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Summary 

Andrographis paniculata is a herbaceous dicot plant widely used for its anti-inflammatory and anti-viral 

properties across its distribution in China, India and other Southeast Asia countries. A. paniculata was used 

as a crucial therapeutic treatment during the influenza epidemic of 1919 in India and is still used for the 

treatment of infectious disease in China. A. paniculata produces large quantities of the anti-inflammatory 

diterpenoid lactones andrographolide, neoandrographolide and their analogs; touted to be the next 

generation of natural anti-inflammatory medicines for lung diseases, hepatitis, neurodegenerative disorders, 

autoimmune disorders and inflammatory skin diseases. Here, we report a chromosome-scale A. paniculata 

genome sequence of 269 Mb that was assembled by Illumina short reads, PacBio long reads and Hi-C data. 

Gene annotation predicted 25,428 protein-coding genes. To decipher the genetic underpinning of 

diterpenoid biosynthesis, transcriptome data from seedlings elicited with methyl jasmonate also was 

obtained, which enabled identification of genes encoding diterpenoid synthases, cytochrome P450 

monooxygenases, 2-oxoglutarate-dependent dioxygenases and UDP-dependent glycosyltransferases 

potentially involved in diterpenoid lactone biosynthesis. We further carried out functional characterization 

of pairs of classes I and II diterpene synthases, revealing the ability to produce diversified labdane-related 

diterpene scaffolds. In addition, a glycosyltransferase able to catalyze O-linked glucosylation of 

andrograpanin, yielding the major active product neoandrographolide, was identified as well. Thus, our 

results demonstrate the utility of the combined genomic and transcriptomic dataset generated here for 

investigation of the production of the bioactive diterpenoid lactone constituents of the important medicinal 

herb A. paniculata. 

 

 

Introduction 

Since the dawn of human kind, humans have utilized botanical medicines for the treatment of ailments 

(Roy Upton, 2015). There is high demand for herbal medicines in developing countries due to its perceived 

effectiveness, cultural acceptability, and affordability (Pal and Shukla, 2003; Kamboj, 2000). Most herbal 

medicines originated from traditional therapeutic theory and the practice can be dated back before the 

development and spread of modern medicine. With advancement of the field of phytochemistry, focus 

shifted away from the plant material itself and towards the isolated active compounds (Roy Upton, 2015). 

Some single-ingredient modern drugs and dietary supplements are derived directly or indirectly from 

plants including: artemisinin (from Artemisia annua L.), podophyllotoxin (from Podophyllum peltatum L.), 

paclitaxel (from Taxus brevifolia Nutt.), vincristine (from Catharanthus roseus) and morphine (from 

Papaver somniferum L.) (Raskin et al., 2002; Goel et al., 2008). Meanwhile, prescriptions of herbal A
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medicines involve the simultaneous action of multiple constituents of the plant part as a whole, thought to 

act synergistically by hitting many molecular targets, or a single target (Li and Weng, 2017). Currently in 

China both herbal plant material and modern chemically characterized drugs are prescribed.  

Andrographis paniculata (Burm. f.) Nees (Fig. 1) is a member of the order Lamiales, Acanthaceae 

(family), widely distributed and utilized in tropical and sub-tropical regions of Asia, including India, China, 

Thailand, and Malaysia (Lim et al., 2012). Its use across this region is well known and historically 

documented in both traditional Chinese medicine (TCM) and the Ayuveda system in India (Anju et al., 

2012; Pholphana et al., 2013). It is known as “Chuanxinlian” in Chinese and Kalmegh in India, which 

expresses its strong bitter taste. In North India, A. paniculata is known as Maha-tikta; literally meaning 

"king of bitters” (Benoy et al., 2012; Subramanian et al., 2012). Its medicinal uses have included a variety 

of inflammation diseases such as diarrhea, fevers, laryngitis, gastric infections, upper respiratory tract 

infections, as well as other chronic and infectious disorders (Lim et al., 2012). A. paniculata has been 

included in the “WHO monographs on selected medicinal plants (World Health Organization, 2002), where 

it was reported that the plant was considered highly efficacious in inhibiting the spread of the influenza 

epidemic of 1919 in India (Amroyan et al., 1999; Sudhakaran, 2012; Avani and Rao, 2008; Sc, 2014; Lim 

et al., 2012). Phytochemical data shows that A. paniculata can produce high quantities of biologically 

active ent-labdane-type diterpenoids and flavones, such as andrographolide, neoandrographolide and 

andrographidine A, B, C (Subramanian et al., 2012; Ma et al., 2010; Koteswara Rao et al., 2004; Chao and 

Lin, 2010; Wang et al., 2009). The main bioactive compounds andrographolide and neoandrographolide 

are derived from the ent-copalol (ent-labda-8(17),13-dien-15-ol) diterpene backbone. This undergoes two 

regio-specific oxygenations, at C16 and C19, as well as heterocyclization to a 16,15-lactone, to form 

andrograpanin. Neoandrographolide is produced from this aglycone by glucosylation at the C19-hydroxyl, 

while andrographolide is formed by two further hydroxylations at C3 and C14. Modern pharmacological 

evidence suggests that A. paniculata as well as its diterpenoid constituents has anti-inflammatory, 

antimalarial, anticancer, immunomodulatory, antidiabetic and other effects (Singha et al., 2003; Ajaya 

Kumar et al., 2004; Reyes et al., 2006; Sheeja et al., 2006; Chandrasekaran et al., 2010). This efficacy 

against inflammatory diseases has translated to a wide range of medical applications of A. paniculata in 

China and India. 

Despite the medical importance of A. paniculata, in part due to the lack of a genome sequence, the 

pathways for biosynthesis of the bioactive diterpenoids such as andrographolide and neoandrographolide 

remain largely unknown. Here, we present a high-quality genome for A. paniculata, with contig N50 of 

388 Kb, assembled using Pacbio SMRT long reads. Hi-C technology was then used to anchor more than 95 

percent of this sequence to 24 pseudo-chromosomes. Based on mining of this genome sequence, as well as 

transcriptomic sequence data generated from different tissues and MeJA treated seedlings, we describe the 

in vitro functional characterization of four members of the A. paniculata diterpene synthase family and 

uncover the encoded diversity of labdane-related diterpene backbones. Additionally, we biochemically 

screened nine glycosyltransferases and found one that catalyzes conversion of andrograpanin to 

neoandrographide in vitro as well. 
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Results and discussion 

Genome sequencing and assembly 

Both flow cytometry and k-mer analysis were utilized for estimating the size of the A. paniculata genome 

prior to whole genome sequencing. Flow cytometry gave an estimated haploid genome size of 280 Mb, 

while k-mer analysis yielded a very similar estimate of 281.26 Mb (Supplementary Fig. 1-2). We used 

Pacbio SMRT long-read sequencing to assemble the A. paniculata genome (Supplementary Table 1). The 

size of the assembled genome was ~269 Mb, with 1,278 contigs (longest of 2.07 Mb) and a contig N50 of 

