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Abstract Coumarins, derived from the phenylpropanoid pathway, represent one of the primary

metabolites found in angiosperms. The alignment of the tetrahydropyran (THP) and tetrahydrofuran

(THF) rings with the lactone structure results in the formation of at least four types of complex

coumarins. However, the mechanisms underlying the structural diversity of coumarin remain poorly

understood. Here, we report the chromosome-level genome assembly of Notopterygium incisum,

spanning 1.64 Gb, with a contig N50 value of 22.7 Mb and 60,021 annotated protein-coding genes.

Additionally, we identified the key enzymes responsible for shaping the structural diversity of coumarins,

including two p-coumaroyl CoA 20-hydroxylases crucial for simple coumarins basic skeleton

architecture, two UbiA prenyltransferases responsible for angular or linear coumarins biosynthesis,
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and five CYP736 cyclases involved in THP and THF ring formation. Notably, two bifunctional enzymes

capable of catalyzing both demethylsuberosin and osthenol were identified for the first time. Evolutionary

analysis implies that tandem and ectopic duplications of the CYP736 subfamily, specifically arising in the

Apiaceae, contributed to the structural diversity of coumarins in N. incisum. Conclusively, this study

proposes a parallel evolution scenario for the complex coumarin biosynthetic pathway among different

angiosperms and provides essential synthetic biology elements for the heterologous industrial production

of coumarins.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Coumarins are one of the primary secondary metabolites that are
ubiquitously found in higher plants1. The 2H-1-benzopyran-2-one
core structure and its constituents tetrahydropyran (THP) and tetra-
hydrofuran (THF) are common structural units in both natural and
synthetic bioactive molecules2. In particular, the alignment of the
THPandTHF rings into the lactone core structure creates at least four
subgroups of the basic THPandTHFcoumarin skeleton.This leads to
the formation of thousands of coumarin compounds, including pyr-
anocoumarins and furanocoumarins. Coumarins have been shown to
exhibit diverse physiological and medical bioactivities, including
defense against fungal infections, phytoalexins or elicitors, anti-
cancer, anti-inflammatory, antioxidant, and calcium channel-
blocking properties2-5. For instance, furanocoumarins, xanthotoxin,
and bergapten are commonly used clinical drugs approved by the US
Food and Drug Administration (FDA) for the treatment of skin dis-
eases (Supporting Information Fig. S1)3. These diverse bioactivities
are largely attributed to their variable structures. However, little is
known regarding the biosynthetic mechanisms underlying the
structural diversity of these coumarins.

Coumarins, derived from the phenylpropanoid pathway, have a
conserved and widespread initial upstream synthesis in the plant
kingdom (Fig. 1). It can produce key precursors, such as cinnamic
acid, p-coumaric acid, and p-coumaroyl-CoA, using phenylalanine
ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H ) and 4-
coumarate: coenzyme A ligase (4CL)1. Different enzymes are
involved in branching p-coumaroyl-CoA to form different metabo-
lites such as lignin, flavonoids, and stilbenes1,3. Among the branching
enzymes, two types of 2-oxoglutarate-dependent dioxygenase (2-
OGD) family proteins, p-coumaroyl CoA 20-hydroxylase (C20H )
and feruloyl CoA 60-hydroxylase (F60H ), are known to be involved
in simple coumarins skeleton (umbelliferone or scopoletin) forma-
tion (Fig. 1)6,7. Additionally, four C20Hs/F60Hs have been cloned
from phylogenetically distinct angiosperm lineages, including the
Brassicaceae, Convolvulaceae, Rutaceae, and Apiaceae3,6-8. Subse-
quently, the substitution of umbelliferone with isopentenyl groups at
six or eight positions, facilitated by umbelliferone 6/8-
prenyltransferase (PT ), leads to the formation of demethylsuber-
osin (DMS) or osthenol, respectively9-11. This step is the entry point
for complex coumarins synthesis, determining the formation of
angular or linear coumarins. However, identifiedPTs are restricted to
members of the Moraceae, Rutaceae, and Apiaceae9-11. This phe-
nomenon is consistent with the fact that complex coumarins are
mainly found in Moraceae, Rutaceae, and Apiaceae, whereas simple
coumarins are widely distributed across at least 75 families1,12.
Finally, the cyclization of demethylsuberosin or osthenol forms the
corresponding THP and THF rings, a crucial step in shaping the basic
skeleton of complex coumarins. Previous studies have shown that this
cyclization is catalyzed by a CYP450 protein, with a specific
CYP76F112 protein from Moraceae involved in linear fur-
anocoumarin cyclization1,13,14. Recently, we found that two CYP736
family proteins are also involved in linear/angular THP and THF ring
formation15. However, the processes by which plants generate the
structural diversity of coumarins and the reasons behind the use of
different enzymatic elements by different angiosperms for synthe-
sizing the same compound remain unclear. Subsequently, structural
modification steps such as hydroxylation, methoxylation, and
glycosylation occur to complete the complex coumarin post-modi-
fication4,16. However, to date, only one type of hydroxylating or
methoxylating enzyme has been identified4,17. Hence, the biosyn-
thetic mechanism of coumarins, as well as the evolutionary mecha-
nism of expanded structural diversity, remains to be elucidated.

Notopterygium incisum Ting ex H. T. Chang is an important
traditional Chinese and Tibetan medicinal plant with a lengthy
historical background (Fig. 2A and Supporting Information
Fig. S2). It is mainly distributed in the plateau areas of Qinghai,
Tibet, Shaanxi, Sichuan, Gansu, and other limited regions of
China, at altitudes of 2000e4000 m in China (Supporting
Information Fig. S3). Considering the abundant coumarin
content and structural diversity of N. incisum18, we assembled a
high-quality genome of this plant to explore the mechanisms
underlying the biosynthesis and evolution of the coumarin
pathway. We identified all the key genes involved in the
biosynthesis of simple and complex coumarin skeletons by
combining genomic, metabolomic, and transcriptomic analyses.
Thus, this study provides a basis for the heterologous industrial
production of complex coumarins. Furthermore, it provides
detailed genetic information on this species and explores the
potential factors contributing to the structural diversity of
coumarins in N. incisum and angiosperms.

