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Camptothecin (CPT), a potent antitumor monoterpenoid indole alkaloid, is naturally produced by several 
plant species, including Nothapodytes tomentosa (N. tomentosa) and Camptotheca acuminata. However, the 
genomic basis and evolutionary history underlying CPT biosynthesis in N. tomentosa remain unclear. 
Here, we present a chromosome-level genome assembly of N. tomentosa and systematically annotate can-
didate genes implicated in CPT biosynthesis. Phylogenomic analysis revealed two recent whole-genome 
duplication events in N. tomentosa. Genomic analysis revealed a physically linked gene cluster comprising 
9-hydroxy CPT O-methyltransferase 2 and loganic acid O-methyltransferase (LAMT) genes. Phylogenetic 
analyses of LAMT, 7-deoxyloganic acid hydroxylase, and secologanin synthase supported the evolution-
ary conservation of the iridoid pathway. However, functional characterization, active-site analysis, and
phylogenetic reconstruction of strictosidine synthase suggested divergent evolutionary trajectories, indi-
cating that N. tomentosa might employ an alternative enzymatic progress for strictosidine biosynthesis.
This study provides foundational genomic insights into the evolution of CPT biosynthesis, offering valu-
able resources for metabolic engineering, pharmaceutical development, and the sustainable utilization
and conservation of N. tomentosa as a medicinal plant.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. Thi s is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n

Monoterpene indole alkaloids (MIAs) constitute a structurally 
diverse and pharmacologically important group of natural prod-
ucts predominantl y derived from plant families, including Apocy-
naceae, Gelsemiaceae, Loganiaceae, Nyssaceae, Rubiaceae, and
Icacinaceae [1]. To date, more than 3000 MIAs have been identified, 
exhibiting a wide range of complex bridged structures that under-
pin their diverse biological activities [2,3]. Among MIAs (Fig. 1), 
camptothecin (CPT) from Camptotheca acuminata (C. acuminata)
[4] functions as a potent antitumor agent that exerts its activity
by selectively inhibiting DNA topoisomerase I [5]. Vinblastine 
and vincristine from Catharanthus roseus (C. roseus), have gained 
prominence as pioneering plant-der ived anticancer agents because
of their potent inhibitory effects on microtubule assembly [6]. 
Ajmaline from Rauvolfia serpentina (R. serpentina) serves as a class 
Ia antiarrhythmic drug and has been used clinically to diagnose
Brugada syndrome [7]. Additionally, mitragynine, a major alkaloid 
from Mitragyna speciosa (M. speciosa), displays dose-dependent 
stimulant and analgesic effects mediated through partial agonism
of the human l-opioid receptor [8]. The remarkable structural 
complexity of MIAs with a broad spectrum of biological activities
has garnered significant attention for understanding their biosyn-
thetic origins.

The biosynthetic pathways of several clinically important MIAs,
such as vinblastine [9], ajmaline [10], and mitragynine [8,11], have
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Fig. 1. Representative MIAs derived from strictosidine. Structures are color-coded to highlight the indole (blue) and monoterpene-derived (red) moieties. GES: geraniol 
synthase; G8H: geraniol 8-hydroxylase; 8HGO: 8-hydroxygeraniol oxidoreductase; IS: iridoid synthase; IO: iridoid oxidase; 7DLGT: 7-deoxyloganetic acid glucosyltrans-
ferase; 7DLH: 7-deoxyloganic acid hydroxylase; LAMT: loganic acid O-methyltransferase; SLS: secologanin synthase; ASA: anthranilate synthase; PRT: phosphoribosyl
anthranilate transferase; PAI: phosphoribosyl anthranilate isomerase; IGS: indole-3-glycerol phosphate synthase; TSA/TSB: the a-/b-subunits of tryptophan synthase; TDC:
tryptophan decarboxylase; STR: strictosidine synthase.
been extensively elucidated. A central intermediate common to 
these pathways is strictosidine, which is formed through a Pictet-
Spengler condensation between tryptamine and the iridoid secolo-
ganin, which is catalyzed by strictosidine synthase (STR) [12] 
(Fig. 1). Secologanin is derived from geranyl diphosphate via the
iridoid pathway [13], involving a series of well-characterized steps 
mediated by geraniol synthase (GES), geraniol 8-hydroxylase 
(G8H), 8-hydroxygeraniol oxidoreductase (8HGO), iridoid synthase 
(IS), iridoid oxidase (IO), 7-deoxyloganetic acid glucosyltransferase
(7DLGT), 7-deoxyloganic acid hydroxylase (7DLH), loganic acid
O-methyltransferase (LAMT), and secologanin synthase (SLS). In
2

parallel, tryptamine is derived from tryptophan via the shikimate
pathway [14], with tryptophan subsequently decarboxylated by 
tryptophan decarboxylase (TDC). Following strictosidine biosyn-
thesis, a wide array of downstream modifications diversifies the
MIA scaffold into structurally and functionally distinct alkaloids
(Fig. 1). 

CPT, a prominent MIA with potent antitumor activity, was ini-
tially isolated from C. acuminata [4] and has been found in other 
plant species including Ophiorrhiza pumila (O. pumila) [15], 
Nothapodytes nimmoniana (N. nimmoniana) [16], and Nothapodytes 
tomentosa (N. tomentosa) [17]. Our previous phytochemical
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investigations of N. tomentosa resulted in the successful isolation 
and structural characterization of CPT and its analogs [17], con-
firming that N. tomentosa is a viable alternative source for CPT pro-
duction. In addition, several candidate genes potentially involved
in CPT biosynthesis were identified based on sequence homology
analyses [18]. However, the elucidation of the complete biosyn-
thetic pathway remains challenging, particularly due to the com-
plex and poorly understood enzymatic steps involved in the
downstream transformation of strictosidine into CPT (Fig. S1 in 
Appendix A). High-quality plant genome assemblies can offer a 
fundamental framework for elucidating the genetic basis of sec-
ondary metabolite biosynthesis. The chromosome-level genome
assemblies of C. acuminata (Nyssaceae) [19] and O. pumila (Rubi-
aceae) [20] provided insight into CPT biosynthesis; however, no 
genomic information was available for another CPT-rich plant N. 
tomentos a (Icacinaceae), limiting the elucidation of CPT biosyn-
thetic pathway in N. tomentosa.