388 Kb (Table 1). Nearly all contigs have a length more than 10 Kb, and 23 contigs (1.8%) have a length 

over 1 Mb. The contig N50 of this Pacbio-only assembly is comparable or even better than recently 

finished plant genomes assembled with both Illumina and Pacbio reads (Supplementary Table 2). We 

further generated ~270 million Illumina paired-end reads (40.2 Gb), more than 96 percent of which could 

be mapped to this A. paniculata draft genome. In addition, we generated transcriptomes assembled from 

Illumina RNA-seq reads and mapped them to the draft genome. Of the 40,046 transcripts >1000 bp, 35,413 

(88.43%) could be mapped to a single scaffold with >90% sequence coverage, and 38,376 (95.83%) could 

be mapped with >50% sequence coverage (Supplementary Table 3). BUSCO (Benchmarking Universal 

Single-Copy Orthologs) analysis was also used to estimate completeness of genome assembly and 89.4 % 

(271/303) of eukaryote gene sets were classified as complete (Supplementary Table 3). These results 

indicated successful assembly of the major genic regions of the A. paniculata genome. Hi-C technology 

was then used to anchor contigs to pseudo-molecules (Supplementary Fig. 3). More than 95 percent (257 

Mb) of the assembled contigs could be anchored to 24 pseudo-chromosomes (Supplementary Table 4), 

with maximum and minimum lengths of 14.7 Mb and 7.7 Mb, respectively. 

 

 

A. paniculata genome annotation and evolution 

The A. paniculata genome was annotated by a combination of ab initio, homology-based and RNA-Seq 

assembly-based analyses. This led to prediction of 25,428 protein-coding genes, with an average exon 

number of 5.79, transcript length of 3,412 bp and CDS length of 1,255bp (Supplementary Table 5). We 

then compared these genes with that of related species (Fig. 2A, B). The number of gene families in A. 

paniculata (12,072) is similar to that in other plants – e.g. Sesamum indicum (13,247), Arabidopsis 

thaliana (13,076), and Utricularia gibba (11,513) (Supplementary Table 6). We found a total of 587 

families were A. paniculata specific when compared to the genomes of Vitis vinifera, Solanum 

lycopersicum and Solanum tuberosum (Fig. 2A; Supplementary Table 7). The divergence of A. 

paniculata and 11 other plants, based on their genomes, was estimated from 305 one-to-one orthologous 

genes (Fig. 2C), with the split between A. paniculata and the ancestor of Mimulus guttatus and S. indicum 

estimated to be approximately 58.8 Myr ago. Gene gain-loss was analyzed for A. paniculata relative to 

these 11 other species. In the A. paniculata lineage 5,383 gene families appear to be undergoing 

contraction, while one quarter of this number (1,290) appear to be expanding (Fig. 2D). Genes in these 

expanded families were annotated by InterProScan, followed by functional enrichment analysis of these A
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genes (Supplementary Table 8). Interestingly, among these were the terpene synthase (TPS) (IPR001906, 

P=0.00013) and cytochrome P450 (CYP) monooxygenase (IPR001128, P=0.00043) families, which are 

important in secondary metabolism such as that leading to andrographolide and neoandrographolide. 

Repetitive sequences were identified using a combination of ab initio and homology-based approaches. 

There appear to be fewer repeat elements in A. paniculata (53.3% of assembly) than S. lycopersicum 

(63.2%) and S. tuberosum (54.5%), but more than S. indicum (28.5%) and V. vinifera (41.4%). The two 

most numerous types of long terminal repeat (LTR) retrotransposons in A. paniculata are Ty3/Gypsy-like 

LTRs (10.54%) and Ty3/Copia-like LTRs (8.42%) (Supplementary Table 9). Synonymous substitution 

rates (Ks) among paralogues and orthologues were calculated to explore possible paleopolyploidy in the A. 

paniculata genome. This analysis indicates that A. paniculata, S. lycopersicum S. indicum and V. vinifera 

share one paleopolyploid event, referred to as the paleohexaploidy (γ) event common to all eudicots 

(Supplementary Fig. 4) (Tang et al., 2008; Vekemans et al., 2012). After the split of A. paniculata and S. 

indicum (~ 59 million years, Fig. 2C), S. indicum and S. lycopersicum each experienced a lineage specific 

WGD (Wang et al., 2014; Tomato Genome Consortium, 2012), but no clear peak could be seen in A. 

paniculata (Supplementary Fig. 4). These results jointly imply that A. paniculata did not undergo WGD 

after its split with S. indicum. 

 

A. paniculata diterpenoid profiles 

To correlate A. paniculata diterpenoid metabolism with gene expression, transcriptome (RNA-Seq) 

analysis was carried out for seedlings treated with methyl jasmonate (MeJA). This mimics the wounding 

response and induces such secondary metabolism. In addition, the content of nine diterpenoid lactones was 

also targeted for analysis in these induced seedlings by ultra-high-performance liquid chromatography 

coupled with triple quadrupole tandem mass spectrometry (UHPLC/MS/MS) (Table 2). Among these, 

14-deoxyandrographolide, andropanolide and andrographolide were the predominant metabolites found. 

The aglycone of neoandrographolide, andrograpanin was only found in trace amounts compared to 

neoandrographolide, indicating highly efficient glucosylation. All detected diterpenoids exhibited increases 

relative to control plants, indicating that MeJA induces their production (Jian and Wu, 2005; Chen et al., 

2007; Chen et al., 2006; Kim et al., 2006; Wang et al., 2010). 

 

Diterpenoid backbone biosynthesis  

Terpenoids are derived from isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) 

precursors synthesized in plants by the mevalonate (MVA) pathway in the cytosol, or the 

2-C-methyl-D-erythritol-4-phosphate (MEP) pathway in the plastids (Vranová et al., 2013). The formation 

of the general diterpenoid precursor (E,E,E)-geranylgeranyl diphosphate (GGPP) involves via coupling of 

IPP to DMAPP by the action of GGPP synthases (GGPPS) (Ma et al., 2012). From the genome assembly, 

fifteen genes were predicted to be involved in the MVA pathway and fourteen genes for the MEP pathway, 

along with thirteen GGPPS-like genes, all found using the KEGG database (Kanehisa and Goto, 

2000)(Supplementary Table 10). Notably, at least one gene for each enzyme in the MEP and MVA A
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pathways showed increased transcript levels following MeJA treatment (Supplementary Table 11). The 

plastidial MEP pathway supplies the precursors for plant diterpene biosynthesis (Lange et al., 

2000). Among the relevant genes identified here from A. paniculata are those encoding five DXS 

(1-deoxy-D-xylulose 5-phosphate synthases), two HDR (4-hydroxy-3-methylbut-2-enyl diphosphate 

reductase), two HDS (4-hydroxy-3-methylbut-2-enyl diphosphate synthase) and two DXR 

(1-deoxy-D-xylulose 5-phosphate reductoisomerase), with one each of MCT (2-C-methyl-D-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), indicating that genes encoding all seven MEP 

pathway enzymes have been identified. Protein subcellular localization prediction of these MEP pathway 

genes indicates that the encoded enzymes are most likely located in chloroplasts, further supporting their 

role in diterpenoid biosynthesis (Supplementary Table 11). In addition, while transcripts for most of the 

GGPPS-like genes were not significantly expressed in the analyzed tissues, four did appear to be 

up-regulated after MeJA treatment (P < 0.001) (Supplementary Table 11). These results suggest that the 

encoded enzymes might be involved in the production of andrographolide and related diterpenoids. 

