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Complex coumarins (CCs) represent characteristic metabolites found in
Apiaceae plants, possessing significant medical value. Their essential functional
role is likely as protectants against pathogens and regulators responding to
environmental stimuli. Utilizing genomes and transcriptomes from 34 Apia-
ceae plants, including our recently sequenced Peucedanum praeruptorum, we
conduct comprehensive phylogenetic analyses to reconstruct the detailed
evolutionary process of the CC biosynthetic pathway in Apiaceae. Our results
show that three key enzymes - p-coumaroyl CoA 2"-hydroxylase (C2'H),
C-prenyltransferase (C-PT), and cyclase - originated successively at different
evolutionary nodes within Apiaceae through various means of gene duplica-
tions: ectopic and tandem duplications. Neofunctionalization endows these
enzymes with novel functions necessary for CC biosynthesis, thus completing
the pathway. Candidate genes are cloned for heterologous expression and
subjected to in vitro enzymatic assays to test our hypothesis regarding the
origins of the key enzymes, and the results precisely validate our evolutionary
inferences. Among the three enzymes, C-PTs are likely the primary determinant
of the structural diversity of CCs (linear/angular), due to divergent activities
evolved to target different positions (C-6 or C-8) of umbelliferone. A key amino
acid variation (Alal61/Thr16l) is identified and proven to play a crucial role in
the alteration of enzymatic activity, possibly resulting in distinct binding forms
between enzymes and substrates, thereby leading to different products. In
conclusion, this study provides a detailed trajectory for the establishment and
evolution of the CC biosynthetic pathway in Apiaceae. It explains why only a
portion, not all, of Apiaceae plants can produce CCs and reveals the mechan-
isms of CC structural diversity among different Apiaceae plants.

In response to the arms race with aggressors, plants have evolved the
ability to produce secondary metabolites. Some secondary metabo-
lites exhibit specific therapeutic activities in humans, and were skill-
fully employed in treating human diseases by our ancestors who
developed Ayurvedic medicine, Arabian medicine, traditional Chinese
medicine, and other ancient healing practices. Coumarins represent
one of the major categories of metabolites in plants. In addition to

serving as protectants against phytopathogens and responding to
biotic and abiotic pressures'™, coumarins also exhibit diverse medical
bioactivities such as antibacterial, anti-tumor, anti-oxidation, anti-
coagulation and anti-inflammatory properties'*.

These diversified biological activities potentially stem from the
structural diversity of coumarins, which can be classified into five
types: simple coumarins (SCs), linear furanocoumarins (FCs), angular
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Fig. 1| The proposed biosynthetic pathway of CC in Apiaceae. PAL phenylalanine
ammonia lyase, C4H cinnamate 4-hydroxylase, 4CL 4-coumarate: coenzyme

A ligase, HCT/HQT hydroxycinnamoyl CoA shikimate/quinate hydroxycinnamoyl
transferase, CCOAOMT caffeoyl-CoA O-methyltransferase, C3'H cinnamoyl ester 3'-
hydroxylase, C2’H p-coumaroyl CoA 2’ -hydroxylase, F6'H feruloyl-CoA 6'-

Lomatin (15)
H

hydroxylase, COSY coumarin synthase, U6PT umbelliferone 6-prenyltransferase,
USPT umbelliferone 8-prenyltransferase, DC demelthyisuberosin cyclase, OC
osthenol cyclase. The plant in the picture is the newly sequenced P. praeruptorum
rich in all coumarin types and particularly high angular CC content.

FCs, linear pyranocoumarins (PCs) and angular PCs; and the later
four can be collectively referred to as complex coumarins (CCs).
Comparatively, CCs are the primary ingredients with potential
medical values, and are the further biosynthesized products of the
SCs. The biosynthetic process involves three distinct steps via three
types of enzymes - p-coumaroyl CoA 2-hydroxylase (C2'H)**,
C-prenyltransferase (C-PT)"'° and cyclases”". The detailed CC bio-
synthetic process (Fig. 1) initiates with C2'H catalyzing p-coumaroyl
CoA to form umbelliferone®®. At this step, C2’H competes the sub-
strate with enzymes catalyzing the biosynthesis of scopoletin (F6'H),
which will not continue to process to CCs. Due to the strict substrate-
specificity, only umbelliferone can be recognized by downstream C-
PTs, and continues to form demethylsuberosin or osthenol by pre-
nylation, while O-prenyltransferases (O-PTs) lead reactions to 6’,7-
epoxyauraptene or 6’,7-dihydroxybergamttin instead, without con-
tinuing to process to CCs”". At last, cyclases catalyze the cyclization
of pyran or furan rings to form PCs or FCs, which were characterized
more recently, completing the final missing gap in the CC biosyn-
thetic pathway’".

In nature, although SCs are ubiquitous in angiosperms, the
main active ingredients, CCs are reported to primarily accumulate
in four out of all 433 angiosperm families, Apiaceae, Moraceae,
Rutaceae, and Fabaceae'”, which are phylogenetically distant to
each other. This dispersed distribution of CCs across angiosperm
phylogeny implies multiple and independent origins of CC bio-
synthesis in these four families. Coincidently, molecular evidence
also supports independent evolution of CC biosynthesis in different

angiosperm lineages. For instance, a phylogenetic analysis of
PTs proposed that Apiaceae, Moraceae, Rutaceae PTs are derived
from distinct ancestors through convergent evolution®. The
enzymes responsible for cyclization also belong to different
CYP450 families: CYP76F in Moraceae and CYP736A in Apiaceae,
respectively’'.

