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SUMMARY

Wurfbainia villosa is a well-known medicinal and edible plant that is widely cultivated in the Lingnan region

of China. Its dried fruits (called Fructus Amomi) are broadly used in traditional Chinese medicine for curing

gastrointestinal diseases and are rich in volatile terpenoids. Here, we report a high-quality chromosome-

level genome assembly of W. villosa with a total size of approximately 2.80 Gb, 42 588 protein-coding

genes, and a very high percentage of repetitive sequences (87.23%). Genome analysis showed that W. vil-

losa likely experienced a recent whole-genome duplication event prior to the W. villosa–Zingiber officinale

divergence (approximately 11 million years ago), and a recent burst of long terminal repeat insertions after-

ward. The W. villosa genome enabled the identification of 17 genes involved in the terpenoid skeleton

biosynthesis pathway and 66 terpene synthase (TPS) genes. We found that tandem duplication events have

an important contribution to the expansion of WvTPSs, which likely drove the production of volatile ter-

penoids. In addition, functional characterization of 18 WvTPSs, focusing on the TPS-a and TPS-b subfami-

lies, showed that most of these WvTPSs are multi-product TPS and are predominantly expressed in seeds.

The present study provides insights into the genome evolution and the molecular basis of the volatile ter-

penoids diversity in W. villosa. The genome sequence also represents valuable resources for the functional

gene research and molecular breeding of W. villosa.

Keywords: Wurfbainia villosa, chromosome-level genome, terpene synthase, volatile terpenoid biosynthe-

sis, nanopore sequencing, Hi-C.

INTRODUCTION

Wurfbainia villosa (2n = 48, homotypic synonym: Amomum

villosum), a perennial herb plant that belongs to the mono-

phyletic genus Wurfbainia of the family Zingiberaceae, has

been used in medicine for at least 1300 years, mainly for the

treatment of gastrointestinal diseases (Hugo et al., 2018;

Chen & Chen, 1982). The dried fruit ofW. villosa is referred to

as Fructus Amomi (Chinese medicine name: Sharen), which

is one of the famous ‘Four Major Southern China Medicines’

and plays important roles in the clinical treatment of warm-

ing the spleen, eliminating dampness and the prevention of

miscarriage diseases (Ke & Shi, 2012). In addition, Fructus
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Amomi has been approved by the China Food and Drug

Administration as a medicine food homology species in

China, and it has been widely used in the production of food,

liquors, and tea, as well as cosmetics and food additives.

Modern studies have demonstrated that the volatile ter-

penoids of W. villosa have a wide range of pharmacological

effects, such as anticancer, anti-inflammatory, antimicrobial,

and hypoglycemic effects (Chen et al., 2018a,b; Yue

et al., 2021; Tang et al., 2021). It has been reported that seeds

of theW. villosa are rich in volatile terpenoids, and their main

bioactive substances are bornyl acetate, borneol, and cam-

phor (Chen et al., 2020a,b,c), and it is worth studying the

biosynthesis and organ-specific enrichment mechanisms fur-

ther.

In (National Pharmacopoeia Committee, 2020), Fruc-

tus Amomi refers to the dried ripe fruits of three ginger

plants, including W. villosa (Amomum villosum), Amo-

mum villosum Lour. var. xanthioides, and Amomum

longiligulare. Among them, the authentic W. villosa

produced in Yangchun, Guangdong Province is well

known for its high content of volatile oils (Ao

et al., 2019), the price of which is five to ten times

higher than non-authentic ones in the market in China.

The gynandrium-like structure of the flowers of W. vil-

losa makes pollinations by insects difficult, leading to

low natural fruiting rates, and hand pollinations are usu-

ally required to increase the yield (Tang et al.,

2012; Yang et al., 2021, 2022). This pollination character-

istic of W. villosa poses a severe limitation on its yield,

which is insufficient to meet the market demand and

hinders the development of the industry. Thus, there is

an urgent need to breed varieties of high yield and high

quality. However, the genome sequence of W. villosa

has not yet been reported, which restricts the develop-

ment of functional genomics and molecular breeding of

this plant.

The genomic information of W. villosa can lay the

foundation for improving the quality of medicinal mate-

rials, discovering functional genes, accelerating molecu-

lar breeding, and protecting wild resources. To this end,

in the present study, we report a high-quality

chromosome-level reference genome of W. villosa by

combining Oxford Nanopore Technologies (ONT)

sequencing and Hi-C technology. Based on the homolog

searching and functional annotations, 66 candidate

WvTPSs (terpene synthase) are identified. In addition,

the functional characterization of 18 WvTPSs has been

performed to reveal the genetic basis for volatile ter-

penoids enrichment in W. villosa seeds. In conclusion,

the present study provides insights into the diversity of

volatile terpenoids in W. villosa, and also provides geno-

mic resources to facilitate the genetic improvement of

this medicinal plant and future investigations of the evo-

lution of Zingiberaceae.

RESULTS

Genome assembly and annotation

The genome of W. villosa was sequenced using both the

Illumina NovaSeq 6000 and the ONT PromethION high-

throughput sequencing platforms, resulting in 163.91 Gb

(546.36 million pairs of 150 bp reads) of short-read and

322.69 Gb (14.49 million reads; N50: 31.43 kb) of long-read

clean sequencing data, respectively (Table S1). The W. vil-

losa genome was estimated to have a size of 2644.9 Mb

and a relatively low heterozygosity level of 0.4% based on

K-mer analysis of the Illumina short-read sequencing data

(Figure S1 and Table S2). A de novo assembly of the ONT

long-read sequencing data (estimated coverage of approxi-

mately 122.29) was performed with NextDenovo

(Table S1), giving rise to a draft assembly of 2799.20 Mb

consisting of 1110 contigs (contig N50 value: 9.13 Mb)

(Table 1 and Table S3). We then generated 306.93 Gb

(1023.09 million pairs of 150 bp read) of Illumina short-

read Hi-C data to construct chromosome-level genome

assembly. As a result, 826 contigs accounting for about

92.01% of all sequences were anchored into 24 pseu-

dochromosomes with sizes ranging from 37.33 Mb to

139.36 Mb (Table S4). Finally, we obtained a chromosome-

level genome of W. villosa containing 24 chromosomes

with a total size of 2.80 Gb (Figure 1b and Table 1).