 

The bioactive diterpenoid lactones from A. paniculata fall into the labdane-related superfamily, whose 

biosynthesis is characterized by initial bicyclization of GGPP by a class II diterpene cyclase (Zi, Mafu, et 

al., 2014). These most often produce copalyl/labdadienyl diphosphate (CPP), and are then termed CPP 

synthases (CPSs) (Fig. 3). The resulting bicycles generally undergo further cyclization and/or 

rearrangement catalyzed by class I diterpene synthases, which are termed kaurene synthase-like (KSL) 

based on their homology to the ent-kaurene synthases found in all vascular plants for gibberellin 

phytohormone biosynthesis (Zi, Mafu, et al., 2014) (Fig. 3). Despite their distinct catalytic activity, CPSs 

and KSLs are phylogenetically related, falling into the larger terpene synthase (TPS) family, reflecting an 

ancient gene fusion event, and form the TPS-c and TPS-e sub-families, respectively (Chen et al., 2011). To 

investigate the labdane-related diterpenoid biosynthetic capacity of A. paniculata, we mined its genome for 

CPSs and KSLs, much as previously reported for Salvia miltiorrhiza (Xu et al., 2016; Ma et al., 2012). In 

total, five putative CPSs and two putative KSLs were found. Of the CPSs (ApCPS1-5) only three 

(ApCPS1-3) appeared to be full-length and contained the characteristic DxDD aspartate-rich motif, while 

both KSLs (ApKSL1 & 2) appeared to be complete and contained the characteristic DDxxD motifs 

(Supplementary Figures 5 and 6; Supplementary Tables 10 and 11). Phylogenetic analysis of the 

translated protein with other previously functional characterized CPS and KSLs showed the expected 

grouping of CPS1-4 and ApKSL1 & 2 with class II and class I diterpene cyclases/synthases, respectively 

(Fig. 4A and Supplementary Table 12). 

ApCPS2 has been previously characterized to function as an ent-CPP synthase (Misra et al., 2015). The 

full-length CPSs newly identified here, ApCPS1 & 3, were functionally characterized by incorporation into 

a previously described modular metabolic engineering system (Cyr et al., 2007). This enabled analysis by 

expression in Escherichia coli also engineered to produce GGPP. Both ApCPS1 & 3 were found to produce 

CPP, of either ent- or normal stereochemistry, as indicated by detection of the dephosphorylated derivative, 

copalol, from these cultures by GC-MS (Fig. 4B). To ascertain the absolute configuration of their products, 

these were co-expressed with class I diterpene synthases specific for either normal CPP – i.e., a mutant of 

the bifunctional abietadiene synthase from Abies grandis that cannot produce CPP (Peters et al., 2001), 

simply termed here AS – or for ent-CPP – i.e., the ent-kaurene synthase from A. thaliana (Yamaguchi et al., A
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1998), simply abbreviated here as KS. The resulting products were then compared with those generated by 

CPSs of known stereospecificity as previously described (Cyr et al., 2007). Notably, ApCPS1 produces 

both ent- and normal CPP, as demonstrated by its ability to supply substrate to both AS and KS (Fig. 4C). 

This represents the first native class II diterpene cyclase with such clearly mixed stereochemical product 

outcome. By contrast, ApCPS3 is stereospecific, only producing CPP of normal stereochemistry (Fig. 4D), 

as is more typically found with these enzymes (Peters, 2010; Zi, Matsuba, et al., 2014).  

While the characteristic DxDD motif acts as the catalytic acid (Prisic et al., 2007), previous work with 

class II diterpene cyclases has highlighted the importance of the pair of residues that act as the catalytic 

base in determining product outcome. In particular, it has been noted that the CPSs that produce ent-CPP 

for production of the gibberellin phytohormones contain a conserved histidine and asparagine that form 

this catalytic dyad (Potter et al., 2014). These two residues are conserved in both ApCPS1 & 2. This is 

consistent with the previously reported selective production of ent-CPP by ApCPS2 (Misra et al., 2015), 

but is perhaps somewhat surprising for ApCPS1 given the mixture of ent- and normal CPP it was shown to 

produce here. Neither of these residues is conserved in ApCPS3, which selectively produces normal CPP. 

This is consistent with previous studies that have found an alternative pair of residues acting as the 

catalytic base, at least in normal CPP producing bifunctional diterpene synthases from gymnosperms 

(Criswell et al., 2012; Mafu et al., 2015).  

The full-length KSLs identified here, ApKSL1 & 2, were similarly functionally characterized by 

incorporation in the same modular metabolic engineering system. In this case, by co-expression in E. coli 

also engineered to produce either normal, ent- or syn-CPP, as previously described (Cyr et al., 2007). 

ApKSL1 was found to react specifically with normal CPP (Fig. 4E), and produce the same mixture of 

abietadienes previously reported with AS (Peters et al., 2000). On the other hand, ApKSL2 acted on both 

ent-CPP, producing ent-kaurene (Fig. 4F), and normal CPP, producing isopimara-7,15-diene (Fig. 4G). 

However, it should be noted that ApKSL2 seems to react more readily with normal, rather than ent-CPP, as 

indicated by the co-production of ent-copalol, which is derived from the ability of the endogenous 

dephosphatases to efficiently compete with ApKSL2 for ent-, but not normal, CPP. Thus, it must be noted 

that neither of these ApKSLs produces the expected ent-copalol or ent-labdatriene precursor to 

andrographolide and related diterpenoids. Given the recently reported finding that terpene synthases from 

the plant TPS-b sub-family can act upon CPP (Hansen et al., 2016; Inabuy et al., 2017), it seems at least 

possible that the ent-copalol/labdatriene synthase may be found in either this or the other TPS sub-families 

represented in the A. paniculata genome. 

 

Oxidational decoration of the diterpene scaffold by A. paniculata cytochrome P450 and 

2-oxoglutarate-dependent dioxygenase  

From common backbones, diterpene scaffolds are often further modified to diterpenoids, prototypically by 

cytochrome P450 monooxygenases (CYPs), although 2-oxoglutarate-dependent dioxygenases (2OGDs) 

appear to play a role in certain cases as well (Swaminathan et al., 2009; Q., Wang et al., 2012; Xu and 

Song, 2017; Kakizaki et al., 2017). Thus, while biosynthesis of andrographolide and neoandrographolide is 

believed to rely on CYPs (Garg et al., 2015; Cherukupalli et al., 2016), 2OGDs may also play a role. In the A
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A. paniculata genome, 278 CYP genes were found by automated matching to the relevant Hidden Markov 

(HMM) model (PF00067), with subsequent manual assignment to the appropriate CYP families (i.e., by 

Prof. David Nelson, Univ. Tenn.). This is similar to the number found in other angiosperms (Nelson and 

