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Insects employ terpenoids for communication both within and between species. While
terpene synthases derived from isoprenyl diphosphate synthase have been shown to
catalyze terpenoid biosynthesis in some insects, canonical terpene synthases (TPS) com-
monly found in plants, fungi, and bacteria were previously unidentified in insects. This
study reveals the presence of TPS genes in insects, likely originating via horizontal gene
transfer from noninsect arthropods. By examining 361 insect genomes, we identified
TPS genes in five species of the Sciaridae family (fungus gnats). Additionally, 7PS genes
were found in Collembola (springtails) and Acariformes (mites) among diverse noninsect
arthropods. Selected TPS enzymes from Sciaridae, Collembola, and Acariformes display
monoterpene, sesquiterpene, and/or diterpene synthase activities. Through comprehen-
sive protein database search and phylogenetic analysis, the 7PS genes in Sciaridae were
found to be most closely related to those in Acariformes, suggesting transfer of 7PS
genes from Acariformes to Sciaridae. In the model Sciaridae Bradysia coprophila, all five
TPS genes are most highly expressed in adult males, suggesting a sex- and developmental
stage-specific role of their terpenoid products. The finding of TPS genes in insects and
their possible evolutionary origin through intraphylum gene transfer within arthropods
sheds light on metabolic innovation in insects.
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Insects are the largest clade of animals and contain more described species than any other
taxonomic class (1). Different from other animals, insects produce a diverse array of
secondary metabolites (2), with terpenoids being one prominent chemical class (3, 4).
Terpenoids play vital roles in intra- and interspecies communications in insects, such as
serving as sex pheromones (5), aggregation pheromones (6), alarm pheromones (7), and
trail pheromones (8). Therefore, understanding terpene biosynthesis may be an important
avenue to understanding rapid radiations and adaptation in insects.

As a diverse chemical class, terpenoids are not just rich in insects. Plants are better-known
producers of terpenoids (9). In addition, many species of fungi (10) and bacteria (11, 12)
produce terpenoids. Despite the vast chemical diversity of terpenoids in different lineages
of life, their universal building blocks isopentenyl diphosphate (IPP) and its isomer
dimethylallyl diphosphate (DMAPP) are produced by only two pathways: the mevalonate
pathway and the methylerythritol phosphate pathway. From IPP and DMAPD, isoprenyl
diphosphates of various chain length, including geranyl diphosphate (GPP, C10), farnesyl
diphosphate (FPP, C15), and geranylgeranyl diphosphate (GGPE, C20) are formed by
the action of isoprenyl diphosphate synthase (IDS). GPB, FPB and GGPP are then con-
verted to monoterpenes, sesquiterpenes, and diterpenes, respectively, by the action of
terpene synthases. Canonical terpene synthases (TPSs) have been well studied in plants
(13-15), fungi (16), and bacteria (11). Having a modular structure, TPSs consist of one
or multiple domains known as «, 3, and y. TPSs that contain only a domain occur widely
in bacteria (11, 12), fungi (16), and nonseed plants (14). In contrast, apy-tridomain TPSs
occur widely in plants (13), sporadically in fungi (17), and rarely in bacteria (18). Plants
are unique in that they also contain ap-didomain TPSs (15).

Interestingly, insects appear to employ a different enzyme system for terpene bio-
synthesis. Whereas no canonical TPS has been identified in insects, IDS-like enzymes
have been demonstrated to catalyze terpene biosynthesis in multiple insect species. The
bark beetle Ips pini contains an IDS-like enzyme that produces the monoterpene
myrcene from GPP (19, 20). Similarly, two IDS-like enzymes involved in the produc-
tion of the monoterpene (E)-B-ocimene, an antiaphrodisiac pheromone, were recently
discovered in Heliconius postman butterflies (21). Furthermore, flea beetle Phyllotreta
striolata uses an IDS-like enzyme to synthesize the sesquiterpene aggregation phero-
mone (6R,75)-himachala-9,11-diene (22), and the harlequin bug Murgantia histrionica
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encodes an IDS-like terpene synthase that synthesizes sesquip-
iperitol as precursor for an aggregation pheromone (23). The
discovery of multiple IDS-like terpene synthases in several insect
orders suggests that this type of terpene synthases may occur
widely in insects (3). It is noteworthy to mention that IDS-like
terpene synthases have also been identified in fungi (24), sug-
gesting that the evolution of terpene synthases from IDSs has
occurred independently multiple times.

