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Abstract  

 

Plants represent a huge reservoir of natural products. A broad series of these compounds 

now find application for human health. In this respect, the monoterpene indole alkaloids 

(MIAs), particularly from Madagascar periwinkle, are a prominent example of plant 

specialized metabolites with an important therapeutic potential. However, the supply of 

MIA drugs has always been a challenge since the low-yield accumulation in planta. This 

mainly results from the complex architecture of the MIA biosynthetic pathway that 

involves several organs, tissue types and subcellular organelles. Here, we describe the 

most recent advances towards the elucidation of this pathway route as well as its spatial 

organization in planta. Besides allowing a better understanding of the MIA biosynthetic 

flux in the whole plant, such knowledge will also probably pave the way for the 

development of metabolic engineering strategies to sustain the MIA supply.  

 

Highlights 

 

● Plant specialized metabolism contributes to their adaptation and defenses.  

● Catharanthus roseus produces in low quantities therapeutic monoterpene indole 

alkaloids (MIAs), including the most active anticancer drugs. 

● To date, several missing enzymes downstream strictosidine have been identified, as 

well as specific transporters. 

● C. roseus spatial architecture involves at least three tissue types and eight organelles.  

● Heterologous production offers an alternative approach, which requires an exhaustive 

view and characterization of MIA metabolic fluxes. 

 

Keywords: Cathranthus roseus, plant specialized metabolism, monoterpene indole alkaloids, 

transport, localization  

  

  



Introduction 
 
 Plant metabolism can be divided into two main classes: a core (primary) metabolism used to 
generate energy to enable growth and development, and a specialized metabolism (previously known 
as secondary metabolism) that builds further sophisticated biomolecules for environmental adaptation 
and plant speciation. Apart from their in planta functions, specialized metabolites are also highly 
valuable for human health, acting for instance as anticancer drugs or painkillers [1]. 
 While usually distinctly considered, these two types of metabolism are intimately interconnected 
[2]. Specialized metabolites such as triterpenes and monoterpene indole alkaloids (MIAs) are 
structurally diverse and respectively rich in C and N atoms, and therefore rely on a supply of 
carbohydrates and amino acids. More strikingly, a recent groundbreaking study demonstrated that β-
NAD, a core metabolite involved in a myriad of biological processes, is a scaffold molecule for 
specialized metabolites in bacteria [3]. For plants that evolved more diverse and complex metabolic 
pathways, modeling and system-level approaches have provided insights into the deep intertwining of 
core and specialized metabolism at the transcriptional and metabolic levels [4]. For instance, the 
synthesis of glucosinolates specialized metabolites relies on the core tricarboxylic acid pathway and is 
controlled by shared transcription factors [5]. In addition, while specialized metabolisms have evolved 
from core metabolism [6,7], there is an increasing body of evidence suggesting that specialized 
metabolites influence primary metabolism and vice versa [8]. 
 MIAs form a prominent class of specialized metabolites of interest [9] and result from the 
condensation of terpene and indole core building blocks. While the secologanin terpene moiety is 
synthesized by the plastidial methylerythritol-phosphate pathway, the tryptamine indole moiety 
emanates from aromatic amino acids produced by the shikimate core pathway, thus highlighting a 
direct connection with primary metabolism. Historically, most of the research effort dedicated to MIAs 
has been focused on the Madagascar periwinkle, Catharanthus roseus, a medicinal plant that 
accumulates the anticancer MIAs vinblastine and vincristine. The synthesis of both compounds results 
from a long and complex biosynthetic pathway, involving the formation of the MIA universal 
precursor strictosidine via secologanin and tryptamine condensation, and ending with the dimerization 
of the two precursors vindoline and catharanthine in C. roseus leaves. Over years, this pathway has 
progressively reached the status of a model for plant specialized metabolisms, both in terms of 
complexity and spatial organization at both the cellular and subcellular levels [10]. Recently, the MIA 
biosynthetic route towards vincristine and vinblastine reached a near completion allowing to deepen 
our knowledge of MIA synthesis, and develop yeast factories that produce important MIA precursors, 
such as strictosidine [11] and vindoline [12,13]. Here, we describe the most recent advances towards 
the C. roseus MIA pathway elucidation with a particular focus on its spatial architecture, probably one 
of the most complex organizations that plants evolved regarding specialized metabolisms. More 
specifically, we will focus on the biosynthetic steps following strictosidine formation that were the 
subject of most recent discoveries.    

