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The Diesel Tree Sindora glabra Genome Provides Insights Into the Evolution of Oleoresin Biosynthesis
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Sindora glabra is an economically important tree that produces abundant oleoresin in the trunk. Here, we present a high-quality chromosome-scale assembly of S. glabra genome by combining Illumina HiSeq, Pacific Biosciences sequencing, and Hi-C technologies. The size of S. glabra genome was 1.11 Gb, with a contig N50 of 1.27 Mb and 31,944 predicted genes. This is the first sequenced genome of the subfamily Caesalpinioideae. As a sister taxon to Papilionoideae, S. glabra underwent an ancient genome triplication shared by core eudicots and further whole-genome duplication shared by early-legume in the last 73.3 million years. S. glabra harbors specific genes and expanded genes largely involved in stress responses and biosynthesis of secondary metabolites. Moreover, 59 terpene backbone biosynthesis genes and 64 terpene synthase genes were identified, which together with co-expressed transcription factors could contribute to the diversity and specificity of terpene compounds and high terpene content in S. glabra stem. In addition, 63 disease resistance NBS-LRR genes were found to be unique in S. glabra genome and their expression levels were correlated with the accumulation of terpene profiles, suggesting potential defense function of terpenes in S. glabra. These together provide new resources for understanding genome evolution and oleoresin production.
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INTRODUCTION

Sindora glabra, also known as diesel tree, is a woody important plant that exudes a sesquiterpene-rich oleoresin when the trunk is tapped (Supplementary Figure 1). This oleoresin has great potential for utilization as medicine, essential oil, pesticide and fuel (da Trindade et al., 2018; Yu et al., 2020a). S. glabra is natively distributed in Vietnam, Thailand, Malaysia, Philippines, and Hainan Island of China, and now widely cultivated in tropical areas of China including Guangdong, Guangxi, and Fujian provinces. S. glabra tree can reach to 20 m height and 2 m diameter at breast height. Their cylindrical trunks contain intercellular secretory canals distributed along the marginal parenchyma bands and arranged in tangential direction, and the oleoresin is stored in parenchyma cells of the canals (Yu et al., 2020b). S. glabra belongs to the subfamily Caesalpinoideae of family Fabaceae. This subfamily encompasses about 3,000 species spread across 180 genera of shrubs and trees. Besides S. glabra, Caesalpinoideae includes a number of plants with economic importance, such as Bauhinia variegate, Cassia tora and Caesalpinia sappan. In addition, the oleoresin in S. glabra has some common features with those in the genus Copaifera, which has been widely used as a traditional medicine in Neotropical regions for thousands of years (da Trindade et al., 2018). Although the phylogenetic relationships of legumes have been extensively studied over the past two decades, there are still some debates about the deep relationships among the subfamilies Caesalpinioideae and Papilionoideae (Zhang et al., 2020). Moreover, the sequenced plant genomes in legumes have been primarily restricted to the subfamily Papilionoideae, such as Glycine max (Schmutz et al., 2010), Medicago truncatula (Young et al., 2011), Arachis duranensis and Arachis ipaensis (Bertioli et al., 2016), and also the subfamily Mimosaceae, such as Mimosa pudica (Griesmann et al., 2018). Therefore, the uncovering of S. glabra genome could provide useful resources for deciphering the genome evolution.

Terpenoids are the largest and structurally most diverse group of plant secondary metabolites derived from natural sources. They play important physiological and ecological roles that include hormones, signals, defense and stress response, etc. (Karunanithi and Zerbe, 2019). Although there are a few hundred terpenes that are found in almost all plants such as primary metabolites, the majority of terpenes are produced and stored in a specific lineage or even a single species (Pichersky and Raguso, 2018). The oleoresin in S. glabra are mainly composed of sesquiterpenes, among which α-copaene and β-caryophyllene accounted for over 50% of total sesquiterpenes (Yu et al., 2018), whereas gymnosperm oleoresin are almost universally composed of mono- and diterpenes (Karanikas et al., 2010). In addition, the trunk of S. glabra could produce a large volume of sesquiterpenes, which are significantly higher than the trace amount of terpenes in other plant tissues such as trichomes, flowers, leaves, and roots (Courtois et al., 2012; Wittayalai et al., 2014; Aizpurua-Olaizola et al., 2016; Livingston et al., 2020). Investigating the mechanisms of unique oleoresin biosynthesis in S. glabra may provide new insights into the evolution of terpene production.

Terpenes are important components of the plant stress overcoming mechanism. They are dedicated to mediating cooperative interactions with other organisms or environmental defense and adaptation (Agrawal and Heil, 2012; Tholl, 2015). In conifer trees, terpenes exhibit potent toxicity and serve pivotal functions in chemical defenses against herbivores, insect pests, and microbial pathogens (Miller et al., 2005; Schmelz et al., 2014). Spruce tree with pathogen-induced higher terpene levels was less susceptible to bark beetle attack (Mageroy et al., 2019). Environmental stress such as drought, temperatures, light, and salinity greatly affected the production and accumulation of terpenes (Sallas et al., 2003; Turtola et al., 2003). However, the mechanisms of how terpene modulates the responses to abiotic stressors are still unclear. S. glabra is the dominant upper standing tree in the monsoon rain forest. It has strong adaptability and drought tolerance, and seldom suffers from disease except for occasional leaf rust disease. We hypothesized that the copious volume of terpene oleoresin in S. glabra plays important defensive functions in order to cope with various biotic and abiotic stresses. Nevertheless, deciphering the putative functions has been hampered by a lack of genetic and genomic information. In addition, previous studies on oleoresin biosynthesis in S. glabra was restricted to limited genes identified by the transcriptomes (Yu et al., 2018, 2020a), genome-wide identification of terpene biosynthesis genes are necessary for comprehensive understanding of this complex biological process.

In this study, we report the first high-quality assembly of S. glabra genome using a combined strategy. Comparative genomic analysis was performed to investigate the evolutionary relationship among different plant species. Comprehensive analysis of genes involved in terpene biosynthesis and environmental adaptability was conducted to elucidate the genetic basis of terpene biosynthesis and potential biological functions of terpene.



MATERIALS AND METHODS


Genomic Sequencing

The individual plant of S. glabra used for genome sequencing was originally collected from Bawangling (19°01′41′′N, 109°07′11′′E), Changjiang City, Hainan Island in Southern China and cultivated in the Research Institute of Tropical Forestry. Genomic DNA was extracted from young leaves of S. glabra plants using the DNeasy Plant Mini Kit (Qiagen, Germany) according to the protocol and then subjected to DNA library preparation using established Illumina pair-end protocols. Genome size was initially estimated through flow cytometry analysis (Galbraith et al., 1983). Leaves from the sequenced S. glabra seedling were collected and subject to analysis using the Partec CyStain UV Precise P kit on the Partec CyFlow Space (Sysmex Partec, Görlitz, Germany). Jatropha curcas with a genome size 416 Mb was used as standard reference (Carvalho et al., 2008). Estimation of genome size based on Illumina Hiseq2000 short reads was conducted via a 17 bp k-mer frequency as implemented in SOAPdenovo2 (Luo et al., 2015). Heterozygous rate was determined by the k-mer distribution and GenomeScope (Vurture et al., 2017). DNA library was sequenced using an Illumina Hiseq 2000 platform (Illumina, CA, United States). For PacBio long-read sequencing, a 20-kb single-molecule real-time (SMRT) DNA sequencing library was constructed with a Template Prep Kit (Pacific Biosciences, CA, United States) and SMRT cells were run on the PacBio Sequel II system with P6-C4 chemistry.



De novo Genome Assembly

PacBio subreads were used for preliminary assembly with Falcon (Chin et al., 2016) to generate the contig. Primary contigs were polished using Quiver (Chin et al., 2013). Paired-end clean reads from Illumina platform were aligned to the assembly using BWA (Li et al., 2010). Base-pair correction of the assembly was performed using Pilon (Walker et al., 2014). Pilon mostly corrected single insertions and deletions in regions enriched with homopolymer. Contigs or scaffolds shorter than 10 kb were excluded from the overall analysis to avoid results from spurious misassembly. The Hi-C library was prepared using ligation protocols (Belaghzal et al., 2017). Raw Hi-C data were generated using Illumina HiSeq PE150 sequencing platform. After filtering low-quality reads, clean reads were firstly mapped to the assembled scaffolds using BWA software (Li and Durbin, 2010). The high quality paired-end Hi-C reads were then filtered using HiCUP (Wingett et al., 2015). The scaffolds were clustered, ordered, and orientated onto the chromosomes using the valid read pairs by LACHESIS (Burton et al., 2013). The integrity and accuracy of the final assembly was evaluated using BUSCO (Simão et al., 2015) and CEGMA analysis (Parra et al., 2007), and further assessed by mapping RNA-seq data to the assembled genome.



Genome Annotation

Genome annotation was conducted using a combined strategy based on ab initio prediction, homology alignment, and RNA-seq assisted prediction. Repeat annotation was firstly built ab initio using repetitive elements database by LTR_FINDER, RepeatScout, RepeatModeler with default parameters (Xu and Wang, 2007; Flynn et al., 2020). Then all repeat sequences with lengths >100 bp and gap ‘N’ less than 5% constituted the raw transposable element (TE) library. A combination of Repbase database and ab initio TE library was supplied to RepeatMasker software with default parameters for DNA-level repeat identification (Jurka et al., 2005; Smit et al., 2010).

To annotate gene structural models, homologous protein sequences were aligned to the genome using TblastN (v2.2.26; E-value ≤ 1e-5) (Altschul et al., 1990), and then the matching proteins were aligned to the homologous genome sequences for accurate spliced alignments with GeneWise (v2.4.1) software (Birney et al., 2004), which was used to predict gene structure contained in each protein-coding region.

To optimize the genome annotation, the leaf, stem, and root tissues from 2-year-old S. glabra seedlings, and adult stems from a 25-year-old tree were harvested and subject to RNA sequencing using Illumina HiSeq 2500 platform. The RNA-seq reads from different tissues were then aligned to the assembled genome using TopHat (v2.0.11) with default parameters to identify exons region and splice positions (Kim et al., 2013). The alignment was then used as input for Cufflinks (v2.2.1) with default parameters for genome-based transcript assembly (Trapnell et al., 2010). Unigenes were aligned to the assembled genome using PASA (Program to Assemble Spliced Alignment) to annotate protein-coding genes and alternatively spliced isoforms (Haas et al., 2003). Then all predications were combined with EvidenceModeler (EVM v1.1.1) (Haas et al., 2008) to produce a consensus gene set. Finally, the non-redundant reference gene set was generated by removing homologous transposons.

