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Introduction

Hedyotis diffusa (Rubiaceae) is a medicinal herb with significant therapeutic potential, primarily attributed to its bioactive iridoid compounds. However, the molecular mechanisms governing iridoid biosynthesis in this species remain poorly characterized, limiting its biotechnological and pharmaceutical applications.





Methods

We generated a telomere-to-telomere (T2T) chromosomal-scale genome assembly of Hedyotis diffusa (∼482.30 Mb, anchored to 16 chromosomes) and performed phylogenetic and comparative genomic analyses to investigate its evolutionary history. Additionally, we analyzed the expression patterns of 30 methylerythritol 4-phosphate/mevalonate phosphate (MEP/MVA) pathway genes and 93 iridoid biosynthesis-related genes across different tissues. Gene tree clustering and gene expression analysis  were employed to identify candidate genes involved in iridoid post-modification.





Results

The genome assembly revealed a recent species-specific whole-genome duplication (WGD) event in Hedyotis diffusa. Expression profiling showed that MEP/MVA pathway genes were predominantly expressed in roots, while iridoid biosynthesis genes exhibited tissue-specific patterns. Three candidate genes—LAMT, OAT, and CYP71—were implicated in iridoid post-modification processes. Gene tree clustering further identified one LAMT gene (Hd_18862) and two CYP71D55 homologs (Hd_18118 and Hd_18119) as key contributors.





Discussion

This study provides the first T2T genome resource for Hedyotis diffusa, elucidating its unique WGD event and evolutionary trajectory. The tissue-specific expression patterns of MEP/MVA and iridoid biosynthesis genes suggest spatial regulation of metabolite production. The identification of LAMT and CYP71D55 homologs advances understanding of iridoid structural diversification. These findings establish a genomic foundation for further exploration of iridoid biosynthesis mechanisms and potential metabolic engineering applications.
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Introduction

Rubiaceae is the fourth largest family of angiosperms, comprising approximately 80 genera and over 500 species in China, primarily distributed from the southwest to the southeast regions (Mongrand et al., 2005; Ly et al., 2020). Hedyotis diffusa (Hd) is a widely used traditional Chinese medicinal herb with a long history of clinical application (Figure 1A). It was first documented in Shen Nong’s Herbal Classic, one of the four foundational texts of traditional Chinese medicine (Xiaojuan, 2022). The botanical characteristics and pharmacological properties of Hd have been extensively recorded in authoritative references such as Chinese Materia Medica, Great Dictionary of Chinese Medicine, and Flora of China (Wencai, 2016; Pian, 2017; Editorial department of health newspaper, 2018). According to the Chinese Pharmacopoeia (2020 Edition), approximately 30 Chinese patent medicines contain Hd, including Yiganning granules, Shuanghu Qinggan granules, Qingshen granules, and Huahong tablets, among others (Committee NP, 2020). The whole herb of Hd is used medicinally. It is characterized by a bitter, sweet, and cold nature and is associated with the liver, spleen, and stomach meridians. Its primary therapeutic effects include heat-clearing, detoxification, anti-inflammatory, and analgesic properties (Man and Lulong, 2021). Phytochemical studies have identified various bioactive compounds in Hd, including iridoids, flavonoids, anthraquinones, phenolic derivatives, and volatile oils (Chen et al., 2016). Among these, iridoids are particularly significant due to their diverse biological activities, such as antioxidant, anti-inflammatory, neuroprotective, antitumor, and immunomodulatory effects (Lu et al., 2000; Wang et al., 2012; Wang et al., 2019).
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Figure 1 | Genomic features of Hedyotis diffusa. (A) Photos of Hedyotis diffusa in nature. (B) The distribution of genomic characteristics of Hedyotis diffusa. Orbit "a" represents the assembled chromosome. The diameter plots "b-g" represent long terminal repeat (LTR) density, TRF density, repetitive sequence, gene density, GC content and collinearity, respectively. The outermost scale represents the density of genomic features in each 200-kb sliding window on the chromosome.



Iridoids are commonly found in various plant families such as Rubiaceae, Pyrophoraceae, Cymbiaceae, Scrophulariaceae, Labiatae, and Gentianaceae (Lisheng and Xiangqian, 2009). They belong to a class of cyclopentanopyrane monoterpenes, characterized by two main structures: substituted iridoids and ring opening iridoids (Wang et al., 2020). In Hd, iridoids typically conjugate the C-1 hydroxyl group with glucose to produce iridoid glycosides. The biosynthesis of iridoids involves three stages: precursor formation, iridoids backbone biosynthesis, and preliminary chemical modification processes (Tholl, 2015; Sherden et al., 2018; Rodríguez-López et al., 2022). The biosynthetic pathways for terpenes, including iridoids, share the mevalonate pathway (MVA) and the methylglutarate 4-phosphate pathway (MEP) to produce isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). Isopentenyl diphosphate delta-isomerase (IDI) facilitates the interconversion of IPP and DMAPP into precursor molecules (Chen et al., 2021). Additionally, DMAPP can be synthesized via the MEP pathway through ISPH (HDR) (Vranová et al., 2012). Generally, the MEP pathway is considered the primary route for synthesizing monoterpenes, including iridoids (Vranová et al., 2012; Chen et al., 2021). Subsequently, the precursor molecules undergo geranyl pyrophosphate synthase (GPPS) catalyzed conversion to geranyl diphosphate. The formation of the Iridoids backbone is facilitated by geraniol synthase (GES), geraniol 8-hydroxylase (G10H), and geraniol 8/10-hydroxylase (8HGO/10HGO) through cyclosynthesis reactions (Kouda and Yakushiji, 2020). Notably, iridoids synthase (IRIS) exhibits stereoselectivity by converting the upstream substrate 8/10 oxogeranial into iridodial and 8-epi-iridodial, leading to the generation of two iridoid biosynthetic pathways (Kries et al., 2017). The biosynthesis of secologanin and catalpol is mediated by a sequential cascade involving iridoids synthase (IRIS) and iridoids oxidase (IO) (Shitiz et al., 2015; Zhang et al., 2019). The secologanin pathway is regulated by a series of enzymes, including 7-deoxyloganetic acid glucosyltransferase (7-DLGT), 7-deoxyloganic acid hydroxylase (7-DLH), loganic acid O-methyltransferase (LAMT), and secologanin synthase (SLS) (Miettinen et al., 2014). In contrast, the catalpol synthesis pathway is governed by multiple enzymes, such as aldehyde dehydrogenase (ALDH), flavanone 3-hydroxylase (F3H), 2-hydroxyisoflavanone dehydratase (2FHD), deacetoxycephalosporin-C hydroxylase (DCH), uroporphyrinogen decarboxylase (UPD), UDP-glucuronic acid decarboxylase (UGD), and squalene monooxygenase (SQM).

Hd contains a diverse array of iridoid metabolites, including deacetyl asperulosic acid, asperuloside, geniposidic acid, and their derivatives (Chen et al., 2016). These iridoids metabolites were also identified in our metabolomic data (Figure 3B; Supplementary Table S13). Previous studies have elucidated various post modification processes of iridoids, such as glycosylation, methylation, hydroxylation, and isomerization, which ultimately lead to the production of compounds like loganin and catalpol. However, this study focuses on elucidating the biosynthesis of specific key iridoids with bioactive in Hd to better understand the complex pathways underlying plant metabolite diversification. High-quality chromosomal-level genome assembly and gene function annotation provide critical insights into the key regulatory elements of iridoids biosynthesis. Here, we present a telomere-to-telomere (T2T) chromosomal-level genome assembly of Hd, accompanied by comprehensive structural and functional annotation. Phylogenetic and comparative genomic analyses were conducted to determine the evolutionary position of Hd within dicotyledonous plants and to identify a species-specific whole-genome duplication (WGD) event. By integrating genomic, transcriptomic, and metabolomic data, we analyzed the key regulatory genes of the MEP/MVA and iridoid pathways, along with their expression patterns. Furthermore, we predicted post-modification pathway networks based on eight key iridoids and identified three potential regulatory genes. This study not only advances the genomic understanding of Hd but also establishes a foundation for elucidating the biosynthesis mechanisms of iridoids, offering valuable insights for future research and applications.





Results




Genome assembly

Utilizing HiFi sequencing technology with rigorous quality control, we generated 33,799,059,475 bp of data (Supplementary Figure S2; Supplementary Table S1). Comparative analysis of the NT library identified the top 10 species as green plants, confirming no contamination in the sequencing data (Supplementary Figure S3, Supplementary Table S2). The assembled genome size was 482.30 Mb, with a Contig N50 of 30.97 Mb (Supplementary Table S3). Chromosome-level assembly was achieved via Hi-C technology, yielding a 100% chromosome loading rate and pseudomolecular maps for 16 chromosomes. The Hi-C contact map’s lack of significant noise outside the diagonal region indicates high assembly quality (Figure 1B; Supplementary Figure S5, Supplementary Table S4). BUSCO analysis showed 99.29% genome completeness with a high proportion of single-copy sequences (Supplementary Figure S6, Supplementary Table S6). CEGMA further assessed core gene accuracy and completeness (Supplementary Figure S7). GC-depth analysis indicated a GC content of approximately 36.00% and a sequencing depth of 68.39X, affirming the absence of contamination (Supplementary Figure S8, Supplementary Table S7). These results collectively demonstrate the genome assembly’s high reliability and completeness, especially for conserved genes (Table 1).


Table 1 | Statistics on genome assembly of Hedyotis diffusa.







Genome annotation and repetitive content

Utilizing biotool software (https://github.com/zxgsy520/biotool), we identified the presence of telomere sequences across all 16 chromosomes. Notably, telomeres were located at both the 5’ and 3’ ends of 14 of these chromosomes. The genome analyzed is characterized as a T2T-sized genome, devoid of chromosomal gaps (Figure 1B; Supplementary Table S8). The structural annotation of the genome revealed a total of 46,759 genes, with an average gene length of 2,734.57 bp, an average coding sequence (CDS) length of 1,172.84 bp, an average exon length of 253.88 bp, and an average intron length of 431.45 bp. Functional annotation of the protein-coding genes was conducted using various databases, including NR, KEGG, KOG, Swissprot, and GO (Supplementary Figure S9, Supplementary Table S9). The evaluation results from BUSCO (Supplementary Table S10) indicated that 97.88% of gene elements were complete, which serves as an indirect measure of the completeness and reliability of the predicted results. Furthermore, our annotated findings included statistical data on non-coding RNAs (Supplementary Table S11). The genome contains 60,840 simple sequence repeats (SSR), which represent 0.24% of the total genomic length. Scattered repeats (transposable elements, TE) constituted 38.17% of the genome, while tandem repeats (TR) and other repeat types accounted for 2.61%. Specifically, long terminal repeats (LTR) comprised 13.77%, DNA transposon factors made up 0.2%, long interspersed nuclear elements (LINE) represented 0.06%, and short interspersed nuclear elements (SINE) accounted for 0.26%. It is noteworthy that the majority of LTRs identified were of the Copia and Gypsy types, which accounted for 8.06% and 5.14%, respectively (Supplementary Table S12; Table 1).





