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High‑quality genome assembly of Aglaia 
odorata reveals evolution, terpenes diversity 
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Abstract 

Meliaceae species are known for producing diverse metabolites, yet the role of whole-genome duplication (WGD) 
in shaping this diversity remains unclear. In this study, we analyzed volatile metabolites in Azadirachta indica, Toona 
ciliata and Aglaia odorata, finding terpenes to be most abundant in A. odorata. A high-quality genome assembly of A. 
odorata revealed lineage-specific whole-genome triplication (WGT), the first reported in Meliaceae. Comparative 
genomics indicated extensive chromosomal rearrangements, biased gene retention, gene expression, and long ter-
minal repeat (LTR) insertions during the evolution of subgenomes in Meliaceae, with A. odorata showing subgenome 
dominance. Despite a reduction in terpene synthase (TPS) gene copies, the specifically highly expression of AodTPS25, 
AodTPS21, AodTPS24 and AodTPS26 in A. odorata could be crucial for its terpene abundance and diversity through tran-
scriptomics and enzyme assays. Moreover, the ethylene response factor AodERF27 was found to activate AodTPS26, 
linking transcriptional regulation to terpene diversity. These findings uncovered the genomic and molecular mecha-
nisms in Meliaceae.

Keywords  Meliaceae, Whole-genome triplication, Subgenome dominance, Terpene biosynthesis, Transcription 
regulation

Core
We present a high-quality genome assembly of Aglaia 
odorata and integrate comparative genomic, transcrip-
tomic, metabolomic, and molecular assays to uncover 
the mechanisms driving elevated terpene diversity. Our 
study highlights how WGD/WGT events influence gene 
expression and metabolite diversity, offering new insights 
into the gene architecture underlying plant metabolite 
diversity.

Gene and accession numbers
The genome data generated from this study have been 
deposited in the National Genomics Data Center under 
accession number CRA020431. The genome assem-
bly and annotation could be obtained from Figshare 
(https://​doi.​org/​10.​6084/​m9.​figsh​are.​27794​091.​v1w).
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Introduction
Meliaceae species are widely distributed across tropical 
and subtropical regions, playing a vital role in ecosys-
tems because of their diverse morphologies and growth 
characteristics. Notably, these species are rich in terpe-
nes compounds with distinct structures and bioactivity 
that contribute to plants’ scent, medicinal properties, 
and economic value. For example, Azadirachta indica 
produces azadirachtin-rich essential oil used as natural 
insecticides (Khan 2021). Toona sinensis, known as the 
"tree vegetable", is valued for its unique flavor (Wang 
et  al. 2014), while Toona ciliata, a relative species of T. 
sinensis, is prized for its natural and pleasant fragrant 
wood (Duan et al. 2015). Aglaia odorata serves as a fra-
grance resource in perfumery and cosmetics (Weyerstahl 
et  al. 1999), is commonly used as traditional medicine 
to treat injuries, and heart conditions (Kato-Noguchi 
et al. 2016). Terpene composition across Meliaceae spe-
cies underlies differences in ecological adaption, defense, 
and human application (Greger 2021, Tundis et al. 2014). 
However, the biosynthetic diversity of these terpenes 
remains insufficiently characterized, limiting their explo-
ration and utilization.

The whole-genome duplication (WGD), numerous 
genes are simultaneously duplicates with the addition of 
extra sets of genomes, providing crucial genetic mate-
rial for evolutionary innovation (Soltis and Soltis 2016, 
Cheng et  al. 2018) and driving species diversity and 
metabolic complexity (Moriyama and Koshiba-Takeuchi 
2018). Meliaceae, a diverse family within eudicots, has a 
complex evolutionary history. In addition to the ancient 
whole-genome triplication (WGT) event shared by 
core eudicots, lineage-specific WGD events have been 
reported in T. ciliata (Wang et  al. 2022) and T. sinensis 
(Ji et al. 2021), but not in A. indica (Du et al. 2022). These 
independent WGD events likely contributed to genetic 
divergence and enhanced adaptive potential in Meliaceae 
species. However, their effects on metabolic diversity 
remain largely unexplored. Following WGD, the genome 
often undergoes diploidization, shaping it into a quasi-
diploid state through processes such as chromosomal 
rearrangement, biased gene retention or loss, gene sub/
neofunctionalization, gene expression reprogramming 
and transposable element (TE) activation (Qiao et  al. 
2019, Mandakova and Lysak 2018). These evolutionary 
events significantly influence species’ adaptability, mor-
phological traits, and metabolic pathways (Cheng et  al. 
2014, Edger et al. 2015, Hofberger et al. 2013).

During diploidization, the asymmetrical loss of dupli-
cated genes shapes phenotypic traits and metabolic 
pathways, driving species divergence and diversity (Deb 
et al. 2023). While the key roles of WGD events and sub-
sequent diploidization are widely recognized (Wu et  al. 

2020, Qiao et  al. 2022), the mechanisms by which gene 
loss promotes species diversity remain underexplored. In 
Meliaceae, the evolutionary trajectories of gene families 
following WGD are particular unclear. Given the fre-
quent WGD events in this family, Meliaceae provides a 
valuable system for investigating how genome duplica-
tion influences gene families, metabolic diversification, 
and species adaptation.

In this study, we generated a high-quality genome of 
A. odorata and systematically compared the volatile 
metabolite profiles across three Meliaceae species (A. 
indica, T. ciliata and A. odorata), revealing that A. odor-
ata produces the highest levels of terpenes. Genomic and 
comparative genome analysis revealed a lineage-specific 
WGT event in A. odorata, the first reported in Meliaceae. 
Surprisingly, despite its high terpene level, A. odorata 
showed a contraction in terpene synthase (TPS) gene 
copies after WGT. To investigate this paradox, we exam-
ined AodTPSs gene expression, function and promoter 
regulation using transcriptomics profiling, enzymatic 
activity assays, and promoter activation studies. This 
work sheds light on the genomic and regulatory mecha-
nisms shaping terpene diversity in Meliaceae.

Results
Volatile compounds in three Meliaceae species
To explore interspecific differences in volatile compounds 
among Meliaceae species, essential oils were extracted 
from the leaves and stems of A. indica, T. ciliata, and A. 
odorata, which were collected from a common garden 
experiment. A. odorata exhibited significantly higher vol-
atile concentration, 329.0 μg/g in leaves and 614.8 μg/g 
in stems, approximately 50 and 107 times higher than A. 
indica and 19 and 28 times higher than T. ciliata, respec-
tively (Fig.  1A). Compound profiling identified 31, 27, 
and 38 volatile compounds in the leaves, and 24, 48, and 
41 in the stems of A. indica, T. ciliata, and A. odorata, 
respectively (Fig. 1B; Fig. S1). Principal component analy-
sis (PCA) clearly separated the species into distinct clus-
ters based on volatile profiles in both leaves and stems 
(Fig. 1C; Fig. S2), reflecting strong metabolic divergence 
among the species.

