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RESUME

Les plantes de la famille des Amaryllidacées produisent des alcaloides ayant de puissants
effets biologiques (neurologiques, cytotoxiques, cytostatiques, etc.). Ces effets rendent les
alcaloides d’Amaryllidacée (AA) appropriés pour [’utilisation potentielle comme
médicaments. Malheureusement, étant donné qu'ils sont synthétisés en quantités infimes
dans les plantes, l'utilisation des AA est limitée. L’ingénierie métabolique aiderait
grandement a atténuer ce probléme. Pour cela, cependant, une connaissance complete de
la voie de biosynthese des AA est nécessaire. Afin d’obtenir plus d'informations sur les
génes impliqués dans la biosynthése des AA, des études transcriptomiques (profilage de
I'expression des génes) et métabolomiques (profilage des alcaloides) ont été réalisées.
L'espece d’ Amaryllidacée Narcissus papyraceus a été choisie a cause de sa facilité¢ a
croitre a l'intérieur, comparé & d’autres espéces d’Amaryllidacées, permettant de
faire pousser les plantes dans des conditions contrdlées. Jusqu'a cinq parties a six stades
de développement de la plante ont été analysées. Le séquencage de I'ARN ainsi que
l'assemblage de novo et l'annotation du transcriptome ont permis d'identifier tous
les génes biosynthétiques proposés des AA dans le transcriptome de N. papyraceus.
La chromatographie en phase liquide a haute performance a été utilisée pour séparer et
identifier les AA extraits des différents échantillons de plantes. Les résultats suggerent
que la lycorine était présente dans tous les échantillons de plantes, tandis que la
galanthamine et la narciclasine n'étaient pas détectées. De plus, il a été remarqué que les
plantes ont toujours tendance a accumuler préférentiellement les alcaloides dans les
parties aériennes telles que les feuilles et les fleurs. En revanche, il n’y avait pas de
tendance particuliére concernant I'expression des genes. Autrement dit, I’expression des
génes variait considérablement parmi les différentes parties de la plante au courant de sa
croissance et développement. L'hypothése du projet de recherche était qu'il y aurait une
corrélation positive entre les niveaux d'expression génique et la quantité d'AA accumulés
dans la plante. Cependant, en raison d'un transport probable d'enzymes et d'alcaloides dans
la plante, une corrélation négative a été observée dans certains cas.

Mots-clés : alcaloide d’ Amaryllidacée, pharmacologique, géne biosynthétique, stade de
développement, N. papyraceus, transcriptome, expression.
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CHAPITRE I

INTRODUCTION

1.1 Les métabolites

Les métabolites sont de petits composés organiques ayant une masse de moins de
1,5 kDa produits naturellement par les réactions biochimiques dans une cellule [1, 2].
Les métabolites ont diverses fonctions : agissent comme source d'énergie, participent dans
la signalisation, ont des effets stimulants et inhibiteurs sur les enzymes, et jouent des rdles
dans la défense et les interactions avec d'autres organismes. Chez les plantes, par exemple,
les métabolites peuvent étre divisés en deux catégories : primaires et spécialisés.
Un métabolite primaire est directement impliqué dans la croissance, le développement et
la reproduction de I’organisme. Certains acides aminés, I’acide lactique et 1’éthanol sont
des exemples de métabolites primaires. Un métabolite spécialisé (aussi appelé secondaire)
n'est pas directement impliqué dans ces processus, mais joue un réle important dans les
interactions avec d'autres organismes (par exemple en lien avec la défense et la
compétition). Les phénols, les terpenes et les alcaloides sont des classes de métabolites

spécialisés.

Les phénols sont des hydrocarbures aromatiques qui possédent un groupement
hydroxyle [3]. Plus de 8000 phénols ont été identifiés dans les plantes. Certaines classes
de phénols sont les coumarines, les flavonoides/anthocyanes, les stilbénes, les
hydroxycinnamates, les lignanes et les lignines [4, 5]. Les phénols exercent de nombreuses
fonctions physiologiques. Par exemple, la lignine fournit un support mécanique et un
environnement hydrophobe permettant le transport d'eau et de nutriments [6, 7]. En outre,
de nombreux phénols solubles protegent les plantes contre les stress biotiques et
abiotiques, agissent comme des pigments attirant les pollinisateurs, et servent comme

molécules de signalisation responsables pour les interactions entre les plantes et microbes

[8].



Les terpénes sont des hydrocarbures produits par diverses plantes, en particulier les
coniféres, et par certains insectes [9, 10]. De nombreuses plantes produisent des terpénes
volatils afin d'attirer des insectes spécifiques pour la pollinisation ou pour dissuader les
herbivores. Des terpénes moins volatils qui sont fortement amers ou toxiques agissent
comme biopesticide. De plus, les terpénes jouent un role important en tant que molécules

de signalisation et phytohormones [10].

1.2 Les alcaloides

Les alcaloides sont des molécules organiques hétérocycliques azotées [11].
La position de l'atome d'azote dans le cycle carboné varie avec différents alcaloides.
La plupart des alcaloides sont des solides cristallins incolores au goGt amer. Ils possedent
de faibles poids moléculaires, ont un point de fusion défini et sont optiquement actifs.
Les alcaloides sont en majorité dérivés de précurseurs d’acides aminés simples comme la
tyrosine, la phénylalanine, le tryptophane, I'omithine, I'arginine ou la lysine. Le terme
alcaloide a ét¢ introduit par le chimiste allemand W. Meissner en 1819 et s’appliquait a
tous les composés organiques basiques obtenus a partir de matériaux animaux ou végétaux
[12]. Environ 12 000 alcaloides différents ont ét€ identifiés dans les plantes et sont répartis
dans plusieurs classes distinctes basées sur leurs structures chimiques, leurs origines
biosynthétiques, et leurs activités biologiques et écologiques [13]. Les alcaloides
possedent des propriétés toxiques, notamment des propriétés cytotoxiques, cytostatiques
et antimicrobiennes [14-16]. 1l est donc supposé qu'ils jouent un rdle important pour les
plantes dans la défense contre les herbivores et les pathogénes [11]. Par exemple,
l'alcaloide galanthamine se lie & I'enzyme acétylcholinestérase qui est responsable de la
dégradation du neurotransmetteur acétylcholine, entrainant ainsi une augmentation de
l'acétylcholine [17]. L'accumulation d'acétylcholine résulte en une augmentation de la
neurotransmission ce qui cause une stimulation continue des muscles, des glandes et du
systéme nerveux central pouvant conduire a la paralysie. A de fortes doses, il peut produire
des convulsions fatales. En conséquence, il est proposé¢ que la galanthamine sert
d'insecticide a la plante en provoquant une stimulation cholinergique excessive dans un

insecte nuisible [18]. Les propriétés toxiques des alcaloides les rendent utilisables,



a faibles doses, comme médicaments. Par exemple, la galanthamine est utilisée dans le
traitement des symptomes de la maladie d'Alzheimer (voir sous-section 1.5.1 Effets
neurologiques) [19, 20]. Un autre alcaloide, la vinblastine, est utilisé comme agent
anticancéreux [21], tandis que la morphine et la codéine sont deux alcaloides analgésiques

bien connus [22].

1.3 La famille des Amaryllidacées

Une famille de plantes connue pour sa production d’une grande variété d'alcaloides
avec des potentiels médicinaux prometteurs est celle des Amaryllidacées [23]. Les plantes
appartenant a cette famille sont des plantes vivaces herbacées qui poussent a partir de
bulbes. Cette famille comprend une soixantaine de genres dont les 1100 especes sont
largement réparties dans plusieurs pays du monde. Ils sont également cultivés comme
plantes ormementales pour leurs belles fleurs et pour la production d'huile volatile.
Certains genres et espéces ornementaux communs des Amaryllidacées sont I’ Amaryllis,

les narcisses (Narcissus spp.) et les perce-neiges (Galanthus spp.) (Figure 1.1).

Figure 1.1  Espéces ornementales d’ Amaryllidacées.
Affichées de gauche a droite, elles sont 1’Amaryllis, les narcisses
(Narcissus spp.) et les perce-neiges (Galanthus spp.) [24].

Les Amaryllidacées sont utilisées depuis plusieurs siecles déja pour leurs propriétés
médicinales [25]. Des extraits d’ Amaryllidacées étaient utilisés a I’époque de la Gréce
ancienne dans le traitement du cancer. Dans d’autres régions, comme 1’ Afrique, 1’ Asie et

la Polynésie, ces plantes étaient plutot utilisées pour les soins de santé primaires.



Les Amaryllidacées font d’ailleurs partie des 20 plantes les plus utilisées, que ce soit pour
leur propriétés ornementales ou pharmacologiques [26]. Les effets pharmacologiques des
Amaryllidacées sont fréquemment associés a plusieurs alcaloides typiques qu'elles

synthétisent.

1.4 Les alcaloides d’ Amaryllidacée

L'étude des alcaloides d” Amaryllidacée (AA) a commencé en 1877 avec l'extraction
de PAA lycorine (Figure 1.2) de Narcissus pseudonarcissus [25]. De nos jours, plus de
500 alcaloides d’ Amaryllidacée ont été identifiés [27]. Les AA sont classés selon leur
structure squelettique du carbone et de leur origine biogénique. Ainsi, il existe 8 types
structurels chimiques distincts d'AA dans la famille des Amaryllidacées : les AA de type
lycorine, homolycorine, galanthamine, hémanthamine, montanine, narciclasine, tazettine
et crinine. L’AA représentatif de chaque type structure]l chimique est présenté a la

figure 1.2. Plusieurs de ces alcaloides possédent des propriétés biologiques importantes.

lycorine montanine

Figure 1.2  Structures chimiques de certains AA représentatifs [23].



1.5 Les propriétés pharmacologiques des alcaloides d' Amaryllidacée

Les AA ont des effets neurologiques, cytotoxiques, cytostatiques, etc. Ils perturbent
l'intégrité de la biomembrane, inhibent efficacement les canaux ioniques et altérent la
fonction des microtubules ou des microfilaments. De plus, ils peuvent se lier a ' ADN et

peuvent aussi agir sur la polymérase de I'ADN et de 'ARN [11].

Compte tenu de ces propriétés biologiques intéressantes, les AA sont des candidats
appropri€s pour traiter les troubles neurologiques, inhiber la croissance des tumeurs ou
tuer les micro-organismes. C'est pourquoi de nombreuses recherches sont en cours sur les
applications médicales potentielles des AA [19, 25]. Une bréve description est fournie

ci-apres.

1.5.1 Effets neurologiques

Le seul AA actuellement utilisé en médecine est la galanthamine. Elle peut traverser
la barriere hémato-encéphalique qui est une caractéristique essentielle pour traiter les
problémes neurologiques. Cette caractéristique est souvent manquante dans de nombreux
autres médicaments [23]. Commercialisé sous les noms de Reminyl® et Razadyne®
par Janssen Inc., une filiale de Johnson & Johnson Inc., elle est utilisée pour traiter les
symptomes de la maladie d'Alzheimer. La galanthamine est un inhibiteur sélectif,
réversible, compétitif et a action prolongée de I'enzyme acétylcholinestérase [19, 28].
Avec l'administration de la galanthamine, le niveau du neurotransmetteur acétylcholine
est augmenté, aidant ainsi a contrer la sensibilité réduite a I'acétylcholine présente chez
les patients souftrant de la maladie d'Alzheimer. Reminyl® a été approuvé par la Food
and Drug Administration des Etats-Unis en 2001 et plusieurs versions génériques du

médicament ont maintenant été approuvées [18, 23].

En plus d'étre un inhibiteur de l'acétylcholinestérase, la galanthamine est un
modulateur allostérique des récepteurs neuronaux nicotiniques de l'acétylcholine auxquels
l'acétylcholine se lie [18, 23]. En conséquence, la galanthamine est étudiée pour des

applications visant a traiter d'autres affections neurologiques. Un autre AA ayant des effets



bénéfiques sur le systéme nerveux est la montanine. Selon da Silva et al., elle posséde des
activités psycho-pharmacologiques incluant des effets anxiolytiques, anti-dépressifs et

anticonvulsivants [29].

1.5.2 Propriétés anticancéreuses

Plusieurs AA sont actuellement étudiés pour servir comme agents chimio-
. thérapeutiques potentiels. La lycorine, I'un des alcaloides les plus fréquents chez les
Amaryllidacées, est un inhibiteur puissant du cycle cellulaire a 1’étape de I’interphase,
comme en témoignent ses effets cytostatiques in vitro sur plusieurs lignées de cellules
cancéreuses humaines [30]. La pseudolycorine, un dérivé de la lycorine, posséde des
propriétés cytotoxiques et fait I'objet d'é¢tudes pour le traitement de cellules cancéreuses
métastatiques résistantes a de nombreux médicaments anticancéreux actuellement
disponibles. D'autres alcaloides de type lycorine, tels que la caranine, la galanthine et la

2-O-acétylpseudolycorine, sont également actifs contre diverses cellules tumorales.

Les alcaloides de type hémanthamine, tels que 'hémanthamine, I'hémanthidine et la
vittatine, ont également des propriétés anticancéreuses prometteuses. Par exemple,
I'hémanthamine s'est révélée étre un inhibiteur puissant de la croissance cellulaire et un
inducteur de l'apoptose dans les cellules tumorales a des concentrations micromolaires

[17, 31].

Un autre agent anticancéreux efficace est la narciclasine. Elle a été trouvée a avoir
une activité puissante contre les tumeurs humaines de glioblastome multiforme [32].
Ce type de tumeur cérébrale primaire la plus maligne se propage de fagon agressive dans
les tissus cérébraux normaux et est résistante aux traitements conventionnels qui

déclenchent I'apoptose.

Une activité cytotoxique modérée a été rapportée pour la tazettine et la prétazettine.

Ces composés ont montré une cytotoxicité remarquable contre un certain nombre de



lignées cellulaires tumorales, étant efficaces de fagon thérapeutique contre plusieurs types

de leucémies et de carcinomes [30].

1.5.3 Propriétés antimicrobiennes

Les AA isolées d'Amaryllis belladonna L. (également appelée Hippeastrum
equestre), incluant la pancracine, la vittatine, la 11-hydroxyvittatine et I'amarbellisine, ont
. toutes une activité antibactérienne contre. I’Escherichia coli. De plus, six AA isolés
d’A. belladonna L., a savoir lycorine, pancracine, vittatine, 11-hydroxyvittatine,
amarbellisine et hippeastrine, ont tous démontré une activité cytotoxique contre Candida

albicans [33].

L'activité antivirale est encore une autre propriété thérapeutique présentée par
certains alcaloides de type lycorine. La lycorine et ses dérivés, tel que la pseudolycorine,
bloquent la réplication de I'ARN viral et suppriment la synthése des protéines virales,

inhibant un certain nombre de virus 8 ARN et a ADN [34].

1.6 Problématique

Compte tenu de I'utilisation médicale prometteuse des alcaloides d'Amaryllidacée,
beaucoup de recherche est concentré a établir ou & améliorer leur production pour que
celle-ci soit commercialement viable. Actuellement, la production commerciale de
galanthamine consiste a 1’extraire a partir de plantes Narcissus pseudonarcissus cultivar
Carlton en raison de sa grande disponibilité et sa grande résistance aux stresses
environnementaux [35]. Dans certains pays, Leucojum aestivum et Lycoris radiata sont
également cultivés et utilisés pour la production de la galanthamine. Pour ce qui est des
AA lycorine et narciclasine, de petites quantités sont généralemeht extraites de diverses
especes de Narcissus et de Lycoris. Cependant, la production et le dépistage des AA dans
les plantes font face a plusieurs défis. Par exemple, beaucoup d'AA n'existent qu'en
quantités infimes dans les plantes, et les méthodes pour les isoler et les purifier des plantes

sont généralement inefficaces et non viables sur le plan environnemental. La synthése



chimique totale peut aider a alléger les demandes des AA, mais la synthese de ces
composés, si elle a été¢ €lucidée, est souvent ardue et coliteuse en raison de leur
stéréochimie complexe. En revanche, les cultures de cellules ou de tissus peuvent étre un
systéme de production durable mais les coflits associés a ces méthodes sont élevés pour un
rendement assez faible. Le meilleur exemple de ceci est probablement la production
commerciale a base de cellules végétales de paclitaxel, mieux connue sous le nom de taxol
[36]. Des cultures ont également été développées pour la production des AA galanthamine
et lycorine en utilisant les espéces d’ Amaryllidacées Leucojum aestivum et Pancratium
maritimum [37]. Par exemple, Pavlov et al. ont créé une lignée de culture de pousses de
L. aestivum qui produisaient des quantités stables de galanthamine [38]. Plus tard,
Georgiev et al. ont pu augmenter la production de galanthamine en modifiant la
concentration de divers nutriments (nitrate, ammonium, ions phosphates et saccharose)

dans des cultures de pousses de L. aestivum [39].

Alors, deux méthodes plus économiques et écologiques sont : (1) le développement
de nouveaux cultivars capables de produire de plus grandes quantités d'alcaloides, ou
(2) l’ingénierie métabolique permettant la production des AA dans des systémes
hétérologues tels que les microbes ou d'autres especes végétales. Cela, par contre,
nécessite une compréhension compléte des réactions biochimiques et de la génétique
moléculaire de la biosyntheése des AA qui est présentement manquante. Bref, pour
produire plus d’AA d’intérét médicinal, une meilleure compréhension de la biosynthése

des AA est requise.

1.7 Voie biosynthétique proposée des AA

Il est connu que des structures similaires sont fort probablement synthétisées par des
voies métaboliques impliquant des génes biosynthétiques similaires [40]. Puisque des
composés similaires aux composés précurseurs et intermédiaires des AA sont présents
dans des plantes appartenant a d'autres familles de plantes produisant des alcaloides,
comme les familles des Papaveracées, Brassicacées, Orchidacées et Solanacées, ou les

geénes biosynthétiques sont connus, il a été proposé que des génes homologues aux genes



biosynthétiques connus puissent étre impliqués dans la voie de biosynthése des AA

(Figure 1.3).
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Figure 1.3  Voie de biosynthése proposée des AA.
Les génes qui ont €té isolés a partir de plantes d'Amaryllidacée sont
indiqués a coté des fleches en caractéres gras-italiques. Les réactions dans
la zone grisée représentent une voie alternative a la synthése des
précurseurs. Les fléches pointillées représentent plus d'une réaction
biochimique. Les noms complets des génes sont écrits a la page viii.

Des expériences consistant a introduire des composés précurseurs radiomarqués
dans des plantes d’ Amaryllidacée, suggerent que, malgré leur grande diversité structurale,

tous les AA sont dérivés du composé central norbelladine et des analogies avec des voies
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biosynthétiques d’autres alcaloides végétaux suggérent que la norbelladine est formée
a partir de la condensation des composés précurseurs 3,4-dihydroxybenzaldéhyde
(3,4-DHBA) et tyramine [12, 15]. De telles réactions de condensation ont déja été
identifiées dans la biosynthése des alcaloides benzylisoquinoline, par exemple,
ou [D’intermédiaire central norcoclaurine est issu de la condensation de la

4-hydroxyphénylacétaldéhyde et la dopamine [41].