Phylogenomics of the Rubiaceae

In this study, we selected 20 dicotyledonous plant species, including Hd, and constructed a phylogenetic tree utilizing 225 single-copy orthologous genes, with Dioscorea alata serving as the outgroup for comparative analysis. Our analysis yielded a total of 30,563 gene families, and by integrating the clustering information of each species’ gene family (Supplementary Figure S10, Supplementary Table S13), we determined that Hd possesses the highest number of unique gene families, totaling 14,641. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses conducted using clusterProfile v3.14.0, revealed that these genes are predominantly enriched in signaling pathways associated with vital regulatory processes, including cell apoptosis, protein digestion and absorption, glycolysis/gluconeogenesis, and RNA degradation. Notably, the enrichment of UDP glycosyltransferase activity (GO: 0008194) and terpene synthesis activity (GO: 0010333) underscores their significant role in the biosynthesis of iridoids and their glycosides in Hd (Supplementary Figures S12A, B). Furthermore, Hd exhibited a substantial expansion of gene families, comprising 3,348 expansion genes and 1,132 contraction genes (Supplementary Figure S11). Functional annotation indicated that the expanded gene families were particularly rich in Gene Ontology (GO) terms. Specifically, the entries for chitinase activity (GO: 0004568), chitin catalytic process (GO: 0006032), and chitin binding (GO: 0008061) are all associated with the function of chitinase. Chitinase is capable of hydrolyzing chitin, a key component of the cell walls of plant pathogenic fungi, thereby exhibiting antibacterial properties and directly eliminating pathogenic fungi while also triggering plant defense mechanisms (Vaghela et al., 2022). Additionally, UDP glycosyltransferase activity (GO: 0008194) and acetyltransferase activity (GO: 0016747) facilitate the post-modification processes of iridoids (Supplementary Figure S12C).





Whole-genome duplication

The most recent whole genome duplication (WGD) event in Hd has been identified through phylogenetic tree and collinearity analyses, in conjunction with previously documented WGD events in various species (Figure 2A) (Yu et al., 2017; Xie et al., 2019; Wang et al., 2021; Fan et al., 2022; Wu et al., 2022; Yao et al., 2022). The core eudicotyledonous common gamma whole genome triplication (γWGT) event is estimated to have occurred approximately 150 million years ago (MYA), with a peak synonymous substitution rate (Ks) of around 2.0. The Ks curve indicates that the peak Ks value (0.4) for Hd was observed subsequent to its divergence from Coffea canephora, and later than the WGD event in Sesamum indicum, which occurred approximately 48 MYA. Furthermore, the Ks peak for Olea europaea (approximately 0.3) corresponds to a WGD event dated to about 25 MYA, which is marginally more recent than that of Hd (Figure 2C; Supplementary Figure S13). The WGD time for Hd has been calculated using the formula: T=Ks/2r, yielding an estimate of approximately 32 MYA. The presence of multiple homologous gene pairs within the genomic structure of Hd substantiates the occurrence of recent WGD events in this species (Figure 2B). Notably, there has been no subsequent WGD event in Coffea canephora and Coffea eugenioides following the gamma WGT event. Consequently, a classical collinearity model further elucidates the 1:2 relationship between the genomic regions of Coffea and Hd (Figure 2D).
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Figure 2 | Phylogenetic and Comparative Genomic Studies. (A) Phylogenetic analysis of dicotyledonous plants with Hedyotis diffusa and other known genomic information. The evolutionary tree annotates the whole genome replication (WGD) events of known species and the estimated divergence time of each node; (B) Dotplot of synteny blocks within the Hedyotis diffusa genome, C01-C16 represents a grid of 16 chromosomes; (C) Distribution map of synonymous substitution rates (Ks) between Hedyotis diffusa and four other dicotyledonous species homologous gene pairs (D) The collinearity graph of Coffea and Hedyotis diffusa.
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Figure 3 | The distribution of iridoid in Hedyotis diffusa in 5 plant tissues (Root, Stem, Leaf, Flower, Fruit) was analyzed by metabolomics. (A) PCA principal component analysis. (B) Cluster heat map analysis of 30 iridoid metabolites, the relative content of metabolites was standardized by z-score. The redder the block color of the heat map, the more positively enriched the metabolites in the corresponding tissues, while the bluer the block color, the more negatively enriched the metabolites in the corresponding tissues. The bar chart shows the total relative content of metabolites, with the horizontal axis representing the relative content values. (C) Analysis of the intrinsic correlation of 30 metabolites, a, b, c, d and e represent the five correlation cluster blocks.







Metabolomics analysis of iridoids in Hd

In this study, we conducted extensive targeted metabolomics analyses utilizing the roots, stems, leaves, flowers, and fruits of Hd. The results of principal component analysis (PCA) indicated a high degree of consistency among the five biological replicates within each group, while also demonstrating clear differentiation among the five tissues based on the conditions of PC1 (30.6%) and PC2 (21.4%) (Figure 3A). We identified 30 iridoid metabolites classified as Class II monoterpenoids (Supplementary Table S13) and elucidated their relative concentrations and tissue distribution through hierarchical clustering heat maps (Figure 3B). The findings revealed that these 30 iridoids were broadly distributed across various tissues, with 10 iridoids specifically accumulating in leaves, while only Mussaenosidic acid and Loganic acid exhibited significant accumulation in flowers. The three most abundant iridoids–Deacetyl asperuloside, Deacetyl asperulosidic acid, and Asperulosidic acid –were found to be highly concentrated in the roots, leaves, and fruits, respectively. Figure 3 illustrates the intrinsic correlations among these 30 iridoids, which can be categorized into five distinct clusters based on their correlation (a, b, c, d, e). In fact, the correlation cluster aligns with the tissue distribution of the iridoid metabolites; cluster a (leaf accumulation) is positively correlated with cluster b (flower accumulation) and cluster c (stem accumulation), with the exception of Deacetyl asperulosidic acid methyl ester (Figures 3B, C). Conversely, these clusters exhibit negative correlations with clusters e and f.





KEGG and GO enrichment analysis of differential genes

In this investigation, transcriptome sequencing was performed on root, leaf, flower, and fruit tissues of Hd, utilizing six biological replicates for each tissue type. The Q30 quality score for each sample exceeded 92%, with GC content varying between 41.76% and 46.23%, yielding an average of approximately 44.53% (Table 2). To comprehensively elucidate the functions of differentially expressed genes, we conducted Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses by establishing a series of tissue comparison combinations: a) Root and Stem; b) Root and Leaf; c) Fruit and Root; d) Flower and Root; e) Stem and Leaf; f) Leaf and Fruit; g) Flowers and Fruit; h) Flower and Stem; i) Stem and Fruit; j) Flower and Leaf. The analysis identified the number of up-regulated and down-regulated genes within each comparison group (Figure 4A). The functional enrichment outcomes from the GO and KEGG analyses highlighted associations with terpenoid biosynthesis. In the GO analysis of up-regulated genes, the differentially expressed genes across each comparison group were found to be involved in monooxygenase activity, hydrolase activity (specifically hydrolyzing O-glycosyl compounds), and UDP-glycosyltransferase activity. Notably, only 20 differentially expressed genes in comparison group e were enriched for terpene synthase activity, which may correlate with the accumulation of iridoids in the leaves (Figure 4B). The KEGG analysis of up-regulated genes revealed that all comparison combinations were enriched in the biosynthesis of various plant secondary metabolites, with comparison group c primarily enriched in terpenoid backbone biosynthesis, while groups d, h, and j were predominantly focused on monoterpenoid biosynthesis. Additionally, several comparison groups also emphasized other terpenoid-related pathways, including sesquiterpenoid and triterpenoid biosynthesis, ubiquinone and other terpenoid-quinone biosynthesis, as well as carotenoid biosynthesis (Figure 4C). These findings indicate that multiple genes in Hd are involved in catalyzing the biosynthesis of monoterpenes and other terpenes through diverse pathways, with the biosynthesis of monoterpenes and their precursors primarily localized in the roots, stems, and leaves.


Table 2 | Quality evaluation of transcriptome sequencing in Hedyotis diffusa.
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Figure 4 | GO and KEGG enrichment analysis. (A) DEG group comparison of pentagram charts. This section covers the analysis of pairwise comparative combinations of 5 tissues: a: Root and Stem; b: Root and Leaf; c: Fruit and Root; d: Flower and Root; e: Stem and Leaf; f: Leaf and Fruit; g: Flowers and Fruit; h: Flower and Stem; i: Stem and Fruit; j: Flower and Leaf. The red and blue numbers indicate the number of DEGs up-regulated and down-regulated, respectively. (B, C) Bubble maps were used for GO and KEGG enrichment analysis of up-regulated genes.







Expression patterns of iridoid biosynthetic pathway genes in different tissues

Previous research has demonstrated that the MVA and MEP pathways regulate the production of iridoid precursors, with terpenoids utilizing these pathways to synthesize IPP and subsequently activate the monoterpene-iridoid biosynthesis pathway via GPP (Geranyl pyrophosphate) synthesis (Bohlmann et al., 1998; Ye et al., 2019). In this study, 30 genes associated with the MVA/MEP pathways were identified, including AACT(1), HMGS(2), HMGR(3), MVK(1), PMK(3), MVD(2), and MEP pathway genes DXS(4), DXR(2), ISPE(2), ISPF(2), ISPG(2), ISPH(3), along with two IDI genes (Figure 5A). Heat maps revealed that these genes were predominantly expressed in roots, leaves, and flowers. In flowers, genes associated with the MVA pathway (1 HMGR, 1 HMGS, 2 PMK) and the MEP pathway (1 DXS, 1 ISPE, 1 ISPF) were highly expressed. The stem showed a predominance of the MEP pathway, including 1 DXS and 1 ISPH. Notably, the root exhibited high expression of both MVA pathway genes (1 AACT, 2 HMGR, 1 HMGS, 2 MVD, 1 MVK, 1 PMK) and MEP pathway genes (2 DXS, 2 DXR, 2 ISPG, 1 ISPH, 1 ISPE), along with 2 IDI genes. These findings suggest that the root is a crucial site for the formation of terpenoid precursors via the MVA/MEP pathways in Hd, facilitating the accumulation of synthetic raw materials. Despite the low gene enrichment in leaves and fruits, we observed high expression of 12 MEP pathway genes in leaves and 4 MVA pathway genes in fruits. These findings suggest that the MEP pathway is predominantly active in stems and leaves, whereas the MVA pathway is active in fruits (Figure 5B).
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Figure 5 | Analysis of gene expression patterns of iridoid biosynthetic pathways. (A) MVA and MEP pathways. (B) Heat map of regulatory gene analysis of MVA and MEP pathways. (C) iridoid biosynthesis pathways, including cyclization process of backbone and preliminary chemical modification process (pathway 1 and pathway 2). (D) Heat maps of regulatory genes of two iridoid biosynthetic pathways.



The iridoid biosynthetic pathway involves the cyclization process of the iridoid backbone, catalyzed by IRIS, which converts GPP into iridodial and 8-epi-iridodial. This process is regulated by the expression of 28 genes encoding key enzymes, including GES, G8/10H, 8/10HGO, and IRIS. Additionally, a total of 65 coding genes for enzymes in two distinct iridoid pathways were identified: Pathway 1, involving IO, 7DLGT, 7DLH, and LAMT, and Pathway 2, involving UGT, ALDH, F3H, and 2HFD (Figure 5C). A heat map of gene expression revealed that genes involved in iridoids biosynthesis are widely distributed across five tissues, with cyclization genes predominantly expressed in roots and stems. Notably, multiple G8/10H and 8/10HGO genes were enriched in all tissues, underscoring their role in regulating iridoids backbone synthesis. Additionally, Pathway 1 genes were more highly expressed in stems, whereas Pathway 2 genes were more prominent in flowers. This widespread gene enrichment contributes to the tissue-specific distribution of iridoid metabolites in Hd. However, our transcriptome data did not detect DCH in Pathway 2, suggesting that geniposidic acid in metabolites is not synthesized via Pathway 2 but may interact with Pathway 1 (Figure 5D).





