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Abstract

Catharanthus roseus member of the Apocynaceae family, has been studied extensively
for its valuablechemotherapeutic moterpenoidndole alkaloids (MIAS). Ethyl
methanesuphonate (EMS) mutageneses screening tool thatsbeen used ttook for atered
MIA profilesin hope of discovering mutations of crucial MIA biosynthetic geiéthout a
high-throughput mutation detection screen@roseussequencing data, a range of techniques
must be used to discover the EMfBluced changes within the plant.

Bioinformaticand morphological analysis revealed the likely alterations leading to
unique MIA profiles in twaC. roseu€EMS mutants: the highjmalicine accumulating line M2
0754 and the lovMIA accumulating line M21582.Expression ofeissoschizine syntha$éS)
was dwnregulated almostevenfold in the leaves of M®754, leading to the accumulation of
an alternate pathway MIA from the labile intermediate. TheNb profile and increased
auxin sensitivity of M21582 is likely dudo the expression of a dysfunctiomaixin influx

transport protein homologue
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Chapter 1: Literature review

1.11Iridoid and MIA Biosynthesis

Alkaloids are a diverse class of nitrogen containing specialized metabolites foundaasbss
kingdomsof life. In plants, heyare believed to play an important role in defence against
pathogens and herbivoré3ugé De Bernonville et al. 201 Wlonaoterpenoidndole alkaloids
(MIA) are alkaloidswith a backbone formelly the condensation tifie secoiridoidsecologanin
and tryptamineVincristine andvinblastine are two essential chemotherapeutic alkaloids that
share common precursors synthesised exclusivédatharanthus roseys plant in the
Apocynaceae familgxtensively studietbr MIA biosynthesigDe Luca et al. 2014 hese two
MIAs are antimicrotubule agentthatinhibit the formation otubulin, preventing cell division
andimpactingcellular structure.

The biosynthesis of leaf MIAs i@. roseuss compartmentalised in different specialized
cell types SomeaccumulatingMlAs are storedvithin cells, while others arexcreted to the
cuticle (Murataet al.2008) The two precursors to vincristine and vinblastine biosynthesis,
vindolineand catharanthine, are specially separéaglire 1) Catharanthine is transported to
the leaf surface whileindolineis storedn idioblasts and laticifer€¥u & De Luca 2013)The
removal of physical barriers bytbivorycauses the enzymatic dimerization of catharanthine
andvindolinein aherbivore, with the physiological impact on the herbivore acting as the
deterren{Dugé De Bernonville et al. 2017heintricacies ofroot MIA biosynthesis hae not
been studied as thoroughly as the leaf biochemistmgsport and regulatian C. roseusyet the
roots contain many unique MIAs not found in leajdander Heijdenet al.2004) Ajmalicine,
serpentinelochnericine and hthamericinearefour medicinally important MIAdound mostly in

roots only comparativelysmall quantitie®f ajmalicine and serpentirsge detected leaves



Ajmalicine and serpentine avsed to treat hypertensiomhile lochnericineand hérhamericine

demonstrate antumor potential

H
fe} (0]

catharanthine tabersonine vindoline
Figure 1: Common accumulating MIAs and intermediates found in the leaves &. roesus

1.2 Secoridoid biosynthesisand regulation

In leaves, thdiosynthesis of the iridoid loganic acid from geraniol occuisternal phloem
associated parenchyni&AP) cells(Murata et al. 2008)The G8 hydroxylation of geraniol by
geraniol 8oxidase/geraniol X0ydroxylase(G80O/G10H catalyses the first step gecaridoid
biosynthesigCollu et al. 2001; Miettinen et al. 20148oth hydroxyl groupsre oxidized again
by the cytochrome P450 monooxygen&deydroxygeraniol dehydrogenag&HGO) to form
the dialdehyde -®xogeranialFigure 2) Iridoid synthase IS) cyclises 8oxogeranial to the
bicyclic iridoid nepetalactol, an atypical substrate for a monoterpene cyclasetyyhazily
uses geraniol pyrophosphd@PP)as substratéGeuFlores et al. 2012y-deoxyloganic acid
synthas€7DLS) catalyzes the thregtep oxidation of nepetalacti produce7-deoxyloganic
acid(Salimet al. 2014) Glycosylation of 7deoxyloganic acid by-deoxyloganeti@acid
glucosyltransferas@oLGT) and subsequent hyakylation by7-deoxyloganic acid -7
hydroxylasg DL7H) catalyzes the formation édganic acidSalimet al. 2013)An alternative
pathway to iridoid formation has bedamonstratednvolving thehydroxylation of geranidby

G8O0/G10H and subsequentidation byl10-hydroxygeraniol dehydrogena€E-HGO) to form



10-oxogeranialKrithika et al. 2015)Enzyme assays with 8GO and IS reveal the paan

convert 16hydroxygeraniol to nepetalactol.
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Figure 2: Secoiridoid biosynthesis from geraniol to secologanin occurs internal phloem-
associated parenchyma (IPAP) and leaf epidermal cells @. roseusThe biosynthetic
pathway consists ofeganiol 8oxidase(G80),8-hydroxygeraniol dehydrogenagHGO),
iridoid synthase (1S)/-deoxyloganic acid syntha§éDLS), 7-deoxyloganeti@acid
glucosyltransferas@LGT), 7-deoxyloganic acid-hydroxylasg DL7H), loganic acid ©
methyltransferase (LAMT) andesologanin synthag&Ls).



After synthesis in IPAP cellspganic acid is transported to the leaf epidenrasan
uncharacterised mechanishenconvetedto loganin by loganic acid @nethyltransferase
(LAMT) (Guirimand et al. 2011; Miettinen et al. 2014pginin undergoes oxidative opening of
the pentyl ring g secologanin synthag&LS)to form seologanin(Figure 2)(Irmler et al.
2000) Secologanin and tryptamine are condensestigtosidine synthagiSTR) to form the
glycosylatedVIA strictosidine(Treimer& Zenk1979) Deglycosyationbyst r i ct esi di ne b
glucosidas€SGD) creates dabile pool of aglycones used to synthesise over 100 MIAs found in
C. roseugqFigure 3)(Vander Heijden et al. 2004; Luijendigt al.1998)

Several transcription factors have been characterized as regofatesssecoiridioid
biosynthetic genes, among them basic helixloop-helix iridoid synthesis &nd 2(BIS1 &
BIS2) (Van Moerkercke et al. 2015, 2018pth transcription factors are regulatedrbgthyl
jasmonat€MeJA) and expressed in IPAP celBlS1 and BISthave been shown to
independently activaté80, 10-HGO, IS, DLGT and DL7HORCAGS is the third characterized
transcription factor, also induced by MeJA. It lhegnshown to upregulat&80Oand STR in

hairy roots(Zhang et al2011)

1.3MIA Biosynthesis

Cleavage of the glucose moiety from strictosidine by SGD produces thertdulence
intermediate®f cathenamine and 4,2ehydrogeissoschizif®u, Easson, et al. 2018)he
intermediate can beconverted to 19Feissoschizine via geissoschizine synthase,(GS)
tetrahydroalstonine via tetrahydroalstonine synthase (THA&)malicine via an
uncharacterized pathwdlfigure 3)(Qu, Thammet al. 2018)19E-gassochizine undergoes

several successive oxidations by geissoschizine oxidase (GO), Redox1 and teegme2ate



the stableVlIA stemmadenine. The proposed intermediates bet@éerRedox1 and Redox2

are unstable. When Redox1 or Redox2 are silengetris induced gene silencing (VIGS),

MIAs that resembled oxidative degradation products of the proposed pathway intermediates
accumulatethese accumulates were shown to be inactive as substrates to MIA pathway enzymes
(Qu, Easson, et al. 2018)

Stemmadenine is acetylated by stemmaderhacetyltransferase (SAT) form O-
acetybtenmadeningQu, Easson, et al. 201&ubsequent successive oxidations by
precodylocarpine acetasgnthas€PAS)and dihydroprecodylocarpine acetate syntl{BSeAS)
produces thelabile intermediate dihydroxyprecodylocarpine acet@@aputi et al. 2018)The
nextbiosynthetic step involvesatharanthine synthase (CS) dvdesonine synthase (TS), two
hydrolases that cleave the acetoxyl moiety and cyclize to the iboga (catharanthine) or
aspidosperma (tabersonine) structural classes of MIAs.

After synthesis in epidermal cellstbaranthine is transportéalthe leaf surface by an
ABC transporte(Yu & De Luca 2013)Tabersonings converted to desacetoxyvindoline in the
leaf epidermidy tabersonine 1@ydroxylase (T16H), 1Biydroxytabersonine 1-6-
methyltransferase (160MT), tabersoninexXd3dase (T30), tabersoniner8ductas€T3R)and a
N-methyltransferase (NMT(Qu et al. 2015)Desacetoxyvindoline ientrangorted to
laticifers or idioblastéy an uncharacterized transpom@dconverted to vindoline by
desacetoxyvindoline-Aydroxylase (D4H) and desacetylvindolineaCetyltransferase (DAT).
Tabersonine produced in the rootdfoseuss converted into dierentMIA derivativesthe

tabersonine toindoline pathway i€xclusivelyexpressed iaerialorgans
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Figure 3: Early MIA biosynthetic pathway in the leaf epidermis of C. roseusThe pathway

consists of strictosidine synthase (STR),rsi ¢ t oglucodidasg§®GDpand
tetrahydroalstonine synthase (THAS) geissoschizine synthase (GS), or by an uncharacterized

pathway to ajmalicine.



1.4 Auxin in Plant Development

Plants utilize several crucial hormones conserved throughout the kingddev&@opment and
regulation. Auxis area class of hormones involved in almost every major plant pr¢a&ss
2010; Ma et al. 2015; Olaturgt al.2017; de Smet 2012Dne of the fundamental roles of auxin
in development is controlling cell division and elongation through altering localized cellular
concentration ratios with its antagonist cytokinin, another class of plant hormone.

Auxin transport in plants is directionally controlled between cells, the process has been
termed polar auxin transpoRIN-Formed proteingPIN) and auxin influx carrier proteirege
transportersocalized to a portion of the plasma membréhegamowski& Friml 2015;

Galweiler et al. 1998)r'he bbcationof PINsand auxin influx carriers cells dictates the
direction of auxinnflux andefflux across membraneon-directional longdistance auxin
transport occurs in the phlog@in et al. 2015)The flow of auxin through a plant depends both
on biosynthesis in specific tissues and regulated intercellular and intracellular transport

Intracellular auxin transport from the cytosol to the vacuole is facilitated ylés are
thin 10 protein (WATL) (Ranocha et al. 2013)VAT1 has also shown to play a crucial role in
auxin promotion obecondary wall formationin vasculatureA. thaliana watlknockouts
displayedreduced fiber content in stems, which was corrected by the exogenous application of
auxin. Thewatl mutants also demonstrated specific resistance to vascular patheogkms
change in resistance to other sites of infectid@nancé et al. 201.3promotefreporter
experimentsising GUSevealed VAT is preferentiallyexpressedh theroots and cotyledons
duringearly plant developmenthewatlphenotype of fiber content is only apparentlicer
plantsas the vasculature matur@sis indicates theris a direct connection betwertracellular

auxin regulation and stem fiber depositibfetabolomic analysisf thewatl mutant roots



showedower levels ofindole 3-acetic acidlAA ) and indole metabolites derived from auxin
buthigher levels othe defence hormorsalicylic acid (SA. The resistance of vascular
pathogens invatl mutants was attributed to the traolé of defence for development, with
higher levels of SA antbwer levels of auxin, a trend widely observeglanta(Blomster et al.
2011; Wanget al. 2007; Zhangt al.2007) This example shows the crucial role auxin plays in

xylem differentiation.