La synthése du précurseur 3,4-DHBA implique une série de réactions similaires. a
la voie de biosynthése des phénylpropanoides. En comparaison avec cette voie, il est
considéré que la synthése de 3,4-DHBA commence par la désamination de l'acide aminé
phénylalanine par l'enzyme phenylalanine ammonia lyase (PAL). Les réactions
d’hydroxylations ultérieures par les enzymes cinnamate 4-hydroxylase (C4H) et
coumarate 3-hydroxylase (C3H), et un clivage par une enzyme actuellement inconnue
aboutissent a la formation de 3,4-DHBA. Les enzymes C4H et C3H appartiennent a la
superfamille des cytochromes P450. Les cytochromes P450 végétaux constituent I'une des
plus grandes superfamilles génétiques des génomes des végétaux [42]. Elles sont
impliquées dans diverses voies biochimiques pour produire des métabolites primaires et
spécialisés comprenant les phénylpropanoides, les alcaloides, les terpénoides, les lipides,
et les hormones végétales [43, 44]. Dans le métabolisme spécialisé, les cytochromes P450
catalysent une grande variété de réactions de monooxygénation et d'hydroxylation, ainsi
que la formation de ponts méthylénedioxy, les réactions de couplage phénoliques,
le réarrangement oxydatif des squelettes carbonés et le clivage oxydatif des liaisons C-C

[42].

Concernant la transformation de 'acide p-coumarique en acide caféique par la C3H,
une voie alternative, affichée dans la zone grisée de la figure 1.3, impliquant les enzymes
additionnels 4-hydroxycinnamoy! CoA ligase (4CL) et hydroxycinnamoyl transferase
(HCT), a aussi été proposée. Le précurseur tyramine est, de son coté, obtenu
a partir de la décarboxylation de l'acide aminé tyrosine supposément par l'enzyme
L-tyrosine/L-dopa décarboxylase (TYDC) qui est une enzyme de régulation clé dans la
formation des alcaloides benzylisoquinoline tels que la morphine et la codéine dans le

pavot somnifere [41].
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Le premier composé intermédiaire dans la voie de biosynthése des AA,
la norbelladine, est converti en 4'-O-méthylnorbelladine par la norbelladine
4'-0-méthyltransférase (N4OMT) [45]. Ensuite, une étape cruciale dans la biosynthése
des AA est la cyclisation de la 4'-O-méthylnorbelladine par trois voies différentes de
couplage phénolique oxydatif intramoléculaire nommé ortho-para’, para-ortho' et
para-para’, générant diverses structures de squelette. Ces squelettes sont a la source de la
diversité des AA [30]. De la, un réseau complexe de réactions enzymatiques existe pour
produire un spectre de composés qui différe entre les espéces, les cultivars et les variétés
d’Amaryllidacée. Ces modifications biochimiques sont réalisées par une multitude
d'enzymes catalysant divers types de réactions, telles que les oxydoréductions,
les hydroxylations, les formations de liaisons C-C et C-O, les acétylations, les
déméthylations et les O- et N-méthylations. Ces réactions conduisent a la formation des
plusieurs centaines d’AA tous structurellement apparentés [26]. Par exemple, ’AA
anti-tumorale lycorine est dérivé de la réaction de couplage phénolique ortho-para’, alors
que la galanthamine, utilisée pour le traitement des symptomes de la maladie d'Alzheimer,

provient du couplage para-ortho’ (Figure 1.3) [23, 30].

1.8 Objectif

La plupart des genes biosynthétiques codant pour les enzymes responsables de
la production des différents AA ne sont pas connus avec certitude. L'analyse
transcriptomique, qui permet 1'étude de I'expression des génes, couplée a une analyse
métabolomique, axée sur la quantité d'alcaloides présents, est devenue un outil populaire
pour la découverte de nouveaux génes codant pour les enzymes impliqués dans la
biosynthese des alcaloides [46]. Une telle approche a grandement contribué a I'élucidation
de plusieurs voies métaboliques spécialisées de diverses plantes médicinales et
nutritionnelles [47-50]. Un exemple est celui de Cathanranthus roseus dans lequel des
transcrits de génes et des métabolites associés aux alcaloides de type terpénoides-indoles
ont été identifiés [51]. De la méme maniére, une meilleure compréhension a été obtenue
de la voie de biosynthése conduisant a la production des alcaloides anticancéreux

camptothécine et anthraquinones [52].
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L’objectif de mon projet de recherche était d’augmenter les connaissances sur
’implication des génes biosynthétiques proposés dans la production des AA en comparant
les niveaux d’expression de ces génes avec la quantité d’AA présents dans des plantes
d’une espéce d’ Amaryllidacée. De plus, cette étude a été faite pour différentes parties a
divers stades de développement de la plante permettant d’observer les différences dans
I’expression des génes et ’accumulation des AA parmi les différentes parties aux divers
stades. Cela a aussi permis d’étudier les effets de la croissance et du développement de la

plante sur la production des AA dans les différentes parties.

1.9 Hypothéese

En regardant la voie de biosynthése des AA (Figure 1.3), il semble que toute
augmentation de l'expression des genes biosynthétiques indiqués conduira, dans la plupart
des cas, a une plus grande production des enzymes correspondantes. Cela, en revanche,
conduira trés probablement & des quantités élevées des composés précurseurs et
intermédiaires qui devraient produire une plus grande quantité¢ d’AA. Donc, I’hypothése
était qu’il y aura des corrélations positives entre 1’expression des génes et la quantité
d’alcaloides présente. Autrement dit, plus I’expression des génes sera élevée, plus la

quantité d’alcaloides présente sera grande aussi.

1.10 Méthodologie
1.10.1 Echantillons de plante

Pour mener ce projet de recherche, ’espece d’ Amaryllidacée Narcissus papyraceus
a été choisie a cause de sa facilité a croitre & I’intérieur, comparé a d’autres espéces
d’Amaryllidacées, permettant d’étudier, dans un environnement contrélé, les effets de la

croissance et du développement sur la production et I'accumulation des AA.

Avec six stades de développement identifiés et jusqu’a cinq parties (bulbe, racines,

feuilles, tige et fleurs) présentes a plusieurs de ces stades, 24 échantillons de
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N. papyraceus ont été obtenus (Figure 1.4). Chaque échantillon se consiste d’un triplicata.
Plus précisément, parmi 24 bulbes de N. papyraceus, 3 ont été utilisés pour le 1¥ stade et
parmi les 21 bulbes plantés, 3-4 plantes ont été sélectionnées pour chaque stade. L.’analyse
de différentes parties a divers stades a fourni de 1’information qui pourra &tre utile par
rapport a I’extraction de la plus grande quantité d’alcaloides des plantes en sachant a quel
moment de la vie de la plante et dans quelle partie de la plante les AA s’accumulent le

plus.

Il a déja été rapporté pour trois espéces différentes de Narcissus que certains
échantillons des plantes accumulent plus d'alcaloides que d’autres. Par exemple,
Viladomat et al. ont trouvé que le bulbe de Narcissus assoanus accumulait la plus grande
quantité d'alcaloides [53], alors que Kreh a observé que la concentration de galanthamine
était relativement élevée dans les bulbes de N. pseudonarcissus L. cultivar Carlton [54].
Plus récemment, Shawky et al. ont étudié différentes parties de N. papyraceus aux stades
de pré-floraison, la floraison et post-floraison. Les alcaloides se sont révélés plus
abondants dans les échantillons de bulbes aux stades de pré- et post-floraison, de racines
et tiges au stade de la floraison, et d’écaille au stade de pré-floraison [55]. Des différences
dans I'expression de certains génes de biosynthese des AA parmi divers échantillons d'une
espece ont également é€té rapportées. Par exemple, dans une étude menée sur PAL
dans une autre espéce d'Amaryllidacée, la Lycoris radiata, Jiang et al. ont identifié
deux isoformes de PAL qui différaient dans leur expression dans différentes parties de la
fleur au stade de la floraison; l'expression de LrPAL?2 était toujours beaucoup plus élevée
que celle de LrPALI [56]. Singh et Desgagné-Penix ont aussi noté, dans leur étude récente
de N. pseudonarcissus cultivar King Alfred, différents profils d'expression de deux
isoformes de PAL dans cinq parties de la plante au stade de la floraison [57]. De telles
différences dans l'expression des génes peuvent, probablement, expliquer les différents

profils d'accumulation d'alcaloides observés dans une plante a différents stades.
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24 échantillons de plante

Figure 1.4  Echantillons de plante de V. papyraceus.

Le stade 1 consiste du bulbe non-planté. Le stade 2, pour sa part, est
caractérisé par 1’apparence des premiéres feuilles, tandis que la présence
d’une tige avec un bourgeon caractérise le stade 3. Les stades 4-6 ont été
déterminés par rapport a la maturation des fleurs. Les feuilles sont basales,
alors la tige ne porte que les fleurs. Vingt-quatre échantillons de
N. papyraceus ont été obtenus & partir des six stades auxquels il y avait
jusqu’a cinq parties présentes.

1.10.2 Etude transcriptomique

Le transcriptome est I'ensemble de toutes les molécules d'ARN dans une cellule ou
une population de cellules [58]. 11 peut se référer a tous les ARN, ou seulement aux ARN
messagers, selon l'expérience effectuée. Puisque le génome de N. papyraceus n’était pas
disponible dans les bases de données publiques, il a fallu procéder a I’assemblage de novo

du transcriptome, c¢’est-a-dire créer un transcriptome sans l'aide d'un génome de référence.

Pour ce faire, les ARN messagers extraits du bulbe au stade 1 de V. papyraceus ont,

d’abord, été séquencés a I’aide de la méthode de séquencage a haut débit Illumina



15

HiSeq 2000. Par la suite, ’assemblage de novo du transcriptome a ¢été réalisé a
I’aide du logiciel informatique Trinity. Eventuellement, avec I’utilisation d’outils
bio-informatiques, tels que Trinotate et BLAST, les séquences correspondant a tous les
génes biosynthétiques proposés des AA, dans le transcriptome assemblé, étaient

identifiées.

Ces séquences des génes ont permis, entre autres, de concevoir des amorces
spécifiques a ces geénes pour permettre d’étudier leur expression dans les différents
échantillons de N. papyraceus par une méthode de la réaction en chaine par polymérase

(PCR) (Figure 1.5).

24 échantillons de

plante
Métabolomique Transcriptomique Amorces congues
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Figure 1.5  Schématisation des méthodes utilisées.

La technique de la PCR permet d’amplifier, plus précisément d’augmenter,
le nombre de copies d’une séquence d’ADN connue de plusieurs ordres de grandeur

générant des millions de copies de la séquence d’ADN. Puisque I’ARN n’est pas une



16

molécule stable, elle doit étre convertie en ADN avant de pouvoir I’amplifier par la PCR.
Donc, il faut procéder a la transcription inverse de I’ARN pour générer I’ADN
complémentaire. Le processus d’amplification de I’ADN complémentaire par la PCR est
appelé la PCR a transcription inverse (RT-PCR). La technique de la RT-PCR en temps
réel de fagon quantitative (RT-qPCR), quant a elle, permet de quantifier I’ADN
complémentaire préalablement rétrotranscrit. Ainsi, les quantités d’ARN messagers
(converti en ADN complémentaire) d’un géne présent dans les différents échantillons de
plante peuvent étre comparées entre eux, relativement a un ou des géne(s) de référence,
en utilisant la formule mathématique 2"44¢* [59]. La quantité d’ARN messager d’un géne

indique le niveau d’expression de ce géne.

1.10.3 Etude métabolomique

Pour I’étude du métabolome spécifique aux AA, ces alcaloides ont été extraits des
divers échantillons de N. papyraceus par une méthode d’extraction acido-basique
optimisée par notre laboratoire. Les extraits ont ét¢ analysés par la chromatographie en
phase liquide & haute performance (HPLC) et un détecteur de barrette de photodiode
afin d’obtenir de I’information sur les alcaloides présents dans les échantillons de
N. papyraceus (Figure 1.5). La technique de la HPLC permet de séparer divers composés
présents dans un échantillon selon leur taille et leur polarité. Un détecteur de barrette de
photodiode fournit des informations spectrophotométriques sur les composés détectés et

permet de calculer leur concentration.

La technique de la HPLC repose sur des pompes pour faire passer un échantillon
liquide et un solvant liquide, sous haute pression, a travers une colonne remplie de
matériau adsorbant solide [60, 61]. Le matériau adsorbant est appelé phase stationnaire et
est constitué de particules solides, telle que la silice, dont la taille varie de 2 a 50 pm.
Lorsque l'échantillon est injecté dans la colonne du systéme de la HPLC, les différents
composés de l'échantillon adherent a divers degrés a la phase stationnaire parce que
chaque composé de I'échantillon interagit légerement différemment avec la phase

stationnaire. Le solvant liquide est appelé phase mobile. 1l est passé a travers la colonne
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afin d'éluer les composés adsorbés a la phase stationnaire. Les composés qui sont
relativement faiblement liés a la phase stationnaire sont facilement €élués par la phase
mobile et sont les premiers composes a €tre détectés par le détecteur. Plus un composé est
fortement li€ a la phase stationnaire, plus il faut de temps pour qu'il soit élué et détecté par

le détecteur.

La méthode de la HPLC la plus couramment utilisée est la HPLC en phase inverse
[60, 61]. Dans cette méthode, la phase stationnaire est non polaire, et la phase mobile est
modérément polaire se constituant d'eau et d'un solvant organique (généralement de
l'acétonitrile ou du méthanol). Dans la présente étude de I’analyse des AA par HPLC,
la phase mobile consistait d’un mélange d'une solution aqueuse d'acétate d'ammonium a
1 % et d'acétonitrile. La composition de la phase mobile est souvent modifiée au cours du
processus d'€lution en ce que le pourcentage d'eau dans la phase mobile diminue avec le
temps, tandis que le pourcentage du solvant moins polaire augmente simultanément.
Cela signifie que la phase mobile devient progressivement plus non-polaire. Ceci est
appelé élution par gradient. Son avantage, par opposition a l'€lution isocratique dans
laquelle la composition de la phase mobile reste constante, est que les composés qui
normalement seront élués plus tardivement (c'est-a-dire les composés plus non polaires)
s'élueront plus rapidement, donnant des pics plus étroits et plus haut sur le
chromatogramme pour la plupart de ces composés. En d'autres termes, les pics seront plus
aigus. Dans le cas présent, le rapport de la solution d'acétate d'ammonium a l'acétonitrile
variait de 90:10 pendant 11 minutes, a 69:31 pendant 4 minutes, a 30:70 pendant 1 minute
et finalement a 10:90 pendant 5 minutes. C'était un protocole optimisé pour permettre une
séparation efficace des alcaloides dans les différents €chantillons de plantes en fonction
de leur polarité. Le rapport initial de 90:10 a permis d'¢éluer les composés polaires.
Ensuite, les ratios de 69:31 et 30:70 ont permis de bien séparer les compos€s légérement
non-polaires incluant les AA. Finalement, les composés non-polaires sont sortis grace au

ratio de 10:90 de la phase mobile.
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Résumé de ’article

Les alcaloides synthétisés par les plantes d’ Amaryllidacée ont des effets biologiques
multiples, ce qui explique leur utilisation dans les industries pharmaceutiques et agricoles.
Malheureusement, la production a grande échelle des alcaloides d'Amaryllidacée (AA) est
difficile en raison du manque d'information sur leur biosynthese. Ainsi, nous nous sommes
concentrés a augmenter nos connaissances sur I'implication des geénes biosynthétiques des
AA proposés et confirmés dans la production des AA, et sur 'observation des différences
spatiales et temporelles concernant la biosynthése des AA dans la plante. Pour ce faire,
d'abord, le transcriptome de Narcissus papyraceus a été généré par le séquengage de
I’ARN. La présence de tous les génes biosynthétiques des AA a été confirmée dans le
transcriptome de N. papyraceus. Une banque d'ADN complémentaire a ensuite été créée
a partir de différentes parties a différents stades de développement de N. papyraceus.
L'expression des génes biosynthétiques des AA a été analysée dans chaque échantillon de
N. papyraceus par RT-qPCR. Pour les genes biosynthétiques proposés des AA,
les amorces ont été congues a partir de séquences de transcrits de génes homologues
aux génes proposés. Pour la plupart des génes biosynthétiques des AA, les niveaux
d'expression variaient considérablement entre les différentes parties de la plante aux

différents stades de développement. Pour étudier la teneur en alcaloides, chaque
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échantillon de N. papyraceus a été analysé par la HPLC. Les feuilles et les fleurs avaient
la plus grande abondance de composés hétérocycliques, alors que les bulbes, les plus bas.
En outre, la lycorine était I'AA prédominant. Les résultats de 'expression des genes ont
été comparés avec les profils des composés hétérocycliques obtenus par la HPLC
pour chaque échantillon de la plante. Une corrélation positive a généralement été€ observée
entre les niveaux d'expression génique et la quantité d'AA accumulés dans la plante.
Cependant, en raison d'un transport probable d'enzymes et d'alcaloides dans la plante, une

corrélation négative a été observée dans certains cas.

Abstract

The alkaloids synthesised by Amaryllidaceae plants have multiple biological
effects, which explains their use in the pharmaceutical and agricultural industries.
Unfortunately, large-scale production of Amaryllidaceae alkaloids (AAs) is difficult due
to the lack of information on their biosynthesis. Thus, we focused on gaining more
knowledge on the involvement of the proposed and confirmed AA biosynthetic genes in
AA production, and on observing spatial and temporal differences regarding AA
biosynthesis in the plant. To do so, first, the transcriptome of Narcissus papyraceus was
generated by RNA-Seq. The presence of all the AA biosynthetic genes was confirmed in
the N. papyraceus transcriptome. A cDNA library was then created from different parts at
various developmental stages of N. papyraceus. The expression of the AA biosynthetic
genes was analysed in each N. papyraceus sample by RT-qPCR. For the proposed
AA biosynthetic genes, primers were designed from transcript sequences of genes
homologous to the proposed genes. For most genes, expression levels varied considerably
among the N. papyraceus samples. To study the alkaloid content, each sample was
analysed by HPLC. Leaves and flowers were found to have the highest abundance of
heterocyclic compounds, whereas the bulbs, the lowest. Also, lycorine was the
predominant AA. The gene expression results were compared with the heterocyclic
compound profiles obtained by HPLC for each sample. A positive correlation was

generally observed between the gene expression levels and the amount of
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AAs accumulated. However, due to a probable transport of enzymes and alkaloids in the

plant, a negative correlation was also observed.