We evaluated the quality of the genome assembly

using multiple methods. First, the Hi-C interaction heat-

map clearly showed that the clustering, ordering, and

orientation of contigs are reliable (Figure S2). Second,

Benchmarking Universal Single-Copy Orthologs (BUSCO)

analysis showed that 97.9 and 0.9% of the 1614

Embryophyta-wide conserved genes are present in the

W. villosa genome as ‘complete’ and ‘fragmented’

Table 1 Major indicators of the W. villosa genome

Assembly features
Total genome size (Mb) 2799.2

Contig N50 (Mb) 9.1
Contig number 1100
Total scaffolds length (Mb) 2575.5
Scaffold N50 (Mb) 109.9
Pseudochromosomes 24
GC content (%) 40.2%
Complete BUSCO (%) 97.9%
LAI score 16.18

Annotation features
Number of protein-coding genes 42 588
Average gene length (bp) 5277
Average CDS length (bp) 1192
Percentage of repeat sequences (%) 87.23
Number of ncRNA 7087
Number of rRNA 522
Number of tRNA 1843
Complete BUSCO (%) 95.2%
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genes, respectively (Table S5). Third, the W. villosa gen-

ome has an LTR Assembly Index (LAI) score of 16.18,

falling in the category of ‘reference’ quality. Fourth,

98.25% of the Illumina and 99.99% of the ONT genome

sequencing reads can be mapped back to the W. villosa

genome. In addition, we generated 163.46 Gb (546.18

million pairs of 150 bp read) of Illumina RNA-seq data

and 38 322 PacBio Iso-Seq transcripts, 96.93 and 99.40%

of which can be mapped back to the genome, respec-

tively (for the read number and mapping rate of each

(a)

0

(b) A

B

C

D

E

F

G

A B C

Figure 1. Morphology of W. villosa and overview of the W. villosa genome assembly. (a) Morphological characteristics of W. villosa. A, plant; B, inflorescence;

C, fruit. (b) Circos plot of W. villosa genome assembly. The window size 100 kb. A, chromosome karyotypes; B, GC content; C, non-coding RNA (ncRNA) density;

D, gene density; E, repeat sequence densities shown as the distribution densities from high (red) to low (green); F, long terminal repeat (LTR) densities shown

as the distribution densities from high (red) to low (green); G, syntenic blocks.
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organ-specific dataset, see Table S6). Finally, the scatter

plot of GC depth and GC content showed no indication

of contamination in the data (Figure S3). In summary,

these quality control metrics all indicate that the W. vil-

losa genome assembly is complete and reliable.

Our genome annotation identified 42 588 protein-

coding genes in W. villosa, with an average gene length of

5277 bp and an average coding sequence (CDS) length of

1192 bp (Table 1 and Table S7). BUSCO evaluation of the

annotated proteome of W. villosa revealed a high com-

pleteness score of 95.2%, closely matching that of the gen-

ome. Of the 42 588 annotated proteins, 40 261 (94.5%)

showed significant similarity to known sequences in the

UniRef90 database, thus being supported by homology

evidence. Furthermore, most proteins have functional

annotations from at least one of the following sources,

including InterPro domains (https://www.ebi.ac.uk/interpro/)

(84.0%), COG (www.ncbi.nlm.nih.gov/COG) categories

(63.8%), Gene Ontology (GO) (http://geneontology.org)

terms (44.9%), and Kyoto Encyclopedia of Genes and Gen-

omes (KEGG) (www.genome.jp/kegg) pathways (28.5%).

We also annotated 1843 tRNA, 522 rRNA, 162 miRNA, and

6718 snRNA in the W. villosa genome (Table S8).

The genome of W. villosa (genome size: approximately

2.8 Gb) is substantially larger than other sequenced gen-

omes in Zingiberales, such as Musa acuminata (genome

size: approximately 500 Mb) and Zingiber officinale (gen-

ome size: approximately 1.5 Gb), which can mostly be

attributed to differences in their repeat contents (Table S7).

Our analysis showed that a total of 2518.16 Mb (87.23%) in

the W. villosa genome was identified as repetitive

sequences. Consistent with the patterns in many other plant

genomes, long terminal repeats (LTRs) are the most abun-

dant class of transposable element (TE), accounting for

78.26% of W. villosa the genome (Figure 1b and Table S9).

Genome evolution

To study the evolution of the W. villosa genome, we con-

ducted a comparative genomic analysis of W. villosa and

nine other monocot and dicot plants, including Arabidopsis

thaliana, Carica papaya, M. acuminata, Medicago truncat-

ula, Oryza sativa, Populus trichocarpa, Sorghum bicolor,

Vitis vinifera, and Z. officinale. Reconstruction of ortholo-

gous gene clusters identified a set of 799 single-copy orthol-

ogous genes shared by all 10 plants. In W. villosa, most

annotated genes were clustered with genes from at least

one other species, while 3299 genes were found to be

unique to W. villosa (Figure 2a,b and Table S10). Notably,

approximately 80% (34 062 out of 42 588) of the W. villosa

genes have homologs in Z. officinale.

A phylogenetic tree was constructed using the 799

single-copy orthologs, and the resulting topology was in

agreement with the current understanding of the relation-

ships among the 10 species. In particular, W. villosa is

sister to Z. officinale, the type species of Zingiberaceae,

and the next closest relative is M. acuminaata, which also

belongs to Zingiberales (Figure 2c). Furthermore, by using

known divergence times between monocots-eudicots, Zin-

giberales–Poales, Oryza–Sorghum, and Arabidopsis–Carica
as calibration points, we inferred that the ancestors of W.

villosa and Z. officinale separated approximately 11 million

years ago (MYA), whereas the divergence between Zingib-

eraceae and Musaceae occurred approoximately 60 MYA

(Figure 2c). Analysis of gene family evolution showed that

1531 and 731 gene families exhibited significant expansion

and contraction, respectively, in the common ancestor of

W. villosa and Z. officinale. At the same time, in the lin-

eage leading to W. villosa, 2125 and 1019 gene families

experienced significant expansion and contraction, respec-

tively (Figure 2c). In addition, we conducted KEGG enrich-

ment analysis on these expanded gene families to

investigate the overrepresentation of metabolic pathways.