In A. odorata leaves, sesquiterpenes and monoter-
penes dominated (Fig.  1A), with caryophyllene and 
β-cubebene comprising 89.6% of the total volatiles, 
81 and 17 times higher than in A. indica and T. ciliata, 
respectively. In contrast, A. indica primarily produced 
sesquiterpenes such as γ-elemene and phyrol, along with 
nitrogenous compounds, while T. ciliata characterized 
sesquiterpenes such as bicyclogermacrene, caryophyl-
lene, and hydrocarbon artemisiatriene. A Similar pattern 
was observed in stem tissues (Fig. S3). A. odorata stems 
were rich in terpenes such as copaene, caryophyllene, 
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and γ-elemene, accounting for 98.4% of total content, 
105 and 28 times higher than in A. indica and T. ciliata, 
respectively (Fig.  1D). Species-specific compounds fur-
ther highlighted metabolic uniqueness: ꞵ-patchoulene 
was exclusive to A. odorata, whereas α- neoclovene and 
humulen-(V1) were specific to A. indica and T. ciliata, 
respectively. These variations in compound composition 
and ratios suggest the biosynthetic pathways of volatile 
metabolites have diverged significantly across these Meli-
aceae species, potential contributing to their distinct eco-
logical roles and aromas.

Genome sequencing, assembly, and annotation of A. 
odorata
To elucidate the genetic basis underlying differences in 
volatile compound production and address the lack of a 
reference genome for A. odorata, we performed genome 
sequencing using Illumina, Nanopore, and PacBio HiFi 
platform for A. odorata (Fig. S4). K-mer analysis esti-
mated the genome size at 471.84 Mb with high hete-
rozygosity (approximately 0.98 %) (Fig. S5). In total, we 
generated 96 Gb (203× coverage) of PacBio HiFi, 56 Gb 
(118× coverage) of Nanopore, and 31 Gb (65× cover-
age) of Illumina sequencing data for assembly (Table S1). 
After the primary assembly and polishing, A. odorata 
haplotypes 1 (Hap1) and 2 (Hap2) were assembled to 
sizes of 499.90 Mb (contig N50: 10.70 Mb) and 456.14 Mb 
(contig N50: 10.46 Mb), respectively (Table S2).

Using 55.29 Gb (117× coverage) of Illumina Hi-C 
sequencing data, the assemblies were anchored to 42 
pseudochromosomes (Chr01-Chr42), ranging in from 
7.16 to 19.93 Mb (Table S3 and Fig. S6), consistent with 
chromosome counts reported in the CDBB database. 
After redundancy removal and gap filling, near telomere-
to-telomere (T2T) assemblies were achieved, excluding 
a telomere missed on chromosome 6, with final genome 
sizes of 462.31 Mb for Hap1 and 448.91 Mb for Hap2 
(Fig.  2A and B; Table  1). Assembly completeness was 
confirmed by BUSCO scores of 98.3% (Hap1) and 98.1% 
(Hap2) (Table  S4), indicating high quality of A. odorata 
genome.

Repeat annotation identified 175.82 (38.03%) and 
163.18 Mb (36.35 %) of TE in Hap1 and Hap2, respec-
tively, with long terminal repeats (LTRs) including Copia 
and Gypsy being the most abundant, followed by ter-
minal inverted repeats (TIRs) (Table  S5 and Table  S6). 
Gene annotation, based on homology, de novo and tran-
sciptome-based methods, identified 33,965 and 33,874 
protein-coding genes in Hap1 and Hap2, respectively. Of 
these genes, 97.68% and 97.95% were functionally anno-
tated through protein databases, respectively (Table S7). 
Additionally, 2,111 (Hap1) and 1,989 (Hap2) non-coding 
RNAs were predicted (Table  S8). BUSCO results con-
firmed high completeness of annotated genes: 98.1% for 
Hap1 and 97.9% for Hap2 (Table  S9). Given its higher 
BUSCO score and gene count, Hap1 was selected for 
downstream analyses.

Fig. 1  Essential oils in three Meliaceae species. A Histogram showing the content of monoterpenes, sesquiterpenes, diterpenes, and other 
compounds in the leaves and stems of A. indica, T. ciliata, and A. odorata. The x axis presents conpound types, the y axis represents content level 
(ng/g). B Venn diagram of essential oils categories shared among stems of three species. C PCA of essential oil profiles from stems of A. indica, 
T. ciliata and A. odorata. Axes represent relative distance; dot colors represent different samples. D Heat maps of mainly essential oil content 
in the stems of A. indica, T. ciliata and A. odorata 



Page 4 of 17Chen et al. Molecular Horticulture            (2026) 6:29 

Genome evolution of Meliaceae species
To explore the evolutionary process of Meliaceae spe-
cies, a phylogenetic tree was constructed using 308 
single-copy orthologous genes from nine Sapindales 
species, with Carica papaya as the outgroup. A. odo-
rata clustered with A. indica in a single clade, namely 
the Melioideae subfamily of Meliaceae, with an esti-
mated divergence time of 38 million years ago (Mya). 
The divergence between Melioideae and Cedreloideae 
(T. ciliata, T. sinensis, and X. granatum), was estimated 
to 42.46 Mya (Fig. 3A). Ks analysis of homologous gene 
pairs showed a shared Ks peaks (1.74–1.84) among A. 
odorata, A. indica, C. sinensis, and T. ciliata, consist-
ent with the WGT event shared by core eudicots (Jiao 

et  al. 2011). Additional signature Ks peaks of paralo-
gous gene pairs at 0.22 (A. odorata) and 0.17 (T. cil-
iata), both lower than their orthologous peak (0.30), 
suggesting lineage-specific polyploidization event after 
speciation (Fig. 3B). Gene homology dot plot revealed a 
3:1 syntenic pattern between A. odorata and A. indica 
(Fig. 3C), 3:1 with A. odorata and C. sinensis (Fig. S8), 
and 3:2 for A. odorata and T. ciliata (Fig. S9). Given 
that A. indica (Du et al. 2022) and C. sinensis (Wu et al. 
2023) did not undergo any recent WGD event, these 
results support a lineage-specific WGT event in A. odo-
rata, the first reported in Meliaceae. Re-sequencing 
data from five individual of A. indica, T. ciliata and 
A. odorata showed mapping rates to their reference 
genome exceeding 74.0%, 98.9%, and 95.9%, respec-
tively (Table S11), indicating low intraspecific variation 
and suggesting that observed WGD/WGT events were 
species-wide, not individual-specific. Using a neutral 
substitution rate (r) of 3.86E-09, the WGT in A. odorata 
was estimated to have occurred approximately 28.49 
Mya, which was after it diverged from A. indica. More-
over, recent bursts of LTR insertions were observed in 
A. odorata (0.4 Mya) and T. ciliata (2.2 Mya), but not in 
A. indica (Fig. S10).