1.5Auxin induces xylem formation
Xylem arewatercontaining vasculaturéssues in plantscomprised of lignin polymers
responsible for longlistance rooto-shoot transport of metabolites, proteins and nutrigkitsi
2010) Xylem aremadeof dead cellswith thickened cell walls for structural support of the stem.
Primary xylemareproduced in the primary vascular bundhext toprimaryphloem and fiber
lumen. Secondary xyledtistributionextends fronproliferationat thesecondaryascular
cambium towards the pitla characteristiof all woody plant{Zhanget al.2011) Auxin has
shown to play a role in the initiation of protoxylem through the transport of auxin from newly
formedleaves down the procambium by means of Pidsumulatingat the vascular cambium
(Aloni 2010; Johnsson et al. 2018he accumulation of auxin leads to cell expangitiven by
acidification degradation of the plasma membrane and the uptake of wiaténerexpanding
cell.

In the teesPopulus tremulandPopulus tremuloidethe exogenous application of auxin
efflux inhibitors hae provided insight into how the transport of auxin through PINs controls leaf
abscission, leaf primordia formation and vascular differentigflonet al. 2015; Johnssonadt

2018; Porth et al. 2014p. tremuloidegirown with the efflux inhibitord-N-naphthylphihalamic



acid (NPA) or 2-chloro-9-hydroxyfluorene9-carboxylic acidHFCA) had reduced stem length,
number of leaf pairs and overall root growthuetz et al. 20075tem cross sections revealed

at all concentrations of NPA or HFC#e number of protoxylem was comparable to controls,
but the number of metaxylemdhancreasedThe increased vasculatutepositionwas attributed

to poor vertical drainage of auxifihe change in metaxylem, but not protoxylemggests auxin
contributes to the formation of metaxylem from protoxylem, in addition to initiating protoxylem
proliferation atthe vascular cambium.

A plethora of herbaceous plants also form secondary xylem, the modeAmairdopsis
thalianaamong them. Cross sectionsfofthaliana pinlmutants displayed increased vascular
differentiation below newly developing leaves amdinability toflower (Jones et al. ZIb).

Though polar auxin transport was inhibitéglels of free 1AA in the stem of th@n1 mutant and
wild-type (WT) were similar, suggesting IAA could have been transported from the roots. The
increase in vasculature was believed to be associategh@attapical basipetal transportgml
mutants, leading to an uncontrolled accumulation of auxin at the vascular cambium. Exogenous
application of the auxin efflux inhibitor NPA on WA. thalianadisplayed the same vascular
morphology as thpinl mutant.Levels of free IAA in the xylem dRicinus communigere

measured to be 0.32 ng/mL compared to 13.0 ng/mL in ph{Baker2000) Due to

endogenous levels of IABeinglow in xylem, itis possible xylencan act asn alternativeoute

for long distanceéAA transport.

Lignin polymersaremostly comprised of thrgghenolicmonomeric unitsH, G and S,
condensed by oxidative couplif@haffar& Fan 2013)Lignin composition between plants
varies by the percent representation of each monomeric unit polyraer. The differences in

lignin compositionvary widely inplans with seemingly similamorphologies, including



common herbaceous fiber crop®r example,ignin in Linum usitatissimuns comprisef
mostly G monomers (67Powhile thelignin of Corchorus olitoriuscontains mostlys monomers
(62%),

The first dedicated step in the phenylpropanoid paths/#ye deamination df-
phenylalanine byhenylalanineammonialyase(PAL) (Mahroug et al. 2006 he producttrans
cinnamate ishenconverted tg-coumarate bginnamate 4ydroxylasg C4H) andcondensed
with CoA by4-coumarateCoA ligase(4CL) to generat@-coumaroylCoA (Leple et al. 2007)
Hydroxycinnamoyl transferagelCT) catalyzes th@extintermediarytransesterification of a
shikimate acid moietin place of CoA, allowing-coumaroyl shikimate 3iydroxylasgC 3 § H
to metahydroxylate thgp-coumaoyl moiety, before reversal of the transesterification. This
forms caffeoylCoA, which undergoemetaO-methylation bycaffeoytCoA O
methyltransferas@CCoAOMT) to create feruloylCoA. The diversity in ratios of the monolignol
units is déerminedby the activity ofcinnamoytCoA reductas€CCR), caffeic acid 30-
methyltransferas@COMT), ferulate5-hydroxylasg F5H) andcinnamyl alcohol dehydrogenase
(CAD) onstructurally diverse metabolites descril§€dhaffar& Fan 2013)H units are derived
from CCRcatalysing the conversion pfcoumaroy#CoA top-coumaraldehyde. G and S units
are derived from CCR accepting ferulgybA or sinapoylCoA respectively, with F5H and
COMT capable of converting @onomelintermediates to $ 1onomerderivatives Several of
the regulatory factors involved in xylem differentiation induced by auxin are also involved in

leaf abscission.
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1.6 Auxin regulatesformation of leaf primordia and leaf abscission
Auxin plays a crucial rolen leaf primordia formation at the shoot apical meristAoxin has
beenshown to induce similar response cascades during leaf abscission as it does in vascular
differentiation(Ma et al. 2015; Porth et al. 2014af abscissiomitiates bythe accumulation
of local auxin maxima at thebscission zone betwetre leaf and sterfdin et al. 2015)Auxin
accumulang at the abscission zopeomotescell expansiorand proliferatiorbeforeleaf
separation.
The role of auxin irshadeinduced leaf abscission was demonstrate®. imemulausing
the most common auximdole 3-acetic acidlAA), the auxin efflux inhibitomorphactinand/or
ethylene insensitive. tremulamutants(Jin et al. 2015)Ethylene is a fruit ripening and plant
senescence hormone; ethylene insensitive mutants allowed for the independence of the ethylene
and auxin responses to be evaluat&é. or morphactin were applied directly to the leaf axil,
wherethe leafconnects tahe stemandshowedadelay of abscission by 1 and 7 days
respectively. IAA delaying abscission was attributed to disrugtidower concentrations of
auxin thatcould berequired in surrounding cells for separation after auxin accumulations along
the dscission zonéSorefan et al. 2). With higher concentrations of auxins in surrounding
cells, a local auxin maxima differential svad achievedThe longer delay in abscission caused
by morphactin could have been due to a delay in auxin accumulation at the abscission zone.
Histologcal section® f -glUturonidase (GUS) promoter reporter PIN::GUS transformed
P. tremulawere takershowing theabscission zonglin et al. 20%). Expression of the PIN
homologuesn leaveswithout shading showed unorganized distribution along thedixie days
after shading expression of PINs were clustered to the stem side of the abscission zone. This

suggests the establishment of highiawoncentrations at the abscission zone are directionally
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controlled to flow from the stem, potentially to prevent an accumulation of auxin at the site of
separation, next to the abscission z@pealitative polymerase chain reacti@PCR analysis of
the leaf petiole of shaded leaves confirmed expression of Péxestwo-fold downregulated
compared to the control.

A class of homeobaleucine zipper transcription factdnave been showio regulate
auxin at the abscission zone. Of tfamily of transcription factorghe knottedtlike homeobox
protein (KD1) andevoluta (REV)classedave been characteriz@da et al. 2015; Porth et al.
2014) KD1 andREV have beenshown to regulatauxinsignalingin vascular differentiation
and proliferationsuggesting conserved mechanisms between leaf abscission and vascular
developmentThe role of auxin transport in roots has shown a connection between pericycle

cells, xylem proliferation and lateral root initiation.

1.7 Auxin regulatesroot formation

Roots contain the largest pools of auxin in plaméspite the aerial organs synthesizing the
majority of auxinsRoot initiation and early replication from a st&wdictated by localized

auxin gradientgOlatunjiet al.2017) Stem cells in the root cap contain the highest concentration
of auxin inroots, promoting expansion and divisigm et al. 2014) Auxin in the root cap is also
responsible for the ragraviropic responsePositing ofauxin transport proteiralows forhigh
concentrations of auxin to accumulate in th@stbasal root cap stem celfsomoting

downwards proliferation of the primary rodt thalianaroots express PIN2, a closemologue

of PIN1, which is expressed predominantly @mid organs(Mller et al. 1998)The differences

in cellular localization between PIN1 and PIN2 specific to the direction of auxin transport

from their expressed organs. Auxnmansportat theshoot apical and root meristenegjuires
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bagpetaltransport of auximn opposite gravitational directions. This is essential in the root cap
for eliciting a normabravitropic response

Lateral root formation is initiateldy auxin in pericyclecellsnex to the basal end of
xylem at the center of the primary ro@e Smet 2012)lo initiate lateral rootormation,
pericycle cells ushighlocal auxin concentration gradients to asymmetrically elongate and
divide towards the root epidermibhis process creates the lateral root primordia from which the
lateral root will proliferateControl of auxin in pedycle cells is crucial aalterations to native
regulation/transport could lead to no division, or uncontrolled divigimmgucingatypical root
morphologiegGou et al. 2010; Kha& Stone 2007; de Smet 2012)

Application of the auxin efflux inhibitor NPAepressefateral root formation off the
primary root.Increased expressiai genes regulating mitotitivision of pericycle cells,
specificallyD-typecyclin genesdid not lead to increased lateral root formaf(ianz et al.

2011) Instead undirected pericycle proliferation was observed in thedewmionstrating the
importance of auxin in directing divisioA. thalianaoverexpressingyclin D2 (CYCD2)

showed an increased sensitivity to auxin in lateral root initiation. In corttrastycd2knockout
mutants demonstratexkogenousuxin insensitivity to lateral root formatiolmtriguingly, the
impact of endogenous auxin initiation of lateral rootsyiod2mutants was minimal
comparativelyCyclin-dependent kinases contmjclin genes by iactivatingthe protein

complex in the nucleus of pericycle celgixin inhibitsthe expression of these cyelin
dependent kinases, preventing them from inactivdtiegyclin proteininducing cell division.

For auxinto act as an inhibitoof cell division inhibition intracellular auxin levels in the nucleus
must behigh enough to induce the inhibitiohhe control of specialization cells synthesizing and

transporting auxin is important to development, as is undersgtit route of auxin synthesis.
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1.8 Auxin biosynthesis and regulation

The primaryrouteof auxinbiosynthesis in plastis the conversiorof L-tryptophanto 1AA
through thendole 3-pyruvic acid(IPA) pathway(Ste@mnova et al. 2011; Won et al. 201The
IPA pathway consists of tayptophan aminotransfera6BAA) and aflavin monooxygenase
(YUC/YUCCA), IPA being the intermediataetabolite(Figure 4)

le) O

TAA on _YUCIYUCCA OH
OH — » —
I Nh, N [ m
L-tryptophan indole-3-pyruvic acid indole-3-acetic acid

Figure 4: IPA pathway to produce indole3-acetic acid (IAA) from L-tryptophan. The
pathway consists dfyptophan aminotransferase (TAA) and a flavin monooxygenase
(YUC/YUCCA).

