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Significance

Plants produce structurally 
diverse and lineage-specific 
natural products through a 
coordination of serial enzymes to 
catalyze sequential reactions. 
Cocaine and hyoscyamine with 
similar tropane skeletons are 
distributed among different 
families. The independent 
recruitments of serial 
biosynthetic enzymes 
responsible for cocaine and 
hyoscyamine biosynthesis were 
revealed on the genomic and 
structural levels. This rare 
phenomenon reminds us that 
the discovery of biosynthetic 
enzymes based exclusively on 
enzyme homology or key 
conserved sites requires caution 
when investigating the 
biosynthesis of natural products 
with similar chemical structure in 
phylogenetically distant species.
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The tropane alkaloids (TAs) cocaine and hyoscyamine have been used medicinally for 
thousands of years. To understand the evolutionary origins and trajectories of serial 
biosynthetic enzymes of TAs and especially the characteristic tropane skeletons, we gen-
erated the chromosome-level genome assemblies of cocaine-producing Erythroxylum 
novogranatense (Erythroxylaceae, rosids clade) and hyoscyamine-producing Anisodus 
acutangulus (Solanaceae, asterids clade). Comparative genomic and phylogenetic anal-
ysis suggested that the lack of spermidine synthase/N-methyltransferase (EnSPMT1) 
in ancestral asterids species contributed to the divergence of polyamine (spermidine 
or putrescine) methylation in cocaine and hyoscyamine biosynthesis. Molecular dock-
ing analysis and key site mutation experiments suggested that ecgonone synthases 
CYP81AN15 and CYP82M3 adopt different active-site architectures to biosynthe-
size the same product ecgonone from the same substrate in Erythroxylaceae and 
Solanaceae. Further synteny analysis showed different evolutionary origins and tra-
jectories of CYP81AN15 and CYP82M3, particularly the emergence of CYP81AN15 
through the neofunctionalization of ancient tandem duplication genes. The combi-
nation of structural biology and comparative genomic analysis revealed that ecgon-
one methyltransferase, which is responsible for the biosynthesis of characteristic 
2-substituted carboxymethyl group in cocaine, evolved from the tandem copies of 
salicylic acid methyltransferase by the mutations of critical E216 and S153 residues. 
Overall, we provided strong evidence for the independent origins of serial TA bio-
synthetic enzymes on the genomic and structural level, underlying the chemotypic 
convergence of TAs in phylogenetically distant species.

tropane alkaloids | evolution | biosynthesis | genome | structural biology

Plants obtain structurally rich and functionally diverse natural products during their 
evolution (1). It is common to find natural products with similar chemical structures 
existing in phylogenetically close species. Beyond that, some similar natural products, 
such as tropane alkaloids (TAs) (2), spiroketal steroids (3), and iridoids (4), show scattered 
distributions in phylogenetically distant plants. At present, our understanding of the 
scattered distributions of natural products is dominated by elucidating the evolution of 
individual biosynthetic enzyme (3–6). The biosynthetic pathway of natural products 
involves a complex coordination of a set of enzymes which catalyze sequential reactions 
(7). However, little is known about how a set of enzymes involved in the biosynthesis of 
natural products exhibiting a scattered distribution pattern evolved in plants. Gene dupli-
cation, followed by neofunctionalization, is a major contributor to the diversity of natural 
products in plants (8). Neofunctionalization can be obtained through a small number of 
key mutations, which can be identified via protein structural and functional analyses 
(9, 10). Besides obtaining the neofunctionalized gene, other mutated genetic material 
generated by gene duplication events can be either lost or remained (11). These genetic 
traces are subsequently deposited within the plant genome and can be used to trace the 
ancestral state and locus of a neofunctional gene, in turn, shedding light on the evolutionary 
process (11). Therefore, the combination of structural analysis and genomic analysis can 
provide strong evidence to further explore the evolutionary origins and trajectories of 
biosynthetic enzymes.

Tropane alkaloids can be divided into two major groups: tropinone and ecgonone 
derivatives (Fig. 1) (12). The tropinone group (i.e., hyoscyamine, scopolamine, calyste-
gine, etc.) mainly exists in Solanaceae, Convolvulaceae, and Rhizophoraceae families 
(12, 13). The ecgonone group, represented by cocaine, mainly exists in Erythroxylaceae 
family (12, 13). Among the TAs, hyoscyamine and scopolamine display anticholinergic 
activity and are clinically used to treat motion sickness, obstetrical analgesia, organo-
phosphate poisoning, and Parkinson’s symptoms (14). Cocaine (Goprelto and Numbrino) 
has been approved by the food and drug administration as a topical anesthetic. After a D
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century of investigation, the complete biosynthetic pathway for 
hyoscyamine and scopolamine has been fully described, and their 
de novo production in yeast was achieved (15, 16). Recently, we 
reported a near-complete biosynthetic route of cocaine (17, 18). 
Cocaine and hyoscyamine share a similar biosynthetic pathway 
(Fig. 1), including sharing the common precursors putrescine, 
N-methylputrescine, N-methyl-Δ1-pyrrolinium, 3-oxo-glutaric 
acid (OGA), 4-(1-methyl-2-pyrrolidinyl)-3-oxobutanoic acid 
(MPOA), and ecgonone (16–18). In contrast to the one-step 
catalysis of putrescine N-methyltransferase (PMT) to form 
N-methylputrescine in solanaceous species, an alternative bio-
synthetic route for N-methylputrescine formation was revealed 
in Erythroxylaceae (Fig. 1) (18). In addition, the biosynthetic 
flux to tropinone or ecgonone group is controlled via 
EnMT4-catalyzed methylation of ecgonone, thereby avoiding the 
spontaneous decarboxylation of unstable ecgonone to form tro-
pinone (Fig. 1) (17). The subsequent reduction and esterification 
of methylecgonone or tropinone drive the formation of cocaine 
or littorine (the precursor of hyoscyamine) (Fig. 1) (6, 19–21). 
Methylecgonone reductase (MecgoR) from the aldo-keto reduc-
tase (AKR) family (6) and tropinone reductase I (TRI) from the 
short-chain dehydrogenase/reductase (SDR) family (20), as well 
as cocaine synthase (CS) from the BAHD acyltransferase (ben-
zylalcohol O-acetyl transferase, anthocyanin O-hydroxycinnamoyl 
transferase, N-hydroxycinnamoyl anthranilate benzoyl trans-
ferase, and deacetylvindoline 4-O-acetyltransferase) family (19) 
and littorine synthase (LS) from the SCPL-AT (serine 
carboxypeptidase-like acyltransferase) family (21), suggest the 
independent recruitment of these enzymes in Erythroxylaceae 
and Solanaceae plants. Previous protein structural and phyloge-
netic analyses suggested that polyketide synthases in cocaine and 
hyoscyamine biosynthesis were independently recruited (5). 
These similar biosynthetic intermediates and different enzyme 
strategies made us curious about the evolutionary origins and 
trajectories of serial enzymes involved in the biosynthesis of TAs, 
especially the characteristic tropane skeletons (i.e., tropinone and 
ecgonone skeletons in different plants), on both genomic and 
structural levels.