Gene functions were assigned according to the best match by aligning the protein sequences to the Swiss-Prot using Blastp (with a threshold of E-value ≤ 1e-5) (Bairoch and Apweiler, 2000). The motifs and domains were annotated using InterProScan70 (v5.31) by searching against publicly available databases, including ProDom, PRINTS, Pfam, SMRT, PANTHER and PROSITE (Mulder and Apweiler, 2007). The Gene Ontology (GO) IDs for each gene were assigned according to the corresponding InterPro entry (Ashburner et al., 2000). Proteins function was predicted by transferring annotations from the closest BLAST hit (E-value < 10–5) in the Swissprot20 database and DIAMOND (v0.8.22)/BLAST hit (E-value < 10–5) in the NR database. Gene set was mapped to KEGG pathway and the best match for each gene was then identified (Kanehisa and Goto, 2000).

The tRNAs were predicted using the program tRNAscan-SE (Lowe and Eddy, 1997) with eukaryote parameters. The rRNAs were identified by RNAmmer (Lagesen et al., 2007). The miRNAs, snRNAs were identified by searching against the Rfam database with default parameters using the infernal software (Nawrocki and Eddy, 2013).



Comparative Genome Analysis

Orthologous relationships between genes of 16 species (G. max, Vigna unguiculata, Phaseolus vulgaris, Spatholobus suberectus, Cicer arietinum, M. truncatula, Cinnamomum micranthum, Betula pendula, Eucalyptus grandis, Olea europaea, Theobroma cacao, Arabidopsis thaliana, Populus trichocarpa, Hevea brasiliensis, and Oryza sativa) were inferred through all-against-all protein sequence similarity searches with OthoMCL (Li et al., 2003). S. glabra specific genes were obtained from the clustering of gene families from four Leguminosae plant genomes (S. glabra, S. suberectus, V. unguiculata, and P. vulgaris). For each gene family, an alignment was produced using Muscle (Robert, 2004) and the ambiguously aligned positions were trimmed using Gblocks (Talavera and Castresana, 2007). Phylogenetic tree was inferred using maximum likelihood in RAxML 7.2.9 (Stamatakis, 2014) with monocotyledon O. sativa as the out-group. Divergence times between species were calculated using MCMC tree program implemented in the PAML (Yang, 2007). The TimeTree database was used to calibrate the divergence time1.

In order to identify gene family evolution as a stochastic birth and death process and where gene family either expands or contracts per gene per million years independently along each branch of the phylogenetic tree, we used the likelihood model originally implemented in the software package CAFÉ (De Bie et al., 2006). The phylogenetic tree topology and branch lengths were taken into account to infer the significance of changes in gene family size in each branch. Genes that belong to expanded and contracted gene families were subject to GO and KEGG enrichment analysis.

Positive selection pressure was calculated using the branch-site model with PAML. MCScanX was used for detection of syntenic regions with the all-to-all BLASTP results and synteny plot was drawn with dot plotter in MCScanX package (Tang et al., 2008). The 4DTV was calculated using KaKs_calculator (Zhang et al., 2006) with the NG model and whole genome duplication events were identified by 4DTv analysis of gene pairs detected by MCscan.

Blast and hidden Markov models search (HMMsearch) methods were used to identify TPS and NBS-LRR gene families in the S. glabra genome with an E-value cut-off of 1.0. TPS gene family was identified by using conserved domain Pfam ID PF01397 or PF03936 as query. All identified TPSs contain a conserved domain structure with the PF01397 or PF03936 and many of TPSs contain both of these domains. The amino acid sequence of the NB-ARC domain Pfam ID PF00931 was used as a query to search for NBS-LRR proteins in S. glabra genome.




RESULTS


Genome Sequencing and Assembly

The genome of S. glabra was sequenced by integrating Illumina sequencing, PacBio single molecular long-read sequencing, and high-throughput chromosome conformation capture (Hi-C) technologies (Supplementary Figure 2). Initially, genome size was estimated by flow cytometry. By comparing the peak fluorescence intensity of S. glabra (97.73) to that of J. curcas internal standard (33.13) (Carvalho et al., 2008), the genome size of S. glabra was estimated to be 1.23 Gb (Supplementary Figure 3A). Then a total of 49.6 Gb raw data were obtained for k-mer analysis and the effective rate was 99.9%. According to 17-mer analysis, the estimated genome size of S. glabra was 1.22 Gb (Table 1), which was quite close to that estimated by flow cytometry, and the heterozygous rate was estimated at 0.61% (Supplementary Figure 3B). By using PacBio sequencing, 134 Gb of raw data were generated, representing approximately 118-fold coverage of the S. glabra genome (Supplementary Figure 4). Based on these 184 Gb (161-fold) data, the draft genome of S. glabra was assembled with a final genome size of 1.11 Gb, and a contig N50 size of 1.3 Mb (Supplementary Table 1). The assembled genome contained 1,439 contigs with a maximum length of 5.6 Mb.


TABLE 1. Statistics of genome assembly and annotation.

[image: Table 1]
To assemble the scaffolds into pseudochromosomes, Hi-C library was constructed and sequenced, resulting in 137.8 Gb (121-fold) data. After Hi-C data alignment and cluster, a total of 1.09 Gb (98.0% coverage) genome sequences were assembled and anchored onto 12 pseudochromosomes (Figure 1 and Supplementary Figure 5) (Goldblatt, 1981). The length of pseudochromosomes ranged from 71.1 to 136.1 Mb (Supplementary Table 2) and the scaffold N50 was 84.87 Mb (Supplementary Table 3).
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FIGURE 1. The genomic landscape of Sindora glabra tree. The features from outside to inside are chromosomes, gene density (0–1), repeat coverage (0–1), expression levels (0–15) from adult stems, leaf, root, and young stems, GC content (0–0.5), and genome synteny. Twelve chromosomes were ordered by megabases size and featured in 200 kb intervals across the chromosomes. Arcs with different colors indicated syntenic blocks. Circos was used to construct the diagram.


Benchmarking Universal Single-Copy Orthologs (BUSCO) evaluation revealed that 1,174 (81.5%), 136 (9.4%), 26 (1.8%), and 105 (7.3%) of BUSCO genes were single-copy, duplicated, fragmented, and missing, respectively (Supplementary Table 4). Core Eukaryotic Genes Mapping Approach (CEGMA) analysis indicated that 95.16% (236) of the CEGs were covered by the assembled genome. The short reads generated from Illumina sequencing were aligned to the assembled genome to check the coverage rate using BWA software. The results showed that 94.1% of the reads could be mapped back to the genome and the coverage rate was 97.6% (Supplementary Table 5). Single Nucleotide Polymorphisms (SNP) calling showed that heterozygosis SNP rate was 0.53% and homology SNP rate was 0.039% (Supplementary Table 6). These data suggested that the S. glabra genome assembly is precise and complete and of high quality at the chromosome scale.



Genome Annotation

Genome annotation was performed by combining the results from de novo predictions, homology information from six homologous species including V. unguiculata, S. suberectus, P. vulgaris, C. arietinum, M. truncatula, G. max, and RNA sequencing data. A total of 31,944 genes were predicted, with transcript length of 4,239 bp, coding sequence length of 1,143 bp, exon number of 5.02 per gene, exon length of 227 bp, and intron length of 769 bp on average (Supplementary Table 7). The number of protein-coding genes in S. glabra genome was similar to those in M. truncatula and S. suberectus, and much less than those in G. max (Supplementary Table 8). The exon-intron structure of genes showed high conservation between S. glabra and S. suberectus in terms of transcript and CDS length, exon number, exon and intron length (Supplementary Figure 6).

There were 82.45% (26,338) of annotated genes supported by RNA-seq data (Supplementary Figure 7). Among the predicted 31,944 genes, 29,184 genes (91.4%) were functionally annotated in the six public databases (Supplementary Table 9). NCBI Nr and Interpro blast analyses allowed the annotation of 90.70% and 87.80% of genes, respectively. KEGG analysis annotated 23,660 (74.10%) genes, which is much higher than that in tung tree (24%) (Zhang et al., 2019), but similar to that in rubber tree (72.8%) (Lau et al., 2016). In addition, we predicted 701 miRNAs, 672 tRNAs, 174 rRNAs, and 2848 small nuclear RNAs in the S. glabra genome (Supplementary Table 10).

In the S. glabra genome, 52.40% of repeat sequences were annotated, including 3.54% of tandem repeat and 51.32% of interspersed repeat. The long terminal repeat (LTR) retrotransposons were the most abundant, accounting for 33.53% of the assembled S. glabra genome (Supplementary Figure 8). The two superfamilies of LTR retrotransposons, Gypsy and Copia, accounted for 11.6 and 12.9% of the assembled genome, respectively (Supplementary File 1). In addition to class I retrotransposons, DNA transposons accounted for 5.00% of the assembled S. glabra genome (Supplementary Table 11). Moreover, 15.33% of the S. glabra genome comprised unknown repetitive sequences, which is much higher than that in other Papilionoideae species such as V. unguiculata (5.7%) (Lonardi et al., 2019) and wild soybean W05 (5.9%) (Xie et al., 2019), but similar to that in Eucommia ulmoides (17%) (Wuyun et al., 2018) and H. brasiliensis (13%) (Lau et al., 2016).