Apart from the IPA pathway, several other biosynthetic pathwaysiexistture to
synthesizdAA. Biosynthesis of IAA from tryptamine Babeen reported in the rootsRifum
sativum(Quittenden et al. 2009Radiolabeled tryptamine amdfewsuspectedbiosynthetic
pathwayintermediate werefed and shown to convert to IA#K plantg however the pathway
hasyet to be characterizednother IAA biosynthetic route in plants utilizes a pair of
cytochrome P4506s, CYP79B2 and CYP7th®R3 to c
acetaldoximglAOx) (Sugawara et al. 2009A Ox is subsequently converteditwole 3-
acetonitrile(IAN), then 1AA bya nitrolase 1-3. Biosynthesis of IAA from the conversion of
tryptophan tondole 3-acetamid€lAM) is the primary method for IAA biosynthesis in plant
pathenogenic bacter(aehmann et al. 2010)

SeveralYUC homologuedrom A. thalianahave been shown to b&synthetically
active towards endogenous augnoductionin vitro (Hentrichet al.2013; Stepanova et al.

2011) These YUChomologues have specificadal expression in different plant orgafsve of
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the YUC homologuefave beershown to have high expression levels in raotd
phylogenetically cluster in a group distinct framrial specific YUC homologued.o determine
the importance different YUC homologuem A. thalianaroots roa expressinguc mutant
knockout lines were generated and grown on media with or withou{Ch&n et al. 2014)
Levels of free IAA in thdifferentyuc mutans were 55% less than the control, inhibiting root
growth and theravitropicresponse of the primary ro@xogenous IAA in the medi@versed
the mutant phenotype. Overexpression of shoot specific YUC homologaesatyuc mutant
background displayed an aerial phenotype characteristic of high levels of auxirve amaiveled
root morphologyof auxin deficiency. This indicates thab@n overproduction in aerial organs
cannot compensate for endogenous auxin deficiency in ®eeral classes of plant hormones

directly regulate auxin biosynthesis and transport.

1.9 Jasnonates in Auxin Biosynthesis and Transport

The plant hormon&eJA hasbeenshown bothendogenously anbly exogenous
applicationto upregulate YUC homologues An thaliana(Hentrichet al.2013) Overexpression
of two YUC homologue$§YUC8 and YUC9)expresseih bothroots and shootsf A. thaliana
displayed similaaerialmorphologiego the exogenous application of MedAWT plants
(Hentrichet al.2013) These includenicreased secondary lignificatiand the upregulation of
ethylene responsive genes

The influence of MeJA on auxin rootdevelopmenhas beewliscoveredy the
elucidation of a GH3 proteimember, mdole 3-acetic acidamido synthetas@gsH3.6),
responsibldor amino acid conjugated auxin turnoyEhan& Stone 2007)Conjugation with

amino acidliminatesthe bioactivity of the auxin moietyemoving the molecule from the pool
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of active auxinAnother member of the GH3 protein family is the amino acid conjugating
protein of jasmonategasmonic acieamido synthetas@ AR1). JAR1 initiates the jasmonate
signal cascade by coupling isoleucingadsmonate, creating the signaling hormone jasmonyl
isoleucing(Suza& Staswick 2008)Both gh3.9andjarl A. thalianamutantshave shown to be
insensitive to MeJA mediated root inhibition andwidonger rootsvhen grown with MeJAhan
WT (Khan& Stone 2007)The similar roomorphobgyis surprising becausétjarl mutants
naturally have a short primary root aAtyh3.9mutans a long primary root. This suggests that
functional jasmonate response and auxin degradation pathwdystlanecessary for MeJA
induced inhibition of root growthGibberellins are another class of plant hormone shown to

regulate auxin transport.

1.10Gibberellins in Auxin Transport
Gibberellins(GA) are a class of plant hormonesth a tetracyclic diterpeniegackboneinvolved
with auxin ina range of developmental processes. These include flordbgewent(Osnato et
al. 2012) vascular dferentiation(Johnsson et al. 201,8pot signaling Gou et al. 2010; Li et al.
2014)andPIN regulation(Willige et al. 2011) Removing the apical meristem in a variety of
plant species hdsgeenshown to reduce endogenous levels of @éhnsson et al. 2018)ormal
GA levels were restored after decapitatiaith the exogenous application of IAAuxin has
shown toinduce GA biosynthesis to regulate intercellular auxin trangpimasovet al.1997).
The first step in GA biosynthesis is the cyclization of geranylgeranyl diphosphate by two
terpene cyclases, copalyl diphosphate synthase (CPS) akaueahe synthase (K®)Neiss&
Ori 2007; Yamaguch& Kamiya 2000) The subsequerbnversion of enkaurene to GApis

catalysed by two cytochrome P450 monooxygenasegaeinéne oxidase (KO) and ent
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kaurenoic acid oxidase (KAQ@Jigure 5) GAirzis converted to the diverse range of GA

hormones by different GA oxidases (GAox). Sevefdhese GAox enzymes can catalyse
consecutive oxidations on a variety of GA structural substrates. Turnover of active GA is
mediated by gibberellin-B-dioxygenase$§GA20x). GAox biosynthetic genes have been shown

to be directly downregulated by the tramgton factor tempranillo (TEMJOsnato et al. 2012)

A. thaliana tenmutants displayed elongated hypocotyls and early flowering, while
overexpression of TEM led to dwarfism, loss of apical dominance and late flowerargoter
reporter experimenissing GUSof GAox genes in TEM overexpressing lines showed a decrease

in GAox expression at the apical meristem and an increased expression in roots.

KAO GA20-0x

0,
—_ é
o<~
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ent-kaurene ent-kaurenoic acid GA, GA,

Figure 5: Part of the gibberellin biosynthetic pathway from entkaurene to GAz. The
pathway consists ofint-kaurene oxidas@kO), ent-kaurenoic acid oxidagé&AO) and
gibberellin 20oxidase(GA20-0x).

The influence of GA onwin in rootshas been observedtimnsgenidopuluswith a
GA deficiency or insensitivityGou et al. 2010)GA deficient lines were created by
overexpressing GA2oxncreasing catabolism of biologically active GBA insensitive lines
were generated by overexpsing a GA induced homologleeking a DELLA protein domain
required for degradation, blocking the signal cascBdéh GA insensitive and deficient

transgenic lines displayed degrees of aerial dwarfism and increased levels of root Bnass.
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insensitive lines showed an increase in GA biosynthetic genes and a reduction in GA20Xx,
suggesting a negative feedback loop regulates the respatstonally, auxin biosynthetic
genes and PINs were upregulated, abscisic acid biosynthetic genetowaregulated, while
ethylene biosynthetic and responsive genes showed mixed differential expression.

GA deficient and insensitive lines displayed an increase in lateral root primordia
formation compared t&/T Populus(Gou et al. 2010)n contrast, rogenous application of GA
onWT, GA deficient and GA insensitive lines reduced the number of lateral root primordia
formed compared to controls. This suggests the inhibition of lateral root primordia by GA occurs
early in lateral root initiation.

The crosstalk and impact of IAA and GA on roots has been explofediraliana
Exogenous application of GAvith IAA showedreduced root elongation compared to IAA
aloneat IAA concentrations of 5 nNLi et al. 2014) Promotefreporter experiments using GUS
revealed the application ofAGenhanced the expression of the auxin respprateinslAA2 and
DR5in their normative root cell typgt)imasovet al.1997) Auxin transport and signaling
mutants were used tmderstand how GA enhandbe root inhibition of exogenous IAA.

Auxin signaling mutants of the TIR1 auxin receptor and AXR1 involved in the auxin signal

cascade both showed reduced sensitivity to auxin and the increased responsiveness to exogenous
GAz with IAA was not observedlhe auxininflux and effluxtransport mutantalso displayed

reduced sensitivity to IAA and diabt have increased root inhibition with the additional

application of GA. This suggests that the role of GA in increasing the exogenous auxin response
involves auxin transport.

GA has been shown toediate auxin transport in roaising gravitropism experiments

(Willige et al. 2011) It plays a role in promoting the clustering of PINs at the basal end of the

18



root to induce asymmetric divisioBiscovering biosynthetic genes, transporters and regulators
in nonmodel plant homologous to the elucidated genes, oftenAdhaliana requires

sequencing and assembly of data to make the comparison.

1.11Bioinformatic Analysis of Non-Model Plants

Higher plants have a large variation in genome size and compleaitly due to darger

number of tansposable elements transposonsyn average compared tioe genomes of

animals or microorganisni{€laros et al. 2014; Treaag& Salzberg 2012)These complex
genomes have allowed plants to display a wide rangbariotypescrossand sometimes

within, specieswith variation increasingvhen grown under different environmental conditions.
The size andomplexity of plant genomes make it difficult for researchers to cesatambled,
curated and annotated plant genomes at the same rate as other organisms. For example, the
model plantA. thaliana has a genome size of approximately 135 Nlw@bidopsisGenome
Initiative, 2000) while our commercially cultivated crops have a median genome size of 766
Mbp (Feuillet et al. 2011)The relatively small genome éf thalianais onequality that makes it
an attractive model plant, however, thlsocontributes to its limitationas a model for all
plants.By comparisonthe average size of known land plant genomes is approximately 6 Gbp
(Claros et al. 2014; Garcia et al. 2014)

Plant genomes are capable of undergoing ploidy and gene duplication events to create
variation with less issuef offspring viability thananimals or microorganism$he variation in
potertial expression patterns is controlled by a high percentage of transposons in the genome of
some plant¢Claros et al. 2014; Feuillet et al. 201The genome 0A. thalianais comprised of

5.6% transposable elements compared to 85% in the gendfea afiaysAssessindhe quality
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of assembly of a ge@me or transcriptome involves using the metric n50, which is the minimum
contig length ohalf the total number of nucleotideBhat is, lining up the entire sequenced
dataset from longest to shortest contig, the n50 is the length of the contig physically in the
middle of the dataset.

Without a curated genome, creating transcriptomes cihmaatel plants has becorae
popular metbd of studying unique traits found in some plafmtsidentify genes producing
valuable medicinal compounds in notodel plantsa largescale transcriptomic analysis project
was conducted undéne PhytoMetaSymproject(Xiao et al. 2013)The project involvd
exploiting divergent specialized metabolidipaays only conserved in families producing
similar classes of metabolites. Using transcriptomic data for biochemical elucidation of pathways
can be approached in a number of ways. Differential transcript expression analysis of specialized
cells producinghe metabolites of interest is one method used to enrich the presence of the
unidentified genes. This is complemented with annotation of conserved domains to sort protein
families and predict potential function/hen searching for MIA biosynthetic gentdse
candidate genes should be similar to genes found in other MIA producirnygoeagcyet
dissimilarfrom genes imon-MIA producing plants likéA. thaliana The approach has led to the
discovery of MIA biosynthetic genes @ roseugMurata et al. 2008)cannabinoid biosynthetic
genes inCannabis sativgStout et al. 2012and benzylisoquinoline alkaloid biosynthetic genes
in Papaver somniferurfDesgagnéenix et al. 2010Differential gene expression datasets are
quantified byfragments per kilobase of transcript per million mapped reads (FPRahts
contain many specialized cells with different gene expression prafieashing specialized
tissues in aibonucleic aal (RNA) isolation increases the FPKM genes preferentially

expressed in those cell typ@durata et al. 2008)n contrast, if a whole root RNA extract is
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taken for sequencing gene only expressed in the root calb have a comparatively low FPKM
comparedo genes expressed in more abundant root cells.