Isotope-labeling experiments have demonstrated that stricto-
sidine serves as a metabolic precursor of CPT [21], which is consis-
tent with its established role in MIA biosynthesis. After the 
characterization of the biosynthetic route to strictosidine in canon-
ical MIA-producing species such as C. roseus, it remained unclear 
whether similar biosynthetic processes are conserved across 
MIA-produci ng taxa from different families. Notably, the conserved
nature of upstream precursor pathways across diverse MIA-
producing lineages provides an opportunity to investigate whether
these core biosynthetic modules originated from a shared ancestral
origin (Fig. S1). In this study, we assembled the chromosome-level 
genome of N. tomentosa using a combination of single-molecule 
real-time (SMRT) sequencing (PacBio Sequel) and high-
throughput chromosome conformation capture (Hi–C) technolo-
gies. Building upon this genomic resource, we conducted integra-
tive evolutionary analyses, encompassing homology-based gene 
discovery, phylogenetic reconstruction, comparative genomics, 
and biochemical validation of key pathway enzymes. Our findings 
suggested that the iridoid biosynthetic pathway in N. tomentosa,
particularly the enzymes 7DLH, LAMT, and SLS, was evolutionarily
conserved. However, the STR in N. tomentosa appears to have
diverged from its canonical counterparts, potentially representing
an independently evolved route involving noncanonical enzymes
or alternative catalytic processes.
2. Materials and methods

2.1. Genomic DNA extraction and sequencing

Young leaves of N. tomentosa were collected for genomic DNA 
(gDNA) extraction using a modified cetyltrimethylammonium bro-
mide (CTAB) protocol [22]. DNA quality and purity were assessed 
using a NanoPhotometer spectrophotometer (Implen, USA) and 
agarose gel electrophoresis. High-molecular-weight DNA was 
sheared to generate > 30 kb fragments, and size-selected libraries 
(∼20 kb inserts) were sequenced on the PacBio Sequel platform. 
A total of two single-molecule real-time cells were sequenced, 
yielding 9.35 million subreads with an N50 (the shortest contig 
length that needs to be included for covering 50% of the genome)
of 16 217 bp and a mean read length of 16 285 bp, resulting in
approximately 152.34 Gb of data and approximately 35× genome
coverage. For Hi–C library construction, fresh young leaves were
ground in liquid nitrogen. Chromatin was extracted, digested,
proximity-ligated, purified, and fragmented following standard
Hi–C protocols [23]. The resulting library was subsequently 
sequenced on the Illumina HiSeq X Ten platform to support 
chromosome-scale genome assembly. After the raw data were fil-
tered, 362.07 Gb of clean data were generated.
3

2.2. Genome assembly and quality assessment

The genome of N. tomentosa was assembled using Hifiasm
(v0.16.0) [24], yielding a primary assembly of 4.77 Gb (NTv1.0; 
965 contigs; N50 = 277.7 Mb). To eliminate organellar contamina-
tion, the raw contigs were first aligned to the chloroplast genome 
of N. nimmoniana (GenBank accession: OM974140.1) using the 
basic local alignment search tool (BLAST; alignment 
length ≥ 5 kb, identity ≥ 97%), and 736 chloroplast contigs were 
removed . Mitochondrial sequences were then filtered by compar-
ison with reference mitochondrial genomes from representative
magnoliids, including Magnolia biondii (MN206019), Liriodendron
tulipifera (KC821969), and Schisandra sphenanthera (NC042758).
The resulting assembly was further polished using purge_haplotigs
(−l 5 m 18 h 100) [25] to remove low-coverage and redundant hap-
lotypic contigs, thereby improving assembly accuracy and contigu-
ity. After curation, the primary assembly (NTv1.3) comprise d
4.74 Gb across 214 contigs (N50 = 277.68 Mb). Hi–C data were pro-
cessed with Juicer (v1.6) [26] and the 3D de novo assembly (3D-
DNA) pipeline [27] to scaffold the contigs into chromosome-level 
assemblies. Manual correction was performed using Juicebox, fol-
lowed by final scaffolding with 3D-DNA to generate a high-
quality chromosomal assembly. Assembly completeness was eval-
uated using BUSCO (v3.0.2b) [28] with default parameters based 
on the embryophyta_odb10 dataset.

2.3. Repeat sequence annotation

Repetitive sequences were identified in the N. tomentosa gen-
ome using a combination of homology-based and ab initio 
approaches. In brief, known repeat elements were identified by
aligning the genome assembly against the Repbase database using
RepeatMasker (v4.1.2) [29]. In parallel, de novo identification of 
repetitive sequences was performed using RepeatModeler
(v1.0.11) to construct a species-specific repeat library [30]. The 
resulting library was subsequently used in RepeatMasker to anno-
tate novel transposable elements (TEs). Finally, the results from 
both the homology-based and ab initio predictions were integrated
to generate a comprehensive repeat annotation for the N. tomen-
tosa genome.