Validation of encoding genes relation to metabolism of iridoids by qRT-PCR

To validate the reliability and authenticity of transcriptome data, we conducted qRT-PCR analysis to confirm the expression of key genes involved in the iridoid biosynthesis pathways across roots, stems, leaves, flowers, and fruits. We selected 13 coding genes for qRT-PCR validation, primarily from the MEP pathway, the cyclization process, and pathway1. The results indicated that most gene expression patterns aligned with the transcript data, except for Hd_27967 (ISPE), Hd_21103 (ISPH), and Hd_30653 (G8/10H) (Figure 6A). Specifically, MEP pathway genes Hd_44192 (DXS), Hd_28360 (DXR), and Hd_37217 (ISPG) exhibited high expression in roots. Cyclization process genes Hd_05671 (GES) and Hd_29763 (8/10HGO) were highly expressed in roots and fruits, respectively. Additionally, the two LAMT-encoding genes, Hd_09207 (LAMT) and Hd_07967 (LAMT), showed distinct expression patterns, with high expression in fruit and root, respectively (Figure 6A).
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Figure 6 | Transcript of Hedyotis diffusa and gene expression from 5 tissues verified by qRT-PCR. Roots, stems, leaves, flowers, fruits. (A) Gene validation results of qRT-PCR and overlay analysis with transcriptomic data. (B) Correlation analysis was performed between the relative expression levels of qRT-PCR and eight compounds associated with the biosynthesis of several high-content iridoids. Orange-red and turquoise represent positive and negative correlations. The size and color depth of the circles are employed to represent the level of importance, *P < 0.05; **P < 0.01; *P < 0.001.



We selected eight iridoids, based on three with high relative content, that share similar chemical structures and biosynthetic pathways. We then examined the correlation between the relative content of these iridoid metabolites and the expression levels of enzyme-coding genes using qRT-PCR (Figure 6B). Significant positive correlations were found in eight pairs, while 15 pairs showed significant negative correlations. Deacetyl asperloside, the most abundant iridoids, was significantly positively correlated with the genes DXR, ISPE, ISPG, ISPH, and 2HFD (P<0.05). These genes were negatively correlated with mussaenosidic acid, loganic acid, geniposidic acid, geniposide, and deacetyl asperulosidic acid. Additionally, asperulosidic acid was significantly negatively correlated with 7DLH (P<0.05). These genes collectively regulate iridoids biosynthesis through multiple coordinated interactions (Figure 6B).





Gene prediction for regulating key iridoids postmodification

We investigated the post-modification processes of eight iridoid metabolites in Hd, focusing on pathways involving methyltransferase (MT), O-acetyltransferase (OAT), and Cytochrome P450s (Figure 7A). Loganic acid O-methyltransferase (LAMT), a key methyltransferase, typically methylates the -OH group of the iridoid C-4 carboxyl group, as corroborated by several studies (Petronikolou et al., 2018; Kang et al., 2021; Hao et al., 2023). MT requires two kinds of coding genes with varying expression patterns for the biosynthesis of Geniposide and Deacetyl asperulosidic acid methyl ester. We identified 17 genes annotated as LAMT in the transcriptome that exhibit expression patterns similar to those of Geniposide and Deacetyl asperulosidic acid methyl ester (Figure 7B; Supplementary Table S14). Additionally, we identified 20 OAT coding genes consistent with the enrichment pattern of Asperulosidic acid, the catalytic product of OAT (Figure 7C; Supplementary Table S14). The CYP450 gene family plays a crucial role in terpenoid biosynthesis, with the CYP71 family specifically implicated in monoterpenoid biosynthesis through hydroxylation of specific metabolites (Drew et al., 2013; Yuting et al., 2020). Our comprehensive analysis of the CYP71 gene cluster in Hd revealed that this family includes two key enzymes, CYP71D55 and CYP71AT96, with notable gene coding activity. Heat map analysis indicated that CYP71D55 is predominantly expressed in the root, while CYP71AT96 is expressed across various tissues (Figure 7D). Additionally, CYP71BE52 and CYP71BE79 exhibit high expression in the root, leaf, and fruit, respectively. Notably, despite multiple coding genes, there is no evidence supporting that CYP71AT96 is involved in hydroxylation regulation. Consequently, excluding CYP71AT96, we identified 18 genes with expression patterns similar to Deacetyl asperulosidic acid methyl ester and Deacetyl asperulosidic acid, corresponding to two enzyme types: CYP71D55 and CYP71BE52 (Supplementary Table S14).
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Figure 7 | The hierarchical clustering heat map combined with gene tree predicted the key regulatory genes of the post-modification process of iridoid. (A) Structural diagram of postbiosynthetic modification pathway inferred by high content of iridoid and related compounds; (B) Heat map of gene expression pattern of LAMT (Loganic acid O-methyltransferase); (C) Heat map of gene expression pattern of OAT(O-acetyltransferase); (D) Heat map of gene expression pattern of CYP71 gene family; Increased and decreased gene expression were identified using dark red and dark blue color blocks, respectively. (E-G) The gene tree of LAMT, OAT, and CYP71 enzyme-coding genes was constructed using the Neighbor-Joining method. (H) Heat maps of coding genes for 3 kinds of enzymes (data scaled with Log10).



To validate the gene’s function, we integrated the screened gene with known functional enzymes (LAMT, OAT, CYP71D55, and CYP71BE52) from other plants into a bootstrap consensus gene tree using the Neighbor-Joining method (Felsenstein, 1985; Saitou and Nei, 1987). Sequence similarity analysis revealed that among the LAMT candidate coding genes, only Hd_18862 showed homology with CrLAMT (B2KPR3.1/AGX93063.1), HpLAMT (UYZ56985.1), and MsLAMT (WIE96233.1), with homologies of 75.75%, 78.21%, and 78.81%, respectively (Figure 7E). For OAT candidate genes, Hd_41896 clustered with CrOAT (Q9ZTK5.1), while Hd_22877, Hd_33633, and Hd_33631 clustered with CrSAT (A0A2P1GIW7.1), showing homologies of 32.76%, 43.09%, 46.31%, and 48.18%, respectively (Figure 7F). Within the CYP71 family, only Hd_18118 and Hd_18119 clustered with CYP71D55 (A6YIh8.7), with homologies of 61.89% and 62.11%, respectively (Figure 7G). These results suggest that, except for OAT, the genes exhibit high homology with known amino acid sequences, indicating potential functional consistency. We identified three genes, including one LAMT (Hd_18862) and two CYP71D55 (Hd_18118 and Hd_18119), which display distinct expression patterns (Figure 7H).






Discussion

The clinical and research significance of Hd in Chinese herbal medicine underscores the value of its high-quality chromosome-scale genome assembly. We have developed a telomere-to-telomere (T2T) genome assembly with a size of 482.30 Mb, utilizing PacBio sequencing and Hi-C assisted techniques. Our phylogenetic analysis elucidates the evolutionary placement of Hd within dicotyledonous plants. As plant genome research advances, the phylogenetic relationships among dicotyledonous groups are becoming increasingly clear. Among the three Rubiaceae species studied, Hd, Coffea canephora, and Coffea eugenioides, the latter two are closely related, with Coffea differentiating more recently following its divergence from Hd (Figure 3A). Current evidence indicates that the Coffea genus is not undergoing new whole-genome duplication (WGD) events (Wang et al., 2021; Salojärvi et al., 2024). Through Ks curves, collinearity analysis, and comparisons with known WGD species, we confirmed a unique WGD event in Hd (Yu et al., 2017; Fan et al., 2022; Qi et al., 2022; Yao et al., 2022). We estimate the WGD event occurred approximately 32 MYA (Figure 3A). The recent whole-genome duplication (WGD) event is considered a significant contributor to the abundance of unique gene families in Hd (Supplementary Figure S10). KEGG and GO analyses indicate that these gene families are linked to various entries in terpenoid biosynthesis (Supplementary Figures S12A, B). Genomic analysis reveals that following the WGD event, there was a substantial expansion of gene families within the Hd genome, a member of the Rubiaceae family (Supplementary Figure S11). GO functional enrichment analysis demonstrates that these expanded gene families are implicated not only in plant defense but also in the synthesis of iridoid glycosides, particularly through UDP-glycosyltransferase activity (Supplementary Figure S12C). It is posited that Hd has developed the capacity to adapt to environmental changes and to enhance biosynthetic diversity throughout its evolutionary history. Notably, in various plant tissues, enzymes involved in the iridoid synthesis pathway are encoded by multiple genes. This redundancy resulting from gene duplication may facilitate the regulation and optimization of these biosynthetic pathways under diverse tissue types and environmental conditions, thereby augmenting the metabolic diversity of the plant.

In this study, we employed targeted metabolomics to analyze iridoid metabolites across five tissues of Hd, identifying 30 iridoids. Among these, deacetyl asperuloside, deacetyl asperulosidic acid, and asperulosidic acid were most abundant. Asperulosidic acid notably inhibited NO production in LPS-stimulated RAW264.7 cells, with an IC50 of 5.75 ± 0.85 μM (Tran et al., 2019). Both asperulosidic acid and deacetyl asperulosidic acid reduced NO, PGE2, and TNF-α production in these cells and inhibited NF-κB and MAPK pathways, underscoring their anti-inflammatory potential (He et al., 2018). These iridoids, despite their structural similarity, displayed distinct tissue distribution, suggesting a spatiotemporal transport mechanism for metabolites. We propose that these iridoid metabolites are crucial to the anti-inflammatory effects of Hd, as evidenced by their tissue-specific enrichment patterns. Furthermore, certain genipin derivatives, including geniposidic acid, geniposide, scandoside, monotropein, and deacetyl asperulosidic acid, are co-enriched in the leaves. This specific tissue distribution indicates that the leaves may serve as a crucial site for the biosynthesis of compounds like deacetyl asperulosidic acid in Hd (Figure 1B).

We examined the expression of iridoid biosynthetic pathway genes using transcriptomic data. Previous studies have indicated that monoterpenoids are primarily synthesized via the MEP pathway (Vranová et al., 2012; Vranová et al., 2013; Opitz et al., 2014). Our findings confirm that while the MEP pathway is prevalent across five tissues and plays a significant regulatory role in stems and leaves, the MVP pathway also contributes to iridoids biosynthesis in roots alongside the MEP pathway. Notably, genes encoding the MEP/MVA pathways are highly expressed in roots, aligning with the expression patterns of cyclization genes (GES, G8/10H, and 8/10HGO). This observation, supported by earlier research (Kang et al., 2022), suggests a co-regulatory mechanism in root iridoids formation involving cyclization genes (Figures 1B, 4D). Genes involved in both iridoid biosynthesis pathways are broadly distributed across tissues, lacking specificity, which implies that iridoid metabolites production in Hd exhibits spatiotemporal transport characteristics. The pathway from iridodial to secologanin is now well-characterized (Kouda and Yakushiji, 2020). Combining chemical structure and tissue distribution patterns, we suggest that loganic acid in pathway 1 may further lead to the biosynthesis of geniposidic acid and its derivatives.

