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Dear Editor, 33 

Rauvolfia tetraphylla (aka the devil-pepper) (Supplementary Figure S1) is a well-known 34 

medicinal plant producing monoterpenoid indole alkaloids (MIAs). This biosynthesis of MIAs is 35 

distributed in several organs including leaves, stems, fruit and roots which accumulates the 36 

famous antiarrhythmic ajmaline (Kumar et al. 2016a; Kumar et al., 2016b; Kumara et al. 2019). 37 

MIAs are natural products notably involved in plant adaptation to environment and defense 38 

against aggressors. This mainly results from their high biological activities that also explain 39 

their pharmacological properties. MIAs display complex structures resulting from long and 40 

elaborated biogenesis processes as mainly illustrated in the Madagascar periwinkle 41 

Catharanthus roseus (Kulagina et al., 2022). While ajmaline remains an important drug on 42 

the general pharmaceutical market, its biosynthetic pathway is still incomplete, thus precluding 43 

a transfer in heterologous organisms as recently achieved for the bioproduction of other 44 

valuable MIAs (Zhang et al., 2022). Overall, the biosynthesis of ajmaline requires a 10-step 45 

modification of strictosidine, catalyzed by enzymes from the cytochrome P450, alcohol 46 

dehydrogenase (ADH) or BAHD acyltransferase families, which have been all identified but 47 

one (Dang et al., 2017) (Supplementary Figure S2). The central part of this pathway indeed 48 

involves the conversion of vinorine into 17-O-acetyl-norajmaline. This first relies on the 49 

hydroxylation of vinorine into vomilenine by vinorine hydroxylase (VH) (Dang et al., 2017). 50 

Next, two ADHs successively ensure the reduction of the vomilenine 19,20-double bond and 51 

reduction of its indolenine ring in 1,2-position. So far, only the vomilenine reductase (from the 52 

medium chain dehydrogenase/reductase family) producing the 19,20-α(S)-dihydrovomilenine 53 

has been characterized and named VR2 (Vomilenine Reductase 2, Geissler et al., 2016). This 54 

thus makes the remaining ADH the only missing enzyme from the ajmaline biosynthetic route.  55 

In order to identify this enzyme, we have first assembled a chromosome-scale version of the 56 

R. tetraphylla genome by generating 43.8 Gb ONT PromethION reads with an N50 of ~21.8 57 

kb. Reads were assembled with Flye and the resulting contigs were twice corrected with ONT 58 

reads and twice polished with Illumina reads. Using Hi-C data (Supplementary Figure S3A), 59 

89.7% of the unscaffolded assembly have been anchored to 33 pseudo-chromosomes (Figure 60 

1A; Supplementary Methods) in accordance with the 66 chromosomes counted in R. 61 

tetraphylla cells (2n=66, Supplementary Figure S2B) resulting in a ~733.6 Mb assembly. 62 

About 98.3% of Eudicots Benchmarking Universal Single Copy Orthologs (BUSCO) were 63 

annotated and LTR Assembly Index (19.21) was higher than C. roseus (13.11 (Li et al, 2023) 64 

– 14.62 (Sun et al, 2023)), indicating the high completeness of our assembly in both genic and 65 

non-genic regions (Supplementary Tables S1). By integrating ab initio prediction and de novo 66 

transcriptome assembly, we annotated 101,883 high-confidence genes (Figure 1A, 67 

Supplementary Tables S1-S2) with a BUSCO complete score of 97.7%. Functional 68 
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annotations could assign ~65.7% of the genes (Supplementary Table S2). Transposable 69 

elements annotation revealed that ~39% of the genome consists of transposable elements 70 

(Figure 1A, Supplementary Table S3). An evolutionary analysis indicated that R. tetraphylla 71 

experienced whole-genome triplication (WGT) which probably resulted from a double 72 

hybridization (2n=6x=66, Figure 1A and B) and a great expansion of several orthogroups 73 

