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SI Materials and Methods 
De novo genome assembly 
MaSuRCA assembler version 3.2.2 (1) was used for our hybrid assembly. Clean Illumina data 
filtered by NGSQC v2.3.3 (2) with default settings and raw Pacbio data were used to improve the 
raw assembly in two rounds with SSPACE v1.0 (3), PBjelly (4), and Gapfiller (5) (Table S3). The 
assembly was polished using Pilon v1.23 (4, 6) with all clean Illumina data at the last step. 
Meanwhile, we also constructed assembly-only based Illumina data using Soapdenovo2 (7) to 
improve our hybrid assembly. In the target region containing candidate momilactone gene cluster, 
Illumina-only assembly exhibited a scaffold, whereas it exhibited two scaffolds in the hybrid 
assembly. Finally, we merged the two scaffolds from the hybrid assembly according the synteny 
relationship between the two assemblies. Furthermore, we confirmed the link between the two 
scaffolds using PCR and Sanger sequencing (Table S5a).  
 
Genome annotation 
To annotate repeat elements in the assembly, we first built a de novo repeat library using 
RepeatModeler (8) and predicted repetitive elements of C. plumiforme genome using 
RepeatMasker 4.0.8 (8) with default settings. ab initio gene structure predictions were performed 
using AUGUSTUS 3.2.2 (9), GeneMark.hmm (10), and FGENESH 2.6 (11). Homology evidence 
for gene structure was searched against the coding sequences of moss P. patens v3.3 (reference 
17 in the main text) and liverwort Marchantia polymorpha v3.1 (reference 23 in the main text) using 
gmap (12). RNA-seq data from our previous study (reference 5 in the main text) were aligned and 
the RNA-seq reads were assembled using Tophat 2.1.1 (13), Cufflinks 2.2.1 (14), and Trinity 2.4.0 
(15) with default settings. The assembled transcripts from Cufflinks (reference-based) and Trinity 
(reference-free) were merged for the final transcriptome evidence using PASA 2.0.2 (16). Finally, 
all the evidence to support gene models were integrated to generate the combined gene set using 
EVM (15) with higher weight in the evidence of RNA-seq results.  
 
Phylogenetic tree and divergence time estimation. Monophyletic constraints were imposed for 
the nodes, which were used to calibrate the evolutionary rates (BLOSUM62 and an uncorrelated 
exponential relaxed model). A Yule speciation process which specifies a constant rate of species 
divergence was used. Normal priors for land plants–vascular plants split time (mean: 540 mya, std 
dev: 6.0), gymnosperm–angiosperm split time (mean: 313 mya, std dev: 6.0), monocot–dicot split 
time (mean: 150.0 mya, std dev: 4.0), and O. sativa–E. crus-galli split time (mean: 40.0 mya, std 
dev: 3.0), were used. The MCMC chains in BEAST were run for 10,000,000 generations while 
sampling at every 1,000 steps. Convergence between the runs and the amount of burn-in (throwing 
away some iterations at the beginning of an MCMC run) was determined using Tracer v1.10.4, 
which was used to assess the effective sample size and to check the consistency of the results. 
The tree was drawn with FigTree v1.4 (17). 
The primary coding sequences (CDS) and protein sequence of P. patens and C. plumiforme were 
used to BLAST against each other, the genes with mutual best BLAST hits between them were 
selected to calculate nonsynonymous (Ka) and synonymous (Ks) substitution rates using 
KaKs_calculator v2.0 with GMYN model (18). The Ks distribution between P. patens and C. 
plumiforme was plotted using ggplot2 (19) and Ks was applied to observe the historical genome 
duplication of C. plumiforme.  
 