2.4. Gene prediction and functional annotation

The gene structures in the N. tomentosa genome were annotated 
using an integrative approach that combined homology-based, 
transcriptome-based, and ab initio gene prediction methods. For
homology-based prediction, protein sequences from closely
related species, including Arabidopsis thaliana (A. thaliana), O.
pumila [20], Solanum lycopersicum (S. lycopersicum) [31], Populus 
trichocarpa (P. trichocarpa) [32], Rauvolfia tetraphylla (R. tetraphylla)
[33], and C. acuminata [19], were aligned to the N. tomentosa gen-
ome using translated nucleotide BLAST (TBLASTN). Gene structures
were subsequently predicted with Exonerate [34]. For 
transcriptome-based prediction, RNA sequencing (RNA-seq) data 
were generated from the root, stem, and leaf tissues of N. tomen-
tosa. Transcript assembly was performed using StringTie (v2.1.7),
and coding regions were predicted with the program to assemble
spliced alignments (PASA) (v.2.1.0) [35]. These data provide evi-
dence for the refinement of exon–intron structures and splicing 
sites. For ab initio prediction, gene structures were predicted based
on intrinsic sequence features using Augustus (v3.3.2) [36] and 
GlimmerHMM (v3.0.4) [37]. The gene models derived from all 
three approaches were integrated using the MAKER pipeline [38], 
and further refined with PASA by incorporating transcriptome evi-
dence. The functional annotation of the predicted genes was per-
formed by searching against several public protein databases,
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including SwissProt [39], the protein families database (Pfam) [40], 
the non-redundant protein database (NR), the Gene Ontology data-
base (GO) [41], InterPro [42], and the Kyoto Encyclopedia of Genes 
and Genomes database (KEGG) [43]. 

For non-coding RNA annotation, transfer RNAs (tRNAs) were
identified using tRNAscan-SE (v2.0.0) [44] based on conserved 
structural features. Ribosomal RNAs (rRNAs) were predicted using 
RNAmmer (v1.2), while microRNAs (miRNAs) and small nuclear
RNAs (snRNAs) were annotated using INFERNAL (v1.1.2) [45] based 
on the covariance models from the Rfam database [46]. 

2.5. Comparative genomic analysis and whole-genome duplications
(WGDs)

Genome assemblies and annotations of eight additional plant 
species were retrieved from public databases: O. pumila [20], C. 
roseus [47], Neolamarckia cadamba (N. cadamba) [48], and C. acumi-
nata [19] and from Ensembl Plants for Oryza sativa (O. sativa), A. 
thaliana, Vitis vinifera (V. vinifera), and S. lycopersicum. The longest 
transcript of each gene was extracted using gffread and translated
into protein sequences. Orthogroup clustering was performed with
OrthoFinder (v2.5.2) [49], and single-copy orthologs were aligned 
using MAFFT (v7.475) [50], followed by alignment trimming with 
Gblocks (v0.91b, default settings) [51]. A concatenated superma-
trix (amino acid sequences) was then constructed, and a maximum 
likelihood phylogeny was reconstructed using IQ-TREE (v2.0.3) 
under the BIC-selected JTT+F model with 1000 bootstrap replicates.
O. sativa, A. thaliana, and V. vinifera were used as outgroups. Diver-
gence times were estimated using the MCMCtree program (v4.9)
[52], calibrated with fossil-based estimates for O. sativa V. vinifera 
(142.1 163.5 million years ago (Mya)) and A. thaliana V. vinifera
(109.8 124.4 Mya) from the TimeTree database. The resulting ultra-
metric tree was visualized using iTOL.

Functional enrichment analysis of lineage-specific gene families 
was performed using ClusterProfiler [53] for GO terms and KEGG 
pathways. To investigate WGD events, we identified syntenic
blocks using MCScanX [54] with default parameters (each region 
containing at least five collinear gene pairs). Intergenomic align-
ments between N. tomentosa and V. vinifera were generated with
LAST (v.963) [55], and dot plots were constructed to visualize 
and confirm the intergenomic collinearity. Synonymous substitu-
tion rates (Ks) were calculated using the ‘‘Simple Ka/Ks Calculator
(NG)” module in TBtools (v2.310) [56]. The resulting Ks distribu-
tions were visualized with the R package ggplot2 (v3.5.0). To esti-
mate the timing of the WGD event in N. tomentosa, we first 
calculated the molecular clock rate (r) as 5.11 × 10−9 substitutions 
per synonymous site per year based on the mean Ks value (0.83) 
between N. tomentosa and C. acuminata and their divergence time
of approximately 81.21 Mya. Using this molecular clock, we esti-
mated that the N. tomentosa WGD event occurred approximately
16.63 Mya (Ks = 0.17; calculated as T = Ks/2r, T is the divergence
time).

2.6. Evolutionary analysis of CPT biosynthetic genes

Phylogenetic trees for candidate CPT-biosynthetic enzymes 
were constructed from amino acid sequences in the Molecular Evo-
lutionary Genetics Analysis version 10.0 (MEGA X) using the 
neighbor-joining method (parameters: 1000 bootstrap replicates, 
p-distance substitution model, and pairwise deletion for gap treat-
ment). Conserved protein motifs were predicted and visualized
using the ‘‘Simple MEME Wrapper” module in TBtools (v2.310)
[56], and the optimized parameters of Multiple Em for Motif Elici-
tation (MEME) were as follows: mode, AnyNumberOfOccurPerSeq; 
number of motifs to find, 10. The MEME results were visualized
using the ‘‘Visualize Motif Pattern” module in TBtools. To investi-
4

gate the evolutionary origin and functional divergence of upstream 
genes associated with CPT biosynthesis, microsynteny analysis was 
performed using four modules in TBtools (v2.310): ‘‘GFF_to_BED,” 
‘‘Catalog” (Dbtype: protein, Cscore: 0.7), ‘‘Compara_synteny” (Iter-
ations: 4), and ‘‘Graphics_synteny.” This analysis enabled the com-
parison of conserved syntenic blocks among different species. In
addition, the chromosomal distribution of candidate biosynthetic
genes in N. tomentosa was visualized using the ‘‘Gene Location
Visualize (Advanced)” module in TBtools (v2.310).