In this study, protein structural and functional analysis showed 
that ecgonone synthases (CYP81AN15 and CYP82M3) in 
Erythroxylaceae and Solanaceae adopted different active-site archi-
tectures to biosynthesize the same product, and ecgonone methyl-
transferase (EnMT4) most likely evolved from salicylic acid 
methyltransferase (SAMT) in Erythroxylum novogranatense. Two 
high-quality genome assemblies of cocaine-producing E. novogranatense 

(Erythroxylaceae) and hyoscyamine-producing Aacutangulus acutan-
gulus (Solanaceae) were generated. Further comparative genomic and 
phylogenetic analyses were used to explore the genomic events that 
led to the independent emergence of a set of TA biosynthetic enzymes 
in Erythroxylaceae and Solanaceae. Our work revealed layers for the 
occurrence of natural products with scattered distributions deep into 
the structural and genomic levels, thus broadening our understanding 
of the remarkable chemotypic convergence/divergence of natural 
products in phylogenetically distant plants.

Results

Genome Sequencing, Assembly, and Evolution. To understand the 
genomic contexts that underpin the emergence of TA biosynthesis 
in plants, the chromosome-level genomes of hyoscyamine-producing 
A. acutangulus (1.26 Gb) and cocaine-producing E. novogranatense 
(1.30 Gb) were sequenced and assembled by combining Illumina 
short-read sequencing, nanopore long-read sequencing, and 
high-throughput chromosome conformation capture (Hi-C) 
technologies (SI Appendix, Fig. S1 and Table S1). The assembly 
quality of these two genomes was high based on benchmarking 
universal single-copy orthologs (BUSCO) analysis (93.40 to 
94.49% complete BUSCO genes), core eukaryotic gene-mapping 
approach analysis (94.76 to 96.77% core eukaryotic genes), 
and short-read mapping analysis (98.88 to 99.83% map rates) 
(SI Appendix, Tables S2–S4).

To better understand the evolutionary relationships between 
E. novogranatense and A. acutangulus, we constructed a phyloge-
netic tree based on 108 single-copy orthologous sequences iden-
tified from 11 plants from different families (Fig. 2). This analysis 
revealed that the possible splitting time between A. acutangulus 
and E. novogranatense was approximately 129.4 Mya, correspond-
ing to the time of divergence between the asterids and rosids clades 
of core eudicots (22). The within-species Ks (synonymous substi-
tutions per synonymous site) distribution of paralogous genes in 
A. acutangulus showed two major peaks at approximately 0.12 and 
0.53, respectively (SI Appendix, Fig. S2). The peak at 0.53 was 
consistent with the whole-genome triplication (WGT) event 
shared by solanaceous species (Fig. 2) (23, 24), while the peak at 
0.12 suggested the occurrence of a more recent, species-specific 
whole-genome duplication (WGD) in A. acutangulus following 
divergence from its last common ancestor with tomato (Solanum 
lycopersicum, Solanaceae), which was further confirmed by 
intragenomic (SI Appendix, Fig. S1) and intergenomic collinearity 
analysis (SI Appendix, Fig. S3). The distribution of Ks values for 

Fig. 1. The similar biosynthetic routes of cocaine and hyoscyamine. PKS: polyketide synthase; PYKS: pyrrolidine ketide synthase; SPDS1: spermidine synthase; 
PMT: putrescine N-methyltransferase; SPMT1: spermidine synthase/N-methyltransferase; AOF1: flavin-dependent amine oxidase; MPO: N-methylputrescine 
oxidase; DAO: diamine oxidase; CYP81AN15: ecgonone synthase; CYP82M3: ecgonone synthase; MT4: ecgonone methyltransferase; MecgoR: methylecgonone 
reductase; TRI: tropinone reductase I; CS: cocaine synthase; LS: littorine synthase.D
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paralogous genes in E. novogranatense revealed a WGD event that 
occurred after its divergence with Kandelia obovate (Rhizophoraceae) 
(SI Appendix, Fig. S4). Intergenomic synteny analysis between 
E. novogranatense and grape (Vitis vinifera, Vitaceae) revealed a 2:1 
syntenic relationship, adding more support to a WGD event in 
E. novogranatense (Fig. 2 and SI Appendix, Fig. S5). Subsequently, 
based on the estimated divergence time in the phylogenetic tree 
between A. acutangulus and tomato (27.1 Mya), and between 
E. novogranatense and K. obovate (60.6 Mya), the species-specific 
WGD events that occurred in A. acutangulus and E. novogranatense 
were determined to be around 7.4 to 22.2 Mya and 30.5 to 40.3 
Mya, respectively (Fig. 2).

