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Roses are one of the most popular ornamental plants, whose volatiles are not only involved in environmental interactions but also widely used for industries. Chapter 1 describes the cultivation history of roses, usages of rose fragrance, knowledge on the biosynthesis of rose scent compounds, as well as non-canonical biosynthesis pathways of other plant volatiles. Experimental chapters (Chapter 2 and 3) analyse the functions of two genes expressed in rose petals, both encoding Nudix hydrolase 1 (NUDX1) protein. NUDX1-1 gene (named RhNUDX1 in the publication) was first discovered by comparing the transcriptomes of two rose cultivars, the scented Rosa x hybrida cv. 'Papa Meilland' (PM) and the unscented R. x hybrida cv. 'Rouge Meilland' (RM). RhNUDX1-1 was only expressed in scented PM and its expression exhibited a positive correlation with the monoterpenoid production in petals, especially geraniol. When studying a rose progeny of R. chinensis cv. 'Old Blush' (OB) and R. x wichurana (Rw), an orthologous gene RcNUDX1-1a was found in OB, whose expression also had positive correlation with geraniol emission. A paralogous gene in Rw, RwNUDX1-2, was discovered and it was shown that its expression displayed a correlation with the sesquiterpenoid production, especially E,E-farnesol. A series of in vitro and in vivo assays as well as correlation analyses verified the function of RhNUDX1-1, which hydrolysed geranyl diphosphate (GPP) to geranyl monophosphate (GP). The transformation of GP into geraniol is supposed to be processed by an, as yet, unidentified phosphatase. The prediction of the localisation together with green fluorescent protein (GFP) fusion experiments revealed that RhNUDX1-1 was located in the cytosol. A series of approaches (QTL analyses, enzymatic assays and transient expression studies) were also applied to RwNUDX1-2, demonstrating its function in the production of E,E-farnesol. Mapping of RwNUDX1-2 and subcellular localization of the protein are still under investigation. Furthermore, protein crystallography and protein modelling illustrated the NUDX1-substrate interaction and proposed several residues that may be important for substrate recognition, although further experimental and computational data are required to gain more insight into the enzymatic mechanism. Collectively, these data revealed an alternative pathway for the biosynthesis of terpenoids, especially geraniol and E,E-farnesol, in rose, via the hydrolysis of prenyl diphosphates by NUDX1 enzymes.

Transcriptional regulation of RcNUDX1-1a or RwNUDX1-2 probably plays an important role in the scent production by rose petals. Therefore, three promoters, pOB1a (promoter of RcNUDX1-1a), pOB1b (promoter of RcNUDX1-1b, not expressed in rose petals), pRw (promoter of RwNUDX1-2) were cloned and tested (Chapter 4). In addition, two transcription factors (TFs), RcbHLH79 (OB TF) and RwbHLH79 (Rw TF) candidates were chosen via RNA-Seq analysis as their expression correlated with expression of RcNUDX1-1a or RwNUDX1-2, respectively (Chapter 5). Using transient expression assays with a reporter gene, β-glucuronidase (GUS) in rose petals, it was shown that all three promoters could drive the expression of GUS, suggesting that all of them are active. However, quantification of promoter activities is still needed. OB TF and Rw TF were introduced into Nicotiana benthamiana leaves together with the promoters driving GUS , to determine if they were able to activate these promoters. However, no significant transactivation was detected in any promoter-TF combination. The expression of the TF in the progeny was also analysed but, due to the similarity of the sequences of family members, no conclusive data were obtained. Transcriptomes of the petals four roses, two of which produce geraniol but not E,E-farnesol and two that produce E,E-farnesol but not geraniol, were analysed (Chapter 5) and this resulted in a list of putative scent-related genes and transcription factors for further study.

Chapter 1 General introduction

Past and present of rose fragrance

.

. Rose products also have valuable applications in medicinal industry due to their pharmacological properties (antibacterial and antioxidant) (Boskabady et al., 2011). Although the fragrance of roses has an economical interest, the scent trait was the least important during rose breeding due to the various factors, which can affect the expression of scent, such as environment, maturity of the bloom and human perception differences (Zlesak, 2006). Among all currently known roses species, only about 20% of them are considered as "fragrant", while the rest are either lightly-scented (about 50%) or non-scented (Schulz, 2003). However, due to the increasing interest in scented cut roses, various approaches in rose fragrance production have been started in order to reintroduce scented roses into the floral market.

A k o ledge e ts

A o plish e t of this thesis p oje t e ui ed t e e dous guida e a d suppo t f o a people. He e , I ould like to e p ess deepest g atitude to all of these people ho ha e helped a d suppo ted e du i g the past th ee ea s. I a af aid that the e a e too a people that I should a k o ledge, ut due to te i le e o , I a ot e a le to i lude all of the he e.

Fi st I ould like to gi e spe ial tha ks to S l ie Baudi o, ho offe ed e this i te esti g, eautiful a d halle gi g topi at U i e sit Jea Mo et Sai t-Etie e UJM . S l ie has ee al a s g eatl suppo ti e of o k a d p o ided e ith a lot of p ofessio al guida e a d i sightful o e ts. Th ough he et o k of olla o ato s, she p o ided a oppo tu ities fo e to o k ith a i e people i a ious aspe ts. Spe iall , she i itiated the olla o atio ith the Pla t Ph siolog g oup at U i e sit of A ste da U A , he e I gai ed alua le k o ledge o pla t t a s iptio al egulatio . Du i g sta i A ste da , I had a a el o e a d g eat suppo t f o Ro S huu i k a d Mi hel Ha i g. Bei g dail supe iso , Ro kept t a k of p og ess a d p o ided e ith a lot of suppo t, ot o l th ough suggestio s that e lighte ed esea h, ut also helpi g e fo i a othe thi gs, like a a gi g the pla ts ate ials.

Apa t f o supe iso s, I ould like to spe iall tha k Au lie Bo UJM a d Mi hel de V ies U A . Au lie tuto ed e i ole ula iolog . She taught e all the ole ula iolog te h i ues that I eeded to use a d she has al a s ee ki d a d patie t ith e. He a u a du i g e pe i e t i flue ed e, hi h has o t i uted g eatl to the su ess of this p oje t. Mi hel o sta tl helped e ith all the e pe i e t-elated issues du i g sta i U A. He as e us e ause he hi self had a lot of o k to do, ut he al a s offe ed his help he e e he ould. I ould also like to e p ess app e iatio to all olla o ato s, ithout thei help, this p oje t ould ot ha e su eeded. He e, I ould like to spe iall tha k Philippe Hugue e INRA Col a a d his olleague Ra o de Balte e k. I ha e o ked i thei la at least o e a ea fo the last th ee ea s a d the helped e ith all the in vitro e z ati assa s a d the easu e e ts of ge a l-/fa es l-gl osides. Besides, the also el o ed e ki dl a d a a ged the a o odatio ea h ti e I e t the e. Speaki g a out ki d ess, I a also g ateful to Fa i e Fou he a d his olleagues, Lau e e Hi a d-Sai t-O a t, Tatia a Thou oude a d Julie Jeauff e I stitut de Re he he e Ho ti ultu e et Se e es, INRA A ge s . The offe ed a g eat suppo t ith thei petal olle tio , espe iall Tatia a, ho helped e to olle t the petals a d a a ged a e effi ie t s hedule ith a ell-o ga ized ta le to e su e sa ple olle tio e t s oothl ; a d Lau e e, ho helped e to eigh a d e t a t the petals e e da a d e e sa ifi ed he o ti e to help e fi ish the task. I additio , she is also the o e ho helped e ith all the ua titati e t ait lo us QTL a al sis a d ge e appi g. Apa t f o this, she is also e i e a d patie t. She as illi g to spe d al ost a hou o the pho e just to e plai QTL to e u til I full u de stood it. Mea hile, du i g sta i A ge s, Julie taught e thei p oto ol fo RNA e t a tio step step, a d he also helped e ith the ge e appi g as ell. I had o e pe ie e i p otei st u tu e odelli g, ut St pha e R t I stitut de Biologie et Chi ie des P ot i es sho ed e the po e of this te h i ue. He helped e ith the odelli g of NUDX p otei s. So eho , I feel like that he as full-ti e helpi g e e ause he e e I asked hi uestio ega di g the odelli g, he ould epl e ithi a hou ith eautiful pi tu es of p otei st u tu es. Besides, he I isited hi ith fu the uestio s, he as e patie t to a s e all of the a d fulfil all e uests as ell. Ca i e Tis a d Cl e t D gut U i e sit Pa is Des a tes helped e ith o e of the ost diffi ult tasks: p otei stallog aph . The spe t a lot of ti e a d effo t to o tai the stal of RhNUDX -a d AtNUDX p otei s i o de to ha a te ize thei D st u tu e. All the p otei odelli g as ased o the st u tu es that the dete i ed. Fi all , Ah ed A d-el-Halie U A a d S l ai Leg a d U i e sit de Lille a e tuto s i ioi fo ati s. Ah ed taught e ho to do the RNA-Se asse l a d the e aluatio of RNA-Se data, hile S l ai taught e ho to do the a otatio step step a d spe t u h of his ti e i a s e i g uestio s ia e ails a d essages. Chapte 5 is asi all the esult of thei help.

Of ou se, o k a d life ould e u h o e diffi ult ithout the help of olleagues i UJM a d U A. I UJM, I ould like to tha k Jea -Claude, ho helped e ith GC-MS a al sis, o fo al i os op ith help f o a a azi g lad , Sa i e Palle, i the opti al depa t e t a d g eat suppo t o ota ; Sa d i e Moja, ho helped e olle t all the petals i 5; Jea -Louis Mag a d a d F d i Jullie , ho a e spe ialists o ole ula iolog a d offe ed a u e of useful te h i al ad ises a d ideas, hi h helped e to o e o e a o sta les du i g e pe i e ts a d iti g. I ould also like to tha k C ile P u ie , ho is e skilled i ole ula iolog a d she helped e to sol e a p o le s du i g e pe i e ts. Outside the la , she is a t ue f ie d. She has i ited e a ti es to he ho e a d sha ed lots of he e pe ie es a d k o ledge ith e, hi h e e e useful fo dail life i F a e. I ould like to tha k Flo e e Ni ol , ho helped e ith statisti al uestio s a d De is Sai t-Ma ou , ho helped e ith ioi fo ati s. Ni olas Bo e helped e take a e of the pla ts a d Flo e e G os helped a lot ith a o odatio i Sai t-Etie e. I ould tha k Cathe i e Sole , ho helped e a lot i the fi st ea . She helped e t a slate all the F e h do u e ts i to E glish a d helped e fi d a o odatio . Without he help, fi st-ea life i F a e ould ha e ee i possi le. I ould like to tha k stude t Kat a Lo a o a as ell e ause she helped e ith a al si g the GC-MS data.

F o U A, I ould like to tha k Ludek Tiko sk , ho is e elle t i taki g a e of the pla ts. U de his a e, all oses e e kept o de full health a d loo i g. I ould also like to tha k Paula a Kleeff, Suza e Al es Aflitos-Hoogst ate, Alda a Ra i ez, Jiese Xu, Silke All a a d Ya a g Li. Paula a d Suza e offe ed a lot of help a d ideas fo the e pe i e ts. Besides, thei hee ful pe so alities eall ighte ed life o a dail asis. Alda a helped e g eatl ith o fo al i os op a d she also ofte sha ed he o k a d life e pe ie es ith e. Jiese helped e ith the p o ote a d t a s iptio fa to e pe i e ts. Silke taught e Weste Blot a d Ya a g sha ed his p otoplast e t a tio p oto ol. I ould also like to tha k Lu )ha g, a f ie d i Chi a, ho desig ed a d d e the thesis o e fo e.

Ma othe f ie ds a d olleagues, though the did ot pa ti ipate i p oje t di e tl , I a still deepl g ateful fo thei o sta t o pa , e ou age e t, suppo t a d help. The a e Edoua d Boe -Fo t ieille, Be a d Ble ot, Yola de Despi asse, Loï Sa a e, Lau e Ma ti elli f o UJM a d Qia ia )ha g, Li ue Cao, Aleksa d a Mu as, Maaike Boe s a, Ri go a Wijk, Do ota Ka a, Ma Galla d a d Ru Ko t eek. He e, I ould like to spe iall tha k pa t e , Aleja d o, ho i fa t helped e t e e dousl o thesis, i ludi g p oof-eadi g, help ith statisti al a al sis, data p o essi g, ho to use R, et . Besides, he is al a s e patie t a d suppo ti e. Although e li ed apa t, he as al a s a ou d, liste i g a d offe i g his help he e e a d he e e I eeded it. M a o plish e t is la gel tha ks to hi .

Last ut ot least, I a deepl g ateful fo the effo t of thesis o ittees, i ludi g t o epo te s, Da i le We k-Rei hha t U i e sit de St as ou g a d Ha o Bou eeste U A fo gi i g thei i sightful o e ts o thesis; othe ju ies apa t f o supe iso s S l ie Baudi o, Mi hel Ha i g a d Ro S huu i k , Pet a Bleeke a d J Clotault, a d a i ited e e , Philippe Hugue e , fo thei s ie tifi o t i utio s.

Résumé

La rose est l'une des plantes ornementales les plus populaires, dont les composés volatils sont non seulement impliqués dans les interactions des fleurs avec l'environnement au sens large, mais aussi largement utilisés dans l'industrie des arômes et parfums. Le chapitre 1 décrit l'histoire de la culture de la rose, les usages de son parfum, les connaissances actuelles sur la biosynthèse des composés de ce parfum, ainsi que les voies de biosynthèse des composés volatils qui ont été récemment élucidées chez différentes plantes. Les chapitres expérimentaux 2 et 3 analysent les fonctions de deux gènes exprimés dans les pétales de rose. Ils codent pour des protéines Nudix hydrolase 1 (NUDX1). Le gène NUDX1-1 (nommé RhNUDX1 dans la publication) a été découvert en comparant les transcriptomes de deux cultivars de rose, Rosa x hybrida cv. 'Papa Meilland' (PM) très parfumé et R. x hybrida cv. 'Rouge Meilland' (RM), dépourvu de parfum. Le gène RhNUDX1-1 n'est exprimé que chez PM et son expression est corrélée avec la production de monoterpènes dans les pétales, en particulier de géraniol. Lors de l'étude d'une descendance issue du croisement de R. chinensis cv. 'Old Blush' (OB) et de R. x wichurana (Rw), le gène orthologue RcNUDX1-1a, présentant la même fonction, a été caractérisé chez OB. Un gène paralogue, RwNUDX1-2, a été découvert chez Rw et il a été démontré que son expression présentait une corrélation avec la production sesquiterpènes, en particulier de E,E-farnesol. Une série d'analyses in vitro et in vivo ainsi qu'une analyse de corrélation ont permis de vérifier la fonction de RhNUDX1-1, qui hydrolyse le géranyl diphosphate (GPP) en géranyl monophosphate (GP). Une phosphatase non identifiée pourrait catalyser la transformation du GP en géraniol. Des expériences de fusion avec la Green Fluorescent Protein (GFP), suivies de transformation transitoire de feuilles de tabac, ont révélé que RhNUDX1-1 était localisée dans le cytoplasme. Les mêmes approches (analyses QTL, essais enzymatiques et expression transitoire) ont également été appliquées à RwNUDX1-2, démontrant sa fonction dans la production de E,E-farnesol. La cartographie de RwNUDX1-2 et la localisation subcellulaire de la protéine sont encore à l'étude. De plus, la cristallographie des protéines et la modélisation ont été employées pour étudier le mécanisme de l'interaction NUDX1-substrat et les acides aminés potentiellement importants pour la reconnaissance du substrat. Collectivement, ces données révèlent une voie alternative pour la biosynthèse des terpènes, en particulier le géraniol et E,E-farnesol, via l'hydrolyse des prényl diphosphates par les enzymes NUDX1.

Nos résultats montrent que la production de composés volatils dans les pétales est fortement corrélée avec l'expression des gènes des voies de biosynthèse. Par conséquent, la régulation transcriptionnelle de RcNUDX1-1a et RwNUDX1-2 joue probablement un rôle important dans la production de parfum. Les promoteurs de RcNUDX1-1a, RcNUDX1-1b, et RwNUDX1-2 et deux facteurs de transcription (FT), RcbHLH79 (OB TF) et RwbHLH79 (Rw TF) ont ainsi été isolés et testés (Chapitre 4). Les FT candidats ont été choisis lors d'une analyse RNA-Seq (Chapitre 5). En utilisant des tests d'expression transitoire avec le gène rapporteur GUS (β-glucuronidase) dans les pétales de rose, il a été montré que les trois promoteurs pouvaient entraîner l'expression de GUS. Les deux FT ont ensuite été introduits dans des feuilles de tabac avec les promoteurs testés, pour voir s'ils étaient capables d'activer ces promoteurs. Aucune transactivation significative n'a été détectée, même si Rw TF semblait pouvoir activer une construction témoin (promoteur du gène de la tomate TPS5). L'expression de ces deux FT dans la descendance a également été analysée mais, en raison de la similarité des séquences, aucune amorce spécifique n'a pu être obtenue. Les transcriptomes de quatre cultivars de rose, dont deux produisent du géraniol mais pas de E,E-farnesol et deux autres produisent du E,E-farnesol mais pas de géraniol, ont été analysés (Chapitre 5) et ont abouti à une liste de FT putatifs pour une étude plus approfondie.

Samenvatting

De roos is een van de meest populaire sierplanten, zowel voor in de tuin als in de vaas. De geurstoffen die de bloemen produceren zijn niet alleen zeer belangrijk voor de parfumindustrie, maar spelen ook een rol in het aantrekken van bestuivers. Hoofdstuk 1 beschrijft de geschiedenis van de teelt van rozen, het gebruik van de geurstoffen van rozen, de algemene kennis van de biosynthese routes van deze geurstoffen en de speciale routes voor de biosynthese van vluchtige stoffen in andere planten. De experimentele hoofdstukken 2 en 3 beschrijven de functionele analyse van twee genen betrokken bij de productie van rozengeur. Deze genen coderen voor twee varianten van het Nudix hydrolase 1 eiwit (NUDX1-1 en NUDX1-2). Door vergelijking van de transcriptomen van twee rozen cultivars, de geurende Rosa x hybrida cv. 'Papa Meilland' (PM) en de niet-geurende R. x hybrida cv. 'Rouge Meilland' (RM) werden deze genen ontdekt. RhNUDX1-1 komt alleen tot expressie in de geurende PM en de expressie heeft een sterke positieve correlatie met de productie van vluchtige monoterpenen in bloemblaadjes, in het bijzonder met geraniol. Bij het bestuderen van een kruising tussen R. chinensis cv. 'Old Blush' (OB) en R. x wichurana (Rw), werd een ortholoog van RhNUDX1-1 ontdekt: RcNUDX1-1a, waarvan de expressie ook sterk correleerde met geraniol productie. Door middel een serie enzymatische assays, zowel in vitro als in vivo, is aangetoond dat RhNUDX1-1 de hydrolyse van geranyl-difosfaat (GPP) naar geranyl-monofosfaat katalyseert. De conversie van GP naar geraniol wordt zeer waarschijnlijk bewerkstelligd door een nog nader te identificeren fosfatase. Lokalisatie experimenten, waarbij het RhNUDX1-1 werd gefuseerd met het groene fluorescente eiwit GFP, laten zien dat het eiwit zich in het cytosol bevindt. In R. x wichurana (Rw) werd een paraloog ontdekt: RwNUDX1-2. De expressie van dit gen vertoonde een sterke correlatie met de productie van vluchtige sesquiterpenen, in het bijzonder met E,E-farnesol. Voor RwNUDX1-2 werden door middel van een QTL analyse en enzymatische assays genoeg aanwijzingen verzameld om te postuleren dat dit enzym een rol speelt in de productie van E,E-farnesol. Aan de genetische kartering van RwNUDX1-2 en de cellulaire lokalisatie van het enzym wordt nog verder gewerkt. In Hoofdstuk 3 worden de resultaten van kristallografie van het recombinante NUDX eiwit en eiwit modellering gepresenteerd. Hieruit blijkt dat er bepaalde aminozuren belangrijk zijn voor herkenning van het substraat. Additionele experimenten zijn nodig om meer inzicht te krijgen in het reactiemechanisme. Deze data tezamen tonen aan dat de biosynthese van terpenen in rozen, in het bijzonder die van geraniol en E,E-farnesol, via de hydrolyse van prenyl difosfaten verloopt door een nieuwe groep van eiwitten: NUDX1 enzymen. Om de transcriptionele regulatie van de NUDX1 genen beter te kunnen bestuderen zijn drie promotoren gekloneerd: pOB1a (promotor van RcNUDX1-1a), pOB1b (promotor van RcNUDX1-1b die niet tot expressie komt) en pRw (promotor van RwNUDX1-2). Bovendien zijn twee transcriptiefactoren geselecteerd uit een RNA-Seq analyse, RcbHLH79 (OB TF) en RwbHLH79 (Rw TF), waarvan de expressie respectievelijk een sterke correlatie vertoonde met de expressie van RcNUDX1-1a en RwNUDX1-2. In Hoofdstuk 4 worden transiente expressie studies met de drie promotoren, die het gen β-glucuronidase (GUS) aansturen, gepresenteerd. In de bloemblaadjes van rozen blijken alle promotoren actief te zijn. Een kwantitatieve analyse van de promotor-sterkte zou nog een keer moeten gebeuren. De twee transcriptiefactoren zijn getest in Nicotiana benthamiana, ook met transiente expressie studies, maar beide waren niet in staat om de NUDX1 promotoren in het bladweefsel te activeren. Dit experiment zou nog een keer in rozen bloemblaadjes uitgevoerd moeten worden. Uit de RNA-Seq analyse in Hoofdstuk 5 zijn ook een aantal genen geselecteerd die mogelijk te maken hebben met de biosynthese van geur moleculen. Deze kunnen een bron van nieuwe kennis over de geurstof biosynthese in rozen worden.

Rose volatile profiles

Due to its complex and long history of cultivation, there is no single and easy classification system for roses. Roses can be classified according to their usage, for example, garden roses and cut roses. According to the horticultural rose classification developed by the World Federation of Roses and the American Rose Society, roses can be divided into three groups: species roses, old garden roses (before 1867) and modern roses (after 1867) (Zlesak, 2006). Species roses are also known as wild or botanical roses, they represent the group of roses that naturally occur, such as R. gallica and R. gigantea. The list of old garden roses and modern roses were presented in Zlesak, 2006. Some examples of old garden roses groups are Alba, Bourbon, Centifolia, Damask, Noisette, Portland and Tea; hybrid tea roses and miniature roses are examples of modern roses (Zlesak, 2006). Among these three main groups of roses, many of them were studied due to their appealing floral scent. More than 400 volatile compounds have been identified by analysing various roses with gas chromatography-mass spectrometer (GC-MS) [START_REF] Flament | Volatile constituents of roses: Characterization of cultivars based on the headspace analysis of living flower emissions[END_REF], Schulz, 2003). Table 1 summarizes the major volatile compounds of some roses, among which three horticultural groups with their flower volatiles were collected by either solvent extraction or headspace [START_REF] Antonelli | Characterization of 24 old garden roses from their volatile compositions[END_REF], Joichi et al., 2005, Magnard et al., 2015). According to Table 1, most commonly volatiles found in roses are monoterpenoids (especially geraniol, citronellol and nerol) and phenylpropanoids (especially 2-phenylethanol), which originated from ancient European roses (Scalliet et al., 2002). However, the Chinese-origin roses (most R. chinensis roses; R. gigantea) have their characteristic scents: 1,3,5-trimethoxybenzene (TMB) and DMT (3,5-dimethoxytoluene), which bring the "tea" Chapter 1 General introduction aroma (Scalliet et al., 2002) and fatty acid derived volatiles (e.g. Z-3-Hexenol and Z-3-Hexenyl acetate) to many of their rose descendants. 

Uses of rose volatiles

As described above, just like many other flowers, roses are capable of producing various pleasant fragrance compounds, which originally served reproduction purposes. By comparing the volatile profiles of entomophilous and anemophilous plants, it what found that entomophilous plants emitted more floral volatile compounds and faster than the anemophilous plants, indicating fast emission of a complex blend of floral volatile compounds is required to facilitate the biotic pollination [START_REF] Farré-Armengol | Pollination mode determines floral scent[END_REF]. A scent-baited experiment using water-bowl traps demonstrated that some floral compounds, like phenylacetaldehyde, were strong attractants to pollinators but also attracted their unwelcome enemies, the florivores [START_REF] Theis | Fragrance of Canada thistle (Cirsium arvense) attracts both floral herbivores and pollinators[END_REF].

Apart from the general biological applications of floral volatiles, rose volatiles also have significant impacts in industry. For example, both geraniol and 2-phenylethanol give sweet floral rose-like odour (Burdock, 2002a, Burdock, 2002b), therefore they are in large demand in the flavour and fragrance markets. According to Schwab et al., until 2006, the annual consumption of both compounds (and their esters derivatives) reached more than 10,000 tonnes (Schwab et al., 2008).

For the production of these scent compounds, roses are still widely used in perfumery industry. However, due to the high cost or lack of natural materials for flavour extraction, most of the commercial fragrance compounds are chemically synthesized via environmentally unfriendly processes (e.g. using heavy metal catalysts) [START_REF] Guentert | The flavor and fragrance industry-past, present, and future[END_REF]. Using bioproduction, including extraction from natural materials and conversion of natural precursors using micro-organisms or isolated enzymes is more desirable from a sustainable point of view (Schwab et al., 2008). Therefore, in the recent several years, the volatile compounds that have particular interests to the industry, like certain monoterpenoids and phenylpropanoids, are the most important target compounds for scientific research. As roses are valuable natural resources for flavour and fragrance industries, they draw significant attentions in order to find an economically efficient way to produce large quantities of desired compounds.

Biosynthesis of rose volatile compounds

So far, in rose, enzymes that are potentially involved in the biosynthesis of rose volatiles have been identified (Chen et [START_REF] Wu | Two O-Methyltransferases isolated from flower petals of Rosa chinensis var. spontanea involved in scent biosynthesis[END_REF]. Known biosynthesis pathways of several rose scent compounds are summarized in Figure 1.

Phenolic compounds

Two scent compounds: 1,3,5-trimethoxybenzene (TMB) and 3,5-dimethoxytoluene (DMT) are important scent components of many rose varieties nowadays, especially Tea roses and Hybrid Tea roses [START_REF] Flament | Volatile constituents of roses: Characterization of cultivars based on the headspace analysis of living flower emissions[END_REF], Joichi et al., 2005[START_REF] Nakamura | Scent and component analysis of the Hybrid Tea rose[END_REF], Scalliet et al., 2002, Scalliet et al., 2008). The "Tea" in their names is given by the fact that both compounds, especially DMT, give characteristic light, earthy and spicy notes sometimes said to be reminiscent of black tea smell. Because of their unique fragrance and widely existence in various rose varieties, TMB and DMT are among the very first compounds that were intensively studied. A family of enzymes, Omethyltransferases (OMT), appears to play an important role in the biosynthesis of both TMB and DMT. Two similar OMTs from R. chinensis cv. 'Old Blush' and R. × hybrida cv. 'Lady Hillingdon' can use orcinol and 3,5-dihydroxyanisole as substrates and produce DMT or TMB, depending on the availability of the substrates (Scalliet et al., 2002). At the same time, another group of scientists also found two highly homologous orcinol OMTs (OOMT) in R. × hybrida cv. 'Fragrant Cloud' and R. × hybrida cv. 'Golden Gate', which were able to methylate the precursor orcinol (methylated by OOMT1), generating an intermediate product: 3-hydroxy-5-methoxytoluene, which was subsequently methylated by OOMT2 and resulted in the final product, DMT (Lavid et al., 2002). In the biosynthetic pathway of TMB, this OMT enzyme family is not only involved in the final two steps of the pathway, in fact, it is involved in the last three successive steps. Another OMT (POMT) found in R. chinensis var. spontanea used phloroglucinol as initial precursor and methylated one of the three hydroxyl groups to generate 3,5-dihydroxyanisole. This compound can be further methylated by two OMTs to synthetize TMB (Wu et al., 2004). Apart from the biosynthetic pathways towards DMT or TMB, two other OMTs can also methylate eugenol and isoeugenol and yield methyleugenol and isomethyleugenol, respectively, in R. chinensis var. spontanea [START_REF] Wu | Two O-Methyltransferases isolated from flower petals of Rosa chinensis var. spontanea involved in scent biosynthesis[END_REF]. So far, the subcellular locations of most of the identified OMT enzymes remain unknown, except for the OOMTs that are responsible for the biosynthesis of DMT. They were located in cytosol using a greenflorescent-protein (GFP) tag and predominantly in both adaxial and abaxial epidermal cells of rose petals (Bergougnoux et al., 2007, Scalliet et al., 2006).

Besides the special "Tea" fragrance compounds, the biosynthetic pathways of two sweet floral fragrance compounds: 2-phenylacetaldehyde (PAld) and 2-phenylethanol (2PE) have also been intensively studied. The conversion of phenylalanine (Phe) to PAld via phenylacetaldehyde synthase (PAAS) was first discovered in Petunia hybrida cv. 'Mitchell' and in rose (Kaminaga et al., 2006). The conversion from Phe to PAld and then to 2PE via aromatic amino acid decarboxylase (AADC, identical to PAAS) and phenylacetaldehyde reductase (PAR) was also described by Sakai and colleagues, using feeding experiments of 8-deuterium-subsituted 2PE [START_REF] Sakai | Production of 2-phenylethanol in roses as the dominant floral scent compound from L-phenylalanine by two key enzymes, a PLPdependent decarboxylase and a phenylacetaldehyde reductase[END_REF]. Furthermore, the rose PAAS was characterized using a yeast (Saccharomyces cerevisiae) mutant that lacked phenylpyruvate decarboxylase activity (controlled by a gene called aro10) to further verify the biosynthetic pathway from Phe to 2PE via PAld [START_REF] Farhi | Identification of rose phenylacetaldehyde synthase by functional complementation in yeast[END_REF]. A aro10-knockout (KO) yeast strain produced up to eight times less PAld and 2PE than the wild type (WT) and expression of RhPAAS could complement the KO mutant and increased the PAld production, confirming the involvement of RhPAAS in the biosynthesis of PAld and 2PE. The rose phenylacetaldehyde reductase (PAR) was functionally [START_REF] Hirata | Functional characterization of aromatic amino acid aminotransferase involved in 2-phenylethanol biosynthesis in isolated rose petal protoplasts[END_REF], which can be subsequently converted into PAld by a phenylpyruvic aciddecarboxylase (PPDC) [START_REF] Hirata | Seasonal induction of alternative principal pathway for rose flower scent[END_REF]. This pathway seems to be seasonal specific because the expression of PPDC and the production of 2PE were highly induced by high temperatures in summer [START_REF] Hirata | Seasonal induction of alternative principal pathway for rose flower scent[END_REF]. As the study of biosynthesis of phenylpropanoids is still relatively recent, the subcellular locations of all these identified enzymes are still not revealed, although PAAS is predicted to be in the cytosol while PAR is predicted to be in the plastids according to the results of the submission of their amino acid sequences to WoLF PSORT (http://www.genscript.com/wolfpsort.html). In addition, a eugenol synthase (EGS) was discovered in rose [START_REF] Wang | Cloning and expression analysis of eugenol synthase gene RcEGS1 in Rosa chinensis 'Pallida[END_REF], Yan et al., 2012) but neither their substrates nor their subcellular location are clear, although their substrates may very likely be coniferyl acetate based on the results obtained from the EGSs from sweet basil and petunia [START_REF] Koeduka | Eugenol and isoeugenol, characteristic aromatic constituents of spices, are biosynthesized via reduction of a coniferyl alcohol ester[END_REF].

Terpenoids and their derivatives

Compared to phenolic volatile compounds, the biosynthesis of terpenoids in rose remains largely unexplored. Till today, only six enzymes have been identified that are involved in the biosynthesis of terpenoids in rose. The first terpene synthase (TPS) in rose, a germacrene D synthase (GDS) was discovered using genomic approaches by comparing the transcripts (expressed sequence tag library) from scented and unscented cultivars of roses. The biochemical function of GDS was determined using recombinant protein to react with substrate farnesyl diphosphate (FPP) and resulted in the production of germacrene D (Guterman et al., 2002). Later, a putative linalool synthase (RrLIS) was also isolated in rose using RT-PCR and rapid amplification of cDNA ends (RACE) technique [START_REF] Feng | Flowery odor formation revealed by differential expression of monoterpene biosynthetic genes and monoterpene accumulation in rose (Rosa rugosa Thunb.)[END_REF]. They found that the expression level of RrLIS was roughly correlated with the linalool content found in the rose, that is, when the expression of RrLIS gene reached the highest level in full opening period of the flower development stage, the linalool content also reached the highest. However, no biochemical experiment was conducted to verify the enzymatic activity of this protein. Therefore, it is still unclear whether this RrLIS gene is coding a linalool synthase or not. Recently, a Nudix hydrolase, which is not a terpene synthase, was found in rose and it was shown to be responsible for the biosynthesis of monoterpenoids, especially geraniol, in rose (Magnard et al., 2015). The studies of this protein are described in detail in Chapter 2.

Short chain terpenoids can not only be synthesized by TPS but can also come from degradation of long-chain terpenoids. Irregular terpenoids, i.e. C 13 -norisoprenoids, like β-ionone, are present in rose petals in small quantities, but due to their low odor threshold, they may contribute significantly to the rose scent. These compounds are produced via degradation of carotenoids by carotenoid cleavage (di-)oxygenases (CCDs) in rose (Huang et al., 2009a, Huang et al., 2009b). The CCD1 protein can accept several different carotenoids as substrates in vitro and generate different C 13 products (Huang et al., 2009a) while CCD4 protein accepted smaller range of substrates compared to CCD1 protein and only produced β-ionone (Huang et al., 2009b).

In addition to terpenoid-biosynthesis related proteins, an acetyltransferase in rose was responsible of the conversion of geraniol and citronellol into geranyl acetate and citronellyl acetate, respectively (Shalit et al., 2003). Furthermore, this acetyl-coenzyme A: geraniol acetyltransferase (AAT) coding gene was flower specific and reached the maximum transcript level at stage 4 of flower development, where the volatile emission reached at its peak. Isopentenyl phosphate kinase (IPK) recycles the isopentenyl phosphate/dimethylallyl phosphate (IP/DMAP) pool that is likely to be formed by the action of phosphatases on IPP/DMAPP and contributes to the formation of both mevalonic acid (MVA) and methylerythritol (MEP) pathwayderived terpenes.

Cytosolic monoterpene synthases (LdGES, FaNES1) and a diphosphohydrolase (RhNUDX1) have been linked to the biosynthesis of acyclic monoterpenes.

The complete iridoid biosynthesis pathway has been identified recently, indicating a complex biosynthesis network of monoterpenes in the cytosol. Z-prenyl diphosphates (NPP and Z,Z-FPP) can also act as substrates for mono-and sesquiterpene synthases, respectively.

There are three different routes for the biosynthesis of phenylacetaldehyde from phenylalanine.

Glossary:

Archaea: a microbe that has no cell nucleus or any other membrane-bound organelles in its cell (prokaryote), comprising a domain or kingdom of single-celled microorganisms, like bacteria. Archaea have isoprenoids as side chains in their membrane lipids instead of fatty acids as in bacteria.

Glandular trichomes: specialized "hairs" on the surface of plants that can produce and secrete metabolites such as terpenes.

(Plant) direct defense: characteristics of a plant that affect the physiology or behavior of herbivores negatively. Direct defense can be classified as: mechanical defense like thorns or thick cuticle; or chemical defense like toxic specialized metabolites.

(Plant) indirect defense: herbivore induced-characteristics of a plant that can enhance the performance of natural enemies of herbivores, using additional resources such as alternative food (extrafloral nectar, pollen) or herbivore-induced plant volatiles.