Evolution of S. glabra Genome

The protein sequences of 16 species including G. max, V. unguiculata, P. vulgaris, S. suberectus, C. arietinum, M. truncatula, C. micranthum, B. pendula, E. grandis, O. europaea, T. cacao, A. thaliana, P. trichocarpa, H. brasiliensis, and O. sativa were used for clustering analysis of gene family (Supplementary Table 12). A total of 30,641 gene families were identified from the 16 species, among which 6,751 gene families, including 154 single-copy gene families, were shared (Supplementary Figure 9). Moreover, 12,305 gene families were found to be common in the four species (S. glabra, S. suberectus, V. unguiculata, and P. vulgaris) of Fabaceae family (Figure 2A), while 1,035 gene families (1,975 genes) were specific to S. glabra (Supplementary File 2). Among these unique genes, 1,740 genes were annotated in five databases (Supplementary Figure 10). Gene Ontology (GO) annotation of the S. glabra-unique families revealed significant enrichment of genes involved in the phloem development (GO:0010088) (11 genes), terpene synthase activity (GO:0010333) (10 genes) and signal transduction (GO:0007165) (33 genes) (Supplementary File 3). It was notable that 10 terpene synthase genes were uncovered to be unique in S. glabra, suggesting specific functions of these genes in S. glabra.
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FIGURE 2. Evolution of S. glabra genome. (A) A Venn diagram of common and unique gene families among four Leguminosae species based on the gene family cluster analysis. (B) Phylogenetic tree of 16 species based on single-copy gene families. The black number at each branch point denotes the estimated divergence time. The value above each branch denotes the number of gene family expansion (in green)/contraction (in red) at each round of genome duplication after divergence from the common ancestor. Bootstrap value for each node is 100. (C) Density distribution of 4dTv values. The peak value is shown in the inset. The blue line represents the 4dTv of paralogous genes in S. glabra. The orange, green, red and yellow dotted lines represent 4dTv of orthologous gene pairs between S. glabra and G. max, S. glabra and M. truncatula, S. glabra and C. micranthum, S. glabra, and H. brasiliensis, respectively. (D) Schematic representation of syntenic genes among S. glabra, G. max, and M. truncatula. Syntenic blocks were determined by using all 20 chromosomes of G. max, 12 chromosomes of S. glabra and 8 chromosomes of M. truncatula. The same color indicates matched gene pairs.


A phylogenetic tree was generated based on single-copy genes from 16 species. The results showed that S. glabra belonged to a sister taxon of Papilionoideae subfamily, which was clustered together with B. pendula from Betulaceae (Figure 2B). This phylogenetic tree is consistent with the Angiosperm Phylogeny Group (APG) classification (Chase et al., 2016). Moreover, it was estimated that S. glabra lineage diverged from the Papilionoideae subfamily approximately 73.3 million years ago (mya), after the divergence of Fagales (98.0 mya).

Expansion and contraction analysis of 30,626 gene families as indicated by the phylogenetic tree, revealed that S. glabra expanded 50 gene families (370 genes) and contracted 82 gene families (247 genes) (Figure 2B). Among the expanded gene families, 209 gene families were annotated in the GO database, respectively. GO annotation revealed highly enriched genes related to enzyme inhibitor activity (26 genes), abscisic acid-activated signaling pathway (12 genes), defense response (12 genes), anatomical structure development (11 genes), and small molecule binding (55 genes) (Supplementary File 4). Among the contracted gene families, 225 gene families were annotated in the GO database. GO enrichment analysis showed highly enriched genes involved in nucleotide binding (138 genes), primary metabolic process (108), and catalytic activity (178) (Supplementary File 5). These suggested that the expanded genes in S. glabra genome might play important roles in response to stress response and terpene biosynthesis.

When using S. suberectus, V. unguiculata, P. vulgaris, C. arietinum, and M. truncatula as background, 566 positively selected genes were found in S. glabra genome, of which 329 genes were annotated in the GO database. GO enrichment analysis revealed highly enriched genes related to nucleic acid metabolic process (75 genes), cellular aromatic compound metabolic process (81), macromolecule metabolic process (124), and cellular metabolic process (130) (Supplementary File 9).



Whole Genome Duplication and Collinearity

The fourfold degenerate transversion rate (4DTv) analysis of paralogs and orthologs revealed that S. glabra displayed a two-peak pattern for the distribution of 4DTv (Figure 2C), with the left sharp peak corresponding to the early-legume duplication (Schmutz et al., 2010), and the right highly diffuse peak corresponding to the ancient r triplication shared by the core eudicots. The low 4DTv peak value of S. glabra indicated that S. glabra may have undergone recent whole-genome duplication after the divergence from Papilionoideae family 73.3 mya.

Plotting collinear regions identified 353 syntenic blocks containing 8,665 collinear gene pairs within the S. glabra tree genome (Figure 1 and Supplementary File 7). Overall, 12,279 genes comprised the collinear gene pairs, accounting for 38.44% of S. glabra genes, a proportion is similar to that in Morchella esculenta (33.86%), but considerably higher than that in tung tree (12.52%) (Zhang et al., 2019). In addition, S. glabra exhibited strong synteny with G. max (51.30%) and M. truncatula (49.74%), but weaker synteny with C. micranthum (33.71%) and H. brasiliensis (32.25%) (Figure 2D).

The S. glabra genome shared 1,260 syntenic blocks containing 39,829 collinear gene pairs with G. max, and 878 syntenic blocks containing 23,940 collinear gene pairs with M. truncatula (Figure 2D). Comparison between S. glabra and G. max gene blocks revealed that many regions of the S. glabra genome have two, but some have three or more, homologous regions in G. max. The collinear regions between S. glabra and M. truncatula generally showed one-to-two synteny relationships. Moreover, significant macrosynteny was found among S. glabra, G. max, and M. truncatula. Conserved blocks, sometimes as large as chromosome arms, span most euchromatin in all three genomes. For example, chromosome 5 of S. glabra corresponded to chromosome 12 of G. max and chromosome 6 of M. truncatula, chromosome 6 of S. glabra corresponded to chromosome 14 of G. max and chromosome 3 of M. truncatula, and chromosome 9 of S. glabra corresponded to chromosome 19 of G. max and chromosome 7 of M. truncatula. These indicated that these large conserved blocks may be legume specific regions.



Oleoresin Biosynthesis in S. glabra

Oleoresin in S. glabra stem is mainly composed of sesquiterpenes (∼85%), among which α-copaene and β-caryophyllene occupied the majority of sesquiterpenes (∼55%) (Yu et al., 2018). To gain insight into the mechanism of terpene biosynthesis, we first measured the content of α-copaene and β-caryophyllene in the same samples that were used for RNA-seq, including leaf (L), stem (S), and root (R) from 2-year-old seedlings, adult stem (AS) from 25-year-old tree, and stem from high oleoresin-producing adult tree H12 (Yu et al., 2018). The compound α-copaene was not observed in all three tissues from the young tree, but α-copaene content accumulated to 39 and 34% in the adult tree and H12 tree, respectively (Figure 3). The β-caryophyllene content also showed higher accumulation in the adult tree. According to the S. glabra genome, 59 terpene backbone biosynthesis genes were identified and their expression patterns were further analyzed (Supplementary File 8). Interestingly, the gene family with the largest number in the terpene backbone biosynthesis pathway is HMGR (10 genes), which encoded the rate-limiting enzyme in the MVA pathway, indicating important and diverse roles of these genes in S. glabra terpene biosynthesis. There were seven genes encoding DXS, FPS, GGPS in the S. glabra genome, respectively. Moreover, the genes involved in the MVA pathway exhibited a high level of stem-specific expression. By Pearson correlation analysis between gene expression and terpene accumulation, the expression levels of HMGR5, HMGR1, and HMGR2 were positively correlated with the accumulation rate of α-copaene and β-caryophyllene (Supplementary Figure 11), whereas the expression levels of IDI1 and TPS46 were negatively correlated with the accumulation rate of α-copaene and β-caryophyllene in S. glabra tree. These results suggested that HMGR and IDI genes were mainly responsible for the control of sesquiterpene biosynthesis in S. glabra tree.
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FIGURE 3. The terpene backbone biosynthesis pathway in S. glabra. The terpene backbone biosynthesis is catalyzed by seventeen enzymatic steps with multiple isozymes in each step. The expression levels of genes are presented with the heat map. The bars in the center area exhibit the α-copaene and β-caryophyllene content in five various tissues. L, leaf; S, stem from young plants; R, root; AS, stem from adult plants; H12, stem from high oil-yielding plant. ACAT, acetyl-CoA acetyltransferase; HMGS, hydroxymethylglutaryl -CoA synthase; HMGR, hydroxymethylglutaryl-CoA reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; MVD, mevalonate diphosphate decarboxylase; DXS, 1-deoxy-xylulose 5-phosphate synthase; DXR,1-deoxy-D-xylulose-5-phosphate reductoisomerase; MCT, 2-C-methyl- erythritol 4-phosphate cytidylyltransferase; CMK, 4-(cytidine 5′-diphospho) -2-C-methyl-D-erythritol kinase; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase; HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; IDI, isopentenyl di-phosphate isomerase; GPS, Geranyl diphosphate synthase; FDPS, farnesyl pyrophosphate synthase; GGPS, geranylgeranyl diphosphate synthase.


To reveal the genes for the specificity and diversity of terpene in S. glabra, 64 members of terpene synthase (TPS) gene family were identified in the S. glabra genome (Supplementary File 9), which was similar to the number (68) of TPS genes in P. trichocarpa (Chen et al., 2011). These TPS genes were distributed on nine of the 12 chromosomes in S. glabra genome (Supplementary Figure 12), being a significant proportion (78.5%) of them located in chromosomes 1, 2, 5, and 9, and none of them in chromosomes 3, 6, and 11. Moreover, 39 (61%) TPS genes were organized in five distinct clusters, covering from 5 to 11 genes. The protein length of these TPS genes ranged from 55 to 1,156 amino acids (aa), among which 32 TPS genes encoded proteins larger than 500 aa and therefore likely to encode full-length TPS proteins (Chen et al., 2011). Overall amino acid identity among the 32 TPS genes was 34.61%, although it varied greatly from 21% (SgTPS2 and SgTPS59) to 95.26% (SgTPS4 and SgTPS8) (Supplementary File 10). To explore the evolutionary relationship of plant TPS genes, 32 putative full-length SgTPS genes, and full-length TPS genes from A. thaliana, Paulownia tomentosa, Sorghum bicolor, O. sativa, and Calendula officinalis were used to construct the phylogenetic tree (Yu et al., 2020a). Phylogenetic analyses revealed that 11, 4, 2, 10, and 5 SgTPSs were classified into TPS-a1, b, c, e/f, and g subfamily, respectively (Figure 4A). Moreover, SgTPSs were closely related to CoTPSs from C. officinalis rather than from P. tomentosa and A. thaliana, and quite distant to TPS from monocotyledon S. bicolor and O. sativa, indicating lineage-specific expansion of TPS genes in plant evolution.
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FIGURE 4. Phylogenetic analyses, gene distribution and expression profiles of terpene synthase genes (TPSs). (A) Phylogenetic analysis of putative full-length TPSs from S. glabra, S. bicolor, O. sativa, P. tomentosa, A. thaliana, and C. officinalis. The TPSs from S. glabra were indicated in red. (B) Distribution of SgTPS gene clusters across different chromosomes. Arrows indicate the orientation of genes. (C) Heat map of expression patterns of putative full-length SgTPS genes. L, leaf; S, stem from young plants; R, root; AS, stem from adult plants; H12, stem from high oil-yielding plant.