Considering the vast chemical diversity of terpenoids in insects,
it is tempting to ask whether IDS-like terpene synthases are the
only enzymes that are responsible for terpene biosynthesis in this
class of animals. The recent, somewhat surprising discovery of
canonical 7PS genes in social amoebae (25), red algae (26), soft
corals (27, 28), even viruses (29), indicates that they are more
widely distributed than previously thought. Along this line, we
asked whether canonical 7PS genes occur in insects and contrib-
ute to terpenoid diversity. It is worth noting that a recent study
detected canonical 7PS genes in two species of mites:
Dinothrombium tinctorium and Leptotrombidium deliense, which
are noninsect arthropods (30), although in-depth investigation of
these genes is still needed. The primary goal of this study was to
systematically analyze the sequenced genomes of insects to deter-
mine whether canonical 7PS genes occur in insects, and if so, to
determine their relatedness to 7PSs of other organisms in order
to understand their evolution.

Results

Identification of TPS Genes in the Sequenced Genome of Insects
of the Sciaridae Family. To determine whether 7S genes occur
in insects, an HMMER search was performed on the sequenced
genomes of 361 species of insects (S Appendix, Table S1)
belonging to 14 orders. While 7PS genes were absent in 13 of
the 14 orders, they were detected in five species in the order of
Diptera (Fig. 1A). The 112 species in the Diptera analyzed belong
to two suborders: Brachycera (73 species) and Nematocera (39
species). All five 7PS-containing species belong to the Nematocera
suborder. The 39 species in the Nematocera suborder belong to
three superfamilies: Culicomorpha (30 species), Psychodomorpha
(two species), and Bibionomorpha (seven species). All five 7PS-
containing species belong to the Bibionomorpha superfamily.
The seven species in the Bibionomorpha superfamily can be
further divided into two families: Cecidomyiidae (two species)
and Sciaridae (five species). All five 7PS-containing species are
from the Sciaridae family. These include Bradysia coprophila (five
TPS genes, designated BeTPSI-5), Bradysia odoriphaga (three
TPS gene, designated BoTPS1-3), Pseudolycoriella hygida (two
TPS genes, designated PhTPS1-2), Phytosciara flavipes (26 TPS
genes, designated PfTPS1-26), and Trichosia splendens (one TPS
gene, designated 7577S).

Phylogenetic Analysis of the Sciaridae TPS Genes. A phylogenetic
analysis of the Sciaridac TPSs was performed using red algae
EaMTPSLI from Erythrolobus australicus (26) as an outgroup.
The Sciaridae TPSs formed two clades S1 and S2: The S1 clade
contains TPSs from all five species and the S2 clade contains TPSs
from three species B. coprophila, B. odoriphaga, and P flavipe
(Fig. 1B). In clade S1, there are three groups: Group 1 contains
TPS from one species; group 2 contains TPSs from B. coprophila,
B. odoriphaga, and P flavipe, and group 3 is specific to P flavipe.
These suggest two possible scenarios regarding the evolution
of TPS genes in Sciaridae. In one scenario, ancestor Sciaridae
contained two 7PS genes: one leading to clade S1 and the other
leading to clade S2, the latter of which was subsequently lost in
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Fig. 1. Occurrence and analysis of canonical terpene synthases in insects.
(A) distribution of canonical TPS genes among insects. A total of 361 species
(S/ Appendix, Table S1) were analyzed. These insects’' genomes were arranged
according to their known phylogeny (31). The first number (before the slash)
indicates the number of species in certain lineages that were determined to
contain TPS genes. The second number (after the slash) indicates the total
number of species in that lineage that were analyzed. Within the Diptera
order, the presence and absence of TPS genes among infraorder are shown.
Within the Bibionomorpha infraorder, the presence and absence of TPS genes
among families are shown. (B) Phylogenetic tree of TPSs from five species
of Sciaridae including B. coprophila, B. odoriphaga, P. flavipes, P. hygida, and
T. splendens. EaMTPSL1, a red algae TPS, was used as an outgroup. S1 and S2
are two clades formed by the TPSs from the five species of Sciaridae family.
(C) evidence that selected BcTPS genes are nuclear genes of the B. coprophila
genome. Schematic representation of bcTPS4 and its neighbor gene in the
genome of B. coprophila. A genomic DNA fragment of 6,046 bp (delimited by
arrows), which included BcTPS4, a part of its neighboring gene encoding a
cytosolic nonspecific dipeptidase and the intergenic region, was amplified by
PCR and confirmed by sequencing.