The Origins of TA Pathway Divergence. Methylation of putrescine 
or spermidine is the first specific step in TA biosynthesis (Fig. 1). 
In Solanaceae, it was suggested that PMT was derived from 
spermidine synthase (SPDS) through tandem duplication 
and neofunctionalization (24). In erythroxylaceous species, 
the corresponding methylation of spermidine is catalyzed by 
spermidine synthase/N-methyltransferase (EnSPMT1) (Fig.  1) 
(18). In addition, bifunctional EnSPMT1 shows similar catalytic 
activity in spermidine formation to that of EnSPDS1 (18). 
Subsequently, phylogenetic analysis of genome-wide samples of 
SPMTs and SPDSs from core eudicot species (rosids and asterids 
clades) showed a long distance between EnSPMT1 and EnSPDS1 
(SI Appendix, Fig. S6). Intriguingly, all core eudicot species analyzed 
here have SPDSs that phylogenetically group with EnSPDS1, while 
the EnSPMT1 branch consists only of protein sequences from the 
rosids species (SI Appendix, Fig. S6). To elucidate the different 
distributions of SPMTs and SPDSs, we performed comparative 
genomic analysis between E. novogranatense and grape (V. vinifera), 
which have not undergone recent genome duplication after the 
shared hexaploidy (or γ) event (25). As a result, EnSPMT1 and 
EnSPDS1 showed synteny with VvSPMT1 and VvSPDS1 in grape, 
respectively (SI Appendix, Fig. S7). In grape, the chromosomal 
regions surrounding VvSPMT1 (pseudochromosome 17) and 
VvSPDS1 (pseudochromosome 01) were generated by the 

hexaploidy event (25). Intragenomic comparative analysis showed 
that VvSPMT1 was the syntenic gene of VvSPDS1 (SI Appendix, 
Fig. S7). Combined with phylogenetic analysis and intergenomic 
comparative analysis (SI Appendix, Figs. S6 and S7), we propose a 
straightforward evolutionary history of EnSPMT1 (Fig. 3A): The 
SPMT branch is derived from the SPDS branch via the hexaploidy 
event; after the division of rosids and asterids ancestral species, the 
SPMT gene was preserved in the rosids and lost in the asterids.

A flavin-dependent amine oxidase (AOF1) from erythroxylac-
eous species catalyzes the removal of aminopropyl group in 
N-methylspermidine to form N-methylputrescine (Fig. 1) (18). 
Phylogenetic analysis of genome-wide samples of polyamine oxi-
dases from core eudicot species showed that the AOF1-located 
branch consists only of protein sequences from the rosids 
(SI Appendix, Fig. S8). Therefore, AOF ancestral gene might be 
lost in the asterids, similar to that of observed for the SPMT 
ancestral gene. The following oxidation of N-methylputrescine in 
Erythroxylaceae and Solanaceae is catalyzed by N-methylputrescine 
oxidases (MPOs) and diamine oxidases (DAOs) (Fig. 1) (18, 26), 
which are located on synteny blocks well conserved in eudicot 
plant genomes (SI Appendix, Figs. S9 and S10). Although MPOs 
and DAOs originated from the same ancestral genes, the lack of 
initial SPMT and AOF genes in asterids led to the inability of 
solanaceous plants to biosynthesize N-methylputrescine using a 
similar biosynthetic pathway in Erythroxylaceae (Fig. 1). The 
independent recruitment of PMT enzymes responsible for 
N-methylputrescine formation in solanaceous plants resulted in 
the divergence of polyamine methylation, which is the first specific 
step of TA biosynthesis in both rosids (Erythroxylaceae) and 
asterids (Solanaceae) (Figs. 1 and 3A).

Independent Evolutionary Origins of EnPKS1/2 and PYKS1/2. 
The intermediate OGA, crucial for the formation of the second 
ring in TAs, is biosynthesized by PYKS and PKS1/2 in Solanaceae 
and Erythroxylaceae, respectively (Fig. 1) (5, 27, 28). Independent 
recruitments of AaPYKS1 and EnPKS1/2 were revealed by structural 
analysis (5). To further understand the evolutionary origins of 

Fig. 2. Inferred phylogenetic tree based on 108 single-copy orthologs of 11 plants. The approximate times of A. acutangulus and E. novogranatense WGD and other 
reported WGT/WGD are superimposed on the tree. Amborella trichopoda (Amborellaceae); Kandelia obovate (Rhizophoraceae); Populus trichocarpa (Salicaceae); 
Arabidopsis thaliana (Brassicaceae); Theobroma cacao (Malvaceae); Punica granatum (Lythraceae); Vitis vinifera (Vitaceae); Ipomoea trifida (Convolvulaceae); Solanum 
lycopersicum (Solanaceae).
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AaPYKS1 and EnPKS1/2 in their respective genomes, we performed 
comparative genomic analysis. Unexpectedly, the canonical, 
syntenic ortholog of AaPYKS1 was only observed in Ipomoea 
trifida (ItPYKS), a species within Convolvulaceae (SI  Appendix, 
Fig. S11A). The corresponding syntenic PYKS (DsPYKS2) in the 
genome of hyoscyamine-producing Datura stramonium apparently 
lost its 5′ exon (29) (SI Appendix, Fig. S11A). These results indicated 
ambiguities as to the origin and evolutionary history of the Solanales 
lineage PYKS gene. Subsequently, we traced the origin of functional 
DsPYKS1 in D. stramonium (27). Intriguingly, the synteny block 
containing DsPYKS1 was well conserved in solanaceous plants, 
except Nicotiana species (SI Appendix, Fig. S11B). The orthologous 
gene AaPYKS2 of DsPYKS1 in A. acutangulus showed lateral root-
specific expression and similar in vitro catalytic activity in OGA 
formation to that of AaPYKS1 (SI Appendix, Fig. S12), indicating 
that A. acutangulus carried two potentially functionally redundant 
PYKS copies. Combined with intergenomic comparative analysis 
and synonymous substitution rate analysis between AaPYKS1 and 
its paralogous gene AaPYKS2, the evolutionary history of PYKS was 
suggested as follows (Fig. 3B): Ancestral PYKS1 emerged in the most 
recent common ancestor of Solanales and was inherited by both 
Solanaceae and Convolvulaceae during the divergence of these two 
families; subsequently, PYKS1 was subject to a duplication event, 
resulting in the generation of PYKS2 (Ks = 0.75), that occurred 
around the time of the shared Solanaceae WGT. Consequently, both 
PYKS1 and PYKS2 clades were fixed in hyoscyamine-producing 
A. acutangulus and Atropa belladonna, while the PYKS1 clade was 
pseudogenized (e.g., DsPYKS2) or deleted in other solanaceous plant 
genomes examined here.