Considering the intron/exon number, SgTPS genes were classified into two major classes: I (10–14 introns) and III (6 introns) (Supplementary Figure 13) (Trapp and Croteau, 2001). Class I included 10 SgTPS genes, which consisted primarily of diterpene synthases for primary metabolism. Class III included 16 SgTPS genes, which consisted of 11 sesquiterpene synthases (TPS-a) and 5 monoterpene synthases (TPS-g). The size of exons was relatively conserved, with median lengths from 161 to 286 bp, while the intron length varied greatly from 27 to 80,943 bp and most of them being between 76 to 2,000 bp (Supplementary Figure 13).

In addition, three SgTPSs from TPS-f clade, SgTPS59, SgTPS63, and SgTPS64, were aligned closely in the same chromosome 1, three from TPS-a, SgTPS03, SgTPS61, and SgTPS11, were aligned closely in chromosome 2, while five SgTPSs were aligned closely in chromosome 5 (Figure 4B). Furthermore, according to their expression levels in five tissues, these SgTPS genes were divided into five clusters (Figure 4C). Five genes including SgTPS07, SgTPS13, SgTPS60, SgTPS10, and SgTPS14 were expressed at high levels in leaves from the young tree, and four genes, SgTPS06, SgTPS59, SgTPS56, and SgTPS58 were specifically expressed in roots, while three genes SgTPS62, SgTPS03, and SgTPS05 were highly expressed in the stem of adult tree and high oleoresin-producing trees (H12). Interestingly, the expression profile of SgTPS61 was positively correlated with the accumulation rate of terpene content (correlation coefficient = 0.99, p < 0.05) (Supplementary Figure 11), whereas SgTPS46 was negatively correlated with the accumulation rate of terpene content (correlation coefficient = −0.95, p < 0.05). These results indicated that SgTPS might have evolved to play diverse and specific roles in the development and defense response of S. glabra.

To reveal the potential regulators involved in terpene biosynthesis of S. glabra, a weighted correlation network analysis of gene expression in five tissues was performed. We identified 14 modules co-expressed with the accumulation of α-copaene and β-caryophyllene (Supplementary Figure 15), among which yellow and red modules showed significantly positive and negative correlationship with sesquiterpene accumulation, respectively. In the yellow module, four genes encoding rate-limiting enzymes HMGR2, HMGR10, HMGR7, and terpene synthase TPS61, were identified to play essential positive roles in terpene biosynthesis. These genes were co-expressed with transcription factors MYB, HB-HD-ZIP, and AUX (Supplementary Figure 16A). In the red module, the first catalyzing enzyme ACAT2 in the MVA biosynthesis pathway was co-expressed with large number of transcription factors including bZIP, WRKY, NAC, etc. (Supplementary Figure 16B), and supposed to play key negative roles in terpene accumulation in S. glabra.



Genes Involved in Stress Response of S. glabra

Terpenes were reported to be involved in various responses to biotic and abiotic stress. To elucidate the specific functions of terpenes in S. glabra, a detailed analysis of S. glabra specific and expanded genes were performed. In total, 1,360 genes of S. glabra-unique families were annotated using KEGG database, of which 840 were mapped to KEGG pathways. The KEGG pathway assignments were enriched in plant–pathogen interaction (99 genes), MAPK signaling pathway (155 genes), sesquiterpenoid and triterpenoid biosynthesis (14 genes), and diterpenoid biosynthesis (12 genes) (Figure 5A and Supplementary File 3). KEGG enrichment analysis of the 370 expanded genes showed that they were involved in plant–pathogen interaction (31 genes), calcium signaling pathway (12 genes), carbon metabolism (12 genes), and plant MAPK signaling pathway (12 genes) (Figure 5B and Supplementary File 4). These results indicated that the unique and expanded genes might be closely associated with defense response and with high terpene content in S. glabra.
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FIGURE 5. KEGG enrichment and expression analysis of specific and expanded genes in S. glabra genome. (A) KEGG enrichment analysis of S. glabra-specific genes. (B) KEGG enrichment analysis of S. glabra-expanded genes. (C) Expression patterns of specific and expanded genes involved in the plant–pathogen interaction pathway in S. glabra. The specific and expanded genes were marked in blue and black, respectively.


Among the unique and expanded genes in the S. glabra genome, genes encoding Leaf rust 10 disease-resistance locus receptor-like protein kinase-like (LRK10L) and G-type lectin S-receptor-like serine/threonine-protein kinase (G-LecRK) involved in Toll-like receptor signaling pathway (map04620) were significantly enriched. The LRK10 gene was firstly cloned from wheat and reported to be involved in disease resistance against the leaf rust-causing fungal pathogen Puccinia recondite (Feuillet et al., 1997). We revealed that 17 LRK10Ls underwent expansion and 15 LRK10Ls were unique in the S. glabra genome (Supplementary File 11). The G-LecRKs belong to pattern-recognition receptors and engage the recognition of bacteria and fungi for defense response (Vaid et al., 2012). In the S. glabra genome 12 G-LecRKs has expanded and 25 G-LecRKs were specific. Moreover, three LRK10Ls and seven G-LecRKs were highly expressed in adult stems of S. glabra (Supplementary Figure 17), suggesting potential roles of these genes in biotic defense.

Enrichment analysis also revealed that both the unique and expanded genes were significantly enriched in plant–pathogen interaction pathway (map04626) (Figure 5C). The Ca2+-induced defense response is mediated via cyclic nucleotide gated channels (CNGCs), and then the Ca2+ sensor calmodulins (CML) interact with downstream effectors that modulate NO production in defense responses (Lecourieux et al., 2006). There were five differentially expressed S. glabra-specific CNGCs and four unique CMLs and six expanded CMLs in the S. glabra genome. The bacterial flagellin was recognized by receptor-like kinase flagellin-sensitive22 (FLS2) and activate pathogen-associated molecular pattern (PAMP)-triggered immunity through a mitogen-activated protein kinase kinase kinase 1 (MEKK1) (Liu et al., 2013). Ten FLS2 and three MEKK1 genes were identified as S. glabra-specific genes. Disease resistance (R) protein NBS-LRR family encode proteins containing a nucleotide binding site (NBS) and carboxyl-terminal leucine-rich repeats (LRRs) and specifically recognizes the AvrB and AvrRpt2 effectors, respectively (Mackey et al., 2003). Overall, 245 genes with an NBS domain were identified in the S. glabra genome (Supplementary File 12). Among these genes, there were 17 and 47 NBS-LRRs identified as expanded and specific genes, respectively. Phylogenetic analysis revealed that NBS-LRR family underwent a lineage-specific expansion in S. glabra genome (Supplementary Figure 18A). These NBS-LRRs exhibited different expression patterns, with the majority of them being highly expressed in roots and mature stems (Supplementary Figure 18B), indicating specialized defense functions in various tissues. The heat shock protein HSP90 is required for full RPS2 resistance. Four HSP90 genes were unique in S. glabra genome. Effector AvrBs3 induces the expression of a BHLH transcription factor UPA20 and causes cellular hypertrophy (Takahashi et al., 2003). Two UPA20 genes were found to be specific in the S. glabra genome.




DISCUSSION

Rapid development and advancement of new sequencing technologies in recent years led to a sharp increase in the number of plant genomes being sequenced. But most sequenced plant genomes are restricted to a narrow phylogenetic range. Moreover, the focus of genome research in Leguminosae has been primarily limited to crop and herbaceous plants in the Papilionoideae subfamily, such as C. arietinum (Varshney et al., 2013), M. truncatula (Young et al., 2011), Lotus japonicas (Sato et al., 2008), and A. duranensis (Bertioli et al., 2016). To our knowledge, few studies were conducted on the plants from Caesalpinioideae and Mimosaceae subfamilies (Griesmann et al., 2018; Chang et al., 2019). Here we reported the whole genome of S. glabra tree from the subfamily Caesalpinoideae using a combined strategy with Illumina short read sequencing and PacBio long-read sequencing. Many assisted genome assembly were performed combing Hi-C, 10× Genomics, BioNano and genetic maps (Peng et al., 2019; Chen et al., 2020). In this study, Hi-C technology was applied to anchor the genomic sequences to 12 chromosomes, which was consistent with the number of chromosomes reported in Sindora Miq. (Goldblatt, 1981). Besides, according to BUSCO, CEGMA and transcriptome data analysis, the final genome of S. glabra is quite complete and accurate, which provided useful resources for further functional analysis.

The final assembled genome size was 1.1 Gb with a contig N50 of 1.3 Mb. The genome size of S. glabra was comparable to that of G. max (1.1 Gb) (Schmutz et al., 2010), Lupinus angustifolius (1.2 Gb) (Yang et al., 2013), and A. duranensis (1.3 Gb) (Bertioli et al., 2016), but about two times bigger than other sequenced plant genomes in the Fabaceae family such as M. truncatula (454 Mb) (Young and Bharti, 2012), V. unguiculata (519 Mb) (Lonardi et al., 2019), Lotus japonicus (472 Mb) (Sato et al., 2008), and Faidherbia albida (661 Mb) (Chang et al., 2019). The genome size differences among Fabaceae species may be attributable to changes in the amount of retrotransposons. The S. glabra genome contained 11.6% of Gypsy and 12.9% of Copia, while L. japonicas contained 8.81% of Gypsy, and 7.16% of Copia (Sato et al., 2008). Differential amplification recently, or differential retention of ancient insertions might have resulted in transposon abundance, and eventually leading to whole genome size expansion in S. glabra. This is also observed between Vigna species (Lonardi et al., 2019).

Whole genome duplication analysis revealed that three Fabaceae plants S. glabra, G. max, and M. truncatula all undergone early-legume genome duplication, while C. micranthum from Lauraceae family only shares an ancient duplication event (Figure 2C). The sequenced genomes of agriculturally important legume plants mostly belong to Papilionoideae subfamily and comparison among these Papilionoideae genomes reveal a whole-genome duplication event approximately 58 mya (Young and Bharti, 2012). The existence of whole-genome duplication in the S. glabra from Caesalpinioideae subfamily further supported that legume plants share ancient whole genome duplication, which could contribute to the origin of novel key traits and drove species diversification. Therefore, it was postulated that S. glabra may have undergone recent whole-genome duplication after the divergence from Papilionoideae family 73.3 mya (Figure 2B). Moreover, S. glabra genome harbors 31,944 genes, which is much more than the number of protein-coding genes in C. micranthum (27,899 genes) (Chaw et al., 2019). The recent genome duplication may lead to more genes in S. glabra than in C. micranthum (Schranz et al., 2012). Furthermore, the largest chromosome 1 of S. glabra exhibited no collinear intervals with other leguminous plants (Figure 2D), which might indicate lineage-specific evolution of genes in S. glabra genome.