Elucidation and analysis of primary metabolic networks conserved in all higher plants is
another use for transcriptomic data from smoadel plantsA high degree of sequence
conservationn genes involved ith primary metabolisnis typically necessary for normal
developmen{Aharoni& Galili 2011) The ability to compare genes to a model organism allows
for a more robust functional analysis of pathways based solaggquencing datd.he metric
used in the comparison is identity (ident), a percentage of identical amino acids in aligned
positioning(Johnson et al. 2008Fonservegrimary metabolic pathways are involved in
anabolism and catabolism of the monomeric and polymeric units of life, carbohydrates, amino
acids, nucleotideand lpids. Theyare also involved with transcriptional and hormonal
regulation in response to stimuli and environmental conditidharoni& Galili 2011; Weissk
Ori 2007) The diversity of pecialized metabolitdsasevolved in pockets as variant pathways of
conserved metabolic networks found in all pla@tse of the tools scientists use to discover

novel genes in specialization biosynthetic pathways is mutagenesis.

1.12EMS Mutagenesis inC. roseus

Ethyl methanesuphonatENIS) mutagenesis has provided a useful tool to create and study
variabletraits in plants (Chen et al. 2016; Cooper et al. 2008)ducesa predictable guanine to
adenine or cytosine to thymine substitution pattesmg standard methodologg,

approximately 1 of ever200 kbpsof the genomeThe randomness of thrase paisubstitutions

is the greatest weakness of using EMS mutageheseuse¢hereis no method of detecting these

mutations irhigh-throughput sequencing dataradn-model plantsSeveraEMS mutagenized
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C. roseuglants with unique MIA profiles have begtentified and publishedne is a low
vindoline mutant with a single amino acid substitution on T3R, reducing its adtiv@$%

(Edge et al. 2017). The reduced enzyme activity caused accumulation of the intermediate 2,3
epoxytabersonine on the leaf . The secon@. roseu£MS mutantM2-0754contained
elevated levels of ajmalicine and reduced levels of catharanthine and vin€aliaed]. 2038).
Several differentially regulated transcription factors were identified as potential candidates for
theshift in flux of the common metabolit&€he discovery of the cause behind the unique
chemotypes of these two mutants was through screening an epidermal enriched database
unrelated to the mutated planésthird EMS mutantM2-1582containedow levelsof alkaloids
andhad to be grown in tissue culture conditions duigstsusceptibility to infectiorfKidd et al.

in press. Underin vitro conditions the plant displayathique morphologiesuggestive of
hormoneimbalances. Characterizing the alterationthanmutagenizeglart may offer insights

into crosstalk betweerprimary and specialized metabolism
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1.130bjective of Research

Bioinformatic analysis to understafd roseugocuses on elucidating biosynthetic genes and
regulatory elements of MIAsiairy root and callus cultures are typically used to study the
impact of hormones on MIA production. The characterization@f @seu€EMS-mutant with
complex morphological anddrhemical challenges has never been attemptegl model plant

A. thalianais typically used to study plant hormones. This study attempts to use our knowledge
gained fromA. thaliang C. roseusand the greater plantae kingdeondentify the underlying

cause of the unigyghysicalmorphologies and IoIA content of M2-1582 using
transcriptomicandphysiologicalanalysis of alteration&Chapters 3 & 4) This study also

proposes theasisof theuniqueMIA profile observed in MD754(Chapter 2)
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Chapter 2: Geissoschizine synthase controls flux in the formation of

monoterpenoid indole alkaloids in aCatharanthus roseusnutant

Authors: Yang Qu, Antje M. K. Thamm, Matthew Czerwinski, Sayaka Masada, Kyung Hee

Kim, Graham Jone#®ing Liang, Vincenzo De Luca

Planta, 2018, 247:62%34

2.1Introduction

Catharanthus roseus an important medicinal plant thatthe source of the dimeric

monoterpenoid indole alkaloi@IA) anhydrovinblastine and its derivatives (Van der Heijdéen

al. 2004). The coupling ofindoline and catharanthimeonomers leads to the formation of this

naturallyoccurring dimer and further chemical modifications hiegeto several synthetic

derivatives used as chemotherapeatg e nt s t o treat cancers such a

childhood leukemia. These leand sterrderivedC. roseusMIAs remain the only commercial

source of these chemotheraaments, while the roots accumulate ajmalicineighaseful in the

treatment of hypertension and its oxidizitivative serpentine (Vader Heijden et al. 2004).
MIAs are derived from the assembly of a secoiride@tologanin and tryptamine to form

the central intermediatrictosidine, the precursor of thousands of MIAsereral plant

families(Thammet al.,2016) Rapid progresbas recently been made in completing our

understanding ahe remaining steps in secoiridoid biosynthéasada et al. 2013; Geklores

et al. 2012; Miettinen et al. 2014; Salim et al. 2013, 2014; Simkin et al. 2ad3)n the

completeelucidation of the sevestep pathway conversion of tabersorntimeindoline(Kellner

et al. 2015; Liscombet al.2010; Qu et al2015) In addition, the recent functional identification

of several medium chain reductases that corstadtosidine aglycones to ajmalicine and/or its

20-epimer tetrahydroalstonine, may explain how these different genéucts mediate the
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assembyl of corynanthe alkaloids i@. roseugStavrinides et al. 2015, 2018)hese
developmenttiave been made possible with the availability of higbughputsequencing,
bioinformaticsbased candidate gegelection, virusnduced gene silencing (VIGS) of selected
genes combined with targeted MIA profiliiDe Luca et al. 20129nd Agrobacterium co
infiltration methods irNicotianabenthamiangMiettinen et al. 2014) for functional
characterization of selected genes. The characterizatiadatl and MIA pathways led to the
creation ofprototypestrictosidine and vindolineproducing yeast strains thagspectively,
expressed 13 genes for conversion of gerdipflosphate to strictosidir{rown et al. 2015)
and 7 genefor conversion of tabersonine to vindoline (Qu et al. 2015).

While transcriptomics and bioinformatics have bessentiatools for identifying
missing steps in the assemblysecoiridoids and for the conversion of tabersotongndoline,
the biochemistry involved for the elaboratioithe iboga and aspidosperma ring structures that
lead tothe formation of catharanthirand tabersonine, respectivelgmains to be identified. The
development of additionabols to facilitate discovery of novel MIA genes include the
development o€. roseusnutants. Mutant collections hateen used successfully in crop
breeding or irstudying basicellular or biochemical processes in model plants such as
Arabidopsis thalianar rice. Despite its common use faop breeding, development of mutant
populations ofC. roseususing ethyl methyl sulfonate (EMS) mutagenesisriwdeen widky
used or reported except in India where thregantC. roseusstrains with high contents of leaf
or rootMIAs were identifiedKulkarni et al. 1999; Kulkarni and Baskaran 2Q1a)t these
strains are not available for basgsearch because of their purported commercial value.

The present study used a simple tlaiyer chromatograph{f LC) to screen 3600 EMS

mutagenized. roseuplants that identified a single high ajmalicine, low
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catharanthine/vindoline mutant (M'54). The MIA phenotypeas confirmed by structure
elucidation of ajmalicine anidy documenting the MIA profiles at different stages of plant
growth and development by UPL@S. Genetic crosses demonstrated a Mendeliaeritance
pattern for the higlajmalicine phenotype. Higthroughput sequencing combined with sequence
annotation and bioinformatic analyses of the mutant compared to the WT revealed that the
mutant expressed increased levels of strictosifiigkicosidas€Sgd and heteroyohimbine
synthaseHlys) transcripts and decreased level of geissoschizine syntagsthét explains the
mutant phenotype. These differences were confirmed byREBR analyses of the respective
transcripts and by performing biochemicasays in mutant and WT leaf extracts. The
characterization of GS revealed its critical role in controlling the flux for the biosynthesis of
corynanthe (ajmalicine, tetrahydroalstonine) and iboga/aspidosperma (catharanthine,

tabersonine) type MIAs.

2.2Reallts

A TLC-based screen has been used to identify MIA mutants. EMS mutagenesis introduces
random mutations throughout a target genome that can be used to idertify paEs

offunction mutants with appropriate screening methods. The discovery thatotiree occurs
on the surface of leav¢éRoepke et al. 201@yas used to develop a simple Tb@sed screen for
identifying MIA mutants with altered MIA profiles. Fregh roseughird leaf pairs were
harvested from each mutant atigped in chloroform for 1 h to extract leafrface MIAs
(Roepke et al. 2010). After evaporation of the chloroform, the MIA profiles of approximately
250 mutants per week were screened by TLC, leading to the testing of 360t &isigenized

plants over d6-week period. This TLC screen led to the identification of mutant lineON&%
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containing low levels of catharanthine and two new MIAs in leaf surface extracts (Fig. S1). The
most abundant MIA (Fig. S1) was purified by TLC from @254, and the NMR prdé (Fig.
S2) corresponded to the chemical shifts ofdtw/nanthe MIA, ajmalicine (Hong et al. 2010).
The less abundant MIA was purified by TLC from in vitro assays described later, and its NMR
profile (Fig. S3) corresponded to tetrahydroalstonBta\{rnideset al. 2016).

TheC. roseusnutant M20754 accumulates high levels of ajmalicine at the expense of
aspidosperma and iboga MIAs. Further characterization of th®@M82 mutant line was
performed by extracting leaf surface MIAs as well as MIAs remgimiithin leaves after
chloroform extraction (Murata et al. 2008; Roepke et al. 2010). WMSCanalyses confirmed
the reduction (less than 50%) of catharanthine and vindoline, and the increase (more than
fivefold) of ajmalicine and tetrahydroalstonine (Figand Fig. S4). The high
ajmalicine/tetrahydroalstonine leaf content was maintained in older leaves (Fig. S4, leaf pairs 2
5) suggesting that the biosynthesis of corynanthe MIAs was enhanced in the mutant background
throughout leaf development.

Furthercomparative analyses of mutant M254 involved observing whole plants under
UV (254 nm) light. Remarkably, the leaves in the mutant background were highly florescent
compared to the WT that appeared to only have limited florescence in the leaf veisgt(F)g.
While the metabolite(s) responsible for the florescence was not in the chloroform dip (Fig. S1), a
highly florescent MIA was extracted together with vindoline in methanol washes of leaves after
chloroform dipping. The florescent compound was putifig preparative TLC and was
analyzed by UPLCMS. The compound with a retention time of 2.63 ifmvz 349.3) showed

characteristic absorbance maxima at 249, 306 and 359 nm that have been attributed to serpentine,
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an oxidation product of ajmalicine. Mutdetaives of different ages (Fig. S4E, leaf pairS)1
accumulated five teight times more serpentine than WT leaves.

