathway genes has been observed for a range of secondary metabolites.
Clustering has been reported for monoterpeté diterpenel®®1and triterpenell’ 120178177
biosynthesis gene<C. roseusontains the triterpenoid ursolic aci#’, which is synthesised
from amyrin. Both amyn synthase (AS) and amyrin oxidase (AO) fbrmoseudave been
characterised®*%4 However the two genes of. roseusmplemented in the biosynthetic
pathway ofthe triterpenoid ursolic acid,AO and AS are not located on the same scaffold
(Table26).

Table26 Scaffoldscontaining amyrin synthase and amyrin oxidase frath roseus
Scaffold name and size in bp as well as all contained transcripts and transcript annotation. Transcripts

corresponding tAASand AOare in bold.

Gene Scaffold Spaffold Transcripts  Transcript annotation
size (bp)

AS 3068272 45,086 CRO_03247¢ Concanavalin 4ke lectin protein kinase family protein
CRO_03247¢ Concanavalin #ike lectin protein kinase family protein
CRO_03247¢ hypothetical protein
CRO_82477 Human Cytomegalovirus UL139 protein domain containing
CRO_03247%t camelliol C synthase

AO 2996021 16,843 CRO_027941 cytochrome P450, family 716, subfamily A, polypeptide

Triterpenoid biosynthesis has reported to be clustered in for examgié'6!8 lotus’>andA.

thaliana®’®1"” The functional annotation of further genes located on those two scaffolds does
not indicate that they belong any of the known typical tailoring enzymes of the triterpene
backbone such as glycosyltransfeza or cytochrome P450s. However the obtained scaffolds
are relatively short and therefore no final conclusion can be drawn whether or not triterpene

biosynthesis irC. roseuss clustered.

Flavonoid biosynthesis has also been investigate@l. iroseusFa example, chalcone synthase

(CS and flavonoid 3', Bhydroxylase F3'5'H from C. roseushave been characterisedf®.
Cinnamate 4ydroxylase C4H, the P450 enzyme that catalyses the second step of the
phenylpropanoid pathway®> ( SGNJ} K@ RNRE& OKI f DHCERY | uyH f e 2 &
O-methyltransferaseCrOM7 have also been shown to be involved in flavonoid biosynthesis in

C. roseu&’ None of these genes are linked to the same scafftédbie27).
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Table27 Scaffoldscontaining known flavonoid biosynthesis genes fro& roseus
Scaffold name and size in bp as well as all contained transcripts and transcript annotation. Transcripts

correspondingtothegends{  Co Qp QI andCrQMITake inthold. D ¢

Gene Scaffold S_caffold Transcripts  Transcript annotation
size (bp)
CcS 2987430 18,619 CRO_014716 hypothetical protein

CRO_014717 Chalcone and stilbene synthase family

F3'5'H 2965398 18111 CRO_022260 Cytochrome P450 superfamily protein
C4H 2986973 98,188 CRO_000895 hypothetical protein
CRO_000894 cinnamate4-hydroxylase
THCGT 3066087 75392 CRO_029295 conserved hypothetical protein
CRO_029296 Gotl/Sft2like vescicle transport protein
CRO_029297 UDRGIlycosyltransferase superfaity
croMT 3053220 9,879 CRO_022616 hypothetical protein
CRO_022617 O-methyltransferase family protein

These results are not surprising; despite for example anthocyanin biosynthesis being
transcriptionally very tightly clustere® there are no reports of gene clustering in flavonoid
biosynthesis. InA. thalianait has been demonstrated that the genes are scattered across the
whole genome?!, as has also been established for carotenoid biosynthesis and the

biosynthesis of glucosinolates.

4.3 Conclusion

C. roseugproduces a great variety of structurally complex secondary metabolites, some of
which with high mdicinal value, but not all steps of the biosynthesis have been elucidated.
Investigating the biosynthetic pathway of a taxonomically restricted class of specialised
metabolites such as the ones produced®@yroseuss challenging. Simple homology modeis t
available genomic data is of limited applicability because genes of specialised metabolism may
evolve more quickly than those of primary metabolism and may not exist in a common

reference organism such @s thaliana?*2

Theaim of the work presented in thishapter was to obtain the genomef a medicinal plant

that produces a wide range of structurally diverse alkaloids. This would represent one of the
first genomes of an alkaloigroducing plant. Of specific interest was itovestigate if a draft
genome sequence would be sufficient to detect any potential gene clustering i6.theseus
monoterpene alkaloid biosyntlss. In turn, the genome coulskrve as a source for future

research by identifyingandidates for still missg steps othe MIA pathway:

130



Whole genome sequencing &. roseugienomic DNA on an lllumina HiSeq at The Genome
Analysis Centre (Norwich, UK) and assembly using AB¥sselded a daft genome for
C.roseus The sequencing output was 374,771,760,101 nucleotide p&ined reads to
generate a 523 Mb assembly consisting of 79,302 scaffolds (> 200bp). This represents 71% of
the previously determined geme size and isot unexpected, ashe median value of
coverage of predicted genome size, for all plant genomes published until 2013, has been
reported to be 85%. This value is realistic due to areas in the genome that generally do not
assemble such as repetitive structures, transposablenetds but also functional elements of

the genome such as telomeres and centromef®sThe coresponding scaffold N50 of the.
roseusgenome assembly is 26.2 kb, with the size of the scaffolds containin@.tmeseus
alkaloid pathwaygenes ranging from 10 to 76 Kbhis value is again comparable to the median
N50 of all plant genomes published 8013, sequenced with comparable lllumina techniques,
that was reported as 25.9 K. The geome displayed excellent coverage, with 95.7% o€all
roseusESTs mapping to the genome and 97.6% of @we Eukaryotic Genes Mapping
Approach (CEGMAproteins mapping tdhe genome. All characterised MIA genes could be
located in the genome as full letiggenes, with the exception @GDand T3Q which had to

be manually assembled.

In summary the draft genome provides a comprehensive representation of the genic regions of
C. roseusnaking it a valuable resource. In the course of publishing our re€uttse v1.0
annotated draft genome was made available as a searchable database

(http://me dicinalplantgenomics.msu.edu/).

In parallel with genome sequencing efforts, a BAC library wasterteand screened for three
major branch points in the monoterpene indole alkaloid pathway to increase the chances of
identifying possible gene clustering in this pathway. The BAC assemblies gave additional
information on genomic context of known pathwagrges.In total six B&s were sequenced

and assembled and the results presented in this thesig BACsare published and the
corresponding datasets can be found under NCBI WGS accessitrer ERP006960 and
PRJEB7256.

A total of 25alkaloid pathway genewere mined for their respective genomic context using

the available draft genome and selected BAC assemblies. Following a minimum definition that
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a gene cluster consists of two or more nbomologous genes that encode enzymes from the
same pathway'® our efforts have confirmed gene clustering in alkaloid biosynthesig.in

roseusn three casesHigure60).
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Figure60 Detected gene clusters in monoterpene indole alkaloid biosynthesi€irroseus
First gene cluster (blueJ'DC, tryptophan decarboxyksSTR, strictosidine synthase and MATE transport

protein (not in figurg. Second gene cluster (green): T16H, tabersoninkytiBoxylase (both T16H1 and
T16H2) and 160MT, 1énhydroxytabersonine O-methyltransferase Third gene cluster (red) SLS,
secologanin synthas@H/AS, tetrahydroalstonine synthas8GD, strictosidinb-glucosidasdnot part of

adetected genecluster)

Three clusteswere observed:

1. The clustering of the pyridoxal dependent aromatic acid decarboxylBsthat generates
GNBLIGF YAYS FNRBY ( NB{LIISYL K ISYRbdtydienées Se wittig O G S
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tryptamine with the iridoid secologanin to form strictosidine. The metabolic gene cluster is
appears to be extended by a third gene. Silencing experiments performed by Dr. Richard Payne
(manuscript submitted) strongly suggests the involvement of MATE, a tightly eexpressed
transport protein located in close physical proximity 8TRand TDC in transport of

secologanin into the vacuole whe8TRs localised.

2. The two paralogs of #@bersonine hydroxylasd16H1land T16H responsible for the
hydroxylation of tabersonine at the 16 positiof?, are located next to the 16
hydroxytabersoninel6-O-methyltransferasel60MTthat installs a methyl group at the same

position.

3. Four paralogues for the pathway gene SLS could be identified in the genome assembly. One
of the SLS paralogués colocalised with a genéhat has beeridentified by Anna Stavrinides
as tetrahydroalstonine synthasghe first gene to be reported to accegtrictosidine aglycone

and therefore the first to be implicated at this critical branch paihtilkaloid diversity/.

Considering that the size of most pathway germataining scaffold of the current first and

only availableC. roseugraft whole genome assemblyas below 50000 bpwhile reported

gene clustefor secondary metabolitesangefrom 35 to several hundred k3*the amount of
clustering detected is encouraging The analysis of the genome focused on identifying
candidate genes for unknown steps in this alidlpathway. A total of 2&lkaloid pathway
genes were mined for their respective genomic context using the available draft genome and
selected BAC assemblies. Collectively, this search resulted in 90 ipédbiat can be
physically linked to the known alkaloid pathway genes. Of those, 31 transcripts are annotated
as gene of unknown function and likely play no catalytic role in this biosynthetic pathway.
Resulting from this list a candidate linked to ropesific alkaloid biosynthesis did not show
activity when heterologously expressed in yeast and fed with tabersonine and 19
hydroxytabersoime. A number of potentially promising biosynthetic gene candidates were
targeted for further analysis by VIGS. Theules of those expéments are provided in
Chapters.

The monoterpene indole alkaloid pathway Gf roseushows the presence of small clusters of
genes comprising alkaloid and/or iridoid biosynthetic getieiirther displays several cases of
pathways gee that are located in close distance of functional related genesM&€&and DAT

that are colocalised with other acetyltransferase genes or the five as-gl¢g&bsyltransferase

133



annotated contigs on the 7DLGT genomic scaffold. For other pathway gersegsahave
been observedsome of which have identical vitro function, as it has been reported f&LS
213 |SY'8L or T16H*™. Duplication of a genavere one gene retains the original functiomhile

the other one undergoes mutationgan lead to novel functions. This r&mctionalisation
provides a metabolic plasticity that might in turn provide positive selection pressuabling
facile metabolic evolutiorf*213 Evolution of whole biosynthetic pathways depends strongly
on the evolution of individual gene functiomMNoteworthy changes in gene regulations a
observed for the duplicated T16H1 T16H2 gene fraimnd subsequently altered compound
availability and spatial distribution can be linked to functional shtftsGene duplication and
neo functionalisation has also been implicated in the recruitment of enzymes into secondary
metabolic pathways. For example tkk: roseusindoline biosynthesis gene NMT, is suggested
to have evolvedrbm &-tocopherol C methyltransferases rather than other knowsmisthyl
transferases, aphylogenetic analyses plac€s roseudNMT clearly into a distinct clade with
previously characterised-tocopherol C methyltransferases for example froknabidopsis

thaliana .

Early research into a connection betweeneaxpressiorof certaingenes and their location in
eukaryotic genomes gave statistical evidence that the frequency in which neighbouring-are co
expressed is too high to be by chariéé In terpenoid biosynthesis, terpene synthases are
responsible for the generation of scaffold diversity while P450s modify these scaffolds further,
helping to create the large# class of plantlerived natural products. Available genomic and
transcriptomic data for plants with specialised metabolism is still limited in comparison with
for exampleA. thaliana Here global analysis of 1469 publicly available expression profile

datasets forArabidopsis thalianaesulted in the prediction of around 100 gene clustérs

The availability of futier genomes of additional monoterpene indole alkaloid producitanp
species will uncover thextent to which they are conserved or if there is evidence for
converged evolutiorof these gene clusterhelping to evaluatedhnd better understandthe

biologial role of these clusteris plant

Screening of BAC librarié$ requires specialised equipment, such as a colony picking robot.
Furthermore, BAC vectors are challenging to handle, and along with the size of the insert,
additional care must be taken while handling the pladmas BACs are known for their
instability 22°. Given the outstanding improvements that have been made with whole genome

sequencing of plants, BAC screening is likelyetibine obsolete.
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Research int€. roseuss driven by the strong interest in its secondary metabolism. However,
the interest inC. roseuextends beyond alkaloid biosynthesis into many other fields. For
example,C. roseuss being studied as a host for plylasma, insect transmitted bacterial
pathogens that are able to live intracellularly in plants as well as insect ¥éstithermore,
research has focused o@. roseusfor the investigation of signalling and transcriptional
regulation especially of secondametabolism??%?2® and a recent publicationds specifically
used the newly available genome data for the investigation of regulation of-isi€load

biosynthesis irC. roseug?.

At the start of this work, no genome sequence was availabl€faoseusr any plant of the
Apocynaceadamily, and this resource will undoubtedly enable progress isedisng alkaloid

biosynthesis as well as permit further research in related fields.

Physical clustering of biosynthetic genes provides a powerful strategy to rapidly identify plant
secondary metabolite pathways. Yet it is still unknown to what extent etirg} occurs across

the plant kingdom, and whether it is widespread or is limited to specific groups of metabolites.
The phenomena of clusters of two or more paralogs is common in platiige the occurrence

of non-homologous clustering is a rather newsasvation. The clustering of genes in fungi and
bacteria metabolic pathways greatly enables their discovery and characterigétidhhas to

be expected that a more detailed knowledge as to if and how certain plant secondary
metabolic pathways are clustered would similarly enhance their detection and

characterisation.

135



5 Gene function screening by targeted gene silengin

5.1 Introduction

Virus Induced Gene Silencing (VIGS) is a transient posttranscriptional gene silencing technique
used throughout this thesis. It utilises RNA interference (RNAI), the sequence specific inhibition
of protein expression and provides an alternative functional ageics tool in noAamodel
organisms such a€. roseudor which no reliable protocols for the generation of knockout

mutants exists.

Monoterpene indole alkaloid biosynthesis @ roseusequires the formation of secologanin

via the monoterpene pathway antbrmation of tryptamine via the indole pathway. Both
compounds together form strictosidine, the central intermediate from which all monoterpene
indole alkaloids are derived. From strictosidine, after deglycosylation and a series of unknown
enzymatic stepsthree distinct alkaloid classes are derived. Tabersonine, catharanthine and
ajmalicine each represent a different alkaloid class. Tabersonine is further converted to
vindoline or 19-O-acetyl horhammercine (Figure 61). Vindoline ad catharanthine can be
dimerised to yield the anttancer agent vinblastinéit the beginning of thisvork five out of

nine monoterpene genes leading to secologanin were unknown, no gene responsible for the
formation of the three different alkaloids class after strictosidine deglycosylation was known
and two steps in vindoline as well as a sted%0O-acetylhorhammercinebiosynthesis were

missing Figure6l).
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Figure61 Known gene<C. roseuslkaloid biosynthesisat the start of this thesis
Steps involved in the synthesis of alkaloid<Cinroseu&nown at the start of this thesisBlack arrows

represent single enzymatic steps. Dashed arrows repreaaninknown number of enzymatic steps.
Question narks represent unknown enzymatic stefs.bold are the genes of which the physiological
function had been tested using the VIGS systBiack (top row) arrowsepresentat the time known
iridoid biosynthesis genesG8H, geraniol Biydroxylase; ISY, iridbisynthase; LAMT, loganic acid
methyltransfegase and SLS, secologanin synthaSeey arrows representthen known downstream
alkaloid biosynthesis genesTDC, tryptophan decarboxylase; STR, strictosidine synthase; SGD,
strictosidine b-glucosidase;T19H, tabersonine/lochnaine 19hydroxylase (CYP71BJ1) aMiAT,
minovincinine 1%hydroxyO-acetyltransferase. Black arrows (middle row) represent then known
vindoline biosynthesis pathway: T16Habersonine 1éhydroxylase 1 (CYP71D12); MO 16
hydroxytabersonine O-methyltransferase; NNI, 16methoxy-2,3-dihydro-3-hydroxytabersonine N-
methyltransferase; D4H, dacetoxyvindolinegl-hydroxylase and DAT, deacetylvindoline -@-
acetyltransferase.

Additionally, onlyDAT, D4HNMT*?*andISY*° had been subjected to gene silencing to confirm
their physiological functionin planta (Figure 61). All other knownC. roseusalkaloid
biosynthesis genes had been discovered before the VIGS system was established, or were
expressed predominantly in tissues that were not accessiblsiliemcing with the current VIGS

protocol, like the root specifit 19H".

5.1.1 Aim

This thesis focuses on exploriy roseusalkaloid metabolism with an emphasis on gene
discovery. The mining of existing transcriptomic df&tand newly established genomic d&fa
were utilised to ultimately identify candidates for missing steps in alkaloid biosyntheSis in
roseus with a particular emphsis on finding the missing enzymes in vindoline biosynthesis, by

testing identified candidates employing VIGS for targeted gderciing.
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As presented inChapter 2 VIGS is suitable for thre planta functional characterisation of
alkaloid biosynthesis ges. e work presented in Chapter 3 highlight®w VIGS can
additionally be utilised to test candidate®r the discovery of newenes by screening for a

specificchange in metabolite content of silenced tissue

The am of this last chapter isto present how VIGS can be usta screen a large set of
candidates for which a general involvement in the pathway is suspected without prior
knowledge as to where in the pathway the candidate wouldpotentially involved This
includes unknown steps in the seta@oid pathway as well as further downstreanhere an
unknown amount of unidentified enzymatic stefsresponsible for the formatioof three

different alkaloid scaffolds from the precursor deglycosylated strictosidhitpi(e6)

A VIGS experimental pipeline was set up and optimised. Once this was established, the
pipeline was maintained by continuously tegtinew gene candidates and@r the course of

this thesis 28different genes were silenced.he VIGS pipelinevas employed toscreen of
candidate genes for their potential involvement in alkaloid biosynthesi€.inroseusby
investigating if their targete@xpression reduction would lead gignificant changes in alkaloid
content and compositionAt the start of this thesis much progress had been made in the
discovery of the missing monoterpene biosynthesis steps (personal communication Dr.
Nathanial SherdenDr. Fernando GeGf 2 NSasx 5N 2SafSe DfSyys

discovery of genes responsible for this upstream part of the pathway was of lowest priority.

In this chapter, the optimisation of the VIGS pipeline is described, and the candidategdelect
for screening are providedh& motivationthat was usedo select the particular candidate is
presented.The results of some of the more important gene candidates are discussed in more
detail. The findings are discussed in the greater context of ganetion screening by targeted

gene silencing in plant secondary metabolism.

5.2 Results andiscussion

For every VIGS candidate, data from five to eight plants was collected. Each VIGS experiment
contained the same number of plants treated with an empty vecintrol. Plants were eight
weeks old at the time of infection. At 21 days after infection the last two leaves to emerge
above the pinch site were harvested from ti& roseusplants and milled under liquid
nitrogen. Each tissue sample was split in twigudts. From one, metabolites were extracted

and analysed by LKIS to assess potential changes in metabolite profile by comparing plants
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silenced for a candidate gene to the empty vector control. The remaining tissue was used for
RNA extraction for g RT RCPrimers usefbr cloning can be found under Chapter 6, Table 37.
Sequences of the candidate genes used for VIGS can be tmged Appendix 9.4The VIGS
candidates, reason for selection of candidates and results are summarised in the following
table (Table28).

Table28VIGS candidates
Candidates for VIGS experiments with contig number, annotationraagon for silencingbrigin of

contig. A: Runctional in planta validation of known pathway gene®:. -localisation with known
alkaloid pathway genes on the. roseuslraft genome C. -localisation and cexpression with known
alkaloid pathway gen&GDon the C. roseugienomeD: Caexpression analysis in scope of search for
T30 (Chapter 3).E: Co-expresion analysis, Subset_A: P450 candidatesnitssing step invindoline
biosynthesis (Chapter 3 (-expression analysis Subset AsdRctase candidates for missing step in

vindoline biosynthesi€Chapter 3).