We performed a correlation analysis between the relative expression of genes in the MEP/MVA pathway and the iridoid biosynthesis pathway, along with the relative contents of 30 iridoids (Supplementary Figure S13). The findings revealed that the MEP pathway exhibited stronger positive correlations than the MVA pathway, suggesting its more significant role in synthesizing iridoids precursors. Notably, more genes in the MEP/MVA pathway were strongly correlated with iridoids found in roots, such as methylasperuloside, deacetyl asperuloside, and deacetyl asperulosidic acid methyl ester, aligning with prior analyses. Furthermore, genes coding for iridoids cyclization showed strong correlations with iridoids in leaves and stems. Additionally, genes encoding pathway 1 and pathway 2 demonstrated a similar extent of positive correlation with iridoids, indicating their combined influence on different iridoids.

Although the research on the biosynthetic pathways of iridoids precursors and backbones has been relatively mature, the understanding of the specific post modification processes of iridoids is still limited. Therefore, this study predicted a post modification pathway involving eight major iridoids (Figure 7A). Specifically, this pathway involves three types of enzymes: O-methyltransferase (MT), O-acetyltransferase (OAT), and cytochrome P450s (P450). Loganic acid O-methyltransferase (LAMT) plays a role in secologanin biosynthesis within the pathway1 pathway. We deem that LAMT catalyzes the O-methylation of iridoids at C-11, potentially enabling the production of geniposide and deacetyl asperulosidic acid methyl ester (Murata et al., 2008). Cluster analysis of LAMT candidate genes (Figure 7E) revealed that only Hd_18862 clusters with known LAMT coding genes. Notably, Hd_18862 is predominantly expressed in stems and leaves, mirroring the tissue distribution of geniposide and deacetyl asperulosidic acid methyl ester. This suggests it may function as an enzyme synthesizing both iridoids (Figure 7H). Previous research has identified O-acetyltransferase-like enzymes, such as Deacetylindoline O-acetyltransferase (Q9ZTK5.1) and Stemmadenine O-acetyltransferase (A0A2P1GIW7.1), in the biosynthesis of monoterpenoid indole alkaloids (MIA) downstream of secologanin (St-Pierre et al., 1999; Qu et al., 2018). However, the homology between OAT candidate genes and these genes is low, despite the clustering of some OAT candidate genes with them. This suggests that the biosynthesis of asperlosidic acid may involve additional complex regulatory mechanisms (Figure 7F).

The cytochrome P450 (CYP450) gene family plays a pivotal role in regulating plant chemical diversity (Mizutani and Sato, 2011). This family is extensively involved in the biosynthesis of various terpenes, with the CYP71 subfamily being particularly significant in mediating redox processes of monoterpenes and sesquiterpenes (Drew et al., 2013; Yuting et al., 2020; Xuan et al., 2024). In this study, we propose that the C-6 hydroxylation of the target iridoids (deacetyl asperulosidic acid methyl ester and deacetyl asperulosidic acid) is catalyzed by members of the CYP71 subfamily (Figure 7A). Phylogenetic analysis identified two CYP71 candidate genes, Hd_18118 and Hd_18119, which clustered closely with CYP71D55 (A6YIH8.1) (Figure 7G). CYP71D55 is known to catalyze the hydroxylation of sesquiterpenes, specifically converting valencene to nootkatol (Park et al., 2022). In addition, in the study of sesquiterpene synthase in Solanaceae, CYP71D55 is functionally characterized as a terpene hydroxylase, which can catalyze the mono hydroxylation of valencene to nootkatol (Takahashi et al., 2007). Furthermore, functional characterization of CYP71D55 in Solanaceae sesquiterpene synthase studies has confirmed its role as a terpene hydroxylase, facilitating the mono-hydroxylation of valencene to nootkatol (Wenger et al., 2019). We hypothesize that this hydroxylation mechanism on unsaturated rings may similarly influence iridoids C-6 hydroxylation. Notably, Hd_18118 and Hd_18119 exhibit distinct expression patterns aligning with the production of Deacetyl asperlosidic acid and Deacetyl asperulosidic acid methyl ester, respectively. This suggests that in Hd, Hd_18118 and Hd_18119 may have functions similar to CYP71D55, catalyzing the production of Deacetyl asperlosidic acid and Deacetyl asperulosidic acid methyl ester (Figure 7H).





Conclusions

In summary, we have presented crucial genomic data for Hd, a significant medicinal plant in traditional medicine, and reported a 482.30Mb T2T genome with 16 chromosomes. Hd underwent a whole-genome duplication event around 32 MYA. Our multiomic analysis elucidated the regulatory roles of pertinent coding genes in the biosynthetic pathway of iridoids metabolites. Additionally, we predicted one LAMT and two CYP71D55 genes as pivotal enzymes in the potential post-modification process of iridoids. This study contributes to a better understanding of the intricate iridoids biosynthesis pathway and enhances the economic value of Hd as a medicinal plant.





Materials and methods




Plant materials

The Hd samples analyzed in this study were sourced from a traditional Chinese medicine cultivation site in Xinzhou City, Hubei Province. These samples were confirmed to be genuine Hd specimens. High-quality DNA was extracted from fresh plant leaves using the QIAGEN Genomic testing kit (Figure 2A).





Genome sequencing

We employed the HiFi Reads technology from the PacBio sequencing platform, known for its long read length and high accuracy, to enhance mutation detection, expedite assembly, and improve the continuity, accuracy, and completeness of genome assembly (Wenger et al., 2019). Initially, DNA quality was assessed using 0.75% agarose electrophoresis, Nanodrop, and Qubit methods. Subsequently, genomic DNA underwent cleavage with g-TUBE (Covaris, USA), followed by enrichment and purification of target DNA fragments using magnetic beads. DNA polymerase was utilized for repairing fragmented DNA and linking stem-loop sequencing adapters at both ends. Target fragments were then screened and purified using the gel cutter BluePippin (Sage Science, USA) to generate the library. The size of library fragments was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Subsequently, samples were loaded onto the nanopores of the PacBio Sequel II series sequencer for real-time single-molecule sequencing to acquire raw sequencing data. Finally, the HQRF (High-Quality Region Finder) in the Smrtlink software was employed to identify the longest region of single enzyme activity and eliminate low-quality regions based on SNR. Read data exceeding 1000bp in length were selected for assembly.





Chromosome assembly by Hi-C data

Sequencing the Hi-C library directly enables the acquisition of comprehensive chromatin interaction data essential for constructing chromosome-level genomic super scaffolds (Belton et al., 2012). Fresh leaves of Hd were dissected into 2 cm segments and fixed with 2% formaldehyde for genomic DNA extraction to build a Hi-C fragment library. Quality control of the Hi-C raw data involved filtering out low-quality sequences, bridging sequences, and sequences shorter than 30 bp with a quality score <20. Utilizing bowtie2 (v2.3.2) facilitated obtaining uniquely mapped paired-end reads, followed by the identification and retention of valid interacting read pairs from these uniquely mapped reads using HiC-Pro (v2.8.1), which also eliminated invalid read pairs. Subsequently, LACHESIS was employed for further aggregation, sorting, and orientation of scaffolds onto chromosomes, employing parameters including CLUSTER, MIN-RESITES=100, CLUSTER-MAX_LINK_DENSITY=2.5, CLUSTER NONFORMATIVE RATIO=1.4, and ORDER.





Genome assembly and quality assessment

The genome assembly of third-generation sequencing data was conducted using Hifiasm software to achieve high-precision genomes. Decontamination and redundancy analyses were performed based on existing genomic background data to assess genome quality. Specifically, the Smrtlink software, developed independently from the PacBio platform, was utilized to identify the longest region of single enzyme activity through HQRF. Subsequently, low-quality regions of the genome were filtered using SNR. The CCS software was employed to convert subreads into HiFi reads for quality control, followed by filtering reads longer than 1000 bp for direct assembly. The quality of the assembled high-precision genome by Hifiasm was evaluated using BUSCO, CEGMA, and genomic quality assessment methods such as sequence consistency evaluation and GC deep analysis.





Gene structure and functional annotation

Concatenated repeat sequences were identified using GMAA30 and TRF (Tandem Repeat Sequence Finder) with default parameters (Benson, 1999; Wang and Wang, 2016). Duplicate sequences were searched using MITE hunter software (Han and Wessler, 2010), LTR finder (Xu and Wang, 2007) and ltr harperst (Ellinghaus et al., 2008). RepeatMask was employed to detect repetitive sequences across the genome. Gene structures were defined by integrating de novo prediction, homologous annotation, and transcriptome prediction methods with EVM. Genes containing transposable elements were analyzed using TransposonPSI. Prediction of non-coding RNA sequences, including rRNA, snRNA, and miRNA, was conducted by comparing submissions to the Rfam database using cmscan in Inferna software. Functional annotation of protein-coding genes was performed using BLASTP and InterproScan software. Protein sequences were compared to the NR, KEGG, SwissProt, GO, and KOG databases to merge protein annotation information.





Gene family and Phylogenomic analysis

To investigate the evolutionary patterns of Hd, we identified protein sequences of dicotyledonous plants, including Hd, using Orthofinder v2.5.4 software and constructed a phylogenetic tree based on single-copy genes. Subsequently, we aligned the sequences of each single-copy gene family using MAFFT v7.20535 (Katoh et al., 2009), followed by the conversion of aligned protein sequences into codon alignments using the PAL2NAL v14 program (Suyama et al., 2006). For model selection, IQ-TREE was employed, identifying the JTT+F+R4 model as optimal. A maximum likelihood (ML) phylogenetic tree was constructed with 1000 bootstrap replicates, achieving a bootstrap support rate of 100%. Dioscorea alata was designated as the outgroup, and divergence times were estimated using the MCMCTREE package in PAML v4.9i software.





Investigation of whole-genome duplication

To identify whole-genome duplication (WGD) events in Hd, we initially employed diamond v2.0.337 (Buchfink et al., 2015) to align gene sequences across species and detect orthologous gene pairs. Subsequently, collinearity maps of genes were generated using WGDI software. Utilizing the blast method for protein homology alignment and MCScanX for homologous gene pair identification, we computed the synonymous substitution rate (Ks) and constructed Ks curves to analyze synonymous mutation rates within and between species. Integration of these analyses allows for inference of WGD events in the focal species.





Metabolomic analysis

Samples of Hd from various plant parts (roots, stems, leaves, flowers, fruits) were selected for metabolic analysis (n=6). Metabolites were detected using a comprehensive metabolomics approach based on UPLC-MS/MS on an Agilent Ultra High Performance Liquid Chromatography System (ExionLC™ AD) with a self-constructed database. The chromatographic column employed was an Agilent SB-C18 (1.8 µm * 2.1 mm * 100 mm), with a flow rate of 0.35 mL/min. The mobile phase consisted of ultrapure water and acetonitrile, both containing 0.1% formic acid, with an initial gradient elution ratio of 5% ultrapure water. Plant samples were freeze-dried, ground into powder, and 50 mg of the sample was weighed. Subsequently, 1200 μl of pre-cooled 70% methanol water internal standard extraction solution was added, followed by vortexing and centrifugation (12000 rpm, 3 min). The supernatant was aspirated, and a 0.22 μl sample solution was filtered through a microporous filter membrane for analysis.