Identification of candidate momilactone gene cluster in the plant kingdom 
Genome annotated genes of 107 plants were downloaded from Phytozome 12.0 
(phytozome.jgi.doe.gov), Ensemble plants (www.plants.ensembl.org/), and other projects 
(reference 16 in the main text, 20). We first identified the clustered genes through Pfam domains 
(PF01397 and PF03936 for TPS genes; PF00067 for P450; PF13561, PF00106, and PF08659 for 
SDR genes) using pfamscan (SI Appendix, Fig. S7). Based on the three types of genes identified 
above, we scanned the genomes of the 107 plants with a 100 kb window size using in-house scripts 
to find the candidate regions where the three types of genes co-existed. Adjacent windows 
containing the three types of genes would be merged. As a control, all known momilactone gene 
clusters in Oryza species and barnyard grass (references 8 and 16 in the main text) must be 
successfully identified. 
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RNA extraction and quantitative RT-PCR 
For the stress treatment, the C. plumiforme gametophores were incubated with BCDATG liquid 
media (reference 37 in the main text) containing 0.5 mg/mL chitosan (chitosan oligosaccharide 
lactate from Aldrich, Japan, was dissolved in water by the addition of acetic acid, and the final pH 
of the solution was adjusted to pH 6.0.) or 0.5 mM aqueous solution of copper (II) chloride dihydrate 
(Nacalai Tesque, Japan). Total RNA was extracted from the C. plumiforme gametophores treated 
with each of the elicitors at regular time intervals using Sepasol (Nacalai Tesque) and subjected to 
cDNA synthesis using a PrimeScript RT reagent Kit with gDNA Eraser (Takara Bio, Japan). 
Quantitative RT-PCR (qRT-PCR) was performed using a Power SYBR Green PCR Master Mix 
(Applied Biosystems, CA, USA) for the CpDTC1/HpDTC1, CpMAS, CpCYP970A14, CpCYP964A1, 
and CpACT3 genes on an ABI 7500 Fast Real-Time PCR System (Applied Biosystems) with the 
standard mode according to a previous report (reference 9 in the main text). For each sample, the 
mean value from triplicate amplifications was used to calculate the transcript abundance. The 2-

ΔΔCT method was used for a relative quantification of fold changes of the target genes at inductive 
condition compared to non-treated condition. Sequences of PCR primers used for qRT-PCR 
analysis are provided in SI Appendix, Table S5b. 
 
Functional identification of CpMAS 
The full‐length cDNA of CpMAS was amplified by end‐to‐end RT‐PCR using Ex Taq (Takara, 
Japan) with the following oligonucleotide as primers: CpMAS ‐ full ‐ F, 5 ′ -
ATGGCGTCAGGGAAAGAAGC-3′; CpMAS‐full‐R, 5′-CGGTCACCAAGTGAAATGGA-3′. 
The amplified CpMAS cDNA was cloned into pT7Blue T-vector (Invitrogen, 
http://www.invitrogen.com/) to generate pT7‐CpMAS, and the sequence was confirmed. For 
functional analysis, the cDNA fragment including CpMAS orf was prepared by restriction enzyme 
digestion in BamHI and SpeI sites, then the purified fragment was inserted into the same sites of 
pQE31 vector (Qiagen) to yield pQE-CpMAS. The construct was transformed into E. coli JM109. 
This strain was precultured for 18 h at 37°C in 2 mL of LB medium containing ampicillin (50 µg/mL), 
and then cultured at 37 °C in 800 mL of LB medium containing ampicillin until the exponential 
growth phase. Recombinant protein expression was induced by adding isopropyl β-D-
thiogalactopyranoside (1 mM) and successively cultured for 18 h at 30 °C. Recombinant proteins 
were affinity-purified using HisTrap HP column according to the manufacturer’s instruction (GE 
Healthcare Life Sciences). For functional analyses, 100 µL of reaction mixtures containing 0.4 µM 
of each recombinant protein, 0.2 M 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris)-HCl (pH 8.0), 
10 mM 2-mercaptoethanol, 1 mM NAD+, and 1 µg of 3β-hydroxy-9βH-pimara-7,15-dien-19,6β-olide 
were prepared. After incubation at 30 °C for 40 min, the mixtures were extracted with ethyl acetate, 
and the extract was evaporated to dryness in vacuo. The residue was dissolved in 100 µL of 
methanol and subjected to GC-MS and LC-MSMS analysis as described previously (reference 8 in 
the main text).  
 