Polyphyletic group: a polyphyletic group is characterized by one or more similar phenotypes due to convergence or reversion from different ancestors.

Chapter 1 General introduction

Plant volatiles are crucial for various interactions with other organisms and their surrounding environment. A large number of these volatiles belong to the terpenoid and benzenoid/ phenylpropanoid classes, which have long been considered to be exclusively synthesized from a few canonical pathways. However, several alternative pathways producing these plant volatiles have been discovered recently. This review summarizes the current knowledge about new pathways for these two major groups of plant volatiles, which open new perspectives for applications in metabolic engineering.

Noncanonical metabolic pathways

Plants produce various volatile organic compounds for different purposes like plant growth and development (e.g.,ethylene, nitricoxide). Other volatiles can play a major role in interactions with their surrounding environment, including direct/indirect defense (see Glossary) against herbivores and pathogens, attraction of pollinators, and plant-plant interactions [1][2][3][4][5][6]. Up to 5-10% of assimilated carbon may be converted into plant volatiles and even more when plants are under stress [7,8]; in floral scents alone, more than 1700 different volatiles have been identified [9]. According to their biosynthetic origin and chemical structure, plant volatiles can be grouped into several classes, including: terpenoids, benzenoids/phenylpropanoids, fatty acid derivatives, amino acid derivatives, and carbohydrate derivatives such as furanones [2,3,9,10]. For decades it was believed that nearly all of these compounds were exclusively manufactured through a limited number of pathways shared by all plants. However, recently several publications indicate that different plants have evolved alternative pathways to produce the same compounds. These alternative pathways often occur through convergent evolution, which has been extensively discussed in [11].

In this review, we focus on the biosynthesis pathways of two major groups of plant volatiles: lowmolecular-weight terpenoids (including monoterpenes, sesquiterpenes and homoterpenes) and benzenoids/phenylpropanoids. This review complements the latest reviews on volatile terpenoids [3,4,12] and benzenoids/phenylpropanoids [2,3,13] biosynthesis and specifically deal with the implications of recently discovered alternative metabolic pathways.

New players in plant volatile biosynthesis

Here we describe the recent and unexpected characterization of proteins belonging to families that had never been associated with volatiles before.

Involvement of isopentenyl kinase in terpene biosynthesis

Terpenes are one of the largest and most structurally diverse groups of natural products, which include more than 40 000 compounds [4]. All terpenes are constructed from two types of fivecarbon molecules: isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) [14]. Sequential condensation of IPP and DMAPP leads to the formation of prenyl diphosphates, the precursors of most terpenes, i.e. geranyl diphosphate (GPP, C 10 ), farnesyl diphosphate (FPP, C 15 ), geranylgeranyl diphosphate (GGPP, C 20 ) and geranylfarnesyl diphosphate (GFPP, C 25 ). Generally, GPP and FPP are the precursors of monoterpenes (C 10 ) and sesquiterpenes (C 15 ) respectively, while GGPP is the precursor of diterpenes (C 20 ). GFPP is the newly discovered precursor of sesterterpenes (C 25 , [15]). Sequential condensation of FPP and GGPP results in precursors of triterpenes (C 30 ) and tetraterpenes (C 40 ), respectively. Further catalytic reactions (e.g., cyclization of an acyclic precursor followed or not by Wagner-Meerwein rearrangements, hydroxylation, dehydroxylation, reduction, oxidation, or glycosylation) on the parental skeletons give rise to a great diversity of various terpenoid-derived products.

There are two well-established pathways generating IPP and DMAPP: the cytosolic mevalonic acid (MVA) pathway and the plastidic methylerythritol phosphate (MEP) pathway (reviewed in [16]). In the MVA pathway, IPP is generated by decarboxylation, from mevalonate-5-diphosphate by mevalonate diphosphate decarboxylase (MVD or MDD) [17]. In the MEP pathway, IPP is generated from 4-hydroxy-3-methylbut-2-enyl-diphosphate (HMBPP) by HMBPP reductase [18]. In the MEP pathway, both IPP and DMAPP can be produced by HMBPP reductase [19]. In the MVA pathway, IPP is converted into DMAPP by IPP isomerase (IDI) [20], which also operates in plastids and mitochondria [21].

However, recent studies have shown that the genes encoding the final two enzymes of the MVA pathway, namely phosphomevalonate kinase and MDD, are absent in Archaea. These organisms use an alternative route via isopentenyl phosphate kinase (IPK) for the formation of IPP [22]. Dellas and colleagues found that IPK also exists in all green plants whose genome has been sequenced. Fully functional IPKs are distributed across all three domains of life; thus, this does not seem to be a case of convergent evolution. In Arabidopsis thaliana, it was shown that IPK is a new member of the plant terpenoid metabolic network [23]. This cytosolic IPK is coexpressed with various genes involved in the MVA pathway and downstream terpene biosynthesis pathways, including MDD, farnesyl diphosphate synthase, squalene synthase and C-8,7 sterol isomerase [23]. Using A. thaliana ipk and ipk/mdd1 double mutants, it was found that IPK functions in parallel to the MVA pathway. In addition, overexpression of the cytosolic AtIPK in tobacco increased both the production of FPP-and GPP-derived terpenes in the cytosol and plastids, suggesting a communication between these two compartments. The proposed function of IPK in A. thaliana is then to recycle the isopentenyl phosphate/dimethylallyl phosphate (IP/DMAP) pool that is likely formed by the action of phosphatases on IPP/DMAPP (Figure 1).

Involvement of a Nudix hydrolase in monoterpene biosynthesis

Monoterpenes are well known as components of floral scent [24] and also as constituents of essential oils of aromatics plants that are widely used in the cosmetic, perfume, food [25], and pharmaceutical industries [26]. Because of their high economic relevance, monoterpene biosynthesis has been extensively studied. The biosynthesis of monoterpenes usually requires the catalytic reaction triggered by monoterpene synthases, converting C 10 prenyl diphosphates to various cyclic and acyclic products [27]. No monoterpene synthase has so far been functionally characterized in rose (Rosa sp.), although sesquiterpene synthases have been associated with the biosynthesis of sesquiterpenes in this genus [28]. Recently, a terpene synthase-independent pathway to monoterpenes has been reported in rose. By comparing the volatile profiles and differential gene expression of scented and unscented rose cultivars, an unexpected enzyme, a Nudix hydrolase, RhNUDX1 was found to be responsible for the formation of geraniol [29]. The function of RhNUDX1 was elucidated by using recombinant protein on several potential substrates, by co-localizing the gene with a major QTL for geraniol production, and by analyzing RNAi-RhNUDX1 transgenic plants. The results indicated that RhNUDX1 used GPP as the substrate, as classical terpene synthases, but hydrolyzed one phosphate resulting in geranyl monophosphate (Figure 1). Thus, a further catalytic reaction with the assistance of an unidentified phosphatase to form geraniol is required. This mode of action differs from all known monoterpene synthases that remove two phosphates in one reaction [29]. In addition, RhNUDX1 enzyme is located in the cytosol, indicating that its substrate, GPP, was obtained by either transport from plastids or via cytosolic generation, but this remains to be solved. The discovery of such a unique pathway has provided a potential molecular marker for scented-rose breeding. Meanwhile, it also has raised a lot of questions on, for example, how this pathway evolved and how is it distributed in the plant kingdom [30].

The complex pathway to iridoids

Iridoids represent a broad class of monoterpenoids derived from 10-oxogeranial that have interesting pharmaceutical and antibacterial properties [31]. Madagascar periwinkle (Catharanthus roseus) has been used as a model plant for extensive studies of the iridoid pathway. The monoterpene branch of this pathway starts with the formation of geraniol by a classical plastidial geraniol synthase [32]. Geraniol 10-hydroxylase (G10H), a cytochrome P450 enzyme, which is anchored to the endoplasmic reticulum (ER), converts geraniol into 10-hydroxygeraniol [33]. Since the downstream protein G10H is located in the cytosol [34], this indicates that in C. roseus, geraniol is transported from plastids to cytosol perhaps through stromules, as they are closely associated with the ER [35]. The product from the first reaction, 10-hydroxygeraniol, is then converted by a cytosolic 10-hydroxygeraniol dehydrogenase (Cr10HGO, also called 8HGO) into 10-oxogeranial (also 8-oxogeranial) [31,36]. Subsequently, 10-oxogeranial serves as substrate for the newly discovered iridoid synthases, which show high similarity to progesterone-5β-reductases [37]. This unusual cyclization step leads to the formation of cyclic monoterpenoids (e.g. Z-E-nepetalactol), which are in turn converted to iridoids [31,[37][38][39][40]. Thus this is another example of a new non-canonical player involved in terpene biosynthesis.

Biosynthesis of vanillin

The most important phenylpropanoid volatile as seen from an economic perspective is certainly vanillin. It was recently shown that a single hydratase/lyase type enzyme designated vanillin synthase (VpVAN) catalyses direct conversion of ferulic acid or its glucoside into vanillin or vanillin glucoside, respectively [41]. The conversion of ferulic acid to vanillin catalysed by VpVAN is thought to occur via an initial hydration addition reaction followed by a retro-aldol elimination reaction. The VpVAN protein shows high sequence similarity to cysteine proteinases, including some important conserved residues. The cysteine protease family encompasses a large group of enzymes with versatile physiological functions. The involvement of such proteins in volatile biosynthesis is unexpected and their characterization offers new opportunities for the vanilla-pod based industries.

New substrates for old enzymes

As already mentioned, classical substrates for monoterpene synthases and sesquiterpene synthases are GPP and E,E-FPP, respectively. However, it has been shown that some enzymes use alternative substrates.

First, some plastidial monoterpene synthases use the Z isomer form of GPP, neryl diphosphate (NPP), to form monoterpenes. A plastidial Z-prenyltransferase, neryl diphosphate synthase 1 (NDPS1/SlCPT1) has been recently identified in the glandular trichomes of cultivated tomato (Solanum lycopersicum) [42,43]. Recombinant NDPS1/SlCPT1 protein was able to use both IPP and DMAPP to generate NPP [42,43]. By analyzing transgenic tomato plants with reduced NDPS1/SlCPT1 transcript levels, a decrease of in the production of the monoterpene β-phellandrene was observed [43]. Both results indicate that NDPS1/SlCPT1 is providing NPP substrate for the biosynthesis of monoterpenes.

Alternative substrates such as NPP are not routinely tested in functional characterization of plant terpene synthases. So far, few identified plastidial monoterpene synthases have shown preference for NPP rather than GPP as substrates. Well-described examples are: i) a phellandrene synthase (SlPHS1) [42]; ii) a limonene synthase (ShLMS) [44]; iii) a pinene synthase (ShPIS) [44]; and iv) a nerol synthase (GmNES) [45]. Recombinant SlPHS1 protein, which was highly expressed in the glandular trichomes of S. lycopersicum, converted NPP mainly to β-phellandrene and, to a lesser extent, to four other monoterpenes: δ-2-carene, α-phellandrene, limonene and γ-terpinene [42]. A similar result was found in another in vitro study of the recombinant PHS1 protein of wild tomato (S. habrochaites) (ShPHS1) that exhibited high specificity to NPP and generated β-phellandrene and δ-2carene [44]. The NPP preference characteristic of PHS1 could be further confirmed by the overexpression of NDPS1 and PHS1 in S. lycopersicum fruits, which resulted in a monoterpene blend [46]. Another two monoterpene synthases: ShLMS and ShPIS found in the glandular trichomes of S. habrochaites solely used NPP as substrates and mainly generated limonene and α-pinene, respectively [44]. In soybean (Glycine max), a nerol synthase (GmNES) exclusively converted NPP to nerol [45].

Sesquiterpenes are a group of C 15 terpenes that play important roles in various physiological and ecological processes of plants. Apart from being constituents of floral scents, sesquiterpenes are also

Chapter 1 General introduction known as repellents of insects (e.g. 7-epizingiberene and R-curcumene) [47] and as antimicrobial compounds (e.g. E-β-caryophyllene) [48]. It is generally agreed that E,E-FPP is the precursor for the biosynthesis of most sesquiterpenes and their corresponding sesquiterpene synthases are located in the cytosol. However, in glandular trichomes of wild tomatoes, sesquiterpenes can also be synthesized from Z,Z-FPP. Sallaud et al. [49] discovered a Z,Z-farnesyl diphosphate synthase (zFPS) in S. habrochaites that catalyzed the formation of Z,Z-FPP from IPP and DMAPP, and a sesquiterpene synthase, santalene and bergamotene synthase (SBS), which used Z,Z-FPP as substrate to generate a mixture of these two sesquiterpenes. In a later study, additional Z-prenyltransferases were found in S. lycopersicum, with SlCPT6 that was able to convert NPP into Z,Z-FPP in roots and red fruits [43]. More sesquiterpene synthases that use Z,Z-FPP, for example zingiberene synthase (ShZIS) -to generate 7-epizingiberene in glandular trichomes of S. habrochaites have also been identified [44,50].

The puzzling localization of enzymes

Almost all of the identified monoterpene synthases have been located inside plastids, and, with a few exemptions inside mitochondria [51,52], either based on predicted plastid transit peptides or by visualization using fusions with green fluorescent protein (GFP). However, monoterpene biosynthesis may also be present in the cytosol (Figure 1). The idea that monoterpenes can be made in the cytosol goes back to the synthesis of shikonin [53]. The first discovered cytosolic monoterpene synthase is actually a dual-function terpene synthase, nerolidol synthase 1 in Fragaria x ananassa (FaNES1), which can react with both GPP and FPP to produce linalool or nerolidol, respectively. Its localization in the cytosol was demonstrated by a GFP fusion of the FaNES1 protein [51]. In the same study, FvPINS, a genuine monoterpene synthase was also localized in the cytosol. Moreover, (S)linalool and (-)-α-pinene in the fruit of F. x ananassa and F. vesca, respectively, were found, using deuterium ( 2 H) labeling, to be generated exclusively via cytosolic MVA pathway [54]. In raspberry fruits, feeding experiments also demonstrated that (S)-linalool and (-)-α-pinene were exclusively synthetized via the cytosolic MVA pathway [55]. These studies in Rosaceae revealed that monoterpenes can be also synthesized in the cytosol rather than only in plastids and that precursors probably come from the MVA pathway. Cytosolic monoterpene synthases were also discovered in other species. In Lippia dulcis, a cytosolic geraniol synthase (LdGES) has been characterized [56].

Both transient and stable transformation of tobacco confirmed monoterpene synthase activity of LdGES, resulting in the production of geraniol-derived products. Studies with GFP fusions of LdGES by transient transformation assays in Nicotiana benthamiana indicated its cytosolic localization [56].

Ocimum basilicum α-zingiberene synthase (ZIS) is a cytosolic bifunctional terpene synthase, which not only takes FPP but also GPP as substrate to produce both sesqui-and monoterpenes [57].

The presence of these cytosolic monoterpene synthases or bifunctional enzymes suggests that there is a complex biosynthetic network of monoterpenes in cytosol for some species. This also raises the question as to the origin of their substrates. Are they exported from plastids or are they synthesized in the cytosol? Several lines of evidence indicate that molecules such as GPP can be exported from plastids to cytosol. Co-expression in tomato fruits of the snapdragon small catalytic unit of GPP synthases (GPPS-SSU, plastidial) and the cytosolic bifunctional ZIS from O. basilicum [57], resulted in increased accumulation of ZIS-derived monoterpenes, demonstrating the transport of GPP from plastid to cytosol [58]. The hypothesis of GPP export from plastids is also supported by a kinetic study of the export of prenyl diphosphates in isolated chloroplast envelope membrane vesicles of spinach (Spinacea oleracea) [59]. They showed that the export rate of IPP and GPP is relatively higher than that of DMAPP and FPP. Finally, ectopic expression of GES from Valeriana officinalis in three different cell compartments (plastids, cytosol and mitochondria) showed that there is considerable (bi)directional GPP exchange between these compartments [60]. In addition, no cytosolic GPP synthase (GPPS) has been found so far, with the possible exception of the one from Lithospermum erythrorhizon, which has not been characterized [61]. Although these experimental

Chapter 1 General introduction results indicates that plastid-generated GPP could support a cytosolic monoterpene biosynthesis, no transporter of IPP or GPP has been characterized to date. Another possibility, albeit less probable, is that GPP could be generated in the cytosol as a byproduct of FPPS activity. Indeed, as GPP is an intermediate in the synthesis of FPP, it could be that part of it is released and used for the biosynthesis of monoterpenes in the cytosol. However, the amount of GPP available might not be sufficient to support the biosynthesis of a large quantity of monoterpenes.

Sesquiterpenes were first thought to be synthesized exclusively in the cytosol, using precursors generated via the MVA pathway. However there seems to be some exceptions to this rule. Labeling experiments in snapdragon flowers have shown that IPP and DMAPP, used for the biosynthesis of sesquiterpenes, were produced in plastids via the MEP pathway [62]. Since snapdragon sesquiterpene synthases are localized in the cytosol [63] this indicates a transport of IPP/DMAPP from plastids to cytosol. More recently it has become clear that all identified Z-prenyltransferases, related to mono-and sesquiterpene synthases, are located inside plastids [43,45,49], suggesting that the major pool of Z-prenyl diphosphates may be mainly produced in plastids. Concomitantly, several sesquiterpene synthases able to use these Z-prenyl diphosphates substrates in the plastids have been identified in wild tomato [50]. Both the MVA and MEP pathways contribute to the biosynthesis of sesquiterpenes at equal rates in the glandular trichomes of Stevia rebaudiana [64] and both routes are also utilized in grape berries [65]. Thus, there are multiple examples of "metabolic crosstalk" in the biosynthesis of sesquiterpenes, as summarized in [66].

Some diterpenes are also made in the cytosol. Indeed, while diterpene synthases are primarily located in the plastid, geranyllinalool synthase from A. thaliana, which is involved in the biosynthesis of (E,E)-geranyllinalool, the precursor of 4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT), resides in the cytosol or the ER [67]. It is thus likely that its substrate GGPP is present in these compartments.

Different pathways for the same compounds

Biosynthesis of homoterpenes

Homoterpenes (more precisely tetra-nor-polyterpenes, but in this field commonly referred to as homoterpenes) belong to a special class of terpenes that are generated through degradation of regular terpenes. They are known to be floral constituents of night-scented flowers like Orchidaceae and Liliaceae as well as damaged-induced leaf volatiles that may attract natural enemies of herbivore insects [68][69][70][71][72]. The two most studied homoterpenes are the C 11 homoterpene 4,8dimethylnona-1,3,7-triene (DMNT) and C 16 homoterpene TMTT, which were thought to be derived from sesquiterpenoids (e.g. nerolidol) and diterpenoids (e.g. geranyllinalool) by oxidative degradation, respectively [68]. In A. thaliana it was shown that one P450 enzyme (CYP82G1) was able to catalyze the formation of both compounds [70]. However, a recent study showed that in A. thaliana, the precursor for biosynthesis of DMNT is not limited to nerolidol only [73]. Very interestingly, DMNT can be generated by degradation of a C 30 triterpenoid, arabidiol, in A. thaliana roots. This degradation reaction was catalyzed by another cytochrome P450 monooxygenase CYP705A1 (At4g15330), probably located in the ER [74]. The reaction is induced by a root oomycete pathogen, Pythium irregulare, and contributes to the plant defense. Thus, even within one species, in this case A. thaliana, multiple pathways lead to the same homoterpene, albeit in different tissues.

Biosynthesis of geranial

As described above, geraniol can be produced by two different pathways. This is also true for the corresponding aldehyde geranial. In sweet basil and perilla, geranial is formed from geraniol by alcohol dehydrogenases [75][76][77]. However, monoterpenes can also be derived from long-chain terpenoids. Carotenoids cleavage dioxygenase 1 (CCD1) from rice (Oryza sativa var. japonica cv. TP309) uses the carotenoid (C 40 ) lycopene as substrate to generate geranial, and some C 8 /C 13 ketones by oxidative cleavage of C7-C8/C7'-C8' double bonds of carotenoid backbones [78]. CCDs also catalyze the formation of a large number of tomato fruit volatiles, including cis-pseudoionone, neral, geranial, and farnesylacetone [79].

Biosynthesis of 2-phenylethanol (2-PE)

In terms of diversity, benzenoids and phenylpropanoids are considered the second largest class of plant volatiles after terpenoids [2]. They are also involved in various interactions with the surrounding environment [2,3]. This class of compounds is mainly derived from L-phenylalanine (Phe), one of the three aromatic amino acids synthesized via the shikimate pathway [80].

Comprehensive reviews on the biosynthesis of benzenoids [13] and phenylpropanoids [81] are available. Here we only shortly emphasize the alternative routes that plants have developed to make the same compounds.

Briefly, benzenoids are C 6 -C 1 compounds, having an aromatic six-carbon ring with one carbon attached. Their formation is initialized by L-phenylalanine ammonia lyase (PAL), which de-aminates Phe to t-cinnamic acid (CA) (Figure 2). The subsequent route from CA to benzenoid-related products proceeds via the β-oxidative pathway (in peroxisomes), the non β-oxidative pathway (in cytosol) or a combination of both pathways, as nicely reviewed recently by Widhalm and Dudareva [13].

Other volatiles derived from Phe -for example phenylacetaldehyde (PAld) and 2-PE -are important scent compounds in numerous flowers such as rose and petunia. The genes and enzymes responsible for the biosynthesis of these phenylpropanoid-related compounds (C 6 -C 2, aromatic sixcarbon ring with two carbons attached) have been identified and characterized. Interestingly, plants have developed different pathways to convert Phe to PAld, all located in the cytosol (Figure 2). In petunia (P. hybrida cv. Mitchell), a bifunctional phenylacetaldehyde synthase (PAAS) can achieve both decarboxylation and oxidation reactions and convert Phe to PAld [82]. In contrast, in tomato (S. lycopersicum cv. M82) fruits, Phe is first converted to phenethylamine (PEA) by an aromatic L-amino acid decarboxylase (AADC) and then subjected to oxidation by an, yet to be identified oxidase [83].

The conversion from PAld to 2-PE in tomato is catalyzed by a phenylacetaldehyde reductase (PAR) [84]. In roses two enzymes have been identified, RhPAAS of Rosa x hybrida cv. Fragrant Cloud [82,85] and Rose-PAR of R. x damascena Mill. [START_REF] Chen | Functional characterization of rose phenylacetaldehyde reductase (PAR), an enzyme involved in the biosynthesis of the scent compound 2-phenylethanol[END_REF], which possess similar functions as PAAS in petunia and PAR in tomato, respectively. Surprisingly, another pathway leading to PAld biosynthesis from Phe also exists in rose. In this pathway, Phe is first converted into phenylpyruvate (PPA) by an aromatic amino acid aminotransferase (RyAAAT3) that then undergoes decarboxylation to form PAld by a phenylpyruvic acid decarboxylase [START_REF] Hirata | Functional characterization of aromatic amino acid aminotransferase involved in 2-phenylethanol biosynthesis in isolated rose petal protoplasts[END_REF][START_REF] Hirata | Seasonal induction of alternative principal pathway for rose flower scent[END_REF]. This is another example, as in homoterpene biosynthesis in A. thaliana, of two different routes used in one species to produce the same compound. The difference with A. thaliana being that here, the two alternative pathways are supposed to function in parallel in the same petal tissue. Finally, an additional route was discovered recently in the fruit of melon (Cucumis melo), in which Phe is converted by an amino acid transaminase (CmArAT1) into its corresponding α-keto acids, which are efficient precursors for subsequent modifications to synthesize various aromatic compounds, including PAld [START_REF] Gonda | Branched-chain and aromatic amino acid catabolism into aroma volatiles in Cucumis melo L. fruit[END_REF].

Concluding remarks and future perspectives

In recent years, numerous studies have revealed that plants have evolved complex routes for terpene biosynthesis. For example, monoterpenes, which can be synthesized in both plastid and cytosol, can be generated from GPP, NPP and even from long-chain terpenoids, and can be synthesized by canonical monoterpene synthases or by a terpene synthase-independent pathway (RhNUDX1 in roses). Similar plasticity for the biosynthesis of benzenoids and phenylpropanoids is also observed. The diversity of these volatile biosynthesis pathways is often an example of convergent evolution: multiple pathways giving rise to similar or identical products have evolved novel enzymes could be discovered over time during extensive studies of plant volatile biosynthesis (see outstanding questions). The use of RNA sequencing as well as available plant and microbial genomes will facilitate the future identification of these proteins [START_REF] Bradbury | Comparative genomics approaches to understanding and manipulating plant metabolism[END_REF][START_REF] Yonekura-Sakakibara | Transcriptome data modeling for targeted plant metabolic engineering[END_REF][START_REF] King | Biosynthesis of monoterpene scent compounds in roses Jean-Louis Magnard 1[END_REF].

Outstanding Questions

How are the prenyl diphosphates, precursors of terpenes, transported between subcellular compartments? What are the proteins responsible for such transport?

Could geranyl diphosphate be synthesized in the cytosol? If yes, what are the enzymes responsible for such biosynthesis?

Are there other distinct enzymes (besides NUDX1 and terpenesynthases) involved in the biosynthesis of terpenes?

When two pathways operate in the same species for the production of one compound, what are the molecular mechanisms that regulate the two pathways?

What are the environmental parameters that favor the evolution of alternative pathways for the production of a given compound?

Research objectives and outlines

In order to advance our knowledge of the biosynthesis of scent volatiles in roses, this thesis project aimed mainly to identify the genes and their related proteins, and to study their biological functions regarding to the biosynthesis of interesting scent compounds produced by roses. At the beginning of this project, a Nudix hydrolase, RhNUDX1 had been found in our group to correlate with the production of monoterpenoids in rose. My project is the continuation of this project. To be more precise, my objectives were to answer the following questions: 1. How many NUDX1 genes exist in rose and what are the biological functions of these NUDX1 proteins? 2. How are these NUDX1 genes transcriptionally regulated? 3. What information can RNA-sequencing and transcriptome data analysis provide for other rose scent-related genes?

Chapter 2 describes a series of experiments in which the rose Nudix hydrolase 1 (NUDX1) was identified and characterised. Genetic, molecular biology and biochemistry approaches were applied for the gene identification and the protein characterization; rose volatiles were analysed using gaschromatography mass spectrometry (GC-MS) and correlation with the expression of rose NUDX1 gene was investigated in order to gain insight in its biological function. These results are presented in the form of an article, published in Science (Magnard et al., 2015).

Chapter 3, presented in the form of an article to be submitted, illustrates the identification and characterization of another NUDX1 genes in rose, NUDX1-2. Consequently, the first isolated gene was renamed NUDX1-1. NUDX1-2 function was studied using molecular biology and biochemistry approaches similar to the approaches described in chapter 2. In addition, the functions of all identified NUDX1 proteins were compared, regarding to their biochemical activities and their protein structures. Transient expression studies were conducted in order to study the function of NUDX1 proteins in planta.

Chapter 4 shows two pilot experiments on the promoters of three rose NUDX1 genes and two transcription factor (TF) candidates. Several tests were performed to determine the activity of each rose promoter. Moreover, each TF candidate was tested for its ability to activate each of the three NUDX1 promoters.

Chapter 5 contains the bioinformatic study on RNA-sequencing results of four rose samples within a rose progeny, including both parents (R. chinensis cv. 'Old Blush' and R. x wichurana) and two of their progenies OW9035 and OW9047. They were selected based on their specific scent profiles that R. chinensis cv. 'Old Blush' and OW9047 produce geraniol but not farnesol, while R. x wichurana and OW9035 produce farnesol but not geraniol. The RNA-sequencing quality was analysed and the general annotation was performed for the whole dataset. In addition, using the volatile profiles of those four rose samples, other scent-related genes were identified as well as their potential roles in the secondary metabolites biosynthesis pathways. Furthermore, all annotated TFs were also listed for further study.

Finally, chapter 6 summarises the findings in relation to the research objectives formulated above.

Research directions and perspectives are also discussed.

General outline

Roses have attracted people's attentions for thousand years. Today, more than 35 000 rose cultivars exist due to massive cultivation activities based on their attractive traits including floral shape, colour, recurrence and long vase life and to a lesser extent, fragrance. Although the rose breeding strategies mostly do not focus on scent, rose fragrance does have a huge economical value, especially in cosmetic and perfumery industries. Therefore, many studies have been done on the biosynthesis of their fragrant compounds. As a result, many enzymes involved in the biosynthesis of scent-related compounds, especially for some phenolic and sesquiterpene compounds, were identified. For example, phenylacetaldehyde synthase (PAAS) and phenylacetaldehyde reductase (PAR) played a role in the production of 2-phenylacetaldehyde and 2-phenylethanol in rose. However, regarding the monoterpenoid biosynthesis pathway in rose, the biosynthesis was unclear, although many monoterpene synthases, like geraniol synthases, were found in other plants. Luckily, I joined this research group at the final stage of the publication and had a great opportunity to participate in this work. My contributions to this publication were to study the correlation between the genotype and the chemotype of scented and unscented roses. More precisely, I studied the expression level of RcNUDX1-1a (homologous to RhNUDX1-1) in a scented rose cultivar, R. chinensis cv. 'Old Blush' (OB), and in an unscented one, R. x wichurana (Rw), using quantitative realtime PCR (qRT-PCR). For the chemotype study, I mainly focused on the analysis of volatile profiles of the progenies (generated by crossing Rw and OB) using Gas Chromatography Mass Spectrometry (GC-MS), of which the data was used for Quantitative Trait Locus (QTL) linkage mapping.

The scent of roses (Rosa x hybrida) is composed of hundreds of volatile molecules. Monoterpenes represent up to 70% percent of the scent content in some cultivars like 'Papa Meilland' (PM).

Monoterpene biosynthesis in plants relies on plastid-localized terpene synthases. Combining transcriptomic and genetic approaches, we show that the Nudix hydrolase RhNUDX1, localized in the cytoplasm, is part of a pathway for the biosynthesis of free monoterpene alcohols that contribute to fragrance in roses. The RhNUDX1 protein shows geranyl diphosphate diphosphohydrolase activity in vitro and supports geraniol biosynthesis in planta.

Roses are used as garden ornamental plants, as cut flowers, and as sources of essential oils for perfume and cosmetics. Breeding with a focus on cut flowers and visual attributes can leave scent traits disadvantaged (1). The cause for the lack of fragrance in these flowers is unknown and does not seem to be linked to increased vase life (2). Monoterpene alcohols and 2-phenylethanol characterize typical rose scents; volatile phenolic compounds characterize tea-scented roses (3). Although genes involved in the biosynthesis of phenolic scent compounds, 2-phenylethanol, and sesquiterpenes have been characterized (4,5,6), the basis for monoterpene biosynthesis remains obscure.

In plants, geranyl diphosphate (GPP), precursor of monoterpenes, is synthesized in plastids from dimethylallyl diphosphate and isopentenyl diphosphate supplied by the methylerythritol 4phosphate (MEP) pathway (7). The monoterpenes in essential oils are produced through the activity of various monoterpene synthases (8). For example, geraniol synthase (GES) converts GPP into geraniol in basil (9). Here we investigate monoterpene biosynthesis in roses. We used cDNA Amplification Fragment Length Polymorphism Differential Display (AFLP-DD) and DNA microarrays to compare the transcriptomes of two rose cultivars that have different scents.

The 'Papa Meilland' (PM) cultivar emits a heavy typical rose scent, mostly composed of monoterpene alcohols and 2-phenylethanol. The 'Rouge Meilland' (RM) cultivar produces very little scent and only trace amounts of these compounds (Table S1). With AFLP-DD we identified two amplicons favored in PM, one with homology to the Nudix hydrolase family (DIF1) and one with homology to a laccase protein (DIF38) (Table S2). With microarrays we found 91 genes expressed more in PM than in RM (Dataset S1). The gene with the highest differential expression (PM1, 7583 fold increase in PM relative to RM, Table S2 and Dataset S1) also corresponded to the Nudix hydrolase. We have named this gene RhNUDX1 (JQ820249). RhNUDX1 encodes a 150 amino acid protein that contains the characteristic Nudix domain (10) and is similar (59% identity) to AtNUDX1 from Arabidopsis thaliana (Fig. S1). In a survey of ten rose cultivars with contrasting scent profiles (Tables S1 andS2, Dataset S2), RhNUDX1 expression correlated with the presence of monoterpene alcohols (geraniol, nerol, citronellol) and sesquiterpenes (farnesol, farnesene and farnesyl acetate) (Fig. 1). Nudix hydrolases remove nucleoside diphosphates linked to other moieties (10). Some may also accept non-nucleoside substrates (11). These enzymes have various functions and may act as DIPPs (diphosphoinositol polyphosphate phosphohydrolases), coenzyme A pyrophosphatases, ADPribose pyrophosphatases, Ap n A hydrolases and mRNA decapping enzymes (Fig. 2B). Nudix hydrolyses are found in animals, plants and bacteria. The number of Nudix representatives in each species varies from one in Mycoplasma to over 50 in eukaryotes (12). In sequenced genomes of Arabidopsis, rice and grape vine, the number of genes coding for putative NUDX proteins are 28, 33 and 30, respectively (12,13). RhNUDX1 shows the closest similarity to AtNUDX1 (Fig. S1). This protein was proposed to have a similar function to E. coli mutator protein (MutT), which acts to eliminate harmful compounds, such as 8-oxo-dGTP, which may be misincorporated in DNA during replication (14). We have searched rose transcriptome database (15) and identified 55 ESTs corresponding to putative NUDX genes, indicating that like in other species NUDX1 belongs to a gene family. All ESTs corresponding to RhNUDX1 showed high expression levels in fully opened flowers (Dataset S3). The other ESTs show no or weak expression levels in blooming flowers. genotype 'The Mac Cartney rose', as shown by the expression of GFP (Fig. S4). These petals were infiltrated with Agrobacterium harboring the RhNUDX1 RNAi construct used for stable transformation. Compared to petals expressing GFP, petals expressing the RhNUDX1 RNAi construct had less monoterpenes; other classes of scent compounds were not significantly affected (Fig. S5; Table S4).

To study the genetic basis of monoterpene biosynthesis in roses, we analyzed an F1 progeny from crosses between genotypes with different scent profiles. This mapping population consists of a fullsib family of 116 hybrids derived from a diploid cross between OB and a hybrid R. wichurana (RW) originating from the Bagatelle garden (Paris, France). The female parent OB produced high amounts of geraniol, whereas the male parent RW did not. RhNUDX1 was about 4000 times more expressed in OB than in RW (Fig. S6). GC-MS analyses of petal volatiles showed that the geraniol content segregated in the progeny (Fig. S7C). We detected a major QTL (Quantitative Trait Locus) for geraniol biosynthesis on the female linkage group 2 (LG2). This QTL explained 76 % of the observed variation in geraniol content (LOD score 39; Fig. S7B). RhNUDX1, when mapped on the female LG2, co-localized with this QTL for geraniol production (Fig. S7A). The transgenic down regulation data together with genetic co-localization support a role of RhNUDX1 in geraniol biosynthesis in roses.

Expression of GES in plastids resulted in release of geraniol (Fig. S12) and in accumulation of geranyl glycosides (Gglyc) (Fig. 4C). Expression of GES or RhNUDX1 in the cytosol both resulted in similar accumulations of Gglyc and geraniol (Fig. 4, Fig. S12). As RhNUDX1 did not dephosphorylate GP to geraniol in vitro (Fig. S8), we assumed that enzymes (presumably phosphatases) carried out that conversion in planta. Indeed, we incubated rose petal proteins with GP and found that it was efficiently converted to geraniol (Fig. S13). Although the RhNUDX1 enzyme was able to use FPP as a substrate in vitro, farnesol or farnesol glycoside did not accumulate in RhNUDX1-expressing tissues. Altogether, our data show that RhNUDX1 supports efficient geraniol and Gglyc biosynthesis in planta and that, in a cytosolic context, RhNUDX1 is equivalent to GES.