(Figure 1C; Supplementary Figure S4). This also resulted in a great expansion of genes 74 

encoding ADHs notably including 372 MDRs (medium chain dehydrogenase/reductase), 317 75 

short-chain alcohol dehydrogenases and 135 aldo-keto reductases (Supplementary Table 76 

S4).  77 

Based on this new genome, we searched for putative natural product biosynthetic gene 78 

clusters (Supplementary Methods, Supplementary Tables S5-6). Among them, we 79 

identified 3 genomic regions located on the chromosomes 11a, 11b and 11c, which 80 

respectively consist in 10, 9 and 9 successive genes encoding ADHs that all correspond to 81 

cinnamyl-alcohol dehydrogenases-likes from the MDR family (Figure 1D). Besides being 82 

collinear since they result from polyploidization (Figure 1A and 1D), these regions also shared 83 

a high degree of synteny with the locus enriched in genes encoding ADHs involved in 84 

heteroyohimbane synthesis (tetrahydroalstonine synthase, THAS)) found on chromosome 4 85 

of C. roseus (Sun et al., 2023), suggesting a putative local duplication of THAS1 and THAS3 86 

orthologs in R. tetraphylla prior WGT (Supplementary Figure S5). We determined that 25 of 87 

the 28 genes were associated with a complete ADH protein clustering into 7 ADH identity 88 

groups (Figure 1E). A search for homology revealed that VR2 is located in the studied genomic 89 

regions and corresponds to Rte11bG086277, with two close homologs Rte11aG083588 and 90 

Rte11cG087148 (Supplementary Table S7). The three genes have a conserved local synteny 91 

(Figure 1D) together with a common phylogenetic clustering (Figure 1E).  92 

Such a density in ADHs prompted us to investigate the activity of the genomic neighbors of 93 

VR2 that may encode the missing ADH of the ajmaline pathway. Based on a high expression 94 

level in roots (Supplemental Figure 6), one representative of each ADH identity group was 95 

thus amplified and assayed by transient expression in Nicotiana benthamiana together with 96 

VH and VR2 (Figure 1F; Supplementary Methods). While no modification in the feeded 97 

vinorine was observed in the control condition only expressing the green fluorescent protein 98 

(GFP) (Supplementary Figure S7), the overexpression of VH and VH combined to VR2 99 

caused its conversion into vomilenine and 19,20-α(S)-dihydrovomilenine measurable at m/z 100 

351 and 353, respectively (Figure 1F). These reactions fully agreed with the previously 101 

reported reaction catalyzed by VH and VR2 (Dang et al., 2017; Geissler et al., 2016). 102 

Outstandingly, the co-expression of Rte11bG086272 and Rte11cG087143 with VH and VR2 103 

led to the formation of a new compound whose m/z (355) was consistent with an additional 104 
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reduction of 19,20-α(S)-dihydrovomilenine, potentially yielding 17-O-acetyl-norajmaline. In 105 

contrast, no similar reduction was observed while expressing Rte11cG087137, 106 

Rte11cG083572, Rte11cG087145 or Rte11bG086265 thus confirming the specificity of the 107 

reaction catalyzed by Rte11bG086272 and Rte11cG087143. It has to be noted that the 108 

individual co-expression of each of the four aforementioned genes with VH revealed that 109 

Rte11cG087145 catalyzed a vomilenine reduction similar to VR2 (Supplementary Figure S8). 110 

To gain insight into the identity of the vomilenine derivatives produced through these assays, 111 

VR2, Rte11bG086272 and Rte11cG087143 were individually co-expressed with VH (Figure 112 

1G - left panel, Supplementary Figure S8). As previously observed with VR2, we noted that 113 