Biotransformation of 3OH-syn-pimaradienolide in fission yeast 
Log-phase culture of Schizosaccharomyces pombe L972 was diluted in a fresh YES medium (0.5% 
yeast extract, 3% glucose, 225 mg/L adenine, 225 mg/L uracil, 225 mg/L leucine, 225 mg/L histidine, 
and 225 mg/L lysine) to the optical density at 600 nm of 0.1 and then incubated for 48 h at 30 °C 
with 5 µM 3OH-syn-pimaradienolide. The cell culture was extracted with ethyl acetate, and the 
extract was evaporated in vacuo. The residue was dissolved in methanol and subjected to LC-
MSMS analysis as previously described (reference 8 in the main text). 
 
Functional identification of CpCYP970A14 and CpCYP964A1 using both yeast and N. 
benthamiana systems. 
Based on the sequence data, the open reading frames of unigene12783 (CpCYP964A1) and 
unigene16484 (CpCYP970A14) were amplified from a C. plumiforme cDNA library reported 
previously (reference 9 in the text) using gene-specific primers which introduced restriction enzyme 
cleavage sites at the 3′- and 5′-ends: unigene12783-fwd (underlined as KpnI site): 5′-
AGGTACCATGGACCCGTTGCTGGG-3′ , unigene12783-rev (underlined as NotI site): 5′ -
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AGCGGCCGCAATTGACATATGCTCCTCTTCTG-3′, unigene16484-fwd (underlined as EcoRI 
site): 5′-GAATTCATGGAGCTCTCTGTCTGG-3′, unigene16484-rev (underlined as NotI site): 
5′-GCGGCCGCAAGCTGAAGTCTTGTATACATCC-3′. The CpCYP970A14 and CpCYP964A1 
amplicons were ligated into pPICZA (Thermo Fisher) and the recombinant constructs introduced 
into Pichia strain X-33 harboring the ATR1 gene that enhances CYP reductase activity (21) 
according to manufacturer’s protocols. Transformants were then selected on YPDS plates. The 
coding region of CYP99A3 was also amplified by PCR with the gene-specific primers CYP99A3-F 
(underlined as EcoRI site): 5′-GGAATTCATGTGGAGATAAACTCAGAAG-3′, and CYP99A3-R 
(underlined as KpnI site): 5′-GGGGTACCACTTTGCATGGAAATCG-3′, then cloned into the 
pPICZA vector and to transform Pichia strain X-33 in the same manner as described above.  
For N. benthamiana expression system, CpCYP970A14 and CpCYP964A1 cDNAs were amplified 
by PCR using gene-specific primers (CpCYP970A14: Forward primer 5 ′ -
TTCTGCCCAAATTCGATGGAGCTCTCTGTCTGG-3 ′ , and Reverse primer 5 ′ -
GTGATGGTGATGCCCAGCTGAAGTCTTGTATACATC-3′. CpCYP964A1: Forward primer 5′-
TTCTGCCCAAATTCGATGGACCCGTTGCTGGGC-3 ′ , and Reverse primer 5 ′ -
GTGATGGTGATGCCCATTGACATATGCTCCTCTTC-3 ′ ; underlines indicate 15 base pairs 
vector arm sequences either up and down stream at NruI or SmaI sites. In each gene, reverse 
primers were designed to truncate termination codon) and amplified fragments were cloned into 
NruI-SmaI double digested site of pEAQ-HT vectors by In-fusion cloning to express as C-terminal 
histidine-tagged enzymes. The resulting plasmids pEAQ-HT-CpCYP970A14 and pEAQ-HT-
CpCYP964A1 were introduced into Agrobacterium tumefaciens LB4404 and used for 
agroinfiltration. 
For functional analysis, the various Pichia transformants were cultured for 72 h in 50 mL of a 
minimal medium using methanol as a carbon source. The culture was started then methanol was 
added to a final concentration of 0.5% (v/v) every 24 h of the culture. The substrate, syn-pimara-
7,15-diene (7 μg dissolved in methanol), was added to the culture medium 24 h after the start of 
culture and converted in vivo. After culturing for 72 h, 50 mL of ethyl acetate was added to the 
culture solution and stirred vigorously. The ethyl acetate layer was recovered by centrifugation 
(4000 rpm, 25°C, 5 min). This extraction procedure was performed twice. The ethyl acetate layers 
were combined and concentrated in vacuo. The ethyl acetate extracts were derivatized with 
diazomethane to form methyl ester derivatives and analyzed by GC-MS (GCMSD 5975 Series, 
Agilent Technologies, Santa Clara, CA, USA). GC and MS analytical conditions were previously 
described (21, 22). 
In the N. benthamiana expression system, 3-week-old N. benthamiana grown in a plant incubator 
(23°C, 16 h light/8 h dark photoperiod) was used. After agroinfiltration, the plants were further grown 
for five days under same condition, following which 4~5 pieces of the leaves were frozen in liquid 
nitrogen and homogenized with multi-beads shocker (Yasui Kikai, Osaka, Japan). The 
homogenized samples were extracted with 80% (v/v) methanol containing 5% (v/v) formic acid or 
hexane as extraction solutions. Purification steps were as described by Miyazaki et al. (23). The 
methanol eluents were concentrated in vacuo and derivatized with diazomethane to form methyl 