As GPP is a substrate for RhNUDX1, which is itself localized in the cytoplasm, we ask about the origin of GPP. GPP is a precursor for monoterpenes through pathways generally localized in plastids. Only few studies suggest that GPP could be generated by the mevalonate pathway in some plants like rose and other Rosaceae (19)(20)(21)(22). GPP for use in the cytosol for biosynthesis of monoterpenes may be exported from plastids (23) or could also be a byproduct of FPP synthase activity (24) or produced by a cytosolic GPP synthase.

We propose that RhNUDX1 is a cytosolic component of a terpene-synthase independent pathway for monoterpene biosynthesis that leads to scent production in roses (Fig. 5). The intensity of scent in roses may rely on RhNUDX1 and the monoterpenes it produces and our finding may provide leverage to restore scent in roses with low RhNUDX1 expression levels. 

Materials and Methods

Plant materiel

Rose plants were field grown in five locations: at Saint-Etienne University, at Ecole Normale Supérieure, Lyon, at INRA Angers, at Lyon's Botanical Garden and at Meilland Richardier production fields in Heyrieux, France. Transgenic Rosa chinensis cv. 'Old Blush' plants were grown under controlled greenhouse conditions. Flower development was defined according to Bergougnoux et al. (16). Fragrant and non-fragrant rose varieties used for the correlation study were chosen in different cultivated rose families in order to maximize the diversity of this sample set. Selected varieties include very ancient cultivars such as Rosa chinensis cv. 'Old Blush' and 'Mutabilis', 'Alister Stella Grey' and more recent hybrids from various origins.

RNA preparation, cDNA-AFLP-DD, gene expression analyses and CAPS marker design

Total RNA preparation, cDNA synthesis and the microarray experiment were performed as previously described (27). For cDNA-AFLP-DD experiment, PolyA + RNA was purified starting from total RNA (100 µg) using the Straight'As mRNA system kit (Novagen) according to manufacturer instructions. cDNA-AFLP-DD was performed with the displayPROFILE TM kit (Q Biogene) according to manufacturer instructions: polyA + RNA (1 µg ) was used for double strand cDNA synthesis, the resulting cDNA were digested with the restriction enzyme Taq1, linked to adaptors and finally amplified by PCR. The amplicons were resolved on a sequencing polyacrylamide gel. Following autoradiography, candidate bands corresponding to differentially expressed products of interest were cut out from the gel. DNA was extracted from these polyacrylamide pieces by boiling 15 min in 10 mM Tris pH 8, 0.2 mM EDTA. Purified DNA was amplified using the adaptor primers ATGAGTCCTGACGGA and ACTGGTCTCGTAGACTGCGTACCCGA, cloned into the pGEMTeasy vector (Promega) and then sequenced.

Real time quantitative RT-PCR (qPCR) was performed with the FastStart Universal SYBR Green Master (Rox) (Roche Diagnostics GmbH, Mannheim, Germany) using the StepOnePlus real-time PCR system (Applied Biosystems). Reactions were run in duplicate and quantified against a relative standard curve made from a serially diluted stock cDNA containing the target sequence. Data collection and analysis were performed using the StepOne Software v2.1 (Applied Biosystems). Relative quantification of candidate genes was performed using rose orthologs of a-TUBULIN (RhTUB, Genbank accession number EC587914) and EF1-a (RhEF1-a, Genbank accession number BQ104256) as calibrators according to (28). Geometric means of the arbitrary units of the calibrator's transcripts were used to normalize the relative amount of candidate gene transcripts. Primers specific to each cDNA were used for expression analysis by qPCR.

After sequencing RhNUDX1 in Rosa chinensis cv. 'Old Blush' (OB) and Rosa x wichurana (RW), SNP2CAPS software (29) has been used to develop the CAPS markers (primers RhNudX_F

[GGGAAACGAGACAGTAGTAGTGG] and RhNudX_R [GGGTTAAATCCATCCTGAACCAC], and PstI restriction enzyme). PCR reactions were carried out in 15 µl with GoTaq® Flexi DNA Polymerase according to the manufacturer's recommendations (Promega) under the following conditions: 95°C, 3 min; 35 X [95°C, 30 s; annealing temperature, 30 s; 72°C, 40 s]; 72°C, 5 min. PCR product (607bp) was digested with PstI (New England Biolabs). For the RhNUDX1 CAPS marker, RW is homozygous and present only the b allele which is non digested (607bp) whereas OB is heterozygous with the a (digested allele: 237bp and 370bp) and b (non digested: 607bp) alleles.

QTL and mapping analyses

JoinMap 4.0 (30) was used for the construction of the linkage map. SSR used for the map construction are described in (31) and (32). QTL analysis was carried out using MAPQTL® (33) and the OB female map. A LOD threshold at which a QTL was declared significant was determined according to a genome-wide error rate of 0.05 over 1000 permutations (34). Interval Mapping analysis was performed with a step size of 1cM to find regions with potential QTL effects i.e., where the LOD score was greater than the threshold and the percentage explained by the QTL (r²) was also presented.

Transient expression and subcellular localization of RhNUDX1 in tobacco plants

For transient expression experiments, the RhNUDX1 and the geraniol synthase coding sequences were cloned in the expression vector pMDC32 and then transformed into the A. tumefaciens strain C58 (pMP90). The GES cDNA was cloned either as a full-length form encoding the GES precursor, or as a truncated form encoding the mature GES protein according to (9). Agrobacteria cultures were then used to infiltrate leaves of N. benthamiana according to Batoko et al. (35).

For subcellular localization, the RhNUDX1 coding sequence was cloned in the expression vectors pMDC45 (2x35S-GFP-RhNUDX1) and pMDC83 (2x35S-RhNUDX1-GFP) (36) and then transformed as described above. C58 (pMP90) transformed with 2x35S-GFP in pBin19 were infiltrated in the same experiment as a control for cytosolic localization. Five days after infiltration, infiltrated leaf sectors were observed under a confocal microscope. Confocal micrographs were taken under TCS-SP2 inverted confocal scanning laser microscope (Leica Microsystems) with a x40/0.80W lens. The argon laser was set at 488 nm for GFP excitation and the helium-neon laser at 633 nm for chlorophyll. The fluorescent signals were captured through narrow bands: 500 to 550 nm for GFP, and 640 to 740 nm for chlorophyll.

Production of roses knockdown for RhNUDX1

A DNA fragment corresponding to part of the ORF of RhNUDX1 (from bp 211 to bp 450, outside of the Nudix domain) was amplified and cloned in the vector pDONR207 for Gateway cloning. It was then cloned into the vector pK7GWIWG2 (II) (37) after the CaMV 35S constitutive promoter. The resulting construct, referred to as p35S::RNAi-RhNUDX1, was used to transform Rosa chinensis cv. 'Old Blush' (OB). RhNUDX1 sequence from OB and PM share 96% identity. Transgenic roses were produced according to (38). Plants transformed with the GUS reporter gene under the control of the 35S promoter, were used as a control (35S:GUS plants). Transgenic plants, referred to as RNAi-RhNUDX1, were characterized by qPCR. For metabolomic analyses, several cuttings of the same transgenic event were used.

For transient transformation assays, petals of the cultivar R. x hybrida cv. 'The Mac Cartney rose' were infiltrated with p35S::RNAi-RhNUDX1 with the same protocol as the one used for N. benthamiana, except that no p19 construct was used. Petals were analyzed for their content in scent compounds 5 days after infiltration. As a control, C58 (pMP90) transformed with 2x35S-GFP in pBin19 were infiltrated in the same experiment. Three independent experiments were performed. For each experiment, 18 petals were infiltrated and analyzed individually.

Production of RhNUDX1 in E. coli, antibody preparation and Western-blot analyses

For antibody production and enzyme characterization, RhNUDX1 coding sequence was cloned into the expression vectors pHXGWA and pHNGWA (39) to allow production of RhNUDX1 fused to a 6xHis-tagged thioredoxin or NusA proteins. A thrombin protease cleavage site was inserted between the thioredoxin and RhNUDX1 coding sequences. The fusion protein was expressed in E. coli BL21-AI strain. After induction with 1 mM IPTG, bacteria were grown overnight at 20°C, lyzed by sonication, then the fusion protein was purified by affinity chromatography on Talon® resin (Clontech). Thrombin protease (GE Healthcare life sciences) was incubated overnight at 4°C with the resin-bound fusion protein to recover RhNUDX1. One hundred micrograms of purified RhNUDX1 was subjected to SDS-Page for further purification. The band corresponding to RhNUDX1 was cut from the gel, ground in Freund's complete adjuvant (800 µl) and then used for immunization of a New-Zealand rabbit. Western blots were performed according to (40).

RhNUDX1 enzyme assay

For enzyme assays and determination of kinetic parameters, purified NusA-RhNUDX1 fusion protein (100-500 ng) was incubated with GPP or FPP, ranging from 0.1 to 50 µM in incubation buffer (50 mM HEPES pH 8, 5 mM MgCl 2 , 1 mM MnCl 2 , 14 mM βmercaptoethanol, 10% glycerol, v/v) in a final volume of 100 µL for 15 min at 30°C. For each assay, a similar control incubation containing the same amount of heat-inactivated NusA-RhNUDX1 was performed in parallel. The reactions were stopped by addition of 10 µL of EDTA 100 mM pH8 and 90 µL of ethanol containing 0.5% NH 4 OH. RhNUDX1-dependant GP or FP synthesis were calculated after subtracting the GP or FP amounts present in the corresponding control incubation containing the heat-inactivated enzyme. K m and K cat values were calculated from Lineweaver-Burk plots. For substrate specificity studies, purified NusA-RhNUDX1 (500 ng) was incubated with different substrates (GPP, FPP, dGTP, 8-oxo-dGTP) at a concentration of 20 µM in incubation buffer (100 µL final volume) for 1 h at 30°C. Reaction products were analyzed by LC-MS on an Ultimate 3000 UHPLC system coupled to an Exactive mass spectrometer (Thermo Fischer Scientific, San Jose, USA). Separations were performed on a Nucleodur C18 HTec column (50 x 2 mm i.d., 1.8 µm particle size, Macherey-Nagel, Düren, Germany), operated at 20°C. Mobile phase consisted of 5 mM of ammonium bicarbonate in water (eluent A) and acetonitrile (eluent B). Flow rate was 0.3 mL/min. The elution program was as follows: isocratic for 1.5 min with 1% B, 1-100% B (5 min), isocratic with 100% B (1 min). The sample volume injected was 2 µl. The Exactive Orbitrap mass spectrometer was equipped with an electrospray ionization (ESI) source operating in negative mode. Parameters were set at 300°C for ion transfer capillary temperature and 2500 V for ion spray voltage. Nebulization with nitrogen sheath gas and auxiliary gas were maintained at 50 and 4 arbitrary units, respectively. The spectra were acquired within the m/z mass range of 100-800 Da, using a resolution of 50000 at 200 Da. The instrument was operated using the ExactiveTune software and data were processed using the Xcalibur software. The system was calibrated externally using the Thermo Fischer calibration mixture in the range of m/z 100-2000 Da, giving a mass accuracy lower than 2 ppm. Reaction products were identified according to their mass spectra and retention time, compared to those of authentic standards. Quantifications were based on calibration curves obtained with authentic standards.

GC and GC-MS analyses of scent compounds and LC-MS analysis of geraniol derivatives

Rose petal scent compounds and monoterpenes produced in tobacco were extracted with hexane and analyzed according to Bergougnoux et al. (16). For the analysis of geraniol glycosides in N. benthamiana, leaf sectors (1 g) were cut from agroinfiltrated leaves (96 h post infiltration), ground under liquid nitrogen. The resulting powder was then suspended 5 mL of PBS containing 10% ethanol (v/v). Piceid (resveratrol 3-ß-mono-D-glucoside) was added as an external standard. After a 5-min centrifugation (10000 g at 4°C), the supernatant was collected and applied on a C18 SPE column (Bond Elut Jr., Varian). The column was washed twice with 5 mL of water , and eluted with 2 mL of ethanol/H 2 O (90/10, v/v). This eluted fraction was analyzed by LC-MS using a Nucleodur C18 HTec column (50 x 2 mm) as described above, with the following modifications. Mobile phase consisted of water/formic acid (0.1%, v/v; eluent A) and acetonitrile/formic acid (0.1%, v/v; eluent B). Flow rate was 0.3 mL/min. The elution program was as follows: 20% to 100% B (5 min), isocratic with 100% B (3 min). The sample volume injected was 2 µl. The Exactive mass spectrometer operated in positive mode, with parameters set at 300°C for ion transfer capillary temperature and 4500 V for ion spray voltage. Geranyl glycosides were detected using their characteristic fragment ion [C 10 H 17 ] + (m/z 137.1325). The major geranyl glycosides: hexosyl-geraniol (C 16 H 28 O 6 ), malonyl-hexosyl-geraniol (C 19 H 30 O 9 ) and pentosylhexosyl-geraniol (C 21 H 36 O 10 ) were quantified as geranyl glucoside equivalent, by integrating the signal corresponding to the [C 10 H 17 ] + ion. Geranyl ß-D-glucoside standard was from Carbosynth (Compton, UK). As presented in Chapter 2, RhNUDX1-1 was characterized as a monoterpenoid-biosynthesis-related enzyme in rose. Its corresponding gene was highly expressed in scented rose petals and it could use geranyl diphosphate (GPP) as substrate and produce geranyl monophosphate (GP) in vitro, which could be hydrolysed to release geraniol by an unknown phosphatase. Its expression in Nicotiana benthamiana resulted in an increase of geranyl-glycoside. All these findings led to more questions. Is the NUDX1 (Nudix hydrolase 1) scent-biosynthesis mechanism a special or a general phenomenon in rose? Is there another NUDX1 protein in rose that serves to eliminate oxidized nucleotides, like the one in A. thaliana? How many NUDX1 genes exist in rose? Why did this identified NUDX1 protein lose its original function?

In this Chapter, part of the questions mentioned above will be addressed. Starting with a brief introduction of the Nudix hydrolase superfamily, this chapter continues with a presentation of the NUDX1 genes found in roses and their relationship with NUDX1 genes in other plants. During Members of Nudix hydrolases superfamily are relatively small in terms of protein size (16-35 kDa) (Kraszewska, 2008) and all of them share a conserved region in where their catalysis occurs and this region is termed Nudix motif (Nudix box) [START_REF] Bessman | The MutT proteins or "Nudix" hydrolases, a family of versatile, widely distributed, "Housecleaning" enzymes[END_REF]. This Nudix box is a sequence of 23 amino acids: Gx 5 Ex 7 REUxEExGU, where U is often a bulky hydrophobic amino acid such as isoleucine (I), leucine (L) and valine (V), while x represents any amino acid [START_REF] Bessman | The MutT proteins or "Nudix" hydrolases, a family of versatile, widely distributed, "Housecleaning" enzymes[END_REF]. This Nudix motif forms a loop-α helix-loop structure, which functions as a binding site of divalent cations (usually Mg 2+ or Mn 2+ ) and a catalytic site (Kraszewska, 2008, Mildvan et al., 2005). The substrate specificity and the catalytic reaction mechanism are determined by a region outside of the Nudix motif (also known as a side chain), which is also used to define different Nudix subfamilies (Kraszewska, 2008, McLennan, 2006, Mildvan et al., 2005). These two regions together, the Nudix motif and the side chain, form an α/β/α sandwich structure, which is also known as the Nudix fold (Mildvan et al., 2005). The presence of divalent cations and alkaline conditions are required to fully activate a Nudix protein, which can be, however, strongly inhibited by the presence of F -by forming an MgF 3 -complex that can block the active site of the Nudix protein [START_REF] Fletcher | The structure of Ap(4)A hydrolase complexed with ATP-MgF(x) reveals the basis of substrate binding[END_REF], McLennan, 2006). Detail information on the structures and mechanisms of Nudix proteins can be found in this review (Mildvan et al., 2005).

In the plant kingdom, Nudix hydrolases are widespread, but their functions still remain unclear in most of the plants, except for Arabidopsis thaliana. The functions of many Nudix members in A. thaliana have been revealed thanks to intensive scientific researches with the help of its sequenced genome. According to the TAIR database (http://www.arabidopsis.org/) and searches from the literatures, 25 to 31 putative Nudix hydrolases were found and eight protein subfamilies were defined according to the similarity of their sequences (>30% identity) [START_REF] Gunawardana | A comprehensive bioinformatics analysis of the Nudix superfamily in Arabidopsis thaliana[END_REF], Kraszewska, 2008, Yoshimura and Shigeoka, 2015). The ones that did not belong to any of the defined subfamilies were labeled as unknown. The present knowledge of the functions some A. thaliana Nudix hydrolases is summarized in (Table 1). The IPP isomerases, which lack the Nudix motif and have no Nudix activity, were not included in Table 1. For example, AtNUDX7, has been shown to act as a negative regulator of plant defense response and has also been implicated in plant abiotic stress responses (Bartsch et Nudix hydrolase 1 (NUDX1 or NUDT1) is a special member among the Nudix family. It is the smallest member among the nudix hydrolases in A. thaliana and itself is the only member of a subfamilydihydroneopterin triphosphate hydrolase. It was also the first characterized member of the Nudix family from A. thaliana [START_REF] Dobrzanska | Cloning and characterization of the first member of the Nudix family from Arabidopsis thaliana[END_REF]. AtNUDX1 is considered as a "housecleaning" enzyme because it hydrolyses the oxidized form of dGTP (8-oxo-deoxyguanosine triphosphate, 8oxo-dGTP) (Yoshimura et al., 2007) to prevent the AT à GC mutation during DNA replication, similar to the MutT enzyme in Escherichia coli [START_REF] Bhatnagar | Characterization of the mutT nucleoside triphosphatase of Escherichia coli[END_REF]. The activities of AtNUDX1 on the reduced form of nicotinamide adenine dinucleotides (NADH) and dihydroneopterin triphosphates (DHNTP) were also observed when using Mn 2+ or Mg 2+ as a co-factor in vitro, respectively, even of both monoterpenoids and sesquiterpenoids in roses though Mg 2+ is more likely to be used in vivo [START_REF] Dobrzanska | Cloning and characterization of the first member of the Nudix family from Arabidopsis thaliana[END_REF][START_REF] Klaus | A nudix enzyme removes pyrophosphate from dihydroneopterin triphosphate in the folate synthesis pathway of bacteria and plants[END_REF]. Recently, our group discovered a NUDX1 protein in Rosa x hybrida cv. "Papa Meilland" (RhNUDX1-1), which is 59% similar to AtNUDX1, but has a distinct function (Magnard et al., 2015). Instead of accepting 8oxo-dGTP as substrate, RhNUDX1-1 uses geranyl diphosphate (GPP) and produces geraniol. In this study, we describe another NUDX1 protein in rose, NUDX1-2, which has similar function as the RhNUDX1-1 that has been discussed above, but instead of using GPP as substrate and producing monoterpenoids, it uses farnesyl diphosphate (FPP) and produces sesquiterpenoids. Moreover, the NUDX1 protein structures of rose and A. thaliana are also presented and discussed here in order to provide some explanations for the substrate specificity change between AtNUDX1 and the NUDX1 in roses.

Material and methods

Plant material

A population of 154 progenies (F1) were generated by crossing two diploid rose plants: R. chinensis cv. 'Old Blush' (OB, maternal plant) and R. x wichurana (Rw, paternal plant) originated from the Bagatelle garden (Paris, France). OB has pink semi-double flowers (>10 petals) and blooms continuously if the climate is suitable, while Rw has white single flowers (5-6 petals) and only blooms once a year during summer. All these rose plants were grown outside at INRA Angers (IRHS, Angers, France). Petals of all progenies were collected between May and July in 2014 and 2015. Another two hybrid tea roses, R. x hybrida cv. 'The McCartney Rose' and R. x hybrida cv. 'Akito', which were obtained from Olij Rozen International (Netherlands), were used for transient transformation of their petals. Rose petals at stage four, according to (Bergougnoux et al., 2007), were collected for surface volatile extraction, RNA extraction and transient transformation. Transient transformation assays were also performed on the leaves of four-week-old Nicotiana benthamiana plants that were grown inside a climate room (21 ± 1 °C, 16 hours light period and 8 hours dark period).

Total RNA extraction and primary cDNA synthesis

Eighteen out of the 154 progenies were selected for total RNA extraction: 9007, 9011, 9013, 9018, 9021, 9024, 9035, 9037, 9047, 9049, 9069, 9074, 9082, 9099, 9149, 9204 and both parents OB and Rw. The rose petals of these selected plants were collected and frozen immediately in liquid nitrogen. Prior to RNA extraction, frozen rose petals were ground to fine powder in liquid nitrogen using sterilized mortar and pestle. Approximately 300 to 400 mg (3 to 4 tubes containing 100 mg ± 15%) of frozen ground petals was used in order to obtain sufficient amount of total RNA. Total RNA was extracted using the NucleoSpin® RNA plant kit (MACHEREY-NAGEL, Düren, Germany) according to the manufacturer's procedure with slight modification as follow: before adding the lysis buffer (RAP), a spatula tip (around 5% of the sample weight) of PVP 40 (polyvinylpyrrolidone) (Sigma-Aldrich, St. Louis, USA) and CTAB (ethylhexadecyldimethyl ammonium bromide) (Sigma-Aldrich, St. Louis, USA) was added directly to the ground petals followed by 5 μl of β-mercaptoethanol (≥99.0%, Sigma-Aldrich, St. Louis, USA). By dissolving the pellet at 60 °C for 5 min, RNA was dissolved in the mixture and subsequently extracted using 1 volume of chloroform or chloroform: isoamyl alcohol (24:1) (Sigma-Aldrich, St. Louis, USA). Supernatant was transferred to a new tube for further procedures. In order to optimize the RNA binding to a column for concentration and purification, prior to the loading, 0.5 volume of 100% ethanol was added in order to adjust the binding condition. The rest of washing procedures was performed according to the manufacturer's protocol, including decontamination of genomic DNA using DNase.

The quality of the RNA samples was evaluated by absorbance measurement using NanoDrop2000c (Thermo Fisher Scientific, Waltham, USA) and the integrity was determined by electrophoretic analysis. All the RNA samples used for the Quantitative RT-PCR (qRT-PCR) reactions had a 260/280 nm absorbance ratio between 1.7 and 2.2, while RNA samples with a 260/280-ratio close to 2 were generally qualified for subsequent reactions. To rule out any genomic DNA contamination in the RNA extracts, the RNA samples were subject to PCR amplifications of the Tubulin and NUDX1 gene (35 cycles). No visible amplifications of genomic DNA were detected from the RNA samples.

The primary cDNA was synthesized from approximately 2 μg of total RNA using the SuperScript® III reverse transcriptase, oilgo-dT and RNasOUT TM recombinant RNase inhibitor (all mentioned products above are from Thermo Fisher Scientific, Waltham, USA) in a reaction volume of 20 μl according to the manufacturer's procedure. The quality of the synthesized cDNA was tested using PCR with the primers of the housekeeping gene RcTCTP (translationally controlled tumor protein). If an amplicon was found after 28 cycles of amplication, then the quality of cDNA sample was assumed good enough for further analysis.

Quantitative RT-PCR (qRT-PCR) analysis

The reaction mixture of primary cDNA was diluted 125 times before qRT-PCR, which was carried out with CFX96 TM Real-Time system equipped with C1000 TM Thermal Cycler (Bio-Rad, California, USA). The qRT-PCR reaction mixture consisted of 10 μl of SsoAdvanced TM SYBR® Green Supermix (Bio-Rad, California, USA), 2 μl of a pair of primers (1 μl for each primer, primer concentration: 10 μM), 2 μl of diluted cDNA mixture and compensated with DNase-free water to reach a total volume of 20 μl. The thermal cycling profile applied was 95°C for 5 seconds, followed by 30 seconds at 58°C, 60°C or 64°C depending on the primer pair. In total 40 cycles were performed for each batch of samples. Within each qRT-PCR batch, two negative controls with water instead of cDNA were used. All qRT-PCR were carried out in two biological replicates, each of which was subjected to RNA extraction and followed by qRT-PCR in two technical replicates. The resulting quantification cycle (Cq) values were the mean of four values from two biological and technical replicates, respectively. This Cq values were automatically determined by the CFX96 TM Real-Time system with default settings. In order to evaluate the changes in expression levels of certain genes, three housekeeping genes that have consistence transcription levels across different samples were used as reference genes. They are the genes that are coding for α-tubulin, elongation factor (EF) 1-α and TCTP according to (Dubois et al., 2012). To obtain the relative quantities of each amplified products in the samples (relative to the reference genes), the ΔCt method was applied (Bio-Rad, 2006). The analysis of the melt curve of the amplified products was used to determine the specificity of each qRT-PCR reaction, using the built-in standard method in the system. The primers that were used for RT-PCR and qRT-PCR are listed in supplemental data Table S1. of both monoterpenoids and sesquiterpenoids in roses Quantitative trait locus (QTL) and mapping analyses QTL analysis was carried out using MapQTL® 5.0 (Van Ooijen, 2004). These QTL analyses were conducted using a female and male SNP maps (data not shown) that have been developed using JoinMap 4.0 (Van Ooijen, 2006). A LOD threshold at which a QTL was declared significant was determined according to a genome-wide error rate of 0.05 over 1000 permutations [START_REF] Churchill | Empirical threshold values for quantitative trait mapping[END_REF]. Interval Mapping analysis was performed with a step size of 1cM to find regions with potential QTL effects i.e. where the LOD score was greater than the threshold. The percentage explained by the QTL (r²) was also presented.

NUDX1 enzyme assay and kinetic parameters analysis using Liquid chromatography mass spectrometry (LC-MS)

In order to determine the kinetic parameters of NUDX1 proteins in vitro, four NUDX1 genes were amplified and cloned into destination vectors pHNGWA using Gateway® technique, in where the NUDX1 protein was fused with protein NusA (Busso et al., 2005). The final constructs were later transformed into bacterial strain Novagen® Rosetta (Merck, Darmstadt, Germany) that were designed specifically for protein expression. Native proteins (~16 kDa) were obtained by using TALON® metal affinity resins (Clontech Laboratories, California, USA) to cleave away the NusA tags under the reaction of thrombin. Purified native proteins (5-56 ng) were added to substrates GPP (geranyl diphosphate), FPP (farnesyl diphosphate), IPP (isopentenyl diphosphate), dGTP or 8-oxo-dGTP, ranging from 0.1 to 100 μM. The proteins and the substrates were incubated in a reaction buffer (50 mM Tris-HCl pH8, 8, 5 mM MgCl 2 , 14 mM β-mercaptoethanol, 10% glycerol, v/v) with a final volume of 100 μL, for 15 minutes at 30°C with shaking. In parallel, for each assay, a similar negative control set that only contained corresponding amounts of substrates was also performed. The reactions were stopped by adding 10 μL of EDTA (100 mM, pH8) and 90 μL of ethanol/0.5% NH 4 OH solution, according to the previously published protocol (Magnard et al., 2015).

The production of NUDX1-dependent geranyl monophosphate (GP) or farnesyl monophosphate (FP) was calculated after subtracting the GP or FP amounts present in the corresponding negative control set. K M and k cat values were calculated by fitting the data (a series of GPP/FPP concentrations and the GP/FP conversion rates) to the Michaelis-Menten equation using R (R Core Team, 2015). For substrate specificity studies and the analysis of reaction products, experiments were performed according the previously published study (Magnard et al., 2015) with slight adjustment as follow. Purified NUDX1 proteins (500-1000 ng) were incubated with different substrates (GPP, FPP, IPP and 8-oxo-dGTP) at a concentration of ~20 μM in reaction buffer (100 μL final volume) for 1 h at 30°C with shaking at 7 x 100 min -1 . The parameters and the equipment settings were shown in detail in the previously published study (Magnard et al., 2015) .

Expression of NUDX1 in N. benthamiana and LC-MS analysis of terpenol glycosides

For transient expression assays, four constructs were transformed into Agrobacterium tumefaciens strain C58 (pMP90): 1) 35S-RwNUDX1-2 (target), 2) 35S-RhNUDX1-1 (positive control) [START_REF] Magnard | Biosynthesis of monoterpene scent compounds in roses[END_REF], 3) 35S-GFP (negative control) and 4) 35S-P19 (suppressor) [START_REF] Voinnet | An enhanced transient expression system in plants based on suppression of gene silencing by the p19 protein of tomato bushy stunt virus[END_REF]. The A. tumefaciens bacterial strains were inoculated overnight and diluted in infiltration buffer [pH5.6, 2% glucose, 5g/l Murashige & Skoog medium basal salt mixture (MS salt), 10 mM 2-(Nmorpholino)ethanesulfonic acid (MES), 0.2 mM acetosyringone] to obtain a final optimal density (OD 600 ) of 0.6. The target construct culture and two control construct cultures were mixed with the suppressor construct culture in a ratio of 1:1, respectively. The bacterial culture mixtures were kept in the dark at room temperature for at least 1 hour prior to infiltration. Four-week old nonflowering N. benthamiana plants were used. For each leaf, half of it was infiltrated with the target 35S-RwNUDX1-2 (with 35S-P19) or positive control 35S-RhNUDX1-1 (with 35S-P19) construct and the other half was infiltrated with the negative control 35S-GFP (with 35S-P19) control in order to minimize the variation between different leaves. Three days after the infiltration, 0.75±0.1 g of fresh leaves were collected and immediately frozen in liquid nitrogen and stored at -80°C before use. Frozen leaves were freeze-dried overnight prior to glycoside extraction and measurement.

Terpenol glycosides were extracted from powdered freeze-dried N. benthamiana leaves with methanol, using 20 µL of methanol per mg of dry weight. The samples were subjected to sonication for 10 min in an ultrasonic bath (Elma, Singen, Germany) and were then centrifuged (10,000 rpm, 10 min, 4°C). The supernatants were recovered for analysis. Terpenol glycosides were analysed using LC-MS as described previously (Magnard et al., 2015). Terpenol glycosides were then quantified using their respective characteristic ion: [C 10 ). Nine replicates were used in this experiment.

Gas chromatography mass spectrometry (GC-MS) analysis of rose petal extracts

For volatile extraction, rose petals were collected between 8:30 and 10:30 in the morning. One gram of collected rose petals was incubated in 2 ml of hexane that contained 5 mg.L -1 camphor as internal standard, at 4 °C overnight. On the next day, the volatile extracts were transferred to a GC vial for GC-MS analysis.

Extracts were analysed on an Agilent 6850 Network GC system equipped with a DB5 apolar capillary column (30 m × 0.25 mm) and coupled with 7683B series injector and 5973 Network mass selective detector (all components are from Agilent Technologies, Santa Clara, USA). The carrier gas was helium at a flow rate of 1.0 ml/min. The separation was performed with the following program: 40 °C for 3 min, a gradient of 3°C/min was then applied until the temperature reached 245°C. Injection volume was 2 μl with a split mode (split ratio 1:2) and the injector and detector temperatures were 250°C. The parameters for mass spectrometer detector were set as follows: mass scan range was 35 -450 m/z and ionization voltage was 70 eV. The identification of volatile compounds was based on their retention time and the calculated Kovats retention index in combination with their mass spectrum matching with available databases (CNRS, Wiley 275, NIST08), using both Agilent software MSD ChemStation D.02.00.275 and an archive of essential oil components mass spectrum (Adam, 2007). The farnesol produced by Rw were extracted and sent to the company International Flavors & Fragrances (LMR-IFF, Grasse, France) for isomer identification using the isomer-isolated farnesol standard. Data were analysed by R software to examine the correlations between data, determine the distribution of the compounds and the variance between replicated samples from the same genotype.

Protein purification and crystallization

The plasmid constructs were made using the Gateway® technique as described above. One of the Busso vectors (Busso et al., 2005), pHGWA that has no fusion protein but only His 6 tag at C-terminal, was used as a destination vector for three NUDX1 genes (RhNUDX1-1, RwNUDX1-2 and AtNUDX1). Protein crystallization was performed on RhNUDX1-1 and AtNUDX1 with and without their correlation substrates, GPPs or FPPs. All three NUDX1 proteins were overproduced in E. coli Rosetta2 DE3. Single colonies were inoculated as a preculture in Lysogeny broth (LB) with 35 µg/ml chloramphenicol and 100 µg/ml ampicillin. The preculture was transferred to 1 L Terrific Buffer with 0.8% glycerol and the same concentrations of antibiotics. Bacteria in this culture grew at 18 °C for 24 hours. Resulting bacterial pellet was suspended in the lysis buffer, which consisted of 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 5 mM dithiothreitol (DTT) and 1 mM phenylmethane sulfonyl fluoride (PMSF). To purify the target protein, the lysate was applied to a Ni-NTA affinity column with an of both monoterpenoids and sesquiterpenoids in roses equilibrium buffer, which contained 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 5 mM dithiothreitol (DTT) and 20 mM imidazole. NUDX1 proteins were eluted with a linear gradient from 20 mM to 500 mM of imidazole in the same equilibrium buffer. Fractions of eluate were collected and the desired eluate was treated with 200 U of thrombine at 4 °C for 18 hours in order to detach the NUDX1 proteins from the column. Isolated proteins were further purified using superdex 200 gel filtration column (26x60) and concentrated in Amicon® (Millipore) to 2.5 mg/ml before crystallization. Crystals were obtained in 200 mM ammonium sulfate, 100 mM sodium acetate (pH 4.6) and 25% PEG400 for both proteins and 1.9 mM GPP. Crystals were cryoprotected in 30% ethylene glycol and flash frozen in liquid nitrogen. GPP containing crystals were obtained by soaking the crystals 1s in 5mM GPP without divalent cation before flash freezing.

Diffraction data were collected on Proxima-2 (SOLEIL synchrotron) for RhNUDX1-1 apo and bound to GPP, and 8-oxo-dGTP for AtNUDX1. Phases determination were performed by molecular replacement using PHASER (Phaser crystallographic software) [START_REF] Mccoy | Phaser crystallographic software[END_REF], structures refinement were achieved with phenix.refine [START_REF] Afonine | Towards automated crystallographic structure refinement with phenix.refine[END_REF], manual model building, real space refinement, and validation were done using the coot software [START_REF] Emsley | Features and development of Coot[END_REF].

Modelling of protein structures

Other NUDX1 proteins (RcNUDX1-1a, RcNUDX1-1b, RcNUDX1-2, RwNUDX1-2, AtNUDX1) were modelled by homology modelling with program MODELLER [START_REF] Šali | Comparative protein modelling by satisfaction of spatial restraints[END_REF]. In order to remove bias from a single template, several structures were used as templates: crystal structure of RhNUDX1-1 (PM) previously determined for this study and also MutT and MTH1 in complex with 8oxo-GMP [PDB (Protein Data Bank) code 3A6T and 3ZR0 respectively]. A structure-based alignment with the target sequence and the template structures was generated with MODELLER and manually corrected. In a first step, target structure was generated as apo structure. 3000 structures were generated with the automodel routine of MODELLER. The structures were sorted according to their DOPE (Discrete Optimized Protein Energy) score [START_REF] Shen | Statistical potential for assessment and prediction of protein structures[END_REF]). The structure with the lowest DOPE score was chosen as the prototype of the apo structure. In a second step, the ligand, either GPP, FPP or 8-oxo-GTP, was placed in the active site with AutoDock Vina [START_REF] Trott | AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithreading[END_REF]. The coordinates and the topology of the ligands were generated with PRODRG server [START_REF] Schüttelkopf | PRODRG: a tool for high-throughput crystallography of protein-ligand complexes[END_REF]. The side chains of the ligand and the ligand backbone were defined as flexible in the AutodockVina procedure. One Mg 2+ ion was also added in the active site, as it is important for binding and catalysis. Charge of the Mg 2+ was calculated with AMBER [START_REF] Case | The Amber biomolecular simulation programs[END_REF]. The best structure of AutoDockVina docking was then used as template for a second homology modelling step with MODELLER. The topology of the ligand was created and included in the MODELLER topology library. The ligand information from the templates (i.e. 8-oxo-GMP) was also included in the library in order to constrain stereochemistry. Mg 2+ was also added in the aligned structures. 3000 runs of automodel procedure were done with the protein, ligand and ion. The structure with the lowest DOPE score was chosen as the final model.