Rte11bG086272 and Rte11cG087143 were capable of reducing vomilenine directly, as 114 

revealed by the formation of a m/z 353 product. However, the difference in the retention times 115 

of the VR2 and Rte11bG086272/Rte11cG087143 products strongly argue for the formation of 116 

two distinct compounds. We thus took advantage of these syntheses to assign the 117 

characteristic UV spectrum changes of vomilenine derivatives to the VR2 and 118 

Rte11bG086272/Rte11cG087143 products (Figure 1H, Supplementary Figure S8). As 119 

described by Geissler et al. (2016), we first observed that both vomilenine and the VR2 120 

product (19,20-α(S)-dihydrovomilenine) display similar spectra reaching two maxima at 221 121 

nm and 269 nm. Interestingly, the Rte11bG086272/Rte11cG087143 product exhibits a radical 122 

spectrum shift with two maxima at 235 nm and 287 nm characteristic of the reduction of 123 

indolenine ring in 1,2-position found in 1,2-dihydrovomilenine. The identity of this compound 124 

was further confirmed by mass fragmentation that clearly revealed differences in the reduction 125 

catalyzed by Rte11bG086272/Rte11cG087143 and VR2 (Supplementary Figure S9). These 126 

results thus indicate that both Rte11bG086272 and Rte11cG087143 encode the missing 127 

enzyme of the ajmaline pathway catalyzing the 1,2 reduction of vomilenine, namely 1,2VR.  128 

Lastly, to establish the preferential ADH reaction order, products generated by co-expressing 129 

VH and VR2 or VH and Rte11bG086272 or Rte11cG087143 (1,2VR) were further incubated 130 

for 24h with N. benthamiana disks expressing Rte11bG086272/Rte11cG087143 (1,2VR) and 131 

VR2, respectively (Figure 1G - right panel ; Supplementary Figure S10). Interestingly, we 132 

observed that the enzymes encoded by Rte11bG086272 or Rte11cG087143 (1,2VR) were not 133 

capable of reducing the VR2 product (19,20-α(S)-dihydrovomilenine) while VR2 efficiently 134 

reduced the Rte11bG086272 or Rte11cG087143 products (1,2-dihydrovomilenine). This 135 

strongly suggests that 1,2VRs (Rte11bG086272 or Rte11cG087143) catalyze the first 136 

vomilenine reduction followed by that catalyzed by VR2 in contrast to the previous hypothesis 137 

(Geissler et al., 2016). 138 

Jo
urn

al 
Pre-

pro
of



In conclusion, this chromosome scale version of the R. tetraphylla genome provides valuable 139 

insights into MIA biogenesis through the identification of the missing enzyme of the ajmaline 140 

pathway. Outstandingly, VR2 and 1,2VR encoding genes were adjacent in the genome and 141 

also display a distant copy. Undoubtedly, this identification will pave the way for a future 142 

bioproduction of ajmaline in a heterologous organism. 143 
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 207 

FIGURE LEGEND 208 

Figure 1. The chromosome scale genome of R. tetraphylla and identification of the 1,2-209 

dihydrovomilenine reductase. (A) Genomic landscape of R. tetraphylla. Concentric rings 210 

present, from the outside to the inside: pseudo-chromosome name, pseudo-chromosome 211 

scale, gene density (purple: low density; yellow: high density) and transposable element 212 

density (blue: low density, brown: high density). Blue central links represent intra-chromosomal 213 

collinearity, light gray central links represent collinearity within a chromosome group and dark 214 
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gray central links collinearity between chromosome groups. (B) Synonymous substitution (Ks) 215 

rate distribution plot for R. tetraphylla (green) orthologs compared with Catharanthus roseus 216 

(blue) and Vitis vinifera (gray). WGT: whole genome triplication identified in R. tetraphylla, 𝛄: 217 

conserved 𝛄 whole-genome triplication event that is shared among eudicots. (C) Phylogenetic 218 

tree of R. tetraphylla and eight other species including three Apocynaceae (purple: C. roseus, 219 

V. minor, V. thouarsii), one Gelsemiaceae (yellow: G. sempervirens), one Rubiaceae (green: 220 

O. pumila) and one Cornales (pink: C. acuminata). (D) Maps and synteny of the ADH enriched 221 

regions in chromosomes 11a, 11b and 11c. Only ADH genes are numerated, in black and in 222 

gray for complet and partial ADH sequences, respectively. Synteny between ADHs are 223 

highlighted with colors. (E) Neighbour joining phylogenetic tree (100 bootstrap replications) of 224 

predicted ADH protein sequences. Proteins in red were cloned and used for enzymatic assays. 225 