Transcriptomic analysis of the. roseusnutant M20754revealed a series of ¥gown
regulated genes. The higimalicine phenotype of mamt M20754 was further analyzdxy
performing largescale comparative transcriptoraealysis of mutant and WT transcripts isolated
from leafpair 1 using Illlumina sequencing. Mutant and WT databases were assembled
separately, mapped to a gaenotatedC. roseudranscriptome, and combined in a dataliase
allow comparison of transcript read counts of selected d&aeshini et al. 2012; Xiao et al.
2013) Inspection of the methylerythritol pathwdlye secologanin pathway, and the known MIA
pathway genes revealed that oS8lydandHysfrom the MIA pathway out of 34 genes queried
were represented approximately twice as many times in the mutant background compared to WT
(Table S1). In additioto knownMIA -related genes, several others werearglownregulated
in the mutant (Table S1, S2).

Silencing GS by VIGS resulted in the same chemical phenotype as mutiav2To
investigate the gene responsible for the phenotype of mutaf7BI2, candidatesere selected
from genes with altered transcription level (Table S1, S2), based on their presence in leaf
epidermisenriched express sequence tag (EST) dataset (Facchini et al. 2012) and with their
possible enzyme functions. The candidate genes wereemndgssilenced by VIGS. Remarkably,
silencing a cinnamyl alcohol dehydrogenagee gene thawas reduced to 14% in M2754
transcriptome (Table S2) to 24%, compared to the empty vector (EV) controls, resulted in
significant decrease of catharanthine amdioline to 26 and 38%, respectively, concurrent with
a significant increase of ajmalicine (785%) and tetrahydroalstonine (Fig. 1 and Fig. S5). The

similarity between the VIGS phenotype and that of0F54 (Fig. 1) strongly suggested that the
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reduction otthis gene accounted for the phenotype seen irfOKB4. The decrease of iboga and
aspidosperma MIAs and the increase in corynanthe MIAs suggested that this enzyme might
compete with ajmalicine synthase for strictosidine aglycones.

Biochemical analyses reaked the identity of geissoschizine synthase (GS). After cloning
this cinnamyl alcohol dehydrogenasge cDNA, it was expressed as a{hgged protein ift.
coli. The affinity-purified enzyme (Fig. S6) was incubated with strictosidine aglycofze361)
and NADPH cofactor to yield two closely migrated MIAs of the same UV and més8%3),
and a third minor product (Fig. 2). The reaction products were purified by preparative TLC and
subjected to NMR analyses. The two closely migrating MIAs were idehtfiel #and 1Z-
geissoschizine (Fig. 2, Fig. S7, Fig. S8, Fig. S9, Table S3, Table S4). The minor product was
identified as tetrahydroalstoningtavrinideset al. 2016). Based on the result, this enzyme was
named geissoschizine synthase (GS). When NADPH was replaced with NADH in enzyme
assays, no reaction product was detected. The activity of GS in the reverse direction with
affinity-purified recombinant eryme and NADP+ converted approximately 31% of thE-19
geissocshicine to strictosidine aglycones, two unidentified MIA suspected teabramged
forms of strictosidine and tosanall amount of tetrahydroalstonine (Fig. S10). In contrast, no
product was faned when GS did not catalyze the reverse reaction when incubated with NADP+
and 1Z-geissocshicine (Fig S10).

Enzyme activities of SGD and HYS were-tggulated in M20754 plants. The greater
representation dbgdandHystranscripts in the mutant backgred (Table S3) was further
investigated by measuring their transcripts by §ROR ancenzyme activities in leaves of
different ages (Fig. 3). Thegdtranscripts were > fbld higher in mutant leaf pair 1 compared

to WT (Fig. 3, leaf pair 1), and the léwd# this transcript was severfild higher in all mutant
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leaves of different ages than in WT (Fig. 3, leaf paiis) 2The increase8gdtranscript levels
were corroborated by enzyme activities that were highest in leaf pair 1 in the mutant (Fig. 3 leaf

pair 1), and were consistently double those of WT in older leaves (Fig. 3, leaf pair 1
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Catharanthine

Catharanthine . o
(m/z 337) Ajmalicine

VIGS-EV |
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VIGS-GS A
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Tetrahydroalstonine

Tetrahydroalstonine \
M2-0754 (m/z 353) L I N

2 3 4 S 6
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Fig. 1 UPLCi MS chromatograms of leaf surface extract of wild type (WT), M20754,
VIGS-GS, and VIGSempty vector (EV) control plants at 280 nmEach trace represents an
injection of total alkaloids extracted from 0.0.25 mg of fresh WT;(M24, VIGSGS, or VIGS
EV leaves.
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Fig. 2 Recombinant GS purified fromE. coli converts strictosidine aglycones to both B

and 1%-geissoschizine and small amount of THA in vitro with NADPHReaction products
were analyzed by UPL®AS at 280 nm. a, BBgeissoschizine; b, Pgeissoschizine; ¢, B9
geissoschizine methanol adducts; dZ-b@issoschizinemethanol adducts; e, tetrahydroalstonine;
f, strictosidine aglycones. Both 19E and i§2ssoshizine form methanol adductsvg 385,

gain of mass 32) when dissolvednethanol. Dissolving the standards in acetonitrile eliminates
these adducts. Strictosidine aglycones occur as an equilibrium mixture of cathenamine,
epicathenamine, and 4;2lehydraeissoschizine. Identification of the components of this
equilibrium mixture (f) in the bottom trace is not possible. The structure of cathenamine that
leads to the formation of tetrahydroalstonine/ajmalicine, and the structure of 4,21
dehydrogeissoschizinthat leads to the formation of geissoschizine are shown. The bottom two
traces are under the same scale, whereas the
better clarity
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Similarly, Hystranscripts were approximately twofold higher in mutant throughout the
leaf developmental stages (Fig. 3). Unlike SGD, several HYS/THAS enzymes eXistogeus
leaves (De Luca et al. 2012), which reduces strictosidine aglycones to ajmalicine and
tetralydroalstonine Remarkably, HYS/THAS enzyme assays with mutand@nigaf extracts
showed that mutant leaf pair 1 (Fig. 3, leaf pair 1) wasan8l 9fold more active in the
formation of ajmalicine and tetrahydroalstonine, respectively, compared to WiWaargkveral
times higher in the mutant in leaves of different ages (Fig. 3, leaf p&jysTogether, the
increased SGD and HYS/THAS activities in the mutant background also partly accounted for the
increased ajmalicine production, in addition to the cdda of GS in the mutant. However, it
was not possible to determine GS activity in leaf extracts, possibly caused by weak GS activity
or due to reaction product lability.

The inheritance of MIA phenotypes in mutant{@254 is recessive. The altered
phendype of mutant M2754 was further investigated by determining the inheritance pattern of
these traits. After confirmation that the mutant was homozygous for the high ajmalicine
phenotype, reciprocal crosses were performed between the muta@7gMpandVT. All F1
plants showed a WT phenotype (Fig. 4), suggesting that inheritance for the phenotype was
controlled by one recessive nuclear gene.

To further analyze the segregation pattern, four F1 generation plants from each reciprocal
crossing were randomlyhosen and sefertilized to generate seeds of the F2 generalion.
contrast to the F1 generation, the 54 F2 plants analyzed showed larger variation in the MIA
phenotypes (Fig. S11) and plants were categorized as mutants if ajmalicine/tetrahydrealstonin
contents were within those of M54 and 1 standard deviation. Using these criteria, these two

MIAs were inherited as a recessive trait (14/54 = 0.26; Fig. S11).
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Fig. 3 Transcript level of Sgd, Hys and Gs, and enzyme activity of SGD, HYS/THAS invi2-

0754 plants compared to wild typeTranscript levels and enzyme activities were measured

from the youngest developing leaf (leaf pair 1) to older leaves (leaf paif 2). The gqRFPCR

data represent three biological replicates with three technical teglica transcript analysis of
each leaf pair, while in vitro enzyme assays for SGD and for HYS/THAS represent three
biological replicates without any technical replicates for each leaf pair. Error bars represent the
standard deviation.P < 0.05; *P < 001;** P < 0.001
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2.3Discussion

A simple TLC procedure is useful for screening an EM$oseugpopulation to identify MIA
accumulating mutants. Despite the value of mutagenesis for improvement of crops, there appear
to be few examples (Kulkarni at. 1999; Kulkarni and Baskaran 2015) of successful use of this
technique for producing medicinal plants that accumulate altered or novel MIAs. It is possible
that the lack of simple MIA screening protocols has hampered the discoverysffoicasdhary

et al. 2011) The present study shows that 3&MS lines ofC. roseuscould be screened over a
16-week period using a simple TLC method to identify a single line that accumulated low levels
of the iboga MIA, catharanthine, in favor of coryttemMIA, ajmalicine (Fig. 1). This mutant
accumulates five times more ajmalicine than the WT, while levels of both catharanthine and
vindoline were reduced by 50%. This screen has also been useful in the recent identification of a
tabersonine 3eductase mtant that accumulates MIA epoxides rather than vindoline (Edge et al.
2017).

While most of the ajmalicine was recovered in chloroform, the oxidized derivative
serpentine that also increased fit@ eightfold compared to WT was recovered in the extrdcts o
leaves after the chloroform treatment (Fig. $#gvious studies with plant cell suspension
cultures have shown that ajmalicine may be transported into vacuoles against a concentration
gradient by a specific MIA uptake syst€BeusNeumann and Zenk 198%)at may involve a
protonrdriven antiporte(l. Carqueijeiro et al. 2013Yacuolar peroxidases thearwert
ajmalicine to positively Ncharged serpentine that may hinder it from diffusing across the
tonoplastBlom et al. 1991)This possible mechanism may help to explain why serpentine is not
extracted by chloroform treatment (Figs. 1, 2hjlevthe majority of the ajmalicine is. It would

be interesting if the catharanthine transporter CrTPT22e Luca 2013) responsible for
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secretion of this MIA to the leaf surface may also be responsible for the transport and presence
of ajmalicine in tle chloroform fraction. Since CrTPT2 is preferentially expressed in younger
leaves (Yu& De Luca 2013), it is possible that declines of CrTPT2 expression with leaf age is
responsible for shifting the accumulation of ajmalicine to inside thecdlfretentin inside

vacuoles after this MIA is converted to serpentine.

1200 -

m ajmalicine + tetrhydroalstonine

O catharanthine —I—
O vindoline

MIAs (ug/gfw)
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Fig. 4: The M2-0754 high ajmalicine mutant follows a recessive inheritance pattern.
Reciprocal crosses of mutant with WT generate a hybrid where WT MIA profiles are re
established.Total MIAs were extracted from leaf pair 2 and were analyzed by URLE Data
points for the same MIA with different letters are statistically different (ANONVA,9, df = 3).
Error bars represent standard error

Comparative bioinformatics of mutant and WT transcriptomes show increased expression
of SgdandHyscombined with decreased expressioiein C. roseudeaves of different ages
in the mutant. The increased ajmalicine, tetrahydroalstonine, and serpewtisdound in the
mutant were accompanied by 50% declines of catharanthine and vincminpared to the WT
(Fig. S4). Comparative bioinformatic analyses of transcript abundance of all known MIA
pathway enzymes showed tl&gdandHystranscripts were 81- and 1.86fold more

represented (Table S1), while Gs was almefstid less represented in the mutant compared to
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the WT (Table S2). Analysis by gRAICR showed the&gd Hys, and G$iad similar
representative expression profiles (Fig. 3) to those opemative bioinformatics (Tables S1, S2)
in mutant leaves compared to the WT.