Despite Apiaceae being a well-known angiosperm family for CC
metabolites, the truth is that not all Apiaceae plants can produce CCs.
Some famous traditional Chinese medicinal herbs, such as Peuceda-
num praeruptorum, Angelica sinensis, A. dahurica, Saposhnikovia
divaricata accumulate CCs in roots. In contrast, other plants, for
example, most vegetables and spices — Daucus carota (carrot), Apium
graveolens (celery), Oenanthe sinensis (water dropwort) and Corian-
drum sativum (coriander) - do not accumulate CCs. Additionally, some
other famous medicinal plants like Centella asiatica and Bupleurum
chinense, do not accumulate CCs either’'* ¢, These observations imply
that the CC biosynthesis likely underwent a variable mode of evolution
in Apiaceae. Now, Apiaceae has amassed a rich genomic and tran-
scriptomic data source due to the rapid advancement of sequencing
technology’® . We also newly sequenced P. praeruptorum, an Apia-
ceae plant rich in all coumarin types and particularly high angular CC
content’”, These data serve as valuable foundational information to
elucidate the molecular mechanisms underlying the origin of CC bio-
synthesis and the diversified products. Using an evolutionary geno-
mics research strategy, our work strived to reconstruct a detailed
process of the establishment and evolution of Apiaceae CC biosyn-
thetic pathway.
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Results

Phylogeny of Apiaceae species provides a framework to study
the evolution of CC biosynthesis

To provide a stable framework of species relationship for our analysis
into the Apiaceae CC biosynthesis, we first reconstructed a highly
resolved phylogeny of Apiaceae, utilizing all available genomes and
transcriptomes in this family and 18 plants from other taxa as the
outgroup (Supplementary Table 1). Among the taxa used, our newly
sequenced P. praeruptorum using combined Hifi and HiC data (1.74 Gb
in size, scaffold N50=157.14 Mb and 33,420 protein-coding genes
annotated, our annotation captures 94.9% of the embryophyta BUSCO
(odb10) genes, with 82.6% in single copy and 12.3% in duplicates, see
Supplementary Figs. 1-3, Supplementary Tables 2-9, Supplementary
Notes for more information) stands as a representative that highly
accumulates diverse CC products.

According to orthologous gene families classified by OrthoFinder
(v2.5.5)*, we extracted a total of 1708 low copy orthologous families
(OGs) and further generated a refined single-copy genes (RSCGs) using
the criterion described in the Methods section. The RSCGs were then
processed, and concatenated datasets of amino acids and corre-
sponding coding sequences were constructed. Both nucleotide and
amino acid datasets recovered a congruent topology for Apiaceae
phylogeny with robust support (Fig. 2, Supplementary Fig. 4). In
Apiaceae, P. praeruptorum is resolved as the sister to S. divaricata, and
Cnidium monnieri, A. dahurica and C. sativum were recovered to be
successively sisters, all belonging to Apioideae. All relationships
received 100% bootstrap support except the sister relationship of

A. graveolens and Pastinaca sativa, which received 98% support from
the amino acid dataset. Therefore, a further analysis using the coa-
lescent datasets was conducted, and obtained congruent results sup-
porting the sister relationship, whereas incomplete lineage sorting was
detected (Fig. 2, Supplementary Fig. 5), likely influencing the bootstrap
value. Apioideae was the densest sampled among all subfamilies of
Apiaceae, due to the fact that reported Apiaceae plants with CC
metabolites mainly belong to this clade. All 13 Apioideae plants clus-
tered as a monophyletic group, with Sanicula orthacantha, Azorella
atacamensis and C. asiatica being successive sister groups, repre-
senting Saniculoideae, Azorelloideae and Mackinlayoideae, respec-
tively. Molecular clock estimated the emergence of the crown group of
Apiaceae to be around 49.4 million years ago (MYA), whereas the
divergence of Apiaceae from other Apiales lineages could date back to
53.2 MYA. The divergence time for P. praeruptorum and its closest
relative S. divaricata is around 5.5 MYA (Supplementary Fig. 6, Sup-
plementary Table 10), which may represent the divergence time of two
genera, Peucedanum and Saposhnikovia.

By mapping our collected information of the coumarin accumu-
lation in Apiaceae species to the phylogenetic backbone, it’s notable
that Apiaceae plants of CC accumulation are limited in a number of
tribes/genera gathering in Apoideae, instead of being evenly scattered
throughout Apiaceae (Fig. 2). Therefore, the complete CC biosynthetic
pathway is likely established first in later Apoideae evolution, which
would explain the lack of CCs in other subfamilies of Apiaceae.
Meanwhile, different plants incline to accumulate different CCs, and
most Apoideae plants cannot produce all CCs except P. praeruptorum,
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Fig. 2 | Phylogeny and the coumarins distribution of Apiaceae plants. Phylo-
genetic analysis and divergence time estimation were based on 1708 refined low
copy orthologous gene groups from 34 angiosperms. The coumarin type and dis-
tribution information were collected from'***, * no report, SCs simple
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Please see Supplementary Figs. 26-28 for the relevant analysis. Asterisks represent
100% support. Source data are provided as a Source Data file.
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implying an active evolutionary mode for the Apiaceae CC biosyn-
thetic pathway.

Apiaceae C2'Hs arose during early Apioideae evolution by
ectopic duplications

Given the conservative sharing of the upstream phenylpropanoid
metabolism pathway among angiosperms, the downstream C2'H, C-PT
and cyclase should be pivotal for exploring the mechanism underlying
the establishment and evolution of CC biosynthesis in Apiaceae. The
CC biosynthesis is initiated by C2’H targeting p-coumaroyl CoA, and
the critical trigger enzyme C2’'H is encoded by the 2-oxoglutarate-
dependent dioxygenase (2-OGD) gene family>®. To explore the origin
and evolution of Apiaceae C2'H, we constructed a phylogenetic tree
using all 2-OGDs extracted from 154 plant genomes and 17 tran-
scriptomes (covering 42 angiosperm orders). The selected genomes
and transcriptomes aimed to provide an adequate and balanced spe-
cies sampling with a focus on Apiaceae, serving as the data source of