Gene family comparison among 16 different species identified 1,035 gene families that are specific to S. glabra. These genes were mainly involved in signal transduction, phloem development and terpene synthase activity (Supplementary File 4). Terpene synthases TPSs are the key enzymes responsible the biosynthesis of terpenes. They are widely distributed in plant species with the family members ranging from 2 to 79 full-length TPSs, except algae (Jiang et al., 2019). We performed a genome-wide analysis of TPS genes in S. glabra genome and revealed 64 putative SgTPSs, which number is much more than other Fabaceae plants such as M. truncatula (40 TPSs) and G. max (30 TPSs) (Jiang et al., 2019). According to phylogenetic analysis, 34 and 31% of SgTPSs were classified in TPS-a1 and TPS-e/f subfamily, respectively. The TPS-a1 subfamily encodes only sesquiterpenes that are found in dicot plants, while TPS-e/f subfamily encodes copalyl diphosphate synthases and kaurene synthases, responsible for gibberellic acid biosynthesis. In addition, these SgTPSs tend to cluster together in each subfamily, suggesting lineage-specific expansion. Therefore, the large number of TPS genes in S. glabra genome might be attributable to large scale of family expansion during species divergence. Furthermore, there were 11 SgTPSs (34%) identified as tandemly duplicated genes (Figure 4B), indicating that tandem duplication plays an important role in the subfamily expansion of SgTPSs.

Sindora glabra tree accumulates abundant amount of oleoresin, among which α-copaene and β-caryophyllene accounted for about 55% of all sesquiterpenes (Yu et al., 2018). Identification and characterization of S. glabra terpene biosynthesis genes is essential for improving oleoresin production. There were 59 terpene backbone biosynthesis genes identified in the S. glabra genome, among which HMGR gene family in the MVA pathway contained the largest number of genes (10 HMGRs), followed by DXS, FPS, and GGPS with seven genes (Figure 3). The number of HMGRs in the S. glabra genome was much more than that in other oil-producing plants including E. ulmoides (four HMGRs) (Wuyun et al., 2018), and Litsea cubeba (four HMGRs) (Chen et al., 2020). In E. ulmoides, the rubber biosynthesis was mainly attributable to the expansion of FPS and small rubber particle protein (SRPP) genes in the MVA pathway. In L. cubeba, the expansion of DXS and mono-TPS genes contributed to the biosynthesis of large amounts of monoterpenes in the flowers. Furthermore, the expression levels of three HMGRs and one TPS were positively correlated with the accumulation patterns of sesquiterpene in the S. glabra stems. These suggested that the expansion of HMGRs and TPSs in the S. glabra genome is important for the copious production of sesquiterpenes in the tree trunk. Therefore, it was proposed that the amount and types of oils produced in various species may be directly related to the number and expression levels of genes involved in oil biosynthesis.

The regulatory factors involved in terpene biosynthesis have been identified in various species. However, due to limited genomic information in some oil-producing plants, these identified transcription factors are mostly homologous to model plants and largely distributed in the WRKY, MYC, ERF, and MYB families (Xu et al., 2004; Yu et al., 2012; Shen et al., 2016; Jian et al., 2019). Here we performed a comprehensive gene co-expression analysis using data from five tissues of S. glabra. Two significant modules were identified to be related to the sesquiterpene accumulation. In the yellow module, four genes including TPS61 and three HMGRs, were found as core genes for promoting terpene biosynthesis, while in the red module three genes including one ACAT2 and two other HMGRs were identified as core genes for abating terpene production. The co-expressed transcription factors included MYB, NAC, WRKY, and ERF, which were previously reported homologous genes. Besides, most of co-expressed transcription factors have not been reported to be involved in the regulation of terpene biosynthesis in plants such as HB-HD-ZIP, CAMTA, bHLH, and so on. HD-ZIP members have been shown to repress anthocyanin biosynthesis in both Arabidopsis and apple (LaFountain and Yuan, 2021). CAMTA3 was found to mediate biotic defense responses in Arabidopsis (Galon et al., 2008). Jasmonate could mediate anthocyanin accumulation through bHLH/MYB complex in Arabidopsis (Qi et al., 2011). In S. glabra, jasmonate was discovered to promote terpene biosynthesis in stems (Yu et al., 2020a). It was proposed that jasmonate might regulate terpene biosynthesis through bHLH/MYB interactions. The comprehensive gene co-expression networks provide new insights into terpene biosynthesis by revealing multiple regulatory pathways. However, whether these transcription factors act directly or indirectly and how their hierarchical network was formed to regulate terpene biosynthesis need further substantial efforts in future.

Oleoresin terpene in conifers plays an important defense function against herbivores and pathogens (Celedon and Bohlmann, 2019). However, the oleoresins in conifers are mainly composed of monoterpenes and diterpenes, while the oleoresins in broadleaf tree S. glabra are largely composed of sesquiterpenes. In the broadleaf trees, research on terpene function in the genus Eucalyptus is relatively well developed. Terpenes released from Eucalyptus leaves could protect themselves against the most damaging pest, Leptocybe invasa (Oates et al., 2015). Terpenes constituents of anther in Eucalyptus polybractea have multiple roles including attracting pollinators, deterrence of palynivores and adhesion of pollen to pollinators (Goodger et al., 2021). Nevertheless, although there were a small amount of sesquiterpenes detected in Eucalyptus, monoterpenes still constituted the majority of terpenes. It is difficult to determine the function of specific compounds or if the synergistic effect of different types of terpenes is needed for their defenses. In S. glabra trunk, above 80% of oleoresin was composed of sesquiterpenes that share the same molecular weight. Studies on the function of sesquiterpene in S. glabra trunk would be important for understanding the defense mechanisms in long-lives woody trees. Here, we revealed that the unique and expanded genes in the S. glabra genome were mostly enriched in the plant–pathogen interaction and terpene biosynthesis pathways (Figure 5). Specifically, 245 disease resistance genes with an NBS domain were identified in the S. glabra genome, which number was much more than that in Vernicia fordii (88) (Zhang et al., 2019), but similar to that in Ricinus communis (232) (Chan et al., 2010), and J. curcas (275) (Wu et al., 2015), and markedly lower than that in H. brasiliensis (483) (Lau et al., 2016). The NBS-LRR family gene showed lineage-specific expansion to give 47 members. In addition, the expression of these disease resistance genes showed diverse expression patterns and some of them were highly expressed in the high oil-yielding adult stem tissues. Together, these suggest that S. glabra may have evolved complex oleoresin terpene defense mechanism through lineage-specific expansion of terpene biosynthesis genes and disease resistance genes.

In summary, this study presents the whole-genome sequences with comprehensive annotations, including complete pictures of terpene biosynthesis and defense pathways in S. glabra. These data will offer valuable resources for rational exploitation and usage of tree oleoresin.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA747876.



AUTHOR CONTRIBUTIONS

NY conceived and performed the project and wrote the manuscript. HS helped manuscript revision. JY provided the plant materials for sequencing. RL discussed the results. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by Guangdong Provincial Natural Science Foundation under grant numbers 2021A1515012196 and 2019A1515012106, and Guangzhou Basic and Applied Basic Research Foundation under grant number 202002030318.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.794830/full#supplementary-material


FOOTNOTES

1
http://www.timetree.org/


REFERENCES

Agrawal, A. A., and Heil, M. (2012). Synthesizing specificity: multiple approaches to understanding the attack and defense of plants. Trends Plant Sci. 17, 239–242. doi: 10.1016/j.tplants.2012.03.011

Aizpurua-Olaizola, O., Soydaner, U., Öztürk, E., Schibano, D., Simsir, Y., Navarro, P., et al. (2016). Evolution of the Cannabinoid and Terpene Content during the Growth of Cannabis sativa Plants from Different Chemotypes. J. Nat. Prod. 79, 324–331. doi: 10.1021/acs.jnatprod.5b00949

Altschul, S. F., Gish, W., Miller, W., Myers, E. W., and Lipman, D. J. (1990). Basic local alignment search tool. J. Mol. Biol. 215, 403–410. doi: 10.1016/S0022-2836(05)80360-2

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J., et al. (2000). Gene ontology: tool for the unification of biology. The Gene Ontology Consortium. Nat. Genet. 25, 25–29. doi: 10.1038/75556

Bairoch, A., and Apweiler, R. (2000). The SWISS-PROT protein sequence database and its supplement TrEMBL in 2000. Nucleic Acids Res. 28, 45–48. doi: 10.1093/nar/28.1.45

Belaghzal, H., Dekker, J., and Gibcus, J. H. (2017). Hi-C 2.0: An optimized Hi-C procedure for high-resolution genome-wide mapping of chromosome conformation. Methods 123, 56–65. doi: 10.1016/j.ymeth.2017.04.004

Bertioli, D. J., Cannon, S. B., Froenicke, L., Huang, G., Farmer, A. D., Cannon, E. K., et al. (2016). The genome sequences of Arachis duranensis and Arachis ipaensis, the diploid ancestors of cultivated peanut. Nat. Genet. 48, 438–446. doi: 10.1038/ng.3517

Birney, E., Clamp, M., and Durbin, R. (2004). GeneWise and Genomewise. Genome Res. 14, 988–995. doi: 10.1101/gr.1865504

Burton, J. N., Adey, A., Patwardhan, R. P., Qiu, R., Kitzman, J. O., and Shendure, J. (2013). Chromosome-scale scaffolding of de novo genome assemblies based on chromatin interactions. Nat. Biotechnol. 31, 1119–1125. doi: 10.1038/nbt.2727

Carvalho, C. R., Clarindo, W. R., Praca, M. M., Araujo, F. S., and Carels, N. (2008). Genome size, base composition and karyotype of Jatropha curcas L., an important biofuel plant. Plant Sci. 174, 613–617. doi: 10.1016/j.plantsci.2008.03.010

Celedon, J. M., and Bohlmann, J. (2019). Oleoresin defenses in conifers: chemical diversity, terpene synthases and limitations of oleoresin defense under climate change. New Phytol. 224, 1444–1463. doi: 10.1111/nph.15984