2. Materials and methods

2.1. Experimental materials

N. incisum, Notopterygium franchetii, and cultivated N. incisum
were collected in Guide of Qinghai Province (36�2103400N,
101�320600E), and were confirmed via DNA molecular
identification. A voucher specimen (No. CPUZYC2021013) was
deposited at the Botanic Garden of China Pharmaceutical
University, Nanjing, China. Genomic DNA was extracted from
young leaves ofN. incisum for sequencing. Leaves, fruits, roots, and
stems of N. incisum, along with roots of N. franchetii and cultivated

http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Proposed coumarins biosynthetic pathway. The proposed coumarins biosynthetic pathway comprises three phases: simple coumarins,

simple coumarins to complex coumarins, and complex coumarins such as pyranocoumarins and furanocoumarins. Each phase was marked in

different colors. Abbreviation: PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate: coenzyme A ligase; C20H,
p-coumaroyl CoA 20-hydroxylase; F60H, feruloyl CoA 60-hydroxylase; 6 PT, umbelliferone 6-prenyltransferase; 8 PT, umbelliferone 8-

prenyltransferase; DC, demethylsuberosin cyclase; OC, osthenol cyclase. Multiple arrows represent multiple known or unknown steps.
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N. incisum, were utilized for transcriptome sequencing. Solvents
used for extraction and biochemical analysis were chromatographic
grade. Compounds used for the enzymatic reactions and the anti-
biotics used for microorganism culture were purchased from
Herbest (Baoji, China) and Sigma‒Aldrich (Shanghai, China).
Enzymes, kits used for gene fragment amplification, and vectors for
in vitro expression were purchased from TransGen Biotech (Bei-
jing, China).

2.2. Genome size estimation, genome sequencing, assembly and
annotation

The genome size was estimated based on the k-mer distribution
analysis using 72.5 Gb Illumina paired-end short reads. The k-mer
frequency was calculated using Jellyfish 2.2.6 with k-mer size
1919. The extracted DNA of N. incisum was sequenced on a
PacBio Sequel II platform to generate 38.93 Gb HiFi long-read
data with an average length of 18.42 kb. After the initial
quality control by SMRTLink v8.0, the de novo assembly of N.
incisum nuclear genome firstly obtained a contig level assembly
using hifiasm (v0.16.1)20. HiC technology was adopted to assist
the scaffolding of N. incisum contigs, and in total of 387.7 Gb HiC
data were used after FastQC (v0.11.9) filtering. At last, the
polished and haplotigs-purged contigs were mostly anchored to 11
pseudomolecules using the AllHiC (v0.9.8) pipeline20.

Protein-coding genes in theN. incisum genomewere annotated by
a combination of transcriptome-based, homology-based, and ab initio
prediction approaches. Firstly, repetitive sequence annotation was
combined with homology prediction based on the Repbase Library
(http://www.girinst.org/repbase) and de novo prediction based on
self-sequence alignment. In these two methods, RepeatModeler
(version: open-1.0.11, http://repeatmasker.org/RepeatModeler/) and
RepeatMasker (version: open-4.0.9, http://repeatmasker.org/
RepeatMasker/) were employed to construct a de novo repeat
sequence database and search repetitive sequences from genome and
Repbase Library, respectively. After masking the repetitive
sequences, the gene models were predicted using GeneMarkS-T
(v5.1) with the transcripts assembled from RNA-Seq reads. RNA-
Seq reads were mapped to the masked genome by HISAT2
(v2.0.4)21 and assembled into transcripts using StringTie (v1.2.3)22.
Then, the homology-basedmethod employedGeMoMa (v1.7)23with
reference gene model from five species, including Daucus carota,
Coriandrum sativum, Apium graveolens, Panax notoginseng, and
Panax ginseng. After that, de novo genemodels were predicted using
Augustus (v2.4) and SNAP (2006-07-28)24. Finally, gene models
from all three methods were integrated using the EVidenceModeler
(v1.1.1)25 and updated by PASA (v2.0.2)26.

Functional annotation of protein-coding genes was conducted
by blast using Diamond (v0.9.24)27 against the databases of NCBI
NR (202009), SwissProt/TrEMBL (202005), and EggNOG
(v5.0)28. Protein domains were searched using HMMER (v3.1)
under Pfam (v33.1) database29. Terminal repeat retrotransposons
were identified using LTRharvest and LTR_finder30,31. Tandem
repeats were annotated with TRF (v4.09.1, https://github.com/
Benson-Genomics-Lab/TRF) and MISA (v2.1, https://webblast.
ipk-gatersleben.de/misa/).

2.3. Whole-genome duplication (WGD) and evolutionary rate
correction

Identification of WGD events rely on the construction of Ks-based
age distributions for all paralogues (paranome) of N. incisum, Vitis
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Figure 2 Genome assembly, phylogenetic tree reconstruction, and whole genome duplication analysis of N. incisum. (A) Morphology of N.

incisum. (B) Genomic features of N. incisum. The circus plot from the outer to the inner circle represents chromosome-scale pesudochromosomes

(Chr1-Chr11) (i), gene density (ii), the density of repeat sequences (iii), GC content (iv), each linking line in the center of the circus plot indicates

a pair of homologous genes (v). (C) Phylogenetic relationships and divergence times between N. incisum and other 33 species. The species tree

was generated using 1730 low-copy orthologous genes based on the maximum-likelihood method with high support. (D) Ks distribution of

anchored paralogous gene pairs and WGD events in N. incisum. The Ks distribution of N. incisum shows two peaks, one at approximately 0.30 (a-

WGD) and another at approximately 0.83 (b-WGD). The dotted lines indicate the Ks distribution peaks of intergenomic after the evolutionary rate

was corrected. The Ks peaks representing all WGD and speciation events were labeled.
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vinifera, and other three species in Apiales by using wgd (v1.1)32.
In the WGD pipeline, coding nucleotide sequences were translated
to peptide sequences first and then according to the requirements
were fed into BLASTP (v2.13.0)33 to all-versus-all blast with E-
value set as 1 � 10�10. Subsequently, MCL (v14-137) and
MUSCLE (v5.1) were called to obtain a multiple sequence
alignment (MSA) with protein level from each paralogous gene
family34. After back-translating this MSA to codon alignment, the
CODEML package within PAML (v4.9)35 was employed to
acquire the maximum likelihood estimate of Ks values under the
default control file and eventually build the collinear gene pairs
(anchor pairs) Ks-based age distribution by combining the weight
of each anchor pairs without outliers using FastTree (v2.1.11)36

and i-ADHoRe (v3.0)37. For orthologous Ks-based age
distributions, the process of MCL clustering was superseded as
reciprocal best hits (RBH) searching to identify orthologous gene
pairs and only one-versus-one orthologues was inferred. In addi-
tion, the difference in evolutionary rate among different species
was corrected by using Ksrates (v1.1.1)38.