2.7. Transient expression of candidate genes in Nicotiana benthamiana
(N. benthamiana)

The full-length coding sequences of the candidate 7DLH and STR 
genes were polymerase chain reaction (PCR)-amplified from the 
root complementary DNA (cDNA) of N. tomentosa and cloned and 
inserted into the pEAQ-HT vector (digested with AgeI and XhoI). 
The resulting constructs were subsequently introduced into the 
Agrobacterium tumefaciens LBA4404 strain via the freeze thaw 
method. Positive colonies were selected on Luria Bertani (LB) agar 
plates supplemented with rifampicin (25 lg mL−1 ), streptomycin 
(50 lg mL−1 ), and kanamycin (50 lg mL−1 ), and cultured at 30 °C 
for 2–3 d. Agrobacterium suspensions (optical density at 600 nm 
(OD600) = 0.3) were prepared in infiltration buffer (10 mmol L−1 

2-morpholinoethanesulphonic acid (MES) (pH 5.6), 10 mmol L−1 

MgCl2, and 200 lmol L−1 acetosyringone) and incubated for 1 h 
at room temperature. Leaves of N. benthamiana were infiltrated 
using a 1 mL needleless syringe. After 4 d of expression, precursor 
substrates (0.2 mmol L−1 7-deoxyloganic acid and 0.2 mmol L−1 

tryptamine, 0.2 m mol L−1 loganin and 0.2 mmol L−1 tryptamine, 
or 0.2 mmol L−1 secologanin and 0.2 mmol L−1 tryptamine) were 
infiltrated into the same leaves. At 36 h post substrate infiltration, 
the leaves were harvested, flash-frozen in liquid nitrogen, ground
to a fine powder, and extracted with 25 mL of 95% ethanol. The
ethanolic extract was partitioned three times with 25 mL petro-
leum ether and evaporated under reduced pressure. The dried resi-
due was resuspended in 2 mL of methanol, and centrifuged at 12
000 r min−1 for 10 min, after which the supernatant was analyzed
by liquid chromatography tandem mass spectrometry (LC MS/MS).
Chromatographic separation was performed using a YMC-Triart
C18 column (4.6 mm × 250 mm, 5 lm) at 25 °C with a flow rate
of 1.0 mL min−1. The mobile phases consisted of water with 0.1%
formic acid (solvent A) and acetonitrile (solvent B), with the fol-
lowing gradient: 0 14.0 min, 5% 71.4% B; 14.0 14.1 min, 71.4%
100% B; 14.1 18.0 min, 100% B; 18.0 18.1 min, 100% 5% B; 18.1
21.0 min, 5% B. The injection volume was 10 lL. Leaves infiltrated
with the empty pEAQ-HT vector served as negative controls. As a
positive control, STR from R. serpentina (RsSTR) was included, as
previously characterized [18]. All experiments were conducted in
triplicate.

2.8. Recombinant protein expression in Escherichia coli (E. coli) and
enzymatic assays

The full-length coding sequences of strictosidine synthase can-
didates (NtSTR1-8) were amplified by PCR from root-derived cDNA 
of N. tomentosa and cloned and inserted into the BamHI/HindIII-
digested pET28a vector or EcoRI/SalI-digested pCold-TF vector.
The full-length coding sequence of RsSTR [57] was synthesized by 
GENEWIZ and inserted into the same vector using identical restric-
tion sites. The resulting recombinant plasmids were subsequently 
transformed into E. coli BL21 (DE3) for heterologous expression
of the 6× His-tagged STR protein. Recombinant protein purification
was performed following previously established protocols [18]. 

For in vitro enzyme assays of STR, reactions were carried out in a 
total volume of 100 lL containing 50 mmol L−1 phosphate buffer
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Table 1 
Genome assembly and annotation statistics for N. tomentosa.

Assembly and annotation Statistics 

Genome size (Gb) 4.74 
Number of chromosomes 14 
Genome size in chromosomes (Gb) 4.63 
Genome in chromosomes (%) 97.52 
Number of contigs 213 
Contig N50 (Mb) 277.68 
Number of protein-coding genes 63 598 
Average gene/coding sequence length (bp) 6 770.42/906.01 
Total size of repeat sequences (Gb) 4.15 
Repeat sequences in the genome (%) 87.48 
(pH 7.0), 0.2 mmol L−1 secologanin (or 0.2 mmol L−1 secologanic 
acid), 0.2 mmol L −1 tryptamine, and 100 lg of recombinant STR
proteins [57]. The mixtures were incubated at 30 °C for 2 h and 
quenched by the addition of 200 lL of methanol. Heat-
inactivated enzymes were used as negative controls. All reaction 
mixtures were centrifuged at 12 000 r min−1 for 10 min, and the 
resulting supernatants were subjected to LC MS analysis. Chro-
matographic separation was performed using a YMC-Triart C18 col-
umn at 25 °C, with a flow rate of 1.0 mL min−1. The mobile phases
consisted of water with solvent A and solvent B with the following
gradient: 0–20.0 min, 5%–100% B; 20.0–24.0 min, 100% B; 24.0–
24.1 min, 100%–5% B; 24.1–28.0 min, 5% B. All the enzyme assays
were performed in three independent biological replicates (n = 3).

2.9. Structural modeling and site-directed mutagenesis of NtSTR1–8

The protein structures of NtSTR1–8 were predicted with Alpha-
Fold3 [58] using default settings; the top-ranked models were used 
for analysis. Structural inspection and figure rendering were per-
formed in PyMOL (v2.4).