Homology searches of pseudogenization were con-
ducted to identify candidate pseudogenes in the 
Meliaceae genomes. A. odorata harbored the most 
pseudogenes among Meliaceae species (Fig. S11), 

Fig. 2  Genome sequencing of A. odorata. A Genomic feature overview of A. odorata with Chr01-Chr42 presenting pseudochromosomes. Inner links 
denote collinear blocks. B Telomere and centromere detection map

Table 1  Statistics of genome assembly and annotation of A. 
odorata 

Hap1 Hap2

Genome size (Mb) 462.31 448.91

Contig N50 (Mb) 12.10 10.43

Pseudochromosome number 42 42

Complete BUSCOs for genome (%) 98.3 98.1

Protein-coding gene number 33965 33874

Repeat sequences (Mb) 175.82 163.18

Complete BUSCOs for protein (%) 98.1 97.9
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Fig. 3  Genome evolution of A. odorata. A Phylogenetic tree based on single-copy orthologs accross 9 Sapindales species and one outgroup.Node 
labels indicate estimated divergence times (Mya); red and green numbers represent expanded and contracted gene families, respectively. B Density 
distribution of synonymous nucleotide substitution rates (Ks) in A. indica, T. ciliata, A. odorata, and C. sinensis. C Dot plots syntenic blocks showing 1:3 
chromosomal relationship between A. indica and A. odorata genome. D KEGG pathway enrichment of contracted gene families in A. odorata 
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implying pseudogenization may contributed to revert-
ing its genome to a diploid-like state following WGT. 
Gene family analysis revealed that A. odorata experi-
enced the most extensive gene expansion, likely driven 
by WGT. The KEGG enrichment of expanded gene 
families in A. odorata and T. ciliata revealed signifi-
cant enrichment in environmental adaptability-related 
processes, particularly “plant-pathogen interaction” 
and “replication and repair” pathway (Fig. S12 and Fig. 
S13). Interestingly, despite its elevated terpene levels 
(Fig.  1A), A. odorata exhibited contraction in terpene 
biosynthesis-related gene family (Fig. 3D). This discrep-
ancy suggests that enhanced terpene production in A. 
odorata may be regulated through mechanisms beyond 
gene copy number, such as transcriptional or enzymatic 
regulation.

Biased subgenome evolution in A. odorata
To investigate chromosomal rearrangements and subge-
nome evolution during diploidization, we reconstructed 
the karyotypes and subgenomes of A. odorata, A. indica, 
T. ciliata, T. sinensis, and X. granatum using the 21 ances-
tral core eudicots karyotypes (ACEK) chromosomes (A1-
A7, B1-B7, C1-C7) as ancestral blocks (Fig. 4A and Fig. 

S17). A. indica, which did not undergo WGD or WGT, 
maintained 28 chromosomes (2n=28). In contrast, T. cil-
iata, T. sinensis, and X. granatum experienced a WGD 
event, doubling their chromosome number to 56 (2n=56) 
and resulting in two subgenomes, least-fractionated 
(LF) and max-fractionated (MF) based on gene reten-
tion. A. odorata, following a lineage-specific WGT event, 
remained 84 chromosomes (2n=84) and three subge-
nomes: LF, medium-fractionated (MF1), and most-frac-
tionated (MF2) (Table S12).

Compared to the ancestral karyotype, A. indica exhib-
ited both conserved and rearranged chromosomal struc-
tures. For consistency, chromosomes across species 
were numbered according to A. indica. Chromosomes 
C02, C04 and C10 in A. indica were mainly derived from 
ancestral blocks A3 (84.8%), B6 (91.5%) and C3 (100%) 
of ACEK, respectively, indicating strong conservation. 
In contrast, chromosome C01 of A. indica contained a 
mosaic of B1, C5, C6, and C7, reflecting extensive chro-
mosome fissions, fusions and rearrangements. In Cedre-
loideae species and A. odorata, WGD and WGT events, 
respectively, led to the evolution of two (T. ciliata, T. 
sinensis, and X. granatum) or three (A. odorata) subge-
nomes. While these species remained many conserved 

Fig. 4  Subgenome evolution in A. odorata. A Evolutionary models of five Meliaceae species based on 21 ancestral core eudicots karyotypes (ACEK) 
blocks. B Gene retention ratios of A. odorata and T. ciliata subgenomes relative to A. indica, across ACEK blocks (A1-A7, B1-B7, C1-C7). The x axis 
presents the 21 ACEK blocks; the y axis represents the gene retention ratio. C LTR density within 10 kb upstream and downstream of genes in A. 
odorata subgenomes, shown in 100 bp pane. The x axis represents distance from the gene; the y axis represents the LTRs percentage. D Box plots 
showing expression levels (log-transforned) of genes from the three A. odorata subgenomes (LF, MF1 and MF2) in leaf and stem tissues. The x axis 
denotes tissue type; the y axis shows gene expression values
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ACEK blocks, their genomic architecture diverged nota-
bly in block composition and distribution compared to 
A. indica. For example, T. ciliata chromosomes C04 and 
C18, which correspond to A. indica chromosome C04, 
contained ACEK blocks B6, B1 and A3, suggesting that 
T. ciliata had undergone substantial structural reshuffling 
post-divergence (Fig. 4A). Further subgenomic variations 
were observed within A. odorata. Chromosomes C08, 
C22, and C36, each from different subgenomes, were pri-
marily derived from ACEK block C4, with chromosomes 
C08, C22 also incorporating blocks from C2, forming 
complex mosaics (Fig.  4A). These results suggest that 
chromosomal structural variations occurred both within 
and between species and subgenomes after speciation 
and polyploid events. Such rearrangements, potentially 
contributed to the karyotypic diversity and evolutionary 
divergence observed across Meliaceae species.

To further clarify subgenomes’ evolution, we analyzed 
LTR insertions and gene expression across the subge-
nomes of three representative Meliaceae species. In A. 
odorata, the proportion (but not the absolute number) 
of LTR insertions within gene coding regions upstream/
downstream was highest in MF2 subgenome, whereas 
DNA transposon content showed no such pattern 
(Fig. 4C, Fig. S18 and S19). In contrast, T. ciliata showed 
no significant differences in LTR or DNA insertions rates 
between its two subgenomes (Fig. S19 and S20), indicat-
ing that A. odorata experienced asymmetric LTR accu-
mulation of subgenomes. LTR burst time also varied: 
~0.4 Mya in LF and MF1, but ~0.5 Mya in MF2 (Fig. S21), 
supporting differential subgenome evolution. Transcrip-
tomic analysis revealed significantly higher expression 
of syntenic genes in LF than in MF1 in A. odorata stems 
(Fig.  4D), indicating a gene expression bias and subge-
nome dominance. Together, these findings demonstrate 
that A. odorata exhibits subgenome asymmetry, char-
acterized by biased LTR insertions and differential gene 
expression, reflecting divergent evolutionary trajectories 
among its subgenomes following the WGT event.