Keywords

alkaloids, Amaryllidaceae, biosynthetic genes, developmental stage, expression,

N. papyraceus, HPLC, RT-qPCR, transcriptome.

Abbreviations

Amax: absorption maximum

3,4-DHBA: 3,4-dihydroxybenzaldehyde
4CL: 4-hydroxycinnamoyl CoA ligase

AA: Amaryllidaceae alkaloid

C3H: coumarate 3-hydroxylase

C4H: cinnamate 4-hydroxylase

CYP96TI: cytochrome P450 monooxygenase 96T1
HCT: hydroxycinnamoyl transferase

HIS: histone

N4OMT: norbelladine 4'-O-methyltransferase
NorRed: noroxomaritidine reductase

PAL: phenylalanine ammonia lyase

PDA: photodiode array

Rt: retention time

RT-PCR: reverse transcription PCR
RT-qPCR: quantitative real-time RT-PCR
TYDC: L-tyrosine/L-dopa decarboxylase

Introduction

Plants produce specialised (secondary) metabolites having a wide range of

biological activities. One class of specialised metabolites is that of the alkaloids.
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These compounds are mainly characterised by the occurrence of at least one nitrogen atom
in a heterocyclic ring. Since alkaloids are toxic, they are believed to play an important role
in the defense against herbivores and pathogens (Mahajan et al., 2010). The toxic
properties (cytotoxic, cytostatic, anti-microbial, etc.) of alkaloids makes them suitable for
use, at low doses, as medical drugs. For example, the alkaloid vinblastine is used as an
anticancer drug (Evidente and Kornienko, 2009), whereas morphine and codeine are two

well-known analgesic alkaloids (Mascavage et al., 2006).

One family of plants known to produce a wide variety of alkaloids with promising
medicinal potential is the Amaryllidaceae family (Hotchandani and Desgagné-Penix,
2016). It includes ornamental species such as daffodils, narcissuses, jonquils and
snowdrops. More than 500 alkaloids synthesised by the Amaryllidaceae family have been
identified so far (Jin and Xu, 2013). However, only one Amaryllidaceae alkaloid (AA),
galanthamine, is currently available as a commercial drug, marketed under the names
Reminyl® and Razadyne® by Janssen Pharmaceuticals (Takos and Rook, 2013). Owing to
its acetylcholinesterase inhibitory property, it is used to treat the symptoms of Alzheimer’s
disease (Heinrich and Teoh, 2004, Keller et al., 2011).

Many other AAs are being studied for eventual clinical use. For example, lycorine
and narciclasine exhibit anticancer effects. Lycorine is a powerful inhibitor of cell growth
and cell division (Lamoral-Theys et al., 2009, Hayden et al., 2010), whereas narciclasine
has been shown to be effective against human glioblastoma multiform tumours in
preclinical animal models (Lefranc et al., 2009). Another AA, pancracine, has anti-
bacterial activity against the Gram-negative bacterium Escherichia coli and cytotoxic
activity against the yeast Candida albicans (Evidente et al., 2004). The AAs
haemanthamine and haemanthidine possess activity against the malarial protozoan
parasite Plasmodium falciparum (Sener et al., 2003, Kaya et al., 2011, Cedron et al,,
2012).

Unfortunately, large-scale production of AAs is difficult and expensive.

Firstly, many AAs exist only in trace amounts in their native plants, and growing a large
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number of Amaryllidaceae plants in order to obtain reasonable amounts of AAs is
environmentally unsustainable. Secondly, total chemical synthesis can help alleviate the
demands for a limited number of AAs, but since these compounds have complex
structures, their synthesis is quite challenging. Therefore, genetic engineering of plants or
microorganisms to produce high concentrations of AAs would be a more environmentally
sustainable and cheaper approach. This, however, requires a better understanding of the

AA biosynthetic pathway.

Early feeding experiments using radiolabelled precursors led to the biochemical
elucidation of the initial steps in AA biosynthesis (Barton and Cohen, 1957, Barton and
Kirby, 1962, Barton et al., 1963, Bhandarkar and Kirby, 1970, Eichhorn et al., 1998,
Tahchy et al., 2010, El Tahchy et al., 2011, Saliba et al., 2015). These studies suggest that,
despite their large structural diversity, all AAs are derived from norbelladine (Fig. 1).
Furthermore, experimental studies coupled with analogies with other plant alkaloid
pathways suggest that the central compound norbelladine is formed from the condensation
of 3,4-dihydroxybenzaldehyde (3,4-DHBA) and tyramine (Fig. 1) (Bastida et al., 2011,
Takos and Rook, 2013, Singh and Desgagné-Penix, 2014, Diamond and Desgagné-Penix,
2015).

The biosynthesis of the AAs begins with the two amino acids phenylalanine and
tyrosine. A series of biochemical reactions eventually leads to the production of the more
than 600 AAs known to date (Singh and Desgagné-Penix, 2017). In the pathway, all the
compounds synthesized from these two amino acids, leading to the formation of
norbelladine, are referred to as the AA precursor compounds. On the other hand, the
compounds produced from norbelladine, leading to the formation of all the AAs, are

referred to as the AA intermediate compounds.

At present, the AA precursors such as trams-cinnamic acid, p-coumaric acid,
caffeic acid, 3,4-DHBA, tyramine, etc. and a few of the initial intermediates
(4’-O-methylnorbelladine, nornarwedine, noroxomaritidine, etc.) are known, however

most of the biosynthetic genes involved in their production are not known. A central
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dogma of medicinal chemistry and chemical biology is that compounds with similar
structures have similar activities (Bohlin et al., 2010). Hence, similar structures suggest
similar metabolic pathways involving similar biosynthetic genes. Since compounds
similar to the AA precursors and intermediates are present in plants belonging to other
alkaloid-producing plant families, such as Papaveraceae, Brassicaceae, Orchidaceae and
Solanaceae, where the biosynthetic genes are known, it has been proposed that genes
homologous to the known biosynthetic genes may be involved in AA biosynthesis.
Therefore, the biosynthetic genes PAL (coding for phenylalanine ammonia lyase),
C4H (coding for cinnamate 4-hydroxylase (CYP73A1)) and C3H (coding for coumarate
3-hydroxylase (CYP98A3)) have been proposed, so far, as being responsible for the
production of 3,4-DHBA from phenylalanine (Hotchandani and Desgagné-Penix, 2016).
Regarding caffeic acid, it is uncertain whether it is produced directly from p-coumaric
acid involving only C3H or whether it is produced via the sequence of reactions, shown
in the grey shaded area in the pathway (Fig. 1), involving the additional proposed
AA biosynthetic genes 4CL (coding for 4-hydroxycinnamoyl CoA ligase) and HCT
(coding for hydroxycinnamoyl transferase). Concerning tyramine, it is assumed 7YDC
(coding for L-tyrosine/L-dopa tyrosine decarboxylase) is responsible for its production
from tyrosine (Facchini et al., 2000). It should be noted that no biosynthetic gene has yet
been proposed for the production of norbelladine from the condensation of 3,4-DHBA
and tyramine. Also, it is only recently that the biosynthetic genes N4OMT (coding
for norbelladine 4’-O-methyltransferase), CYP9671 (coding for cytochrome P450
monooxygenase 96T1) and NorRed (coding for noroxomaritidine reductase), all involved
in the production of AA intermediates, were confirmed (Kilgore et al., 2014, Kilgore et
al., 2016a, Kilgore et al., 2016b). Therefore, there are 6 proposed (PAL, C4H, C3H, 4CL,
HCT and TYDC) and 3 confirmed (N4OMT, CYP96TI and NorRed) AA biosynthetic
genes in the pathway at the moment. The reason behind the great diversity of AAs is due
mainly to the 3 different types of oxidative phenol coupling reactions (para-ortho’, ortho-
para’ and para-para’) which convert 4’-O-methylnorbelladine (produced by N4OMT)
into a myriad of different alkaloids (Fig. 1).
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In the present work, we attempt to gain a better understanding of the involvement
of the AA biosynthetic genes in the production of AAs, and to study spatial and temporal
differences regarding AA biosynthesis in the plant. To do this, we analysed different parts
of the Amaryllidaceae species Narcissus papyraceus at various developmental stages.
This species was selected since, among Amaryllidaceae species, it can be easily grown
indoors in a controlled environment. Also, differences in AA accumulation and
biosynthetic genes’ expression among different parts and developmental stages of a plant
have been reported for Narcissus and other Amaryllidaceae species (Viladomat et al.,
1986, Kreh, 2002, Jiang et al., 2013, Shawky et al., 2015, Singh and Desgagné-Penix,
2017).

Initially, the N. papyraceus bulb transcriptome was sequenced, using RNA-Seq, to
investigate the AA biosynthetic genes. Recently, next-generation high-throughput
sequencing methods, such as RNA-Seq, have emerged as cost-effective approaches that
are well adapted to the analysis of the transcriptomes of both model and non-model species
(Singh and Desgagné-Penix, 2017). Not only can RNA-Seq help identify a large number
of expressed sequences, but it can also allow the discovery of novel genes via deep
sequencing, effectively revealing the expression of many rare transcripts. This report
describes an RNA-Seq analysis of N. papyraceus bulbs and discovers a large number of
candidate transcripts that have significant sequence similarities to proposed genes

encoding AA biosynthetic enzymes.

Next, the levels of expression of the AA biosynthetic genes and AA content in each
sample of N. papyraceus were examined. A total of 24 samples of N. papyraceus were
obtained from up to 5 parts at 6 developmental stages of the plant (Fig. 2). RNA was
extracted from each plant sample and reverse transcribed to cDNA. Primers specific to the
AA biosynthetic genes were used in reverse transcription PCR (RT-PCR) experiments.
Subsequent sequencing of the amplicons and their alignment with the N. papyraceus
transcripts allowed us to confirm the presence of the genes in the N. papyraceus
transcriptome. The levels of expression of the genes in each plant sample were studied by

reverse transcription quantitative real-time PCR (RT-qPCR). To gain information on the
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AA content in the plant samples, AAs were extracted from each sample and analysed by
HPLC. The gene expression profiles were compared with the AA profiles to get a better
picture of which genes are supposedly involved in the production of the AAs and to what

extent.

All genes and isoforms analysed were confirmed to be present in the N. papyraceus
un-planted bulb transcriptome. For most genes, their expression levels varied considerably
among the N. papyraceus samples. Regarding the content of AAs in the N. papyraceus
samples, the detected compounds tended to preferentially accumulate in specific parts of
the plant, namely roots, flowers and, especially, leaves. When comparing the gene
expression levels with the amount of AAs accumulated, a negative correlation was
observed in certain cases perhaps due to a probable transport of enzymes and/or alkaloids

in the plant.

Materials and methods

RNA extraction, next-generation Illumina sequencing and de novo transcriptome
assembly

Two grams of triplicate bulbs, stems, roots, leaves or flowers of N. papyraceus were
crushed using a pestle and a mortar with liquid nitrogen and transferred to pre-chilled
50 ml tubes to proceed with the CTAB (cetrimonium bromide) method for total RNA
extraction as described in (Singh and Desgagné-Penix, 2017). After RNA extraction, bulb
RNA was selected for Illumina sequencing, and stem, root, leaf and flower RNA were
used for RT-qPCR analysis. For transcriptome analysis, integrity of the bulb RNA was
checked on a nanodrop and bioanalyzer. Nanodrop quantification yielded 1820.42 ng/pl
of total RNA with the absorbance ratios 260 nm/230 nm of 2.50 and 260 nm/280 nm of
2.04. Bioanalysis of RNA gave a RNA integrity number (RIN) of 8.1 with 28S/18S of
1.54 confirming the integrity and quality of the RNA. The pipeline used for trimming and
de novo assembly is described in "De novo transcript sequence reconstruction from
RNA-Seq using the Trinity platform for reference generation and analysis" (Haas et al.,

2013) and mostly based on the Trinity assembly software suite (Grabherr et al., 2011).
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Briefly, mRNA were converted into cDNA library and sequenced through Illumina
HiSeq 2000, PE 100 paired ends, at McGill University and Genome Quebec Innovation
Centre (Montreal, Canada). Raw paired reads were trimmed from 3’-end to have a phred
score of at least 30. Illumina sequencing adapters were removed, maintaining 50 bp
of minimum read length to obtain surviving paired reads. Trimming and clipping was
done using Trimmomatic (http://www.usadellab.org/cms/index.php?page=trimmomatic)

(Bolger et al., 2014) for quality filtering to have clean reads.

Once surviving pair data were generated, Trinity normalization was performed to
eliminate redundant reads in datasets without affecting its Kmer content (Brown et al.,
2012). De novo assembly of cleaned and normalized reads was done using
Trinity assembler (https://github.com/trinityrnaseq/trinityrnaseq/wiki) (Grabherr et al.,
2011). Final obtained unigenes were functionally annotated using Trinotate
(http://trinotate.github.io/). To quantify the gene transcript abundance, the raw RNA-Seq
reads were mapped to assembled transcripts applying Bowtie (Langmead et al., 2009)
using default parameters. The gene transcript abundance was calculated as fragments
per million mapped reads per kilobase (FPKM) using the RSEM package (Li and Dewey,
2011).

Chemicals

Anhydrous ethyl alcohol was purchased from Commercial Alcohols (Brampton,
Ontario, Canada). Ammonium acetate (anhydrous, ACS reagent grade) was from
MP Biomedicals (Solon, Ohio, USA). Ammonia (ca. 7N solution in methanol) was
obtained from ACROS Organics™ (www.acros.com). Agarose (protein electrophoresis
grade, high gelling temperature); Tris base (for molecular biology); ethylenediamine
tetraacetic acid (EDTA), disodium salt dihydrate; sulfuric acid; acetic acid, glacial
(certified ACS); methanol (HPLC grade); chloroform (HPLC grade); and acetonitrile
(HPLC grade) were purchased from Fisher Scientific (Fair Lawn, New Jersey, USA).

The alkaloids narciclasine and galanthamine were purchased from Tocris Bioscience
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(Bristol, U.K.), whereas lycorine and papaverine were obtained from Sigma-Aldrich

(Ontario, Canada).

Plant material

Twenty-four N. papyraceus bulbs were purchased from Veseys (York, Prince
Edward Island, Canada). Three bulbs were kept aside and 21 were planted. AGRO MIX®
G6 potting soil (Fafard, Saint-Bonaventure, Quebec, Canada) was autoclaved for
40 minutes. The plants were kept at room temperature with exposure to tube lighting for
16 hours daily until being harvested. The plants were watered when necessary to keep the
soil moist. No other nutrients, such as fertilizer or plant food, were added. The plants were

harvested at each developmental stage (Fig. 2) over an 85-day period.

The three unplanted bulbs represent the first stage of development. These bulbs were
cut open, and a total of 10 g of material from the center of the three bulbs was extracted
and stored in Ziploc bags at -80 °C. Among the planted bulbs (for the five subsequent
developmental stages), 3-4 plants were collected for each stage and the same amount
(10 g) was extracted from different parts of the plant (bulbs, roots, leaves, and/or stems
and flowers) and stored in Ziploc bags at -80 °C. Up to five parts being studied at

six developmental stages resulted in a total of 24 plant samples.

cDNA synthesis

A mass of 0.1 g of each plant sample was frozen with liquid nitrogen and ground to
a fine powder with a mortar and pestle. RNA was extracted from each ground-up plant
sample using GENEzol™ TriRNA Pure Kit (Geneaid, www.geneaid.com). The RNA
sample obtained was diluted with autoclaved water to a concentration of 100 ng pl”.
It was then immediately used for reverse transcription or stored at -80 °C. Just prior to
reverse transcription, the purity of the RNA was verified using the NanoVue
spectrophotometer (GE Healthcare Life Sciences, www.gelifesciences.com). According

to Gallagher and Desjardins, a ratio of the absorbance at 260 and 280 nm (A260280) greater
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than 1.8, and the ratio Aje0n30 greater than 2.0 are considered to be suitable for gene
expression measurements (Gallagher and Desjardins, 2007). cDNA synthesis was carried
out using Omniscript® Reverse Transcription Kit (QIAGEN, www.qiagen.com) with the

aid of oligo-dT. The cDNA created was stored at -20 °C.

Primer design

To design primer pairs specific to a region of a particular gene, 3-4 partial or
complete homologous mRNA sequences from closely related species were selected from
the Nucleotide database of the National Center for Biotechnology Information (NCBI,
www.ncbi.nlm.nih.gov). The similarity of the selected sequences was verified by
performing a multiple sequence alignment using CLUSTALW (Kyoto University
Bioinformatics Center, www.genome.jp/tools-bin/clustalw). From the aligned sequences,
the longest one having the least number of gaps was selected. This sequence was queried
against the N. papyraceus transcriptome using NCBI’s megablast BLASTN program.
Among the transcripts selected by BLASTN, the one with the highest value of Query
cover and Ident was used in the designing of primers. They were designed using the online
PrimerQuest® tool (Integrated DNA Technologies, www.idtdna.com/PrimerQuest).
Primer pairs producing short amplicons of 100-300 bp (a requirement for quantitative
real-time PCR experiments) were chosen. Primers were also designed for the gene
encoding histone (H1S) which was used as reference gene in the RT-qPCR experiments.

The primers are listed in Supplementary Table S1.

Reverse transcription PCR for primer testing

Using the gene-specific primers on the prepared cDNA, reverse transcription PCR
(RT-PCR) was performed to amplify the targeted region of each gene. Reaction mixtures
(50 pl each) were prepared with the TopTaq DNA Polymerase kit (QIAGEN) following
the provided PCR Using TopTaq DNA Polymerase protocol. For all genes, the same
cDNA sample of the 4™ stage bulb was used. The reaction was carried out using T100™

Thermal Cycler (Bio-Rad, www.bio-rad.com).
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Gel electrophoresis

The RT-PCR products were analysed by gel electrophoresis using FisherBiotech™
Horizontal Electrophoresis Systems (Fisher Scientific). The gel consisted of 2% agarose
in 1x Tris-acetate-EDTA buffer and was stained with Invitrogen™ SYBR™ Safe DNA
Gel Stain (Thermo Fisher Scientific, Carlsbad, California, USA). Also, the 1 Kb Plus
DNA Ladder (Thermo Fisher Scientific) was used. One fifth of the volume of the
RT-PCR product of each gene (i.e. 10 pl), mixed with 2 pl of GelPilot® DNA Loading
Dye 5x (QIAGEN), was loaded in separate wells of thé gel. Electrophoresis was carried
out for 1 h at 100 V. The bands on the gel were observed using ChemiDoc™ Touch
Imaging System (Bio-Rad).

Sequencing of amplicons

The remaining RT-PCR product (40 pl) of each gene was sent to Génome Québec
for Sanger sequencing. Sanger sequencing was performed on both the forward and
reverse strands to increase the chances of obtaining an accurate sequenced amplicon.
The amplicon sequence (forward and reverse strands) obtained for each gene was aligned
with the sequence (forward and reverse strands) of the corresponding candidate transcript
in the N. papyraceus transcriptome using CLUSTALW. A value indicating the homology

of the aligned sequences was obtained.