For mutagenesis, pCold-NtSTR1–3 plasmids served as tem-
plates. Point mutations were introduced by overlap-extension
PCR with mutagenic primers (Table S1 in Appendix A). PCR prod-
ucts and the pCold-TF vector were digested with EcoRI and SalI, 
ligated, and transformed into E. coli DH5a for propagation.
Sequence-verified constructs were then transformed into E. coli
BL21 (DE3) for expression and subsequent activity assays.
Fig. 2. Circular genome map of N. tomentosa. The outermost track displays the 14 
pseudochromosomes (LG01–LG14). The red histogram indicates the distribution 
density of protein-coding genes along each chromosome. The inner links depict
syntenic blocks within the N. tomentosa genome assembly.
3. Results and discussion

3.1. De novo genome sequencing, assembly, and annotation

The genome size of N. tomentosa was estimated to be approxi-
mately 4.30 and 3.94 Gb, through flow cytometry and k-mer anal-
ysis, respectively (Fig. S2(a) in Appendix A). The genome exhibited 
high heterozygosity (1.06%) and a GC content of 34.6% (Fig. S2(b) in 
Appendix A). Cytogenetic karyotyping confirmed that N. tomentosa 
has 14 chromosomes (2n = 28; Fig. S3 in Appendix A). The genome 
was sequenced using SMRT sequencing technology from PacBio 
Sequel platform, generating approximately 152.34 Gb of data, with 
35× coverage of the estimated genome size. The primary genome 
assembly resulted in a 4.77 Gb genome comprising 965 contigs,
with a contig N50 of 277.68 Mb. The contigs were then scaffolded
into chromosomes using Hi–C technology, resulting in a final
assembly of 4.74 Gb (Table 1). A total of 4.63 Gb of the genome 
sequence was successfully assigned to 14 chromosomes (Fig. 2, 
Fig. S4 in Appendix A), with a scaffold N50 of 325.23 Mb. Bench-
marking universal single-copy ortholog (BUSCO) assessment indi-
cated that 96.6% of the core genes were successfully captured,
with 81.0% identified as single-copy genes, highlighting the high
completeness and quality of the assembled N. tomentosa genome.

In the N. tomentosa genome, TEs accounted for 87.48% of the 
total sequences, with long terminal repeat retrotransposons (LTR-
RTs) representing the predominant class (70.40%; Table S2 in 
Appendix A). A total of 63 598 protein-coding genes were predicted 
through an integrative approach combining transcriptomic evi-
dence, homology-based annotation, and ab initio gene prediction.
The average gene length was 6 770.42 bp, and the average coding
sequence (CDS) length was 906.01 bp (Table 1, Table S3 in Appen-
dix A). Functional annotation assigned putative roles to 92.17% of 
the predicted genes using multiple public databases, including
Swiss-Prot, NR, GO, TrEMBL, InterPro, and KEGG (Table S4 in 
Appendix A). Annotation of non-coding RNAs revealed 1 634 tRNA, 
11 533 rRNA, 181 miRNA, and 4 307 snRNA sequences (Table S5 in 
Appendix A). 
5

3.2. Phylogenetic and WGD analyses of N. tomentosa

To clarify the phylogenetic relationships and genome evolution 
of N. tomentosa, we reconstructed its evolutionary history along-
side nine other plant species, including two CPT-producing species 
(O. pumila and C. acuminata), three MIA-producing species (C. 
roseus, N. cadamba, and Alstonia scholaris (A. scholaris)), and four 
non-MIA-producing species (O. sativa, A. thaliana, V. vinifera, and 
S. lycopersicum). A set of 66 single-copy orthologous gene families
identified across ten representative species was utilized to con-
struct a robust phylogenetic tree. Molecular dating analyses
revealed that N. tomentosa diverged from Gentianales lineages
(e.g., A. scholaris, C. roseus, and O. pumila) approximately 70.96
Mya, and separated from C. acuminata approximately 81.21 Mya
(Fig. 3(a)). These results highlight the closer evolutionary relation-
ship between N. tomentosa and C. acuminata than between N.
tomentosa and the other plant species.

Orthogroup analysis revealed 4 153 gene families uniquely pre-
sent in N. tomentosa compared with those in S. lycopersicum and C.
acuminata (Fig. 3(b)). KEGG enrichment analysis indicated that sev-
eral unique gene families were notably enriched in indole alkaloid
biosynthesis pathways (Fig. S5 in Appendix A), suggesting their 
potential roles in the CPT biosynthetic pathway. Intragenomic
dot plots (Fig. S6 in Appendix A) revealed two duplication patterns
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Fig. 3. Evolution of the N. tomentosa genome. (a) Time-calibrated phylogenetic tree of ten representative angiosperms constructed using single-copy orthologs. Divergence 
times (in Mya) are indicated at each node, and horizontal bars denote 95% highest posterior density (HPD) intervals. Recent WGD events are marked with red stars. (b) Venn 
diagram showing the numbers of shared and unique orthologous gene clusters among N. tomentosa (Nto), C. acuminata (Cac), and S. lycopersicum (Sly). (c) Distribution of
synonymous substitution rates (Ks) among syntenic paralogous gene pairs, indicating the timing of WGD events in N. tomentosa and other species.
in N. tomentosa. Consistently, genome-wide analyses revealed 4:1 
syntenic depths between N. tomentosa and V. vinifera , supporting
the occurrence of two lineage-specific WGD events in N. tomentosa
(Fig. S7 in Appendix A). To estimate the timing of this event, we 
analyzed the distribution of synonymous substitution rates (Ks)
among paralogous gene pairs (Fig. 3(c)). One distinct Ks peak at 
approximately 0.17 suggested that N. tomentosa underwent a 
recent WGD event, which was estimated to have occurred around
16.63 Mya (Fig. 3(c)). 

3.3. Candidate genes involved in t he CPT biosynthetic pathway

Despite advances in gene discovery, the biosynthetic pathway 
of CPT in N. tomentosa remains incompletely elucidated. Our previ-
ous transcriptome-based analyses revealed a suite of putative 
biosynthetic genes, including NtGES, NtG8H, Nt8HGO, NtIS, NtIO, 
Nt7DLGT, Nt7DLH, NtLAMT, NtSLS, and NtSTR, along with four tailor-
ing genes—one camptothecin 9-hydroxylase (NtCPT9H), two 9-
hydroxycamptothecin O-methyltransferases (NtOMT1/2), and a uri-
dine diphosphate glycosyltransferase (NtUGT5). These genes exhib-
ited high root-specific expression patterns consistent with CPT
accumulation [18]  (Fig. S8 in Appendix A). The current 
chromosome-level genome assembly and annotation of N. tomen-
tosa enabled the acquisition of whole candidate gene sets poten-
tially involved in CPT biosynthesis. Functional characterization 
revealed that transient coexpress ion of Nt7DLH with NtLAMT,
NtSLS, and RsSTR in N. benthamiana, followed by feeding with 7-
deoxyloganic acid and tryptamine, successfully yielded stricto-
sidine (Figs. 4(a) and (b)), confirming the catalytic competence of
Nt7DLH in the upstream iridoid pathway.

