
nature plants

https://doi.org/10.1038/s41477-023-01402-3Article

Parallel evolution of cannabinoid 
biosynthesis

In the format provided by the 
authors and unedited

https://doi.org/10.1038/s41477-023-01402-3


nature plants

https://doi.org/10.1038/s41477-023-01402-3Article

Parallel evolution of cannabinoid 
biosynthesis

In the format provided by the 
authors and unedited

https://doi.org/10.1038/s41477-023-01402-3


Table of Contents 

 
1.  Supplementary Methods....................................................................................................... 1–8 

 Chemicals................................................................................................................................ 1 

 Targeted and non-targeted MS approaches for identification of metabolites.........................  1–2 

 General instrument setups and operation for purification of metabolites............................... 2 

 NMR spectroscopy.................................................................................................................. 3 

 Trichome enrichment............................................................................................................... 3 

 Bioinformatics methods.......................................................................................................... 3–4 

 3’ RNA sequencing and gene co-expression network analysis............................................... 4 

 Circos and gene cluster plots................................................................................................... 4 

 Phylogenetic analyses of functionally tested enzymes............................................................ 4 

 In vitro enzyme assays............................................................................................................. 4–7 

 UPLC chromatographic conditions......................................................................................... 7 

 Operational parameters of the Orbitrap IQ-X Tribrid MS...................................................... 7–8 

2.  Supplementary Figures......................................................................................................... 9–43 

 Supplementary Fig. 1. Identification and labeling of major additional terpenophenols 

from different classes in H. umbraculigerum.......................................................................... 9–10 

 Supplementary Fig. 2. Differentiation between chalcones and flavanones via UV 

absorbance and thermal stability............................................................................................. 11 

 Supplementary Fig. 3. Identification of CBGA-type alkyl homologues in H. 

umbraculigerum...................................................................................................................... 12 

 Supplementary Fig. 4. Identification of cannabichromenic acid (CBCA 15) and CBCA-

like metabolites in H. umbraculigerum................................................................................... 13 

 Supplementary Fig. 5. Identification of cannabiprenylic acid (CBPA 19) and heli-

cannabiprenylic acid (heliCBPA 20) in H. umbraculigerum.................................................. 14 

 Supplementary Fig. 6. Identification of hydroxylated cannabinoids and amorfrutins in H. 

umbraculigerum...................................................................................................................... 15–16 

 Supplementary Fig. 7. Identification of cyclocannabigerolic acid (cycloCBGA 47) and 

cyclocannabigerolic acid-like metabolites in H. umbraculigerum.......................................... 17 

 Supplementary Fig. 8. Identification of geranylated-acyl homologue phloroglucinoids in 

H. umbraculigerum................................................................................................................. 18–19 

 Supplementary Fig. 9. Identification of acylphloroglucinoids with different prenylations 

in H. umbraculigerum............................................................................................................. 20–21 

 Supplementary Fig. 10. Identification of hydroxylated and dihydroxylated prenyl-acyl-

phloroglucinoids in H. umbraculigerum................................................................................. 22 

 Supplementary Fig. 11. Identification of chalcones with different prenylations in H. 

umbraculigerum...................................................................................................................... 23–24 

 Supplementary Fig. 12. Identification of flavanones with different prenylations in H. 

umbraculigerum...................................................................................................................... 25–26 

 Supplementary Fig. 13. Major intermediates (92-101 before prenylation) from all the five 

metabolic routes identified in H. umbraculigerum.................................................................. 27 

 Supplementary Fig. 14. Genome size estimation of H. umbraculigerum by flow 

cytometry................................................................................................................................. 28 

 Supplementary Fig. 15. Read Length vs Read Quality kde plot of the three SMRT cells 

sequenced................................................................................................................................ 29 

 Supplementary Fig. 16. Hi-C contact frequency matrix represented as heatmap along all 

H. umbraculigerum scaffolds of the primary assembly sorted by length................................ 30 



 Supplementary Fig. 17. BUSCO completeness values of each of the assemblies................ 31 

 Supplementary Fig. 18. Over Representation Analysis of module M4................................ 32 

 Supplementary Fig. 19. Coupled PKS-PKC reactions and PKC phylogeny........................ 33 

 Supplementary Fig. 20. Comparison of total ion chromatograms of six different tissues 

from H. umbraculigerum......................................................................................................... 34 

 Supplementary Fig. 21. Identification of glucosylated intermediates, cannabinoids and 

amorfrutins in H. umbraculigerum.......................................................................................... 35–36 

 Supplementary Fig. 22. MS/MS spectra of monoglucosides following in vitro assays 

with UGTs from H. umbraculigerum, stevia and rice............................................................. 37 

 Supplementary Fig. 23. In vitro production of di-glucosides with the purified UGTs......... 38 

 Supplementary Fig. 24. Identification of O-acylated cannabinoids in H. umbraculigerum. 39–40 

 Supplementary Fig. 25. Identification of hydroxylated and dihydroxylated O-acylated 

cannabinoids in H. umbraculigerum....................................................................................... 41 

 Supplementary Fig. 26. Identification of O-acylated amorfrutins in H. umbraculigerum.... 42–43 

3. Supplementary Table Captions............................................................................................ 44 

4. Supplementary NMR Data................................................................................................... 45–86 

 Supplementary NMR Data- General Note........................................................................... 45 

 Supplementary NMR Data 1. Data of CBGA 1................................................................... 46–48 

 Supplementary NMR Data 2. Data of heliCBGA 2...................……….............................. 49–51 

 Supplementary NMR Data 3. Data of geranylphlorocaprophenone 4................................. 52–54 

 Supplementary NMR Data 4. Data of geranylpinocembrin chalcone 6............................... 55–57 

 Supplementary NMR Data 5. Data of 12-OH-cycloCBGA 26............................................ 58–60 

 Supplementary NMR Data 6. Data of geranylphloro-2-methylbutyrophenone 54.............. 61–62 

 Supplementary NMR Data 7. Data of geranyl-phloretin 82................................................ 63–65 

 Supplementary NMR Data 8. Data of 6-prenylpinocembrin 86.......................................... 66–68 

 Supplementary NMR Data 9. Data of 6-prenylnaringenin 87.............................................. 69–71 

 Supplementary NMR Data 10. Data of 6-geranylnaringenin 88.......................................... 72–74 

 Supplementary NMR Data 11. Data of Glc-OA 102........................................................... 75–77 

 Supplementary NMR Data 12. Data of Glc-DHSA 103...................................................... 78–80 

 Supplementary NMR Data 13. Data of O-MeButCBGA 120.............................................. 81–83 

 Supplementary NMR Data 14. Data of O-MeButHeliCBGA 138....................................... 84–86 

5. Supplementary Orthology Data........................................................................................... 87–90 

 Supplementary Orthology Data 1.  Rooted species tree inferred with Orthofinder............ 87 

 Supplementary Orthology Data 2. Orthogroup OG0014461 to which HuCoAT6 belongs 88 

 Supplementary Orthology Data 3. Orthogroup OG0000313 to which HuTKS4 belongs... 89 

 Supplementary Orthology Data 4. Orthogroup OG0002538 to which HuCBGAS4 

belongs..................................................................................................................................... 90 

6. References.............................................................................................................................. 91–93 

 

 



Supplementary Methods 

1. Chemicals 

Unless otherwise stated, all the analytical metabolites were >95% pure. CBGA 1, CBCA 15, 

CBDA, acetic acid, propionic acid, butyric acid, pentanoic acid, hexanoic acid, heptanoic acid, 

octanoic acid, ±2-methyl butyric acid, phenylalanine, hexanoic-D11 acid (D>98%), GPP, IPP, FPP, 

phloretin 98, naringenin 96, malonyl-CoA (>90%), acetyl-CoA (>93%), butyryl-CoA (>90%), 

hexanoyl-CoA (>85%), octanoyl-CoA, iso-valeryl CoA (>90%), olivetol and sodium hexnoate 

were purchased from Sigma-Aldrich (Rehovot, Israel). Δ9-THCA was purchased from Silicol 

Scientific Equipment Ltd. (Or Yehuda, Israel). Acetic-D3 acid (D>99%), propionic-D5 acid 

(D>99%), butyric-D5 acid (D>98%), pentanoic-D9 acid (D>98%), heptanoic-D5 acid (D>99%), 

octanoic-D5 acid (D>99%), iso-butyric-D7 acid (D>98%), ±2-methyl butyric-D9 acid (D>99%), 

iso-valeric-D9 acid (D>98%), iso-caproic-D11 acid (D>98%) were purchased from C/D/N isotopes 

(Quebec, Canada). Phenylalanine-D5 (D>98%) and phenylalanine-13C9,
15N1 (

13C,15N>99%) were 

synthesized by Cambridge Isotope Laboratories (Andover, MA). HeliCBGA 2 (NP009525, 90%) 

was purchased from Analyticon Discovery GmbH (Potsdam, Germany). APHA 3 was reported as 

an impurity (NP015136, 5%) in the heliCBGA analytical metabolite. OA 92 (>90%), VA (>90%) 

and iso-butyryl-CoA were purchased from Cayman Chemical (Ann Arbor, MI, USA). PCP 95, 

naringenin chalcone 97 and pinocembrin chalcone 100 were purchased from Wuhan ChemFaces 

Biochemical Co Ltd. (Hubei, China). Cinnamoyl-CoA and Coumaroyl-CoA were purchased from 

TransMIT GmbH (Hesse, Germany). 

2. Targeted and non-targeted MS approaches for identification of metabolites  

We applied in this study both a targeted and a non-targeted approach using mass spectrometry 

(MS) to identify unknown peaks. In the non-targeted practice, we used the MISO package35 

developed by our team to compare the LC-MS/MS data with and without feeding H. 

umbraculigerum leaves with stable isotopic labeled precursors to identify new peaks that 

incorporated the labeled metabolites. The MS/MS spectra of the labeled metabolites also helped 

in the assignment of fragmentation structures. We also used the Weizmass library of plant 

metabolites46 to screen the plant extract's spectra. In the targeted approach, we first established a 

list of potential masses according to previously identified metabolites in H. umbraculigerum. We 

added to this list masses of additional putative structures according to possible metabolic 

pathways. For example, we assumed that metabolites with different chain lengths may exist similar 

to Cannabis and may also have different prenylations. We also considered potential modifications 

of the main terpenophenols, including hydroxylation, methylation, acylation, glycosylation, and 

others. We then screened the chromatogram for possible masses and identified unknown 

metabolites by accurate mass, relative retention time (RT), MS/MS, and UV spectra. Since most 

of the terpenophenols identified in this study had no commercially available analytical standards, 

we purified selected metabolites and elucidated their structure via one- and two-dimensional NMR. 

These then served as standards for identifying chemically similar metabolites by relative RT and 

MS/MS fragmentation. 

In the assignment of structures according to LC-MS/MS data, we used similar guidelines as 

previously suggested for putative identification of cannabinoids in Cannabis15. For homologues 

with different alkyl chain lengths, we observed analogous fragmentation patterns with mass shifts 

corresponding with the chain length. The same was also observed for similar metabolites with 

different prenylations. Each terpenophenol group had some typical fragments and fragmentation 

structures. We also found that the relative order of elution of metabolites from the reversed-phase 
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(RP) column can predict the metabolite's structure. For example, increasing alkyl chain length 

(C1C7) and prenyl group (isoprenylmonoprenylsesquiterpenediterpene) result in 

increasing RT. Branching of the alkyl chain slightly reduces RT compared to the linear 

configuration for the same carbon number, while reducing a double bond (like in the phenethyl 

group) slightly increases RT. For the same chain length and prenylation (similar accurate mass), 

cannabinoids elute before phloroglucinoids. The same also occurs for amorfrutins versus 

chalcones and flavanones. The order of elution of flavanones versus chalcones with similar masses 

cannot be predicted. Since they have similar MS/MS fragmentation patterns, the best method to 

differentiate between the two groups is via UV spectra and observing differences in 

appearance/disappearance of peaks following heating. Modifications on the structure affect the 

time of elution depending on the change. For example, hydroxylation reduces the metabolite's 

lipophilicity, leading to faster elution, whereas O-acylation increases the RT. Oxidocyclization, 

like in the case of CBGA 1CBCA 15, leads to longer RTs. 

3. General instrument setups and operation for purification of metabolites  

The Büchi Sepacore MPLC System was equipped with two C-605 pump modules, a C-620 control 

unit, C-660 fraction collector, C-640 UV photometer (Büchi Labortechnik AG, Switzerland), and 

a C18 manually packed column. The mobile phase consisted of acetonitrile:water (5:95, v/v; phase 

A) and acetonitrile (phase B), with the following multistep gradient method: initial conditions were 

0% B for 10 min, raised to 99% B until 530 min, and slowly raised to 100% B until 660 min. The 

flow rate was 15 ml min-1, the injection volume was 15 ml and the wavelengths were: 210, 224, 

270 and 350 nm. Fractions of 100 ml were collected throughout the run and analyzed by UPLC–

qTOF to select specific metabolites for purification. The selected fractions were evaporated using 

a rotary evaporator at 40 °C, lyophilized, reconstituted in ethanol or methanol, and filtered through 

a 0.22 µm syringe filter. 

