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ARTICLE INFO ABSTRACT

Keywords: Insects use diverse arrays of small molecules such as metabolites of the large class of terpenes for intra- and inter-
Pheromone specific communication and defense. These molecules are synthesized by specialized metabolic pathways;
Terpene

however, the origin of enzymes involved in terpene biosynthesis and their evolution in insect genomes is still
poorly understood. We addressed this question by investigating the evolution of isoprenyl diphosphate synthase
(IDS)-like genes with terpene synthase (TPS) function in the family of stink bugs (Pentatomidae) within the large
order of piercing-sucking Hemipteran insects. Stink bugs include species of global pest status, many of which
emit structurally related 15-carbon sesquiterpenes as sex or aggregation pheromones. We provide evidence for
the emergence of IDS-type TPS enzymes at the onset of pentatomid evolution over 100 million years ago,
coinciding with the evolution of flowering plants. Stink bugs of different geographical origin maintain small IDS-
type families with genes of conserved TPS function, which stands in contrast to the diversification of TPS genes in
plants. Expanded gene mining and phylogenetic analysis in other hemipteran insects further provides evidence
for an ancient emergence of IDS-like genes under presumed selection for terpene-mediated chemical interactions,
and this process occurred independently from a similar evolution of IDS-type TPS genes in beetles. Our findings
further suggest differences in TPS diversification in insects and plants in conjunction with different modes of
gene functionalization in chemical interactions.
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1. Introduction Keeling et al., 2021; Montagne and Wicker-Thomas, 2021). These

compounds are derived from fatty acids and, thus, evolved from pre-

Chemical interactions are ubiquitous among all forms of life. Or-
ganisms use blends of small molecules or semiochemicals to interact
with individuals of their own or other species (Junker et al., 2018). In-
sects employ a large number of diverse semiochemicals for defense or as
pheromones in intraspecific communication (Ishikawa, 2020; Tabata,
2017). Yet, knowledge of the biosynthesis and evolution of these
specialized metabolites is still limited. One of the best studied groups of
insect pheromones are hydrocarbons, alcohols, aldehydes, and esters
(Blomquist and Ginzel, 2021; Castillo et al., 2012; Jurenka, 2021;
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cursors in core carbon metabolism. Whether other types of pheromone
or defense compounds are equally derived from primary metabolic
pathways is not well understood. Various insect taxa use compounds in
the large class of terpenes (isoprenoids) as sex, aggregation, alarm and
trail pheromones or as anti-aphrodisiacs and defense compounds
(Havlickova et al., 2019; Keeling et al., 2021; Krall et al., 1997; Pickett
et al., 2013; Schulz et al., 2008; Weber et al., 2018). Whereas the evo-
lution of terpene specialized metabolites related to chemical in-
teractions is well documented in plants and microbes (e.g. Ballal et al.,
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2020; Chen et al., 2011; Degenhardt et al., 2009; Fischer et al., 2015;
Salmon et al., 2015; Wei et al., 2020; Zi et al., 2014), their biosynthetic
origin in insects has remained largely obscure. This lack of knowledge is
partly due to assumptions that insects obtain terpene metabolites from
their host plants. For example, male neotropical orchid bees (Euglossini)
collect volatile terpenes and other volatiles from flowers to attract
conspecific females (Pokorny et al., 2017). On the other hand, applica-
tions of labeled pheromone precursors as performed in the pine engraver
beetle Ips pini (Curculionidae: Scolytinae) (Seybold et al., 1995)
repeatedly indicated that terpene pheromones can be synthesized de
novo via endogenous enzymatic pathways.

In central terpene metabolism, isoprenyl diphosphate synthases
(IDSs) catalyze the condensation of the 5-carbon terpene precursors
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP)
to form different size prenyl diphosphate intermediates including 10-
carbon geranyl diphosphate (GPP), 15-carbon (E,E)-farnesyl diphos-
phate (FPP), which is the central precursor in insect juvenile hormone
biosynthesis, and 20-carbon all-trans geranylgeranyl diphosphate
(GGPP) (Noriega, 2014; Tholl, 2015). There is growing evidence that
insects have evolved trans-IDS-type enzymes, which possess terpene
synthase (TPS) activity and convert GPP or FPP into 10-carbon mono-
terpene and 15-carbon sesquiterpene pheromones or their respective
precursors. For example, I. pini uses a bifunctional IDS/TPS enzyme that
makes myrcene, the precursor of its aggregation pheromone ipsdienol,
from GPP (Gilg et al., 2005, 2009). In males of the striped flea beetle
Phyllotreta striolata (Chrysomelidae: Galerucinae), four members of a
clade of six IDS-type enzymes, derived from FPP synthases, were found
to function as sesquiterpene synthases (Beran et al., 2016), one of which
(PsTPS1) catalyzes the conversion of (Z,E)-FPP to the sesquiterpene
himachala-9,11-diene as the major aggregation pheromone component.
Moreover, in the nymphalid butterfly Heliconius melpomene a TPS has
been identified that is related to trans-GGPP synthases but uses GPP as
substrate to produce the monoterpene anti-aphrodisiac p-ocimene
(Darragh et al., 2021).

Despite these findings, insufficient genomic information has largely
prevented a more detailed investigation of the biosynthetic evolution of
terpene semiochemicals in insects at the levels of gene structure,
expression, and family organization. Pheromone evolution has been
associated with the expansion and differential expression of biosynthetic
gene families as has been shown, for example, in the formation of long
chain hydrocarbon and fatty alcohol pheromones in Drosophila and
bumble bees (Fang et al., 2009; Shirangi et al., 2009; Tupec et al., 2019).
To what extent TPS genes and their functions have diversified or
remained conserved in TPS gene families throughout insect evolution is
unknown. To address these questions, we investigate the evolution of
terpene biosynthesis in stink bugs (Hemiptera: Pentatomidae) and he-
mipteran insects in general. The order Hemiptera represents a large and
diversified group of terrestrial and aquatic piercing-sucking insects,
which undergo incomplete metamorphosis and retain many ancestral
insect states (Panfilio and Angelini, 2018). Hemipteran insects include
true bugs such as pentatomids in the suborder Heteroptera, aphids,
whiteflies, and scale insects (suborder Sternorrhyncha), cicadas and
planthoppers (suborder Auchenorrhyncha), and moss bugs (suborder
Coleorrhyncha) (Johnson et al., 2018). Many species, especially in the
Heteroptera and Sternorrhyncha, have been documented for their
terpene pheromones and defense secretions (Table S1 and references
therein). The occurrence of terpenes in these groups and even older
insect orders such as termites and cockroaches (Blattodea) and stick
insects (Phasmatodea) (Persoons et al., 1979; Piskorski et al., 2007;
Smith et al., 1979) suggests an emergence of terpene specialized meta-
bolism in insects as early as 300-350 million years ago (mya) during the
radiation of seed plants.

Stink bugs are represented by a diverse group of species that include
herbivores and carnivores as well as specialists and generalists with
effective mechanisms of chemical communication (Cokl et al., 2017).
Their ability to easily adapt to different environmental conditions has
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caused several species to become economically important pests with
severe impact on many agricultural crops in the Neotropics and world-
wide (Weber et al., 2018). Mature males of many pentatomids emit
sesquiterpenes as sex or aggregation pheromones (Tholl, 2021; Weber
et al., 2018). For instance, the southern green stink bug Nezara viridula, a
globally invasive pest, releases the aggregation pheromone trans-/-
cis-(Z)-a-bisabolene epoxide (Aldrich et al., 1987; Harris and Todd,
1980) (Fig. 1). We previously discovered an N. viridula IDS-type TPS
enzyme, which catalyzes the conversion of (E,E)-FPP to (+)-(S,
Z)-a-bisabolene as the likely precursor of the pheromone (Lancaster
etal., 2019) (Fig. 1). In addition, our investigation of the harlequin bug,
Murgantia histrionica, a crucifer specialist native to Central America
(tribe Strachiini), led to the identification of an IDS-type TPS, which
makes (1S,6S,7R)-1,10-bisaboladien-1-ol (sesquipiperitol) as a terpene
intermediate in the biosynthesis of its aggregation pheromone 10,
11-epoxy-1-bisabolen-3-ol named murgantiol (Khrimian et al., 2014a;
Lancaster et al., 2018) (Fig. 1).

Interestingly, other pentatomid species release structurally identical
or similar cyclic bisabolane-type terpene pheromones despite their
different geographic origin or tribe-specific association. For instance,
the aggregation pheromone of the brown marmorated stink bug,
Halyomorpha halys (Stal) (tribe Cappaeini), an invasive generalist native
to Asia, is structurally identical to murgantiol although of a different
stereoisomeric composition (Khrimian et al., 2014a, 2014b) (Fig. 1). In
addition, several other stink bug species of severe pest status in South
America, the rice stink bugs Oebalus poecilus and Mormidea v-luteum and
the rice stalk stink bug Tibraca limbativentris (Borges et al., 2006; de
Oliveira et al., 2013; Moliterno et al., 2021) use sesquipiperitol or pu-
tative intermediates of the murgantiol pathway as pheromone constit-
uents (Fig. 1). In this study, we seek not only to understand the
biosynthetic origin of these overlapping pheromone chemistries to
provide information on the functional evolution of IDS-type TPS genes
in these stink bug species, but also to shed light on the more general
question as to what extent pheromone biosynthetic enzymes diversify or
remain conserved in insect or animal speciation in comparison to
functionally related enzymes in plants and other organisms.