ester derivatives then analyzed by GC-MS (GCQ1000-K9, JEOL, Tokyo, Japan). The conditions of 
the GC-MS analysis were previously described (21, 22). 
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SI Appendix Fig. S1. Genomic survey of C. plumiforme. K-mer distribution: X-depth of K-mer; Y-
number of K-mer 
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SI Appendix Fig. S2. Gene annotation strategy and results of C. plumiforme  
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SI Appendix Fig. S3. Illustration of Scaffold38 
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SI Appendix Fig. S4. Inductive expression levels of the clustered genes after CuCl2 treatment 
shown as calculated RPKM values from RNA-seq data. CpMAS: Unigene_5051, LC494432; 
CpCYP970A14: Unigene_16484, LC494433; CpDTC1/HpDTC1: LC128408; CpCYP964A1: 
Unigene_12783, LC494434. 
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SI Appendix Fig. S5. GC-MS analysis of momilactone A in the enzymatic reaction. Mass spectra 
of the CpMAS reaction products (A) and authentic momilactone A (B) shown in figure 3B. 
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SI Appendix Fig. S6. GC-MS analysis of product catalyzed by rice CYP99A3 in N. benthamiana. 
(A) Total ion chromatogram (scanned on m/z 316) of reaction product methyl ester derivative of 
methanol extract from N. benthaminana leaves expressing both CpDTC1 and rice CYP99A3. (B) 
Mass spectrum of the peak on GC at 7.43 min. 
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SI Appendix Fig. S7. (A) Momilactone A [6] converted from the substrate 3β-hydroxy-9βH-pimara-
7,15-dien-19,6β-olide [5] by crude protein from N. benthamiana leaves is analyzed by LC-MSMS. 
Upper panel, authentic standards; middle panel, product catalyzed by N. benthamiana crude 
protein (0.1 mg) at 33°C for 24h; lower panel, negative control without enzyme. (B) In planta 
conversion of 3OH-syn-pimaradienolide to momilactone A in N. benthamiana feeding assay. 
Approximately 1 µg of 3OH-syn-pimaradienolide was injected into one leaf of N. benthamiana.  
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SI Appendix Fig. S8. Enhanced production of momilactone A in the N. benthamiana 
leaves expressing CpMAS with feeding of 3OH-pimaradienolide. Reaction products 
from the leaves harvested 2 days and 6 days after the infiltration are analyzed by LC-
MSMS. Approximately 1 µg of 3OH-syn-pimaradienolide was injected into one leaf of 
N. benthamiana.  
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SI Appendix Fig. S9. Domains of terpene synthase (TPS), cytochrome P450 monooxygenase 
(P450) and momilactone A synthase (MAS) 
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SI Appendix Fig. S10. Evolution of momilactone biosynthesis-related terpene synthase (TPS) 
genes in plants. (A) Sequence alignment of two types of TPS genes (DTC and DTC-like) with the 
three functional motifs (“DXDD”, “DDXXD” and “SXYDTAW”) in plants. DTC-like TPS genes have 
“DXDD” motif but its “DXDD” motif do not locate at the typical position. “SXYDTAW” motif is not 
found in DTC-like TPS. (B) Phylogenetic tree of momilactone gene cluster-related TPS genes in 
the momilactone gene clusters in three plants species (Os, Ec and Cp). The ortholog (accession 
number: CAP74389.1) from the fungus Fusarium proliferatum was used as outgroup. In addition to 
the terpene gene CpDTC1/HpDTC1 in the cluster, two other terpene genes (CpCPS and CpKSL) 
in the Calohypnum genome were also included. 
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SI Appendix Fig. S11. Phylogenetic tree of terpene synthase genes from two mosses and two 
grasses. Four types of genes with different three functional motifs shown in figure S8 were included 
(e.g. DTC, DTC-like, CPS, KS have three, two and one motifs, respectively). CpDTC1/HpDTC1, 
OsCPS4, EcCPS4, OsKSL4, EcCPS4, CpDTC/HpDTC homologs, and PpTPS homologs are 
indicated. 
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SI Appendix Fig. S12. Phylogenetic tree of CYP genes in 43 candidate gene cluster listed in 
supplementary table S7. 
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SI Appendix Fig. S13. Biotransformation of momilactone A from 3OH-syn-pimaradienolide in 
fission yeast. Yeast fed with 3OH-syn-pimaradienolide was further grown for 48 h. Metabolized 
product was extracted by ethyl acetate and analyzed by LC-MSMS. 
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SI Appendix Table S1. (a) Summary of the sequenced genomic data of C. plumiforme. (b) RNA-
seq data information 
  

