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ABSTRACT

Dipterocarpoideae, the largest subfamily of the Dipterocarpaceae, is a dominant component of Southeast

Asian rainforests and iswidely used as a source ofwood, damar resin,medicine, and essential oil. However,

many Dipterocarpoideae species are currently on the IUCN Red List owing to severe degradation of their

habitats under global climate change and human disturbance. Genetic information regarding these taxa

has only recently been reported with the sequencing of four Dipterocarp genomes, providing clues to

the function and evolution of these species. Here, we report on 13 high-quality Dipterocarpoideae genome

assemblies, ranging in size from 302.6 to 494.8 Mb and representing the five most species-rich genera in

Dipterocarpoideae. Molecular dating analyses support the Western Gondwanaland origin of Dipterocarpa-

ceae. Based on evolutionary analysis, we propose a three-step chromosomeevolution scenario to describe

the karyotypic evolution from an ancestor with six chromosomes to present-day species with 11 and 7

chromosomes. We discovered an expansion of genes encoding cellulose synthase (CesA), which is essen-

tial for cellulose biosynthesis and secondary cell-wall formation. We functionally identified five bornyl

diphosphate synthase (BPPS) genes, which specifically catalyze the biosynthesis of borneol, a natural me-

dicinal compound extracted from damar resin and oils, thus providing a basis for large-scale production of

natural borneol in vitro.
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INTRODUCTION

Southeast Asia contains nearly 15% of the world’s tropical

rainforests, including 4 of 25 globally important biodiversity

hotspots (Sodhi et al., 2010). Dipterocarpaceae is an

ecologically important family that occupies a dominant position

in the tropical rainforests of Southeast Asia (Ashton, 1988).

Dipterocarpaceae plants are also economically valuable

owing to their unique fragrant oleoresins, high-quality timber,

and bioactive components for traditional Chinese medicine
Plant Commun
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(Rana et al., 2010; Dyrmose et al., 2017). However, many

Dipterocarpaceae species are currently listed on the IUCN Red

List (https://www.iucnredlist.org/) because of severe habitat

deterioration under global climate change and intense human

activities (Lewis, 2006; Bellard et al., 2014; O’Brien et al., 2014).
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As the largest subfamily within the Dipterocarpaceae,

Dipterocarpoideae contains 470–650 species within 13

genera (Appanah and Turnbull, 1998; Symington et al., 2004).

However, the evolutionary history of dipterocarps is a long-

disputed question. The main hypothesis suggests that Dipterocar-

poideae originated in Western Gondwanaland in the Cretaceous

period (�120 million years ago [mya]), predating the separation of

Africa and South America (Ghazoul, 2016), based on fossil

distribution in separated parts of Gondwanaland (Appanah and

Turnbull, 1998) and very low dipterocarp dispersal ability (i.e.,

limited seed dispersal, poor seed dormancy, and seed salt

intolerance) (Stone, 1983; Ashton and Gunatilleke, 1987). More

recent phylogenetic analysis using a limited number of gene

sequences and new fossil data supports the hypothesis that

Dipterocarpaceae originated in Western Gondwanaland,

although at a later date in the mid-Cretaceous (�102.9 mya)

(Bansal et al., 2022). However, two recent molecular dating

studies based on whole-genome sequences indicate that

Dipterocarpaceae diverged from its most recent common

ancestor with Malvaceae �83.5 (Wang et al., 2022) to 86–98 mya

(Ng et al., 2021), much later than the split of Gondwanaland.

Thus, it is necessary to re-estimate divergence times based on

additionalwhole-genomesequencesandnewlydiscovered fossils.

Although the Dipterocarpoideae genomes are small, they can vary

up to 2.64-fold, and the reason for this remains controversial

(Grover and Wendel, 2010; Ng et al., 2016). Furthermore,

although the basic chromosome numbers of the Dipterocarpeae

(Anisoptera, Cotylelobium, Dipterocarpus, Upuna, and Vatica)

and Shoreae (Dryobalanops, Hopea, Neobalanocarpus,

Parashorea, and Shorea) tribes have been ascertained (11 and 7,

respectively) (Ashton and Arboretum, 1979; Bawa, 1998) and all

Dipterocarpoideae species share a recent whole-genome duplica-

tion (WGD) event (Ng et al., 2021; Wang et al., 2022), the

chromosomal evolutionary history across Dipterocarpoideae

remains unclear. Thus, clarifying the genomic background is

important for exploring the genomic features of the

Dipterocarpaceae family.

Dipterocarpoideae timber is widely used because of its hard

and fine texture and strong moisture resistance (Rana et al.,

2009). Wood tissue is mainly composed of secondary cell

walls (SCWs) containing cellulose, lignin, and hemicellulose

(Meents et al., 2018). A recent study reported on the

expansion of several gene families associated with wood

formation (e.g., cellulose synthase, CesA; cellulose synthase-

like E, CSLE; laccase; and peroxidase) in two Dipterocarpa-

ceae genomes compared with Populus trichocarpa and Aqui-

laria sinensis, and these expansions may have contributed to

harder timber formation (Wang et al., 2022). However, the

evolutionary characteristics of other genes involved in SCW

synthesis in Dipterocarpoideae remain unknown. In addition,

the resins and essential oils of Dipterocarpoideae plants are

a natural source of borneol, also known as natural bingpian,

which has been used for disease prevention and treatment

in China for more than 2000 years (Li and Mu, 2004; Yang

et al., 2020; Kulkarni et al., 2021). However, traditional

extraction is costly in terms of labor and energy.

Furthermore, chemically synthesized borneol is inherently

impure and contains unexpected by-products, such as

levogyral borneol and optically inactive iso-borneol

(Zou et al., 2017). Considering the increasing demand for
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Dipterocarpaceae-derived borneol and timber, it is necessary

to explore the genomic characteristics of Dipterocarpaceae

to accelerate genome-assisted reproduction and clarify key

enzymes of borneol synthesis to reconstruct the synthesis

pathway through metabolic engineering.