The Agilent 1290 Infinity II UPLC system was equipped with a quaternary pump, autosampler, 

diode array detector, a Bruker/Spark Prospekt II LC–SPE system (Spark) and Impact HD UHR-

QqTOF MS (Bruker) connected via a Bruker NMR MS Interface (BNMI-HP). Method 

development was performed by acquisition of both MS and UV signals. MS spectra were acquired 

in negative full scan mode between m/z 50 and 1,700. HPLC columns were either XBridge (BEH 

C18, 250 × 4.6 mm i.d., 5 μm; Waters) or Luna (C18, 250 × 4.6 mm i.d., 5 μm; Phenomenex), and 

the conditions were adjusted and optimized for each metabolite. In this system, the eluent with the 

metabolites of interest were mixed with a makeup-flow of 1.8 ml min−1 water and then trapped on 

solid phase extraction (SPE) cartridges (10 × 2 mm Hysphere resin GP cartridges). Each cartridge 

was loaded four times with the same metabolite, and 36–72 cartridges were used for trapping one 

metabolite, depending on the concentration of the sample injected. After collection, SPE cartridges 

were dried with a stream of N2, and eluted with 150 μl methanol.  

The Waters Acquity UPLC system was equipped with a binary pump, an autosampler, a fraction 

manager and a diode array detector. A UPLC BEH C18 column (100 mm × 2.1 mm i.d., 1.7 µm; 

Waters) was used on for purification, apart from metabolites Glc-OA 102 and Glc-DHSA 103, 

which were fractionated on a Luna Phenyl-Hexyl column (150 mm × 2 mm i.d., 3 µm; 

Phenomenex). The flow rate was 0.3 ml min−1, and the column temperature was kept at 35 °C. All 

other conditions were adjusted and optimized according to the sample. The eluent with the 

metabolite of interest was collected in 2 ml HPLC vials.  
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4. NMR Spectroscopy 

Purified metabolites were resuspended in 300 μl of Methanol-d4, dried under a stream of N2, 

reconstituted in 70 µl Methanol-d4 with 0.01% of 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid 

sodium salt (TMSP, used as an internal chemical shift reference for 1H and 13C) and transferred 

into 1.7 mm micro NMR test tubes for structure elucidation. NMR spectra were collected on a 

Bruker AVANCE NEO-600 NMR spectrometer equipped with a 5 mm TCI-xyz CryoProbe. All 

spectra were acquired at 298 K. The structures of the different metabolites were determined by 

one dimensional (1D) 1H NMR spectra, as well as various two-dimensional (2D) NMR spectra: 
1H-1H Correlation Spectroscopy (COSY), 1H-1H Total Correlation Spectroscopy (TOCSY), 1H-
1H Rotating Frame Nuclear Overhauser Spectroscopy (ROESY), 1H-13C Heteronuclear Single 

Quantum Coherence (HSQC), and 1H-13C Heteronuclear Multiple Bond Correlation (HMBC) 

spectra.  

One dimensional 1H NMR spectra were collected using 16,384 data points and a recycling delay 

of 2.5 s. Two-dimensional COSY, TOCSY and ROESY spectra were acquired using 16,384–8,192 

(t2) by 400–512 (t1) data points. 2D TOCSY spectra were acquired using isotropic mixing times of 

100–300 ms. A T-ROESY experiment was used in this study, TOCSY-less ROESY that 

effectively suppresses TOCSY transfer in ROESY experiments. T-ROESY spectra were recorded 

using spin lock pulses of 100–400 ms. 2D HSQC and 2D HMBC spectra were collected using 

4,096 (t2) by 400–512 (t1) data points. Multiplicity editing HSQC enables differentiating between 

methyl and methine groups that give rise to positive correlation, versus methylene groups that 

appear as negative peaks. HMBC delay for evolution of long-range couplings was set to observe 

long-range couplings of JH,C = 8 Hz. All data were processed and analyzed using TopSpin 4.1.1 

software (Bruker). 

5. Trichome enrichment 

Trichomes were enriched following Balcke et al. guidelines47 with modifications. Briefly, young 

leaves were harvested and soaked in ice-cold, distilled water and then abraded using a BeadBeater 

machine (Biospec Products, Bartlesville, OK). The polycarbonate chamber was filled with 15 g of 

plant material, and filled with half the volume with glass beads (0.5 mm diameter), XAD-4 resin 

(1 g g-1 plant material), and ethanol 80% to full volume. Leaves were beated by 2-4 pulses of 

operation of 1 min each. This procedure was carried out at 4 °C, and after each pulse the chamber 

was allowed to cool on ice. Following abrasion, the contents of the chamber were first filtered 

through a kitchen mesh strainer and then through a 100-µm nylon mesh to remove the plant 

material, glass beads, and XAD-4 resin. The residual plant material and beads were scraped from 

the mesh and rinsed twice with additional ethanol 80% that was also passed through the 100-µm 

mesh. The presence of enriched glandular trichome secretory cells was checked by visualization 

in an inverted optical microscope. 

6. Bioinformatics methods 

Briefly, random sequencing errors were corrected using Rcorrector48 and uncorrectable reads were 

removed. Adaptor and quality trimming were performed using TrimGalore!49. Ribosomal RNA 

was filtered by discarding reads mapping to SILVA_132_LSURef and SILVA_138_SSURef non-

redundant databases using bowtie250. Fastq quality checks on each of the steps were performed 

using MultiQC51. The remaining reads were pooled and used for genome-guided and genome-

independent de novo transcriptome assembly using Trinity52.  
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The Iso-Seq data was obtained from four of the tissues (Supplementary Table 8) and processed 

with isoseq353. Fused and unspliced transcripts were removed, and only polyA-positive transcripts 

were kept for a unique set of high-quality isoforms. Iso-Seq and Trinity transcripts were aligned 

to the assembly using minimap254 and the BAM files were incorporated into the PASA pipeline55 

to generate RNA-based gene model structures. In addition, de novo gene structures were obtained 

using the software braker256 and the BAM file alignments of long and short reads as extrinsic 

training evidence. Ab initio and RNA-based gene models were combined using EvidenceModeler 

followed by a final round of PASA pipeline55. Gene functional annotation was performed for the 

predicted mature transcripts using TransDecoder57, which takes into account HMMER58 hits 

against PFAM59 and BLASTP60 hits against UniProt61 databases for similarity retention criteria. 

Further annotation of protein-coding transcripts was performed by taking the best hit of BLASTP 

searches against other plant protein databases (Uniprot protein fasta files of sunflower id 

UP000215914_4232, Arabidopsis id UP000006548_3702, tomato id UP000004994_4081, rice id 

UP000059680_39947 and Cannabis NCBI id GCF_900626175.1_cs10). Signal peptides were 

predicted with SignalP62, transmembrane domains were predicted with TMHMM63, and GO and 

KEGG terms were obtained with Trinotate64. BUSCO65 was used at multiple stages of the analysis 

to assess the completeness of the different versions of both the transcriptome and the genome. 

7. 3’ RNA sequencing and gene co-expression network analysis 

UMI-based 3’ RNAseq of three replicates of the seven tissues was obtained similarly as 

described66. Adaptor and quality trimming was performed using TrimGalore!49 in two steps, 

including PolyA trimming mode. Reads were mapped to the genome using STAR67 UMI-

deduplicated using UMI-tools68, and counts were obtained with featureCounts69. Normalization 

was performed with the varianceStabilizingTransformation algorithm of DESeq270, and the 

CEMItools71 package was used for co-expression analysis (dissimilarity threshold of 0.6, pvalue 

of 0.1).  

8. Circos and gene cluster plots 

Gene and TEs density were calculated by intersecting the corresponding gff files with 0.1 Mb non-

overlapping windows using bedtools makewindows and bedtools intersect72. True-seq and Tran-

seq coverage were calculated using bedtools genomecov in BedGraph format72. The circos plot 

was made with the R circlize73 package and the gene clusters plots were made with the gggenes74 

package.  

9. Phylogenetic analyses of functionally tested enzymes 

The selection of the proteins for each of the families analyzed in this study was based on 

functionally tested enzymes according to studies referenced in each Figure. The full list of IDs can 

be found in Supplementary Table 15. The Maximum Likelihood trees were constructed with 100 

bootstrap tests based on a MUSCLE multiple alignment using the MEGA11 software. The 

evolutionary distances were computed using the JTTmatrix-based method. 

10. In vitro enzyme assays 

AAE enzyme assays 

Recombinant AAE assays were performed in a 20 μl reaction mix that contained 0.1 μg 

recombinant AAE, 50 mM HEPES pH 9.0, 8 mM ATP, 10 mM MgCl2, 0.5 mM CoA and 4 mM 

of the sodium salt of the respective acid (acetic, butyric, hexanoic, octanoic, cinnamic and 

coumaric acids) for 10 min at 40 °C. Reactions were terminated with 2 μl of 1 M HCl and stored 

on ice until analysis. After centrifugation at 15,000 g for 5 min at 4 °C, the samples were diluted 

4



1:100 in water and analyzed on the TQ-S system in MRM mode using a similar column as 

previously described. The system was operated with an aqueous buffer pH 7.0 (10 mM 

ammonium acetate, 5 mM NH4HCO2, phase A) and acetonitrile (phase B) according to UPLC 

Method 4). The instrument was operated in positive mode with a capillary voltage of 3.0 kV, and 

a cone voltage of 50 V. Two different transitions were used for analysis of: acetyl-CoA  (810.52 

> 303.30,  27.0V; 810.52 > 428.25, 24.0V); butyryl-CoA (838.58 > 331.30,  28.0 V; 838.58 > 

331.30, 25.0 V); hexanoyl-CoA (866.65 > 359.40,  28.0 V; 866.65 > 428.25, 26.0 V); octanoyl-

CoA (894.65 > 387.55,  30.0 V; 894.65 > 428.25, 28.0 V); coumaroyl-CoA (914.59 > 407.37,  

30.0 V; 914.59 > 428.25, 28.0 V); cinnamoyl-CoA (898.59 > 391.37,  30.0 V; 898.59 > 428.25, 

28.0 V). Metabolite identity was confirmed with authentic standards. 

PKS and PKC enzyme assays 

Individual and coupled HuPKS and PKC (HuOACs or CsOAC) assays were carried out as 

described by Gagne et al. (2012)7 with some modifications. Enzyme assays were performed in 50 

μl with 20 mM HEPES at pH 7.2, 5 mM DTT, 1.8 mM malonyl CoA and 0.6 mM of hexanoyl-

CoA. HuPKSs (5 μg) and PKCs (10 μg), were added either individually or in combination. 

Reaction mixtures were incubated at 30 °C for 3 h. Reactions were stopped by extraction with 100 

μl methanol, vortexing and centrifugation at 15,000 g for 10 min. The supernatant was filtered and 

analyzed with both UPLC–qTOF and triple-Quad systems. The column and mobile phase were as 

for the metabolic profiling. Metabolites were analyzed using UPLC Method 5. UPLC–qTOF was 

run in both polarities with MS or MS/MS modes using similar parameters as previously described. 

The TQ-S system was operated in MRM mode in both positive (for olivetol) and negative modes 

with a capillary voltage of 3.5 or 1.5 kV, respectively, and a cone voltage of 40 or 20 V, 

respectively. Two different transitions were used for analysis of: OA 92 (223.1 > 179.1, 15.0 V; 

223.1 > 137.1, 20.0 V); PDAL (181.2 > 137.1, 10.0 V; 181.2 > 97.1, 20.0 V); HTAL (223.1 > 

179.1, 10.0 V; 223.1 > 125.1, 10.0 V); PCP 95 (223.1 > 179.1, 20.0 V; 223.1 > 81.0, 25.0 V); 

olivetol (181.1 > 111.0, 10.0 V; 181.1 > 71.2, 10.0 V). Olivetol, OA 92 and PCP 95 identities were 

confirmed with authentic standards. 

PT enzyme assays 

Genes encoding HuPT1-4 were separately cloned into pESC-TRP vector. Microsomal 

preparations from yeast cells transformed with pESC-TRP vectors were performed following 

Jozwiak et al. (2020)75. Briefly, Yeast cells transformed with pESC-TRP:HuPT1-4 were grown 

for 24 h at 30 °C in 50 ml of Synthetic Defined (SD) minimal media supplemented with appropriate 

amino acids and 2% glucose. The cell culture was centrifuged for 10 min at 700 g, pellet 

resuspended in 50 ml of H2O and pelleted again. Washed yeast cells were used to inoculate 2 l 

culture of SD minimal media with 2% galactose. After 48 h cells were collected by centrifugation 

at 700 g and washed with cold PBS pH 7.4. Each pellet was resuspended with ice-cold lysis buffer 

(1× PBS, 1 mM DTT, 2 mM PMSF and 1× cOmplete, EDTA-free Protease Inhibitor Cocktail: 

Roshe) in the ratio 1:3 (w:v). An equal amount of acid-washed glass beads (425–600 μm, Sigma-

Aldrich) was added to the cell suspension and vortexed at the highest speed for 1 min. The 

procedure was repeated 12 times with 1-min breaks on ice. The suspension with broken cells was 

transferred to new tubes and centrifuged at 17,000 g for 10 min at 4 °C. The supernatant was 

transferred to ultracentrifuge tubes and centrifuged for 1.5 h at 160,000 g at 4 °C. The microsome 

pellet was resuspended and homogenized in a reaction buffer (20 mM Tris-HCl pH 7, 100 mM 

NaCl, 10% glycerol). 
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For the preparation of DHSA 93 we used an almond β-glucosidase (≥6 U mg-1, Sigma Aldrich) as 

follows. MPLC fractions (50 ml each) containing Glc-DHSA 103 were evaporated using a rotary 

evaporator at 40 °C, lyophilized and reconstituted in 15 ml McIlvaine buffer (20 mM, pH 5.0). 

