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D’après Huang and Dudareva 2023

Composés 
Phenoliques

 (+ 10.000)
Flavonoïdes, Coumarines

Stilbenes, Lignans…

Composés azotés (+ 20.000)
(dérivés de bases azotées)

Alcaloïdes
Glucosinolates (+ Souffre)

Les plantes produisent un
très grand nombre de
métabolites « spécialisés »
(> 200.000)

non essentiels à la vie
cellulaire => «secondaires»
par opposition aux
métabolites «primaires»

4 grandes familles, selon les
voies de biosynthèse.

Les métabolites «spécialisés» des plantes 

Terpènes (+ 30.000)
Carotenoides (tetra)…

ABA (sequiterpenes,C15)
GA (diterpenes, C20)

Acides gras
Oxylipines
Jasmonate

https://learn.genetics.utah.edu/content
/herbivores/planttoxins

https://www.shutterstock.co

Pavot =>, morphine
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Utilisés en santé, cosmétique et alimentation

How many plant species are currently used as medicines?  
As traditional plant-based medicines become more widely 
accepted in mainstream health systems what are the  
mains issues and risks that need to be considered?  

https://stateoftheworldsplants.com/2017/useful-plants.html

USEFUL PLANTS
– medicines

28,187
plant species are currently 
recorded as being of 
medicinal use 

AT LEAST

Describing the world’s plants22

Séances sur la Biologie Synthétique et l’Ingénierie
Métabolique organisées par François Képes (11/2022),
Frédéric Bourgaud (02/2023) et sur la Cosmétique, par
Dominique Parent-Massin et Michel Dron (03/2024).

Rôles chez les plantes?
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Adpaté de Maeda and Fernie 2021

Plantes aquatiques => terrestres =>  Vasculaires  =>  graines =>  à fleurs

Métabolites primaires
• Sucres
• Acides aminés
• Acides gras
• Bases azotées
• …

Evolution progressive
Molécules de protection
• Cutine, Subérine
• Phenylpropanoïdes
• Antioxydantes
• …

Permis l’adaptation des plantes à la vie terreste

Diversification
• Terpénoïdes et a.gras
• Alcaloïdes
• Glucosinolates
• Phénoliques
• …

Environnement stable fluctuant  T°, eau, UV X Interactions biotiques
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des molécules de défense 
contre les stress biotiques 
et abiotiques
physique (barrières)
chimique (Antiox., toxicité) 

de signalisation pour 
repousser ou attirer 
d’autres organismes

=> Intérêt des MS pour le 
développement d ’une 
agriculture utilisant moins 
d’intrants et pus de bio-
contrôle et biostimulation.

Interactions des plantes avec leur environnement

Current Biology 2023 33R473-R478DOI: (10.1016/j.cub.2023.01.057) 

fpls-13-877304 April 4, 2022 Time: 12:17 # 7

Zhan et al. Plant Protection-Associated Secondary Metabolites

Du et al., 2018; Li et al., 2019b; Deng et al., 2020a; Zhang
et al., 2020). Furthermore, the corresponding downstream targets
of the above TFs also have been identified in S. miltiorrhiza.
SmMYC2a/b binds to the E-boxes in the promoter regions of
SmHCT6 and SmCYP98A14, which are key genes involved in
the synthesis of 4-coumaroyl-30,40-dihydroxyphenyllactic acid
and rosmarinic acid, respectively (Zhou et al., 2016). SmGRAS1,
together with SmGRSA2, binds to the GARE box in the
promoter region of SmKSL1, which catalyzes the biosynthesis of
tanshinones from GGPP (Li et al., 2019b). SmbZIP1, an ABA-
responsive TF, binds to the G-Box-like1 motif in the promoter
region of SmC4H1, which is involved in the biosynthesis of
phenolic acid precursors (Deng et al., 2020a). SmbHLH148 and
SmMYB1 regulate phenolic acid biosynthesis by activating the
expression of downstream genes, such as PAL1, C4H1, TAT,
HPPR, RAS, andCYP98A14 (Xing et al., 2018; Zhou et al., 2021b).
SmMYB52 simultaneously a�ects the production of phenolic
acids by binding to the MBE elements in promoter regions of
SmTAT1, Sm4CL9, SmC4H1, and SmHPPR1 (Yang et al., 2021b).
Furthermore, SmbHLH3 acts a repressor in the biosynthesis of
phenolic acids in S. miltiorrhiza hairy roots by reducing the
expression of DXS3, DXR, HMGR1, KSL1, CPS1 and CYP76AH1
(Zhang et al., 2020). In S. miltiorrhiza hairy roots, tanshinone
and salvianolic acid biosynthesis are controlled by SmMYB09
(Hao et al., 2020). Interestingly, over-expression of Arabidopsis
MYC2 simultaneous promotes the biosynthesis of tanshinone
and phenolic acid in S. miltiorrhiza hairy roots (Shi et al., 2020b).

