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Methods S1. Nanopore sequencing and assembly.

RNA was extracted from root tissue according to a previously described method
(Hamberger et al., 2011), mRNA was selected from 16 pg total RNA using Dynabeads
Oligo (dT)25 (ThermoFisher Scientific) yielding 119 ng mRNA. The mRNA was
converted to cDNA using the Oxford Nanopore cDNA-PCR Sequencing Kit (SQK-
PCS108) and sequenced on the Gridlon. The resulting library consisted of 2,146,282
reads with an average length of 735 bp, and an N50 of 817 bp. The lllumina reads were
from PhytoMetSyn were cleaned and normalized using Bbnorm
(sourceforge.net/projects/bbmap/), and the raw reads were subjected to error correction
using LORDEC (Salmela & Rivals, 2014) according to settings suggested for
transcriptome data (Hoang et al., 2017). A hybrid assembly using the corrected
Nanopore reads and the lllumina reads was generated using IDP-denovo (Fu et al.,
2018). The resulting assembly seemed to be of much worse quality than the lllumina-
only assembly and we did not pursue further analysis.



Table S1. Synthetic oligonucleotides used in this study. Lower case letters indicate
vector overhangs to enable In-Fusion (Takara) cloning.

Name Sequence

PVTPS2 F GATGAGCTCTCTCACAAATCTCTACAG
PVTPS2 R TGAAGAATCAAACTTGATATGGATTGAGC
PVHVS F CTCAAAATGAGCTCTCTCTCAATTCCC
PVHVS R GTCTGAATGGGGAGTCAAATATG
PVTPS4 F ATGGGTGAAGAGAGCAGTGTAAG
PVTPS4 R CAAGGGAATCAAATGAGAAGAGG
PVTPS5 F GAAATGGCAGCTGCAGGC