Chan, A. P., Crabtree, J., Zhao, Q., Lorenzi, H., Orvis, J., Puiu, D., et al. (2010). Draft genome sequence of the oilseed species Ricinus communis. Nat. Biotechnol. 28, 951–956. doi: 10.1038/nbt.1674

Chang, Y., Liu, H., Liu, M., Liao, X., Sahu, S. K., Fu, Y., et al. (2019). The draft genomes of five agriculturally important African orphan crops. Gigascience 8:giy152. doi: 10.1093/gigascience/giy152

Chase, M. W., Christenhusz, M. J. M., Fay, M. F., Byng, J. W., Judd, W. S., Soltis, D. E., et al. (2016). An update of the Angiosperm Phylogeny Group classification for the orders and families of flowering plants: APG IV. Bot. J. Linnean Soc. 181, 1–20. doi: 10.1111/boj.12385

Chaw, S. M., Liu, Y. C., Wu, Y. W., Wang, H. Y., Lin, C. I., Wu, C. S., et al. (2019). Stout camphor tree genome fills gaps in understanding of flowering plant genome evolution. Nat. Plants 5, 63–73. doi: 10.1038/s41477-018-0337-0

Chen, F., Tholl, D., Bohlmann, J., and Pichersky, E. (2011). The family of terpene synthases in plants: a mid-size family of genes for specialized metabolism that is highly diversified throughout the kingdom. Plant J. 66, 212–229. doi: 10.1111/j.1365-313X.2011.04520.x

Chen, Y. C., Li, Z., Zhao, Y. X., Gao, M., Wang, J. Y., Liu, K. W., et al. (2021). The Litsea genome and the evolution of the laurel family. Nat. Commun. 11:1675. doi: 10.1038/s41467-020-15493-5

Chin, C. S., Alexander, D. H., Marks, P., Klammer, A. A., Drake, J., Heiner, C., et al. (2013). Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data. Nat. Methods 10, 563–569. doi: 10.1038/nmeth.2474

Chin, C. S., Peluso, P., Sedlazeck, F. J., Nattestad, M., Concepcion, G. T., Clum, A., et al. (2016). Phased diploid genome assembly with single-molecule real-time sequencing. Nat. Methods 13:1050. doi: 10.1038/nmeth.4035

Courtois, E. A., Baraloto, C., Paine, C. E., Petronelli, P., Blandinieres, P. A., Stien, D., et al. (2012). Differences in volatile terpene composition between the bark and leaves of tropical tree species. Phytochemistry 82, 81–88. doi: 10.1016/j.phytochem.2012.07.003

da Trindade, R., da Silva, J. K., and Setzer, W. N. (2018). Copaifera of the Neotropics: A Review of the Phytochemistry and Pharmacology. Int. J. Mol. Sci. 19:1511. doi: 10.3390/ijms19051511

De Bie, T., Cristianini, N., Demuth, J. P., and Hahn, M. W. (2006). CAFE: a computational tool for the study of gene family evolution. Bioinformatics 22, 1269–1271. doi: 10.1093/bioinformatics/btl097

Feuillet, C., Schachermayr, G., and Keller, B. (1997). Molecular cloning of a new receptor-like kinase gene encoded at the Lr10 disease resistance locus of wheat. Plant J. 11, 45–52. doi: 10.1046/j.1365-313X.1997.11010045.x

Flynn, J. M., Hubley, R., Goubert, C., Rosen, J., Clark, A. G., Feschotte, C., et al. (2020). RepeatModeler2 for automated genomic discovery of transposable element families. Proc. Natl. Acad. Sci. U S A. 117, 9451–9457. doi: 10.1073/pnas.1921046117

Galbraith, D. W., Harkins, K. R., Maddox, J. M., Ayres, N. M., Sharma, D. P., and Firoozabady, E. (1983). Rapid flow cytometric analysis of the cell cycle in intact plant tissues. Science 220, 1049–1051. doi: 10.1126/science.220.4601.1049

Galon, Y., Nave, R., Boyce, J. M., Nachmias, D., Knight, M. R., and Fromm, H. (2008). Calmodulin-binding transcription activator (CAMTA) 3 mediates biotic defense responses in Arabidopsis. FEBS Lett. 582, 943–948. doi: 10.1016/j.febslet.2008.02.037

Goldblatt, P. (1981). Chromosome Numbers in Legumes II. Ann. Missouri Bot. Garden 68, 551–557. doi: 10.2307/2398889

Goodger, J. Q. D., Sargent, D., Humphries, J., and Woodrow, I. E. (2021). Monoterpene synthases responsible for the terpene profile of anther glands in Eucalyptus polybractea R.T. Baker (Myrtaceae). Tree Physiol. 41, 849–864. doi: 10.1093/treephys/tpaa161

Griesmann, M., Chang, Y., Liu, X., Song, Y., Haberer, G., Crook, M. B., et al. (2018). Phylogenomics reveals multiple losses of nitrogen-fixing root nodule symbiosis. Science 361:eaat1743.

Haas, B. J., Delcher, A. L., Mount, S. M., Wortman, J. R., Smith, R. K. Jr., Hannick, L. I., et al. (2003). Improving the Arabidopsis genome annotation using maximal transcript alignment assemblies. Nucleic Acids Res. 31, 5654–5666. doi: 10.1093/nar/gkg770

Haas, B. J., Salzberg, S. L., Zhu, W., Pertea, M., Allen, J. E., Orvis, J., et al. (2008). Automated eukaryotic gene structure annotation using evidence modeler and the program to assemble spliced alignments. Genome Biol. 9:R7. doi: 10.1186/gb-2008-9-1-r7

Jian, W., Cao, H., Yuan, S., Liu, Y., Lu, J., Lu, W., et al. (2019). SlMYB75, an MYB-type transcription factor, promotes anthocyanin accumulation and enhances volatile aroma production in tomato fruits. Horticult. Res. 6:22. doi: 10.1038/s41438-018-0098-y

Jiang, S. Y., Jin, J., Sarojam, R., and Ramachandran, S. (2019). A Comprehensive Survey on the Terpene Synthase Gene Family Provides New Insight into Its Evolutionary Patterns. Genome Biol. Evolut. 11, 2078–2098. doi: 10.1093/gbe/evz142

Jurka, J., Kapitonov, V. V., Pavlicek, A., Klonowski, P., Kohany, O., and Walichiewicz, J. (2005). Repbase Update, a database of eukaryotic repetitive elements.Cytogenet. Genome Res. 110, 462–467. doi: 10.1159/000084979

Kanehisa, M., and Goto, S. (2000). KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

Karanikas, C., Walker, V., Scaltsoyiannes, A., Comte, G., and Bertrand, C. (2010). High vs. low yielding oleoresin Pinus halepensis Mill. trees GC terpenoids profiling as diagnostic tool. Ann. For. Sci. 67:412. doi: 10.1051/forest/2009132

Karunanithi, P. S., and Zerbe, P. (2019). Terpene Synthases as Metabolic Gatekeepers in the Evolution of Plant Terpenoid Chemical Diversity. Front. Plant Sci. 10:1166. doi: 10.3389/fpls.2019.01166

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S. L. (2013). TopHat2: accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 14:R36. doi: 10.1186/gb-2013-14-4-r36

LaFountain, A. M., and Yuan, Y. W. (2021). Repressors of anthocyanin biosynthesis. New Phytol. 231, 933–949. doi: 10.1111/nph.17397

Lagesen, K., Hallin, P., Rødland, E. A., Staerfeldt, H. H., Rognes, T., and Ussery, D. W. (2007). RNAmmer: consistent and rapid annotation of ribosomal RNA genes. Nucleic Acids Res. 35, 3100–3108. doi: 10.1093/nar/gkm160

Lau, N. S., Makita, Y., Kawashima, M., Taylor, T. D., Kondo, S., Othman, A. S., et al. (2016). The rubber tree genome shows expansion of gene family associated with rubber biosynthesis. Sci. Rep. 6:28594. doi: 10.1038/srep28594

Lecourieux, D., Ranjeva, R., and Pugin, A. (2006). Calcium in plant defence-signalling pathways. New Phytol. 171, 249–269. doi: 10.1111/j.1469-8137.2006.01777.x

Li, H., and Durbin, R. (2010). Fast and accurate long-read alignment with Burrows-Wheeler transform. Bioinformatics 26, 589–595. doi: 10.1093/bioinformatics/btp698

Li, L., Stoeckert, C. J. Jr., and Roos, D. S. (2003). OrthoMCL: identification of ortholog groups for eukaryotic genomes. Genome Res. 13, 2178–2189. doi: 10.1101/gr.1224503

Li, R., Zhu, H., Ruan, J., Qian, W., Fang, X., Shi, Z., et al. (2010). De novo assembly of human genomes with massively parallel short read sequencing. Genome Res. 20, 265–272. doi: 10.1101/gr.097261.109

Liu, J., Ding, P., Sun, T., Nitta, Y., Dong, O., Huang, X., et al. (2013). Heterotrimeric G proteins serve as a converging point in plant defense signaling activated by multiple receptor-like kinases. Plant Physiol. 161, 2146–2158. doi: 10.1104/pp.112.212431

Livingston, S. J., Quilichini, T. D., Booth, J. K., Wong, D. C. J., Rensing, K. H., and Laflamme-Yonkman et al. (2020). Cannabis glandular trichomes alter morphology and metabolite content during flower maturation. Plant J. 101, 37–56. doi: 10.1111/tpj.14516

Lonardi, S., Muñoz-Amatriaín, M., Liang, Q., Shu, S., Wanamaker, S. I., Lo, S., et al. (2019). The genome of cowpea (Vigna unguiculata [L.] Walp.). Plant J. 98, 767–782. doi: 10.1111/tpj.14349

Lowe, T. M., and Eddy, S. R. (1997). tRNAscan-SE: A program for improved detection of transfer RNA genes in genomic sequence. Nucleic Acids Res. 25, 955–964. doi: 10.1093/nar/25.5.955

Luo, R., Liu, B., Xie, Y., Li, Z., Huang, W., Yuan, J., et al. (2015). SOAPdenovo2: an empirically improved memory-efficient short-read de novo assembler. Gigascience 4:30. doi: 10.1186/s13742-015-0069-2

Mackey, D., Belkhadir, Y., Alonso, J. M., Ecker, J. R., and Dangl, J. L. (2003). Arabidopsis RIN4 is a target of the type III virulence effector AvrRpt2 and modulates RPS2-mediated resistance. Cell 112, 379–389. doi: 10.1016/S0092-8674(03)00040-0