We show, based on genome analysis of IDS-type TPS gene families
and phylogenetic comparison, that pentatomid IDS-type TPS genes
evolved by an early paralogous divergence of two TPS clades with clade-
specific conservation of TPS gene function upon speciation, albeit with
different tissue specificity. Our results suggest a limited degree of
functional divergence in terpene pheromone evolution in an insect
family, which stands in contrast to the high level of TPS gene diversi-
fication in plants (Chen et al., 2011) and the dynamics of other gene
families in pheromone evolution. Gene mining and phylogenetic anal-
ysis of IDS-like genes in other hemipteran lineages further provide evi-
dence for an ancient divergence of IDS-type TPS genes from IDS (FPPS)
genes in correlation with the evolution of terpene semiochemicals in
hemipteran insects.

2. Materials and Methods
2.1. Chemicals

Isoprenyl diphosphate substrates were from Isoprenoids.com. Unless
otherwise specified, all other reagents and solvents were purchased from
Sigma-Aldrich.

2.2. Insects

A greenhouse colony of H. halys was started from late instar nymphs
collected from insecticide-free vegetable plots in Beltsville, MD, USDA.
Insects were reared in ventilated plastic cylinders (21 cm x 21 cm o. d.)
on a diet of organic green beans and shelled raw sunflower seeds and
buckwheat seeds (2:1 w/w), glued onto squares of brown wrapping
paper with wheat-based wallpaper paste and distilled water supplied in
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two cotton-stopped 7 cm x 2 cm o. d. Shell vials held together with a
rubber band. Insects were reared in a climate controlled growth cham-
ber (25 + 5 °C, 16:8 h L:D, 65% RH). Eggs were collected weekly and
hatched in plastic Petri dishes with a water vial, and after molting to
second-instars, the nymphs were transferred to the larger rearing con-
tainers as described above for the remaining four instars. Newly eclosed
adults were removed from cages three times weekly and moved to new
cages, isolating males and females. Insects were kept until the immature
(2-3 days post molt) or mature (14-15 days post molt) adult stage.

2.3. Crude protein extracts of H. halys

Fifteen-day old virgin male and female H. halys were used to prepare
crude protein extracts. Whole bugs were frozen in liquid nitrogen, pul-
verized with a mortar and pestle, and suspended in assay buffer (25 mM
HEPES, 5 mM MgCl,, 10% glycerol, 0.5 mM PMSF, 1 mM DTT, pH 7).
Samples were centrifuged for 15 min at 16000xg and the supernatant
collected. Protein concentration was determined with a Bradford Assay
(Bio-Rad) according to the manufacturer’s instructions.

2.4. Identification and cloning of IDS-type TPS genes from H. halys and
N. viridula

A search for putative IDS-type genes of H. halys was performed by a
tBLASTn search in NCBI with organism restricted to H. halys and using
the amino acid sequences of MhTPS (MG662378.1) and MhFPPS
(MG662379.1) from M. histrionica (Lancaster et al.,, 2018), the
GPPS/TPS (AAX55632.1) and FPPS (AAX55631.1) sequences from
L pini, and the TPS1 (KT959248) sequence from P. striolata (Beran et al.,
2016; Gilg et al., 2009) as queries. Sequences of HhIDS1-7 (Table S2,
Fig. S1) were identified in the H. halys genome assembly
(GCA_000696795.1; official gene set halhal OGSv1.1 - https://data.nal.
usda.gov/dataset/halyomorpha-halys-official-gene-sets-v10-and-v11)
and transcriptome (SRA acc. no. SRP040652) (Sparks et al., 2014,
2020). Total RNA was extracted from individual mature (14-15 days
post molt) H. halys males and females using Trizol reagent (Invitrogen,
Thermo Fisher Scientific) according to the manufacturer’s protocol.
RNA was DNase treated with RQ1 DNase I (Promega, Madison, WI) and
purified using the RNeasy Plant Mini Kit (Qiagen). Full length cDNAs for
HhIDS1, HhIDS2 and HhIDS7 were generated from total male RNA using
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Fig. 1. Sesquiterpene aggregation pheromones and
their precursors in stink bugs (pentatomids) with pest
status in the Neotropics or worldwide. The harlequin
bug Murgantia histrionica and the brown marmorated
stink bug Halyomorpha halys share the same phero-
mone compound (10,11-epoxy-1-bisabolen-3-ol,
boxed) although with different stereoisomeric
composition. The precursor sesquipiperitol is made by
an IDS-type terpene synthase (TPS) enzyme from the
central intermediate (E,E)-FPP. Depicted species in
the tribe Carpocorini release pheromones of the
- sesquipiperitol/10,11-epoxy-1-bisabolen-3-0l  (mur-
gantiol) complex including zingiberenol, a putative
pathway intermediate. The southern green stink bug
Nezara viridula and its relative Chinavia impicticornis
emit cis/trans-(Z)-a-bisabolene epoxide isomers as
major pheromone constituents (boxed). The precursor
(Z)-a-bisabolene is produced by an IDS-type TPS from
(E,E)-FPP in N. viridula. Dashed arrows indicate pu-
tative enzymatic steps. The inset shows native regions
and current distributions of species. Depicted insects
are modified from images by Gabor Vetek
(N. viridula), Douglas Napier (C. impicticornis), Inse-
tologia (M. v-luteum), Natasha Wright, Braman
Termite & Pest Elimination, Bugwood.org
(O. poecilus), Lucas Rubio (T. limbativentris), and
Daniel Frank (M. histrionica).
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GoScript reverse transcriptase (Promega) and primers listed in Table S3.
Target sequences were amplified using Q5 proofreading DNA polymer-
ase (New England Biolabs) and ligated into the pGEM-T Easy vector
(Promega). Sequences were verified before cloning into expression
vectors. cDNAs for HhIDS3, HhIDS4, HhIDS5 and HhIDS6 could not be
amplified from male or female RNA. Sequences for HhIDS1 (HhTPS2),
HhIDS2 (HhFPPS) and HhIDS7 (HhTPS1) were verified by Sanger
sequencing and have been deposited in the GenBank database under
accession numbers MG870387 (HhTPS1), MG917093 (HhTPS2) and
MG870389 (HhFPPS).

A putative sesquipiperitol synthase was identified from N. viridula
using publicly available transcriptome data with tBLASTn searches and
the functionally characterized sesquipiperitol synthase MhTPS
(MG662378.1) from M. histrionica as the query sequence. Total RNA was
extracted from fat body tissue of five mature (14-15 days post molt)
N. viridula males using Trizol Reagent according to the manufacturer’s
protocol. RNA was DNase treated with RQ1 DNase I (Promega, Madison,
WI) and purified using the RNeasy Plant Mini Kit (Qiagen). Full length
NVTPS2 cDNA was generated from total RNA using the SuperScript II
Reverse Transcription Kit (Invitrogen) and Q5 proofreading DNA poly-
merase. Amplification was performed with primers carrying attb sites
for Gateway cloning (Table S3). The resulting amplicon was transferred
by Gateway BP reaction (Invitrogen) into the donor vector pPDONR/Zeo
(Invitrogen) and sequenced. The NvTPS2 sequence has been deposited in
the GenBank database under accession number ON934605.

2.5. Heterologous expression of recombinant HhFPPS

Full-length HhFPPS (HhIDS2) was amplified from the pGEM-T Easy
construct with Q5 DNA polymerase and cloned into the pEXP5-NT/
TOPO expression vector containing an N-terminal 6x histidine tag
(Invitrogen). The resulting construct was transformed into Escherichia
coli strain BL21(DE3)pLysS (Life Technologies). E. coli cultures (50 mL)
were grown at 37 °C and 220 rpm and induced with 1 mM IPTG after
reaching an ODggg of 0.6. Cells were cultivated at 18 °C for another 18 h,
centrifuged for 15 min at 5,000xg at 4 °C, and resuspended in 2 mL
extraction buffer (50 mM Tris HCI [pH 7.5], 20 mM imidazole, 300 mM
NacCl, 10% glycerol (v/v), 5 mM MgCl,, 2 mM DTT) supplemented with
0.3 mg/mL lysozyme (AppliChem), 2.5 U/mL benzonase (Novagen) and
proteinase inhibitors (Protease Inhibitor Mix HP, SERVA). Following
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incubation at 4 °C for 30 min on ice, cells were disrupted with a soni-
cator (Bandelin UW2070, 50%, 4 x 30 s treatment) and lysates centri-
fuged at 4 °C for 30 min at 15000xg to obtain soluble fractions.
Recombinant proteins were purified using Ni-NTA Spin Columns (Qia-
gen) according to the manufacturer’s instructions. In preparation for
enzymatic assays, the buffer was exchanged with 25 mM 3-(N-mor-
pholino)-2-hydroxypropanesulfonic acid (MOPSO, pH 7.2, 10% [v/v]
glycerol, 1 mM DTT, 5 mM MgCl,) using PD-10 Desalting Columns (GE
Healthcare Life Sciences).