Interestingly, we found a significant enrichment of path-

ways associated with secondary metabolite biosynthesis

(q < 0.05), including ‘terpenoid backbone biosynthesis’ and

‘sesquiterpenoid and triterpenoid biosynthesis’, which may

be related to the biosynthesis of volatile terpenoids (Fig-

ure S4). We also performed GO enrichment analysis of the

expanded gene families and found the enrichment of simi-

lar functional terms (e.g. ‘terpene synthase activity’) (Fig-

ure S5). Notably, these results provide a valuable resource

for understanding the biosynthesis of active ingredients of

W. villosa.

As mentioned above, the genome of W. villosa con-

tains a very high percentage of repeat sequences, particu-

larly LTRs. Therefore, we examined the insertion time of

LTRs in the genomes of W. villosa, Z. officinale, M. acumi-

naata, and O. sativa. As a result, a recent burst of LTRs

was observed in all four plants (Figure 2d). In comparison,

the distribution of LTR insertion time is relatively broader

and more flattened in W. villosa, suggesting that W. villosa

has experienced a more extended period of LTR accumula-

tion. Furthermore, to estimate the potential whole-genome

duplication (WGD) events in the evolutionary history of

W. villosa, we performed pairwise comparisons between

W. villosa, Z. officinale, and M. acuminaata, as well as self-

comparisons of the three genomes, and examined the dis-

tributions of synonymous substitution rates (Ks) and four-

fold synonymous third-codon transversion rates (4DTv)

between syntenic genes (Figure 2e and Figure S6). The

results showed that a recent WGD event likely occurred in

the common ancestor of W. villosa and Z. officinale, and

there was an independent WGD event during the evolution

of M. acuminaata (Figure 2e).

Identification of genes related to terpenoid biosynthesis

W. villosa is widely used in Chinese medicine and cuisine

for its rich production of volatile terpenoids across the
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(a)

(c)

(b)

(d) (e)

Figure 2. Evolution of the W. villosa genome and gene families. (a) Copy number distribution of the gene families in 10 species. (b) Petal diagram of the gene

families in 10 species. The middle circle is the number of single-copy orthologous genes shared by all species, and the number of genes in species-specific gene

families is on the side. (c) Phylogenetic tree and gene family expansions/contractions in 10 species. (d) Distribution of LTR-RTs insertion time of W. villosa and

other three plant species. (e) Distribution of Ks values between W. villosa, Z. officinale and M. acuminata. The Ks distribution curve of ‘W. villosa vs. M. acumi-

nata’ is very close to that of ‘Z. officinale and M. acuminata’, such they mostly overlap with each other.
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whole plant. Therefore, we analyzed the volatile terpenoids

in seven different organs using GC-MS and detected 25

monoterpenoids, 23 sesquiterpenoids, and two diter-

penoids (Figure 3a, Table S11 and Appendix S1). Although

diterpenoids were predominantly enriched in leaves and

flowers, more than 50% of the total monoterpenoids and

sesquiterpenoids were found in seeds (Figure 3b). Overall,

60-DAF (days after flowering) seeds have the richest reper-

toire of volatile terpenoids because most monoterpenoids

and sesquiterpenoids were highly enriched in this organ.

With the identification of volatile terpenoids in W. vil-

losa, we next analyzed the genes in relevant biosynthesis

pathways. In green plants, precursor molecules for ter-

penoid biosynthesis are derived from the cytosolic

(b)(a)

Figure 3. Volatile terpenoids and terpenoid backbone biosynthesis pathways in W. villosa. (a) Content heatmap (row scale) of the volatile terpenoids of 50 in

seven different organs (L, leaf; RZ, rhizome; F, flower; P1, pericarp of 30-DAF (days after flowering) fruit; P2, pericarp of 60-DAF fruit; S1, seed of 30-DAF fruit;

S2, seed of 60-DAF fruit). (b) Tissue-specific expression profiles of genes implicated in terpenoid backbone biosynthesis (heatmap, row scale). The red, green

and blue histograms indicate the content of monoterpenoids, diterpenoids and sesquiterpenoids, respectively.
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mevalonate and plastidial 2-C-methyl-D-erythritol-4-

phosphate pathways (Vranova et al., 2013). Here, the

genes involved in terpenoid backbone biosynthesis were

identified and compared with their homologs in 15 other

plants as reported by Tu et al. (2020). The results showed

that the copy numbers of genes encoding 1-deoxy-D-

xylulose-5-phosphate synthase and geranyl diphosphate

synthase, which may be the rate-limiting enzymes in

monoterpenoid biosynthesis, were expanded in W. villosa

(Figure 3b). By examining their expression profiles in

seven different organs, we found that few genes in the ter-

penoid backbone biosynthesis pathway were specifically

highly expressed in 60-DAF seeds (Figure 3b and

Table S12). Therefore, we speculate that genes down-

stream in the volatile terpenoid biosynthesis pathway (e.g.

TPSs) might be responsible for the accumulation of

monoterpenoids and sesquiterpenoids in 60-DAF seeds.

TPSs are rate-limiting enzymes and use geranyl

diphosphate (GPP), farnesyl diphosphate (FPP), and ger-

anylgeranyl diphosphate (GGPP) as direct precursors to

synthesize monoterpenes, sesquiterpenes, diterpenes, and

triterpenes. Strikingly, we identified 66 putative WvTPSs in

the genome of W. villosa (Table S13), considerably more

than the numbers of TPSs reported in related plant gen-

omes. Based on a phylogenetic analysis of 208 TPSs from

five representative species (Figure 4a), we classified the 66

WvTPSs into five previously recognized TPS subfamilies:

TPS-a (24), TPS-b (26), TPS-c (4), TPS-e/f (6), and TPS-g (6).

Notably, TPS-a and TPS-b subfamilies are significantly

expanded in W. villosa compared to other plants (Chen

et al., 2011), presumably contributing to the mass produc-

tion of volatile monoterpenoids and sesquiterpenoids. We

also compared the expression profiles of WvTPSs in seven

different organs (Figure 4b and Table S14) and found that

a total of 25 WvTPSs (including 20 genes belonging to

TPS-a and TPS-b subfamilies) exhibited higher transcript

abundance in fruits, suggesting that these genes might

have a critical role in the biosynthesis of volatile ter-

penoids in W. villosa fruits.

The 66 WvTPSs were distributed on eight chromo-

somes and several unanchored contigs, among which 44

genes (66.7%) were located in tandem gene clusters, sug-

gesting that tandem duplication events have an important

contribution to the expansion of WvTPSs (Figure 4c). In

total, there are 13 tandem gene clusters with sizes ranging

from two to six; genes in one cluster are recent duplicates

in the same subfamily and possess a similar exon–intron
structure in general (Figure 4c and Figure S7). Tissue-

specific transcriptome analysis showed that genes in clus-

ter 3 (WvTPS11 and WvTPS14), cluster 7 (WvTPS27 and

WvTPS28), and cluster 11 (WvTPS43, 44, 45, and 47) were

enriched in seeds of 60-DAF fruit, suggesting that these

genes may have important roles for terpenoid synthesis in

the seeds. In addition, several clusters (e.g. WvTPS15/

WvTPS16/WvTPS17 in cluster 4 and WvTPS42/WvTPS46 in

cluster 11) exhibited differential expression patterns

among tandem duplicates, suggesting rapid divergence in

their regulation after gene duplication. We also identified

10 conserved WvTPS protein motifs using MEME (https://

meme-suite.org/meme/doc/meme.html), and their lengths

ranged from 15 to 41 amino acids (Table S15 and Fig-

ure S8). Despite the different types of motifs among some

branches, WvTPSs within the same branch generally pos-

sessed similar motifs.