The two PKSs (EnPKS1 and EnPKS2) (5) involved in cocaine 
biosynthesis were harbored within two synteny blocks likely 
formed by the species-specific WGD in E. novogranatense 
(SI Appendix, Fig. S11C). Comparative genomics analysis revealed 
that, although the genomic regions near EnPKSs were well con-
served within the Malpighiales, syntenic orthologs of EnPKSs were 
only found in Rhizophoraceae (SI Appendix, Fig. S11C), suggest-
ing that ancestral PKS capable of OGA production emerged in 

the last common ancestor of Erythroxylaceae and Rhizophoraceae 
(Fig. 3C). The independent acquisitions of OGA-producing PKSs 
in their respective ancestral species and the increase of functional 
PKSs gene dosages generated by the WGD/WGT events promoted 
the flux of N-methyl-Δ1-pyrrolinium into pyrrolizidine (e.g., 
hygrine or cuscohygrine) or TAs (Fig. 1).

Contrasting Active-Site Architectures of Ecgonone Synthases 
in Cocaine and Hyoscyamine Biosynthesis. The intermediate 
MPOA, produced by nonenzymatic Mannich condensation 
of N-methyl-Δ1-pyrrolinium and OGA, is oxidized to form 
tropane ring by CYP81AN15 and CYP82M3 in cocaine and 
hyoscyamine biosynthesis, respectively (Fig. 1) (17, 28). Despite 
CYP81AN15 and CYP82M3 belonging to different CYP450 
subfamilies, the overall conserved 3D structural fold in diversified 
P450 superfamily members made us wonder whether the same 
active-site architectures were recruited to be responsible for the 
oxidation of MPOA (Fig. 4A). Subsequently, we predicted their 
protein structures and performed molecular docking with MPOA 
in the predicted catalytic pockets of CYP81AN15 and CYP82M3 
to explore their potential catalytic mechanisms. In CYP81AN15, 
T115 and Q116 were predicted to fix the carboxy group of MPOA 
via salt bridge or hydrogen bond, and D372 could form a salt 
bridge with the N atom in the pyrrole ring of MPOA (Fig. 4B). 
To validate the roles of these predicted residues, site-directed 
mutants of CYP81AN15 were generated. The catalytic activities 
were almost abolished by the mutation of T115A or Q116A, and 
similar results were observed when the amide group in Q116 
residue was replaced with a carboxyl group by the mutation of 
Q116E (Fig. 4C and SI Appendix, Fig. S13), suggesting that T115 
and Q116 cooperate to govern the direction of carboxy group of 
MPOA via salt bridge or hydrogen bond. Large-to-small (D372A) 
and polar-to-nonpolar (D372V) substitutions of D372 resulted in 
93.9% and 97.8% decrease in CYP81AN15 activity, respectively. In 
contrast, functionally similar substitution (D372E) showed 57.4% 
catalytic activity of wild CYP81AN15 (Fig. 4C and SI Appendix, 
Fig. S13), indicating that the carboxyl group in the D372 residue 

Fig. 3. The evolutionary history of SPMT, PMT, PYKS, and PKS genes. (A) The evolutionary history of SPMT and PMT genes in the core eudicots. The red circles, blue 
diamonds, and brown triangles represent the existence of SPMT, SPDS, and PMT clade genes in the selected species, respectively. (B) The evolutionary history of 
PYKS genes in the Solanaceae. The red circles and triangles represent the existence of PYKS1 and PYKS2 clade genes in the selected species, respectively. (C) The 
evolutionary history of PKS genes in Malpighiales. The blue circles or triangles represent the existence of PKS gene in the selected species.
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plays a critical role in the position control of the pyrrole ring 
through salt bridge interaction with the N atom of the pyrrole 
ring. Accordingly, the interactions of MPOA with T115, Q116, 
and D372 in CYP81AN15 allow MPOA to be properly positioned 
and oxidized to form ecgonone in cocaine biosynthesis (Fig. 4B).

In CYP82M3, R123 and D316 were predicted to form salt 
bridges with the carboxylate and N atom of MPOA, respectively, 
in order to control the position of MPOA (Fig. 4D). As a result, 
its catalytic activity was completely abolished by the mutation of 
D316A (Fig. 4E and SI Appendix, Fig. S14). Large-to-small 
(R123A) and polar-to-nonpolar (R123L) substitutions of R123 
resulted in 87.7% and 88.5% decrease in catalytic activity, respec-
tively (Fig. 4E and SI Appendix, Fig. S14). These results suggested 
a vital role of the salt bridge interactions between D316, R123, 
and MPOA (Fig. 4D). In particular, the superposition of 
CYP81AN15 and CYP82M3 protein structures showed that the 
aspartic acid residues (i.e., D372 in CYP81AN15 and D316 in 
CYP82M3), interacting with the N atom of MPOA to control 
the position of pyrrole ring, are recruited from two opposite direc-
tions (Fig. 4F). The different active-site architectures in 
CYP81AN15 and CYP82M3 suggested independent recruitment 
of ecgonone synthases in cocaine and hyoscyamine biosynthesis.