2.4. Phylogenetic tree construction and molecular dating

To fully elucidate the phylogenetic relationships within the
Apiales order, we selected 34 reported angiosperm genomes and
transcriptomes (Supporting Information Table S1) to reconstruct a
phylogenetic tree. Orthofinder (v2.5.5)39 was employed to classify
orthogroups based on the peptide sequence dataset from these 34
species. We filtered out 1730 low-copy orthologous gene families
(Copy number <3, Coverage >90%), among which, only the
longest copy of each species in the 1730 families was chosen as
the refined 1730 low-copy orthologous genes subject to phylo-
genetic analyses. Using a de-redundancy script, redundant copies
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in the orthogroups were removed and fed into Gblock (v0.91b) to
obtain conserved sequences. Subsequently, all conserved
sequences were concatenated into a supergene. Before the
phylogenetic tree construction, FastTree (v2.1.11) was used to
evaluate the data matrix and select the optimal model.
Phylogenetic analysis of the dataset was then performed using
FastTree (v2.1.11) under the JTT model36. The MCMCtree of the
PAML (v4.9)35 package was used to estimate the divergence time
of Apiales species based on tree topology derived from the 1730
concatenated genes and 15 fossil-based age calibrations
(Supporting Information Table S2). The GTR model was used as
the peptide replacement model. Posterior distributions of node
ages were estimated using Markov chain Monte Carlo sampling,
with samples drawn every 10 steps over 100,000 steps, followed
by a burn-in of 400,000 steps40.

2.5. Metabolomic analysis

A total of 42 samples were selected for metabolomic analysis,
including seven biological repeats each from the roots, stems,
leaves, and fruits of N. incisum, and the roots of N. franchetii and
cultivated N. incisum. The samples were extracted with prechilled
80% methanol, and the extracts were subjected to ultra-high
performance liquid chromatography with quadrupole time-of-
flight mass spectrometry (UPLC‒Q-TOF-MS) analysis.
Chromatographic separation of the compounds was performed
using an ACQUITY UPLC system (Waters, Milford, MA, USA).
A C18 reversed-phase column (50 mm � 2.1 mm, 1.5 mm, Thermo
Scientific, USA) was used for UPLC analysis with 30 �C column
temperature. The gradient contains 0.1% formic acid (v/v, A) and
acetonitrile (B) with the gradient as follows: 0 min, 10% B; 3 min,
15% B; 8 min, 38% B; 12 min, 50% B; 16 min, 95% B. The flow
rate was 0.4 mL/min. The MS analysis was performed using a
Synapt G2-Si Q-TOF (Waters MS Technologies, Manchester,
UK). Data acquisition was performed using MassLynx V4.2
software, and subsequent data processing, including background
noise removal, normalization using a reference sample, retention
time correction, and peak alignment, was carried out using
Progenesis QI V2.0 (Waters Corporation, Milford, MA, USA).
Metabolites were annotated using public databases such as
METLIN (https://metlin.scripps.edu/index.php), Lipidmaps
database (http://www.lipid_maps.org/), KEGG database (http://
www.genome.jp/kegg/), and HMDB database (http://www.hmdb.
ca/). SIMCA 14.1 software (Umetrics, Umea, Sweden) was used
for principal component analysis (PCA). Metabolite identification
and quantification were performed as in our previous report41.

2.6. Screening of the genes involved in coumarin biosynthesis

To screen the candidate genes involved in simple coumarin skel-
eton formation, we screened the functional annotation information
of the genome and selected the protein sequences of the identified
genes in Apiaceae plants. These sequences were then subjected to
BLASTPv2.11.0 (E-value < 1e‒5) analysis33. The PT of aromatic
compounds belongs to the UbiA family and clusters with VTE2-1,
responsible for vitamin synthesis. We used HMMER (version
3.1b2) to scan all the predicted PT genes in N. incisum, retraining
those containing the ’’UbiA prenyltransferase family’’ (PF01040)
domain. Candidate PTs were screened through phylogenetic
analysis along with PT genes from Arabidopsis thaliana and
protein sequences with verified functions in other plants. Genome,
transcriptome, and metabolome data from N. incisum were
utilized for constructing a transcriptome-metabolome co-
expression matrix. A correlation network was then developed
based on the Pearson correlation coefficient algorithm. Gene co-
expression theory and Weighted correlation network Analysis
(WGCNA)32 were employed to analyze the candidate cyclase
genes, which may have similar expression patterns to that of PT or
C20H.

2.7. Heterologous expression in E. coli and activity assay

The candidate C20H and PT genes were cloned from the cDNA of
N. incisum and then inserted into pET28a (between BamH I and
EcoR I restriction sites) and pETDuet-1 (between BamH I and Sac
I restriction sites) vectors, respectively42. The successfully
sequenced recombinant plasmid was transformed into E. coli
BL21 (DE3) competent cells. The cells were then cultured in
Luria-Bertani (LB) medium containing kanamycin (50 mg/L) and
ampicillin (100 mg/L), respectively. Upon induction with IPTG
(0.5 mmol/L), the cells were harvested and ultrasonically lysed for
activity testing or protein purification. Owing to the membrane
protein characteristics and insolubility of PT in E. coli, the crude
enzyme solution was used directly for the enzyme activity test. In
contrast, C20H was expressed in soluble form, allowing successful
purification using Ni-NTA resin and further purification using the
protein purification system SDL-030-F2 (SePure Instruments Co.,
Ltd., Suzhou, China) to obtain pure recombinant protein for
enzyme activity test. All in vitro enzymatic activity assays were
carried out on a shaking incubator (220 rpm) at 30 �C for 2 h. For
the PT activity test, the reaction system contained 50 mL crude
proteins protein, 200 mmol/L umbelliferone, 100 mmol/L DMAPP,
and 200 mmol/L MgCl2 in 200 mL of 100 mmol/L Tris-HCl (pH
7.5). For C20H activity test, the enzyme reaction (200 mL)
contained 10 mg of purified protein, 100 mmol/L Tris-HCl (pH
6.5), 0.5 mmol/L FeSO4, 5 mmol/L sodium ascorbate, 5 mmol/L
2-oxoglutarate (2OG), and 1 mmol/L p-coumaroyl CoA or
feruloyl-CoA. The reaction samples were extracted with ethyl
acetate and dissolved in methanol for HPLC and LC‒MS
analysis.