Having validated an upstream enzyme in the pathway, we next 
examined the downstream step catalyzed by STR. We identified
eight STR homologs (NtSTR1–8; Table S6 in Appendix A) as poten-
tial catalysts for the condensation of tryptamine and secologanin. 
Among these genes, NtSTR1 showed the highest sequence similar-
ity to canonical STRs from C. roseus [59], O. pumila [21], and R. ser-
pentina [60] and exhibited specifically high expression levels in
roots (Table S6 and Fig. S8 in Appendix A). Unexpectedly, both 
in vitro enzymatic assays with secologanin and tryptamine or sec-
ologanic acid and tryptamine (Figs. S9–S16 in Appendix A) and 
transient expression in N. benthamiana (Figs. 4(c) and (d)) revealed 
that NtSTR1 lacked catalytic activity in mediating the Pictet-
6

Spengler condensation of tryptamine and secologanin or secolo-
ganic acid.

Although NtSTR1 was found to lack catalytic activity, metabo-
lite profiling confirmed the presence of strictosidine in N. tomen-
tosa, with preferential accumulation in root tissues [18], 
suggesting the involvement of alternative STR isoforms or distinct 
catalytic mechanisms in N. tomentosa. To investigate the potential 
roles of other STR candidates in N. tomentosa, we constructed a
phylogenetic tree incorporating STR homologs from N. tomentosa,
C. acuminata, and representative MIA-producing species (Table S7 
in Appendix A). Phylogenetic analysis revealed that STR candidates 
from well-established MIA-prod ucing species clustered together
within a single clade (Fig. 5(a)). Notably, NtSTR1 from N. tomentosa 
and CaSTR1 from C. acuminata were grouped within this canonical 
clade, whereas NtSTR2–8 and CaSTR2–7 fell into two separate, dis-
tinct branches, suggesting divergence from the typical STR lineage.
Furthermore, the other seven candidates (NtSTR2–8) were heterol-
ogously expressed in E. coli BL21 (DE3), purified as soluble proteins
(Figs. S15 and S16), and assayed in vitro. Under conditions in which 
the positive control RsSTR produced strictosidine (as detected by 
LC MS), none of the NtSTR2 8 enzymes yielded strictosidine from
secologanin and tryptamine (Fig. S9); the alternative pair, secolo-
ganic acid and tryptamine, likewise yielded no strictosidinic acid
(Fig. S12). In planta, transient coexpression of each NtSTR2–8 with 
NtSLS in N. benthamiana, followed by feeding with loganin and
tryptamine, did not yield strictosidine (Fig. 4(c)). When NtSTR2–8 
was expressed individually and leaves were supplied with secolo-
ganin and tryptamine, strictosidine was likewise not detected by
LC–MS/MS (Fig. 4(d)). Taken together, the failure to detect STR 
activity for NtSTR1–8 in vitro and in planta indicated that 
NtSTR1–8 could not act as a canonical STR under the conditions
tested, suggesting the presence of noncanonical enzymes and/or
context-specific requirements for strictosidine biosynthesis in N.
tomentosa.

Previous studies have demonstrated that the Glu309 residue of 
RsSTR plays a critical role in catalysis [57], acting as a general base 
in the Pictet-Spengl er reaction to facilitate amine deprotonation
(Fig. S17 in Appendix A). Substitution of this glutamate with ala-
nine has been shown to reduce enzymatic activity by approxi-
mately 879 fold [57]. Multiple sequence alignment confirmed 
that this catalytic residue is strictly conserved in STRs from the
canonical MIA-producing Gentianales species (Fig. S18 in Appendix
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Fig. 4. Functional characterization of Nt7DLH and NtSTR1–8. (a) Extracted ion chromatograms (EICs) of strictosidine m/z = 531.23 [M + H]+ detected in N. benthamiana 
transiently expressing Nt7DLH, NtLAMT, NtSLS, and RsSTR following infiltration with 7-deoxyloganinic acid and tryptamine. (b) MS/MS fragmentation  (m/z = 531.23, 20 eV) 
of strictosidine produced by enzymes transiently expressed in tobacco leaves compared with the fragmentation results of the strictosidine standard. (c) EIC of strictosidine
(m/z = 531.23 [M + H]+) detected in N. benthamiana transiently expressing NtSLS, NtSTR1–8, and RsSTR following infiltration with loganin and tryptamine. (d) EIC of
strictosidine (m/z = 531.23 [M + H]+) detected in N. benthamiana transiently expressing NtSTR1–8 and RsSTR following infiltration with secologanin and tryptamine. The
strictosidine peaks are marked with blue shadows.
A). In contrast, all STR candidates from N. tomentosa and C. acumi-
nata exhibit substitutions at this position. Alignments of the resi-
dues surrounding the active site further revealed a conserved
catalytic motif (E-H-F/L/I-E-Q) in Gentianales STRs (Fig. S19 in 
Appendix A), whereas the corresponding sequences in N. tomentosa 
and C. acuminata showed substantial variability. Sequence logo
analysis supported these findings, highlighting the conservation
7