the phylogenetic analysis (Supplementary Tables 11, 12). The phylo-
genetic tree can be divided into three monophyletic groups, probably
due to duplication events in early angiosperm ancestors. Apiaceae
C2'Hs fall into Subgroup I (Fig. 3a), whereas the other two subgroups
contain Arabidopsis thaliana Scopoletin 8-hydroxylase (S8H) and
Glycine max F6'H, respectively”’*, By comparing the gene tree to the
species tree and examining the position of Apiaceae C2’Hs in Subgroup
I, two rounds of Apiaceae-specific duplications could be recognized,
generating three Apiaceae-specific branches, with the previously
characterized C2'Hs (C2'Hs of P. sativa and P. praeruptorum)>* nested
in Branch A (Fig. 3b). One can observe that the members of three
branches are limited in Apoideae, and include all Apoideae species;
thus, we speculate that the duplications giving birth to C2'H occurred
during early Apoideae evolution, which was supported by the recon-
ciliation of gene duplication events in Apiaceae (Supplementary Fig. 7).
Our following functional characterization revealed that Pp2.7733 from
Branch C also exhibited enzymatic activity of C2’H by heterologous
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expression in Escherichia coli (Fig. 3¢), suggesting that the C2'H func-
tion likely arose via the earlier duplication event. Since genes derived
from the two duplications were not observed to cluster on chromo-
somes or show synteny in between (Supplementary Fig. 8), Apiaceae
C2'Hs are likely to have arisen and expanded by ectopic duplications.
The two ectopic duplications likely date back to an early Apioideae
ancestor. P. praeruptorum has four copies in Branch A due to later self-
tandem duplications on Chromosome 9, and the duplicates (Pp9.2445,
Pp9.2502, Pp9.2515 and Pp9.2536) all demonstrated C2'H activity as
well according to our functional validations (Fig. 3c, Supplementary
Figs. 9, 10), despite of some differences in quantitative activities
(Supplementary Fig. 11). However, Pp6.1129 in Branch B did not exhibit
either activity (Figs. 3¢, 3d). As we examined the sequence of Pp6.1129,
we found that this protein has truncated sequence with ten amino
acids missing/variation at the N-terminus (Supplementary Fig. 12),
which we infer likely resulted in the loss-of-function mutation. Since
the tested proteins (except Pp6.1129) also exhibit F6’H activity (Fig. 3d)
and F6'H is discovered in other species and subgroups with a wider
systematic distribution, we speculate that F6’H should be the original
function and Apiaceae C2’'H is likely derived from F6’H. This hypothesis
is also supported by the monophyletic grouping of Apiaceae C2'Hs in
the phylogenetic tree, which suggests C2'H is a later-evolved activity,
compared with the more widely distributed F6'Hs. At the sequence
level, we discovered from the multiple sequence alignment that, C2’'Hs
have more conserved amino acid residues whereas F6’'Hs show more
diverse residue types (Supplementary Fig. 13, Supplementary Data 1).

Tandem duplications led to the rise of Apiaceae C-PTs and
activity divergence of U6- and USPT

Although C-PT functions after C2'H in the biosynthetic pathway, it
generates product diversity for the first time - demethylsuberosin and
osthenol by prenylation at C-6 and C-8 of umbelliferone (Fig. 1),
respectively. The two products are the corresponding precursors of
linear and angular CCs, making C-PT the key to elucidate the
mechanism underlying the linear and angular configurations of CC
products. The same 154 genomes and 17 additional transcriptomes
resource (Supplementary Tables 11, 12) was used for the evolutionary
analyses of C-PT. Phylogenetic analysis indicates that C-PT genes may
have undergone a complicated evolutionary trajectory. Despite a small
gene family (averaging a dozen members per angiosperm species), the
evolutionary trajectory of PTs with the C-C activity was inferred to
involve as many as seven times Apiaceae-specific duplication events
(Fig. 4a, b), and tandem duplications should be the primary mechan-
ism. For instance, seven out of ten P. praeruptorum PT genes (PpPTs)
are found to group in a monophyletic group, suggesting their close
evolutionary relationships, and they are all located together at one
locus on Chromosome 9, forming a gene cluster (Supplementary
Fig. 8). These results serve as solid evidence for the emerging
mechanism of these PpPTs: by tandem duplications. All three char-
acterized P. praeruptorum C-PTs (PpPT1-3)’ are also located in this gene
cluster, suggesting that Apiaceae C-PT enzymes are probably derived
from tandem duplication events. To be precise, these tandem dupli-
cation events should not be limited to P. praeruptorum, as the seven
clustered PpPTs scatter over five phylogenetic branches that include
orthologous genes from multiple plants. By comparing with the spe-
cies tree (Fig. 2), one can see the characterized C-PTs (PpPT1-3) and
their orthologs are only present in Selineae (P. praeruptorum, A.
dahurica, C. monnieri and S. divaricata), Tordylieae (P. sativa), Cor-
iandreae (C. sativum), Sinodielsia (A. sinensis) and Apieae (A. grave-
olens) (Fig. 4b), and these tribes/lineages are derived from a common
ancestor in early Apioideae evolution (Fig. 2)**°. Therefore, the tan-
dem duplications for the emergence of Branches A, B and C should
have occurred in the common ancestor of these tribes (Supplementary
Fig. 14), and thus genes in these branches evolved C-PT activity
through neofunctionalization. The amino acid sequence identities

between genes from the three different branches are high (at least
above 75%), with 84.43% (median) between A and B, 82.35% (median)
between A and C, and 81.56% (median) between B and C (Supple-
mentary Fig. 15), suggesting these genes from different branches are
close related and also implying their functional divergence is likely
caused by only a few sequence variations.

To test our hypothesis, functional experiments were subsequently
conducted. Genes from different branches were selected to be het-
erogeneously expressed in £. coli, and their products were analyzed by
High Performance Liquid Chromatography (HPLC) and mass spectro-
metry (MS). By mapping our experimental results (Fig. 4c, d, Supple-
mentary Figs. 16, 17) and previously characterized enzymes to the PT
phylogeny (Fig. 4b), it can be observed that only genes in Branch A, B
and C (only present in Selineae, Tordylieae, Coriandreae, Sinodielsia
and Apieae) possess C-C bonding activity at C-6 of umbelliferone
(U6PT, indicated by green dots) or at C-8 (U8PT, indicated by pink
dots), while genes in other branches were tested to have O-PT activity
rather than C-PT activity (indicated by blue dots). These experimental
results align with our evolutionary inference that C-PTs have a more
recent origin in later-diverging Apioideae lineages. In addition, it was
proved that C-PT activity evolved from O-PT genes through neo-
functionalization. After all, the duplication events giving birth to
Branches A, B and C took place relatively later (Supplementary Fig. 14).