The combined use of bioinformatics and VIGS identified GS, the gateway enzyme that
controls the flux of strictosidine aglycones to iboga/aspidosperma type MIAs
(catharanthine/tabersonine). Silencing=sfby VIGS alone suppressed the accumulation of
cathaanthine and vindoline (Fig. 1) as also observed in theéd¥B4 mutant (Fig. 3), suggesting
that reduction of GS largely accounted for the chemical phenotype. A similar screening approach
identified aC. roseusnutant (M21865) with reduced levels of vindoé and high levels of
tabersonine,3-epoxide and l#nethoxytabersoning,3-epoxide (Edge et al. 2017). This MIA
phenotype was caused by a single amino acid substitution (H189Y) of tabei3oahetase
that diminished its biochemical activity by 95%ddniocked a coupled tabersonige
oxidase/tabersoninr@&reductase conversion of these tabersonine andhoxytabersonine to
intermediates required for the vindorosine and vindoline pathways, respectively. Further studies
from our laboratory identified seral subsequent enzymatic steps that convert the critical
precursor 1B-geissoschizine to the final product catharanthine and tabersonine, confirming the
importance ofssand the 1B-geissoschizine as an intermediate in the formation of iboga and
aspidosprma MIAs (data not shown). During the preparation of this re@aitgenbank:
KF302079.1) was also described in another s{lidysis et al. 2017)n contrast to the present
study, assays with recombinant GS did not result in the produadtigeissoschizine but of two
further reduced products, the-&pimers of 1R-isositsirikine. In the same study, silencingGx
by VIGS did not result in a significant change in the MIA profile (Tatsis et al. 2017). In the

present study, the formation isbsitsirikine by GS was not detected, possibly caused by
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differences in the expression vector used or in the in vitro reaction conditions used in the two
studies. Instead, the formation of botfEdfid 1Z-geissoschizine by GS in this study was
evident bythe mass of the reaction products obtained and by confirmation of the structures by
NMR analyses (Figs. S7, S8, S9; Table S3, S4). We conclude that the name geissoschizine
synthase is appropriate for the gene described here and by Tatsis et al. (20EAwBVHS
epimers of geissoschizine were produced in vitro, onBrdéissoschizine accumulated when
geissoschizine oxidase (GO) was silenced in plants by VIGS andZkepirer could not be
converted to stemmadenine (data not showrgdtiition, tetrahydroalstonine was also produced
by GS in vitro (Fig. 2); however, the tetrahydroalstonine level was elevated-OvBand
VIGS-GS plant (Fig. 1, Fig. S4). The results suggest that bathggésoschizine and
tetrahydroalstonine could be artifact when conducting in vitro assays, since onk-19
geissoschizine is producedplanta

Comparative biochemical analysis of mutant and WT show that SGD and HYS/THAS
enzyme activities are increaseddnroseudeaves of different ages in the mataThe
conversion of strictosidine to the aglycone generates MIA intermediates that may be channeled
by different enzyme activities to form corynanthe or iboga/aspidosperma MIAs. The reduction of
cathenamine to ajmalicine/tetrahydroalstonine was shownpaittially purifiedC. roseus
HYS/THAS activities isolated from MlAaccumulating cell suspension cultu(elemscheidt
and Zenk 1985)The increased expression@ddandHystranscripts in the mutant background
correlated with increased activities of the correspapdimzymes in mutant leaves of different
ages compared to those of WT (Fig. 3). Biochemical analysis eédT82 showed very high
levels of HYS/THAS activity in leaves of all ages compared to those of WT (Fig. 3) and may in

part explain why strictosidine aglones might be preferentially channeled to form corynanthe
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MIAs (ajmalicine, tetrahydroalstonine and serpentine) rather than to iboga or aspidosperma
MIAs.

FourC. roseus Thagenes Thadli 4) have recently been cloned and functionally
characterized astrahydroalstonine synthasestévrinideset al. 2015, 2016), generating mostly
tetrahydroalstonine together with minor amounts of mayumbine. ATifisgene product
named heteroyohimbine synthadgs (Stavrinideset al. 2016) displayed a different enzym
activity profile to generate mostly ajmalicine (ajmalicine:tetrahydroalstonine:mayumbine;
55:27:15).Reciprocal crosses suggest that that high ajmalicine phenotype is inherited as a
Mendelian recessive trait. Ultimatelpe concurrent increase $§d/Hygranscripts and
decrease dBstranscripts may be caused by altered transcription regulation. Several putative
transcription factors were found-uegulated in M20754 transcriptome (Table S3). Further
investigation is necessary for the completeciglation of the mutation in MR754.

In conclusion, the present study describes a simple targetedds€tl screen for
identifying MIA mutants inC. roseughat has led to the identification and characterization of a
high ajmalicine mutant, and the gagmwenzyme geissoschizine synthase for the formation
iboga/aspidosperma MIA. Since ajmalicine is an antihypertensive drug used for treatment of
high blood pressure, this mutant may represent an alternative inexpensive commercial source of

this MIA.

2.4Methods and Materials

2.4aPlant materials

Control (WT) and mutagenized seed<atharanthugoseugL.) G. don were provided by
PanAmerican Seed C(panamseed.com). Mutagenesis and mutant seed prodwetion

conducted as described previously (Edge €2Gil7). Non-mutagenized. roseusontrol seeds
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and ~ 4000 M2eeds were germinated in soil and plants were growgieemhouse under long

day photoperiod (16/8 h light/darkj 30 °C.

2.4bLeaf MIA extraction

FreshC. roseughird leaf pairs were harvested and fresh weights were recorded. To obtain
extracts containing leaf surface MIAs, leaves were dipped in 3 mL chloroform in 15 mL conical
sterile capped polypropylene tubes for 1 h at room temperathe surface wastripped leaves
were transferred to fresh tubes, dried by evaporation of the chloroform and extracted in 2 mL
methanol for 1 h to obtain MIAs not harvested by the chloroform treatment. The resulting
extracts were analyzed by TLC and URIMS analyses. For the VIGS experiment, leaf pair 1
was used because silencing is only maintained in the young developing leaf tissue.
2.4cAjmalicine purification

Young leaves (50 g of second and third leaf pairs) were dipped in 1 L of chloroform oternigh
After evaporating the chloroform, dried surface extract wasispended in 5 mL methanol and
purified by TLC using ethyl acetate:methanol 9:1 (v/v). Aimalicine (2 mg) Rf was 0.62.

2.4d Geissoschizine synthase (GS) enzyme assay and geissoschizine/tatiralalstonine
purification

Escherichia colBL21-DE3 harboring pET30b + GS was grown to OD 0.8 induced with 0.1 mM
IPTG at 15 °C overnight. 6Xis-tagged GS was purified by \NNITA affinity chromatography

from sonicated lysate in buffer (20 mM Tris gtb, 100 mM NaCl, 1 mM dithiothreitol, 1 mM

phenyl met hanesul fonyl fluoride, and 10% v/ v

Tris pH 7.5, 2 €g recombinant GS, and 5 ¢€g
for 1 h. The reaction pducts were extracted by ethyl acetate, dried, dissolved in methanol, and

analyzed by UPLOMS. For largescale products purification, 30 mg
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secologanin and 18.6 mg tryptamine were reacted with 1.35 mg strictosidine synthase for 1 h in

buffer (50 mM Hepeskd 7.5). Then, 5.2 mg SGD was added. After 1 h, the aglycones were
collected by centrifugation at 10,0§tr 20 min. The collected aglycones were reacted with 40
mg purified recombinant GS and 0.3 g NADPH in buffer (Tris pH 7.5) at 30 °C for 6 h. The
prodwcts were extracted with ethyl acetate, reduced to small volume, and resolved by TLC in
solvent combination of toluene:ethyl acetate:methanol 15:4:1 (by vol.). REefdi8soschizine
(1.5 mQ): 0.17; Rf of 1B-geissoschizine (1.5 mg): 0.11; Rf of tetralpalstonine

(1.8 mg), 0.62.

2.4eSGD/HYS/THAS enzyme assays with leaf extracts

Leaf tissue was ground in 50 mM Na2HPO4 buffer, pH 6.6. After collection of cell debris by
centrifugation, the supernatant was fractionated wiitb@% ammonium sulfate precipitan

and the 50% protein pellet was dissolved in 50 mM Na2HPOA4 buffer, pH 6.6, and desalted by
gel filtration. Enzyme assays (200 L) for
strictosidine and was incubat ¢fdbHYSSTHASL h a't

activities contained 50 €g protein, 50 ¢€g

incubated for 1 h at 30 °C. The reactions were stopped by the addition of base (NaOH) to pH 10

and by extraction of MIAs into ethyl acetate.

2.4f Plant crosses and segregation of MIA phenotype

Reciprocal crosses were made between parental line (WT) a+tiy MRplant lines as described
previously (Edge et aR017 to generate the F1 generation. Phenotypic analysis involved
determination of Ajmalicinketrahydroalstonine and catharanthine in leaf surface extracts and
vindoline in leaves after chloroform extraction. Leaf pairs 2 (LP2) and 3 (LP3) were used for

phenotypic analysis of the F1 and g@herations, respectively.
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2.4gUPLC-MS

Samples weranalyzed using Acquity UPLC systems (Waters, Milford, MA, USA) equipped
with BEH C18 column (2.1 1T 50 mm, particle si
mass spectrometer. The solvent systems for alkaloid analysis were as follows: solvent A,
methanol: acetonitrile: 5 mM ammonium acetate at 6:14:80; solvent B, methanol: acetonitrile: 5
mM ammonium acetate at 24:64:10. The following linear elution gradient was €eslndin

99% A, 1% B at 0.3 mL mify 0.5/ 0.6 min 99% A, 1% B at 0.4 mL min 0.6/ 8.0 min 1% A,

99% B at 0.4 mL min; 8.0/ 8.3 min 99% A, 1% B at 0.4 mL m#n 8.3 10.0 min 99% A, 1% B

at 0.3 mL mint. The mass spectrometer was operated as capillary voltage 3.1 kV, cone voltage
48 V, desolvation gas flow 600 L*hdesolvation temperate 350°C, source temperature 150°C,
and positive ion mode.

2.4hRNA extraction, cDNA synthesis and gRTPCR

Leaf pairs of different ages and stages of development (Leaf pairs 1 to 5) were harvested from
mutant and WT lines, were ground in liquid nitrogera fine powder and extracted with Trizol®
reagent (lnvitrogen, Carlsbad, CA, USA) accor
modifications. After precipitation with isopropanol, RNA was treated with DNAse | to remove
genomic DNA. Firststrand cODNA was synthesized using SuperScript Il reverse transcriptase
(Invitrogen) and oligo (dT) 228 primer (Invitrogenyusingl-5 pg total RNA according tthe
manuf act ur er &€ER vapaformedGAXI6™ REANATIMe system, BieRad,

Hercules, CA, USAusing iTad" Universal SYBR® Green Supermix (BRad), 5uM primers

and cDNA template (equivalent tang total RNA) in a reaction volume of 1. The reaction
conditions for gRTPCR included, 1 cycle of 9% for 1 min and 40 cycles of 9& for 15 sand

58°C for 1 min. The Critical Threshold (Ct) values were used to calculate the relative transcript
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abundance with 60S ribosome RNA as the internal control. The primer efficiency was calculated
from gRT-PCR of the serial dilution of total cDNANd thespecificityof the primers was

confirmed by the dissociation curve for each primer set. TheRBR primers are listed in

(Table S5)

2.4i Cloning

Full-lengthSgdcDNA was amplified by primers (1/2) and cloned in pCRT7 vector within
Ncol/Xhol sites. PartiaStr cDNA (deletion of amino acid-19 that contains a signal peptide)

was amplified by primers (3/4) and cloned in pET30b+ vector within Ncol/Xhol sites. Full

length GS cDNA was amplified by primers (5/6) and cloned in pET30b+ vector within
BamHI/Sall sies.