Functional characterization of WvTPSs

To further investigate the members of WvTPS involved in

terpenoid biosynthesis, 18 WvTPSs were cloned and

functionally characterized in vitro (Appendix S1), includ-

ing three previously studied enzymes, namely WvTPS14

(previously named AvTPS3, a bornyl diphosphate syn-

thase, or BPPS), WvTPS37 (previously named AvTPS2, a

linalool synthase), and WvTPS63 (previously named

AvTPS1, a pinene synthase) (Wang et al., 2018; Zhao

et al., 2021). Furthermore, as the most important TPS of

W. villosa, the recombinant WvTPS14 with N-terminal 47

amino acid residues truncated was also analyzed. GC-MS

analyses of the catalytic products of the 18 recombinant

WvTPS enzymes detected a wide variety of metabolites,

including 19 monoterpenoids, 18 sesquiterpenoids, and

one diterpenoid (Figure 5a, Tables S16, S17, and Fig-

ures S9–S11). These results indicate that most WvTPSs

can catalyze the production of multiple products.

Eight WvTPS belonging to the TPS-b subfamily were

characterized as monoterpene synthases by their ability to

catalyze the production of monoterpenoids from GPP (Fig-

ure 5a). Interestingly, WvTPS35 not only catalyzed GPP to

form several monoterpenoids, but also catalyzed FPP to

produce nerolidol (Figure 5a). Similar to previous results

for WvTPS14 (AvTPS3/AvBPPS with N-terminal 26 amino

acid residues truncated), the recombinant WvTPS14 con-

structed in the present study with longer N-terminal trun-

cation (47 amino acid residues) had bornyl diphosphate as

its major product and several monoterpenoids as its minor

products; at the same time, it also produced a-pinene as

an extra minor product, which was not detected in the pre-

vious work (Wang et al., 2018). We also compared the cat-

alytic products of WvTPS14 with WvTPS11 and WvTPS13,

which shared 97 and 93% identity with WvTPS14 at the

protein sequence level, respectively. Similar to WvTPS14,

both WvTPS11 and WvTPS13 produced limonene as one

of their products; however, no borneol was detected in the

enzymatic products of WvTPS11 and WvTPS13 after

dephosphorylation, indicating that they did not produce

bornyl diphosphate (BPP), whereas WvTPS14 did

(Table S16). In addition, both our transcriptome and quan-

titative RT-PCR (qRT-PCR) data indicated that WvTPS14

was expressed predominantly in seeds, which is consistent

� 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2022), 112, 630–645
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(c)

(a) (b)

Figure 4. Analysis of TPS gene family in W. villosa. (a) Phylogenetic tree of TPS genes from W. villlosa (66 genes), M. acuminata (31 genes), O. sativa (32

genes), A. thaliana (32 genes), and O. sanctum (47 genes). The outer circle and branch colors represent different TPS gene subclades. Stars represent mono-

cotyledonous plants and circles represent dicotyledonous plants. (b) Heatmap (row scale) showing the differential expression of WvTPSs according to the tran-

scriptome data from various organs (L, leaf; RZ, rhizome; F, flower; P1, pericarp of 30-DAF (days after flowering) fruit; P2, pericarp of 60-DAF fruit; S1, seed of

30-DAF fruit; S2, seed of 60-DAF fruit). (c) Schematic map presentation of the genomic localization of 66 WvTPSs and expression profiles of predominantly

expressed gene clusters in seeds of 60-DAF. Red fonts indicate tandem gene clusters and blue connecting lines indicate tandem gene pairs.
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Figure 5. Major products of 18 WvTPS (a) and correlation between WvTPS and tepenoid metablites in five organs of W. villosa (b). Rectangular background col-

ors depict different subgroups of TPS genes: TPS-a (green), TPS-b (yellow), TPS-c (purple), and TPS-g (gray). The major terpenoids in seeds were marked in red.

GPP, geranyl diphosphate; FPP, farnesyl diphosphate; GGPP, geranylgeranyl diphosphate. 1, terpinolene; 2, linalool; 3, b-ocimene; 4, a-pinene; 5, b-pinene;
6, geraniol; 7, limonene; 8, b-myrcene; 9, bornyl diphosphate; 10, camphene; 11, borneol; 12, bornyl acetate; 13, camphor; 14, caryophyllene; 15, humulene; 16,

b-elemene; 17, c-elemene; 18, bicyclogermacrene; 19, D-germacren-4-ol; 20, copaene; 21, a-santalene; 22, a-cis-bergamotene; 23, aristolochene; 24, trans-

nerolidol; 25, nerolidol; 26, copalyl diphosphate; 27, (E)-labda-8(17),12-diene-15,16-dial.
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with the high contents of borneol, bornyl acetate, camphor

(three BPP-related terpenoids), and camphene, whereas

WvTPS13 was mainly expressed in flowers (Tables S14,

S18, Figure S12 and Figure 3a, 4b).

Most WvTPSs in the TPS-a subfamily were bifunc-

tional because they catalyzed GPP to form monoterpenoids

and FPP to form sesquiterpenoids, except for WvTPS42,

which only produced sesquiterpenoids (Figure 5a,

Tables S16 and S17). Interestingly, when GPP was used as

the only substrate, WvTPS3, WvTPS25, and WvTPS26 pro-

duced geraniol as their main monoterpenoid product.

However, when the substrate was a mixture of GPP and

FPP in equal proportion, WvTPS58 only produced

sesquiterpenoids, whereas WvTPS25 and WvTPS26 still

produced both monoterpenoids and sesquiterpenoids,

with sesquiterpenoids becoming the main product

(Table S19). Therefore, we speculate that these bifunc-

tional TPSs have higher substrate-selectivity on FPP than

on GPP, consistent with the assumed function of the TPS-a

subfamily as sesquiterpenoid synthases. Among these

bifunctional WvTPSs, our transcriptome and qRT-PCR data

indicated that WvTPS26 was expressed predominantly in

seeds. In addition, functional data indicated that WvTPS26

had the highest product diversity. These results indicate

that WvTPS26 might play an important role in the synthe-

sis of volatile terpenoids in seeds.

WvTPS6 lacks the RKX8W motif and belongs to the

TPS-g subfamily, and it only catalyzed FPP to form trans-

nerolidol. WvTPS53 and WvTPS59 belong to the TPS-c sub-

family and catalyzed GGPP to produce copalyl diphosphate,

the dephosphorized product of which is copalol (Fig-

ure S11). Therefore, WvTPS53 and WvTPS59 were charac-

terized as copalyl diphosphate synthase, a class II diTPS.