Branches representing U6PT and USPT are of close phylogenetic
relationship. In P. praeruptorum, U6PT (PpPT1) and USPT (PpPT2) are
located in the same gene cluster (Supplementary Fig. 8), indicating
that they are the products of tandem duplications and have undergone
neo/subfunctionalization. Sequence comparison between proteins
encoded by genes in Branch A and C revealed six sites (Leu102-Phel02,
Thrl61-Alal6l, 1le195-Vall95, Phe262-Tyr262, Gly335-Ala335 and
Lys388-GIn388, using PpPT1 as the reference) with significant
sequence discrepancy (Fig. 4e, Supplementary Fig. 18), potentially
accounting for the functional divergence of U6- and U8PTs. To
determine the critical role of these sites, we changed the amino acids
through the site-specific mutations to test the corresponding func-
tional variations. The enzymatic activity assay of mutated PpPTls and
PpPT2 indicate that amino acid at position 161 is key to the transition
from U6- to USPT activity, with Thr161 accounting for the U6PT and
Alal6l responsible for USPT, as the PpPT1 with the Thrl61-to-Alal61l
(T161A) mutation displayed USPT activity and PpPT2 with the Alal61-
to-Thrl61 (A161T) mutation displayed U6PT activity, while other
mutations did not show obvious activity variations (Fig. 4f, Supple-
mentary Fig. 19). The three-dimensional protein structures of PpPT1
and PpPT2 were modeled by Alphafold2®, and suggested to form a
complex with umbelliferone and dimethylallyl pyrophosphate
(DMAPP) via molecular docking. We infer that PpPT1, with the hydro-
philic Thr16l, is possibly prone to bind with the hydrophilic side of
umbelliferone, leaving DMAPP to the only available C-6 to generate a
linear product. PpPT2, with the hydrophobic Alalél, prefers the
opposite hydrophobic side of umbelliferone. Thus, DMAPP can only
target C-8, and from an angular conformation accordingly (Fig. 4g).

Apiaceae cyclases originated by ectopic duplications

Cyclases responsible for the last step of CC biosynthesis in Apiaceae
are members of the CYP450 superfamily. To explore the origin and
evolution of Apiaceae cyclases, we extracted all CYP450 proteins from
18 plant genomes and 17 transcriptomes (fewer genomes were used
because of too large numbers of CYP450 genes in plant genomes,
Supplementary Tables 12, 13), and performed a phylogenetic analysis
(Fig. 5a). Cyclases in Apiaceae can be classified into two types
according to functions, namely demelthyisuberosin cyclase (DC) and
osthenol cyclase (OC), catalyzing linear and angular products,
respectively’™’. In P. praeruptorum, the recently characterized PpDC
(Pp7.4765 in Branch A) and PpOC (Pp9.2436-37 in Branch C) have very
similar sequences’, and were recovered as close relatives along with
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other two CYP450 genes (Pp4.4512 and Pp4.4519 in Branch B) in the
phylogenetic tree (Fig. 5b). While Pp4.4512 and Pp4.4519 were tested to
have extremely weak cyclase activity’, another S. divaricate gene
(DN7479) from the same branch was proved to have stronger DC
activity (Fig. 5c, Supplementary Figs. 20, 21), suggesting a potential
loss of function scenario for the two P. praeruptorum genes. Since both
Branch A and B genes exhibited DC activity (Fig. 5c, Supplementary
Fig. 20), the origin of DC could be traced back to the common ancestor
of the two branches. This ancestor serves as a sister group to the OC
lineage (Branch C), suggesting a simultaneous divergence of DC and
OC lineages. A previous study reported that genes from other bran-
ches (outside Branch A, B and C) have no cyclase activity’. Therefore,
the cyclase activity was limited to Branch A, B and C, comprising genes
from only Selineae, Apieae, Sinodielsia and Tordylieae, and the cycla-
ses should consequently have originated in the common ancestor of
these lineages. Comparatively, Apiaceae cyclase originated posterior
to C2’'H, and no earlier than C-PTs as well, and finally established
complete CC biosynthetic pathway. In Apiaceae genomes that possess
both DC and OC (P. praeruptorum and A. sinensis), intragenomic syn-
teny was not detected between DC and OC genes, suggesting that
Apiaceae DC and OC may be derived from an ectopic duplication

(Supplementary Fig. 22). In addition, independent gene losses were
inferred to have occurred in high frequency, as all three branches were
reconciled to have undergone gene loss events, with the OC branch
inferred to have experienced the most gene losses (Supplemen-
tary Fig. 23).

The establishment and collapse of CC biosynthetic pathway is
associated with the origins and losses of enzyme-

encoding genes

In summary, Apiaceae C2’'H, C-PT and cyclase are the outcomes of
specific duplications within Apiaceae (Figs. 3b, 4b and 5b), indicating
that strict orthologs of these enzyme genes are exclusive to Apiaceae.
More specifically, they are derived from distinct duplication events by
means (tandem duplications and ectopic duplications), arising at dif-
ferent phylogenetic nodes within Apioideae. The comprehensively
reconciliation of gene duplication events aided in tracing the detailed
evolutionary histories of the three key enzyme genes (Supplementary
Figs. 7, 14, 23), exhibiting the step-by-step completion of the Apiaceae
CC biosynthetic toolbox (Fig. 6). Although C2’'H has an earlier origin in
Apioideae, the other two enzymes emerged successively afterwards.
Till the split of Daucinae-Scandicinae lineage, cyclase finally completed
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the last missing step of CC biosynthesis. Theoretically, all Apieae,
Sinodielsia, Tordylieae, Coriandreae and Selineae plants should have
the complete CC biosynthetic toolkit, and be capable of producing
CCs. Nevertheless, secondary losses should have taken place (Fig. 6,
Supplementary Figs. 7, 14, 23), and resulting in the absence of certain
enzymes that may influence CC product diversity or even lead to the
collapse of the pathway; for instance, celery and coriander lost all
cyclases, thus cannot produce CCs at all. This reconstructed history
explains presence/absence of CCs in current Apiaceae plants and
aligns with the known metabolic products in these species, reflecting
the genotype-phenotype consistency.