(F) Screening of ADH activities for reduction of 19,20-α(S)-dihydrovomilenine (VR2 product). 226 

ADH candidates were transiently expressed in tobacco leaves together with VH and VR2 in 227 

presence of vinorine and the reaction products analyzed by LC/MS. (G) Analyzes of the 228 

enzymatic order of VR2 and Rte11bG086272 after the vinorine hydroxylation by VH. Both ADH 229 

were, independently, transiently overexpressed in tobacco leaves with VH in presence of 230 

vinorine during 24h. The reaction medium of these two enzymatic assays were added, 231 

independently, with the other ADH during additional 24h and reaction products were analyzed 232 

by LC/MS. (H) UV spectra of vomilenine, 19,20-α(S)-dihydrovomilenine (VR2 product) and 233 

Rte11bG086272 product (1,2-dihydrovomilenine). (I) Preferential order of vomilenine reduction 234 

successively involving 1,2VR and VR2. 235 

 236 

SUPPLEMENTAL DATA 237 

Supplementary Methods. 238 

Supplementary Table S1. Genome assembly metrics 239 

Supplementary Table S2. Functional annotation of the predicted genes 240 

Supplementary Table S3. Transposable element summary 241 

Supplementary Table S4. Number of ADHs in Rauvolfia tetraphylla, Catharanthus 242 

roseus and Vitis vinifera. 243 

Supplementary Table S5. Biosynthetic gene clusters identified by PlantiSMASH 244 

Supplementary Table S6. Biosynthetic gene clusters identified using our personal 245 

script 246 

Supplementary Table S7. Best-hit orthologs of MIA pathway genes in Rauvolfia 247 

tetraphylla 248 

Supplementary Figure S1. Rauvolfia tetraphylla and its main MIA producing 249 

organs. (A) Overview of R. tetraphylla plant. (B) R. tetraphylla flowers. (C-D) R. 250 
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tetraphylla berries at different maturity stage. (E) R. tetraphylla triad leaves. (F) R. 251 

tetraphylla leaves. (G) R. tetraphylla roots. 252 

Supplementary Figure S2. Proposed biosynthetic pathway of ajmaline. SGD: 253 

strictosidine β-D-glucosidase, GS: geissoschizine synthase, SBE: Sarpagan bridge 254 

enzyme, PNAE: polyneuridine aldehyde esterase, VS: vinorine synthase, VH: vinorine 255 

hydroxylase, VR: vomilenine reductase, VR2: vomilenine reductase 2, DHVR: 256 

dihydrovomilenine reductase, AAE: acetylajmalan esterase, NAMT: norajmaline 257 

methyltransferase. 258 

Supplementary Figure S3. Genome characteristics of R. tetraphylla. (A) Contact 259 

map of Hi-C reads revealing the 33 chromosomes of R. tetraphylla. (B) chromosome 260 

counting. 261 

Supplementary Figure S4. Comparative genomic analysis of R. tetraphylla and 262 

eight other plant species. Orthofinder phylogenetic tree of the nine studied species 263 

including four Apocynaceae (purple: R. tetraphylla, C. roseus, V. minor, V. thouarsii), 264 

one Gelsemiaceae (yellow: G. sempervirens), one Rubiaceae (green: O. pumila) and 265 

one Cornales (pink: C. acuminata). Orthogroup expansion (+) and contraction (-) was 266 

calculated using Cafe5. Light bordered boxes: expanded (+) or contracted (-) 267 

orthogroups in each lineage, Thick bordered boxes: expanded (+) or contracted (-) 268 

orthogroups in internal nodes of ancestral population for each taxon. 269 

Supplementary Figure S5. Comparison between cluster-related ADHs of R. 270 

tetraphylla with C. roseus ADHs. (A) Synteny between R. tetraphylla clusters 352 271 