Here, we de novo assembled 13 high-quality Dipterocarpoideae

species genomes from the fivemost species-rich genera. Compar-

ativegenomicanalysis revealed theevolutionofDipterocarpoideae

species and a three-step chromosomeevolution scenario.Wealso

identified genes involved in borneol biosynthesis. Thus, this study

provides a foundation for future research on the evolution, wood

formation, and phytochemistry of Dipterocarpaceae.
RESULTS AND DISCUSSION

Genome sequencing, assembly, and annotation

Wedenovo sequenced and assembled the genomesof 13 species

(fourDipterocarpus species, twoHopeaspecies, threeShoreaspe-

cies, three Vatica species, and one Parashorea species) in the Dip-

terocarpoideae subfamily using long-read sequencing with Oxford

Nanopore Technologies (ONT) and short-read sequencing with

MGISEQ-2000 (BGI). For each species, one ONT library and one

MGISEQ library were constructed, generating 24.6–66.8 Gb of

long-read data and 50.8–81.4 Gb of short-read data, respectively

(Supplemental Table 1). Thirteen scaffold-level genomes were ob-

tained, ranging in size from 302.6 to 494.8 Mb, close to the

estimates based on flow cytometry and K-mer analysis

(Supplemental Table 2), with scaffold N50 lengths of 2.9–41.8 Mb

and contig N50 lengths of 1.8–10.6 Mb (Table 1). Using high-

throughput chromosome conformation capture (Hi-C) technology,

98.3%–99.7%of thecontigswereanchored to7or11pseudochro-

mosomes in five representative species (Dipterocarpus gracilis,

Hopea mollissima, Parashorea chinensis, Shorea henryana, and

Vatica rassak) (Table 1 and Supplemental Figure 1), consistent

with previous karyotype studies (Ng et al., 2016). Genome

assembly completeness was evaluated by benchmarking

universal single-copy orthologs (BUSCOs) and the proportion of

properly aligned BGI paired-end reads. More than 96.8% of the

1614single-copyembryophytegeneswerecomplete in the13spe-

cies (Table 1 and Supplemental Table 3). The mapping ratios of

properly paired-end short-read data for the 13 genomes ranged

from 94.7% to 99.5%, with coverage ratios of 97.7%–99.7%

(Table 1 and Supplemental Table 4). Thus, we obtained 13 high-

quality genomes.

To annotate the genes in the genome, we used PacBio and RNA-

sequencing technologies to generate 20.2–31.3 Gb of full-length

cDNA data and 6.6–9.2 Gb of short-read data, which were then

assembled into transcripts. A pipeline combining transcriptome

data, de novo predictions, and homology-based predictions

was used to construct gene models for the Dipterocarpoideae

genomes. A total of 33 950–44 078 protein-coding genes were

annotated in these genomes, over 83.15% of which were func-

tionally classified and supported in public databases, including

InterPro, Gene Ontology (GO), Kyoto Encyclopedia of Genes

and Genomes (KEGG), SwissProt, and TrEMBL (Supplemental

Table 5). The protein-coding genes of the 13 species were similar

in average gene length (2618.11–2885.76 bp), average coding

sequence length (1090–1168 bp), average exon number per
Author(s).



Species
Assembly
size (Mb)

Scaffold
N50 (Mb)

Contig
N50 (Mb)

Mapping
ratio (%)

Coverage
(%)

Chromosome
number

Chromosome
loading
ratio (%)

BUSCO
ratio of
genome
(%)

Gene
number

Dipterocarpus
alatus

444.6 2.9 1.8 95.5 98 – – 98.5 42 423

Dipterocarpus

gracilis

385 22.1 2.1 96.4 98.7 11 99.5 98.2 38 375

Dipterocarpus

intricatus

357.6 18.2 6.6 96.3 98.8 – – 98.9 37 824

Dipterocarpus

zeylanicus

362.3 27 3.5 94.7 99 – – 97.9 37 356

Hopea

mollissima

361.6 29.3 2.8 96.2 98.6 7 99.7 98 35 939

Hopea

odorata

478.5 26.9 4.1 99.5 98 – – 97.1 44 078

Parashorea
chinensis

315.3 39.7 9.6 94.8 99.7 7 98.3 98.3 36 597

Shorea
leprosula

323.6 8.1 5.5 95.9 99.2 – – 98.4 34 469

Shorea

roxburghii

306.2 21.5 10.1 97.5 99 – – 98.8 34 473

Shorea

henryana

302.6 41.8 10.6 96.9 99.2 7 98.6 98.3 33 950

Vatica

xishuangbannaensis

456.5 12.5 4.1 96 98.2 – – 98.1 36 861

Vatica

odorata

494.8 10.8 3 96.9 97.7 – – 96.8 39 825

Vatica
rassak

476.2 7.5 2.1 97 97.8 11 97.1 97.7 39 603

Table 1. Statistics of 13 Dipterocarpoideae genome assemblies.
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gene (4.96–5.34), average exon length (214.81–232.21 bp), and

average intron length (357.00–447.29 bp) (Supplemental

Table 6), indicating that the gene structures of these species

were relatively conserved (Figure 1). BUSCO evaluation

also showed that at least 92.2% of the 1614 single-copy embryo-

phyte genes were completely annotated in the 13 genomes

(Supplemental Table 7).
Comparative genomic analysis

We compared the 13 Dipterocarpoideae genomes with five

other sequenced genomes of angiosperm species (Amborella

trichopoda, Arabidopsis thaliana, A. sinensis, Theobroma cacao,

and Oryza sativa). Based on gene family clustering analysis, we

identified 429 single-copy orthologous gene families among the

18 species and combined all alignments to produce a supera-

lignment matrix to construct a phylogenetic tree. The phyloge-

netic tree showed that all 13 Dipterocarpoideae species were

clustered into one monophyletic group, but three Shorea spe-

cies (S. henryana, S. roxburghii, and S. leprosula) were sepa-

rated into two branches with 100% support, with S. leprosula

and P. chinensis clustered on one of the two branches

(Figure 2A). This finding is consistent with previous studies

using other molecular markers (Cao et al., 2006; Heckenhauer

et al., 2017). However, classical taxonomy treats all Shorea
Plant Commun
species as a monophyletic group based on floral traits (e.g.,

number of stamens, anther structure). This conflict between

molecular phylogenetic analysis and classical taxonomy may

be due to certain morphological characters (e.g., stamens and

anthers) evolving in parallel in Shoreae (Heckenhauer et al.,

2018), suggesting that the Shorea classification may need to

be revised.