1 splendens and P hygida. In the second scenario, the ancestor to
Sciaridae contained only one 7PS gene leading to clade S1, but
the common ancestor of B. coprophila, B. odoriphaga, and P flavipe
would need to acquire a new 7PS gene. In either case, the gene
in clade S1 underwent one duplication in the common ancestor
of B. coprophila, B. odoriphaga, and P, flavipe after its divergence
from other lineages.

TPSs Identified in Sciaridae Are Not from Microbial Contami-
nation. The mere existence of 7PS genes in Sciaridae among
diverse taxa of insects (Fig. 1) raised the question of whether
these genes actually originate from Sciaridae or instead from
microbial contamination. To exclude the latter possibility, three
analyses were performed. In the first analysis, we examined the
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exon—intron organization of all Sciaridae 7PS genes based on gene
annotation. Except one gene that does not contain any introns,
all other genes contain at least one intron (SI Appendix, Fig. S1).
The existence of introns in all five 7PS genes from B. coprophila
was further supported by RNA-seq data, which contained many
reads that were anchored into both exons of a given BeTPS gene
with split alignments spanning across the introns of the annotated
gene structures (S Appendix, Fig. S2), from both sexes and all
life stages (32).

In the second analysis, we performed genomic PCR using prim-
ers based on the sequence of a representative gene, Be7PS4 (Beop_
v1_g003389) from B. coprophila and the gene immediately
upstream of Bc7PS4 and that of the gene immediately down-
stream Beop_v1_g003390. This gene encodes a cytosolic nonspe-
cific dipeptidase (CNSD) that is most similar to CNSD proteins
in other insects (S7 Appendix, Fig. S3). When the corresponding
PCR product was amplified and sequenced, the assembly contain-
ing BcTPS4 and its immediate neighboring genes was found to
be accurate (Fig. 10).

In the third analysis, we examined a variety of genome-mapping
datasets, including short reads (Illumina), long reads (PacBio and
Nanopore), optical maps (BioNano Genomics), and Hi-C links
(32-34). The coverage from all datasets across the loci with Be7PS
genes was found to be consistent with the coverage across the
chromosomes they resided on (87 Appendix, Fig. S4). Moreover,
there are no breaks in the Hi-C signal at the Bc7PS gene lodi,
which show Hi-C interaction frequencies that follow the expected
chromosome-wide pattern of more interactions with nearby genes
than faraway genes on the same chromosome (87 Appendix,
Fig. S4). Finally, when zooming in on the Be7PS loci, we identi-
fied individual long reads and ultralong optical maps that contain
BcTPS genes and nearby highly conserved Dipteran genes, pro-
viding demonstrations of both on the same long DNA molecules
from distinct technologies, DNA preparations, and sources
(SI Appendix, Fig. S4). All of our inspections of genome-wide
datasets demonstrated that the Bc7PS genes are part of the nuclear
chromosomes in B. coprophila (SI Appendix, Fig. S4). The results
from all three approaches rule out that the 7PS genes identified
in Sciaridae are due to microbial contamination.

Sciaridae TPSs Are Most Related to TPSs from Three Species
of Mites in the Oribatida Order. To understand how Sciaridae
TPSs are related to TPSs from other organisms, individual
Sciaridae TPSs were used as queries for BlastP searches against
the nonredundant protein database at NCBI (https://blast.
ncbi.nlm.nih.gov) excluding Sciaridae. Among the five BcTPSs
from B. coprophila, BCTPS1 and BcTPS3 had top hits from
Oppia nitens, while the other three BETPSs had top hits from
Medioppia subpectinata (Table 1). For the three BoTPSs from
B. odoriphaga, BoTPS1 and BoTPS2 had top hits from O. nitens
and BoTPS3 had a top hit from M. subpectinata (Table 1). For
the two PhTPS genes from P, hygida, PhTPSI had its top hit from
O. nitens whereas the top hit for PATPS2 was from Oppiella nova.
For the 26 PfTPS genes from P flavipes, three had top hits from
M. subpectinata and ten from O. nova. The remaining half had
tops hits from O. nitens. The single TPS from 7. splendens (TsTPS)
had its top hit from O. nitens. To summarize, top hits for the 37
Sciaridae TPSs were from three species: O. nova, O. nitens, and
M. subpectinata (Table 1). All three species belong to the order of
Oribatida (oribatid mites) of noninsect arthropods.