Independent Evolution of Ecgonone Synthases CYP81AN15 and 
CYP82M3. To trace the evolutionary history of ecgonone synthase, 
we analyzed the chromosomal region surrounding EnCYP81AN15. 
Seven homologous proteins adjacent to EnCYP81AN15 were 
identified, while the conserved T115, Q116, and D372 residues 
only coexist in EnCYP81AN15, indicating that functional 
EnCYP81AN15 might be the evolutionary product of tandem 
replication (SI Appendix, Fig. S15). The Ks ratios of these tandem 

EnCYP81AN15 paralogs were mainly between 1.1 and 1.7, which 
suggested that an ancient tandem duplication event occurred 
(SI  Appendix, Table  S5). In addition, comparative genomic 
analysis showed that EnCYP81AN15 localized to a synteny 
block well conserved in eudicot plant genomes, and multiple 
adjacent EnCYP81AN15 homologous genes were identified in 
this collinearity region of EnCYP81AN15 in Manihot esculenta, 
A. thaliana, and grape (SI  Appendix, Fig.  S15 and Tables  S6). 
Therefore, this tandem replication event likely took place before 
the divergence of eudicot plants and provided generous CYP81 
family homologous genes for the evolution of EnCYP81AN15. 
Subsequently, the key sites of proteins encoded by EnCYP81AN15 
syntenic genes in eudicot plants were analyzed to trace the origin 
of functional EnCYP81AN15. Aside from EnCYP81AN15 in 
E. novogranatense, the key T115, Q116, and D372 residues only 
coexist in protein sequences from members in the Rhizophoraceae, 
suggesting that ancestral ecgonone synthase emerged in the last 
common ancestor between Erythroxylaceae and Rhizophoraceae. 
Thus, members of these two families’ plants share a consistent 
strategy to biosynthesize the tropane skeleton.

AaContig2.1388, which is encoded by the syntenic gene of 
EnCYP81AN15 in A. acutangulus (SI Appendix, Fig. S15), did not 
contain the key T115, Q116, and D372 sites, while CYP82M3 was 
recruited to be responsible for the biosynthesis of the tropane skel-
eton in Solanaceae. AaCYP82M3 was only observed on well synteny 
blocks with other solanaceous species (SI Appendix, Fig. S16), sug-
gesting independent recruitment of ecgonone synthase in Solanaceae.

The E. novogranatense-Specific Acquisition of Ecgonone Methyl-
transferase EnMT4 in Erythroxylaceae. The existence of a 
2-substituted carboxymethyl group in cocaine is attributed to 

Fig. 4. Identification of crucial amino acid residues for ecgonone synthase activity of CYP81AN15 and CYP82M3. (A) Superposition of the predicted EnCYP81AN15 
(cyan) and AbCYP82M3 (pink) structures. (B) Molecular docking of the MPOA intermediate with predicted EnCYP81AN15. (C) Product of tropinone catalyzed by 
wild-type EnCYP81AN15 or its mutants in N. benthamiana. Three biological duplications were performed for each assay. (D) Molecular docking of the MPOA 
intermediate with predicted AbCYP82M3. (E) Product of tropinone catalyzed by wild-type AbCYP82M3 or its mutants in vitro. Three biological duplications were 
performed for each assay. (F) Comparison of crucial-site architectures between EnCYP81AN15 (cyan) and AbCYP82M3 (pink). N and O atoms are colored blue 
and red, respectively. C atoms of MPOA in EnCYP81AN15 and AbCYP82M3 are colored cyan and pink, respectively.
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the participation of ecgonone methyltransferase EnMT4 in 
E.  novogranatense (Fig.  1) (17). To trace the origin of EnMT4, 
we performed intergenomic comparative genomics analysis of 
the chromosomal region surrounding EnMT4. As a result, there 
were two significant chromosomal expansion regions (regions A 
and B) in E. novogranatense relative to K. obovate and P. trichocarpa 
(Fig. 5A). In these two chromosomal expansion regions, four EnMT4 
homologous genes (EnMT1, EnMT3, and EnMT14 in region A and 
EnMT2 in region B) were found. EnMT1, EnMT3, and EnMT14 
in region A were syntenic genes of PtSAMT (30) in P. trichocarpa 
(Fig. 5A). Subsequently, EnMT1 and EnMT3 were identified to 
catalyze the methylation of salicylic acid in vitro and were designated 
as SAMTs in E. novogranatense (SI Appendix, Fig. S17). In addition, 
phylogenetic analysis of SABATH proteins from Malpighiales species 
showed that EnMT1–4, EnMT14, and PtSAMT were located on 
the same branch (SI Appendix, Fig. S18), suggesting that EnMT4 
in expansionary region B might have evolved from SAMTs in 
expansionary region A (Fig. 5A).

The analysis of conserved sites in ecgonone methyltransferase 
EnMT4 provides insight regarding the evolution of EnMT4 from 
SAMTs. We performed molecular docking with ecgonone in the 
predicted protein structure of EnMT4. Q25 and W157 were sup-
posed to orient the carboxylate of ecgonone (Fig. 5B), which is 
consistent with the function of conserved Gln and Trp in other 
SABATH family methyltransferases, such as SAMT (31), IAMT 
(32), FAMT (33), and LAMT (34). Q25 could form a hydrogen 
bond with the N atom of tropane ring (Fig. 5B). As a result, 

mutations of Q25A or W157A in EnMT4 lost the activity for 
methylation of the carboxyl group in substrate (Fig. 5C and 
SI Appendix, Fig. S19A). For the substrate specificity of ecgonone, 
the hydroxyl group of tropane ring might be positioned by hydro-
gen bonds with E216 and S153 (Fig. 5B), while the corresponding 
amino acid residues were hydrophobic Leu and aromatic Tyr for 
substrate recognition of salicylic acid in SAMT (31). Consequently, 
the catalytic activities of EnMT4 for methylation of ecgonone were 
abolished by the polar-to-nonpolar (E216L) substitution and 
small-to-large (S153Y) substitutions or significantly decreased by 
large-to-small (E216A) and polar-to-nonpolar (S153A) substitu-
tions (Fig. 5C and SI Appendix, Fig. S19B). These results indicated 
that E216 and S153 perform critical roles in EnMT4 catalysis of 
methylecgonone formation. In order to clarify that ecgonone meth-
yltransferase EnMT4 evolved from SAMT EnMT1 and EnMT3, 
we mutated EnMT1 by adding the crucial amino acid residues 
E216 and S153 in order to position ecgonone correctly. As 
expected, mutation of L216E in EnMT1 obtained the ability to 
methylate ecgonone (Fig. 5C and SI Appendix, Fig. S19C). In addi-
tion, a combination of the L216E and Y153S mutations in EnMT1 
led to a four-fold increase of methylation activity compared with 
the single mutation L216E in EnMT1 (Fig. 5C and SI Appendix, 
Fig. S19C). Thus, these two amino acid substitutions in EnMT1 
enabled the methylation of ecgonone, providing strong evidence 
for the origin of ecgonone methyltransferase EnMT4 from SAMTs.