PVTPS5 R TCAGATGACAAGAGGATTGAGTAGGAG

PvTPS2 pEAQ Infusion F

ttctgcccaaattcgCGAATGAGCTCTCTCACAAATCTCTA

PvTPS2 pEAQ Infusion R

agttaaaggcctcgaTCAAACTTGATATGGATTGAGCAGC

PvHVS pEAQ Infusion F

ttctgcccaaattcgCGAATGAGCTCTCTCTCAATTCCCTT

PvHVS pEAQ Infusion R

agttaaaggcctcgaTCAAATATGTATAGGATTCATCAATAGAGCAG

PvTPS4 pEAQ-TP Infusion F

ggcggaagagitaacATGGGTGAAGAGAGCAGTGTA

PvTPS4 pEAQ-TP Infusion R

agttaaaggcctcgaTCAAATGAGAAGAGGATTAAGAAACAAAGC

PVvTPS5 pEAQ-TP Infusion F

ggcggaagagttaacATGGCAGCTGCAGGCATTG

PVTPS5 pEAQ-TP Infusion R

agttaaaggcctcgaTCAGATGACAAGAGGATTGAGTAGG

AtRuBisCO small pEAQ Infusion F

ttctgcccaaattcgATGGCTTCCTCTATGCTCTCTTC

AtRuBisCO small pEAQ Infusion R

agttaaaggcctcgaGTTAACTCTTCCGCCGTTGC

pET28plus PVTPS2 Infusion F

gaaggagatataccatgTCAGCTGTGATGGTGGATCATGC

pPET28plus PVvTPS2 Infusion R

gotggtggtggtgctcgaAAACTTGATATGGATTGAGCAGC

pET28plus PVHVS Infusion F

gaaggagatataccatgTCAGCTGTGATGGTGGAAGG

pET28plus PvHVS Infusion R

gotggtggtggtgctcgaAAATATGTATAGGATTCATCAATAGAGC

pET28plus PvTPS4 Infusion F

gaaggagatatacCATGGGTGAAGAGAGCAGTGTAAGT

pPET28plus PvTPS4 Infusion R

ggtggtggtggtggtgctcgaAAATGAGAAGAGGATTAAG

pET28plus PvTPS5 Infusion F

gaaggagatataccCATGGCAGCTGCAGGCATTG

pET28plus PvTPS5 Infusion R

ggtggtggtggtgctcgaAGATGACAAGAGGATTGAGTAGG

ZFPPS pEAQ-HT F

ttctgcccaaattcgATGAGTTCTTTGGTTCTTCAATGTTG

zFPPS pEAQ-HT R

agttaaaggcctcgaTCAATATGTGTGTCCACCAAAACG

NNPPS pEAQ-HT Infusion F

ttctgcccaaattcgATGAACTCTTCAATAGTGTCTCAACAC

NNPPS pEAQ-HT Infusion R

agttaaaggcctcgaTCAATATGTGTGTCCACCAAAAC

NNPPS F

ATGAACTCTTCAATAGTGTCTCAAC

NNPPS R

TCAATATGTGTGTCCACCAAAACG

NNPPS pACYCDuet Infusion F

aaggagatatacatATGTCTGATCGTGGACTCAGC

NNPPS pACYCDuet Infusion R

ctttaccagactcgagTCAATATGTGTGTCCACCAAAAC

pEAQ_PVTPS2_GFP_For

attctgcccaaattcgATGAGCTCTCTCACAAATCTCT

PEAQ_PVTPS2_GFP_Rev

ctagtcataccggtcgcAACTTGATATGGATTGAGCAG

PEAQ_PVHVS_GFP_For

attctgcccaaattcgATGAGCTCTCTCTCAATTCC




PEAQ_PVHVS_GFP_Rev

ctagtcataccggtcgcAATATGTATAGGATTCATCAATA

pEAQ_PVTPS4_GFP_For

attctgcccaaattcgATGGGTGAAGAGAGCAGT

pEAQ_PVTPS4_GFP_Rev

ctagtcataccggtcgcAATGAGAAGAGGATTAAGAAAC

PEAQ_PVTPS5_GFP_For

attctgcccaaattcgATGGCAGCTGCAGGCATT

PEAQ_PVTPS5_GFP_Rev

ctagtcataccggtcgcGATGACAAGAGGATTGAGT




Fig. S1. Stereo view of homology models for each enzyme characterized in this
study. Select positions are highlighted in red. PvHVS: blue; PvTPS2: cyan; PvTPS4:

yellow; PvTPS5: tan.




Fig. S2. Multiple sequence alignment of cytosolic and plastidial TPS-a enzymes
found in Lamiaceae, Euphorbiaceae, Solanaceae, and Brassicaceae. Cytosolic and
plastidial enzymes are above and below the central line, respectively, and enzymes
from P. vulgaris characterized in this study are within the central box. Column highlights
are explained in the main text. Accession numbers and families are indicated in the first
line of the alignment. Abbreviations: RCAFS, Ricinus communis alpha-farnesene
synthase; NtEAS, Nicotiana tabacum epi-aristolochene synthase; SIGDS, Solanum
lycopersicum germacrene D synthase; AtTPS21/20, Arabidopsis thaliana terpene
synthase 21/20; PvTPS2/4/5, P. vulgaris terpene synthase 2/4/5; PvHVS, P. vulgaris
hydroxy vulgarisane synthase; RcCAS3, Ricinus communis casbene synthase;
RcCAS2, Ricinus communis neocembrene synthase; NsCBTS3, Nicotiana sylvestris
cembratrienol synthase 3.
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NILDDAKAFSTTILKDINSA-TTESNLYKQVVHALELPFHWRVRWEDVKWHIK-TFQKDK 231
DILEDALAFSTIHLESAAP--HLKSPLREQVTHALEQCLHKGVPRVETRFFISSIYDKEQ 219
EILDEAINFTTTHLKLLLP--NLSDPLATQVSNALKFPINNIIVRVATRKYIS-FYQEDK 220
A DIIDEALAFSRSHLEEISS--RSSPHLAIRIKNALKHPYHKGISRIETRQYISYYEEEES 218

CTPS2
PvTPS4 NLLKEAAVSTKQYLRGIEAE-LLDSSLKEKVNRALKHPLHRDVPIFYARFFIS-IYEKDL 221
PvTPS5 KVLDEAAAFTIHRLKHVLPQ-LESA-IKEKVELALQHPIHKSLPLLNFRSYIN-IYEGEG 226

PvHVS DVLDEAIVFTTHHLNRMMPQ-LESP-LKEEVKHALRYPLHKCLGILSLRFHID-RYENDK 267
PvTPS2 KILDEAMTITTRQLTLMLPR-LESTILKEKVEHGLKFPVQRTNTIFSLRYYVE-IYENDE 267