Terpene biosynthesis genes
To investigate the paradox of high terpene abundance 
despite a contraction in terpene biosynthesis-related 
genes in A. odorata, we identified all genes involved in 

terpene biosynthesis across five Meliaceae species. A 
total of 29, 50, 45, 42 and 42 upstream terpenoid bio-
synthesis genes were detected in A. indica, T. ciliata, T. 
sinensis, X. granatum, and A. odorata, respectively. These 
genes were involved in the methylerythritol phosphate 
(MEP) and mevalonic acid (MVA) pathways. Notably, 
A. indica, which lacks a recent WGD/WGT event, had 
fewer gene copies, with nearly half being singletons. In 
contrast, other species showed gene expansion mainly 
due to WGD, with some genes also arising from tandem 
or dispersed duplications (TRDs) (Fig. 5A and B).

To further assess the influence of WGD/WGT events 
on terpenoid metabolism, we performed a comparative 
genomics analysis of key pathway genes among three 
representative species: A. indica (no WGD/WGT), T. 
ciliata (WGD), and A. odorata (WGT). Genes, such as 
acetyl-CoA acetyltransferase gene (AACT), hydroxym-
ethylglutaryl-CoA synthase gene (HMGS), and isopen-
tenyl pyrophosphate isomerase gene (IPPI), exhibited a 
clear 1:2:3 syntenic pattern across these species, indicat-
ing expansion via WGD/WGT events in T. ciliata and A. 
odorata. In contrast, other key genes, such as mevalonate 
diphosphate decarboxylase gene (MPDC), mevalonate 
kinase gene (MK), and 4-hydroxy-3-methylbut-2-en-1-yl 
diphosphate synthase gene (HDS), retained only one or 
two copies in A. odorata, suggesting post-WGT gene 
loss. Meanwhile, phosphomevalonate kinase gene (PKM) 
and mevalonate diphosphate decarboxylase gene (MDS) 
remained single copy with conserved synteny in all three 
species (Fig. S24, S25, and S26), highlighting selective 
gene retention during A. odorata evolution.

Interestingly, the gene copies of terpene synthase 
(TPS), key enzymes catalyzing terpenoid skeleton bio-
synthesis (Karunanithi and Zerbe 2019), varied nota-
bly among Meliaceae species. T. ciliata had the highest 
number of TPS genes with a count of 62, followed by A. 
indica with 43 AinTPSs, and A. odorata with 33 AodTPSs 
(Fig.  5A). Phylogenetic analysis grouped the TPSs into 
five subfamilies: TPS-a, TPS-b, TPS-c, TPS-e/f, and TPS-
g. Subfamily-specific differences were especially promi-
nent. The TPS-b subfamily, typically associated with 
monoterpene biosynthesis, included 14, 16, and only 5 
members in A. indica, T. ciliata, and A. odorata, respec-
tively, indicating a marked contraction in A. odorata. 

Fig. 5  Terpene biosynthetic pathway analysis in Meliaceae species. A Numbers and duplication sources of terpene biosynthesis genes in five 
Meliaceae species. The number and color in the circle represent gene count and duplication sources, respectively. B Heatmaps of terpene 
biosynthesis gene expression in leaves and stems of three Meliaceae species. Font colors represent species: blue for T. ciliata, green for A. odorata, 
and red for A. indica. C Phylogenetic tree of TPS from the three Meliaceae species, cclassified into subfamilies a-g. Triangle colors represent different 
duplication sources. D Intergenomic synteny of TPS gene blocks in T. ciliata Chr04, A. odorata Chr33, and A. indica Chr12. Syntenic TPS gene pairs are 
connected by yellow lines; triangle colors represent duplication sources

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Similarly, the TPS-a subfamily contained 17, 28, and 21 
members, while the TPS-e/f subfamilies had 4, 9, and just 
2 members in the respective species (Fig. 5C). These find-
ings suggest that despite undergoing a WGT event, A. 
odorata experienced significant gene contraction in the 
TPSs families, particularly in the TPS-a, TPS-b and TPS-
e/f subfamilies.

To clarify the variation in TPS gene copy number among 
the three Meliaceae species, we conducted gene synteny 
and origin analyses. A subset of TPS genes: AinTPS3, 
TciTPS59/TciTPS60, and AodTPS1/AodTPS2/AodTPS3, 
exhibited conserved synteny with a clear 1:2:3 corre-
spondence, consistent with the species’ WGD/WGT 
histories. However, most TPSs genes exhibited com-
plex “many-to-one” syntenic relationship. For example, 
AinTPS43 and AodTPS22, syntenic with each other, corre-
sponding to three TciTPS genes TciTPS31, TciTPS32, and 
TciTPS33 (Fig. S27), suggesting gene loss in A. odorata 
and lineage-specific duplications in T. ciliata. TPS gene 
origin analysis revealed that AodTPSs originated primar-
ily from WGD and tandem duplication (TD) events, while 
AinTPSs and TciTPSs also exhibited prominent expansion 
via proximal duplication (PD). For example, AodTPS30, 
TciTPS17 and AinTPS8 shared strong synteny, as did 
AodTPS31, TciTPS15 and AinTPS9. PD-derived genes 
were also found in A. indica (e.g., AinTPS11, AinTPS13) 
and in T. ciliata (e.g., TciTPS14, TciTPS16, and TciTPS20), 
with some (AinTPS10) of uncertain origin. These results 
indicated that TD and PD events were responsible for 
the expansion of AinTPSs and TciTPSs (Fig. 5D). Overall, 
despite undergoing a lineage-specific WGT event, A. odo-
rata experienced TPSs gene contraction, while PD events 
played a major role in TPS expansion in A. indica and T. 
ciliata. These distinct evolutionary mechanisms likely 
underlie the diversity in TPS gene copy number across 
Meliaceae species.

Functional characteristics of AodTPSs
Transcriptome analysis of leaves and stems from A. 
indica, T. ciliata, and A. odorata revealed significant dif-
ferences in TPS gene expression. Despite having fewer 
TPS genes, A. odorata showed markedly higher expres-
sion, with 7 and 13 AodTPSs exhibiting high expression 
levels (TPM>15) in leaves and stems, respectively. In con-
trast, the majority of TPSs in A. indica (37/43) and T. cil-
iata (47/62) were either lowly expressed or not expressed 
at all (Fig.  5A). These finding suggest that A. odorata 
compensates for its reduced TPS gene copy number with 
elevated expression of specific AodTPSs, which likely 
contributed to its high terpene content. This indicates a 
shift toward regulatory enhancement rather than gene 
expansion in the evolution of terpene biosynthesis in A. 
odorata.