The mass spectrometry parameters were set as follows: Electrospray Ionization (ESI) temperature was maintained at 500°C; Ion spray voltage (IS) was set at 5500 V in positive ion mode and -4500 V in negative ion mode; The ion source gases I (GSI), II (GSII), and curtain gas (CUR) were adjusted to 50, 60, and 25 psi, respectively. Collision-induced ionization settings were optimized to high levels. The QQQ scan operated in Multiple Reaction Monitoring (MRM) mode with medium collision gas (nitrogen). Declustering potential (DP) and collision energy (CE) were fine-tuned for each MRM ion pair. A specific set of MRM ion pairs corresponding to eluting metabolites was monitored in each period. Data analysis was performed using Analyst 1.6.3 software, and the relative content of each component was determined using peak area normalization. The samples’ metabolites were analyzed qualitatively and quantitatively using mass spectrometry based on a local metabolic database. Detection employed multi-response monitoring mode (MRM) to identify characteristic ions for each substance through a quadrupole mass analyzer. Signal strength (CPS) of these ions was recorded. Subsequently, the mass spectrometry data was processed using MultiQuant software for peak integration and correction. The peak area of each chromatographic peak reflected the relative content of the corresponding metabolite. Integrated data of all peak areas were saved. To compare metabolite content differences among samples, chromatographic peaks were adjusted based on metabolite retention time and peak type to ensure qualitative and quantitative accuracy.





Transcriptomic analysis

Total RNA was extracted from roots, stems, leaves, flowers, and fruits of Hd using the HiPure Plant RNA Kit (Magen, Guangzhou, China) for RNA sequencing. Raw sequencing data were processed using Fastp software (https://github.com/OpenGene/fastp) to filter low-quality reads. The quality of the cleaned data was assessed using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Clean reads were then aligned to the reference genome using HISAT2 software. Gene expression levels were quantified as FPKM (fragments per kilobase of transcript per million mapped reads). Differential expression analysis was conducted using DESeq2 software, with thresholds set at |log2(FoldChange)| ≥ 2 and adjusted p-value (Padj) ≤ 0.05.

Pairwise comparisons were performed across different tissue types, and differentially expressed genes (DEGs) were subjected to Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses, with significance determined by corrected p-values (Padj < 0.05). Data visualization was performed using the ChiPlot bioinformatics platform (https://www.chiplot.online/). In GO and KEGG analyses, “count” refers to the number of genes annotated in the respective enriched terms.





Identification of post-modified candidate genes

To identify the candidate genes involved in the post-biosynthetic modification processes (e.g., methylation, acetylation, hydroxylation) of iridoids, we constructed clustering heatmaps for the candidate genes of three key enzymes (LAMT, OAT, CYP71) based on their expression patterns across five tissues. A phylogenetic tree of the candidate genes was generated using MEGA11 software. The protein sequences of the candidate genes were aligned with those from other plant species (Catharanthus roseus, Hyoscyamus muticus, Hamelia patens, Mitragyna speciosa) using Clustal with default parameters. Subsequently, a phylogenetic tree was constructed using the neighbor-joining method with 1,000 bootstrap replicates. Clustering with known functional genes was performed to infer evolutionary relationships and functional similarities. Additionally, BLASTP analysis (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was conducted to evaluate the sequence similarity between the candidate genes and reference enzymes. The term “Per.ident” refers to the percentage of sequence identity in alignments, which serves as a metric for assessing alignment consistency. We propose that a “Per.ident” value exceeding 60% provides evidence, to some extent, that the candidate gene may possess a function similar to that of the reference protein.





Analysis of qRT-PCR

RNA quality assessment was conducted prior to extracting 1μg of total RNA from each sample. The extracted total RNA was then reverse-transcribed into cDNA using the PrimeScript™ 1st strand cDNA Synthesis Kit.Add the following components to a tube placed in an ice bath: 1 μg of total RNA, 1 μl of Oligo(dT) primer (50 μM), and 1 μl of dNTP Mix (10 mmol/L) were combined with RNase-free dH2O to a total volume of 10 μl. The mixture was then incubated at 65 °C for 5 minutes followed by rapid cooling on ice. Subsequently, add the following components to the same tube in the ice bath: 10 μl of Template RNA Primer Mixture (obtained from the previous step), 4 μl of 5×Reaction Buffer, 0.5 μl of RNase Inhibitor (40 U/μl), 1 μl of MMLV RT (200 U/μl), and 20 μl of RNase-free dH2O. The reaction mixture was then incubated at 42 °C for 30-60 minutes and terminated by heating at 95 °C for 5 minutes. For the PCR reaction setup, prepare a mixture consisting of 10 μl of 2× SYBR real-time PCR premixture, 0.4 μl of 10 μM PCR specific primer F, 0.4 μl of 10 μM PCR specific primer R, 1 μl of cDNA, and 20 μl of RNase-free dH2O. Perform an initial denaturation at 95 °C for 5 minutes, followed by 30 cycles of denaturation at 95 °C for 15 seconds, annealing at 60 °C for 30 seconds. The relative content was determined using the 2-ΔΔCt analysis method with the formula: Ratio = 2− [CT (test)− CT (calibrator)] (test/calibrator).






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/, PRJCA036707.





Author contributions

PC: Conceptualization, Methodology, Investigation, Writing – review & editing, Writing – original draft. ZH: Methodology, Investigation, Writing – review & editing, Validation. MY: Formal Analysis, Methodology, Validation, Writing – review & editing. YW: Visualization, Writing – review & editing, Software. QJ: Writing – review & editing, Visualization, Software. PH: Data curation, Investigation, Writing – review & editing. RQ: Software, Data curation, Writing – review & editing. XH: Writing – review & editing, Software, Data curation. KZ: Software, Data curation, Writing – review & editing. BX: Data curation, Software, Writing – review & editing. MC: Validation, Visualization, Writing – review & editing, Software. SL: Visualization, Software, Validation, Writing – review & editing. FH: Funding acquisition, Resources, Writing – review & editing. LH: Resources, Funding acquisition, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the Special Training Plan for Minority Science and Technology Talents, Chinese Medicine of Hubei University of Chinese Medicine (2023ZZXZ002), and Tianshan Innovation Team Program (2020D14030).





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1607226/full#supplementary-material




References

 Belton, J. M., Mccord, R. P., Gibcus, J. H., Naumova, N., Zhan, Y., Dekker, J., et al (2012). Hi-C: a comprehensive technique to capture the conformation of genomes. Methods 58, 268–276. doi: 10.1016/j.ymeth.2012.05.001

 Benson, G. (1999). Tandem repeats finder: a program to analyze DNA sequences. Nucleic Acids Res. 27, 573–580. doi: 10.1093/nar/27.2.573

 Bohlmann, J., Meyer-Gauen, G., and Croteau, R. (1998). Plant terpenoid synthases: molecular biology and phylogenetic analysis. Proc. Natl. Acad. Sci. U.S.A. 95, 4126–4133. doi: 10.1073/pnas.95.8.4126

 Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60. doi: 10.1038/nmeth.3176

 Chen, R., He, J., Tong, X., Tang, L., and Liu, M. (2016). The Hedyotis diffusa willd. (Rubiaceae): A review on phytochemistry, pharmacology, quality control and pharmacokinetics. Molecules 21, 710. doi: 10.3390/molecules21060710

 Chen, P., Wei, X., Qi, Q., Jia, W., Zhao, M., Wang, H., et al. (2021). Study of Terpenoid Synthesis and Prenyltransferase in Roots of Rehmannia glutinosa Based on iTRAQ Quantitative Proteomics. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.693758

 Committee NP (2020). Pharmacopoeia of the People’s Republic of China (Beijing: Chin. Med. Sci. Tech. Press).

 Drew, D. P., Dueholm, B., Weitzel, C., Zhang, Y., Sensen, C. W., Simonsen, H. T., et al. (2013). Transcriptome analysis of Thapsia laciniata Rouy provides insights into terpenoid biosynthesis and diversity in Apiaceae. Int. J. Mol. Sci. 14, 9080–9098. doi: 10.3390/ijms14059080

 Editorial department of health newspaper (2018). Chinese Medicine Dictionary (Shanghai: Shanghai Jiao Tong University Press), 530.

 Ellinghaus, D., Kurtz, S., and Willhoeft, U. (2008). LTRharvest, an efficient and flexible software for de novo detection of LTR retrotransposons. BMC Bioinf. 9, 18. doi: 10.1186/1471-2105-9-18

 Fan, W., Wang, S., Wang, H., Wang, A., Jiang, F., Liu, H., et al. (2022). The genomes of chicory, endive, great burdock and yacon provide insights into Asteraceae palaeo-polyploidization history and plant inulin production. Mol. Ecol. Resour 22, 3124–3140. doi: 10.1111/1755-0998.13675

 Felsenstein, J. (1985). Confidence limits on phylogenies: an approach using the bootstrap. Evolution 39, 783–791. doi: 10.1111/j.1558-5646.1985.tb00420.x

 Han, Y., and Wessler, S. R. (2010). MITE-Hunter: a program for discovering miniature inverted-repeat transposable elements from genomic sequences. Nucleic Acids Res. 38, e199. doi: 10.1093/nar/gkq862

 Hao, X., Wang, C., Zhou, W., Ruan, Q., Xie, C., Yang, Y., et al. (2023). OpNAC1 transcription factor regulates the biosynthesis of the anticancer drug camptothecin by targeting loganic acid O-methyltransferase in Ophiorrhiza pumila. J. Integr. Plant Biol. 65, 133–149. doi: 10.1111/jipb.13377

 He, J., Lu, X., Wei, T., Dong, Y., Cai, Z., Tang, L., et al. (2018). Asperuloside and asperulosidic acid exert an anti-inflammatory effect via suppression of the NF-κB and MAPK signaling pathways in LPS-induced RAW 264.7 macrophages. Int. J. Mol. Sci. 19. doi: 10.3390/ijms19072027

 Kang, M., Fu, R., Zhang, P., Lou, S., Yang, X., Chen, Y., et al. (2021). A chromosome-level Camptotheca acuminata genome assembly provides insights into the evolutionary origin of camptothecin biosynthesis. Nat. Commun. 12, 3531. doi: 10.1038/s41467-021-23872-9

 Kang, J. N., Han, J. W., Yang, S. H., and Lee, S.-M. (2022). Co-expression analysis reveals differential expression of homologous genes associated with specific terpenoid biosynthesis in rehmannia glutinosa. Genes (Basel) 13. doi: 10.3390/genes13061092

 Katoh, K., Asimenos, G., and Toh, H. (2009). Multiple alignment of DNA sequences with MAFFT. Methods Mol. Biol. 537, 39–64. doi: 10.1007/978-1-59745-251-9_3

 Kouda, R., and Yakushiji, F. (2020). Recent advances in iridoid chemistry: biosynthesis and chemical synthesis. Chem. Asian J. 15, 3771–3783. doi: 10.1002/asia.202001034

 Kries, H., Kellner, F., Kamileen, M. O., and O’Connor, S. E. (2017). Inverted stereocontrol of iridoid synthase in snapdragon. J. Biol. Chem. 292, 14659–14667. doi: 10.1074/jbc.M117.800979