Results

Identification of NUDX1 genes in R. chinensis cv. 'Old Blush' and R. x wichurana

In order to further investigate the functions of Nudix hydrolases 1 in roses, we searched for RhNUDX1-1 homologs in two diploid rose species: R. chinensis cv. 'Old Blush' (OB) and R. x wichurana (Rw). Primers (named M-NUDX F1/R1, see Table S1) were first designed based on the RhNUDX1-1 cDNA sequence previously characterized from R. x hybrida cv. 'Papa Meilland' (PM) (Magnard et al., 2015). When using this pair of primers with genomic DNAs as template, three homologous genes were amplified in OB and Rw, and named RcNUDX1-1a, RcNUDX1-1b and RwNUDX1-1, respectively. However, when using another pair of primers (named 19.1 HS F/5R, see Table S1), which were designed based on the internal nucleotide sequence of RhNUDX1 from PM, an of both monoterpenoids and sesquiterpenoids in roses Similar to RhNUDX1-1, RcNUDX1-1a, RcNUDX1-1b and RwNUDX1-2 were predicted to encode 150amino acid proteins that contain the characteristic Nudix domain (Figure 1A) [START_REF] Bessman | The MutT proteins or "Nudix" hydrolases, a family of versatile, widely distributed, "Housecleaning" enzymes[END_REF]. When comparing their amino acid sequences (Figure 1A, correspondent nucleotide sequences are presented in Figure S1), RhNUDX1-1, RcNUDX1-1a, RcNUDX1-1b and RwNUDX1-1 were more similar to each other than to RcNUDX1-2 and RwNUDX1-2, which were very similar to each other. AtNUDX1 from A. thaliana had only around 60% similarity to the rose NUDX1 (Table2). When searching "Nudix hydrolase 1" in the gene database of National Center for Biotechnology Information (NCBI, U.S.A), only 24 NUDX1 protein sequences were found in five Rosaceae species/cultivars. Four to five NUDX1 proteins sequences were found in all Rosaceae species/cultivars that were presented here, except rose, for which we don't have the exact number. The hierarchical association between rose NUDX1 and the NUDX1 from these plants can be readily demonstrated in an unrooted phylogenetic tree using their translated protein sequences (Figure 1B). RhNUDX1-1, RcNUDX1-1a, RcNUDX1-1b and RwNUDX 1-1 are closely grouped together with FvNUDX1-3, sharing 87.3% to 88.7% similarity. On the other hand, RcNUDX1-2 and RwNUDX1-2 are grouped together with FvNUDX1-1 and FvNUDX1-2, sharing 78% similarity. 

NUDX1-1a expression is correlated with the production of geraniol and its derivatives while NUDX1-2 expression is correlated with the production of E,E-farnesol and its derivatives

In order to study the potential function of NUDX1-2, the expression of NUDX1-1a and NUDX1-2 was analysed in OB and Rw. OB and Rw have distinct scent profiles: at open flower stage (stage four), OB produced mainly 1,3,5-trimethoxybenzene (TMB), geraniol, dihydro-β-ionol, and germacrene-D, while Rw was rich in 2-phenyl ethanol (2-PE), nonadecane, eicosane, and E,E-farnesol (Table 3). The specific farnesol isomer (E,E-farnesol) was determined by LMR-IFF company (Grasse, France) by comparing the isomer-isolated farnesol standard. Due to the difference in scent profiles of OB and Rw, the progenies of these two rose cultivars are particularly suitable for correlation studies. the interaction between the protein and the substrate, + means interaction was detected and -means no interaction was detected. §: n.c. means that there is a detectable activity but data cannot be used for calculation; ¤: n.d., means the data was not determined, as activity was too low to be detected with given substrates.

Chapter 3 Nudix hydrolase 1 proteins are key factors of the biosynthesis of both monoterpenoids and sesquiterpenoids in roses

Modelling of rose NUDX1 proteins

As demonstrated above, RhNUDX1-1, RcNUDX1-1a, RwNUDX1-2 and even AtNUDX1 can interact with FPP, GPP, and IPP, but the interaction mechanism remains unclear. In order to study the protein-substrate interaction mechanisms and understand why rose NUDX1 have lost their function on oxidized nucleotides (e.g. 8-oxo-dGTP), we conducted modelling on NUDX1 protein structure based on the crystallized structures of RhNUDX1-1, AtNUDX1, MutT and MTH1. MutT is the E.coli NUDX1 protein and MTH1 is the human NUDX1 protein. Both protein crystal structures were obtained from the Research Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB), with a PBD ID: 3A6T and 3ZR0, respectively. The amino acid sequences were aligned according to conservation and secondary structure (Figure S7). By using three different NUDX1 protein structures in combination with two different substrates GPP, FPP and a product, 8-oxo-GMP, 1000 protein structures were generated by trial-error method and they were sorted according to their DOPE score.

The NUDX motif is believed to play a role in the cation binding and the activation of NUDX1 protein requires divalent cation (Mg 2+ or Mn 2+ ), although the numbers of divalent cation varied depending on the interacting substrates. In the Nudix motif of RhNUDX1-1, the amino acids, glutamic acids (Glu, E) at position 63 and 67 (amino acid positions mentioned below are all using the amino acid sequence of RhNUDX1-1 as a reference), which were involved in cation coordination, were well conserved in all analysed NUDX1 proteins (Figure S7). The structural study of MutT protein revealed its 8-oxo-dGMP-recognition residues, including Arg34 (corresponding to E. coli Arg23), His38 (E. coli His28), Phe45 (E. coli Phe35), Asp90 (E. coli Asp77), Arg91 (E. coli Arg78), and Asn138 (E. coli Asn119) [START_REF] Nakamura | Structural and dynamic features of the MutT protein in the recognition of nucleotides with the mutagenic 8-oxoguanine base[END_REF]. However, except Arg34, none of the MutT residues that are involved in specific recognition of 8-oxo-dGTP was conserved in any of the Rose NUDX1 proteins in this study [START_REF] Nakamura | Structural and dynamic features of the MutT protein in the recognition of nucleotides with the mutagenic 8-oxoguanine base[END_REF]. According to the amino acid sequences as well as the results of protein modeling, MutT, MTH1 and AtNUDX1, which can hydrolase 8-oxo-dGTP, had a glycine (Gly, G) at position 47 while all rose NUDX1-1 (RhNUDX1-1, RcNUDX1-1a and RcNUDX1-1b), have a serine (Ser, S) (Figure 8A-C). This Ser47 caused a steric hindrance with the base, preventing an interaction with 8-oxo-dGMP due to the lack of the residues for specific formation of hydrogen bonds with 8-oxo-GMP. However, RwNUDX1-2 also has the Gly47 but it doesn't accept 8-oxo-dGTP as a substrate. In RwNUDX1-2, another amino acid could also interfere with the recognition of 8-oxo-dGTP. An amino acid at position 135, tryptophan (Trp, W), is found in other NUDX1 proteins but it is a Ser in RwNUDX1-2 (Figure S7). In AtNUDX1, W128 (corresponding to S135 in RwNUDX1-2) formed a hydrophobic pocket with two Phe (F127 and F28), stabilizing the conformation of helix α2. In RwNUDX1-2, due to the substitution of Trp by a Ser, helix α2 at the end of the structure could be changed in another conformation, preventing the binding of the base of 8-oxo-GTP (Figure 8D). In fact, MutT protein may not be a good reference for explaining the binding of 8-oxo-dGTP in plant NUDX1 proteins because the NUDX1 proteins in different kingdoms can have very different binding mechanisms even if they are using the same substrates. It has been shown that the substrateinteracting amino acids are completely different when comparing MTH1 and MutT [START_REF] Svensson | Crystal structure of human MTH1 and the 8-oxo-dGMP product complex[END_REF], which makes the identification of keys amino acids quite complicated. of both monoterpenoids and sesquiterpenoids in roses

Although three NUDX1 genes were found in OB and two in Rw, only one gene was highly expressed in OB and Rw petals, namely RcNUDX1-1a and RwNUDX1-2, respectively. The level of expression varied between the F 1 individuals of a cross between OB x Rw and correlated with the level of different scent compounds in these individuals. Indeed, expression of the RcNUDX1-1a gene correlated with the production of geraniol, while that of RwNUDX1-2 correlated with the production of E,E-farnesol. The level of floral E,E-farnesol production of individuals in the F 1 population was subjected to QTL analysis, which resulted in the detection of a major QTL on the male linkage group B7 (LG B7). Whether this QTL co-localizes with the RwNUDX1-2 gene needs to be investigated when mapping of this gene is available.

The RcNUDX1-1a gene is very similar to RhNUDX1-1 from R. x hybrida cv. "Papa Meilland", which has been shown to be responsible for the biosynthesis of monoterpenes, especially geraniol in this highly fragrant cultivar (Magnard et al., 2015). However, the involvement of NUDX1 protein in biosynthesis of sesquiterpenoids had not been described so far. In our study, we show that the RwNUDX1-2 has a potential role in the biosynthesis of E,E-farnesol. In vitro assay showed that the recombinant rose NUDX1 proteins could hydrolyse GPP, FPP and IPP into GP, FP and IP respectively. GP has been shown to be further hydrolysed into geraniol by an unidentified phosphatase (Magnard et al., 2015), which may also be the case for FP and IP. If all NUDX1 proteins were active with both GPP and FPP in vitro, each protein should display different affinity towards these substrates. Indeed, the RcNUDX1-1a and RcNUDX1-1b proteins did not show a preference for GPP or FPP, while RwNUDX1-2 had a higher affinity for FPP. Correspondingly, a strong positive correlation was found between RcNUDX1-1a and geraniol and between RwNUDX1-2 and E,E-farnesol in the progenies of OB x Rw. This was confirmed by Agrobacterium-mediated transient expression in N. benthamiana. Expression of RcNUDX1-1a led to the accumulation of geranyl glycosides, without detectable biosynthesis of farnesyl glycosides, suggesting a strict selection of the GPP substrate in vivo.

Conversely, expression of RwNUDX1-2 led to accumulation of both geranyl-and farnesyl-glycosides, indicating a relaxed substrate preference in vivo in N. benthamiana. Nevertheless, transient expression experiments in N. benthamiana showed that the biosynthesis of significant amounts of farnesol derivatives in vivo is specific to the RwNUDX1-2 protein, which also showed a strong preference for FPP over GPP in vitro. Whereas NUDX1 proteins exhibit a relaxed substrate preference in vitro or when expressed in N. benthamiana, this does not seem to be the case in rose petals. This may be due to the fact that introduction of rose proteins into N. benthamiana is an artificial system, perhaps with different GPP and FPP levels or additional proteins that alter the specificity. Collectively, these data indicate that RwNUX1-2 is involved in the biosynthesis of farnesol in the rose. Similar situations were found in some other cases that some proteins displayed wider substrate range when measuring in vitro than in vivo. For example, AtNUDX7 preferred both ADPribose and NADH as substrates in vitro enzymatic assay, but in an in vivo assay, AtNUDX7 knockout mutant of A. thaliana showed the same levels of ADP-ribose as the wild-type but had elevated level of NADH in pathogen-challenged leaves, indicating that ADP-ribose may not be the physiological substrate of AtNUDX7 [START_REF] Ge | AtNUDT7, a negative regulator of basal immunity in Arabidopsis, modulates two distinct defense response pathways and is involved in maintaining redox homeostasis[END_REF]. The difference of enzyme specificity in vitro and in vivo may be explained by the change of biological environment. In addition, substrate specificity in vivo could be also the result of metabolic channeling. This phenomenon has been reported in plants ( [START_REF] Jørgensen | Metabolon formation and metabolic channeling in the biosynthesis of plant natural products[END_REF][START_REF] Winkel | Metabolic channeling in plants[END_REF]. One typical example is in biosynthesis of phenylpropanoids. Different isoform of phenylalanine ammonia lyase (PAL), PAL1 and PAL2 were associated with different functions, one was involved in biosynthesis of proanthocyanidin, and the other one was involved in biosynthesis of lignin in quaking aspen (Populus tremuloides) [START_REF] Kao | Differential expression of two distinct phenylalanine ammonia-lyase genes in condensed tannin-accumulating and lignifying cells of quaking aspen[END_REF]. By using transgenic tobacco to express epitope-tagged PAL isoforms and cinnamate 4-hydroxylase (C4H), both isoforms were found to bind to the membrane fraction, where C4H was located, under the condition of overexpressing C4H [START_REF] Achnine | Colocalization of L-phenylalanine ammonia-lyase and cinnamate 4-hydroxylase for metabolic channeling in phenylpropanoid biosynthesis[END_REF]. This suggested that C4H might bind to different PAL and directed the downstream metabolite biosynthesis.

Chapter 3 Nudix hydrolase 1 proteins are key factors of the biosynthesis of both monoterpenoids and sesquiterpenoids in roses

NUDX1 proteins are generally considered as "house cleaning" enzymes because their well-known substrates is 8-oxo-dGTP, which can induce mutations during DNA replication [START_REF] Bessman | The MutT proteins or "Nudix" hydrolases, a family of versatile, widely distributed, "Housecleaning" enzymes[END_REF], Kang et al., 1995, Yoshimura et al., 2007). As for now, involvement of a NUDX1 in scent production has only been described in roses recently (Magnard et al., 2015), and more importantly, the potential role of such a protein in sesquiterpenoid biosynthesis had not been reported until today. However, involvement of NUDX proteins in volatile biosynthesis could potentially be a more widespread phenomenon, as NUDX1 proteins are widely distributed in all plant species. Indeed, another NUDX protein was also found to be involved in the terpenoid biosynthesis pathway. NUDX3 in A. thaliana was found to not only have a dipeptidyl peptidase III activity, but also be able to hydrolyse IPP [START_REF] Karačić | A novel plant enzyme with dual activity: an atypical Nudix hydrolase and a dipeptidyl peptidase III[END_REF].

Protein crystallization and modelling facilitated the understanding of the catalytic mechanism of NUDX1. Key amino acids for substrate binding were identified. Based on the results from protein crystallization and structural modelling, the amino acids at position 47 (Ser47 or Gly47) and position 98 (Phe98 or Ser98) could to be essential for substrate specificity. For MutT, Gly37 and Gly38 are very important for 8-oxo-dGTP binding, because they (especially Gly37) are involved in a hydrogen bond with N2 of 8-oxo-dGTP [START_REF] Nakamura | Structural and dynamic features of the MutT protein in the recognition of nucleotides with the mutagenic 8-oxoguanine base[END_REF]. Therefore the substitution of Gly to Ser in rose NUDX1 may introduce a steric hindrance to the binding of 8-oxo-dGTP, losing the capability to interact with it. However, RwNUDX1-2 is an exception in this case because it also has the Gly47 but it doesn't accept 8-oxo-dGTP as a substrate. This phenomenon can be explained by the fact that the protein structure, which was obtained via crystallography and used as a modeling template, is not the actual active structure because the divalent cation co-factor was removed in order to slow down the enzymatic reaction. It is known that NUDX1 protein required a metal cation to optimize the catalytic activity (Mildvan et al., 2005). Therefore, the lack of divalent cation may change the conformation of the protein. As the modeling was based on the protein structure that was obtained under non-optimal conditions, the substrate interaction site may also differ under optimal conditions. Besides, compact protein crystal structure may not be the same as the protein structure in solution. Nuclear magnetic resonance would be an approach to determine the protein structure in solution (Berg et al., 2002) and to study the protein-ligand interaction (Cala et al., 2014). More recently, mass spectrometry-based methods are also developed to provide additional information to assist the protein structure determination (Walzthoeni et al., 2013). As we know that all rose NUDX1 protein could not hydrolyse 8-oxo-dGTP, a common amino acid is expected to be present in all rose NUDX1 but not in AtNUDX1. When comparing the amino acid sequence of RcNUDX1-1a, RcNUDX1-1b, RhNUDX1-1, RwNUDX1-2 and AtNUDX1, the alanine (Ala, A) at position 89 is well conserved in all rose NUDX1 protein but in AtNUDX1 and MTH1, it is a proline (Pro, P). The amino acid in this position is located in a loop of the protein structure and not far from the substrate binding site. In fact, the loop in a protein structure is quite flexible so they can move freely to interact with the substrate. In addition, substitution of Phe98 to Ser98, and Val140 to Ala140 in RwNUDX1-2 could reduce steric hindrance, leading to high affinity to FPP. In fact, RhNUDX1-1, RcNUDX1-1b, and AtNUDX1 have similar k cat /K M compared to RwNUDX1-2. Therefore, additional protein modelling is necessary to gain more knowledge on the affinity of GPP and FPP. An amino acid at position 135 (Trp135 in RhNUDX1-1, RcNUDX1-1a/b and AtNUDX1, and Ser135 in RwNUDX1-2), which is unique to RwNUDX1-2, may have influence on the recognition of GPP. However, this hypothesis needs additional computational and experimental data to be verified. When comparing RcNUDX1-1a and RcNUDX1-1b, RcNUDX1-1b showed higher affinity to both GPP and FPP than RcNUDX1-1a. In fact, their amino acid sequences are very similar (98.7%). They have only two different amino acids: one at position 69 (an aspartic acid for RcNUDX1-1a and a Gly for RcNUDX1-1b) and the other one at position 139 (an Asn for RcNUDX1-1a and a lysine for RcNUDX1-1b). Mutagenesis was conducted on position 69 but no activity difference was found compared to the original proteins (see Additional experiment, Section 1). It is probably that the position 139 or both different amino acids contribute to the increased affinity of both GPP and FPP. However, these hypotheses require further mutagenesis experiments and enzymatic assays to be confirmed.

NUDX1 proteins have again shown their unique properties: they are not only responsible for the monoterpenoid biosynthesis, but also sesquiterpenoid biosynthesis in rose. It remains to be established whether the NUDX1-related scent biosynthesis mechanism is a general one or unique to rose. In addition, although the evidences above strongly indicate that RwNUDX1-2 is involved in the biosynthesis of E,E-farnesol, its expression-chemotype correlation was only been studied in one progeny population. Therefore, whether its homologous genes in other roses (wild roses and modern roses) have similar function or not still needs to be further investigated.

Chapter 3 Nudix hydrolase 1 proteins are key factors of the biosynthesis of both monoterpenoids and sesquiterpenoids in roses

Additional experiments

General outline

Two additional experiments were conducted for the study of NUDX1 proteins in rose. The first experiment, the site-direct mutagenesis, was conducted in order to study the functions of rose NUDX1 protein in detail. We wanted to find out why NUDX1 protein lost the activity on 8-oxo-dGTP, which is believed to be the "original" substrate of NUDX1 in plants, animals and bacteria, and to know which amino acids were responsible for the substrate specificity. The mutated proteins were successfully obtained via PCR using two pairs of mutagenic primers and subsequent protein expression and purification procedures. Since the mutated proteins did not show any change in protein activity compared to their original versions, the G at position 70 can be substituted by a D and vice versa.

In the second experiment, subcellular localization of RwNUDX1-2, was performed in order to study its functions in vivo. We wanted to obtain information on the localization of E,E-farnesol biosynthesis, in order to deduce the source of its substrate farnesyl diphosphate (FPP), from mevalonate (MVA) pathway or 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. Two green fluorescent protein (GFP)-tagged RwNUDX1-2 constructs (N-terminal fusion and C-terminal fusion) were made. These were expressed in rose petals together with a plastid marker (mCherry fusion) to visualize the subcellular localization. Only one of the RwNUDX1-2 constructs (GFP fused to Nterminus of RwNUDX1-2) was successfully expressed in some rose parenchyma cells. The transformed cells indicate that RwNUDX1-2 locates to the cytosol.

Section 1. Site-direct mutagenesis

Material and methods

For analysing the function of rose NUDX1-1 protein in detail, site-directed mutagenesis was performed on both RcNUDX1-1a and RcNUDX1-1b, which were both obtained from Rosa chinensis cv. "Old Blush". Two pairs of mutagenic primers were used to introduce the mutation at the desired position in the protein. Primers OB1a-G Mut F (forward primer, AGGAAGAGACTGGTTTAGACATTG) and OB1a-G Mut R (reverse primer, CCAATGTCTAAACCAGTCTCTTC) were employed to change the aspartic acid (D) in to glycine (G) at position 70 of RcNUDX1-1a; while primers OB1b-D Mut F (forward primer, GGAAGAAACTGATTTAGACATTGGC) and OB1b-D Mut R (reverse primer, GCCAATGTCTAAATCAGTTTCTTCC) were used to substitute G with D at position 70 of RcNUDX1-1b. Modified sequences were then amplified and sequenced. Constructs with the verified sequences were introduced into destination vector pHNGWA (Busso et al., 2005) and the subsequent protein expression and purification procedures were the same as the one described in the Material and methods section of Chapter 3 article.

Results and Discussion

In order to exam the function of RcNUDX1-1a in detail, site-directed mutagenesis was carried out on both RcNUDX1-1a and RcNUDX1-1b. The gene RcNUDX1-1a was highly expressed in petals but not RcNUDX1-1b. This mutagenesis experiment was performed before knowing the structure of NUDX1 provide by modelling or crystallization and conducting enzyme assay in vitro (see above Figure 1, 9 and Table 4). Therefore, the mutation point was selected solely based on the analysis on the protein sequence under an assumption that the unexpressed protein RcNUDX1-1b has a similar function to AtNUDX1 (Nudix hydrolase 1 from Arabidopsis thaliana), i.e. they are able to convert 8-oxo-dGTP into 8-oxo-dGMP (Yoshimura et al., 2007). of both monoterpenoids and sesquiterpenoids in roses When comparing the amino acid sequence of RcNUDX1-1a and RcNUDX1-1b, there are only two amino acids different: position 70 and position 140 (Figure 1). Position 70 was selected for mutation because RcNUDX1-1b and AtNUDX1 shared the same amino acid at this position but not RcNUDX1-1a. More importantly, this position was located at the end of the conserved NUDX motif, which is important for the ion binding and thus the function of the protein (Mildvan et al., 2005). Mutated proteins were purified and subjected to in vitro enzyme assay with five substrates: geranyl diphosphate (GPP), farnesyl diphosphate (FPP), isopentenyl diphosphate (IPP), deoxyguanosine triphosphate (dGTP) and 8-oxo-2'-deoxy-guanosine-5'-triphosphate (8-oxo-dGTP). For qualitative analysis, RcNUDX1-1a, RcNUDX1-1b proteins and their mutated proteins were incubated with all five potential substrates, but only GPP was used for quantitative measurements.

The results in Table 1 show that RcNUDX1-1a and its mutated protein have similar kinetic parameters and they both can use GPP, FPP and IPP as substrates but not dGTP or 8-oxo-dGTP. The same results were obtained with RcNUDX1-1b and its mutated protein. This indicates that the mutation G70D does not change the original function of the protein. Therefore, another site-direct mutagenesis experiment should be conducted at different position of the amino acid sequence in order to understand more about the function of this NUDX1 protein.

Section 2. Subcellular localization of RwNUDX1-2 in rose petals

Materials and methods

For determining of the subcellular location of RwNUDX1-2 proteins in vivo, coding region of RwNUDX1-2 genes were amplified and cloned into destination vectors pMDC43 (2×35S-GFP-RwNUDX1-2) and pMDC83 (2×35S-RwNUDX1-2-GFP) (Curtis and Grossniklaus, 2003), which were later transformed into Agrobacterium tumefaciens strain GV3101 (pMP90) for the purpose of transient trans-activation. The primer pair for cloning were: 1) RwNUDX 32F, forward primer (CACCATGGTCAACGAGACGGTG) and 2) NUDX OB2 R3, reverse primer (GATTAAAAAGGGAAAGGATTAAATCCAGCC). Meanwhile, a construct of A. tumefaciens strain GV3101 (pMP90) harboring a plastid marker fused with mCherry fluorescent protein (later referred to mCherry-plastid) was used as a location reference [START_REF] Nelson | A multicolored set of in vivo organelle markers for co-localization studies in Arabidopsis and other plants[END_REF]. For positive and negative controls, A. tumefaciens strain C58 (pMP90) harboring 35S-GFP and A. tumefaciens strain C58 of both monoterpenoids and sesquiterpenoids in roses (pMP90) harboring 35S-RwNUDX1-2 (in vector pMDC32) that was constructed for trans-activation experiment were used respectively. Single colonies of A. tumefaciens bacterial strains were inoculated overnight and diluted in infiltration buffer [pH5.6, 2% glucose, 5g/l Murashige & Skoogmedium basal salt mixture (MS salt), 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.2 mM Acetosyringone] to obtain a final optimal density (OD 600 ) of 0.6. The culture of RwNUDX1-2 in pMDC43, pMDC83, pMDC32 and 35S-GFP were mixed with the reference construct culture mCherryplastid with a ratio of 1:1, respectively. The bacterial culture mixtures were kept in the dark at room temperature for at least 1 hour prior to infiltration. Stage four of Rosa x hybrida cv. "Akito" petals were freshly collected right before infiltration. Infiltrated petals were kept in a closed petri dish with wet filter paper to maintain the humidity and stored at 22 °C in dark for three days before fluorescence observation. The subcellular fluorescence observation was conducted using a Zeiss LSM510 confocal microscope (Oberkochen, Germany). Long pass filter 505 (LP505) and an excitation wavelength at 488 nm was used during observation. Transformed cells were first identified under a 20× objective and then a 40× water immersion objective was applied to observe representative cells. Images were captured with a digital camera controlled by the software provided by Zeiss. For co-localization, GFP signal were colored in green and mCherry were colored in red. Captured pictures were subsequently processed for optimal presentation using ImageJ [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF].

Results and Discussion

The sequence of RwNUDX1-2 was analysed using TargetP 1.1 [START_REF] Emanuelsson | Predicting subcellular localization of proteins based on their N-terminal amino acid sequence[END_REF] (http://www.cbs.dtu.dk/services/TargetP/) to predict its subcellular location. However, TargetP failed to predict its subcellular location. Therefore SignalP 4.1 [START_REF] Petersen | SignalP 4.0: discriminating signal peptides from transmembrane regions[END_REF] (http://www.cbs.dtu.dk/services/SignalP/) was employed to see whether it possesses a signal peptide or not. The prediction analysed by SignalP 4.1 indicates that RwNUDX1-2 does not have a signal peptide, and hence RwNUDX1-2 protein is very likely located in cytoplasm. In order to confirm this hypothesis, the plasmid constructs containing GFP protein fused to N-terminus or C-terminus of RwNUDX1-2 were introduced into rose petals. So far, only the construct with GFP fused to N- 
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SUPP3.2-2. The correlation coefficient values and the corresponding p-values generated by Spearman's correlation test using average values of qPCR of each rose individual along with the GC-MS data.

In the "Coefficient" columns, the cells that are filled with red are the values higher than 0.5, the cells that are filled with green are the values lower than -0.5. In the "P-value" column, the cells that are filled with red are the values lower than 0.05.

General outline

In this chapter, which is presented in the form of an article, we describe: 1) Testing of NUDX1 promoter activities, and 2) Testing of transcription factors potentially acting on different NUDX1 promoters. These experiments were performed to investigate how NUDX1 genes are transcriptionally regulated. Although the same NUDX1 genes were found in both scented and unscented rose, the difference in floral scent phenotypes (scented or not) correlated with the NUDX1 expression levels. Therefore, knowledge of the regulation of NUDX1 genes, such as promoter structure or specialized transcription factors (TFs), could help explaining, at least partially, the difference in rose floral volatile profiles. The promoter of RcNUDX1-1a, RcNUDX1-1b and RwNUDX1-2 were obtained and used for qualitative and quantitative activity studies via transient expression assays in rose petals and leaves of Nicotiana benthamiana. The qualitative experiment showed that all three tested promoters could drive the expression of the β-glucuronidase (GUS) reporter gene in rose petals. However, a quantitative study could not be performed due to the difficulties in isolating rose protoplasts, which was an essential step for quantifying the GUS activity. In addition to the promoter study, two TFs, which showed similar expression patterns as NUDX1, were selected using RNA-Seq on rose petals (details are presented in Chapter 5) bearing differences in their scent profiles. Transient transactivation assays in N. benthamiana were used to evaluate the capacity of these TF to activate the different NUDX1 promoters. However, no significant transactivation was observed in any of the promoter-TF combinations, and different explanations for this phenomenon will be presented.

Introduction

Transcriptional regulation is an essential process in all the living organisms. It influences the level of expression of a certain gene, and acts like a "switch" to decide whether or when a gene is expressed.

The main role players in transcriptional regulation are promoters and transcription factors (TF). A promoter is a short DNA sequence where the general TFs and the RNA polymerase assemble to initiate the transcription of a gene. TFs bind to the regulatory sequences, which can locate near or far upstream of the promoter or even within the introns or downstream of the gene, and regulate the rate of transcriptional initiation [START_REF] Alberts | Control of gene expression[END_REF].

According to the TF binding motif, they can be classified into many different groups: helix-turn-helix, zinc finger, leucine zipper, basic helix-loop-helix (bHLH), and others. Among these groups, bHLH family members play important roles in metabolic and developmental processes of all organisms. For example, in plant, a bHLH TF named BIS1 was shown to control the biosynthesis pathway of indole alkaloid in Catharanthus roseus (Van Moerkercke et al., 2015). In Arabidopsis thaliana, a bHLH TF named SPATULA promoted the development of the carpel margins and pollen tract tissues (Heisler et al., 2001) and it also regulated the expression of gene GA3ox -gibberellic acid 3-oxidase to mediate the seed germination upon the light and temperature (Penfield et al., 2005). The core DNA sequence generally targeted by bHLH proteins is called E-box (CANNTG). The canonical E-box is CACGTG but other non-canonical E-boxes were also found in animals to serve as a binding site for bHLH proteins [START_REF] Yoo | A noncanonical E-box enhancer drives mous Period2 circadian oscillations in vivo[END_REF][START_REF] Yoshitane | CLOCK-controlled polyphonic regulation of circadian rhythms through canonical and noncanonical E-boxes[END_REF].

Our recent results showed that geraniol and E,E-farnesol production in rose petals was correlated with the expression of RcNUDX1-1a and RwNUDX1-2 genes, respectively. Both genes were found in the genomic DNA of both rose cultivars: Rosa chinensis cv. 'Old Blush' (OB), which produces geraniol but not E,E-farnesol, and R. x wichurana (Rw), which produces E,E-farnesol but not geraniol. However, only one of the two genes was expressed in each cultivar, suggesting that the production of geraniol and E,E-farnesol was due to a transcriptional regulation. In this study, we investigated the promoters of genes RcNUDX1-1a and RwNUDX1-2 and examined the transcription factor candidates to determine their influence on the expression of both rose NUDX1 genes.

Material and methods

Testing of NUDX1 promoter activities

Genomic DNA extraction and Genome-walking

Rose genomic DNA was extracted according the modified protocol described by (Xu et al., 2004a). Briefly, 400 mg of fresh leaves were ground in liquid nitrogen and the ground powder was washed with thoroughly vortexing in 2 ml of washing buffer [consisted of 100 mM Tris-HCl pH8.0, 5mM ethylenediaminetetraacetic acid (EDTA) pH 8.0, 0.35 M glucose, 2% polyvinylpyrrolidone (PVP) and 4% β-mercaptoethanol] and incubated on ice for 30 min. The supernatant was discarded after centrifuging the mixture at 2800g for 10 min to remove contaminants, organic molecules and excessive water. The pellet was resuspended in 2 ml DNA extraction buffer and incubated at 65°C for 30 min, followed by the addition of 2 ml chloroform-isoamylalcohol (24:1) and 200 μl of 5M potassium acetate, which was gently shaken until the tissue, buffer and chloroform were homogenized. The suspension was centrifuged at 5000g for 15 min and the extract (supernatant) was then subjected to a purification process with 1.5 ml chloroform-isoamylalcohol (24:1), followed by a precipitation process with 1.5 ml of isopropanol, 150 μl of 3M sodium acetate and incubation at -20 °C for 30 min. Resulting pellet was washed with 1.5 ml 70% (v/v) ethanol, air-dried and redissolved in 1 ml autoclaved TE pH 8.0 buffer, which was subjected to RNase treatment followed by precipitation and washing steps to obtain clean genomic DNA. The integrity of genomic DNA was evaluated using electrophoresis and the quantity was determined using NanoDrop.

In order to study the promoter activities of three NUDX1 genes: RcNUDX1-1a, RcNUDX1-1b and RwNUDX1-2, their 5' regions before ATG were obtained. As the rose genomic sequence is not available yet, genome-walking technique was applied to obtain the sequence before the start codon of the genes. Genome-walking experiment was performed according to the manufacturer's protocol (Universal GenomeWalker TM 2.0, Clontech Laboratories, California, USA). Primary and nested PCR primers used in this experiments are listed below (Table 1). When 5' and 3' sequences of each NUDX1 gene were determined, another pair of primers was used to obtain around 2000 bp of NUDX1 upstream sequences: 1) primers OB1a Promo F2 (GGGGACAAGTTTGTACAAAAAAGCAGGCT GCTTCTTGTGTAATGCATTTG) and OB1a Promo R2 (GGGGACCACTTTGTACAAGAAAGCTGGGT GCTTTTGATATGGTCTTTTTC) to obtain 2258 bp 5' region sequence of RcNUDX1-1a; 2) OB1b Promo F2 (GGGGACAAGTTTGTACAAAAAAGCAGGCT TTTGCCCACTCGATTAACCAA) and OB1b Promo R2 (GGGGACCACTTTGTACAAGAAAGCTGGGT GCTTTTGATATGGTATTTTAC) to obtain 2258 bp 5' region sequence of RcNUDX1-1b; and 3) Rw2 Promo F2 (GGGGACAAGTTTGTACAAAAAAGCAGGCT CAGTGTTGTAATTTGAACCGA) and Rw2 Promo R2 (GGGGACCACTTTGTACAAGAAAGCTGGGT GTTTTATATCTTTCAACCACC) to obtain 1737 bp 5' region sequence of RwNUDX1-2. Resulting amplicons were cloned into Gateway® pDONR TM 221 entry vectors (Thermo Fisher Scientific, Massachusetts, USA) via BP reaction. The verified entry vectors were subjected to LR reaction to transfer the target fragment into a destination vector -pGWB3, which contains a GUS (βglucuronidase) reporter gene [START_REF] Nakagawa | Development of series of gateway binary vectors, pGWBs, for realizing efficient construction of fusion genes for plant transformation[END_REF]. These destination vectors were transformed into the A. tumefaciens strain GV3101 (pMP90) for later transient transformation into R. x hybrida cv. 'Akito' and R. x hybrida cv. 'The McCartney rose', and according to the gene origin, they were named pOB1a-GUS, pOB1b-GUS and pRw-GUS.

Transient trans-activation assay and GUS staining for the qualification of promoter activity

For transient trans-activation assay, A. tumefaciens strain GV3101 (pMP90) cultures harboring promoter-reporter constructs (pOB1a-GUS, pOB1b-GUS and pRw-GUS) were grown overnight and diluted in infiltration buffer [pH5.6, 2% glucose, 5g/l Murashige & Skoog medium basal salt mixture (MS salt), 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 0.2 mM Acetosyringone] to obtain a final optimal density (OD 600 ) of 0.6. An A. tumefaciens strain GV3101 (pMP90) that contained a firefly luciferase (LUC) driven by the cauliflower mosaic virus (CaMV) 35S promoter (35S-LUC) (and/or 35S-YFP and/or 35S-GFP) were used as negative controls and those that contained 35S-GUS (and/or 35S-YFP-GUS) were used as positive controls. The bacterial suspensions were kept in the dark at room temperature for at least 1 hour prior to infiltration. Stage four petals of R. x hybrida cv. 'Akito' and R.

x hybrida cv. 'The McCartney rose' (both purchased from Olijrozen B.V., De Kwakel, Netherlands) were detached and used for infiltration. They were put in closed Petri dishes with wet filter paper after the infiltration, and kept at 22 °C in dark for at least three days.

