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Table S2. Placement of H. halys IDS-type genes in genome scaffolds

H. halys Genome Wide Shotgun Assembly Hhal_1.0

NW_014466702.1

HhIDS3
HhIDS4
HhIDS7/TPS1 - MG917093

NW_014466461.1

HhIDS1/TPS2 - MG870388
HhIDS5
HhIDS6

NW_014466714.1

HhIDS2/FPPS - MG870389

Location 607289..620830
Location 625390..639949
Location 660896.. 647588

Location (71539) 66498..56095
Location 90118..75481
Location 107902..93802

Location 76720..43812




Table S3. Primer sequences used for amplification, cloning, and qRT-PCR analysis of IDS-type
genes from H. halys and N. viridula.

Gene Amplicon
Primers (5’-3) size (bp) Purpose
HhIDS1/ HhIDS1_1F 1134 Amplification and
HhTPS2 ATGATACCGAAGACGCTTGG cloning from cDNA
HhIDS1_1134R
TTATGGAGCTTTTAGGATCTCCAATTC
HhIDS1_QF 100 gqRT-PCR
GCCAAGAAGCAGCCATCTATG
HhIDS1_QR
CACATCTTGGTGAAACCTGGATC
HhFPPS1_860F 100 gRT-PCR
CAATGAGTCACTTTAATCCGGCC
HhFPPS1_958R
CGTCAAACAGTTCGCGTACTC
HhIDS2/ HhFPPS_1F 1212 Amplification and
HhFPPS ATGCCTTTTGCAAAACTGTG cloning from cDNA
HhFPPS_1212R
CTACTGCTTTCTACCATACATCTTATG
HhFPPS 240 F 100 gqRT-PCR
TGTTCGGGATCTGACACAGC
HhFPPS 382 R
GGTCAGGAGCAAGCATACGA
HhIDS3  HhIDS3_1F 1125 Amplification from
ATGGCGTTCGTGTCTGC cDNA
HhIDS3_1125R
TTAATCTAAATTTTCATCAGGAGTTTCTC
HhIDS4  HhIDS4_1F 1143 Amplification from
ATGGCGAACATGGCTGG cDNA
HhIDS4_1143R
TCAAACATTCGTAACTTTAGGGTC
HhIDS5 HhIDS5_1F 1131 Amplification from
ATGGCGTCAAAGGTGTCG cDNA
HhIDS5_1131R
TCAGAATGATTCTAATCTTTCAAGTTGAA
HhIDS6  HhIDS6_1F 1131 Amplification from
ATGGCAGCGAAGGCATC cDNA
HhIDS6_1131R
TCAGAATGATTTTAATCGTTCAAGTTG
HhIDS7/ HhIDS7_1F 1107 Amplification and
HhTPS1 ATGGCGTCCGTGGCTAC cloning from cDNA
HhIDS7_1107R
TCACTCTTCTCGAATCACGAGC
HhFPPS7_265F 100 gRT-PCR
AGGATTGTAGCCGATGAGAGC
HhFPPS7_364R
GTACTGCTGACATCGTGAACAAC
NvTPS2 NvTPSp_F 1143 Amplification from
ATGGTGTCCGTTGCCG cDNA
NVTPSp_R2
TCAAACATTCGCAACTTCAAG
Addition of TEV
NvTPSp_TEV_F 1164 cleavage site to

GAAAACCTGTATTTTCAGGGCATGGTGTCCGTTGCCG

NVTPS2



NvTPSp_R1_atth2 Gateway cloning into
GGGGACCACTTTGTACAAGAAAGCTGGGTATTCTCGAATTACAAGCCACTC 1205 pDONR/Zeo