 Lisheng, Z., and Xiangqian, L. (2009). Research progress of iridoids. Res. Dev. Natural products 21, 702–11 + 25. doi: 10.16333/j.1001-6880.2009.04.016

 Lu, C. M., Yang, J. J., Wang, P. Y., and Lin, C. C. (2000). A new acylated flavonol glycoside and antioxidant effects of Hedyotis diffusa. Planta Med. 66, 374–377. doi: 10.1055/s-2000-8544

 Ly, S. N., Garavito, A., De Block, P., Asselman, P., Guyeux, C., Charr, J. C., et al. (2020). Chloroplast genomes of Rubiaceae: Comparative genomics and molecular phylogeny in subfamily Ixoroideae. PloS One 15, e0232295. doi: 10.1371/journal.pone.0232295

 Man, L., and Lulong, Z. (2021). Research progress on anti-inflammatory effects of Hedyotis alba. J. Liaoning Univ. Chin. Med. 23, 164–167. doi: 10.13194/j.issn.1673-842x.2021.10.036

 Miettinen, K., Dong, L., Navrot, N., Schneider, T., Burlat, V., Pollier, J., et al. (2014). The seco-iridoid pathway from Catharanthus roseus. Nat. Commun. 5, 3606. doi: 10.1038/ncomms4606

 Mizutani, M., and Sato, F. (2011). Unusual P450 reactions in plant secondary metabolism. Arch. Biochem. Biophys. 507, 194–203. doi: 10.1016/j.abb.2010.09.026

 Mongrand, S., Badoc, A., Patouille, B., Lacomblez, C., Chavent, M., Bessoule, J. J., et al. (2005). Chemotaxonomy of the Rubiaceae family based on leaf fatty acid composition. Phytochemistry 66, 549–559. doi: 10.1016/j.phytochem.2004.12.021

 Murata, J., Roepke, J., Gordon, H., and De Luca, V. (2008). The leaf epidermome of Catharanthus roseus reveals its biochemical specialization. Plant Cell 20, 524–542. doi: 10.1105/tpc.107.056630

 Opitz, S., Nes, W. D., and Gershenzon, J. (2014). Both methylerythritol phosphate and mevalonate pathways contribute to biosynthesis of each of the major isoprenoid classes in young cotton seedlings. Phytochemistry 98, 110–119. doi: 10.1016/j.phytochem.2013.11.010

 Park, S. Y., Eun, H., Lee, M. H., and Lee, S. Y. (2022). Metabolic engineering of Escherichia coli with electron channelling for the production of natural products. Nat. Catalysis 5, 726–72+. doi: 10.1038/s41929-022-00820-4

 Petronikolou, N., Hollatz, A. J., Schuler, M. A., and Nair, S. K. (2018). Loganic acid methyltransferase: insights into the specificity of methylation on an iridoid glycoside. Chembiochem 19, 784–788. doi: 10.1002/cbic.201700679

 S. Pian (Ed.) (2017). Chinese Materia Medica (Shanghai: Shanghai Science Popularization Press), 279.

 Qi, X., Wang, H., Chen, S., Feng, J., Chen, H., Qin, Z., et al. (2022). The genome of single-petal jasmine (Jasminum sambac) provides insights into heat stress tolerance and aroma compound biosynthesis. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.1045194

 Qu, Y., Easson, M., Simionescu, R., et al. (2018). Solution of the multistep pathway for assembly of corynanthean, strychnos, iboga, and aspidosperma monoterpenoid indole alkaloids from 19E-geissoschizine. Proc. Natl. Acad. Sci. U.S.A. 115, 3180–3185. doi: 10.1073/pnas.1719979115

 Rodríguez-López, C. E., Jiang, Y., Kamileen, M. O., Lichman, B. R., Hong, B., Vaillancourt, B., et al. (2022). Phylogeny-aware chemoinformatic analysis of chemical diversity in lamiaceae enables iridoid pathway assembly and discovery of Aucubin synthase. Mol. Biol. Evol. 39. doi: 10.1093/molbev/msac057

 Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406–425. doi: 10.1093/oxfordjournals.molbev.a040454

 Salojärvi, J., Rambani, A., Yu, Z., Guyot, R., Strickler, S., Lepelley, M., et al. (2024). The genome and population genomics of allopolyploid Coffea arabica reveal the diversification history of modern coffee cultivars. Nat. Genet. 56, 721–731. doi: 10.1038/s41588-024-01695-w

 Sherden, N. H., Lichman, B., Caputi, L., Zhao, D., Kamileen, M. O., Buell, C. R., et al. (2018). Identification of iridoid synthases from Nepeta species: Iridoid cyclization does not determine nepetalactone stereochemistry. Phytochemistry 145, 48–56. doi: 10.1016/j.phytochem.2017.10.004

 Shitiz, K., Sharma, N., Pal, T., Sood, H., and Chauhan, R. S. (2015). NGS Transcriptomes and Enzyme Inhibitors Unravel Complexity of Picrosides Biosynthesis in Picrorhiza kurroa Royle ex. Benth. PloS One 10, e0144546. doi: 10.1371/journal.pone.0144546

 St-Pierre, B., Vazquez-Flota, F. A., and De Luca, V. (1999). Multicellular compartmentation of catharanthus roseus alkaloid biosynthesis predicts intercellular translocation of a pathway intermediate. Plant Cell 11, 887–900. doi: 10.1105/tpc.11.5.887

 Suyama, M., Torrents, D., and Bork, P. (2006). PAL2NAL: robust conversion of protein sequence alignments into the corresponding codon alignments. Nucleic Acids Res. 34, W609–W612. doi: 10.1093/nar/gkl315

 Takahashi, S., Yeo, Y. S., Zhao, Y., O’Maille, P. E., Greenhagen, B. T., Noel, J. P., et al. (2007). Functional characterization of premnaspirodiene oxygenase, a cytochrome P450 catalyzing regio- and stereo-specific hydroxylations of diverse sesquiterpene substrates. J. Biol. Chem. 282, 31744–31754. doi: 10.1074/jbc.M703378200

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

 Tran, P. H., Le, V. D., Do, T. H., Nguyen, T. L., Nguyen, P. T., Nguyen, T. T., et al. (2019). Anti-inflammatory constituents from Psychotria prainii H. Lév. Nat. Prod Res. 33, 695–700. doi: 10.1080/14786419.2017.1408095

 Vaghela, B., Vashi, R., Rajput, K., and Joshi, R. (2022). Plant chitinases and their role in plant defense: A comprehensive review. Enzyme Microb. Technol. 159, 110055. doi: 10.1016/j.enzmictec.2022.110055

 Vranová, E., Coman, D., and Gruissem, W. (2012). Structure and dynamics of the isoprenoid pathway network. Mol. Plant 5, 318–333. doi: 10.1093/mp/sss015

 Vranová, E., Coman, D., and Gruissem, W. (2013). Network analysis of the MVA and MEP pathways for isoprenoid synthesis. Annu. Rev. Plant Biol. 64, 665–700. doi: 10.1146/annurev-arplant-050312-120116

 Wang, X., Cheng, W., Yao, X., and Guo, X. (2012). Qualitative analysis of the chemical constituents in Hedyotis diffusa by HPLC-TOF-MS. Nat. Prod Res. 26, 167–172. doi: 10.1080/14786419.2010.537275

 Wang, C., Gong, X., Bo, A., Zhang, L., Zhang, M., Zang, E., et al. (2020). Iridoids: research advances in their phytochemistry, biological activities, and pharmacokinetics. Molecules 25. doi: 10.3390/molecules25020287

 Wang, C. Y., Tang, L., He, J. W., Li, J., and Wang, Y. Z. (2019). Ethnobotany, phytochemistry and pharmacological properties of Eucommia ulmoides: A review. Am. J. Chin. Med. 47, 259–300. doi: 10.1142/s0192415x19500137

 Wang, X., and Wang, L. (2016). GMATA: an integrated software package for genome-scale SSR mining, marker development and viewing. Front. Plant Sci. 7. doi: 10.3389/fpls.2016.01350

 Wang, J., Xu, S., Mei, Y., Cai, S., Gu, Y., Sun, M., et al. (2021). A high-quality genome assembly of Morinda officinalis, a famous native southern herb in the Lingnan region of southern China. Hortic. Res. 8, 135. doi: 10.1038/s41438-021-00551-w

 W. Wencai, et al (Ed.) (2016). Flora of China (No. 16, Donghuangchenggen North Street, Beijing: Science Press).

 Wenger, A. M., Peluso, P., Rowell, W. J., Chang, P. C., Hall, R. J., Concepcion, G. T., et al. (2019). Accurate circular consensus long-read sequencing improves variant detection and assembly of a human genome. Nat. Biotechnol. 37, 1155–1162. doi: 10.1038/s41587-019-0217-9

 Wu, T., Ma, T., Xu, T., Pan, L., Zhang, Y., Li, Y., et al. (2022). The De Novo Genome Assembly of Olea europaea subsp. cuspidate, a Widely Distributed Olive Close Relative. Front. Genet. 13. doi: 10.3389/fgene.2022.868540

 Xiaojuan, Z. (2022). Shennong’s Herbal Classics (Guangdong: Guangdong Science and Technology Press), 140.

 Xie, D., Xu, Y., Wang, J., Liu, W., Zhou, Q., Luo, S., et al (2019). The wax gourd genomes offer insights into the genetic diversity and ancestral cucurbit karyotype. Nat. Commun. 10, 5158. doi: 10.1038/s41467-019-13185-3

 Xu, Z., and Wang, H. (2007). LTR_FINDER: an efficient tool for the prediction of full-length LTR retrotransposons. Nucleic Acids Res. 35, W265–W268. doi: 10.1093/nar/gkm286

 Xuan, L., Xiao, H., Zhao, Z., Feng, J., Ni, L., and Wu, J.. (2024). Integrated Transcriptomics and Metabolomics Reveal Key Insights into Iridoid Biosynthesis in Gentiana crassicaulis Seeds during Germination. Genes (Basel) 15 (10), 1255. doi: 10.3390/genes15101255

 Yao, X., Wang, S., Wang, Z., Li, D., Jiang, Q., Zhang, Q., et al. (2022). The genome sequencing and comparative analysis of a wild kiwifruit Actinidia eriantha. Mol. Hortic. 2, 13. doi: 10.1186/s43897-022-00034-z

 Ye, P., Liang, S. C., Wang, X. M., Duan, L., Jiang-Yan, F., Yang, J., et al. (2019). Transcriptome analysis and targeted metabolic profiling for pathway elucidation and identification of a geraniol synthase involved in iridoid biosynthesis from Gardenia jasminoide. Ind. Crops Products 132, 48–58. doi: 10.1016/j.indcrop.2019.02.002

 Yu, J., Wang, L., Guo, H., Liao, B., King, G., Zhang, X., et al. (2017). Genome evolutionary dynamics followed by diversifying selection explains the complexity of the Sesamum indicum genome. BMC Genomics 18, 257. doi: 10.1186/s12864-017-3599-4

 Yuting, Z., Weiguo, L., Dongmei, L., Jianjun, Q., Qingge Le, C., et al. (2020). Advances in synthetic biology of P450s for terpenoid synthesis. Chin. J. Bioengineering 40, 84–96. doi: 10.13523/j.cb.2003024

 Zhang, X., Li, C., Wang, L., Fei, Y., and Qin, W. (2019). Analysis of centranthera grandiflora benth transcriptome explores genes of catalpol, acteoside and azafrin biosynthesis. Int. J. Mol. Sci. 20 (23), 6034. doi: 10.3390/ijms20236034




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 © 2025 Chen, Huang, Yin, Wen, Jiang, Huang, Qian, Hong, Zhu, Xiao, Chen, Li, Huang and Han. 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.