RcCAS3 DILEEAFAFTKDYLQSSAVE--LFPNLKRHITNALEQPFHSGVPRLEARKFIDLYEADIE 271
RcCAS2 DILDEAFAFTKDYLESSAVDQYLCPNLQKHITNALEQPFHKGIPRLEARKYIDLYEGD-E 272
Ns EILEEALIFTTTHLESVIP--NLSNSLKVQVTEALSHPIRKTIPRVGARKYIY-IYENIG 269
AtTPS20 EILDEAMGFTRKHLELFVGG-SNEEHLSGHIKNVLYLSQQENAEVVMSREYIQ-FYEQET 266

RCAFS SINKTLLDLAKVNENVVQATLONDLKEISRWWRNLGLIENLK-FSRDRLVESFLCTVGLV 290
SKNNVLLRFAKLDFNLLOMLHKQELAQVSRWWKDLDFVTTLP-YARDRVVECYFWALGVY 278
SHNEMLLHFAKLDFNILQRLHKRELCDITRWWKDSEIAQALP-FARDRVVELYFWSLGVY 279
At' 1 C-DPTLLEFAKIDEFNLLQILHREELACVTRWHHEMEFKSKVT-YTRHRITEAYLWSLGTY 276

PvTPS4 SRNELLLKLAKLNFNFLONLYKEELFQLTGWWNKFDVKSKLT-YARDRLVEAYLWGVAYH 280
PvITPS5 LTNESVVKLSKENENFLONIYRKELAELTSWWNKYELKSKLP-YARDRLVECYIWGAALR 285

PvHVS SRDEVVLRLGQVNENYMONIYMNELYEITTWWNKLOMTSKVP-YFRDRLVECYMWGLAYH 326
PvTPS2 SRDALVLRLAKLNFNFMONIYRSELSEATAWWNEYNLASEVP-YIRDRMVECYVSGVTYR 326

RcCAS3 CRNETLLEFAKLDYNRVQLLHQQELCQFSKWWKDLNLASDIP-YARDRMAEIFFWAVAMY 330
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NsCBTS3 THNDLLLKFAKLDENMLQKLHLKELNELTSWWKDLDCANKFP-YAKDRLVEAYFWTVGIY 328
HHDETLLKFAKINFKFMQLHYVQELQTIVKWWKELDLESKIPNYYRVRAVECLYWAMAVY 326
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FEPQYSSFRRWLTKVVIMILVIDDVYDIYGSLEELQHFTNAINRWDTAELEQ--LP-EYM 347
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N FEPQYSRSRSMITKVVKMNSIIDDTYDAYATFDELVLFTDAIQRWDEGAMDS--LP-TYL 385
0 MEPQYSVARIILSKSLVLWTIIDDLYDAYCTLPEAIAFTENMERWETDAKDM---P-DHM 382
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KICFKTLHTITGETAHEMQREKRWDQEQTETHLKKVWADFCQALFVEAKWENKGYTPSVQ 407
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KVLMRSFIDLHEDFKREVILEGR---LYSVEYGIDECKRLFREDLKLSKWARTGYIPNYD 439

EYLKTACISSSGSLLSVHSFFLIMNEGTREMLHFLEKNQE-MFYNISLIIRLCNDLGTSV 466
EYLSNALATTTYYYLATTSYLGMKS-ATEQDFEWLSKNPK-ILEASVIICRVIDDTATYE 450
QYIKNGIPSSTYLLLATTSWLGMGDVATKDAFDWISNEPT-ILVASSIIARLLNDLVTHE 454
21 EYKENAILSSGYYGLIAMTFVRMTDVAKLDAFEWLNSHPK-IRVASEIISRFTDDISSYE 451
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EYIRNGSLSSGLPLVVTASFMGVKEITGIREFQWLRTKPK-LNHFSGAVGRIMNDIMSHV 504
EYMKNGVVTSTGTMYGIISLVVMEEIITKEAFEWLANEPL-ILRAASTICRLMDDMADHE 501
0 EYMEVGIVTAGIDMTVAFAFIGMGE-AGKEAFDWIRSRPK-FIQTLDIKGRLRDDVATYK 497
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Fig. S3. GC-MS of hexane extracts TPS activity assays in vitro, in E. coli, and in N.
benthamiana. In vitro, purified enzymes were fed with pure precursors. For the N.
benthamiana assays, DXS is overexpressed in all conditions. Chromatograms labeled
P. vulgaris root are from methyl tert-butyl ether extracts of fresh root. Key shows the
feature annotations. Annotations in black are based on comparisons to the Adams or
NIST17 libraries. Annotations in blue are based on comparisons to authentic standards,
or NMR of the purified compound.
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Fig. S5. Peak q only appears when PvTPS4 or PvTPS5 is co-expressed with FPPS
in N. benthaminana.
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Fig. S6. NMR spectra of PvHVS major product from GGPP, identified as 11-
hydroxy vulgarisane.