attB1_tev
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGC
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Fig. S1. Amino acid sequence alignment of IDS (FPPS) and IDS-type enzymes of H. halys, M. histrionica, and N. viridula. H. halys FPPS
= HhIDS2; H. halys TPS1 = HhIDS7; H. halys TPS2 = HhIDS1. Red boxes indicate the position of the first and second aspartate rich
motifs. Dark blue color marks residues in FPPS proteins that bind the diphosphate moiety of IPP and magenta color marks corresponding
residue substitutions in IDS-type proteins. Light blue color marks residues in FPPS proteins that bind the prenyl tail of IPP and green
color marks corresponding residue substitutions in IDS-type proteins. Arrows mark residues at positions 4 and 5 upstream of the first
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aspartate rich motif. The black bar indicates a putative mitochondrial targeting sequence cleavage site in FPPS proteins.
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Fig. S2. GC-MS analysis of a hexane extract from an HhIDS7 (HhTPS1) activity
assay in comparison to a sesquipiperitol standard. The sample was injected
without split at 260°C. 1, zingiberene; 2, sesquiphellandrene; 3, RSR-
zingiberenol; 4, sesquipiperitol
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Fig. S3. Terpene synthase assay of HhIDS7 (HhTPS1) and HhIDS1 (HhTPS2) with various FPP
isomeric substrates. Partially purified enzymes were assayed with 50 yM FPP substrates in assay
buffer. (A) HhTPS1 produces an isomer of the pheromone precursor sesquipiperitol (4) along with
thermal rearrangement products (1-3). (B) HhTPS2 produces putative sesquiterpene products (S) with
the most abundant compound being identified as elemol (5). 1, y-curcumene; 2, a-zingiberene; 3, 3-
sesquiphellandrene; 4, sesquipiperitol isomer, 5, elemol; F, farnesol isomer. Elemol was identified only
by mass-spectral library comparison.
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Fig. S4. Gas-chromatographic determination of the relative configuration at C-6 and C-7 of the
HhIDS7 (HhTPS1) sesquipiperitol product. Gas chromatograms of the oxidized enzymatic
product (sesquipiperitone, lower panel) and that of 6R,7R/6S,7R sesquipiperitone standards
(upper panel). Comparison of retention times defined a relative 6S,7R or 6R,7 S configuration of
the HhIDS7 product.
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Fig. S5. Gas-chromatographic determination of the absolute configuration at C-6 and C-7 of the
HhIDS7 (HhTPS1) sesquipiperitol product. The enzymatic product was converted to bisabolanes
(middle panel) and their retention times were compared to those of bisabolane standards of 7S and
7R configuration by separate injection (upper panel) and by co-injection with the standards (lower
panel). The stereochemistry at C-7 was determined to be R, which concluded an absolute
configuration of 6S,7R of the HhIDS7 product.
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Fig. S6. Gas-chromatographic comparison of sesquipiperitol produced by HhTPS7 (HhTPS1)
with (1S,6S,7R)- and (1R,6S,7R)-sesquipiperitols on a chiral column. Retention time
comparisons determined an (S) configuration at C-1 and thus an overall (1S,6S,7R)
stereochemistry of the enzymatic product.
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Fig. S7. Transcript abundance of HhFPPS, HhTPS1, HhTPS2 as determined by qRT-PCR in mature H.
halys female and male whole bug tissue (n=3, +SD). Significance was determined using student’s t-test and
means grouped by Tukey’'s HSD; *P < 0.05. H. Gene expression was normalized against the RpS4
housekeeping gene and transcript abundance is shown relative to that in female as determined by gRT-PCR.
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HhTPS1 MG917093 KAGQFVAAGPA-LAATHAGILSEDLIEKTVEIFTIAGRMIQTWDDENDYYSSSDONGKPS 274