Reactions were performed in separate 20 ml vials incubated at 45 °C for 24 h. Each reaction 

consisted of 6 ml of McIlvaine buffer (pH 5.0), 3 ml of 0.1 mg ml-1 of the almond β-glucosidase 

solution in McIlvaine buffer, and 1.5 ml of the fractions containing Glc-DHSA 103. The 

metabolites were extracted using 3 volumes of ethyl acetate:diethyl ether 1:1, evaporated using a 

rotary evaporator and reconstituted in 5 ml methanol. The products from the reaction contained a 

mixture of both glucosylated and non-glucosylated metabolites. DHSA 93 was therefore purified 

using System 2, and reconstituted in 100 µl methanol for the enzymatic assay. The purified DHSA 

93 was analyzed via UPLC–qTOF to verify that the purified fraction did not contain Glc-DHSA 

103. 

PT enzymatic assays were carried out as described previously for CsPT48 with some 

modifications. The microsomes from yeasts expressing the HuPTs were resuspended in 3.3 ml 

buffer (10 mM Tris-HCl, 10 mM MgCl2, pH 8.0, 10% glycerol) and homogenized with a tissue 

grinder. The enzyme assays were performed in 50 μl with 2 µl of the respective membrane 

preparations dissolved in the reaction buffer (50 mM Tris-HCl, 10 mM MgCl2, pH 8.0), with 500 

μM of the aromatic acceptor (OA 92, VA, DHSA 93, PCP 95, naringenin chalcone 97 or 

pinocembrin chalcone 100) and 500 μM of the isoprenoid (IPP, GPP or FPP). Samples were 

incubated for 1 h at 30 °C. Kinetic assays were similarly performed with 1 mM of GPP and varying 

(0.5 μM–1.5 mM) concentrations of OA 92, with 15 min incubation at 30 °C. Samples were 

extracted with 100 μl ethanol followed by vortexing and centrifugation. The supernatant was 

filtered and analyzed via UPLC–qTOF as for the terpenophenols (UPLC Method 1). 

UGT enzyme assays 

The UGT enzyme assays were performed as described by Cai et al. (2021)76 with some 

modifications. UGT assays using different aromatic substrates were performed by mixing 1.5 µl 

of the UDP-Glc solution (80 mM, final concentration: 2.5 mM), 27.5 µl Tris buffer (100 mM, pH 

8.0), 1 µl of each of the substrates (50 mM, final concentration: 1 mM) and 20 µl of the lysate 

enzyme solution. The reactions were incubated at 30 °C for 1 h. Reactions were stopped by 

extraction with 100 μl methanol, vortexing and centrifugation at 15,000 g for 10 min. The 

supernatant was filtered and analyzed via UPLC–qTOF using UPLC Method 2. The assay with 

the purified UGTs was performed by mixing 2 µl of the cannabinoid acceptors (OA 92, DHSA 93, 

CBGA 1, heliCBGA 2, CBDA, Δ9-THCA, CBCA 15, olivetol, CBG, CBD or Δ9-THC, PCP 95, 

naringenin chalcone 97 or pinocembrin chalcone 100) in the presence of 1.5 µl UDP-Glc 80 mM, 

46.5 µl Tris buffer (100 mM, pH 8.0) and 1 µl of each enzyme. The metabolites were extracted 

and analyzed as previously described. Kinetic assays were performed with the purified enzymes 

(1.5 µg µl-1) dissolved in 45 µl Tris buffer (100 mM, pH 8.0) and substrates were added using 

varying (0.5 μM–3 mM) and constant (1 mM) concentrations of OA 92 and UDP-Glc and the total 

reaction volume was 50 μl. To stop the reactions, 100 µl methanol was added to each tube, and the 

metabolites were extracted and analyzed as previously described. 

AAT enzyme assays 

Recombinant AAT assays were performed by mixing 7 µl of the cannabinoid acceptors (CBGA 1 

or heliCBGA 2, 1 mg ml-1) with 58 µl of a potassium phosphate buffer (100 mM, pH 7.4), 5 µl of 

the acyl-CoA donors (butyryl-CoA or, hexanoyl-CoA, 10 mM) and 30 µl of the enzyme solutions. 

The reactions were incubated at 30 ºC for 3 h. Samples were extracted with 100 μl ethanol followed 
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by vortexing and centrifugation. The supernatant was filtered and used for UPLC–qTOF analysis 

using a similar column, mobile phase and MS parameters as previously described for 

terpenophenols and UPLC Method 6. The assay with the purified HuCBAT5 enzyme was 

performed by mixing 2 µl of the cannabinoid acceptors (OA 92, CBGA 1, heliCBGA 2, CBDA, 

Δ9-THCA or CBCA 15) with 2 µl of the acyl-CoA donors (butyryl-CoA, iso-butyryl-CoA, 

hexanoyl-CoA, iso-valeryl-CoA, or acetyl-CoA, 10 mM), 44 µl of a potassium phosphate buffer 

(100 mM, pH 7.4), and 2 µl of the purified HuCBAT5 enzyme solution. The reactions were 

incubated at 30 ºC for 3 h. To stop the reactions, 50 µl ethanol was added to each tube and the 

acylated metabolites were extracted and analyzed via UPLC–qTOF as for the terpenophenols 

(UPLC Method 1) in both MS and MS/MS modes. Extracted ion chromatograms using the major 

products were selected from the LC-MS/MS analyses as follows: cannabinoid acceptors without 

CoAs: OA 92>179.107, CBGA 1, CBCA 15>191.107, heliCBGA 2>225.092, CBDA, Δ9-

THCA>245.154; acylated cannabinoids: OA 92>179.107, CBGA 1>231.102, heliCBGA 

2>265.086, CBDA>245.154, Δ9-THCA>245.154, CBCA 15>191.107). 

11. UPLC chromatographic conditions 

UPLC Method 1: Initial conditions were 40% B for 1 min, raised to 100% B until 23 min, held at 

100% B for 3.8 min, decreased to 40% B until 27 min, and held at 40% B until 29 min for re-

equilibration of the system. The flow rate was 0.3 ml min−1, and the column temperature was kept 

at 35 °C.  

UPLC Method 2: Initial conditions were from 0% to 28% B over 22 min, raised to 100% B until 

36 min, held at 100% B for 2 min, decreased to 0% B until 38.5 min, and held at 40% B until 40 

min for re-equilibration of the system. The flow rate was 0.3 ml min−1, and the column temperature 

was kept at 35 °C.  

UPLC Method 3: Initial conditions were 57% B raised to 85% B until 4 min, raised to 100% B 

until 4.2 min, held at 100% B until 6 min, decreased to 67% B until 6.2 min, and held at 67% B 

until 7 min for re-equilibration of the system. The flow rate was 0.6 ml min−1, and the column 

temperature was kept at 40 °C. 

UPLC Method 4: Initial conditions were 1% B raised to 35% B until 10.5 min, and then raised to 

100% B until 11 min, held at 100% B for 1 min, decreased to 1% B until 12.5 min, and held at 1% 

B until 15 min for re-equilibration of the system. The flow rate was 0.3 ml min−1, and the column 

temperature was kept at 25 °C.  

UPLC Method 5: Initial conditions were 10% B raised to 70% until 6 min, raised to 100% B until 

6.2 min, held at 100% B until 8 min, decreased to 10% B until 8.5 min, and held at 10% B until 

11 min for re-equilibration of the system. The flow rate was 0.3 ml min−1, and the column 

temperature was kept at 35 °C.  

UPLC Method 6: Initial conditions were 40% B for 1 min, raised to 100% B until 14 min, held at 

100% B for 3.8 min, decreased to 40% B until 18 min, and held at 40% B until 20 min for re-

equilibration of the system. The flow rate was 0.3 ml min−1, and the column temperature was kept 

at 35 °C.  

12. Operational parameters of the Orbitrap IQ-X Tribrid MS 

The source parameters were: sheath gas flow rate, auxiliary gas flow rate and sweep gas flow rate: 

45, 10 and 1 arbitrary units, respectively; vaporizer temperature: 300 °C; ion transfer tube 

temperature: 275 °C; spray voltage: 2.3 kV. The instrument was operated in full MS1 with data 

dependent MS/MS (MS-dd-MS2). Data acquisition in full MS1 mode was 60,000 resolution, the 
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scan range 100–1000 m/z, normalized automatic gain control (AGC) target of 25% and a maximum 

injection time (IT) of 50 ms. Data acquisition in dd-MS2 mode was with 15,000 resolution, a 

normalized AGC target of 20%, maximum IT of 150 ms, isolation window of 1.5 m/z and 

normalized collision energy of 40. 
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The legend of Supplementary Fig. 1 appears on the next page. 
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Supplementary Fig. 1. Identification and labeling of major additional terpenophenols from 

different classes in H. umbraculigerum. MS/MS spectra in negative polarities of unlabeled and 

isotopically labeled a. geranylphlorocaprophenone 4, b. geranyl-2',4',6'-

trihydroxydihydrochalcone 5, c. geranyl-pinocembrin chalcone 6, d. 6- and 8-geranylpinocembrin 

7 and 8, and their predicted fragmentation structures. The labeled 7 and 8 metabolites had similar 

MS/MS spectra, therefore we include here only the spectra of 7. Geranylphlorocaprophenone 4 

was labeled following feeding with hexanoic-D11 acid, and the chalcones and flavanones were 

labeled following dual feeding with phenylalanine-D5 or phenylalanine-13C9 Fragments colored in 

red or blue correspond to the m/z of the specific fragment in the labeled metabolite. The structures 

of geranylphlorocaprophenone 4 and geranyl-pinocembrin chalcone 6 were further confirmed by 

NMR (Supplementary NMR Data 3,4). 
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Supplementary Fig. 2. Differentiation between chalcones and flavanones via UV absorbance 

and thermal stability. a. Photo-diode array (PDA) spectra of geranyl-2',4',6'-

trihydroxydihydrochalcone 5 versus 6/8-geranylpinocembrin 7 and 8. Geranyl-2',4',6'-

trihydroxydihydrochalcone 5 has a minor absorption band at 340–390 nm, whereas 6/8-

geranylpinocembrin 7 and 8 absorb in the range of 270-310 nm. b. Extracted ion chromatogram 

of m/z [M-H]- = 391.191 Da before (t0) and after (t1) heating of H. umbraculigerum leaves (120 

°C for 1 h). As shown, geranyl-2',4',6'-trihydroxydihydrochalcone 5 disappears following heating 

while the relative abundances of 7 and 8 increase. c. Prenylchalcones can isomerize to yield 

flavanones with the prenyl group in one of two possible positions.  
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Supplementary Fig. 3. Identification of CBGA-type alkyl homologues in H. umbraculigerum. 

a. Extracted ion chromatograms of [M-H]- = 331.191, 345.207, 359.222, 373.238, and 387.254 

Da. The marked peaks in each chromatogram correspond with the detected 1,9-14 cannabinoids. 

As shown, the alkyl homologues elute from the column in order of chain length as a result of 

increasing lipophilicities. MS/MS spectra in negative polarity of b. unlabeled and c. isotopically 

labeled metabolites. Not all labeled metabolites were detected probably due to low abundance in 

the plant. d. Suggested fragmentation structure of CBGA 1 according to MS/MS spectra and 

labeling. Fragments colored in red correspond to the m/z of the specific fragment in the 

cannabinoid labeled with hexanoic-D11 acid. For all alkyl homologues, an appropriate m/z shift in 

the MS/MS spectra of all the product ions that include the alkyl chain was observed. e. Structures 

of the observed cannabinoids and isotopically labeled precursors of the identified metabolites.  
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Supplementary Fig. 4. Identification of cannabichromenic acid (CBCA 15) and CBCA-like 

metabolites in H. umbraculigerum. a. Extracted ion chromatograms ([M-H]- = 357.207 Da) and 

b. MS/MS spectral matching of CBCA 15 standard versus a H. umbraculigerum leaf extract. c. 

Identification of OH-CBCA 17, heliCBCA 16, and OH-heliCBCA 18 by comparison of MS/MS 

fragmentations. As shown, heliCBCA 16 exhibited analogous fragmentation patterns to CBCA 15 

with mass shifts corresponding with the aromatic versus five-carbon tails (m/z difference of 33.984 

Da), and both hydroxylated metabolites exhibited similar fragmentation patterns with the addition 

of one hydroxyl. In addition, hydroxylation reduced the retention time (RT) considerably, and the 

aromatic metabolites eluted at shorter RT compared to the aliphatic ones.  