Additionally, SmJRB1 was identified as a positive regulator in
regulation of phenolic acid biosynthesis (Zhou et al., 2021a).

Transcription Factors Involved in the
Biosynthesis of Flavonoids
The complete flavonoid biosynthetic pathway, consisting of three
major branches, has been well-studied in plants. Recently, TFs
from di�erent families, such as MYB, bHLH, and WRKY, have
also been characterized (Lloyd et al., 2017; Yan et al., 2021).

In M. truncatula, MtMYB134 activates flavonol biosynthesis
by binding the promoters of MtFLS1, MtFLS2, and MtCHS2
(Naik et al., 2021). In apple, MdNAC52 regulates the biosynthesis
of anthocyanin and proanthocyanidin by activating the
promoters ofMdMYB9 andMdMYB11 genes (Sun et al., 2019b).
In buckwheat, MYBF1 regulates the flavonol biosynthetic
pathway by up-regulating the DFR and LDOX genes (Matsui
et al., 2018). In Fagopyrum tataricum, light-induced FtMYB116
promotes the accumulation of rutin by binding directly to
the promoter region of F3’H (Zhang et al., 2019). In pear
(Pyrus pyrifolia), PpMYB17 positively controls the flavonoid
biosynthetic pathway by activating the promoters of PpCHS,
PpCHI, PpF3H, PpFLS, and PpUFGT (Premathilake et al.,
2020). Another pear (Pyrus ⇥ bretschneideri) TF, PbWRKY75
a�ects flavonoid biosynthesis by regulating the expression
of PbDFR, PbUFGT, and PbMYB10b (Cong et al., 2021).
In Populus tomentosa, PtMYB6 promotes anthocyanin and

FIGURE 1 | The network of transcriptional regulation of plant under biotic and abiotic stresses. Red arrow indicated activation pathways and green arrow indicated

inhibition pathways.

Frontiers in Plant Science | www.frontiersin.org 7 April 2022 | Volume 13 | Article 877304

Zhan et al. 2022
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Limites actuelles de l’utilisation de ces métabolites 
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Fig 3. 

Downloaded from
 https://academ

ic.oup.com
/jxb/advance-article-abstract/doi/10.1093/jxb/erz141/5428143 by Australian Catholic University user on 06 April 2019

Paauw et al. 2019 

• Réduction volontaire ou non de la diversité et des teneurs dans 
les plantes cultivées, pour limiter la toxicité, les activités anti-
nutritives, certaines odeurs, ou faciliter la transformation et 
augmenter le rendement des produits végétaux.

• Connaissances concernant leur biosynthèse et leurs fonctions

=> Nécessaire de mieux comprendre la biosynthèse, la 
régulation et les fonctions de ces métabolites 

pour adapter les plantes aux besoins d’une production 
intensive, durable, et de bonne qualité nutritionnelle
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Biosynthèse des métabolites spécialisés

Alkaloids
N/S

Connait aujourd’hui assez bien les 
grandes voies de biosynthèse

Difficultés liées à 
la grande diversité des métabolites,
aux faibles quantités,
et à leur localisation.
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Fontes et al. 2011

Stockage intracellulaire et dans des cellules spécialisées

Compartimentation 
intracellulaire

 dans des vacuoles,
ou excrétion

Vacuoles de cellules de l’endothelium 
de l’enveloppe de la graine 
d’arabidopsis (cf MC)

Vacuoles de trichomes de 
feuilles de Plectranthus 
ornatus (cf AB)

Ascensa! o et al.—Glandular Trichomes of Plectranthus Lea!es and Flowers 443

FIG. 4. Histochemical characterization of the secretions of P. ornatus trichomes. A–H, Long-stalked capitate trichomes. A, In !i!o showing the long
bulb-shaped glandular cell and the large spherical subcuticular space; cuticle detachment occurs only at the globoid region of the glandular cells
(gc), and towards the base, the cuticle remains closely attached to the cell wall. B, Neck cell (nc) lateral walls and the secretion stained blue with
Sudan Black B; remains of the cuticle are clearly visible at the head’s narrowest region (arrowheads) after cuticular rupture. C, Secretion stained
red with Nile Blue A filling the subcuticular space. D, OsO

!
test showing black staining of secretory material in the subcuticular space; some minor

staining is evident in the neck cell and in the lower portion of the glandular cell. E–G, Successive stages of subcuticular space development ; violet
droplets of various sizes can be seen after staining with the Nadi reagent. H, Secretory material stained with Ruthenium Red. I and J, Short-stalked
capitate trichomes. I, Nadi reaction; stalk lateral walls stained blue, whereas the secretion inside a small vacuole shows a light violet staining. J,
OsO

!
test showing the apical cells stained black. K and L, Peltate trichomes. K, Black staining of secretion with OsO

!
. L, In !i!o, showing the

characteristic orange to brownish colour. Bars! 15 µm.