Mageroy, M. H., Christiansen, E., Långström, B., Borg-Karlson, A. K., Solheim, H., Björklund, N., et al. (2019). Priming of inducible defenses protects Norway spruce against tree-killing bark beetles. Plant Cell Environ. 43, 420–430. doi: 10.1111/pce.13661

Miller, B., Madilao, L. L., Ralph, S., and Bohlmann, J. (2005). Insect-induced conifer defense. White pine weevil and methyl jasmonate induce traumatic resinosis, de novo formed volatile emissions, and accumulation of terpenoid. Plant Physiol. 137, 369–382. doi: 10.1104/pp.104.050187

Mulder, N., and Apweiler, R. (2007). InterPro and InterProScan: tools for protein sequence classification and comparison. Methods Mol. Biol. 396, 59–70. doi: 10.1007/978-1-59745-515-2_5

Nawrocki, E. P., and Eddy, S. R. (2013). Infernal 1.1: 100-fold faster RNA homology searches. Bioinformatics 29, 2933–2935. doi: 10.1093/bioinformatics/btt509

Oates, C. N., Külheim, C., Myburg, A. A., Slippers, B., and Naidoo, S. (2015). The transcriptome and terpene profile of eucalyptus grandis reveals mechanisms of defense against the insect pest, Leptocybe invasa. Plant Cell Physiol. 56, 1418–1428. doi: 10.1093/pcp/pcv064

Parra, G., Bradnam, K., and Korf, I. (2007). CEGMA: a pipeline to accurately annotate core genes in eukaryotic genomes. Bioinformatics 23, 1061–1070. doi: 10.1093/bioinformatics/btm071

Peng, X., Liu, H., Chen, P., Tang, F., Hu, Y., Wang, F., et al. (2019). A chromosome-scale genome assembly of paper mulberry (broussonetia papyrifera) provides new insights into its forage and papermaking usage. Mol. Plant 12, 661–677. doi: 10.1016/j.molp.2019.01.021

Pichersky, E., and Raguso, R. A. (2018). Why do plants produce so many terpenoid compounds? New Phytol. 220, 692–702. doi: 10.1111/nph.14178

Qi, T., Song, S., Ren, Q., Wu, D., Huang, H., Chen, Y., et al. (2011). The Jasmonate-ZIM-domain proteins interact with the WD-Repeat/bHLH/MYB complexes to regulate Jasmonate-mediated anthocyanin accumulation and trichome initiation in Arabidopsis thaliana. Plant Cell 23, 1795–1814. doi: 10.1105/tpc.111.083261

Robert, C. E. (2004). MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 32, 1792–1797. doi: 10.1093/nar/gkh340

Sallas, L., Luomala, E. M., Utriainen, J., Kainulainen, P., and Holopainen, J. K. (2003). Contrasting effects of elevated carbon dioxide concentration and temperature on Rubisco activity, chlorophyll fluorescence, needle ultrastructure and secondary metabolites in conifer seedlings. Tree Physiol. 23, 97–108. doi: 10.1093/treephys/23.2.97

Sato, S., Nakamura, Y., Kaneko, T., Asamizu, E., Kato, T., Nakao, M., et al. (2008). Genome structure of the legume, Lotus japonicus. DNA Res. 15, 227–239. doi: 10.1093/dnares/dsn008

Schmelz, E. A., Huffaker, A., Sims, J. W., Christensen, S. A., Lu, X., Okada, K., et al. (2014). Biosynthesis, elicitation and roles of monocot terpenoid phytoalexins. Plant J. 79, 659–678. doi: 10.1111/tpj.12436

Schmutz, J., Cannon, S. B., Schlueter, J., Ma, J., Mitros, T., Nelson, W., et al. (2010). Genome sequence of the palaeopolyploid soybean. Nature 463, 178–183. doi: 10.1038/nature08670

Schranz, M. E., Mohammadin, S., and Edger, P. P. (2012). Ancient whole genome duplications, novelty and diversification: the WGD Radiation Lag-Time Model. Curr. Opin. Plant Biol. 15, 147–153. doi: 10.1016/j.pbi.2012.03.011

Shen, Q., Lu, X., Yan, T., Fu, X., Lv, Z., Zhang, F., et al. (2016). The jasmonate-responsive AaMYC2 transcription factor positively regulates artemisinin biosynthesis in Artemisia annua. New Phytol. 210, 1269–1281. doi: 10.1111/nph.13874

Simão, F. A., Waterhouse, R. M., Ioannidis, P., Kriventseva, E. V., and Zdobnov, E. M. (2015). BUSCO: assessing genome assembly and annotation completeness with single-copy orthologs. Bioinformatics 31, 3210–3212. doi: 10.1093/bioinformatics/btv351

Smit, A., Hubley, R., and Green, P. (2010). RepeatMasker Open-3.0. Seattle, WA: Institute for Systems Biology.

Stamatakis, A. (2014). RAxML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 30, 1312–1313. doi: 10.1093/bioinformatics/btu033

Takahashi, A., Casais, C., Ichimura, K., and Shirasu, K. (2003). HSP90 interacts with RAR1 and SGT1 and is essential for RPS2-mediated disease resistance in Arabidopsis. Proc. Natl. Acad. Sci. U S A. 100, 11777–11782. doi: 10.1073/pnas.2033934100

Talavera, G., and Castresana, J. (2007). Improvement of phylogenies after removing divergent and ambiguously aligned blocks from protein sequence alignments. Systemat. Biol. 56, 564–577. doi: 10.1080/10635150701472164

Tang, H., Bowers, J. E., Wang, X., Ming, R., Alam, M., and Paterson, A. H. (2008). Synteny and collinearity in plant genomes. Science 320, 486–488. doi: 10.1126/science.1153917

Tholl, D. (2015). Biosynthesis and biological functions of terpenoids in plants. Adv. Biochem. Engine. Biotechnol. 148, 63–106. doi: 10.1007/10_2014_295

Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M. J., et al. (2010). Transcript assembly and quantification by RNA-seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat. Biotechnol. 28, 511–515. doi: 10.1038/nbt.1621

Trapp, S. C., and Croteau, R. B. (2001). Genomic organization of plant terpene synthases and molecular evolutionary implications. Genetics 158, 811–832. doi: 10.1093/genetics/158.2.811

Turtola, S., Manninen, A. M., Rikala, R., and Kainulainen, P. (2003). Drought stress alters the concentration of wood terpenoids in Scots pine and Norway spruce seedlings. J. Chem. Ecol. 29, 1981–1995. doi: 10.1023/A:1025674116183

Vaid, N., Pandey, P. K., and Tuteja, N. (2012). Genome-wide analysis of lectin receptor-like kinase family from Arabidopsis and rice. Plant Mol. Biol. 80, 365–388. doi: 10.1007/s11103-012-9952-8

Varshney, R. K., Song, C., Saxena, R. K., Azam, S., Yu, S., Sharpe, A. G., et al. (2013). Draft genome sequence of chickpea (Cicer arietinum) provides a resource for trait improvement. Nat. Biotechnol. 31, 240–246. doi: 10.1038/nbt.2491

Vurture, G. W., Sedlazeck, F. J., Nattestad, M., Underwood, C. J., Fang, H., Gurtowski, J., et al. (2017). GenomeScope: fast reference-free genome profiling from short reads. Bioinformatics 33, 2202–2204. doi: 10.1093/bioinformatics/btx153

Walker, B. J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S., et al. (2014). Pilon: an integrated tool for comprehensive microbial variant detection and genome assembly improvement. PLoS One 9:e112963. doi: 10.1371/journal.pone.0112963

Wingett, S., Ewels, P., Furlan-Magaril, M., Nagano, T., Schoenfelder, S., Fraser, P., et al. (2015). HiCUP: pipeline for mapping and processing Hi-C data. F1000Res 4:1310. doi: 10.12688/f1000research.7334.1

Wittayalai, S., Mahidol, C., Prachyawarakorn, V., Prawat, H., and Ruchirawat, S. (2014). Terpenoids from the roots of Drypetes hoaensis and their cytotoxic activities. Phytochemistry 99, 121–126. doi: 10.1016/j.phytochem.2013.12.017

Wu, P., Zhou, C., Cheng, S., Wu, Z., Lu, W., Han, J., et al. (2015). Integrated genome sequence and linkage map of physic nut (Jatropha curcas L.), a biodiesel plant. Plant J. 81, 810–821. doi: 10.1111/tpj.12761

Wuyun, T. N., Wang, L., Liu, H., Wang, X., Zhang, L., Bennetzen, J. L., et al. (2018). The Hardy Rubber Tree Genome Provides Insights into the Evolution of Polyisoprene Biosynthesis. Mol. Plant 11, 429–442. doi: 10.1016/j.molp.2017.11.014

Xie, M., Chung, C. Y., Li, M. W., Wong, F. L., Wang, X., Liu, A., et al. (2019). A reference-grade wild soybean genome. Nat. Communicat. 10:1216. doi: 10.1038/s41467-019-09142-9

Xu, Y. H., Wang, J. W., Wang, S., Wang, J. Y., and Chen, X. Y. (2004). Characterization of GaWRKY1, a cotton transcription factor that regulates the sesquiterpene synthase gene (+)-delta-cadinene synthase-A. Plant Physiol. 135, 507–515. doi: 10.1104/pp.104.038612

Xu, Z., and Wang, H. (2007). LTR_FINDER: an efficient tool for the prediction of full-length LTR retrotransposons. Nucleic Acids Res. 35, 265–268. doi: 10.1093/nar/gkm286

Yang, H., Tao, Y., Zheng, Z., Zhang, Q., Zhou, G., Sweetingham, M. W., et al. (2013). Draft genome sequence, and a sequence-defined genetic linkage map of the legume crop species Lupinus angustifolius L. PLoS One 8:e64799. doi: 10.1371/journal.pone.0064799

Yang, Z. (2007). PAML 4: Phylogenetic Analysis by Maximum Likelihood. Mol. Biol. Evolut. 24, 1586–1591. doi: 10.1093/molbev/msm088

Young, N. D., and Bharti, A. K. (2012). Genome-enabled insights into legume biology. Annu. Rev. Plant Biol. 63, 283–305. doi: 10.1146/annurev-arplant-042110-103754

Young, N. D., Debellé, F., Oldroyd, G. E., Geurts, R., Cannon, S. B., Udvardi, M. K., et al. (2011). The Medicago genome provides insight into the evolution of rhizobial symbioses. Nature 480, 520–524. doi: 10.1038/nature10625

Yu, N., Chen, Z. L., Yang, J. C., Li, R. S., and Zou, W. T. (2020a). Integrated transcriptomic and metabolomic analyses reveal regulation of terpene biosynthesis in the stems of Sindora glabra. Tree Physiol. 34, 1323–1334.