Canonical TPS Genes in Noninsect Arthropods. Existence of 7PS
genes in three species of the order of Oribatida (Table 1), together
with the previous identification of 7PS genes in D. tinctorium
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Table 1. Top hits of Sciaridae TPSs in GenBank

Source of top hit Accession of

Gene” (% identity) top hit
BCcTPS1 Oppia nitens (37%) XP_054158546
BcTPS2 Medioppia subpectinata (27%) CAD7636257
BcTPS3 Medioppia subpectinata (27%) CAD7636257
BcTPS4 Oppia nitens (37%) XP_054158545
BcTPS5 Medioppia subpectinata (27%) CAD7636257
BoTPS1 Oppia nitens (39%) XP_054156256
BoTPS2 Oppia nitens (39%) XP_054158545
BoTPS3 Medioppia subpectinata (27%) CAD7636257
PfTPS1 Oppiella nova (30%) CAD7644878
PfTPS2 Medioppia subpectinata (26%) CAD7636257
PfTPS3 Medioppia subpectinata (36%) CAD7623260
PfTPS4 Oppiella nova (35%) CAD7655710
PfTPS5 Medioppia subpectinata (26%) CAD7636257
PfTPS6 Oppiella nova (28%) CAD7644878
PfTPS7 Oppiella nova (38%) CAD7655710
PfTPSS Oppia nitens (36%) XP_054158545
PfTPS9 Oppia nitens (36%) XP_054158545
PfTPS10 Oppia nitens (37%) XP_054158546
PfTPS11 Oppia nitens (38%) XP_054158545
PfTPS12 Oppia nitens (36%) XP_054156256
PfTPS13 Oppia nitens (35%) XP_054158545
PfTPS14 Oppia nitens (36%) XP_054158545
PfTPS15 Oppia nitens (36%) XP_054158546
PfTPS16 Oppia nitens (31%) XP_054158546
PfTPS17 Oppia nitens (34%) XP_054158546
PfTPS18 Oppia nitens (32%) XP_054158546
PfTPS19 Oppia nitens (401%) XP_054158546.1
PfTPS20 Oppiella nova (24%) CAD7656351
PfTPS21 Oppiella nova (29%) CAD7652697
PfTPS22 Oppiella nova (38%) CAD7655710
PfTPS23 Oppiella nova (37%) CAD7655710
PfTPS24 Oppiella nova (37%) CAD7655710
PfTPS25 Oppiella nova (37%) CAD7655710
PfTPS26 Oppia nitens (31%) XP_054156267
PhTPS1 Oppia nitens (34%) XP_054156267
PhTPS2 Oppiella nova (24%) CAD7659323
TsTPS Oppia nitens (43%) XP_054158545

*Bc: Bradysia coprophila; Bo: Bradysia odoriphaga; Pf: Phytosciara flavipes; Ph: Pseudolycori-
ella hygida; Ts: Trichosia splendens.

and L. delicense (30), made it interesting to ask how Sciaridae
TPSs are evolutionarily related to TPSs of noninsect arthropods.
To answer this question, we first set out to identify species of
noninsect arthropods that contain 7PS genes. Genome sequences
for a total of 76 species of noninsect arthropods were searched
for TPS genes using HMMER. 7PS genes were detected from a
total of 14 noninsect arthropod species (Fig. 24). Two of the 14
species, Allacma fusca and Folsomia candida, belong to the subclass
of Collembola, commonly known as springtails. It is worth noting
that a total of three species in Collembola were analyzed. The
third species, Orchesella cincta, does not contain any 7PS gene.
E candida and O. cincta belong to the Entomobryomorpha order,
while A. fusca belongs to the Symphypleona order (Fig. 2B).
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The other 12 7PS-containing species belong to the superorder
Acariformes (mites). In the dataset we analyzed, the superorder
Acariformes contained 15 species, which belong to three suborders:
Astigmarta (six species), Oribatida (three species), and Prostigmata
(six species) (Fig. 2C). Except three species in the Prostigmata
suborder (Zezranychus urticae, Panonychus citri, and Fragariocoptes
setiger), all other species contain 7S genes.