OEBPS/Images/fpls-16-1607226-g001.jpg
20MbOMb
OMb

©
=
o2
e
fe)
2\
2\ ‘¢
A2
2
% PS
AN e 5
A b o
€16 O
%, Q
KN cLby \LW%\\/ N
T QN
) Moz e 2OMb

Hedyotis diffusa Willd.






OEBPS/Images/fpls-16-1607226-g006.jpg
FPKM

FPKM

FPKM

Hd_44192(DXS) Hd_28360(DXR) Hd_27967(ISPE) Hd_37127(ISPG)

150 1.5 1.5 100
: ? g
100 % % - % g
§ g £ E 5
0
150
z z z 4
100 g 400 g & E
s = iz : 3
g ¥ g X o 5
= & = fu = -
50 g 200 2 % :
0
190 O RNA-seq 2.0 — 100
g 158 = aRT-PCR "
100 % % .
10
= © 40
50 g 2
g 05 % 2
g 0.0
@ RNA-seq
- qRT-PCR g
L S
©  (x -Asperulosidic acid
00 S@&e® 0®0  -Deacetyl asperuloside
e Q ‘ ® ‘.° * —Mussaenosidic acid
. ’ ° O ." * -Loganic acid
000 % @ -Geniposidic acid
o .—Geniposide
® ‘—Deacetylasperulosidic acid
L | I | | L T
D D DDA D ODOD DS QS
T TS ST ST F O (O
O D D DAY A DGR S
O VW LV A D VD X AT D
SR LT T LIRS ) R
st/ > Q»b/«z\ DRI «2:2\6(} & X &

uoIssaadxa danePYy





OEBPS/Images/fpls-16-1607226-g003.jpg
PC2 [21.4%]

® Root
® Stem
® Leaf
® Flower
@ Fruit

Scandoside
Deacetylasperulosidic acid

0.05 Genipin

Monotropein

Genameside D

6—DeoxyCatalpol

arpagide

Dihydromonotropein methyl ester
Geniposidic acid

Mussaenosidic acid

Loganic acid

0.00

-0.05

-0.10

Plantarenaloside

Ajugoside

Zaluzioside

Kankanoside A

6—Ethox(\§gemp051de

ardenoside

Deacetyl asperulosidic acid methyl ester
6—O—p—Coumaroylajugol
Syringopicroside

asperulosidic acid methyl ester
Asperulosidic acid

Villosolside

(E)-6—O—p—Coumaroyl scandoside methyl ester
Methylasperuloside

Deacety!l asperuloside
Gardenoside—glucoside

10—0O— Caffeo I—geniposidic acid
Glucosylasperuloside

-0.15
-0.20
-0.25
-0.30

-0.35
-0.25-0.20-0.15-0.10-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

PC1 [30.6%]

1.0]1.011.010.9]0.9]0.8]0.9

o]
wcid - o1 o os o ro[o7Jos]
Genipin ofoofos[os 1007 [os] |
Geniposide osJoo o oo osfor] |

Scandoside
Deacetylasperulosidic acid

Geniposide |

1

Monotropein -lINE Em 04
Genameside D - IHBEER ;|- 04

. ~ Harpagide N NN
Dihydromonotropein methyl ester -l N BN ™

Geniposidic acid -1l Il B . | BN
Mussaenosidic acid

" Y paghde N R .l
0.610.7 0.6[0.6]0.6

Loganic acid - l
Plantarenaloside -
Ajugoside -+ = = mE
Zaluzioside -+ = ™ L J
e Kankanoside A -+ = = LN |
6-Ethoxygeniposide -m m W = o=
Gardenoside -HHEE s s Bl =
Deacetyl asperulosidic acid methyl ester - O

6-O-p-Coumaroylajugol -
Syringopicroside

‘ Asperulosidic acid methyl ester -
. Asperulosidic acid

Villosolside
__(E)-6-O-p-Coumaroyl scandoside methyl ester -= = m = H
Methylasperuloside -= = = = =
Deacetyl asperuloside -= = = = =

Gardenoside-glucoside -m = = = m =
10-O-Caffeoyl-geniposidic acid -l [l Il = [l =
Glucosylasperuloside -m m = !

-0.3]-0.5

p
& >

T I I I I

content
&






OEBPS/Images/fpls.2025.1607226_cover.jpg
& frontiers | Frontiers in Plant Science

The Hedyotis diffusa chromosome-level
genome and multi-omics analysis provide
new insights into the iridoids biosynthetic

pathway





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Hedyotis diffusa chromosome-level genome and multi-omics analysis provide new insights into the iridoids biosynthetic pathway

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Results

        

          		

            Genome assembly

          



          		

            Genome annotation and repetitive content

          



          		

            Phylogenomics of the Rubiaceae

          



          		

            Whole-genome duplication

          



          		

            Metabolomics analysis of iridoids in Hd

          



          		

            KEGG and GO enrichment analysis of differential genes

          



          		

            Expression patterns of iridoid biosynthetic pathway genes in different tissues

          



          		

            Validation of encoding genes relation to metabolism of iridoids by qRT-PCR

          



          		

            Gene prediction for regulating key iridoids postmodification

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Materials and methods

        

          		

            Plant materials

          



          		

            Genome sequencing

          



          		

            Chromosome assembly by Hi-C data

          



          		

            Genome assembly and quality assessment

          



          		

            Gene structure and functional annotation

          



          		

            Gene family and Phylogenomic analysis

          



          		

            Investigation of whole-genome duplication

          



          		

            Metabolomic analysis

          



          		

            Transcriptomic analysis

          



          		

            Identification of post-modified candidate genes

          



          		

            Analysis of qRT-PCR

          



        



        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Sample Clean reads(bp) Clean bases (bp) Q30 rate(%) GC(%)

Rootl 89,107,874 12,756,337,230 94.74 4176
Root2 65,932,790 9,850,514,486 92.64 44.52
Root3 [ 59,591,558 8,896,523,212 9321 44.66
Root4 58,963,998 8,811,128,814 9237 44.40
Root5 68,559,600 10,242,596,688 92.76 4470
Root6 50,233,250 7,508,530,554 92.82 4436
Stem1 51,344,284 7,677,441,346 93.41 43.87
Stem2 58,105,430 8,681,408,544 92.58 43.75
Stem3 57,978,376 8,652,113,572 9252 43.84
Stem4 60,857,522 9,031,134,028 93.95 45.05
Stem5 35,561,314 5,302,516,944 93.48 4520
Stem6 50,173,542 7,466,745,600 93.16 45.94
Leafl 55,646,876 8,309,534,368 93.07 4447
Leaf2 70,883,230 10,567,267,298 94.02 43.93
Leaf3 65,193,334 9,718,086,748 93.39 4443
Leaf4 57,180,448 8,535,391,710 92.88 44.56
Leaf5 63,418,508 9,477,921,558 92.96 4523
Leaf6 63,053,164 9,405,909,330 92.96 44.12
Flowerl 54,095,746 8,073,571,620 92,53 4433
Flower12 58,849,426 8,787,155,302 92.83 43.43
Flowerl3 57,538,102 8,595,297,310 92.65 44.40
Flowerl4 95,722,126 13,960,706,688 96.30 4336
Flowerl5 47,771,764 7,141,134,140 93.02 45.17
Flowerl6 51,855,550 7,755,249,354 92.89 44.63
Fruitl 52,489,174 7,843,249,626 92.56 45.22
Fruit2 49,423,942 7,376,752,918 9238 45.20
Fruit3 56,914,132 8,498,693,528 92.78 45.15
Fruit4 64,722,940 9,665,449,566 92.81 4491
Fruit5 54,217,486 8,100,853,794 93.82 45.10

Fruit6 104,223,352 15,432,761,858 94.15 46.23





OEBPS/Images/fpls-16-1607226-g007.jpg
DZINE IND. L LrNIvE

H UYZ56985..1 HpL ;
o B Hd 18116(CYP71D55)Z SCOore WIE96233.1 Mg <
= Hd_27810(CYP71D55) Hd 18862 B
Hd_07588(CYP71D55) 1 AN
| Hd_40110(CYP71AT96) 1.5 334 3??;83{9'1_14
Hd_46404(CYP71AT96) 1 s
Hd_09890(CYP71D55) gg—ggéég
o Hd_37468(CYP71BE79) =
Geniposide Detacetyl asperulosidic Hd_07587(CYP71D35) 0.5 Hd_03900
acid methyl ester . Hd_07598(CYP71D55) Hd_32268
I T i ,Q\ Hd_20471(CYP71D55) 0 Hd_07967
ST " Hd_07599(CYP71D55) B
MT agr Hd_15759(CYP71D55) —0.5 gj—ﬁ?g?
WO 0 Hd_34624(CYP71D55) : -
7 Hd_33330(CYP71D55) —1 Hd_18413
’ N ““ Hd_44143(CYP71BE79) Hd_40849
Hy W0 2 o P450 Hd_40108(CYP71AT96) Hd_33257
- g wmmmer O ha Wi Hd_12079(CYP71BE79) Bl —1.5
Hd_43145(CYP71D351) 100 Hd_08888
) Y Vo Bl Hd 20044(CYP71AT96) F 100 Hd_08887
8/10-oxogeranial Bl Hd_18368(CYP71D55) 88 Hd_08777
% o o Bl Hd_25106(CYP71D55) & Hd_08909
%, Loganicacid  Geniposidic acid  Deacetylasperlosidic acid = gg—gzggggg‘;:ggg l R pae
L Hd_ 26009
- . o [ Hd_18119(CYP71D55) 100 97 Hd_07742
7 || Hd 28527(CYP71BES2) - Hd_20704
{ , OAT [ Hd_07973(CYP71D55) Hd 20694
S B ecvrriony }
"5 X -
- ﬁo" P | Hd_09881(CYP71AY5) 62 = 100 Eg_ﬁg; ;?
” - [ Hd_11570(CYP71D55) Hd_33631 i
e o . oy
8-epi-iridotrial ~ Mussaenosidic acid Asperulosidic acid " Hd 23216(CYPTI AT%; L AL gg_giggg
. Hd_46418(CYP71AT96) 2 100 P
Hd 30399
.~ Hd_15760(CYP71D55) W
B Z-score C Z-score B oGy i —1d 172
B | B Hd 25809 B ~ Hd 30399 Hd_25053(CYP71AT96) d—17223
[ 7 Hd 03900 [ ~ Hd 20694 Hd_10173(CYP71AT96) 60 39le812§le10& )
W | Hd 1862 M LS CH EHd 17223 W15 a2y o) Ad_41896
Il W Hd 14131 _ NN Hd 07742 el 37pnl CRPGLATSE Hd_44928
B W Hd 18413 1 H B Hd 44929 1 Hd_23221(CYP71AT96) Hd 11653
W W Hd 14126 B B Hd 43647 Hd_23218(CYP71AT96) 154 B7R10
~ I Hd 43703 0.5 o M Hd 20704 0.5 gy s Hd_18015
O Hd 09207 . £ Hd 33633 N OROGRNAH Hd_ 18368
— - 09996(CYP71AT96) |
B | W Hd 23008 . I Hd_08888 0 Hd_18118(CYP71D55) Hd_18364
M W Hdo05042 O | B Hd 08887 © Hd_32362(CYP7IBES2) Hd 32362
Bl B Hd 23015 S EHA 33631 | _ g - Hd_46422(CYPT1ATY) Hd 28527
~ I Hd 32269 | —0.5 I I Hd 04820 : S e
— [ ¥ 1TQ04.1SpCYP7
==== ” Hd 15398 = I Hd 26006 1 = Hd_18015(CYP71BES2) e Spg$p7u;g§§2
— = Eg_l 1938 -1 - . Hd 08914 Hd_11507(CYP71AT96) Hd 02203
B 05043 W W Lo S e CYPTIDSS) pra -
N = = B = 1 Hd 35963(CYPTIDSS) AG6YIHS8.1Cytochrome P450 71
- = = Eg_(l)g:;’%; -I- E gg_8g§i§ [ Hd_23219(CYP71AT96) Hd 151
| - L Hd_24250(CYP71P1) Hd_18118
Il 8 Hd 32268 H Hd 02380 || Hd 01125(CYP71AT96) Hd_15702
H 0 Hd 33257 i I Hd 32220 L Hd_00125(CYP71AT96) Hd 07970
o a0 o B R i oty o3
. | Hd_07967 I o Hd 08915 0 B Hd_11613(CYP71D55) Hd 07586
B | Hd 40849 - [ Hd 11899 I Hd_09887(CYP71D55) Hd_32361
T Hd 42289 Bl I Hd 08777 Bl Hd_25068(CYP71AT96) -
B NN Hd 05971 W W Hd 22877 Bl Hd_18117(CYP71D55)
B B Hd 05972 W Hd 44928 G 0 156G PTiBESS) Logl0
. K -
~ W Hd 08689 Bl [ Hd 26009 BN B Hd 15921(CYP71AT96) LAMT Hd 18862 M 1.5
-~ WM Hd 26652 H B Hd 41896 [0 [ Hd_44144(CYP71D12)
%-l---- Hd 08688 l M Hd 18362 = = Hd_15914(CYP71AT96) . i TRIT
- Hd_15919(CYP71AT9
S e B, o Sl EEESE coos |
[ A A I Hd_11614(CYP71BE52)
I | Hd 05400 M Bl Hd 11318 i Bl Hd 40153(CYP71AT96) LU
- I Hd 20766 B B Hd 26007 =- = Hd_00873(CYP71D55) &
N & S % RS Hd_23220(CYP71AT96) ST
SERRES N S SH S &
Q& ¢
VPSLSFK