Werck-Reichhart, 2011). Members of the CYP71 and CYP76 families have been shown to be involved in 

labdane-related diterpenoid biosynthesis in other Lamiales species (Banerjee and Hamberger, 2018). Genes 

for a total of 43 CYP71 and 14 CYP76 family members were found in the A. paniculata genome 

(Supplementary Table 14). Expression analysis indicated that transcripts for 18 CYP71 and 6 CYP76 

family members accumulate after MeJA treatment (P < 0.05) (Supplementary Table 13), suggesting that 

some of these may play a role in biosynthesis of andrographolide and related diterpenoids. A total of 112 

putative 2OGDs were found in the A. paniculata genome by automated matching to the 2OG-FeII_Oxy 

DTT domain (PF03171). This is similar to the number of 2OGDs found in other plants, such as Oryza 

sativa (114) and A. thaliana (130). The 2OGDs have been phylogenetically divided into three functionally 

distinct classes (Xu and Song, 2017), and A. paniculata has members of all three – i.e., DOXA (4), DOXB 

(21), and DOXC (90) (Supplementary Table 14). DOXC class members were further clustered into 

twelve families, named based on known function – i.e., AOP (6), GA20ox (5), GA3ox (1), GA2ox (10), 

DAO (4), F3H (3), FLS/ANS (3), CODM/NCS (16), ACO (9), D4H/GSLOH/BX6 (18), H6H (3), S3H (5), 

and Unknown (7) (Supplementary Fig. 7). Expression analysis indicated that transcripts for 17 2OGDs 

accumulated after MeJA treatment (P < 0.05), suggesting that these also might be involved in biosynthesis 

of andrographolide and related diterpenoids (Supplementary Table 14).  

 

Putative diterpenoid biosynthestic gene clusters 

With the rapidly growing number of available plant genomes, it has become evident that these often 

contain gene clusters that encode, at least partially, biosynthetic pathways for specialized metabolites 

(Nuetzmann and Osbourn, 2015). To determine if A. paniculata contains any such clusters for diterpenoid 

biosynthesis, the genome was assessed as to whether other biosynthetic genes are found near those for the 

characterized ApCPSs or ApKSLs. Intriguingly, adjacent to ApCPS3 are two encoding CYP71 family 

members, while on a separate contig three genes encoding CYP714 family members are linked to ApKSL1 

(Supplementary Fig. 8). In addition, ApCPS4 and ApCPS5 are found together with genes encoding four 

CYP76 family members on yet another contig. It can then be hypothesized that these CYPs may be 

involved in further elaboration of the initial hydrocarbon scaffolds produced by the nearby (co-clustered) 

CPS(s) or KSL.  

 

UDP-dependent glycosyltransferases in A. paniculata genome 

Following sequential oxidation by CYP450 and 2OGD, glycosylation by UDP-dependent 

glycosyltransferases (UGT) is often observed in secondary metabolism. The added glycan moiety confers 

pharmacological bioactivity, reduced toxicity and increased solubility (Vogt and Jones, 2000; Jones and 

Vogt, 2001; Lorenc-Kukuła et al., 2004). One of the major bioactive constituents of A. paniculata, 

neoandrographolide, is such a glycosylated diterpenoid lactone. In this study, we used the 44 amino acids A
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in the PSPG motifs and full-length amino acid sequence of AtUGT71C5 (A. thaliana), MtUGT73K1 

(Medicago truncatula), SgUGT74AC1 (Siraitia grosvenorii), SrUGT76G1 (Stevia rebaudiana), 

SrUGT85C2 (S. rebaudiana) and AtUGT88A1 (A. thaliana) to probe the A. paniculata sequence 

information. A total of 120 putative UGT genes were identified including 99 genes encoding putative 

full-length UGTs (i.e, that are more than 250 amino acids in length) (Supplementary Table 15). While 

this is less than the number of characterized UGT genes in A. thaliana (120), Medicago truncatula (187), 

Cypripedium arietinum (125), Glycine max (242), Gossypium hirsutum (196) and Lotus japonicus (188) 

(Yonekura-Sakakibara and Hanada, 2011; Huang et al., 2015; Yin et al., 2017), it may reflect less 

glycoslation in this plant species or the incomplete nature of the draft genome assembly. The full-length A. 

paniculata UGT genes were named based on the accepted naming convention for signature PSPG motifs 

(http://prime.vetmed.wsu.edu/resources/udp-glucuronsyltransferase-homepage) (Mackenzie et al., 2005). A 

phylogenetic tree constructed from the 120 screened A. paniculata UGT proteins as well as all 120 UGT 

proteins from A. thaliana revealed that the ApUGT genes clustered into 22 families. Using the 

classification scheme employed for A. thaliana (Ross et al., 2001), these ApUGTs were clustered into 13 

groups (A–M) (Supplementary Fig. 9).  

The metabolic and transcriptomic analyses of the response of A. paniculata seedlings to MeJA was used to 

highlight ApUGTs that might produce neoandrographolide, which is glucosylated andrograpinin. Similar to 

the accumulation of the other diterpenoid lactones,  neoandrographolide content was significantly 

(4.8-fold) increased within 24h compared with controls (Fig. 5A). Based on previous reports of UGTs 

involved in terpenoid biosynthesis (Richman et al., 2005; Poppenberger et al., 2005; Sayama et al., 2012), 

it was hypothesized that neoandrographolide would be produced by a UGT from the UGT71, UGT73, 

UGT76, UGT85, or UGT88 families. Accordingly, we focused on the 29 ApUGTs from these families, and 

found that mRNA levels were significantly elevated (>2-fold) by MeJA treatment for a number of these. 

Namely, CXN00023829 (82.8-fold), CXN00009930 (7.5-fold), CXN00012854 (25.3-fold), CXN00006409 

(188.5-fold), CXN00006414 (5.5-fold), CXN00009309 (7.4-fold), CXN00003963 (7.1-fold), 

CXN00013979 (4.1-fold). In addition, seven genes were found to be highly expresed in leaves. Namely, 

CXN00004677, CXN00012856, CXN00003107, CXN00000415, CXN00000414, CXN00017140 and 

CXN00012855. To functionally investigate the ability of these to produce neoandrographolide, nine of 

these genes were successfully cloned (CXN00006414, CXN00000414, CXN00000415, CXN00003963, 

CXN00003107, CXN00013979, CXN00012856, CXN00017140 and CXN00004677), which were named 

UGT73AU1, UGT76T1, UGT76T2, UGT85A51, UGT85A52, UGT85E6, UGT88A14, UGT88D10 and 

UGT88L1, respectively. These were then expressed in E. coli, and the recombinant proteins purified and 

evaluated with enzymatic assays (Supplementary Fig. 10). Sequence alignment of these nine ApUGTs 

with the UGTs from Stevia rebaudiana that play a role in glycosylating a similar labdane-related 

diterpenoid (Brandle and Telmer, 2007; Richman et al., 2005), revealed a conserved domain containing the 

PSPG motif near their C-terminal domain (Fig. 5B; Supplementary Fig. 10). The last glutamine (Q) 

residue within this PSPG motif is thought to confer specificity for UDP-glucose as the sugar donor for 

glycosylation (Kubo et al., 2004). Notably, three ApUGTs possess this Q, suggesting they may all use 

UDP-glucose as a sugar donor. Two sugar donors (UDP-glucose and UDP-glucuronic acid) and three 

andrographolide-like aglycones (andrographolide, andrograpanin and 

14-deoxy-11,12-didehydroandrographolide) were tested as substrates. We found that of the UGTs tested, A
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only recombinant UGT73AU1 exhibited catalytic activity, specifically with andrograpanin and 

14-Deoxy-11,12-didehydroandrographolide and UDP-glucose as the sugar donor (Fig. 5C, and 

Supplementary Fig. 11). No activity was detected for the remaining eight recombinant UGT proteins with 

any of the tested aglycone substrates, regardless of sugar donor. The enzymatic products analyzed via 

UPLC showed new products were produced with andrograpanin and 

14-deoxy-11,12-didehydroandrographolide (Supplemental Fig. 11) as compared to corresponding controls. 