  

13



 
Supplementary Fig. 5. Identification of cannabiprenylic acid (CBPA 19) and heli-

cannabiprenylic acid (heliCBPA 20) in H. umbraculigerum. a. MS/MS spectra in negative 

polarity of unlabeled and isotopically labeled CBPA 19 and c. heliCBPA 20 and their suggested 

fragmentation structures (b and d, respectively). CBPA 19 was labeled following feeding with 

hexanoic-D11 acid (fragments colored in red), and heliCBPA 20 was labeled following feeding 

with phenylalanine-13C9 (fragments colored in blue). Identification of CBPA 19 and heliCBPA 20 

was by comparison to the MS/MS fragmentation patterns of CBGA 1 and heliCBGA 2, 

respectively. As shown, the isoprenylated metabolites exhibited analogous fragmentation patterns 

to the geranylated ones, with mass shifts corresponding with one prenyl group (m/z difference of 

68.063 Da). In addition, the isoprenylated metabolites eluted from the UPLC column several 

minutes before the geranylated ones, as a result of increasing lipoliphicity with prenylation, and 

heliCBPA 20 eluted prior to CBPA 19 as observed for the aromatic versus five-carbon tails. RT, 

retention time. 
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The continuation and legend of Supplementary Fig. 6 appears on the next page. 
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Supplementary Fig. 6. Identification of hydroxylated cannabinoids and amorfrutins in H. 

umbraculigerum. MS/MS spectra in negative polarity of unlabeled and isotopically labeled a.-h. 

hydroxylated and i.-m. dihydroxylated five-carbon cannabinoids (21-33 labeled with hexanoic-

D11 acid, 31-D11 was not observed probably due to low abundance), and their corresponding 

amorfrutins (34-46). The amorfrutins were identified by similar fragmentation patterns as the 

cannabinoids shifted in masses in correspondence to the aromatic versus five-carbon tails (m/z 

difference of 33.984 Da). The aralkyl peaks were observed at constant time intervals from the alkyl 

ones with similar fragmentation patterns.  
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Supplementary Fig. 7. Identification of cyclocannabigerolic acid (cycloCBGA 47) and 

cyclocannabigerolic acid-like metabolites in H. umbraculigerum. Metabolite 12-OH-

cycloCBGA 26 was purified and identified by NMR as a novel tetrahydroxanthane cannabinoid 

(12-OH-cyclocannabigerolic acid, Supplementary NMR Data 5). According to MS/MS 

fragmentation patterns and relative retention times (RTs), we also putatively identified 

cyclocannabigerolic acid (cycloCBGA 47) and analogous amorfrutin types [12-OH-

helicyclocannabigerolic acid 39 and helicyclocannabigerolic acid 48, respectively]. 
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The legend of Supplementary Fig. 8 appears on the next page. 
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Supplementary Fig. 8. Identification of geranylated-acyl homologue phloroglucinoids in H. 

umbraculigerum. a. Extracted ion chromatograms of [M-H]- = 303.160, 317.175, 345.207, 

359.222, 373.238, and 387.254 Da. The marked peaks in each chromatogram correspond with the 

detected 4, 49-60 phloroglucinoids. As shown, the alkyl homologues elute from the UPLC column 

in order of chain length because of increasing lipophilicities. b. MS/MS spectra in negative polarity 

of unlabeled and isotopically labeled phloroglucinoids. Not all labeled phloroglucinoids were 

detected probably due to low abundance in the plant. The suggested fragmentation structure of 

geranylphlorocaprophenone 4 according to MS/MS spectra and labeling appears in Supplementary 

Fig. 1a. For all alkyl homologues, an appropriate m/z shift in the MS/MS spectra of all the product 

ions that include the alkyl chain was observed. c. Structures of the observed phloroglucinoids and 

isotopically labeled precursors of the identified metabolites. To confirm the assignment of 

phloroglucinoids, metabolite 54 was further purified and its 1H and 13C NMR spectra were 

compared to the spectra of geranylphlorocaprophenone 4 (Supplementary NMR Data 6).  
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The legend of Supplementary Fig. 9 appears on the next page. 
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Supplementary Fig. 9. Identification of acylphloroglucinoids with different prenylations in 

H. umbraculigerum. MS/MS spectra in negative polarity of monoprenyl (as reference), 

sesquiprenyl, and diterpene phloroglucinoids with a. five- (4, 61 and 62, respectively), b. one- (49, 

63 and 64, respectively), and c. three-carbon atom tails (50, 51, 65 and 66, respectively); and d. 

four-carbon atom tail monoprenyl (as reference) and sesquiprenyl phloroglucinoids (53 and 67-

68, respectively). As shown, the sesquiprenyl and diterpene phloroglucinoids exhibited analogous 

fragmentation patterns to the geranylated ones, with mass shifts corresponding with one and two 

prenyl groups (m/z difference of 68.063 and 136.126 Da, respectively). In addition, the order of 

elution from the UPLC column for the prenylated phloroglucinoids was monoprenyl 

sesquiprenyl diterpene because of increasing lipoliphicity with prenylation. Not all labeled 

metabolites were detected probably due to low abundance. e. Structures of the observed prenyl-

acyl-phloroglucinoids and the isotopically labeled precursors of the identified metabolites. SP, 

sesquiprenyl; DT, diterpene. 
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Supplementary Fig. 10. Identification of hydroxylated and dihydroxylated 

prenylacylphloroglucinoids in H. umbraculigerum. MS/MS spectra in negative polarity of 

hydroxylated a. four- (69-72) and b. five-carbon tail (73-76) monoprenylphloroglucinoids; and 

dihydroxylated c. three- (77), four- (78), and five-carbon tail (79) geranylphloroglucinoids.  
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The legend of Supplementary Fig. 11 appears on the next page. 
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Supplementary Fig. 11. Identification of chalcones with different prenylations in H. 

umbraculigerum. a-f MS/MS spectra in negative polarity of unlabeled and isotopically labelled 

80-85 (5 and 6 are shown for reference). 5, 6, 80 and 81 originate from cinnamoyl CoA, and 82-

85 from coumaroyl CoA. The chalcones were identified by specific fragmentation patterns as 

exemplified for g. farnesyl-2',4',6'-trihydroxydihydrochalcone 80 and h. geranyl-phloretin 82 

according to MS/MS spectra and labeling [the fragmentation structure of farnesyl-2',4',6'-

trihydroxydihydrochalcone 80 was determined according to that of geranyl-2',4',6'-

trihydroxydihydrochalcone 5 (Supplementary Fig. 1b) and the structure of geranyl-phloretin 82 

was confirmed by NMR (Supplementary NMR Data 7)]. The sesquiprenyl chalcones exhibited 

analogous fragmentation patterns to the geranylated ones, with mass shifts corresponding with one 

prenyl group (m/z difference of 68.063 Da). In addition, the order of elution from the column for 

the prenylated chalcones was monoprenylsesquiprenyl because of increasing lipoliphicity with 

prenylation. i. Structures of the observed chalcones and the isotopically labeled precursors of the 

identified metabolites. MP, monoprenyl; SP, sesquiprenyl. Fragments colored in red or blue 

correspond to the m/z of the specific fragment in the chalcone labeled with phenylalanine-D5 or 

phenylalanine-13C9, respectively.  
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The legend of Supplementary Fig. 12 appears on the next page. 
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Supplementary Fig. 12. Identification of flavanones with different prenylations in H. 

umbraculigerum. a.-e. MS/MS spectra in negative polarity of unlabeled and isotopically labelled 

flavanones 86-91. c.-e. show also extracted ion chromatograms of m/z [M-H]- = 407.19, 459.25 

and 475.25 Da before (t0) and after (t1) heating of H. umbraculigerum leaves (120 °C for 1 h). The 

flavanones were identified by UV absorbance, thermal stability and specific fragmentation patterns 

as exemplified for f. 6-prenylpinocembrin 86 and g. 6-prenylnaringenin 87 according to MS/MS 

spectra and labeling [the structures of  86-88 were confirmed by NMR (Supplementary NMR Data 

8-10)]. Fragments colored in red or blue correspond to the m/z of the specific fragment in the 

metabolite labeled with phenylalanine-D5 or phenylalanine-13C9, respectively. As shown, the 

chalcones 83, 81 and 85 disappear following heating while the relative abundances of the 

respective flavanones increase. h. Structures of the observed flavanones and the isotopically 

labeled precursors of the identified metabolites. Prenyl chalcones can isomerize to yield flavanones 

with the prenyl group in one of two possible positions as shown for R1a/1b. IP, isoprenyl; MP, 

monoprenyl; SP, sesquiprenyl.  
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Supplementary Fig. 13. Major intermediates (92-101 before prenylation) from all the five 

metabolic routes identified in H. umbraculigerum. The intermediates were analyzed using 

UPLC Method 2. Identification and validation of assignment was by analytical standards and the 

Weizmass library of plant metabolites46 for the available metabolites (metabolites 94 and 96-101). 

Full description of the identified metabolites and their fragments appear in Supplementary Table 

6. Backbone structures showing aldol or Claisen cyclizations are marked in red or blue, 

respectively.  

  

27



 

Supplementary Fig. 14. Genome size estimation of H. umbraculigerum by flow cytometry.  

Preparation of nuclei from Helichrysum and Tomato was performed as described by Doležel et al. 

(2005)77. The histogram of relative DNA content was obtained after flow cytometric analysis of 

propidium iodide-stained nuclei of H. umbraculigerum and Tomato, which were isolated, stained 

and analysed simultaneously. Tomato (haploid size 950 Mbp) served as internal reference 

standard. From the ratio of G1 peak means, we estimated that the haploid genome size of H. 

umbraculigerum is 1330 Mbp. Number of nuclei were labeled with Propidium Iodide at 

saturating concentration without wash. Labeled nuclei were analyzed immediately following 

labeling on ZE5 cell analyzer (Bio-Rad Laboratories). Excitation of Propidium Iodide was done 

with 561 nm laser line while emitted light was collected through 577/15 nm bandpass filter. 

Analysis was performed on FlowJo v10.7.1 (BD Biosciences). 
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Supplementary Fig. 15. Read Length vs Read Quality kde plot of the three SMRT cells 

sequenced. A total of 57855.2Mb were obtained, yielding ~44x haploid genome coverage. 
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Supplementary Fig. 16. Hi-C contact frequency matrix represented as heatmap along all H. 

umbraculigerum scaffolds of the primary assembly sorted by length. Scaffolding was 

performed with SALSA and the .hic file was used for visualization with Juicebox.  
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Supplementary Fig. 17. BUSCO completeness values of each of the assemblies. The y-axis 

shows the different datasets: three transcriptomes (Illumina TrueSeq Trinity assembled transcripts, 

Iso-Seq polished transcripts, and PASA generated comprehensive dataset) and four genomes 

(before HiC scaffolding, and after scaffolding, for the primary assembly and the two haplotypes). 

The x-axis (%BUSCO) indicates the percentage of present genes in each category (Complete and 

single-copy, Complete and duplicated, Fragmented, and Missing). BUSCO version was 5.2.2 and 

the database was “embrophyta_odb10”. 
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Supplementary Fig. 18. Over Representation Analysis of module M4. Dot plot shows the 

enriched GO terms of biological processes in the co-expressed genes in module M4. The color 

scale represents the pvalue while the size of the dot represents the gene count. 
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Supplementary Fig. 19. Coupled PKS-PKC reactions and PKC phylogeny. a. Combinations 

of PKS-PKC in vitro assays tested using hexanoyl-CoA and malonyl-CoA as substrates and the 

observed products for each combination. Increase of OA 92 concentration was only observed in 

coupled assays with CsOAC. b. Phylogenetic analysis of candidate PKC enzymes from H. 

umbraculigerum versus CsOAC from Cannabis. Bootstrap values are indicated at the nodes of 

each branch. The Cannabis leaf marks the active CsOAC.  

33



 

Supplementary Fig. 20. Comparison of total ion chromatograms of six different tissues from 

H. umbraculigerum. Samples were analyzed using UPLC Method 2. Retention time ranges of 

elution of the glucosylated intermediates, intermediates and terpenophenols and some selected 

metabolites are annotated. As shown, all the tissues exhibited similar metabolite profiles with 

different relative abundances, excluding roots that revealed no terpenophenols.  
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The legend of Supplementary Fig. 21 appears on the next page. 
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Supplementary Fig. 21. Identification of glucosylated intermediates, cannabinoids and 

amorfrutins in H. umbraculigerum. a. Comparison of MS/MS spectra in negative polarity of 

Glc-OA 102 and Glc-DHSA 103 versus OA 92 and DHSA 93, respectively. As shown, the 

glucosylated metabolites exhibited neutral losses of 162.053 Da corresponding to the loss of a 

hexose and similar fragments as the non-glucosylated metabolites. To confirm the identification, 

Glc-OA 102 and Glc-DHSA 103 were purified and analyzed by NMR (Supplementary NMR Data 

11,12). b. Extracted ion chromatograms of [M-H]- = 357.119, 371.136, 385.150 and 399.166 Da, 

and MS/MS spectra of c. unlabeled and d. isotopically labeled glucosylated alkyl intermediates. 

The marked peaks in each chromatogram correspond with the detected glucosylated intermediates. 