2.8. Functional expression of NiPTs in Nicotiana benthamiana

Further functional characterization of NiPTs was achieved by
transient expression in N. benthamiana. The open reading frames
(ORFs) of NiPTs were introduced into the pEAQ binary plasmid
through AgeI and XhoI restriction enzyme sites. The correctly
sequenced recombinant plasmids were transformed into A. tume-
faciens strain GV3101 using the freeze-thaw method. The positive
transformants were selected on selective LB agar plates
(50 mg/mL kanamycin and 50 mg/mL rifampicin) at 28 �C.
Positive transformants were inoculated into 10 mL of liquid LB
cultures, which were shaken for 1 day at 28 �C. After that, the
cells were pelleted through centrifugation at 6000 rpm for 5 min.
Then the cell pellet was resuspended in Agrobacterium induction
medium (10 mmol/L MES, 10 mmol/L MgCl2, 100 mmol/L
acetosyringone, pH 5.8), and incubated at 25 �C for 1 h. After
measuring the concentration of the cell suspension by determining
its optical density (OD600), we used a needleless syringe to
infiltrate these bacterial suspensions into the underside of 4‒5-
week-old N. benthamiana leaves. Three days later, inject
100 mL of umbelliferone (100 mmol/L PBS solution) into the
infected area of the leaf. One day later, collect the substrate-
infiltrated leaves and extract them with methanol for LC‒MS

https://metlin.scripps.edu/index.php
http://www.lipid_maps.org/
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
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analysis. N. benthamiana infiltrated with A. tumefaciens contain-
ing an empty vector was used as a negative control. Each exper-
iment includes at least three plants as parallel experiments.

2.9. Heterologous expression in Saccharomyces cerevisiae and
activity assay

We used S. cerevisiaeWAT11 integrated with A. thaliana CYP450
reductase (AtCPR) to screen candidate CYP450 proteins. The
pYES2-Ura vector carrying the CYP450 genes was transformed
into S. cerevisiae strain WAT11, and cultured in SD medium at
30 �C until OD600 reached 0.8e1.0. The cells were then collected
and washed with sterile water. Protein expression was induced
using SG medium containing galactose after washing the cells
three times. The induced yeast cells were collected and
resuspended in Tris-HCl buffer for whole-cell catalysis. All the
reactions were performed in a shaking incubator (220 rpm) at
30 �C for 2 h. The reaction system contained 500 mmol/L NADPH
and 1 mmol/L substrates in 200 mL of 100 mmol/L Tris-HCl (pH
7.5). The reaction samples were extracted with ethyl acetate and
dissolved in methanol for HPLC and LC‒MS analysis.

2.10. HPLC and LC‒MS analysis

A Shimadzu LC-2010C system (Shimadzu, Japan) was used for
HPLC analysis. Samples were separated on an Hedera ODS-2 C18
column (4.6 mm � 250 mm, 5 mm). The mobile phase consisted of
water containing 0.1% formic acid (v/v, A) and methanol (B). The
flow rate was 0.5 mL/min, and the column temperature was 30 �C.
For all enzymatic products, the detection wavelength was 340 nm.
The gradient elution program for detecting C20H activity was as
follows: 0 min, 10% B; 5 min, 15% B; 15 min, 60% B; 22 min,
60% B. The gradient elution program for detecting PT activity was
as follows: 0 min, 40% B; 5 min, 65% B; 15 min, 75% B; 22 min,
95% B. The gradient elution program for detecting cyclase
activity was as follows: 0 min, 30% B; 5 min, 65% B; 12 min,
95% B; 14 min, 95% B; 16 min, 30%; 25 min, 30%. MS analysis
was performed on Agilent 6545 LC/Q-TOF equipped with a
heated ESI source (Agilent Technologies, USA). The parameters
were as follows: MS survey scan of 100e2000 Da; sheath gas
temperature, 350 �C; ion spray voltage, 3500 V; and collision
energy, 44 V. MassHunter Qualitative Analysis software was used
for observing and processing LC‒MS data.

3. Results

3.1. Genome sequencing, assembly and annotation

To elucidate the biosynthetic pathway of complex coumarins in N.
incisum, we first assembled the nuclear genome of N. incisum,
combining approximately 72.1 Gb Illumina short reads,
approximately 38.93 Gb PacBio HiFi reads, and approximately
387.71 Gb HiC data (Supporting Information Table S3). After de-
redundancy of the two haplotypes, the total length of the final
assembled genome was 1.64 Gb, slightly smaller than the
estimated 1.75 Gb using k-mer analysis (Supporting Information
Fig. S4 and Table S4). Collectively, 97.94% of the contigs were
anchored to 11 pseudochromosomes of a haplotype (Fig. 2B,
Supporting Information Fig. S5, and Tables S5 and S6),
corresponding to the number of chromosomes recorded in The
Chromosome Counts Database (CCDB, https://ccdb.tau.ac.il/)
(2n Z 2x Z 22). To assess the integrity of the assembly, Bench-
markingUniversal Single-CopyOrthologs (BUSCO)were employed
to blast against our genome, and the assessment indicated 98.7%
completeness (Supporting Information Tables S7 and S8) of the
embryophyte_odb10 genes recovered for assembly. Using Ab initio,
homology-based, and transcriptome-assisted annotation approaches,
we annotated 60,021 protein-coding genes. These genes were
compared with protein sequences in seven databases, including
KEGG, Pathway, Nr, UniProt, GO, Pfam, and InterPro, with 93.03%
of the genes assigned to putative functional annotations (Supporting
Information Table S9). Furthermore, the annotation also demon-
strated that N. incisum contained up to 75.79% of repetitive se-
quences. Among these, long terminal repeat retrotransposons were
the most prevalent type of transposable elements, accounting for
44.86% of the genome, including 12.35% Gypsy and 32.38% Copia
retroelements (Supporting Information Table S10).