Three days later, a diameter of 0.6 cm of infiltrated rose petal was cut for GUS staining. The cut petals were submerged in GUS staining buffer [0.1 M pH7.2 NaHPO 4 buffer, 1 mM X-Gluc and 0.1% Triton X-100] and a vacuum was applied for 5-10 min. Subsequently, the tissue was incubated at 37 °C for 24 h. The next day, the staining buffer was removed and the tissue was incubated twice with 70% ethanol. Transient transactivation experiments followed by GUS staining were performed three times. 

Testing of NUDX1 transcription factors

Transcription factor activity measurement

This experiment was carried out to test the involvement of two newly identified putative transcription factors in the regulation of the RcNUDX1-1 and RwNUDX1-2 genes. Two putative basic Helix-Loop-Helix transcription factors (TFs), which we named RcbHLH79 (OB TF) and RwbHLH79 (Rw TF), were found in the same expression sub-clusters as RcNUDX1-1 (sub-cluster 45) and RwNUDX1-2 (sub-cluster 58), respectively. These sub-clusters were generated from the bioinformatics analysis of RNA-Sequencing (RNA-Seq) data of R. chinensis cv. 'Old Blush' (OB), R. x wichurana (Rw) and two of their progenies and the results are presented in detail in Chapter 5. These two TFs were amplified from the cDNAs of OB and Rw, respectively. Primers used for TF amplification are bHLH79 F pEN (a forward primer, CACCATGGATCCGCCGGTGT) and bHLH79 R (a reverse primer, TTATGTTGTTCTTTCAAAACGGCCA). The amplified fragments were cloned into the vector pENTR, sequenced and then into the in planta expression vector pMDC32 (Curtis and Grossniklaus, 2003) using the Gateway cloning technique to generate 35S-RcbHLH79 or 35S-RwbHLH79. These expression constructs were transformed into the Agrobacterium tumefaciens strain GV3101::pMP90 for transient expression in N. benthamiana leaves. In addition, two promoter regions of OB, named "pOB1a" (promoter of RcNUDX1-1a) and "pOB1b" (promoter of RcNUDX1-1b), and the one from Rw named "pRw2" (promoter of RwNUDX1-2) each of them driving GUS in the pGWB3 vector [START_REF] Nakagawa | Development of series of gateway binary vectors, pGWBs, for realizing efficient construction of fusion genes for plant transformation[END_REF] were transformed to A. tumefaciens GV3101 as well.

For the transient trans-activation assay, A. tumefaciens cultures harboring the effector constructs expressing the two putative TFs (35S-RcbHLH79 or 35S-RwbHLH79) and the reporter constructs (pOB1a-GUS, pOB1b-GUS or pRw-GUS) were grown overnight and then diluted in infiltration buffer (same composition as the one described in the Material and methods in Section 3) to obtain a final optical density (OD 600 ) of 0.6. Co-expression of the GUS reporter-configuration driven by the tomato terpene synthase 5 (SlTPS5) promoter with the SlMYC1 transcription factor from tomato was used as positive control. Similarly, co-expression of 35S-RwNUDX1-2 (32Rw) in combination with the three promoter-GUS constructs were used as negative controls in order to identify their GUS background activities (Figure 1). As a negative control for transactivation, the construct SlTPS5p-GUS was coinfiltrated with 35S-RcbHLH79 and 35S-RwbHLH79, respectively (Figure 1). A. tumefaciens cultures containing each of the effector constructs were mixed with the three reporter constructs respectively as well as with A. tumefaciens containing 35S-LUC construct in order to normalize the competent E. coli TOP10® (Thermo Fisher Scientific, California, USA) according to the manufacturer's protocol. Resulting bacterial colonies were inoculated overnight and then subjected to plasmid extraction and purification using NucleoSpin® Plasmid kit (Macherey-Nagel, Düren, Germany). The purified plasmids were then sent for sequencing, which was carried by Eurofins Genomic (Ebersberg, Germany). The sequencing results were analyzed using Geneious® 8.1.7 software (Biomatters, Auckland, New Zealand) (Kearse et al., 2012).

Results

Testing of NUDX1 promoter activities

In order to investigate the activities of the promoters of each NUDX1 gene, genomic fragments upstream of the ATGs of three NUDX1 genes, RcNUDX1-1a, RcNUDX1-1b and RwNUDX1-1, were obtained using Genome-walking technique (Figure 2). The lengths of the promoter sequences were 2258 bp for pOB1a and pOB1b, and 1737 bp for pRw (Figure 2). As illustrated in Chapters 2 and 3, RhNUDX1-1 (sequence from R. x hybrida cv. 'Papa Meilland' (PM) and RcNUDX1-1a (sequence from OB) had a similar function in roses; therefore, a small fragment of RhNUDX1-1 upstream sequence (190 bp) was also used here for comparison (sequence was provided by Magnard J-L., unpublished data via genome-walking). Sequences of pOB1a and pPM are similar (90.5% similarity) while pOB1a is different from pOB1b (46.3%) and pRW (44.2%). Sequence of pOB1b is also different from the one of pRW (43.3%).

Figure 2. (Part 1)

When analyzing the promoter sequences in detail, we found four repeated sequences (Figure 2, Part 4, in red) that are present in pOB1a and pPM, but not in either pRw or pOB1b. Interestingly, the expression levels of NUDX1-1 is known to be high in PM ( (Magnard et al., 2015)) and OB but not in Rw (see Chapter 3), while NUDX1-1b was not expressed in PM, OB or Rw. In addition, RwNUDX1-2 generally had a lower expression than RcNUDX1-1 (see Chapter 3). These findings suggest that the repetitive regions may play a role in the expression of NUDX1 genes. In addition, a bHLH-binding motif, named E-box (CACGTG), was found in the pPM and pOB1a, located close to the repeats (Figure 2, Part 4), suggesting there might be a bHLH TF involved in the regulation.

To test the hypothesis above, pOB1a, pOB1b and pRW were fused to a GUS reporter gene. These constructs were transiently transformed into detached rose petals (stage four) of R. x hybrida cv. 'Akito' (white rose, unscented) and R. x hybrida cv. 'The McCartney rose' (pink rose, scented).

According to the results in Figure 3, most of the petals are not homogeneously transformed, even for the positive control. Two to three out of eight or nine (10%-30%) infiltrated petals show GUS staining (blue) and a similar pattern was also found in the two positive controls: 35S-YFP-GUS and 35S-GUS (Figure 3 I-III). Moreover, all negative control samples (35S-LUC and 35S-GFP) do not show any blue staining. Together, although the transformation efficiency needs to be improved, these results indicate that all three tested promoters, pOB1a, pOB1b and pRw, are active in rose petals.

In order to compare the level of activity of each promoter, quantification measurement by quantifying GUS activity in transformed rose would be required. Due to the low success rate of rose petal transformation as shown above, which could be influenced by the rose cultivar (Sylvie Baudino, personal communication), rose protoplasts were chosen for GUS activity quantification instead of rose petals, in order to obtain a more reproducible transformation. Several attempts were made but no viable rose protoplasts could be obtained, from either the petals of R. x hybrida cv. 'Akito' or R. x hybrida cv. 'The McCartney rose' and the quantification of promoter activity was therefore not continued.

According to the results above, we cannot conclude that the repetitive sequences in pOB1a and pPM act as a "switch" for the expression of NUDX1 genes, but they still may act as enhancers to increase the expression of NUDX1-1. One argument is that pRw does not possess any repetitive sequence and RwNUDX1-2 has generally lower expression levels than RcNUDX1-1a (Chapter 3 Figure 2).

In order to clarify the precise functions of these promoters, an experiment using rose protoplasts was attempted. However, the petal protoplast isolation wasn't possible and therefore, the functions of these repeats in the promoter region remains unknown. This experiment should be repeated with an optimized protoplast isolation protocol or with different methods in order to specify the functions of these repeats.

The different expression levels of NUDX1-1 gene in different samples can be caused by different regulations due to differences in the promoter sequences or to the transcription factors that bind to the promoter. Therefore, another experiment using the two transcription factors candidates was conducted and the details of this experiment are illustrated below.

Surprisingly, the TF candidate Rw TF could activate the SlTPS5 promoter, which resulted in doubling the GUS reporter signal compared to the effect of SlMYC1 (independent student's t-test, p ≤ 0.001). This indicates that, at least, the TF candidate Rw TF was properly translated into a protein, which activated the SlTPS5p promoter. However, a true negative control was missing in this case, a nonactive construct should be co-infiltrated with the SlTPS5 promoter to verify this observation. Nevertheless, based on these results, the selected putative TF candidates do not seem to be the regulators of the promoters of the RcNUDX1-1a and RwNUDX1-2 genes, unless there was an error during the experiment or the transactivation was not significant enough compared to the variation in plants. Therefore, a repetition of this experiment is necessary to obtain enough information to evaluate the cause of this outcome.

Interestingly, when comparing the transactivation level between pOB1a, pOB1b and pRw, pOB1b had higher activity compared to pOB1a and pRw, while pOB1a and pRw showed similarly low activity (Figure 4). This suggested that pOB1b may contain a promoter element that can be recognized in N. benthamiana leaves, while pOB1a and pRw do not possess this element, or pOB1a and pRw have rose petal-specific promoter elements, which could be inhibited or could not be recognized in N. benthamiana leaves while pOB1b does not have such elements.

Cloning and sequencing bHLH79 transcription factors in eight progenies of OB and Rw

In order to determine whether expression of the two bHLH candidates correlated with NUDX1 expression in the F 1 progeny described in Chapter 3, several primers were designed for qRT-PCR to quantify their expression levels among the progeny. However, OB TF and Rw TF are so similar that we were unable to find sequence specific primers to distinguish them (Figure 6). Therefore, sequencing of reverse-transcription polymerase chain reaction (RT-PCR) products was conducted on eight F 1 individuals that have distinct expression of NUDX1 genes (see Materials and methods), in order to distinguish OB TF and Rw TF. Two colonies of each amplification products were sent for sequencing and the sequencing results are shown in Figure 5. Two sequenced plasmids from OW9011, OW9047 and OW9074 contained the same fragment as the one obtained from OB TF, while the sequenced fragments from OW9018, OW9037 and OW9082 showed the same sequence as the one obtained from Rw TF. According to the results in Chapter 3, progenies OW9011, OW9047, OW9074 and OW9204 had high expression of RcNUDX1-1a, but almost no expression of RwNUDX1-2, while progeny OW9018, OW9035, OW9037 and OW9082 had the opposite expression pattern. In this case, the expression of RcNUDX1-1a is consistent with the expression of OB TF in OW9011, OW9047 and OW9074, and it is the same for RwNUDX1-2 and Rw TF in OW9018, OW9037 and OW9082. However, for OW9035, both fragments of OB TF and Rw TF were found and only Rw TF fragment was found in OW9204, which is not consistent with the expression pattern of RcNUDX1-1a or RwNUDX1-2 (Table 3), and in contradiction with the expression pattern obtained from RNA-Seq data (see Chapter 5).

Furthermore, RT-PCR were performed on another four rose F 1 individuals: OW9021, OW9024, OW9049 and OW9069. OW9021 and OW9024 had high expression of both RcNUDX1-1a and RwNUDX1-2 while OW9049 and OW9069 had low expression of both of RcNUDX1-1a and RwNUDX1-2. However, OB TF and Rw TF were similarly expressed in all four progenies (Table 3). These data seem to indicate that the two bHLH79 TF candidates are not involved in the regulation of either of the NUDX1 genes. However, in the RNA-Seq assembly (details see Chapter 5), we identified five different transcripts of RcbHLH79 (or RwbHLH79) (Figure 6). Transcript 1 (c42493_g1_i1), 3 (c42493_g1_i3) and 5 (c42493_g1_i5) were expressed in all four samples to different extents (Table 4). The PCR primers (bHLH79 F pEN and Rw2 TFq R) that I designed could very likely use the other transcripts (e.g. transcript 1 or 5) as templates, because the primer-binding sites are identical to that of OB TF and Rw TF. Therefore, unless transcript-specific primers or high affinity PCR are available to 

Discussion and conclusions

In this study, three rose NUDX1 promoters (pOB1a, pOB1b and pRw) and two bHLH79 TFs (OB TF and Rw TF) were isolated and tested. Qualitative experiments showed that all three promoters could be activated in rose petals, suggesting that theoretically, the genes that are located at the 3' of these promoters should be all expressed in the petals, which was not the case in reality. Several sequence repeats were found in pOB1a as well as in pPM and they may play a role in the expression levels of NUDX1-1, since NUDX1-1 has relatively higher expression levels than RwNUDX1-2 (Chapter 3), whose promoter does not have the repeats. A similar situation was also observed in human cells in which tandem repeats in certain genes were found to be associated with cancer development by inducing increased levels of gene expression. A reporter assay that was conducted by Tsuge et al. demonstrated that plasmids containing three repeats of a CCGCC unit in the regulatory region of a gene showed higher luciferase activity than the ones containing two repeats, due to the enhancement of binding affinity to its transcription factor E2F-1 [START_REF] Tsuge | A variable number of tandem repeats polymorphism in an E2F-1 binding element in the 5' flanking region of SMYD3 is a risk factor for human cancers[END_REF]. In another study on human disease, a polymorphic (CCTTT)n repeat of nitric oxide synthase 2A (NOS2A) was found to have a negative correlation with the diabetic retinopathy [START_REF] Warpeha | Genotyping and functional analysis of a polymorphic (CCTTT)(n) repeat of NOS2A in diabetic retinopathy[END_REF]. In addition, the ability to induce the expression of NOS2A gene varied depending on the numbers of CCTTT repeats. By using a luciferase reporter gene assay, it was shown that 14 repeats exhibited the highest luciferase activity among the tested constructs, while 9 repeats had the similar activity as the parent clone pNOS2-2000, which did not contain any CCTTT repeat [START_REF] Warpeha | Genotyping and functional analysis of a polymorphic (CCTTT)(n) repeat of NOS2A in diabetic retinopathy[END_REF]. However, the function of the repeats in the rose promoters could not be confirmed due to the impossibility to obtain transformed rose petal protoplasts for quantitative measurement. Optimizing the protoplast extraction protocol would be useful to obtain viable protoplasts for further experiments. Besides, fragmenting the sequence repeats in the promoter would also facilitate the understanding of its role in the transcriptional regulation of rose NUDX1 genes.

For the bHLH79 TFs, even though their binding motif, E-box, was found in one of the tested promoters -pOB1a, no significant transactivation was detected, suggesting that the expression of NUDX1 genes did not depend on these two TFs. However, due to lack of a proper negative control, this experiment is not sufficient to exclude the regulatory functions of these two bHLH79 TFs on rose NUDX1 genes. Furthermore, five transcript variants of bHLH79 were found in the RNA-Seq data (details see Chapter 5). Hence, testing the correlation between the expression of bHLH79 and NUDX1 genes was not successful. Therefore, all together, current available data is not sufficient to conclude their actual functions. Another interesting phenomenon was observed during the promoter-TF transactivation experiments. pOB1b seemed to drive higher expression of GUS in N. benthamiana leaves than pOB1a and pRw, and its native gene, RcNUDX1-1b was not expressed in rose petals. This suggests that pOB1b may have leaf-specific motif that was missing in pOB1a and pRw, which may have petal-specific motifs instead. A flower-specific promoter was found in Gentiana triflora by transforming the promoter-GUS construct into Petunia hybrida. The promoter of chalcone synthase gene (GTCHS1) was proven to be able to direct the expression of GUS gene specifically in flowers, while the 35S promoter activated the expression of GUS gene in all plant tissue [START_REF] Kobayashi | Flower-specific gene expression directed by the promoter of a chalcone synthase gene from Gentiana triflora in Petunia hybrida[END_REF]. When studying the promoter of bean PAL2 gene in transgenic tobacco, two classes of cis-element (AC-element and G-box), locating within -254 bp of the transcription start site, were shown to be responsible for the tissue-specific expression [START_REF] Hatton | Two classes of cis sequences contribute to tissue-specific expression of a PAL2 promoter in transgenic tobacco[END_REF]. Three AC-elements and a G-box were discovered and examined in this study by transforming GUS-tagged wild-type and different mutated constructs into tobacco. One example was that mutation in AC-I did not activate the expression of GUS gene in the root tip but activated the expression in internal phloem, while the wild-type showed no GUS activity in internal phloem but strong GUS activity in the root tip [START_REF] Hatton | Two classes of cis sequences contribute to tissue-specific expression of a PAL2 promoter in transgenic tobacco[END_REF]. These examples suggest that particular sequences in the promoters can indeed direct tissue-specific expression. Two G-box motifs were in fact found in all three promoters and therefore, there might be other TF-binding motifs that regulate the tissue-specific expression. Transforming the promoter with GUS reporter gene in all rose organs could provide some information on their organ-specificity. Besides, it would be also interesting to know the expression specificity of the two bHLH79 candidates. ). In addition, this TF could interact with the W-box found in the promoter of the CAD1 gene in vitro, which could be highly activated by overexpression of this TF, showing its regulation role of CAD1 gene (Xu et al., 2004b). A MYC2 transcription factor in Arabidopsis thaliana was found to be able to bind to promoters of two sesquiterpene synthases TPS21 and TPS11 and activate their expression, resulting in the increased emission of sesquiterpenes [START_REF] Hong | Arabidopsis MYC2 interacts with DELLA proteins in regulating sesquiterpene synthase gene expression[END_REF]. In tomato (Solanum lycopersicum), a zinc finger TF -EOT1 (Expression of Terpenoids 1) was discovered (Spyropoulou et al., 2014a). This TF had interactions with the promoter of a monoterpenoid synthase TPS5 (linalool synthase) in vitro in a yeast-one-hybrid screen and in vivo in N. benthamiana (Spyropoulou et al., 2014a). Recently, in Artemisia annua, a bZIP transcription factor HY5 was found to interact with the G-box of the promoter of a monoterpene synthase QH6 (β-pinene synthase) in vitro [START_REF] Zhou | The bZIP transcription factor HY5 interacts with the promoter of the monoterpene synthase gene QH6 in modulating its rhythmic expression[END_REF]. By performing experiments on transgenic GUS and LUC A. thaliana with the mutation of HY5, they authors demonstrated that HY5 is essential to the rhythmic expression of QH6 [START_REF] Zhou | The bZIP transcription factor HY5 interacts with the promoter of the monoterpene synthase gene QH6 in modulating its rhythmic expression[END_REF]. According to the available knowledge so far, there is no one specific type of TFs that play role in the regulation of terpenoid synthesis, and no pattern was found in the regulatory element (e.g. Gbox or W-box) that is essential to the regulation either, indicating that the regulatory mechanism of terpenoid biosynthesis is complex and diverse.

Even less is known about the transcriptional regulation of NUDX genes. Three promoters that regulated the expression of NUDX genes were identified so far in plants. A 716-bp promoter fragments of NUDX1 gene in Chrysanthemum lavandulifolium was found to be a cis-acting element, which could transactivate the GUS gene in C. lavandulifolium and C. morifolium [START_REF] Huang | Expression analysis of Nudix hydrolase genes in Chrysanthemum lavandulifolium[END_REF]. A pathogen-responsive promoter of AtNUDX5 was able to transactivate the reporter GUS gene under the attack of avirulent Pst avrRpm1 and virulent Pst strains in A. thaliana [START_REF] Zhang | Isolation of AtNUDT5 gene promoter and characterization of its activity in transgenic Arabidopsis thaliana[END_REF]. The promoter of AtNUDX7 was activated and induced the expression of GUS gene in response to ozone and pathogen stresses [START_REF] Muthuramalingam | A GCC-box motif in the promoter of nudix hydrolase 7 (AtNUDT7) gene plays a role in ozone response of Arabidopsis ecotypes[END_REF]. In addition, in this study, the TF that binds to the promoter of AtNUDX7 was discovered. The expression of the Ethylene response factor (ERF1) was in synchrony with the expression of AtNUDX7 under ozone stress and it bound to the GCC-box in the promoter of AtNUDX7 using in vitro binding assay [START_REF] Muthuramalingam | A GCC-box motif in the promoter of nudix hydrolase 7 (AtNUDT7) gene plays a role in ozone response of Arabidopsis ecotypes[END_REF]. Another TF was found to mediate the expression of a NUDX1 ortholog gene -MTH1 in human (Qiu et al., 2015). Inhibition of the TF, hypoxia-inducible factor-1 (HIF-1α), by small interfering RNA (siRNA) resulted in the decrease of MTH1 expressing and led to the accumulation of 8-oxo-dGTP and as a consequence, a bigger tumour volume (Qiu et al., 2015). More discoveries of TFs that are involved in the regulation of NUDX genes would certainly advance the understanding of their regulatory mechanisms.

Chapter 5 De novo transcriptome assembly and RNA-Seq analysis for rose petals to discover scent-related genes and transcription factors

General outline

In order to obtain more information about other scent-related genes in roses and to search for putatively related transcription factors for further studies, a bioinformatics analysis was performed on four rose individuals, Rosa chinensis cv. "Old Blush", R. x wichurana, and two of their progenies. The RNA-Seq assembly was performed using Trinity package under Linux system with the help of Ahmed M Abd-El-Haliem (Plant Physiology, University of Amsterdam, The Netherlands) and the annotation of assembled transcripts was performed with the help of Sylvain Legrand (Evolution, Ecologie et Paléontologie, Université de Lille, France), using a server provided by Institut Français de Bioinformatique (IFB). The resulting RNA-Seq data were compared with the other previously published data after de novo assembly. Gene ontology searches were also performed to determine the general biological processes in the open rose petals. Besides, several scent-related transcripts were subjected to pathway mapping using Kyoto Encyclopedia of Genes and Genomes (KEGG). Differentially expressed genes were further analyzed in order to search for scent-related genes that correlated with the differentially produced volatile compounds of selected rose samples. At the end, a list of potential transcription factor candidates was obtained for future transcriptional regulation studies. This part of the work is presented in the form of an article to be submitted.

Introduction

Roses are one of the most popular ornamental plants that have a wide range of economic interests to a number of industries, such as perfumery, cosmetic and pharmaceutical industries. Different aspects of a rose plant are important to different industries. For example, flower shape, -colour,petal numbers, long vase life, recurrent blooming and disease resistance are important traits for horticulture. Rose fragrance is essential for perfumery, cosmetic industries and occasionally for pharmaceutical industry. The flower colour (e.g. flavonoids) as well as scent compounds (e.g. terpenoids), have drawn attentions in the pharmaceutical area due to their various medical properties (Boskabady et al., 2011). Although these traits are valuable, information on the molecular mechanisms regulating them is still very limited (see Chapter 1), mainly due to insufficient genetic tools for rose. The breeding process of many crop plants will be accelerated by the completion of their genome sequence, such as for apple (Malus x domestica) [START_REF] Velasco | The genome of the domesticated apple (Malus x domestica Borkh.)[END_REF], peach (Prunus persica) [START_REF] Verde | The high-quality draft genome of peach (Prunus persica) identifies unique patterns of genetic diversity, domestication and genome evolution[END_REF], pear (Pyrus communis) [START_REF] Chagne | The draft genome sequence of European pear (Pyrus communis L. 'Bartlett')[END_REF] and strawberry (Fragaria vesca) [START_REF] Shulaev | The genome of woodland strawberry (Fragaria vesca)[END_REF]. The genome sequence allows the fast screening for markers and genes of interest, which are associated with the desired traits.

In order to study the molecular mechanisms of traits-associated genes without having a reference genome, transcriptomics can be a good alternative. [START_REF] Wang | RNA-seq: a revolutionary tool for transcriptiomics[END_REF]. Recently, RNA-Seq technology has been applied to many plants, including roses. For example, in order to study the scent-related genes during flower development, different stages (from flower buds to senescent flowers) of Rosa chinensis 'Pallida' have been subjected to RNA-Seq, which led to the discovery of several potentially scent-related genes [START_REF] Yan | Transcriptome and gene expression analysis during flower blooming in Rosa chinensis 'Pallida[END_REF]. Rosa roxburghii, whose fruits contain the valuable nutritional and medicinal compound ascorbic acid (AsA) was also subjected to RNA-Seq to identify AsA biosynthesis-related genes [START_REF] Yan | De novo sequencing analysis of the Rosa roxburghii fruit transcriptome reveals putative ascorbate biosynthetic genes and EST-SSR markers[END_REF]. to discover scent-related genes and transcription factors

In this study, we employed RNA-Seq as a tool to explore scent-related genes in rose. The generated RNA-Seq data were used to assemble de novo transcriptomes and to compare gene expression between roses flowers with different volatile profiles. We found that the transcript abundance of NUDX1-1 and NUDX1-2 was consistence with the expression results presented in Chapter 3, i.e. significant amount of NUDX1-1 transcript was only found in the samples that produce geraniol and have high expression of NUDX1-1. The same correlation was also found for NUDX1-2 and the production of E,E-farnesol. Besides, the RNA-Seq analysis also provided two transcription factor candidates for testing, which have been presented in Chapter 4. In this study, we further explore the RNA-Seq data and results can enable us to look for additional genes that could be involved in the regulation and biosynthesis of scent-related volatile compounds in roses.

Material and methods

Plant material

The plants used in this study are two diploid rose plants: Rosa chinensis cv. 'Old Blush' (OB, maternal plant, ID: OW9184) and R. x wichurana (Rw, paternal plant, ID: OW9193), originating from the Bagatelle garden (Paris, France) and two of their F 1 siblings: OW9035 and OW9047 (Chapter 3). OB rose has pink semi-double flowers (>10 petals) and blooms continuously if the climate is suitable, while Rw rose has white single flowers (5 petals) and only blooms once a year during summer. Progeny OW9035 and OW9047 both have pink single flowers (5-6 petals) and bloom several times a year between June and late September. All these rose plants were grown outside at INRA Angers (IRHS, Angers, France) and their petals (at stage four according to (Bergougnoux et al., 2007), were collected in the summer (between May and July) in 2014. Collected rose petals were immediately frozen with liquid nitrogen and stored at -80°C before extracting total RNA. Petals used for volatile analysis were collected in this period as well (see below)

Total RNA extraction and sequencing

Frozen rose petals were ground to fine powder in liquid nitrogen using sterilized mortar and pestle prior to RNA extraction. Approximately 300 to 400 mg (3 to 4 tubes containing 100 mg ± 15%) of ground petals were used in order to obtain sufficient amount of total RNA. Total RNA was extracted and DNase-treated using the NucleoSpin® RNA plant kit (MACHEREY-NAGEL, Düren, Germany) according to the manufacturer's procedure with slight modifications as follows: before adding the lysis buffer (RAP), a spatula tip (around 5% of the sample weight) of PVP40 (polyvinylpyrrolidone) (Sigma-Aldrich, St. Louis, USA) and of CTAB (ethylhexadecyldimethyl ammonium bromide) (Sigma-Aldrich, St. Louis, USA) were added directly to the ground petals followed by 5 μl of βmercaptoethanol (≥99.0%, Sigma-Aldrich, St. Louis, USA). After mixing the sample thoroughly by vortex, the pellet was dissolved by heating at 60 °C for 5 min after which 1 volume of chloroform or chloroform: isoamyl alcohol (24:1) was added (Sigma-Aldrich, St. Louis, USA). The mixture was homogenised by vortex for 1 min and then centrifuged before the supernatant was collected into a new Eppendorf tube. RNA binding conditions were adjusted by adding 0.5 volume of 100% ethanol before loading the solution to the binding column and continuing the default exaction procedures. RNA quality was evaluated by absorbance measurements using NanoDrop2000c (Thermo Fisher Scientific, Waltham, USA) and by electrophoretic analysis. All the RNA samples used for the qRT-PCR reactions had a 260/280 nm absorbance ratio between 1.7 to 2.2, while RNA samples with a 260/280-ratio ≈ 2 are generally qualified for subsequent reactions. To rule out residual contamination with genomic DNA, the RNA samples were subject to PCR to amplify the Tublin and NUDX1 gene (35 cycles). No visible amplification was detected from the RNA samples (see supplemental materials for Chapter 3 Figure S1.1-S1.2). Minimum 100 ng/μl and in total more than 2 μg of total RNA with RNA integrity number (RIN) higher than 7 were used for RNA sequencing. Library preparation and sequencing were carried out by Eurofins Genomics (Ebersberg, Germany) using Illumina HiSeq 2500 sequencer with single-read module.
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De novo transcriptome-assembly and analysis of RNA-Seq data

The quality of raw RNA-Seq data was first assessed using the program FastQC (version 0.11.2) (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Subsequently the sequence reads were trimmed from their sequencing adapters and filtered using the program Trimmomatic [START_REF] Bolger | Trimmomatic: a flexible trimmer for illumina sequence data[END_REF] and then reassessed by FastQC [START_REF] Andrews | FastQC: a quality control tool for high throughput sequence data[END_REF] which improves the assembly speed and accuracy. To have a complete overview on transcripts that are expressed in both parents and in their progeny and increase the read mapping accuracy, the trimmed read data of four different samples were pooled together and used for generating de novo transcriptome assembly using the program Trinity [START_REF] Grabherr | Full-length transcriptome assembly from RNA-Seq data without a reference genome[END_REF]. The assembly is carried out in steps using three modules: 1) Inchworm: transcript contig reconstruction; 2) Chrysalis: cluster overlapping Inchworm contigs into sets of connected components and build de Bruijn graphs for each component; and 3) Butterfly: map the original reads to the de Bruijn graphs in order to construct distinct transcript variants and paralogous genes. Trinity was executed on a Linux computer using the parameters in the following command line: Trinity --seqType fq --JM 300G --single concatenated_read_files.fastq --min_contig_length 150 --CPU 30.

After assembly, contig abundances were estimated using the RSEM (RNA-Seq by Expectation Maximization) package (Li and Dewey, 2011) followed by gene differential-expression analysis in pair using the edgeR package (Robinson et al., 2010). Read counts were then normalized using the TMM (trimmed mean of M-values) method [START_REF] Robinson | A scaling normlaization method for differential expression alaysis of RNA-seq data[END_REF] and presented as FPKM (fragments per kilobase of transcript per million fragments mapped reads) values. After normalization of all read counts into FPKM, the data were then centered based on median and applied log2 transformation to obtain relative expression levels, which were used to compare gene expression between samples. Finally, transcripts were clustered based on their expression patterns among the four samples using edgeR with a threshold 4-fold and p-value ≤ 0.001.

Global gene annotation was conducted by homology searches using the BLASTx algorithm [START_REF] Camacho | BLAST command line applications user manual[END_REF] against the Arabidopsis thaliana (At) protein database, translated rose RNA-Seq database (Dubois et al., 2012) and against Fragaria vesca protein database using an E-value cut-off of 0.001 (E-value ≤ 0.001) on a local virtual machine connected to the IFB (Institut Français de Bioinformatique) computer platform. The At protein sequence database used for BLAST was downloaded from (https://www.arabidopsis.org/download_files/Sequences/TAIR10_blastsets/TAIR 10_pep_20101214_updated), and F. vesca protein sequence database was downloaded from (ftp://ftp.ncbi.nih.gov/genomes/Fragaria_vesca/protein/). Gene ontology (GO) information were assigned based on the A. thaliana homologous proteins, and GO functional classification for all unique sequences was performed using the "GO Annotations" tool provided by the TAIR website (http://www.arabidopsis.org/tools/bulk/go/index.jsp). In addition, the A. thaliana gene IDs assigned to rose contigs were mapped to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database using KEGG mapper (http://www.genome.jp/kegg/mapper.html). Subsets of assembled transcripts were also compared against the non-redundant (nr) database from NCBI (National Center for Biotechnology Information) using the BLASTx algorithm in order to optimize annotation, which could be useful for searching for scent-related genes. To identify transcription factor (TF) candidates, two subsets of assembled transcripts were compared by BLAST against the plant transcription factor database (http://planttfdb.cbi.pku.edu.cn/download.php) in order to search for TFs that could be involved in the regulation of NUDX1 hydrolases that have been recently linked to rose scent (Magnard et al., 2015).

Gas chromatography mass spectrometry (GC-MS) analysis of rose petal extracts

Stage four rose petals of the plants: OW9035, OW9047, OB and Rw were collected between 8:30-10:30 in the morning. Collected rose petals were weighted to obtain 1 g of fresh weight, which were to discover scent-related genes and transcription factors

In total 71 464 166 reads were used in which 80 796 844 bp were assembled and resulted in the generation of 96 949 Trinity genes (also called unigenes where each represents one or more of highly homologous transcript variants). The 96 949 Trinity genes represent 123 607 transcripts where N50 [defined as the smallest sequence length at 50% of the assembly [START_REF] Miller | Assembly algorithms for next-generation sequencing data[END_REF]] is 1348 bp and the lengths of all transcripts vary between 151 and 13 496 bp with a median length of 298 bp and average length of 653 bp (Table 2).

Two other transcriptome datasets obtained from roses were also available: one was generated from three developmental stages of R. chinensis cv. 'Pallida' flowers [START_REF] Yan | Transcriptome and gene expression analysis during flower blooming in Rosa chinensis 'Pallida[END_REF]) and the other one was obtained from three developmental stages of R. roxburghii fruits [START_REF] Yan | De novo sequencing analysis of the Rosa roxburghii fruit transcriptome reveals putative ascorbate biosynthetic genes and EST-SSR markers[END_REF]. A comparison between the transcriptome which we have generated and the two that were published shows that we have obtained more reads for transcriptome construction which generated less but longer contigs (Table 2). 

Global gene annotation

In total, from the 123 607 transcripts, 51 141, 45 302 and 61 084 were annotated using A. thaliana, rose and F. vesca databases, respectively. Locus identifiers of A. thaliana hits, which correspond with rose transcripts, were used to obtain the GO terms. Among the 51 141 annotated transcripts, 41 229 transcripts (~80%) were successfully grouped into the three main GO groups: 13 177 in biological process, 14 572 in cellular component and 13 480 in molecular function and represented by 45 functional sub-categories (Figure 1). According to the classification results, large parts of the genes participated in various unspecified cellular and metabolic processes and many of them were found to be located in nucleus and other unspecified cytoplasmic area (Figure 1). For the molecular function category, many genes seemed to be involved in various binding functions such as nucleotide binding, protein binding and also unspecified binding (Figure 1). A relatively large proportion of annotated genes was assigned into unspecified sub-categories of each main functional category indicating that most of these genes lacked detailed information and therefore their functions and cellular locations were still undetermined. From a more general perspective, the GO overview revealed that stage four rose petals were undergoing mainly metabolic rather than, for example, developmental or stress-related processes. This is consistent with the role of flower petals in the production of second metabolites to attract pollinators.

Chapter 5 De novo transcriptome assembly and RNA-Seq analysis for rose petals to discover scent-related genes and transcription factors All significantly (p-value ≤ 0.001) differentially expressed genes were clustered and resulted in 63 subclusters with 15 309 transcripts (Figure S2).