= 2
S g o5 significant
i i £z 2 E
contig annotation 55 o £ | changes, (p-value
=g |EGT <0.01)
°8 |2¢%
(]
C36 CRO_032842 secologanin synthase/ cytochrome P-450 protein 3 yes (Chapter 5.3.1.)
C38 CRO 006099 strictosidine synthase (A) 3 yes (Chapter 5.3.1.)
C39 CRO 006098 tryptophan decarboxylase 3 yes (Chapter 5.3.1.)
Cl16 CRO_017449 cytochrome P450, family 71, subfamily B (B) 2 no (Chapter 5.3.2.)
C18 CRO_011779 cytochrome P450, family 71, subfamily B 2 yes (Chapter 5.3.3.)
C2 CRO_027093 cytochrome P450, family 71, subfamily B, polyp. 1 no
C6 CRO 027095 NAD(P)-binding Rossmann-fold superfamily © 1 no
Cc7 CRO_027094 Haloacid dehalogenase-like hydrolase (HAD) 1 no
C8 CRO 003636 cytochrome P450, family 97, subfamily B, polyp. 1 no
C9 CRO_021613 cytochrome P450, family 97, subfamily B, polyp. 1 no
C45 CRO_019099 alpha/beta-Hydrolases superfamily protein (C) & (D) 3 yes (Chapter 5.3.4.)
C43 CRO_016518 HXXXD-type acyl-transferase family protein 2 no
C46 CRO 016488 Chalcone-flavanone isomerase family protein 3 no
C3 CRO_026945 cyclase family protein D) 1 no
C4 CRO_026235 cinnamyl alcohol dehydrogenase 1 no
C10 CRO 010055 cytochrome P450, family 721, subfamily A, polyp. 1 no
C12 CRO 019049 cytochrome P450, family 78, subfamily A, polyp. 1 no
partial: CRO_002621,
CRO_015047, . .
C30 CRO_023156, cytochrome P450, family 71, subfamily B, polyp. 1 no
CRO_031187 ®
CRO_013485 & . .
C44 CRO 023307 cytochrome P450, family 76, subfamily C, polyp. 1 no
C47 CRO 003361 cytochrome P450, family 76, subfamily C, polyp. 2 no
C48 CRO_027850 cytochrome P450, family 71, subfamily B, polyp. 1 no
C41 CRO_016423 methylenetetrahydrofolate reductase 1 no
Cl14 | CRO_021541 (T3R) |elicitor-activated gene 3-2 1 no
C53 CRO T030221 12-oxophytodienoate reductase 1 no
C32 CRO T002544 NAD(P)-linked oxidoreductase superfamily F 1 no
C15 CRO_012109 NAD(P)-linked oxidoreductase superfamily 2 no
C13 CRO_008301 elicitor-activated gene 3-2 1 no
C5 CRO_001335 NAD(P)-binding Rossmann-fold superfamily 1 no
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5.2.1 VIGS for gene function validation in planta

Three VIGS candidates were choserestablish an efficient VIGS pipelirhese are known
alkaloid biosynthesis genes acting at the central section of alkaloid biosynth&Sis@seus
Tryptophan decarboxylase (TD&)catalyses the conversionf dryptophan to tryptamine
loganin is cleaved by secologanin synthase (3L8)yield the iridoid terpene secologanin
after which strictosidine synthase (STR)condenses secologanin and tryptamine to form the
central metabolic intermediate, strictosidirt&(Figure62). None of these genes had ever been

silenced in planta previously.
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/ / catharanthine 4,21-dihydrogeissoschizine
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serpentine

Figure62 Products and substrates of cergl enzymes irC. roseuslkaloid biosynthesis
Secologanin is a glycosylated iridoid terpene derived fgemaniolby anine-step biosynthetic pathway.

The final enzyme in this sedddoid pathway is the cytochrome P45BLS(secologanin syntha3e
Tryptamine is synthesised from the decarboxylation of tryptophan by the enzyl€ (tryptophan
decarboxylase)Secologanin and tryptaminare condense by STR gtrictosidine synthaseto form
strictosidine. After deglycosylation of strictosidine and rearrangentent,21-dehydrogeissoschizin€.
roseus can produce bisindole alkaloidsuch as vinblastine and vincristine, as result of the

condensation of catharanthine, an iboga alkaloid, and vindoline, an aspidosperma alkaloid.
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For all three genes a section thie respective gene was cloned into pTRV2, the plasmaisi

used to transformA. tumefaciensstrain GV3101and eight week old plants werginchedin

three subsequent experiments. It had been established in the course of this thesis that four
almost identich paralogs for SLS ekithat share between 94 and 98 sequence identity on
nucleotide level and are all expresseddnroseugeaves. This high similarity ensures that any

VIGS construct ultimately targets the expression of all four SLS paralogs sanukhn

Successful silencing was confirmed by gRT PCR for all three genes. Expression was normalised
to the expression of a know8. roseuhousekeeping gerié!?! the 40S ribosomal protein 9

(Rps9. A 43%, 72% and 66% decreased expressiond@SLSand STRespectively could be
observed Figure63).

relative gene expression
o O

0.2 | i
0 ‘ ‘ ‘ ‘ ‘

EV TDC EV SLS EV STR
silencing target

Figure63 Silencingof TDGSLSnd STR
Relative expression afCD, SLS and STRilenced tssues compared to EV tissue (h=Bxpression was

normalised to expression of CrRPBAta presented ithe mean+ SEM Efficiency for gRT PCR primer is
110% (STR)06.8% (SLS) and 104.3% (TDC).
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The results are within the expected range of in literature reported values for silenci@g of
roseusgenes that varies fromM5%* to 80% reductior??. Interestingly the downregulation of
all paralogs oSLSvassuccessful. The primer pair for the gRT PCR experiments was designed

to ensure the transcriptional abundance of all four paralogs would be detected equally.

For the known metablites secologanin, strictosidine, catharanthine, tabersonine, vindoline
and vindorosine (Figure 16) the peak area was manually extracted from theME data,
normalised and the mean was compared to the mean of the empty vectdradissue. Three
subsequent silencing experiments were conducted. Over this period the protocol was
optimised in a way that would ensure identical treatment for all samples by randomisation at
all crucial steps and minimal time delay in sample prepamatio ensure maximum
homogeneity of the results. Only data that has avghue of <5 is considered. All

experiments included eight plants per treatment.

5.2.1.1 TDC silencing results

Although silencing of DQresults in the smallest decrease in expression,suhe in one of the
strongest phenotypes when comparing the results of the three genes. Of the investigated six
metabolites secologanin, strictosidine, catharanthine, tabersonine, vindolinevamtbrosine

three to four are significantly changed in sileddissue of three separate VIGS experiments
(Figure64).
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Figure64 TDGsilencing effect orleaf metabolite content in three TDCVIGS experiments
Relative metabolite content of sileed plants asmean peak areacalculated from extracted ion

chromatograms of corresponding compounds, normalised by fresh sample weight and internal standard,
relative to that determined in EV control tissues (normalised to @mn@unds significantly chanden
TDCsilenced plants in comparison ®Vcontrol plants (n=8). Error bars represenSEM Rvalue was
calculated using (B8dzR S t/tésf) @<0.05, **p<0.01, ***p<0.005). A: First experiment.B: Second

experiment.C Third experiment.
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The substrate fothe enzyme TDC is the amino acid tryptophan. While no accumulafion
tryptophanwas observed, this is expected for a substrate that can be metabolised in so many
different ways in plants. Additionally, neither tryptophan nor tryptamine, the TDC substrat
and enzymatic product, are detectable with the standardM& method used. The formation

of strictosidine, from which all downstream alkaloids originate requires the condensation of
tryptamine and secologanin. In two experiments strictosidine is signific decreased and
secologanin significantly increased. This indicated that the reduced availability of tryptamine,
the TDC enzymatic product, limits the formation of strictosidine. In turn this leads to the
decreased accumulation of downstream alkaloidach as catharanthine, tabersonine,
vindoline and vindorosine. In contrast, secologanin accumulates since not enough tryptamine

is available.

5.2.1.2 SLS silencing results

Strong effects of silencing could also be observed for silerlrf§jLevels of secologanin
strictosidine, catharanthine, tabersonine, vindoline ariddorosinewere variable among the

three VIGS experiments. However, the appearance of loganin, the substrate for SLS that is
normally below the detection limit, was found to be significantly iased in allSLSsilenced

tissues, which provides the strongest evidence of silencing sudeigssd65).
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Figure65 SLSilencing effect orleaf metabolites in three subsequent VIGS exjraents
Relative metabolite content of silenced plants as mean peak area calculated from extracted ion

chromatograms of corresponding compounds, normalised by fresh sample weight and internal standard,
relative to that determined in EV control tissues (malised to 1). @mpounds inSLSilenced plants in
comparison to empty vectazontrol plants (n=8). The new loganin peak corresponds to the mass of m/z

413 (N4 adduct). Error bars represemt SEM. B3 £ dzS &1 & Ol t Odztkest §RR0.0A A Yy I {
**pn<0.0). A: First experiment. Although the decrease in secologanin is not significant here it was later
found significant using second L@S measurement on a different instrume(Xevo, Waters) applying

a loganin and secologanin specific MRM metht&idcond experimentC Third experiment.
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Secologanin synthase is a cytochrome P450 enZyihat catalyses the last step in the seco
iridoid biosynthesis pathway, the oxidative ring cleavage converting loganin into secologanin
(Figure66).

0] H
SLS <
, \0-Glc
MeO,C °
CO,Me €02
loganin secologanin

Figure66 Secol@anin synthase catalysed reaction @. roseusilkaloid biosynthesis

To confirm the results for loganin accumulation and secologanin dectbad¥aters Xevo TQ

S mass spectrometer (Milford, MA, USA) equipped with an electrospray (ESI) wasrased

and analysis was carried out by monitoring specific mass transitions for loganin and
secologanin. For this purpose a method was developed using commercial standards. Flow
injection of individual compounds was used to optimize the multiple reaction monitoring
(MRM) automatically using the Waters Intellistart softwafes expectedSLSsilenced tissue

displays a strong accumulation of loganin and a reduction of secolodégun€67).
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Figure67 Loganin and seologanin inSLS/IGS tissues
Relative loganin and secologanin content determined by monitoring specific mass transitions for

loganin and secologaniMRM method. Displayed is relative metabolite content asam peak area in
SLSilenced plants in compion toEVcontrol plants (n=8)The tissues correspond to the tissues of the
first VIGS experimentError bars representt SEM Pvalue was calculated usingi $izR S t/tds &

(*p<0.01)
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VIGS results foSLShave been subsequently published by anotheouyr after our initial
experiments. Here comparable results to the ones obtained in the course of thesis are
reported, including the appearance of loganin and the significant reduction of secologanin,

catharanthine and vindoliné&.

5.2.1.3 STR silencing results

The effect of silencin§TResults in a much weaker metabolic change compared to the effects
obsened for SLSand TDCsilencing. Again the results were variable among the experiments
(Figure68). The enzyme STR catalyses the Rf8pEngler condensation of secologanin and
tryptamine to form strictosidine, the central metaboiictermediate and key branch point in
the alkaloid pathway o€. roseugFigure69). It is not clear why reduction of the expression of
the STRgene only leads to a minimally changed metabolite phenotype but it highlights the

chalkenges of interpreting VIGS data during functional screening.
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Figure68 Significant changes i8TRsilenced leaf tissue
Relative metabolite content of silenced plants as mean peak area calculated from extracted ion

chromatogams of corresponding compounds, normalised by fresh sample weight and internal standard,
relative to that determined in EV control tissues (normalised to @hté€ht displayedfor vindorosine in

the second VIGS experiment and secologanin in the third @rpet of STRsilencingin comparison to
EVcontrol plants (n=8n=9. Error bars represent SEM Rvalue was calculated usingi $izR Styfa$tQ &
(*p<0.05, *p<0.01, ***p<0.00%. A: Second VIGS experimeft: Third VIGS experimenilo statistically

significant changes were noted in the first VIGS experiment.
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Figure69 Strictosidine catalysed reaction in monoterpene alkaloid biosynthesis

5.2.1.4 Summary of metabolic profiles with TDC, STR and SLS sileisseé t

The three known pathway geneBDC?, STR® and SL® were silenced to validate their
physiological role irC. roseudeaf tissue and to establish a robust VIGS system for further
applications. Reduction of expression of silencing target genes could be confirnfed|Rvit
PCR. Th&DC STRand SLSilenced plants show a 43%, 72% and 66% decreased expression of
the respective target gene. The successful gene silencing of the target goGESTRand SLS

had the expected significant effects on alkaloid metabolism engienced tissues compared

to empty vector treated tissues, though the results showed variability.

The successful downregulation ®DCgene expression expectedly caused the decrease of
downstream alkaloidsHigure 64). The threeSLSVIGS experiments show a weaker overall
response to the silencing. Only the vindoline content shows reduced levels consisaguire(

68). The interpretation of the VIGS phenotype in thBCand SLSsilencing experiments is
strengthened by the observation of accumulation of the expected substrates. AR IGS
experiments secologanin is significantly increased, likely due to the reduced availability of
tryptamine toreact with secologanin to formatrictosidine. InSLSsilenced tissues, loganin, the
substrate for SLS, accumulates to substantial levels compared to empty vector controls. In
combination with the decrease of downstream alkaloids the evidence strongly supports the

physiological relevance ddLSand TDCin alkalad metabolism in leaves of. roseusThe
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minimal VIGS phenotype of tHeTRsilencing clearly shows some of the major limitations of

the VIGS system.

In conclusion it was established that the number of plants and method used for silencing was
sufficient fa the observation of statistical significant changes. Previous VIGS stud@&s in
roseukK F R dzA SR G KS LI I yi BHPINMKIS yoJor GAitNR S GNeR K] (ic
used in all experiments conducted in the scope of this thesis proved more homogeneous in

growth and alkaloid content.

5.2.2 VIGS experiment following gene clustering analysis

The obtainel C. roseugienome assembly was used for a detailed analysis of the genomic
context of the 25 known alkaloid biosynthesis genes. Gene clustering was observeddn the
roseusdraft genome and the resulting candidate genes have been publi$hethe most
relevant candidates were investigated separately. A contig annotatedirzegpyl alcohol
dehydrogenasg located on one theSLSgenomic scaffolds, has been characterised as the
corynanthebiosynthetic geneTHAS”. TheMATEtransport protein encoding gene located on

the TDC/STRyenomic contig has been successfully silenced and the results suggest that this

acts as a secologanin transporter (Dr. Richard Payne, submitted).

For the 25 investigated alkaloid pathway genes 90 transcripts could be identified @sated,
meaningthat they can be linked to the known alkaloid pathway genes by their physical
proximity on theC. roseuslraft genome. All 90 contigs were investigated manually. In a first
step, a BLASTn search was conducted against the NCBI database to confirm thécmnota
Furthermore it was investigated if the contig represents a full open reading frame or if the
contig is likely a partial/ pseudogene. The confirmed annotation and the expression profile for

each contig served as the basis for which contig would levaet for testing with VIGS.

5.2.2.1 Contigs with cytochrome P450 annotation

Specific attention was paid to contigs annotated as members of the cytochrome P450 gene
family because eight of the known monoterpene indole alkaloid biosyntleasigmesin C.
roseusare cytochrome P450 enzymeBigure70) including theT30genereported in this thesis
(Chapter3) andthe functionallyidentical (Chapter?) and physicdy clustered (Chapteb)
T16Hland T16H2
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Figure70 Cytochrome P450 known in MIA biosynthesis@ roseus
P450sof the monoterpene indole alkaloid pathway . roseusDashed arrowsindicate unknown

numbers of enzymatic stepBlack top row arrowsepresentiridoid biosynthesis gene&8H, geraniol 8
hydroxylase; 10jridoid oxidase and SLS, secologanin synth&ey arrows represent downsgam
alkaloid biosynthesis gene3:19H, tabersonine/lochn@ine 1Shydroxylase Black arrow middle row
represent vindolinebiosynthesis pathwayT16H1, tabersonine 1Bydroxylase 1; T16H2, tabersonine

16-hydroxylase 2nd T3016-methoxytabersone ®xygenase.

It is believed that indeed P450 enzymes and their huge diversification is one the major driving
forces in phytochemicaliversity with members of this large super family of monooxygenase
are present in most domains of life such as plants, animals, fungi, bacteria and even#ftuses
P450s typically catalyse a variety of hydroxylation reactions but there is ample evidence for
unusual P450 reactions such as oxidatiearrangement of carbon skeletons orQCbond
cleavage, specifically in plant secondary metaboli&h The details of the mechanism
underlying these complex reactioase often not very well understoodAdditionally P450s are

often implicated in planthemical defencé?.

Six of the 90 cdocated contigs are annotated as cytochrome P450 (CRO_021081,
CRO_006603, CRO_011779, CRO_025931, CRO_017449 and CRO_004355).

CRO _021081 idocated next to T19H, a gene involved in the root specific alkaloid
biosynthesi®. CRO_02108dr candidate C7ZXas been investigated in this work using a yeast
expression system as the candidate is not expressed in leaf tissue and was, according to its
genomic location next to a root specific alkaloid pathway gene, implicated in root specific

alkaloid production (Rapter4).
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CRO_006603, found on tI®TRBAC, has beegliminatedfrom VIGS experiments because of

its very low gene expression. CRO_011779 was identified on the SGD_BAC and the results for
this candidate (C18) are presented in the context the SGD_BAGSGDAVIATRair assembly

below (Chapter 5.3.3).

Three P450sCRO_025931CRO_0043FHand CRO_017449vere found in the context of the
T16H2 BAC assembly. All three contigs are annotated as members of the cytochrome P450
CYP71 family, the same family as theownalkaloid pathway gene¥16Hland T16H2%2
CRO_025931s a partial (only 612 bp) duplication dfl6H2 sharing 93.3% identity. It
represents most likely a pseudogene with no fullpen reading frame.CRO_00435 is
expressed at extremely low levels in tle roseusissues leaf, stem, flower, seedling or root,
making it a very unlikely cardiite for alkaloid biosynthesi€RO_017448 only 441 bp long

and again does not represent alifgene. The 441 bp of this transcript can be found in three

other transcripts Table29) suggesting either an assembly fragment or a pseudogene.

Table29 Nucleotide similarity in % between CRO_017449 asthted transcripts

CRO_T01744!¢

CRO T014272 100%

CRO T014273 98.60%

CRO T017449 100%

CRO T022496 100%

Despite the fact that CRO_017449 (hamed C16), and all transcripts relating tdaDie9),
have relatively low exprason values in the alkaloid producing relevant tissues such as flower,
leaf, seedling, stem and rodEigure71), a 208 bp long section was cloned into the VIGS vector

and 8 plants infiltrated wittA. tumefaciensarbouring the reulting C16 construct.

151



s

<

£ql —=— CRO_014272
LL

%, 6 | | —e— CRO_014273
o —=— CRO_017449
247 Il

g — — CRO_022496
c 2 L ]

i)

? - - m- - 160MT

(7]

© 0 - :

o |

X

(]

A B C D E F G H
tissue/ experimental condition

Figure71Expressionf( 2 3 i Ldf GROD_017449/ C16 and related transcripts
Expression valuggPKMYor eight tissues and/or treatments for thentig CRO_017449 and its related

contigs in comparison to thenown pathway gene$60MTto which CRO_017449 is-tmrated in theC.
roseusdraft genome Gene expression is displayed for the tissu8s(flower), B, C and D (sterile

seedlings treated with MeJA 0, 6 and 12 h{ynature leaf), F (young leaf), G (steamd H (root).

The LEMS measurements of candidat&lL6silenced tissues comparison to the empty vector
did not show any new peaks or significant changes of known metabolite ptak&28). The
VIGS experiment was not repeatadd unless additional evidence is uncovered, this gene is

assumed not to play a role in MIA biosynthesis.

5.2.2.2 Expression values of docalised contigs

Of the 90 contigs identified to be located in close proximity on the dfaftoseugenome to
known alkalid pathway genes, we considered omigntigs that can be assessed using VIGS,
and therefore excluded all transcripts that display an expressigoumgleaves of less than 1

o f 2 3i,Cduciagvthe number from 90 to only 3Erfor! Not a valid bookmark self
reference). The remaining 32 contigs include for example i®¥paralog for which VIGS had
been reported®’. So far only a single contigRO_011779/ C16/ Chapter 5.3.2.1) has been
tested in the VIGS pipeline as reported above, as the annotation of the other candidates do

not suggest an involvement in alkaloid biosynthesis.
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Table30 Annotation and expression values fB32 contigs
Functional annotation of 32 contigs that are located in physical proximity to known alkaloid pathway

genes with an expression value df & 2 3 i Gtyourgleaves Highlightedin yellow is VIGS candidate

C18

mature leaf young leaf
CRO 026512 | oligopeptide transporter 0.000 1.295
CRO 029921 | Syntaxin/t-SNARE family protein 0.249 1.395
CRO 025030 | expansin Al 0.875 3.544
CRO 009298 | hypothetical protein 1.140 1.864
CRO 006609 | Polynucleotidyl transferase, ribonuclease H 1.769 2.635
CRO 011779 | cytochrome P450, family 71, subfamily B 1.771 2.263
CRO 025462 | iridoid synthase paralog 2.205 3.189
CRO 006605 | Galactosyltransferase family protein 2.321 2.665
CRO 005951 | glyoxalase Il 2.380 3.422
CRO 015508 | LOB domain-containing protein 2.519 1.998
CRO 015513 | Glycosyl hydrolase family 35 protein 2.629 4.781
CRO 029918 | TBP-associated factor 2.748 2.833
CRO 015512 | Family of unknown function (DUF566) 2.846 3.040
CRO 027004 | UDP-glucosyl transferase 2.893 3.764
CRO 015509 | nucleic acid binding 3.046 3.383
CRO 015507 | salt tolerance zinc finger 3.247 4.901
CRO 029922 | ankyrin repeat family protein 3571 4.108
CRO 011780 | Peptidase C78, ubiquitin fold modifier-specific 3.578 4.006
CRO 021079 | Peptidase family M48 family protein 3.672 3.779
CRO 027001 | UDP-glucosyl transferase 3.698 4.388
CRO 029919 | casein kinase alpha 3.796 4.416
CRO 015221 | DUF1649 domain containing protein 3.819 3.820
CRO 029920 | Peroxisomal membrane 22 kDa (Mpv17/PMP22) 4.340 4.227
CRO 025459 | cytochrome B5 isoform B 4.356 5.437
CRO_025460 | glycine-rich protein 4.701 5.473
CRO 006608 | aconitase 4.731 4.929
CRO 006607 | Ubiquitin-like superfamily protein 4.753 4.373
CRO 005950 | Ribosomal protein L18ae family 4.812 5.835
CRO 004424 | RNA polymerase I-associated factor PAF67 4.901 5.211
CRO 025458 | alpha/beta-Hydrolases superfamily protein 4.928 2.782
CRO 015511 | adenine phosphoribosyl transferase 5.859 6.386
CRO 021078 | DEAD box RNA helicase (PRH75) 7.136 7.545

5.2.3 VIGS experiments following analysis of SGD genomic context

A C. roseuMate pair library was obtained and in combination with the previously generated
sequencing dat&® a new improved assembly was created by Robin Buell anslockers at

Michigan State Unarsity (MSU, East Lansing, Y &hata not publicly available).