We usedMCMCTree to estimate the divergence times of the Dip-

terocarpoideae lineages based on Dipterocarpaceae fossils and

secondary calibrations (Vega et al., 2006; Bell et al., 2010; Bansal

et al., 2022). According to MCMCTree analysis (Figure 2A),

the Dipterocarpoideae lineages diverged from T. cacao �147.3

mya (95% confidence interval: 125.8–159.4 mya), much earlier

than the dates reported by Ng et al. (Ng et al., 2021)

(86–98 mya) and Wang et al. (Wang et al., 2022) (�83.5 mya).

Our findings also suggested that the divergence event between

Dipterocarpaceae and T. cacao occurred before the Atlantic

separation of South America and Africa, resolving previous

conflicting estimates of the split of dipterocarps from their

closest relative in the Malvaceae (T. cacao ) and the separation

time of South America and Africa. The earliest divergence

within the Dipterocarpoideae lineage arose �105 mya

(84.7–123.7 mya), relatively consistent with the recent study of

Bansal (�94.6 mya) (Bansal et al., 2022), and suggesting the
ications 3, 100464, November 14 2022 ª 2022 The Author(s). 3
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Figure 1. Characteristics of five chromosome-level genomes (D. gracilis, H. mollissima, P. chinensis, S. henryana, and V. rassak).
(a) Chromosomes, (b) GC density, (c) gene density, (d) transposable element (TE) coverage, (e) Copia coverage, (f) Gypsy coverage, and (g) links between

two adjacent genomes connecting syntenic gene blocks, as detected using MCScanX.
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evolution of Dipterocarpoideae during the mid-Cretaceous, and

supporting the hypothesis of the Western Gondwanaland origin

of Dipterocarpaceae. In the future, additional genomic data

from the subfamily Monotoideae in the Africa n continent will

help to clarify the evolutionary history of dipterocarps.

Significant gene family expansion or contraction is associated

with adaptive divergence in related species (Dassanayake

et al., 2011). To explore their adaptive divergence, we

compared Dipterocarpoideae species with five other

angiosperm species and identified 1237 expanded gene

families and 1441 contracted gene families in the common
4 Plant Communications 3, 100464, November 14 2022 ª 2022 The
ancestor of Dipterocarpoideae species (Supplemental Figure 2).

Based on GO analysis, the expanded gene families were

enriched in cellulose biosynthesis, plant hormones, and

immune response (Supplemental Table 8 and see Figure 4E).

Transposable elements (TEs), which are common features in eu-

karyotic genomes, can critically affect genome evolution and

gene regulation (Chénais et al., 2012; Kim et al., 2017). The

mobility of TEs can induce deleterious mutations, gene

disruptions, and chromosomal rearrangements (Klein and

O’Neill, 2018). To examine differences in TEs among the 13

genomes, we combined de novo and homology-based
Author(s).



B C

A

Figure 2. Comparative genomic analysis.
(A) Phylogenetic tree of 18 species, including divergence times, based on 429 single-copy genes. Ovals indicate polyploidization events during

angiosperm history. All nodes were supported with bootstrap values of 100.

(B) Genome size, TE size, and different TE contents in 13 species.

(C) Correlation between genome size and TE content.
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approaches and identified 38.81%–63.68% of TEs from the 13

assembled genomes. Among the annotated TEs, long terminal

repeats (LTRs) were the most abundant, accounting for 21.6%–

48.1% of total TEs (Figure 2B and Supplemental Tables 9 and
Plant Commun
10). TEs can affect genome size by affecting genome

expansion (Novák et al., 2020). We therefore explored the

potential correlation between genome size and TE content

in the 13 Dipterocarpoideae species. Results showed a
ications 3, 100464, November 14 2022 ª 2022 The Author(s). 5
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correlation coefficient of 0.98 (p < 2.2 3 10�16), indicating that

TEs were the main cause of genome size variation (Figures 2B

and 2C). Furthermore, the high LTR content (>45%) in Vatica

may be responsible for its larger genome size compared with

species in other genera (Figure 2B and Supplemental Tables 9

and 10). To further examine genome size variation in

Dipterocarpoideae, we estimated historical TE expansion

activity via Kimura distance analysis (Chalopin et al., 2015).

Results showed that all species in each genus shared a typical

genus-specific dynamic history of TEs, but different genera had

remarkably different TE histories, as reflected in the different ra-

tios of recent TEs among the five genera (Supplemental

Figure 3). Interestingly, we found that almost every pair of LTRs

in the full-length LTR retrotransposons diverged by less than

0.1 across the 13 species, indicating recent LTR insertion

(Supplemental Figure 4).
Whole-genome duplication and three-step
chromosome evolution

Polyploidization or WGD events have widely shaped the genomic

evolution of angiosperms (Jiao et al., 2011; Wendel et al., 2016).

To investigate WGD events during Dipterocarpoideae evolution,

we determined the distribution of synonymous substitutions per

synonymous site (Ks) using syntenic paralogs within each

genome. Results showed that two polyploidization events

occurred in all Dipterocarpoideae species (Figure 3A and

Supplemental Figure 5). To confirm the polyploidization events in

the Dipterocarpoideae species, we conducted an intra-/

intergenomic search for syntenic blocks across five species

(H. mollissima, S. henryana, P. chinensis, D. gracilis, and

V. rassak) with chromosome-level assemblies. The widespread

occurrence of 6:6 syntenic blocks within and between Dipterocar-

poideae species also suggested that two polyploidization events

(one triplication and one duplication) occurred in these species

(Supplemental Figure 6). Combining the syntenic relationships

and Ks distributions, we found that two of the six syntenic blocks

were located at the lower Ks peak and four were located at the

higher Ks peak, indicating that the recent polyploidization event

was a WGD, as reported in recent studies (Ng et al., 2021; Wang

et al., 2022), whereas the other polyploidization event was a

whole-genome triplication. Thus, together with the above phylog-

eny, these results showed that the Dipterocarpoideae species

shared a whole-genome triplication (g) event, as reported for the

common ancestor of core eudicots (Jaillon et al., 2007; Tang

et al., 2008a; Jiao et al., 2012), and a WGD event that occurred

after the divergence from T. cacao but before the earliest

divergence time within Dipterocarpoideae species, consistent

with previous research (Ng et al., 2021; Tang et al., 2022).