OB and OW9047 produce geraniol but not E,E-farnesol while Rw and OW9035 produce E,E-farnesol but not geraniol. Therefore, we grouped OB with OW9047 and Rw with OW9035 into two separate groups Ger and Far, respectively. This allowed screening for potential scent-related genes by comparing gene expressions. In these two groups, many differentially expressed genes were found that could be involved in several biosynthesis pathways of scent volatile compounds (Figure 2 and Figure S3). For example, the analyzed data contained the two main pathways in the terpenoidbackbone biosynthesis-network, the mevalonate ( MVA) and methylerythritol phosphate (MEP) pathways (Figure 2). In the MVA pathway, the gene encoding 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase (HMGR) (EC:1.1.1.34), which participates in the production of mevalonate, shows higher expression in group Ger than in group Far. A similar situation is also found for the gene, geranyl diphosphate synthase (GPS) (EC: 2.5.1.1). By comparing gene expression between group Ger and group Far, we also observed that the gene encoding 1-Deoxy-D-xylulose 5-phosphate synthase (DXS) (EC: 2.2.1.7) in the MEP pathway is less expressed in group Ger than in group Far. In the other terpenoid biosynthesis pathways, a gene that seems to be involved in the biosynthesis of (+)neomenthol synthase (EC: 1.1.1.208) in the monoterpenoid biosynthesis network (Figure S3 A) has higher expression levels in the Ger group than in the Far group. In fact, this gene probably encodes (+)-neomenthol dehydrogenase instead of (+)-neomenthol synthase according to BLAST results. No other scent-related genes in the pathways of diterpenoid, sesquiterpenoid and triterpenoid biosynthesis, were differentially regulated in the Ger group (Figure S3 B and C). In the phenylalanine metabolism pathway (Figure S3, D), the gene encoding an enzyme that converts phenylalanine to phenylpyruvate (EC: 2.6.1.1) has higher expression in the Ger group, while the gene encoding phenylethylamine oxidase (EC: 1.4.3.21) has lower expression. However, the downstream product of phenylpyruvate, 2-phenylethanol (2PE) was in fact only found in Rw but not in the other three samples (Table 1 and supplemental dataset SUPP5.1). It is likely that these two genes may not be involved in the biosynthesis of 2PE but participate in the biosynthesis of the other phenylpyruvate downstream products, which may be non-volatile compounds. The detailed information of the differentially expressed scent-related genes between the Ger and Far groups are summarized in Table 3.

The results in Table 3 and Figure 2 suggest that the isoprenyl diphosphate (IPP), which is used to synthesize geranyl diphosphate (GPP), the precursors of geraniol, could originate from the MVA pathway instead of the MEP pathway, as it is generally the case in the other plants, as can be deduced by the following. The conversion from HMG-CoA to mevalonate by HMGR is the ratelimiting step in plant isoprenoids biosynthesis [START_REF] Stermer | Regulation of HMG-CoA reductase activity in plants[END_REF], Vranová et al., 2013). Therefore, higher expression of HMGR may lead to an increased production of mevalonate, which is the substrate for several downstream enzymes. Furthermore, the lower transcript levels of the DXS in the MEP pathway may indicate that the production of GPP precursors is MVA-pathway dependent even though the MEP pathway is generally considered as a source of IPP for producing monoterpenoids in plastid [START_REF] Sun | My Way: Noncanonical Biosynthesis Pathways for Plant Volatiles[END_REF]. The observed higher expression of the GPP synthase gene (GPS) in the Ger group might be required for the sufficient production of GPP, which is the substrate for various downstream monoterpenoid biosynthetic reactions. Indeed, in the OB rose floral volatile profile, several monoterpenoids can be found (Table 1 and supplemental dataset SUPP5.1). However, MVA pathway is located in cytosol, while so far all GPS are mostly found in plastid and a few in mitochondria [START_REF] Rai | Heteromeric and homomeric geranyl diphosphate synthases from Catharanthus roseus and their role in monoterpene indole alkaloid biosynthesis[END_REF][START_REF] Soler | Evidence for a geranyl-diphosphate synthase located within the plastids of Vitis vinifera L. cultivated in vtiro[END_REF][START_REF] Tholl | Formation of monoterpenes in Antirrhinum majus and Clarkia breweri flowers involves heterodimeric geranyl diphosphate synthases[END_REF][START_REF] Turner | Organization of monoterpene biosynthesis in Mentha: Immunocytochemical localizations of geranyl diphosphate synthase, limonene-6hydroxylase, isopiperitenol dehydrogenase, and pulegone reductase[END_REF]. This suggests that either there may be a "metabolic crosstalk" of IPP from cytosol to plastid to provide the substrates for plastidial GPS or there may be a cytosolic GPS using the MVAoriginated IPP in rose. Unfortunately, there is no publication available to support this hypothesis The Nr-annotated subsets were further filtered to search for scent-related genes based on a numbers of selected keywords (Table S3) and the keywords were selected based on the names of known scent-related enzymes [START_REF] Vranová | Network analysis of the MVA and MEP pathways for isoprenoid synthesis[END_REF] and the names of some volatile compounds, focusing on terpenoid biosynthesis. Therefore, the list of keywords may not be able to cover all the scent-related genes but it provides possible candidates for future studies. In total, 57 putative scentrelated transcripts were found in the eight subsets, including genes that encode proteins involved up-or down-stream of the biosynthetic scent-related compounds (Table 4). Within these 57 scentrelated transcripts, the two NUDX1 genes were found in subset 4 and subset 6, respectively. The one in subset 4 corresponds to RwNUDX1-2 and the one in subset 6 corresponds to RcNUDX1-1a, and their functions have been described in Chapter 3. Two acetyl CoA geraniol/citronellol acetyltransferases (AATs) were found in subset 1, in which 2-phenyl ethyl acetate and farnesyl acetate were found. This AAT has been previous described to be able to convert geraniol and citronellol into geranyl acetate and citronellyl acetate in rose petal, although 2-phenyl ethanol (2PE) was a poor substrate (Shalit et al., 2003). However, they did not test farnesol, which could also be a substrate for this AAT protein. In addition, a germacrene D synthase (c65325_g1_i1), which is found in subset 8 (also has production of germacrene D) (Table 4), is identical to the one that has been functionnally analysed (Guterman et al., 2002). Another two germacrene D synthases (c41873_g1_i3 and c41873_g1_i1) are also found in subset 2 and 5. They are relatively different from each other (around 78% similarity) and they are also different from the published one (around 60% similarity).

According the volatile profile in their corresponding subsets (Table 4), they both grouped with the sesquiterpenoids, suggesting that they might be involved in the biosynthesis of other sesquiterpenoids than germacrene D. Furthermore, in subset 4, E-β farnesene was found in Rw and OW9035 and a (E,E)-alpha-farnesene synthase-like was discovered in the same subset as well.

Although the annotation indicates the putative gene is (E,E)-alpha-farnesene synthase, it still could be a good candidate for further investigation. However, the correlation between the volatilecompound phenotype and gene expression did not always reveal genes that have direct role in the production of these volatile compounds. For example, in subset 1, Rw was shown to have relatively large amount of 2PE but the genes that participate at the final steps of biosynthesis of 2PE could not be found in this subset. This may be because phenylacetaldehyde synthase should be expressed in earlier flower stage (i.e. stage three) (S. Baudino, personal communication), therefore, it is not very likely to find it in this dataset. Besides, a phloroglucinol O-methyltransferase, which is known to be involved in the production of 1,3,5-trimethoxybenzene (TMB) (Scalliet et al., 2002, Wu et al., 2004), was not located in subset 2 (where TMB was found) but in subset 6, probably due to a low production of TMB in OW9047, which could not be detected by GC-MS. Alternatively, for some genes, the correlation between phenotype and gene expression might not be accurate enough due to the lack of sample replicates in the RNA-Seq data. The transcriptome of more independent F 1 lines with differing volatile profiles should be analyzed.

Chapter 5 De novo transcriptome assembly and RNA-Seq analysis for rose petals to discover scent-related genes and transcription factors 

Identification of putative transcription factors

According to the clustering study performed above (Figure S3), two transcription factors (TFs), RcbHLH79 and RwbHLH79 that were clustered with RcNUDX1-1a and RwNUDX1-2, were examined in Chapter 4 but their functions are still unclear. In order to identify more potential TF candidates that could be involved in the regulation of gene RcNUDX1-1a or RwNUDX1-2, two subsets (4 and 6) of assembled transcripts were further compared by BLASTx against the plant transcription factor database. The most abundance TFs are summarized in Table 5, the summary of all found TFs is available in Table S4 and the detail of identified TFs is listed in supplemental dataset SUPP5. 

Conclusions

Transcriptome assembly from RNAseq data representing the genetic background of the two parents (OB and Rw) and the selected progenies provides a complete overview of the transcripts that are expressed in both parents and their variation of expression in the progeny. In total 71 464 166 reads were found and this resulted in 96 949 unigenes. Using bioinformatics tools, like BLAST, KEGG and TAIR database, scent-related metabolic pathways in rose were revealed. Many putative scentrelated genes that are involved in the pathways were grouped based on the volatile profiles and their corresponding expression levels, annotated by BLAST and extracted by based scent-related keywords filtering. Furthermore, the differentially expressed genes were further studied via KEGG to provide a reliable way to analyze the regulation of specific biosynthesis pathways, in this case, the terpenoid-backbone biosynthesis-pathway. A list of transcription factors was also provided in order

Chapter 5 De novo transcriptome assembly and RNA-Seq analysis for rose petals to discover scent-related genes and transcription factors to find potential candidates that may be the regulators of NUDX1 genes, which were recently known to be responsible for the biosynthesis of monoterpenoids (Magnard et al., 2015) and sesquiterpenoids (Chapter 3). This generated data provides useful information for further volatilerelated studies in roses. Moreover, the upstream genetic factors that may influence the production of secondary metabolites can be predicted by this approach. In addition, this dataset could also provide useful information for searching for other genes that are involved in the biosynthesis of a specific compounds, such as phosphatases that modulate the production of geraniol by hydrolyzing geranyl monophosphate generated by NUDX1-1a (Magnard et al., 2015). Altogether, this indicates an enhanced quality and accuracy of the rose transcriptome that we have generated, which will provide more in-depth information on Rosa sp. flower-expressed genes. Subsequently, when analysing the progeny of two rose cultivars, R. chinensis cv. 'Old Blush' (OB) and R. x wichurana (Rw), which have distinct scent profiles, another five NUDX1 genes were found. Two NUDX1 genes were found in Rw, and three were found in OB, although only one was expressed in the petals of each cultivar. The expressed NUDX1 gene in PM is named RhNUDX1-1, the one in OB is named RcNUDX1-1a and the one in Rw is named RwNUDX1-2. RhNUDX1-1 and RcNUDX1-1a are orthologs and RwNUDX1-2 is a paralog of RhNUDX1-1. Both RhNUDX1-1 and RcNUDX1-1a were found to be responsible for the production of monoterpenoids, especially geraniol, while RwNUDX1-2 was involved in the production of sesquiterpenoids, especially E,E-farnesol (Figure 1). In vitro enzyme activity assays showed that rose NUDX1 proteins had distinct functions compared to the NUDX1 of Arabidopsis thaliana (AtNUDX1). AtNUDX1 not only can hydrolyse farnesyl diphosphate (FPP), geranyl diphosphate (GPP) and isopentenyl diphosphate (IPP), but also hydrolyses 8-oxodeoxyguanosine triphosphate (8-oxo-dGTP). However, none of the rose NUDX1 proteins can hydrolyse 8-oxo-dGTP. In other Rosaceae plants, whose genomic sequences are available, four to five NUDX1 genes were found. The presence of multiple copies of NUDX1 in the genome is not common across the plant kingdom, most of the plants only have one or two NUDX1 genes, such as A. thaliana, Solanum lycopersicum and Nicotiana tabacum, although in the pepper (Capsicum annuum) genome, seven NUDX1 were identified (sequences were obtained from Nucleotide database of National Center for Biotechnology Information). Loss of function of hydrolysing oxidized nucleotides (e.g. 8-oxo-dGTP), or more precisely, in this case, diversification of function, may be a result of gene duplication events. It is known that the duplicated gene can conserve its original function, or be subfunctionalized, evolve a novel function or even become a pseudogene [START_REF] Magadum | Gene duplication as a major force in evolution[END_REF][START_REF] Zhang | Evolution by gene duplication: an update[END_REF]. Gene duplication events resulting in changes of gene function have also been found in other plants. For example, four homologous genes of oxidosqualene cyclase (OSC) were found in A. thaliana, but they were involved in the biosynthesis of different products: At1g78950 and At1g78960 were involved in the production of β-amyrin (Husselstein-Muller et al., 2001, [START_REF] Kushiro | A novel multifunctional triterpene synthase from Arabidopsis thaliana[END_REF][START_REF] Shibuya | Identification of a product specific βamyrin synthase from Arabidopsis thaliana[END_REF], the At1g78955 encoding protein mainly produced camelliol C [START_REF] Kolesnikova | Arabidopsis camelliol C synthase evolved from enzymes that make pentacycles[END_REF], and At1g78970 was involved in the biosynthesis of lupeol [START_REF] Herrera | Cloning and characterization of the Arabidopsis thaliana lupeol synthase gene[END_REF]. They share about 85% similarity and the diversification of their function is likely a result of tandem duplication [START_REF] Xue | Divergent evolution of oxidosqualene cyclases in plants[END_REF]. As multiple NUDX1 genes are also found in several Rosaceae plants, it would be interesting to know when the diversification of NUDX1 genes started. First, it would be important to know whether the function of geraniol/E,E-farnesol biosynthesis is well conserved within the Rosa genus. The correlation of expression of NUDX1-1 and NUDX1-2 gene with the production of geraniol and E,E-farnesol should be examined among the wild roses as well as modern roses. In addition, a complete rose genome could definitively provide very useful information on the total number of NUDX1 genes in rose, as well as their chromosomal location. Besides, when comparing the rose NUDX1 amino acid sequences with those of other Rosaceae plants, two NUDX1 in Fragaria vesca subsp. vesca, were found to be highly similar to rose NUDX1. FvNUDX1-1 (XP_004304338) is 79% similar to rose NUDX1-2 and FvNUDX1-3 (XP_004297155) is 87%-88% similar to rose NUDX1-1 (Chapter 3). It is important to know the expression of these three F. vesca NUDX1 genes as well as their functions to provide further information on the evolution of NUDX1 proteins. Besides, neither a geraniol synthase nor an E,E-farnesol synthase has been identified in F. vesca, which makes the characterization of FvNUDX1 becoming more appealing. In addition, systematic phylogenetic studies in combination with experimental characterization of NUDX1 proteins across plant kingdom would definitively provide valuable insights into NUDX1 evolution.
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In vitro enzymatic assays showed that all rose NUDX1 proteins could accept GPP and FPP as substrates, but only RwNUDX1-2 showed preference towards FPP. This substrate preference can be partially explained by the difference in amino acid sequence, although the substrate affinity also depends on the other factors, such as pH, presence or absence of certain cofactors, which can lead to changes in protein structure. Besides, the protein conformation in the form of a crystal may not 200 Chapter 6 General discussion be a very good representation of the enzyme in solution. Proteins normally function in aqueous solutions and can be influence by many other molecules in the environment [START_REF] Ladbury | Just add water! The effect of water on the specificity of protein-ligand binding sites and its potential application to drug design[END_REF]. Furthermore, the protein crystal structure was obtained without presence of the cofactors (e.g. Mg 2+ ), which is crucial to the activation of the NUDX1 protein (Mildvan et al., 2005), in order to slow down the reaction and stabilize the ligand-bound protein. Therefore, protein crystallization with the presence of co-factors in combination with the structural refinement using protein dynamic modelling would be very useful to obtain a more precise and "realistic" protein structure for the subsequent analysis of substrate-recognition residues. Besides, nuclear magnetic resonance (NMR) would be an alternative solution to determine the protein structure in solution (Berg et al., 2002) and to study the protein-ligand interaction (Cala et al., 2014). Moreover, mass spectrometry-based methods are also developed to provide additional information to assist the protein structure determination (Walzthoeni et al., 2013). In order to determine whether some amino acids in the active site are important in determining substrate affinity of NUDX1, site-directed mutagenesis experiments were conducted and the mutated enzymes were successfully purified and tested. However, the mutated enzymes did not show any changes in affinity. Probably this was because the target residues were selected based on the difference in amino acid sequences before the protein crystal structure came available. Thanks to the crystallization of RhNUDX1-1 and structural prediction of RwNUDX1-2, more reliable mutation points, such as substitution of Ser135 to Trp135 (from RhNUDX1-1) in RwNUDX1-2, are proposed for the future mutagenesis experiment to see whether this could change the affinity for GPP or FPP of the mutant proteins.

In vivo assays presented a different result compared to the in vitro assays. In vitro enzymatic assays showed that all rose NUDX1 proteins could hydrolyse GPP and FPP. However, in vivo, the expression of RhNUDX1-1 in both Rose and N. benthamiana only led to the increase of geraniol or geraniol glycosides only, while the expression of RwNUDX1-2 in N. benthamiana resulted in the production of both geranyl-and farnesyl-glycosides. This observation could be explained by the fact that introduction of rose proteins into N. benthamiana is an artificial system and GPP and FPP levels may differ in the different tissues. More interestingly, it indicated that not only a pool of FPP, but also a pool of GPP is available in both Rose petals and N. benthamiana. It is known that RhNUDX1-1 is located in the cytosol when transiently expressed in N. benthamiana leaves. Although the location of RwNUDX1-2 remains unclear, it is very likely to be located in cytosol as well, considering the similarity between RwNUDX1-2 and RhNUDX1-1. GPP is conventionally considered to be synthesized in plastid, but there is evidence showing that GPP can be transported from plastid to cytosol and provide the resources for cytosolic monoterpene synthases (see Chapter 1), although no GPP transporter has been discovered so far (see above in Figure 1). Another hypothesis is that there may be cytosolic GPP synthases in rose and in N. benthamiana or GPP could be generated as a byproduct during the biosynthesis of FPP. A recent study showed that there could be a cytosolic GPP pool available in N. benthamiana. The truncated geraniol synthase of Valeriana officinalis (VoGES), which was targeted to cytosol, was introduced into N. benthamiana leaves using the 35S cauliflower mosaic virus (CaMV) promoter resulting in the production of geraniol [START_REF] Dong | Monoterpene biosynthesis potential of plant subcellular compartments[END_REF]. However, the co-infiltration of plastid-targeted GPP synthase of Picea abies (PaGDPS) with cytosol-targeted VoGES did not increase the production of geraniol [START_REF] Dong | Monoterpene biosynthesis potential of plant subcellular compartments[END_REF]. These data suggest that the plastidial GPP was not transported to the cytosol in N. benthamiana or the transported GPP amount was so low that no significant change in geraniol production was observed in the presence of cytosolic VoGES. This also indicates that there is in situ production of cytosolic GPP in N. benthamiana, which might be the case for roses as well. Due to the difficulty of transforming roses, isotope-labelled feeding experiments would be a useful alternative approach for studying the source of GPP in rose. A similar study has been applied in the fruits of F. x ananassa and F. vesca in order to trace the biosynthesis pathways of (S)-linalool, trans-(S)-nerolidol and (-)-α-pinene (Hampel et al., 2006).

Chapter 6 General discussion

In order to gain more insight into the mechanism that affects the production of rose volatiles, I started to investigate the transcriptional regulation of the rose NUDX1 genes. The promoters of RcNUDX1-1a, RcNUDX1-1b and RwNUDX1-2 were cloned and used to drive a reporter gene (GUS, βglucuronidase) in rose petals using transient expression. The results indicated that all three promoters could activate the GUS reporter in rose petals, suggesting the regulation of NUDX1 genes was not the result of inactivation of their promoters. The level of promoter activation remains a question because the quantification failed due to the difficulty in getting protoplasts from rose petals. However, an interesting feature was found in the promoter of RcNUDX1-1a: several repetitive sequences are present, suggesting that these repeats could serve as enhancers. These repeats were not present in the promoter of RwNUDX1-2 or RcNUDX1-1b and the gene expression data showed that RwNUDX1-2 had a lower expression level than RcNUDX1-1a (Chapter 3 Figure 2). These repeats could have a role in enhancing the expression of the downstream gene. In order to study the role of these repeat sequences in expression of RcNUDX1-1a, generating a series of promoter-reporter constructs by removing the repeats one by one would be a way to test its functions as well as the role of the repeat numbers.

By comparing the promoter sequences, a canonical E-box was found in the promoter of RcNUDX1-1a, suggesting a possible binding site for bHLH proteins. In addition, two bHLH79 transcription factors (TF) were found that were co-expressed with RcNUDX1-1a and RwNUDX1-2, respectively, in the RNA-sequencing (RNA-Seq) experiments. The RNA-Seq analysis was conducted on four rose individuals: OB, Rw and two of their F 1 siblings, OW9035 and OW9047. OB and OW9047 produce geraniol, but no E,E-farnesol, while Rw and OW9035 produce E,E-farnesol, but no geraniol. According to the cluster analysis of the RNA-Seq data, a bHLH79 TF clustered with RcNUDX1-1a, which was then named RcbHLH79 (c42493_g1_i2) and the other bHLH TF that clustered with RwNUDX1-2 was called RwbHLH79 (c42493_g1_i4). These cDNAs shared more than 95% sequence similarity. Their function was subsequently tested by co-expressing them with the different promoter constructs into N. benthamiana leaves under the control of the CaMV 35S promoter. The results showed that none of the TFs strongly trans-activated any of the NUDX1 promoter-GUS constructs (Chapter 4). Although no significant effect was found with the tested TFs, an interesting phenomenon was observed. When comparing the transactivation effect between the promoters pOB1a, pOB1b and pRw, pOB1b showed a higher activity compared to pOB1a and pRw, while pOB1a and pRw showed similarly low activity (see Chapter 4, Figure 5). A hypothesis rises: pOB1b may contain a promoter element that can be recognized in N. benthamiana leaves, while pOB1a and pRw do not possess such element, or pOB1a and pRw have rose petal-specific promoter elements, which could be inhibited or could not be recognized in N. benthamiana leaves while pOB1b does not have such elements. However, this hypothesis should be verified by additional experiments, such as quantification of the activity of all these promoters in rose petals. Surprisingly, RwNUDX1-2 was able to trans-activate the promoter of the tomato TPS5 gene, indicating that bHLH can play a role in regulation of the expression of biosynthetic genes. Expression analysis on these two bHLH TFs in 12 rose F 1 individuals showed that no correlation could be found between the expression of either of the two bHLH TFs and NUDX1 expression. In fact, when checking the assembled RNA-Seq transcripts, five transcript variants of bHLH79, including RcbHLH79 and RwbHLH79, were found. Except the two selected TFs that had differential expression across the four individuals, the rest of the homologs were expressed in all four roses and no significant difference was found between individuals. Therefore, it is difficult to conclude whether the insignificant transactivation of GUS activity was due to the plant material used (N. benthamiana leaves) or the fact that these two selected TF candidates are not the TFs that are involved in regulating NUDX1 gene expression. Correlation analysis should be done on the expression of TF candidate genes and the NUDX1 genes, under a condition that the designed primers should be able to differentiate between the homologs. A newly developed high affinity PCR technique, called Zip 202 Chapter 6 General discussion Nuclei acids (ZNAs), could be employed for differentiation of TF transcript variants during RT-qPCR. ZNAs are cationic oligonucleotides that have the ability to discriminate between a perfect match and a single base-pair-mismatched sequence [START_REF] Moreau | Zip Nucleic Acids: new high affinity oligonucleotides as potent primers for PCR and reverse transcription[END_REF]. By using high annealing temperature but low primer concentration [START_REF] Moreau | Zip Nucleic Acids: new high affinity oligonucleotides as potent primers for PCR and reverse transcription[END_REF], ZNA gene-specific primers can amplify the target gene accurately even it has low expression levels [START_REF] Moreau | Zip Nucleic Acids: new high affinity oligonucleotides as potent primers for PCR and reverse transcription[END_REF]. Alternatively, all TF transcript variants could be cloned and tested via an alternative approach -the Yeast one-hybrid (Y1H). Y1H is a molecular biology technique to screen for protein-DNA interaction, especially suitable for studying the interaction between TF and the promoter, as well as the binding site (Reece-Hoyes and Marian Walhout, 2012).

The RNA-Seq study (in Chapter 5) provides useful leads for finding other scent-related genes as well as other TFs that may play a role in the regulation of NUDX1 expression. Furthermore, it may also provide additional information for searching the downstream enzymes that participate in the biosynthesis of geraniol and E,E-farnesol. Compared to the conventional terpene synthases, the product of NUDX1 catalytic reaction is GP or FP (Chapter 2 and 3), which need to be further hydrolysed by a phosphatase into geraniol (Chapter 2) or E,E-farnesol. Phosphatases have a wide range of substrates and they are involved in many biological reactions. Therefore, it is very difficult to find the specific phosphatase that hydrolyses GPP and FPP into geraniol and E,E-farnesol in rose. By using the RNA-Seq technique and analysing the transcriptome of rose petals that have distinct scent profiles, one may be able to identify candidate phosphatases. For example, sequencing the transcriptome of rose that only produce geraniol, the one that only produce E,E-farnesol, as well as the one that do not produce either of the compounds and comparing the transcriptomes could result in a shorter list of phosphatase candidates, which could be tested using various in vitro and in vivo assays. In addition, the resulting database could be also used for searching other downstream genes of NUDX1, such as citronellol synthase.
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 15 indicates relative abundance of the indicated compound within the volatile blend, 1 indicates the most abundant and 5 indicates the least abundant. Abbreviation: TMB,1,3,5-trimethoxybenzene; DMT, 3,5-dimethoxytoluene.
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 1 Fig. 1: Correlation map of the expression of RhNUDX1 and quantity of scent compounds found in 10 rose cultivars. A non-parametric Spearman correlation test was used. Strengths of correlations are depicted by colors. Dark blue with -indicates a significant negative correlation with r close to -1 (p < 0.05). Dark red with + indicates a significant positive correlation with r close to +1 (p < 0.05). BAL, benzyl alcohol and benzaldehyde; CIT, citronellol; DMT, 3,5-dimethoxytoluene; EUG, eugenol and methyleugenol; FAD, hexanal, E-2-hexenal, Z-3-hexenol, E-2-hexenol, 1-hexanol, Z-3-hexenyl acetate, hexyl acetate and nonanal; FAR, E-α-farnesene, farnesol, farnesal and farnesyl acetate; GEM, germacrene D, germacrene D-4-ol and bicyclogermacrene; GER, geraniol, geranial, geranic acid and geranyl acetate; ION, 3,4-dihydro-α-ionone and dihydro-α-ionol; MON, α-myrcene, Z-α-ocimene and E-α-ocimene; NER, nerol and neral; PHE, 2phenylethanol and phenylacetaldehyde; SES, δ-cadinene, elemol, α-cadinol, τ-cadinol and τ-muurolol; TMB, 1,3,5-trimethoxybenzene.

Fig. 3 :

 3 Fig. 3: Characterization of RNAi-RhNUDX1 transgenic rose lines. A. Real time quantitative RT-PCR analyses of RhNUDX1 expression in petals of non transformed plants, in plants transformed with the Gus reporter gene under the control of the 35S promoter (35S::GUS) and in 3 transgenic RNAi-RhNUDX1 lines. Standard error values are indicated by vertical bars (n=6). Means with different letters are significantly different (Tukey's HDS test, p<0.05). B. GCMS analyses of the petal volatile monoterpenes in RNAi-RhNUDX1 transgenic rose lines. Standard error values are indicated by vertical bars (n=8 to 12). Means with different letters are significantly different (Tukey's HDS test, p<0.05).

Fig. 5 :

 5 Fig. 5: Hypothetical biogenetic scheme for the formation of free geraniol 5 in rose petals. 1: dimethylallyl diphosphate; 2: isopentenyl diphosphate; 3: geranyl diphosphate; 4: geranyl monophosphate; 5: geraniol.

Fig

  Fig. S1 A. Alignment of amino acid sequences from Arabidopsis (AtNUDX1) and rose (RhNUDX1) performed using ClustalW. Conserved or substitutive amino acids are highlighted in black and gray, respectively. The conserved Nudix box (Gx 5 Ex 7 REUxEExGU with x = any amino acid and U = bulky aliphatic residue (usually I, L or V)) is shown. Similar to AtNUDX1, no signal peptide or transit peptide to either mitochondria or chloroplasts was identified in RhNUDX1 using the TargetP (17) and SignalP (41) prediction software. B. Unrooted Neighbour Joining tree depicting the relationships of RhNUDX1 with the 28 putative Arabidopsis Nudix hydrolases. Tree was constructed using Geneious software. Representative bootstrap values are shown as a percentage from 1000 bootstraps replicates. Arabidopsis Nudix hydrolases were named according to (42). Nudix subfamilies were defined according to (43). DIPPs, diphosphoinositol polyphosphate phosphohydrolases; FGFTNEs, Fibroblast growth factor type Nudix Enzyme; IDI, Isopentenyl diphosphate Isomerase

Figure 1 .

 1 Figure 1. Alignment of amino acid sequences of A. thaliana (AtNUDX1), R. chinensis cv. "Old Blush" (RcNUDX1-1a and RcNUDX1-1b) and the mutated sequence of RcNUDX1-1a (at position 70, from D to G) and RcNUDX1-1b (at position 70, from G to D) was performed using Genenious alignment (default option) in Geneious® 8.1.7 (Biomatters, Auckland, New Zealand) (Kearse et al., 2012). Conserved or substitutive amino acids are highlighted in white and black, respectively. The NUDX consensus (Gx5Ex7REUxEExGU, x = any amino acid and U: bulky hydrophobic amino acid, normally Ile, Leu or Val) is shown in the first sequence.

SUPP3. 2 - 1 .

 21 QPCR data of 18 rose individuals and their corresponding major volatile compounds extracted at stage four, which were analysed by GC-MS. QPCR values are presented in Cq, and the GC-MS values are presented as relative proportion of the internal standard, camphor (averages of 2 to 6 different replicates, repeated in two years: and 2015) and are expressed in μg per g of fresh weight, corresponding standard deviation values can be found in SUPP3.1. The average value of qPCR of each rose individual was used to subject to Spearman's correlation along with the GC-MS data, the correlation coefficient and the p-values were presented in SUPP3.2-2.

Figure 5 .

 5 Figure 5. Nucleotide sequences and corresponding amino acid sequences (in colour boxes) of PCR fragments (from start codon to the middle of the coding region) of TF obtained from sequencing results of eight progenies of OB and Rw. The sequences highlighted in black are the differences between different samples. OB TF represents RcbHLH79 and Rw TF represents RwbHLH79. Green arrow boxes below the sequences indicate the primers (bHLH79 F pEN and Rw2 TF qR) that were used for amplification, which were again indicated in Figure 6 to show the location of the amplified DNA fragment.

Figure 6 . (Part 4 )

 64 Figure 6. (Part 4) Nucleotide sequences and corresponding amino acid sequences (in colour boxes) of five isomers of bHLH79 genes found in roses assembled RNA-seq data. OB TF represents RcbHLH79 and Rw TF represents RwbHLH79. Green arrow boxes below the sequences indicate primers that were used for amplification of OB TF, Rw TF (forward primer bHLH79 F pEN and reverse primer bHLH79 R) as well as the ones to amplified the TF DNA fragment among the F1 progeny (forward primer bHLH79 F pEN and reverse primer Rw2 TF qR). Yellow box below the sequences indicates the start codon of the amino acid sequence, while the star in the black box within the amino acid sequences indicates the stop codon.

Figure 2 .

 2 Figure 2. Terpenoid backbone biosynthesis network as generated by KEGG using Arabidopsis thaliana loci identifiers, which correspond with the identified rose transcripts. Boxed enzyme commission (EC) numbers indicate enzyme class (Table 3). The red boxes represent higher gene expression and the blue boxes represent lower gene expression when comparing the Ger group (samples OB & OW9047) with the Far group (samples Rw & OW9035). The green boxes are hyperlinked to information of the corresponding genes and serve as an indication for pathway completeness. White boxes represent genes to which no information was gathered in this study. All the detail explanations of the notations on the diagram are available on the KEGG website (http://www.genome.jp/kegg/document/help_pathway.html).
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Table 1 . Several major volatile compounds present in individual roses that belong to one of the three groups: species rose, old garden rose and modern roses. Volatile data originated from Antonelli et al., 1997, Joichi et al., 2005 and Magnard et al., 2015.

 1 

			Relative abundance of volatile compound*	
	Name	1 (Most abundant)	2	3	4	5 (Least abundant)
	Species roses					
	Rosa gigantea	DMT	Dihydro-β-ionol			
	R. multiflora	2-Phenylethanol				
	Old Garden roses					
	R. × alba cv. 'Felicité Parmentier'	2-Phenylethanol	Benzyl alcohol	Geraniol	Nerol	Geranyl acetate
	R. × alba cv. 'Maidens Blush'	2-Phenylethanol	Benzyl alcohol	Geraniol	Nerol	Geranyl acetate
	R. × alba cv. 'Mme Plantier'	2-Phenylethanol	Benzyl alcohol	Geraniol	Nerol	2-Phenylethyl benzoate
	R. × alba cv. 'Queen of Denmark'	2-Phenylethanol	Benzyl alcohol	Geraniol	Nerol	Benzyl benzoate
	Bourbon R. cv. 'Louise Odier'	2-Phenylethanol	Benzyl alcohol	Geraniol	Nerol	Isoeugenol
	Bourbon R. cv. 'Mme Isaac Pereire'	2-Phenylethanol	Geraniol	Nerol	Benzyl alcohol	Geranyl acetate
	Bourbon R. cv. 'Variegata di Bologna'	2-Phenylethanol	Geraniol	Nerol	Benzyl alcohol	Benzyl benzoate
	R. × centifolia	2-Phenylethanol	Benzyl alcohol	Nerol	Geraniol	Geranyl acetate
	R. × centifolia cv. 'Blanche Moreau'	2-Phenylethanol	Geraniol	Geranyl acetate Nerol	Isoeugenol
	R. × centifolia cv. 'Old Pink Moss'	2-Phenylethanol	Benzyl alcohol	Nerol	Geraniol	E,E-farnesol
	R. × centifolia cv. 'Soupert et Notting'	2-Phenylethanol	Geraniol	Benzyl alcohol	Nerol	Geranyl acetate
	R. chinensis cv. 'Semperflorens'	Z-3-Hexenyl acetate Z-3-Hexenol	2-Phenylethanol Dihydro-β-ionol	TMB
	R. chinensis var. spontanea	TMB	Z-3-Hexenyl acetate Z-3-Hexenol	Hexyl acetate	Dihydro-β-ionol
	R. chinensis cv. 'Single Pink'	Z-3-Hexenyl acetate Z-3-Hexenol	TMB	Dihydro-β-ionol & Geraniol	Linalool
	R. chinensis cv. 'Viridiflora'	Z-3-Hexenyl acetate Z-3-Hexenol	TMB		
	R. chinensis cv. 'Mutabilis'	Geraniol	Geranial	Germacrene D	E-2-Hexenal	Z-3-Hexenyl acetate & Linalool
	R. chinensis cv. 'Miss Lowe'	Z-3-Hexenyl acetate Z-3-Hexenol	2-Phenylethanol TMB	Dihydro-β-ionol
	R. chinensis cv. 'Hermosa'	Z-3-Hexenyl acetate & Z-3-Hexenol	2-Phenylethanol	TMB		
	R. chinensis cv. 'Old Blush'	Geraniol	Dihydro-β-ionol	TMB	E-2-Hexenal	Germacrene D
	Rosa. x damascena	2-Phenylethanol	Citronellol	Geraniol	Linalool	Nerol
	R. x damascena cv. 'Kazanlik'	2-Phenylethanol	Geraniol	Nerol	Benzyl alcohol	Geranyl acetate
	R. x damascena cv. 'Marie Louise'	2-Phenylethanol	Geraniol	Nerol	Geranyl acetate	Benzyl alcohol
	R. x damascena cv. 'Pompon des Princes'	2-Phenylethanol	Geraniol	Nerol	Benzyl alcohol	Isoeugenol
	R. x eglanteria cv. 'Manning's Blush'	Benzyl alcohol	Geraniol	2-Phenylethanol Nerol	Benzyl benzoate
	R. x gallica cv. 'Belle Isis'	2-Phenylethanol	Geraniol	Benzyl alcohol	Nerol	Geranyl acetate
	R. x gallica cv. 'Charles de Mills'	2-Phenylethanol	Geraniol	Benzyl alcohol	Nerol	Geranyl acetate
	R. x gallica cv. 'Jenny Duval'	2-Phenylethanol	Geraniol	Geranyl acetate Benzyl alcohol	Nerol
	R. x gallica cv. 'Rose du Maitre d'Ecole'	2-Phenylethanol	Benzyl alcohol	Geraniol	Nerol	Benzyl benzoate
	R. x gallica cv. 'Tour de Malakoff'	2-Phenylethanol	Geraniol	Nerol	Benzyl alcohol	E,E-farnesol
	Noisette R. cv. 'Aimée Vibert'	2-Phenylethanol	Benzyl alcohol	Nonanal + Z-rose oxide	Geraniol & Benzyl benzoate	Nerol
	Noisette R. cv. 'Alister Stella Grey'	2-Phenylethanol	Phenylacetaldehyde Geraniol	Geranial	Geranic acid

Table 1 . (Continued)

 1 

			Relative abundance of volatile compound*	
	Name	1 (Most abundant)	2	3	4	5 (Least abundant)
	Old Garden roses					
	Perpetual R. cv. 'Ferdinand Pichard'	2-Phenylethanol	Geraniol	Nerol	Z-3-Hexenol	Benzyl benzoate
	Portland R. cv. 'Compte de Chambord'	2-Phenylethanol	Geraniol	Nerol	Geranyl acetate	Benzyl alcohol
	R. x rugosa cv. 'Roseraie de l'Hay'	Geraniol	Nerol	2-Phenylethanol Benzyl alcohol	Benzyl benzoate
	Tea R. cv. 'Lady Hillingdon'	DMT	Hexenyl acetate	β-Caryophyllene Dihydro-β-ionol	Geraniol
	Modern roses					
	R. x hybrida cv. 'Diorama'	DMT	Geraniol	Germacrene D	β-Ionone	Z-3-Hexenyl acetate
	R. x hybrida cv. 'Grand Mogul' DMT	Z-3-Hexenyl acetate β-Ionone	β-Caryophyllene	E,E-α-Farnesene & β-Ionol
	R. x hybrida cv. 'Papa Meilland' Geraniol	2-Phenylethanol	Geranial	Farnesol	Nerol
	R. x hybrida cv. 'Rouge Meilland'	DMT	E-2-Hexenal	Benzyl alcohol	Hexanal	Hexanol
	R. x hybrida cv. 'Hacienda'	2-Phenylethanol	Geraniol	Citronellol	Geranial	Farnesol
	R. x hybrida cv. 'Pariser Charme'	Geraniol	Geranial	Nerol	Citronellol & Eugenol	Farnesol
	R. x hybrida cv. 'Baccara'	Benzyl alcohol	Germacrene D	Z-3-Hexenol	Z-3-Hexenyl acetate	DMT
	R. x hybrida cv. 'Blue Moon'	Geraniol	Citronellol	Nerol	Citral	Linalool & Dihydro-β-ionol
	R. x hybrida cv. 'Anna'	Germacrene D	DMT	Dihydro-β-ionol	E-2-Hexenal	3,4-Dihydro-β-ionone
	R. x hybrida cv. 'Black Baccara' Benzyl alcohol	Benzaldehyde	DMT	Hexanal	Z-3-Hexenol

  al., 2011, Farhi et al., 2010, Guterman et al., 2002, Hirata et al., 2012, Hirata et al., 2016, Huang et al., 2009a, Huang et al., 2009b, Lavid et al., 2002, Magnard et al., 2015, Sakai et al., 2007, Scalliet et al., 2002, Scalliet et al., 2006, Shalit et al., 2003, Wang et al., 2012, Wu et al., 2004,

  Rosa x hybrida. In Flower Breeding and Genetics: Issues, Challenges and Opportunities for the 21st Century (Anderson, N.O., ed), pp. 695-740, Springer Netherlands.Following the discovery of an alternative pathway for the biosynthesis of terpenoids in rose (see Chapter 2), we found that an increasing number of studies show that plants can employ different strategies for the biosynthesis of volatile molecules. The article presented here, published in Trends in Plant Science (October 2016, Vol.21, No. 10), summarizes our knowledge on these new alternative pathways.