The analysis of this unpublished assembly was restricted td&SthBgene primarily because
this data became available only at a late point of this w&®Ds the only gene that failed to

be assembled into a single contig in the initial assembly based on the lllumina sequencing data
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% The deglycosylation of strictosidine is a crucial step in the biosynthesis of alkal@ds
roseusas the resulting aglycone undergoes a sequence of unknown enzymatic reactions that
are the basis for downstream differentiation of the pathway yielding the different alkaloid
classes® (Chapterl, Figure6). Therefore, this is a potentially interesting place to search for

gene clustering.

The SGDcontaining scaffold resulting from the Mate pair enhanced assembly has a length of
1,026,926 bp witt88 individualtranscriptsmapping to this sequenc&heSGDgene is located
between position 231,468 and 294,86Closer inspection of this genomic context revealed
that the assembly results in threeGDversions in this area of which only one represents the

full open reading frame dhe SGDgene

For further analysisall transcrips between position 1 and 800903 bp, a totab8ftranscripts

were considered. For those 68 transcripts the expression values in the tissues flower, sterile
seedling (control, plusnethyl jasmonate for 5 days or 12 days), mature and immature leaf,
stem and root were investigated. A total of 35 transcripts were not followed up as they were
either not expressed at all in those tissues or expressed with a value of lessthandli @t Y a
young leaf. The remaining 3Banscriptswere subjected tohierarchical clusteringpplying
Pearsoncorrelation (average linkage distance) the MuliExperiment Viewer (MeV v.4.8)

(Figure72). The results were analysed and a@EVIGS candidates defined.
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CRO_014448 pentatricopeptide repeat (PPR) superfamily protein

"CRO 003836 (CB) cytochrome P450, family 97, subfamily B, polypeptide
CRO 027094 (C7) Haloacid dehalogenase-like hydrolase (HAD) superfamily
"CR€;UZL&13 (C9) cytochrome P45S0, family 97, subfamily B, polypeptide’
CRC 008803 GDSL-like Lipase/Acylhydrolase superfamily protein

CRO 018364 cell wall / vacuolar inhibitor of fructosidase

CRO 021750 relative of early flowering

CRO:020384 relative of early flowering

CRO 001297 ARA-type ATPase family protein

CRO 027160 alpha/beta-Hydrolases superfamily protein

CRO_019099 (C45) alpha/beta-Hydrolases superfamily protein <$::::::]
CRO_024921 peptide met sulfoxide reductase

CRO 025109 UDP-glycosyltransferase 73B4

CRO 020003 DNAse I-like superfamily protein

CRO_027095 (CE) NAD(P)-binding Rossmann-fold superfamily protein

CRO 024925 pumilio

"CRO 027093 (C2) cytochrome P450, family 71, subfamily B, polypeptide’
CRO 031126 (SGD partial) strictosidine beta-glucosidase

CRO:028721 (SGD partial) beta glucosidase

CRO 026512 oligopeptide transporter

CRO 027091 Zinc finger C-x8-C-x5-C-%3-H type family protein

CRO 032496 glucan synthase-like

CRO_003637 glucan synthase-like

CRO 027097 MA3 domain-containing protein

"CRO_D11780 Peptidase C73, ubiquitin fold modifier-specific peptidase
"CRO 001295 Peptidase C73, ubiquitin fold modifier-specific peptidase
CRO_02709Z nucleoporin

"CRO 018363 cytochrome P450, family 71, subfamily B, polypeptide"

CRO 024922 BTB and TAZ domain protein

"CRO 011779 (C18) cytochrome P450, family 71, subfamily B, polypeptid:
CRO 024924 Pectin lyase-like superfamily protein

CRO 027096 tetratricopeptide repeat (TPR)-containing protein

CRO 011770 Leucine-rich receptor-like protein kinase familv protein

It i

Figure72 Hierarchical clustering of 33 transcriptome contigs related$&D
Expression values for 3@ roseustranscriptome contigs. Tissues are A (flower), B (sterile seedling

control), C (sterileseedling plus methyl jasmonate for 5 days), D (sterile seedling plus methyl jasmonate
for 12 days), E (mature leaf), F (immature leaf), G (stem) and H (@range arrow highlights candidate
C45 and blue arrow the two parti8iGD

As described abovef the 90 contigs that were found to beo-localised with one of the 25
known pathway genes in thelder version of theC. roseugenome, candidat€18(Figure72,
CRO_011779) wasdentified based on its physical closeness $&Dand its annotation as
cytochrome P450 enzymeC18 was also observed on tl&GDcontig of the Mate pair
enhanced assemblyzurther candidates chosen based on a combination of their annotation,
actual physical distance t8GDand/or their coexpression withSGDwere C2 (CRO_027093),
C6 (CRO_027095), C7 (CRO_027094), C8 (CRO_003636) and C9 (CROFigR1673), (
while C45 selected forco-localisation with SGDhad already been chosen as part of a list of

co-regulated genes.

VIGSxperiments were conductedHowever, only silencing C{Bigure73) and C45(Figure74)

led to significant changes.
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Figure73 C18silencing effect orleaf metabolites
Normalied peak areaf compounds ajmalicine and serpentioé plants of two independent(n=5 and

n=8) C18silencingexperimentsin comparison taeV control plantsError bars represent SEM Pvalue

was calculated usingiSdzR Styeét (#<0.05, ***p<0.00001
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Figure74 C45silencing effect orleaf metabolites
Normalised peak area ofi€6) plants infected with C45ilencing construcin comparison tdeV control

plants for compounds:A (catharanthine), B (tabersonine), C (strictos¥linD (vindorosine), E
(vindoline), F (secologaniriError bars represent SEM Rvalue was calculated usingi $1zR StytastQ a

(**p<0.0005).
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The first silencing of C18 displayed two major changes, the significant increase of ajmalice and
the signifi@ant decrease of serpentine. However in a second experiment, although the same
general trend in the data is visible, the data is not significigure73). No other metabolite

in influenced significantly. Ajmalicine is the presurof serpentine inC. roseusiosythesis and

the enzyme/s catalysing this reaction are unknowh However, this is an oxidatve

transformation and ould be catalysed by a P450.

ajmalicine serpentine

Figure75 Reaction ajmalicine to serpentine

C18 is only expressed at relatively low levEigire51). A BLASTn search against heoseus
transcriptome % suggests that the observed change is not caused by -sitesging. The

biochemical function of this gene will be subjected to further analysis in future studies.
C45

One of the 335GDco-localised contiggFigure72), candidateC45 had also been identified as
co-expresssion analysis of transcriptomic dé&taThis make€45the only candidate that has

been discovered twice, via @xpression analysiand as a citocalised gene with a known
pathway gene.SGDcontains two contigs, CRO_019099 and CRO_027160 that are both
annotated asalpha/betaHydrolases superfamily proteiffFigure72). C45 can be associated

with both of thesecontigs as closer investigation revealed that the only difference between
both contigs is that CRO_019099 is about 200 bp longer than CRO_027160 while the total 948
bp of CRO_027160 are 100 % identical to CRO_019099. Both contigs are immediately adjacent
to each other on a single genomic scaffold of ie roseusnate pair enhanced genome

assembly (data not shown).

VIGS experiments with this candidate reproducibly led to an approximately 50% reduction of

catharanthine production. Unfortunately a BLASTareb of the 307 bp long section of this
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gene used for silencing revealed that tBe roseusranscriptome contains several contigs that
share sufficient sequence similarity to result in cross silencing. Future efforts will focus on
identifying the enzymesthat generate the putative substrate for this hydrolase
(stemmadinine), which will then allow biochemical assay with each of the highly similar

hydrolase genes for activity.

5.2.4 VIGS experiments of candidates resulting fromexpression analysis
Transcriptomi data® was analysed for gene @xpression ira search for a missing step in
vindoline biosynthesisin the course of this thesis 1dandidates displaying a strong -co
expression with known vindoline biosynthesis genesewnselected and tested using VIGS,

including the newly discoveretBOgene described in Chapter® (Table28).

T30must work in partnership witta reductase Kigure33). The discovery of this gen€3R

was reported during the course of this the§isThis gene was present in our list of candidates
that co-expressed with vindoline biosynthetic enzymes, so we also silenceti3iRgene. The
published VIGS resultéwere compared to thé'3RVIGS results obtained here. The published
VIGS resuit for the T3Rgene reports information on the levels of four compourfsNo
change in vindoline concentration is observed; secondly, a compound with a mas& of
398.22, corresponding to desacetoxyvindoline (the T3R product) is reduced; thirdly, the
alkaloid catharanthine is increased; finally three new compousakp with a mass of/z 383,
corresponding to th T3R substrate, were detecteNo values for the significance of those

changes were provided in the published report.

The data obtained fof 3Rsilencing in the scope of this thesis are comparable. No signif
decrease in either vindoline or vindorosine can be detecte@i3Rsilenced tissueHigire 76).

Additionally neither the levels of tabersonine or-fiethoxytabersonine are change@ifure

77).
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Figure 76 T3Rsilencing effect orvindoline and vindorosine

] empty vector
[] T3R_VIGS

Relative MIA content as mean peak area for vindoline and vindorasii@Rsilenced plantgn=8)in

comparison toEV control plants (n36Error bars represennhean+ SEM Pvalue was calculated using

9i dzR Styeét.Na significant differences.
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Figure77 T3Rsilencing effect on tabersonine and ®ethoxytabersonine

Relative MIA content as mean peak area for vindoline and vindorasii@Rsilencel plants(n=8)in

comparison toEV control plants (n36Error bars represenhean+ SEM Pvalue was calculated using

9i dzR Styeét.Na significant differences.
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Applying the software for automatepgeakextradion on the metabolicdata of eight samples

for T3Rsilencing and six samples of EV control yieloleak areas for91different peaks.After

data normalisation acalculation of the test revealed that 15 of the extracted peaks were
significantly changed {palue < 0.01) betweem3Rsilenced and ¥ control tissuesTable31).
However applying th&enjaminiHochberg method for False Discovery Rate (FDR) to correct
the p-value for the occurrence of false positiv&8 leads to none of the observed changes
being significant at all in this datasdthis work highlights how a VIGS screen can lead to false

negatives.

Table31 Significant changed peaks df3Rsilenced tissues prior to FDR correction
Mean peak area foiT3Rsilenced in comparison to EV control tissuglsifion time of peak and accurate

mass of peak. Data is sorted byvglue starting with the lowest. In bold are massést would

correspond to thesubstrates of T3R in vindolingn/z 383) or vindorosine(m/z 353) biosynthesis

respective.

m/z elution time average T3R average EV p-value
353.1849 2.323 160168 12014 0.00020
383.1971 2.66 79524 0 0.00162
384.1962 2.35 34634 0 0.00174
260.0718 2.339 24899 17202 0.00209
354.1918 2.558 4523 0 0.00458
383.1834 2.331 137652 5632 0.00463

506.223 4.628 9697 12418 0.00517
383.1899 3.487 7914 2334 0.00615
427.0987 2.331 41886 32915 0.00714
336.1735 1.411 6292 2649 0.00814
195.0648 2.327 9967 3686 0.00837
443.2171 4.722 6658 1199 0.00986
512.2015 3.197 4216 882 0.01003

5.2.5 Infiltration on three weeks oldCatharanthusroseusseedlings

VIGS irC. roseugan be optimised, for exantgin a recently report using a biolisticediated
method by which the virus encoding plasmids are directly transferred into the plant tissue and
Agrobacteriumamediated inoculation can be circumventét Another alternative to pinching

the stem is whole seedling infiltration instead of classicalhiimg: This could lead to silencing

of root tissue, a part of the plant that is not silenced with the pinching mefiod
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The currently employed VIGS system has twajor limitations. First, no silencing of tissue
below the pinching site can be achieved, therefore root or stem specific genes and metabolites
cannot be investigated using gene silencing. Second, the current method requires eight week
old plants, whichmakes the VIGS experiment time consuming, inflexible anethosughput.

To address these issues, we attempted to develop a VIGS method in which the entire plant
would be affected by the virus and also would be considerably less time consuming. Whole
plant infiltration as well as infiltration of seedlings and cuttings has proven successful for

silencing in other systenté’and was attemped for C. roseusere.

5.2.5.1 Magnesium chelatase silencing of whole seedlings of Catharanthus roseus

After applying the syringe press method, in which whole three weelColdseuseedlings are
fully submerged withA. tumefaciensharbouring the pTRVIChIH plasmid and pressure is
applied to effectively infiltrate the whole seedling, the typical yellowing that results from
successful silencing of thEhotoporphyrin IX magnesium chelatase subuniieide occurred as
early as one week after infiltratiodrigure78). Of initially 17 infiltrated plants only 11 survived,

and of those 9 showed yellowing after one week. This was repeated twice with similar results.

Figure78 Successful silencing witkyringepress mettod in C. roseus8 weeks old seedlings

5.2.5.2 Metabolic phenotype of silenced whole seedlings of Catharanthus roseus

As an initial test and proof of concept, plants were infiltrated with available VIGS vectors
harbouring MIA genes. To investigate the root speaifianges the samples were separated
into two fractions, leaf and root, that were investigated separately. Although for each VIGS
construct 6-8 individual seedlings were harvested those samples were mixed resulting in a
mixed leaf fraction and mixed rodtaction for each VIGS vector and for the empty vector

control.
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First theT16H2plasmid was used for infiltration. Classi¢dl6H2silencing, using the standard
VIGS protocol as conducted in the work presented in Chapleads to a significant reduction

of vindoline and accumulation of the substrate tabersonine and the alternative shunt products
vindorosine. Similar results can be observed for the leaf fraction of the whole seddl@idR

silencing experiment in comparison to the leaf fraction infiltchteith an empty vectorKigure
79).

leaf T16H2 leaf empty vector
g
Par
% m/z 337 Ao
=
o m/z457 J\\
=
©
& miz427

Elution time (min)

Figure79 LCMS profile of TL6H2VIGS and empty vector control seedling leaf tissue
Extractedion chromatogram for mixed sample (n=6) leaf tissue frohbH2silenced viole seedling

with increased peak area for tabersonine/¢ 337 at elution time 4.35) and vindorosinenfz 427)

comparedto empty vector treated tissue.

The obtained results are similar to results from the classic VIGS méelhéti2silencing has
expectedy no influence on stem or root tissue metabolite composition or content (data not
shown) as these tissgado not expressT16Hand do not produce vindoline or vindorosine.

Therefore it cannot conclusively be determine if the silencing was successfukmtibsues.

The SLSVIGS construct was tested using this method. Successful silenctBgSafith the
classical VIGS method leads to significant decrease of various downstream products but most
importantly to the emergence of a peakifz 413) that is belowthe detection limit in EV
control sampleqChapter 5.3.1.Figure67). Although the results from this first initial test for
whole seedling infiltratiorare comparable to previous VIGS results with the same VIGS vector

the resuls for root tissue are less cled&igure80).
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Figure80 LCMS profile of SLS/IGS and empty vector control seedling leaf and root tissue

Extractedion chromatogram for mixed sample (n=6) leaf tissuenfr8LSsilenced whole seedling and
root tissue.A: Leaf tissue empty vector. No peak for loganin/ 413) is observed.Black peak is
secologaninrfi/z 411)in comparison to vindoline (light blue peaB).Leaf tissueSLSilencing. New peak

for loganin (n/z 413)is observedBlack peak is secologanim/g 411) in comparison to vindoline (light

163



blue peak)C Root tissue empty vector. Small peak for loganifiz(413).Black peak is secologanim/g
411) in comparison to catharanthine as roots contain no viimggm/z 337 at elution time 4.35, dark
blue peak)D: Root tissueSLSsilencing. Larger peak for loganin (n/z 413).Black peak is secologanin
(m/z 411) in comparison to catharanthine as roots contain no vinddin& 337 at elution time 4.35,
dark blie peak).

Although apotential increase in loganin accumulation can be obsenthd nature of the
experiment, measuring a mixed sample of six individually silenced seedlings, allows no
statistical analysis and so it cannot be determined if the obseraegkt peak for loganin is a

result of an possibly increased variability of root tissue in general or indeed a silencing result.

In general there are less examples for successful silencing of roots then there are for other
tissuesreported in the literature In C. roseust was shown that the here reported syringe
press method for the infiltration of whole seedlingided to accumulation of both pTRV1 and
pPTRV2 irroot tissue, a prerequisite for virus assembly. However the only gene silenced is in
this study isphytoene desaturas¢PD$ a gene involved in carotenoid biosynthesis that, if
silenced, causes sever albinism and is used as a visual marker for silecciegs ssimilar to
magnesium chelatas&?, an approach that is however unsuitable for roots. Additionally the
gRT PCResults presented if® do not provide a strong evidence of successful silencing in roots
of C. roseusThis method has thereferto be tested further before it @n be concluded if
silencing of root specific genes is feasible as a tool to investigate the alkaloid production in

C.roseusoots.

5.3 Conclusion

Since its establishment in 2011, VIGE.imoseusas facilitated the discovery and investigation
into physiolayical function of several alkaloid pathway genes. In 2012 it facilitated the
discovery ofiISY®. In 2013 the role of16H2was investigated using VIG5 VIGS played an
essential role in the discovery of a ABiRding cassette transporter implicated in the transport

of the C. roseuslkaloid catharanthiné® and the discovery ofDLGP®? and 7DLH'*, In 2015
VIGS helpedlarify the role of THAS the first C. roseugene ever to be characterised to
catalyg a reaction using the deglycosylated strictosidine intermediate. Testing candidate
genes with the VIGS technique led to the discovery3R* and T30%146 which completed

the search for vindoline biosynthesis enzymes after decades of research.
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In this chapter we outline the efficiency and limitationstieé¢ VIGS technique by silencitige

three previously identified MIA biosynthetic gen8kS®, TDC®*® and STR®, that had been
biochemically validated, but not subjected to planta silencing. This initial investigation
would test the robustness of the established VIGS procedure and additionally goyte insd

the role of the three tested known alkaloid biosynthesis genes in young l€afralseusThese
experiments on the whole suggest that the VIGS method produces reproducible, accurate

results, but also highlights that false negatives can occurignexperimental technique.

Additionally, this VIGS system was used in a general candidate screen. Based on the co
expression data and genome data, 28ndidates were silenceth plantausing VIGS. The vast
majority of these candidates yielded negative ukks when silenced. However, two genes
emerged from this screen that produced metabolic changes upon silencing for which follow up

experiments are being planned.

Many steps ofalkaloid biosynthesis €. roseusare co-regulated and this coegulation is
reflected in the ceordinate expression of genes in available expression ddtaeover not

just alkaloid biosynthesis is €egulated, the production of its precursors is most likely
controlled in a similar way. Tryptophan biosynthesis for example islgtdetregulatedin A.
thaliana 4. The rational for choosing dIGSandidate is in many cases its-expression with
known alkaloid pathway genes. The observeegpressiorin C.roseusalkaloid biosynthesis
caused largely byhe coordinate upregulation of alkaloid biosynthesis as reaction to the
elicitation with for example methyl jasmonaté 23 Therefore it issery possible that ahosen
VIGS candidatgene co-expressed \th a known alkaloid biosynthesis genemight be an
essential part of the mthyl jasmonate mediated defence and general stress respétfse
Silencing such a gene caave unpredictable results as signallipgthways?® as well as
individual secondary metabolite pathwa3® are linked. In consequence\dGS resulfor such

a genecould resultin a phenotype with significant changed alkaloid profile, even if the gene

is not actuallypart of alkaloid biosynthesis. TherefoxdGS results must be interpreted with
caution. In principle, the successful silencing of a single step in a multistep pathway results in
the reduction of the prduct of this step and the accumulation of the substrat&ithout
either, the interpretation becomes far more difficutill, in conclusion, as VIGS candidates are
most of the time highly expressed and methyl jasmonate inducible genes with an annotation

that suggests involvement in metabolism of secondary metabolites, the high number of VIGS
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results without any significant changes is rather encouraging, as it speaks for the robustness of

the system.

While false positive results will possibly eventuallydisezovered during follow up experiments

such as the heterologous expression, candidates that lead to false negative VIGS results are
more in danger of simply being overlooked and not followed up. Over the course of testing 28
candidates we have observed dvgenes,T3R* and STR®, for which the function hai vitro

been characterised, that produces no or only few statistically significant changes in metabolite
profile upon silencingThis shows some limitations of VIGS as a system for gene function
screenng. Nevertheless, despite these caveats, VIGS remains the most powerful method to

date to rapidly screen the function of putative metabolic gene candidates.