2.6. Heterologous expression of recombinant HhTPS1, HhTPS2, and
NvTPS2

Due to difficulties in the cloning process, HhTPS1 (HhIDS7) and
HhTPS2 (HhIDS1) were synthesized by GenScript (Piscataway, NJ) with
codon optimization for E. coli and cloned into the pET19b bacterial
expression vector with fusion to an N-terminal histidine tag. The vector
construct was transformed into E. coli BL21(DE3)pLysS cells (Invitrogen)
and single colonies were selected at 18 °C on LB with ampicillin (100 pg/
mL) and chloramphenicol (34 pg/mL). Cells were grown overnight in 5
mL LB plus antibiotics at 37 °C prior to inoculation of 200 mL of the
same medium. Following cultivation at 18 °C for 4-8 h to an ODgqg of
0.50, protein expression was induced with 0.5 mM IPTG and the cells
were cultivated for another 48 h. Cells were then washed in 100 mL
wash buffer (20 mM Tris-HCl, 50 mM KCl, pH 7), pelleted and resus-
pended in 15 mL cell lysis buffer (50 mM NaH2PO4, 300 mM NacCl, 5 mM
imidazole, 0.5 mM PMSF, 2 mM DTT, pH 8) followed by sonication on
ice for 2 x 30 s (1 min interval) at 20% amplitude (Branson Digital
Sonifier). The supernatant was purified with Ni-NTA agarose (Qiagen)
using three washes with wash buffer (50 mM Tris-HCl, 500 mM NacCl,
10% glycerol, 1 mM DTT, pH 8) containing 30 mM imidazole and the
target protein was eluted in a 1 mL fraction with elution buffer (50 mM
Tris-HCl, 500 mM NacCl, 250 mM imidazole, 10% glycerol, 1 mM DTT,
pH8) prior to desalting into TPS assay buffer (25 mM HEPES, 10 mM
MgCly, 10% glycerol, pH 7) with PD MiniTrap G-25 desalting columns
(GE Healthcare).

NyTPS2 was cloned into the pDEST-His-MBP expression vector
(Addgene plasmid # 11,085) via Gateway LR cloning (Invitrogen) and
transformed into E. coli BL21(DE3)pLysS cells (Nallamsetty et al., 2005).
Single colonies were selected at 37 °C on LB with ampicillin (100 pg/mL)
and chloramphenicol (34 pg/mL). Expression cultures (50 mL of auto-
induction media, MilliporeSigma) were started from 5 mL overnight LB
cultures and incubated at 18 °C for 72 h. Cells were pelleted and washed
in 50 mL pellet wash buffer (see above), pelleted, and resuspended in 15
mL cell lysis buffer (50 mM Tris-HCIl, 500 mM NacCl, 20 mM imidazole,
10% glycerol, 1% Tween-20, 0.5 mM PMSF, 1 mM DTT, pH 8). Cells
were then sonicated as described. The recombinant protein was purified
with Ni-NTA agarose using two washes of wash buffer containing 20 mM
imidazole and eluted as 500 pL fractions with elution buffer as described
above.

2.7. IDS activity assay and analysis

To determine IDS activity of HhFPPS, enzyme assays were performed
with 96 pl of Ni-NTA purified protein mixed with 2 pl 50 pM isopentenyl
diphosphate (IPP) and 2 pl 50 pM dimethylallyl diphosphate (DMAPP)
and incubated at 30 °C for 2 h. IDS enzyme products were analyzed
according to Beran et al. (2016) with an Agilent 1260 HPLC system
(Agilent Technologies) coupled to an API 5000 triple-quadrupole mass
spectrometer (AB Sciex Instruments).

2.8. TPS activity assay
To determine TPS activity in crude protein extracts from whole male

and female H. halys bugs, extracts (100 pg total protein) were incubated
with 100 pM (E,E)-FPP in 25 mM HEPES, 5 mM MgCly, 10% glycerol, pH
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7, at a final volume of 200 pL. Assays were overlaid with an equal vol-
ume of hexane and incubated for 6 h at 30 °C. Terpene products were
extracted by vigorous mixing for 15 s and the organic phase was sepa-
rated by centrifugation at 4000xg for 10 min prior to drying over
MgSO4. One pl of sample was used for GC-MS analysis. Assays with the
recombinant HhTPS proteins were performed in assay buffer (see above)
in a total volume of 100 pl with Ni-NTA purified protein, 1 mM DTT, and
50 pM of (E,E)-, (Z,E)- or (Z,Z)-FPP. Assays were incubated at 30 °C for 1
h with a 100 pL hexane overlay followed by product extraction and
analysis as described above. TPS activity of purified, recombinant
NyTPS2 protein was determined in assay buffer (25 mM HEPES, 10%
glycerol, pH 7) with 1 mM DTT, 10 mM MgCl, and 60 pM of (E,E)-, (Z,E)-
or (Z,Z)-FPP in a total volume of 1 mL. Reactions were incubated at 30 °C
for 30 min and assay products adsorbed in the headspace by automated
solid phase microextraction (SPME) prior to GC-MS analysis.

2.9. Quantitative (real Time)-Reverse transcription PCR (qRT-PCR)
analysis

For sex-specific gene expression analysis from whole bugs, mature
(15 days post molt) male and female insects were fixed by adding hexane
to a sealed jar and then frozen in liquid nitrogen. Single males and fe-
males were used as individual replicates. For tissue-specific gene
expression analysis, male insects were killed with hexane vapor in a
screw top jar and dissected in PBS. For each replicate, five insects were
dissected with the tissues frozen in liquid nitrogen between dissections.
Each replicate contained the pooled tissue of five individuals. Tissue
groups were midgut, abdominal soft tissue minus midgut, and abdom-
inal cuticle including attached epithelial cells. Samples were kept at
—80 °C prior to RNA extraction. RNA was extracted from whole bugs or
pooled tissue samples with the Trizol reagent as described above. cDNAs
were generated from total RNA using the SuperScript II Reverse Tran-
scription Kit (Invitrogen). Relative transcript abundance was measured
by qRT-PCR using the delta-delta Ct method and normalized to the 30 S
ribosomal protein S4 (RpS4) (Livak and Schmittgen, 2001). Primers
were designed to amplify a fragment of approximately 100 bp using
Geneious (v. 2022.0.1) and tested for non-specific binding. Reaction
plates contained 2 pl ¢cDNA (5 ng/pl), 0.6 pL of each primer (300 nM
final concentration), 6.8 pl dH30 and 10 pl PowerSYBR Green PCR
Master Mix (Applied Biosystems, Thermo Fisher Scientific) per well. The
samples were analyzed using Applied Biosystems QuantStudio6 Pro with
default settings (50 °C 2 min, 95 °C 10 min followed by 40 cycles of
95 °C 15, 60 °C 1 min). Primers were tested for non-specific amplifi-
cation by analyzing the dissociation curve after PCR. Significance was
measured using Student’s t-test or one-way ANOVA.

2.10. Gas chromatography-mass spectrometry (GC-MS) analysis of
enzyme products

Enzymatic products obtained from TPS assays with crude protein
extract or purified recombinant enzymes of H. halys were analyzed by
GC-MS applying liquid injection at 240 °C in a splitless mode (crude
protein) or in a split 5 mode (purified protein). SPME-adsorbed products
from assays with recombinant NVTPS2 were thermally desorbed at
240 °C and analyzed in splitless mode. Compounds were separated on a
GC-2010 gas chromatograph (Shimadzu) using a 30 m x 0.25 mm i. d. X
0.25 pm film Zebron ZB-XLB column (Phenomenex) coupled with a
QP2010S mass spectrometer (Shimadzu). The GC program was as fol-
lows: 40 °C with 2 min hold, then raised to 220 °C at 5 °C/min, then
raised to 240 °C at 70 °C/min followed by a 2 min hold time. Mass
spectrometry was performed with an ion source temperature of 240 °C,
interface temperature of 280 °C, electron ionization (EI) potential of 70
eV and scan range of 50-400 atomic mass units. Helium was used as a
carrier gas at 1.4 or 1.9 mL/min. Terpene olefin and alcohol products
were identified by comparison of retention times and mass spectra with
those of authentic standards.
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2.11. Determination of the stereospecificity of the HhTPS1 sesquipiperitol
product

To identify the stereospecific configuration of the sesquipiperitol
product of HhTPS1, several stereoisomers were produced for chemical
correlations as described previously by Lancaster et al. (2018). Oxida-
tion of the HhTPS1 product to sesquipiperitone and conversion to
bisabolanes by dehydration/hydrogenation was performed following
the procedures described by Lancaster et al. (2018). Gas chromato-
graphic comparison of the bisabolane derivatives of HhTPS1-produced
sesquipiperitol with Dbisabolane standards obtained by dehy-
dration/hydrogenation from stereo-defined zingiberenols was per-
formed on a Hydrodex B-6TBDM column (25 m x 0.25 mm ID) under the
following conditions: 50 °C (5 min) to 90 °C at 10 °C/min; Hy was the
carrier gas at a flow rate of 1.5 mL/min; the injection temperature was
200 °C; the detector temperature (FID) was 200 °C. GC-MS analyses of
synthetic R,S,R-sesquipiperitol and S,S,R-sesquipiperitol and the
HhTPS1-derived sesquipiperitol were conducted in electron impact (EI)
ionization mode at 70 eV with an Agilent Technologies 5973 mass se-
lective detector interfaced with a 6890 N GC system and equipped with a
30 m x 0.25 mm x 0.25 pm Rtx 1701 column. The column temperature
was maintained at 40 °C for 5 min, then raised to 240 °C at 7 °C/min,
then raised to 270 °C at 15 °C/min. Injections were done splitless at
260 °C. Helium was used as a carrier gas at 1 mL/min. Analyses of
sesquipiperitones were conducted on the GC-MS instrument mentioned
above using a 30 m x 0.25 mm x 0.25 pm HP-5 GC column. The column
temperature was maintained at 40 °C for 5 min, then raised to 240 °C at
7 °C/min, then raised to 270 °C at 15 °C/min. Injections were done
splitless at 260 °C. Helium was used as a carrier gas at 1 mL/min.