(pseudo-chromosome 11a), 555 (pseudo-chromosome 11b), 567 (pseudo-272 

chromosome 11c) and C. roseus ADH-rich region on pseudo-chromosome 4. The 273 

colored numbers indicate the position of ADH-encoding gene trios within the cluster. 274 

Colored boxes indicate orthogroups. ADHs and gene synteny blocks are indicated by 275 

colored and gray lines, respectively. (B) Neighbour-joining phylogenetic tree (100 276 

bootstrap replications) of the cluster-related ADHs protein sequences of R. tetraphylla 277 

compared to THAS1, THAS2, THAS3, THAS4 and VR2. The colored numbers indicate 278 

the position of ADH-encoding gene trios within the cluster in (A). 279 

Supplementary Figure S6. Expression profile of the cluster-related ADHs 280 

transcripts in several organs. The measured expression levels of the cluster related 281 

ADHs are displayed as transcripts per million in roots, seedlings, stems, leaves, young 282 

leaves, flowers and berries in a top to down arrangement. The boxplots were split 283 

according to phylogenetic tree analysis in Supplementary Figure S5B .Red arrows 284 

indicate cloned sequences used for enzymatic assays. 285 

 286 

Supplementary Figure S7. Analysis of the VH enzymatic activity with vinorine to 287 

form vomilenine. VH and GFP were, independently, transiently overexpressed in 288 

tobacco leaves in presence of vinorine during 24h. VH reaction products were 289 
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analyzed by LC/MS as compared to a negative control (GFP) at m/z 335 (vinorine) and 290 

m/z 351 (vomilenine). GFP: Green Fluorescent Protein. m/z: mass to charge ratio. VH: 291 

vinorine hydroxylase. 292 

Supplementary Figure S8. Screening of ADH activities for reduction of 293 

vomilenine (VH product). (A) Positive differential mass chromatograms of vomilenine 294 

reduction assays with ADH candidates (m/z 353) compared to GFP. ADH candidates 295 

and GFP control were transiently overexpressed in tobacco leaves with VH in presence 296 

of vinorine and reaction products were analyzed by LC/MS. (B) UV spectrum of the 297 

vomilenine (VH product, black line) compared to the reduced products of VR2 (Green), 298 

Rte11bG086272 (red), Rte11cG087143 (blue) and Rte11cG087145 (yellow). UV 299 

spectra were measured on peaks with an asterisk on panel A mass chromatograms. 300 

m/z: mass to charge ratio. VH: vinorine hydroxylase. VR2: vomilenine reductase 2. 301 

Supplementary Figure S9. Comparison of the MS/MS spectra of vomilenine 302 

reduced products (m/z 353). (A) The upper and lower panels contain respectively the 303 

reduced vomilenine (m/z 353) of VR2 and the reduced vomilenine of Rte11cG087145 304 

spectrum, with a Pearson correlation score of 0.93. (B) The upper and lower panels 305 

contain respectively the reduced vomilenine (m/z 353) of Rte11cG087143 and the 306 

reduced vomilenine of Rte11bG086272 spectrum, with a Pearson correlation score of 307 

0.99. (C) The upper and lower panels contain respectively the reduced vomilenine (m/z 308 

353) of VR2 and the reduced vomilenine of Rte11bG086272 spectrum, with a Pearson 309 

correlation score of 0.67. Common peaks are drawn in a slightly darker colour for all 310 

three figures. 311 

Supplementary Figure S10. Analyzes of the enzymatic order of VR2 and 312 

Rte11cG087143 after the vinorine hydroxylation by VH. Both ADHs were 313 

transiently overexpressed in tobacco leaves with VH in presence of vinorine during 314 

24h. The reaction medium of these two enzymatic assays were added, independently, 315 

with the other ADH during additional 24h. Reaction products were analyzed by LC/MS. 316 Jo
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