Although heterologous expression of candidate genes in alternative hosts and testing their
function by feeding various substrates is a valid method for gene discovery and
characterisation, this approach lacks the explanatory power of a VIGS experiment, as a VIGS
experiment is additionally able to demonstrate tirve plantafunction of a geneCurrently,a

single VIGS experiment requirasleast athree monthperiod. Efforts were made to perform
VIGS using mew infiltration method that could shorten this time and also potentially silence a
greater range of tissues compared to the standard pinching netAesting the efficiency of

this infiltration method usingChlHsilencing as visual marker of silemg success in leaves led

to 91% of plants showing yellowing. This is in accordance with previous findiGg foseus.
Testing the known pathway gead16H* and SLS® leads to the expected and previously
obsaved phenotype (Chapter 2, Chapter 5.3.1.) in leaf tissue, with the results being less clear
in root tissue. This method effectively cuts the experimental time frame in half from currently
11 weeks to 6 weeks with comparable results for leaf tissue. Gitgrénterest however is
whether silencing of a root expressed gene is possirid would result in a metabolic
phenotype and measurable expression reduction that would validate the involvement of this

gene in alkaloid biosynthesis @ roseus
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6 Discusion

Alkaloids are complex secondary metabolites that often display potent bioactivity. Their
biosynthesis in plants typically proceeds via intricate multistep enzymatic pathways. According
to the literature more than 130 different alkaloids of monoterpenggo are produced by the
plant C. roseus®. All are derived from the central precursor molecule strictosidine ihat
formed as a condensation product of the terpenoid moisgcologanin and the indole moiety
tryptamine, via a PicteSpenglercondensation Chapter 1,Figure5) 824 The first gene
successfully identified for strictosidine biosynthesis @ roseuswas TDC (tryptophan
decarboxylase) reported almost three decades ago in £989TRstrictosidire synthase) was
reported in 1992%%7, SL.Ysecologanin synthasayas reported in 2000%, followed by G8H
(geraniol 8hydroxylase) in 2002 and LAMT(loganic acid methyl transferase) in 2088The
remaining five steps were published over the course of just two years in 2012 and?%¥813
leading to the complete eludation of strictosidine biosynthesis i€. roseusand the
knowledgebeingused to engineer this early part of alkaloid biosynthesiS.irerevisia€® and

N. benthamiana?®. The great acceleration in gene discovenCinroseusvas aided by two
factors: the increased availability of comprehensive transcriptomic data and the observation

that the genes of this pathway are tightly-eapressed?®.

In C. roseusas well as other MIA producing plants strictosidine is deglycosylated by
& 0 NR& O (i DalycositlaésS (SGD) and rearranges to 4i@iydrogeissoschizine that forms
the structural bais for the diverse range of alkaloid scaffolds (Chapter 1, Figure®)rdseus

the highly reactive 4,2tlehydrogeissoschizine intermediate is transformed by an unknown
number of subsequent reactions that lead to the molecular rearrangements necdssahge
formation of the three distinct molecular backbones or skeletons, representing the three
different classes ofC. roseusalkaloids, namely the iboga, the corynanthe and the
aspidosperma alkaloids. At the start of this work none of the enzymes soaivthis complex

transformation was known.

Pathway elucidation of alkaloid production@ roseusas been a focus of attention ever since
the discovery in the 1960s of the amtncer properties of its compounds vinblastine and
vincristine *8, These bisindolelkaloidsform as a result of theouplingof the two mainC.
roseusmonoterpene alkaloids vindoline (aspidosperma alkaloid) and catharanthine (iboga
alkaloid). While catharanthinis a direct product of the reactions following the deglycosylation

of strictosidine, vindoline originates from tabersonine and is the product of a set of seven
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further enzymatic reactions, referred to as vindoline biosynthesis. Of those seven steps only

five were known at the start of this thesis (Chapter 1, Figure 7).

The first of two key aims of this thesis was to close this gap in vindoline biosynthesis by
following the successful strategy applied in strictosidine biosynthesis gene discovery: the
mining of transcriptomic data for cexpressed genes. The identified gene candidates were

tested using VIGS. Biochemical analysis confirmed the activity observed in planta.

The second aim of this thesis was to investigate gene clusteri@ neseuslt is a reent
observation that insome plant secondary metabolmathwaysthe genes are located in close
proximity on the genome. As a result of the increasing availability of plant genome
information, this has now been reported for a variety of species and diffectasses of
specialised metabolited’® The successful identification of gene clustering can enhance
pathway discovery’”198:238.239 Thijs is of particular farest for genes that might be difficult to
discover with the ceexpression approach as not all genes of a pathway are necessarily closely
co-regulated. To investigate if any gene clusterin@imoseusan be observed, a draft genome
sequence was obtaink as well as several BACs containing known genes of key steps in
alkaloid biosynthesis i€. roseusAs with the ceexpression approach identified candidates

were predominantly tested using VIGS.

An important consideration is that most studies that swsxfally applied c@&xpression
analysis for gene discovery @ roseus'*>"°had previously determined the most probable
enzyme class of the missing step and therefore substantially limited otherwise lengthy
candidate lists. However, limiting the search to a specific enzyme class can also be obstructive.
The highly complex chemistrof plant secondary metabolitpathways has often evolved in

only a small phylogenetic space, with enzymes catalysing unprecedented reactions, making an
accurate judgment of the probablkenzyme class impossible. THiscovery ofC. roseugidoid
synthase®, representing a new class of enzymes, from a transcript that displayed highest
sequence similarity tqrogesteronebb- reductase (P5bR)was aided by the fact that this
transcript was very tightly cexpressed with known genes and that chemical understanding
predicted a NADPH requiring enzyme for this step. Gene clustering, if observed, can therefore
aid further gene dicoveries by combining information of gene-expression with gene

clustering/ gene cdocalisation.
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6.1 Gene silencing and gene clustering

The VIGS system is essential to the work presented in this thesis. No reliable protocol for the
stable genetic transforation of C. roseusgxists. Gene candidates for alkaloid biosynthesis
have successfully been tested for example in alternative systems sudh lzenthamiana?®

and yeast’®. However such alternative systems always rely on the availability of the correct
substrates, a difficult task as many intermediate€€ofoseuare not commercially available or
structurally so complex and/ or utable that chemical synthesis is not always an option.
Ultimately for the validation oin plantafunction of alkaloid pathway genes C. roseusnly

VIGS is currently available. VIGS experiments are detailed in Chapter 2, Chapter 3 and
Chapters.

Chapter 2 describes the successfit planta functional validation of a tabersonine 416
hydroxylase T16H. In 1999 a publication reported a cytochrome P4bD6H]) that had been
cloned from a light induce@. roseusell suspension culture and was characterisedadtalyse

the first step in vindoline biosynthesis, the -hgdroxylation of tabersoniné!. In 2012 our
collaborators (Vincent Courdavault, University Tours, France) had cloned a second version of
this gene T16H3 from C. roseudeaf tissue andn vitro characterisation revealed it had
identical function to the previously discovered gene. Susftsargeted gene silencing of this
gene inC. roseugeaf tissue using VIGS was confirmed with g RT PCR and led repeatedly to a
significant decrease of vindoline, the end product of the vindoline pathway. Close investigation
revealed that reduction of mdoline levels was accompanied with the coinciding increase of
vindorosine (desnethoxyvindoline). Untargeted peak extraoti of the obtained mass
spectrometly data revealed several peaks with exact masses corresponding to intermediates
of vindoline or uidorosine biosynthesis were significantly decreased or increased respectively,
further strengthening the redirection of flux to the tmethoxylated product vindorosine as a
result of the targeted gene silencing and therewith ultimately validating the d¢iddunction

of T16Hin C. roseudeaves. This highlights the explanatory power of VIGS as a tool for

functional characterisation of known enzymes.

Two independent approaches, remapping transcriptomic raw reads to the Tth&H open
reading frames, condted as part of this thesis, and q RT PCR of QdtéHversions on
different C. roseusissues in the lab of Vincent Courdavault came to the same conclusion. Both
versions of this enzyme are active@n roseusdut the predominance of one paralog is tissue

dependent®’. This observation has many implications especially for further pathway discovery.
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Notably, the two functional and eordinately regulated versions of 16H are unsuitable
candidates for ceexpression analysis as none of the individGd6H expression profiles

matches the expression profiles of downstream vindoline biosynthetic genes.

It can further be speculated thatl6His potentially not the only enzyme in the pathwayrfo
which functionally identical paralogs exist. Indeed this was later reported additionally Yor
181 and SLS%22and the genome sequence data presented in Chapter 5 shownofiby T16H

andIStthat the functional paralogs belong to recently duplicated gene péirs

In Chapter 3 VIGS was successfully employed to screen a number of candidates for missing
steps in vindoline biosynthesis, leading to the discovery of tabersonimeygenase (T30}°.

The selection of candidates was based two major assumptions: firstly, thahigsng genes
would coexpress with known vindoline pathway genes (with the exceptiom1¥H, and
secondly that one of the genes would be annotated as a cytochrome P450 enzyme, since the
proposed chemistry entailed formation of an epoxide, a reactionwkn@o be catalysed by
P450s (Chapter Figure24). The successful candidate could unambiguously be identified
using VIGS, since silencing in this case significantly reduced both products of this pathway,
vindoline and vindorosineVIGS also resulted in the dramatic accumulation of a peak with a
mass corresponding to theubstrateof T3Q The identity of this peak could be further verified

by consumption in assays with heterologously expres$&® from yeast. The structural
characerisation of the T30 reaction product carried out by Dr. Nathaniel Sherden concludes
that in the absence of a partnering reductase the unstable intermediate does first form an
epoxide, but then readily rearranges to a product with a new scaffold strubfisimhilar to the
alkaloid vincamine from the plaM. major a closeC. roseuselative. This is in accordance with
previous publications that report that-nine,3-alcohols on the tabersonine framework are
able to undergo acid catalysed rearrangemefits®t and leads us to speculate on the possibly

of a similar biosynthetic pathway for vincamineMnmajot

While Chapter 2 and 3 highlight successful examples of how VIGS can be used for the
validation ofin planta function of known patway genes as well as for a screening tool for
unknown genes, Chapter 5 shows limitations to this system. Here the targeted silencing of
three further known pathway genes, the previously identified MIA biosynthetic g&he®,

TDC?®¢ and STR!®, clearly shows that measable downregulation of expression is not
necessarily reflected in a strong and unambiguously interpretable VIGS phenotype. When both

SL&nd TDCare silenced, the respective substrates, loganin and secologanin, accumulate while
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downstream alkaloids aragnificantly reduced. The result f&@LSs especially interesting as it
shows that gene silencing results in silencing of all four functionally redundant genes due to
their high sequence identity. However, 60% reductiors®@Rexpression leads to only minal
changes in alkaloid content. These results would have possibly been overlooked without prior
knowledge of thein vitro confirmed function of this particular gene. In three subsequent
experiments no significant accumulation of 8fMRsubstrate peak cdd be observed although

the accumulation of secologanin, one of the two precursors forSfé&tatalysed reaction, has
been observed previously in th@DC silencing experiments, showing that in principle

secologanin accumulation in plant tissue is possible

A second example for a weak and therefore difficult to interpret VIGS phenotype is observed
with the reductasel 3Rin vindoline biosynthesis. The VIGS phenotype observed allows for only
a tentative interpretation of then plantafunction of this gene nly in combination with then

vitro results for this enzyme, which are required in this case to clearly demonstrate its
involvement in vindoline biosynthesi§. Interestingly ourVIGSresults match the results
published for this gene by another grotfpdespite the fact that they use a differeft. roseus

variety, which points to the general reproducibility of the VIGS system

Why STRor T3Rsilencing do not lead to the expected metabolic changes is not easy to answer.

For both genes the reduction of expression was measured to be around 60%. One possibility is
that the remaining levels of enzyme are efficient enough to cauatythe reactions without an

alteration of the metabolite flux. The existence of additional enzymes that can carry out the
same reaction seems unlikely in these two cases. The reaction catalys&dRig highly
specificand while STR homologs are foundthe plant, they are known to be inactive

O0hQ/ 2yy2NE LISNE2Y Lt O2YY dzy3TRpethdp® iy cekibsuspengion A y A y
or hairy root culture which are amenable to stable transformafithhmay clarify these points.

This option however only applies to gendstloe upstream part of alkaloid production as the

metabolites produced in roots are significantly different in the downstream pathway.

In the course of this thesis, a variety of P450 enzymes were functionally assayed by VIGS with
no measurable positive rais. While this could be due to the negative results sometimes
exhibited in this silencing system, it must be noted tBatroseuproduces far more than the

major alkaloids such as catharanthine or tabersonine for which standards exist. Some
publicationsstate up to 130 different alkaloid$ and new publications continuously report the

isolation of more new compounds isolated from plants sucll aoseusvith better extraction
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methods applying mass spectrometry with higher sensitivity. Alkaloids, like many plant
secondary metabolites, play essential roles in interaction with the environitdat example

to attract pollinators® or most importantly as a means hyhich plants defend themselves
against microorganisms and herbivolfesFrom an ecological point of view it appears logical
y2G G2 afAYAGE GKAEA FTNARASYLFE G2 | ¥Sg6 Yl 22N
predators overcoming a single defence. Therefore the possibility exists that some of the
unsucessfully tested genes might conduct interesting chemistry yet the metabolite profiling
used in the VIGS system is simply not sensitive enough to detect changes in these minor
products. However, using VIGS to screen for enzymes that conduct novel cheiiaimy
enormous challenge, as it requires the prediction of the structure of the substrates and
products from the metabolomic analysis of VIGS tissue. Without a clear, statistically significant
emergence of a new peak and/or reduction of a product, theseilte are not interpretable in

the absence of other experimental evidence.

Chapter 4 reports the analysis of a newly established resourceCth®mseusiraft genome
available as a searchable database (http://medicinalplantgenomics.msu.ethgether with

six BACsequencs this data was used to investigate the genomic contextQof roseus
biosynthesis with regards to gene clustering. Most importantly this analysis provides a list of
90 transcripts that are in close proximity to the 25 known alkaloid pathgenes, a number

that is challenging to be tested within the VIGS system. Therefore a combination of functional
annotation and ceexpression profiles were employed to pick initial candidates from this list.
Despite all reported limitations and constraintsvo candidates show tentative results.
Preliminary VIGS results for a P450 candidate suggest a potential involvement of this gene in
the biosynthesis of serpentine. A second candidate, selected primarily from thgpression
analysis conducted in Chapt3 but also because of docalisation withSGDwhen subjected

to VIGS repeatedly resultsn catharanthine reduction. These candidates are the focus of

further experiments by other group members.

The analysis of gene clustering in the di@ftroseugienome revealed several small clusters
consisting of three gene3.DCand STRare calocalised with a MATE transport protein and all
three genes display very tight @xpression. The elocalisation ofSLSwith a genes annotated
as a sinapydlcohol dehydogenase has led to the discoveryTdiASthe first enzyme reported

to be involved in the formation of the different typical alkaloid scaffolds after the

deglycosylation of strictosidin&. The pair off16Hparalogs which is a gene duplication, is
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located next tol60MTrepresenting the first and second steps in vindoline biosynthesis. The
duplication of a gene foremost removes the evolutionary constraint that is associated with the
need to retain the original gene function. The common fate of duplicated gene pairs is very
often the emergence of deleterious mutations leading to ffanctionaisation of one of the
copieg®.. It is also possible that both gereppies are maintained with their redundant
function. Over time, changes in the regulatory or coding sequence can lead to functional
divergence such as stdbnctionalisation, where the original gene function is partitioned into
the two copies, as is obsead for T16H %2 Alternatively, the occurrence of an adaptive
mutation in one of the duplicated genes that can lead to novel functions, so called neo
functionalisation. It has to beated that a strong driver of enzyme recruitment and functional
divergence is a change in transcription and/or translational level of the enzyme, as such

changes might lead to the physiological relevance of a previous latent existing enzyme function

242

Although some comn features do exist between plant gene clustitsntified to date, the
relatively small number of clusters precludes development ofoaa definition and general
rules for prediction of when clusters might be observed. Predictions as to how many more
clusters might be found in plants is difficult. Much has been speculated about the significance
and function of clustering. Several of theday knownplant secondary gene clusteere
responsible for the production of metabolites that have showncunfer resistance and
therefore a selective advantagé!!'¢ It has been argued thabrganisation of msynthetic
pathways in clusterss driven byboth the selective advantage anithe beneficial role the
pathway 1. However the basis ofjene clustering might be rooted in many different

ewlutionary reasons.

Extensive analyses iArabidopsis thalianaevealedthat in general genes from a specific
pathway are more likely eexpressed then genes that are not part the same pathway alaat

that only a small number of genes have manyegpression partners while most genes have
less than 10 partners$®’. Interestingly in this study,genes thathave fewer coexpression
partnersare often multicopy genes, suggestivagainof the evolutionary aspects that gene
duplication and subsequent release of regulatory constraint play in the expansion of existing
networks . Such an accumulation of duplicated genes can be observed for alkaloid
biosynthetic enzymes in th€. roseugraft genome. For some of these like ISYirawitro

function redundancy has been shown, though VIGS failed to provide evidemcanf
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involvement of one of the paralogs in plafitawhile the other paralog is clearly implicated in
alkaloid biosynthesi€. Others, likeT16Hland T16H2could &6 SEF YLX S& 2F aSg2f dzi A
LINEPANBAaaés gKSNBE GKS RAFFSNBYGALFE NBIdzA I GA2Yy YAIK

of an alternative pathway chemistry or the loss of the vindoline biosynthesis.

Over the last decade many newly established plantdgip techniques have been applied@
roseusto decipher alkaloid biosynthesis. Some of these technigques and tools have played an
active role in gene discovery while others supplied candidate lists for further research.
Examples include EST sequencingpecific alkaloid biosynthesis relevant tissues such as the
leaf epidermis®®, proteome mining ofC. roseusairy root cultures3 or suspension cultures

243 establishment of VIGS f&. roseus?, the creation of larger transcriptomic resources
facilitating ceexpression analysis over multiple tissues and/or conditi&hsor for various
members of theCatharanthusgenus’™. Ammgst those, the combination of eexpression
analysis with knowledge of gene location have proven to be the most successful approach for
identification of gene candidates and along with experimental validation by VIGS have led
together to the successful gimeering of the early part d€. roseuin N. benthamiandn 2014

2 and Scerevisiagn 2015%° and that of vindoline biosynthesis $ cerevisia# 2015%.

6.2 Future directions

The availability of transcriptomic and genomic data is crucial and has allowed, over the past
decade, a rapid acceleration of discoveries in plant metabolism path#dy#utomated
genome mining for secondary metabolite clusters in plants, similar to existing solutions for
discovery of microbial secondary metabolite gene clust&¥&'$ may facilitate the more rapid
application of the increasingly number of plant genomes that are publically available. With the
establishment of more genomic data this might be feasible for plant gene clusters on a larger
scale and for anore diverse range of gene clustér&!’”.238.233 This might enable the discovery

of more of the shared features of these getlasters thatcan in turn faditate development of

new strategies to identify these clusters

Experimental techniques for in planta screening, such as large scale VIGS experiments and the
subsequently necessary metabolomics, are still a limiting factor and efforts have to be
undertalken to streamline these methods as it is currently too time and labour intensive for

high-throughput functional characterisation.
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6.3 Outlook

Undoubtedly, the vast majority of plant specialised metabolism remains an untapped resource
247 Sequencing is no longer a limiting factor with steadily declining costs, increasing precision
and fast turnaround timg?248, Systems biology promises quick advances iregen pathway
discovery in plant specialised metabolism by corimgjrgomics techniques such as genomics
with metabolomics and transcriptomié®. It has already has been shown that the information
provided with the C. roseusdraft genome accelerated discoveries related to setzom
metabolism in plants, and it for example also facilitated the research into the transcriptional
regulation of strictosidine biosynthes?é’. Future genome sequences of related species will
shed light on the possible conserved evolution of the observed gene cluster. Better sequencing
and improved assebly might eventually be able to answer the question if and how much

more gene clustering can be observediinroseus
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7 Materialsand Methods

Unless otherwise stated, all chemicals were purchased from Siddmechand all restriction

enzymes from New Epand BioLabs.

7.1 Plant material

All plant material used in this thesis was obtained fréatharanthusoseus? I NR& S (t@&m & { dzy {
Apricog o6 { ey3Syidlo IyR |fft +LD{ SELSNAYSyGa oSNB
G AGGES . NRIKG 9 &dSvhen naled to caPnpatelakkaloR ydntent Betwekzd S

these two cultivars. All plants were growm & walk in growth chamber at5aCunder 12 h

days using the John Innesmpost mix No. 2 (peat based).

7.2 General methods for molecular biology

7.2.1 Primers and sequencg

All primers were supplied by Integrated DNA Technologies (IDT), except for primers used for
USER cloning that were purchased from Sigdasich. Unless otherwise stated, all primers
were designed using the OligoAnalyser 3Https://www.idtdna.com/calcanalyzejy and

optimised for a melting temperature of 36to 58°C.

Sauencing wagarried outby SourceBiosciendg€ambridg) using plasmid DNA or purified

PCR product as template.

7.2.2 PCR and DNA purification

Generally, each PCR reaction contained 1 uM @hegarimer, 1 mM dNTP mix, a suitable
polymerase, template, and thmanufacturerssupplied buffer, as well as up to 3% DMSO and
up to 3 mM MgS® The total PCR volume was adjusted to 20, 25 or 50 pl with water
depending on the required amount of PCR prodd@&mplate amount was variable depending
on the nature ofthe template. The amount of template cDNA was usually 1 pg and never more
than 10% of total PCR volume. Plasmids as templates were udedcato 1 ng per reaction.

For amplification from genomicNA, 1 ng to 1 ug was used. For colony PCR, the template
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consisted of 1 pl fresh bacterial or yeast culture qd df a single colony picked with a sterile

toothpick and then diluted intd. O ul of water.

For construction of VIGS plasmitte X7 polymeras@roduced in houséy Dr. Fernando Geu
Flores followinga published protocof*°. This polymerase is able to incorporate the Uracil
Specific Excision Reagent (USER) compatible primemrihination with 5xHFBuffer (NEB,
cat. No. B0O518S) and up to 3% DMSO.