3.2. Phylogenetic position and polyploidy events of N. incisum

To precisely determine the evolutionary relationship between N.
incisum and other species in Apiaceae, 1730 refined low-copy
orthologous genes from N. incisum and 33 other angiosperms
(Table S1) were used to construct phylogenetic relationships based
on the maximum-likelihood (ML) method (Fig. 2C). N. incisum
was resolved as an early-diverging lineage within Apioideae,
emerging subsequently to the divergence of Chamaesium para-
doxum and Bupleurum scorzonerifolium. Additionally, N. incisum
was observed to be sister to the remaining Apioideae taxa. Using
this resolved phylogeny and 15 fossil calibrations (Table S2), we
inferred that the Apiaceae crown group of Apiaceae originated
approximately 49 million years ago (MYA), and N. incisum
diverged approximately 22 MYA (Supporting Information
Table S11), probably representing the emergence time of the
Physospermopsis clade43.

Whole genome duplication events are considered the pivotal
drivers of genome evolution44. To identify WGDs that occurred in
the N. incisum genome, we performed a comprehensive analysis
using other Apiales species and V. vinifera as references. By
calculating the synonymous substitution rate (Ks) of paralogous
genes located in collinear genomic block anchor pairs within N.
incisum and eight other reported genomes in Apiales, we observed
distinct Ks density distributions in N. incisum, with two prominent
peaks at 0.37 and 0.83 (Fig. 2D). Remarkably, these peaks were
consistently observed in all other Apiaceae taxa (Supporting
Information Figs. S6‒S8). Although different Apiaceae plants
exhibited these two peaks at slightly different positions owing to
differential evolutionary rates, the adjusted species divergence
peak (0.17) confirmed that speciation within Apiaceae occurred
subsequent to the occurrence of the two WGDs. The results
support the notion that Apiaceae plants underwent two additional
rounds of shared whole genome duplications after the eudicot-
shared whole-genome triplication event (g-WGT), referred to as
a-WGD and b-WGD, respectively45-48. Nevertheless, conflicting
views exist regarding the occurrence time and taxa of the two
WGD events, specifically whether they occurred in the common
ancestor of Apiaceae and Araliaceae, or were specific to Apia-
ceae45-48. As our analysis shows, the Ks peak representing the
WGD in the Araliaceae plant Aralia elata (0.37) is much smaller
than the peak corresponding to the divergence of Apiaceae and
Araliaceae (0.83), thus indicating that Apiaceae and Araliaceae
diverged earlier than all WGDs detected in the two families, and
the two families have no shared WGDs since the g-WGT.

https://ccdb.tau.ac.il/
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Therefore, the two WGDs detected in N. incisum are likely spe-
cific to Apiaceae.

3.3. Metabolite profile of the primary compounds in N. incisum

Global non-targeted metabolomics was initially conducted to
characterize the metabolite profiles of coumarins in N. incisum
and N. franchetii, the two main sources of the Chinese pharma-
copoeia. The samples included the leaves, fruits, roots, and stems
of N. incisum as well as the roots of N. franchetii and cultivated N.
incisum (Supporting Information Fig. S9). PCA analysis of the
samples from N. incisum indicated that the underground parts
(roots) were distinctly from the aerial parts (leaves, fruits, and
stems) (Supporting Information Fig. S10). Moreover, roots
exhibited more peaks and a higher abundance in total ion chro-
matography, implying that the roots may have specifically accu-
mulated more coumarins (Supporting Information Fig. S11).
Targeted metabolomic analysis was performed to identify the
candidate metabolites involved in coumarin biosynthesis in N.
incisum. Through comparison with reference standards (tR and MS
data) or matching with theoretical data or commercial libraries41,
Figure 3 Metabolite profile of the main compounds in N. incisum. (A

Contents of the nine main coumarins in N. incisum at different tissues. R

coumarins in N. incisum (Ni), N. franchetii (Nf), and cultivated N. incisu

independent samples (n Z 3).
we identified 39 compounds from all tissues of N. incisum
(Fig. 3A, Supporting Information Fig. S12 and Table S12), with
20 of them being coumarins. Therefore, we chose nine represen-
tative coumarins in N. incisum, namely nodakenin, notopterol,
cnidilin, isoimperatorin, decursinol, columbianetin, osthenol,
bergapten, and psoralen, as marker compounds to investigate their
abundance in different groups (Supporting Information Fig. S13).
As depicted in Fig. 3B, most of the marker compounds were
highly abundant in the roots, which aligns with the fact that
traditional Chinese medicine uses N. incisum root as a medicinal
component49. Additionally, the general abundance of marker
compounds in wild N. incisum was higher than that in the culti-
vated N. incisum (Fig. 3C and Supporting Information Fig. S14).
This may explain why N. incisum has been successfully cultivated.
However, people still seek wild N. incisum because of its high
quality. We also found that some compounds such as nodakenin
and isoimperatorin were highly abundant in N. franchetii
(Fig. 3C), which may explain why they were chosen as alterna-
tives to N. incisum. However, all the detected compounds in
cultivated N. incisum had a lower content than in wild N. incisum,
implying that the wild imitation strategy may be a good way to
) Chemical structures of the compounds identified in N. incisum. (B)

: roots, S: stems, L: leaves, F: fruits. (C) Contents of the nine main

m (Nif). Error bars represent the �SEM mean of three biologically
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obtain high-quality medicinal materials during the habituated
culture process (Fig. 3B).