Reverse transcription quantitative real-time PCR

Reverse transcription quantitative real-time PCR (RT-qPCR) was performed on
triple technical replicates of each plant sample using CFX Connect™ Real-Time System
(Bio-Rad). The reaction mixtures were prepared using SensiFAST™ SYBR® Lo-ROX
Kit (Bioline, www.bioline.com/sensifast). The included protocol was followed using 1 pl
of template cDNA (100 ng/pl). For each gene, the primers used and the temperature at the
annealing/extension step of the reaction were the same as those for the RT-PCR
experiments (Supplementary Table S1). The reaction conditions were 95 °C for 3 min,

followed by 40 cycles of denaturation (95 °C for 10 s) and annealing/extension for 30 s.
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The last steps of the reaction were 95 °C for 10s, 65°C for 5s and 95 °C for 5s.
The threshold cycle (Cr) value of each gene was normalised against the Cr value of the
gene encoding histone, which served as reference gene. Mean Ct values were calculated
from the technical triplicates and used for relative quantitative gene expression analysis
involving the 2724 method (Livak and Schmittgen, 2001). The statistical error was
calculated using the method stated in the CFX Connect™ Real-Time System manual

(2013).

Alkaloid extraction

Amaryllidaceae alkaloids were extracted from the 24 N. papyraceus samples with
methanol and purified following an optimised acid-base extraction protocol designed by
us. For a given sample, 2 g of plant material were ground to a fine powder in liquid
nitrogen with a mortar and pestle. The powder was transferred to a 15 ml centrifuge tube.
Ten microlitres of papaverine (3 ug ml' in water), used as internal standard for data
quantification, and 5 ml of methanol were added to the powder, which was then placed at
50 °C for 2 h. The tube was vortexed briefly and then centrifuged at 7000 g for 2 min.
The supernatant (crude extract of alkaloids) was collected in a new 15 ml centrifuge tube
and allowed to evaporate until approximately 1.5 ml remained. The tube was once
again vortexed and centrifuged briefly. The supernatant was transferred to a 1.7 ml
microcentrifuge tube and allowed to evaporate to dryness. The dry crude extract of
alkaloids was re-suspended in 300 pl of methanol and subjected to acid-base extraction.
First, the sample was acidified with H2SO4 (2% v/v in water). Organic impurities were
removed by washing twice with chloroform. Next, alkalisation was achieved using
ammonia. The purified alkaloid extract obtained was dried under N> gas and finally

solubilised in 300 ul of methanol.

HPLC

The alkaloid extract samples were analyzed by reversed-phase HPLC with
photodiode array (PDA) detector using the Prominence-i LC-2030C system (Shimadzu,
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www.ssi.shimadzu.com). Separations were performed at a flow rate of 0.5 ml min’
using a Kinetex® CI18 column (150 x4.6 mm, 5 pm particle size; Phenomenex,
www.phenomenex.com). Gradient elution was carried out using a 1% aqueous ammonium
acetate solution with pH 5 and 100% acetonitrile. The ratio of the ammonium acetate
solution to acetonitrile was: 90:10 for 11 min, 69:31 for 4 min, 30:70 for 1 min, 10:90 for

5 min and 90:10 for 2 min. Compounds were monitored at 280 nm.

The average retention time (Rt) and average absorption maxima (Amax) were
determined for the AAs lycorine, galanthamine and narciclasine serving as standards, and
for the alkaloid papaverine serving as internal standard for the relative quantification of

the concentration of detected compounds (Supplementary Table S2).

Hundred microlitres of the alkaloid extract of each plant sample was injected.
The absorbance values of all compounds detected in each sample were normalised to the
absorbance value of the internal standard papaverine. After having set an arbitrary
minimum relative absorbance cut-off value of 0.20, compounds presenting interesting
_ trends regarding their detection in the various plant samples were selected (Supplementary

Table S3). The absorbance of a compound represents its concentration.

The relative concentration of lycorine was determined for each plant sample by
dividing its relative absorbance (compound 4.22 in Supplementary Table S3) by the total
relative absorbance of all compounds in that sample (row B in Supplementary Table S3).

The relative concentrations of lycorine are indicated in row C of Supplementary Table S3.

Accession numbers

The sequences described in this paper have been deposited in the
National Center for Biotechnology Information Sequence Read Archive
(bttps://www.ncbi.nlm.nih.gov/sra/) under the accession number SRR6041662. Gene
transcript sequences were deposited in Genbank with the following accession numbers for

nucleotide sequences: tyrosine decarboxylase 1 (MF979854), tyrosine decarboxylase 2
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(MF979855), phenylalanine ammonia lyase 1 (MF979856), phenylalanine ammonia
lyase 2 (MF979857), phenylalanine ammonia lyase 3 (MF979858), cinnamate
4-hydroxylase 1 (MF979859), cinnamate 4-hydroxylase 2 (MF979860), coumarate
3-hydroxylase (MF979861), 4-coumarate-CoA ligase 1 (MF979862), 4-coumarate-CoA
ligase 2 (MF979863), 4-coumarate-CoA ligase 3 (MF979864), 4-coumarate-CoA
ligase 4 (MF979865), hydroxycinnamoyltransferase 1 (MF979866),
hydroxycinnamoyltransferase 2 (MF979867), hydroxycinnamoyltransferase 3
(MF979868), norbelladine 4'-O-methyltransferase  (MF979869), noroxomaritidine
synthase 1 (MF979770), noroxomaritidine synthase 2 (MF979871), noroxomaritidine/
norcraugsodine reductase 1 (MF979872), noroxomaritidine/norcraugsodine reductase 2
(MF979873), noroxomaritidine/norcraugsodine reductase 3 (MF979874) and histone
(MF979875).

Results and discussion
RNA sequencing of Narcissus papyraceus bulbs

To gain a better understanding of the AA biosynthetic pathway and to enable the
discovery of genes involved in their formation, we performed RNA sequencing of
N. papyraceus. Bulbs were chosen based primarily on their alkaloid accumulation profiles
reported in the literature. For example, Viladomat ef al. found that the bulb of Narcissus
assoanus accumulated the greatest amount of alkaloids (Viladomat et al., 1986), whereas
Kreh reported that the concentration of galanthamine was relatively high in the bulbs of
N. pseudonarcissus L. cultivar Carlton (Kreh, 2002). In a more recent study by Shawky
et al., in which nine different samples (different parts at different developmental stages)
of N. papyraceus were analysed, alkaloids were found to be most abundant in bulbs
compared to other parts (Shawky et al., 2015). Thus, RNA from N. papyraceus bulbs was
extracted and screened for sufficient quality and quantity prior to cDNA library creation
and deep sequencing using Illumina. A total of 70,409,091 raw paired reads were
obtained, which were trimmed to give 64,038,268 surviving paired reads that corresponds

to 91% of the initial raw reads (Table 1). For non-model plants such as Amaryllidaceae,
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for which genomic information is lacking, a de novo assembly is necessary.
Detailed overview of the sequencing output, trimming, assembly, and transcript length
distribution is provided in Supplementary Table S4. A total of 8,945,044 paired reads
were obtained after the normalization step corresponding to 14% of the initial raw reads.
Normalised reads were used to assemble the transcriptome generating 148,563 transcripts
(or unigenes) (Table 1). For identification, the transcripts were aligned against the
uniprot_sprot.trinotate_v2.0.pep protein database. BLAST annotation yielded
8,866 transcripts of an average length of 1,695 bp (Supplementary Table S4). Thus, the
remaining 139,697 transcripts represented a large number of transcripts showing no
similarity to known genes. They appeared to represent transcripts of uncharacterised genes
or sequences specific to N. papyraceus. Altogether, we concluded that a good quality
transcriptome was developed with a high number of surviving paired reads and full-length

assembled transcripts.

To identify specific transcripts encoding enzymes involved in AA biosynthesis,
we performed local BLASTx (translated nucleotide — protein) analyses (Table 2).
Several transcript isoforms of orthologous genes were identified. For example, 7YDC
genes have been identified from various plant species including N. pseudonarcissus where
two isoforms, 7YDCI and TYDC2, were reported (Singh and Desgagné-Penix, 2017).
Together, NpapyTYDCI and NpapyTYDC2 share 57% homology of the amino acid
sequence; NpapyTYDCI is 90% homologous to N. pseudonarcissus TYDCI and
NpapyTYDC2 shares 94% with N. pseudonarcissus TYDC?2 (Singh and Desgagné-Penix,
2017). BLASTx analysis reported that NpapyTYDC1 shared 70% homology with opium
poppy 7YDC2, which is involved in the synthesis of benzylisoquinoline alkaloids,
whereas NpapyTYDC?2 was 74% homologous to the rice 7YDCI (Table 2).

PAL genes have also been reported from various plant species including the
Amaryllidaceae Lycoris radiata and N. pseudonarcissus, where two isoforms were
identified in each species (Jiang et al., 2011, Jiang et al., 2013, Singh and Desgagné-Penix,
2017). BLASTx searches for PAL genes in the transcriptome led to the identification of

three full-length isoforms (Table 2). Similarly, several transcript isoforms were also
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identified for C4H, 4CL, and HCT (Table 2). For gene transcripts “specific” to
AA biosynthesis, we identified one isoform of N4OMT, two of CYP96T and three of
NorRed (Table 2). Altogether, we were able to identify full-length transcripts and several
isoforms with Expect values of zero, or very close to zero, corresponding to genes

encoding biosynthetic enzymes involved in AA production.

Comparative fragments per kilobase million (FPKM) digital expression of the
transcriptome of the N. papyraceus bulbs indicated that the “AA-specific” gene transcripts
such as those of N4OMT, CYP96T and NorRed, were more abundantly expressed than
transcripts encoding enzymes involved in the “AA-precursor” biochemical reactions
including those of 7YDC, PAL and others (Table 2). Similar levels of expression were
observed for TYDC and PAL genes (Table 2). Since these genes encode enzymes involved
in steps at the entry point of other pathways, it may suggest coordinated regulation for the

formation of AA precursors (Fig. 1).

Confirmation of candidate genes

In order to confirm the presence and expression of candidate genes in the bulbs of
N. papyraceus, specific primer pairs were designed (Supplementary Table S1) and tested
using RT-PCR. Gel electrophoresis of the PCR products revealed bands of the expected
size between the 100 and 300 bp markers (Supplementary Fig. S1). This means that the
targeted region of each AA biosynthetic gene was properly amplified by RT-PCR since
the gene-specific primers were designed to create amplicons ranging between 100-300 bp
in length (Supplementary Table S1). Regarding HIS, the two bands observed between the
100 and 300 bp markers suggest that there are two HIS transcripts. These are either
splicing variants of the same HIS gene or products of two HIS gene isoforms. Each PCR
product was purified and sequenced to verify accuracy compared to the corresponding
sequence from the bulb transcriptome. We concluded that all AA biosynthetic genes are
present in the N. papyraceus transcriptome. The primers were later used for expression

profile analysis by RT-qPCR.
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Plant growth

The complete life cycle of N. papyraceus, from bulb to senescence, lasted between
10-12 weeks and different parts (bulbs, roots, leaves, stems, and flowers) were collected
at each stage (Fig. 2). A total of six stages of development were selected for the study,
from non-germinated bulbs (stage 1) to mature plants with senescing flowers (stage 6).
The second stage of development, at around 44.5 + 5 days old, is characterised by the
appearance of the first leaves, whereas the third stage (circa 58.5 = 5 days Qld) involved
the pres.ence of a stem with ﬂower buds (Table 3). The last three stages, 1.e. stages 4-6,
were determined by the maturation of the flowers (Fig. 2). Plants reached flowering stages
after 70 days with 5-12 leaves and ranging in length from 36-48 cm (Table 3).
The differences in age, leaf count and leaf length between stages is due to differences
between the growth rates of individual plants. A total of 24 samples was collected
including bulbs at each of the six stages (6 samples), roots and leaves for stages 2 to 6
(10 samples), and stems and flowers for the last four stages (8 samples). Triplicates for
each stage representing these differences were harvested, pooled and used for the

subsequent study.

Gene expression analysis with RT-qPCR

In order to profile AA biosynthetic gene expression in N. papyraceus parts in
response to development, total RNA was isolated from the various parts at the six
developmental stages of the plant (Fig. 2). Quantitative expression analysis was performed
on twelve genes which included nine genes encoding enzymes involved in AA-precursors’
biosynthesis such as 7YDC (I & 2), PAL (I & 2), C4H, C3H, 4CL and HCT (I & 2) and
three genes encoding enzymes involved in AA-intermediates’ biosynthesis such as
N4OMT, CYP96T and NorRed (Fig. 1). The expression for each gene was normalised
against the reference gene coding for histone to obtain the relative gene expression.
The results (Fig. 3) indicate that the transcripts exhibited different expression kinetics that
can be described as early (stage 1), mid (stages 2-4) and late (stages 5-6) responses.
The fold-expression varied from relatively low (< 2 fold) to high (> 4000 fold), compared

to each other.
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As mentioned earlier, Amaryllidaceae alkaloids are derived from norbelladine
(Bastida et al., 2011), which itself is considered to be generated from the condensation of
3,4-DHBA and tyramine (Fig. 1) (Bastida et al., 2011, Singh and Desgagné-Penix, 2014,
Diamond and Desgagné-Penix, 2015). Tyramine is produced from tyrosine, while
3,4-DHBA is a product of the phenylpropanoid pathway (Singh and Desgagné-Penix,
2017). The biosynthetic genes PAL, C4H, 4CL, HCT and C3H are involved in
phenylpropanoid biosynthesis. The phenylpropanoid biosynthetic pathway is an
important specialised metabolic pathway responsible for the production of a large
number of metabolites including coumarins, flavonoids, anthocyanins, stilbenes,
hydroxycinnamates, lignans, lignin and benzoic acids (Vogt, 2010, Fraser and Chapple,
2011). These compounds play essential roles in plant growth and development, and
plant—environment interactions (Zhang and Liu, 2015). Being the first biosynthetic gene
of the pathway, PAL is responsible for converting the amino acid phenylalanine, a product
of primary metabolism, to ftrans-cinnamic acid (Fig. 1). Thus, PAL resides at a
metabolically important position, linking primary metabolism to specialised metabolism
(Singh et al., 2009). The same is true for the biosynthetic gene 7YDC which transforms
the amino acid tyrosine (primary metabolite) to tyramine. In addition to AAs, 7YDC is
involved in the biosynthesis of several other types of specialised metabolites (Facchini et
al., 2000) including benzylisoquinoline alkaloids (Desgagné-Penix and Facchini, 2012)
and hydroxycinnamic acid amides of tyramine (HCAATSs) (Hagel and Facchini, 2005).
Morphine and codeine are the best known examples of benzylisoquinoline alkaloids
produced by the opium poppy. The production of HCAATSs has been associated with plant
stress responses. Following oxidative polymerization, HCAATS are believed to reinforce
cell walls rendering them less susceptible to penetration by pathogens. Since PAL and
TYDC are the first biosynthetic genes involved in the production of many types of

specialised metabolites, they have attracted considerable attention.

Several isoforms of PAL exist since PAL is encoded by a multi-gene family in plants
(Chang et al., 2008). For example, there are four isoforms of PAL in Arabidopsis, five in
poplar, nine in rice (Hamberger et al., 2007) and more than a dozen copies in potato and

tomato (Chang et al., 2008). We analysed the expression of two isoforms of PAL in our
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study of N. papyraceus (Fig. 3). PALI, in general, was expressed at similar levels in all
parts at each developmental stage. PAL2, for its part, was expressed the highest in bulbs
at almost all stages, followed by stems, indicating it is more specifically involved in the
synthesis of phenylpropanoids in bulbs and stems. This profile of PAL2 expression was
also reported by Singh and Desgagné-Penix for N. pseudonarcissus ‘King Alfred” PAL2
(Singh and Desgagné-Penix, 2017). The two isoforms being expressed at different levels
in the various N. papyraceus plant samples suggests they are involved to different degrees
in the phenylpropanoid pathway for the production of various specialised metabolites in

the plant.

Such differential spatial and/or temporal expression of isoforms of PAL, associated
with specific metabolic activities, has also been reported for other plants species.
For example, in a study conducted on PAL in another Amaryllidaceae species,
Lycoris radiata, Jiang et al. identified two isoforms of PAL which differed in their
expression in different parts of the flower at the blooming stage of the plant; the expression
of LrPAL2 was always much higher than that of LrPALI (Jiang et al., 2013). Singh and
Desgagné-Penix also noted, in their study of N. pseudonarcissus ‘King Alfred’, different
expression profiles for two PAL isoforms in five parts of the plant at the flowering stage
(Singh and Desgagné-Penix, 2017). In both studies, the authors suggest that the
PAL isoforms may have distinct functions in different branches of the phenylpropanoid

pathway.

Differential expression of two isoforms of PAL having specific functions was also
observed by Kao et al. for quaking aspen (Populus tremuloides Michx.) (Kao et al., 2002).
They found that PtPAL 1 was expressed in the cells of non-lignifying parts such as stems,
leaves and roots. However, PtPAL2 was expressed in both the heavily lignified structural
cells of shoots and in the non-lignifying cells of root tips. It was suggested that PtPALI
is implicated in the biosynthesis of non-lignin metabolites while PtPAL2 is involved in

lignin formation.
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In Arabidopsis thaliana, among the four isoforms of PAL, AtPALI, -2 and -4 were
observed to be highly expressed in inflorescence stem, a part rich in lignifying cells (Raes
et al., 2003, Rohde et al., 2004), and have been shown to play an important role in lignin
biosynthesis (Oh et al., 2003, Rohde et al., 2004, Huang et al., 2010).

Regarding the biosynthetic gene TYDC, similar to PAL, it is encoded by multiple
genes. For example, eight copies of the 7YDC gene have been detected in the opium poppy
(Facchini and De Luca, 1994), whereas four similar genes encode TYDC in parsley
(Kawalleck et al., 1993). In our study of N. papyraceus, when comparing the expression
profiles of TYDC/I and TYDC2, the most interesting feature is that they are practically the
same in the first three developmental stages (Fig. 3). This may be a sign that these two
isoforms are regulated in a similar manner early in the life of the plant. However,
differences in gene expression levels between 7YDCI and TYDC2 appear in the later
stages 4-6 (Fig. 3). At stage 4, TYDC] is expressed at about the same level in all parts of
the plant, whereas 7YDC?2 is highly expressed in the leaves. At stages S and 6, TYDC/ is
expressed more in certain parts than others: bulbs and roots at stage 5, whereas flowers at
stage 6. On the other hand, expression of 7YDC?2 is not particularly pronounced in any

part of the plant during the last two stages.

Different expression profiles for different 7YDC isoforms have also been observed
by Facchini and De Luca who studied their expression in the mature opium poppy
(Facchini and De Luca, 1995). They noted that 7YDCI-like genes were predominantly
expressed in roots and, to a much lower extent, in stems. The opposite was true for
TYDC(C2-like genes. In the opium poppy, the TYDC gene is involved in the synthesis of
benzylisoquinoline alkaloids of which morphine and codeine are well-known examples
(Desgagné-Penix and Facchini, 2012). Two benzylisoquinoline alkaloids which Facchini
and De Luca detected and analysed were sanguinarine and morphine, each of which is
synthesised by different branch pathways further downstream in the benzylisoquinoline
alkaloid biosynthetic pathway (Desgagné-Penix and Facchini, 2012). The presence of
high quantities of sanguinarine in the roots, where T7YDCI/-like genes were highly

expressed, and the lack of detectable quantities of sanguinarine in aerial parts,
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where TYDC1-like genes were lowly expressed, led the authors to believe that the 7YDC1-
like genes were particularly involved in the production of sanguinarine and other alkaloids
synthesised in the same branch pathway as sanguinarine. On the other hand, the abundance
of morphine in aerial parts and its presence in roots, together with the high levels of
TYDC2-like transcripts in stems and roots, led the authors to suggest that 7YDC2-like
genes may be implicated in the synthesis of morphine and other closely related alkaloids.
Based on these observations, the authors propose that the 7YDCI-like genes may be
coordinately regulated with genes present in the branch pathway involving sanguinarine
biosynthesis, whereas TYDC2-like genes may be coordinately regulated with genes

present in the branch pathway involving morphine biosynthesis.