of catalytic residues in Gentianales STRs and their divergen ce in
N. tomentosa and C. acuminata (Fig. S20 in Appendix A). To assess 
the structural context, we predicted NtSTR1–8 protein structures
with AlphaFold3 [58] and compared them to the RsSTR crystal
structure (PDB code 4IYG) (Fig. S21 in Appendix A). NtSTR1–3, 
which share high amino acid sequence identities (40%–43%) with
RsSTR (Table S6), adopt overall folds similar to that of RsSTR
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(Fig. S22 in Appendix A), but the Glu309-equivalent position and 
the aromatic pocket residues (Tyr151/Phe226 equivalents) are sub-
stituted in NtSTR1–8 (Fig. S23 in Appendix A), and the modeled 
active site shows alterations around the tryptamine-binding region
(‘‘indole-sandwich” site) [61]. Guided by these features, we engi-
neered NtSTR1–3 mutants to restore the following putative cat-
alytic residue and pocket aromatic compounds: NtSTR1-G145Y, 
NtSTR1-T298E, NtSTR1-G145Y/T298E, NtSTR2-D140Y, NtSTR2-
T295E, NtSTR2-D140Y/T295E, NtSTR3-D145Y, NtSTR3-T300E, and 
NtSTR3-D145Y/T300E. However, under conditions where the posi-
tive control RsSTR produced strictosidine (or strictosidinic acid),
none of the mutants exhibited detectable activity in vitro according
to LC MS analysis (Figs. S24 and S25 in Appendix A). Together, 
these findings suggest that N. tomentosa may employ a noncanon-
ical enzymatic route for strictosidine biosynthesis.

3.4. Evolutionary analysis of the iridoid pathway in N. tomentosa

7DLH, LAMT, and SLS function in the later steps of the iridoid 
pathway and play pivotal roles in the evolutionary diversification 
of MIA biosynthesis. In the well-characterized MIA-producing spe-
cies within Gentianales, particularly C. roseus , 7-deoxyloganic acid
is hydroxylated by 7DLH to yield loganic acid, which is subse-
quently methylated by LAMT to produce loganin and ultimately
oxidized by SLS to generate secologanin [13]. Our previous func-
tional characterization confirmed that NtLAMT catalyzed the 
methylation of loganic acid to loganin, and that NtSLS subse-
quently converted loganin into secologanin in N. tomentosa [18]. 
To explore the evolutionary origin of NtLAMT, we conducted phylo-
genetic analyses using LAMT homologs from representative MIA-
producing species—including C. roseus, R. serpentina, A. scholaris, 
M. speciosa, N. cadamba, O. pumila, R. tetraphylla, and Tabernae mon-
tana elegans—as well as from non-MIA-producing species, includ-
ing A. thaliana, V. vinifera, S. lycopersicum, Nicotiana sylvestris, Beta
vulgaris, and P. trichocarpa (Table S8 in Appendix A). The resulting 
phylogenetic tree placed NtLAMT within the same clade as LAMT 
homologs from the canonical MIA-producing Gentianales species,
rather than within those from non-MIA-producing lineages
(Fig. 5(b)). Conserved motif analysis revealed that most LAMT 
homologs shared similar motif architectures, suggesting a con-
served structural scaffold across species (Fig. S26 in Appendix A). 
Taken together, the motif conservation and retained catalytic activ-
ity of NtLAMT, along with its closer phylogenetic relationship to 
active LAMTs in the Gentianales lineage, support the notion that 
N. tomentosa could share a common evolutionary origin with 
canonical MIA-producing Gentianales species. Moreover, chromo-
somal mapping of the identified CPT biosynthetic and tailoring
genes revealed a physically linked gene cluster (spanning approx-
imately 2.92 Mb) comprising NtOMT2.1 (rna-INt35752.1), NtLAMT
(rna-INt35745.1), and NtOMT2.2 (rna-INt35730.1) (Fig. 5(c), 
Fig. S27 in Appendix A). The close genomic localization of these 
genes suggested potential coordinated regulation and functional 
association in the biosynthesis and postmodification of CPT. This
physical linkage, together with their correlated expression patterns
3

Fig. 5. Evolution of the 7DLH, LAMT, SLS, and STR genes. (a) Phylogenetic tree of STR prote
are highlighted in red and blue, respectively, with NtSTR1 marked by a cyan star. F
relationships of LAMT proteins across representative MIA- and non-MIA-producing speci
CPT biosynthetic and tailoring genes across the 14 pseudochromosomes of N. tomentosa. T
highlighted in red, cyan, black, and purple, respectively. (d) Phylogenetic analysis of 7DL
from N. tomentosa are highlighted in red. (e) Microsynteny analysis of genomic region
colored rectangles, with blue and green indicating genes on the forward and reverse
Microsynteny analysis of genomic regions harboring SLS genes across MIA-producing sp
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(Fig. S8), supported the hypothesis that they might act synergisti-
cally in CPT metabolism [62]. 

To explore the evolutionary relationships of Nt7DLH and NtSLS, 
we conducted phylogenetic and microsynteny analyses across rep-
resentative MIA-producing species (Table S9 in Appendix A). Phy-
logenetic analysis revealed that Nt7DLH clustered within a 
monophyletic clade alongside 7DLH homologs from Gentianales,
indicating a shared evolutionary origin (Fig. 5(d)). Microsynteny 
analysis further revealed conserved genomic collinearity between 
Nt7DLH and its orthologs in A. scholaris, N. cadamba, O. pumila,
and C. acuminata (Fig. 5(e)). Accordingly, functional assays have 
demonstrated that Nt7DLH retains its ancestral hydroxylation
activity (Fig. 4(a)), catalyzing the conversion of 7-deoxyloganic 
acid to loganic acid. Similarly, NtSLS grouped closely with SLS 
homologs from MIA-producing Gentianales species in the phyloge-
netic tree. Microsynteny analysis revealed strong collinear rela-
tionships between NtSLS and its orthologs in A. scholaris, N.
cadamba, and O. pumila (Fig. 5(f)). Together, the retention of cat-
alytic activity in Nt7DLH, NtLAMT, and NtSLS, their phylogenetic 
relationships with homologs from the canonical MIA-producing 
species, and the conserved syntenic architecture supported the
notion that the iridoid pathway in N. tomentosa could be largely
evolutionarily conserved for LAMT function with established
MIA-producing taxa.