Colony PCR to confirm cloning success geerally performedvith Taq polymerase (GoTagq,
Promega, cat. No. M5001), whileasdard amjification from cDNA or plasmigmplate was
conducted with PflJltra Il polymerase(Agilent, cat. No. 60067@y KOD Hot Start polymerase
(MerckMillipore, cat. No. 71086 yR (G KS t/w NBIFIOGAZ2Y YAE I R:

instructions.

All PCR reactions were carried out on a Veriti 96 Well Thermal Cycler (Applied BigyyBtw
a generalPCR, the stepwise gradiestarted with a melting period 095°C for 2 minutes,
annealing period of 3% for 20seconds and extension period 62°C.The extension time was
adjusted to the expected length of PCR product and the speethefpolymerase used.
Standard PCR reactions were done with 30 cycles, colony PCR with ugyol&3All PCR

reactions were carried out with a final extension of 10 minutes 8€72

Forevaluation of the obtained band siz2 pl of the PCR product werarr at 100 V on a 1%
06k@0 | I NraS ISt cazd\bd.41810)DoSstaiv BERDNA.Geld Bete kudzli

TAE buffer40 mM Tris, 20mM acetic acid, and tnM EDTA). Barsdwere visualised using the
SYNgene bioimageFor gel extractionthe entire PCReactionwas run on a gel, excised and

purified using a Nucleospin Gel and PCR elgakit (MacheryNagelcat. No. 740609.50) in

I O0O2NRIyOS gAGK GKS WorshaPACRrificis WiR doneiwytratlie NHzO G
same kit.Forthe final elution fom the column, 40 pl nuclease free®was used and the DNA

was spectrophotometrically quantified on a nanodrop (NanoDrop,1800).

7.2.3 cDNA synthesis

cDNA fromC. roseu®d NA SGe& a{dzy{ G2N)Y ! LINAO2(¢ dzaSR I &
the SuperScript®l FirstStrand Synthesis System (cat. No. 1808@). Unless otherwise
a0FiSR (0KS LINPOSRANE F2ft2¢6SR GKS YIydzZFl O dz
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Oligo(dTy as primer and theSuperscript Il reverse transcriptageat. No.18080044). The

total RNA was obtained following the procedure described in seg@ti8below. Typically, RNA
from young leaf tissue was used. However for cloning of specific genes that are not expressed
in young leaves, other tissues wersed for RNA extraction such as root tissue, flower tissue
and stem as well as methyl jasmonate induced seedli@gsoseuseedlings were grown in

petri dishes on water soaked filter paper. The seeds were surface sterilised before germination
using 70% dtanol for 30 seconds and subsequently soaked for 2 minutes in 5%
natriumhypochlorite with 2% Tween 20 as detergent, while vortexed repeatedly. The seeds
were rinsed three times with sterile water. Seeds were kept in the dark at room temperature
and transfered to the growth chamber after seven days (germination had occurred), where
they were kept for further two weeks. Methyl jasmonate was applied to the seedlings by
spraying with 500 pM solution and induced seedlings were harvested 1 day after application.
All tissue samples for RNA extraction were immediately snap frozen in liquid nitrogen after

collection and kept at8C°Ctill use.

7.2.4 Culture conditions and glycerol stocks

E. coli cultures were cultured at 3T, A. tumefaciensand S. cerevisiaevere kept & 28°C

Liguid cultures were grown at appropriate temperatures and under constant shaking (200

rom). For long term storage aB’Cz 3t e OSNRf aid2014a8 o6SNB YIRS o8
al GdzNJ G§ SR Odzt G dzZNB  &.zobpzn ni 2> tp n2nF  >pt A anTeddoiéng:S NRffe S NP ¢
2N G2 pnn >fS émkevisger: It 2O0OSNBE 6

7.2.5 Growth media and selective media
Growth media used in this #sis are summarised ihable32. For selection oE. coliand A.
tumefaciensappropriate antibiotics summarised ifable33 were added to the media after

autoclaving.

178



Table32 Media composition

Media Content
1% (wi/v) tryptone

LB 0.5% (w/v) yeast extract
1% (w/v) NacCl
2% (w/v) tryptone

0.5% (w/v) yeast extract
10mM NaCl

SOC 2.5mM KCI

10mM MgCt

10mM MgSQ

20mM glucose

16 g bactotyptone/ |

2xYT 10 g baob yeast atract/ |
5g NaCl/ |
1% yeast extract

YPD 2% peptone

2%glucose
0.67% yeast nitrogen base (without amino acids, with
NHSQ)

dropout media without uracil (Formedium)

SCUra(yeast selection media)

2% glucose

Table33 Antibiotics used for selection

Antibiotic Final concentration (pg/ml)
carbenicillin 100
kanamycin 50
rifampicin 100
gentamycin 50
chloramphenicol 150

7.2.6 Plasmid extraction

Plasmid extraction foE. colicultures for sequencing or for transfoation into new hosts was

done with a Miniprep kit (Qiagen, cat. No. 27004 Ay | OO0O2 NRIyOS A (K
instructions DNA was eluted from the silica membrane usingut@ater and stored at20°C

for future use.
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7.2.7 Competent cells

For E. coli commerially available chemically competent cells were used. For plasmid
propagation either One Shot TOP10 (Invitogen, cat. No. -404r strain HST08, Stellar
Competent Cells (TaKaRa, Clontech, cat. No. 636763) wede us

For A. tumefaciensGV3101lelectro conpetent cells were generated using thefollowing
protocol: Starting from a single colonyf A. tumefaciensstrain GV310% 5 ml LBovernight
culture, supplemented with the antibiotics Gentamyeind Rifampicirwasused to inoculate 1
litre of LB media andrgwn at 28C under constantshakingat 200 rpmto an OD of-5x10
cellgml. All subsequent stepwere conductedat 4°C. The culture wasentrifuged at 300,
the supernatant discarded, and the cell pellet washed with B0Gce coll 10% glycerol. This
wash step was repeated twice reducing the resuspension volume first @onE510% glycerol
andnext to5 ml 10% tycerol. The final cell pellet was resuspended mlIsterile ice cold M

sorbitol, and dispensed in 2@0 aliquots for long term storage a80°C.

ForS. cerevisiaehemically competeincells weregeneratedfresh every time a transformation
was planned. A single colony was grown overnight 8C2& 2 ml 2x YPD media. The culture
was then pelleted by centrifugation and resuspended in 25 ml fiésliYPDmnedia and then
incubated at 28C under constant shaking at @@pm for at least four hours. All subsequent
steps were performed on ice or at @2 The culture was centrifuged at 3000 g for 10 min and
the supernatant discarded. The pellet was washeite with 250 ml ice cold water, aliquoted

according to demand and used for transformation immediately.

7.2.8 Transformation protocols

For transformation intde.colia maximum amount of 200 ng plasmid was mixed with 25Q0

pl chemically competenk. colicels on ice. After heashock, 45 seconds in a 42°C water bath,
the cells were immediately placed on ice and 150 ul SOC medium was added. Following
transformation the mixture was kept at 37°C for 1 hour, before being spread on agar plates
containing the appopriate antibiotic, and grown overnight at 37°C. Colony PCR confirmed

transformation success and positive colonies were selected for overnight cultures.

For ransformation ofA. tumefaciensup to 300 ng of plasmid DNA were mixed with B®f
electro comtent A. tumefacien€&GV3101 in a 2 mm electroporation cuvette and placed on
ice for 5 minutes. Using the Biorad micropulser (28B0) the mixture was electroporated at

2.2 kV and immediately after electroporation 200SOC media were added to the cuvedied
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the complete mixture transferred into a fresh tube and incubated at 28°C for 2 hours. This
mixture was then spread onto LB agar plates containing rifampicin, gentamycin and the
plasmid specific antibiotic selection marker kanamycin. The plates wetbated for two

days at 28°C until individual colonies became visible. Colony PCR identified transformation

success and positive colonies were selected for overnight cultures.

A method modified after Giez (2007} was employed for yeast transformation. Briefly, 100 to
300ng of plasmid DNA were mixed with @dwater, 36pl 100 mM lithium acetate and 244

40% PE@G350. The mix was vortexed and kept on ice. The yeast cellgl (@bchemically
competent S.cerevisiaeprepared as described above) were mixed with Bf a 2 mg/ml
solution of single stranded carrier DNA (UltraPure salmon sperm DNA solution, ThermoFischer,
cat. N0.1563201) and both mixes combined were vortexed again and incubateg80°C for

80 minutes. Over the course of the incubation, cells were vortexed briefly three times. The
mixture was centrifuged at 3000 g for 15 seconds, the supernatant removed and the cells
resuspended in 20Qul TE buffer. This solution was spread oi8GUra agarose plates for
selection, with colonies appearing after two days of growth at 28°C. Colony PCR confirmed

transformation success and positive colonies were selected for further cultures.

7.2.9 Cloning and plasmids

For protein expressiotin S. cerevisig the yeast strain WAT11 was transformed with the
pXP21844 expression vector. The commerc®IET1.2/blunt vector was usedBn colifor PCR
cloning to identify the correct ORF if not previously known or for propagation prior to

digestion. The pTRV2u plasmiéiwas used for preparation of the VIGS vector

Table34 Plasmids used and individual selection markers

plasmid selection marker
pJET carbenicillin

pTRV2u | kanamycin

minus Uracil (auxotrophic
pXP218 | marker)

7.2.9.1 Cloning into inearisedpXP218 vector

Cloning into pXP218 used sticky ends produced by restmiatigestion to join vector and
insert in the ligation reaction in a directional manner. The vector was isolated from a 5 ml
overnight culture ofE. coli The concentration of the vector was determined using a nanodrop

spectrophotometer (NanoDrop, NDOOO) A maximum of Jug of vector was digested with the
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restriction enzymes Spel and Xhol in apb@eaction mix containing pl 10x reaction buffer

and 10 units of each enzyme for 60nutes at 37°C. Inserts were PCR products amplified

using primer with theappropriate overhangsT@ble35) cut by the same restriction enzymes

Spel and Xhol. After restriction endonuclease digestion, the vector DNA was dephosphorylated

using calf intestinal alkaline phosphatase (New England BioLab$\aaM0290S) following

theYl ydzF I OlidzNB Qa AyaidiNdHzOiAzyasd .20K GKS ftAySIFNR&ASR
a 1% (w/v) agarose gel and a band of the right size was cut from the gel and purified (Machery

Nagel, cat. No. 740609.50) and the exti@c product resuspended in 28 water. The vector

and insert were mixed in a ratio of 1 to 3 for the cloning reaction. Cloning was carried out using

the T4 DNA ligase (Invitrogen, cat. No. 1522%) or, alternatively, T4 DNA ligase (Roche, cat.

No. 104 M HHA nnam0 | OO02NRAYy3 G2 GKS YI ydzFl OGdzNBNDa
ligase (Invitrogen, cat. No. 152P47), 4ul T4 buffer were mixed with vector and insert, not

exceeding 0.Jug total DNA and O.ul T4 ligase. After adding water to a totadlume of 20ul,

the reaction was allowed to proceed for 1 hour at room temperature prior to transformation

of E.colias described above.

Table35 Primers used focloning genes into the pXP218 yeast expression vector
Cloning/restiction sites are in bold.

name sequence

CRO_021081 | fw | TTATTACTACTASIIGGATGCTTTGCTTAATCCTGT
CRO_021081 | rev | AATCTAATCTCGRIAAGCACCTGAAGAATTTGGCCTCA
T19H fw | TTATTACTACTASIIGTTGTCTTCATTGAAAGATTTCTTCG
T19H rev | ATCCATGCCTCGABAAAAATGGTAACCGGAGTTGC
MAT fw | TTATTACTACTASIIGGACTCAATAACAATGGTTGAAACC
MAT rev | ATCCATGCCTCAABATTAGAAGCAAATGAAAGGAGC
T30 fw | TTATTACTACTASIIGGAGTTTCATGAATCTTCTCCCTTC
T30 rev | AATCTAATCTCGRCGATGCATAGGACGTAGCGATTAAA

7.2.9.2 Cloning into pJET1.2/blunt

The commercial vector pJET1.2swsed to amplify blunt end PCR products for sequencing

and subcloning. Constructs in pJET1.2 were generated using the CloneJET PCR Cloning Kit
(ThermoFischer Scientific, cat. No. 1231). Briefly, about 100 ng of PCR product (amount varies
with length of R product) were mixed with 1@ reaction buffer, 1ul linearised cloning

vector, 1yl T4 DNA ligase, il PCR product and brought to a volume of |40 After five
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minutes at room temperature the mix was put on ice and thiencoliwere transformed as

described above.

Table36 Primers used for cloning genes into the pJET1.2/blunt vector

name sequence

CRO_021081 | fw | ATGGATGCTTTGCTTAATCCTGT
CRO_021081 | rev | TTAAGCACCTGAAGAATTTGGCCTCA
T19H fw | ATGTTGTCTTCATTGAAAGATTTCTTCG
T19H rev | CRAAAAATGGTAACCGGAGTTGC

MAT fw | ATGGACTCAATAACAATGGTTGAAACC
MAT rev | TTAATTAGAAGCAAATGAAAGGAGC
T30 fw | ATGGAGTTTCATGAATCTTCTCCCTTC
T30 rev | TCATGCATAGGACGTAGCGATTAAA

7.2.9.3 Cloning into the pTRV2u vector

For all VIGS experiments a modified version of the aigiRV2 plasmitf was utilised. This

modification introduced a USERssatteinto the multiple cloning site of the original plasnifd
resulting in the pTRV2u vector that could be used for USER d&hib&ERcIoning is a

ligatiorrindependent cloning techniquehat utilises PCR primer that contain a single

deoxyuridine residueTheempty pTRV2u plasmid/aslinearisedusing the restriction enzyme

Asi$ andoverhangs created using the nicking enzyNteBbvC1E. colicontaining the empty

vector plasmid were grown up from a stock and plasmids extracted. A maxwhudnug of

plasmid was digested in a phreaction mix containing fl 10x reaction buffer and 10 units of

each enzyme. Reaction was allowed to proceedrnight at 3°C. The lineasedplasmidwas

subsequently gel purified anauld be stored at-20°Cuntil further use.For the preparation of

the pTRV2 plasmid with inserts for VIGS00 to 500 bp long section of the gene of interest

wasamplified with the deoxyudine residue containing primer. The PCR product was purified

from agarose gednd subsegently treated with USER enzyme in a mixture containing the PCR

product and the linearised vectomhisproceduret S| R &

g2

iKS

ASYSNI (A2

overhangs, which can complement the ends of a USER compatible deteegictor 122 and

allows for transformation oE. coliwithout prior ligation.The reaction hd a volume of10 pl

and was kept at 37C for 40 minutes. Subsequentlywis cooledon ice before the reaction

mixture was used to transform 4Ql TOP1(E. coliby heat shock. SOC med200 ul) was then

added to theE. coliand they were incubatedct 37°Cfor 1 hour, spread onto knamycin

selective agar plates and incubated at°’@overnight. Colony PCR identified transformation
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success and positive colonies were selected for overnight cultures. Plasmids were extracted
from a positive colony. Correct inserts were comid by sequencingAgrobacterium
tumefaciensstrain GV310ivas transformed as described above.

Table37 Primers used for cloning into the pTRV2u vector
Cloningsites are in red

Cc2 fw | GGCGCGALT GAATCATCCTCATCAACAATG

C2 rev | GGTTGGAIGATCTCTTCCGATTGCCCAAC

C3 fw | GGCGCGACTATAATTTCTCCGAGCTGAAAT

C3 rev | GGTTGCGBAGACAAGTAATCAATTCCAACAA

C4 fw | GGTTGCGAATGTTGGTACATGCATTCTG

C4 rev | GGCGCGAAAGCTAGTTGTTGTTGGTGC

C5 fw | GGCGCGMAC TCC GGC CATTTG GTATC

C5 rev | GGTTGCGATCTTTAATAGABTGGCAAATGGTGC

C6 fw | GGCGCGARCTTCATATCAGATGGCTCACC

C6 rev | GGTTGCGBLCAGGTAAGCAGCTGCAAA

C7 fw | GGCGCGATC TTC CTC CACTTTCTG CTCTC

C7 rev | GGTTGCGAATCTACATCCCAGGTGACAC

C8 fw | GGCGCGAAG AAG TTT GAC GTG GAG C

C8 rev | GGTTGCGMRITCAACCAAATTCCCTGAGC

C9 fw | GGCGCGALTTTGTCGTTGTATCAGATCC

C9 rev | GGTTGCGMBTACCATATACAGCCTTAATAACAGG

C10 fw | GGCGCGATCAGTGTCATGATGTAATGCAGTTAAG
C10 rev | GGTTGCGAAGAATGGCAAAGTAAAGCACGAG

C12 fw | GGCGCGARAT CCA ATA GAA CAT CCA TAA AGT CTCC,
C12 rev | GGTTGCGAICAATGGAGAGAAGGTGAGGT

C13 fw | GGCGCGATGGTCTAGGTGGACTTGGT

C13 rev | GGTTGCGAGTTCTGCTGCAAAATCCAGCAT

Cl14 fw | GGCGCGAGTTAGAGTTGGTATAGTTGGTC

C14 rev | GGTTGCGBITATGTTCTGCTGCAAAA

C15 fw | GGCGCGAIGC CAC CGT TGG AAG AAC

c15 rev | GGTTGCGBATGGCCTTCCATGTACCTTGTA

C16 fw | GGCGCGABAC AAG ATT TGT AAT AAG TTG ATG GAA T
C16 rev | GGTTGCGARCATTTGGTGCTGGACGAAG

C18 fw | GGCGCGATT TAT GCA AAC TCATGG CCT AAACTT T(
Cc18 rev | GGTTGCGHNACTTCTTTGCTTTGGGCCTCAATG

C20 fw | GGCGCGAGAGCAAATTGATGACGTCATGCA

C20 rev | GGTTGCGAAGGGAATATCAAGGTCAAGATCACCAC
C30 fw | GGCGCGAMCCAGGTCCAAGAACACTACC

C30 rev | GGTTGCGBIAATCTCCATACTGAGCAAAGGTAACAC
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C32 fw | GGCGCGABIGGTGTATTGGCAAACTTCCAG

c32 rev | GGTTGCGATTTCACAAAGTAGTTTCTTGGCAATACA
C36 fw | GGCGCGAIGGTCCAAACACAGAAGAATCATTTC

C36 rev | GGTTGCGBATGATGAACCTTAGCATATCTGTGATT
C38 fw | GGC GCG AUITC GCC TAC GCA TCT CCC TTC TGG A
C38 rev | GGT TGC GATTG TAT TCA TGA TTT CTT CCA CAC CTT
C39 fw | GGC GCG AUTGG AAT CGA ACG AGT TGA CTC ACT
c39 rev | GGT TGC GAICG GTA CCA CAA TTTATGATGG

c41 fw | GGC GCG ATGAAGGTGATAGAGAAGATCAACGAT
c4a1 rev | GGTTGCGAAGGCAAATCCACCTTCCACCT

C43 fw | GGCGCGAGC TCG AGT TCA TTC CCA ACT CTC A
C43 rev | GGTTGCGAATAGGCGGAAAATGATGGGATCC

c44 fw | GGCGCGAAAGAACCTCCAGCGAGCA

ca4 rev | GGTTGCGAGAGTCAAGGTGCTACTGA

C45 fw | GGC GCG ACA CTT CGT AGC CGA AAC CAA AGT TA
C45 rev | GGT TGC GABTTGTGAACAATATTAGCACCAGGACTG
C46 fw | GGCGCGMGC TCG AGT TCA TTC CCA ACT CTC A
C46 rev | GGTTGCGAATAGGCGGAAAATGATGGGATCC

c47 fw | GGCGCG/CT TCC CTA CTT GCA AGC AARAGT

c47 rev | GGTTGCGACGCCAACTGGACAGTCATG

C48 fw | GGCGCGMLCC TAG CTT CAA GAA CAG GAT GC

c48 rev | GGTTGCGATCCTAAGTATTGGTCCGAACCTGA

C53 fw | GGC GCG ABCCCAATGACACCTGGTAT

C53 rev | GGTTGCGBGTTAATCCCTTGTCTGTCG

T16H2 fw | GGCGCGAIGATTGGAAACTTGCCAGTGATGA

T16H2 rev | GGTTGCGATGGATTAGCAACGAAATCTTCCGTA

Table38 Primers used for colony PCR and sequencing

plasmid name sequence

pJET pJET fw CGACTCACTATAGGGAGAGCGGC
pJET pJET rev AAGAACATCGATTTTCXRTAG
pXP218 pXP218 fw GGACCTAGACTBA TGTCTAACTC
pXP218 pXP218 rev TTTACAGATGBAAGGAAGTAATTATC
pTRVuU pTRVE fw GATGGACAGTTACTCAAGGAAGC
pTRVuU pTRVR rev GTAGTTTAATGTCTTCGGGACATGC

7.3 Virus induced gene silenciny1GS)

Construction of VIGS plasmids and cloning are described in setorSubsequent RNA

extraction and gRT PCR experiments are described in settBonVIGS experiments were
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conducted using eight week of@. roseuplants 2. To silence whole plants including tissues

such as roots of. roseusn existing protocol was modified protoct!