 

The MIA pathway architecture around strictosidine   
 
 The MIA pathway is highly structured in space and time within C. roseus organs, tissues, and 
subcellular structures, as well reported in leaves (Figure 1,2). As previously reviewed [10], the 
strictosidine synthase (STR) integrates the iridoid and shikimate pathways that occur mainly in the 
chloroplasts of internal phloem-associated parenchyma (IPAP) cells and the epidermis, respectively 
(Figure 2a,b). Hence, STR condenses the resulting secologanin and tryptamine in the vacuole of leaf 
epidermal cells through a Pictet-Spengler reaction to produce strictosidine. Strictosidine is further 
deglycosylated by the strictosidine β-D-glucosidase (SGD) that is targeted to the nucleus to ensure an 
efficient enzyme/substrate separation. SGD also self-assembles into high molecular multimers that 
form tubular structures supposed to help in managing the reactivity of the strictosidine aglycone [14]. 
The formation of such aglycone marks the onset of pathway divergence within the subsequent MIA 
synthesis. This divergence mainly originates from the highly reactive nature of the strictosidine 



aglycone, which spontaneously reorganizes into the more stable 4,21-dehydrogeissoschizine, 
cathenamine and epi-cathenamine [14]. These intermediates correspond to the substrates of 
downstream MIA enzymes required for the synthesis of the heteroyohimbine MIA type, including 
tetrahydroalstonine and ajmalicine [15] (Figure 2b), or to the iboga and aspidosperma MIA types 
such as catharanthine and vindoline, respectively (Figure 2b,c) - the two precursors of vinblastine 
[16]. 

 

The synthesis of heteroyohimbine MIAs involves nuclear metabolons  
 
 The formation of heteroyohimbine MIAs originates from the strictosidine aglycone intermediates 
cathenamine and epi-cathenamine, serving as substrates for several tetrahydroalstonine synthase 
isoforms (THAS1-4) and a heteroyohimbine synthase (HYS) [15,17] (Figure 2b). While THAS1-4 only 
produce tetrahydroalstonine, HYS synthesizes a mixture of three heteroyohimbines including 
tetrahydroalstonine, 19-epi-ajmalicine (mayumbine) and ajmalicine. Interestingly, all these enzymes 
interact with the SGD multimers in the nucleus of epidermal cells. Such interactions are thought to 
prevent the release of the highly reactive aglycone. They are also supposed to favor its spontaneous 
conversion into the THAS/HYS substrates through a metabolon formation, i.e. a series of enzymes 
forming a structural-functional complex. Ultimately, the resulting tetrahydroalstonine and ajmalicine 
are oxidized into alstonine and serpentine by the alstonine synthase (AS) and serpentine synthase 
(SS), respectively (Figure 2b). Both enzymes are cytochrome P450 anchored to the endoplasmic 
reticulum (ER), thus suggesting an active transport or a passive diffusion of their substrates from the 
nucleus into the cytosol in the close ER environment [15,17].   
         