A CC BGC likely accounting for highly accumulating angular CCs
in P. praeruptorum

Although a number of Apioideae plants have the complete toolkit for
CC biosynthesis, the product contents and types vary significantly,
suggesting differential biosynthetic efficiencies among taxa. In
comparison, P. praeruptorum has evolved a stronger biosynthetic
ability than other Apiaceae plants, dominantly accumulating angular
products. Biosynthetic gene clusters (BGCs) are a particular yet
common organization of genes involved in various metabolic path-
ways, such as, benzoxazinoids®, momilactone®, thalianol**, polyyne
protegencin®, covering a diversity of organisms, e.g., plants, fungi
and bacteria®* %, The significance of BGCs is speculated to be related
with the efficiency of biosynthesis: the close physical distance
between up- and downstream enzymes may keep them in pace dur-
ing transcription®, and facilitate the rapid processing of inter-
mediates in pathways. We examined the genomic organization of the
CC pathway genes in P. praeruptorum. By anchoring all PpC2'Hs,
PpPTs, PpDC and PpOC to chromosomes (Fig. 7, Supplementary
Fig. 8), we observed that all four PpC2’Hs, seven PpPTs (including
PpPT1-3) and PpOC are located at the same locus on Chromosome 9,
showing a very close physical distance to each other and forming a

typical BGC; while PpDC is located on a different chromosome
(Chromosome 7), distant from PpC2’Hs and PpPTs (Supplementary
Fig. 8). We thus speculate that such a clustered array of genes
involved in angular CC biosynthesis should facilitate the corre-
sponding metabolic process, thus strengthens the biosynthetic effi-
ciency of angular CCs in P. praeruptorum. This BGC arose by multiple
rounds of tandem duplications of PpC2’Hs and PpPTs and the
insertion of PpOC via ectopic duplication according to our afore-
mentioned evolutionary inferences. Intergenomic synteny analysis
detected a similar BGC on A. sinensis Chromosome 3 comprising the
same three enzyme genes (Fig. 7). While other Apiaceae species, such
as A. graveolens, C. sativum, D. carota and O. sinensis, either have
incomplete BGCs or lack BGCs entirely (Supplementary Fig. 24),
which are in line with fact that only SCs or low content CCs were
detected in these taxa?>?*%,

Discussion

Deciphering the evolution of Apiaceae CC biosynthetic pathway
CCs are the characteristic metabolites of Apiaceae, possessing high
medical values and promising clinical potentials. Recently, the three
key enzymes (C2’H, C-PT and cyclase) were isolated, thereby unveiling
the complete CC biosynthetic pathway in Apiaceae®’. Nevertheless, in
particular, not all Apiaceae taxa are detected to accumulate CCs, and
different species usually accumulate distinct CCs products as well**'%,
To understand the molecular basis for the presence/absence and
diversity of CCs in Apiaceae, we performed a comprehensive evolu-
tionary study using all available genomes and transcriptomes of
Apiaceae plants, among which, included our newly assembled P.
praeruptorum, an Apiaceae plant with all coumarin types and high
content of angular CCs. The evolutionary histories of the three key
enzyme genes - C2’Hs, C-PTs and cyclases - were reconstructed based
on phylogenetic analyses. Then, combined with functional experi-
ments, we revealed that later-origins and secondary losses of these
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Fig. 7 | The biosynthetic gene cluster of CCs in P. praeruptorum and A. sinensis.
PpC2’Hs, PpPTs and PpOC are located in a gene cluster of Chromosome 9 in the P.
praeruptorum genome, while PpDC is located in Chromosome 7, not belonging to
the gene cluster. Multiple rounds of tandem duplications involving PpC2’Hs and

PpPTs can be recognized according to the gene phylogenies. A. sinensis has a
similar gene cluster with containing C2'H, C-PT and cylcase in a collinear genomic
block to that of P. praeruptorum.

enzymes should explain the limited distribution of CC-containing taxa
within Apiaceae and the diversity of CCs products.

The three enzymes are all indispensable for the biosynthesis of
CCs, among which, C-PTs are expected to make the prior contribution
to the product diversity, due to the sub/neofunctionalized U6PT and
USPT activities that generate linear and angular precursors, respec-
tively. The characterized site 161 (Ala/Thr) has been proven of high
importance to enzymatic properties between U6PT and U8SPT. Simi-
larly, Glu303 in PpDC and Asp301 in PpOC define their distinct cata-
lyzing functions, continuing reactions downstream to U6- and USPT,
respectively’. Therefore, the C-PT sequence diversity should be the
decisive factor for product diversity. Nevertheless, our experiments
only tested the variations in single amino acids, and have not extended
to combinations of different candidate sites/amino acids, so there is
possibility that certain simultaneous mutations at multiple sites could
also change the activity of these enzymes.

Previous studies also proposed a hypothesis that angular CCs are
later-evolved metabolites derived from linear CCs because angular
CCs are always in coexistence with linear products'®*°. Angular CCs are
restricted to only a few plants that meanwhile produce linear
CCs as well*1°4°_ However, such evidence supporting the hypothesis is
circumstantial. According to our evolutionary analyses, angular
CCs should have arisen no later than linear CCs, as the cyclases phy-
logeny indicate that Apiaceae DC and OC arose simultaneously (phy-
logenetically sister to each other), and none of their outgroup genes
display DC or OC activities along (no prior DC or OC functions
evolved) (Fig. 5b).

In conclusion, our study reconstructed a detailed trajectory for
the establishment and evolution of CC biosynthesis in Apiaceae. This
reconstruction enhances our understanding of molecular mechanisms
underlying coumarin diversity among Apiaceae plants, and should
inspire the identification of key genes involved in CC biosynthesis in
other plant lineages.