As shown, the alkyl homologues elute from the column in order of chain length because of 

increasing lipophilicities. For all alkyl homologues, an appropriate m/z shift in the MS/MS spectra 

of all the product ions that include the alkyl chain was observed. Metabolites 106 and 108 had 

similar masses and MS/MS fragmentations as Glc-OA 102 and Glc-HA 107 and were assigned as 

branched short-chain FAs according to feeding experiments, and in agreement with the identified 

cannabinoids (Supplementary Fig. 3). e. MS/MS spectra in negative polarity of Glc-CBPA 111, 

Glc-CBGA 109, Glc-heliCBPA 112 and Glc-heliCBGA 110. Identification was by similar MS/MS 

fragmentations as the non-glucosylated metabolites and relative retention time. f. Suggested 

fragmentation structure of Glc-OA 102 according to MS/MS spectra and labeling. Fragments 

colored in red correspond to the m/z of the specific fragment in the metabolite labeled with 

hexanoic-D11 acid. The fragments are similar to those observed for the non-glucosylated 

metabolites. g. Summary of the identified glucosylated metabolites in H. umbraculigerum leaf 

extracts and respective isotopically labeled precursors. IP, isoprenyl; MP, monoprenyl. 
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Supplementary Fig. 22. MS/MS spectra of monoglucosides following in vitro assays with 

UGTs from H. umbraculigerum, stevia and rice. Assignment of peaks (1-3) was according to 

MS/MS fragmentation patterns and the m/z difference between the parent and fragment1 

(Supplementary Table 20). The relative retention times of peaks 1 and 2 where constant, whereas 

peak 3 eluted at different relative retention times. The extracted ion chromatograms for each 

substrate following a reaction with SrUGT or HuCBUGT6 are shown as reference.  
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Supplementary Fig. 23. In vitro production of di-glucosides with the purified UGTs. Extracted 

ion chromatograms of the observed di-glucosides following enzymatic assays with the purified 

enzymes in the presence of UDP-Glc and the cannabinoid acceptors. All LC-MS chromatograms 

were selected for the theoretical m/z values of the respective metabolites of interest.  
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The continuation and legend of Supplementary Fig. 24 appears on the next page. 
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Supplementary Fig. 24. Identification of O-acylated cannabinoids in H. umbraculigerum. a-

j. MS/MS spectra in negative polarity of unlabeled and isotopically labeled O-acylated 

cannabinoids (113-125). The metabolites were identified by specific fragmentation patterns as 

exemplified for O-MeButCBGA 120 in k. according to MS/MS spectra and labeling [the structure 

of O-MeButCBGA 120 was confirmed by NMR (Supplementary NMR Data 13)]. Fragments 

colored in red or blue correspond to the m/z of the specific fragment with labeled acyl group or 

alkyl tail, respectively. The isoprenylated cannabinoids 113-116 exhibited analogous 

fragmentation patterns to the geranylated ones (119, 120, 122 and 123, respectively), with mass 

shifts corresponding with one prenyl group (m/z difference of 68.063 Da). In addition, the 

isoprenylated cannabinoids eluted several minutes before the monoprenylated ones, as a result of 

increasing lipoliphicity with prenylation, and the relative order of elution was in relation to fatty 

acid as previously described. Cannabinoids 113-123 had five-carbon tails (according to labeling 

with hexanoic-D11 acid and/or MS/MS fragmentation) and 124-125 had six-carbon tails. 

Cannabinoids 117 and 118 were not labeled following feeding probably due to low abundance in 

the plant. However according to accurate mass and MS/MS fragmentation they contain acetyl and 

propyl groups, respectively. Cannabinoids 115 and 122 potentially contain acyl groups from 

angelic acid [as in previously identified amorfrutins by Bohlmann and Hoffmann (1979)12]. l. 

Summary of the identified O-acylated cannabinoids in H. umbraculigerum leaf extracts and 

respective isotopically labeled precursors. IP, isoprenyl; MP, monoprenyl. 
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Supplementary Fig. 25. Identification of hydroxylated and dihydroxylated O-acylated 

cannabinoids in H. umbraculigerum. a. MS/MS spectra in negative polarity of hydroxylated 

(126, 127) and dihydroxylated (128-130) cannabinoids. The MS/MS spectrum of O-MeButCBGA 

120 is shown as reference. The labeled cannabinoids were not observed probably due to low 

abundance in the extracts, however, according to the observed fragmentation patterns we 

putatively assigned the structures presented in b. with the addition of one or two hydroxyls at the 

marked possible positions. c. Suggested fragmentation structure of 126 according to its observed 

MS/MS spectrum in relation to the elucidated fragmentation structure of O-MeButCBGA 120 

(Supplementary Fig. 24).  
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The legend of Supplementary Fig. 26 appears on the next page. 
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Supplementary Fig. 26. Identification of O-acylated amorfrutins in H. umbraculigerum. a-f. 

MS/MS spectra in negative polarity of unlabeled and isotopically labeled O-acylated amorfrutins 

(131-141). The metabolites were identified by specific fragmentation patterns as exemplified for 

g. O-MeButheliCBGA 138 according to MS/MS spectra and labeling [the structure of O-

MeButheliCBGA 138 was confirmed by NMR (Supplementary NMR Data 14)], and by following 

the same fragmentation patterns and relative retention times observed for cannabinoids 

(Supplementary Fig. 24). Fragments colored in purple, red or blue correspond to the m/z of the 

specific fragment in the metabolite labeled with either deuterated fatty acyl, phenylalanine-D5 or 

phenylalanine-13C9, respectively. Amorfrutins 135 and 136 were not labeled following feeding 

probably due to low abundance in the plant. However according to accurate mass and MS/MS 

fragmentation they contain acetyl and propyl groups, respectively. Metabolites 133 and 140 

potentially contain acyl groups from angelic acid [as in previously identified amorfrutins by 

Bohlmann and Hoffmann (1979)12]. h. Summary of the identified O-acylated amorfrutins in H. 

umbraculigerum leaf extracts and respective isotopically labeled precursors. IP, isoprenyl; MP, 

monoprenyl. 

  

43



Supplementary Table Captions 

Supplementary Table 1. Full description of the identified cannabinoids in H. umbraculigerum  

Supplementary Table 2. Full description of the identified amorfrutins in H. umbraculigerum  

Supplementary Table 3. Full description of the identified prenylacylphloroglucinoids in H. 

umbraculigerum  

Supplementary Table 4. Full description of the identified prenylchalcones in H. 

umbraculigerum  

Supplementary Table 5. Full description of the identified prenylflavanones in H. 

umbraculigerum  

Supplementary Table 6. Full description of the identified precursors and glucosylated 

metabolites in H. umbraculigerum 

Supplementary Table 7. Quantitative metrics of the haplotype resolved and primary assemblies 

generated using hifiasm assembler and salsa2 scaffolder 

Supplementary Table 8. Number of reads obtained in each type of RNAseq library 

Supplementary Table 9. Number of mapped and assigned True-seq reads using STAR 

Supplementary Table 10. Number of mapped, assigned and UMI deduplicated Tran-seq reads 

using STAR and UMItools 

Supplementary Table 11. Summary Statistics of the different types of Transposable Element 

Annotation in the primary assembly using EDTA 

Supplementary Table 12. Gene annotation of cannabinoid related genes (AAEs, PKCs, PTs, 

PKSs), UGTs and AATs which are also co-expressed in module M4 

Supplementary Table 13. Types of transposons present in the regions where cluster of PKSs 

were identified in scaffold_1 

Supplementary Table 14. Gene sequence and annotation of cannabinoid related genes (AAEs, 
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Supplementary NMR Data- General Note

1H and 13C chemical shift assignment was based on information derived from all the NMR spectra (Supplementary NMR Data 1-14). 1H – 13C correlations observed in

HMBC spectra are marked by arrows, and 1H – 1H correlations observed in COSY spectra are shown in bold (Supplementary NMR Data 1-14). Data for 1H NMR spectra are

reported as follows: chemical shift (δ, ppm) (multiplicity, coupling constant (Hz), integration). Multiplicity abbreviations are as follows: s = singlet, d = doublet, t = triplet, q

= quartet, m = multiplet, br = broad. * (asterisk) indicates reduced integral value, due to partial saturation (following solvent presaturation).
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IUPAC ν(13C) [ppm] ν(1H) [ppm]

0 177.6

1 162.9

2 106.8

3 148.8

4 112.9 6.12 (s)

5 166.5

6 116.0

1’ 24.9 3.25 (d)

2’ 126.3 5.19 (td)

3’ 137.0

4’ 42.9 1.92 (t)

5’ 29.8 2.03 (m)

6’ 127.7 5.03 (tt)

7’ 133.9

8’ 276 1.57 (s)

9’ 18.3 1.74 (s)

10’ 19.7 1.52 (s)

1’’ 39.7 2.84 (m)

2’’ 34.9 1.53 (m)

3’’ 35.2 1.30-1.34 (m)

4’’ 25.6 1.30-1.34 (m)

5’’ 16.2 0.88  (t)

Supplementary NMR Data 1. CBGA 1

Data of CBGA 1: 1H-NMR (600 MHz, Methanol-d4) δ 6.12 (s, 1H), 5.19 (td, J =7.2, 1.2 Hz, 1H), 5.03 (tt, J =7.2, 1.4 Hz, 1H), 3.25 (d, J =7.2 Hz, 2H), 2.84 (m, 2H), 2.03 (m, 2H),

1.92 (t, J =7.7 Hz, 2H), 1.74 (s, 3H), 1.57 (s, 3H), 1.53 (m, 2H), 1.52 (s, 3H), 1.30-1.34 (m, 4H), 0.88 (t, J =6.9 Hz, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 177.6, 166.5, 162.9, 148.8, 137.0, 133.9, 127.7, 126.3, 116.0, 112.9, 106.8, 42.9, 39.6, 35.2, 34.9, 29.8, 27.6, 25.6, 24.9, 19.6, 18.3, 16.2.

HRMS (ESI) [M-H]- C22H31O4: 359.2222, found 359.2226.

CBGA 1
1H-NMR, Methanol-d4

600 MHz, 298 K

1H-NMR
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CBGA 1
1H-1H COSY (bold line), 

Methanol-d4, 298 K

1H-1H COSY

CBGA 1
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

1H-13C HMBC

47



1H-13C HSQC

CBGA 1
1H-13C HSQC, 

Methanol-d4, 298 K
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Supplementary NMR Data 2. HeliCBGA 2

Data of heliCBGA 2: 1H-NMR (600 MHz, Methanol-d4) δ 7.19-7.22 (m, 4H), 7.12 (t, J = 7.1 Hz, 1H), 6.17 (s, 1H), 5.20 (t, J = 7.1 Hz, 1H), 5.04 (t, J = 7.1 Hz, 1H), 3.26 (d, J = 7.1 Hz,

2H), 3.11-3.16 (m, 2H), 2.79-2.83 (m, 2H), 1.99-2.06 (m, 2H), 1.93 (t, J = 7.4, 2H ), 1.74 (s, 3H), 1.59 (s, 3H), 1.54 (s, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 167.1, 162.5, 147.5, 146.3, 136.8, 134.1, 131.5, 131.2, 128.7, 127.5, 126.2, 116.3, 113.1, 107.4, 43.1, 42.7, 41.7, 29.8, 27.9 24.9, 19.7, 18.3.

HRMS (ESI) [M-H]- C25H29O4: 393.2065, found 393.2071.

1H-NMR

HeliCBGA 2
1H-NMR, Methanol-d4

600 MHz, 298 K

IUPAC ν(13C) [ppm] ν(1H) [ppm]

0 nda

1 167.1

2 107.4

3 147.5

4 113.1 6.17 (s)

5 162.5

6 116.3

1’ 24.9 3.26 (d)

2’ 126.3 5.20 (t)

3’ 136.8

4’ 43.1 1.93 (t)

5’ 29.8 1.99-2.06 (m)

6’ 127.5 5.04 (t)

7’ 134.1

8’ 27.9 1.59 (s)

9’ 18.3 1.74 (s)

10’ 19.7 1.54 (s)

1’’ 42.2 3.11-3.16 (m)

2’’ 41.7 2.79-2.83 (m)

3’’ 146.3

4’’, 8” 131.5 7.19-7.22 (m)

5’’,7” 131.2 7.19-7.22 (m)

6’’ 128.7 7.12 (t)

aThe 13C carbonyl signal was not observed in

the NMR spectra, however LC-MS/MS spectra

and chemical formula confirm the presence of

this group. 49



HeliCBGA 2
1H-1H COSY (bold line), 

Methanol-d4, 298 K

1H-1H COSY

HeliCBGA 2
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

1H-13C HMBC
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1H-13C HSQC

HeliCBGA 2
1H-13C HSQC, 

Methanol-d4, 298 K

13C NMR

HeliCBGA 2
13C NMR, 150.9 MHz, 

Methanol-d4, 298 K
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Supplementary NMR Data 3. Geranylphlorocaprophenone 4.

Data of geranylphlorocaprophenone 4: 1H-NMR (600 MHz, Methanol-d4) δ 5.87 (s, 1H), 5.15 (td, J =7.07, 1.16 Hz, 1H), 5.03 (tt, J = 7.26, 1.29 Hz, 1H), 3.16 (d, J = 7.07 Hz,

2H), 3.01 (m, 2H), 2.03 (m, 2H), 1.92 (m, 2H), 1.72 (s, 3H), 1.63-1.66 (m, 2H), 1.59 (s, 3H), 1.54 (s, 3H), 1.31-1.36 (m, 4H), 0.91 (t, J = 6.9 Hz, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 209.5, 167.1, 165.7, 163.3, 136.6, 133.9, 127.5, 126.7, 110.0, 107.0, 96.2, 46.1, 42.9, 34.9, 29.6, 28.1, 27.7 25.6, 24.0, 19.6, 18.2, 16.3.

HRMS (ESI) [M-H]- C22H31O4: 359.2222, found 359.2226.