3.5. Distinct evolution of STR in MIA-producing plants

Strictosidine is a key intermediate in the biosynthesis of MIA, 
formed via a Pictet-Spengl er condensation between secologanin
and tryptamine, which is catalyzed by STR [12]. A genomic cluster 
comprising STR, TDC, and multidrug and toxic compound efflux 
transporter (MATE) genes has previously been identified in C.
roseus [47] and Gelsemium sempervirens [63]. Microsynteny analy-
sis further revealed conserved collinearity between STR, TDC and
MATE in MIA-producing plants within Gentianales (Fig. 6). How-
ever, no such syntenic relationship was observed in N. tomentosa 
(Icacinaceae), S. lycopersicum (Solanaceae), or C. acuminata (Nys-
saceae). In line with this observation, gene localization analysis 
revealed that NtSTR1–8 are dispersed across multiple chromo-
somes, with no annotated TDC genes found in close genomic prox-
imity, indicating the absence of a physical gene cluster (Fig. S27). 
Phylogenomic analysis suggested that N. tomentosa diverged from 
the common ancestor of Gentianales approximately 70.96 Mya
(Fig. 3(a)). This deep evolutionary separation and absence of a 
shared microsyntenic locus suggested that STR in N. tomentosa 
may have a potential independent evolutionary mechanism from
the canonical MIA-producing lineages, possibly involving alterna-
tive enzymatic components or nonclassical catalytic progress.

In strictosidine biosynthesis, the second essential precursor, 
tryptamine, is produced via the decarboxylation of tryptophan cat-
alyzed by TDC. To identify TDC candidates in N. tomentosa, we con-
ducted homology-based searches combined with functional
annotation, which led to the identification of three putative genes,
NtTDC1–3 (Table S10 in Appendix A). Among these, NtTDC1 showed
ins from MIA-producing species. STR candidates from N. tomentosa and C. acuminata 
unctionally characterized enzymes are marked by purple dots. (b) Phylogenetic 
es. NtLAMT from N. tomentosa is highlighted in red. (c) Chromosomal distribution of 
he genes involved in the iridoid pathway, CPT tailoring, NtTDC1–3, and NtSTR1–8 are
H and SLS proteins from representative MIA-producing species. Nt7DLH and NtSLS
s containing 7DLH genes across MIA-producing species. Genes are represented as
strands, respectively. Conserved syntenic blocks are denoted by red ribbons. (f)
ecies. Conserved syntenic blocks are denoted by red ribbons.
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Fig. 6. Microsynteny analysis of genomic regions containing STR, TDC, and MATE 
genes across MIA-producing species. Genes are represented as colored rectangles; 
blue and green indicate forward and reverse strand orientation, respectively.
Conserved syntenic blocks are denoted by red, cyan, and pale green ribbons.
the highest amino acid sequence similarity to functionally charac-
terized TDCs from C. acuminata, C. roseus, and O. pumila (Table S9). 
Genomic localization analysis revealed that NtTDC1–3 were not 
physically clustered with any STR homologs, and no evidence of
conserved synteny was observed (Fig. 5(c), Fig. S27). Taken 
together, these findings suggest a distinct trajectory for stricto-
sidine biosynthesis in N. tomentosa.
4. Conclusion s

In this study, we reported a chromosome-level genome assem-
bly of N. tomentosa, a key CPT-producing species in the family 
Icacinaceae. Phylogenomic and Ks-based analyses suggested that 
N. tomentosa has undergone two recent WGD events, which may 
have contributed to its metabolic diversification and species-
specific adaptations. Through integrated genomic, phylogenetic, 
transcriptomic, and biochemical analyses, we systematically char-
acterized the upstream iridoid pathway enzymes (including 
Nt7DLH, NtLAMT, and NtSLS) and investigated the strictosidine 
step and STR candidates; however, STR activity was not detected 
and the enzyme remains to be identified. Previous functional char-
acterization has demonstrated that NtLAMT and NtSLS retain cat-
alytic activity, supporting their conserved roles in the late-stage
iridoid pathway. Notably, we identified a physically linked gene
cluster comprising the genes NtOMT2.1, NtLAMT, and NtOMT2.2,
suggesting a potential coordinated function in CPT biosynthesis
and postmodification. Moreover, the conserved synteny and phylo-
genetic placement of Nt7DLH and NtSLS further supported the
retention of canonical biosynthetic architecture in N. tomentosa.
Collectively, these findings indicated that N. tomentosa has pre-
served an evolutionarily conserved iridoid biosynthetic pathway,
similar to that found in typical MIA-producing species within the
order Gentianales.

In-depth investigations of STR homologs in N. tomentosa 
revealed substantial divergence from canonical STRs, particularly 
the loss of key catalytic residues and conserved motifs, despite 
their phylogenetic proximity. Notably, metabolomic profiling con-
firmed the accumulation of strictosidine in N. tomentosa roots, sug-
gesting the involvement of a noncanonical enzyme in strictosidine 
biosynthesis. Furthermore, no genomic clustering between NtTDC
and NtSTRwas observed in N. tomentosa. These findings collectively
suggested that NtSTR may have evolved independently from a
common ancestral gene distinct from the Gentianales-type lineage,
representing a case of lineage-specific divergence in MIA
biosynthesis.
10
Taken together, our findings suggested that N. tomentosa largely 
preserved a canonical iridoid framework for CPT biosynthesis, 
while the strictosidine-forming steps may involve alternative 
enzymatic mechanisms distinct from those in typical MIA-
producing lineages. This study not only provides foundational 
genomic resources for N . tomentosa, but also offers important
insights into the evolution and diversification of CPT biosynthesis,
with implications for metabolic engineering, pharmaceutical
development, and the sustainable utilization and conservation of
this valuable medicinal plant [64]. 
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