HhTPS2 MG870388 KSRNTMCAFPV—LGLLEAGLTCNDLIHKTMDIFGDYGLMFQVWNDFMDFYSVQEESGKGN 272
DmFPPS NM 058032 TDIQDNKCSWLAVVAMQRANVEQKQIMVDCYGKEEPAKVERVKELYKELGLPSTYAIFEE 385
BmFPPS1 NM 001043424 TDIQDGKCTWLAVVALQRATPAQKQIMEDNYGVNKPEAIARIKDLYEELQLPHTYSVFEE 393
DpFPPS XM 019913385.1 TDIQDGKCSWLAVVALQRASPAQRKIMEEHYGRPEPESIARIKNLYVDLCLPNTYAIYEE 395
Tc_FPPS NM 001170618.1 NDIREGKCSWLAVVALQRANPTQRKIMEEYYGRPDPEAVRIIRNLYEELSLPNTYAIYEE 391
PsFPPS1 KT959237 TDIKDGKCSWLAVLALQRATPAQRKVMDEHYGKDNDESVRLVKNLFEELGLPATFAVYEE 400
PsTPS1 KT959248 PDIVNGRNSWLVTTALKMANPAQRKVIEENYGNGDAESARKVMQVYEDLKLKDVHDRRTE 343
Bg FPPS PYGN01000019.1 TDIQDGKCTWLAVVALQRATPEQRAMFAECYGSKDPEKVAAVKELYEQLGLPSTFAIYEE 398
ApFPPS NM 001126161.3 TDIEDGKCSWLAVVALQKVNSEQKKIMEDNYGIDNPANVAVIKDLYAQLKLPDTFHLYEE 360
HhFPPS MG870389 TDIQEGKCTWLAIIAFQRASPSQREILESCYGSKDPEKIQKVKDIFIEIGLPAVFHAYEE 369
HhTPS1 MG917093 CDLINGGTTWVSAKAMETFTPSQAAEFMECYGSADPNKNRRVIELYDEIDMPNLYTEYML 334
HhTPS2 MG870388 YDCKNNVKTWATITAMSHFNPAQAKEFEDCYGTNDPAKRSRVRELFDEIDLPRKYLDYLR 332
DmFPPS NM 058032 ESYNMIKTHIQQTSRGVPHQTFLOILNKIYQRDS———==—————-— 419
BmFPPS1 NM 001043424 TTYDLLRTQIQQVTRGLPHELFFKILDNIFRRSV-—-—-—-—-—---——-— 427
DpFPPS XM 019913385.1 ESFNIIKTHIQQISKGLRHDLFFKIMEKIYKREC-——===-———-— 429
Tc_FPPS NM 001170618.1 ESFNIIRTHIQQISKGLPHKLFFKIMEKIYRRDC-———-—-—---—-—--— 425
PsFPPS1 KT959237 ESFNITRTHIQQISKGLPHDLFFKILRKFYKRDC-————---——-— 434
PsTPS1 KT959248 EFLGEMREIVENFPERIPKQPFHDIVRQLALNKLYS-——-—-—-—-——-— 379
Bg FPPS PYGN01000019.1 ESYNIISTHIQQVSRGMPHKLFFKFMEKIYKREC-—-—-—-—=--—-——-— 432
ApFPPS NM 001126161.3 ESYKLICTHIQQLSRGLSQDMFFKFLEKIYKRTL-————-——-—-——-— 394
HhEFPPS MG870389 ETYNLITROQIQQLSEGLPHELFLTLLHKMYGRKQ-—--—-—----——-- 403
HhTPS1 MG917093 ENYNYCQTLIKRLPHERLREACSSYLEWLVIREE-——-—-—-—-—-—-——-— 368
HhTPS2 MG870388 NIRVIVEKKISELSDARVRDASTSYLEWLHGNGHHDVELEILKAP 377

Fig. 8. Amino acid sequence alignment of H. halys and other insect FPPS and TPS enzymes with marked
intron positions of the corresponding genes. Intron phases are highlighted in red (phase 0), green (phase 1), and
blue (phase 2), respectively. Drosophila melanogaster (Dm), Bombyx mori (Bm), Dendroctonus ponderosae
(Dp), and Tribolium castaneum (Tc), Phyllotreta striolata (Ps), Blattella germanica (BM), Acyrthosiphon pisum
(Ap). Black arrowheads above the alignment indicate introns present in Hemiptera and other insect orders. Black
dots below the alignment indicate intron positions conserved among the presented stink bug, aphid and
cockroach sequences. The alignment was produced in Clustal Omega (Sievers and Higgins, 2018).
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H. halys TPS1

Fig. §9. Structural analysis of IPP binding residues in FPPS and IDS-type TPS homology models.
(A) Structural model of H. halys FPPS with IPP binding pocket rendered as a colored surface; (B)
HhFPPS1 residues binding the diphosphate moiety of IPP are marked in dark blue and labeled; (C)
HhFPPS1 residues binding the prenyl tail of IPP are marked in light blue and labeled; (D) structural
model of H. halys TPS1 with IPP binding pocket rendered as a colored surface; (E) HhTPS1 residue
substitutions of the diphosphate binding residues in (B) are marked in magenta and labeled.
Aromatic substitutions in this region favor interactions with the isoprenyl tail of the docked FPP
substrate; (F) HhTPS1 residue substitutions of the prenyl tail binding residues in (C) are marked in
green and labeled. Substitutions alter the substrate binding region to accommodate a larger
isoprenyl diphosphate substrate.