Type Libs Read length Raw bases Coverage

Pair-end 360bp 90 29.4G 67.7
350bp 90 33.4G 76.9

Total ~62.8G ~145x
Mate-pair 10k 140 14G 32.3

20k 140 11.4G 26.3

~25.4G ~59x

Total 75-150 ~88.2G ~203x

RSII 10k 5.26k ~1.54G

Total ~1.54G ~3.5x

Type Treatments Reads length Total base

RNA-seq CuCl2 0h 90 ~2.4G
CuCl2 8h 90 ~2.3G

Total ~4.7G

Table S1a Summary of the sequenced genomic data of C. plumiforme

Table S1b RNA-seq data information
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SI Appendix Table S2. Summary of genome assembly of C. plumiforme 

 

 

 

 

 
  

V1 V2 V3 V4 V5

Scaffold  length(Mb) 332.3�76.1%� 336 (77.3%) 425.9(98.0%) 332.1�76.4%� 335.0(77.0%)

Estimated genome size (Mb) 434.4 434.4 434.4 434.4 434.4

Scaffold N50 (bp) 94,597 193,269 6,450,362 784,076 790,020

Contig length (Mb) 332.3 335.3 402.6 326.8 333.3

Gap size (Mb) 0.1 0.7 23.3 5.3 1.7

Contig N50 (bp) 92,913 173,015 24,050 110,463 224333

V1: Original assembly from Macrogen Japan
V2: Original assembly with gap filling of Pacbio data
V3: Pipeline1, NGS assembly with gap filling of Pacbio data
V4: Pipeline2, Hybrid assembly of NGS and Pacbio data
V5: Improved version based on V4

Table S2 Summary of genome assembly of C. plumiforme
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SI Appendix Table S3. V5 assembly results of all stages 
  

Assembly stages Genome size Scaffold N50 Contig N50 Contig No. Scaffold No.

1_MaSuRCA 332.06Mb 635.68Kb 110.46Kb 7,205 1,202

2_SSPACE 332.15Mb 784.08Kb 110.46Kb 7,201 1,043

3_Pbjelly 332.94Mb 784.08Kb 113.14Kb 7,025 1,042

4_GapFiller 334.36Mb 788.70Kb 162.13Kb 4,742 1,042

5_SSPACE 334.36Mb 788.70Kb 162.13Kb 4,742 1,040

6_Pbjelly 334.50Mb 788.70Kb 163.11Kb 4,712 1,040

7_GapFiller 335.23Mb 790.01Kb 197.03Kb 3,983 1,040

8_pilon 335.01Mb 790.02Kb 224.33Kb 3,474 1,040

9_merge 335.01Mb 790.02Kb 224.32Kb 3,474 1,040

Table S3 V5 assembly results of all stages



 
 

21 
 

 

 

 

 

 

 

 

 

SI Appendix Table S4. Summary of repeat annotation 

 

 
  

Type of repeat elements         Length          Number

SINES 13,032 53 0.00

LINEs 3,215,244 7,253 0.96

LTR elements 54,985,261 137,958 16.41

DNA elements 13,342,737 25,481 3.98

Unclassified 90,821,706 280,791 27.11

total 162,377,980 451,536 48.46

Table S4 Summary of repeat annotation

    Percentage (%)
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SI Appendix Table S5. (a) Primer information and gap sequence of two scaffolds. (b) Primer 
information for qPCR. 