2.12. Homology modeling and residue analysis

Homology models of FPPS and TPS protein structures were gener-
ated by submitting full-length amino-acid sequences to the SWISS-
MODEL server (Bertoni et al., 2017; Bienert et al., 2017; Guex et al.,
2009; Studer et al., 2020; Waterhouse et al., 2018). Model quality was
evaluated based on the QMEANDisCo Global score (Studer et al., 2020).
Homology models were visually inspected and analyzed using UCSF
Chimera (Pettersen et al., 2004) by super positioning models on avail-
able crystallographic structures of IDS enzymes and complexes from the
RCSB Protein Data Bank (Berman et al., 2000). Substrates were docked
by manual positioning of ligands (e.g. FPP) from superimposed crys-
tallographic complexes. Substrate binding residues (and positions) were
identified using UCSF Chimera in tandem with Cytoscape (Shannon
et al., 2003). In brief, network models of crystallographic complexes
were created using the Residue Interaction Network Generator (RING)
server (Clementel et al., 2022), and imported into Cytoscape for anal-
ysis. Substrate binding residues were extracted from network models as
a list of first neighbor nodes that directly contact the substrate. Pyro-
phosphate and isoprenyl tail-binding designations were attributed by
visual inspection of protein complexes and comparing interatomic dis-
tances. All structural figures were rendered using UCSF Chimera.

2.13. Phylogeny of IDS (FPPS) and TPS proteins from pentatomids and
other functionally characterized insect IDS and IDS-type TPS enzymes

Protein sequences of the H. halys, M. histrionica, and N. viridula IDS-
type families were aligned with previously characterized IDSs and IDS-
type TPSs from other insects and a four vertebrate FPPS outgroup using
Clustal Omega (v1.2.2) (Sievers and Higgins, 2018) with automatically
adjusted settings. To reduce noise in the phylogeny resulting from
poorly aligned and/or saturated sites, the alignment was trimmed using
Gblocks (v0.91) (Castresana, 2000) with the following parameters: a
maximum number of contiguous non-conserved positions of 9, a mini-
mum block length of 6, and half allowed gap positions. A maximum
likelihood phylogeny was inferred using IQTree (v2.0.4) with aBayes,
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SH-aLRT (x10,000), and UFBoot2 (x10,000) support (Anisimova et al.,
2011; Diep Thi et al., 2018; Guindon et al., 2010; Minh et al., 2020). An
additional phylogeny was inferred with Bayesian methodology using
MRBAYES (v3.2.5) (Huelsenbeck and Ronquist, 2001) with 10, 000, 000
Markov chain Monte Carlo generations run over four chains and sam-
pling every 100 iterations with the first 25% of samples discarded as
burn-in. The JTT + I + G substitution model was used for both maximum
likelihood and Bayesian phylogenetic inference and was selected with
Bayesian Information Criterion using Modelfinder (Kalyaanamoorthy
etal., 2017), limited to models supported by both IQTree and MRBAYES.
The resulting consensus phylogenies were visualized and edited using
iTOL (v6.5.2) (Letunic and Bork, 2021).

2.14. Expanded Hemiptera IDS-like protein phylogenies

Potential hemipteran IDS-like gene transcripts were mined using a
tBLASTn-based approach. Only FPPS-like genes were considered
excluding putative GGPP synthase-like genes and long chain polyprenyl
diphosphate synthases. All H. halys IDS and IDS-type TPS protein se-
quences were used as search queries in tBLASTn searches of the NCBI
Nucleotide collection and Transcriptome Shotgun Archive. The search
was restricted to sequences from hemipteran species with a maximum
number of 5000 target sequences and other parameters set to default. All
obtained sequences (as of November 2021) were downloaded and
duplicate sequences by accession number were removed. Open reading
frames beginning with ATG and above 900 bp in length were predicted
using the “Find ORFs” function in Geneious Prime (v.2021.1.1),
extracted, and translated. Predicted coding sequences that did not
contain any IDS characteristic motifs were removed as were duplicates
or near-duplicates from the same species, with preference given to the
longer sequence and/or sequences obtained from the NCBI Nucleotide
collection in the case when sequences were near the same length. The
translated sequences were aligned and trimmed with Gblocks as
described above with the inclusion of an outgroup of five characterized
coleopteran FPPS proteins generating a final alignment of 306 se-
quences, containing 241 aligned positions. The alignment was used to
infer a maximum likelihood phylogeny using IQTree (v2.0.4) with
aBayes, SH-aLRT (x1,000), and UFBoot2 (x1,000) support and applying
the LG + R6 substitution model selected by Modelfinder by Bayesian
Information Criterion. The consensus phylogeny was visualized and
annotated in iTOL.

2.15. Selection analysis of IDS and IDS-type TPS genes

A codon alignment of pentatomid IDS-type TPS genes and hemip-
teran IDS (FPPS) genes with known or inferred function was generated
using Clustal Omega with default parameters in conjunction with the
Translation Align function in Geneious Prime (v 2021.1.1). The align-
ment was trimmed using Gblocks with the parameters described above.
A consensus maximum likelihood phylogeny was inferred using IQTree
with SH-aLRT (x1000), UFboot (x1000), and aBayes support using the
codon substitution model, MG+F3X4+R3, selected by Modelfinder. To
detect and compare differences in gene-wide substitution ratios (w) (i.e.,
dn:ds, the ratio of substitution rates at non-synonymous sites to those at
synonymous sites) between IDS and IDS-type TPS clades in the phy-
logeny, branch models were fit using PAML (Yang, 2007) utilizing the
graphical user interface, EasyCodeML (v1.4) (Gao et al., 2019). The
likelihood of a two-ratio branch model (in which the average gene-wide
® of the TPS clade was permitted to vary from o of the IDS background)
was compared to that from a one-ratio model (in which a uniform
gene-wide m was estimated for all branches) using a likelihood ratio test
(LRT). Branch-site models were also fit with codeML (PAML v4.9j) to
compare site-specific selection pressures across branches in the phy-
logeny and to test for evidence of positive selection that may be
obscured in gene-wide w estimations. Evidence for positive selection was
statistically assessed with LRTs comparing Hp models (fix omega = 1,
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fixing foreground wy values equal to 1 as for the background) to H;
models (fix omega = 0, in which foreground wy was permitted to be
estimated >1, indicative of positive selection). Multiple-testing correc-
tions were applied using the Bonferroni correction method according to
Anisimova and Yang (2007).

3. Results

3.1. Identification and functional characteristics of an IDS-like gene
family in H. halys

For a deeper investigation of the evolution and function of IDS-like
TPS genes involved in pentatomid pheromone biosynthesis, we first
mined IDS-like genes in the available H. halys genome assembly and
transcriptome (Sparks et al., 2014, 2020) using query sequences of the
functionally characterized IDS-type TPS and FPPS proteins from
M. histrionica (Lancaster et al., 2018), the bifunctional GPPS/TPS from
L pini, and TPS1 from P. striolata (Beran et al., 2016; Gilg et al., 2009).
Mining of the H. halys genome resulted in the identification of seven
IDS-like sequences (HhIDS1-7, Table S2). Transcriptomic data obtained
from different sexes and developmental stages showed two of the pu-
tative genes were highly expressed in both males and females (HhIDS2
and HhIDS7, RNA IDs XM _014420915.1 and XM _014420697.1, respec-
tively), one gene showed low but proportionally higher expression in
males than females (HhIDS1, RNA ID XM_014433717.1), and a fourth
(HhIDS6, RNA ID XM_014433739.1) was weakly expressed in both sexes
(Sparks et al., 2014, 2017). No transcripts were reported for sequences
HhIDS3, HhIDS4, and HhIDS5 although full length sequences of these
genes had been retrieved from the H. halys genome. In accordance with
the observed transcript abundances, full length ¢cDNAs could only be
amplified for HhIDS1, HhIDS2, and HhIDS7 from RNA extracted from
mature H. halys males, while no amplicons were obtained from the
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remaining genes. The corresponding HhIDS1 protein (43.78 kDa) con-
tains 377 amino acids, while the HhIDS2 protein (46.31 kDa) and the
HhIDS7 protein (41.98 kDa) contain 403 and 368 amino acids, respec-
tively (Fig. S1).