Angiosperm genomes have been shaped bymany rounds of pale-

opolyploidizationandvariousgenomicchanges, includingchromo-

some fusion, fission, and loss (Jaillon et al., 2007). In addition to the

commonWGD (a) event found in all 13 Dipterocarpoideae species

prior to their divergence, Dipterocarpeae also showed different

chromosomal rearrangement histories after the WGD, first giving

rise to the tribe Dipterocarpeae (D. gracilis and V. rassak), with 11

chromosomes, and then to the tribe Shoreae (S. henryana,

H. mollissima, and P. chinensis), with 7 chromosomes. To

reconstruct the ancestral pre-WGD chromosomes of Dipterocar-

poideae species, we carried out intra-/intergenomic alignment of
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the five chromosome-level genomes. The intragenomic syntenic

relationships showed that the species with 11 chromosomes

(D. gracilis and V. rassak) had more intact chromosome-to-

chromosome collinearity relationships (chr1 vs. chr9, chr2 vs.

chr4, chr3 vs. chr8, chr10 vs. chr11, chr5 + chr6 vs. chr7), whereas

the collinearity relationships in species with seven chromosomes

(H. mollissima, S. henryana, and P. chinensis) were mostly frag-

mented among the chromosomes, except for one intact chromo-

some pair (chr3 vs. chr4) (Supplemental Figure 7). These results

indicated that species with 11 chromosomes retained more intact

ancestral homologous chromosome pairs generated by the WGD

(a) event and experienced less chromosomal rearrangement than

species with 7 chromosomes. In addition, most of the syntenic

blocks of chr5 and chr6 in the Dipterocarpeae tribe could be

mapped to different chromosomes in the genome of the

outgroup species T. cacao (Figure 3B), suggesting that chr5 and

chr6 were two independent chromosomes in the ancestral

genome of Dipterocarpoideae before the WGD (a) and that chr7

fused with the other copies of chr5 and chr6 after the WGD (a).

Thus, the ancestor of Dipterocarpoideae species probably had 6

protochromosomes (named AS1–6) before the WGD event and

12 protochromosomes after the WGD event (Figure 3D).

Basedon thephylogenetic relationships amongDipterocarpoideae

species, we found that species of the Shoreae tribe originated from

the Dipterocarpeae tribe (Figure 2A). To characterize the

evolutionary scenario under which species changed from 11 to 7

chromosomes, we performed intergenomic syntenic analysis and

determined the Ks distribution of syntenic homologs between

D. gracilis and P. chinensis, representing Dipterocarpeae and

Shoreae, respectively. As the WGD event occurred earlier than

the D. gracilis–P. chinensis divergence, the syntenic blocks

with lower and higher Ks values were orthologous and

paralogous, respectively (Supplemental Figure 8). The

orthologous relationships indicated that the chromosomes of

P. chinensis originated from D. gracilis via 16 chromosome

fissions and 20 chromosome fusions, with 14 of the 16 fission

sites also supported by V. rassak and 18 of the 20 fusion sites

also supported by S. henryana and H. mollissima. Only two

additional fission sites and two additional fusion sites were

supported by one species (Figure 3C), possibly owing to species-

specific chromosomal rearrangement events or genome assembly

errors.

Thus, we propose that the ancestral Dipterocarpoideae genome

underwent a three-step evolutionary process of chromosome

structural variation. First, the number of chromosomes in Diptero-

carpoideae ancestors evolved from 6 to 12 through a WGD event;

second, the 12-chromosome ancestors evolved into 11-

chromosome species through two fission and three fusion events

between chr5 and chr6 (Figures 3B and 3D); and third, the 11-

chromosomespeciesevolved into7-chromosomespecies through

at least 16 fissions and 20 fusions (Figures 3C and 3D). This three-

step chromosome evolutionary history in Dipterocarpoideae may

have contributed to its speciation and diversification.
Gene family analysis related to SCW formation

Dipterocarpoideae timber is widely used because of its hardness,

high strength, and strong moisture resistance (Appanah and

Turnbull, 1998). Wood tissue in trees consists mainly of SCWs,
Author(s).



1110

Dipterocarpoideae ancestor N=6

AS1 AS3 AS4 AS5AS2 AS6

Step1: WGD

Step2: 2Fi  3Fu

H. mollissima

S.henryana

P.chinensis

D.gracilis

V.rassak
1 2 3

4

5 6 7 8 9

2.5

Ks 

N
um

be
r o

f  
sy

nt
en

ic
 b

lo
ck

s 
ke

rn
el

 d
en

si
ty

15

10

5

0

0.0 0.5 1.0 1.5 2.0

H. mollissima_H. mollissima

P. chinensis_P. chinensis
V. rassak_V. rassak
D. gracilis_D. gracilis 

T. cacao_P. chinensis

S. henryana_S. henryana

0.35-0.38

0.82 1.61-1.66

V. rassakD. gracilisP. chinensisH. mollissima S. henryana

1 7 1 7 1 7 1 11 1 11

Dipterocarpeae
Shoreae

Step3: 16Fi  20Fu

CA

B

DV. rassak D.gracilis

Chr1 Chr10Chr9Chr8Chr7Chr6Chr5Chr4Chr3Chr2
T.cacao

11101 2 3 4 5 6 7 8 9

1 2 3 5 6 7

4

41 2 3 5 6 7

41 2 3 5 6 7

5 6

7

56

7

Figure 3. Whole-genome duplication and chromosome evolutionary history in Dipterocarpoideae species.
(A) Synonymous substitution rate distributions of syntenic block pairs in five Dipterocarpoideae species and between P. chinensis and T. cacao.

(B) Collinearity analysis between Dipterocarpeae tribe (chr5, chr6, chr7) and T. cacao; black and yellow arrows represent positions of fission and fusion,

respectively.

(C) Collinearity analysis of five chromosome-level genomes. Black and yellow arrows represent positions of fission and fusion, respectively; dotted and

solid arrows indicate positions supported by multiple and single species, respectively.