HCT is another gene for which we analysed the expression levels of two isoforms
(Fig. 3). Like for PAL and TYDC, there are considerable differences between the
expression level profiles of the HCT isoforms. We assume that, like for PAL, the different
isoforms of HCT are involved to varying extents in the phenylpropanoid pathway.
HCT has been reported to be quite active in lignin formation (Hoffmann et al., 2004,
Lepelley et al., 2007). Lignins are phenylpropanoid-derived compounds involved in cell
wall formation. Therefore, maybe the relatively higher expression of HCTI during
stages 3-6, for example, could be due to a possibly greater production of lignins during
these stages and that HCT1 in N. papyraceus is perhaps more involved in lignin formation

than HCT?2.

C4H and C3H are two biosynthetic genes in the phenylpropanoid pathway which
code for cytochrome P450 enzymes. Curiously, both genes display the same expression
pattern for stages 2-6 (Fig. 3). It, thus, seems that these two genes are being coordinately
regulated as the plant is growing and developing. Regarding C4H, Fock-Bastide et al.
reported that its expression level in Vanilla planifolia pods was highest during the earlier
stages of its maturation, but declined during the later stages (Fock-Bastide et al., 2014).
This expression profile resembles that observed by us for N. papyraceus in that C4H
expression is high during the 1 and 2™ developmental stages (Fig. 3). Phimchan et al., in

their study of capsaicinoid biosynthesis, noted that C4H activity remained constant in
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various cultivars of Capsicum regardless of fluctuations in capsaicinoid accumulation in
these cultivars (Phimchan et al., 2014). Similarly, the level of expression of C4H remains
constant during stages 3-5 (Fig. 3) even though the V. papyraceus plant continues to grow

and develop during these stages.

Unlike the genes discussed so far, NJOMT is specific to AA biosynthesis.
It is responsible for the methylation of norbelladine, the compound from which all AAs
are derived (Fig. 1) (Bastida et al., 2011). The expression profile we obtained for N¢dOMT
is not in concordance with that obtained by Kilgore et al. (Kilgore et al., 2014) and Singh
and Desgagné-Penix (Singh and Desgagné-Penix, 2017). They analysed the expression of
N4OMT in Narcissus species at the flowering stage in different parts: bulbs, leaves,
flowers, and/or roots and stems. Kilgore ef al. noted the highest expression was in bulbs,
followed by flowers in close second, while it was barely expressed in leaves. Singh and
Desgagné-Penix’s results demonstrated that highest expression was once again in bulbs,
but very low in all other parts. In our results of N¢OMT"s expression in N. papyraceus at
developmental stage 4 (flowering stage) (Fig. 3), we observed that the expression in leaves
was slightly higher than that in bulbs, and the lowest expression was in flowers. The only
similarity with our results is that Singh and Desgagné-Penix also observed the flowers to
be among the plant parts where N4OMT was expressed the lowest. One reason for the
discrepancies in the results of N¢dOMT expression between our and the other two studies

may be because the same Narcissus species was not analysed in each study.

Looking at the expression levels of any gene in all the 24 samples of N. papyraceus
(Fig. 3), it is obvious its expression differs among the various parts and usually changes
as the plant grows and develops. The physiological conditions of an organism as well as
environmental stimuli have long been known to affect the transcriptional regulation of
PAL (Zhang and Liu, 2015), for example. The same must, undoubtedly, be true for all the
other AA biosynthetic genes, which can explain the observed spatial and temporal
differences in gene expression. Obviously, as time goes on, a plant adapts to its changing
needs, and responds to changes in its environment to varying extents in the various parts

of the plant.
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Alkaloid profiling

In order to establish the alkaloid profile of each part at each developmental stage,
HPLC was performed on all 24 samples of N. papyraceus following an optimised
acid-base extraction method for alkaloids. First, the average retention times (Rt) and
absorption maxima (Amax) were determined for the AAs lycorine, galanthamine and
narciclasine, which served as standards, as well as for the alkaloid papaverine (internal
standard) which was used for relative quantiﬁcatiqn (Supplementary Table S2). Among
the various compounds detécted in all the plant samples, 28 were of interest. Some of
these were detected in all or almost all the samples, while others were present in particular
parts throughout the life of the plant. The presence of the 28 compounds in the 24 plant
samples, listed by their average Rt, is presented in Supplementary Table S3.

By comparing these results with those of the AA standards (Supplementary
Table S2), the following observations can be made. The compound with the average Rt of
4.22 min (average Amax of 221 and 285 nm), seems to be lycorine since these values are
quite close to those of lycorine (4.13 min; 237 and 285 nm). Contrary to lycorine,
galanthamine does not seem to be present in any of the samples as no compound was
detected having an average Rt similar to that of galanthamine (4.77 min). Narciclasine
also does not seem to be present even though there is a compound detected in almost all
of the samples with an average Rt of 7.69 min, which is very close to that obtained for
narciclasine (7.70 min). However, the mean Amax values (221 and 283 nm) of this

compound differ considerably from those of narciclasine (251 and 304 nm).

Regarding their detection in the 24 plant samples, many compounds share common
trends with each other. The compounds, henceforth, will be referred to by their average
Rt value. For example, compounds 4.22 (supposedly lycorine), 9.19 and 9.52 were present
in all 24 plant samples (Supplementary Table S3). On the other hand, compounds 10.03,
10.66 and 13.66 were present in particular parts throughout the life of the plant: 10.03 and
10.66 in the leaves and flowers, while 13.66 in the roots. This suggests specificity of these
three compounds for their respective parts regardless of the developmental stage.

Interestingly, compounds 11.66, 12.17, 12.89 and 14.03 were found in only one sample:
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stage 6 flowers. These four compounds may be involved in a physiological process
exclusive to the stage 6 flowers. What is peculiar, however, is that the six compounds with
Rt ranging from 6.43 to 7.20 were present at extremely high concentrations in the leaves
of the 2™ developmental stage. The first 3 of these 6 compounds (6.43, 6.60 and 6.73)

were also present at high concentrations in the leaves of the 5™ developmental stage.

Compound 4.22, supposedly lycorine, has been detected in all plant samples and has
a high relative concentration in most samples (Supplementary Table S3). This is in
accordance with the findings reported by Shawky et al. who found that lycorine was the
predominant alkaloid in N. papyraceus (Shawky et al., 2015), and with the fact that
lycorine is one of the most abundant AAs in the Narcissus genus (Torras-Claveria et al.,
2014). A reason for this is that lycorine is possibly, phylogenetically, among the oldest
AAs in Narcissus (Berkov et al., 2014). Furthermore, lycorine is present in higher
concentration in the leaf samples compared to the bulb samples (Supplementary
Table S3). This is in agreement with the results obtained by Torras-Claveria et al.
regarding the GC-MS analysis of six ornamental species of Narcissus (Torras-Claveria et

al., 2014).

The relative concentration of lycorine was determined for each plant sample and is
shown in Fig. SA. It is interesting to note that the fraction of the concentration of lycorine
out of the total concentration of heterocyclic compounds in each plant sample remains
more or less constant as the plant ages. This suggests a constant production of lycorine, in

each part, throughout the growth and development of the plant.

Altogether, the results show different compound profiles for the different parts of
N. papyraceus with aerial parts such as leaves and flowers having the highest abundance
of compounds, whereas the bulbs, the lowest. A similar finding was reported in a recent
study of AA biosynthesis in N. pseudonarcissus ‘King Alfred’ in that leaves had the
highest concentration of AAs (Singh and Desgagné-Penix, 2017).
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Comparison of gene expression and compound content profiles

To better understand the involvement of the proposed AA biosynthetic genes in the
production of the AAs at each developmental stage of N. papyraceus, we compared the
expression profiles (Fig. 3) of the ten AA biosynthetic genes and isoforms common to all
Amaryllidaceae alkaloids (i.e. down to and including N¢OMT (Fig. 1)) with the compound
content profiles (Figs. 5B and 5C). Some of the noteworthy observations are described

below.

At the 2" stage, relative to the other stages, PAL2, C4H, C3H, TYDCI, TYDC?2 and
N4OMT all exhibit very high expression in bulbs, considerably lower in roots, and low in
leaves. Therefore, at this stage, during which the plant begins its growth from the 1% stage
bulb, the expression of most of the genes remains high in the bulbs compared to the roots
and leaves. According to this, a great amount of alkaloids would be expected to be
produced in the bulbs and least in the leaves. However, the opposite is observed in
Figs. 5B and 5C where the bulbs have the lowest amount of compounds and the leaves
have the highest. A plausible explanation for this may be that the biosynthetic enzymes
and/or alkaloids produced in the bulb are being transported to other parts of the plant,
leading to a decrease in the amount of alkaloids in the bulb and higher amounts in the
roots and leaves. Such transport has been previously described in the opium poppy (Bird

et al., 2003, Ziegler and Facchini, 2008, Onoyovwe et al., 2013).

At the 3™ developmental stage, the greater amount of compounds being accumulated
in the leaves and flowers is in accordance with the high or very high expression, in these
parts, of several genes such as PALI, 4CL, HCTI and N4OMT. The surprisingly high
content of compounds in the stems, where almost all genes are expressed at very low
levels, points, once again, to a possible transport of enzymes and/or alkaloids from other

parts of the plant to the stem.

The analysis of the levels of expression of various genes at stage 4 shows that PAL?2
is highest in the flowers, C4H is high in the flowers, 4CL is higher in all aerial parts, HCT

is highest in the leaves and stems, and 7YDC?2 is highest in the leaves. This is consistent
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with the high accumulation of compounds in the aerial parts. It should further be noted
that at this stage, with the advent of the blossoming of flowers, compounds begin to
increase in the underground extremity, i.e. roots, of the plant. The roots at this stage have
the highest concentration of compounds (Fig. 5C) specifically due to compound 4.22,
assumed to be lycorine (Supplementary Table S3). The high concentration of lycorine in
the stage 4 roots may be due to high expression levels of many other, yet unknown, genes
implicated further downstream in the pathway, more precisely, in the ortho-para’ phenol

coupling subgroup which is specific to lycorine synthesis (Fig. 1).

To summarise, as the plant grows, it has a tendency to store the compounds in certain
parts rather than others regardless of the level of gene expression. This is probably due, as
mentioned for the 2°¢ and 3™ stages, to a transport of enzymes and AAs within the plant.
When the plant is young, i.e. at stages 2 and 3, it is clear there is a greater accumulation
of compounds in all aerial parts (leaves, stems and un-blossomed flowers) (Figs. 5B and
5C). At stage 4, the leaves and flowers continue to accumulate large amounts of
compounds but a decrease occurs in the stems, whereas in the roots the amount of
compounds begins to increase. The presence of a high amount of compounds in the aerial
parts is in line with the theory that alkaloids act as defense molecules for a plant (Mahajan
et al., 2010) as the aerial parts, besides being vulnerable to various pathogens, are also
visible and easily accessible to herbivores. The reason the roots also possess a high amount
of compounds is that they can always be attacked by pathogens present in the soil
(Facchini and De Luca, 1995). However, the decrease of compounds in the stems at stage
4, and the much lesser content of compounds in the roots during stages 2-3, is rather

puzzling.
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Tables

Table 1. Summary of the transcriptome database generated from one lane of Illumina
sequencing of V. papyraceus stage 1 bulbs.

o o 0 o ®»

N. papyraceus

Total number of raw paired reads? 70409 091

| Total number of surviving paired reads trimmed® 64 038 268
Total number of surviving paired reads normalized® 8 945 044
Number of transcripts® 148 563
Number of components® 86 994
Number of annotated transcripts’ 8 866

Number of Paired Reads obtained from the sequencer.

Number of Remaining Paired Reads after the trimming step.

Number of Remaining Paired Reads after the normalization step.

Number of transcripts: Trinity has created a list of transcripts representing the transcriptome isoforms.
The transcripts are grouped in components loosely representing genes. Transcript names are prefixed by
the component/gene name e.g. transcripts c115 g5 il and c115 g5 i2 are derived from the same
isolated de Bruijn graph and therefore share the same component/gene number c115 g5.

Each transcript has been aligned against the uniprot_sprot.trinotate v2.0.pep protein database using the
blastx program from the NCBI BLAST family.



Table 2. Summary of the biosynthetic genes identified from the N. papyraceus stage 1 bulb transcriptome known to be involved in
Amaryllidaceae alkaloid biosynthesis.

Name Reads | Length | ORF Top annotation Species Expect Accession
(FPKM) (bp) (bp) value number
TYDC! 1881 1641 | 1536 | tyrosine/DOPA decarboxylase 2 Papaver somniferum 0 | P54769.1
TYDC2 1111 2004 | 1356 | tyrosine decarboxylase 1 Oryza sativa 0 | Q7XHL3.1
PALI 1911 2277 | 2130 | phenylalanine ammonia-lyase 3 Petroselinum crispum 0 | P45729.1
PAL2 1790 2395 | 2136 | phenylalanine ammonia-lyase 1 Prunus avium 0 | 064963.1
PAL3 1790 2395 | 2136 | phenylalanine ammonia-lyase 1 Prunus avium 0 | 064963.1
C4H1 3309 1792 | 1518 | cinnamic acid 4-hydroxylase Zinnia violacea 0 | Q43240.1
C4H2 3309 1743 | 1518 | cinnamic acid 4-hydroxylase Zinnia violacea 0 | Q43240.1
C3H 2018 1830 | 1530 | p-coumarate 3-hydroxylase Arabidopsis thaliana 0 | 022203.1
4CLI 1645 1846 | 1710 | 4-coumarate:CoA ligase 2 Oryza sativa 0 | Q42982.2
4CL2 1173 1994 | 1683 | 4-coumarate:CoA ligase-like 7 Oryza sativa 0 | Q69RG7.1
4CL3 1173 1834 | 1614 | 4-coumarate:CoA ligase-like 7 Arabidopsis thaliana 0 | Q9M0X9.1
4CL4 1173 2023 | 1653 | 4-coumarate:CoA ligase-like 4 Oryza sativa 0 | Q10872.1
HCTI 2572 1633 | 1311 | hydroxycinnamoyltransferase 1 Oryza sativa 0 | QOJBZ8.1
HCT?2 2572 1807 | 1416 | hydroxycinnamoyltransferase 2 Nicotiana tabacum 2e-96 | Q8GSM7.1
HCT3 2572 1612 | 1308 | hydroxycinnamoyltransferase 3 Oryza sativa le-105 | Q5SMMS.1
N4OMT 21722 1062 720 | norbelladine 4'-O-methyltransferase Narcissus aff. pseudonarcissus 2e-171 | AOAO7TTEWAS.1
MK-2014
CYP96TI 16956 1866 | 1605 | noroxomaritidine synthase (CYP96T1) Narcissus aff- pseudonarcissus 0 | AOAT40IL90.1
MK-2014
CYP9612 16956 1839 | 1605 | noroxomaritidine synthase (CYP96T1) Narcissus aff. pseudonarcissus 0 | AOA1401L90.1
MK-2014
NorRed! 6876 1049 810 | noroxomaritidine/norcraugsodine reductase Narcissus aff. pseudonarcissus 2e-169 | AOP04255.1
MK-2014
NorRed2 6876 1049 780 | noroxomaritidine/norcraugsodine reductase Narcissus aff. pseudonarcissus le-164 | AOP04255.1
MK-2014
NorRed3 6876 1049 768 | noroxomaritidine/norcraugsodine reductase Narcissus aff. pseudonarcissus 3e-173 | AOP04255.1
MK-2014
HIS 9658 437 | 410 | histone H3.3 Arabidopsis thaliana 3e-95 | P59169.2
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Table 3. Growth details of N. papyraceus plants measured by the number and length of

their leaves.

Developmental stage

2 3 4 5 6
Days 44550 | 58550 | 725+35| 74564 | 79.0£8.5
Leaf count 7.5+26 8649 | 60x1.6 83+x10| 85%338
Shortest leaf (cm) 4110 10728 | 21.7£85| 124+£79| 26577
Longest leaf (cm) 143£57| 40540 | 44.6+24| 392129 | 424+6.5
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Figure legends

Fig. 1. Proposed AA biosynthetic pathway. Abbreviations of enzymes for which
corresponding genes have been isolated from Amaryllidaceae plants are written in
bold-black font, whereas from those isolated from other plants are written in bold-grey
font. Reactions in the grey-shaded area represent an alternative route for caffeic acid
synthesis. Broken arrows represent more than one biochemical reaction. Abbreviations:
PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydr6xylas¢ (CYP73A1); 4CL,
4-hydroxycinnamoyl CoA ligase; HCT, hydroxycinnamoy] transferase; C3H, coumarate
3-hydroxylase (CYP98A3); TYDC, tyramine decarboxylase; N4OMT, norbelladine

4’-O-methyltransferase; NR, noroxomaritidine reductase; Sh/Q, shikimate/quinate.

Fig. 2. Photos showing the developmental stages of Narcissus papyraceus used in this
study. (a) Stage 1: unplanted bulb; (b-c) stage 2: emergence with presence of young leaves;
(d-e) stage 3: presence of stems with unopened flower buds; (f-g) stage 4: blossoming
with emergence of young flowers; (h-i) stage 5: flowering with mature flowers; and (j-k)

stage 6: senescence with wilting flowers.

Fig. 3. Expression profiles of genes involved in Amaryllidaceae alkaloid biosynthesis
obtained by quantitative real-time PCR analysis in different parts (bulbs, roots, leaves,
stems and flowers) at six different developmental stages of Narcissus papyraceus.
The graphs are plotted using normalized AACy values scaled to the lowest. The gene for
histone was used as reference gene. The gene expression fold change was calculated using
the 2"44CT method (Livak and Schmittgen, 2001). The error bars represent the mean
standard deviation of three independent replicates and were calculated using the method
stated in the CFX Connect™ Real-Time System (Bio-Rad, www.bio-rad.com) manual
(2013). Abbreviations: TYDC, tyramine decarboxylase; PAL, phenylalanine ammonia
lyase; C4H, cinnamate 4-hydroxylase; C3H, p-coumarate 3-hydroxylase, 4CL,
4-hydroxycinnamoyl CoA ligase; HCT, hydroxycinnamoyl transferase; N4OMT,
norbelladine 4°’-O-methyltransferase, CYP96T, cytochrome P450 monooxygenase 96T1

and NorRed, noroxomaritidine reductase. Developmental stages are detailed in Fig. 2.
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Fig. 4. Representative HPLC chromatograms. A) Alkaloid standards lycorine (LYC),
galanthamine (GAL), narciclasine (NAR) and papaverine (PAP). B-C) Compounds

extracted from N. papyraceus stage 1 bulbs and stage 5 leaves, respectively.