3.4. Identification of the genes involved in simple coumarin
biosynthesis

The biosynthetic mechanism of simple coumarins is relatively
clear9,50-53; hence, we identified 54 genes potentially encoding
enzymes involved in simple coumarins biosynthesis. It includes 5
PAL genes, one C4H gene, 25 4CL genes, 12 C20H genes, and 11
PT genes (Supporting Information Fig. S15). Given the pivotal
roles of 2-OGD and PT enzymes in driving the phenylpropanoid
pathway towards coumarin biosynthetic pathway53, we mainly
focused on identifying these two types of genes in N. incisum.
Based on the metabolite profile of coumarins in N. incisum, we
speculated that the genes NincChr3G00107490.1 and
NincChr11G00498940.1, which were highly expressed in the
roots, were most likely involved in coumarin biosynthesis (Fig. 3,
and Fig. S15). Additionally, the metabolome-transcriptome cor-
relation analysis indicated that both genes were significantly
correlated with isoimperatorin, the main coumarin product of N.
incisum (Fig. 4A). Therefore, these two genes were selected for
functional evaluation. After recombinant protein expression, pu-
rification (Supporting Information Fig. S16), and activity tests,
only NincChr3G00107490.1 was found to hydroxylate p-cou-
maroyl-CoA to form a simple coumarin skeleton, umbelliferone
(Fig. 4B and Supporting Information Fig. S17A). However, when
we tested their activities with another potential substrate (feruloyl-
CoA) of the 2-OGD family of proteins, NincChr11G00498940.1
displayed corresponding activity and formed scopoletin (Fig. 4C
and Fig. S17B). We therefore designated NincChr3G00107490.1
and NincChr11G00498940.1 as NiC20H and NiF60H, respectively.
Amino acid sequence alignment of NiC20H and NiF60H with all
the identified 2-OGD genes indicated that the two genes contained
a highly conserved Fe(II)-binding motif His-X-Asp-XnHis
(His233, Asp235 and His291) and the 2-oxoglutarate C5 car-
boxy group binding motif Arg-X-Ser (Arg301 and Ser303)
(Supporting Information Fig. S18)53. Phylogenetic analysis indi-
cated that NiC20H and NiF60H belong to the DOXC30-clade as
previously described (Supporting Information Fig. S19)54. The
two genes clustered with our previously characterized PpC20H and
displayed a high sequence similarity, implying the orthologous
relationship of C20H and functional consistency within
Apiaceae53.

Nearly half of the PTs (6/13) were significantly correlated with
eight out of the nine main coumarins in N. incisum (Fig. 4A),
implying the importance of PTs in coumarin biosynthesis.
Because the coding sequences (CDS) of all the identified PTs were
limited to approximately 1200 bp, three highly correlated PTs (3/
6, NincChr3G00107340.1, NincChr3G00107500.1, and
NincChr3G00107320.1) were selected for functional verification
(Fig. S15). These genes were cloned into a prokaryotic expression
vector to test their activities according to our previously described
methods42. As shown in Fig. 4D, only NincChr3G00107340.1 and
NincChr3G00107500.1 yielded significant peaks at the same
retention time as the standard demethylsuberosin, a C6-
umbelliferone prenylation product of PT. The products shared
the same protonated molecular ion m/z with a 231.10, identical to
the [MþH]þ molecular weight of the standard demethylsuberosin
(Fig. 4E). Therefore, we designated NincChr3G00107340.1 and
NincChr3G00107500.1 as Ni6PT1 and Ni6PT2, respectively.
Furthermore, we verified Ni6PT1 and Ni6PT2 activity in N.
benthamiana. When umbelliferone was used as the substrate, a
new peak was generated and directly compared with the standard
samples, indicating the production of DMS (Supporting
Information Fig. S20). We observed that all the identified
coumarin-specific PTs displayed lower activity, likely attributable
to their membrane protein characteristics, especially the presence
of at least six transmembrane regions interspersed in the CDS of
PTs (Supporting Information Fig. S21)9-11,42. Ni6PT1 and Ni6PT2
both belong to the Apiaceae-specific UbiA PT clade and differ
from the PTs in the Moraceae clade (FcPT1a and FcPT1b),
implying that these two PT groups are derived from distinct an-
cestors, despite both belonging to the UbiA family (Supporting
Information Fig. S22)11.

3.5. Identification of the genes crucial for complex coumarin
biosynthesis

The cyclization of the PT products (demethylsuberosin and osthenol)
is crucial for complex coumarin biosynthesis, which eventually leads
to the formation of two types of complex coumarins: fur-
anocoumarins and pyranocoumarins. Complex coumarins can be
classified into four types based on their linear and angular configu-
rations: linear furanocoumarins, linear pyranocoumarins, angular
furanocoumarins, angular pyranocoumarins1,3. However, only a few
cyclases responsible for this final step have been identified. One is a
CYP76 family protein from Moraceae and the other is a CYP736
family protein fromApiaceae13,15. Given thatN. incisum alsobelongs
toApiaceae, we speculated that the cyclases inN. incisumwere likely
members of the CYP736 proteins, too. Therefore, all 44 CYP736
proteins ofN. incisumwere identified as potential candidates.We first
excluded some proteins with short CDS (<1000 bp). Based on
metabolite profiles of the main compounds in N. incisum (Fig. 3),
seven genes with high expression in the roots were selected for
functional verification (Fig. 5A). After the activity test, we found that
four genes (NincChr3G00106470.1, NincChr3G00121510.1,
NincChr6G00302030.1, and NincChr6G00302100.1) exhibited
enzymatic activity toward demethylsuberosin, with the same reten-
tion time as decursinol and marmesin (Fig. 5B and Supporting
Information Fig. S23). Furthermore, we used osthenol to test their
activities, and two genes, NincChr6G00302030.1 and
NincChr6G00302100.1 displayed the corresponding activities
(Fig. 5C). Hence, NincChr3G00106470.1 and NincChr3G
00121510.1 were identified as monofunctional enzymes, with
demethylsuberosin as the substrate, whereas NincChr6G00302030.1
and NincChr6G00302100.1 were bifunctional enzymes that can
catalyze both demethylsuberosin and osthenol. To ensure the inclu-
sion of other potential cyclases, genes with lower expression, such as
NincChr6G00302130.1, NincChr6G00302140.1, NincChr6G00
302160.1, and NincChr7G00344610.1 were cloned to test their ac-
tivities. Interestingly, NincChr7G00344610.1 displayed monofunc-
tional enzymatic activity toward osthenol and could only produce
columbianetin in yeast (Fig. 5C and Supporting Information
Fig. S24). Hence, NincChr3G00106470.1 and NincChr3G00
121510.1 were named as demethylsuberosin cyclase (NiDC1 and
NiDC2); NincChr7G00344610.1 was named as osthenol cyclase
(NiOC1); and NincChr6G00302030.1 and NincChr6G00
302100.1 were named as osthenol/demethylsuberosin cyclase
(NiOD1 and NiOD2), respectively. Notably, NiODs are the first en-
zymes with dual functions ever reported to date. These enzymes
fulfill the missing steps in complex coumarin skeleton biosynthesis
and provide essential enzyme elements for the synthetic biology of
complex coumarins.



Figure 4 Functional verifications of N. incisum 2-OGD and PT genes. (A) The metabolome-transcriptome correlation analysis of N. incisum.