>

Relative abundance (TIC)

NvTPS2 NvTPS2

64 x 107 4 B | x10° 8
(E,E)-FPP 11 GPP 9
4 7
051 © 10
IR 0 P
Yy v W Y
6-x 107
4_(Z,E)-FPP 1{ GPP, empty vector
) 0.51
l y MAL . J.IA : A IA
61x 107 10 12 14 16 18
41 Retention time (min)
2_
. I c
6_X107 %
(Z E)-FPP, empty vector 100 {NVTPS2 g4 119
41 3 69
27 g}
5 bldbul L 16 a2 50
61 x 107 © 1001 Standard 93 119
(Z,2)-FPP, empty vector :121 69
4 5 501 84 137 ol
6
2] o Jll ..,llIULuJ., 1 189204 929
L 50 75 100 125 150 175 200 225
g1 x 10° m/z
2 (1S,6S,7R)-
41 :U 3 Sesquipiperitol
g L

23 25 27 29 31

Retention time (min)

Fig. S10. Terpene synthase assay of NvTPS2 with various FPP isomeric substrates and GPP.
Partially purified enzyme was assayed with 50 uM substrates in assay buffer. (A) NvTPS2
converts (E,E)-FPP to sesquipiperitol (4) along with thermal rearrangement products (1-3);
chromatogram is the same as in Fig.4A. Formation of sesquipiperitol from (Z,E)-FPP and (Z,2)-
FPP is reduced relative to other sesquiterpene products. (B) NvTPS2 converts GPP to
monoterpene olefins and alcohols including a putative piperitol isomer (11). 1, y-curcumene; 2,
a-zingiberene; 3, B-sesquiphellandrene; 4, sesquipiperitol isomer; 5, (Z)-a-bisabolene; 6,
myrcene; 7, a-terpinene; 8, limonene; 9, terpinolene; 10, linalool; 11, putative piperitol isomer. S,
unidentified sesquiterpene olefins. (C) Mass spectra of enzyme product 4 and synthetic
(1S,6S,7R)-sesquipiperitol.
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Fig. S11. Phylogram of characterized insect IDS (FPPS) and IDS-type proteins inferred from a
Bayesian analysis (MRBAYES v3.2.5). Nodes are labeled with posterior probability support values
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Fig. $12. Phylogeny and results from PAML selection analyses. (A) Phylogeny inferred from a codon alignment
of characterized and putative hemipteran IDS (FPPS) and IDS-like/TPS proteins. Branches labeled as the TPS
foreground in branch models are enclosed in a dashed box. Foreground branches used in branch-site models
are color coded and labeled. Branch lengths are scaled proportionately to the number of amino acid
substitutions per site. (B) Gene-wide w estimates for IDS and TPS genes generated in a two-ratio branch
model. Foreground and background w values were significantly different based on a LRT comparing a two-ratio
and one-ratio model. (C) Proportion of codons partitioned by site classes on select branches in branch-site
models. Each bar represents the proportion of codons (colors) and corresponding estimated site class omega
values (numbers) for codons on select branches. Estimated w values for site class 0 and site class 2a/2b in
branch-site models are displayed. Asterisks indicate significance in LRTs compared to the null models
indicating positive selection. * p<0.05, **** p<0.0001.
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Fig. $13. Phylogeny of IDS (FPPS) and IDS-like proteins in the Hemiptera. A maximum likelihood
consensus phylogram is depicted, rooted to a characterized Coleoptera FPPSs outgroup.
Parenthetical values on collapsed clades represented as triangles indicate the number of collapsed
leaves. Highly supported nodes (>80% or 0.80 support for all values) are labeled with a black circle.
Branch lengths are scaled proportionally to the number of amino acid substitutions per site.
Hemipteran sequences are listed in Table S5.
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