Full length clones of these genes were then expressed in E. coli for
functional characterization. Hexane extraction and GC-MS analysis of
the volatile products released from recombinant HhIDS7 protein incu-
bated with (E,E)-FPP showed the presence of large amounts of sesqui-
piperitol (Fig. 2A and B, Fig. S2). The same product, although at lower
amounts, was made in the presence of (Z,E)-FPP while no product was
detected with (Z,Z)-FPP as the substrate (Fig. S3A). Assays with HhIDS7
protein also showed trace amounts of the sesquiterpene olefins y-cur-
cumene, o-zingiberene and f-sesquiphellandrene (Fig. 2A; Fig. S2),
which are likely thermal dehydration products of sesquipiperitol at high
temperature (240 °C) of the GC injection port as was found by Lancaster
et al. (2018). We did not test whether changes in cofactor type and
modifications of pH conditions would alter the enzymatic product pro-
file of the H. halys sesquipiperitol synthase as was reported previously
for insect IDS enzymes (Frick et al., 2013). However, such modifications
did not alter product specificity of the related M. histrionica sesquipi-
peritol synthase (Lancaster et al., 2018) suggesting a similar outcome for
the H. halys enzyme.

To compare the configuration of the sesquipiperitol product of
HhIDS7 with that of the sesquipiperitol made by the M. histrionica TPS1
enzyme and the configuration of the H. halys pheromone components,
we first determined the relative configuration at C-6 and C-7. Oxidation
of the enzymatic product to sesquipiperitone defined a relative 6S,7R or
6R,7S configuration (Fig. S4). By converting sesquipiperitol to bisabo-
lanes, we further determined the stereochemistry at C-7 to be R, which
resulted in an absolute configuration of 6S, 7R (Fig. S5). Subsequent
comparison of the HhTPS7 product with 15,6S,7R and 1R,6S,7R ses-
quipiperitols on a non-chiral Rtx 1701 column determined an S-
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configuration at C-1 and thus an overall 1S,6S,7R stereochemistry
(Fig. S6). This absolute configuration is identical to that of the sesqui-
piperitol produced by the M. histrionica TPS enzyme and the 6S,7R
configuration matches those of the H. halys (and M. histrionica) phero-
mone products (Khrimian et al., 2014a, 2014b). We further confirmed
the presence of sesquipiperitol synthase activity in crude protein lysates
from whole mature male H. halys bugs (Fig. 2C). An enzymatic product
with the retention time and mass spectrum identical to that of sesqui-
piperitol was identified in crude protein extracts of males but not fe-
males where only putative farnesol isomers were detected.

Expression of the recombinant HhIDS1 protein and examination of
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TPS activity showed that the protein produced several sesquiterpene
olefins and alcohols at low abundance when exposed to either (E,E)-FPP
or (Z,E)-FPP as substrates, the most prominent being identified puta-
tively as elemol (Fig. S3B). This product was, however, not detected in
crude protein lysates (Fig. 2C). Recombinant HhIDS2 protein did not
make a terpene product when assayed with different FPP isomers.
Instead, the HhIDS2 enzyme converted the prenyl diphosphate pre-
cursors IPP and DMAPP to (E,E)-FPP but no other FPP isomer (Fig. 2D).
Due to the TPS activities of HhIDS7 and HhIDS1 we designate these
enzymes hereafter as HhTPS1 and HhTPS2, respectively. Furthermore,
we designate HhIDS2 as HhFPPS because of its ability to function as an
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Fig. 3. Expression, genomic organization and structure of genes of the H. halys IDS/TPS family. (A) Transcript abundance of HhFPPS, HhTPS1, HhTPS2 as determined
by qRT-PCR in mature H. halys females and males (n = 3, +SD) and (B-D) in different tissue types of mature H. halys males (n = 3, +SD). Significance was determined
using (A) student’s t-test and (B-C) one-way analysis of variance (ANOVA) and means grouped by Tukey’s HSD; *P < 0.05, ***P < 0.001, ****P < 0.0001. H. halys
gene expression was normalized against the RpS4 housekeeping gene and transcript abundance is shown relative to that in female or the cuticle tissue as determined
by qRT-PCR. (E) Genomic organization of H. halys FPPS and IDS-type genes. Colored arrows indicate clustered gene positions on three different genome scaffolds. (F)
Exon-intron structures of H. halys IDS-type genes. Exons are depicted by boxes and introns are depicted by lines.
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IDS enzyme and lack of TPS activity. Cross-species sequence comparison
showed an expectedly high degree of sequence similarity between
HAFPPS and canonical FPPSs of other pentatomids (MhFPPS, NvFPPS)
(Fig. S1, Table S4). In addition, HhTPS1 was found to be highly identical
to the sesquipiperitol synthase from Murgantia histrionica (MhTPS1),
which indicates a high level of functional gene/protein conservation in
the pheromone biosynthetic pathway of both species.

3.2. Sex and tissue specific expression of H. halys TPS and FPPS genes

To determine the sex-specificity of HhTPS1, HhTPS2, and HhFPPS
expression, the transcript abundance of these genes was examined in
whole mature males and females (Fig. 3A). HhTPS1 was found to be
expressed in males at high levels, whereas transcript abundances of
HhTPS2 and HhFPPS were comparatively low in both sexes (Fig. 3A,
Fig. S7). Transcript levels of HhTPS2 were found to be slightly elevated
in females (Fig. S7) suggesting that this TPS could be involved in female
specific terpene metabolism. However, no terpene synthase activity
other than the formation of sesquipiperitol was detected in crude ex-
tracts of H. halys males and females, which provides little current evi-
dence for an in vivo function of HhTPS2.

To measure the tissue-specific expression of HhTPS1, HhTPS2, and
HhFPPS in males, mature males were dissected into the midgut, the fat
body along with other abdominal soft tissues, and the abdominal cuticle
including sternites with attached epithelial cells. Transcript abundance
of HhTPS1 was highest in the fat body compared to the mid gut and
cuticle-associated tissue and similar expression profiles, although at
lower levels, were observed for the other two genes (Fig. 3B-D). These
tissue-specific expression patterns indicate a higher degree of terpene
metabolic activity in the male fat body of H. halys.

3.3. Genomic organization, gene structures, and protein structural
changes of the H. halys IDS/TPS genes

Localization of the TPS and IDS-like genes on the H. halys genome
revealed the presence of two gene clusters with HhIDS3, HhIDS4, and
HhTPS1 forming one cluster and HhTPS2, HhIDS5, and HhIDS6 repre-
senting the second cluster (Fig. 3E). Interestingly, the HhFPPS gene does
not cluster with any other gene of the H. halys IDS-like gene family. All
genes consist of eight exons and seven introns (Fig. 3F). However,
several introns of the HhFPPS gene are expanded in size compared to
those of the clustered HhIDS/TPS genes. Amino acid sequence identities
of the proteins encoded by genes of the same cluster range between 60
and 89% suggesting their emergence by tandem gene duplications,
whereas amino acid sequences between the two clusters share only 40%
or lower identity (Table S4). HhFPPS represents the most distant mem-
ber of the family with only 20-23% amino acid sequence identity rela-
tive to other HhIDS/TPS proteins.

We further determined the position of introns and corresponding
intron phases in the genes of H. halys in comparison to those of FPP
synthase and IDS-type TPS genes from other insects (Fig. S8). With
exception of the first intron, all genes of the H. halys IDS-type gene
family share the same position and intron phases of their six other in-
trons. These intron positions and phases were also found to be conserved
in FPPS genes of aphids (Acyrthosiphon pisum) and cockroaches (Blattella
germanica), which supports the notion that Hemiptera and Blattodea
share the same ancestral exon-intron structure of FPPS genes and this
gene architecture has been conserved in the IDS-type TPS genes in
H. halys and likely other pentatomids (Fig. S8). Further comparison of
the H. halys genes with FPPS genes from representatives of Lepidoptera
(Bombyx mori), Diptera (Drosophila melanogaster) and Coleoptera (Den-
droctonus ponderosae, Tribolium castaneum, Phyllotreta striolata) showed
an overlap in two to four intron positions (Fig. S8). Notably, the number
of introns in the FPPS genes of T. castaneum and P. striolata has been
reduced to three and their positions have been, similarly to those in
H. halys, retained in the IDS-type TPS genes of P. striolata. The fact that
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the TPS genes of H. halys and P. striolata share the same number of in-
trons and identical intron positions with their respective FPPS genes in
the same species and other species of the same order supports an inde-
pendent emergence of TPS genes from FPPS progenitors in these
lineages.

To identify potential structural modifications of the H. halys TPS
proteins in comparison to bonafide IDS enzymes, we compared the
amino acid sequences from HhTPS1, HhTPS2 and the other H. halys IDS-
type proteins with those from HhFPPS and other stink bug FPPSs
(Fig. S1). We identified several residue substitutions indicative for the
neofunctionalization of IDS-type TPS enzymes such as the replacement
of aromatic amino acid residues in position 4 and 5 upstream of the first
aspartate rich motif with smaller, aliphatic residues (Fig. S1). These non-
aromatic residues are likely critical for TPS activity by facilitating
proper positioning of the FPP substrate and subsequent cyclization as
was assumed from substitutions of these residues in the M. histrionica
TPS protein (Lancaster et al., 2018). Moreover, all H. halys IDSs or TPSs
exhibit substitutions to several putative IPP binding residues, which we
predicted to be present in FPPS proteins based on crystallographic
structures of IDS enzymes (Fig. S1, Fig. S9). Structural analysis of
HRhFPPS and HhTPS1 models suggests that substitutions at the IPP
binding residue positions presumably prevent proper binding of the
diphosphate moiety and positioning of the prenyl tail of IPP, thereby
facilitating binding and conversion of a single allylic substrate (FPP)
(Fig. S9). Mutational analysis will be required to corroborate changes of
enzymatic activity resulting from these substitutions.