To elucidate the enzymatic roles of AodTPSs in A. 
odorata, several candidates with distinct tissue-specific 
expression patterns were selected for functional assays. 
AodTPS25 (Aod0033820), a TPS-a subfamily member 
and the most highly expressed AodTPSs in leaves, was 
cloned, expressed in E. coli BL21 (DE3), and protein puri-
fied. In  vitro enzymatic assays showed that it catalyzed 
the conversion of farnesyl pyrophosphate (FPP) into car-
yophyllene (Fig. 6A). AodTPS21 (Aod0015995), a species-
specific TPS-a protein, predominantly expressed in stems, 
catalyzed the formation of α-selinene from FPP (Fig. 6A). 
AodTPS24 (Aod0021234), the most highly expressed 
AodTPS in both leaves and stems of A. odorata (Fig. S28), 
belongs to the TPS-b subfamily, which typically produces 
monoterpenes. It was functionally validated as a β-pinene 
synthase using geranyl pyrophosphate (GPP) as a substrate 
(Fig. 6A).

AodTPS26 was identified as the most distinct and spe-
cifically expressed AodTPS in A. odorata (Fig. 5A), exhib-
iting high stem-specific expression and belonging to the 
TPS-a subfamily. In contrast, its homologs in A. indica 
(Indica_017010) and T. ciliata (Tci19G002100) were 
minimally expressed in both leaves and stems (Fig. S29). 
Despite these expression differences, predicted protein 
structures of the three orthologs revealed conserved 3D 
architectures (Fig. S30). Consistently, in vitro enzymatic 
assays demonstrated that all three enzymes catalyzed the 
conversion of FPP to α-farnesene (Fig. S31), confirming 
conserved catalytic function.

Regulatory mechanism of AodTPSs
Given the high expression of AodTPS26 in A. odorata, 
the promoter regions (approximately 3000 bp) of TPSs 
from the three Meliaceae species were analyzed. The 
promoter of AodTPS26 contained a greater number of 
ethylene response element (ERE) motifs compared to 
its orthologs in A. indica and T. ciliata (Fig. S32). These 
EREs are known binding sites for ethylene response fac-
tors (ERF) and activate TPSs transcription (Li et al. 2017, 
Wei et al. 2023, Zhao et al. 2023, Li et al. 2015). Further 
analysis revealed a total of 262 ERFs in A. odorata, sub-
stantially more than in A. indica (99) and T. ciliata (187) 
(Fig. S33), suggesting that ERF expansion in A. odorata 
potentially contributes to the enhanced AodTPS tran-
scription and terpene biosynthesis.

Given the known role of ERF B3 subfamily members in 
activating TPS promoters (Li et al. 2015), highly expressed 
A. odorata ERFs from this subfamily were selected for 
further investigation (Fig. S34). Dual-luciferase assays 
in N. benthamiana showed that co-expression of the 
AodTPS26 promoter with AodERF27 led to a strong fluo-
rescent signal compared to the control (Fig. 6B), confirm-
ing that AodERF27 activates AodTPS26 ttranscription. 
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Fig. 6  Genetic basis of volatile terpene differences in Meliaceae species. A GC-MS spectra showing representative compound peaks of terpene 
products catalyzed by purified AodTPS21, AodTPS24, and AodTPS25. The x axis represents retention time; the y axis represents relative abundance. 
B Dual-luciferase assays in N. benthamiana assessing AodTPS26 promoter activity regulated by AodERF27. C Yeast one-hybrid assay of AodERF27 
bingding to the AodTPS26 promoter. pAodTPS26-His2+AD served as the negative control;; p53-His2+AD-p53 was used as the positive control
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Yeast one-hybrid assay further supports this interac-
tion: while both control strains Y187 (pAodTPS26-
His2+AD) and Y187 (pAodTPS26-His2+AD-AodERF27) 
grew on SD/-Leu/-Trp medium, only the strain Y187 
(pAodTPS26-His2+AD-AodERF27) grew on selective 
SD/-Leu/-Trp/-His medium (Fig.  6C). These results con-
firm that AodERF27 directly activates AodTPS26, contrib-
uting to the elevate expression of AodTPSs in A. odorata.

Discussion
Phenotypic diversity in plants, including the abundance 
of secondary metabolites, arises from long-term genomic 
variations such as gene sequence mutations, genome 
duplications, chromosomal rearrangements, and gene 
loss (Clark et  al. 2023, Soltis and Soltis 2020). In Meli-
aceae, these genomic events have profoundly affected 
metabolic profiles and medicinal traits, driving func-
tional divergence among species. Analysis of essential oil 
from three representative Meliaceae species, A. indica, 
T. ciliata, and A. odorata, revealed marked differences 
in the composition and relative abundance of volatile 
compounds. Notably, A. odorata exhibited exception-
ally high diversity and concentration of terpenes, likely 
contributing to its distinctive aroma and pharmacologi-
cal properties. These findings suggest that interspecific 
genomic variation within Meliaceae plays a significant 
role in shaping chemical diversity. Despite A. odorata’s 
notable secondary metabolite profile, the lack of genomic 
resources has limited insight into the genetic basis of 
these traits. To address this, we generated a high-quality 
reference genome for A. odorata using a combination 
of Illumina, Nanopore, HiFi, and Hi-C sequencing tech-
nologies. The resulting assemblies were 462.31 Mb with 
contig N50 size of 12.10 Mb for Hap1, and 448.91 Mb 
with contig N50 size of 10.42 Mb for Hap2. This genome 
provides a valuable foundation for comparative genomics 
and the characterization of functional genes with in the 
Meliaceae family.

Polyploidy has played a pivotal role in shaping the 
genomic architecture and species diversity within the 
Meliaceae family. A recent WGD event was shared by T. 
ciliata, T. sinensis, and X. granatum (He et al. 2022, Wang 
et  al. 2022, Ji et  al.  2021), following an ancient WGT 
event occurred in core eudicots. Our study further iden-
tified a lineage-specific WGT event in A. odorata, which 
occurred approximately 28.49 Mya. WGD events intro-
duced additional genome sets, forming subgenomes and 
leading to large-scale gene duplications (Wu et al. 2020). 
For instance, a lineage-specific WGT event in cabbage, 
nearly doubled its protein-coding gene count compared 
to Arabidopsis thaliana, which lacks recent WGD/WGT 
events (Hou et  al. 2022). In contrast, genomic analy-
ses of five Meliaceae species revealed that most retain 

approximately 33,000 genes, suggesting widespread gene 
loss after polyploidy. This is consistent with previous 
studies reporting that chromosomal rearrangements and 
pseudogenization during diploidization accelerate gene 
loss following polyploidization (Yin et al. 2023, Liu et al. 
2014). In our study, extensive chromosomal rearrange-
ments were observed among species and subgenomes 
after speciation and polyploid events, likely contribut-
ing to this loss. Additionally, recent LTR bursts in WGD/
WGT lineage (T. ciliata and A. odorata) imply that post-
polyploid genomic remodeling may mitigate the delete-
rious effects of TE insertion, promote genome plasticity 
that enhances LTR activity (Bourque et al. 2018).