The candidate genes in simple coumarin biosynthesis are listed. (B, C) Functional verifications of N. incisum 2-OGD genes. (D, E) Functional

verifications of N. incisum PT genes. The products were detected using liquid chromatography (LC, at 340 nm) and LC‒MS in positive ionization

mode. The LC maps of standard umbelliferone, scopoletin, DMS (demethylsuberosin), and their corresponding chemical structures are shown in

the figures. Boiled enzymes are used as a control. The red boxes indicate molecular ion peaks.
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3.6. The evolution of the CYP736 family in N. incisum and the
emergence of cyclase activities

Convergent or parallel evolution has been proposed to account for
the independent acquisition of furanocoumarins by different
plants4,11,13. The cyclase identified from Moraceae is a CYP76
protein, whereas the cyclases from Apiaceae identified in this
study are classified as CYP736 proteins (Fig. 5), further sup-
porting this hypothesis13. We explored the evolutionary history of
these cyclases using a combined phylogenetic and comparative
genomic approach. Additionally, considering that N. incisum cy-
clases display diverse activities (NiDC, NiOD, and NiOC), the
mechanisms underlying the functional divergence of these cy-
clases were also studied.

By constructing a phylogeny comprising all CYP450 proteins
from 18 species (Supporting Information Fig. S25 and Table S13),
we examined the evolutionary positions of N. incisum cyclases
and their relationships with other CYP450s. Phylogenetic analysis
placed N. incisum cyclases in a monophyletic branch that included
a minimum of 15 N. incisum CYP736 proteins (Fig. 6A). A deeper
examination of this branch revealed that all genes within it
belonged to the Apiaceae plants, suggesting that Apiaceae-specific
duplications led to the emergence of five cyclase genes. Among
these 15 CYP736 proteins, the overwhelming majority were from



Figure 5 Functional verifications of N. incisum cyclases. (A) The heatmap shows the relative expression levels of the candidate genes in

different tissues of N. incisum. The genes that we verify activities in this text are marked with a red triangle. R, roots; S, stems; L, leaves; F, fruits.

(B) LC analyses of the cyclase activities toward demethylsuberosin at 340 nm. (C) LC analyses of the cyclase activities toward osthenol at

340 nm. NiODs identified in the work are shown in rose red, NiDCs in green, NiOC in blue, and control (boiled enzymes) in black. The LC maps

of standard marmesin, decursinol, columbianetin, and their corresponding chemical structures are shown in the supplementary figures.

The structural diversity of coumarins 3769
chromosomes 3 and 6, and an often-occurring topology was that
genes on chromosome 3 always formed sister groups with genes
on chromosome 6 of N. incisum. The difference between N.
incisum CYP736s on the two chromosomes was that those on
chromosome 6 also grouped with genes from other species, sug-
gesting an ancestral orthology among Apiaceae species, whereas
N. incisum CYP736s on chromosome 3 only clustered with N.
incisum CYP736s on chromosome 6. Such topologies suggest that
the N. incisum CYP736s on chromosome 6 may have emerged
earlier than the paralogues on chromosome 3 and that the
CYP736s on chromosome 3 may represent duplicates of those on
chromosome 6.

This duplication event is likely an ectopic duplication that
covers a genomic block encoding several genes (Supporting
Information Fig. 6B), as suggested by the phylogeny and the
lack of collinearity between the two loci. Additionally, at least one
tandem duplication event was inferred to have occurred before the
ancestral chromosome (chromosome 6), because only two
monophyletic groups containing genes from chromosomes 3 and 6
were observed. Tandem duplication likely occurred on chromo-
somes 3 and 6 after the ectopic duplication. This series of complex
duplication events eventually resulted in the identification of four
characterized cyclase genes on these two chromosomes. The fifth
cyclase, located on chromosome 7, may have resulted result from
a WGD/chromosomal segmental duplication, as this gene showed
well-preserved synteny with the cyclase genes on chromosome 6
(Fig. S26). This duplication likely occurred before the ectopic
duplication between chromosomes 3 and 6, as suggested by its
basal position in the CYP736 phylogeny (Fig. 6A).

The evolutionary histories of the five cyclases were inferred,
with NiDCs via WGD/chromosomal segmental duplication,
NiOCs via ectopic duplication, and NiODs on chromosome 6
through tandem duplications (Fig. 6B). However, the mechanisms
underlying this divergence in enzymatic activity, such as sequence
mutations, require further investigation. By comparing the amino
acid sequences of the 15 N. incisum CYP736s (Supporting
Information Fig. S27), we identified conserved and variable sites
using four phylogenetically early-diverging N. incisum CYP736s
as references (NincChr3G00105000.1, NincChr3G00105010.1,
NincChr3G00105660.1, and NincChr6G00302180.1). Together
with the evolutionary relationship, we were able to further infer
the detailed process of amino acid variation (Fig. 6B and
Fig. S27), which could help explain the divergence in enzymatic
activities. Collectively, 18 variation sites were identified as



Figure 6 Evolution of the CYP736 gene family in N. incisum. (A) Phylogenetic tree of CYP736 gene family in Apiaceae. Fifteen N. incisum

genes are derived from chromosomes 3 (five genes labeled in blue), 6 (nine genes labeled in pink), and 7 (one gene labeled in green), respectively.

The blue sector indicates that CYP736 genes on chromosomes 3 and 6 of N. incisum are paralogues with a sister relationship. Meanwhile, the pink

sector shows CYP736 genes on chromosome 6 of N. incisum do not group with genes on chromosome 3, but clustered with genes from other

species in Apiaceae. (B) The inferred evolutionary process of CYP736 gene family in N. incisum. The dotted line, orange arrow, and dark blue

arrow are represented in tandem duplication, ectopic duplication, and WGD (segmental) duplication event, respectively. Numbers 1e4 show

amino acid mutations during/after the duplication events, and are possibly related to the functional divergence of different cyclases in N. incisum

(OC, DC, and OD).
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potentially critical for the neo- and sub-functionalization of the 15
N. incisum CYP736s. Of the 18 amino acid sites, 13 (L47, H113,
K210, V233, A250, K294, V308, S345, A348, Q399, V405, R416
and F417) may be responsible for DC activity, 11 (H36, I47,
K113, H210, V246, H294, M308, V417, Y426, D442 and G513)
for OC, and 12 (P36, F47, D113, A233, F250, R345, T348, H399,
M405, N416, F426, and Q513) for dual OD activity.
In summary, all duplication events and sequence mutations
were specific to Apiaceae, and some were possibly limited to N.
incisum. The limited systematic grades for these duplication
events agree with the inference of multiple and independent ori-
gins of the complex coumarin biosynthetic pathway in angio-
sperms, suggesting diversified plant biosynthetic product
evolution.
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3.7. Data availability

The genome data of this study had been deposited into the Na-
tional Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) database under the BioProject accession
number PRJNA1017385. The accession numbers in the NCBI
database of the genes whose functions have been verified in this
work are as follows: NiC20H (OR820159), NiF60H (OR820160),
Ni6PT1 (OR820161), Ni6PT2 (OR820162), NiDC1 (OR820163),
NiDC2 (OR820164), NiOC1 (OR820165), NiOD1 (OR820166),
NiOD2 (OR820167). Other data regarding this study is included in
the supporting information.