3.4. Identification of a sesquipiperitol synthase and genomic localization
of IDS-type genes in N. viridula and Euschistus heros

Unexpectedly, BLAST searches of more recent publicly available
genome (https://www.ncbi.nlm.nih.gov/assembly/GCA_928085145.1
/#/st) and transcriptome resources of the southern green stink bug
N. viridula identified an as-yet-uncharacterized IDS-like gene, which
shares 84% amino acid sequence identity with HhTPS1 (Table S4). This
finding suggested a conserved sesquipiperitol synthase gene function in
N. viridula different from NvTPS1, which makes the precursor (2)-
a-bisabolene for the bisabolene epoxide pheromone in this species
(Fig. 1, Fig. S1). While no transcript of this identified N. viridula gene
was present in a previously obtained transcriptome of male cuticle
associated tissue (Lancaster et al., 2019), we were able to clone a cor-
responding ¢cDNA from male fat body tissue. TPS assays with the re-
combinant protein showed that it indeed converted (E,E)-FPP to
sesquipiperitol as the main product (Fig. 4A). We therefore named this
enzyme NvTPS2. The NvTPS2 protein had limited sesquipiperitol syn-
thase activity with other FPP isomers but produced several sesquiter-
pene olefins with (Z,Z2)-FPP (Figs. SI0A and C). The recombinant
enzyme also converted GPP into several monoterpenes including small
amounts of piperitol, a C10 analog of sesquipiperitol (Fig. S10B).

We further determined the chromosome specific localization of all
genes of the IDS-type family of N. viridula. Similar as with H. halys, we
found the previously characterized NvFPPS gene (Lancaster et al., 2019)
to be positioned on a separate chromosome independently of any
IDS/TPS type gene clusters. The a-bisabolene synthase gene NvTPSI
clusters with the uncharacterized NvIDS3 gene (Lancaster et al., 2019)
and another putative IDS-like gene (NvIDS4) on chromosome 6, whereas
NVTPS2 is located on chromosome 4 without any IDS-like genes in its
proximity (Fig. 4B). While these findings indicate different degrees of
gene duplication between the N. viridula and H. halys gene families they
also suggest the presence of a sesquipiperitol synthase gene in a common
ancestor of both species.

An additional search of the genome of the neotropical brown stink
bug, Euschistus heros, a species which does not emit terpene pheromones
(Weber et al., 2018), found tandemly arranged IDS-like homologs on
two separate contigs. Despite incomplete sequence information of these
genes, one set is more closely related to that of the H. halys TPS1 cluster
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(app. 70% amino acid sequence identity; Euschistus heros isolate 2730
contig00097, accession RCWMO01000097.1), while the other shows
higher sequence similarity (53-61% amino acid sequence identity) with
genes of the H. halys TPS2 cluster (Euschistus heros isolate 2730 con-
tig00020, accession RCWMO01000020.1) suggesting gene duplication
events in the ancestor of both pentatomid species. These findings pro-
vide further evidence for the presence of IDS-like gene clusters in pen-
tatomid genomes with perhaps additional functions independent of
terpene pheromone biosynthesis.

3.5. Phylogenetic comparison of IDS-like proteins of the Pentatomidae
and other species in the Heteroptera and the order Hemiptera

Identification of the H. halys and N. viridula IDS-type family allowed
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us to refine the evolutionary relationship of IDS-like proteins both
within Pentatomidae and among related proteins of other insect species.
A phylogenetic tree inferred from maximume-likelihood analysis (see
“Phylogeny of FPPS and TPS proteins from Pentatomids” in Materials
and Methods) indicates a paralogous division of two IDS-like clades with
one clade containing the H. halys sesquipiperitol synthase (HhTPS1) and
its related HhIDS3 and HhIDS4 sequences as well as the M. histrionica
and N. viridula sesquipiperitol synthase homologs, while the other clade
contains the N. viridula a-bisabolene synthase (NvTPS1), Hh'TPS2 and its
related HhIDS5 and HhIDS6 sequences (Fig. 5). The same phylogenetic
relationship was inferred from a Bayesian analysis (Fig. S11) (see
“Phylogeny of FPPS and TPS proteins from Pentatomids” in Materials
and Methods). We refer to the two IDS-type clades from hereon as TPS-a
and b clades, respectively. The progenitor of these IDS-type clades
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Fig. 5. Phylogram of functionally characterized insect FPPS and IDS-type TPS proteins inferred from maximum likelihood analysis (IQTree v2.0.4). Node values
indicate SH-aLRT (x10,000), aBayes, and UFBoot (x10,000) support values, respectively. Branch lengths are scaled proportionately to the number of substitutions per
site. The phylogeny was rooted to a clade of vertebrate FPPS proteins. Gene accession numbers are given in Fig. S11.
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diverged from canonical FPP synthases in the pentatomids and other
Hemiptera (Fig. 5, Fig. S11). A phylogenetic comparison of pentatomid
TPSs with coleopteran FPPS and IDS/TPS proteins of P. striolata (Beran
et al., 2016) further supports the finding that IDS-like genes with TPS
function emerged independently from FPPS progenitors in these
different lineages (Fig. 5, Fig. S11).

We further determined whether different selection regimes occurred
in pentatomid TPS gene and hemipteran FPPS gene evolution by per-
forming a selection analysis in PAML (Fig. S12). An extended phylogeny
was generated including additional hemipteran putative FPPSs and IDS-
like sequences from other pentatomid species, which were obtained
from expanded gene mining as described below. Comparing different
branch models (see Materials and Methods), a significant difference was
detected in the gene-wide ratios of non-synonymous/synonymous sub-
stitutions (o values), with relaxed evolutionary constraint on the TPS
clade compared to the hemipteran FPPS background (Figs. S12A and B).
We further employed branch-site models (see Materials and Methods) to
test for site-specific positive selection underlying gene functionalization.
Evidence for positive selection was detected on branches of initial TPS
functional divergence from the FPPS clade (TO), and the originating
branches of the TPS-a and TPS-b clades (T1 and T2) (Figs. S12A and C).
As expected, we did not find significant evidence for positive selection
for the functionally conserved FPPS clade (branch 10). Moreover, there
was no significant evidence for positive selection acting on branches
within the TPS-a and TPS-b clades (branches T3 and T4; Figs. S12A and
C) despite a large proportion of codons being partitioned into relaxed
site classes, suggesting that relaxed constraint rather than positive se-
lection contributed to more recent evolutionary changes in TPS coding
sequences (Fig. S12C). Overall, our results support the notion that
pentatomid TPS genes originally diverged under positive selective
pressure but underwent limited interspecific and intraspecific diversi-
fication following clade-specific divergence.

To gain a better understanding of the broader occurrence of terpenes
in the Hemiptera, we performed a literature search of terpenes in
different hemipteran sub- and infraorders (Table S1 and references
therein). Among the Heteroptera and more specifically the pentatomids,
sesquiterpene aggregation pheromones predominantly occur in several
tribes of the Pentatominae. In addition, a number of species in the
pentatomid subfamily Asopinae (predatory stink bugs) release mono-
terpene alcohol pheromones including piperitol, which is the C10
analog of sesquipiperitol. Monoterpene secretions with functions in
attraction or defense have also been reported from several other families
in the heteropteran infraorders Pentatomomorpha and Cimicomorpha
such as the Acanthosomatidae (shield bugs), Cimicidae (bed bugs),
Cycnidae (burrowing bugs), Miridae (plant bugs), Lygaeidae (seed
bugs), Pyrrhocoridae (red bugs), Tingidae (lace bugs) and others
(Table S1 and references therein). In the hemipteran suborder Sternor-
rhyncha, aphids are well-known for their emission of the sesquiterpene
alarm pheromone p-farnesene (Pickett et al., 2013; Vandermoten et al.,
2012). In the same suborder, cyclobutane type monoterpenes and ses-
quiterpenes and several hemiterpene-, monoterpene-, and norterpene
esters occur as sex pheromones in scale insects while sesquiterpene acids
are present in the hardened excretions of lac insects (infraorder Cocco-
morpha) (Table S1 and references therein). By contrast, we did not find
any evidence of specialized terpene metabolites in cicadas, plant hop-
pers and moss bugs (suborders Auchenorrhyncha and Coleorrhyncha).