(D) Three-step chromosome evolution scenario of Dipterocarpoideae species from six ancestral chromosomal Dipterocarpoideae karyotypes.
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which reinforce tracheary elements and strengthen fibers to permit

upright growth and the formation of forest canopies. SCWs are

mainly composed of cellulose, lignin, and hemicellulose (Meents

et al., 2018). To explore the genetic basis of SCWs in

Dipterocarpoideae species, we identified gene families related to

cellulose and lignin biosynthesis (Supplemental Tables 11 and 12,

Supplemental Figures 9 and 10, and Figure 4A). Cellulose, which

accounts for 40%–45% of the wood cell wall, plays a key role in

the biomechanical properties of cells and is important for the

growth and formation of wood (Higuchi, 2006; Mellerowicz and

Sundberg, 2008; Popper et al., 2011). The total number of CesA

and CSL genes in the 13 Dipterocarpoideae genomes ranged

from 33 to 54, fewer than previously reported in

Dipterocarpoideae genomes (64/60) (Wang et al., 2022). This

discrepancy may be related to our stricter filtering of genes that

lacked four conserved motifs (i.e., QxxRW, DD, DCD, and TED),

as per previous studies (Morgan et al., 2013; Zou et al., 2017).

Among the cellulose-related gene families, the CSL gene family

and all subfamilies in theDipterocarpoideae genomes did not differ

significantly incopynumbercomparedwith theclosely relatedspe-

cies T. cacao and A. sinensis (Supplemental Table 11 and

Supplemental Figure 9), inconsistent with a previous study that

reported CSLE subfamily expansion in D. turbinatus and

H. hainanensis compared with A. sinensis (Wang et al., 2022).

However, we identified 13–16 expanded CesA genes in

Dipterocarpoideae compared with A. thaliana (10 CesA genes),

T. cacao (11 CesA genes), and A. sinensis (six CesA genes)

(Figure 4A and Supplemental Table 11). An increase in CesA

gene copies may enhance the biosynthesis of cellulose and

promote the formation of hardwood (Popper et al., 2011; Polko

and Kieber, 2019). Phylogenetic analysis of CesA genes from

the Dipterocarpoideae species showed that these genes could

be divided into eight subfamilies, similar to T. cacao, with two

new groups (groups 1 and 2) not present in A. thaliana and

A. sinensis (Figure 4A and Supplemental Table 11). By counting

the numbers of CesA genes in syntenic blocks from the WGD,

we found that the Dipterocarpoideae species retained a higher

ratio of CesA family genes derived from the WGD than did A.

thaliana, T. cacao, and A. sinensis, indicating that the WGD event

played a more important role in the expansion of this gene

family in Dipterocarpoideae than in the two outgroup species

(Supplemental Table 11).

As plant hormones play important roles in the regulatory cascades

that guide SCW formation and patterning (Didi et al., 2015), we

explored genes related to plant hormones. Results showed that

genes encoding cytokinin oxidase/dehydrogenase (CKX) were

expanded in 12 Dipterocarpoideae species (more than nine CKX

genes) (Figure 4B and Supplemental Table 13) compared with

T. cacao (seven CKX genes) and A. thaliana (seven CKX genes).

Similar to the pattern found for the CesA family, most CKX groups

retained two paralogs from the WGD (a), showing that the WGD

event also played a major role in the expansion of the CKX gene

family. We also identified several rapidly evolving genes (REGs)

(i.e., IAA, SAUR, BRI1, BAK1, BZR1/2, DELLA, and TF) and one

positively selected gene (PSG) (i.e., AHP) (Figure 4C and

Supplemental Tables 14 and 15) involved in plant hormone

signaling pathways in the Dipterocarpoideae species. The AHP

gene showed Dipterocarpoideae-specific mutations in the

histidine-containing phototransfer domain (Figure 4D), which may

control the SCW transcriptional cascade. Based on GO
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enrichment analysis of the expanded gene families in the

Dipterocarpoideae species, we also found several enriched GO

terms related to osmotic regulation, including transmembrane

transporter activity (GO: 0022857), potassium ion transmembrane

transport (GO: 0071805), and anion transport (GO: 0006820),

which may be related to their adaptation to the high-rain environ-

ments of tropical rainforests. Therefore, we hypothesize that both

expanded gene families (CesA and CKX) and genes under natural

selection jointly contribute to SCW formation in Dipterocarpoideae

species (Kato et al., 2015).
Functional identification of bornyl diphosphate
synthase in Dipterocarpus species

Many Dipterocarpus species can produce essential oils (Ashton

and Arboretum, 1979) that possess significant antiseptic,

antibacterial, antiviral, antioxidant, antiparasitic, antifungal, and

insecticidal activities (Burt, 2004; Kaloustian et al., 2008).

Essential oils contain a variety of volatile molecules such as

terpenes and terpenoids (Bakkali et al., 2008). Terpene

synthases (TPSs) are important enzymes in the formation of the

basic carbon skeleton of terpenes (Chen et al., 2011). Here, we

obtained 99 TPS genes from four Dipterocarpus species (28 in

D. alatus, 22 in D. gracilis, 24 in D. intricatus, and 25 in

D. zeylanicus) based on a BLAST search (identity >30,

p < 1 3 10�5) and an hmmsearch using HMMER (Supplemental

Figure 11). Phylogenetic analysis of the TPS gene family and

known TPS genes of A. thaliana showed that the TPS gene

family in the four Dipterocarpus genomes could be divided into

five subfamilies: TPS-a, TPS-b, TPS-c, TPS-e/f, and TPS-g

(Supplemental Figure 11). Compared with A. thaliana and two

reported Dipterocarpoideae genomes, there were no significant

differences in the number of whole TPS gene families in the

four species (Wang et al., 2022). Among the five subfamilies,

TPS-e/f was expanded in the Dipterocarpoideae genomes (seven

to nine genes) (Supplemental Figure 11) compared with

A. thaliana (two genes) and T. cacao (four genes). The increase

in copy number of TPS-e/f genes may have increased terpene

production in the Dipterocarpoideae species (Falara et al., 2011).

Borneol, a bicyclic monoterpene found in several species of Dip-

terocarpaceae, has been widely used for anxiety, pain, and anes-

thesia in Chinese medicine for more than 2000 years (Appanah

and Turnbull, 1998; Zhang et al., 2017; Kulkarni et al., 2021).

Bornyl diphosphate synthase (BPPS), a key enzyme for borneol

biosynthesis, is found in Lamiaceae and Lauraceae plants. This

enzyme is involved not only in borneol biosynthesis but also in

the production of multiple compounds (Whittington et al., 2002;

Hurd et al., 2017; Wang et al., 2018; Lei et al., 2021). To identify

BPPS genes in Dipterocarpaceae, we filtered the functional

motif sequences and obtained 14 candidate genes that

contained the three motifs conserved in BPPS proteins (i.e.,

RRX8W, DDXXD, and NSE/DTE) (Whittington et al., 2002; Hurd

et al., 2017) (Figure 5B).