UPLC-Q-TOF MS analysis revealed that these products contained fragments with m/z of 162 and were 

characterized by the loss of one glucose. This loss yielded corresponding aglycones with each substrate 

(Fig. 5D and Supplementary Fig. 11), indicating they were andrographolide-like monoglucosides. When 

compared to reference standards, it was verified that these compounds were neoandrographolide and 

14-deoxy-11,12-didehydroandrographoside, derived from andrograpanin and 

14-deoxy-11,12-didehydroandrographolide, respectively. UGT73AU1 exhibited higher enzymatic activity 

with andrograpanin (1 nkat/mg) than 14-deoxy-11,12-didehydroandrographolide (0.35 nkat/mg). Given its 

observed activity, UGT73AU1 seems to discriminate against the 14-hydroxyl found in andrographolide, 

which does not serve as a substrate, as this is not found in the andrograpanin and 

14-deoxy-11,12-didehydroandrographolide that it does react with. 

 

Putative diterpenoid-associated regulatory genes after MeJA induction 

A promising approach to increasing plant secondary metabolite production is the utilization of transcription 

factors (TFs) that stimulate gene expression of the enzymes that comprise the relevant biosynthetic 

pathways. Several types of TFs that participate in sesquiterpenes, diterpenoid, triterpenoid and 

monoterpenoid alkaloid biosynthesis have been characterized, belonging to the families of AP2/ERF 

(APETALA2/Ethylene-Response Factors), bHLH (basic Helix-LoopHelix), and WRKY (Yamamura et al., 

2015; Zhang et al., 2011; Yamada et al., 2011; Schweizer et al., 2013; Van Moerkercke et al., 2015; 

Schluttenhofer and Yuan, 2015; Rushton et al., 2010; Yu et al., 2012; Lu et al., 2013; Shen et al., 2016; 

Zhou et al., 2016) A total of 1,489 genes in A. paniculata are predicted to encode transcription factors 

(TFs), including 115 members of the bHLH and 67 members of the WRKY families (Supplementary 

Table 16). Here we found that labdane-diterpenoid biosynthesis from A. paniculata responds strongly to 

MeJA elicitation, which is known to induce TFs involved in such regulation of a variety of secondary 

metabolite biosynthesis (van der Fits and Memelink, 2000; Van der Fits and Memelink, 2001; Zhang et al., 

2011; De Geyter et al., 2012). To identify putative regulators of the andrographolide pathway, 94 candidate 

transcriptional factors were selected by mining the RNA-seq data for TFs whose transcript levels were 

significantly increased following elicitation with MeJA (P < 0.05; Supplementary Table 15), indicating a 

potential role in regulation of such labdane-diterpenoid biosynthesis. Functional characterization of these 

TFs using transient system such as virus induced silencing (VIGS) and over-expression, in combination 

with metabolite analysis, will be employed in the future. 
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In summary, extensive utilization of the whole plant of A. paniculata as an anti-inflammatory drug for the 

treatment of fever, cold, laryngitis, diarrhea, and inflammation in India and China has led to a broad range 

of phytochemical/pharmacological studies that have reported the discovery of anti-inflammatory activity 

for a diverse array of diterpenoid lactones, particularly andrographolide and neoandrographolide. With 

advent of next-generation sequencing techniques, –omics analyses of non-model plants are now feasible. 

Here, the A. paniculata genome is reported, providing a foundation for cultivar breeding. Along with the 

tissue-specific and MeJA-induced transcriptomes also reported here, this further provides a rich dataset for 

mining candidate genes involved in production and regulation of the A. paniculata bioactive diterpenoid 

lactone natural products. For example, the CYP and 2OGD oxygenase superfamilies in A. paniculata were 

annotated, generating a set of tailoring enzymes for future investigation of diterpenoid lactone biosynthesis. 

In addition, the identification of putative transcription factors on a genome wide-scale is expected to 

facilitate better understanding of the underlying regulation of such metabolism. The utility of the generated 

sequence data was more directly demonstrated by functional characterization of A. paniculata diterpene 

synthases, revealing the capacity for production of a variety of labdane-related diterpene backbones. 

Moreover, a UGT was found that catalyzes glucosylation of andrograpanin to the bioactive 

neoandrographolide. Accordingly, the data reported here is expected provide the basis for further insights 

into production of the bioactive diterpenoid lactone constituents of A. paniculata.   

 

Methods 

Plant materials for sequencing 

A. paniculata plants were cultivated in greenhouse at institute of Chinese Materia Medica, China. Genomic 

DNA was extracted from leaves of one A. paniculata, using the plant DNA extraction protocol (Tiangen co. 

Ltd. Beijing China). For RNA-seq, RNA samples were prepared from root, vegetative stem, young leaf, 

open flower, mature fruit and cotyledons of seedlings sprayed with 50mM MeJA for 0, 24- and 48-hours 

using RNeasy Plant Mini Kit (Qiagen Germany). The quality and quantity of the isolated DNA and RNA 

were checked by electrophoresis on a 0.8% agarose gel and Epoch (BioTek Instruments, USA). 

 

Estimation of the genome size 

Both flow cytometry and k-mer analysis were utilized for estimating the size of the A. paniculata genome 

prior to whole genome sequencing. Flow cytometry analysis for the measurement of nuclear DNA content 

was performed using a Partec CA II (Partec, Munster, Germany). 
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Genome sequencing and assembly 

PacBio SMRTbell libraries (20 kb inserts) were prepared with the standard PacBio library preparation 

protocols, and the sequencing was conducted on a PacBio RS II (Pacific Biosciences, USA) system using 

P6-C4 chemistry (Novogene Corporation, Ltd Beijing, China). This generated 1.2M SMRT long reads with 

a total length of 11.8 Gb. The longest read has a length of 78,939 bp, while the mean length of all reads is 

9,326 bp and the median length is 9,024 bp. More than 93% of the reads have lengths longer than 1 Kb and 

more than 44% have lengths longer than 10 Kb (Supplementary table 3). We used Canu v1.5 (Koren et al., 

2017) to assemble these SMRT long reads with the following options: ‘genomeSize=280m 

batMemory=256g’.  