1H-NMR
IUPAC ν(13C) [ppm] ν(1H) [ppm]

1 107.0

2 163.3

3 96.8 5.87 (s)

4 165.7

5 110.0

6 167.1

1’ 24.0 3.16 (d)

2’ 126.7 5.15 (td)

3’ 136.6

4’ 42.9 1.92 (m)

5’ 29.6 2.03 (m)

6’ 127.5 5.03 (tt)

7’ 133.9

8’ 27.6 1.59 (s)

9’ 18.2 1.72 (s)

10’ 19.6 1.54 (s)

1’’ 209.5

2’’ 46.8 3.01 (m)

3’’ 28.1 1.63-1.66 (m)

4’’ 25.6 1.31-1.36 (m)

5’’ 34.9 1.31-1.36 (m)

6’’ 16.3 0.91 (t)

Geranylphlorocaprophenone 4 
1H-NMR, Methanol-d4

600 MHz, 298 K
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1H-1H COSY 1H-13C HMBC

Geranylphlorocaprophenone 4 
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

Geranylphlorocaprophenone 4 
1H-1H COSY (bold line),

Methanol-d4, 298 K
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1H-13C HSQC

Geranylphlorocaprophenone 4 
1H-13C HSQC, 

Methanol-d4, 298 K

13C NMR

Geranylphlorocaprophenone 4 
13C NMR, 150.9 MHz, 

Methanol-d4, 298 K
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Supplementary NMR Data 4. Geranyl-pinocembrin chalcone 6.

Data of geranyl-pinocembrin chalcone 6: 1H-NMR (600 MHz, Methanol-d4) δ 8.22 (d, J = 15.5 Hz, 1H), 7.70 (d, J = 15.5 Hz, 1H), 7.61 (dd, J = 6.8, 1.75 Hz, 2H), 7.37-7.41 (m, 3H),

5.94 (s,1H), 5.19 (td, J = 6.99, 1.26 Hz, 1H), 5.05 (tt, J = 7.18, 1.26 Hz, 1H), 3.21 (d, J = 6.99 Hz, 1H*), 2.04 (m, 2H), 1.94 (m, 2H), 1.74 (s, 3H), 1.61 (s, 3H), 1.55 (s, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 196.2, 167.4, 166.0, 144.4, 138.9, 136.7, 133.8, 133.1, 131.9, 131.3, 131.3, 127.5, 126.6, 110.3, 107.9, 97.2, 43.0, 29.7, 27.8, 24.1, 19.7, 18.1.

HRMS (ESI) [M-H]- C25H27O4: 391.1909, found 391.1904.

1H-NMR IUPAC ν(13C) [ppm] ν(1H) [ppm]

1 107.9

2 nd

3 97.2 5.94 (s)

4 166.1

5 110.3

6 167.4

1’ 24.1 3.21 (d)

2’ 126.6 5.19 (td)

3’ 136.7

4’ 43.0 1.94 (m)

5’ 29.7 2.04 (m)

6’ 127.5 5.05 (tt)

7’ 133.8

8’ 27.8 1.61 (s)

9’ 18.1 1.74 (s)

10’ 19.7 1.55 (s)

1’’ 196.2

2’’ 131.3 8.22 (d)

3’’ 144.4 7.70 (d)

4’’ 138.9

5’’,9” 131.3 7.61 (dd)

6’’,8” 131.9 7.37-7.41 (m)

7’’ 133.1 7.37-7.41 (m)

Geranyl-pinocembrin chalcone 6 
1H-NMR, Methanol-d4

600 MHz, 298 K
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1H-1H COSY 1H-13C HMBC

Geranyl-pinocembrin chalcone 6 
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

Geranyl-pinocembrin chalcone 6 
1H-1H COSY (bold line), 

Methanol-d4, 298 K
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1H-13C HSQC

Geranyl-pinocembrin chalcone 6 
1H-13C HSQC, 

Methanol-d4, 298 K
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Supplementary NMR Data 5. 12-OH-CycloCBGA 26.

Data of 12-OH-cycloCBGA 26: 1H-NMR (600 MHz, Methanol-d4) δ 6.04 (s, 1H), 3.34 (m, 1H*), 2.90 (m, 2H), 2.72 (dd, J = 16.6, 5.0 Hz, 1H), 2.33 (dd, J =16.6, 13.3 Hz, 1H), 1.94

(m, 1H), 1.78 (m, 1H), 1.73 (td, J = 13.7, 3.3 Hz, 1H), 1.64 (m, 1H), 1.56 (dd, J = 13.3, 5.0 Hz, 1H), 1.52 (m, 2H), 1.29-1.33 (m, 4H), 1.18 (s, 3H), 1.09 (s, 3H), 0.88 (t, J = 6.9 Hz,

3H), 0.87 (s, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 165.6, 159.5, 148.7, 113.4, 110.4, 109.5, 80.9, 79.9, 49.9, 41.5, 40.9, 39.0, 35.3, 34.9, 30.9, 30.9, 29.9, 25.6, 22.1, 20.7, 16.8, 16.5.

HRMS (ESI) [M-H]- C22H31O5: 375.2171, found 375.2167.

1H-NMR

IUPAC ν(13C) [ppm] ν(1H) [ppm]

0 nda

1 165.6

2 109.5

3 148.7

4 113.4 6.04 (s)

5 159.5

6 110.4

7 20.7 2.33 (dd)

7 20.7 2.72 (dd)

8 49.9 1.56 (dd)

9 79.9

10 40.9 1.73 (td)

10 40.9 1.94 (m)

11 30.9 1.64 (m)

11 30.9 1.78 (m)

12 80.9 3.34 (m)

13 41.5

14 29.9 1.09 (s)

15 16.8 0.87 (s)

16 22.1 1.18 (s)

1’’ 39.0 2.90 (m)

2’’ 34.9 1.52 (m)

3’’ 35.3 1.29-1.33 (m)

4’’ 25.6 1.29-1.33 (m)

5’’ 16.5 0.88 (t)

12-OH-cycloCBGA 26
1H-NMR, Methanol-d4

600 MHz, 298 K

aThe 13C carbonyl signal was not observed in

the NMR spectra, however LC-MS/MS spectra

and chemical formula confirm the presence of

this group. 58



12-OH-cycloCBGA 26
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

1H-1H COSY 1H-13C HMBC

12-OH-cycloCBGA 26
1H-1H COSY (bold line), 

Methanol-d4, 298 K
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1H-13C HSQC

12-OH-cycloCBGA 26
1H-13C HSQC, 

Methanol-d4, 298 K

13C NMR

12-OH-cycloCBGA 26
13C NMR, 150.9 MHz, 

Methanol-d4, 298 K
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Supplementary NMR Data 6. Geranylphloro-2-methylbutyrophenone 54.

Data of geranylphloro-2-methylbutyrophenone 54: 1H-NMR (600 MHz, Methanol-d4) δ 8.54 (br, 1H), 5.88 (s, 1H), 5.16 (tm, J = 7.2, 1.1 Hz, 1H), 5.02 (tt, J = 7.2, 1.3 Hz, 1H), 4.59

(br, 1H), 3.85 (q, J = 6.8 Hz, 1H), 3.20 (d, J = 7.2 Hz, 2H*), 2.01 (m, 2H), 1.93 (m, 2H), 1.79 (m, 1H), 1.72 (s, 3H), 1.58 (d, J = 0.82 Hz, 3H), 1.55 (s, 3H), 1.30 (m, 1H), 1.12 (d, J =

6.8 Hz, 3H), 0.91 (t, J = 7.4 Hz, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 128.2, 126.3, 97.0, 48.1, 42.7, 30.3, 29.7, 27.5, 23.7, 19.6, 18.1, 14.3.

HRMS (ESI) [M-H]- C21H29O4: 345.2066, found 345.2073.

1H-NMR

IUPAC ν(13C) [ppm] ν(1H) [ppm]

1 na

2 na

3 97.0 5.88 (s)

4 na

5 na

6 na

1’ 23.7 3.20 (d)

2’ 126.3 5.16 (tm)

3’ na

4’ 42.7 1.93 (m)

5’ 29.7 2.01 (m)

6’ 128.2 5.02 (tt)

7’ na

8’ 27.5 1.58 (d)

9’ 18.1 1.72 (s)

10’ 19.6 1.55 (s)

1’’ na

2’’ 48.1 3.85 (q)

3’’ 30.3 1.30 (m)

3’’ 30.3 1.79 (m)

4’’ 14.3 0.91 (t)

5’’ 19.6 1.12 (d)

Geranylphloro-2-methylbutyrophenone 54
1H-NMR, Methanol-d4

600 MHz, 298 K

Due to low sample concentration, 2D HMBC spectrum could not be recorded, therefore quaternary carbon shifts could not be assigned. However, the acyl group was identified and the

acquired LC-MS/MS spectra and chemical formula confirm the elucidated structure. The 1H and 13C chemical shifts compare also with those of geranylphlorocaprophenone 4

(Supplementary NMR Data 3).
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1H-1H COSY

Geranylphlorocaprophenone 4 
1H-1H COSY (bold line),

Methanol-d4, 298 K

1H-13C HSQC

Geranylphlorocaprophenone 4 
1H-13C HSQC, 

Methanol-d4, 298 K
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Supplementary NMR Data 7. Geranyl-phloretin 82.

Data of geranyl-phloretin 82: 1H-NMR (600 MHz, Methanol-d4) δ 8.54 (br), 7.04 (dt, J = 8.5, 2.1 Hz, 2H), 6.68 (dt, J = 8.5, 2.1 Hz, 2H), 5.90 (s, 1H), 5.17 (tq, J =7.16, 1.15 Hz,

1H), 5.05 (tt, J = 7.18, 1.4 Hz, 1H), 4.59 (br), 3.24-3.28 (m, 2H*), 3.18 (d, J = 7.16 Hz, 2H), 2.84 (dd, J = 7.9 Hz, 2H), 2.01-2.07 (m, 2H), 1.91-1.95 (m, 2H), 1.73 (s, 3H), 1.60 (d,

J = 0.99 Hz, 3H), 1.54 (s, 3H);

13C-NMR (150.9 MHz, Methanol-d4) δ 208.3, 167.2, 166.0, 163.3, 158.4, 136.9, 133.7, 132.2, 127.56, 126.7, 118.1, 110.0, 107.0, 96.8, 49.5, 42.9, 33.7, 29.7, 27.8, 24.1, 19.8,

18.2;

HRMS (ESI) [M-H]- C25H29O5: 409.2015, found 409.2017.

1H-NMR

IUPAC ν(13C) [ppm] ν(1H) [ppm]

1 107.00

2 163.32

3 96.78 5.90 (s)

4 166.01

5 110.00

6 167.23

1’ 24.11 3.18 (d)

2’ 126.65 5.17 (tq)

3’ 136.91

4’ 42.93 1.91-1.95 (m)

5’ 29.71 2.01-2.07 (m)

6’ 127.56 5.05 (tt)

7’ 133.71

8’ 27.84 1.60 (d)

9’ 18.23 1.73 (s)

10’ 19.80 1.54 (s)

1’’ 208.32

2’’ 49.45 3.24-3.28 (m)

3’’ 33.67 2.84 (dd)

4’’ 136.02

5’’,9” 132.20 7.04 (dt)

6’’,8” 118.08 6.68 (dt)

7’’ 158.41

Geranyl-phloretin 82
1H-NMR, Methanol-d4

600 MHz, 298 K
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1H-1H COSY 1H-13C HMBC

Geranyl-phloretin 82
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

Geranyl-phloretin 82
1H-1H COSY (bold line), 

Methanol-d4, 298 K
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1H-13C HSQC

Geranyl-phloretin 82
1H-13C HSQC, 

Methanol-d4, 298 K

13C NMR

Geranyl-phloretin 82
13C NMR, 150.9 MHz, 

Methanol-d4, 298 K
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Supplementary NMR Data 8. 6-Prenylpinocembrin 86.

Data of 6-prenylpinocembrin 86: 1H-NMR (600 MHz, Methanol-d4) δ 8.53 (br), 7.48-7.51 (m, 2H), 7.39-7.43 (m, 2H), 7.36 (tt, J = 7.3, 1.3 Hz, 1H), 5.94 (s, 1H), 5.43 (dd, J = 12.7,

3.1 Hz, 1H), 5.14 (tt, J = 7.3, 1.3 Hz, 1H), 4.59 (br), 3.19 (m, 2H*), 3.05 (dd, J = 17.1, 12.7 Hz, 1H), 2.79 (dd, J = 17.1, 3.1 Hz, 1H), 1.61 (d, J = 0.9 Hz, 3H), 1.57 (s, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 199.8, 168.0, 165.2, 163.2, 142.8, 133.5, 131.5, 131.5, 129.4, 125.9, 111.0, 105.1, 98.4, 82.2, 46.2, 28.4, 24.4, 20.0.

HRMS (ESI) [M-H]- C20H19O4: 323.1283, found 323.1285.

1H-NMR

IUPAC ν(13C) [ppm] ν(1H) [ppm]

2 82.2 5.43 (dd)

3 46.2 2.79 (dd)

3 46.2 3.05 (dd)

4 199.8

4a 105.1

5 163.2

6 111.0

7 168.0

8 98.4 5.94 (s)

8a 165.2

1’ 142.8

2’,6’ 129.4 7.48-7.51 (m)

3’,5’ 131.5 7.39-7.43 (m)

4’ 131.5 7.36 (tt)

1‘’ 24.4 3.19 (m)

2‘’ 125.9 5.14 (tt)

3‘’ 133.5

4‘’ 28.4 1.61 (d)

5‘’ 20.0 1.57 (s)

6-Prenylpinocembrin 86
1H-NMR, Methanol-d4

600 MHz, 298 K
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1H-1H COSY 1H-13C HMBC

6-Prenylpinocembrin 86
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

6-Prenylpinocembrin 86
1H-1H COSY (bold line), 

Methanol-d4, 298 K
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1H-13C HSQC

6-Prenylpinocembrin 86
1H-13C HSQC, 

Methanol-d4, 298 K
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Supplementary NMR Data 9. 6-Prenylnaringenin 87.