The synthesis of the vinblastine and vincristine precursors occurs 
throughout the plant 
 
 The synthesis of vindoline and catharanthine, the aspidosperma and iboga precursors of the 
anticancer vinblastine and vincristine, is far more complex with their common steps distributed both 
in periwinkle leaf epidermis and roots. In the past years, several missing steps downstream SGD have 
been elucidated through transcriptomic analysis and virus-induced gene silencing (VIGS) (Figure 
2b,c,d). The synthesis of both compounds uses 4,21-dehydrogeissoschizine as a starting molecule. 
Such a process involves the 4,21-dehydrogeissoschizine capture by the nucleo-cytosolic alcohol 
dehydrogenase geissoschizine synthase (GS) [18••] before its cyclization into cathenamine and epi-
cathenamine. This probably relies on a premature release from the SGD multimers and a competition 
between THAS/HYS and GS for the access to substrates. However, this competing mechanism 
remains to be discovered since no interactions between GS and SGD have been reported to date. 
Interestingly, the dramatic increase of the heteroyohimbine content at the expense of vindoline and 
catharanthine content in the C. roseus GS mutant suggests that the MIA ratio may rely on GS, THAS 
and HYS gene expression levels at least partially [19]. On the other hand, geissoschizine is 
subsequently oxidized by the ER-anchored cytochrome P450 geissoschizine oxidase (GO), mimicking 
the sequence of reaction described for heteroyohimbines [18••]. This oxidation yields an unstable 
preakuammicine aldehyde type intermediate (usually named preakuammicine) and initiates the 
formation of Strychnos MIAs, which requires two successive reductions catalyzed by a cinnamyl 
alcohol dehydrogenase-like enzyme Redox 1 and an aldo-keto-type reductase Redox 2, to produce 
stemmadenine (Figure 2b) [20•]. Importantly, while Redox 1 uses the unstable GO reaction product, 
Redox 2 reduces an unstable Redox 1 intermediate, which in the absence of Redox 2 is 
spontaneously converted to (16S/R)-dehydroxymethyl-stemmadenine, thus arguing for a coordinated 
reaction between these two reductases. Stemmadenine is subsequently acetylated by the 
stemmadenine-O-acetyltransferase (SAT) to form O-acetylstemmadenine [20•]. This last compound is 
then oxidized into precondylocarpine acetate by a berberine bridge enzyme-like named 
precondylocarpine acetate synthase (PAS) [21•]. Surprisingly, PAS is targeted to the vacuole via 
putative ER-derived vesicles (Figure 2b), thus suggesting that the oxidative reaction may occur 



during this transport step. Indeed, precondylocarpine acetate needs to be reduced by a medium-
chain alcohol dehydrogenase, named dihydroprecondylocarpine synthase (DPAS), which forms 
homodimers in the cytosol. Interestingly, GS can catalyze the reduction of precondylocarpine acetate 
in vitro, and some researchers have suggested that dihydroprecondylocarpine synthesis may result 
from concerted DPAS/GS activities [22•]. Finally, the resulting dihydroprecondylocarpine is 
desacetoxylated through Diels-Alder cyclizations by hydrolase-like enzymes, namely catharanthine 
synthase (CS) and tabersonine synthase (TS), to generate catharanthine and tabersonine, 
respectively [21•]. It has to be noted that two additional hydrolases, named vincadifformine synthase 
(VS) also convert dihydroprecondylocarpine into vincadifformine, a reduced form of tabersonine, 
mainly occurring in roots [22•]. Most importantly, while CS and TS are soluble enzymes located to the 
nucleocytosol of epidermal cells, both were reported to interact with DPAS [21•] (Figure 2b) to form 
a kind of new metabolon that may guide the MIA biosynthetic flux. In line, the preferred interaction 
of DPAS with TS may thus favor the synthesis of tabersonine by facilitating substrate exchange 
between the two final enzymes of the pathway. Finally, while catharanthine constitutes by itself an 
end-product, tabersonine and vincadifformine can be further metabolized into more complex MIAs 
following distinct organ-specific biosynthetic pathways.      
 