Phylogenetic Analysis of Arthropod TPSs: Alone or with TPSs
from Other Organisms. When arthropod TPSs (>250 amino
acids in length) were subjected to phylogenetic analysis, three key
observations could be made (Fig. 3). One was that Sciaridae TPSs
were separated into two clades. Interestingly, both clades are more
closely related to Acariformes (mites) 7S genes than Collembola
(springtails) TPSs. These two clades correspond to the two clades
S1 and S2 when the Sciaridae TPSs were analyzed alone (Fig. 1B).
The Acariformes TPSs that are most closely related to the S1 clade
are from O. nitens, O. nova, and other mites, and those that are
most closely related to the S2 clade are from M. subpectinata and
O. nova. The second observation was that Collembola 77§ genes
formed their own clade, which is further divided into two groups
based on their species of origin. The third observation was that
the relatedness of Acariformes TPSs is largely congruent with the
species’ phylogeny.
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Fig. 2. Occurrence and phylogenetic analysis of canonical terpene synthases
in noninsect arthropods. (A) Presence and absence of canonical terpene
synthases in noninsect arthropods. A total of 76 species (S| Appendix, Table S2)
were analyzed. The phylogeny of noninsect arthropods was adapted from
phylogeny and evolution of Arthropods (35). The first number (before the
slash) indicates the number of species in certain lineages that were determined
to contain TPS genes. The second number (after the slash) indicates the
total number of species in that lineage that were analyzed. (B) Presence
and absence of canonical terpene synthases among the three species of
Collembola analyzed. The number in parenthesis indicates the number of
TPS genes identified in the species. (C) Presence and absence of canonical
terpene synthases among the 15 species of Acariformes analyzed.
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Fig. 3. Phylogenetic tree of arthropod TPSs. TPSs of red algae were used as
outgroup. The phylogeny tree was built using RAXML with 1,000 bootstraps.
Amino acid substitution model determined by ProtTest 3 is JTT+G + F. S1 and
S2 stand for the two clades of TPSs from the Sciaridae family defined in Fig. 1B.

As noted earlier, 7PS genes occur widely in bacteria (11) and
fungi (16). To gain information about the relatedness of arthropod
TPSs with TPSs from bacteria and fungi, a phylogenetic analysis
that combined arthropod TPS with bacterial and fungal TPSs was
performed. It is interesting to note that Sciaridae TPSs still showed
higher affinity to TPSs from Acariformes than those from bacteria
and fungi (Fig. 4).

In several species of insects, terpene biosynthesis is catalyzed by
IDS-like terpene synthases (3). To understand the relatedness of
IDS-like terpene synthases of insects and canonical arthropod
TPSs, another phylogenetic analysis was performed. IDS-like ter-
pene synthases are clustered with bona fide IDSs, whereas canon-
ical TPSs from arthropods are clustered with TPSs from other
organisms (SI Appendix, Fig. S5).

Representative Insect TPS Genes Encode Active Terpene
Synthases with Diverse Catalytic Activities. The presence of
canonical 7PS genes in insects (Fig. 1) and noninsect arthropods
(Fig. 2) poses an intriguing question about their functions. To gain
an initial assessment of the biochemical functions of TPS enzymes,
asubset of 7PS genes from the three lineages (Insecta, Collembola,
and Acariformes) (S/ Appendix, Fig. S6) were synthesized, cloned
into protein expression vector, and expressed in Escherichia coli
to produce recombinant proteins. Purified recombinant proteins
were assayed with the potential substrates GPB, (E,E)-FPD, and
(E,E,E)-GGPP. Their respective products were analyzed using
Gas Chromatography-Mass Spectrometry (GCMS) (Fig. 5). The
relative abundance of terpene product(s) for each enzyme with
each substrate is shown in SI Appendix, Table S3.