Ascensao et al. 1999
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Contrôle de l’expression des gènes du métabolisme

Exemple du contrôle de la biosynthèse des flavonoïdes par le complexe “MBW” 

Gènes et mécanismes impliqués restent à caractériser
pour de nombreux métabolites spécialisés

Gènes de biosynthèse des flavonoïdes

Environnement
UV, températures, pathogènes

TTG1

MYB bHLH

Développement
(ex. trichomes, épidermes)
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.010

Saut quantitatif (débit) et qualitatif (sensibilité) des analyses :

Séquençage et caractérisation de la diversité génétique

Analyses métabolomiques et transcriptomiques,
traitements informatiques

Conservation des  principales voies de biosynthèse et des 
mécanismes de régulation

Facilitent la génomique et la génétique fonctionnelles et le transfert 
des connaissances aux plantes cultivées

Progrès grace aux développements technologiques

Toghe lab, fig 2 https://bsw3.naist.jp/tohge/?cate=472

Sequencing and genetic diversity 

=> ouvre des portes pour l’amélioration des plantes
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Variété ancestrale de riz accumule 
des flavonoïdes dans l’enveloppe

Variété de riz cultivé, grain blanc, 
sans flavonoïdes

2013). Therefore, engineering complex metabolic pathways
in many plants remains a challenge because of our limited
understanding of the gene networks and the mechanisms
that regulate the expression of many metabolic pathways in
certain plants, as well as the technical difficulty in linking and
transferring multiple target genes.

In this study, we successfully genetically engineered the complex
anthocyanin biosynthesis pathway in the rice endosperm using
the TGSII system. This success could be attributed to several fac-
tors in our design (Figure 6). First, we examined the genes for
anthocyanin biosynthesis (whether they were functional or non-
functional) and their expression (expressed or silent) in the endo-
sperm of white-grained rice varieties. We found thatOsB1,OsB2,

and OsDFR are defective, and that OsC1 and most of the related
genes are silent or expressed at low levels in the endosperm.
Based on this analysis, we selected the appropriate target genes
for genetic transformation to reconstitute anthocyanin biosyn-
thesis in the rice endosperm. Second, we used both the trans-
genic and endogenous regulatory genes where possible. For
example, the transgenic ZmLc and ZmPl and the endogenous
OsWD40 rebuilt the MBW complex, which enhanced or activated
the expression of some other endogenous genes for gene regu-
lation (e.g.,OsWD40) and for biosynthesis, decoration, and trans-
port of the anthocyanin products. In fact, the two lines (Z#8
and H#9) that lacked only ZmLc produced white grains
(Supplemental Figure 9), confirming the requirement of ZmLc
for this engineered anthocyanin biosynthesis. Third, we used

Figure 4. Anthocyanin Production in the Rice Endosperm.
(A) Unpolished and polished grains from the black-grained rice (BGR1), ZH11, and the ‘‘Purple Endosperm Rice’’ (PER) or ‘‘Zijingmi’’ (ZJM) lines (T2)

of transgenic ZH11. In PER-Z#2 with lighter purple-colored grains, three transgenes (SsCHS, SsCHI, and SsF30H) were absent (Supplemental Figures 9

and 10).

(B) Cross-sections of unpolished rice grains of a native black-grained rice cultivar (BGR1), ZH11, and a PER/ZJM line (T2).

(C) Frozen sections of developing rice seeds (15 days after pollination), showing specific accumulation of anthocyanins (light brown color) in the

endosperm cells of PER.

(D)HPLC analysis with anthocyanin standards detected two kinds of anthocyanins, C3G (cyanidin 3-O-glucoside) and itsmethyl derivative P3G (peonidin

3-O-glucoside) in polished PER grains and unpolished BGR1 grains.

(E) Quantitative analysis (n = 3) of the C3G and P3G contents in grains of the PER lines and the control materials. gdw, grams of dry weight; nd, not

detectable.

(F) TEAC analysis of the unpolished and polished rice grains of the PER lines and ZH11, showing different levels of antioxidant activity. **p < 0.01 and

***p < 0.001, significances between the PER and ZH11 line, respectively (n = 3), with Student’s t-test.
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Anthocyanin Production in the Rice Endosperm (Zhu et al. 2017)

Introduction de 8 gènes de scutellaria
exprimés spécifiquement dans l’albumen

Solenostemon scutellarioides

Par sélection classique et transgenèse
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Par édition génomique

Variétés de riz ancestrales produisent des grains rouges, 
car ils accumulent des flavonoïdes dans le pericarp

La plupart des riz cultivés sont blancs à cause d’une mutation qui 
induit un codon stop dans le facteur de transcription Rc (bHLH)

L’édition du génome de variétés portant cette mutation avec le 
système CRISPR-CAS9 permet de restaurer la fonction du facteur Rc
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=> production de variétés de riz cultivés, rouges, sans transgène
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Merci pour votre attention
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