Polyploidization plays a pivotal role in plant evolution 
by providing abundant genetic variations, thereby con-
tributing to genomic complexity and functional diversifi-
cation (Zhang et al. 2019). The subsequent diploidization 
process following WGD/WGT events further shapes 
phenotypic traits and environmental adaptability (Dods-
worth et al. 2016). In our study, comprehensive analysis 
of gene retention, LTR insertion, and gene expression 
across Meliaceae subgenomes revealed subgenome 
dominance in A. odorata. Specifically, the LF subgenome 
retained more genes and exhibited lower frequencies 
of LTR insertions compared to MF1 and MF2, which 
may underlie its elevated gene expression and adaptive 
significance. Gene loss or pseudogenization following 
WGD or WGT likely contributes to genome stabiliza-
tion and compaction. In this study, we found that gene 
families related to “sesquiterpene and triterpene biosyn-
thesis pathways” were contracted in A. odorata, whereas 
adaptation-related genes were preferentially retained 
after WGD/WGT events, suggesting a selective reten-
tion strategy that supports environmental adaptability. 
These lineage-specific polyploidization events and their 
downstream genomic consequences may have been key 
drivers of phenotypic and metabolic divergence across 
Meliaceae species.

A. odorata stands out among Meliaceae for its high 
terpene content. Despite undergoing a lineage-specific 
WGT, several key genes involved in the MVA and MEP 
pathways, such as PKM and MDS, remained only 1–2 
copies, implying strong functional constraint and selec-
tive loss of redundant copies (Jiao et  al. 2011). Notably, 
contrary to the expected gene expansion after WGD/
WGT, the TPS gene family was contracted in A. odorata. 
Previous studies suggest that functionally redundant 
gene copies are often lost during diploidization, stream-
lining the genome and reducing the burden of deleterious 
mutations (Innan and Kondrashov 2010). This process 
may also favor the enhanced expression of retained, func-
tional alleles. While TPSs expanded in A. indica and T. 
ciliata, most exhibited low or negligible expression, 
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possible due to dosage-balance constraints. In contrast, 
A. odorata, despite having fewer genes, showed consist-
ently high expression levels of remained AodTPSs, sug-
gesting transcriptional upregulation as a compensatory 
mechanism. Functionally, AodTPS25, the most highly 
expressed AodTPSs in leaves, catalyzes the production 
of caryophyllene from FPP, aligning with the dominant 
volatile in A. odorata leaves essential oil. AodTPS21, a 
species-specific gene highly expressed in stems, synthe-
size α-selinene. Although α-selinene was not directly 
detected, its likely derivative, Selina-3,7(11)-diene, was 
detected, implying that AodTPS21 contributes indirectly 
to the characteristic odor profile. In addition, AodTPS24, 
a TPS-b subfamily member expressed in both leaves 
and stems, produces β-pinene. While its relatively low 
expression may explain sub-threshold product accumula-
tion, its enzymatic role provides further insight into the 
diversity of monoterpenes in A. odorata. Collectively, the 
high expression of key AodTPS genes despite overall fam-
ily contraction illustrates an adaptive strategy wherein 
gene dosage is balanced by enhanced transcription. This 
highlights a novel evolutionary trajectory in A. odorata 
following polyploidization, where functional optimiza-
tion rather than gene expansion supports specialized 
metabolite production.

Notably, AodTPS26 and its ortholog Indica_017010 in 
A. indica and Tci19G002100 in T. ciliata—are all capa-
ble of catalyzing α-farnesene biosynthesis, a precursor 
of farnesol. However, only AodTPS26 exhibits a uniquely 
high tissue-specific expression pattern, correlating with 
the exclusive accumulation of farnesol in A. odorata, and 
contributing to its unique secondary metabolite pro-
file. Promoter specificity plays a central role in regulat-
ing gene expression by modulating transcription factor 
binding (He et  al. 2023). The promoter of AodTPS26 in 
A. odorata is notable enriched with ERE motifs, which 
act as binding sites for ERF transcription factors, a key 
family involved in plant development and environmental 
response (Wu et  al. 2022). Genomic analysis revealed a 
substantial expansion of the ERF gene family in A. odo-
rata, potentially underpinning the high expression of 
AodTPS26. Among these, AodERF27 was experimentally 
confirmed to directly bind to the AodTPS26 promoter 
through Dual-luciferase assays and Yeast one-hybrid 
systems, providing strong evidence of its role in tran-
scriptional activation of α-farnesene biosynthesis in A. 
odorata. Based on these findings, we propose the fol-
lowing regulatory model: A lineage-specific WGT event 
in A. odorata led to the expansion of the ERF members. 
Certain ERF members (e.g., AodERF27) acquired novel 
regulatory roles, such as activating AodTPS26, thereby 
remodeling the transcriptional regulation of the terpene 
biosynthesis pathways in A. odorata.

In conclusion, by generating a high-quality genome 
assembly of A. odorata  and performing comparative 
genomic analyses with A. indica and T. ciliata, we identi-
fied a lineage-specific WGT and uncovered evidence of 
subgenome dominance in A. odorata. Notably, despite 
the contraction of the TPSs following WGT, transcrip-
tional upregulation of retained AodTPSs effectively 
compensated for copy number reduction, resulting in 
enhanced terpenoid diversity. These findings highlight a 
unique evolutionary strategy in A. odorata, whereby reg-
ulatory innovation offsets gene loss to maintain special-
ized metabolic functions.

Materials and methods
Volatile terpenoid analysis
Volatile terpenoids were extracted from the fresh leaves 
and stems of A. odorata, A. indica and T. ciliata through 
hydro-distillation as previously described (Wu et  al. 
2014). Briefly, 500 g leaves or stems were soaked in dis-
tilled water and boiled for 4 h in a round-bottom flask 
fitted with a condenser. N-hexane containing n-pentade-
cane as an internal standard was used for extracting the 
obtained distillate. After filtration, the samples were ana-
lyzed using an Agilent 7890a gas chromatograph/5975c 
mass selective detector with a DB-5ms column. A total 
of 1.0 μl was injected without splitting. Helium was used 
as the carrier gas at a 1.2 ml/min flow rate. The oven tem-
perature conditions were as follows: the initial tempera-
ture was 60 °C, which was increased to 135 °C at a rate of 
10°C/min, then to 160 °C at a rate of 2°C/min, and finally 
to 260 °C at a rate of 10°C/min, where it remained for 5 
min. The electron impact (EI) mode was used for the MS 
analysis. The ionizing energy was set to 70 eV, and full-
scan mass spectra were collected within the scan range of 
50 to 550 amu, followed by identification of compounds 
on the basis of NIST98 standard spectral libraries.