Hi-C assistant contig clustering 

The Hi-C library was prepared by Annoroad Genomics (Beijing, China) following the standard procedure 

(Lieberman-Aiden et al., 2009). The Hi-C sequencing data were aligned to the assembled contigs by 

BWAmem, and then the contigs were clustered onto chromosomes with LACHESIS 

(http://shendurelab.github.io/LACHESIS/).  

 

Gene prediction and annotation 

We employed three methods to predict the A. paniculata genes: 1) a homology-based method, 2) a de novo 

method and 3) an EST/transcript-based method. MAKER software was used to predict genes in the 

assembled genome for the homology-based approach (Cantarel et al., 2008). Prior to de novo gene 

prediction, DNA and protein related repeat elements were masked using RepeatMaker with the Repbase 

(Cantarel et al., 2008) and RepeatRunner databases (Tarailo-Graovac and Chen, 2009), respectively. Gene 

prediction and annotation by ab initio gene prediction utilized RNA and protein evidenced alignments with 

Augustus software (http://www.yandell-lab.org/software/repeatrunner.html). To validate and complete the 

gene predictions, transcriptomes from root, shoot, leaf, flower and fruit material were assembled using 

Trinity (Haas et al., 2013), with default parameters, which were aligned with the assembled genome using 

Blastn (Camacho et al., 2009). For annotation of protein-coding genes, the nucleotide sequences of 

high-confidence genes were searched against NCBI, KEGG, Pfam (Bateman, 2004) and Swissport 

databases with a minimal e-value of 1e-5. BUSCO was then used to assess completeness of the final 

genome assembly (Waterhouse et al., 2018). The localizations of deduced proteins were predicted using the 

TargetP 1.1 server (http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al., 2007). 

  

TEs and repetitive DNA 

To predict the TEs in the A. paniculata genome, we employed a combined methodology, which 

incorporated de novo and homology-based methods. First, a TE library was constructed using 

RepeatModeler (Tarailo-Graovac and Chen, 2009), and then RepeatMasker used to align the assembled A
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genome to perform de novo prediction and find known TEs using a TE library composed from the Repbase 

database.  

  

Phylogenetic tree and evolutionary analysis 

Phylogenetic construction from the genomes of A. paniculata with A. thaliana, G. max, M. guttatus, O. 

sativa, Populus trichocarpa, S. lycopersicum, S. tuberosum, V. vinifera, Zea mays, S. indicum and U. gibba 

was carried out using MrBayes (V3.1.2) software (Ronquist and Huelsenbeck, 2003) based on the HKY85 

model (Hasegawa et al., 1985) selected by Modeltest v3.7 (Posada and Crandall, 1998), in which Akaike 

Information Criterion (AIC) was use to select the best model. The robustness of the retrieved tree topology 

was also assessed by running the Maximum likelihood method implemented in RAxML v8.2.10 

(Stamatakis, 2014)(Supplementary Fig. 12). The divergence time of selected species was analyzed using 

the program MCMCTree of the PAML package (V4.4) (Yang, 2007). Fossil divergence time points for the 

S. lycopersicum/S. tuberosum split (7.2~7.4 mya) (Sato et al., 2012), O. sativa/ Z. mays split (> 20mya) 

(Paterson et al., 2009; Paterson et al., 2004) and O. sativa/ V. vinifera split (130~240 mya) (Jaillon et al., 

2007) were used to calibrate the tree. Ks analysis was conducted by firstly using MCscanX to obtain 

genomic collinear blocks (Wang et al., 2012), then program YN00 from the PAML package was used to 

calculate Ks values of gene pairs contained in collinear blocks. In order to get the gene families from the 

selected 14 species, OrthoMCL (V1.4) was used for gene clustering, setting the main inflation value to 1.5 

and with other default parameters (Li et al., 2003). Then CAFÉ software (V2.1) was used for contraction 

and expansion analysis of these gene families (De Bie et al., 2006). For phylogenetic reconstruction of the 

diterpene synthase, 2-oxoglutarate-dependent dioxygenase and UDP-glycosyl transferase families, 

neighbor-joining phylogenetic analyses with 1000 bootstrap repetitions were performed using MEGA 

version 5.02 beta (Kumar et al., 2016). 

 

Metabolite detection  

UHPLC/MS/MS was used to quantify the levels of nine diterpenoid lactones in A. paniculata seedlings 

after 50 mM MeJA treatment. Fresh samples were powdered in liquid nitrogen and 100 mg extracted with 

15 mL of methanol in an ultrasonic bath at 25 °C for 30 min. Resulting sample solutions, as well as nine 

standard compounds (andrographolide, andropanolide, 14-deoxyandrographolide, neoandrographolide, 

andrograpanin, andropanoside, 14-deoxy-11-hydroxyandrographolide, 

14-deoxy-17-hydroxyandrographolide and 14-Deoxy-11,12-dideroxyandrographoside) from BioBioPha 

Co., Ltd. (Kunming China), were filtered through a 0.22-µm membrane, and 2-µL aliquots injected for 

analysis. A 1290 series UHPLC was coupled with a 6470 triple quadrupole mass spectrometer via an 

AJS-ESI interface (Agilent Technologies, Waldbronn, Germany). Samples were separated over an Agilent 

Eclipse Plus C18 column (RRHD 1.8μm, 2.1×50mm). The A and B mobile phases were acetonitrile and 

water solutions containing 0.1% formic acid, respectively. The analytes were eluted using a linear gradient 

program: 0~2 min, 6→25% B; 2~6 min, 25→30% B; 6~7 min, 30→80% B; 6~10 min, 80→100% B; 

10~11 min, 100% B. The flow rate was 0.30 mL/min and column temperature was 30 °C. The mass A
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spectrometer was operated in positive ion mode, with sheath gas temperature at 250 °C, gas flow at 11.0 

L/min, and nebulizer gas at 40 psi. The capillary voltage was set at 4000 V, nozzle voltage to 500 V, and 

delta EMV to 200 V. Metabolites were detected in multiple reaction monitoring (MRM) mode, where two 

precursor-product ion MRM transitions were selected for each compound (one for quantitation and the 

other for qualification), as shown in the Supporting Information. Data was acquired and analyzed using 

MassHunter (version B.07.00) to quantify all nine metabolites for which standards were available. 

 

Isolation of five ApCPS/KSLs and nine ApUGTs from A. paniculata 

Using plant RNA extraction protocols (Tiangen co. Ltd. Beijing China), total RNA was extracted from 

the leaf of A. paniculata for cDNA synthesis. First-strand cDNA was synthesized using the PrimeScript 

First-Strand cDNA Synthesis Kit and oligo(dT) primer (Takara, Japan). Primers were designed for three 

ApCPSs, two ApKSLs and nine ApUGTs (from different UGT families) according to the A. paniculata 

genome sequence and used to clone these full-length genes which were inserted into pEASY blunt vector 

(TransGen Biotech, Beijing, China) for Sanger sequencing using an ABI3730 DNA Sequencer (Applied 

Biosystems, Foster City, CA, USA) (Supplementary Table 17).  

  

UGT Gene expression analysis  

Total RNA was reverse transcribed into cDNA using the TransScript II One-Step gDNA Removal and 

cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China), according to the manufacturers protocol. 