IH NMR (500 MHz, cdcls) & 0.87 (s, 3H, H-16), 0.89 (d, J = 6.6 Hz, 3H, H-20),
0.95 (d, J = 6.7 Hz, 3H, H-15), 0.96 (d, J = 6.5 Hz, 3H, H-19), 1.02 (d, J = 1.2 Hz, 1H,
OH-11), 1.07 (s, 3H, H-17), 1.17 (ddd, J = 13.6, 4.1, 2.8 Hz, 1H, H-8a), 1.30 (m, 1H, H-
4a), 1.31 (m, 1H, H-12a), 1.35 (m, 1H, H-13a), 1.44 (m, 2H, H-5a, H-12b), 1.46 (M, H-
14), 1.53 (d, J = 27.4 Hz, 1H, H-8b), 1.58 (m, 2H, 9a, H-13b), 1.65 (m, 2H, H-5b, H-18),
1.67 (m, 1H, H-4b), 1.70 (d, J = 6.4 Hz, 1H, H-1), 1.81 (m, 2H, H-3, H-9b), 2.20 (t, J =
8.0 Hz, 1H, H-6), 2.38 (g, J = 6.9 Hz, 1H, H-2).

13C NMR (126 MHz, cdcls) & 14.33 (C-15), 21.14 (C-17), 22.76 (C-20), 23.51 (C-
16), 23.97 (C-19), 27.03 (C-5), 27.33 (C-13), 28.17 (C-18), 32.69 (C-8), 34.02 (C-4),
35.04 (C-9), 35.06 (C-7), 36.67 (C-3), 41.19 (C-2), 42.02 (C-12), 44.18 (C-6), 44.81 (C-
10), 46.19 (C-1), 55.88 (C-14), 81.60 (C-11).
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Fig. S7. 11-Hydroxyvulgarisane (z) in P. vulgaris. A 70% methanol extract of root
tissue was subjected to non-targeted UHPLC/MSE analysis using a 31-min
chromatographic separation. (a) Extracted ion chromatogram for m/z 273.3 ([M+H-
H20]") for the crude P. vulgaris extract and (b) extracted ion chromatogram for m/z
273.3 for the purified 11-hydroxy vulgarisane, (c) MS/MS spectrum of the purified 11-
hydroxyvulgarisane. The identity of purified 11-hydroxyvulgarisane was confirmed by

NMR.
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Table S2. Exact masses and relative abundance for ions of vulgarisin-related
compounds detected by UHPLC/MSE in P. vulgaris root extracts.

Annotated Formula Retention Calculated m/z | Experimental Precursor and fragment ion(s) m/z and
Metabolite time [min] m/z relative ion abundances (%)
11-Hydroxy C20H340 25.19 273.2582 273.2585 273.26 (10), 217.20 (10), 203.18 (15), 189.16 (9),
vulgarisane [M+H-H,0]* [M+H-H,0]* 137.13 (100), 107.08 (24), 95.08 (85)
(Fig. S7¢c)

Vulgarisin A CosHssOs | 17.17 501.3192 501.3191 501.32 (15), 461.33 (100), 373.27 (51),
isomer 1 [M+Na]* [M+Na]* 285.22 (74), 267.21 (21)

(Fig. S8 b, top)

Vulgarisin A CosH4s0s | 19.88 501.3192 501.3184 501.32 (34), 461.33 (100), 373.27 (33),
isomer 2 [M+Na]* [M+Na]* 285.22 (58), 267.21 (20)

(Fig. S8 b,

bottom)




Fig. S8. Vulgarisin A and D isomers in P. vulgaris. A 70% methanol extract of root
tissue was subjected to non-targeted UHPLC/MSE analysis using a 31-min
chromatographic separation and electrospray ionization in positive-ion mode. (a)
Extracted ion chromatogram for m/z 501.3 ([M+Na]*) of the P. vulgaris extract is shown
in function 1 (b). The mass spectra of the two peaks are shown, displaying prominent
[M+H-H20]" ions in each case at m/z 461 and subsequent loss of isobutyric acid (88
Da) at m/z 373. Note that the mass spectra of the two isomers are consistent with the
previously reported spectra for vulgarisin A (Lou et al., 2014) and vulgarisin D (Lou et

al.,

b

2017).
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