To identify key TPSs responsible for terpenoid synthe-

sis in W. villosa seeds, we performed a correlation analysis

between the terpenoid content of seeds and in vitro activi-

ties of WvTPSs. We found that WvTPS11, WvTPS14,

WvTPS26, and WvTPS27, which were preferentially

expressed in seeds, were positively correlated with bornyl

acetate, camphor, borneol, camphene, and limonene (the

main terpenoids accumulated in seeds), suggesting that

these four genes may be primarily responsible for terpenoid

synthesis in the seeds (Figure S13). In addition, the catalytic

products and expression patterns of these WvTPSs in five

organs are summarized in Figure 5b, revealing that seeds

have the greatest number of organ-specific WvTPSs, espe-

cially WvTPS14 and WvTPS26 encoding multi-product

TPSs. These results provide an important genetic basis for

the high abundance of volatile terpenoids (including bornyl

acetate and borneol) inW. villosa seeds.

DISCUSSION

The Zingiberaceae family includes approximately 1500 spe-

cies, most of which have economic value for medicinal,

culinary, and ornamental purposes. However, besides a

few chloroplast genomes, the whole-genome sequence

has only been available for Z. officinale so far (Cheng

et al., 2021; Li et al., 2021). W. villosa is an important

medicinal and edible traditional plant, and its genomic

information will be valuable for investigating the mecha-

nisms of biosynthesis and accumulation of pharmacody-

namic components and the evolution of the Zingiberaceae.

Here, we report a high-quality chromosome-level genome

assembly of W. villosa, with a contig N50 of 9.13 Mb,

higher than that of other medicinal plants (Yang et al.,

2021, 2022), such as Z. officinale (Li et al., 2021) (1.53 Gb,

N50 of 4.68 Mb). In total, 42 588 genes were annotated in

W. villosa genome, which is more than Z. officinale (36 503

genes) and M. acuminata (36 542 genes) (D’Hont

et al., 2012). In total, 2125 gene families experienced signif-

icant expansion in the lineage leading to W. villosa. GO

terms related to terpenoid metabolism, such as ‘terpene

synthase activity’, were significantly enriched in these gene

families, suggesting that W. villosa has accumulated genes

involved in terpenoid synthesis during its recent evolution.

Ks and 4DTv analyses both suggest a recent WGD event in

the evolutionary history of W. villosa, which likely coins

the recent WGD reported in Z. officinale and thus might be

shared by other Zingiberaceae as well (Cheng et al., 2021;

Li et al., 2021). This WGD event may have contributed to

the species evolution, genome size variation, chromosomal

rearrangement, and gene family expansion/contraction in

Zingiberaceae.

The main effective components of W. villosa fruits are

the volatile terpenoids comprising a rich array of bornyl

acetate, camphor, limonene, camphene, and borneol. Anal-

yses of the TPS gene family in Eucalyptus grandis and Cin-

namomum kanehira suggest that significant expansions of

TPS-a and TPS-b subfamilies may have contributed to the

biosynthesis and diversity of volatile monoterpenoids and

sesquiterpenoids, and that polyploidization may further

influence the evolution of terpenoid metabolism (Chaw

et al., 2019; Myburg et al., 2014). In the present study, we

also observed a considerable expansion of the TPS gene

family in W. villosa, especially in the TPS-a and TPS-b sub-

families. Tissue-specific transcriptome analysis revealed 12

WvTPS genes that were predominantly expressed in the

seeds of 60-DAF fruits, which is consistent with the enrich-

ment of volatile terpenoids in that tissue and the enzymatic

activity of the genes. These results suggest that these

genes may have important roles in the content and diver-

sity of volatile terpenoids in the seeds of W. villosa.

Previous studies have shown that tandem duplication

is a major evolutionary force driving the expansion of the

TPS gene family in various plants (Chen et al., 2020a,b,c).

In the present study, the analyses of enzymes involved in

terpenoid biosynthesis pathways suggest that the expan-

sion of the TPS family, primarily through tandem gene

� 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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duplications, may have led to the terpenoid diversity in W.

villosa. It has been reported that the catalytic production of

TPS is related to the sequence similarity (Karunanithi

et al., 2020; Wang et al., 2021); in general, WvTPSs in the

same tandem gene cluster tend to have closer evolutionary

relationships and more similar catalytic products. For

example, WvTPS35 and WvTPS37 from tandem gene clus-

ter 10 were found to have similar catalytic products (Fig-

ure 5a; Figure S14). Interestingly, however, in cluster 3, the

duplicated gene pair WvTPS13 and WvTPS14 demon-

strated highly similar sequences but different functions;

only WvTPS14 can catalyze the formation of BPP, the

important precursor of bornyl acetate, representing a

potential case of neo-functionalization. Furthermore, we

found that WvTPS14, which has a tissue-specific high

expression in seeds (TPM = 3543.4), may be mainly

responsible for the synthesis of pharmacodynamic ter-

penoids in seeds, whereas WvTPS13, which is highly

expressed in flowers (TPM = 8049.7), probably plays major

roles in the synthesis of floral fragrance and defense

response-related terpenoids. These results suggest that

duplication of TPS genes and the subsequent sub- (or neo-)

functionalization may facilitate the segregation of biologi-

cal properties and that the high gene expression of genes

may promote the production of the main components of

terpenoids.

Terpenoids are the main active ingredients underly-

ing the excellent edible and medicinal values of

W. villosa, although the molecular mechanism of their

biosynthesis remains largely unknown. Here, we per-

formed a functional characterization of 18 WvTPSs,

focusing on the TPS-a and TPS-b subfamilies, which

mostly catalyze the production of monoterpenoids and

sesquiterpenoids. In total, 14 WvTPSs were characterized

as monoterpenoid or sesquiterpenoid synthases produc-

ing muti-products in the present study. Remarkably,

WvTPS14 and WvTPS26, both encoding multi-product

enzymes, are mainly expressed in the 60-DAF seeds,

which have a rich diversity of volatile terpenoids. Impor-

tantly, WvTPS14 was found to be responsible for the

synthesis of borneol-related terpenes, which accounted

for 66.5% of the total volatile terpenoids content in 60-

DAF seeds. According to the literature, only one BPPS

has been found in each of Cinnamomum burmannii,

Lavandula angustifolia, and Salvia officinalis so far

(Despinasse et al., 2017; Ma et al., 2022; Radwan

et al., 2017). In the present study, we also found that

WvTPS11 and WvTPS13, the two closest relatives of

WvTPS14, do not function as BPPS, although they have

other catalytic products in common, such as limonene

and b-myrcene. In addition, the other five enzymes in

the TPS-b subfamily (monoterpene synthase) do not

function as BPPS either, and their catalytic products dif-

fer significantly from that of WvTPS14, WvTPS11, and

WvTPS13. Meanwhile, WvTPS14 was the only member

of the TPS-b subfamily that was significantly highly

expressed in the seeds. Therefore, our results suggest

that WvTPS14 is the only BPPS in W. villosa, providing

a basis for further dissection of terpenoid biosynthesis

and TPS functional diversification in W. villosa.