To explore the driving force of EnMT4 evolution from SAMTs, 
we analyzed the repeat sequences of these two chromosomal 

Fig. 5. The evolutions of EnMT4 and EnCS. (A) Synteny analysis of EnMT1 and EnMT4 in E. novogranatense, K. obovate, and P. trichocarpa. (B) Molecular docking of 
the ecgonone intermediate with predicted EnMT4. N and O atoms are colored blue and red, respectively. C atoms in ecgonone and EnMT4 residues are colored 
green and cyan, respectively. (C) Product of methylecgonone catalyzed by wild-type EnMT4 and EnMT1 or their mutants in vitro. Three biological duplications 
were performed for each assay. (D) The emergence of EnMT4 in pseudochromosome LG05 mediated by copia LTR-RTs (long terminal repeat retrotransposons). 
(E) The emergence of EnCS and EnBAHD8 in pseudochromosome LG07 mediated by copia LTR-RTs.D
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expansion regions (regions A and B) in pseudochromosome LG05, 
containing EnMT1–EnMT4 and EnMT14. These five methyltrans-
ferase genes and their surrounding regions were annotated as copia 
LTR-RT-mediated repeat sequence Repeat_10570 (SI Appendix, 
Table S7), which is located on expansion region A. Density analysis 
of Repeat_10570 in pseudochromosome LG05 revealed that 
Repeat_10570 was enriched in these two chromosomal expansion 
regions (regions A and B) (Fig. 5A and SI Appendix, Fig. S20), 
suggesting that expansion regions A and B might be generated by 
copia LTR-RTs. Subsequently, a truncated SABATH-MT gene was 
found in Repeat_10570 (SI Appendix, Table S7), indicating that 
copia LTR-RT-mediated genome expansion probably provided 
abundant templates of inherent SAMTs for the evolution of EnMT4 
(Fig. 5D). In addition, the Ks ratios among EnMT4 and its homol-
ogous genes were mainly around 0.15 (SI Appendix, Table S8), 
suggesting that this LTR-RT-mediated duplication event happened 
around 11.8 Mya, which was later than the divergence (60.6 Mya) 
of Erythroxylaceae and Rhizophoraceae (Fig. 2). Thus, these E. 
novogranatense-specific duplication events probably led to the evo-
lution of EnMT4 from SAMTs, partially explaining the structural 
differences in TAs observed between members of the Erythroxylaceae 
and Rhizophoraceae (SI Appendix, Fig. S21).

Independent Evolution of Postmodified Reductases and 
Acyltransferases. TRI (SDR family) and MecgoR (AKR family) 
are the enzymes responsible for the reduction of keto moiety 
on the tropane ring in hyoscyamine and cocaine biosynthetic 
pathways, respectively (Fig.  1) (6, 20). Synteny comparisons 
suggested that TRI was likely a Solanaceae-specific duplication 
(SI Appendix, Fig. S16). However, MecgoR is located on a synteny 
block well conserved in eudicot plant genomes (SI  Appendix, 
Fig. S22). SlMecgoR (SlAKR4B) in tomato has been found to 
catalyze the reduction of glyceraldehyde, methylglyoxal, or glyoxal 
(35). Nevertheless, the expression of both SlMecgoR and AaMecgoR 
was largely undetectable in roots (23), suggesting a minimal 
contribution by MecgoR to tropinone reduction in Solanaceae.

Littorine synthase, a member of the SCPL-AT family, catalyzes 
the esterification of tropane ring (Fig. 1) (21), a reaction critical 
for shunting the TA precursor skeleton into hyoscyamine and 
scopolamine. In agreement with this function, we only found 
syntenic orthologs of AaLS in the genome of hyoscyamine-producing 
D. stramonium (29) among all of the available solanaceous 
genomes (SI Appendix, Fig. S23). In cocaine pathway, BAHD 
acyltransferase CS performs a similar catalytic function to that of 
LS (Fig. 1) (19, 21). At the genome-wide level, no genes with high 
predicted sequence similarity to EnCS were detected in close rel-
atives of E. novogranatense examined here. By comparative genomic 
analysis of the chromosomal region surrounding EnCS (SI Appendix, 
Fig. S24), 18 species-specific tandem BAHD acetyltransferase 
genes adjacent to EnCS were identified (Fig. 5E and SI Appendix, 
Table S9). Among these, the EnBAHD8 gene product was report-
edly capable of catalyzing the same reaction as EnCS (19). Further 
intragenomic sequence homology investigation implied a probable 
mechanism by which the CS gene emerged in Erythroxylaceae 
(Fig. 5E): An LTR-RT-mediated genome expansion event resulted 
in tandem BAHD genes on pseudochromosome LG07, among 
which EnBAHD8 and EnCS evolved for cocaine biosynthesis 
(SI Appendix, Table S10) (19).

Conclusion

The absence of high-quality genome sequences of medicinal 
TA-producing plants has hindered the understanding of TA bio-
synthesis and evolution. In this study, we generated high-quality 

chromosome-level genome assemblies of TA-producing E. 
novogranatense and A. acutangulus, thus providing a reliable means 
of comparing the genetic evolutionary trajectories of TA biosyn-
thetic pathways in these species that diverged as early as 129.4 Mya 
(Fig. 2). This early differentiation point provided sufficient time for 
the independent evolution of cocaine and hyoscyamine biosynthesis 
through gene multiplication, gene loss, tandem duplication, segmen-
tal duplication, and key site mutation.