Q

SSAILdAD





OEBPS/Images/fpls-16-1607226-g005.jpg
A B score MVA pathway = MEP pathway

GA-3P+Pyruvate " Hd_46210(HMGR) .

1 HMGR 1 DXS

Hd_36442(ISPE)

15
MA T l.con Mo [ e LHMGS | 1ISPE
L l ACAT DOXP paway § I osiaay Flower 2 PMK 2 ISPF
Acetylacetyl-CoA l DXR I—o.s " ggi;;ggégm
_] | \
| HMGs MEPISPD -, 15 | | HS745505P8) - 1 DXS
HMG-CoA L brien PR, 2 ISPH
5 Hd_30456(HMGR)
HMGR " < [
M{/A | ISPE(CMK) 3604500 1AACT 1 2DXS
i CDP-MEP p— Fi DR 2HMGR | 2DXR
| HSISDD 1 HMGS 2 ISPG
1 ISPF(MCS) Hd_24646((HM(§) '
MVP ME-cPP ] Hd_05374(ID1) 2 MVD I 1 ISPH
| PMK N _J i | ROOL I MVK . 1ISPE
| 1sPG(HDS) N BT 1 PMK |
MVPP ISPH(HDR) 0 Hd_20042(AACT)
HMBPP  Hd 23055(MVK)
l MVD ‘ l ISPH(HDR) 11d_27139(PMK)
IDI IDI

Hd_27055(ISPG)
Hd_21103(ISPH)
Hd 28360(DXR)
] Hd 27967(ISPL)

IPP «<— DMAPP <— [PP

k—y—}

I

(

GPP X S & N

S S » >
| E & «F Q@ N

Monoterpenes N
. — Cyclization  Pathway 1 Pathway 2
GEs ¥ — IGES | 110 1 ALDH
GPP —— Geraniol B ; : ézggéggigg’p 6 G8/10H | 3 LAMT 1 F3H
|

6 2HFD

lld 306)8(( 8/1011)

| Gs/10m 0 ' E 4 8/10HGO

- e — i |Root 110
8/10-hydroxygeraniol I E ==
~1.5 I__I_]_l 11d20433(211FD)

Tid 07‘)67([ AMT)

| 8/101G0 e LB

Hd 29760(8’10[’1(:0)
11d_30654(G8/1011)

8/ 1 0—0xogeranial 4 7536

Hd_ 4974((’& 10H)

R IRIS RIS - — e 1 IRIS 110 110
Pathway 1 /\ Pathway2 e " |t 2GS8/10H | 2LAMT | 3ALDH
| < ' — ——— N 1 8/10HGO ' 17DLGT 2 F3H

Ild 20764(ALDIT)

Iridodial 8-epi-iridodial —— — ) i 1 2HFD
| 10 | 10 — e
Hd |s7ss§7mH} 1 IRIS 2 IO 2 IO
4 LAMT 1 F3H
6 7DLH 1 2HFD

Hd_00393(10)

Iridotrial 8-epi-iridotrial | - : atte 3 G8&/10H

Hd"18787(7DLH)
T1d 41348(IRIS)

| 10 | uGt B lgem 38/10HGO
7-deoxyloganetic acid Boschaloside ! He g;:jgg r;;sﬁgsz
Hd_33582(7DLH)

| 7DLGT | ALDH — L
. . . Hd_23 503(('&]0”)
7-deoxyloganic acid ~ epi-deoxyloganetic acid .
yioe prvbnile | : zsz_zaieka'%) 3G8/10H 1 3 LAMT 2ALDH

| 7DLH | F3H - -0 18/10HGO | 37DLGT
Loganic acid Mussaensidic acid 1 : E:i) 1 7DLH
i HA_12292(7DLH)

I | Hd"02063(G8/10H
1 LAMT l 2HFD | ‘ helzau)

Hd_37537QHFD)

. . . . . E I _ Hd_ 04905 TDLGT)
Loganin Deoxygeniposidic acid ety 2 G8/10H
11d 23506((8/|0]|)

1
1 | Hd_44998(7DLGT)
: D CH | HA“44997(7DLG 1)

3 LAMT 7 ALDH
4 7DLGT 1 F3H
4 2HFD

Hd”03663(ALDH)

Togani - osidic aci e | Flower 1 7DLH
Secologanin Geniposidic acid ~ ------- » Catalpol il

HAZ30139(ALDH)
| 11d"28370(ALDI1)
T1d 12195(7DLI1)

Hd 04902(7Dl G T)






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-16-1607226-g002.jpg
Tree scale 10

w 7-WGT
W WGT
® WwWGD .y
_104.65......
—*—Uiﬁ%—
1830

o Sesamum indicum
338 Andrographis paniculata
Buddleja alternifolia

Olea europaea
Capsicum annuum
Solanum lycopersicum
Solanum tuberosum

offea eugenioides
canephora

- Cichorium intybus
Erigeron canadensis
Vaccinium darrowii
Rhododendron simsii

Rhododendron vialii
Actinidia eriantha

Cucumis melo
—.—m.@g Cucumis sativus
Benincasa hispida

Dioscorea alata

160150 140130120110100 90 80 70 60 50 40 30 20 10 0

10

kernel density of syntenic blocks

0.0 0.5 1.0 1.5
Synonymous nucleotide subsititution(Ks)

MYA

--=- Cap.annuum-QOle.europaea

-~~~ Hed.diffusa-Cof.canephora
---- Hed. diffusa-Ole.europaea
---- Hed.diffusa-Ses.indicum

-~ Ses.indicum-Ole.europaea

—— Cof.canephora-Cof.canephora

Hed. diffusa-Hed.diffusa
—— Ses.indicum-Ses. indicum

2.0 2.5 3.0 3.5 4.0

tis diffusa +

Eudicots

Monocot

Intra-genomic comparison within Scleromitrion diffusum (9,890 gene pairs)
& & R S B S NS S MO SO SIS GO CRPOPO TN
0
0 DRI B 5 O J o 8 e - 01
- /
N | \
N ol ; w | oo s . . Co2
\ >
10K S I 3| s : /'/ . Co
) s ’. s \'-2. . . ./ % C04
\ ~
& \ i \" e (s ol ey . 0
= - -
.85 oF 0 . \ N v €06
= N 3
11) & $ i : -~ » \\ » C07
o 7 ,
> G /- I—_— ™ 5 - oA Co8
)
ﬁ « 5 - 5 // ) C09
| !
( e s » “ 3 i v ,_./ . C1o
7 Cll
A L ¥ - 5 o "
0 : “ e . /-/ v Cl2
- PR \.\ 3 ‘. & CI3
40k N = = T = B - .'/ Cla
A 5 5 7 au
| o o - 7 & /v’ K Ccis
\ o . . . P Cl6
0 10K 20K 30K 40K
Hedyotis diffusa
11
9 10 &
7 . =S
6 =
4 O == =
3 =

1

* 12113 14 15,16

— ¥ ¥ & ¥ ¥ ¥ ¥ ¥ % ¥ X XX %





OEBPS/Images/fpls-16-1607226-g004.jpg
Up/Down
a: 6996/ 3546
b: 8825/5362
c: 8575/5697
d: 9144/6626
e:4712/3239

g

Up/Down
f: 5261/5666
g: 5004/4054
h: 6243/6484
1: 6121/5273
J: 4915/6151

Monooxygenase activity —‘ “‘ o ‘ O ‘ ‘ ‘

Hydrolase activity, hydrolyzing O-glycosyl compounds 1@ @ © © © © o ®© © ©

UDP-glycosyltransferase activity {1 @ @ @ @ o © o © © ©

Oxidoreductase activity - ‘ ‘ ‘ O O ‘ ‘

Terpene synthase activity

Ubiquinone and other terpenoid-quinone biosynthesis
Diterpenoid biosynthesis

Carotenoid biosynthesis

Terpenoid backbone biosynthesis

Monoterpenoid biosynthesis






OEBPS/Images/table1.jpg
Items
Genome assembly
genome size (Mb)
Contig N50 (Mb)
Contigs
Contigs >1,000 Kb
Contigs >1.00 kb,
Longest contig(bp)
BUSCO (€)
BUSCO (8)
BUSCO (D)
BUSCO (F)
BUSCO (M)
GC content
Genome annotation
Number of functional genes
Number of LTR elements
length occupied of LTR(bp)
Number of SINE elements
ength occupicd of SINE(bp)
Number of LINE elements.
Length occupied of LINE(bp)

Number of Simple
repeats(SSR)

length occupied of SSR(bp)

“The proportion of repetiive
sequences in the genome.

8230

3097

2615787
5920%
8376%
1553%
000
7%

036

37611

5773

6410398

7272

1253763

139

3031

Q00

1139893

1079%