Plant materials and genome sequencing
The sequenced A. odorata individual was collected 
from Xishuangbanna Tropical Botanical Garden, Chi-
nese Academy of Sciences, Yunnan Province, China. 
Genomic DNA was extracted from young leaves of A. 
odorata using the QIAGEN Genomic Kit. DNA purity 
was assessed using a NanoDrop One UV-Vis spectro-
photometer (Thermo Fisher Scientific, USA). A PacBio 
Sequel II instrument was used for HiFi sequencing. For 
Illumina paired-end sequencing, DNA libraries with a 
350-bp insert size were constructed and then sequenced 
on the Illumina Hiseq Xte platform to produce short-
read sequencing data. Then, 20-kb Nanopore libraries 
were constructed and sequenced through single molecule 
DNA sequencing on a Nanopore PromethION sequencer 
instrument. The Hi-C libraries were constructed 
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from 150 paired-end reads with Dpnll cutter restric-
tion enzyme and subsequently sequenced on Illumina 
NovaSeq. Raw Illumina sequencing reads were filtered 
with the default parameters of Fastp v0.20.0 (Chen et al. 
2018) to obtain clean data for the genome assembly.

De novo assembly and assessment
The genome assembly involved assembling, polish-
ing and Hi-C scaffolding. First, the raw Nanopore reads 
were error-corrected in Canu v2.1.1 (Koren et  al. 2017) 
with corrected Error Rate set to 0.045 to get consistent 
sequences. The Nanopore-corrected data were assem-
bled into contigs with Nextdenovo v2.4.0 by using “-m 
10 g -t 8 -p 8 -a 1” (https://​github.​com/​Nexto​mics/​NextD​
enovo). Hifiasm v0.19.5 (Cheng et al. 2022) was used to 
assemble the primary genome using HiFi, Nanopore and 
Hi-C sequencing data. Then clean Illumina data were fur-
ther polished by alignment to the primary assembly for 
three rounds by using Nextpolish (Hu et  al. 2020) with 
the parameters “-max_depth 100 -bwa -min_read_len 
1k -max_depth 60 -x map-ont”. For Hi-C scaffolding, the 
clean Hi-C reads were mapped onto the contig assem-
bly by using Bwa-mem2 v2.2 (Li, 2013). Using 3D-DNA 
v201008 (Dudchenko et al. 2017) to cluster, reorder and 
orient contigs onto pseudochromosomes. Manual adjust-
ments were conducted with juicebox v1.11.08 (Durand 
et  al. 2016) to obtain the chromosome-level genome of 
A. odorata. The removal of redundancy by using purge_
dups v1.2.5 (Guan et  al. 2020). The gaps were filled by 
quartet (Lin et al. 2023) using the assembly generated by 
Nextdenovo. Completeness was evaluated using Bench-
marking Universal Single Copy Orthologs (BUSCO) 
(Simão et al. 2015)) with default parameters.

Transcriptome sequencing and analysis
After three biological replicates each of A. odorata, A. 
indica and T. ciliata leaves and stems and A. odorata 
flowers were collected, RNA was extracted from samples 
by using RNAiso Plus (Qiagen). Sequencing was con-
ducted on the Illumina HiSeq 2500 platform. The raw 
data were filtered using Fastp v0.20.0 (Chen et al. 2018) to 
obtain the clean data. The data were then mapped to the 
genome by using STAR v2.7.10a (Dobin et al. 2012), and 
the Transcripts Per Kilobase of exon model per Million 
mapped reads (TPM) values were calculated using RSEM 
v1.3.1 (Dewey and Bo 2011) with default parameters.

Genome annotation
Repeat element was identified using EDTA (Ou et  al. 
2019), and the identified TEs were classified using 
TEsorter (Zhang et  al. 2022) and DeepTE (Yan et  al. 

2020). TEs in the genome were then soft-masked using 
RepeatMasker (Price et  al. 2005). Based on the soft-
masked genome, genes were predicted by integrating 
homology-based, transcriptome-based and de novo pre-
diction approaches by BRAKER v2.1.6 (Bruna et al. 2021) 
pipeline. Briefly, protein sequences from a homologous 
protein library (OrthoDB v10 (Kriventseva et  al. 2019)) 
were aligned to the assembly by ProtHint v2.6.0. Tran-
scriptome data from the leaves, stems and flowers were 
mapped to the genome by using HISAT2 v2.2.1 (Kim 
et al. 2015). Based on homologous proteins and the tran-
scriptome, model training was conducted by AUGUS-
TUS v3.4.0 (Stanke et al. 2008) with default parameters. 
The de novo prediction was performed in GeneMark-
ESSuiteversion4.69_lic (Bruna et al. 2020). Gene models 
were integrated with TSEBRA v1.0.3 (Gabriel et al. 2021), 
and corrected and formatted annotation files were gener-
ated using MAKER v3.1.4 (Campbell et al. 2014) and EVi-
denceModeler, respectively.

Non-coding RNAs (ncRNAs) were annotated using 
Cmscan by searching against the Rfam database (v9.1) 
(Griffiths-Jones et  al. 2005). Gene functions were anno-
tated according to eggnog-mapper (Cantalapiedra et  al. 
2021) and proteins were aligned against the KEGG, GO, 
SwissProt and NR database with Diamond v2.0.11.149 
(Buchfink et al. 2021) (E-value <1e-10). Furthermore, the 
integrity of the genome assembly and annotation was 
assessed using BUSCO (Simão et al. 2015).

Genome evolution
Gene family clusters were identified using OrthoFinder 
v2.3.12 (Emms and Kelly 2015) on the basis of multiple 
sequence alignment among 10 plant species, including 
Acer pseudosieboldianum (Li et al. 2022), A. odorata, A. 
indica (Du et al. 2022), Carica papaya (Yue et al. 2022), 
Citrus sinensis (Wu et  al. 2023), Litchi chinensis (Hu 
et  al. 2022), T. ciliata (Wang et  al. 2022), T. sinensis (Ji 
et al. 2021), X. granatum (He et al. 2022) and Zanthoxy-
lum armatum (Wang et  al. 2021). Proteins encoded by 
single-copy gene families were extracted and aligned by 
Mafft v7.313 (Rozewicki et  al. 2019), and then concat-
enated to a super alignment matrix. A maximum likeli-
hood (ML) phylogenetic tree was constructed according 
to the GTRGAMMA model of RAxML with 200 boot-
strap replicates. MCMCtree in PAML v4.10 (Yang 2007) 
was employed to determine the divergence time for the 
10 species on the basis of correlated rates and the HKY85 
model. Additionally, multiple fossil times from the Time-
Tree database (Kumar et  al. 2017) were used as con-
straints for calibrating the time of the tree.

https://github.com/Nextomics/NextDenovo
https://github.com/Nextomics/NextDenovo
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Based on OrthoFinder results, gene family expansions 
and contractions were identified using CAFE5 (Mendes 
et al. 2020). By referring to the protein alignments results, 
WGDI (Sun et al. 2022) was used to identify homologous 
gene pairs and calculate the synonymous substitutions 
site (Ks) (“-kp”) and syntenic blocks (“-icl”). Furthermore, 
WGD and speciation events were inferred from the Ks 
peaks of paralogous and orthologous genes, respectively. 
The neutral substitution rate (r) was calculated using the 
divergence time (T) and Ks peaks of A. odorata vs. A. indica 
as follows: r =Ks/2T.