Borneol synthesis is a process of complex carbon rearrangement

that produces a variety of intermediate products (Figure 5A)

(O’Brien et al., 2018). To verify their functions, we expressed the

14 candidate proteins in Escherichia coli and performed

enzymatic characterization in vitro using geranyl diphosphate

(GPP) as a substrate. Unlike other monoterpene synthases, BPPS
Author(s).
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Figure 4. Overview of gene families and genes associated with SCW formation.

(A and B) Maximum-likelihood phylogenetic trees of the CesA (A) and the CKX (B) gene families (CesA and CKX gene families were
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(legend continued on next page)
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catalyzes the conversion of GPP to borneol diphosphate, resulting

in the need for additional alkaline phosphatase to obtain borneol.

All the mass spectra of mixed standards and samples were

analyzed by gas chromatography-mass spectrometry (GC-MS)

(Supplemental Figure 12). The characteristic fragment masses of

monoterpenes such as borneol are well known (93.0699,

95.0855). Hence, we analyzed the extracted ions of samples and

mixed standards that contained six monoterpenes (Figure 5C).

Five of the 14 candidate proteins (DiTPS3, DiTPS2, DzTPS3,

DaTPS3, and DgTPS1) were able to catalyze borneol synthesis

(Figure 5C and Supplemental Figure 13). Unlike previously

reported BPPS proteins that produce borneol with low

specificity (Hurd et al., 2017; Wang et al., 2018), the five

BPPS proteins of Dipterocarpus produced borneol with very

high specificity and almost no other intermediate products

(Figure 5C). The specific activities of these five BPPS enzymes

can contribute to our understanding of monoterpene

diversification in Dipterocarpus plants and lay a foundation

for further pathway reconstruction and metabolic engineering

to produce monoterpenoids, especially borneol. To date,

the absence of Dipterocarpoideae species genomes has

hindered research on their evolutionary history, conservation,

and utilization (Cao, 2004; Ng et al., 2016). Here, based

on 13 genomes, we systematically elucidated the evolutionary

history of Dipterocarpoideae and the mechanism underlying

SCW formation. We also identified five functionally specific

BPPS proteins. Our research provides an important

genetic resource for the conservation and utilization of

Dipterocarpoideae species.
METHODS

Plant material, library construction, and sequencing

The 13 Dipterocarpoideae species (Table 1) used in this study

were collected from the Xishuangbanna Tropical Botanical

Garden, Chinese Academy of Sciences, Yunnan, China.

Fresh leaves were harvested and immediately frozen with

liquid nitrogen to preserve genomic DNA for isolation. For

long-read sequencing, an ONT library was constructed using

large (>20 kb) DNA fragments with a Ligation Sequencing Kit

(SQK-LSK109; ONT, Oxford, UK) and then sequenced using

the ONT PromethION platform. For short-read sequencing,

paired-end libraries with an insertion size of 350 bp were con-

structed according to the manufacturer’s protocols and

sequenced using the MGISEQ-2000 sequencing platform.

For Hi-C sequencing, libraries were created from fresh leaves

of five species by BioMarker Technologies (Beijing, China) ac-

cording to published methods (Xie et al., 2015) and sequenced

using the Illumina platform for 150-bp paired-end reads. For

RNA sequencing, PacBio Iso-Seq (PB) and RNA libraries

were constructed following the manufacturer’s recommenda-

tions and sequenced using the PacBio RS II and Illumina plat-

forms, respectively.
(C) Plant hormone metabolic pathways in Dipterocarpoideae species.

(D) Dipterocarpoideae-specific mutations located in the histidine-containing p

(E)Gene Ontology (GO) terms enriched in expanded gene families from five Dip

each genus.
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Detailed sequencing information on the 13 species is provided in

Supplemental Table 1. All genomic sequenceswere generated by

BioMarker Technologies (Beijing, China).

Genome size estimation

To estimate the genome sizes of the 13 species, we counted

the 17-mer frequency from the MGISEQ-2000 150-bp paired-

end reads using GCE v1.0.2 software (Liu et al., 2013) (https://

github.com/fanagislab/GCE/tree/master/gce-1.0.2). Genome

size was then calculated according to the following formula:

genome size = K-mer coverage/mean K-mer depth. To validate

the genome size estimates, we performed flow cytometry

analysis compared with Solanum lycopersicum to estimate

nuclear DNA content (Supplemental Table 2).

Genome assembly and assessment

NextDenovo v.2.1 (https://github.com/Nextomics/NextDenovo)

was used for self-correction of long reads sequenced using the

ONT platform and assembled based on reads longer than 15

kb. The assembled genomes were polished for two rounds with

NextPolish v.1.01 (https://github.com/Nextomics/NextPolish/

issues/new) using the ONT long reads and BGI short reads. The

Purge Haplotigs pipeline (Roach et al., 2018) was then used to

remove heterozygous regions of the genome based on ONT

reads. We used the 3D-DNA pipeline to organize scaffolds into

pseudochromosomes of the five species (Dudchenko et al.,

2017) based on Hi-C reads. After the first round of 3D-DNA, we

used the Juicebox Assembly Tools v.1.9.9 to improve the assem-

bled genome by manual adjustment (Durand et al., 2016),

including changing the order, correcting mis-joins and orienta-

tions of draft scaffolds with translocation and inversion errors,

and adjusting chromosome boundaries.

To evaluate the quality of the 13 assembled genomes, genome

completeness was assessed using the embryophyta_odb10 da-

taset of BUSCO (v.4.0.5) (Seppey et al., 2019) with 1614 single-

copy genes. In addition, BWA (v.0.7.17) (https://github.com/lh3/

bwa) was used to map BGI reads to the assembled genomes,

and iTools (v.0.24) was then used to calculate the mapping rate

and genome coverage ratio (https://github.com/BGI-shenzhen/

Reseqtools).