4. Discussion

Coumarins are widely distributed throughout the plant kingdom,
with thousands of species from at least 75 families containing
coumarins12. However, these typically refer to the simple couma-
rins. Complex coumarins, such as furanocoumarins and pyr-
anocoumarins, are mainly limited to Apiaceae, Rutaceae,
Moraceae, and Fabaceae1. The main differences between simple
and complex coumarins lie in the prenylation and cyclization steps
(Fig. 1), which establish the basic skeleton of complex coumarins.
All previously identified PTs and cyclases were limited to the
Apiaceae, Rutaceae, and Moraceae families9,10,13,55,56. Genes
involved in simple coumarin biosynthesis have been identified in the
Cruciferaceae, Convolvulaceae, Rutaceae, and Apiaceae3. There-
fore, the functional evolution of PT and cyclases in the coumarin
pathway is essential for the formation of complex coumarins.

The 2-OGD family proteins are responsible for simple coumarin
formation by directing metabolic flux from the phenylpropanoid
pathway to the coumarin biosynthesis pathway. The family mainly
includes two functionally different kinds of enzymes, C20H and
F60H. C20H has a broad substrate recognition ability. Besides pro-
ducing umbelliferone, it could also catalyze feruloyl-CoA to form
scopoletin, while F60H could only accept feruloyl-CoA as a sub-
strate8. Owing to the following reasons: (1) the identified C20Hs are
mainly from Apiaceae and Rutaceae, and F60Hs are mainly from
Cruciferaceae and Convolvulaceae6-8,57; (2) Umbelliferone pro-
duced by C20H is a key intermediate for complex coumarins
biosynthesis7; (3) Simple coumarins in plants mainly represented
by scopoletin and its derivatives and (4) The formation of simple
coumarins in plants rich in complex coumarins is catalyzed by
C20H, while those plants catalyzed by F60H can only accumulate
simple coumarins8, thus we deduce that the absence/presence of
C20H genes is also a prior indicator for the production of simple
coumarins or complex coumarins. In summary, a species possessing
only F60H could produce simple coumarins, whereas one possess-
ing C20H has the capability of producing complex coumarins.
However, further evidence is required, as only a limited number of
C20H and F60H genes have been identified from a limited number
of species6,7,53,57. Additionally, C20H and F60H have no significant
difference in protein identity, and their functions are usually inter-
changeable (Fig. S18)8.

Another noteworthy phenomenon that warrants mention is the
multiple origins of the coumarin pathway in angiosperms56. The
identification of PTs from different species, as well as the genes
involved in the hydroxylation of complex coumarins, suggests the
possibility of parallel or convergent evolution contributing to the
multiple origins of the coumarin pathway4,10,13,11,56. Furthermore,
although many PTs and hydroxylases have been identified in
Apiaceae and Moraceae, no C-PTs have been identified in Rutaceae
or Fabaceae, even though these families are rich in complex cou-
marins9-11,56. These results imply that the PTs in Rutaceae and
Fabaceae may have ancestors different from those in Apiaceae and
Moraceae. In this study, we found that cyclases from N. incisum
(Apiaceae) belonged to the CYP736 family, whereas those from
Moraceae belonged to the CYP76 family13,15, which supports their
independent origins (Fig. S25). Additionally, the genes involved in
the hydroxylation step of xanthotoxin, a representative fur-
anocoumarin in plants, are CYP71AZ1/6 in Apiaceae, CYP82D64
in Rutaceae, and CYP82C2/4 in Brassicaceae4,58. Hence, we
speculate that the cyclases in Rutaceae and Fabaceae may not
belong to the CYP76 or CYP736 families. Our inference may
provide limited assistance to researchers striving to explore the
complex coumarin biosynthetic pathways in Rutaceae and Faba-
ceae. As observed in the parallel evolution of PTs, it is not sur-
prising that cyclases arose independently in distantly related taxa4.

Coumarin metabolic profiles differ significantly across angio-
sperms, not only in their abundance but also in their structural
characteristics. These structural differences encompass variations
in linear and angular configurations, as well as furan- and pyran-
type structures. A prevailing hypothesis suggests that angular
coumarins originated from linear coumarins1. This hypothesis is
mainly based on the following observations: (a) no angular cou-
marins exist in a plant species alone, but always co-exist with the
linear coumarins1; (b) linear coumarins are discovered in more
families including Apiaceae, Rutaceae, Moraceae, and Fabaceae,
whereas angular coumarins are limited to certain species of
Apiaceae9; and (c) the angular coumarins can function synergis-
tically with linear coumarins, which further improves the toxicity
of coumarins to insects59. However, to date, direct evidence sup-
porting this hypothesis is still lacking. The functional evolution of
PTs is likely to provide support to this hypothesis, but far too few
cases (PsPT2 and PpPT2) can be utilized to study this subject in
Apiaceae10,15. In addition, certain linear PTs exhibited extremely
weak angular activity, which is consistent with (a)10,15. Regarding
furanocoumarins and pyranocoumarins, even less is known about
the mechanism of their structural diversity, because very few cy-
clases have ever been identified13,15. Although according to our
analyses, different cyclases are probably derived from different
means of gene duplications (tandem, ectopic, and WGD/
segmental), ultimately yielding different coumarins structures
(Fig. 6), mutations in key amino acid sites that control substrate
and/or product specificity may be more vital for the structural
diversity. According to our recent study, the acidity and alkalinity
of the reaction solution significantly affected the formation of
furanocoumarins and pyranocoumarins15. However, the precise
mechanisms require further investigation at the protein level.
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