Yu, N., Li, Q. Q., Yang, J. C., Yin, G. T., Li, R. S., and Zou, W. T. (2020b). Variation in oleoresin yield and anatomical traits among Sindora glabra populations in Hainan, China. Trees 34, 1323–1334. doi: 10.1007/s00468-020-02000-y

Yu, N., Yang, J. C., Yin, G. T., Li, R. S., and Zou, W. T. (2018). Transcriptome analysis of oleoresin-producing tree Sindora Glabra and characterization of sesquiterpene synthases. Front. Plant Sci. 9:1619. doi: 10.3389/fpls.2018.01619

Yu, Z. X., Li, J. X., Yang, C. Q., Hu, W. L., Wang, L. J., and Chen, X. Y. (2012). The jasmonate-responsive AP2/ERF transcription factors AaERF1 and AaERF2 positively regulate artemisinin biosynthesis in Artemisia annua L. Mol. Plant 5, 353–365. doi: 10.1093/mp/ssr087

Zhang, L., Liu, M., Long, H., Dong, W., Pasha, A., Esteban, E., et al. (2019). Tung Tree (Vernicia fordii) Genome Provides A Resource for Understanding Genome Evolution and Improved Oil Production. Genomics Proteom. Bioinformat. 17, 558–575. doi: 10.1016/j.gpb.2019.03.006

Zhang, R., Wang, Y. H., Jin, J. J., Stull, G. W., Bruneau, A., Cardoso, D., et al. (2020). Exploration of plastid phylogenomic conflict yields new insights into the deep relationships of leguminosae. Systemat. Biol. 69, 613–622. doi: 10.1093/sysbio/syaa013

Zhang, Z., Li, J., Zhao, X. Q., Wang, J., Wong, G. K., and Yu, J. (2006). KaKs_Calculator: calculating Ka and Ks through model selection and model averaging. Genom. Proteom. Bioinformatics 4, 259–263. doi: 10.1016/S1672-0229(07)60007-2


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Yu, Sun, Yang and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-12-794830-t001.jpg
Type Parameter

Estimated genome size
Total assembly size
Sequences anchored to Hi-C map
Number of scaffolds
N50 of scaffolds
Longest scaffolds
Number of Contigs
N50 of contigs
Longest contigs
GC content
Number of genes
Mean transcript length
Mean coding sequence length
Mean number of exons per gene
Mean exon length
Mean intron length
Number of mIRNA
Number of tRNA
Number of rRNA
Number of small nuclear RNA
Repeat content

Assembly

Annotation

Size

1.22 Gb
1.11 Gb
1.09 Gb
363
84.87 Mb
136.07 Mb
1,461
1.27 Mb
520 Mb
28.01%
31,944
4,239 bp
1,143 bp
5.02
227 58 bp
769.45 bp
701
672
174
2,848
52.40%





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Diesel Tree Sindora glabra Genome Provides Insights Into the Evolution of Oleoresin Biosynthesis



		INTRODUCTION



		MATERIALS AND METHODS



		Genomic Sequencing



		De novo Genome Assembly



		Genome Annotation



		Comparative Genome Analysis







		RESULTS



		Genome Sequencing and Assembly



		Genome Annotation



		Evolution of S. glabra Genome



		Whole Genome Duplication and Collinearity



		Oleoresin Biosynthesis in S. glabra



		Genes Involved in Stress Response of S. glabra







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
frontiers
In Plant Science

The Diesel Tree Sindora glabra
Genome Provides Insights Into
the Evolution of Oleoresin
Biosynthesis







OPS/images/fpls-12-794830-g002.jpg
@)

Percentage of gene pairs (%)

V. unguiculata

S. glabra

385 \

A Group 4DTv peak value
3 Peak 1  Peak 2
= S. glabra-S. glabra 0.22 0.64
= 8. glabra-G. max 0.30 0.66
30 = §. glabra-M. truncatula 0.32 0.66
. = S glabra-C. micranthum - 0.62
i . S glabra-H. brasiliensis ~ 0.44 0.60
20
10
1 ";;f
; A e iy
0.00 0.10 020 030 040 050 0.60 0.70 0.80

4dTyv distance (corrected for multiple substitutions)

12/-6

A. thaliana
+169/-28
69, T. cacao
+10/-46 =074 +24/-514 +167/-33 H. brasiliensis

+74

&
78.6 i .
S P. trichocarpa

+48/-14

| Al il +319/-20
+9/-3
200 150 100 50
D
| | |
3 17 18 19 20
RERRRRR
1 2 3 9 1011 12

M. truncatula







OPS/images/fpls-12-794830-g001.jpg
Chr09

NN — — —

| |
- y
>
. ‘./ ) o7 —1

\!
P‘ :
N A ’A'( '

\/ ,ﬂ"
At
S

N e
'I.’,///' '.'.:“ A
AN

- \
e B Y







OPS/images/fpls-12-794830-g004.jpg
TPS-al
S 4P
&& £ Q)
Y D S & »
o R | p LS RS
TPS-¢/ 553 cecd Lo
Corng VT B
SeTPss( SgTPS57 g’st > : / : %?&-‘%‘g%t '
-, R
- IPAVEN
\\ gg%%s%
SeT,
Sg%)gggz ‘%—
SeTPssg — —
TPS-f e
SgTPS54 =
TPS-c
TPS-a2
— S. bicolor
— O. sativa
— P. tomentosa G%aqtg \
" A. thaliana _1,‘%) A\
— S. glabra Q%‘Jb p ‘%% *%&360(\0
— C. officinalis o TPS-b 0% a0 € TPS-g
TPS58 TPS63 TPS62
Chro01 _I-__ ﬁ
g 139 kb !
22978756 23117473
TPS03 TPS60 TPS11
Chro02 =g |
g 278 kb » 20kb
61455464 61733603
TPS07 TPS34 TPS06 TPS01 TPS0S
ChroOS | ‘ ‘ ‘ |
| 685 kb

50 kb
54774972 55459935

TPSI6
TPS60
TPS01
TPS51
TPS64
TPS04
TPS54
TPS06
TPS58
17835
TPS57
TPS63
TPS61
TPS03
TPS05
IPSI2
TPS52
ITPS15
TPS56
TPS07
TPSI3
TPS59
TPS10
TPS14
TPS09
TPSI11
TPS02
TPS08

L S R AS HI2
I

-15-1-0500511.5





OPS/images/fpls-12-794830-g003.jpg
I MVA pathway ‘ MEP pathway

L S R ASHI2 Acetyl-CoA Pyruvate+G3P

L S R AS HI2

ACAT? ACATl DXS3
DXS4
Acetoacetyl-CoA (et g))gg
HMGSI Y -
HMGS2
HMGS4 l DXR bDxr2 -
HMG-CoA o
HMGRI L
. 45 | " acopaenc et oy
=y 40 | ™ B-caryophyllene
HMGRe HMGR 35 LN
HMGR7 >
HMGRS 30 CMK cvx RN
HMGR9 s 75 l
HMGRI0 v % & CDP-ME2P
MVA F
MVKI > 15 l MDS e _
v |2
e 5 MEcPP
MVAP HDSI1
pux R PMKl L S R AS HI2 HDS3
HMBPP
MVAPP L S R ASHI2 e
i .
ool o |
IDI "
—_— [PP < » DMAPP 1.5
GPS2 1
GPS3 l \ 0.5
~ GGPS > GGPP
FPSI GGPSI 0.5
FPS2 GGPS2 e
FPS3 GGPS3 % |
FPS4 GGPS4
FPS6 GGPS6 -1.5

GGPS7
L S R AS HI1I2 L S R AS HI1I2

FPS7






OPS/images/fpls-12-794830-g005.jpg
A

Isoflavonoid biosynthesis

Flavone and flavonol biosynthesis
Sesquiterpenoid and triterpenoid biosynthesis
Plant-pathogen interaction

Pyruvate metabolism

Diterpenoid biosynthesis

RNA polymerase

MAPK signaling pathway

Carbon fixation in photosynthetic organisms

Toll-like receptor signaling pathway ~|.

Phosphonate and phosphinate metabolism -
Arachidonic acid metabolism -

Pyruvate metabolism -

Spliceosome -

Galactose metabolism A

Plant—pathogen interaction A

Starch and sucrose metabolism -

Ribosome biogenesis in eukaryotes A

Toll-like receptor signaling pathway
MAPK signaling pathway — plant

KEGG enrichment of specific genes
Number
" ® 50
® @ 100
@ 15

qvalue

0.075
0.050
0.025

0.10 0.15 020 025 030 Rich factor

KEGG enrichment of expanded genes

®  Number
© e 5
® 10
® 5
@

qvalue

0.05
0.04
. 0.03

0.02
@
®

0.01

. . i, - Rich_factor

0.1 0.2 0.3 0.4

Ca?t

Bacterial

flagellin = |

PAMP-triggered immunity

—_— - % NO - - » Stomatal closure

Sgl.1144

Cytoplasm

CML

—> (Ca2t —»
Sg10.1690

Sgl10.1703 Sg5.594
Sg10.1704 Sg8.3193
Sg10.1678 Sg7.3015
Sg10.1681 Sgl.1149
Sg2.1147
Sg2.1146
Sg2.1139
Sg2.1144
Sg2.1143
+P
—>» | FLS2 - ---9%| WRKY22 DNA- ¥ Defense-related gene
$g3.2932 5g9.1950 induction
Sg3.2985 Sg11.1532
Sg6.941 Sgl1.1532
Sg9.2426
Sg0.1236
Sg0.2017 Sg9.484
Sg963.1 Sg5.1407
Sg9.1264 Sg5.1405
Sg7.2266 Sgl12.1
Sg10.551 Sg5.1465

Sg5.1272
Sg10.1807
$g5.1270
$g9.491
$g3.2967
Sg10.442

- I
-1.5-1-050051 1.5

Effector-triggered immunity se32964 | RARI
S
p LRPMI F----3[ SGTI | --» Hypersensitive response (HR)
Bacterial ——

v
'
secretion system ‘ > AvrRpi2 | RIN4 | RIN4 7 Sg7 1534

Sg7.1532
SgS 2246
Sg2.187

DNA—> PA20 ---->
- ng 2384

RPS2

AvrBs3 Cellular hypertrophy





OPS/images/logo.jpg
' frontiers
in Plant Science