To investigate the evolution of IDS-like genes that may correlate with
and give rise to terpenes in pentatomids and the various suborders of the
Hemiptera, we mined hemipteran IDS-like genes from NCBI nucleotide
and transcriptome shotgun assembly databases using tBLASTn searches
and the H. halys IDS/TPS protein sequences as search queries. We
focused our search on FPPS-like genes excluding GGPP synthase-like
sequences. FPPS sequence homology was determined through the clus-
tering with functionally characterized FPPS-type TPS proteins in
neighbor joining phylogenies, the presence of aspartate-rich motifs
characteristic of IDS enzymes, and sequence similarity to other insect
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FPPS-like proteins in tBLASTn searches of NCBI databases. Our search
resulted in a collection of 299 unique proteins with a length of at least
300 amino acids. The mined sequences and a functionally validated
coleopteran FPPS outgroup were used to infer a maximum likelihood
phylogeny of hemipteran IDS (FPPS)-like proteins (see “Expanded
Hemiptera IDS and TPS Phylogenies” in Materials and Methods). We
found a substantial number of genes in all hemipteran suborders with
putative FPPS function (Fig. 6; Fig. S13). However, gene mining also
resulted in the identification of additional IDS-like genes in the Penta-
tomidae, which clustered closely with the genes of the TPS-a and TPS-b
clades and thus may harbor TPS function (Fig. 6; Fig. S13). These
include genes of the predatory spined soldier bug, Podisus maculiventris,
which are closely related to the characterized sesquipiperitol synthases.
Similar genes positioned in the type-a and -b clades were from the green
stink bug Chinavia impicticornis and its relative Chinavia (formerly
Acrosternum) hilaris. Mining of NCBI transcriptome shotgun assembly
databases further found IDS-like genes with expression in several other
species of the infraorder Pentatomomorpha including those with known
monoterpene defense constituents such as the burrower bug Sehirus
cinctus, the boxelder bug Boisea trivittata, and the firebug Pyrrhocoris
apterus (Farine et al., 1992; Krall et al., 1997; Palazzo and Setzer, 2009).
Notably, sequences from S. cinctus are more closely aligned with those of
the pentatomid TPS-a clade (Fig. S13), which suggests that the diver-
gence of the type-a and b clades probably occurred already in the su-
perfamily of the Pentatomoidea. Moreover, IDS-like transcripts were
present in the hemipteran infraorder Cimicomorpha, and in mealybugs
such as the cotton mealybug, Phenacoccus solenopsis, and the lac insect
Kerria lacca of the Sternorrhyncha, for which cyclobutane monoterpenes
and cyclic sesquiterpene acids have been documented as sex pheromone
and lac components, respectively (Kandasamy et al., 2021; Tabata and
Ichiki, 2016). FPPS-like genes with possible TPS function were absent in
aphids despite the presence of the alarm pheromone f-farnesene in these
species. Also, these genes were not identified in the suborders Auche-
norrhyncha and Coleorrhyncha in agreement with the lack of terpenes in
these orders. Taken together, we found evidence for the evolution of IDS
(FPPS)-like TPS genes in two main suborders of the Hemiptera, the
Heteroptera (true bugs) and the Sternorrhyncha (Figs. 6 and 7, Fig. S13).
Moreover, our phylogeny supports the emergence of hemipteran
IDS-like genes from FPPS genes in this order. Although it could not be
fully inferred from our analysis whether FPPSs and IDS-like genes
diverged independently in the two suborders or in a progenitor of these
lineages, a parsimony argument suggests this more likely occurred
within a shared ancestral lineage (Figs. 6 and 7). Notably, in our
large-scale phylogeny IDS-like sequences of the Heteroptera and Ster-
norrhyncha are more closely positioned to FPPS sequences of the Ster-
norrhyncha (Fig. 6A and B), which supports the notion of an emergence
of IDS-type TPS genes at an early stage of hemipteran evolution.

4. Discussion

Terpene pheromone and defense secretions are common among in-
sects but their biosynthetic origin and evolution are not well understood.
Our study of pheromone biosynthesis in stink bugs has provided further
evidence that terpene pheromone precursors can be made by IDS-type
TPS enzymes. Stink bug TPS families emerged in paralogous clades at
the onset of pentatomid evolution. Homologs in these clades show
functional conservation and a limited degree of divergence in contrast to
those in plant or microbial TPS families and in accordance with a smaller
number of terpene isomers used in chemical communication. We further
found that TPS genes in Pentatomidae and probably in several lineages
of terpene releasing hemipteran insects have evolved from IDS genes
with FPPS function by ancient gene duplication. This process seems to
have occurred independently in hemipteran and coleopteran insects and
probably in other insect orders.
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4.1. Stink bug TPS genes evolved from FPPS progenitors in two clades
with preserved gene function

Our analysis of the IDS-like gene family in H. halys identified six
genes positioned in two clusters, which likely emerged by gene dupli-
cations. Each cluster was found to contain a functionally active TPS
gene, while the function of the other genes remains uncertain. The ca-
nonical H. halys FPPS gene resides in a genomic position independent of
the clustered genes. Its low sequence similarity with the IDS-like genes
and extended length of introns suggest this gene to be derived from a
more ancient duplication event. Phylogenetic comparison with IDS-type
genes of other stink bugs and related species provided evidence that
each cluster of H. halys IDS-type genes belongs to a paralogous clade
named TPS-a and TPS-b, respectively. These clades most likely evolved
from a common ancestor of the Pentatomidae or possibly the Pentato-
moidea approximately more than 100 mya given the presence of puta-
tive IDS-like genes with close similarity to type-a TPS homologs in
species of burrower bugs such as Sehirus cinctus (Fig. 6, Fig. S13). We
found additional evidence for tandemly-arranged or clustered IDS-type
genes of the TPS-a or b types in the genomes of N. viridula and Euschis-
tus heros (Fig. 8A), even though no terpene pheromones are emitted by
the latter species. The extent of gene cluster formation within the TPS
type-a and -b clades differs between H. halys and the other species
suggesting varying degrees of gene duplication or loss prior to or during
speciation (Fig. 8A).

Functional characterization and phylogenetic comparison of the
pentatomid TPS genes investigated in this work and in our previous
studies show that TPS gene function has been conserved in each of the
TPS clades. The TPS-b clade contains the (Z)-a-bisabolene synthase of
N. viridula (NvTPS1), which is believed to make the precursor of the
bisabolene epoxide pheromone in this species (Lancaster et al., 2019).
Other genes positioned in this clade are from N. viridula relatives in the
genus Chinavia (or the separate genus Acrosternum), which are known as
green stink bugs (Fig. 1). Since C. impicticornis and its relatives share

Terpene function
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Fig. 8. TPS gene evolution and functionalization in pentatomids. Model of TPS
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function are in bold. Gene clusters in M. histrionica are unknown in the absence
of genomic information. Colored boxes indicate different TPS subfamilies.
SptolS, sesquipiperitol synthase; BsbS, (Z)-a-bisabolene synthase; C, cuticle-
associated tissue; F, fat body.

(Z2)-a-bisabolene type pheromones with N. viridula (Blassioli-Moraes
et al., 2012) (Fig. 1, Table S1), it can be assumed that their IDS-like
genes have a similar function in making (Z)-a-bisabolene. Within the
TPS-a clade the sesquipiperitol synthase gene function has been
conserved in at least three species (M. histrionica, H. halys and
N. viridula) independent of their subfamily status and geographical
origin. The presence of sesquipiperitol, zingiberenol and 10,11-epox-
y-1-bisabolen-3-ol as pheromone constituents of several other neotrop-
ical stink bugs (Fig. 1) further suggests that the same sesquiterpene
synthase function has been preserved in these species. Given the absence
of murgantiol-like isomers in N. viridula, the identification of a
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functional sesquipiperitol synthase (NvTPS2) was unexpected. Previous
analysis did not reveal any sesquipiperitol synthase activity in crude
protein extracts of N. viridula males (Lancaster et al., 2019). Organic
solvent extraction of adult males or females also did not provide evi-
dence for detectable amounts of sesquipiperitol or possible terpene
alcohol ester derivatives. Therefore, the in vivo function of NvTPS2 re-
mains uncertain at this time. Overall, the presence of sesquipiperitol
synthases in the genomes of several pentatomid species supports a
conserved biochemical function of this gene in a common progenitor in
association with chemical attraction and/or perhaps a different role as
may be suspected in N. viridula. Semiochemicals released by insects can
have more than one function and may serve as pheromones and defen-
sive compounds. Examples include defense secretions that appear to
have evolved secondary roles as alarm, sex or aggregation pheromones
(e.g. Sobotnik et al., 2008; Weiss et al., 2013). Therefore, it has been
hypothesized that pheromonal functions may originate from defensive
activities (Stokl and Steiger, 2017). Perhaps, sesquipiperitol and its
derived compounds have evolved in similar ways.

Our phylogenetic analysis suggests that TPS-a type genes of other
pentatomids such as the predatory stink bug, P. maculiventris may
encode enzymes with similar activity as sesquipiperitol synthase (Fig. 6,
Fig. S13). Males of P. maculiventris emit a monoterpene alcohol phero-
mone blend including small amounts of piperitol (Aldrich et al., 1986),
which makes it likely that the identified genes encode enzymes that
make monoterpene alcohols from the substrate GPP equivalent to the
formation of sesquipiperitol from FPP. It should be noted that infor-
mation on the evolutionary history of pentatomids is still limited
because of the lack of DNA-supported phylogenies (Genevcius et al.,
2021). For instance, predatory stink bugs such as P. maculiventris and
herbivorous stink bugs are currently positioned in different subfamilies
of the Asopinae and Pentatominae (Grazia et al., 2008). However, a
recent DNA-based phylogeny by Genevcius et al. (2021) positions the
Asopinae within the Pentatominae, which is consistent with our finding
of a close relationship of terpene alcohol synthases in the TPS-a clade of
the representative species of these groups.