Data of 6-prenylnaringenin 87: 1H-NMR (600 MHz, Methanol-d4) δ 7.32 (dt, J = 8.6, 1.9 Hz, 2H), 6.83 (dt, J = 8.6, 1.9 Hz, 2H), 5.93 (s, 1H), 5.32 (dd, J = 12.7, 3.1 Hz, 1H),

5.13 (tt, J = 7.3, 1.3 Hz, 1H*), 4.60 (br), 3.13-3.20 (m, 2H), 3.08 (dd, J = 17.1, 12.7 Hz, 1H), 2.72 (dd, J = 17.1, 3.1 Hz, 1H), 1.61 (s, 3H), 1.56 (s, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 200.1, 168.0, 164.8, 163.6, 160.9, 133.6, 133.1, 130.8, 125.7, 118.1, 111.0, 104.9, 98.3, 82.1, 45.9, 27.8, 24.3, 19.7.

HRMS (ESI) [M-H]- C20H19O5: 339.1232, found 339.1242.

1H-NMR

IUPAC ν(13C) [ppm] ν(1H) [ppm]

2 82.1 5.32(dd)

3 45.9 2.72 (dd)

3 45.9 3.08 (dd)

4 200.1

4a 104.9

5 163.6

6 111.0

7 168.0

8 98.3 5.93 (s)

8a 164.8

1’ 133.1

2’, 6’ 130.8 7.32 (dt)

3’, 5’ 118.1 6.83 (dt)

4’ 160.9

1‘’ 24.3 3.13-3.20 (m)

2‘’ 125.7 5.13 (tt)

3‘’ 133.6

4‘’ 27.8 1.61 (s)

5‘’ 19.7 1.56 (s)

6-Prenylnaringenin 87
1H-NMR, Methanol-d4

600 MHz, 298 K
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1H-1H COSY 1H-13C HMBC

6-Prenylnaringenin 87
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

6-Prenylnaringenin 87
1H-1H COSY (bold line), 

Methanol-d4, 298 K
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1H-13C HSQC

6-Prenylnaringenin 87
1H-13C HSQC, 

Methanol-d4, 298 K

13C NMR

6-Prenylnaringenin 87
13C NMR, 150.9 MHz, 

Methanol-d4, 298 K

71



Supplementary NMR Data 10. 6-Geranylnaringenin 88.

Data of 6-geranylnaringenin 88: 1H-NMR (600 MHz, Methanol-d4) δ 8.54 (br), 7.32 (dt, J = 8.6, 1.8 Hz, 2H), 6.82 (dt, J = 8.6, 1.8 Hz, 2H), 5.94 (s, 1H), 5.31 (dd, J = 12.8, 3.0 Hz, 1H),

5.14 (td, J = 7.2, 1.2 Hz, 1H), 5.04 (tt, J = 7.1, 1.3 4Hz, 1H), 4.59 (br), 3.18 (m, 2H*), 3.07 (dd, J = 17.0, 12.8 Hz, 1H), 2.72 (dd, J = 17.0, 3.0 Hz, 1H), 2.02 (q, J = 7.6 Hz, 2H), 1.91 (t,

J = 7.6 Hz, 2H), 1.61 (d, J = 0.9 Hz, 3H), 1.56 (s, 3H), 1.53 (s, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 200.1, 168.0, 165.1, 163.5, 160.9, 137.1, 134.0, 132.3, 130.9, 127.5, 125.9, 118.4, 111.1, 105.3, 98.4, 82.1, 45.9, 42.8, 29.6, 27.8, 24.3, 19.6, 18.1.

HRMS (ESI) [M-H]- C25H27O5: 407.1858, found 407.1861.

1H-NMR

IUPAC ν(13C) [ppm] ν(1H) [ppm]

2 82.1 5.31 (dd)

3 45.9 2.72 (dd)

3 45.9 3.07(dd)

4 200.1

4a 105.3

5 163.5

6 111.1

7 168.0

8 98.4 5.94 (s)

8a 165.1

1’ 132.3

2’,6’ 130.9 7.32 (dt)

3’,5’ 118.4 6.82 (dt)

4’ 160.9

1‘’ 24.3 3.18 (m)

2‘’ 125.9 5.14 (td)

3‘’ 137.1

4‘’ 42.8 1.91 (t)

5‘’ 29.6 2.02 (q)

6‘’ 127.5 5.04 (tt)

7‘’ 134.0

8‘’ 27.8 1.61(d)

9‘’ 18.1 1.56 (s)

10‘’ 19.6 1.53 (s)

6-Geranylnaringenin 88
1H-NMR, Methanol-d4

600 MHz, 298 K
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1H-1H COSY

6-Geranylnaringenin 88
1H-1H COSY 

Methanol-d4, 298 K

1H-13C HMBC

6-Geranylnaringenin 88
1H-13C HMBC (H to C), 

Methanol-d4, 298 K
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1H-13C HSQC

6-Geranylnaringenin 88
1H-13C HSQC, 

Methanol-d4, 298 K
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Supplementary NMR Data 11. Glc-OA 102.

Data of Glc-OA 102: 1H-NMR (600 MHz, Methanol-d4) δ 6.44 (br, 1H), 6.41 (br, 1H), 4.91-4.96 (m, 1H*), 3.84-3.89 (m, 1H), 3.71 (dd, J = 11.5, 4.98 Hz, 1H), 3.45 (m, 1H*),

3.43 (m, 1H*), 3.42 (t, J = 8.6 Hz, 1H*), 3.39 (t, J = 8.6 Hz, 1H*), 2.94-3.0 (m, 2H), 1.52-1.60 (m, 2H), 1.32 (m, 4H), 0.90 (m, 3H);

13C-NMR (150.9 MHz, Methanol-d4) δ 165.3, 162.9, 152.0, 113.5, 110.5, 104.3, 103.3, 80.0, 79.7, 76.6, 73.2, 64.4, 38.8, 35.2, 34.6, 25.6, 16.7;

HRMS (ESI) [M-H]- C18H25O9: 385.1499, found 385.1511.

1H-NMR

Glc-OA 102 
1H-NMR, Methanol-d4

600 MHz, 298 K

IUPAC ν(13C) [ppm] ν(1H) [ppm]

0 nda

1 165.3

2 110.5

3 152.0

4 113.5 6.41 (br)

5 162.9

6 104.3 6.42 (br)

1’ 103.3 4.91-4.96 (m)

2’ 79.8 3.42 (t)

3’ 76.8 3.45 (m)

4’ 79.8 3.39(t)

5’ 73.2 3.43 (m)

6’ 64.4 3.71 (dd)

6’ 64.4 3.84-3.89 (m)

1’’ 38.8 2.94-3.0 (m)

2’’ 34.6 1.52-1.60 (m)

3’’ 35.2 1.32 (m)

4’’ 25.6 1.32 (m)

5’’ 16.7 0.90 (m)

aThe 13C carbonyl signal was not observed in

the NMR spectra, however LC-MS/MS spectra

and chemical formula confirm the presence of

this group.
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1H-1H COSY 1H-13C HMBC

Glc-OA 102 
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

Glc-OA 102 
1H-1H COSY (bold line), 

Methanol-d4, 298 K
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1H-13C HSQC

Glc-OA 102 
1H-13C HSQC, 

Methanol-d4, 298 K

ROESY
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Supplementary NMR Data S12. Glc-DHSA 103.

Data of Glc-DHSA 103: 1H-NMR (600 MHz, Methanol-d4) δ 8.53 (br), 7.19-7.26 (m, 4H), 7.11 (t, J = 7.1 Hz, 1H), 6.38 (d, J = 2.1 Hz, 1H), 6.30 (d, J = 2.1 Hz, 1H), 4.82 (d, J

= 7.5 Hz, 1H*), 4.59 (br), 3.87 (d, J = 12.0 Hz, 1H), 3.70 (dd, J = 12.0, 4.6 Hz, 1H), 3.44 (m,1H ), 3.42 (m, 1H), 3.39 (t, J = 8.9 Hz, 1H*), 3.38 (t, J = 4.6 Hz, 1H*), 3.27 (d, J =

9.6 Hz, 1H*), 2.85 (m, 2H);

13C-NMR (150.9 MHz, Methanol-d4) δ 166.8, 162.5, 146.0, 131.6, 131.1, 128.5, 115.6, 112.9, 104.7, 103.5, 80.0, 79.8, 76.6, 73.2, 64.3, 41.3, 41.2;

HRMS (ESI) [M-H]- C21H23O9: 19.1342, found 419.1355.

1H-NMR

Glc-DHSA 103 
1H-NMR, Methanol-d4

600 MHz, 298 K

IUPAC ν(13C) [ppm] ν(1H) [ppm]

0 nda

1 166.8

2 115.6

3 131.7

4 112.9 6.30 (d)

5 162.5

6 104.7 6.38 (d)

1’ 103.5 4.82 (d)

2’ 76.6 3.42 (t)

3’ 79.8 3.44 (m)

4’ 73.2 3.39 (t)

5’ 79.8 3.42 (m)

6’ 64.3 3.70 (dd)

6’ 64.3 3.87 (d)

1’’ 41.2 2.85 (m)

2’’ 41.3 3.27 (d)

2’’ 41.3 3.38 (t)

3’’ 146.0

4’’,8” 131.6 7.19-7.26 (m)

5’’,7” 131.1 7.19-7.26 (m)

6’' 128.5 7.11 (t)
aThe 13C carbonyl signal was not observed in the

NMR spectra, however LC-MS/MS spectra and

chemical formula confirm the presence of this group.
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1H-1H COSY 1H-13C HMBC

Glc-DHSA 103 
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

Glc-DHSA 103 
1H-1H COSY (bold line), 

Methanol-d4, 298 K
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1H-13C HSQC

Glc-DHSA 103 
1H-13C HSQC, 

Methanol-d4, 298 K
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Supplementary NMR Data S13. O-MeButCBGA 120.

Data of O-MeButCBGA 120: 1H-NMR (600 MHz, Methanol-d4) δ 6.26 (s, 1H), 5.08 (td, J = 6.7, 0.94 Hz, 1H), 5.04 (tt, J = 

7.06, 1.23 Hz, 1H), 3.19 (d, J = 6.6 Hz, 2H), 2.98 (t, J = 8.1 Hz, 2H), 2.62 (sextet, J = 7.0 Hz, 1H), 2.02 (m, 2H), 1.92 (t, J = 

7.5 Hz, 2H), 1.81 (m, 1H), 1.70 (s, 3H), 1.61 (m, 1H), 1.60 (s, 3H), 1.55 (m, 2H), 1.53 (s, 3H), 1.32 (m, 4H), 1.27 (d, J = 7.0 

Hz, 3H), 1.01 (t, J = 7.4 Hz, 3H), 0.88 (t, J = 6.8 Hz, 3H). 

13C-NMR (150.9 MHz, Methanol-d4) δ 178.4, 164.9, 154.4, 148.0, 137.6, 133.9, 127.4, 125.7, 122.0, 117.7, 117.1, 44.5, 42.7,

38.6, 35.1, 34.6, 29.7, 29.6, 27.4, 25.7, 25.5, 19.5, 19.0, 18.5, 16.3, 14.1.

HRMS (ESI) [M-H]- C27H39O5: 443.2797, found 443.2809.

1H-NMR

O-MeButCBGA 120 
1H-NMR, Methanol-d4

600 MHz, 298 K

IUPAC ν(13C) [ppm] ν(1H) [ppm]

0 nda

1 164.9

2 117.1

3 148.0

4 117.8 6.26 (s)

5 154.4b

6 122.0

1’ 25.7 3.19 (d)

2’ 125.7 5.08 (td)

3’ 137.6

4’ 42.7 1.92 (t)

5’ 29.6 2.02 (m)

6’ 127.4 5.04 (tt)

7’ 133.9

8’ 19.5 1.53 (s)

9’ 18.5 1.70 (s)

10’ 27.4 1.60 (s)

1’’ 38.6 2.98 (t)

2’’ 34.6 1.55 (m) 

3’’ 35.1 1.32 (m)

4’’ 25.5 1.32 (m)

5’’ 16.3 0.88 (t)

1’’’ 178.4

2’’’ 44.5 2.62 (m)

3’’’ 29.7 1.61 (m)

3’’’ 29.7 1.81 (m)

4’’’ 14.1 1.01 (t)

5’’’ 19.0 1.27 (d)

aThe 13C carbonyl signal was not observed in the

NMR spectra, however LC-MS/MS spectra and

chemical formula confirm the presence of this group.
bThe esterified phenolic carbon experienced the

expected 13C NMR upfield shift [δ13C C5 154.4 ppm

versus 166.5 ppm in CBGA 1 (Supplementary NMR

Data 1)].
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1H-1H COSY 1H-13C HMBC

O-MeButCBGA 120 
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

O-MeButCBGA 120 
1H-1H COSY (bold line), 

Methanol-d4, 298 K
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1H-13C HSQC

O-MeButCBGA 120 
1H-13C HSQC, 

Methanol-d4, 298 K
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Supplementary NMR Data 14. O-MeButHeliCBGA 138.