Construction of triplicated subgenomic blocks
Triplicated subgenomes were constructed using WGDI 
(Sun et  al. 2022) basing on the ancestral core eudicots 
karyotypes (ACEK) identified by Sun et al (https://​github.​
com/​SunPe​ngChu​an/​Angio​sperm-​karyo​type-​evolu​tion). 
As previously described (Ma et al. 2021), according to chro-
mosome complementarity and gene retention, the ACEKs 
were mapped to the A. odorata genome (“-km”) to divide 
it into different subgenomes. Then, syntenic genes were 
obtained by WGDI with the parameters “-pc -a”. Finally, a 
phylogenetic tree was constructed to examine the results 
(“-at”). In addition, based on the obtained syntenic genes, 
JCVI (Li  2013) (parameters: -minsize=3 -minspan=10) 
was used to analyze genome-wide interspecies collinearity 
among A. odorata, A. indica and T. ciliata.

Identification and evolutionary analysis of pseudogenes
Pseudogenes of A. odorata and four other Meliaceae spe-
cies were identified as previously described (Xie et al. 2019, 
Yin et  al. 2023). First, intergenic regions were generated 
by masking genic regions and repeat elements by using 
RepeatMasker (Price et  al. 2005). Second, the intergenic 
regions having sequences similar to known proteins were 
identified by Exonerate (Slater and Birney 2005) (https://​
github.​com/​natha​nweeks/​exone​rate). Third, pseudogenes 
were linked into contigs based on the distance between 
hits on the chromosome and the query protein, which was 
set to 50 bp. Fourth, realignment of contigs was conducted 
to accurately identify the sequence and positions of disa-
blements using tfasty (Pearson et al. 1997) (“-A -m 3 ‘q’”). 
Finally, Exonerate (Slater and Birney 2005) was reused to 
identify pseudogene-functional paralog pairs.

Genome duplication
Genome-wide duplications in Meliaceae species were 
identified to explore genome evolution. The varying 
modes of different duplicated gene pairs were identi-
fied using DupGen_finder (Qiao et al. 2019) with default 
parameters (https://​github.​com/​qiao-​xin/​DupGen_​finder), 
including WGD, transposed duplications (TRDs), tandem 

duplications (TDs), dispersed duplications (DSDs) and 
proximal duplications (PDs).

Analysis of genes involved in terpene biosynthesis
Terpene biosynthesis genes of Arabidopsis thaliana 
(Vranova et  al. 2013) were used as bait sequences, and 
local BLAST search against the Meliaceae genome 
(E-value < 10 −5) was conducted to identify genes 
involved in terpene synthesis. The results of phylogenetic 
analysis (https://​mafft.​cbrc.​jp/​align​ment/​server/​index.​
html) and protein BLAST (https://​blast.​ncbi.​nlm.​nih.​
gov/​Blast.​cgi) were combined to distinguish homologs on 
the basis of local blast reports.

To identify TPSs and the cytochrome P450 gene fam-
ily in the Meliaceae genome, a simple HMM Search 
with Pfam domains (TPS: PF01397 and PF03936, P450: 
PF00067) was conducted using TBtools (Chen et al. 2020) 
software. Target hits with E-values < 10−5 were identified 
as candidate genes.

The TPS phylogenetic tree was constructed using 
MEGA7 (Kumar et  al. 2016) with the maximum likeli-
hood method and 1000 bootstrap replicates. Visuali-
zation of collinear genes was performed by Find Gene 
Block Evolutionary Path By Gene Pairs within TBtools 
(Chen et  al. 2020) based on syntenic analysis results in 
WGDI (Sun et al. 2022) (“-icl”).

Determination of TPS enzyme activities
To characterize in  vitro TPS enzyme activity, codon-opti-
mized full-length TPS gene sequences were constructed 
into the pET28a vector with His tags. Constructs were trans-
formed into E. coli BL21 (DE3) with empty pET28a vector as 
a control. At OD600 of 0.6, recombinant proteins expression 
was induced with 0.8 mM IPTG at 16℃ overnight. Proteins 
were purified using the HyPur T Ni-NTA 6FF (His-Tag) Pre-
Packed Gravity Column Kit. Enzyme activity assays were 
conducted in a 420 μl buffer (50 mM Tris-HCl, 10 mM 
MgCl2, 100 mM KCl and 5% glycerol), 5 mM DTT, 10 ng 
purified proteins and 10 μg GPP, GGPP, or FPP. The reac-
tion solution was incubated for 2 h at 30 ℃, and analyzed by 
GC-MS.

Dual‑luciferase assays
The AodTPS26 promoter sequence (approximately 3000 
bp) were extracted and submitted to the website PlantCare 
(http://​bioin​forma​tics.​psb.​ugent.​be/​webto​ols/​plant​care/​
html/) to predict cis-acting elements, and the result was 
visualized using TBtools (Chen et al. 2020). The AodTPS26 
promoter fragments were cloned into the PRI101-LUC 
vector to construct the reporter, respectively. Additionally, 
AodERF27 cDNA were inserted into the PRI101-6FLAG 
vector to generate effectors, respectively. The recombinant 
vectors were transformed into the Agrobacterium strain 

https://github.com/SunPengChuan/Angiosperm-karyotype-evolution
https://github.com/SunPengChuan/Angiosperm-karyotype-evolution
https://github.com/nathanweeks/exonerate
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EHA105, respectively. Positive transformants were incu-
bated for two days in LB solid medium containing 50 μg/
ml kanamycin and 25 μg/ml rifampicin. The culture was 
centrifuged, resuspended and adjusted to OD600=0.6 
using MMA buffer (10 mM 2-(N-morpholino) ethanesul-
fonic acid (MES), 10 mM MgCl2, 100 μM acetosyringone, 
pH 5.6). The mixed Agrobacterium strains were infil-
trated into the tobacco leaves. Fluorescence was detected 
using an automatic luminescent image system.

Yeast one‑hybrid assay
The CDS of AodERF27 was cloned into the vector 
pGADT7, the promoter of AodTPS26 was iinserted to 
the vector pHIS2. The recombinant pAodTPS26-His2 
and AD-AodERF27 plasmids were co-transformed into 
the Y187 yeast strain using the Y187-pHis2 Yeast One-
Hybrid interaction proving kit (YH1011-10 T; Coolaber, 
Beijing, China).
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