Further analysis of the pentatomid sesquipiperitol synthases showed
that the genes exhibit differences in tissue-specific expression with
HhTPS2 and NvTPS2 being expressed in the fat body and transcript levels
of MhTPS being highest in the tissue associated with the abdominal
cuticle (Lancaster et al., 2018) (Fig. 8). Neither males of H. halys nor
M. histrionica possess pheromone glands, in contrast to male N. viridula,
which emit the bisabolene epoxide pheromone from glandular cells at
the ventral abdomen (Cribb et al., 2006). The difference in
tissue-specific gene expression suggests an evolution of different modes
of spatial organization of terpene pheromone biosynthesis in these
pentatomid species. While the formation of sesquipiperitol in the
cuticle-associated tissue of M. histrionica is most likely coupled with its
conversion to the pheromone and subsequent release from the same
tissue, sesquipiperitol produced in the fat body of H. halys likely needs to
be transported through the hemolymph to cuticle-associated cells,
where the biosynthetic pathway is completed. A similar transport
mediated by lipophorin has been described for hydrocarbon sex pher-
omones, e.g. in the spongy moth Lymantria dispar (Lepidoptera: Erebi-
dae) (Jurenka et al., 2003).

4.2. Pentatomid IDS/TPS gene families show limited expansion and
diversification compared to plants

Selection analysis of pentatomid IDS-type TPSs and hemipteran
FPPSs indicated that the TPS gene clades are under relaxed evolutionary
constraint in comparison to the FPPS clade and that periods of positive
selection may have followed past gene duplication events, which is in
accordance with the expansion of gene families resulting in novel
functions (Lespinet et al., 2002) (Fig. S12). Functional expansion and
diversification of gene families have been shown to play important roles
in pheromone evolution as has been demonstrated, for example, for gene
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families of fatty acyl reductases in the Hymenoptera (Tupec et al., 2019).
Nevertheless, it appears that, after an initial expansion, the genes within
both pentatomid TPS clades have undergone limited interspecific and
intraspecific diversification, potentially due to more recent relaxed
purifying selection and/or neutral evolution, suggesting that small-size
gene families are sufficient to generate precursors of terpene phero-
mones in pentatomid evolution. Species-dependent functionalization
occurred among this small set of genes in the type-a and type-b clades
resulting in a conserved formation of sesquiterpene alcohol or olefin
intermediates such as sesquipiperitol and (Z)-a-bisabolene. These in-
termediates require only a few steps of isomerization and/or epoxida-
tion to be converted to the final pheromone products. Thus, limited
functional diversification of TPS genes in conjunction with a small
number of derivatization steps has been successful in generating
species-specific pheromone isomeric blends. Species specificity is
further accomplished by the addition of other molecules to the phero-
mone mixture, such as fatty acid derivatives (Weber et al., 2018). There
may be other constraints that play a role in a limited diversifying se-
lection of TPS enzymes in pentatomids and other insects and animals in
general. These may include adverse physiological effects of additional
terpene products, energetic constraints of an expanded terpene meta-
bolism, and possible competition with primary terpene metabolic
pathways. It is also possible that more complex terpene blends may
affect proper perception of the pheromone signal due to overlap with
compounds emitted by plants or other organisms. Interestingly, Las-
sance et al. (2021) reported that the evolution of the signature fatty
acid-derived pheromone in olethreutine moths is based on the function
of a single fatty acid desaturase (FAD) gene, which emerged by an
ancient gene duplication. Members of other FAD subfamilies do not
appear to play a role in pheromone biosynthesis, which indicates a
distinct selection and preservation of FAD genes involved in moth
chemical communication similar to individual TPS genes involved in
terpene pheromone biosynthesis in stink bugs. A similar scenario has
been observed in the small IDS-type TPS gene family of the flea beetle
Phyllotreta striolata, where only a single male-expressed TPS appears to
be involved in pheromone biosynthesis (Beran et al., 2016).

The selection of individual genes in pheromone biosynthesis is sup-
ported by a reduced expression of the other members of the gene family.
In H. halys, four out of the six IDS-type genes are not or only lowly
expressed. Similarly, with the exception of PsTPS1, all other members of
the TPS gene family in P. striolata are expressed at low levels even
though three of these genes still encode functionally active enzymes
(Beran et al., 2016). It is possible that some of the non-transcribed
H. halys genes are also still functionally active as can be assumed from
their coding sequence and residue substitutions characteristic for
IDS-type TPS proteins (Fig. S9). A loss of expression of functionally
active genes has also been reported for other pheromone biosynthetic
genes such as for desaturases involved in the formation of cuticular
hydrocarbon sex pheromones in Drosophila (Shirangi et al., 2009).
Therefore, differential expression of gene family members likely un-
derlies the evolutionary selection and specification of pheromone
composition.

The restricted level of TPS gene evolution in insects stands in contrast
to the species- and family-specific diversification of TPS genes in the
form of large gene families in plants (Chen et al., 2011; Kumar et al.,
2016; Li et al., 2012; Muchlinski et al., 2019). As in pentatomids, related
plant species may share TPS orthologs of identical function albeit with a
higher degree of sequence divergence. TPS gene families in higher and
lower land plants often comprise genes of several TPS subfamilies (Chen
etal., 2011). These more complex families seemingly have evolved over
a longer time scale than those in insects given the emergence of the first
land plants more than 500 mya; nevertheless, when compared at the
same time scale, TPS genes in pentatomids never diversified to the same
extent as those in flowering plants, which appeared at approximately the
same time as pentatomids more than 100 mya (Fig. 7). The overall
higher diversity of plant TPS genes is associated with the production of
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more complex mixtures of terpenes (Degenhardt et al., 2009) that are
believed to be adaptations to multifaceted inter-specific interactions in
attraction or defense, in contrast to a smaller number of metabolites
required in intra-specific communication. Therefore, the degree of TPS
gene family expansion in insects and plants appears to be a consequence
of specificity, mode of chemical interactions, and perhaps other
constraints.

4.3. IDS-like gene evolution correlates with the occurrence of terpene
pheromones and defense compounds in several hemiptera

Our search for terpene semiochemicals in the Hemiptera revealed
several other species with the ability to release monoterpenes or ses-
quiterpenes as pheromones or defense compounds, especially in groups
of the suborders Heteroptera and Sternorrhyncha (Table S1). Among
these, sesquiterpenes are common constituents of pheromones in pen-
tatomids but also occur in aphids and the excretions of lac insects
(Morgan, 2010; Pickett et al., 2013). Monoterpenes are represented in
the heteropteran infraorders Pentatomomorpha and Cimicomorpha, and
irregular cyclobutane type monoterpenes and sesquiterpenes occur as
sex pheromones of scale insects and mealybugs (Coccomorpha)
(Table S1). Cyclobutane monoterpenes such as lavendulol are also
known to be made in plants from DMAPP by action of TPS enzymes that
catalyze an irregular coupling between isoprenoid units (Rivera et al.,
2001). Whether this type of reaction is catalyzed by IDS-like enzymes
encoded by transcripts identified in scale insects is currently unknown.
With the exception of aphids, we found IDS-like genes in species of all
other terpene releasing groups we identified (Figs. 6 and 7, Fig. S13),
which suggests a possible role of these genes in de novo terpene
biosynthesis. By contrast, there is currently no evidence for IDS-like
genes in the suborders Auchenorrhyncha, Sternorrhyncha, and Coleor-
rhyncha within the of Hemiptera, in agreement with the lack of terpenes
in these groups (Fig. 7). It should be noted though that our gene mining
was focused on FPPS-like genes and that additional GGPP synthase-like
genes can be found in transcriptomes of several hemipteran species,
including aphids such as A. pisum and lac insects. A recent finding of a
GGPP synthase-like protein with monoterpene synthase activity in the
butterfly Heliconius melpomene (Darragh et al., 2021) suggests that a role
of this family of IDS-like enzymes in the formation of specialized ter-
penes in insects cannot be entirely excluded. Furthermore, one should
consider that some of the terpenes associated with several hemipteran
species may be sequestered from host plants or derived from endosym-
bionts without or in addition to their possible biosynthesis by
insect-specific pathways as has been found in bark beetles such as Ips pini
(Chiu et al., 2018). Functional characterization of IDS-like genes in these
species will give more insight into the extent of terpene biosynthetic
evolution in hemipteran insects.

Our phylogenetic analysis of IDS-like genes in the Hemiptera sup-
ports an emergence of these genes from FPP synthases (Fig. 6, Fig. S13).
IDS-type TPSs may have been selected for defensive and pheromonal
functions and potentially facilitated a transition between inter- and
intra-specific interactions. It is possible that the divergence of IDS-like
genes occurred already in a progenitor of the Heteroptera and Sternor-
rhyncha more than 350 mya (Fig. 7) and that these genes were lost or
became pseudogenes in the other hemipteran suborders because of the
selection of other compounds or the supersedure by other modes of
intra-specific communication such as vibration signals for mate locali-
zation (Cocroft and Rodriguez, 2005). Alternatively, IDS-like genes may
have emerged independently in the distinct terpene emitting/secreting
lineages of the hemipteran suborders, although this seems less likely in
terms of parsimony and the observed phylogenetic relationships of IDS
and IDS-like sequences in these groups (Fig. 6). However, at the scale of
different insect orders, a phylogenetic comparison of functional IDS and
TPS proteins from pentatomids with those from coleopteran species such
as P. striolata strongly suggests an independent evolution of TPSs from
FPPS progenitors in these lineages. Together, our study demonstrates
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that de novo biosynthesis of terpenes is common in pentatomids and
might occur more broadly in the Hemiptera and other insect lineages.
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