	42.	Zlesak, D.C. (2006) Rose:

Table S2 . List of 21 genes whose expression is upregulated in 'Papa Meilland', PM compared to 'Rouge Meilland', RM as revealed by microarray and cDNA AFLP analyses and expression of candidate genes in petals of 10 different rose cultivars at fully opened flower stage, analyzed by qPCR. a For microarray, fold increase represent the ratio of the mean sum intensity of two biological replicates for one probe set. NC, not calculated. b For qPCR analyses, values represent the relative quantity of cDNA, with expression in RM stated as 1. Expression was normalized with RhTUB and RhEF1a genes. AL, 'Alister Stella Grey

 S2 

	geraniol ionone			49.5	1.9	9.8	20.6	29.7 38.1		0.1			60.2 3.0 2.1
					methyltransferase									
	geranial dihydro-b-ionol PM45 BQ105260 9.9 0.1	0.1 0.2 Heat shock protein 2.6 6.3 0.3 0.0	13.8 3.2 11	6.1 11.6 14.3 0.0 4.9	1.0	13.4 0.4 0.7 2.8 6.1 0.0 0.7 2.8	0.5	0.5	1.3	2.6	0.4	0.6
	PM46	BQ104892	Common plant		7			4.8		1.0	42.2	3.7	7.2	6.9	5.7	15.4	3.0	4.2
	geranic acid Total volatiles			3.6 324 .4	0.0 27.0 regulatory factor 1.4 1.2 885.8 345.8	3.7 170.3	0.0 167.2	0.0 162.2	0.0 144.7	0.0 0.0 45.7 22.8
	geranyl acetate PM47 EC587456 0.4 36.8 +/-	0.0 2.7 Glucosyl transferase 0.4 0.6 170.7 42.6 +/-+/-+/-Triterpene UDP-	0.9 24.9 +/-7	0.2 26.6 +/-	0.0 38.7 +/-2.8	1.0	0.8 17.1 +/-1.2	3.8 0.0 0.0 1.8 +/-+/-1.6	1.6	1.6	4.3	3.3	0.7	3.0
	NER Clone n° PM51	6.6 Accession BQ104199	0.0 Blast result 1.2 factor MYBR2 transcription 3.3	15.5 Microarray 11	0.2	0.0 Relative expression of the candidate genes in the rose cultivars analyzed by qPCR 3.3 0.2 0.0 1.1 1.0 29.7 7.1 3.9 11.1 7.3 21.1 9.1 11.5 b
	nerol PM67	6.1 number BQ105660 Cytochrome P450-like 0.0 1.0 2.7 protein	13.7 increase fold 8	0.1	PM 5.1	0.0	RM 1.0	2.6	AL 0.8	0.2 0.0 HA 0.6	PC 0.2	OB 0.1	AN 0.7	MU 0.3	BA 0.4	BB 1.3
	neral RhNUDX1/PM1 PM84		0.5 JQ820249 BI977979	0.0 Nudix hydrolase 0.2 protein Auxin-responsive 0.6	1.8 7583 PM/RM 5	a	0.1 6980.1 1.0 4734.0 17962.0 7379.0 2334.6 0.0 0.7 0.0 0.0 1.4 1.0 4.0 5.3 1.1 7.4	0.1 2.7	5663.9 35.4	0.5 0.4	87.0 2.4
	Compounds CIT DIF1 PM88 PM3 FAD hexanal E-2-hexenal Z-3-hexenol E-2-hexenol GEM PM10 E-b-ocimene PM9 Z-b-ocimene PM6 b-myrcene PM5 MON PM4 DIF38	3.7 BQ105775 EC586313 PM 1.6 a 53.1 0.2 0.0 0.6 Short-chain alcohol 6.9 No significant dehydrogenase like RM AL HA 2.0 0.6 7.3 0.1 0.7 0.8 22.4 0.1 1.0 0.0 6.8 0.0 0.0 0.0 1.5 0.0 0.0 0.4 0.0 0.6 1.2 alcohol oxidase BQ106431 Long chain fatty 0.1 0.0 0.0 0.3 protein BI978145 Metal ion binding 0.0 0.0 0.0 0.1 BI977820 Aldoketoreductase glucosyltransferase 0.1 0.0 0.0 0.6 BQ105401 UDP-isomerase 0.2 0.0 0.0 1.0 homology protein EC586128 Peptidyl-prolyl EU603403 Putative laccase	5.5 5 375 Rose cultivars 0.6 PC OB 2.3 24.1 0.5 0.5 1.0 9.6 0.0 4.6 0.0 1.8 3.3 8.1 63 1.0 0.0 109 0.5 0.0 249 1308.8 1.0 146.0 0.0 0.0 3.7 1.0 0.4 3.1 1.0 0.1 AN MU 9.2 1.5 0.7 6.5 3.6 0.0 0.0 0.0 45.3 7.7 12.6 0.0 4.3 0.6 0.0 8.9 BA BB 1.8 0.8 28.7 1.0 0.3 0.5 0.0 10.1 8.1 0.1 0.0 0.0 0.0 5.1 1.0 13.5 6.6 4.1 8.0 0.0 0.0 91.8 0.0 0.0 2.0 9.7 2.3 0.0 0.0 0.1 262 108.8 1.0 7.9 2.3 0.0 0.0 7.5 33.7 34.2 3.8 0.0 0.1 0.1 0.0 0.0 330 1133.0 1.0 182.9 1141.9 NC 48.4 1.0 93.9 26.1	2.4 1.2 51.6 29.8 2904.1 5.5 71.5 53.5	0.7 0.8 0.8 7.3 1.7 1.6 538.8 595.8 879.0 239.2 88.3 1.5 1.4 0.4 0.1 0.0 0.1 12.5 14.4 1.1 1.7 0.4 2.7 5.0 12.6 10.6 11.8 7.7 61.7 316.2 370.5 2.1 6.6 3.7 157.7 0.2 39.6 267.8 384.6 240.9
	1-hexanol germacrene D PM13 BQ104744 0.1 0.4	6.9 0.0 BRH1 RING finger 0.0 0.1 0.4 1.1 protein	0.0 2.9 24		0.4 7.5	0.0 44.5 7.2	1.0	0.0 6.9 12.3 0.0 4.0 2.5 13.9 9.0	9.7	2.1	3.2	18.8	2.3	0.9
	Z-3-hexenyl acetate germacrene D-4-ol PM19 BI978913 0.1 0.0	5.7 0.0 No significant 0.0 0.2 homology	0.1 0.0	0.4 0.3 20		7.1 0.6	3.8	0.7 0.2	1.0	2.8 0.7 24.4	9.3 2.6 0.0 0.0 3.8	9.9	71.7	0.9	78.6	2.8	0.7
	hexyl acetate bicyclogermacrene PM20 BQ104568 0.0 0.0	0.6 0.0 PREG1-like negative 0.0 0.1 0.0 0.1 regulator	0.1 0.1 27		0.0 0.0	2.9	0.4 0.7	1.0	0.1 0.1	5.8	0.8 0.0 0.3 0.0 43	1.2	8.6	6.1	22.6	0.0	0.0
	nonanal FAR PM29	0.0 9.2 BQ106437	1.9 4.1 Hypothetical protein 0.0 0.0 0.5 6.1 A. thaliana	0.3 5.9 16		0.1 0.1	7.2	0.1 0.0	1.0	0.3 0.8 10.1	1.6 2.5 0.5 0.0 3.1	4.0	3.2	3.3	12.8	1.1	1.5
	BAL E-b-farnesene PM35	1.2 0.3 BQ106017	14.1 0.6 isoenzyme 1 0.6 0.0 R-oxynitrile lyase 1.0 0.5	2.5 1.1 11		0.1 0.0	7.1	0.6 0.0	1.0	0.3 24.6 46.8 0.0 0.2 0.0 1.4 0.5	0.0	0.3	0.3	1.3	0.0	0.1
	benzyl alcohol farnesol PM36	1.1 8.6 EC586532	13.9 0.3 3.5 0.4 Delta24-sterol-C-0.9 5.1	2.3 4.7 10		0.1 0.1	6.9	0.6 0.0	1.0	0.3 24.1 34.5 0.8 0.3 0.0 2.4 2.6	7.1	1.8	2.0	9.0	0.1	0.3
	benzaldehyde farnesal			0.1 0.2	0.2 0.0	0.3 0.0	0.1 0.1	0.2 0.1		0.0 0.0		0.0 0.0			0.0 0.0		0.5 12.3 0.0 0.0
	PHE farnesyl acetate	12.7 0.1	0.0 80.5 0.0 0.1	47.1 0.4	0.1 0.0		0.4 0.0		0.0 0.0			0.6 0.0		3.5 4.5 0.0 0.0
	2-phenylethanol SES	12.0 0.1	0.0 68.9 0.0 0.1	44.3 0.8	0.1 3.8		0.4 0.6		0.0 8.5			0.5 0.7		3.4 3.9 3.2 0.0
	phenylacetaldehyde 0.7 d-cadinene 0.0	0.0 11.6 0.0 0.0	2.8 0.3	0.0 0.4		0.0 0.2		0.0 2.1			0.1 0.4		0.1 0.5 1.4 0.0
	DMT a-cadinol			0.6 0.1	24.3 0.1 0.0 0.0	1.6 0.3	0.0 0.9		0.1 0.2	15.8 3.2			0.6 0.2		7.1 11.7 1.0 0.0
	TMB t-cadinol			0.2 0.0	0.6 0.0	0.0 0.0	0.0 0.1	0.0 0.3		9.7 0.0		0.0 1.2			1.1 0.0		4.3 0.0 0.5 0.0
	EUG t-muurolol			0.1 0.0	1.0 0.0	1.2 0.1	0.3 0.1	5.8 0.8		0.0 0.2		0.6 2.0			0.0 0.1		0.1 0.0 0.3 0.0
	eugenol elemol			0.0 0.0	1.0 0.0	1.1 0.0	0.2 0.0	5.5 1.3		0.0 0.0		0.2 0.0			0.0 0.0		0.1 0.0 0.0 0.0
	methyleugenol ION	0.1 0.1	0.0 0.8	0.1 0.4	0.1 0.0	0.3 3.3	0.0 11.7 19.8 0.4			0.0 2.9		0.0 0.0 6.2 0.0
	GER 3,4-dihydro-b-		63.4 0.0	2.0 14.2 0.6 0.1	28.7 0.0	48.1 44.4 0.1 0.1		0.1 5.5			74.4 3.4 2.8 0.1 0.1 0.0

'; HA, 'Hacienda'; PC, 'Pariser Charme'; OB, 'Old Blush'; AN, 'Anna'; MU, 'Mutabilis'; BB, 'Black Baccara'; BA, 'Baccara'.

Table S3 . Major volatile terpenes extracted from petals of RNAi-RhNUDX1 transgenic rose lines A, B and C and analyzed by GC-FID and GCMS. a Volatiles are expressed in µg per g of fresh weight (averages of 6 different replicates). b geraniol derivatives : geraniol, geranial, geranyl acetate, nerol, neral, citronellol and citronellal. NT, not transformed.
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	Compounds	NT	35S::GUS	Line A	Line B	Line C
	Total monoterpenes	17.5 a	25.3	0.6	20.2	28.1
	Total geraniol	16.4	25.0	0.6	19.5	26.8
	derivatives b					
	geraniol	12.4	20.4	0.4	15.3	20.1
	geranial	1.5	4.1	0.2	2.5	2.6
	geranyl acetate	1.4	0.2	0.0	0.9	2.2
	nerol	0.3	0.1	0.0	0.2	0.5
	neral	0.0	0.1	0.0	0.0	0.1
	citronellol	0.5	0.2	0.0	0.4	0.7
	citronellal	0.3	0.0	0.0	0.2	0.6
	linalool	0.1	0.0	0.0	0.1	0.2
	limonene	0.7	0.0	0.0	0.3	0.9
	ß-myrcene	0.1	0.2	0.0	0.0	0.1
	ß-pinene	0.1	0.0	0.0	0.2	0.2
	a-pinene	0.1	0.0	0.0	0.0	0.1
	Total sesquiterpenes	10.1	9.5	18.3	8.1	11.5
	ß-elemene	0.1	0.1	0.1	0.1	0.2
	ß-caryophyllene	0.0	0.0	0.2	0.0	0.2
	a-humulene	0.3	0.0	0.3	0.0	0.1
	a-muurolene	0.4	0.0	0.3	0.1	0.3
	germacrene D	5.2	4.5	9.2	3.5	4.9
	bicyclogermacrene	0.2	0.0	0.4	0.0	0.2
	E,E a-farnesene	0.2	0.0	0.4	0.1	0.3
	D-cadinene	0.6	0.2	0.9	0.3	0.7
	unknown	0.2	0.0	0.2	0.0	0.1
	sesquiterpene					
	germacrene D-4-ol	0.7	2.1	1.8	1.4	1.0
	T-cadinol	0.6	0.1	1.0	0.4	0.8
	T-muurolol	0.3	1.0	1.0	0.9	0.5
	a-muurolol	0.0	0.1	0.3	0.2	0.4
	a-cadinol	1.2	1.1	2.1	0.9	1.7
	Farnesol	0.0	0.3	0.1	0.1	0.1

Table S4 . Major volatile terpenes extracted from transiently transformed petals of 'The Mac Cartney rose' cultivar and analyzed by GC-FID and GCMS. a Volatiles are expressed in µg per g of fresh weight (averages of 6 different replicates). b geraniol derivatives : geraniol, geranial, geranyl acetate, nerol, neral, citronellol and citronellal. NT, not transformed.
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	Compounds	NT	35S::GFP	RNAi-RhNUDX1
	Total monoterpenes	47.4 a	52.2	31.1
	Total geraniol	21.7	19.7	10.3
	derivatives b			
	geraniol	0.4	0.3	0.1
	nerol	7.5	7.0	3.5
	neral	0.4	0.6	0.3
	neryl acetate	1.6	0.0	0.0
	citronellol	11.6	11.8	6.4
	citronellyl acetate	0.1	0.1	0.0
	limonene	4.0	5.2	3.8
	ß-myrcene	12.2	14.3	10.2
	a-phellandrene	0.0	0.2	0.0
	a-terpinene	0.2	0.6	0.2
	g-terpinene	0.0	0.4	0.1
	a-terpinolene	1.1	1.4	1.0
	Z-ß-Ocimene	3.2	3.9	2.5
	E-ß-Ocimene	4.1	5.6	2.4
	allo-ocimene	0.8	1.0	0.6
	Total sesquiterpenes	9.7	6.2	6.8
	germacrene D	6.1	4.1	5.0
	E-ß-farnesene	0.1	0.1	0.1
	D-cadinene	2.3	1.6	1.7
	T-cadinol	0.7	0.5	0.0

Table S5 . Kinetic parameters of RhNUDX1 with potential substrates. Data are expressed as the means of triplicates assays using NusA-RhNUDX1 and standard errors are indicated between brackets; n.d.: not determined, as too little activity was observed with these substrates.
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		Km (nM)	Kcat (s -1 )	Kcat/Km (M -1 .s -1 )
	GPP	140 (30)	0.02	143000
	FPP	480 (80)	0.0033	6875
	dGTP	n.d.	n.d.	n.d.
	8-oxo-dGTP	n.d.	n.d.	n.d.

  Within the equation, NMP represents a nucleotide monophosphate and P-X represents a phosphate linked to the moiety X(Kraszewska, 2008). Commonly known substrates of Nudix hydrolases include nucleoside triphosphates ((d)NTPs) and their oxidized derivatives, such as 8-oxo-dGTP, nucleotide sugars and alcohols, dinucleoside polyphosphates (Np n N), dinucleotide coenzymes and capped RNAs(Kraszewska, 2008, McLennan, 2006).

these analyses, another expressed NUDX1 gene was found in the rose cultivar, Rosa x wichurana, and thus named RwNUDX1-2. The firstly discovered gene was renamed NUDX1-1a. In order to study the function of this new NUDX1 protein, we analysed the volatile profiles of an F 1 -progeny generated by crossing R. x wichurana with R. chinensis cv. 'Old Blush'. The expressions of the two NUDX1 genes, NUDX1-1a and NUDX1-2, in 18 selected progeny individuals were analysed. When performing a correlation test of these volatile profiles with gene expression data, we discovered that NUDX1-2 gene expression was involved in the biosynthesis of a group of sesquiterpenoids: specially E,Efarnesol and other sesquiterpenes. To further confirm this hypothesis, in vitro enzyme assays and in vivo expression of the NUDX1 gene were conducted in collaboration with P. Hugueney and his colleagues (Métabolisme Secondaire de la Vigne, INRA Colmar, France). Meanwhile, a quantitative trait locus (QTL) analysis was conducted by F. Foucher and his colleagues (Institut de Recherche en Horticulture et Semences, INRA Angers, France), for which they used the data of E,E-farnesol content in the progenies and the genetic map constructed based on gene markers. Furthermore, in order to understand how the NUDX1 interacts with its substrates and why it doesn't accept oxidized nucleotides (e.g. 8-oxo-dGTP) as substrates, NUDX1 protein structures were investigated. C. Tisné and her colleagues (Laboratoire de Cristallographie et RMN biologiques, Université Paris Descartes, France) studied the protein structure upon crystallization, while S. Rety and his colleagues (Institut de Biologie et Chimie des Protéines, France) used the crystallized structure to predict the structures of all the other rose NUDX1 proteins via a computational technique, protein structural modelling. All these results will be presented and discussed in this chapter. This chapter is in preparation for submission. of both monoterpenoids and sesquiterpenoids in roses

  al., 2006, Ge et al., 2007, Jambunathan and Mahalingam, 2006, Jambunathan et al., 2010, Jayakannan et al., 2015, Wang et al., 2013, Zeng et al., 2014). AtNUDX11, on the other hand, plays an important role in regulation of CoA derivatives, which are essential for the production and degradation of primary and secondary metabolites (Ito et al., 2012b, Kupke et al., 2009). A special member of the Nudix hydrolase superfamily, AtDcp2, possesses a decapping function, which is essential for mRNA regulation (Gunawardana et al., 2008, Iwasaki et al., 2007, Xu et al., 2006).

Table 1 . Summary of members of Nudix hydrolases in Arabidopsis thaliana (At)
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	Protein	Locus	Length (aa)	Subcellular Location	Substrates	Subfamily	Reference
	AtNUDX1 (AtNUDT1)	AT1G68760 147	Cytoplasm	NADH, DHNTP, 8-oxo-dGTP, dNTP	Dihydroneopterin triphosphate hydrolase	(Dobrzanska et al., 2002, Klaus et al., 2005, Ogawa et al., 2005, Yoshimura et al., 2007)
	AtNUDX2 (AtNUDT2)	AT5G47650 278	Cytoplasm *	ADP-ribose	FGFTNE	(Ogawa et al., 2009, Ogawa et al., 2005)
	AtNUDX3 (AtNUDT3)	AT1G79690 772	Cytoplasm *	IPP, dipeptidyl-2-arylamide	Unknown	(Karačić et al., 2017)
	AtNUDX4 (AtNUDT4)	AT1G18300 207	Cytoplasm *	Unknown	DIPP	(Gunawardana et al., 2009, Kraszewska, 2008)
	AtNUDX5 (AtNUDT5)	AT2G04430 302	Cytoplasm *	Unknown	FGFTNE	(Gunawardana et al., 2009, Kraszewska, 2008)
	AtNUDX6 (AtNUDT6)	AT2G04450 283	Cytoplasm *	NADH	FGFTNE	(Ishikawa et al., 2010a, Ishikawa et al., 2010b, Ogawa et al., 2016)
							(Bartsch et al., 2006, Ge et al.,
							2007, Ishikawa et al., 2010b,
	AtNUDX7 (AtNUDT7 , AtGFG1)	AT4G12720 322	Cytoplasm *	ADP-ribose, NADH	FGFTNE	Jambunathan and Mahalingam, 2006, Jambunathan et al., 2010, Ogawa et al., 2016, Olejnik
							and Kraszewska, 2005, Tang
							et al., 2015, Zeng et al., 2014)
	AtNUDX8 (AtNUDT8)	AT5G47240 369	Cytoplasm *	Unknown	FGFTNE	(Gunawardana et al., 2009, Kraszewska, 2008)
	AtNUDX9 (AtNUDT9)	AT3G46200 311	Cytoplasm *	GDP-D-mannose Unknown	(Tanaka et al., 2015)
	AtNUDX10 (AtNUDT10)	AT4G25434 304	Cytoplasm *	ADP-ribose	FGFTNE	(Ogawa et al., 2005)
					CoA, succinyl-		
	AtNUDX11 (AtNUDT11, AtCoAse)	AT5G45940 222	Cytoplasm	CoA, malonyl-CoA, lauroyl-CoA, myristoyl-	Coenzyme A pyrophosphatase	(Ito et al., 2012b, Kupke et al., 2009, Ogawa et al., 2005)
					CoA, CoASSCoA		
	AtNUDX12 (AtNUDT12)	AT1G12880 203	Mitochondria*	Unknown	DIPP	(Gunawardana et al., 2009, Kraszewska, 2008)
	AtNUDX13 (AtNUDT13)	AT3G26690 202	Mitochondria	Ap6A, Ap5A, p4A DIPP	(Olejnik et al., 2007)
	AtNUDX14 (AtNUDT14, AtASPP)	AT4G11980 309	Chloroplasts	ADP-glucose, ADP-ribose	Unknown	(Muñoz et al., 2006, Ogawa et al., 2008)
					CoA, succinyl-		
	AtNUDX15 (AtNUDT15, AtCoAse1)	AT1G28960 293	Mitochondria	CoA, malonyl-CoA, lauroyl-CoA, myristoyl-	Coenzyme A pyrophosphatase	(Ito et al., 2012b, Ogawa et al., 2008)
					CoA, CoASSCoA		
	AtNUDX16 (AtNUDT16)	AT3G12600 180	Mitochondria*	Unknown	DIPP	(Gunawardana et al., 2009, Kraszewska, 2008)
	AtNUDX17 (AtNUDT17)	AT2G01670 182	Mitochondria*	Unknown	DIPP	(Gunawardana et al., 2009, Kraszewska, 2008)
	AtNUDX18 (AtNUDT18)	AT1G14860 176	Mitochondria*	Unknown	DIPP	(Gunawardana et al., 2009, Kraszewska, 2008)
	AtNUDX19 (AtNUDT19)	AT5G20070 438	Chloroplasts	NADH, NADPH	Unknown	(Ogawa et al., 2008)
	AtNUDX20 (AtNUDT20)	AT5G19460 374	Chloroplasts*	dNTP, thiamin diphosphate	Unknown	(Goyer et al., 2013, Yoshimura and Shigeoka, 2015)
	AtNUDX21 (AtNUDT21)	AT1G73540 198	Chloroplasts*	Unknown	DIPP	(Gunawardana et al., 2009, Kraszewska, 2008)

Table 1 . (Continues)

 1 This table is modified from[START_REF] Gunawardana | A comprehensive bioinformatics analysis of the Nudix superfamily in Arabidopsis thaliana[END_REF], Kraszewska, 2008, Yoshimura and Shigeoka, 2015). * Subcellular locations are predicted results obtained from[START_REF] Ogawa | Comprehensive analysis of cytosolic Nudix hydrolases in Arabidopsis thaliana[END_REF], Ogawa et al., 2008, Yoshimura and Shigeoka, 2015). Abbreviation: 8-oxo-dGTP, 8-oxodeoxyguanosine triphosphate; Ap3A, diadenosine triphosphate; Ap4A, diadenosine tetraphosphate; Ap5A, diadenosine pentaphosphate; ASPP, ADP-sugar pyrophophatase; CoA, Coenzyme A; CoASSCoA, oxidized-CoA; DHNTP, pyrophosphate from dihydroneopterin triphosphate; DIPP, diphosphoinositol polyphosphate phosphohydrolases; dNTP: deoxynucleotide triphosphate; FAD, flavin adenine dinucleotide; FGFTNE, fibroblast growth factor type Nudix enzyme; NADH, reduced form of nicotinamide adenine dinucleotide; p4A, adenosine 5'-tetraphosphate; ppGpp, guanosine-3',5'-tetraphosphate.

	Protein	Locus	Length (aa)	Subcellular Location	Substrates	Subfamily	Reference
	AtNUDX22 (AtNUDT22)	AT2G33980 302	Chloroplasts*	Unknown	Coenzyme A pyrophosphatase	(Gunawardana et al., 2009, Kraszewska, 2008)
	AtNUDX23 (AtNUDT23)	AT2G42070 280	Chloroplasts	ADP-ribose, FAD Unknown	(Ogawa et al., 2008)
	AtNUDX24 (AtNUDT24)	AT5G19470 365	Chloroplasts*	Unknown	Unknown	(Kraszewska, 2008)
	AtNUDX25 (AtNUDT25)	AT1G30110 175	Cytoplasm *	Ap4A	ApnA hydrolase	(Szurmak et al., 2008, Yoshimura et al., 2007)
	AtNUDX26 (AtNUDT26)	AT3G10620 216	Chloroplasts	Ap3A, Ap4A, Ap5A, ppGpp	ApnA hydrolase	(Ito et al., 2012a, Ogawa et al., 2008)
	AtNUDX27 (AtNUDT27)	AT5G06340 227	Chloroplasts	Ap5A	ApnA hydrolase	(Ogawa et al., 2008)
	AtDcp2	AT5G13570 386	Cytoplasm	Capped mRNA	mRNA decapping enzyme	(Gunawardana et al., 2008, Iwasaki et al., 2007, Xu et al., 2006)

  H 17 ] + (m/z 137.1325) for geranyl glycosides and [C 15 H 24 ] + (m/z 205.1952) for farnesyl glycosides. The major geranyl glycosides were putatively identified as hexosyl-geraniol (C 16 H 28 O 6 ), malonyl-hexosyl-geraniol (C 19 H 30 O 9 ) and pentosylhexosyl-geraniol (C 21 H 36 O 10 ). Similarly, the main farnesyl glycosides were putatively identified as hexosyl-farnesol (C 21 H 36 O 6 ) and malonyl-hexosyl-farnesol (C 24 H 38 O 9

Table 2 . Similarity of amino acid sequences among five rose NUDX1 proteins and one A. thaliana protein.
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	Protein	RhNUDX1-1 RcNUDX1-1a RcNUDX1-1b RwNUDX1-1 RcNUDX1-2 RwNUDX1-2 AtNUDX1
	RhNUDX1-1	-	98.7%	98.7%	98.7%	76.8%	76.2%	65.0%
	RcNUDX1-1a	98.7%	-	97.3%	97.3%	76.2%	75.5%	64.3%
	RcNUDX1-1b	98.7%	97.3%		100%	78.1%	77.5%	66.4%
	RwNUDX1-1	98.7%	97.3%	100%	-	78.1%	77.5%	66.4%
	RcNUDX1-2	76.8%	76.2%	78.1%	78.1%	-	97.3%	62.2%
	RwNUDX1-2	76.2%	75.5%	77.5%	77.5%	97.3%	-	62.2%
	AtNUDX1	65.0%	64.3%	66.4%	66.4%	62.2%	62.2%	-

Table 3 . Ten major volatile compounds extracted from petals of R. chinensis cv. 'Old Blush' (OB) and R. x wichurana (Rw) at fully open flower stage (stage four) and analysed by GC-MS. Values represent relative proportion of total amount (average value of 3 to 6 different replicates from both 2014 and 2015).
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	OB		Rw	
	Compounds	%	Compounds	%
	TMB	27.71 2-PE	73.04
	Nonadecene	14.97 Nonadecane	13.48
	Geraniol	10.96 Eicosane	5.05
	Dihydro-β-ionol	9.90	E,E-Farnesol	2.17
	Germacrene-D	8.42	Farnesyl acetate	0.83
	Z-3-Hexenyl acetate	5.55	Z-3-Hexenol	0.77
	Nonadecane	5.30	E-β-Farnesene	0.75
	Geranial	4.43	2-PEA	0.53
	δ-Cadinene	1.24	Octadecane	0.53
	E-2-Hexenal	1.21	E-2-Hexenal	0.48
	Abbreviation: TMB, 1,3,5-trimethoxybenzene; 2-PE, 2-phenyl ethanol; 2-PEA, 2-phenylethyl acetate.

Table 4 . Kinetic parameters of NUDX1 proteins: RcNUDX1-1a, RcNUDX1-1b, RhNUDX1-1, RwNUDX1-2, AtNUDX1 with several potential substrates (GPP: geranyl diphosphate; FPP: farnesyl diphosphate; IPP: isopentenyl diphosphate; and 8-oxo-dGTP: 8-oxo-2'-deoxy-guanosine-5'-triphosphate). Data are presented as the means of three to six replicates using native protein and standard deviation (SD) are indicated between brackets.
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	Protein	Substrates	Activities*	K M (M)		k cat (s -1 )	k cat /K M (M -1 ⋅s -1 )
		GPP	+	1.96×10 (1.36×10	-6 -7 )	0.20 (0.09)	1.02×10	5
	RcNUDX1-1a	FPP	+	4.00×10 (1.01×10	-6 -6 )	0.73 (0.48)	1.82×10	5
		IPP	+	n.c	§		n.c.	n.c.
		dGTP	-	n.d	¤		n.d.	n.d.
		8-oxo-dGTP	-	n.d		n.d.	n.d.
		GPP	+	2.61×10 (1.10×10	-7 -7 )	0.30 (0.09)	1.15×10	6
	RcNUDX1-1b	FPP	+	5.55×10 (6.86×10	-7 -8 )	1.37 (0.81)	2.47×10	6
		IPP	+	n.c.		n.c.	n.c.
		dGTP	-	n.d		n.d.	n.d.
		8-oxo-dGTP	-	n.d.		n.d.	n.d.
		GPP	+	1.13×10 (4.13×10	-6 -7 )	0.29 (0.11)	2.57×10	5
	RhNUDX1-1	FPP	+	1.54×10 (1.88×10	-6 -7 )	1.21 (0.74)	7.86×10	5
		IPP	+	n.c.		n.c.	n.c.
		dGTP	-	n.d		n.d.	n.d.
		8-oxo-dGTP	-	n.d.		n.d.	n.d.
		GPP	+	8.78×10 (9.01×10	-6 -7 )	0.21 (0.09)	2.39×10	4
	RwNUDX1-2	FPP	+	4.95×10 (7.90×10	-7 -8 )	1.67 (1.51)	3.37×10	6
		IPP	+	n.c.		n.c.	n.c.
		dGTP	-	n.d		n.d.	n.d.
		8-oxo-dGTP	-	n.d.		n.d.	n.d.
		GPP	+	1.38×10 (4.86×10	-7 -8 )	0.26 (0.10)	1.88×10	6
	AtNUDX1	FPP	+	4.84×10 (1.05×10	-7 -7 )	1.91 (0.45)	3.95×10	6
		IPP	+	n.c.		n.c.	n.c.
		dGTP	+	n.c.		n.c.	n.c.
		8-oxo-dGTP	+	n.c.		n.c.	n.c.

*: Activities indicate

Table 1 . Kinetic parameters of NUDX1 proteins: RcNUDX1-1a, RcNUDX1-1b, mutated RcNUDX1-1a (at 70D to G) and mutated RcNUDX1-1b (at 70G to D) with several potential substrates (GPP: geranyl diphosphate; FPP: farnesyl diphosphate; IPP: isopentenyl diphosphate; and 8-oxo-dGTP: 8-oxo-2'-deoxy-guanosine-5'- triphosphate). Data of RcNUDX1-1a and RcNUDX1-1b are presented as the means of three to six replicates using native protein and standard deviation (SD) are indicated between brackets. Data of mutated RcNUDX1-1a and mutated RcNUDX1-1b are presented as the exact value obtained from only one replicate.
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	Protein

*: Activities indicate the interaction between the protein and the substrate, + means interaction was detected and -means no interaction was detected.