Fig. 5. Accumulation profiles of compounds extracted from different parts (bulbs, roots,
leaves, stems and flowers) at six different developmental stages of Narcissus papyraceus
obtained by HPLC-PDA analysis. A) Relative concentration of lycorine representing the
concentration of lycorine out of the total concentration of compounds in each plant
sample. B) The number of compounds detected in each plant sample. C) The relative
concentration of compounds detected in each plant sample. In panel C, the bars
representing samples 2-Leaves and 5-Leaves, which actually reach the very high values
of 731 and 85, respectively, are cut-off at the value of 50 making it easier to view and
compare the bars representing all the other samples. The histogram in panel C was plotted

using absorbance values normalized to the absorbance of papaverine (internal standard).
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Figures
Fig. 1
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Fig. 5 (continued)
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Supplementary Table S1. List of primers used in, and amplicon lengths pertaining to,
the RT-qPCR experiments.

Gene Forward primers (5'-3’) Reverse primers (5'-3") “:lnz??;;;]
TYDC! | TTGATGTCGGCGGATGAG TGCTTCTCCTCGGTGAGG 245
TYDC2 | GTGCCAGGCGTAACCCATTGG | CTGCCCAGAAGACAGGAATTGG 219
PALI | GAGGAGAATCTGAAGAGC CATTAAAGGGTAAGTGC 186
PAL? | GTACCCGTTGATGCAGAAGC | TCCTATTGGCGATTGGTGC 197
C4H GTATTTGAAGATTTGCAAGC GCTGCAACATTGATGTTCTC 210
C3H | CAGGTGCTTCGCCGAGTGG CCTCACCTTCACGTAGTGGG 226
4CL GGCTATTTGAATGACCCTGAGG | CCGAGCTTTTCGACGGAACTAC 277
HCT | CGACGAGGAGTATGTGAGG CTCCAACGAAACCAGAACC 197
N4OMT | GTGAAGCTCGTCAGGATTGG CAGGTTTCTGAAAGAGAGCC 127
CYP96T | TGCTATGGCGAGGATGAAGG ACATGTCCCTTCACCATCTG 228
NorRed | TCCGGGAGCCATAAGAACGC GGTGATGTAGGAAGCAGATGG 160
HIS GTCTGCCCCAACAACTGGAGG | GCTTCCTAATCAGTAGCTCG 113

Supplementary Table S2. Average retention time and absorption maxima for each
alkaloid standard obtained by HPLC-PDA analysis.

Standard Average retention time (min) Amax (nm)
Lycorine 4.13 237,285
Galanthamine 4,77 234, 286
Narciclasine 7.70 251,304
Papaverine 16.85 233,278,314, 325




Supplementary Table S3. Relative absorbance values of 28 compounds of interest obtained by HPLC-PDA analysis of
24 N. papyraceus alkaloid extract samples. The compounds are listed by their retention time (min) values. For each sample, all
absorbance values (mAU) were normalised to that of the internal standard papaverine (compound 16.87) to obtain the relative absorbance
values shown. Cells containing values below 0.20 are shaded and were not considered. An empty cell indicates that the compound was
not detected in that plant sample. Row A indicates the total number of compounds in each sample. Row B indicates the total concentration
of compounds in each sample. Row C indicates the relative concentration of lycorine, i.e. the fraction of the concentration of compound
4.22 (assumed to be lycorine) out of the total concentration of compounds in each sample.

Compound N. papyraceus ‘

1-Bulbs | 2-Bulbs | 2-Roots | 2-Leaves 3-Roots | 3-Leaves | 3-Stems |3-Flowers| 4-Bulbs | 4-Roots | 4-Leaves | 4-Stems |4-Flowers| 5-Bulbs | 5-Roots | 5-Leaves | 5-Stems [5-Flowers| 6-Bulbs G-Leaves 6-Flowers|

4.2 9.54645| 3.62571| 10.0262| 15.1074 2.24088| 9.7118| 8.22177] 11,748 3.33005| 33.6834| 7.34482| 4.43735| 6.03968| 1.86321] 8.4682| 13.8236| 8.84955| 13.243| 1.88465 14.8462 16.293

5.86 0.08896 0.14438| 0.13448] 0.05503, 0.13502/ 0.33502 0.27491| 0.04677| 0.15862 0.16203| 0.40908| 0.00722 0.47064

6.43 140.473 0.00983) 5.83154

660 | 151.408 0.03454 18.9491| 0.17433

6.73 1.9098| 0.02429) 70.0722 0.56094 0.36662| 0.13669 0.38243 32.2128 0.685

6.88 123.866 0.047

7.01 0.0162 57.8245 0.00507 0.21241

7.20 002681 161,256 0.17588)

7.47 0.01715| 0.07696] 0.26465 1.99316| 0.64168| 0.63745| 0.09343 1.50761| 0.31519| 1.10151 1.8114 2.3957,

7.69 0.20937 0.29744| 0.89358 1.72348| 0.62491| 0.61855 0.57446| 1.77883| 0.4209| 1.52125} D.10341] 0.25399| 1.82675| 0.91303| 1.62284| 0.0462| 2.46448 1.6749

8.54 0.277| 0.15311 0.15287, 0.78579| 0.58487| 0.09577| 0.07277 1.14177| 0.28423| 0.64362| 0.09222| 0.31115| 0.2022| 0.26415 0.06339 1.04112

9.19 1.15472| 0.61868| 1.78641| 2.16029 1.75099| 1.92364| 2.56502| 0.78203| 0.97981| 3.92351| 3.69688| 1.31471| 1.62643| 0.25392| 1.19156] 0.25309| 0.80934| 4.01744| 0.25049 2.41645 5.14181

9.52 2.01815| 1.08042| 2.5003] 4.9581 3.2873 4.94| 5.01951| 1.77862| 2.60047| 4.83805| 8.4884| 2.36962| 1.76742| 0.51383 1.97515] 7.59339| 1.71632| 2.03108| 0.44006 6.46592 2.94835

1003 | 002896 0.01407| 0.25086 0.65184| 0.22416| 0.25522 0.06308| 0.5707| 0.09652 0.68123 0.77002| 0.14207| 0.59338 0.5392 0.5073

10.30 0.01044| 0.51466 0.28987| 0.14956 | 0.19398] 0.06701 0.33284| 0.06308 0.24256

10.66 | 0.00891 0.04176] 2.21219 0.68696 0.89904| 0.29666 0.10683| 2.12074| 0.56797| 0.79805| 0.00786| 0.16474] 0.84778| 0.16541| 0.66691] 0.0058 0.45855 0.41459)

10.88 0,01551 0.07649] 0.24811 0.01208] 0.16654 0.28443

11.18 0.00443 0.05925 0.02288 0.15247 0.22786 0,01018] 0.353

11.66 0.01049| 0,00598 0.01702] 0.06677 0.02005| 0.07559| 0.01606| 0 0.01681| 0.13869] 0.00494| 0.00382] 0.11441] 0.01737, | 0.26177

12.17 0.00738 0. 0.06003 0.02272 | 0.02105| 0.00546 0.15692| 0.01028) 0.11831 0.01053| 0.22277

12.89 0.01049] 0.01214| 0.01052 0.04312| 0.06952| 0.11054 0.02301 0.05373 0.01013| 0.15123| 0.01857| 0.04428| 0.11979| 0.00841 0.02879 0.2452

13.66 | 0.00912| 0.03856] 0.6532] 0.02988 0.32192| 0.11031| 0.08282| 0.10624) 0.10939) 1.52048 [X 0.1145| 0.04555) 0.92256| 0.03073| 0.09733| 0.22795| 0.02273 0.04203 0.47525

14.03 | 0.01081 | 0.08038, 0.04509! 0.16612 0.01134 | 0.27007

14.64 | 0.03037] 0.02193| 0.07672 0.00544 0.06352| 0.07383 0.16895 0. 0.05753| 0.01942| 0.17643| 0.02711] 005452 0.20401| 0.01235 0.02676/ 0.33636

1511 | 000613 0.09088 0.19481 0.27764 010126 0.1196 0.18938| 0.2034 0.29936

15.37 0.01593 0,15684 0.94153] 0.0615| 0.14349 0.15015| 0.2039| 0.02981 0.3745 0.56604

15.69 | 0.04873 0.1763 0.88275 0.30493| 0.23024 0.24933 0.36584 0.58706|

16.46 0.09069 0.32138 0.73956 0.76995| 0.6335| 0.70957| 0.62313 0.44313 0.50028

16.87 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1-Bulbs | 2-Bulbs | 2-Roots | 2-Leaves 3-Roots | 3-Leaves | 3-Stems [3-Flowers| 4-Bulbs | 4-Roots | 4-Leaves | 4-Stems |4-Flowers| 5-Bulbs | 5-Roots | 5-leaves | 5-Stems |S-Flowers| 6-Bulbs 6-Leaves 6-Flowers

A 6 3 6 13 5 10 9 10 4 9 10 8 10 3 10 13 5 13 3 10 19

B 15.1155| 5.32481] 15.5282[ 730.997 7.92248| 23.2675 19.5205 18.2185 7.68028|  46.18| 27.7835| 10.3331| 14.8365| 2.63096] 14.2671] 84.667| 12.5524| 24.1873| 2.5752 31.5552 31.8531

c 0.63157| 0.68091] 0.64568| 0.02067 0.28285 0.4174] 0.42119] 0.64484| 0.43358| 0.72939| 0.26436| 0.42943| 0.40708] 0.70818| 0.59355| 0.16327| 0.70501] 0.54752| 0.73185 0.47048 0.5115
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Supplementary Table S4. Summary of the output of Illumina sequencing of the
N. papyraceus stage 1 bulb.

- e o 0 o ®

Read Trimming and Clipping of Adapters

Raw Paired Reads® 70 409 091
Surviving Paired Reads® 64 038 268
Surviving Paired Reads® (%) 91
Normalization

Surviving Paired Reads after normalization® 8 945 044
Surviving Paired Reads after normalization® (%) 14
Trinity de novo Assembly :

Number of Transcripts’ 148 563
Number of Components’ 86 994
Total Transcripts Length (bp) 126 994 523
Max. Transcript Length (bp) 15491
Min. Transcript Length (bp) 224
Median Transcript Length (bp) 514
Mean Transcript Length (bp) 854
NS50 (bp)e 1360
BLAST annotation and filtered annotated components

Number of Transcripts 8 866
Number of Components 3802
Total Transcripts Length (bp) 15030 163
Max. Transcript Length (bp) 8 887
Min. Transcript Length (bp) 297
Median Transcript Length (bp) 1504
Mean Transcript Length (bp) 1 695
N50 (bp)" 2043

Number of Paired Reads obtained from the sequencer.

Number of Remaining Paired Reads after the trimming step.

Percentage of Surviving Paired Reads / Raw Paired Reads.

Number of remaining Paired Reads after the normalization step.

Percentage of Surviving Paired Reads after normalization / Surviving Paired Reads after trimming.
Trinity has created a list of transcripts (contigs) representing the transcriptome isoforms.
The transcripts are grouped in components loosely representing genes. Transcript names
are prefixed by the component/gene name e.g. transcripts c¢115 g5 il and c115 g5 i2
are derived from the same isolated de Bruijn graph and therefore share the same component/gene
number cl15 g5.

Corresponding contig length distribution figure N50 = 1360 bp below.

Corresponding contig length distribution figure N50 = 2043 bp below.
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Supplementary Fig. S1. Representative electrophoresis gel image. The RT-PCR product
of each AA biosynthetic gene is located between the 100 and 300 bp markers (highlighted
by the red contour).
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Supplementary Fig. S2. Transcript length distribution after Trinity de novo assembly of

the N. papyraceus stage 1 bulb transcriptome.
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Supplementary Fig. S3. Transcript length distribution after BLAST annotation and
filtered annotated components of the N. papyraceus stage 1 bulb transcriptome.
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Supplementary Fig. S4. Absorption maxima for each alkaloid standard obtained by
HPLC-PDA analysis.
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CHAPITRE III

CONCLUSION

Les plantes sont utilisées depuis des milliers d'années pour prévenir et traiter les
maladies de toutes sortes. Les caractéristiques thérapeutiques des plantes sont dues a la
variété de métabolites spécialisés qu'elles produisent. Une famille de plantes connue pour
ses valeurs médicinales bénéfiques est la famille des Amaryllidacées. Ses propriétés
bénéfiques peuvent principalement étre attribuées a la présence d'une myriade
d'une classe particuliére de métabolites spécialisés, les alcaloides. Plusieurs alcaloides
d'Amaryllidacée (AA) présentent des activitdés pharmaceutiques telles que
anticancéreuses, antimicrobiennes, neurologiques, etc. Malgré les plus de 500 AA
identifiés a ce jour, un seul, la galanthamine, est actuellement utilisé comme médicament

par la médecine moderne pour le traitement des symptomes de la maladie d'Alzheimer.

Les méthodes de production & usage commercial de la galanthamine reposent
aujourd'hui, principalement, sur la culture d'un certain nombre d'espéces d'Amaryllidacée
afin d'extraire les alcaloides accumulés dans les plantes. Les inconvénients de cette
méthode, cependant, sont que les AA n'existent qu'en quantités infimes dans les plantes,
et que leur extraction et leur purification sont généralement inefficaces et coiteuses.
Ainsi, des méthodes de production a grande échelle & faible coiit et écologiquement
durables sont indispensables pour la poursuite de la production viable de la galanthamine,
ainsi que pour la production éventuelle d'autres AA ayant des propriétés

pharmacologiques actuellement a I'étude.

Une méthode de choix est celle de I'ingénierie génétique pour la production des AA
dans des systémes hétérologues tels que les microbes ou d'autres especes végétales.
Cela, par contre, nécessite une compréhension plus compléte de la voie de biosynthese
des AA. Le manque de connaissances sur cette voie a €té la source d'inspiration de mon

projet de recherche.
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L'objectif de la recherche présentée dans ce mémoire était de faire la lumiére,
en particulier, sur les génes qui ont été proposés pour étre impliqués dans les diverses
réactions biochimiques constituant la voie de biosynthése proposée des AA. L'approche
utilisée consistait & combiner une analyse du transcriptome avec une analyse du
métabolome de l'espéce d’Amaryllidacée N. papyraceus. Vingt-quatre échantillons de
N. papyraceus, obtenus a partir de différentes parties de la plante a plusieurs stades de
développement, ont été étudiés. L'analyse transcriptomique a impliqué l'étude de la
- présence des genes biosynthétiques proposés et récemment confirmés des AA dans le
transcriptome du bulbe non-planté du stade 1, suivie du profilage de l'expression de ces
génes dans les 24 échantillons de plantes. L'analyse métabolomique, d'autre part,
impliquait le profilage de la teneur en AA dans les 24 échantillons de plantes.
La comparaison des profils d'expression géniques avec les profils alcaloidiques a permis
d'approfondir nos connaissances en ce qui concerne l'implication des génes

biosynthétiques des AA dans la production des AA.

3.1 Etude du transcriptome

Pour les plantes non-modeles telles que les Amaryllidacées, pour lesquelles il y a
une absence d'information génomique, un assemblage de novo du transcriptome était
nécessaire. L'ARN a été extrait des bulbes non-plantés de N. papyraceus et éventuellement
a été séquenceé en utilisant la méthode d’lllumina. Aprés le taillage et la normalisation
d'environ 70 millions raw paired reads, environ 8 millions paired reads étaient obtenus.
Ces paired reads ont été utilisées pour assembler le transcriptome qui a généré environ
150 000 transcrits. Apres l'annotation du transcriptome, 1'annotation BLAST a donné
environ 9000 transcrits d'une longueur moyenne de 1695 paires de bases.

Avec ces résultats, il a été conclu qu’un transcriptome de bonne qualité a été développé.

Parmi les environ 9000 transcrits annotés, des transcrits correspondant a tous les
génes biosynthétiques des AA ont €té identifiés. Plusieurs isoformes de transcription de
génes orthologues ont été identifiées. Dans le cas de PAL et de TYDC, deux isoformes ou

plus ont été identifiées. D'autres études ont aussi rapporté l'identification de
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deux isoformes de chacun des deux genes [56, 57, 62]. Plusieurs isoformes de
transcription ont également été identifiées pour les autres génes biosynthétiques des AA.
Bref, des transcrits de pleine longueur et plusieurs isoformes de transcription avec des
valeurs de Expect a zéro, ou trés prés de zéro, correspondant aux génes biosynthétiques

des AA ont été identifiés.

3.2 AA détectés

L'analyse par la HPLC des différentes parties de la plante & différents stades de
développement a montré que seule la lycorine est trés probablement présente dans tous
les échantillons de N. papyraceus. Ceci est en lien avec le fait que la lycorine semble étre

phylogénétiquement le plus ancien AA [63], et donc le plus abondant [64].

3.3 [Expression des génes et comparaison avec les profils alcaloidiques

Les niveaux relatifs d'expression des neuf genes biosynthétiques des AA, et de leurs
isoformes, communs a tous les alcaloides d’ Amaryllidacée ont €té€ analysés en termes de
leur expression a chaque stade de développement de N. papyraceus. Les résultats montrent
qu'au stade 1 (bulbe non-planté), il y a une expression élevée de PALI, TYDC et NdOMT,
alors que C4H et C3H ont été exprimés a de faibles niveaux, relativement aux autres
stades, dans ces bulbes. Le 4CL et les deux isoformes de HCT ont été exprimées a des
niveaux tres bas, signifiant une absence possible de I'implication de la voie alternative
(zone grisée de la figure 1.3) de transformation de 'acide p-coumarique en acide caféique.
Les niveaux d'expression de C4H, C3H, TYDC et N4OMT, qui vont de faibles a élevés,
explique la quantité faible d'AA dans les bulbes non-plantés du stade 1.

Au deuxiéme stade, I'expression de 4CL et des deux isoformes de HCT est faible,
relativement aux autres stades. Ces observations suggerent que l'acide caféique est
principalement produit directement par la C3H dans le bulbe et les racines, alors que dans
les feuilles, la synthése de l'acide caféique se produit probablement par les deux voies.

D’autres part a ce stade, au cours duquel la plante commence sa croissance a partir du
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bulbe du premier stade, de nombreux génes, y compris C4H, C3H, TYDC et NdOMT,
montrent la tendance suivante : expression la plus élevée dans les bulbes, niveau moyen
dans les racines et faible niveau dans les feuilles. Au contraire, la quantité d'alcaloides
dans les bulbes est faible et celle dans les feuilles est élevée méme si I'expression des
genes est beaucoup plus élevée dans les bulbes. Une explication plausible a ceci peut €tre
que les enzymes et/ou les alcaloides produits dans les bulbes sont transportés vers d'autres
parties de la plante, conduisant & une diminution de la quantité d'alcaloides dans les bulbes
et & des quantités plus élevées dans les racines et les feuilles. Le transport d'enzymes et
d'alcaloides d'une partie vers d'autres de la plante a déja été décrit dans la littérature
[65-67]. Concernant les alcaloides benzylisoquinoline dans le pavot a opium, la morphine
et d'autres alcaloides apparentés se trouvent dans le latex du pavot a opium. Le latex se
trouve dans de grandes vésicules membranaires appelées laticiferes. Cela a conduit a la
croyance depuis longtemps que les alcaloides sont synthétisés dans les laticiféres.
Cependant, plusieurs enzymes clés impliquées dans la biosynthese de la morphine
n’étaient pas trouvées dans le latex. Les transcrits des génes biosynthétiques ont été
trouvés dans les cellules compagnes (companion cells) alors que les enzymes ont €té
trouvés dans les éléments de tamis. Cette découverte a montré que les alcaloides

accumulent dans les laticiferes, mais sont synthétisés ailleurs dans la plante.