2.4) NMR instrumental

Spectra were recorded on a Bruker Avance AV | 600 Digital NMR spectrometer with a 14.1
Tesla Ultrashield Plus magnet using TOPSPIN 2.1 software for data acquisition and analysis on
a Windows 7 workstation. The 1D spectra wereuageqgl with a sweep width of 20.5 ppm with

an FID size of 32k points for proton. Deuterated acetone (99.8% pure, Cambridge Isotope
Laboratories) was used as the solvent using the internal reference of (1H = 2.05 ppm). The 2D
spectra were acquired with 20@8ints and 256 increments and they were processed with 1024 x
1024 points. The H€oupling constant in the HSQC, edHSQC and HMBC were set to 145 Hz
and longrange coupling constant in the HMBC was set to 10 or 6 Hz. Majority of samples were
run in standarémm NMR tubes. Most of samples were run on a BBO probe. The most dilute

sample was run on a TXI probe to benefit from increased sigmadise ratio.
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2.4k Identification of 19E-/19Z-geissoschizine

TLC purified respective geissoschizine epimes (1.%amh) were analyzed B, 3C (only for
19E-geissoschizine), edHSQC and HMBC to resolve the structures. edHSQC and HMBC cross
peaks clearly revealed that both are geissoschiZmleayama et al. 1992; Tirkkonen et al.

2994) H(18) of 1E-geissoschizine (1.76 dd, Table S7% lassmall coupling due to the

correlation to one of H(21) as seen in a number of MIA wite-&8nfiguration. Instead, H(18)

in 19Z-geissoschizine (1.62 d, 1.56 d, Fig. S9, Table S3) is only a doublet, demonstraffhg a 19
configuration. 19-geissoschizinesiseen as a single compound when analyzed on TLC and
UPLC-MS. When examined by NMR in acetedg the apparent pure compound behaved as two
tautomers with several peaks of overlapping chemical shifts [e.g-H{{®)], and a nhumber of
peaks with slightly dferent chemical shifts [e.g. H(18), Table S3]. T@ chemical shifts

deduced from edHSQC and HMBC of both tautomers largely overlapped, except for C(3, 14, 15,
21), C=0, and G&CHs (Table S4). The broad peaks'k spectrum (Fig. S9) for H(14) and H(15)
also indicate fluctuation in the molecules that may explain the formation of the tautomers. The
tautomers of geissoschizine were also documented previdlagyama et al. 1992)

2.4 Differential Gene Expression of M20754

The RNAseq data for the wiltype C. roseus ssp. Pacific Peach 210754 mutant were
generated as part of a previously conducted transcriptomic analysis of-#todeh

medicinally relevant plantsiao et al. 2013)The wildtypeC. roseusand M20754 RNAseq

files were aligned to the indexed reference transcriptome using $0éBn & Gingeras 2015)
Cufflinks sute (Trapnell et al. 2012)as used to assemble the indexed sequencing data to the
indexed transcriptome. Cuffcompare was used to combine the assembled datasets for the

differential gene expression analysis using Cuffdiffe cutoff was set to FPKM<0.01 as the
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minimum quantifiednteger, anything below is set to 0. Genes outlined were manually screened
for protein length greater than 80 amino acids and sequence homology above 65% indent to

characterized proteins

Annotation of Upregulated Genes WT Mut Mut/WT
FPKM FPKM FPKM
WD-40 repeat protein 0.34 43.33 126.71
Salicylate carboxymethyltransferase 0.19 10.35 54.80
Cysteine protease 0.32 16.67 51.49
Peroxidase N1 1.20 38.87 32.48
Salicylate carboxymethyltransferase 0.59 17.92 30.38
Terpene synthase 1.16 34.98 30.18
Tryptophan synthase beta chain 2 4.74 91.58 19.33
Glutamate receptor 2.7 1.04 13.24 12.74
Epoxide hydrolase 3 1.17 14.39 12.28
Outer arm dynein light chain 1 protein 1.60 13.69 8.57
Arginine decarboxylaselike protein 31.53 266.18 8.44
Short-chain dehydrogenase/reductase 3.29 27.26 8.28
Cytokinin dehydrogenase 5 1.94 14.67 7.57
Kinesin heavy chairlike protein 4.14 29.63 7.15
Terpene synthase 14ike protein 15.62 111.55 7.14
Presenilin 3.37 20.34 6.03
Oxidation resistanceprotein 1 3.19 19.04 5.97
Syntaxin-132 5.56 31.69 5.70
Cysteine proteinase RD21a 8.12 37.61 4.63
Jasmonate Omethyltransferaselike protein 3.47 15.50 4.47
Xyloglucan endotransglucosylase 2.37 10.26 4.34
Mediator of RNA polymerase Il transcription 3.41 14.02 4.12
subunit 14
WRKY18 Transcription factor 2.64 10.87 4.11
WRKY32 Transcription factor 2.69 10.65 3.96
GDSL esterasdike protein 5.91 22.66 3.84
Salicylic acid-binding protein 2 17.39 65.88 3.79
Protein Stay-Green like 8.68 32.18 3.71
Strictosidine betaglucosidase 60.21 217.05 3.61
Aspartate aminotransferase 5.97 21.29 3.57
Probable receptorlike protein kinase 5.95 20.75 3.49
Respiratory burst oxidaselike protein 3.54 11.80 3.33
Early light -induced protein 2 25.88 75.50 2.92
Senescencspecific cysteine protease SAG39 7.09 20.62 2.91
Endochitinase EP3 15.77 45.82 291
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Polyneuridine-aldehyde esterase 9.67

Secologanin synthase 24.46
Cationic peroxidase 1 4.17
BTB/POZ domain-containing protein FBL11 4.43
UDP-glycosyltransferase 91A1 12.75
Jasmonate ZIM domain 2 77.40
Scopoletin glucosyltransferase 6.36
Aspartic proteinase 7.61
Helicase andpolymerasecontaining protein 3.93
TEBICHI
Eugenol synthase 1 60.39
Protein detoxification 21 15.19
Carbonyl reductase 22.55
Auxin response factor 19 7.11
Nucleoside diphosphate kinase 1 5.01
Anaphasepromoting complex subunit 4 5.23
Kinesin-like protein KIN12A 15.46
Ureidoglycolate hydrolase 5.36
Lipoxygenase 85.78
Vicianin hydrolase-like protein 255.81
DSPcdomain-containing protein 9.05
Phragmoplast orienting kinesin 2 5.83
Wall-associated receptor kinase 5 17.27
Nuclear intron maturase 2 6.54
Mitotic -spindle organizing protein 1B 9.38
PRp27-like protein 6.92
ZCT1 7.36
Serine carboxypeptidasdike 35 15.93
Tyrosine ligaselike protein 12 6.82
ABC transporter C family member 4 7.19
Methanol O-anthraniloyltransferase 28.31
Alpha,alpha-trehalose phosphate synthase 9 5.13
Deacetoxyvindoline 4hydroxylase-like protein 5.68
Reticulata-related protein 5 5.89
Beta-fructofuranosidase 5.93
NBS-LRR class resistance protein FyzRy2 8.81
Serine protease 8.41
Heteroyohimbine synthase 205.82
Loganic acid methyltransferase 61.64

Table S1List of up-regulated genes in M@754 compared to wild typ@. roseus

28.07
69.96
11.90
12.58
36.18
204.03
16.80
20.02
10.21

152.45
36.91
53.05
16.55
11.67
11.96
35.32
11.66

186.18

554.95
19.48
12.49
36.96
13.93
19.96
14.69
15.57
33.14
14.17
14.85
58.22
10.53
11.53
11.94
12.02
17.69
16.87

383.79
80.69

2.90
2.86
2.86
2.84
2.84
2.64
2.64
2.63
2.60

2.52
2.43
2.35
2.33
2.33
2.28
2.28
2.18
2.17
2.17
2.15
2.14
2.14
2.13
2.13
2.12
2.11
2.08
2.08
2.07
2.06
2.05
2.03
2.03
2.02
2.01
2.01
1.86
131
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Annotation of downregulated genes

ABC transporter | family member 1
Protein FAF-like, chloroplastic
Putative phospholipid-transporting ATPase 9
Putative pentatricopeptide repeatcontaining
protein
Putative phospholipid-transporting ATPase 12
Retrovirus-related Pol polyprotein from
transposon TNT 194
Aspartyl-tRNA synthetase
Aldose reductase
Autophagy-related protein 9

Geissoschizine synthase
MADS-box protein SVP
WD-40 repeat protein
Serine protease SPPA, chloroplastic
Presenilin-like protein
Syntaxin-132
DNA-directed RNA polymerase V subunit 5A
Laccasel
Myosin heavy chainkinase C
Probable serine/threonineprotein kinase
Mediator of RNA polymerase Il transcription
subunit 14
Caffeoylshikimate esterase
Actin-related protein 5
Ubiquitin -conjugating enzyme E2
Kirola -like protein
Ferredoxin-3
Small heat shock protein, chloroplastic
Pathogenesigelated protein PR-1
Glutaredoxin
Galactinol synthase
Ammonium transporter 1 member 2
Haloacid dehalogenasdike hydrolase
Lysine-specific histone demethylase
CYCO02 protein
Caffeic acid 3-O-methyltransferase
HVA22-like protein a
Ferredoxin
THO complex subunit 5B
Glyceraldehyde 3-phosphate dehydrogenase
Early nodulin-93
Auxin-binding protein ABP19a

WT
FPKM
11.13
23.45
24.86
12.88

213.93
448.28

226.82
13.27
12.43

313.38
21.11
51.64
54.95
29.01
35.70
51.85
10.24
18.88
26.54
15.80

34.07
11.32
13.42
40.77
11.83
11.53
28.87
230.81
647.85
18.31
98.80
11.70
93.97
11.44
32.18
14.93
31.27
29.68
12.47
10.73

Mut
FPKM
0.18
0.46
1.32
0.72

13.98
35.02

20.11
1.29
1.25

45.04
3.09
7.82
9.29
5.06
6.69

10.20
2.12
4.02
6.41
3.96

8.63
2.98
3.57
11.04
3.67
3.79
9.73
79.46
231.00
6.59
37.00
4.47
37.46
4.71
13.30
6.21
13.13
12.78
5.43
4.70