7.3.1 VIGS orCatharanthusroseus eight week old plants pinching method

Eight week old plants were used for VIGS @f roseus Briefly, 5 ml cultures fromA.
tumefaciensglycerol stocks harbouring the pTRV1, the pTRV2_EV anpTlR¥2 constructs
containing the insert of choice were grown overnight. Each experiment included pTRV2_ChIH
as avisual marker of silencing success, visible as yellowing of green tissue. The overnight
cultures were centrifuged and resuspendedAintumefadensinfiltration buffer (10 mM MES,

10 mM MgC), 100 uM acetosyringone, pH 5.5) to an optical density of 0.7 at 600 nm. The
cultures were incubated for an additional two hours at room temperature. Prior to pinching
using forceps just below the top leaf ipaof each plantA. tumefacienscarrying pTRV2
constructs were mixed with an equal volume of hetumefacienpTRV1 culture. Plants were
kept for 21 days in the growth chamber, until tiseedlings infitated with the pTRMChIH
vector displayed substarai yellowing of leavesThe last leaf pair to emerge above the
inoculationsite was harvested from each plant after the plants were visually inspected for any
other physiological changes in colour or shape. Aboub@0ng tissue were harvested from
each pant and immediately frozen in liquid nitrogen. Per construct up to eight plants were
harvested. The tissues welhmmogensedusing a cryo bead milC¢yomill,Retsch Germany).
Eachsampe was subsequently divided into two equzdtchesof milled tissue, ne for RNA

and one for metabolite extraction to obtain maximum comparability between gene expression

levels and metabolic phenotype of each plant sample.

7.3.2 VIGS orCatharanthusroseus young seedling syring@ress method

For an alternative VIGS method, tkrto four week old seedlings were used which were grown
until the point where the first pair of true leaves had not fully emerged above the cotyledons.
After carefully extracting these seedlings from the soil, the roots were washed with water to
remove exess soil. The plants were placed in a 50 ml syringe with its front opening sealed off.
The syringe was filled with the mixture of pTRV1 and pTRV2 plasmid of interest confaining
tumefaciensthat was prepared as described above and the syringe plungeipressed tree

times firmly into the syringe creating pressure for up to 15 seconds. The plants were washed in

water before replanting into soil.
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7.3.3 Sample preparation for mass spectrometry

For each samplediween 1625 mg offresh harvested, frozen in liquiditrogen and ground
tissuewasweighed, collected into 20Ql methanol containing 4QM caffeine as an inteal
standard and incubated at 57°C for 2 haukfter a 30minute centrifugation step at@0g, an

aliquot of the supernatantnixed with an equarolume of water wasanalysedoy LEMS.

7.4 General methods for analyticalhemistry/ mass pectrometry
This section describes the instruments and methods used to analyse alkaloid content and

composition of plant tissues as well as enzyme assays.

7.4.1 Analysis oiVIGS samples

Liquid Chromatography Mass Spectrometry -fLE) to analyse all VIGS experiments used
either a Surveyorhigh performance liquid chromatographfHPLC)system attached to a
DecaXPplus ion trap MSHermoFinnigan)or a Nexera/Prominence UHPLGTIOF. All
compounds of interest ionise comparably on both machines and do not interfere with the
general result of individual VIGS experiments (Dr. Lionel Hill, Dr. Richard Payne, personal
communication) For all experiments caffeine was used as an intestaatdard and peak areas

were normalised to the fresh weight of the sample.

All analyses were performed in positive ion mode. The injection volume was far all

samples.

Surveyor HPLC system attached to a DecaXPplus ion trap MS (FFiamuoan

VIGS amples analysed on th&hermoFinnigan instrument with Deca XP ion trap detector
were separated using a Phenomenex L@i8column (100 x 2.00 mm, 3 um) with a binary
solvent system consisting of acetonitrile (ACN) and 0.1% formic acid in water (12%rACN fo
minute, 12 to 25% in 7 minutes, 25 to 50% in 4 minutes, 50 to 100% in 2 minutes, 100% for 7

minutes, 100 to 12% in 2 minutes, 12% for 6 minutEw rate was set to 0.5 ml per minute.

Metabolites were detected by positive mode etexspray ionisation(ESI)MS spectrawere
collected fromm/z 100-1000. Spray chamber conditions were 350°C capillary temperature, 50

units sheath gas, 5 units aux gas, and a spray voltage k¥/3i8ing a steel needle Kkit.

187



Nexera/Prominerce UHPLO-ToF (Shimadzyu

VIGS amples that were analysed on tt&himadzULCMS system attached to an igrap ToF

mass pectrometa were separated with @henomenex Kinetex C18 #0100x2.10mm,
2.6um) column wsing a binary solvent system consisting of acetonitrile (ACN) and 0.1% formic
acid in waer (10 to 25% ACN in 5 minutes, 25 to 100% ACN in 1 minute, 100% ACN for 1.5
minutes, 100 to 10% in 0.5 minutes, 10% for 2 minute®w l|te was set to 0.5 ml per

minute.

Metabolites were detected by positive mode electrospray ionisation (ESI). Full MS spectra

were collected fromm/z 100-1000 Spray chamber conditions were 250°C curved desorbation

line temperature, 300°C heat block, 1.5 ljfni ySodzf AT SNJ Il &> Thg R RNEAY3
instrument was calibrated immediately before use, using sodium trifluoroacetate as a mass
a0FYyRIFENR I OO0O2NRAY3A (2 GKS YIydzZFIl OGdzZNBNDa AyaidNHzOil

7.4.2 Analysis of enzymatic assays and yeast cultures

Liguid Chromatograph Mass Spectrometry (ES) analysis of all ezyme assayand yeast

cultures useda Waters Xevo T mass spectrometer (Milford, MA, USA) equipped with an

electrospray (ESI) sourdeeaks were separated with.a9 1 { KASf R wt My o6pn E HOwMm
column(Waters)using a binary solvent system consisting of acetonitrile jf@N 0.1% formic

acid in water(12 to 25 % ACN in 50 seconds, 25 to 50% ACN in 180 seconds, 50 to 100% ACN in

130 seconds100% for 130 seconds, 100 to%0n 30 seconds, 10% for 2 miesit.

Metabolites were detected by positive mode electrospray ionisation (ESI). Full MS spectra
were collected fromm/z 100-800. Capillary voltage was 2.5 kV in positive mode, the source
was kept at 150°C, desolvation temperature was 500°C, cone gas #evb@vlitre per hour,

and desolvation gas flow 900 litre per hoktow rate was set to 0.6 ml per minute.

For loganin andexologaninanalysis was carried out by monitoring specific mass transitions.
Methods were developed using commercial standards. Figection of individual compounds
was used to optimize the multiple reaction monitoring (MRM) automatically using the Waters
Intellistart software.Loganin andecologanin were monitored using the following parameters:
secologanin:m/z 227.1407.1 (ne 20, @llision 1§, loganin: m/z 229.1:81.1 (Gne 14,
Qollision20),m/z 229.1>109.1(ne 12, @llision12). Datawas processedsing MassLynx 4.1
and TargetLyx software (Waters).
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7.4.3 Accuratemass measurements

Accuratemass measurements were done at the Ji@sspectrometry facility by Lionel Hill.
Tissue samples were run on a Surveyor LC system attached to an LTQ Orbitrap (Thermo).
Separation was performed on a 100 x 2 mm 3 um Luna C18 column (Phenomenex) using a 30
minute gradient of acetonitrile versus @4 formic acid in water (0 to 12% in 1 minute, 12 to
25% in7 minutes,25 to 50% in 4 minutes, 50 to 100% in 2 minutes, 100% for 7 minutes, 100 to

12% in 2 minutesl00%for 2 minutes). Flow rate was set to 0.5 ml per minute.

The instrument was set up toolect full scan FMS data at fromm/z 100-1000, and data
dependent MS2 of the most abundant ions at an isolation widthmé# 3.0 and collision
SYSNHe 2F op:® ¢KS AyadNHzySyd ol a OFf A0NI GSF

the start of thesequence.

7.4.4 Data extraction and analysis

Mass spetrometry data were analysed using extractied chromatogram and individuakpk
areawas calculatedusing the appropriate software for each instrument. For the Thermo
Finnigan instrument @ak areas were caltated with the Thermo, Xcalibur Roadmap 2.2
SP1.48 software. For th&himadzu L®ISIT-TOF mass pectrometa peak areas were
calculated using the Shimadzu-MS solution software version 3.80.409. For iNaters Xevo

TQS mass spectrometer the Waters, Magnx V4.1 SNC 714 software was used.

Extraction of all peaks from the mass spectrometry data peaformed with the software tool
XCMS. The raw data files obtained rhgss spettometric measurementdrom the Thermo-
Finnigan instrumenand ShimadzIiT-TOFMass spectrometedata were converted tanzXML

files, the required file format for XCMS analysis. File conversion was done with a free online
version of readWHttp://sourceforge.net/ projects/sashimi/files). Peak extraction was done
using R (version 2@). with the additional packages XCM8tp://www.bioconductor.org/.
XCMS?*? enables to visualise changes in specific metabolites by identifying the relative
metabolite ion intensitiesafter correcting for potential retention time shifts by automated
calculation of a nonlinear retention time correction profile. The data obtained in this fashion
were normalised by weight of tissue sample. This method can also be applied for comparing a
treatment with a control.The mean peak area for each treatment was calculated from the
normalised data, the fold change between Vig&8e of interest and VIGSV controls, as well

as a ttest were calculated between the two sets.
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The raw data files obtaed bymass spetometric measurementsrom the ShimadzdT-TOF

mass spectrometemwere used directly in the Profiling Solution (Shimadzu) software for
automated peakextraction Here the software standard parameters were used. Only
alteration was to increasthe ion intensity to 50000 counts to focus on larger, more reliable
peaks. Only data obtained during the gradient from 10 to 25% ACN were considered. As with
all other metabolic data the so obtained peak aremsre normalised by weight of tissue

sample ad used for further statistical analysis.

7.4.5 Statistical analysis
{AIYATFTAOLY(d RAFTFSNBYyOSa Ay LISIF{1 FNBI 68SNB OF t Odz |
test. Only pvalues of less than 0.01 were considered significant. For automated peak

extraction alditionallyBenjaminiHochberg false discovery rate was calculatéd

7.5 Quantitative Real Time Polymerase Chain Reaction (QRT PCR)
To investigate the altered expression of genes in silenced tissue gRT PCR was conducted on six

to eight individual samples per treatment.

7.5.1 RNA extraction

Material for RNA extraction was either milled (REBT&dll, Germany) or ground under liquid
nitrogen. RNA extraction was carried out using the Qiagen RNeasy plant mini kit (cat. No.
74904), including the coolumn DNase digestion using the Qiagen RNrase DNase set (cat.

No. 79254). The amount of tissusad was < 100 mg per sample. For each VIGS candidate,
tissue samples from 6 to 8 plants were selected for RNA extraction. As control, the same
amounts of empty vector control sample were used. RNA quality was assessed on a 1%
agarose gel and the concentiab measured on a nanodrop spectrophotometer (NanoDrop,
ND-1000).

7.5.2 cDNA synthesis for gRT PCR

For gRT PCR the obtained RNA was used to synthesise cDNA for each replicate using the Biorad
iScript cDNA synthesis kit (cat. No. 8891). Briefly, the 5x iSctipeaction mix, iScript

reverse transcriptase, nuclease freeCHand 1 ug RNA from each VIGS sample were mixed to
yield a total volume of 20 pl. The mixture was incubated for Butais at 25°C, 30 minutes at

42°C, and a final 5 minutes at &5, resultingn the formation of the cDNA which was used for

gPCR.
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7.5.3 Primers for gRT PCR
Primers for gqRT PCR were designed to specifically amplify a fragment of approximately 100 bp

of the gene of interestOnly primers that successfully and specifically amplified a DNA

fragment of expected size in a standard PCR uSingseusDNA were considered further.

Table39 Primersused for gRT PCR of target genes

STR q RT PGR CGCAGATGGTTCCTTTGTTG
STRY RT PCRrev | GGCAGTGCAGAGTTCTTAGT
TDOgq RT PCRv TATCCGGTCCTTAGCGAAGT

TDOy RT PCRrev | GCCACTTGAAGCTGAGGAAT
SLY| RT PChv GGCCAAAACTTTGCACTTCT

SLY RT PCRrev | GGAGCATGAACATAGGATGG

T30g RT PCRv GGCAACTCCCAGATGGTTCTACT
T30q RT PCR rev | TCATGCATAGGACGTAGCGATTAAA

T16H2g RT PCRv | ATCAACTCAGTGGCAGTC
T16H2q RT PCR re] GACTTGAGGACTTGTGATTGGC
G8Hg RT PCRv CATTTATTAGGCGACCAACC
G8Hq RT PCRrev | GAACTTCTTTCGCCATTGTT

DATq RT PCRv GGTTTCAATTTATTTCTCACGTAC
DATq RT PCR rev | AACTATCAGAAAGGTAAGCATCGA

D4Hq RT PCiv ATAGTTAATCATGGGATTCRABARGT]
D4Hg RT PCRrev | GTTCATGAAACTTACGAACTCCATC

Suitable gRT PCR primers for each target gene were tested for their efficiency to amplify the
gene in a linear relationship for a given cDNA concentration range. For this purpose cDNA from
the VIGEEV and the relevant target VIGFRV2 constructs was pooled and a serial dilution of

the pooled cDNA was generated at concentrations of 1:5, 1:10, 1:20, 1:80, 1:320. A gRT PCR
reaction for each primer pair was performed in technical triplicate at eacleerttnation step

and the Cq plotted against log[cDNA]. Only primer pairs that gave a linear regré&sivalije

of 0.99 were used in this study. For target genes with lower expression the serial dilution was
changed to 1:2, 1:4, 1:8, 1:16, 1:32. Only mnswith an efficiency value between-930%

were used in this study and the individual efficiency values were incorporated in the

calculation of normalised expression.
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7.5.4 gRT PCR experiments

To assess the level of silencing of different target genes incsitband unsilenced tissue,
material from six to eight independently silenced plants was compared to six to eight plants
treated with the empty vector control plasmid. The qRT PCR reaction was performed in
technical duplicateGenerally, the cDNA concentiah was optimised according to the results

of the primer testing to ensure that the Cq value for each gene analysed in the experiment

would be between 2€B0 cycles in the actual gqRT PCR reaction.

All melting curves generated in each experiment as wellhasinitial primer testing were
inspected visually to ensure that the primer pair was specific in its amplification with only one
amplified target in the cDNA. A single transition in the melting curve indicated a specific

binding of the primer to only theekired target.

Table40 Reference gene primer for gRT PCR

gRTPCRRbps9 fwd | TTGAGCCGTATCAGAAATGC
gRTPCRRbps9_rev | CCCTCATCAAGCAGACCATA
gRTPCREFla_fwd | TCAGGAGGCTCTTCCTGGTGA
gRTPCREFla_rev | AGCTCCCTTGGCAGGGTCAT

The relalve quantification of gene expression was calculated using the expression values of a
reference gene for normalisation of the data. The reference gene used in all experiments was
the 40S kbosomal protein §Rps9 or Elongation Initiation &ctor 4a(EIF43. These reference
genes have previously been established for their suitability for use in VIGS gRT PCR

experiments irC. roseug®!?L

All gRT PCR measurements were done using_th€96 touch Re@ime PCR system (BioRad)
and the SYBR Green | dyegyanine dyethat preferentially binds to double stranded DNA.
Each reaction was performed in a total volumé 25 pl consisting of a normalised
concentration of cDNA, 0.2 mM of appropriate forward and reverse primer and the
SsoAdvanced SYBR Green Supermix (BioRalNoca?.2527] containing dNTPs, Sso7d fusion
polymerase, Mggl SYBR® Green | and ROX normiaiisatyes. The gRT PCR reaction was
initiated by a denaturation step at 95°C for 10 min followed by 40 cycles at 95°C for 15 s and

60°C for 1 minute. The resulting data were analysed using CFX software.
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7.6 General methods for bioinformatics

7.6.1 Geneious

Primer cesign, identification of restriction sites and analysis of obtained sequencing data was
performed with the Geneious software, version 7.&% This software was also used for BLAST
search® against the various datasets utilised in this thesis. Unless otherwise stated, this was
done using the default setting for the blastn or Megablast search functions. For an alignment
of two or more sequences, unless otherwise stated, the defaglting of the Geneious
software was used which is a Smit¥aterman local alignment with a cost matrix of 65%
similarity (5.0/4.0). For mapping of two or more sequences, unless otherwise stated, the

default setting of the Geneious software was used.

7.6.2 Mapping individual reads and visualisation

For mapping raw sequencing, data files were downloaded from NCBI. Using the JIC cluster, raw
reads were mapped onto reference sequences using Bwaersion 0.7.12, and default
parameters. Results were sodeusing samtool$® version 0.1.19. Mapping results were
visualised and manually inspected using the Tablet version 1.15.09.01, James Hutton Institute

257 Data sources employed for mapping are givehahle41.

Table41 Sequencing data employed in mapping

SRR122239 SRX04700Zatharanthusoseus Flowers RNBSeq (CRA_AA)
SRR12225] SRX04701&atharanthusoseus Mature Leaf RN®eq (CRA_AM)
SRR122257 SRX04701Tatharanthusoseus Immature Leaf RNgeq (CRA_AN)
SRR122253 SRX04701&atharanthusoseus Stem RN8eq (CRA_AO)

SRR122254 SRX0470: Catharanthusoseus Root RNAeq (CRA_AP)

SRR122259 SRX04702@atharanthusoseus Hairy Root (TDCi) RE&q (CRA_AQ)
SRR122243 SRX04700Tatharanthusoseus Sterile Seedlings RS&q (CRA_AE)
SRR122244 SRX04700%€atharanthusoseus Sterile Seedtis RNASeq (CRA_AF)
SRR122245 SRX04701@atharanthusoseus Sterile Seedlings RISAq (CRA_AG)
SRR122257 SRX04702Zatharanthusoseus Wild Type Hairy Root RSBAq (CRA_AS)

7.6.3 Coexpression analysis

For the analysis of eexpression in a large transcrigghic dataset comprising 23 different
tissues and/or treatment$®, the MeV (MultiExperiment Viewer, version 4.9.0) software was
employed to perform hierarchical clustering®® The standard settings for hierarchical
clustering, the Pearson correlation with average linkage clustering, was used. Prior to co

expression analysis, the larger datasets were filtered to reduce the number ofjsantihe
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individual study. Different hierarchical clustering dendrograms were generated using different
statistical distance metrics for the clustering algorithm. The position of known pathway genes
in those dendrograms were analysed and-ecgoression anlgsis applying different

combinations of tissues and/or treatments, depending on scientific question, repeated.

7.7 Protein expression irsacclaromyces cerevisiae

Enzyme expression iB. cerevisiagvas performed using thgeast strain WAT11. This yeast
strain harboursthe A. thalianacytochrome P450 reductasé*® making WAT11 particularly
suitable for the expression of plant cytochrome P450 enzymes. For enzyme expression, WAT11
was transformed %! with the plasmid pXP218* containing the enzyme of interest or an

empty plasmid as controT@ble42).

Table42 WAT11 straindiarbouringC. roseugenes.

strainname gene included
WAT11+pEV | empty vector
WAT11+pT30| T30JIN613016.1
WAT11+pT19H T19HAF253415.1
WAT11+pMAT| MATHQ901597.1
WAT11+C16 | CRO_021081 (sequence in appendi

General information on methods such as preparation of competent yeast cells east y

transformation, cloning of genes into the yeast expression vector, primers, media and growth

conditions are given above. All-MS analyses described in this section are conduatiadg an

AQUITY UPLC with a XevoS @asspedrometer equipped with a. 9 | {KASER wtmMy MOT
column (Watersas described in Sectigh4.2

For the characterisation of the cytochrome P4BBOin Chapter 3 a second yeast strain was

employed. This strain had been engineerétiusing the commercial parent strain BY4741

(EUROSCARF, Frankfurt, Germany) to constitutively express known vindoline biosynthesis

genesT16H 160MT, NMT, D4Hand DAT3+41:4845 integrated into its genome. Additionally it

contains theC. roseuscytochrome P450 reductas®®. The engineering was done by Dr.

{GSLKIYAS . NBsY 6hQ/2yy2N) fLo0od ¢KA&a &SFkad &adNF A
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contain a T30 expressing plasmid or alternatively an empty plasmid (strain_A+pT30 or

strain_A+pEV).

7.7.1 Large scale liquid cultures and product extraction

For the production of 1#nethoxytabersonine, the expected substrate of the T30 catalysed
reaction, a 500nl YPD media culture of strain A was started from a single colony and grown to

an OD of 0.5 under constant shaking at’80At that point the culture was supplemented with
tabersonine (AvaChem Scientificjo a final concentration of 120 pMConversion of
tabersonine was monitored every 24 hours byMS&. After 48 hours no tabersonine could be
detected and tle enzymatic product was extracted from the liquid fraction using 3 x 400 ml
StiKef FOSGIFdS o69Gh! Ovd ¢KS O2Y6AYSR 9iGh! O
concentrated to a yellow oil. As judged by NMR the product eluted as the salicylic acid salt. It
wastherefore reRA 442t SR Ay | avlfft @2tdzrS 2F 9ih! Q

amount of product recovered was 3.9 mg.