The conversion of tabersonine into vindoline in folio  
 
 In leaves, tabersonine is converted into vindoline via a well-known 7-step biosynthetic route 
initiated by tabersonine 16-hydroxylase (T16H) and a 16-hydroxytabersonine 16-O-methyltransferase 
(16OMT) in the leaf epidermis [10] (Figure 2b). The resulting 16 methoxytabersonine is then 
epoxidized by the ER-anchored cytochrome P450 tabersonine 3-oxygenase (T3O) and reduced by the 
soluble tabersonine 3-reductase (T3R) to yield 16-methoxy-2,3-dihydro-3-hydroxytabersonine 
[23,24]. The subsequent step of the pathway, catalyzed by the 16-methoxy-2,3-dihydro-3-
hydroxytabersonine N-methyltransferase (NMT) initiates the translocation of the MIA intermediates 
from the leaf epidermis through leaf mesophyll [24,25]. So far, at the cellular level, NMT was 
considered as a thylakoid-associated enzyme while in fact being targeted to peroxisomes through a 
noncanonical peroxisome targeting signal [26] (Figure 2b). Although not fully explained to date, this 
peculiar localization probably affects the translocation of the NMT reaction product up to the 
specialized cells, laticifers and idioblasts, which host the two last steps of the pathway catalyzed by 
desacetoxyvindoline 4-hydrolase (D4H) and deacetylvindoline 4-O-acetyltransferase (DAT) [24,27] 
(Figure 2c).      

 

New insights into the synthesis of the root-specific MIAs  
 
 In roots, tabersonine undergoes a different metabolization initiated by the stereoselective C6,C7-
epoxidation of tabersonine catalyzed by the ER-anchored tabersonine epoxidase isoform 1 (TEX1) 
[28] (Figure 2d). This reaction yields to the synthesis of lochnericine, a major root MIA that can be 
further hydroxylated by a second ER-anchored cytochrome P450 named tabersonine 19-hydrolase 
(T19H) to produce hörhammericine [29]. Whereas T19H can hydroxylate both tabersonine and 
lochnericine, TEX1 is highly specific of tabersonine thus suggesting that epoxidation necessarily 
precedes hydroxylation. Albeit not demonstrated to date, it has been postulated that tissue-specific 
expressions of TEX1 and T19H may orchestrate this synchronized synthesis to avoid competition 
between both enzymes and favor the formation of hörhammericine. Ultimately, this last compound 
can be acetylated into 19-acetylhörhammericine by the cytosolic BAHD tabersonine 19-O-
acetyltransferase (TAT) [30]. Interestingly, while very similar in terms of structure, vincadifformine 
cannot be hydroxylated by T19H but rather by another enantioselective ER-anchored cytochrome 
P450 named vincadifformine 19-hydroxylase (V19H) to generate minovincinine [31] (Figure 2d). 
Surprisingly, V19H is phylogenetically closer to T3O rather than T19H suggesting different 
evolutionary origins between both enzymes. Such a difference may also reflect the diversification of 
the stereochemistry of the aspidosperma MIAs including (-)- and (+)-skeletons as observed for (-)-



tabersonine (+)-vincadifformine. By contrast, the cytosolic minovincinine 19-O-acetyltransferase 
(MAT) acetylating minovincinine into echotovenine probably derives from local duplication of a BAHD 
ancestor common to DAT and TAT, given their proximity in the C. roseus genome [30,32].          
 