A large number of bifunctional TPSs catalyzing the

production of terpenoids have previously been identified

in Cannabis sativa and Setaria italica (Booth et al., 2020;

Karunanithi et al., 2020). In the present study, seven

WvTPSs were identified as bifunctional TPSs in vitro,

including six TPS-a subfamily members and one TPS-b

member; five bifunctional WvTPSs catalyzed the transfor-

mation of GPP to geraniol in vitro; however, geraniol was

not detected in W. villosa, which might be related to the

protein subcellular location and the endogenous substrate

availability. b-ocimene is a signal molecule involved in

plant defense (Faldt et al., 2003). Both WvTPS39 and

WvTPS41 produce b-ocimene as the main product,

although they lack the conserved NSE/DTE motif present in

other b-ocimene synthases (Figure S15). To our knowl-

edge, this represents the first report of b-ocimene syn-

thases lacking the NSE/DTE motif, which is the binding

region of metal ions. The relationship between the pres-

ence/absence of conserved motifs and the catalytic activi-

ties of TPSs is worthy of further studies (Karunanithi &

Zerbe, 2019).

CONCLUSIONS

The present study reports a high-quality chromosome-

level reference genome of W. villosa with comprehensive

genomic, transcriptomic, and metabolic analyses, as well

as the identification and functional characterization of TPS-

encoding genes, which can provide insights into the

molecular genetic basis of the diversity and abundance of

volatile terpenoids. Importantly, 66 WvTPS genes were

identified in the W. villosa genome, among which 18 were

functionally characterized, and most of the enzymes were

found to be product diverse. Therefore, we consider that

our genome data will contribute to functional genomic

research and genome-assisted breeding for W. villosa.

EXPERIMENTAL PROCEDURES

Plant materials

The plant materials of ‘Yuanguo’, a cultivar of W. villosa, were col-
lected from Yangchun, Guangdong Province, China, which is con-
sidered the authentic production area of W. villosa (Figure 1a). For
genomic sequencing, fresh and healthy leaves were harvested.
For transcriptome and metabolome analysis, three biological repli-
cates were collected from each of the following seven organs: L,
leaf; RZ, rhizome; F, flower; P1, pericarp of 30-DAF; P2, pericarp of
60-DAF, S1, seeds of 30-DAF; S2, seeds of 60-DAF. All collected
samples were washed with ultrapure water immediately, frozen in
liquid nitrogen, and stored at �80°C.

� 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2022), 112, 630–645
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Oxford Nanopore sequencing library construction and

sequencing

Genomic DNA was extracted from the fresh leaves of W. villosa
using a Genomic DNA extraction kit (catalog. no. 13323; Qiagen,
Hilden, Germany). The extracted DNA was assayed for DNA purity
using a NanoDrop One UV-Vis spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA), followed by accurate DNA quan-
tification using a Qubit� 3.0 Fluorometer (Invitrogen, Waltham,
MA, USA). To construct the Nanopore sequencing library, long
DNA fragments were size-selected using the BluePippin system
(Sage Science, Beverly, MA, USA). Next, the DNA was repaired
and the DNA ends were prepared for adapter attachment. The
sequencing adapters provided in the SQK-LSK109 kit were then
ligated to the DNA ends and, finally, the size of the library frag-
ments was quantified using the Qubit� 3.0 fluorometer. Then, the
sequencing adapters supplied in the SQK-LSK109 kit were
attached to the DNA ends and, finally, the size of Library frag-
ments was quantified using the Qubit� 3.0 Fluorometer. Single-
molecule real-time (SMRT) sequencing of the purified library was
performed on a GridION/PromethION sequencer (Oxford Nano-
pore Technologies, Oxford, UK) with six flow cells.

Hi-C library construction and sequencing

The Hi-C library was prepared with a improved procedure. Briefly,
fresh leaves were fixed with formaldehyde to cross-link DNA to
protein and protein to protein. Fixed samples were then lysed,
and the chromatin was digested with the restriction endonuclease
DpnII. Biotin-labeled bases were introduced during the blunt-end
ligation process. The ligated DNA was sheared into 300–600-bp
fragments, then blunt-end repaired and A-tailed, followed by
amplification to obtain library products. The libraries were
sequenced using the Illumina NovaSeq platform (Illumina, San
Diego, CA, USA) under paired-end 150 bp mode.

Transcriptome library construction and sequencing

Transcriptome data were generated using two sequencing
approaches. For short-read RNA-seq analysis, RNA from seven differ-
ent tissues was extracted using TRNzol Universal Kit (Tiangen, Bei-
jing, China). The TruSeq RNA Library Preparation Kit (Illumina) was
used to generate RNA libraries in accordance with the manufacturer’s
recommendations, followed by sequencing on the Illumina NovaSeq
platform. The resulting short-read sequencing data were aligned to
the W. villosa genome using HISAT2 (version 2.2.1) (Kim et al., 2019).
The transcripts per million (TPM) values were calculated to measure
gene expression levels. For long-read RNA-seq analysis, equal con-
centrations of RNAs from different organs were mixed, and a 20-kb
SMRTbell Template library was prepared and sequenced on a PacBio
Sequel platform (Pacbio, Menlo Park, CA, USA).

Genome size and heterozygosity estimation

To estimate the genome size of W. villosa, a DNA library with an
insert size of 400 bp was constructed for sequencing on the Illumina
NovaSeq platform. The software JELLYFISH (2.2.9) (Marc�ais & Kings-
ford, 2011) was used to calculate the 17-mer frequency distribution,
and GENOMESCOPE (version 2.0) (Ranallo-Benavidez et al., 2020) was
used to estimate the genome size and heterozygosity rate.

Chromosome-level genome assembly

The filtered Nanopore reads were corrected using NEXTDENOVO (version
1.0; https://github.com/Nextomics/NextDenovo) with the parameters:
seed_cutoff = 25 k. Then, the corrected reads were assembled with

SMARTDENOVO (https://github.com/ruanjue/smartdenovo) with the
parameters: -k 17, �J 3000. To further improve the assembly accu-
racy, iterative polishing was performed using NEXTPOLISH (https://
github.com/Nextomics/NextPolish), including two rounds of polish-
ing using the Nanopore long reads and two rounds of polishing using
the Illumina short reads.