Parallel evolution of biosynthetic pathways of complex cou-
marin in angiosperms

Other than Apiaceae, CCs also accumulate in three other phylogen-
etically distant angiosperm lineages, namely Rutaceae, Moraceae and

Fabaceae'™*. Yet, Apiaceae is by far the only lineage in which the
complete biosynthetic pathway has been decoded®’. As the pathway is
established by genes derived from Apiaceae-specific duplication
events, we speculate the three enzyme genes in other three plant
lineages cannot be orthologs to the Apiaceae genes, but paralogs at
most. The phylogenies of C2’'H, PT and cyclase genes provide evolu-
tionary evidence for our hypothesis. For instance, angiosperm PTs
diverged into three subfamilies, and the majority of species maintain
PTs in Subfamilies I and IIl, whereas lost their members in Subfamily Il
(Fig. 4a, Supplementary Fig. 25, Supplementary Table 14). Never-
theless, Apiaceae and Rutaceae only maintain low gene copies in
Subfamilies I and III, but exhibit significant expansions of Subgroup Il
genes (Fig. 4a, b), which should have provided abundant materials to
gene neofunctionalization of Apiaceae and Rutaceae PTs. As a result,
Apiaceae Subgroup Il genes developed diverse activities including C-C
bonds at U6 and U8, and C-O bonds as well; and Rutaceae was also
found to have developed genes with C-O activity (CmiPT and CpPT) in
Subgroup II*'°'2, Therefore, it is logical to speculate that the Rutaceae
C-PT genes are also likely among their sharply expanded Subfamily II
members, as there are not many available options for Rutaceae in other
two subfamilies. In contrast to Apiaceae and Rutaceae, the other two
taxa - Fabaceae and Moraceae have absolutely lost in Subgroup II.
Thus, Fabaceae and Moraceae C-PTs cannot be derived from Subgroup
II, but must be among either Subgroup I or IlI, which happened to have
expanded in these two taxa. In fact, G. max has 15 genes in Subgroup |
(including functionally characterized GmDTs) and Ficus erecta has 38
genes in Subgroup lll (including FcPTs) (Fig. 4a, Supplementary Fig. 25,
Supplementary Table 14), perfectly supporting our inference. Taken
together, Apiaceae, Fabaceae, Rutaceae and Moraceae must have
developed functional C-PTs by lineage-specific duplications of differ-
ent PT subfamilies, indicating the parallel evolution of C-PT activities in
angiosperms>31012,

Likewise, cyclase genes should also have arisen in parallel in
different angiosperm lineages. Apiaceae cyclase genes belong to
a subfamily sister to CYP84. Other than Apiaceae cyclases,
only one additional cyclase (CYP76F112 in F. carica) in other plant
lineages (Moraceae) has been identified”, and it falls into a different
phylogenetic branch, distant from Apiaceae cyclases (Fig. 5a). Such
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dispersed distribution of gene phylogeny indicates that the
Apiaceae and Moraceae cyclases likely originated independently in
parallel.

To sum up, lineage-independent gene duplication events are
likely to have provided materials for neofunctionalization. Long-term
evolutionary selection likely guided a convergence in functions, and
finally resulted in the recurrent origins of CC biosynthesis in distantly
related angiosperm taxa.

Methods

Plant material collection, genome sequencing, assembly and
annotation

The samples of P. praeruptorum utilized in this study were collected
from the medicinal botanical garden of China Pharmaceutical Uni-
versity (31°54'N, 118°54'E). The plant leaves were first cleaned with 75%
alcohol and subsequently with pure water for DNA extraction. Geno-
mic DNA was extracted using the cetyltrimethylammonium bromide
(CTAB) method, and a single-molecule real-time (SMRT) DNA library
on the PacBio Sequel platform was employed for DNA sequencing. For
the construction of the HiC DNA library, the DNA samples underwent
ultrasonic crushing, end repair, A-tail addition, adapter addition, pur-
ification, PCR amplification, and then the paired-end reads (150 bp for
each end) were sequenced on the lllumina Hiseq platform. Finally, a
total of 188.37 Gb PacBio data and 178.09 GB HiC data were obtained
collectively for subsequent genome assembly (Supplementary
Table 3). The RNA used for transcriptome sequencing was extracted
from the leaves and roots of P. praeruptorum.

Firstly, the self-correction program from Falcon (v3.1.0)** was
utilized to correct the raw PacBio data, and the corrected reads were
subsequently processed by Smartdenovo (v1.0.0)** to assemble the
genome. Subsequently, we calculated the GC content and average
depth of the assembled genome sequence using 200 kb as a window to
evaluate whether there was GC bias in the sequencing data and whe-
ther there was contamination in the samples. Then, three rounds of
polishing with Pilon (v1.20)** were applied to correct assembled mis-
takes caused by snps, indels and gaps based on Illumina sequencing
reads. Purge haplotigs (v1.1.0)** was used to refine the assembly and
collapse homologous regions, with the parameters: “-110 -m 63 -h 195”
for “purge_haplotigs contigcov” (“purge_haplotigs hist” and “purge -
haplotigs purge” were performed with default parameters). For the
acquisition of a chromosome-level genome, about 178 Gb of HiC data
were used to execute HiC chromosome conformation in conjunction
with ALLHIC (v0.9.8)*. After performing the five steps of pruning,
partition, rescue, optimization, and building, the generated scaffold-
level genome was transformed into chromatin contact matrix using
3D-DNA (v170123)* and Juicer (v1.6)*® and further visualized via Jui-
cebox (v1.11.08)*. After manual adjustments, including correcting
inversion errors and re-joining contigs, 11 longest scaffolds with a total
length of 1.735Gb (accounting for 99.68% of the total genome
assembly), was selected presumably to correspond to the 11 chromo-
somes of the haplotype genome of P. praeruptorum. Finally, BUSCO
(v1.0.0)° and LAI (v2.9.8)' were employed to assess integrity and
continuity of assembly.