A complex network of MIA transport in planta  
 
 The sophisticated MIA pathway architecture implies the shuttling of intermediates at multiple 
levels, including inter-cellular, subcellular and inter-organ transport (Figure 1,2). Although MIA 
metabolite trafficking has been puzzling, several mechanisms have been recently unveiled. At the 
cellular level, while the secologanin precursor loganic acid has been proposed to travel from IPAP up 
to epidermis [33], three nitrate/peptide family transporters (NPF 2.4, NPF 2.5, NPF 2.6) have been 
described to internalize this compound (Figure 2a,b) as well as loganin, secologanin, and 7-
deoxyloganic acid in Xenopus laevis oocytes [34•]. Their expression in both roots and leaves of C. 
roseus, combined with the localization to plasma membranes thus suggests their involvement in the 
inter-cellular translocation of biosynthetic intermediates, and more specifically in the import of MIA 
monoterpene precursor into leaf epidermis. In addition, these transporters may also potentially 
contribute to inter-organ translocations. Indeed, such an inter-organ transport of secologanin from 
the roots to the leaves was demonstrated by grafting shoots of a low MIA-accumulating C. roseus 
mutant onto the root system of wild-type plants [35].  
 At the subcellular level, the first ten biosynthetic steps leading to the biosynthesis of geraniol, 
including notably the enzymes from the methyl-erythritol pathway, occur in the plastid stroma and 
stromules [36] (Figure 2a). Interestingly, the apparent proximity of stromules with ER has been 
proposed to facilitate geraniol uptake by the downstream ER-anchored cytochrome P450 geraniol 10-
hydroxylase (G10H) in IPAP cells of C. roseus leaves. Subsequently, once produced in the vacuole, 
strictosidine is exported to the cytosol to allow its conversion into downstream MIAs. This 
translocation is mediated by the tonoplast-localized NPF 2.9 transporter [37••] (Figure 2b), which 
probably plays a key role in the control of the biosynthetic flux in the leaf epidermis. Downstream in 
the pathway, the vacuolar accumulation of vindoline was proposed to rely on a yet not characterized 
active proton antiport system that probably occurs in laticifers and idioblasts [38]. The translocation 
of catharanthine remains also elusive. However, CrTPT2, an ATP-binding cassette transporter, has 
been shown to secrete catharanthine from the epidermis to cuticular waxes (Figure 2b) to cope with 
microbial pathogens and insects  [39]. Such physical separation between catharanthine and vindoline 
probably explains the low amounts of anhydrovinblastine and related MIA dimers in leaves but also 
the post-folivory dimerization of both compounds occurring in aggressor guts [40]. This attack-
induced dimerization is supposed to keep low amounts of the highly toxic dimers to minimize their 
effects on the whole plant.     
 

Tracking MIA localization by imaging and metabolic labeling  
 
 While most of our knowledge on the MIA pathway organization originates from gene product 
localizations, in planta MIA localizations now provide outstanding complementary information. Initial 
conclusions were based on differential MIA extractions by dipping intact C. roseus leaves in 
chloroform. This resulted in the specific recovery of catharanthine leading to the claim of its exclusive 
location on the leaf surface, in agreement with CrTPT2 activity [41] (Figure 3a). However, this 
compartmentalization was recently challenged by a comparative MIA extraction procedure [42] and 
the localization of catharanthine through mass spectrometry imaging. Indeed, while this approach 
confirmed almost all MIA and biosynthetic intermediate localizations hypothesized so far, 
catharanthine was localized in idioblasts/laticifers similar to vindoline, in both stems [43] and leaves 
[44••], (Figure 3b). Such colocalization in vacuoles [38] thus suggests that additional mechanisms, 
different from physical separation, preclude high levels of dimerization in non-challenged plants. 
Taken altogether, these data suggest the existence of a complex localization for catharanthine. 
Indeed, although catharanthine can be extruded to cuticular waxes by CrTPT2, its co-occurrence with 



vindoline in idioblast/laticifer vacuoles can also explain the low, but detectable anhydrovinblastine 
dimer in non-challenged leaves. Interestingly, a multicellular distribution has also been described for 
strictosidine, ajmalicine and serpentine [44••]. The presence of these MIAs in idioblasts thus suggests 
the existence of an uncharacterized transport mechanism from the epidermis. While the precise 
nature of the transported MIAs remains to be elucidated, the in planta localization of SS would 
probably allow to determine whether serpentine is transported upon idioblasts or directly synthesized 
within these specialized cells after ajmaline transport. Finally, metabolic labeling of MIAs with 15N 

allowed the detection of catharanthine in roots and flowers [45] (Figure 3c) with a specific secretion 
of catharanthine, besides ajmalicine, serpentine, and yohimbine, in the root external environment 
[46•]. While their secretion mechanism remains uncharacterized since the CrTPT2 transporter is 
poorly expressed in roots [47], these secreted MIAs probably mediate important communications with 
microorganisms.  