WT/Mut
FPKM
62.72
51.13
18.86
18.00

15.30
12.80

11.28
10.26
9.91
6.96
6.83
6.60
591
5.73
5.34
5.08
4.84
4.69
4.14
3.99

3.95
3.80
3.76
3.69
3.23
3.04
2.97
2.90
2.80
2.78
2.67
2.62
2.51
2.43
2.42
241
2.38
2.32
2.29
2.28
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Dimethylallyl pyrophosphate isomerase isoform 1
Ultraviolet -B receptor UVRS8
Pectinesterase
Highly ABA -induced PP2C gene 2 isoform 1
Chlorophyll a-b binding protein 21
Carotenoid cleavage dioxygenase 4
Zinc finger, CCCH-type
Vacuolar sorting protein 9
Heavy metatassociated isoprenylated plant
protein 26
Derlin-1.1
Vomilenine reductase 2

Transcriptional activator FHA1
Peroxisomal membrane protein 2
Glycosyl transferase
Flavonoid 4'-O-methyltransferase homologue 1

TRAF -like superfamily protein
Oligouridylate -binding protein 1
Flavonoid 4'-O-methyltransferase homologue 2

Table S2List of downregulated genes in M2754 compared to wild typ@. roseus

217.48
49.24
11.46
14.83

214.14

133.43
47.74
17.33
16.74

20.49
11.69
20.85
72.61
73.21
22.73
18.85
110.81
25.11

95.54
21.66
5.12
6.79
98.45
61.74
22.20
8.07
7.91

9.82
5.61
10.10
35.39
35.79
11.21
9.30
54.78
12.42

2.28
2.27
2.24
2.18
2.18
2.16
2.15
2.15
2.12

2.09
2.08
2.06
2.05
2.05
2.03
2.03
2.02
2.02
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Chapter 3: Inter -organ transport of secologanin allows assembly of
monoterpenoid indole alkaloids in aCatharanthus roseusnutant down-

regulated in iridoid biosynthesis

Authors: Trevor Kidd, Michael AE Easson, Yang Qu, Graham Jones, Vincenzo De Luca
Phytochemistryin press
3.1Introduction

The chemotherapeutic value of vinblastine and vincristine, two monoterpene indole
alkaloids (MIAs) isolated exclusively @atharanthus roseusre derived from the oxidative
coupling of catharanthine and vindoline monomers ané le/to extensive studies on the
biosynthesis of these MIAs over the past 50 y@aeslLuca et al. 2012)These studies have
revealed thatormation of catharanthine and vindoline from geraniol and tryptophan involve 28
separate biochemical reactions that have been characterized at the biochemical and molecular
level (Qu Thamm et al 2018 Qu, Eassonet al. 2018Qu, Safonovaet al. 2018Capuiti et al
2018).

The biochemical and molecular characterization of ts&ep conversion of geraniol to
secologanir{Collu et al. 2001GeuFlores et al. 2012; Salim et 2013 & 2014; Asada et al.
2013; Simkin et al2013, Miettinen et al. 2014; Brown et al. 201the dcarboxylasenediated
formation of tryptamine from tryptophan (De Luca etl&®l89) and the strictosidine synthase
(Kutchan et al. 1988nediated conversion of secologanin and tryptamine to form the central
intermediate strictosidine has been used to create'ttecdmbinant yeast strains that
accumulate this precursdsrown et al. 2015df several thousand known MIASzabo 2008)
The hydrolysis of strictosidine tstrictosidineb-glucosidas€Geerlings et al. 200@enerates

reactive aglycones that undergo 9 biochemical reactions that have been characterized at the
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molecular leve(Qu, Thammet al. 2018; Qu, Easspet al. 2018; Qu, Safonoyat al. 2018;

Capuiti et al. 2018p generate the iboga MIA, catharantharal aspidosperma MIA,

tabersonine. The expression of 7 other genes involved in vindoline biosynthesis in prototype
recombinant yeast strains have been shown to convert tabersonine to vindoline (Q01&)al
The discovery of the complete pathwaystfo formation of catharanthine and vindoline from
geraniol and tryptophan provide remarkable tools for functiexatession of their pathways in
yeast or in other heterologous systems.

Hairy roots ofC. roseusontain detectable levels of catharanthiparr et al. 1988nd
oxidized tabersonine derivatives such as lochnericine, hbrhammericine and echitovenine rather
than vindoline. The restricted occurrence of vindoline and itstpbstsonine pathway to above
groundphotosynthetic tissues has helped to explain why the dimeric anticancer MIAs have not
been consistently observed in roots and plant cell cul{derts& De Luca 1992)The root
specific conversion of tabersonine to lochnericine involves a cytochrome(Rdéfiguez et al.
2003)that has been described at the moledeba| by the functional identification of 2
individual CYPs that both catalyze the same readt@arqueijeiro et al. 2018hile another
CYP catalyses the XBydroxylation of lochnericine to form hérhammericit@&ddings et al.

2011) Recently tabersonine 43-acetyltransferase (T19H) (Carqueijeiro et28l18) rather
than minovincinine 19D-actyltransferase (MAT(Laflamme 2001jas been suggested to
catalyse the terminal reaction in echitovenine biosynthesis.

The biosynthesis of leaf MIAs i@. roseuss compammentalized in different specialized
cell types, with the assembly of the iridoid, loganic acid, from geraniol occurring in specialized
internal phloem associated parenchyma (IPAP) cells, followed by its transport to leaf epidermis

where it is converted teecologanin for the assembly of MI&Sourdavault et al. 2014; Murata
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et al. 2008) While the celicompartmentation of root iridoid and MIA biosynthesis has yet to be
studied thoroughly, it is possible that ihdoid and MIA pathways occur in the same cells
(Laflamme et al2001). Alternatively transport of iridoid substrates from other organs may be
possible as found for the phloem mediated transport of the iridoid glycoside, antirrhinoside in
Asarina scandes(Gowanet al.1995)and inAntirrhinum majugBeninger et al. 2007)

This report describes@atharanthus roseusutant that does not accumulate MIAs
which was identified using a simple thin layer chromatography screen of over 3000 mutants
(Edge et al2018) generated by ethyl methanesulpho(Ek&S) mutagenesis. This screen was
successfully used to identify mutdimtes containing high levels of ajmalicine (Qu et24118),
O-acetylstemmadenin®u, Safonovaet al.2018)andtabersonine epoxide (Edge et2018)
that have been important in elucidating the biosynthetic pathway for the formation of
catharanthine and vindoline from strictosidine (Qu €2@15 Qu, Eassoyet al.2018). The lack
of MIAs in the mutant are attributed to the loss of secologanin accumulation that is required
together with tryptamine for assembly of strictosidine. This study shows that two transcription
factors, BIS 1 and BISB@sic helixloop-helix iridoid synthesis 1 and)2are down regulated in
the mutant. As a result, the mutant does not express several iridoid pathway genes that are
required for the formation of secologanin. The study demonstrates that supplying secologanin to
the mutant throughe roots, reestablishes the formation of catharanthine and vindoline in the
leaves of the mutant. This suggests that secologanin is mobile b&weseugoots and
shoots.
3.2Results
Mutant line M21582 accumulates almost no iridoids or Ml&gveraC. roseusnutants have

recently been identified (Edge et 2018; Qu et al2015 Qu, Thammet al. 2018; Qu, Easspn
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et al. 2018; Qu, Safonoyat al. 2018 by screening an EMS population using chloroform
dipping to harvest MIAs associated widaf surfaces (Roepke et 2010) and monitoring
altered MIA profiles by thin layer chromatography (TLC). Among more than 3000 mutants
screened, line MA582 did not to accumulate any MIAs. This line wattivated in the
greenhouse for approximately 3 nibs when it began to display disease symptanasthe
mutant was rescued by harvesting cuttings that were surface sterilized and transfervécdoto
cultivation and propagation before the plant died. ifhgtro mutant line survived, and several
hunded plants were clonally propagated together withirthétro WT plants to investigate the
mutant phenotype. The mutant displayed several physiological abnormalities including slow
growth, short internodes, undifferentiated root architecture, premasiradscission, a rigid
stem due to increased lignification and slow growth compared to WT plants cultivated under the
same conditions. Measurements of gram fresh weights (GFW) revealed that while mutant GFWs
resembled closely to the WT, the GFWs of theanttvere redistributed between above and
below ground organs (Table S1). The GFWs of wild type roots was 16.5 % of the total, while
mutant roots represented 69.3% of the GFW of the entire plant. (TablEh®lgxtremely
different phenotype of the mutantw reflected by comparative transcriptome analysis of the
mutant (Fig. S1) that confirmed that numerous biological processes had been affected compared
to WT.

Leaves fronthe WT and thé/12-1582mutant were extracted amadialyzedor iridoid
andMIA content The major secoiridoid, secologanin, was reduced 97% from 207.5 £ 37 pg/gfw
in the WT to 5.8 + 4.3 pug/gfw in the mutant (Fig. 1). The major MIAs catharanthine and
vindoline were reduced 9band 97%, respectively, from 203.1 + 47 ug/gfw and 32.1 + 7

png/gfw in the WT to 5.6 + 4.2 ug/gfw and 1.7 £ 1 pg/gfw in the mutéing. 1). Minor leaf
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MIAs including serpentine, anhydrovinblastine, vindolidine, deacetylvindoline, tabersonine and
16-methoxytabersonine detected in WT leaveg.(E) were undetectable in the mutant
background. Furthermore, precursors of secologanin sdeloxyloganic acid, loganic acid and
loganin were not detected in the mutant background suggesting that the very low iridoid/MIA
phenotype might be caused by ghgatduced expression of iridoid pathways genes.
Secologanin feeding enhances the accumulation of catharanthine and vindolind 582412

Mutant and WT plants were tested for their ability to produce MIAs when their roots were
supplied with secologanirrig. 1). Provision of secologanin to WT roots over a 48hr period
suppressed its accumulation in leaves by over 50 % IJFigpmpared with controls growing in
media alone. The inhibition observed was perhaps due to inhibition of secologanin pathway
enzyme or to other noispecific effects that remain to be discovered. In contrast, mutant roots
provided with secologanin increased leaf secologanin levels ovietdl8ompared to those
growing in media alone. This large increase in secologanin levels imnhedaes was
accompanied by over 8.6nd 4.5fold increase in catharanthine and vindoline levels,
respectively compared to control mutant roots (Fig. 1). These results show that 118212

plants that accumulate little or no secologanin, appear t@terthis iridoid from roots to

leaves where it was accumulated and was partly transformed into the major MIAs, catharanthine

and vindoline.
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Fig. 1A very low secologanin, catharanthine, and vindoline mutant line accumulates MIAs
when roots are provided with 1 mM secologaninThe error bars represent standard deviations
of measurements of three biological replicates with each line-taienl student-tests were
calculated and (***) denotes <0.001 significance, (**) <0.01 sigaifice and (*) <0.05
significance. Significance was compared between feediffgaating secologanin for either WT
or mutant plants.

Grafting of mutant shoots onto witglpe roots reestablishes MIA biosynthesis and

accumulation in the mutanthe Top Wedge Grafting methddimura and Sinha 2008yas

usedfor all grafting of the mutarscion onto WT stalk, where the stalk plant was unable to

support a scion with more than one leaf pair. A horizontal cut made with a scalpel was used to
separate ancemove the terminal portion of the stock plant. The scalpel was then used to split the
stem of the stoclplant cutting vertically approximately 1 cm. The scion was cut horizontally

around the secombde,and t hen the | ower 1 c¢cm was tapered
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