We employed a method that integrates homology-based pre-
diction, de novo prediction, and transcriptome-based prediction for
gene and functional prediction. During the homology-based predic-
tion process, we aligned the protein sequences from five published
plant genomes (A. thaliana, Citrus sinensis, G. max, C. sativum, and D.
carota) with the P. praeruptorum genomes. In the RNA-seq-based
prediction process, aimed at optimizing genome annotation, tran-
scriptome data from various tissues were aligned to the assembled
genome using Hisat2 (v2.0.4)** to identify exon regions and splice
positions. Lastly, EvidenceModeler (v1.1.1)*> was employed to gen-
erate a consensus gene set based on the aforementioned three
processes.

Phylogenetic reconstruction and divergence time estimation

In the process of phylogenetic reconstruction in Apiaceae, we
employed a strategy that combines three distinct approaches. For
phylogenetic reconstruction based on amino acid sequences, we
curated 17 genomes, which included the newly generated genome
sequences of P. praeruptorum. Additionally, we assembled 17 tran-
scriptomes using transcriptome sequencing reads from a public data-
base using Trinity (v2.9.1)*, and subsequently, Transdecoder (https://
github.com/TransDecoder/TransDecoder) was selected for annotation
by blasting the assembled results against the public protein database.
Ultimately, non-redundant longest transcripts were obtained using cd-
hit (v4.8.1)*. Following this, these amino acid sequences were inputted
into OrthoFinder (v2.5.5)* to identify low copy orthologous families
(OGs) using default parameters. For the generation of refined single-
copy genes (RSCGs), we initially filtered out low copy orthologous
families with a copy number of paralogous genes less than three in a
single species. Subsequently, we conducted additional screening to
ensure that at least 90% of the species in each low copy gene family had
more than one gene copy. After two rounds of filtering, a Python script
was employed to de-redundantly process each low copy gene family,
ensuring that the orthologous genes in each family were the longest
copies of the paralogous genes in each species. Multi-species con-
catenated nucleotide and amino acid datasets were constructed,
respectively. Lastly, iqtree (v2.2.2.3)***% was utilized to infer the max-
imum likelihood trees using these concatenated data. In the route of
inferring the species tree based on coalescent gene trees, iqtree
(v2.2.2.3)” and Astral (v5.7.1)* were employed to infer the maximum
likelihood trees and to summarize the coalescent species tree and
quartet supports with default settings (-t 2), respectively.

The divergence time of species in Apiaceae was estimated using
MCMCtree package in PAML (v4.10.0)°°%%, A total of 17 fossils (Sup-
plementary Table 15) were chosen to calibrate the chronogram of
Apiaceae plants. To ensure the rationality of sampling, we set the
values of burn-in, sampfreq, and nsample to 400,000, 10, and
100,000, respectively.

Phylogenetic analyses of enzyme gene families

To explore the evolutionary trajectory of the PT and C2’'H genes in
angiosperms, we collected 154 plant genomes and 17 Apiales plant
transcriptomes. Subsequently, we used Orthofinder (v2.5.5)* to iden-
tify homologous genes. Following the removal of invalid sequences,
iqtree (v2.2.2.3)”” was employed to reconstruct the gene tree. For the
cyclase gene, we selected 18 genomes and 17 transcriptomes from five
families (Supplementary Tables 12, 13). Blastp (v2.13.0)® and
Hmmsearch (v3.3.2)** were used to identify homologous genes through
homology-based searches. To further trace duplication events of the
three genes in Apiaceae, we extracted the monophyly from the phy-
logenetic topologies in which the functionally validated genes reside.
Subsequently, we ensured the accuracy and integrity of sequences
based on transcripts and fed them to iqtree (v2.2.2.3)" after alignment.

Extraction of total RNA and acquisition of cDNA

Total RNA was extracted from the roots and leaves using the EASYspin
Universal Plant RNA Kit (Aidlab, Beijing, China). The extracted RNA was
then subjected to agarose gel electrophoresis to check for con-
tamination. Subsequently, the purity and concentration were deter-
mined using an ultraviolet spectrophotometer. The extracted RNA was
promptly reverse transcribed using the TransScript All-in-One First-
Strand cDNA Synthesis SuperMix for PCR (TransGen Biotech, Beijing,
China) to obtain cDNAs. The resulting cDNA was stored at —20 °C for
subsequent experiments.

Expression and purification of recombinant PpC2’Hs
The open reading frame (ORF) of four PpC2’'H genes were amplified
using cDNA as a template with the PrimeSTAR® Max (Takara Bio Inc.,
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Kusatsu, Japan) and specific primers (Supplementary Table 16). Subse-
quently, the genes were digested with Ndel and EcoRI and ligated into
the pET28a plasmid to generate pET28a-C2’'H, allowing the expression of
a fusion protein with an N-terminal histidine tag. The recombinant
plasmids were then transformed into the E. coli BL21 (DE3). Positive
transformants were cultured in Luria-Bertani medium at 37°C and
220 rpm until the ODggo reached 0.6-0.8. The culture was induced with
0.5mM isopropyl B-d-1-thiogalactopyranoside (IPTG) for 12h at 16 °C
and subsequently centrifuged at 4000 rpm for 15 min at 4 °C. Cells were
re-suspended in a buffer (20 mM HEPES, 20 mM imidazole, 500 mM
NaCl, 10% glycerol, pH 7.5) and sonicated for 15min on ice. Subse-
quently, the resulting lysate was centrifuged at 12,000 rpm for 60 min at
4 °C to collect the supernatant for further purification. The recombinant
protein was purified using Ni-NTA columns (Smart-Lifesciences,
Changzhou, China), and the adsorbed protein was eluted using an elu-
tion buffer (20 mM HEPES, 300 mM imidazole, 500 mM NaCl, 10% gly-
cerol, pH 7.5). The purified protein was analyzed by SDS-PAGE, and the
protein concentration was determined using a Micro spectro-
photometer (KAIAO, Beijing). Finally, the purified protein was stored at
-80 °C for future research. For the enzyme reaction (200 pL), 20 pg of
purified protein was mixed with 100 mM Tris HCI (pH 7.0), 0.5 mM
FeSO4, 2mM sodium ascorbate, 2mM 2-oxoglutarate, and 200 pM
substrate (p-coumaric acid, p-coumaroyl CoA, ferulic acid and feruloyl
CoA). The reaction mixture was incubated at 20 °C and 300 rpm for
30min, and then it was terminated by the addition of 200 pL of
methanol. The reaction products were detected using HPLC and MS.