Data of O-MeButHeliCBGA 138: 1H-NMR (600 MHz, Methanol-d4) δ 8.56 (br), 7.26 (m, 2H), 7.22 (m, 2H), 7.11 (t, J = 7.3 Hz,

1H), 6.18 (s, 1H), 5.12 (t, J = 6.45 Hz, 1H), 5.07 (t, J = 6.68 Hz, 1H*), 4.91 (br), 4.59 (br), 3.30 (m, 2H*), 3.20 (d, J = 7.1 Hz,

2H*), 2.85 (m, 2H), 2.62 (q, J = 7.0 Hz, 1H), 2.05 (m, 2H), 1.95 (t, J = 7.8 Hz, 2H), 1.83 (m, 1H), 1.73 (s, 3H), 1.61 (s, 3H),

1.60 (m, 1H), 1.57 (s, 3H), 1.27 (d, J = 7.1 Hz, 3H), 1.03 (t, J = 7.4 Hz, 3H).

13C-NMR (150.9 MHz, Methanol-d4) δ 178.9, 164.7, 153.7, 146.3, 146.2, 137.5, 134.0, 131.6, 131.0, 128.4, 127.2, 125.8, 121.9,

119.0, 117.1, 44.4, 42.7, 41.3, 41.1, 29.7, 29.7, 29.5, 27.8, 25.7, 19.5, 18.9, 18.3, 13.9.

HRMS (ESI) [M-H]- C30H37O5: 447.2641, found 447.2653.

1H-NMR

O-MeButHeliCBGA 138 
1H-NMR, Methanol-d4

600 MHz, 298 K

IUPAC ν(13C) [ppm] ν(1H) [ppm]

0 nda

1 164.7

2 119.0

3 146.3

4 117.1 6.18 (s)

5 153.7b

6 121.9

1’ 25.7 3.20 (d)

2’ 125.8 5.12 (t)

3’ 137.5

4’ 42.7 1.95 (t)

5’ 29.7 2.05 (m)

6’ 127.2 5.07 (t)

7’ 134.0

8’ 19.5 1.57 (s)

9’ 18.3 1.73 (s)

10’ 27.8 1.61 (s)

1’’ 41.1 3.30 (m)

2’’ 41.3 2.85 (m)

3’’ 146.2

4’’,8” 131.0 7.22 (m)

5’’,7” 131.6 7.26 (m)

6’’ 128.4 7.11 (t)

1’’’ 178.9

2’’’ 44.4 2.62 (q)

3’’’ 29.7 1.83 (m)

3’’’ 29.7 1.60 (m)

4’’’ 13.9 1.03 (t)

5’’’ 18.9 1.27 (d)

aThe 13C carbonyl signal was not observed in the NMR

spectra, however LC/HRMSMS spectra and chemical

formula confirm the presence of this group.
bThe esterified phenolic carbon experienced the

expected 13C NMR upfield shift [δ13C C5 153.65 ppm

versus 162.49 ppm in heliCBGA 2 (Supplementary

NMR Data 2)]. 84



1H-1H COSY 1H-13C HMBC

O-MeButHeliCBGA 138 
1H-13C HMBC (H to C), 

Methanol-d4, 298 K

O-MeButHeliCBGA 138 
1H-1H COSY (bold line), 

Methanol-d4, 298 K
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1H-13C HSQC

O-MeButheliCBGA 138 
1H-13C HSQC, 

Methanol-d4, 298 K
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Supplementary Orthology Data 1. Rooted species tree inferred with Orthofinder. The 
proteomes corresponding to the genomes used for the analysis are GCA_003112345.1 
(Artemisia annua), GCA_009363875.1 (Mikania micrantha), GCA_023376185.1 
(Cichorium endivia), GCA_023525715.1 (Cichorium intybus), GCA_023525745.1 (Arctium 
lappa), GCA_023525975.1 (Smallanthus sonchifolius), GCA_024762085.1 (Ambrosia 
artemisiifolia), GCF_001531365.2 (Cynara cardunculus var. scolymus), 
GCF_002127325.2 (Helianthus annuus), GCF_002870075.4 (Lactuca sativa), 
GCF_010389155.1 (Erigeron canadensis) and Cannabis sativa GCA_900626175.1. The 
distance is indicated in each branch.

 Helianthus annuus

 Ambrosia artemisiifolia

 Mikania micrantha

 Smallanthus sonchifolius

 Artemisia annua

Erigeron canadensis

 Helichrysum umbraculigerum

 Cynara cardunculus

 Arctium lappa

 Lactuca sativa

 Cichorium endivia

 Cichorium intybus

 Cannabis sativa
0.21

0.06

0.05

0.04

0.04

0.06

0.13

0.12

0.06

0.11

0.09

0.14

0.06

0.05

0.05

0.02

0.06

0.03

0.02

0.03

0.02

0.01

0.02

0.21

0.10

Asteraceae
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Supplementary Orthology Data 2. Orthogroup OG0014461 to which HuCoAT6 belongs. a. Physical position of each gene within each chromosome/scaffold in the analyzed species. 
The chromosomic position of each gene was taken from the corresponding GFF file. The numeric position of each gene within each scaffold/chromosome is indicated on top. b. Rooted 
gene tree of the orthogroup. The genetic distance of each branch is shown. A complete list of the genes, including the species, chromosomic positions, protein IDs and the annotated 
products, is described in Supplementary Table 16.

7.
62

E7

10
0K

b

Chr1

25k0

 Ambrosia artemisiifolia KAI7748066.1

 Ambrosia artemisiifolia KAI7748063.1

 Helianthus annuus XP 021989539.1

 Mikania micrantha KAD6795266.1

 Smallanthus sonchifolius KAI3774760.1

 Smallanthus sonchifolius KAI3803671.1

 Artemisia annua PWA86599.1

 Erigeron canadensis XP 043623515.1

 Helichrysum umbraculigerum HuCoAT6

 Arctium lappa KAI3716085.1

 Cynara cardunculus XP 024979437.1

 Lactuca sativa XP 023730354.1

 Cichorium intybus KAI3789374.1

 Cichorium endivia KAI3525382.1

 Cannabis sativa evm.TU.01.459
0.12

0.03

0.02

0.06

0.01

0.03

0.03

0.04

0.05

0.05

0.01

0.01
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0.00
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0.01
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0.00

0.00

0.00
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0.01

0.02

0.01

0.00

0.01

0.00

0.12

0.050

a b

1 orthologue 

1 orthologue 

1 orthologue 

2 orthologues 

1 orthologue 

1 orthologue 

2 orthologues

1 orthologue 

1 orthologue 

1 orthologue 

1 orthologue

1 orthologue 

1 orthologue 
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Supplementary Orthology Data 3. Orthogroup OG0000313 to which HuTKS4 belongs. a. Physical position of each gene within each chromosome/scaffold in the analyzed species. The chromosomic position of each gene was taken from the corresponding GFF file. The numeric position of 
each gene within each scaffold/chromosome is indicated on top. Species with highly fragmented genomes (Arctium lappa, Artemisia annua and Cichorium intybus) were excluded from the figure. b. Rooted gene tree of the orthogroup. The genetic distance of each branch is shown. A complete 
list of the genes, including the species, chromosomic positions, protein IDs and the annotated products, is described in Supplementary Table 17. 

15 orthologues 

8 orthologues 

13 orthologues 

19 orthologues 

11 orthologues 

6 orthologues 

6 orthologues 

9 orthologues 

7 orthologues 

Chr1 Chr10 Chr75 orthologues 

 Smallanthus sonchifolius KAI3808453.1

 Ambrosia artemisiifolia KAI7728762.1

 Cannabis sativa evm.TU.07.160

 Helianthus annuus KAF5765475.1

 Helianthus annuus XP 022035184.1

 Helianthus annuus KAF5765474.1

 Helianthus annuus XP 022035183.1

 Ambrosia artemisiifolia KAI7742740.1

 Ambrosia artemisiifolia KAI7732027.1

 Smallanthus sonchifolius KAI3776043.1

 Smallanthus sonchifolius KAI3704260.1

 Artemisia annua PWA45985.1

 Erigeron canadensis XP 043631664.1

 Helichrysum umbraculigerum HumbrS001g017090.1

 Cichorium endivia KAI3518509.1

 Lactuca sativa XP 023734205.1

 Arctium lappa KAI3746865.1

 Cynara cardunculus XP 024971117.1

 Cynara cardunculus XP 024971108.1

 Cichorium endivia KAI3518503.1

 Lactuca sativa XP 023734220.1

 Cichorium endivia KAI3518504.1

 Lactuca sativa XP 023734221.1

 Lactuca sativa XP 023734209.2

 Lactuca sativa XP 023734208.1

 Cichorium endivia KAI3518510.1

 Lactuca sativa XP 023734222.1

 Lactuca sativa XP 023734215.1

 Cichorium endivia KAI3518516.1

 Erigeron canadensis XP 043631881.1

 Erigeron canadensis XP 043634285.1
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 Erigeron canadensis XP 043634289.1
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 Artemisia annua PWA56116.1
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 Mikania micrantha KAD7478025.1

 Mikania micrantha KAD7477940.1

 Mikania micrantha KAD7477942.1

 Mikania micrantha KAD7478026.1

 Smallanthus sonchifolius KAI3794960.1

 Smallanthus sonchifolius KAI3798138.1

 Ambrosia artemisiifolia KAI7742592.1

 Helianthus annuus XP 022016962.1

 Helianthus annuus XP 022016960.1

 Helianthus annuus KAF5758902.1

 Helianthus annuus XP 035841136.1

 Helianthus annuus XP 035841135.1

 Helianthus annuus XP 022016961.1
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26k
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 Helianthus annuus XP 021983611.2

 Helianthus annuus KAF5792366.1

 Helianthus annuus XP 021983612.1

 Helianthus annuus XP 035833721.1

 Helianthus annuus KAF5780348.1

 Helianthus annuus XP 021992620.1

 Helianthus annuus KAF5780345.1

 Helianthus annuus XP 021992621.1

 Helianthus annuus XP 035835433.1

 Smallanthus sonchifolius KAI3761044.1

 Helianthus annuus XP 021992619.1

 Helianthus annuus KAF5780354.1

 Mikania micrantha KAD4888419.1

 Mikania micrantha KAD4888418.1

 Mikania micrantha KAD4888417.1

 Smallanthus sonchifolius KAI3785270.1

Ambrosia artemisiifolia KAI7746573.1

 Helianthus annuus XP 021982900.1

 Helianthus annuus KAF5791382.1

 Artemisia annua PWA90845.1

 Artemisia annua PWA80153.1

 Helichrysum umbraculigerum HumbrS001g221370.1

 Cynara cardunculus XP 024982445.1

 Cynara cardunculus XP 024982444.1

 Lactuca sativa XP 023753474.1

 Cichorium intybus KAI3768066.1

 Cichorium endivia KAI3500101.1

 Cannabis sativa evm.TU.01.1992

 Cannabis sativa evm.TU.10.1790

 Cannabis sativa evm.TU.10.1789

 Cannabis sativa novel gene 3888 5bd9a17a

 Erigeron canadensis XP 043623568.1

 Helichrysum umbraculigerum HumbrS005g546100.1

 Artemisia annua PWA77763.1

 Helichrysum umbraculigerum PKScluster5.1.1.p1

 Helichrysum umbraculigerum HumbrS003g408580.1

 Helichrysum umbraculigerum HumbrS001g172510.1

 Helichrysum umbraculigerum HumbrS001g172500.1

 Artemisia annua PWA55015.1

 Artemisia annua PWA28986.1

 Arctium lappa KAI3665507.1

 Cynara cardunculus XP 024973748.1

 Smallanthus sonchifolius KAI3813512.1

 Helianthus annuus XP 021998364.1

 Helianthus annuus KAF5778681.1

 Cichorium endivia KAI3519280.1

 Lactuca sativa XP 023735557.1

 Cynara cardunculus XP 024970907.1

 Helichrysum umbraculigerum PKScluster3
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 Artemisia annua PWA65027.1

 Erigeron canadensis XP 043631312.1

 Helianthus annuus XP 022009667.1

 Helianthus annuus KAF5768879.1

 Helianthus annuus XP 022034417.1

 Helianthus annuus XP 022009654.1

 Helianthus annuus KAF5768877.1

 Ambrosia artemisiifolia KAI7728764.1

 Mikania micrantha KAD3640782.1

 Mikania micrantha KAD5960437.1

 Helichrysum umbraculigerum PKScluster4.1.1.p1

 Smallanthus sonchifolius KAI3794210.1

 Helianthus annuus KAF5811033.1

 Mikania micrantha KAD7479268.1

 Mikania micrantha KAD7479267.1

 Smallanthus sonchifolius KAI3798900.1

 Smallanthus sonchifolius KAI3794211.1
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Supplementary Orthology Data 4. Orthogroup OG0002538 to which HuCBGAS4 belongs. a. Physical position of each gene within each chromosome/scaffold in the analyzed species. The chromosomic position of 
each gene was taken from the corresponding GFF file. The numeric position of each gene within each scaffold/chromosome is indicated on top. Orthologous for Cannabis sativa and Cynara cardunculus were not 
identified with this method. b. Rooted gene tree of the orthogroup. The genetic distance of each branch is shown. A complete list of the genes, including the species, chromosomic positions, protein IDs and the annotated 
products, is described in Supplementary Table 18. 
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