Repeat annotation

Repetitive sequences and TEs in the genomewere identified using

complementary homology- anddenovo-basedmethods.Weused

RepeatMasker (v.4.1.0) (Chen, 2004) to search for known repetitive

elements using a crossmatch program with a Repbase-derived

RepeatMasker library. We constructed an LTR library using

RepeatModeler (v.1.0.5), RepeatScout (Price et al., 2005), PILER,

and LTR_FINDER (Xu and Wang, 2007) with default parameters.

The consensus TE sequences from the repetitive element library

were imported into RepeatMasker to annotate tandem repeats

within the genomes. Full-length LTR retrotransposons were identi-

fied in the 13 genomes using LTR_FINDER and LTRharvest

(Ellinghaus et al., 2008) with default parameters.
hototransfer (Hpt) domain of the AHP gene in Dipterocarpoideae species.

terocarpoideae lineages. Each lineage was represented by one species in
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Protein-coding gene prediction and functional
annotation

Protein-coding genes of the 13 assembled genomes were pre-

dicted using a combination of homology-, de novo-, and

transcriptome-based predictions from the repeat-masked

genome. Protein sequences from six species (A. sinensis,

A. thaliana, T. cacao, Corchorus olitorius, Durio zibethinus, and

Gossypium tomentosum) were downloaded from Phytozome

(v.11.0) (Goodstein et al., 2012) and aligned to the assembled

genomes using TBLASTn (Altschul et al., 1990) with a filter

parameter (E < 1 3 10�5). We used Solar software (Yu et al.,

2006) to predict the gene structures of the corresponding

genomic regions for each BLAST hit with GeneWise (Birney

et al., 2004). For de novo prediction, two gene prediction

programs, Augustus (Stanke et al., 2006) and GlimmerHMM

(Majoros et al., 2004), were used to predict coding regions in

the repeat-masked genome, with parameters trained from

closely related species. We assembled the RNA-sequencing
Plant Commun
reads and full-length transcription PacBio reads into transcripts

using Trinity (Haas et al., 2013) and the Iso-Seq3 pipeline, respec-

tively. We then mapped the transcripts to the assembled ge-

nomes using Blat (Kent, 2002). Finally, we integrated all

predictions using EVidenceModeler (EVM v.1.1.1) (Stanke et al.,

2008) to generate consensus gene sets. We also used BUSCO

to evaluate gene annotation completeness.

For functional annotation, the predicted protein-coding genes

were searched against the SwissProt, TrEMBL (Bairoch and

Apweiler, 2000), KEGG (Kanehisa and Goto, 2000), and InterPro

(Quevillon et al., 2005) databases.

Polyploidization analysis and genome structural
comparisons

Ancient WGD or polyploidy is highly prevalent in plants (Jiao et al.,

2011; Soltis and Soltis, 2016; Wendel et al., 2016). We performed

intra- and intergenomic comparisons between T. cacao and
ications 3, 100464, November 14 2022 ª 2022 The Author(s). 11
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the 13 Dipterocarpoideae species using the WGDI pipeline (Sun

et al., 2021). We first identified syntenic blocks of homologous

genes within and between all the genomes. We then calculated

synonymous substitutions per synonymous site (Ks) between

homologous genes within syntenic blocks using the Nei–Gojobori

algorithm (Nei and Gojobori, 1986). We used the medium Ks

value to represent each syntenic block. Multipeak fitting of the

curve was performed using the Gaussian approximation function

(cftool), and the coefficient of determination (R2) was set toR0.90.

To track chromosomal evolutionary history amongDipterocarpoi-

deae species, we identified intra-/interspecific syntenic blocks

using MCscan (Python version) with default parameters and at

least 10 genes required to define a syntenic block (https://

github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version). Ks

values were calculated with the KaKs_Calculator (Zhang et al.,

2006) for each gene pair in the aligned blocks. For genome

structure comparisons, we performed intragenome collinearity

analysis of the five chromosome-level genomes of the

Dipterocarpaceae species and intergenome collinearity analysis

of the closely related outgroup species T. cacao using

MCScanX (Wang et al., 2012). The syntenic blocks were

identified based on all-versus-all BLAST alignment in the JCVI

package (Tang et al., 2008b) with the parameter ‘‘—minspan =

30’’. We then extracted chromosome arrangements and

calculated the numbers of fissions and fusions based on

visualizations and phylogeny as follows: chromosomal

rearrangement events were identified in the key chromosomes

chr5, chr6, and chr7 of the Dipterocarpeae tribe using the

T. cacao outgroup as the ancestral species, and chromosomal

rearrangement events were identified during the evolution of 11-

chromosome species into 7-chromosome species using

D. gracilis as the ancestral species.
Phylogenetic analysis

Weanalyzedprotein-codinggenes from18species:A. trichopoda,

A. thaliana, A. sinensis, T. cacao, O. sativa, and our assembled 13

genomes. We performed an all-against-all comparison using

BLASTP (Altschul and Gish, 1996) with a filter parameter (E <

1 3 10�5). The OrthoMCL (Li et al., 2003) method was used to

cluster the BLASTP results into paralogous and orthologous clus-

ters. These analyses resulted in 47 976 gene families containing

656 565 genes from the 18 species. We identified 429 shared

single-copy gene families among the 18 species and constructed

a phylogenetic tree. First, proteins of the single-copy gene families

were aligned using MUSCLE (Edgar, 2004), and a phylogenetic

tree was constructed using MrBayes (v.3.1.2) (Huelsenbeck and

Ronquist, 2001). Divergence times were estimated using

MCMCTree in PAML (v.3.15; options: correlated molecular

clock, JC69 model) (http://abacus.gene.ucl.ac.uk/software/

paml.html). After a burn-in of 10 000 iterations, theMCMCprocess

was performed 100 000 times with a sample frequency of 100. As

fossils play an important role in divergence time estimation, we

used first fossil appearances to constrain the minimum age of a

clade. A recent study identified eight fossil pollen types belonging

to six living genera of Dipterocarpoideae from Sudan and India,

with some fossils being the oldest found in their genus (Bansal

et al., 2022). We used three fossils from Mahi to constrain our

estimation procedure, i.e., minimum ages of 54 mya for Shorea,

54 mya for Vatica, and 68.5 mya for Dipterocarpus (Bansal et al.,
12 Plant Communications 3, 100464, November 14 2022 ª 2022 The
2022). We also used the following age constraints in our

estimation process: age of crown-group Angiospermae of

167–199 mya based on fossil records and molecular data (Bell

et al., 2010) and minimum age of 113 mya for Malvales (Vega

et al., 2006).