To obtain the uncharacterised product of the T30 catalysed reaction, a 500 ml culture of strain

A supplemented with 120 mM tabsonine was grown and monitored as described above. In
parallel, from a single colony of the WAT11+pT30 yeast, a 10 ml culture was grown to an OD of

1 in the appropriate selective media -8€a supplemented with2% (w/v) glucoseAfter 24

hours the cells wer spun down at 3000 g for 3 minutes, the pellet was washed with sterile
water and spun down again. The pellet was used to start a 500 ml culture -bfraSC
supplemented for induction with 1% (w/v) galactose and 1% (w/v) glucose and grown to an OD

of 0.5. Atfull conversion of tabersonine to iiethoxytabersonine in the culture of strain A,

both cultures were spun down and the supernatant (media fraction) of the strain A culture was
added to the pelleted WAT11+pT30 cells. This culture was allowed to cotdirquew under

constant shaking at 30C It was monitored by L®S till almost full conversion of the 16
methoxytabersonine was observed. Subsequently the T30 enzymatic product was extracted
using 3 x 400ml EtOAcCThe combined EtOAc fractions were driedivié bl i { hj I
concentrated to a yellow oilThe oil was subjected tsilica column chromatography. It was

first eluted with EtOAc. Elution was continued with% MeOH iiCHCI & ! & aGsRSASR 0 ¢
the product eluted in the lagEtOAc fractions and theary 10% MeOH fractions. Consequently

these fractions were combined, concentrated, and subjectedréparative HPLC using a C18
column and an increasing gradient of acetonitrile in O.fo¥nic acid/water. Allresulting

productcontaining fractions were poetl and concentrated to give Ifig product.
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7.7.2 Structural elucidation of products obtained from yeast culture

The product of the first culture was confirmed to be-h@thoxytabersonine by comparing the
obtained nuclear magnetic resonance (NMRBpectra, astH-*C 2D heteronuclear single
guantum correlation HSQC) experiments, to reported literature valtfésData were recorded
on aBruker Avance Il 400 NMR spectrometer, operating at 400 MH#fand 100 MHz for

13C respectively.

The T3Oreaction product was analysed and characterised using data obtained from infrared
spectroscopy (IR), high resolution mass spectroscopy (HRMSIHARE/*N NMR by Dr.
Nathaniel Sherdatf®.

7.7.3 Yeast microsomal extraction

For yeast microsomal preparation a protocol modified after ¥&fwas used. fie bufferTE (50
mM Tris, pH 7.4, 1 mM EDTAEK (0.1 M KClI in TEESB (0.6 M sorbitol in TE) afitEG (20%
glycerol in TEand a complete protease inhibitor tab)etvere prepared prior to microsomal
extraction. The yeast strain WAT11 expressing therégstytochrome P450 enzyme was
grown up from a single colony in a 10 ml overnight culture in the selective yeast mediaaSC
supplemented with 2% (w/v) glucose. This jordture was spun down, the supernatant
discarded and the pellet washed twice with watefore resuspension in 200 ml of selective
induction media S@ra plus 1% (w/v) galactose and 1 % (w/v) raffinose, to induce production
of recombinant genes. The culture was grown for 48 hours before it was centrifiogesi
minutes at 2000 g. The supetant was discarded and the pellet resuspended in 5 ml buffer

TEKand left for 5 minutes at room temperature.

All subsequent steps were carried out on ice or 4T After a second centrifugation step at
2000 g for Sminutesthe pellet wagresuspended ir2 ml cold buffelTESB. The cells were lysed

using a cell disruptor applying 25 KPSI twice. The lysate was centrifuged for 10 minutes at 11
000 g to separate utysed cells and cell debris (pellet) from the microsomal fraction
(supernatant). The supernatamwas collected and spun down 180 minutes at 35 000 to 40 000

g. The resulting pellet was carefulgsusgnded in a small volume (186 n n) TEGDy gently

stirring it with a pipette tip. After 10 minutes on ice, aliquots of the resuspended pellet were

transferred to fresh 1.8nL tubes andtored at ¢80°Cfor further use.
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7.7.4 Bradford assay to determine proteinoncentration

The total protein concentration of the yeast microsomal fraction was assessed using the
Bradford method?®. Microsomal protein content was determined usimyadford reagent
(SIGMA, cat. No. B6916). A standard curve for absoebaelative to protein concentration

was generated using known concentrations of bovine serum albumin (BSA) in the range of 62.5

pug/ml to 1 mg/ml, with each concentration measured in triplicate at 595 nm.

7.7.5 Yeast microsomal enzymatic assays

Assays consisteaf substrate, 55 pug microsomal protein extraction, 1 mM NADPH, 4 mM DTT
and 100 mMphosphate buffer pH 7.0 intatal volume of 100 plThe assays were stopped by
adding 1 volume of methanol. Substrates such as commercially available tabersonine,
ajmalicire and serpentine were usedddditionally,5 pl aqueous leaf extract prepared as

described below were also used as a substrate.

Aqueous leaf extracts were obtainda incubating approximately100 mg of leaf tissue in
which the T30 gene had been silencedhWitGS tissue with &l methanol for 60minutes at
57°C The methanol extract500 m) wasapplied onto a C18 columiKipetex, 100 x 2.1 mm,

C18, 1.7 umkluted with 500m of waterand assayed with extracted microsomes.

7.8 Methods for whole genome sequencgnand BAC library

Sequencing was carried out at The Gmeo Analysis Centre (Norwich, UK,
http://www.tgac.ac.uk/mainicons/platforms/sequencinglatforms/) after constructing a

single TruSeqg genomic DNA library that was sequenced on an lllumina HiSeauainedra

minimum of 5 pg high quality genomic DNA. Genomic DNA extraction is described/uhder

For the construction of a mate pair library further material was obtained but only a crude DNA
extraction was prformed and can be found under.8.2 as the following steps were
O2yRdzOGSR G 2dzNJ O2ft 1 02NF 02NJ w20Ay . dzStf Qa
Michigan State University (MSU, East Lansing, USA).

7.8.1 Genomic DNA extrdmon for sequencing

Material for whole genome sequencingas obtained from purified nuclei of four individual
plants. Youndeavesof 12 week old plants of. roseust { dzy { 2 NJvvas haikkt€dl2 (i ¢
using primarily youndeaves Plants were grown in a gmh chamber at 25°C with 12 h
light/12 h dark as previously described. Prior to tissue harvest plants were kept in the dark for

two days to reduce levels of metabolites such as carbohydrates or polyphenols contained in
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tissue?’. The material combined w&¥ g of young leaf tissue. A modifiptbtocol wasused

218,262,263

7.8.1.1 Isolation of nuclei, DNA extraction andialysis

The tissue was ground to a fine powder under liquid nitrodor to extraction 500 ml 6fFKE

buffer with 0.1 M Tris, 1 M KCL, 0.1 M EDTA (the pH was not adjusted) and subsequently 1000
ml of a modified sucrosbased extraction buffer (SEBD%v/v TKE, 500 mM sucrose, 4 mM
spermidine, 1 mM spermine tetrahydrochloride, 1@L PEG 8000 and 0.2% v/v B3
mercaptoethanol(BME)was preparedresh The SEB buffer was prepared fresh and adjusted

to pH 9.5 with HCI. The SEB with BMEune hadto be staed on ice.

SEB buffer with 10% v/v Triton2R0 (15 ml per gram of leaf tissjiavas added to the
powdered material and gently stirred. The mixture was kept on ice for further 10 minutes.
Using a funnel the mixture was filtered through two layers of Matic(Merck Millipore,cat.
No0.4758551R) squeezing gently to obtain more nucl&i20 volume of SEB + BME/Triton was
added to the filtered mixture and left on ice for further 10 minutes with 20 seconds of gentle
swirling every 2 minutesThe mixture was tansferred into 250ml polypropylene centrifuge
tubes and centrifuged at 650 g for 20 mias at 4°C. The supernatant was pipetted off
without disturbing the pellet. A small amount of SEB + BMET()vas added to the pellet
and the nuclei were resuspendeby gently shaking. More SEB + BME was added to a total
volume of 20 ml. This wash step was repeated twice. From a 20% (w/v) aqueous solution, SDS
was added to a final concentration of 2% (w/v) to lyse the nuclei. The content of the tube was
mixed by gerie inversion. The tube containing the nuclear lysate was heated in a water bath
to 60°C for 10 mimtes and then left to cool to room temperature. Sodium perchlorate was
added to a final concentration of 1 M. The lysate was spun down in a swinging buttkedtro
500gfor 20 minat 10°C to pellet the starch grains. The supernatant was transferred to a new
15 ml polypropylene tube using a 1000 pl plastic pipette tip from which the bottom thidl ha
been cut off to minimize shearing of the DNA. To extractDNA the nucleic acid solution was
mixed with an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1). To minimize
sheaing of DNA whilemixing the organic and agueous phasestest tube rockerVariMix,
Thermo Scientific) was used a8 cycles peminute for 15 mirutes. The mixture was
centrifugedat 3000gin a swinging bucket rotor for 10 mites. The upper aqueous phaseas

transferredinto anew sterile polypropylene tube togsform a second extraction as described
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above.The so obtained aqueoyshase was dialysed for 16 hourgo 5 | of10 mM TrisHCI, 1
mM disodium EDTA'G buffer(pH 7.0) at 4°@nder constant gentle stirring using.

7.8.1.2 RNase & pratinase digestions, extractioand precipitation

The dialysed DNA sample was treated with RNasé ik (Thermo Fischer Scientific, cat. No.

9b nppm0 G2 NBY20S wb! FNBY GKS 5b! &l yYL}i So
of RNase A/T1 mix were used for each ml of DNA sample and incudie8@8C for 60 mimes.

Next the DNA sample was supmiented with 150 pg/ml Proteinase KRoche, cat. No.
03115887001 pnd incubate at 37°C for 60 nuites to inactivate proteins such as RNases and
DNases Two more phenol/chloroform/isoamyl alcohol extraction®llowed as described
above. Theaqueous phaseastransferred to aclean tube to determine volume and oitenth

volume of 3M sodium acetate (pH 5.2yas addedThe solutions were mixely inverting the

tube several times.Two volumesof ethanol were added andmixed thoroughly. The
precipitated DNA wasotlected by centrifuging the mixture again at 20 000 g 4AGfor 30
minutes. The supernatant was discarded, 1 ml 70% ethanol added and the centrifugation
repeated. The supernatant watiscarded and the remaining pellet allowed to air dry for 2
hours at pom temperature. The pellet was resuspended 100 ul water. The DNA
concentration was quantified (Qubit, Thermo Fischer Scientific) to be 10.8 ngpprleforethe
extraction of 27 g young le&. roseusissue resulted in 10.8 ug high molecular weightADN

The DNA quality was checked for evidence of shearing or RNA contamination. For this purpose

200 ng of genomic DNA were run on a 0.6% agarose gel.

7.8.2 Material for mate pair library

Prior to extraction, 200 ml of 2 x CTAB buffer were prepared using 4 g
cetykrimethylammonium bromide (CTAB), 5 M NaCl, 1 M-Hit$ (pH 8.0) and 0.5 M EDTA.
Additionally 1% (w/v) of polyvinylpyrrolidinone (P\&P3d 0.5% (w/v) activated charcoal were
added?*. Obtained from the same set of plants as described above, 5 g of young leaves were
harvested and ground under liquid nitrogen. CTAB buffer (10 ml) was added after all liquid
nitrogen had evaporated. The mixture was incubated in a water bath & %% 1 hour and
mixed by inverting every 10 minutes. After cooling to room temperature the mixture was
shaken using &est tube rocker(VariMix, Thermo Scientific) 418 cycles per mute for 10
minutes. An equal volume of chloroform/ isoamyl alcohol 34vas added. The sample was
spun down for 10 minutes at 20@)and the supernatant was transferred to a fresh tube. An

equal volume of isopropanol was added and the centrifugation repeated. The DNA formed a
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pellet that was extracted and transferred to abe containing 70% ethanol. The mixture was
inverted several times to wash the DNA and spun down for 15 seconds. The ethanol was
removed and the pellet was left to dry at room temperature for 2 hours. The dried pellet was

resuspended in TE buffer and séotthe Buel laboratory for sequencing.

7.8.3 Test PCRs to verify. roseusssembly

After receiving the assembled draft genometfroseushe scaffolds were inspected manually
for clustering of known pathway genes. To verify the most important of these fiadinGR
from genomic DNA was employed to further strengthen the evidence for the existence of the
clustering evident in the draft genome Gf roseusPrimer employed for this purpose are given

in Table43.

Table43 Primersfor verifying observed clustering of pathway genes

Target gene| Primer name Target band size
TDC TDOw TAC TTG GAT GGA ATC GAA 6849 bp
STR STRev GAATTCTGATGG CCATTT

7.8.4 Methods specific for BAC library

BAC library constructiowas carried out at Bio S&T Inc. (Montreal, Canada). Briefly, for library
construction the pindiglBBACSHindIIl vector (Epicentre Technologies) was employed. High
molecular weight DNA was cloned into the Hindlll site of this plasmid. The obtained clones
were maintained in thek. colistrain DH10B The library was pooled ia 96-well plate with

each well containing approximatel$00 independent primary clonesThe library was
confimed to have 10x coverage and an average insert size of 155pkbsonal
communication, Areti KaradimosYhe company Bio S&T required a small amount of genomic
DNA to serve as a positive control when screening the BAC library. This was taken from the

remaining material of the genomic DNA extraction described above.

7.8.5 Plant material

Plant material was harvested from the same plants as were used for the whole genome
sequencing material to ensure consistency of obtained sequence data. As described before
plants were kept in the dark for two days prior to tissue harvest. Young leavey) (@Bre

immediately frozen in liquid nitrogen and sent to Bio S&T Inc. (Montreal, Canada).
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7.8.6 Gene specific primer for BAC library screening

Screening the BAC library required gene specific primers that bind exclusively to the target
gene and produce a banof a size between 200 to 500 bp. For the identification of suitable
primers that would amplify specific bands of the desired length the same genomic DNA

prepared for the whole genome sequencing project served as template.

For the initial screen for threpathway genes the assembly of the whole genome sequence
was not yet available, therefore the exact intron exon structure of the target genes was
unknown and many primer pairs had to be tested. Especiallg@this required substantial
optimisation. Thefinal band forSGDwas only 167 bp long as no primer pair resulting in a

longer band could be obtained.

Table44 Primersfor screening theC. roseu88AC library
Primer sequences and expected band size for screening oftheseu8AC library. Three gene were

targeted in the initial screenSGDT16H2and I1SY), a second screen was targeted at the geSdsand
MATE while the failure to retrieveSGDin the first round resulted in an additional screening for this

gene with a secongdrimer pair.

Target Primer Sequence Band size
SGD BAC_SGD fw GGA CGA CTT TCA ATG AAC CAC ATAC 167 bp
BAC_SGD rev CCT ATATAC TTC CAC AGC AGC TTT GT
T16H2 BAC_T16H fw TGA TTG GAA ACT TGC AGT GAT GA 265 bp
BAC_T16H rev TAC AAT GGA TTA GCA ACG AARCTICGTA GC
1Sy BAC_I% fw TTG AGT ACATCC AAT GTG ATG TCT CA 422 bp
BAC_ 1% rev TGT ACT GAC AAT GARTCATACT ACATGG
MATE BAC_MATE fw GCC AAG TGT CCT TAG TCC TAT CAC TAT A 377bp
BAC_MATE rev TCT AAC CCT AAC ABGTGT TAT TAT GTT T(
STR BAC_STR fw TTG AAT GGC ACT TCT TGC ACACT 150 bp
BAC_STRrev ACC ATT GTG TGG GAG GAC ATATGATA
sgp | BAC_SGD (2) fw | ATG GTG TGA ATG TAAAAG GATTCT TTG T 362 bp
BAC_SGD (2)rev | TTG CTT ATT GAA GTA CCT TAA AGA GCG (

7.8.7 Testing BAC integrity

AnE.coli LB stab of each of the by Bio S&T Inc. positively identified BAC clone was received
together with 20 pl of a plasmid DNA of the same clone as positive control. Before large scale
BAC plasmid extraction, the integrity of the received BACs was tegtecblony PCR by

restriction digestion with Notl.
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For each clone the LB stab material was transferred to a selective plate (LB agar with 12.5 mg/I
chloramphentol) and grown overnight at 3Z°to obtain single colonies. From those colonies

10 ml overnight iquid cultures were prepared (LB with 12.5 mg/l chloramphenicol). The
overnight cultures were tested by PCR to verify the right insert using the same gene specific
primers as for the screening of the BAC librafale 44). Glyceol stocks were made of

positive cultures.

Starting either from glycerol stocks with a fresh 10 ml overnight culture or from the overnight
culture directly, a protocol modified aftef® was employed. Briefly after spinning down the
culture (3000 rpm, 10 minutes at @) the obtained pellet was resuspended in 200 pl
resuspension buffer P1 (Qiagen, cat. No. I90%thout added RNAse) and transferred to a 1.5

ml Eppendorf tube. The cells were lysed with 400 ul of Buffer P2 (Qiagen, cat. No. 19052) and
neutralised by adding 300 pl of buffer P3 (Qiagen, cat. No. 19053). After cenigif(8D00

rpm, 10 minutes at &), the supernatant was transferred to a new Eppendorf tube and to
precipitate the DNA, 600 pl of 100% isopropanol were added, mixed by inversion and
subsequently centrifuged at high spk€13,000 rpm, 10 minutes at@). The supernatant was
removed and he pellet was washed with BOul 7@ EtOH and centrifuged again. After
removal of the supernatant the pellet was driading a Sava SC210A speed vac concentrator

for 15 minutes at medium setting. The pellet was resuspended in 50 pl LB buffer and left at
room temperature for one hour. RNA was removed by adding 2 ul 10 mg/ml RNAase (RNAase
A, Qiagen, cat. No. 19101) for one hour at 37°C. The DNA concentration of each extraction was

measured on a nanodrop spectrophotometer (NanoDrop, ND 1000).

It was foundthat the yield for each BAC and each individual extraction was highly variable and
the obtained material amount often insufficient for downstream applications. Additionally
glycerol stocks of previously positive colonies did not maintain the plasmid tantsis
Therefore the small scale extraction was optimised by starting two to three 10 ml overnight
cultures from the same initial colony. To avoid loss of plasmid, enough material from the 10 ml
cultures was kept to start one or two 500 ml cultures penstouct, depending on yield of

individual candidates, for the large scale BAC plasmid extraction.

7.8.8 Large scale BAC plasmid extraction for sequencing

Once it was confirmed the BAC culture contained the expected BAC and that the integrity of
the BAC had notden compromised, one or two 500 ml cultures for each candidate were
started and grown overnight for 12 to 16 hours. For extraction of the plasmid, the -Large
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After pelleting the bacteria and alkaline lysis of the pellet, the DNA was precipitated with
isopropanol and washed with 70% ethanol before being treated with -de€fi@ndent
exonuclease to minimise contamination with genomic DNA and nicked BAC plasmids. Instead

of the supplied Qiagetip 20 columns, the Qiagetip 500 columns (Qiagen, cat. No. 10262)

were used for efficient binding, washing and subsequent elution of BAC DNA in this large scale
application. The eluted DNA was precipitated a second time with isepmapcentrifuged and

the resulting pellet washed with 70% ethanol, dried and finally resuspended in TE buffer and
concentration of DNA was determined using a nanodrop spectrophotometer (NanoDrop, ND
1000).

7.8.9 BAC sequencing and assembly
BAC sequencing wasrducted by the group of Robin Buélbm Michigan State University
(MSU, East Lansing, USBviefly, from the obtained BAC DNA a single TruSeq DNA library was

constructed and sequenced on a MiSeq (bb@r 250nt paired end reads).

After sequencing dat was received, the BAC assemblies were performed WHiRé\,version

4.0rc4 (http://sourceforge.net/projects/mirassembler). The total amount of sequencing data
was reduced for optimal assembly and only the first 50 000 read pairs of each dataset were
used for further processing. Each read was aligned to the vector sequence (EU140754.1) and
the genome sequence &. colistrand K12, sulstrand DH10B (CP000948.1). Only reads with a
BLASTMit 2% with an evalue less than EO to the vector within 1 kb distanc® the
restriction site and reads without any hib E. colior vector were used in the assembly.
Remaining vector parts were clipped from the assembled scaffolds. The assembly was
repeated using the first 100 000 read pairs but this did not change thendsg result
significant and was there for discarded. The assembly data fof 1#6&IBAC and th&GDBAC

are deposited to NCBI under ERX556143 and ERX556142 as part of the publicatio@.of the

roseusgenome®,
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9 Appendix

9.1 Additional data for Chapter 4

Sequence for gene expressed in yeast in Chapel3
>CRO_021081

ATGGATGCTTTGCTTAATCCTGTTATEATBATAGCTTTTGCTATCGGTTTCACAGTATGTTTCTT
GAAGATTATGAATCCAGGATTACCGGGGAAGAAAAGGAGGTATCATCCTGTTGTTGGCACCATCTTCA
GCCTGCTATTTAACTTCCACAGGCTGCATGATTATATGGCTGATTTGGCAAGCAAATACAAGACATATA
GACTGCTTAACTTTTTCCAGAGGGACTTGATTTATACTGCAGACCCTGCAAATGTTGAATACATTCTGAA
AACAAATIITCCCAACTATGGCAAGGGATTGTACCACCATGGCATTTTGAAAGATCTTCTTGGCGATGG
TATTTTCACAGTGGACGGTGAAAAGTGGCGACATCAGAGGAAGACATCAAGCTATGAATTCTCCACCA
AAATACTGAGGGACTTCAGCAGTGGAGTGTTTAAAGTCATTGCAGTAAAGCTTTCTAATATAATTTCTG
AAGCTTCATCGTCAGATCAAATTATAGAAATCCAAGATTTGTTCATGASATICSGITITT
TAAGGTTGTTCTTGGTGTTGATCTGGACAGCATGTGTGGAACTCATGAAGAAGGCACACATTTTTCCCA
GTGTTTCGATGAAGCAAGTGCGATAACCATGTTCCGGTATGCTGATGTATTCTGGAAATTGAAAAGGAT
ATTGAACATTGGATCAGAAGCAATATTGAAGAAAAATATCAAAGTGATTGATGAATATGTTTACAAGAT
TCTCAAAAGCAAAACTGAGTCACTTGATGAARGAGEAAGAAAGAAGACCTTTTGTCAAGATT
TCTGGAAACGAACGAAACAGATCCCAAGTATCTAAAAGATATCATCCTTAGCTTCATAATTGCTGGGAA
GGACACTACTGCCAGCACTCTTTCCTGGTTCTTCTACATGATTTGCAGCTACCCTCACCTACAAGAAAAA
ATCGCTGACGAAGTGATGAAAGCGACAAATGTCCAGGAGAAGAATTTCTCCATTAGTGAATTAGCAAA
CAGCATCACAGAAGBBGTGGACAAAATGCAGTATCTTCACGCAGCCTTAACCGAAACACTCAGACT
CTATCCTTCAGTTCCTGTGGATGGTAAGGTGTGCTTTTCGGATGATATATTTCCGGATGGATACTGTGTC
AAGAAAGGAAATGTTGTATCATACGTACCGTGGTCTATGGGCAGGATGAAATTCATATGGGGAGATGA
TGCTGAAGCTTTCAGACCAGAAAGATGGCTAGATGAAAATGGCGTCTTCAAACAMSAAAGCCCATT
AATTCACAGCATTCCAGGCAGGGCCAAGGATCTGTTTAGGGAAGGAATTTGCTTACAGGCAGATGAAG
ATCTTCTCAGCTGTCTTGTTGGGCAGTTTCATGTTCAAGTTGAGTGATGAACAGAGAACTGTGAGCTAC
AGAACAATGCTGACGCTGCACATCAATGGAGGATTACATATTCGTGCTTTCCTGAGGCCAAATTCTTCA
GGTGCTTAA
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9.2 Additional data for Chapter 5

Sequenes of all VIGS candidates used for silencing.