Ten-fold diluted cDNA was used as template for subsequent qRT-PCR analysis using TransStart Green 

qPCR SuperMix (TransGen Biotech, Beijing, China) on Rotor-Gene Q MDx (QIAGEN Co., Hilden, 

Germany), with primers sequences that can be found in Supplementary Table 17. These PCR reactions 

were performed using the following cycling parameters: 95 °C for 7 min (enzyme activation), 35 cycles of 

95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s, followed by a melting curve cycle from 60 °C to 90 °C. 

The results were normalized against actin as a reference gene. Relative transcript level was calculated as 

the mean of three technical replicates of three biological replicates. 

 

Functional Characterization of ApCPS/KSL genes 

The ApCPS1 and ApCPS3 genes were truncated to remove the N-terminal plastid targeting sequence 

for expression of pseudo-mature enzymes in E. coli. These constructs were generated by PCR, and first 

cloned in pENTR-SD-dTOPO (Invitrogen, Carlsbad, CA, USA), with the corresponding insert verified by 

complete gene sequencing. Each gene was then individually sub-cloned by directional recombination into 

a previously described pGG-DEST vector (Cyr et al., 2007), creating pGG-DEST::ApCPS1 & 3 expression 

constructs. These were used to examine product outcome, first by expression alone, and then co-expression 

with compatible pDEST14 based AS or KS constructs to examine stereospecific product outcome. 

Similarly, ApKSL1 & 2 were truncated to remove the N-terminal plastid targeting sequence for expression 

of pseudo-mature enzymes in E. coli. These constructs were generated by PCR, and first cloned in A
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pENTR-SD-dTOPO (Invitrogen, Carlsbad, CA, USA), with the corresponding insert verified by complete 

gene sequencing. Each gene was then individually sub-cloned by directional recombination into pDEST14, 

creating pDEST14::ApKSL1 & 2 expression constructs. These were used to examine product outcome by 

co-expression with previously described compatible pGGeC, pGGsC and pGGnC vectors, which lead to 

production of ent-, syn- or normal CPP, respectively, as previously described (Cyr et al., 2007).  

 

Expression and purification of recombinant UGT proteins in E. coli.  

The UGTs were sub-cloned to construct pMAL-UGT expression vectors, which were then transformed into 

E. coli strain Novablue competent cells. To induce protein expression, 0.3 mM of isopropyl 

β-D-thiogalactoside (IPTG) was added when the OD600 value of cell culture (grown at 37 °C) reached 0.5. 

After 24 h incubation with shaking at 16 °C, the cells were harvested by centrifugation at 4 °C and then 

stored at -80 °C until purification. The MBP-fusion proteins were purified using protocols for the pMAL 

Protein Fusion and Purification System (New England BioLabs). The recombinant UGT proteins (5 µg -10 

µg) were incubated for 1 hour at 37 °C in a final volume of 50 µL comprised of 10 mM dithiothreitol

（DTT）, 20 mM Tris-HCl (pH 7.0), 0.5 mM substrates and 2 mM UDP-glucose or UDP-glucuronic acid. 

Reactions were stopped by the addition of methanol and centrifuged at 14,000 rpm for 10 min, followed by 

analysis via UPLC. To investigate the enzymatic specificity of the recombinant UGT73AU1, purified 

enzyme (5-10 µg) were incubated for 30 minutes at 37 °C in 50 µL reaction mixtures comprising 10 mM 

DTT, 20 mM Tris-HCl (pH 7.0), 0.5 mM substrates and 2 mM UDP-glucose. Reactions were terminated 

by adding methanol, centrifuged at 14,000 rpm for 10 min, and also analyzed via UPLC. The enzymatic 

products were further identified by Q-TOF-MS, as described below. Acquity ultra performance liquid 

chromatography (UPLC, Agilent 1290 Infinity II) consisting of an autosampler and a binary pump was 

used for analysis. Specifically, the compounds were separated over an EclipsePlusC18 RRHD (1.8μm, 

2.1×50 mm i.d.; Agilent) analytical column at a temperature of 30 °C, with a sample injection volume of 2 

μL. A gradient elution was achieved using two solvents: 0.1% formic acid in water (A) or acetonitrile (B), 

at a flow rate of 0.3 mL/min. The gradient program consisted of: 0-2min, 74% A; 2-4min, 68% A; 4-12min, 

62% A; 12-20min, 55% A; 20-22min, 95% B; 22-24min, 95% A for balancing; with a return to initial 

conditions over 1 min. The detected wavelength was 203 nm. The UPLC system used was interfaced with 

a 6545 Q-TOF LC/MS (Agilent), equipped with an electrospray (Turbo V TM) ion source. The MS was 

used in positive-ion mode with the following conditions: dual AJS ESI (Seg): gas temp, 325 °C; drying gas, 

5 L/min; nebulizer, 35 psig; sheath gas temp, 350 °C; sheath gas flow, 11 L/min. dual AJS ESI (Expt): Vcap, 

3500V; nozzle voltage (Expt), 500V. MS TOF (Expt): fragmentor, 130V; skimmer, 65V; Oct 1 RF Vpp, 

750V; and collected signal m/z: 100-1000. 

 

Data submission 

ACCESSION NUMBERS The clean reads are deposited in Sequence Read Archive (SRA) under 

SRP143459. 
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SHORT SUPPORTING INFORMATION LEGENDS 

Supplementary Figures 

Figure S1 Evaluation of the genome size of A. paniculata by flow cytometry.  

Figure S2 Evaluation of the genome size of A. paniculata by 17-mer analyses.  

Figure S3 Genome wide Hi-C heatmap.  

Figure S4 Ks distributions of syntenic paralogs and orthologs from A. paniculata, S. indicum, V. vinfera 

and S. lycopersicum. 

Figure S5 Four sequence comparison of the A. paniculata copalyl diphosphate synthase (CPS) enzymatic 

family with two CPS genes from Marrubium vulgare.  

Figure S6 Two sequence comparison of the A. paniculata kaurene synthase-like (KSL-like) enzymatic 

family with three previously characterized KSL enzymes from Oryza sativa.  

Figure S7 Analysis of the phylogenetic relationships of 2OGD gene members in A. paniculata.  

Figure S8 Physical clustering of diterpenoid pathway gene in A. paniculata.  

Figure S9 NJ tree of the UGT family shows 13 distinct groups (A–M) based on aligned protein sequences.  

Figure S10 Multiple sequence alignment of PSPG motifs of ApUGTs and three purified recombinant UGT 

proteins on denaturing PAGE.  

Figure S11 Characterization of rApUGT73AU1 activity with 14-Deoxy-11,12-didehydroandrographolide. 

Figure S12 Phylogeny of A. paniculata and eleven other species estimated by the Maximum likelihood 

method.  
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Supplementary Tables 

Table S1 Sequencing summary of Pacbio SMRT library. 

Table S2 Summary of some plant genomes published recently. 

Table S3 Estimation of A. paniculata genome by RNA-seq and BUSCO results 

Table S4 Contigs anchored to pseudo molecules. 

Table S5 Summary of gene annotation. 

Table S6 Summary of gene families. 

Table S7 Functional enrichment analysis of the genes specific to A. paniculata plant using InterPro 

database. 