Gene family expansion and contraction

To investigate gene family evolution during early diversification,

we selected five Dipterocarpoideae species (H. mollissima,

S. henryana, P. chinensis, D. gracilis, and V. rassak, representing

Hopea, Shorea, Parashorea, Dipterocarpus, and Vatica genera,

respectively) and five closely related species (T. cacao,

A. sinensis, A. thaliana, O. sativa, and A. trichopoda) to identify or-

thologous gene families. We then measured the expansion and

contraction of orthologous gene families using CAFÉ v.4.2

(https://github.com/hahnlab/CAFE) (De Bie et al., 2006) with a

probabilistic graphical model. This program uses a birth and

death process to model gene gain and loss over a phylogeny. For

significantly expanded gene families in the Dipterocarpoideae

species, the R package clusterProfiler was used to analyze GO

term enrichment (Yu et al., 2012).

Identification of positively selected genes and rapidly
evolving genes

To identify PSGs and REGs in the Dipterocarpoideae lineage, we

used OrthoMCL (Li et al., 2003) to identify homologous gene

clusters among the most closely related species (T. cacao) and

the 13 Dipterocarpoideae. Orthologous groups with single-copy

genes shared by all species were used for further analysis. Multi-

ple sequence alignment was performed for each orthologous

group using MUSCLE (Edgar, 2004) with default parameters,

and the phylogenetic tree was constructed using MrBayes

(v.3.1.2) (Huelsenbeck and Ronquist, 2001). We used the

single-copy genes and tree topology for identification of PSGs

and REGs using the Codeml program in the PAML package

(v.4.8) (Yang, 2007). We also computed p values based on chi-

square statistics, and genes with p < 0.05 were treated as

candidate genes under positive selection.

Analysis of gene families related to cellulose synthase
(CesA), lignin biosynthesis, and cytokinin oxidase/
dehydrogenase (CKX)

A hiddenMarkov model (PF00535, PF03552) was used to identify

CesA/CSL familymembers in theDipterocarpoideae specieswith

HMMER v.3.0 (Finn et al., 2011). All obtained proteins without four

conserved motifs (QxxRW [Q, R, and W represent glutamine,

arginine, and tryptophan, respectively, and x represents

any amino acid], DD, DCD, and TED) (Morgan et al., 2013) were

removed. In addition, we obtained A. thaliana CesA/CSL

protein sequences from previous research and classified the

Dipterocarpoideae CesA/CSL protein sequences based on

their phylogenetic relationships with those of A. thaliana (Little

et al., 2018). For lignin-related genes, we first collected

homologous sequences of phenylpropanoid-lignin biosynthesis

genes in Arabidopsis, rice, and poplar and then aligned the pre-

dicted amino acid sequences to the genomes using BLASTP

with E < 1 3 10�10. Gene hits that covered more than 200 amino

acids with at least 50%protein sequence identity in the alignment

were considered to be candidate genes. The hidden Markov

model profiles of the cytokine-binding domain (PF09265) and
Author(s).
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FAD-binding 4 (PF01565) were used to identify CKX sequences

with HMMER v.3.0 (Finn et al., 2011). Multiple sequence

alignments were generated with MUSCLE, and maximum-

likelihood phylogenetic trees were constructed using MEGA

(v.7.0) (Kumar et al., 2016). We used MCScanX to identify

proteins in the syntenic blocks of each family.
Functional identification of borneol synthase genes

Candidate TPS genes fromDipterocarpus species were identified

by BLAST using filter parameters (homology identity >30,

E < 1 3 10�5) with known TPS genes of A. thaliana as query se-

quences. Two Pfam domains (PF01397 and PF03936) were

used to search against protein sequence sets of the four Dipter-

ocarpus species using hmmsearch in HMMER. To obtain BPPS

candidate genes, we filtered sequences that did not contain three

motifs (RRX8W, DDXXD, and NSE/DTE) as described in a previ-

ous study (Wang et al., 2018).

Candidate TPS proteins were synthesized and cloned into the

pET-28a vector. All TPS proteins were expressed in the E. coli

BL21(DE3) strain. We purified the proteins using a nickel-affinity

chromatography column and determined protein concentrations

using a BCA Protein Assay Reagent Kit (Pierce, USA). Monoter-

pene standards (a-pinene, b-pinene, a-phellandrene, limonene,

borneol, and a-terpineol) were purchased from Sigma–Aldrich

(UK). Themixed standardwas prepared by blending themonoter-

pene standards at an equimolar ratio.

In vitro enzyme assays were performed following previously

described methods (Wang et al., 2018). Each enzyme assay

used a 200-ml reaction mixture comprising 50 mM Tris–HCl

(pH 7.2), 10 mM MgCl2, 5 mM DTT, 1 mM PMSF, and 3 mM

GPP. The catalytic reaction was started by the addition of

1 mg/ml purified protein, and the reaction mixtures were then

incubated at 30�C for 15 min. The reactions were terminated

at 80�C for 5 min and then quenched on ice. To promote

dephosphorylation of the products, 3 ml of calf intestinal alkaline

phosphatase (TaKaRa, Japan) was added, followed by 1 h of in-

cubation at 37�C. We added 300 ml of hexane, vortexed the

mixture for 15 min to extract the monoterpenoids, and then per-

formed GC-MS analysis.

GC-MS analysis was carried out on an Agilent 7890A gas chro-

matograph system coupled with a quadrupole time-of-

flight mass spectrometer and an inert electron ionization ion

source (Agilent, USA). A DB-5MS capillary column coated

with 5% diphenyl cross-linked with 95% dimethylpolysiloxane

(30 m 3 250 mm inner diameter, 0.25-mm film thickness; J&W

Scientific, USA) was used. The oven temperature program

was as follows: 50�C (2 min), increase to 180�C (5 min) at

5�C min�1, followed by an increase of 10�C min�1 to 230�C.
The injection, transfer line, and ion source temperatures were

250�C, 290�C, and 230�C, respectively. The sample injection

volume was 1 ml in split mode with a 10:1 ratio, and mass

spectrometry data were acquired in full-scan mode with an

m/z range of 35–650 at a rate of 5 spectra/s after a solvent

delay of 7.5 min.
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