 
Conclusion and future directions  
 
 Thanks to more than four decades of active research, the global architecture of MIAs biosynthetic 
pathway in C. roseus is now fairly deciphered. These investigations have been in particular 
accelerated recently with the development of different technologies including high-quality genome 
sequencing, transcriptomic and metabolomic analysis, fluorescence microscopy imaging, and 
metabolic labeling. All these advancements have not only allowed the identification of missing 
enzymes but also provided unprecedented insights into the spatial organization of the Madagascar 
periwinkle MIA pathways at both the cellular and subcellular levels. This teaches us that Catharanthus 
logistic is likely one of the most complex described to date but beyond this, crucial questions remain 
to be addressed. For instance, the mechanisms that regulate cell-specific expression of MIA genes are 
still unknown. Single-cell holistic strategies aiming at identifying cistrans (DNA sequence/DNA-binding 
protein) regulatory modules appear thus critical for answering this question [48]. Besides transcription 
factors, several other mechanisms have been shown to mediate cell differentiation, like translational 
and chromatin regulation [49–51]. In the context of MIAs and plant specialized metabolism in 
general, where genes are in some cases organized into metabolic gene clusters [52,53], the 
regulation of the 3D conformation of chromatin may have a key role in the expression of MIA gene 
clusters in specific cell types. In addition, although VIGS has allowed the functional validation of many 
biosynthetic candidate genes so far, an easily scalable and robust stable transformation method for C. 
roseus is missing for complete gene invalidation using the CRISPR/Cas9 approach for instance. Such 
a development is of paramount importance for a better understanding of the periwinkle factory.  
 Beyond understanding MIA biosynthesis in planta, elucidating the spatial organization of the 
pathway also provides new perspectives for MIA metabolic engineering. Indeed, an adapted 
subcellular localization of biosynthetic enzymes in heterologous expression hosts (e.g. addressed to a 
non-native organelle) can dramatically increase biosynthetic yields as recently reported for other 
natural products [54–57]. A better knowledge of these regulatory processes would benefit the 
rational design of MIA metabolic engineering, as recently reported for vindoline [12,13].  
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Figure 1. A simplified overview of C. roseus MIA metabolism. IPAP: internal phloem associated parenchyma cells; Id: idioblasts; La: 
laticifers; MEP: methylerythritol 4-phosphate pathway; MS: monoterpene secoiridoid pathway; MIA: monoterpene indole alkaloid pathway. 
The MIA pathway architecture integrates several tissues and organs, which also involves subcellular organization and intermediate 
translocation detailed in Figure 2. The loganic acid is synthesized in IPAP cells via MEP and MS pathways (a), followed by the formation of 
strictosidine in epidermal cells (b) - the central MIA precursor, and downstream MIAs. Vindoline, the aspidosperma type MIA is further 
produced in Id and La cells (c) while root-specific heteroyohimbine-type MIAs are synthesized in roots (d). The figure was created with 
BioRender.com. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
Figure 2. C. roseus MIA pathway architecture (adapted and updated from [10]). MIA biosynthesis implicates several tissue/cell 
types and organs starting with internal phloem associated parenchyma (IPAP) that hosts both the methyl-erythritol phosphate pathway and 
the beginning of the monoterpene-iridoid pathway (a), followed by the downstream enzymatic steps in the epidermis (b), laticifers and 