Au 3° stade, puisque l'expression de C3H est extrémement faible, il semble peu
probable que la conversion de 1’acide p-coumarique en acide caféique se fait uniquement
par la C3H. D'un autre c6té, les niveaux d'expression de 4CL, HCT1 et HCT2 vont de
faibles a élevés, relativement aux autres stades. Ainsi, on peut supposer que la voie
alternative est la voie prédominante de production d'acide caféique a partir de l'acide
p-coumarique. L'expression élevée ou tres €levée des genes PALI, PAL2, 4CL, HCTI et
N4OMT dans les feuilles ou les fleurs est en accord avec une plus grande quantité d'AA
présents dans ces parties de la plante. La teneur étonnamment €levée des AA dans les
tiges, ol presque tous les génes sont exprimés a des niveaux trés bas, suggére, encore une
fois, un transport probable d’une certaine quantité d’enzymes et/ou d'alcaloides des autres

parties de la plante vers la tige.
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4CL, HCTI et HCT?2 sont activement transcrits dans toutes les parties de la plante
au stade 4 comparé a C3H qui a une expression extrémement faible au cours de ce stade.
11 semble donc que la principale voie de production de l'acide caféique continue d'étre par
la voie alternative plutot que par la C3H seule. En outre, PAL2, C4H, 4CL, HCT1 et TYDC
ont montré une forte expression dans diverses parties aériennes donnant lieu a la forte

accumulation d'AA dans les parties aériennes.

Au cours des stades finaux, 5 et 6, la caractéristique la plus frappante est la
diminution prononcée des niveaux d'expression de plusieurs genes. Cela pourrait étre un

signe du vieillissement de la plante.

3.4 Sommaire des applications pharmacologiques des AA

La galanthamine est présentement le seul alcaloide utilisé de maniére commerciale
comme médicament. Cependant, de nombreux autres AA sont actuellement en train d’étre
évalués pour leurs activités pharmacologiques qui sont résumées dans le tableau 3.1.
Les structures chimiques des alcaloides décrits au tableau 3.1 sont illustrées a la figure 3.1.
Tout comme la galanthamine, on espére que ces AA seront également utilisés comme

médicaments dans un avenir pas si lointain.



Tableau 3.1

Activités pharmacologiques de plusieurs AA.
Les sigles apparaissant dans ce tableau sont définis a la page viii.

Propriété
thérapeutique

Activités biologiques

AA

Neurologique

Inhibiteur d’AChE
Modulateur des nAChR

Galanthamine (7)

Anxiolytique
Antidépressive
Anticonvulsive

Montanine (10)

Anti-cancer

Cytostatique

Lycorine (5)
Hémanthamine (8)
Bulbispermine (13)

Cytotoxique

Pseudolycorine (14)
Hémanthamine (8)
Hémanthidine (15)
Vittatine (16)
Narciclasine (11)
Pancrastatine (17)
Tazettine (12)
Prétazettine (18)

Anti-bactérienne

Cytotoxique

Ungeremine (19)

Vittatine (16)

1 1-hydroxyvittatine (20)
Amarbellisine (21)
Pancracine (22)

Clivatine (23)

Nobilisine (24)

Nobilisitine A et B
(+)-8-déméthylmaritidine (27)

Anti-fongique

Cytotoxique

Lycorine (5)
Amarbellisine (21)
Vittatine (16)
11-hydroxyvittatine (20)
Hippeastrine (25)
Pancracine (22)
Clivatine (23)
Clivimine (26)
Nobilisine (24)
Nobilisitine A et B
(+)-8-déméthylmaritidine (27)
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Propriété AP TR T
(hétapeitique Activités biologiques AA
Hémanthamine (8)
Anti-parasitique Cytotoxique Hémanthidine (15)
Lycorine (5)
Inhibiteur de la Lycorine (5)
Anti-virale réplication Pseudolycorine (14)
Pancratistatine (17)
. . Lycorine (5)
Anti-infl '
trintlammatoire Hémanthidine (15)
Antioxidante Hémanthamine (8)
Diverses ;
Homol 6
Hypotensive omolycorine (6)

8-0-déméthylhomolycorine

Analgésique

Hémanthidine (15)
Lycorine (5)
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Figure 3.1

amarbellisine (21)

) OH O
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H:
OH

HO'R

pancracine (22)

Structures chimiques des AA [68] décrits au tableau 3.1.
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3.5 Génie génétique et ingénierie métabolique

Parmi les différents genes proposés et confirmés dans la voie de biosynthése des
AA, il serait intéressant de connaitre quels génes sont cruciaux pour la biosynthése des
AA. Cela peut étre étudié par l'utilisation d'un éliciteur. Par exemple, dans des cultures
cellulaires de pavot & opium traitées avec un éliciteur fongique [69], et dans des cultures
de Catharanthus roseus et de tabac traitées au jasmonate de méthyle [46, 51],
une augmentation était observée de l'expression des génes impliqués dans la biosynthése
des alcaloides. De plus, l'expression de génes contrdlant le recyclage de SAM (S-adénosyl
méthionine) a augmenté dans toutes les trois cultures, ce qui implique I'importance des
génes impliqués dans le recyclage des SAM dans la biosynthése des alcaloides.
En tant que donneur de méthyle [70], SAM joue un rdle de cofacteur dans les réactions
enzymatiques responsables de la méthylation de divers composés. Dans le cas de la
biosynthése des AA, SAM est impliqué dans la méthylation de la norbelladine par
N4OMT (Figure 1.3).

Concernant les plantes produisant des alcaloides, le génie génétique vise a
augmenter la synthése des alcaloides par la surexpression de certains genes. Cela a été
démontré par Yun et al. qui ont observé que l'introduction du géne H6H, exprimé
constitutivement, augmentait la synthése de scopolamine, un alcaloide d'Amaryllidacée,
chez les plantes Amaryllis belladonna [71]. La surexpression d'un géne biosynthétique
d’alcaloide pourrait méme éventuellement entrainer I'induction transcriptionnelle
coordonnée des geénes dans d'autres voies [72]. 1l faut, par contre, considérer les
conséquences négatives sur la physiologie de la plante qui pourraient survenir suite a la
surexpression d'un géne biosynthétique et d’une quantité¢ élevée d’alcaloides.
La surexpression génique pourrait avoir un coiit métabolique sur la plante et il faudrait
évaluer les effets néfastes que pourraient causer une quantité élevée de composés toxiques

tels les alcaloides.

Le concept de la surexpression des génes pourrait étre appliqué a la voie de
biosynthése des AA, soit a tous les génes ou a certains génes clés (Figure 1.3). L’ingénierie

métabolique consiste & altérer les processus génétiques et biochimiques, entre autres,
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d’une cellule pour que celle-ci puisse synthétiser des composés désirés [73]. L’ingénierie
métabolique pourrait, donc, permettre I’introduction de geénes biosynthétiques d’AA
surexprimés dans un hote microbien, par exemple. Des millions de ces hétes microbiens
fonctionneraient comme une usine cellulaire produisant des AA en grande quantité.
Cette méthode de production a grande échelle des AA nécessite la sélection d'un héte qui

conviendrait a la production des AA.

Un microorganisme qui pourrait éventuellement servir a synthétiser les AA a grande
échelle est la microalgue Chlamydomonas reinhardtii [74, 75]. Des avantages d'utiliser
une microalgue sont qu'elle utilise le dioxyde de carbone, qui est facilement disponible,
comme source de carbone. Elle peut méme pousser dans des milieux de culture contenant
une source de carbone faible. En outre, elle exprime des geénes codant pour des enzymes
appartenant a la superfamille des cytochromes P450. De nombreuses réactions dans la
voie de biosynthése des AA sont supposément effectuées par des enzymes cytochromes
P450 (voir section 1.7 Voie biosynthétique proposée des AA). Un avantage de 1’espéce
Chlamydomonas reinhardtii est qu’elle s’agit d’un organisme modéle faisant en sorte

qu’elle est particuliérement bien étudiée.

L’ingénierie métabolique des hdtes microbiens pour produire des composés a

grande échelle implique généralement les étapes décrites dans la figure 3.2.
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Host selection
- Growth requirements

- Genomic/metabolic information

- Transformation protocols

Metabolic engineering
- Remove unwanted pathways
- Amplify selected reactions

- Express target biosynthetic genes

Production

- Removal of unwanted products
- Optimization
- Recovery and purification of target
compounds

Figure 3.2  Etapes nécessaires pour I’ingénierie métabolique de microorganismes [27].

Les plantes d’Amaryllidacées sont utilisées depuis longtemps par la médecine
traditionnelle. Cependant, jusqu’a maintenant, beaucoup de recherche n’a pas été menée
sur la variété des effets médicaux bénéfiques possibles que les alcaloides produits par ces
plantes peuvent avoir. Avec les recherches que j’ai mené sur N. papyraceus, nous avons
maintenant plus d'information sur quelles parties durant quels stades de développement
accumulent plus d’AA. Cela peut étre utile pour la récolte des plantes de N. papyraceus,
ou peut-étre méme d'autres plantes d’ Amaryllidacées, pour pouvoir extraite une grande
quantité d’alcaloides. De plus, les analyses transcriptomiques et d'expression génique ont
contribué a approfondir nos connaissances sur les génes biosynthétiques des AA.
Eventuellement, une compréhension compléte de la biosynthése des AA au niveau
génique permettra l'utilisation de méthodes moins coliteuses et plus durables, telles que

l'ingénierie métabolique, pour la production des AA a grande échelle.
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Abstract: Amaryllidaceae alkaloids (AAs). which are natural heterocyclic com-
pounds, are isolated fromn Amaryllidaceae plants such as narcissus, snowdrop and
spider lily. AAs have been extensively studied due to their multiple phanmacologi-
cal properties. Nevertheless, knowledge of AA synthesis in plants is lacking and
most genes encoding enzymes involved m their production remain unknown. AAs
are structurally complex compounds which are challenging for total chemical syn-
thesis that is economically viable. Therefore the understanding of AA biosynthesis
could allow for the development of biotechunologies for the production of narural
AAs or analogues, maintaining or improving their phanmacological properties. In
this review, we describe the progress regarding the biosynthesis and pharmacologi-
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cal properties of AAs. The most recent developments in neurological, anti-cancer
and anti-microbial bioactivities of heterocyclic AAs are covered.

Keywords: Alkaloids, Amaryllidaceae, biosynthetic pathways, plant secondary metabolism, galanthamine.

1. INTRODUCTION

Alkaloids represent a diverse group of specialized me-
tabolites, mainly characterized by the occurrence of at least
one nitrogen atom in a heterocyclic ring. The position of the
nitrogen atom in the carbon ring varies with different alka-
loids [1]. Most alkaloids are colorless crystalline solids with
a bitter taste. They possess low molecular weights, have
definite melting point and are optically active. The term a/-
kaloids was first introduced by German chemist W. Meissner
in 1819 and applied to all basic, organic compounds obtained
from animal or plant materials [2, 3]. The basicity of alka-
loids depends on the lone pair of electrons on the nitrogen
atom. For example, if the functional groups adjacent to the
nitrogen are electron-releasing (e.g. an alkyl group), the
compound is more basic due to the increased availability of
the nitrogen electrons. The basicity of the alkaloids renders
them extremely susceptible to decomposition, particularty by
heat or light in the presence of oxygen [1]. Alkaloids can
form salts with acids making them more water soluble and
preventing their decomposition which is why they are avail-
able commercially in their salt form [1].

Amaryllidaceae alkaloids (AAs) are a diverse group of
alkaloids that includes approximately 500 known structures
[4]. Their chemical structure feature a ring system composed
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Biochemistry and Physics. Université du Québec & Trois-Rivires, 3351
boulevard des Forges, Trois-Rividres, QC. G9A 5H7, Canada; Tel: 1-819-
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1568-0266/17 $58.00+.00

of a C¢-C, unit (1) derived from phenylalanine and an N-C,-
Cs unit (2) derived from tyrosine (Fig. 1). These alkaloids
are only produced by plants of the Amaryllidaceae family,
known for its horticultural and ornamental appeal as well as
its medicinal value (e.g. daffodils (Narcissus spp.), snow-
drops (Galanthus spp.), spider lily (Lycoris radiata) and
summer snowflakes (Lewcojum aestivum)). AAs, in general,
are used by plants for defense purposes to ward off patho-
gens, hannful insects and herbivores. For example, the AA
galanthamine (7) serves as an insecticide by causing excess
cholinergic stimulation in the insect [5]. Galanthamine (7)
inhibits the degradation of neurotransmitters acetylcholine
(ACh) by binding to the enzyme acetylcholinesterase
(AChE) which is responsible for degrading ACh (Fig. 2) [6].
The resulting accumulation of acetylcholine, caused by gal-
anthamine (7), leads to increased neurotransmission causing
continuous stimulation of the muscles, glands, and central
nervous system. At high doses, it can result in fatal convul-
sions. Another AA, lycorine (5), is an anti-microbial and
anti-viral agent [7, 8], whereas narciclasine (11) possesses
anti-cancer properties [9, 10]. Thus, AAs exhibit effects on
the nervous system, as well as cytotoxic and cytostatic ef-
fects, just to name a few. Given these interesting biological
properties, AAs are suitable candidates to treat neurological
disorders, inhibit growth of tumours or kill microorganisms.
This is why there is much ongoing research on the potential
medical applications of AAs, since many possess potent
pharmacological properties [9, 11-15].

© 2017 Bentham Sclence Publishers
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Once an AA is approved for medical use, however, the
problem of producing it in large quantities at a reasonable
cost arises. Currently, large numbers of Amaryllidaceae
plants must be grown in order to obtain reasonable amounts
of AAs (because they are produced at low concentrations in
plants). Galanthamine (7) is currently isolated from Nareis-
sus pseudonarcissus cv. Carlton because of its wide com-
mercial availability and high resistance to environmental
stresses [14. 16]. In some countries. Lencojum aestivim and
Lycoris radiata are also grown and used for the conumercial
production of galanthamine (7) [17]. Small amounts of ly-
corine (5) and narciclasine (11) are generally extracted from
various Narcissus and Lycoris species [16, 18-21]. However,
the production and screening of AAs in their native plant
face several challenges. For exaniple. many AAs exist only
in trace amounts. and the methods for isolating and purifying
them from plants are generally inetficient and environmen-

tally unsustainable. Total chemical synthesis can help allevi-
ate the demands for limited AAs. but the production of these
complex molecules is often challenging and costly. In addi-
tion. genetic engineering of plants or microorganisius to pro-
duce high concentrations of AAs is unfortunately limited due
to the lack of knowledge of the AA biosynthetic pathway.

The biosynthetic enzymes responsible for the production
of the various AAs are not known with certainty. The genes
encoding these enzymes have also not been fully character-
ized. Therefore. the elucidation of the AA biosynthetic
pathway. coupled with the ongoing pharmacological research
on AAs, will evenmally help to better treat various human
diseases. In this short review, we examine the proposed AA
biosynthetic pathway by analyzing the various steps and the
enzymes presuimed to be involved. We then report the thera-
peutic properties of certain important AAs.
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Fig. (2). Representation of the complex galanthamine-AChE in the
aclive sile of the enzyme. Galanthamine is drawn as ball and stick
model with contouring shown in thin gray lines Selected amino
acid residues of AChE are rendered in stick form and labelled ap-
propriately. The amrow indicales the double bond of the cyclohex-
ene ring in galanthamine. * Amino acids part of the calalytic niad of
AChE. Figure adapted from Greenblatt er al. (1999) [40].

2. BIOSYNTHESIS

A cenwal dogma of medicinal chemistry and chemical
biology is that compounds with similar sttuctures have simi-
lar activities. But there are numerous examples for or against
this [22]. Correspondingly. similar structures suggest similar
metabolic pathways with similar enzymes being involved.
Information on the biochemical pathways and molecular
genetics of AAs is complex and still fragmentary. Early
feeding experiments using radiolabelled precussors have led
to the biochemical elucidation of the initial steps in AA bio-
synthesis [23-30]. These studies suggested that. despite their
large structural diversity, all AAs are derived from the core.
norbelladine (3) (Fig. 1). Experimental studies coupled with
analogies with other plant alkaloid pathways suggest that nor-
belladine (3) is formed from the condensation of two amino
acid derivatives: 3 4-dihydroxybenzaldehyde (3.4-DHBA)
(1) and tyramine (2) (Fig. 1) [12. 13.31].

AA biosynthesis starts with the formation of the two pre-
cursors (3.4-DHBA (1) and tyramine (2)). On the one hand,
phenylalanine is metabolized by various steps: a deamination
by phenylalanine ammouia tyase (PAL), a hydroxylation by
cinnamate 4-hydroxylase (C4H), another hydroxylation by
coumarate 3-hydroxylase (C3H) and a cleavage by a cur-
rently unknown enzyme to yvield the precursor 3. 4-DHBA (1)
(Fig. 1). On the other hand. tyrosine is decarboxylated by L-
tyrosine/L-dopa decarboxylase (TYDC) to form the precur-
sor tyramine (2). In animals. TYDCs participate in the for-
mation of monoamine neurotransimitters (e.g. serotonin, do-
pamine, epinephrine. and norepinephrine). whereas in plants,
they are involved in the biosynthesis of several types of spe-
cialized metabolites [32]. The condensation of 3.4-DHBA
(1) and tyramine (2) forms the furst committed intermediate,
norbelladine (3) [12. 14, 15, 31]. All AAs share norbelladine
(3) as a common biosynthetic origin (Fig. 1).

Until recently, none of the genes involved in AA biosyn-
thesis had been characterized nor confirmed. However, mo-
lecular systematics approaches combined with investigations
of crude AA extractions from Narcissus spp. led to the iden-
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tification of the first AA biosynthetic gene, norbelladine 4-
O-methylmansferase (NJOMT). Heterologous expression and
characterization of the enzyme encoded by NYOMT showed
that it is involved in the formation of 4-O-
methylnorbelladine (4) from norbelladine (3) (Fig. 1) [33].