VIGS C2:
GCTGAATCATCCTCATCAACAATGGAATGGGCAATGTCTGAAATGATAAAAAATCC!
GAGGGCACAAAAAGAGGTTAGAGAAGTCTATAATAAAGAAGGAAATGTGGATGAAT
TGAATTAAAATACCTTCAAGCCATTATTAAAGAAACTCTAAGACTTCATCCAAGRGT!
CCAAGAGAATCTCGTGAAGAATGTGAAATTAAAGGGTATAGAATACCAGCTAAATG
TTAATGGTTGGGCAATCGGAAGAGAT

VIGS C3:
ACTATAATTTCTCCGAGCTGAAATTACCTGTTCATGCTGGTACCCATGTAGATGCAC
ATGATAATTACTTTGATGCCGGATTTGATGTGGATTCTCTTGACCTAAGAGTCCTAA
TGCTAATTGATTCCAAGGGAGAAGAACATAACTGCTGATGTCATGAAGTCCTTACA(
GGAGTGAGACGAGTACTTTTTAGAACATTAAACACTGACAGGCGGCTGATGTACAA
ACACAAGTTATGTGGGATTCATGAAGGATGGAGCACAGTGGCTTGTGGATAACACIT
TGTTGGAATTGATTACTTGTCTG

VIGS C4:
GAAGCTAGTTGTTGTTGGTGCACCABERGAAGAATTAGATATTCTATTTCTTGTCAT
GAAAATGCTCGGAACATCTTCTGTTGGGGGAGTGAAGGAGACACAAGAGATGATC!
AAACATGGTATAGTTGCAGATGTAGAAGTTGTGGAAATGGAGAATGTGAACAATGC
CTTGCGAAGGGGGATGTTAGATATAGATTTGTTCTTGATATTGGGAATGCAACAGT!
AATAATGTTTAATGCARBTTTATTTAGTTGTTGCCACAAATTCACCCAGAATGCATGT#
VIGS C5:
AACTTCGGCCATTTGGTATCCATGTTATAAATGTAGTACCTGGAGCAGTGAGGTCT!
TCAGCTATTGCAAATTACAGTAAGATGCCAGAATGGAAGATATACAAGCAATTTGAL
AGCAAGAGCGTTTCTTTCACAGGGCCTGAAAGCAACCCCGGCAGAGBASEATGCA
AATGTTGTGCTGAAGAAGAATCCCCCAGCTTGGTTCTCTGCAGGACAGTACTCAAC
CATGCACCATTTGCCACTTTCTATTAAAGA

VIGS Cé6:
ACCATACTTCATATCAGATGGCTCACCAATCAATAGTTTTGAGTTTATTCGTCCATT/
GATTACGAACTACCGAGTAGGTCAGTAGCCGTTTCCCATGCACTTGTTTTGGGEI AR
CTCTACTCTGTTATGTATCCATGGTTGAATCAAAAGTGGCTTCCGCAGCCCTTCATC
GTCTACAAGGTTGGCGTAACGCATTACTTTTCGTTTTTGAAAGCAAGAGAGGAGCT
GATGGTGAGCCCTAAAGAGGGTATGGCTGCAACCATCTCATATTGGCAAGATAAG!
ATTGGATGGACCTACAATATATGCATGGTTATTTGCAGTGATGGGANATRITTGCAGC
TTAC

VIGS C7:
TTCTTCCTCCACTTTCTGCTCTCAAAACCCACGCAGTCCCTCTGCTTTTACCTCTGC
AACAGGGGTTTTTTATCATCGAGATTATTCTCTGCTTTGTCACTGAGAAACTCGGCA
TTGAAGGGAAAATGTAAAATCGGTGGGCGTGGAATTGGAATTATGTGCTCTGCTGC
GGCTCTGCTGTTTBATGATGGTGTTCTTGTTGATACTGAGAAAGATGGCCATCGCA
TGACACGTTTGCTGAAATGGAATTGGGTGTCACCTGGGATGTAGATT

VIGS C8:
CAGAAGTTTGACGTGGAGCTGAAGGGATCACCGGAGGATGTAGAACTTGTTACCG
ATACAAAAAATGGATTGTGGTGCAGATTGAGGAAGAGGTGAAATTCCAGGATAAAC
AGAAGAGGTGAGACATTTTGGTAGCAATTTCTTTCTAAAACTAGTGTACATAACCTC
AGGCATGACAATGTGGGGAGAAGTAAAATTTTCAAGTGGATAAAGATTCTCTTTTAL
CACATGAAACTGTGATCAAAATCCTTGTTGCCTAAGTTGTATAATACAGTTTTGCTC,
TGAAG
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VIGS C9:
CCTTTGTCGTTGTATCAGATCCTATTGTTGCAAGATHUAARAATGCATTTTCTTATG
GGGGGTTCTTGCAGAAATTCTAGAACCAATCATGGGAAAAGGGCTAATACCTGCAC
GGAAACAAAGGAGAAGAGTCATTGCTCCTGGATTTCACGCATTATACTTGGAAGCC
TTTATGGACTGTTCAGAACGAACAACATCAAAATTTGTAAGGCTTCTTGAGAAAGAA
GAGGGAAGACCATTGAGCTGCAARGTAGAATTTTCCAGCTTAGCACTAGATATTAT
GGAGTTTTCAATTATGACTTTGGCTCTGTTACCAAAGAATCTCCTGTTATTAAGGCT!
VIGS C10:
TTCAGTGTCATGATGTAATGCAGTTAAGGMCACATAGAACTGTGTATCAGCTGGAA
CCAACTTGATATCCTTTGATGTTTTCCTCGTCTGWTGGACTRCTGGTGGATAGAGC
TTCAGTATCATCGTCACAAGCTTAAAATCATTTAGGRTCTCTGCATTTGGAAGCACA
ACCTGCAAAACTTCTTCTCGTGCTTTACTTTGCCATTCTTG

VIGS C12:
TCAATGGAGAGAAAAGGTGAGGTTGAGATTAAAAAAGTGTTGCATTTTGGGTCTTT/
GATGAGTGTGTTTGGAAAATGCTATGATTTTTGTGAAAAAAGTGGAAATACTGBASC
GAAAGTTTGGTAAATGAAGGGTATGAGTTGTTGGGTATTTTTAACTGGAGTGATCAT
GGGTTGGTTGGACATGCAAGGTGTGAGGAAGAGGTGCAAGGCTTTGGTTAGTAGA
GTTGAGAAAATCATAGAGGAGCACAGGCAGAAAAGGGCTGAGAATGGCGGAAGA/
GAGGATTATATTAATTCTGGTACTGGAGACTTTATGGATGTTCTATTGGATT

VIGS C13:
GTTGGTCTAGGTGGACTTGGTCATTTAGCTGTGAAGTTTGGCAAGGCTTTTGGGGC
AATTAGTACCTCTCCAAGCAAGAAAGATGAAGCTATCAATTTTCTTGGTGCTGATGC
CGGTGATGCTGAACAAATGCAGGCTGCTGCTGGAACCTTGGATGGGATTATTGAT/
GTCCATTCTATTGAGACCTTGCTATGGCTTTTGAAGBAARGCTTGTTTTGGTTGGAGC
GGGGGCTCATTCGATTTGCCAATTCTTCCTTTAGCAATGGGCAGAAGAACTGTGGC
TGGAAGTACGAAGGAGGCTCAAGAGATGCTGGATTTTGCAGCAGAACATAA

VIGS C14:
GAGTTAGAGTTGGTATAGTTGGTCTAGGAGCAGTTGGACATTTAGCTATTAAATTTC
GGTGCTAGGGTTACTTTGATCAGTITATGGAAAAAAGGATGAGGCTTTTCAGAAATT
AGATTCTTTCTTGGTCAGCAGTAATGCAGAGGAAATGCAGGCTGCAGCTGAAACTC
TAGACACTGTACCAGTGGTTCACCCCCTTGAGCCACTCTTTGCTTTACTGAAACCT(
TCATTATAGGTGAACCGCATAAGCCTTTTGAGGTATCCGCAATGTCCCTCATGGAG
ATTAGCGCGACGGGTGGAAGTATAAAGGACACACAAGAGATAGTCGATTTTGCAC
AC

VIGS C15:
CACCGTTGGAAGAACTAACCGCAATCTTCTTAGATGCAATAAAGGTTGGTTACCGG
GCTTCGAGTTACGGCACAGAGGAGGCACTTGGTAAAGCCATAGCTGAGGCTATAA
TTAAAAGTAGGGAGGAATTCTTCATCAGTTGTAAGCTGTGGBTAGAAGATGACCTT!/
TTGCCTGCCCTCAACCAGTCACTTCAGATTCTTGGGGTTGATTATTTGGATCTATAT
CCGGTGAGAGTGAGGAAAGGTGCTCCCATGTTCAATTATTCAAAAGAGGATTTCCT
ACAAGGTACATGGAAG

VIGS C16:
CCATTTGGTGCTGGACGAAGAATTTGCCCCGGCATGTCATTTGCCATACCTAATGT
GCABATTATTGTTACACTTCGATTGGAAATCAGCCGATGGTAAACTCGAAGATTTG(C
AGGTTCGAGTTTGACAGTTAGACGAAAGAATGAACTAGAGTTGATTCCATCAACTT/
GTC

VIGS C18:
TTTATGCAAACTCATGGCCTAAACTTTGCGGATAGGCCACAGACTGTTATTGCCAA(
AATTGTTCAGGCGTTACACTTTCAATGTACGGGGAGRAATTGCGGCAAATTTATG
GGAATTACTTAACACAAAAAGTGTACAATCATTTTCTTCCATCATGGAAGAAGAGCT

222



TAAATCTATTGAGTCAGAAGTTGGGAAACCTATGGAATTGATTGAGAAAATTCGGTC
ACACACTTTGTAGATCAGCACTTGGTAAAATACATGGTAAAGGGAAGGAGACATTA,
CAGAGAAATGGTGGCACTTIKEITRE®AAACNCTAGAAGATATTTTTCCTTCAGTGAAG
ATATTTGAATCCATTGAGGCCCAAAGCAAAGAAG

VIGS T30:
TTGAGCAAATTGATGACGTCATGCACAAATTCAATTATTAATAAAGTAGCTTTTGGT!/
GAACGGGAGGTGTTTATTGATCTAATTAATCAAATATTAGCATTAGCAGGCGGTTTT
TCTGTTTCCGTCCTACAAGATAGITTCATGAAGGTACAGAACGTAAGCTGTGGGAAA
GTAAGATTGACAAGATTTTGGATAAAGTCATAGACGAGCACAGAGAAAATTCGTCA,
GGGCAACGGTTGTAATGGCCAGGAAGATATAGTTGATATTTTACTTAGGATTGAAG.
CTTGACCTTGATATTC

VIGS C30:
ACCAGGTCCAAGAACACTACCCTTAATTGGAAACCTTCATCAAJTTO ROEGEGATCGT,
CCTAAAAAATTTGTCCGATAAACATGGTCCTTTGATGCACGTGAAAATGGGCGAAC!
TAGTATCAGATGCAAGAATGGCAAAAATAGTTCTTCATAATAACGGTTTAGCCGTTC
VIGS C32:
TAACAGCAAGAACTTCATTGATGCTTTCCCCAGCCACCTCATTAATAGGAACTGCAT
GCAAATCTTGTTTTGTCAGCTTTREACTGCACCAACGTTATCGTGAAGATTTTTAATC
ACCAGGAATAGGTACCACATCATCGCCCTGATGAAGAACCCAAGCAAGAGAAAGT"
CATCCATGCTTTTGTGCCAAGGCTTCTATACGATAATATATTTGCTTGTTCTTTTCAA
AAATCTGGGATGTATTGCCAAGAAACTACTTTGTGAAAGGCTTTCCGTAACAGCCT
GACC

VIGS C36:
ATGGTCCAAACACAGAAGAATCATTTCCCCTGCCTTCACTCTTGAGAAACTAAAGT(
TTTTGCCATATGCTATCATGACATGTTGACGAAATGGGAGAAATTAGCAGAAAAAG!
GAAGTTGATATCTTCCCCACATTTGATGTTTTGACAAGTGATGTAATTTCAAAGGTT!(
ACATACGATGAAGGAGGCAAAATCTTCAGACTBARGABATGGATCTCACAATTGATT
GAGAGATGTCTACATCCCAGGGTGGAGCTACTTGCCAACCAAGAGGAACAAGAGC
TAACAAAGAAATCACAGATATGCTAAGGTTC

VIGS C38:
CTTCGCCTACGCATCTCCCTTCTGGAACAAAGCTTTTTGTGAGAACAGCACCGATC
CATTGTGTGGGAGGACATATGATATTTCCTATGACTATAAGARGASTAARSTTGATG
CATTACCATCTTTGTGTGGTTGGAAAAGAAGGTGGGTATGCCACACAACTAGCCAC
GAGTGCCATTCAAATGGCTCTATGCAGTAACTGTTGATCAGAGAACAGGGATTGTT
GTTAGCTCCATACATGATGACAGTCCCGAAGGTGTGGAAGAAATCATGAATACAA
VIGS C39:
TGGAATCGAACGAGTTGACTCACTGAGTCAGAGABATGGCTACTCGCTTACTTAGA
CTTGCTTGTGGGTCAAGCAACCACATTTGTTACTAAGGGCACTCACTACGAATCCT!
ATAAACAGAGTGATTTAGACAAAGTTGTGGACTTCAAAAATTGGCAAATCGCAACG(
TCGGTCGCTGAAACTTTGGCTCATTTTACGTAGCTATGGAGTTGTTAATTTACAGAC
TGACGTCGCAATGGGBAGATCGAAGAATGGGTTAGATCAGACTCCAGATTCGAAA
CCGA

VIGS C41:
ATGAAGGTGATAGAGAAGATCAACGATGCCATTGCCGCTGACAAGGTGGTCTTCT(C
TCCACCGAAGACTGAGGACGGAGTGGAGAATCTGTTCGAGAGAATGGACCGTATC
CCTTCCTTCTGTGATATCACTTGGGGAGCTGGAGGATCCACTGCGCGABATGAILITTIA
CAGAATGCAGAACATGGTTTGTGTGGAAACTATGATGCATCTCACTTGCACCAATA
AGATCGACCACGCTCTCGATAGTATTAAATCCAATGGCATCCAGAACGTGCTCGCT
CCTCCTCATGGTCAGGATAAGTTTGTTCAGGTGGAAGGTGGATTTGCCTG

VIGS C43:
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AGCTCGAGTTCATTCCCAACTCTCAGAAGCAATTAAAARAAGATGRABTCAATCAATA
GCCATTCCAACCTTATCCCGGTGGGGAGGAAAGTGGGTTGAAAAAAGATATCCCC
ATCAGTTGTTTCGAATGTGGCGGAACAGCAATTGGGGTCTGTATTTCCCACAAGAT
GTCCTTGGCTACCTTCCTCAATTCATGGACCGCAACATGCCAGGAAGAGACTGATA
TTTCGATCTGGGATCCCATCATTTTRG&CC

VIGS C44:
TTATCAAGTAGAACAATTCTCAATGCAATTCAAGCACAAGATCATCATAAATATTCTA
CCGGTGTCAGCAGAATGGCATAAGCTTCGTAAGATAAGTAAGGAACAGATGTTTTC
TTGACTCGAGACAAAATTTTCGTCAAGAAAAATTTAAAGAGTTACGCGAATATTTGC
TTAATAGAGAATTTGTTAATATTGGTAAAGCIARLNACTTCTTTGAATTTAATTTCAACT
GTTTTCAAAAGATTTTGCTACTTATGATTCAAATTCATCTCAAG

VIGS C45:
ACACTTCGTAGCCGAAACCAAAGTTATTGGGGTTTCGATTGAATATAGACTTGCCC!
ACCCGCAGCTTATGAAGATTGTTGGGAAGCCCTTCAATGGGTTGCTTCTCATGTGC
CCGGCCTAAAGACAGCTATTGATRABSPGGATAATAAACTATGGTGATTTCGATAGA
TTGGCGGGTGACAGTCCTGGTGCTAATATTGTTCACAAC

VIGS C46:
AAGCCATTGTCTTTGTTCGGTCACGGAATAACTGACATTGAGATTCATTTCCTTCAA
GCTATTGGGGTTTATCTCGATCCGGCAATCGTCACTCATTTACAGAAATGGAAGGG
TGAACTTGCCGGCGACGATGAGEATGIOCGTTATTTCAGCTCCTGTGGAAAAGTTAT
TTGTTGTGATTAAGGAGATAAAGGGTTCCCAATATGGAGCCCAGCTTGAAAGTGCA
ATTGGCAGAAGAAGATAAATATGAAGATGAAGAGGAAGAAGCACTTGAGAAAATTC
CAATCTAAATATTTCAGCAAAGATTCAATCCTCACTTATTATTTTCCTGCTAATTCTT(
T

VIGS C47:
CTATTGCTTGCAAGTAGGGAAGCCTCGAGATATCTGATTCATGAATGATTTCCTTCT
GATGGAGTTCAGCTCTAACTCTTTCTAATTTTTCAGGGTTGCGTAATAACTCTGCCA
GCGTGGTCGATGTTGTTTCAGTCCCTCCTAGAAATAAATCCAAAAGCATGTGCTTG,
CTGAACTCAGACTCATTATTGGCACTGTGATTGAGAAGAGATTANTAGTACTTTGAAC
TCCAATGAACCTCTCATCATCAGTCGCTCATTAATA

VIGS C48:
ATCCTAAGTATTGGTCCGAACCTGAAGAATTCAAACCCGAAAGATTTATTGATTCTC
AAGGTAATGATTTTGAGTACATACCATTTGGTGCCGGAAGAAGGATTTGTCCTGGT,
ATACCTAATGTGGCTTTACCATTGGCACAATTGTTGTTTCAARRGIAGREGATGATG
GGGAAATTAGAAGATTTGGACATGGTTGAGCATCCTGTTCTTGAAGCTAGGCG
VIGS T16H2:
TTGGAAACTTGCCAGTGATGAAACAAATATTGATAAATTAGACATGACGGAGAGTAC
GTTAGAAGAGAAGATGATTTGTGTCTGATTCCATTTCCTTATTCTGCTTCTTCTCTC/
AGATGGAGACAACATCACCAAATAATTGAAGATTGTAGGTCATGAATAGTTGTCGG
AAATGGTGGCAAAAATTGCGATGGAAGATTTCGTTGCT

VIGS C53:
TACCCAATGACACCTGGTATATGGACTAAAGAACAAGTTGAGGCCTGGAAACCTAT
TCATGCCAAAGGTGGTGTCTTCTTTTGCCAGATAGGGCATGTTGGAAGAGTTTCAA
AGCCAAATGGGCAGGCGCCAATCTCTTCGAGBGATMACC
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al ydza ONR LI | yR &dzLdLd SY Sy i NEhydidxyiases ifitatss the! LI+
synthesis of vindoline inanorggS LISY RSy G YIF YYSNI Ay [/ FGKI N} yiK

al ydzZA ONRA LIS FyR {dzLJLJ SYSy ( -dathlréd st&p2idNdnddliter & O2 @

biosynthesis: a link between the aspidosmer and eburnamine type alkaloid scaffald ¢

al ydza ONR LIG |y R { dzLILX-ghived jivestigatiod of plaheniiiiral pdiyee Y S
oAZABY(GIKSAAAE
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