A chromosome-level assembly was constructed from the
draft contig-level assembly. First, quality controlling of raw Hi-C
data was performed using HI-C-PRO (version 2.8.0) (Servant
et al., 2015); then, FASTP (version 0.12.6) (Chen et al., 2018a, b) was
used to filter out low-quality sequences (quality scores < 20),
adaptor sequences, and sequences shorter than 30 bp; BOWTIE2,
version 2.3.2 (Langmead & Salzberg, 2012) was used to map clean
paired-end reads to the draft assembly; finally, LACHESIS (ligating
adjacent chromatin enables scaffolding in situ) (Burton et al.,
2013) was used to produce chromosome-level scaffolds.

Genome assembly quality assessment

Genome assembly accuracy and completeness were first assessed
using the Hi-C interaction heatmap. Second, GC depth scatter plots
were used to assess the presence of contamination in the sequencing
data. Third, the second-generation and third-generation genome
sequencing data were mapped to the genome using BWA (version
0.7.12) (Li & Durbin, 2009) and MINIMAP2 (version 2.17) (Li H, Li, 2018),
respectively, to assess their coverage. In addition, the second-
generation transcriptome sequencing data were mapped to the gen-
ome using HISAT2 (version 2.2.1) (Kim et al., 2019), whereas the PacBio
Iso-Seq data were processed by ISOSEQ3 (version 3.4.0) (https://github.
com/PacificBiosciences/IsoSeq) and PBMM2 (version 1.7.0) (https://
github.com/PacificBiosciences/pbmm2). Finally, the assembled gen-
ome was also analyzed using BUSCO (version 5.2.2) (Waterhouse
et al., 2018) and LTR_RETRIEVER (version 2.9.0) (Ou et al., 2018) to evalu-
ate the completeness and accuracy of the genome.

Genome annotation

Homology-based and de novo approaches were applied to identify
TE in the W. villosa genome. Briefly, a de novo repeat library of
W. villosa genome was constructed using REPEATMODELER (version
2.0.1) (http://www.repeatmasker.org/RepeatModeler) with the
‘-LTRStruct’ option. The obtained library was then combined with
known repeats of Zingiberales in the Repbase (http://www.girinst.
org/repbase) database to identify repetitive sequences in the
W. villosa genome using REPEATMASKER (version 4.1.1) (http://www.
repeatmasker.org/).

miRNA, rRNA, and snRNA genes were detected using INFERNAL

(version 1.1.2) (Nawrocki et al., 2009) to search the Rfam (Gardner
et al., 2009) database with the default parameters. tRNAs were
predicted using TRNASCAN-SE (version 2.0.9) (Lowe & Chan, 2016).

Protein-coding genes were annotated using a combination of
homology-evidence, RNA-seq data, and ab initio gene prediction
methods. In brief, homology-based gene models were first generated
using EXONERATE (version 2.2.0) (Slater & Birney, 2005) based on all
monocot protein sequences in the OrthoDB database, and the models
were used to train three ab initio predictors: AUGUSTUS (version 3.4.0)
(Testa et al., 2015), GENEMARK-ES (version 4.58) (Borodovsky & Lom-
sadze, 2011), and SNAP, version 2013-11-29 (Bischoff & Schmidt, 2006).
At the same time, a de novo transcriptome assembly was generated
using TRINITY (version 2.9.0) (Haas et al., 2013). The trained predictors,
homology-evidence, and transcriptome assembly were used as input
of the MAKER (version 2.31) pipeline (Campbell et al., 2014) to conduct
genome annotation. The resulting gene predictions were then pol-
ished using PASA (version 2.4.1) (Haas et al., 2008). The longest tran-
script was retained for each genemodel.
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Functional annotation (e.g. COG categories, GO terms, and
KEGG pathways) of the protein-coding genes was carried out
using EGGNOG-MAPPER (version 2.0.5) (Huerta-Cepas et al., 2017), and
protein domains were identified using INTERPROSCAN (5.47-82.0)
(Jones et al., 2014). Finally, two strategies were taken to evaluate
the accuracy of genome annotation. First, the RNA-seq data from
the seven different tissues were mapped to the coding sequences
with BOWTIE2 to calculate the transcriptome support rate. Second,
BUSCO was used to assess the completeness of gene annotations.

Genome evolution

To investigate evolutionary relationships of W. villosa, its pre-
dicted proteomes and that of nine other plants, including Z. offici-
nale, M. acuminata, O. sativa, S. bicolor, V. vinifera, M. truncatula,
P. trichocarpa, A. thaliana, and C. papaya, were used to construct
orthologous groups using ORTHOFINDER (version 2.5.1) (Li
et al., 2003). The protein sequences of single-copy orthologs
genes from 10 species were used for the phylogenetic reconstruc-
tion. MAFFT (version 7.471) (Katoh & Standley, 2013) was used to
align the protein sequences, and then poorly aligned regions were
trimmed using GBLOCKS (version 0.91b) (Gastresana, 2000). The
maximum-likelihood tree was constructed using RAXML (Sta-
matakis, 2006) with 1000 bootstrap replicates and visualized using
FIGTREE (https://github.com/rambaut/figtree). MCMCTREE from the PAML

packages (version 4.9i) (Yang, 2007) was used to calculate diver-
gence times. Four calibration points were obtained from the Time-
Tree database (http://www.timetree.org): monocots–eudicots (115–
308 Mya), Zingiberales–Poales (97–116 Mya), Oryza–Sorghum (42–
52 Mya), and Arabidopsis–Carica (63–82 Mya). Analysis of gene
family evolution was then conducted using CAFE (version 4.3) (De
et al., 2006), which uses a birth and death process to model gene
gain and loss over a phylogeny. The Ks and 4DTv values were cal-
culated to infer the occurrence of WGD events. WGDI (version 0.4.9)
was used to identify gene pairs in collinear intervals for Ks calcu-
lation (Wang et al., 2010). 4DTv values were calculated using the
Perl script calculate_4DTV_correction.pl (https://github.com/
JinfengChen/Scripts).