A crucial step in AA biosynthesis is the cyclization of 4°-
O-methynorbelladine (4) by three different ways of in-
wramolecular oxidative phenol coupling nanied ortho-para’.
para-ortho’ and para-para’, generating various backbone
structures. These core skeletons form the basis of further
alkaloid diversity [12. 15, 31]. From there, a complex net-
work of enzymatic reactions exists to produce a spectrum of
compounds that differs between Amaryllidaceae plant spe-
cies, cultivars and varieties. These biochemical modifica-
tions are carried out by a multitude of decorating enzymes
catalyzing diverse types of reactions, such as oxidoreduc-
tons, hydroxylations, C-C and C-O bond formations, acety-
lations. demethylations, and O- and NV-methylations. These
reactions lead to the formation of the several bhundreds of
structurally related AAs known to date [4]. For instance, the
anti-tumour AA lycoriue (5) is derived from the ortho-para’
phenol coupling step. whereas galanthanine (7) originates
from the para-ortho’ coupling (Fig. 1) [12. 14, 15. 31]. Re-
cently. a cytochrome P450 monooxygenase (CYP96T1) was
identified and is capable of para-para’ C-C phenol coupling
to yield haemanthamine (8) precursors fiom 4-O-
methylnorbelladine (4) (Fig. 1) [34]. Based on the proposed
biosynthetic pathway. we discern nine distinct structural types
of alkaloids in the Amaryllidaceae family: norbelladine-, ly-
corine-, homolycorine-, galanthamine-, haemanthamine-,
montanine-, narciclasine-, tazettine-. and crinine-type. The
representative AA of each structural type is shown in Fig. (1).

The presence or absence of certain AA structural types
among the genera of Amaryllidaceae plants suggests that
some biosynthetic pathways are genera-specific (Fig. 1). For
example, all but the crimine-type AAs, have been isolated
from the genus Narcissus [21]. This suggests that specific
biosynthetic enzyme(s) involved in crinine-type AA produc-
tion are absent, or not expressed, i Narcissus plants. Fur-
thermore. this information also supposts the presence of two
imdependent pathways (haemanthamine- and crinine-type)
for the para-para’ AAs (Fig. 1).

3. PHARMACOLOGICAL APPLICATIONS

A number of studies have confirmed the biological prop-
erties of AAs mcluding neurological, anti-cancer, anti-
microbial, efc. A brief summary is presented in Table 1 and
corresponding chemical structures are presented i Fig. (3).

3.1. Neurological Activitles

The only AA being used medicinally is galanthamine (7).
It can cross the blood-brain barrier. a characteristic necessary
to treat neurological problems, which is often lacking in
many drugs [35]. Marketed under the name Remiuylt by
Janssen Pharmaceuticals, part of Johnson & Jolmson. it is
used to treat the symptoms of Alzheimer’s disease [11, 35.
36]. With the administration of galanthamine (7), the levels
of ACh are increased. helping to compensate for the reduced
sensitivity to ACh in Alzheimer’'s disease [37].
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Table 1. Therapeutic and blological effects of varlous AAs.
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Therapeutic properties Blological activities AAs AA types References
AChE inhibitory [y : [11.14.3%-39.
2AChRs modulator galauthamine (7) galanthamine 42:47]
Neurological
m“dyu_c‘ m“lde!’msme' montanine (10) montanine [48]
anticonvulsive
Iycorine (5) lycorine [7. 12, 49-53]
cylostanc haemanthanusne (8) haemanthamine [54. 55]
bulbispenine (13) crinine [46]
pseudolycorine (14) lycorine A [57)
Anti-cancer haewanthamine (8) haemanthamine [54. 85, 57-62]
Laemanthidine (15) baemanthamine [55. 57)
cylotoxic
vittatine (16) haemanthamine [63]
narciclasine(11) / pancrastatine(17) narciclasine [10. 64-66]
tazertiue (12) / pretazettine (18) tazettine [67. 68]
ungeremine (19) Iycorine [69.70]
vittatine (16) / 11-hydroxyvittatine (20) haemanthamine [71]
amarbellisine (21) lycorine [71]
Anti-bacterial cytotoxic pancracine (22) montanine [71)
clivatine(23) /nobilisine (24) / .
; 7
nobilisitine A & B bowolycorine (72)
(+)-8-dewethylmaritidine (27) crinine [72]
Iycorine (8) / amarbellisine (21) lycorine [69. 70]
vittatine (16} ¢ 1 1-hydroxyvirtatine (20) haemanthamine [z1]
hippeastrine (25) homolycorine [71]
Auti-fungal cytotoxic pancracine (22) montanine [71]
chivatine(23) / clivimine (26) / nobilis- .
it Iy 72
ine(24) / nobilisitine A and B omolycone (721
(+)-8-demethylmaritidine (27) criome [72}
haemanthanive (8) / haemanthidine (15) haemanthamine [73-75]
Anti-parasitic cytotoxic
lycorine (%) lycorine [76.77]
inhibitor of replication lycorine (§) ¢ pseudolycorine (14) lycorine [8. 78-81]
Anti-viral
pauncratstatine (17) narciclasine [82.83]
lycorine (5) lvcorine [7. 84.85]
anti-inflammatory
haemanthidine (15) haemanthamine [85)
antioxidant haemanthamine (8) haemanthanine [86)
Miscellaneous e
. homwlycorine (6) i
I v 7
ypotensive 5-O-damolipiimimniysuing horolycorine [87]
haemantlidine (15) haemanthaimme [88. 89]
Tgesic
) lycoriue (5) lycorine [89}]
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In 2001, Reminyl® was approved by the U.S. Food and Drug
Adnunistration (FDA) and several generic versions of the
drug have now been approved [5. 35].

Galanthamine (7) is a long-acting. selective, reversible
and competitive inhibitor of the enzyme acetylcholinesterase
(AChE) [38. 39]. It binds at the base of the active site of
ACDhE interacting with both, an acyl-binding pocket and the
indole ring of tryptophan 84 (Tip84) (Fig. 2). The binding
with Trp84 is not achieved by the tertiary amino group, but
by the double bond in the cyclohexene ring by means of a n-
7 interaction (Fig. 2) [6. 40]. Tip84 is part of a subsite lo-
cated near the catalytic triad (Ser200. Glu327, His440) of
AChE and has been identified as the binding site for ACh
[41].

In addition to being an AChE inhibitor. galanthanune (7)
is an allosteric modulator of the neuronal nicotinic acetyl-
choline receptors (nAChRs) to which ACh binds [38. 46.
47]. As a result, galanthamine (7) is being studied for appli-
cations as a drug to treat other uewrological conditions [42].
For example. it has exhibited neuroprotective effects. This
was shown on brain tissues subjected to oxidative stress. or
oxygen and glucose deprivation i both in virre and in vivo

pseudolycorine (14)

clivimine (26)
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haemantlndine (15) vittatine (16)

ungeremine (19)

OH

(+)-8-demethylmaritidine (27)

models [43]. The neuroprotective effect of galanthamine (7)

was again demonstrated in in vive models when administered
within three hours following an episode of reduced blood
flow to the brain (cerebral ischemia), aiding in memory re-
covery [44]. Thus. galanthamine (7) may have therapeutic
potential for preventing neuronal death following a stroke, as
well as for patients with mixed or vascular dementia (result-
ing from vascular disease). Galanthamine (7) could also be
used as an effective antidote against poisoning with organo-
phosphorus compounds (OPs) such as pesticides and nerve
agents (e.g., soman and VX), counteracting both the acute
toxicity as well as OP-induced neurodegeneration [45. 46].

Another AA found to have beneficial effects on the nerv-
ous system is montanine (10). According to da Silva er al.
(2006), it has psycho-pharmacological activities including
anxiolytic, anti-depressive and anticouvulsive etfects [48].

3.2. Antl-cancer

Several AAs are being studied as potential chemothera-
peutic agents. Lycorine (§). one of the most frequently oc-
curring alkaloids in Amaryllidaceae plants. is a powerful
inhibitor of the cell cycle during interphase as demonstrated
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by its in vitro cytostatic effects against several human cancer
cell lines [7. 12. 49-53]. Pseudolycorine (14). a derivative of
lycorine (5). has cytotoxic properties and is being investi-
gated for the treatment against metastatic cancer cells that
are resistant to many cwrently available anti-cancer drugs
[57]. Other lycorine-type alkaloids. such as caranine, galan-
thine and 2-O-acetylpseudolycorine, are also active against a
variety of tumour cells [35. 53].

Haemanthamine-type alkaloids, namely haemanthamine
(8). haemanthidine (15) and vittatine (16), also have promis-
ing anti-cancer properties. For instance, haemanthamine (8)
has been shown to be a potent cell growth nhibitor and
apoptosis inducer in mumour cells at micromolar concentra-
tions [54]. Furthermore. it was shown to have pronounced
cytotoxicity against a number of different cancer cell types
[57. 58]. An assay detennining mteractions with DNA and
RNA revealed a strong growth inhibitory effect of hae-
manthamine (8) on L5178 mouse lymphoma cells resulting

from its complex formation with RNA [55]. Recently, the
first reports indicating apoptosis-mediated cytotoxic activity
on cancer cell lines following haemanthamime (8) exposure
have been published [54, 61, 62, 65]. Haemanthidine (15).
obtained from haemanthamine (8) via an imreversible enzy-
matic reaction occurring i Amaryllidaceae plants. has
shown cytotoxicity against different types of miouse lym-
phoma cells [S3, 57]. The AA vittatine (16) has shown cyto-
toxic activity against HT29 colon adenocarcinoma, hing car-
cinoma and RXF393 renal cell carcinoma [63]. Despite the
growing evidence of anti-tumour activities of hae-
manthamine (8). haemanthidine (15) and vittatine (16). the
mechanisms of their action at the cellular level are still not
fully understood.

Another effective anti-cancer agent is the AA narcicla-
sine (11). It has been found to have potent activity against
human glioblastoma multiforme (GBM) tumours [10]. This
most malignant type of primary brain tumour is characterised
by aggressive invasive behaviour into normal brain tissues
and resistance to conventional therapies that trigger apopto-
sis [35]. To this end, narciclasine (11) arrested the growth of
GBM tumours and significantly extended the survival time
of inmunodeficient nice with xenografis of GBM tumours
into their brain [10, 64, 65)]. These experiments also demon-
strated the ability of narciclasine (11) to cross the blood-
brain barrier. Thus. narciclasine (11) is a promising candi-
date for anti-cancer therapy due both to its remarkable apop-
tosis-mediated cytotoxic effects on lnunan cancer cells and
its high selectivity by not affecting nonnal fibroblasts [64].
Pancratistatine (17), another narciclasine-type AA. displays
antineoplastic activity at low concentrations against several
cancer cell lines through activation of apoptosis [66].

Moderate cytotoxic activity has been reported for tazet-
tine (12) and pretazettine (18) present in plants [67. 68, 90].
These compounds have shown remarkable cytotoxicity
against a number of tumour cell lines, being therapeutically
effective against several types of leukemias and carcinomas
[12]. More recently. cytostatic activity against a panel of
apoptosis resistant brain cancer cell lines was reported for
bulbispermine (13), a crinine-type AA [56].
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3.3. Anti-mlcroblal

The anti-bacterial. anti-fungal, anti-parasitic and anti-
viral properties of AAs are often due to their powertful cyto-
toxic effects. Table 1 and the text below list some examples.

Anti-bacterial

Studies. involving two isolates of Flavobacterium col-
umnare (ALM-00-173 and BioMed). demonstrated that the
AA ungeremine (19) and its henn-synthesized analogues
possess strong anti-bacterial activities [69, 70]. Ungeremine
(19) is a lycorine-type AA primarily obtained from Pan-
crativm maritimam L. [91]. AAs isolated from dmaryllis
belladonna L. (also named Hippeasirum equestre), including
pancracine (22). vittatine (16). 11-hydroxyvittatine (20) and
amarbelhisine (21). all have anti-bacterial activity against
Gram-negative Escherichia coli. while pancracine (22) also
showed activity against Psendomonas aeruginosae [71].
AAs extracted from Clivia nobilis, including clivatine (23).

nobilisine (24). (+)-8-demethylmaritidine (27) and nobi-
Lisitine A and B. all exhibited anti-bacterial activity against
Gram-positive Staphylococcus aureuns [72. 92. 93]. The anti-
bacterial activity of Crinum angusmum exiracts was evaluated
against several strains of bacteria. including drug-resistant
clinical isolates S. aurens (methicillin-resistant) and Kleb-
siella pnewmonia (carbapenemase-resistant) [94]. Several
extracts containing AAs exhibited more pronounced anti-
bacterial activity on Gram-positive bacteria than on Gram-
negative ones and ICsq values ranged from 156 to 625 pg/mL
[94]. However, the exact AAs responsible for this action
remain unknown.

Anfi-fungal

Six AAs isolated from A. belladonna L., namely lycorine
(5). pancracine (22). vittatine (16), 11-hydroxyvittatine (20).
amarbellisine (21) and hippeastrine (25), all demonstrated
cytotoxic activity against Candida albicans [71]. The anti-
fungal activity was higher with lycorine (5), amarbellisine
(21) and hippeastrine (25) [71]. C. nobilis AAs clivatine
(23). clivimine  (26). nobilisine  (24).  (+)-8-
demethyhmaritidine (27), as well as nobilisitine A and B, all
showed anti-fungal activity against C. albicans [72. 92, 93].
C. angustum extracts displayed mycostatic activity against
C. albicans with an ICs, of 78 pg/mL [94].

Aunfi-parasitic

Since several AAs, due to their cytotoxic effects. are used
by amaryllidaceous plants to fend off pests. they can also
serve to kill human parasites. This is the case with lycorine
(5). haemanthamine (8) and haemanthidine (15) which pos-
sess activity against the malarial protozoan parasite Plasmo-
dium faleiparum [73-75]). Lycorme (5) is also effective
against other protozoan parasites such as Trichomonas vagi-
nalis, the cause of the sexually transmitted disease tricho-
monosis [76. 77, 95].

Anti-viral

Anti-viral activity is yet another therapeutic property ex-
hibited by certain lycorine-fype alkaloids. Lycorine (5) and
its dexivatives such as pseudolycorine (14) block viral RNA
replication and suppress viral protein synthesis, inhibiting a
number of RNA and DNA viruses [8. 78-81]. Pancratistatine
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(17). a narciclasine-type AA. also possesses anti-viral activi-
ties [82, 83].

3.4. Miscellaneous Propertles

Certain other effects of AAs have been observed. For ex-
ample. lycorine (§) possesses anti-inflammatory characteris-
tics since it can block lipopolysaccharide (LPS)-induced
production of pro-inflammatory mediators and decreases
LPS-induced mortality in mice [7, 84, 85]. Homolycorine (6)
and 8-O-demethylhomolycorine have a hypotensive effect on
normotensive rats [87]. Haemanthamine (8) has anti-oxidant
activity quantified as scavenging action on the pre-formed
free radicals determined by 2.2-diphenyl-1-(2.4.6-
trinitrophenyl) hydrazinyl radical (DPPH) assay [86]. In ad-
dition, haemanthidine (15) has been reported to be an anti-
inflammatory agent in mice by the carrageenan-induced oe-
dema test [85] and an analgesic with higher activity than
acetylsalicylic acid [88].

4. GALANTHAMINE

Since galanthanune (7) is the only AA currently used m
medicine, we briefly report, the clinical studies conducted. as
well as the pharmacokinetic data and adverse effects of the
drug.

4.1. Clinical Studies

Four randomized. double-blind. placebo-controlled clini-
cal trials of galanthamine (7) were conducted in patients with
Alzheimer’s disease [96]. The doses studied ranged from §
to 32 mg/day given as twice daily doses. In 3 of the 4 stud-
ies. patients were started on a low dose then titrated weekly.
In the fowrth study. dose escalation of 8 mg/day occurred
over 4 week intervals. The mean age of patients participating
in the four tials was 75 years with a range of 4] to 100
years. The patients sex distribution was 62% women and
38% men. and the racial distribution was 94% white. 3%
black and 3% others. In all studies. the improvenient ob-
served in the groups treated with galanthamine (7) was sta-
tistically significantly higher than in the placebo group [36.
96].

4.2. Pharmacokinetics

Rapid absorption was observed with a single dose of 8§
mg of galanthamine (7) taken orally by 12 healthy males.
After 1.2 hours (Tpux). the peak plasina concentration (Cpy)
reached 43 + 13 ng/mL. With that dose. the maximum inhi-
bition of AChE activity. after about | hour was ~40%. The
absolute oral bioavailability of galanthamine (7) is 88.5%
[36]. One-hour intravenous mfusion of the same dose in 12
healthy males, showed blood distribution of galanthanune
(7) as follows: 52.7% to blood cells, 39.0% to plasma water
and only 8.4% bound to plasma proteins [36].

Galanthamine (7) is metabolised by hepatic enzymes,
such as the cytochrome P450 monooxygenases and the glu-
curonosylases or is excreted unchanged in the unine. It virro
studies indicate that CYP2D6 and CYP3Ad are the major
cytochrome P450 isoenzymes imvolved m the metabolism of
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galanthamine (7) [97]. Galanthamine (7) elimination is bi-
phasic, with a terminal half-life in the order of 7-10 hours.
Difference between total plasma clearance after oral admini-
stration was observed between patients with Alzheimer’s
disease and healthy subjects (13.2 L/h versus 194 L'h).
Thus, the plasma concentrations of galanthamine (7) in eld-
erly patients (median age 75) with Alzheimer’s disease are
30—-40% higher than in young subjects (median age 28) [36].

4.3. Adverse Effects

The most comumon adverse effects are nausea and vomit-
ing which tend to gradually disappear as the body adapts to
the treatment. Other possible side effects, among many, in-
clude: abdominal pain, diaithea, indigestion, loss of appetite.
dehydration, headache, depression and weight loss [36].
Some serious side effects observed in a few cases include
difficulty urinating and pain while urinating. seizures. and
fainting [98].

CONCLUSION

The exact function of most alkaloids in plants remains
mysterious. Hypotheses have included views such as meta-
bolic waste, nitrogen storage molecules, defense compounds '
or ecological adaptors [99, 100]. Regardless of the validity
of any of these hypotheses. the large structural variation and
wide range of biological activities associated with alkaloids
make them highly interesting compounds for medicinal
chemists and molecular biochemists. To date, over 500 struc-
turally diverse AAs lave been isolated and identified from
plants. However, given the large number of uncharacterized
plant species in this family, we can expect that many new
AAs will be isolated from Amaryllidaceae plants in the fu-
ture.

Research is often limited to a very small number of com-
pounds such as galanthamine (7). the only AA pharmaceuti-
cally and commercially utilized. This might be due to the
restricted availability of AAs due to their low concentrations
in plants and the absence of economically viable chemical
synthesis protocols. In view of the significantly biological
activities exhibited by AAs, development of new medicines
derived from these natural compounds of great importance is
expected. For example. narciclasine (11). pancratistatine (17)
and their hemisynthetic derivatives are m preclinical devel-
opinent as very promising anti-tumour agents. Consequently,
chemical svnthetic approaches to AAs and related analogues
represent an important focus for future investigations.

In addition, bioteclinological approaches for the produc-
tion of AAs provides an inexpensive, efficient and practical
alternative [15]. However, a better understanding of the AA
biosynthetic pathway at the molecular and biochemical levels is
needed to provide tools, and create the opportunity for the
metabolic engineering of plants and reconstitution of the AA
pathway in heterologous systems as a potential alternative
conunercial source for pharmacologically active AAs.
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