Methylation of putrescine or spermidine catalyzed by SPMT 
or PMT is the first specific step in cocaine and hyoscyamine bio-
synthesis, respectively (Fig. 1). Comparative genomic analysis 
suggested that the shared hexaploidy (or γ) event in the core eud-
icots prompted the occurrence of SPMT from SPDS (Fig. 3A). 
Despite the lack of SPMT in the asterids, the PMT responsible 
for the methylation of putrescine probably evolved from tandem 
copies of SPDS, again in the ancestors of solanaceous species (24). 
The following specific polyketide synthase (PYKS) and ecgonone 
synthase (CYP82M3) in Solanaceae were recruited to biosynthe-
size the tropane skeleton of hyoscyamine (27, 28). Although these 
PYKS and CYP82M3 are not shared with Erythroxylaceae and 
Rhizophoraceae, the independent evolution of polyketide synthase 
(PKS1/2) and ecgonone synthase (CYP81AN15) with different 
active-site architectures in their common ancestor promoted the 
emergence of tropane alkaloids in closely related Erythroxylaceae 
and Rhizophoraceae plants (5). After their species divergence, 
ecgonone methyltransferase (EnMT4) evolved via 
Erythroxylaceae-specific segmental duplication and subsequent 
mutations of key E216 and S153 residues, thus stabilizing the 
carboxyl group of ecgonone and directing the biosynthetic flux to 
ecgonone derivatives (i.e., cocaine and cinnamoylcocaine). Aside 
from the early tandem duplication for CYP81AN15 evolution, 
the recent LTR-RT-mediated duplications probably provided 
numerous templates for the evolution of ecgonone methyltrans-
ferase (EnMT4) and cocaine synthase (CS), which drove the 
lineage-specific emergence of cocaine in Erythroxylaceae. Overall, 
the analysis of evolutionary origins and trajectories of tropane 
skeleton biosynthesis on the genomic and structural levels deepen 
our understanding of the occurrence of lineage-specific tropane 
alkaloids in Solanaceae, Erythroxylaceae, and Rhizophoraceae.

In summary, a set of enzymes involved in the biosynthesis of 
scattered TAs potentially emerged via 1) the evolution of SPMT 
from SPDS through hexaploidy event in core eudicot species and 
the emergence of PMT from SPDS once again in the Solanales, 
2) parallel recruitment of polyketide synthases and ecgonone syn-
thases, 3) Erythroxylaceae-specific evolution of ecgonone meth-
yltransferase which directs the biosynthetic flux to ecgonone 
derivatives, and 4) the lineage-specific recruitment of reductases 
and acyltransferases from distinct families for the postmodification 
of the tropane skeleton in cocaine and hyoscyamine. This rare 
example of chemotypic convergence in phylogenetically distant 
species highlights the remarkable structural and functional flexi-
bility of secondary metabolite enzymes through parallel/conver-
gent evolution, which will accelerate the discovery of more 
enzymes with diverse catalytic mechanisms.

Materials and Methods

Plant Material and Genome Sequencing. E. novogranatense was cultivated 
in Xishuangbanna Tropical Botanical Garden. A. acutangulus and N. benthami-
ana plants were grown at the Kunming Institute of Botany. Young leaves of 
E. novogranatense and A. acutangulus were used for genomic DNA extraction 
following the modified cetyltrimethylammonium bromide (CTAB) protocol (36). 
The genome sequencing, assembly, and annotation process were described in 
SI Appendix, Materials and Methods.D
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The Construction of Phylogenetic Trees and Comparative Genomic Analysis 
of Functional Genes. Orthologous gene families were clustered from proteins of 
11 plants from different families by OrthoFinder (37). Protein sequences of 108 
single-copy orthologous families were aligned by MAFFT (38) and were then cor-
rected by Gblocks (39). The resulting sequences were used to construct the maximum 
likelihood tree by IQ-TREE (40) using the best-fit model JTT+F+R4 according to BIC. 
The divergence time was estimated by MCMCtree program of the PAML package 
(41). The WGD events were analyzed by MCScanX (42). Ks values of orthologous 
or paralogous gene pairs were calculated by the Simple Ka/Ks calculator program 
of TBtools package (43). To time the E. novogranatense WGD event, the molecular 
clock rate (r) was calculated to be 6.35E-9 substitutions per synonymous site per year, 
according to the mean Ks value (0.77) of E. novogranatense-K. obovate and their 
divergent time (60.6 Mya) (Fig. 2) (44). Then, we estimated E. novogranatense WGD 
event happened approximately 30.5 to 40.3 Mya (Ks = 0.45 ± 0.062, T = Ks/2r). In 
the same way, the recent WGD event in A. acutangulus happened approximately 7.4 
to 22.2 Mya (Ks = 0.12 ± 0.060), according to the mean Ks value (0.22) of A. acutan-
gulus–S. lycopersicum and their divergent time (27.1 Mya) (Fig. 2). Intergenomic and 
intragenomic synteny analyses of genomic regions near functionally characterized 
genes were performed by MCScanX (42).

In Vitro Characterization of AaPYKS2 with Malonyl-CoA. The standard assay 
was carried out in a 100-μL mixture which contained potassium phosphate buffer 
(50 mM K2HPO4/KH2PO4, pH 8.0), 0.5 mM malonyl-CoA, and 300 ng μL−1 AaPYKS2 
protein. After incubation at 30 °C for 1 h, reactions were quenched by adding 10 μL 
20 % HCl and were then analyzed by HPLC with a YMC-Triart C18 column (I.D. 4.6 mm 
× 250 mm) using water with 0.1% formic acid as solvent A and methanol with 0.1% 
formic acid as solvent B. The injections were eluted with 5% B for 10 min, with a flow 
rate of 1.0 mL/min. The products were detected at 242 nm.