Identification of genes related to terpenoid biosynthesis

To investigate the genes involved in the terpenoid skeleton synthe-
sis pathways, we first retrieved protein sequences from A. thaliana
genome, including 1-deoxy- D -xylulose-5-phosphate synthase
(DXS), 1-deoxy- D -xylulose-5-phosphate reductoisomerase (DXR),
2-C-methyl- D -erythritol 4-phosphate cytidylyltransferase (MCT),
4-diphosphocytidyl-2- C -methyl-D-erythritol kinase (CMK),
2-C-methyl- D -erythritol-2,4-cyclodiphosphate synthase (MCS), (E)-4-
hydroxy-3-methylbut-2-enyl-diphosphate synthase (HDS), 4-hydroxy-
3-methylbut-2-enyl-diphosphate reductase (HDR), acyl-coenzyme
A-cholesterol acyltransferase (ACAT), hydroxymethylglutaryl-CoA
synthase (HMGS), hydroxymethylglutaryl-CoA reductase (HMGR),
mevalonate kinase (MVK), phosphomevalonate kinase (PMK),
mevalonate diphosphate decarboxylase (MVD), isopentenyl-
diphosphate isomerase (IDI), geranyl diphosphate synthase (GPPS),
geranylgeranyl diphosphate synthase (GGPPS), and farnesyl
diphosphate synthase (FPPS) from the NCBI database (https://www.
ncbi.nlm.nih.gov). Their homologs in the genomes of W. villosa
were identified using iterative BLASTP (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) searches with an E-value cutoff of 1 9 10�5; at each itera-
tion, newly discovered homologs were used as queries to carry out
the next iteration of BLASTP search until no additional homolog can
be identified. In addition, for GPPS, GGPPS, and FPPS, candidate
genes were further identified by functional annotation and BLASTP

identity of > 50%.

To identify the candidate TPS genes, HMM profiles of Ter-
pene_synth (PF01397) and Terpene_synth_C (PF03936) obtained
from the Pfam database (http://pfam.xfam.org) were used to
search against W. villosa protein sequences using HMMER (Johnson
et al., 2010) with an E-value cutoff of 1 9 10�5. To classify the TPS
genes into different subfamilies, we downloaded the protein
sequences of TPS genes from four different plants, including
M. acuminata, O. sativa, A. thaliana, Ocimum sanctum (Kumar
et al., 2018). Then, TPS protein sequences of the five species were
aligned using MAFFT, and the maximum-likelihood tree was con-
structed using IQ-TREE (Nguyen et al., 2015) with 1000 ultra-fast
bootstrap replicates. The phylogenetic tree was visualized using
EVOLVIEW (Zhang et al., 2012). MEME was used to identify conserved
motifs. Analysis and visualization of domain composition, gene
structure, and chromosome distribution of TPS genes were con-
ducted using TBTOOLS (Chen et al., 2020a,b,c).
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Figure S5. GO annotations of expanded gene families in the W.
villosa genome.

Figure S6. Distribution of 4DTv values between W. villosa, Z. offic-
inale and M. acuminata. The 4DTv distribution curve of ‘W. villosa
vs. M. acuminata’ is very close to that of ‘Z. officinale vs. M.
acuminata’ so they mostly overlap with each other.

Figure S7. Phylogenetic relationships and exon-intron structure of
WvTPSs. Exon–intron distribution was performed using TBTOOLS

software. Orange boxes indicate exons; black lines indicate
introns.

Figure S8. Motif structures of WvTPSs. Ten classical motifs in
WvTPSs were analyzed using the MEME tool. Different color blocks
represent different motifs.

Figure S9. The GC-MS chromatograms of products generated
by recombinant WvTPSs catalyzing GPP. The red line repre-
sents the reaction of recombinant WvTPS with the substrate
GPP, and the blue line represents the reaction of boiled recom-
binant WvTPS (negative control) with GPP. The main product is
marked in red.

Figure S10. The GC-MS chromatograms of products generated
by recombinant WvTPSs catalyzing FPP. The red line represents
the reaction of recombinant WvTPS with the substrate FPP, and
the blue line represents the reaction of boiled recombinant
WvTPS (negative control) with FPP. The main product is
marked in red.

Figure S11. The GC-MS chromatograms of products generated by
recombinant WvTPS53 and WvTPS59 catalyzing GGPP. The blue
line represents the reaction of recombinant WvTPS with the sub-
strate GGPP, and the red line represents the reaction of boiled
recombinant WvTPS (negative control) with GGPP.

Figure S12. The expressional level of WvTPS in different organs.
The left and right y-axis indicates the relative expression level
(qRT-PCR) and TPM (transcripts per million) value (transcriptome),
respectively. Data represent the mean � SD (n = 3). The pericarp
and seed used in this analysis were from 60-DAF fruits.

Figure S13. Correlation analysis between terpenoids from 60-DAF
seeds and 18 WvTPSs of functional characterization.

Figure S14. Phylogenetic analysis of 18 functionally characterized
WvTPSs in W. villosa.

Figure S15. Amino acid sequence alignment of WvTPS39,
WvTPS41, ABY65110.1 and AMB57287.1. The red box represents
the conserved motifs. ABY65110.1 from Phaseolus lunatus and
AMB57287.1 from Osmanthus fragrans.

Figure S16. Mirror MS/MS spectra of the products (red) and stan-
dards (blue) used for WvTPS functional characterization in W. vil-
losa.

Table S1. Summary of sequencing data for W. villosa.

Table S2. Estimation of genome size based on 17-mer statistics.

Table S3. Overview of the genome assembly of W. villosa.

Table S4. The contig cluster of 24 pseudochromosomes length.

Table S5. Evaluation of completeness of the final genome assem-
bly and annotation using BUSCO.

Table S6. Percentages of RNA-seq reads mapped to the W. villosa
genome.

Table S7. Comparison of the gene set of W. villosa with other spe-
cies.

Table S8. Statistics of non-protein-coding gene annotations in the
W. villosa genome assembly.

Table S9. Repeat annotations of the W. villosa genome assembly.

Table S10. Statistics of gene families in 10 plant species.

Table S11. Volatile terpenoids in seven organs of W. villosa.

Table S12. List of genes and their expression levels (transcripts
per million, TPM) in different organs.

Table S13. WvTPSs information for W. villosa.

Table S14. List of genes and their expression levels (transcripts
per million, TPM) in different organs of WvTPS.

Table S15. Distribution of conserved motifs in W. villosa TPS pro-
teins based on the results of MEME analysis.

Table S16. Percentages of monoterpenoid products with GPP as
substrate.

Table S17. Percentages of sesquiterpenoid products with FPP as
substrate.

Table S18. Data of the relative expression level (qRT-PCR) of
WvTPS in different organs.

Table S19. Percentages of sesquiterpenoid products with GPP and
FPP as mixed substrate.

Table S20. Primers used for gene cloning.

Table S21. Primers used for expression vector construction.

Table S22. Primers used for qPCR.

Appendix S1. Detailed methods for GC-MS analysis, gene cloning,
prokaryotic expression and protein purification of WvTPS, enzyme
assay and product analysis, and quantitative real-time PCR.
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