Table S8 Functional enrichment analysis of the genes belonging to families specifically expanded in the A. 

paniculata genome 

Table S9 TE categories and contents in A. paniculata genome. 

Table S10 MEP, MVA, IPPI and GGPPS-like genes in A. paniculata genome. 

Table S11 FPKM expression levels of MEP, MVA, IPPI and GGPPS-like genes in A. paniculata genome. 

Table S12 The CPS and KSL protein sequences from A. paniculata and other species for phylogenetic 

reconstruction this study. 

Table S13 FPKM expression levels of P450 genes from CYP71 and 76 families. 

Table S14 2OGD genes in A. paniculata genome and their expression pattern. 

Table S15 UGT genes expression in different tissues and seedlings treated with MeJA. 

Table S16 List of transcription factor genes predicted in the A. paniculata. 

Table S17 Characterization of ApCPS, KSL and UGT. This spreadsheet lists the gene names, their 

corresponding IDs and genbank numbers, as well as the primers used for cloning of every individual 

sequence characterized in the paper. 
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Figure legends: 

Figure 1 Characteristic of A. paniculata plant 

(A) Plant growth habit 

(B) Close-ups of leaf and flower 

 

Figure 2 Evolution of the A. paniculata genome 

(A) Venn diagram of shared orthologous gene families among 4 species, i.e. S. lycopersicum, V. vinifera, S. 

indicum and A. paniculata. 

(B) Proportion of orthologous genes in 12 plant genomes. 

(C) Estimation of the time of divergence (with error range shown in parentheses) of A. paniculata and 

eleven other species based on orthologous single-copy gene pairs. Stars highlight the location of 

WGD events. 

(D) Expansion and contraction of gene families among 12 plant genomes. Pie diagram on each branch and 

node corresponds to combined change across lineages. Mgut, M. guttatus; Sind, S. indicum; Apan, A. 

paniculata; Ugib, U. gibba; Slyc, S. lycopersicum; Vvin, V. vinfera; Gmax, G. max; Atha, A. thaliana; 

Ptri, P. trichocarpa; Osat, O. sativa; Zmay, Z. mays. 

Figure 3 A general proposed pathway for diversified diterpenoid scaffolds and the major constituents 

andrographolide and neoandrographolide. Five diterpene synthases including CPS1-3 (CPS2 previously 

characterized) and KSL1-2 form distinct diterpene scaffolds. A proposed biosynthesis of andrographolide, 

neoandrographolide and other labdane diterpenoids based on known compounds from A. paniculata is 

represented. Ent-copalol intermediates are further modified by cytochromes P450 and other enzyme 

classes to afford the array of specialized diterpenoids.  

 Figure 4 Functional and stereochemical analysis of ApCPSs and ApKSLs. 

(A) Phylogenetic analysis of the CPS and KSL genes in different plants. Neighbor-joining trees of class II 

and class I diterpene synthases based on aligned protein sequences. The phylogenetic tree was rooted 

with JsCPSKS and PpCPS/KS. Protein sequences are shown in Table S12. (B) Production of CPP (of 

either ent- and/or normal stereochemistry). GC-MS chromatograms of extracts from cultures 

expressing ApCPS1 or 3 (as indicated) in E. coli also engineered to produced GGPP. CPP is detected 

as the dephosphorylated copalol, presumably generated by endogenous phosphatases, with 

verification by comparison of retention time and mass spectra to an extract from a strain analogously 

engineered with a known CPS. (C) ApCPS1 produces both ent- and normal CPP. GC-MS 

chromatograms of extracts from cultures in which ApCPS1 is expressed in E. coli also engineered to 

produce GGPP and additionally co-expressing either the normal CPP specific AS or ent-CPP specific 

KS, with comparison to CPSs of known stereospecificity. (D) ApCPS3 produces normal CPP. 

GC-MS chromatograms of extracts from cultures in which ApCPS1 is expressed in E. coli also 

engineered to produce GGPP and additionally co-expressing the normal CPP specific AS, again with 

verification by comparison to an extract from an analogously engineered strain with CPS known to 

produce normal CPP. (E) ApKSL1 is specific for normal CPP and produces the same mixture of A
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abietadienes as AS. GC-MS chromatograms of extracts from cultures expressing ApKSL1 or AS in E. 

coli also engineered to produce CPP. (F) ApKSL2 readily reacts with ent-CPP. GC-MS 

chromatograms of extracts from cultures expressing ApKSL1 or KS in E. coli also engineered to 

produce ent-CPP. (G) ApKSL2 also reacts with normal CPP. GC-MS chromatograms of extracts from 

cultures expressing ApKSL1 or AS in E. coli also engineered to produce CPP.  

  

Figure 5 Characterization of rApUGT73AU1 to Catalyze Andrograpanin to Neoandrographolide. 

(A)  The expression level of ApUGT73AU1 and the Neoandrographolide (Nap) content in seedlings after 

MeJA treatment. (B) Multiple sequence alignment of PSPG motifs of ApUGTs and SrUGTs. (C) 

Representative UPLC analysis showing the in vitro production of Neoandrographolide (Nap) by 

incubating rApUGT73AU1 with Andrograpanin (Nap-A). (D) Representative indicate the mass 

spectrum of Nap (upper panel) and Andrograpanin (Nap-A) for rApUGT73AU1. (E) The proposed 

pathway for Nap biosynthesis based on the functions of rApUGT73AU1. 

 

Table legends: 

Table 1 Summary of genome assembly 

Table 2 The contents of diterpenoids in A. paniculata seedlings after treatment with MeJA 
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Table 1: Summary of genome assembly 

Number of contigs 1278 

Total contigs length 269306334 

Longest contig 2074285 

Shortest contig 4221 

Contigs > 10K nt 1271 (99.45 %) 

Contigs > 100K nt 737 (57.67 %) 

Contigs > 1M nt 23 (1.80 %) 

N50 388864 

L50      208 

N80 165327 

L80       522 

GC content 0.3332 

 

 

 

Table 2: The contents of diterpenoids in A. paniculata seedlings after treated with MeJA 

Main compounds (mg/g) 0 24 48hs 
  

Andrographolide 0.326(0.095) 0.779(0.305) 0.868 (0.252) 
  

Andropanolide 0.959(0.54) 1.532(0.689) 2.328(0.681)   

14-Deoxyandrographolide 1.990(0.133) 3.443(0.358) 3.117 (0.203) 
  

Minor compounds (μg/g)   
  

Neoandrographolide 7.785(0.54) 37.402(4.72) 36.115(2.484) 
  

Andrograpanin 0.277(0.092) 0.413(0.286) 0.531(0.113)   

Andropanoside 27.327(0.759) 72.775(14.096) 71.067(7.793)   

14-Deoxy-11-hydroxyandrographolide 19.536(1.417) 28.067(6.216) 20.297(1.103) 
  

14-Deoxy-17-hydroxyandrographolide 3.629(0.066) 5.569(1.454) 4.69(1.114) 
  

14-Deoxy-11,12-dideroxyandrographoside 0.024(0.005) 0.033(0.002) 0.034(0.0206) 
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