Table S1 . List of primers that were used for PCR (including qRT-PCR).
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	Primer name	Primer sequences (5'->3')				Purpose									
	19.1 HS F		GACGGCGCCGCTCCTCTC				Forward primer, internal primer for NUDX1 amplification			
	19.1 5R		CCCACTCATACCATCC				Reverse primer, internal primer for NUDX1 amplification			
	M-NUDX F1 M-NUDX R1 NUDXq	ATGGGAAACGAGACAGTAGTAGT TCATGTTGGAAAAGGGTTAAATCC Bio1 RT1 TeR1 Bio1 RT1 TeR2 Bio1 RT2 TeR1 Bio1 RT2 TeR2 Bio2 RT1 TeR1 Bio2 RT2 TeR1 Average STD Heptane Hexanal 2-Hexanol E-2-Hexenal Z-3-Hexenol E-2-Hexenol 1-Hexanol Amyl acetate Forward primer, for NUDX1-1 amplification Reverse primer, for NUDX1-1 amplification 43.010 21.048 27.779 27.543 26.648 22.577 28.101 7.811 0.00 0.16 0.14 3.49 36.63 1.95 0.80 0.00	E-2-Hexenyl formate 0.00
	NUDXq NUDX AT1 F NUDXq	CACCTTGGTTCCGCGTGGATCCATGTCGACA 21.954 26.020 GGAGAAGCGATA 25.421 25.892	Forward primer, for protein expression and purification of 15.727 17.086 20.197 4.713 0.10 1.32 0.41 AtNUDX1 18.556 20.606 22.619 3.611 0.00 0.13 0.80	11.97 3.77	11.55 8.81	2.17 2.85	2.22 1.80	0.00 0.00	0.03 0.00
	NUDX AT1 R NUDXq NUDXq NUDXq	TTAGTCTCCACCACCATGAG 0.003 0.002 41.331 24.532 36.018	0.002 21.280 39.194	0.003 19.973	0.003 Reverse primer, for protein expression and purification of 0.003 0.003 0.000 0.00 0.30 0.00 8.799 12.571 21.414 11.365 12.04 0.21 0.86 AtNUDX1 29.754 31.649 34.154 4.263 0.07 0.23 0.00	30.73 15.15 7.27	34.89 6.49 11.80	6.61 0.63 3.81	1.89 0.54 0.38	0.00 0.00 0.00	0.00 0.00 0.00
	NUDXq NUDX OB1 F NUDXq	CACCTTGGTTCCGCGTGGATCCATGGGAAAC 0.015 0.009 0.008 0.009 GAGACAGTAGTAG 0.013 0.006 0.008 0.007	Forward primer, for protein expression and purification of 0.070 0.058 0.028 0.028 0.00 0.30 0.01 NUDX1-1 0.002 0.003 0.007 0.004 0.00 0.00 0.00	9.13 9.19	1.40 10.16	0.37 3.66	0.06 3.02	0.00 0.00	0.00 0.00
	NUDX OB1 R NUDXq NUDXq NUDXq	TCATGTTGGAAAAGGATTAAATC 32.241 18.281 18.119 0.002 0.001 0.009 0.005 0.005	20.464 0.006	28.062 Reverse primer, for protein expression and purification of 24.142 23.552 5.710 7.90 0.19 0.00 0.006 0.004 0.003 0.002 0.00 0.75 0.42 NUDX1-1 0.006 0.007 0.006 0.001 0.07 0.74 0.28	23.71 3.69 14.19	15.60 0.64 23.82	1.61 0.55 6.60	0.46 0.51 3.33	0.00 0.00 0.00	0.00 0.07 0.13
	NUDXq NUDX OB2 R3 GATTAAAAAGGGAAAGGATTAAATCCAGCC 20.283 9.260 13.139 14.862 NUDXq 0.012 0.013 0.007 0.007	Reverse primer, for protein expression/ purification and 21.917 23.046 17.084 5.493 0.00 0.46 0.00 transactivation of NUDX1-2 0.006 0.005 0.008 0.003 0.00 0.47 0.00	3.30 4.65	4.41 5.30	1.11 0.51	0.71 0.62	0.00 0.00	0.00 0.00
	NUDX qPCR F AAGCCAAACCATCGCAGTAC NUDXq 38.204 NUDX qPCR R GGAAGATTGTCCCACTCATACC 14.126 23.669 28.656 NUDXq NUDXq 67.905 33.968 48.690	37.509	52.984 Forward primer, for qPCR amplication on NUDX1-1 56.420 40.433 19.237 0.00 0.24 18.036 18.081 22.111 5.102 0.00 0.41 Reverse primer, for qPCR amplication on NUDX1-1 60.735 60.341 51.525 13.737 0.00 0.00	0.00 0.00 0.00	3.39 3.02 2.86	2.39 7.23 6.78	0.76 0.88 1.82	0.24 0.23 0.42	0.00 0.00 0.00	0.00 0.00 0.00
	Rc TCTP F OB	NUDXq	TTGGTCTTTGCCTACTACAAAGAGG 39.010 29.228 25.945	24.988	Forward primer, for qPCR control, housekeeping gene TCTP 32.788 37.095 31.509 5.793 0.00 0.26 0.15	5.26	1.30	0.66	0.48	0.00	0.07
	Rc TCTP R Rw	NUDXq	AAGCCAGTTGCTACTTCTTAGCACT 0.007 0.004 0.006	0.005	Reverse primer, for qPCR control, housekeeping gene TCTP 0.004 0.004 0.005 0.001 0.00 0.31 0.09	1.44	2.29	0.11	0.11	0.00	0.00
	Rc Tub F	ATTGAGCGTCCCACCTACAC RwNUDXq 7.213 0.000 RwNUDXq RwNUDXq 8.157		6.020 0.000 8.193		5.525 Forward primer, for qPCR control, housekeeping gene 4.428 5.797 1.155 0.00 0.16 0.001 0.001 0.000 0.000 0.10 1.32 Tublin 5.292 6.126 6.942 1.464 0.00 0.13	0.14 0.41 0.80	3.49 11.97 3.77	36.63 11.55 8.81	1.95 2.17 2.85	0.80 2.22 1.80	0.00 0.00 0.00	0.00 0.03 0.00
	Rc Tub R	RwNUDXq AGCATGAAATGGATCCTTGG 10.675 RwNUDXq 8.088	9.980 7.604		Reverse primer, for qPCR control, housekeeping gene 9.332 8.693 9.670 0.851 0.00 0.30 Tublin 2.169 2.698 5.140 3.138 12.04 0.21	0.00 0.86	30.73 15.15	34.89 6.49	6.61 0.63	1.89 0.54	0.00 0.00	0.00 0.00
	Rc EF1 F Rc EF1 R	GGTAAGGACCTTCACATC RwNUDXq 4.927 CAGCCTCCTTCTCAAACCTCT 4.687 RwNUDXq RwNUDXq 8.919		5.287 4.294 9.037		4.454 Forward primer, for qPCR control, housekeeping gene EF1 4.482 4.787 0.398 0.07 0.23 0.00 6.871 7.062 5.729 1.441 0.00 0.30 0.01 Reverse primer, for qPCR control, housekeeping gene EF1 4.487 4.671 6.778 2.541 0.00 0.00 0.00	7.27 9.13 9.19	11.80 1.40 10.16	3.81 0.37 3.66	0.38 0.06 3.02	0.00 0.00 0.00	0.00 0.00 0.00
	RwNUDX qPCR F	GAGCTTTGAGGAGTGTGCAAC RwNUDXq 0.006 0.007 RwNUDXq 0.001 0.001		0.002 Forward primer, for qPCR amplication on NUDX1-2 0.001 0.004 0.003 7.90 0.19 0.005 0.005 0.003 0.002 0.00 0.75	0.00 0.42	23.71 3.69	15.60 0.64	1.61 0.55	0.46 0.51	0.00 0.00	0.00 0.07
	RwNUDX qPCR R	RwNUDXq GCTGTTGATGATCTGCCAAGG 0.002 0.001 0.000 0.000 RwNUDXq RwNUDXq 10.825 8.352		0.001 Reverse primer, for qPCR amplication on NUDX1-2 0.002 0.001 0.001 0.07 0.74 0.001 0.001 0.001 0.000 0.00 0.46 4.261 3.729 6.792 3.390 0.00 0.47	0.28 0.00 0.00	14.19 3.30 4.65	23.82 4.41 5.30	6.60 1.11 0.51	3.33 0.71 0.62	0.00 0.00 0.00	0.13 0.00 0.00
	CACCTTGGTTCCGCGTGGATCCATGGTCAAC RwNUDXq 4.956 4.291 RwNUDX F GAGACGGTGG RwNUDXq 5.876 5.429	Forward primer, for protein expression/ purification of 8.514 8.250 6.503 2.189 0.00 0.24 0.00 NUDX1-2 4.236 3.828 4.842 0.968 0.00 0.41 0.00	3.39 3.02	2.39 7.23	0.76 0.88	0.24 0.23	0.00 0.00	0.00 0.00
	RwNUDX 32F RwNUDXq CACCATGGTCAACGAGACGGTG 0.002 0.002 OB RwNUDXq 0.001 0.001		0.003 Forward primer, for transactivation of NUDX1-2 0.003 0.002 0.001 0.00 0.00 0.001 0.001 0.001 0.000 0.00 0.26	0.00 0.15	2.86 5.26	6.78 1.30	1.82 0.66	0.42 0.48	0.00 0.00	0.00 0.07
	Rw	RwNUDXq	11.131		8.657		6.143	6.539	8.117	2.292	0.00	0.31	0.09	1.44	2.29	0.11	0.11	0.00	0.00

Table 1 . PCR primers used for genome-walking
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	Primary PCR	Sequence	Nested PCR	Sequence	Purpose
	primer		primer		
	GeW Rw R1 CAACAGGCATACTA	GeW Rw R2	ACCCCGAAGTTTCAGC	To obtain the upstream
		CCACCGCCACTTTT		CACTACTACTGT	sequence of RcNUDX1-1a
	GeW Rw F1	CGTCAAGAGCCCCA	GeW Rw F2	ACTCTTTTGGCCTTTG	To obtain the downstream
		GAATATTGAGCCAA		GAGAACGTGGTT	sequence of RcNUDX1-1a
	GeW Rw R3 CCAAGAGCACGTTTT	GeW Rw R4	GCCACTTTTATCGACC	To obtain the upstream
		GGCCTCTCAAC		CTGCAGTTTCAG	sequence of RcNUDX1-1b
	GeW Rw F3	CGTCAAGAGCCCCA	GeW Rw F4	ATTCTGTGATGGTTGG	To obtain the downstream
		GAATATTGAGCCAG		GGATGGTATGAGTG	sequence of RcNUDX1-1b
	GeW Rw R5 CGTACTGGTATGGTT	GeW Rw R6	TCTTGTTGCACACTCCT	To obtain the upstream
		CGGCTTTGTCCAA		CAAAGCTCTCA	sequence of RwNUDX1-2
	GeW Rw F5	GGACAAAGCCGAAC	GeW Rw F6	CCTTGGCAGATCATCA	To obtain the downstream
		CATACCAGTACGTG		ACAGCCTCAGAA	sequence of RwNUDX1-2

  Very little is known about transcriptional regulation in terpenoid biosynthesis. Excluding the researches of TFs in terpenoid indole alkaloid biosynthesis (Van Moerkercke et al., 2015, Yang et al., 2012), a few TFs were found that regulate the biosynthesis of terpenoids. A cotton (Gossypium arboreum) transcription factor GaWRKY1 was found to have a similar temporal and spatial expression pattern to a sesquiterpene synthase CAD1 [(+)-δ-cadinene synthase](Xu et al., 2004b

  So far, several research teams have successfully used EST (expressed sequence tags) databases as valuable tools to identify a gene or a group of genes in rose that are associated with flower characteristic(Channelière et al., 2002, Dubois et al., 2012[START_REF] Kim | Small RNA and transcriptome deep sequencing proffers insight into floral gene regulation in Rosa cultivars[END_REF]. Accordingly, several scent-related genes, such as germacrene D synthase(Guterman et al., 2002), O-methyltransferases(Lavid et al., 2002, Scalliet et al., 2006) and alcohol acetyltransferase[START_REF] Guterman | Generation of phenylpropanoid pathwayderived volatiles in transgenic plants: rose alcohol acetyltransferase produces phenylethyl acetate and benzyl acetate in petunia flowers[END_REF] as well as flower blooming[START_REF] Foucher | New resources for studying the rose flowering process[END_REF]) and flower colour-related genes were identified(Channelière et al., 2002). With the progress in sequencing technologies and bioinformatics, RNA sequencing (RNA-Seq) became more favorable for transcriptome studies. Compared to EST sequencing, RNA-Seq has several advantages: it is a high throughput technique, which allows accurate quantifications, it requires lower amounts of RNA and is cost effective

Table 2 . Comparison between the rose transcriptome generated in this study and two previously published transcriptomes.
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	Feature	OW	'Pallida'	R. roxburghii
	Sequencing platform	Illumina HiSeq 2500	Illumina HiSeq 2000	Illumina HiSeq 2000
	Assembly method	Trinity	Trinity	Trinity
	Total number of clean reads	71 464 166	66 523 228	53 535 304
	Total clean nucleotides (bp)	80 796 844	4 822 934 030	4 818 177 360
	Total number of contigs	123 607	155 708	263 892
	Average length of all contigs (bp)	653	380	208
	Range of contig length (bp)	151-13 496	200-7 326	300-?
	N50 of contigs	1348	?	237
	Total number of unigenes	96 949	89 614	106 590
	Total length of all unigenes (bp)	51 140 945	38 355 533	36 571 799
	Average length of unigene (bp)	527	428	343
	N50 of unigenes	1 007	?	349
	Listed transcriptomes: OW, generated in this study; 'Pallida', described by Yan et al. 2014 and R. roxburghii,
	described by Yan et al. 2015.			

Table 4 . (Continues)

 4 

	Subset Criteria	Compounds	Total transcript numbers	No. of annotated transcripts (No. of uncharacterised proteins) At database Nr database	Putative scent-related transcripts	Description (Nr database)	Length (bp)
			α-Copaene				c10579_g1_i1	Geraniol 8-hydroxylase-like
			β-Elemene Bicyclogermacrene				c24057_g1_i1	Geraniol 8-hydroxylase-like
	5	Only found in sample OB & OW9035	α-Muurolene γ-Cadinene Germacrene D-4-ol Epi-α-Cadinol Epi-α-Muurolol	2214	1288(120)	1477(372)	c26958_g1_i2 c35758_g1_i1 c41832_g1_i3	Geraniol 8-hydroxylase-like Orcinol O-methyltransferase Xylulose 5-phosphate/phosphate translocator
			α-Cadinol				c41873_g1_i1	(-)-Germacrene D synthase-like isoform X2
			8-Heptadecene				c57691_g1_i1	Geraniol 8-hydroxylase-like
							c247_g1_i1	(+)-Neomenthol dehydrogenase-like isoform X2
							c27422_g1_i1	3-Hydroxy-3-methylglutaryl-coenzyme A reductase 1
							c30475_g1_i1	Cinnamyl alcohol dehydrogenase
	6	Only found in sample OB & OW9047 (Group Ger)	Myrcene Neral Geraniol E-β-Ocimene Geranial	2100	1287(127)	1483(348)	c33653_g1_i1 c34287_g1_i1 c39266_g1_i3 c39266_g1_i4 c40086_g2_i3 c40086_g2_i4	Aspartate aminotransferase, cytoplasmic-like isoform X2 NUDX1 (RcNUDX1-1a) Rab proteins geranylgeranyltransferase component A 2 Rab proteins geranylgeranyltransferase component A 2 Solanesyl diphosphate synthase 3 Solanesyl diphosphate synthase 3
							c41832_g1_i2	Xylulose 5-phosphate/phosphate translocator
							c43943_g1_i3	3-Hydroxy-3-methylglutaryl-coenzyme A reductase 1
							c88488_g1_i1	Phloroglucinol O-methyltransferase
	7	Only absent in sample OW9035	Geranyl acetate	460	321(42)	357(101)	c33133_g1_i1 c41135_g1_i1	Shikimate O-hydroxycinnamoyltransferase-like Isopentenyl-diphosphate Delta-isomerase I
							c44890_g1_i2	Probable 1-deoxy-D-xylulose-5-phosphate synthase
							c25893_g1_i1	Geraniol 8-hydroxylase-like
							c43880_g1_i3	Protoheme IX farnesyltransferase
	8	Only absent in sample Rw	Z-3-Hexenyl acetate Germacrene-D	1325	831(95)	941(230)	c34842_g1_i1 c45309_g1_i2	Shikimate O-hydroxycinnamoyltransferase-like Shikimate O-hydroxycinnamoyltransferase-like
							c65325_g1_i1	(-)-Germacrene D synthase-like isoform X
							c42076_g1_i1	Eugenol synthase
							c23157_g1_i1	Aromatic L-amino acid decarboxylase
	167							

  2 and SUPP5.3. The results indicate that members of the bHLH, WRKY, NAC and MYB-related families are abundant in subset 4 and 6. The strongest expressed bHLH from subset 4 and 6 have been investigated in Chapter 4. However, the results were inconclusive with regard to the regulation of the NUDX1 promoters. It is probable that other transcription factors may be involved. The only publication on a TF regulating NUDX1 was conducted on human cells, and the TF was hypoxiainducible factor-1 (HIF-1α)(Qiu et al., 2015). In any case, these TF family members are widely distributed in all organisms as they have important roles in metabolic and developmental processes of these organisms. For example, in plant, a bHLH TF named BIS1 was shown to control the biosynthesis pathway of indole alkaloid in Catharanthus roseus (Van Moerkercke et al., 2015). In A. thaliana, a bHLH TF named SPATULA promoted the development of the carpel margins and pollen tract tissues(Heisler et al., 2001) and it also regulated the expression of gene GA3ox -gibberellic acid 3-oxidase to mediate the seed germination upon the light and temperature(Penfield et al., 2005). A cotton (Gossypium arboreum) transcription factor GaWRKY1 was found to have a similar temporal and spatial expression pattern to a sesquiterpene synthase CAD1 [(+)-δ-cadinene synthase](Xu et al., 2004). In addition, this TF could interact with the W-box found in the promoter of the CAD1 gene in vitro, which could be highly activated by overexpression of this TF, showing its regulation role of CAD1 gene(Xu et al., 2004). Although little is known on the regulation of NUDX genes, based on the variety of TF functions, the identified TFs in subset 4 and 6 could be a useful list for future TF screening.

Table 5 . The most abundance transcription factors (TFs) in subset 4 and 6. Number of transcripts indicates the numbers of transcripts that were found in each corresponding TF family and the percentage was calculated by dividing the number of transcripts of each TF family by the total number of found TFs in each subset. TF family Subset 4 TF family Subset 6 Number of transcripts Percentage Number of transcripts Percentage bHLH
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		81	13%	bHLH	55	8%
	WRKY	58	9%	WRKY	49	7%
	NAC	52	8%	NAC	47	7%
	FAR1	37	6%	B3	41	6%
	MYB_related	36	6%	MYB_related	35	5%

Table S1 . Summary of Illumina sequencing results of OW9035, OW9047, OW9184 and

 S1 Mbp) indicates number of bases in mega bases; raw reads are the reads that were generated by the Illumina sequencer without any data processing, while clean reads are the reads that are trimmed and processed by Trimmomatic to trim sequence adapters and eliminate low quality reads; %Q30 shows the percentage of bases with a quality value of ≥30 (inferred base call accuracy of 99.9%); Q is a prediction value of the probability of a wrong base call.

						OW9193	
	Samples	Yield (Mbp)	Total raw reads	Total cleaned reads	%Q30	%GC	Mean Q
	OW9035	2622	20 974 088	20 420 015	95.37		35.74
	OW9047	1864	14 912 235	14 580 377	95.94		35.88
	OW9184	1993	15 956 866	15 765 486	96.37		36.02
	OW9193	2636	21 088 081	20 698 288	95.75		35.86
	*Yield (						

Table S2 . A list of all biological pathways that contain mapped putative rose genes using KEGG pathway search tool. Search was conducted using Arabidopsis thaliana (thale cress) as a reference database and input data was annotation-associated non-redundant Arabidopsis loci identifiers. No. Pathway code Pathway name [In Arabidopsis thaliana (thale cress)]
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	Table S2. (Continue)		
	No. subcluster_27_log2_medianCentered_fpkm.matrix, 709 trans Pathway code Pathway name [In Arabidopsis thaliana (thale cress)]	No. of mapped genes
			ath00510		N-Glycan biosynthesis	39
			ath00511		Other glycan degradation	14
		2	ath00514		Other types of O-glycan biosynthesis	2
	centered log2(fpkm+1)	-10 1	ath00520 ath00531 ath00561 ath00562 ath00563 ath00564 ath00565		Amino sugar and nucleotide sugar metabolism Glycosaminoglycan degradation Glycerolipid metabolism Inositol phosphate metabolism Glycosylphosphatidylinositol(GPI)-anchor biosynthesis Glycerophospholipid metabolism Ether lipid metabolism	99 6 42 47 22 66 20
			ath00590		Arachidonic acid metabolism	13
			ath00591		Linoleic acid metabolism	8
		l9193	ath00592 ath00600	l9035	alpha-Linolenic acid metabolism Sphingolipid metabolism l9184 l9047	31 21
			ath00603		Glycosphingolipid biosynthesis -globo series	6
			ath00604		Glycosphingolipid biosynthesis -ganglio series	4
			ath00620		Pyruvate metabolism	71
			ath00630		Glyoxylate and dicarboxylate metabolism	No. of mapped genes 58
		1	ath00010 ath00640		Glycolysis / Gluconeogenesis Propanoate metabolism	29
		2	ath00020 ath00650		Citrate cycle (TCA cycle) Butanoate metabolism	16
		3	ath00030 ath00660		Pentose phosphate pathway C5-Branched dibasic acid metabolism	6
		4	ath00040 ath00670		Pentose and glucuronate interconversions One carbon pool by folate	17
		5	ath00051 ath00710		Fructose and mannose metabolism Carbon fixation in photosynthetic organisms	59
		6	ath00052 ath00730		Galactose metabolism Thiamine metabolism	10
		7	ath00053 ath00740		Ascorbate and aldarate metabolism Riboflavin metabolism	9
		8	ath00061 ath00750		Fatty acid biosynthesis Vitamin B6 metabolism	11
		9	ath00062 ath00760		Fatty acid elongation Nicotinate and nicotinamide metabolism	15
		10	ath00071 ath00770		Fatty acid degradation Pantothenate and CoA biosynthesis	23
		11	ath00072 ath00780		Synthesis and degradation of ketone bodies Biotin metabolism	4 11
		12	ath00073 ath00785		Cutin, suberine and wax biosynthesis Lipoic acid metabolism	3
		13	ath00100 ath00790		Steroid biosynthesis Folate biosynthesis	16
		14	ath00130 ath00860		Ubiquinone and other terpenoid-quinone biosynthesis Porphyrin and chlorophyll metabolism	42
		15	ath00190 ath00900		Oxidative phosphorylation Terpenoid backbone biosynthesis	40
		16	ath00195 ath00901		Photosynthesis Indole alkaloid biosynthesis	4
		17	ath00196 ath00902		Photosynthesis -antenna proteins Monoterpenoid biosynthesis	5
		18	ath00220 ath00903		Arginine biosynthesis Limonene and pinene degradation	25
		19	ath00230 ath00904		Purine metabolism Diterpenoid biosynthesis	127 14
		20	ath00232 ath00905		Caffeine metabolism Brassinosteroid biosynthesis	2	6
		21	ath00240 ath00906		Pyrimidine metabolism Carotenoid biosynthesis	24
		22	ath00250 ath00908		Alanine, aspartate and glutamate metabolism Zeatin biosynthesis	16
		23	ath00260 ath00909		Glycine, serine and threonine metabolism Sesquiterpenoid and triterpenoid biosynthesis	10
		24	ath00261 ath00910		Monobactam biosynthesis Nitrogen metabolism	24
		25	ath00270 ath00920		Cysteine and methionine metabolism Sulfur metabolism	30
		26	ath00280 ath00940		Valine, leucine and isoleucine degradation Phenylpropanoid biosynthesis	89
		27	ath00290 ath00941		Valine, leucine and isoleucine biosynthesis Flavonoid biosynthesis	14
		28	ath00300 ath00942		Lysine biosynthesis Anthocyanin biosynthesis	1
		29	ath00310 ath00944		Lysine degradation Flavone and flavonol biosynthesis	4
		30	ath00330 ath00945		Arginine and proline metabolism Stilbenoid, diarylheptanoid and gingerol biosynthesis	26
		31	ath00340 ath00950		Histidine metabolism Isoquinoline alkaloid biosynthesis	13
		32	ath00350 ath00960		Tyrosine metabolism Tropane, piperidine and pyridine alkaloid biosynthesis	17
		33	ath00360 ath00966		Phenylalanine metabolism Glucosinolate biosynthesis	11
		34	ath00380 ath00970		Tryptophan metabolism Aminoacyl-tRNA biosynthesis	50
		35	ath00400 ath01040		Phenylalanine, tyrosine and tryptophan biosynthesis Biosynthesis of unsaturated fatty acids	20
		36	ath00410 ath01100		Beta-alanine metabolism Metabolic pathways	1390
		37	ath00430 ath01110		Taurine and hypotaurine metabolism Biosynthesis of secondary metabolites	780
		38	ath00450 ath01200		Selenocompound metabolism Carbon metabolism	210
		39	ath00460 ath01210		Cyanoamino acid metabolism 2-Oxocarboxylic acid metabolism	50
		40	ath00480 ath01212		Glutathione metabolism Fatty acid metabolism	51
		41	ath00500		Starch and sucrose metabolism	141

Table S3 . List of selected keywords for searching for scent-related genes. MVA represents mevalonate pathway, MEP represents 2-C-methyl-D-erythritol 4-phosphate pathway and Ben/Phe represents benzenoid /phenylpropanoid pathway.
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	Keywords	To search			Pathway
	AACT & acetoacetyl	Acetoacetyl-coenzyme A (CoA) thiolase		MVA	
	aroma	Aromatic amino acid aminotransferase		Ben/Phe
	benz	Benzyl alcohol synthase, benzene acetaldehyde synthase, benzaldehyde synthase etc.	Ben/Phe
	cadin	Cadinadiene synthase			Terpene	
	caryoph	Caryophyllene synthase			Terpene	
	cinnam	Cinnamoyl-CoA reductase			Ben/Phe
	citrone	Citronellol synthase, citronellal synthase		Terpene	
	CMK & cytid	4-(Cytidine 5'-diphospho)-2-C-methyl-D-erythritol kinase	MEP	
	copaene	Copaene synthase			Terpene	
	coumarate	4-Coumarate-CoA ligase			Ben/Phe
	cubebe	Cubebene synthase			Terpene	
	dimethylally	Dimethylally diphosphate			MVA/MEP
	DXS & xylulose	1-Deoxy-D-xylulose 5-phosphate synthase	MEP	
	DXR & xylulose	1-Deoxy-D-xylulose 5-phosphate reductoisomerase	MEP	
	elemene	Elemene synthase			Terpene	
	eugeno	Eugenol synthase, isoeugenol synthase		Ben/Phe
	farne	Farnesyl diphosphate synthase, farnesyl synthase	Terpene	
	geran	Geranyl (geranyl) diphosphate synthase, geranyl synthase	Terpene	
	germacre	Germacrene D synthase			Terpene	
	HDR	4-Hydroxy-3-methylbut-2-enyl diphosphate reductase	MEP	
	HDS	4-Hydroxy-3-methylbut-2-enyl-diphosphate synthase	MEP	
	hexen	Hexenol synthase, hexenal synthase			
	HMGS & methylglutaryl	3-Hydroxy-3-methylglutaryl-CoA synthase	MVA	
	HMGR & methylglutaryl	3-Hydroxy-3-methylglutaryl-CoA reductase	MVA	
	humul	Humulene synthase			Terpene	
	IDI & isopentenyl & IPPI	Isopentenyl diphosphate isomerase		MVA/MEP
	linal	Linalool synthase			Terpene	
	MCT & erythritol	2-C-Methyl-D-erythritol 4-phosphate cytidylyltransferase		MEP	
	MDS	2-C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase MEP	
	mevalonate MK	Mevalonate Mevalonate-3-kinase	•	•	MVA MVA	•
	MPDC	Mevalonate diphosphate decarboxylase		MVA	
	muurol	Muurola synthase			Terpene	
	myrc	Myrcene synthase			Terpene	
	neral	Neral synthase			Terpene	
	nud	Nudix hydrolase			Terpene	
	ocime	Ocimene synthase		•	Terpene	
	omt	O-methyltransferase			Ben/Phe
	Oomt & orcinol	Orcinol O-methyltransferase			Ben/Phe
	phenyl	2-Phenyl ethanol synthase, 2-phenyl ethyl acetate synthase etc.	Ben/Phe
	PMK	5-Phosphomevalonate kinase		MVA	
	terpi	Terpene synthase			Terpene	
	trimethoxy	Trimethoxybenzene synthase		Ben/Phe
	* NA indicates data was not available.				
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Dataset S1 List of ESTs whose expression is up regulated in 'Papa Meilland' versus 'Rouge Meilland' (PM1/RhNUDX1 to PM91) or up regulated in 'Rouge Meilland' versus 'Papa Meilland' (RM1 to RM134) as revealed by microarray analyses of 5175 unique sequences (2 biological replicates).

Values represent Log2 ratios. A gene is declared differentially expressed if the Bonferroni P-Value is less than 0.05. Gene Ontologies annotations (GOs) were assigned to the genes that were up regulated in 'Papa Meilland' with Blast 2 go software (44).

Dataset S2

Correlation matrix of the expression of 21 genes, analyzed by qPCR on petals, and floral scent composition of 10 rose cultivars (AN, 'Anna'; OB, 'Old Blush'; PM, 'Papa Meilland'; RM, 'Rouge Meilland'; BA, 'Baccara'; BB, 'Black Baccara'; AL, 'Alister Stella Grey'; MU, 'Mutabilis'; PC, 'Pariser Charme'; HA, 'Hacienda'). For each cultivar, 3 to 7 replicates were sampled. A non-parametric Spearman correlation was used. Correlation coefficients are indicated. Values in bold are significant (p < 0.05). BAL, benzyl alcohol and benzaldehyde; CIT, citronellol; DMT, 3,5-dimethoxytoluene; EUG, eugenol and methyleugenol; FAD, hexanal, E-2-hexenal, Z-3-hexenol, E-2-hexenol, 1-hexanol, Z-3hexenyl acetate, hexyl acetate and nonanal; FAR, E-b-farnesene, farnesol, farnesal and farnesyl acetate; GEM, germacrene D, germacrene D-4-ol and bicyclogermacrene; GER, geraniol, geranial, geranic acid and geranyl acetate; ION, 3,4-dihydro-b-ionone and dihydro-b-ionol; MON, b-myrcene, Z-b-ocimene and E-b-ocimene; NER, nerol and neral; PHE, 2-phenylethanol and phenylacetaldehyde; SES, d-cadinene, elemol, a-cadinol, t-cadinol and t-muurolol; TMB, 1,3,5-trimethoxybenzene.

Dataset S3

List of ESTs with homologies to NUDX proteins in the rose transcriptome database (15). ESTs in bold correspond to RhNUDX1. Values represent in silico expression analyses of selected transcripts in fully opened flowers library (relative RPKM counts, (45)).
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Testing of NUDX1 transcription factors

Transcription factor activity measurement

In order reduce the number of putative rose RcNUDX1-1a and RwNUDX1-2-regulating TF candidates that will be tested in this preliminary screen, we selected those that had similar expression levels and patterns as the RcNUDX1-1a (c34287_g1_i1, sub-cluster 45) and RwNUDX1-2 (c92297_g1_i1, sub-cluster 58) genes (see chapter 5 for sub-cluster analysis in detail). The clustering results that were generated by edgeR (Robinson et al., 2010) are presented in Figure S2 (Supplemental data of Chapter 5). Two putative TF were found: one in the sub-cluster 45 and the other one in the subcluster 58. When BLAST their sequences against nucleotide database of National Center for Biotechnology Information (NCBI), the results showed that they both belong to the basic Helix-Loop-Helix (bHLH) family. Therefore, the one that was found in sub-cluster 45 (with RcNUDX1-1a) was named RcbHLH79 (OB TF, transcript: c42493_g1_i2) and the one that was found in sub-cluster 58 (with RwNUDX1-2) was named RwbHLH79 (Rw TF, transcript: c42493_g1_i4), respectively (Table 2).

In the RNAseq experiment (explained in details in Chapter 5), OB TF was expressed in OB and OW9047 (producing geraniol but not E,E-farnesol) and Rw TF was expressed in Rw and OW9035 (producing E,E-farnesol and not geraniol, see Chapter 3). Chapter 5 De novo transcriptome assembly and RNA-Seq analysis for rose petals to discover scent-related genes and transcription factors then incubated in a glass vial with a screw cap containing 2 ml hexane, to which 5 mg/l camphor (internal standard) were added, at 4 °C for overnight. On the next day, the volatile extracts were transferred to a GC vial for GC-MS analysis. Extracts were analysed on an Agilent 6850 Network GC system (Agilent Technologies, Santa Clara, USA), equipped with a DB5 apolar capillary column (30 m × 0.25 mm) and coupled with 7683B series injector and 5973 Network mass selective detector (Agilent Technologies, Santa Clara, USA). The carrier gas was applied at a flow rate of 1.0 ml/minutes with helium. The separation was performed as follows: 40 °C for 3 minutes, a gradient of 3°C/minutes until the temperature reached 245°C. Injection volume was 2 μl with a split mode (split ratio 1:2) and the injector and detector temperatures were 250°C. The parameters of mass spectrometer detector were set as follows: mass scan range was from 35 to 450 m/z and ionization voltage was 70 eV. The identification of volatile compounds were based on their retention times and the calculated Kovats retention index in combination with their mass spectrum matching with available databases (CNRS, Wiley 275, NIST08), using both Agilent software MSD ChemStation D.02.00.275 and an archive of essential oil components mass spectrum (Adam, 2007).

Results and discussion

Illumina sequencing and de novo assembly of transcriptome

RNA-Seq was performed on petals of stage four flowers (Bergougnoux et al., 2007) from four rose plants: OB, Rw and two of their progenies, OW9035 and OW9047 (see Material and methods). They were selected according to their volatile profiles (Table 1) as both OB and OW9047 produce geraniol but not E,E-farnesol while both Rw and OW9035 produce E,E-farnesol but not geraniol (supplemental dataset SUPP5.1). This could allow us to identify potential transcription factors that regulate the production of geraniol or E,E-farnesol. These four samples were sequenced independently using Illumina platform and the sequencing results are summarized in Table S1. Chapter 5 De novo transcriptome assembly and RNA-Seq analysis for rose petals to discover scent-related genes and transcription factors because neither cytosolic GPS nor the transportation of IPP from cytosol to plastid was discovered so far. 

Identification of putative scent-related genes

GC-MS analysis of the samples OW9035, OW9047, OB and Rw generated volatile-compounds profiles that are specific to each sample (supplemental dataset SUPP5.1). These profiles were compared, so that volatiles that are present in all the four samples were excluded. We identified eight subsets based on the presence or absence of certain compounds (Table 4). Meanwhile, the assembled transcripts were also clustered into the related subsets based on their relative abundance (Table 4 and supplementary dataset SUPP 5.4). To explain this clustering method, here is an example. In Table 4, the transcripts that were only highly expressed in sample Rw were group into subset 1, and the volatile compounds that could only be found in Rw were also listed in subset 1, as there should be a positive correlation between the gene and the production of a certain volatile compound. All transcripts in each subset were subjected again to BLAST against non-redundant (Nr) protein databases obtained from NCBI, in order to maximize the annotation and hence search for all putative scent-related genes in each cluster. The blast results are shown in Table 4.

Table 4 reveals that even though the BLAST against Nr databases gave more annotated sequences, about 20% of them were annotated as unknown or uncharacterized protein, so at the end, less "truly" annotated results were obtained from the blast against Nr protein databases than the blast against Arabidopsis protein database. However, the BLAST against Nr protein databases provided relatively more accurate annotation results because the searches covered all organisms that were archived in NCBI, including F. vesca, which belongs to the Rosaceae family and is genetically closely related to roses.
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