 

 

 

Table S5a Primer information
Primers Primer sequences (5'-3')

Forward primer TGCAAGGATGATCAATCACTATAAG

Reverse primer CAACTGACCAATAGTGCTATGGAA

PCR_products and sequecing results
>Contig1

Primers Primer sequences (5'-3')

CpDTC-qPCR-F TGCTGCTCAGCATGTATCGT
CpDTC-qPCR-R GGACTCTGGAACGCAAGACT
CpMAS-qPCR-F ACCGCAGACGAAGCAGAATA
CpMAS-qPCR-R CCTTTACATTCAGCCGAAGC

CpCYP970-qPCR-F CGGGAGATACTGAAGGTCCA
CpCYP970-qPCR-R CTCCGTAAGGCGAGAAGATG
CpCYP964-qPCR-F ATGTGCTAGATGCGCTGATG
CpCYP964-qPCR-R AGAGGTCTCATGGCCTGCTA

CpACT3-qPCR-F CGAGCAGCATGAAGATCAAG
CpACT3-qPCR-R GTACTCGCTCTTCGCAATCC

tgtaaaacatgccttaatgtcaaattgaacacatttttgtgtctaggttgatgtcctctaaaatttgtcatgattaacaagcaaaaaatgtccaaa
atttcaagtaacatgcttaattttggacttgtttttttttaacattacaaacaacatggtctttcaagcttcccaaaatttaccacataggaaatttttt
catccaacttgatgatgtggcatctgacgtggtggtgggaaaaatgatgtggcaaccaaaaatgataacgtggcatgccatgtcaacaca
ttttttgttgaaaattttttgatattttttttcaaatgttaaattagacattaattaaaacataccctgtccacaacacaaaattaattttaaaaatagtta
cttatttcaaaattaaattataaatttaaaaaaaaaacttcaaaaaaatcctaaaatcaacaaaaagtaaagaaaacttaccatctaccatc
aaaagaatttttgatggcaaaatgaaggaaatacttcattaaaagataatgaaaatgaaagaaatgagcttctatatatacccaatctcaac
ccatggtgagacaaaagatatgggataactagttttggttacttgatacttgtttatgttgacattatttttgatgtcacatgttctatctaatgtttgca
tgttctttctgacatcttgatgttctttttgacattctatactaaacacaattcattttgacaaatcccatatggattgtctcccttcctatcaacccatt
tgtataaagcctaactcttttcattcattgtgcacatcttatttcatccatccatttccttttttttacaaagtaagccacatggttgcccttttcctaaa
attttcacaaatgggcagcattttactataaataatattaaattttattaattttcacaaaattggaaataaatctacttgttgacgtggtagcctatg
tttttttggatattatcaaaaacacaaacttgtttttttgaacatcattaaaaacaaatgtgtccatagtgacatctacactaatttttttacgatttttg
caatgtcatatcaaattcacacttttgcaaccgtcaattgttgaacatagtgacgtttttagaaaacatgacacattttttaataacataaccaa
aaacacagttttcttatagtgaatgcattactgagaattatgtgaaa

Table S5b Primers for RT-qPCR
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SI Appendix Table S6. 43 candidate momilactone gene clusters in plant kingdom. Also supplied 
as excel data 
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SI Appendix Table S7. Numbers of homolog genes for terpene synthase, CYP, and MAS in 107 
plant species.  
*Also supplied as excel data. 
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SI Appendix Table S7. Numbers of homolog genes for terpene synthase, CYP, and MAS in 107 
plant species (continue). *Also supplied as excel data 
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