idioblasts (c), and roots (d). DXS, 1-deoxy-D-xylulose-5-phosphate (DXP) synthase; DXR, DXP reductoisomerase, CMS, 4-(cytidine 5’-
diphospho)-2C-methyl-D-erythritol (CM) synthase; CMK, CM kinase; MECS, 2C-methyl-D-erythritol-2,4-cyclodiphosphate (MEC) synthase; 
HDS, hydroxymethylbutenyl 4-diphosphate (HD) synthase; HDR, HD reductase; IDI, isopentenyl diphosphate isomerase; GPPS, geranyl 
diphosphate synthase; GES, geraniol synthase; G10H, geraniol 10-hydroxylase; CPR, cytochrome P450-reductase; 10HGO, 10-
hydroxygeraniol oxidoreductase; IS, iridoid synthase; IO, iridoid oxidase; 7DLGT, 7-deoxyloganetic acid glucosyltransferase; 7DLH, 7-
deoxyloganic acid hydroxylase; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; LAMT, loganic acid O-
methyltransferase; SLS, secologanin synthase; TDC, tryptophan decarboxylase; STR, strictosidine synthase; SGD, strictosidine ꞵ-
glucosidase; HYS, heteroyohimbine synthase (interacts with SGD and self-interacts); THAS, tetrahydroalstonine (THA) synthase (interacts 
with SGD and self-interacts); AS, alstonine synthase; SS, seprentine synthase;  GS, geissoschizine synthase; GO, geissoschizine oxidase; 
Redox 1, cinnamyl alcohol dehydrogenase-like; Redox 2, aldo-keto-type reductase; SAT, stemmadenine-O-acetyltransferase; PAS, 
precondylocarpine acetate synthase, DPAS, dihydroprecondylocarpine synthase (interacts with CS and preferentially with TS, the 
interactions are indicated with small blue sector and squares); CS, catharanthine synthase; TS, tabersonine synthase; VS, vincadifformine 
synthase; T16H, tabersonine 16-hydroxylase; 16OMT, 16-hydroxytabersonine O-methyltransferase; T3O, tabersonine 3-oxygenase (can 
directly epoxidize tabersonine, which results in a side metabolic branch and downstream conversion to vindorosine); T3R, tabersonine 3-
reductase; NMT, 16-methoxy-2,3-dihydro-3-hydroxytabersonine N-methyltransferase (the tissular localization is unclear); TPT2, 
catharanthine ABC transporter; D4H, desacetoxyvindoline 4-hydrolase; DAT, deacetylvindoline 4-O-acetyltransferase; NPF, nitrate/peptide 
family of transporters; PXR1, vacuolar class III peroxidase; TEX 1, tabersonine 6,7-epoxidase isoform 1; T19H, tabersonine 19-hydrolase 
(can hydroxylate both, tabersonine and lochnericine); V19H, vincadifformine 19-hydrolase; MAT, minovincine 19-hydroxy-O-
acetyltransferase; TAT, tabersonine 19-O-acetyltransferase. Enzyme localization is color-coded: green - chloroplast stroma/stromules; 
brown - mitochondria; orange - peroxisome; blue - cytoplasm; gray - ER; dark gray - subcellular localization that was not confirmed by 
microscopy imaging; purple - vacuole; pink - nucleus; GS dual pink-blue color illustrates nucleo-cytoplasmic localization. Plain arrows 
indicate enzymatic steps, thin dashed arrows represent uncharacterized transport of metabolites, intra- or intercellular. When applicable, 
tissue/cell types are displayed in the left corner of subfigures.  The figure was created with BioRender.com. 

 



 
 
Figure 3. MALDI imaging and metabolic labeling revealed MIA localization. (a) Whole C. roseus intact leaves were dipped in 
chloroform to extract leaf surface MIAs. On the contrary to vindoline, catharanthine was efficiently solubilized by chloroform dipping [41]. 
(b) MALDI imaging of matrix-embedded tissues has allowed single-cell localization and quantification of certain MIAs in the stem [43]  and 

leaves [44••] of C. roseus at 10 µm resolution. A schematic representation of secologanin quantitative localization is shown. The heatmap 

was constructed using relative quantification data from [44••]. (c) Metabolic labeling of C. roseus plants via N radiolabeling, and 
comparison with non-labeled samples has allowed the detection of catharanthine, and previously undetected MIAs, in the root external 

environment in addition to leaves [45,46•]. The figure was created with BioRender.com. 

 
 
 