Cloning and functional verifications of PTs

Heterologous expression of candidate PTs in E. coli was conducted
following a previous report’. The ORF of PpPTs was amplified using the
specific primers (Supplementary Table 16). PCR products were cloned
into the BamHI and EcoRlI restriction sites of the pETDuet-1 vector
using the peasy-basic seamless cloning and assembly kit (TransGen
Biotech, Beijing, China). Re-constructed plasmids were then trans-
formed into E. coli DH5a strain, and monoclonal colonies with positive
sequencing results were further cultivated for plasmid extractions. All
the recombinant plasmids were individually inserted into E. coli com-
petence cells and cultured in Luria-Bertani medium at 37°C and
220 rpm until the ODgoo reached 0.6-0.8. Subsequently, they were
induced with 0.4 mM IPTG and incubated for 12-16 h at 25°C and
120 rpm. The bacterial cells were harvested, and recombinant proteins
were used for relevant activity verification experiments. Bioinformatics
studies have shown that PTs are membrane proteins, making it difficult
to purify heterologously expressed proteins of AdPT. Therefore, crude
proteins were used to analyze their activities”'**, Enzymatic reactions
were conducted using a shaking incubator at 220 rpm and 25 °C for 5 h.
The reaction broth consisted of 100 pL of crude enzyme, 200 pM
umbelliferone, 200 puM MgCl,, and 100 pM DMAPP in 200 pL of 50 mM
Tris-HCI, pH 8.0. The supernatant was centrifuged at 15,000 rpm for
10 min, and 10 pL of the supernatant was analyzed by HPLC and MS.

Cloning and functional verifications of CYP450s

Heterologous expression of CYP450s in yeast and in vitro assays were
conducted according to our previous report’. The ORF of CYP450s was
amplified using specific primer (Supplementary Table 16). Subse-
quently, the genes were cloned into the BamH I/EcoR I sites of the yeast
expression vector pYES2.0. The recombinant plasmids were then
transformed into Saccharomyces cerevisiae strain WATIL. Positive
transformants were screened on solid SC-U (SC dropout medium
without uracil) containing 20 g/L glucose and then cultured in liquid
SC-U medium until the OD4go reached 2-3. Subsequently, the cells were
centrifuged at 4000 rpm for 10 min and washed at least three times
with ddH,0 to remove glucose residue. The cell precipitate was then
transferred to an SC-U medium containing 20 g/L galactose to induce
the expression of the target protein. For preliminary activity screening,

osthenol and demethylsuberosin were added to the cultures with a
final concentration of 100 uM. After incubation at 29°C for 4h,
methanol was added in an equal volume to terminate the reaction. The
reaction supernatants were collected for HPLC-MS analysis.

LC/MS analysis

All the reactions are analyzed using a C-18 chromatographic column
(4.6 x 250 mm; 2.5 um). For AsC2’H, the gradient contains solvents A
(0.1% formic acid in ultrapure water) and solvents B (methanol) with
the following method: O min, 10% B; 5min, 15% B; 15min, 60% B;
22 min, 60% B. The flow rate was maintained at 0.5 mL/min. For PTs
and CYPs, the gradient contains solvents A (0.1% formic acid in ultra-
pure water) and solvents B (methanol) with the following method:
0 min: 70:30 (v/v), 5 min: 35:65 (v/v), 12 min: 95:5 (v/v), 14 min: 95:5 (v/
v), 16 min: 70:30 (v/v), 22 min: 70:30 (v/v). The flow rate was main-
tained at 0.5 mL/min. The detection wavelength for p-coumaroyl CoA,
umbelliferone, DMS, osthenol, marmesin, and columbianetin is
340 nm using Shimadzu LC-2010AT. For MS analysis, Agilent Poroshell
120 SB-Aq (3.0 x150 mm, 2.7 um) was used, and the mobile phase
consisted of 0.1% HCOOH aqueous solution and methanol. The linear
elution conditions were as follows: O min: 85:15 (v/v), 3 min: 85:15 (v/v),
8 min: 20:80 (v/v), 12 min: 5:95 (v/v), 16 min: 85:15 (v/v), 18 min: 85:15 (v/
v). The conditions of the ESI source were as follows: drying gas (N2)
flow rate, 8.0 L/min; Collision energy, 35eV; Spray voltage, 3.5kV;
Capillary temperature, 320 °C; Aux gas heater temp, 300 °C; Sheath
gas flow rate, 35 arb; Aux gas flow rate, 15 arb; Sweep gas flow rate, 5
arb. All gases used, including aux gas, sheath gas, and sweep gas, were
of high purity N,. All operations and data analyses were performed in
positive ion mode.

Site-directed mutation of PpPT1 and PpPT2

Specific Primers (Supplementary Table 16) for site-directed mutagen-
esis were designed based on the docking results and active site ana-
lysis. Site-directed mutagenesis was conducted using a PCR method
with KOD-plus-neo. Mutants were extracted from E. coli DH5a for
sequencing and the positive plasmids were subsequently transferred
to E. coli BL21(DE3) for protein expression and activity test. Finally,
functional verifications will inspect the influence of the mutation on
the production of DMS and osthenol.

Statistics and reproducibility

GraphPad Prism 9.5 software was used for regular statistical analysis. A
two-tailed Student’s ¢ test was used to calculate significant differences
among samples or groups. Without special statement, all the reactions
were conducted at three biological replicates (n=3). The enzymes or
crude proteins produced by the correspondingly empty vector were
used as the negative control.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw genome and transcriptome sequencing data have been
deposited into the National Center for Biotechnology Information,
NIH, Sequence Read Archive under accession number PRJNA1095837.
The assembly and annotation data reported in this paper have been
upload Figshare: https://doi.org/10.6084/m9.figshare.26335837.v1. All
the genes identified in this study were listed in Supplementary
Table 17. Source data are provided with this paper.
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