In Vitro Characterization of EnMT1–4 with Salicylic Acid. The assays were 
carried out in a 200-μL mixture containing potassium phosphate buffer (50 mM 
K2HPO4/KH2PO4, pH 7.1), 1  mM salicylic acid, 1  mM SAM, and 100  ng μL−1 
enzymes. Assay which lacked enzyme served as a negative control (blank). After 
incubation at 30 °C for 1 h, reactions were quenched by adding 200 μL acetonitrile 
and were then analyzed by HPLC with a YMC-Triart C18 column (I.D. 4.6 mm × 
250 mm) using water with 0.1% formic acid as solvent A and acetonitrile as solvent 
B. The injections were eluted with a 28-min gradient mobile phase program (0.0 
to 20.0 min, 10% B to 100% B; 20.0 to 24.0 min, 100% B; 24.1 to 28.0 min, 
10% B), with a flow rate of 1.0 mL/min. The products were detected at 305 nm.

Homology Modeling and Molecular Docking. The putative protein struc-
tures of EnMT4, EnCYP81AN15, and AbCYP82M3 were predicted by AlphaFold2. 
Molecular dockings of EnMT4 with (+)-ecgonone, as well as EnCYP81AN15 
and AbCYP82M3 with S-MPOA, were performed using AutoDock Vina 1.1.2. 
The ligands (+)-ecgonone and S-MPOA were energy minimized with Molecular 
Mechanics (MM2) using ChemBio3D Ultra 14.0. The key parameters of algo-
rithm and grid number were set as default. The complex structures with favora-
ble orientation and low binding energy were selected for subsequent analysis. 
The interactions between ligands and proteins were visualized by PyMOL 2.4 
(https://pymol.org/).

In Vitro Characterization of Wild and Mutated EnMT4 with Ecgonone. The 
assays were carried out in a 100-μL mixture containing potassium phosphate 
buffer (50 mM K2HPO4/KH2PO4, pH 8.0), 500 μM ecgonone, 1 mM SAM, and 
5 ng μL−1 enzymes. After incubation at 35 °C for 10 min, the reactions were 
quenched by adding 100 μL acetonitrile and were then analyzed by LC-MS with 
a YMC-Triart C18 column (I.D. 4.6 mm × 250 mm) using water with 0.1% formic 
acid as solvent A and acetonitrile as solvent B. The injections were eluted with 
10% B for 6 min, with a flow rate of 1.0 mL/min. The MS data were collected using 
electron spray ionization in a positive ion mode (mass range: 50 to 400 m/z). The 
assays were carried out in triplicate, and the specific activities of mutated EnMT4 
were calculated based on the peak area ratios of methylecgonone between 
mutated and wild EnMT4.

Functional Characterization of Mutated EnCYP81AN15 in N. benthamiana. 
The PCR products of EnCYP81AN15 mutants were amplified from the wild 
EnCYP81AN15–pEAQ-HT plasmid (17). These PCR products were assembled into 
a linearized pEAQ-HT plasmid, which was digested by AgeI and XhoI restriction 
enzymes. The assembly mixtures were transformed into chemically competent 
E. coli DH5α. The resulting constructs were transformed into Agrobacterium 
tumefaciens LBA4404 using the freeze−thaw method. The obtained strains 
were cultured on LB plates for 3 d at 30 °C. After the strains were suspended in 
MMA buffer (10 mM MES, 10 mM MgCl2, 150 μM acetosyringone, pH = 5.6), 
these suspensions (OD600 = 0.3) were incubated at room temperature for 40 min 
and then infiltrated into the leaves of 4 to 6-week-old N. benthamiana. After 3 d, 
Agrobacterium-infiltrated leaves were infiltrated with 500 μM deuterated MPOA 
solution. The resulting leaves were harvested 1 d later and were lyophilized to 
determine the dry weight of the leaves. After being ground in liquid nitrogen, 
the pulverized leaves were extracted with CH2Cl2. The resulting organic layers 
were extracted with hydrochloric acid aqueous solution (pH = 2.0). The obtained 
aqueous layers were adjusted to pH 9.0 with 1 M NaOH and then reextracted 
with CH2Cl2. The organic layers were evaporated in vacuo and dissolved in ace-
tonitrile (2 μL acetonitrile per milligram of dry tissues). The resulting solutions 
were analyzed by LC-MS (conditions were consistent with the assay of mutated 
EnMT4 with ecgonone in vitro). Each mutated EnCYP81AN15 experiment was 
carried out in triplicate, and the specific activities of mutated EnCYP81AN15 
were calculated based on the peak area ratios of deuterated tropinone between 
mutated and wild EnCYP81AN15.

In Vitro Characterization of Wild and Mutated AbCYP82M3 with MPOA. 
The assays were carried out in a 100-μL mixture containing potassium phosphate 
buffer (50 mM K2HPO4/KH2PO4, pH 7.5), 100 μM MPOA, 1 mM NADPH, and 
10 μL microsomal proteins. After incubation at 30 °C for 30 min, the reactions 
were quenched by adding 100 μL acetonitrile and were then analyzed by LC-MS 
(conditions were consistent with the assay of mutated EnMT4 with ecgonone 
in vitro). The assays were carried out in triplicate, and the specific activities of 
mutated AbCYP82M3 were calculated based on the peak area ratios of tropinone 
between mutated and wild AbCYP82M3.

Data, Materials, and Software Availability. The E. novogranatense and A. acu-
tangulus genome projects have been deposited at the NCBI under the BioProject 
numbers PRJNA749480 (45) and PRJNA752913 (46), respectively. The fifteen 
transcriptome datasets of A. acutangulus have accession numbers SRR15559830 
(47), SRR15559831 (48), SRR15559832 (49), SRR15559833 (50), SRR15559834 
(51), SRR15559835 (52), SRR15559836 (53), SRR15559837 (54), SRR15559838 
(55), SRR15559839 (56), SRR15559840 (57), SRR15559841 (58), SRR15559842 
(59), SRR15559843 (60), and SRR15559844 (61). The GenBank accession num-
bers for AaPYKS2 are MZ819700 (62). All data that support the findings of this 
study are available in the main text and the SI Appendix.
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