For the lineages of insects, the entire TPS family with five mem-
bers (BCTPS1-5) from B. coprophila were analyzed (Fig. 5A).
BcTPS1 was inactive with GPP. BETPS2 catalyzed the conversion
of GPP to four monoterpenes: f-myrcene (1, most abundant),
(2)-B-ocimene (2, least abundant), (£)-B-ocimene (3), and linalool
(4). BATPS3 produced the same four monoterpenes as BcTPS2,
but with different relative abundances of the four products: 1 was
least abundant and 4 was most abundant. In contrast, BcTPS5
produced only two monoterpenes with 4 as the major product and
1 being the minor product. BATPS1, BcTPS2, BCTPS3, and
BCTPS5 all accepted (E,E)-FPP as substrate to produce sesquiter-
penes (Fig. 5A4). BcTPSI1 produced one major (5) and three minor
products (6-8), which were unidentified sesquiterpenes. BcTPS2
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Fig. 4. Phylogenetic tree of arthropod TPSs together with bacterial TPS and
fungal TPSs. The phylogeny tree was built using RAXML with 1,000 bootstraps.
Amino acid substitution model determined by ProtTest 3 is LG+G. ST and S2
stand for the two clades of TPSs from the Sciaridae family defined in Fig. 1B.

and BcTPS3 produced same four sesquiterpenes, p-elemene (9),
germacrene A (11), and two unidentified sesquiterpenes (10 and
12). BcTPS5 converted (£,E)-FPP into (£)-B-caryophyllene (13).
With the diterpene precursor (E,E,E)-GGPD, only BcTPS2 and
BcTPS3 showed TPS activity. Whereas BcTPS3 produced several
diterpenes, BcTPS2 produced one product (14, Fig. 5A4). BcTPS4
was inactive with each of the three substrates.

From the lineage of Collembola, three TPSs from two species,
including AfTPS2 from A. fusca and FcTPS2 and FeTPS5 from
F candida, were demonstrated to encode active enzymes (Fig. 5B).
AfTPS2 and FcTPS2 produced 4 as a major product and 1 as a minor
one, in addition, F¢TPS2 produced an unidentified monoterpene
(15). FcTPS5 produced a single monoterpene, geraniol (16).
AfTPS2, FcTPS2, and FcTPS5 accepted (£,E)-FPP as substrate to
produce sesquiterpenes (Fig. 5B). FCTPS5 produced one major prod-
uct, farnesol (19), while AfTPS2 and FCTPS2 produced two sesqui-
terpenes, (£)-p-farnesene (17) and nerolidol (18), with 17 being the
major product of FCTPS2. AfTPS2 and FcTPS2 accepted also
(E,E,E)-GGPP as substrate to produce diterpenes (20-22, Fig. 5B).

In Acariformes, three 7PS genes from three species, including
DtTPS1 from D. tinctorium, Oni TPS2 from O. nitens, and OnoTPS5
from O. nova, were demonstrated to encode active enzymes (Fig. 5C).
D¢TPSI accepted GPP to produce nine monoterpenes. Among
them, limonene (28), tricyclene (23), and y-terpinene (29) were the
major products, and 1, a-pinene (24), camphene (25), B-pinene
(26), a-phellandrene (27), and 2-carene (30) appeared as minor ones.
OnoTPS5 produced a single monoterpene, 2. DtTPS1, OniTPS2,
and OnoTPS5 accepted (£,E)-FPP as substrate to produce sesquit-
erpenes (Fig. 5C). OniTPS2 produced eight sesquiterpenes. Among
them, a-copaene (34) and o-muurolene (38) were the most abun-
dant products, while f-copaene (36), y-muurolene (37), and four
unidentified compounds (33, 35, 39, and 40) were minor products.
D¢TPS1 produced three products, 9, selina-4(15),7-diene (31), and
germacrene D (32). OnoTPS5 produced (Z,E)-o-farnesene (41).
The three genes from mites did not use (£, E,E)-GGPP as substrate
to produce diterpenoids.

Among the 10 arthropod TPSs that were active with one or
more substrates tested (Fig. 5), the percentage of the enzymes
active with GGPP was the lowest: Only BcTPS2, BcTPS3, and
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AfTPS2 were active, and their diterpene products remained uni-
dentified after GCMS analysis. To determine the chemical iden-
tities of their respective diterpene products, these three genes were
expressed in an engineered E. coli system optimized for diterpene
production (36). For both BcTPS2 and AfTPS2, we were success-
ful to produce enough quantities for NMR analysis. It is interest-
ing to note that for BCTPS2 the E. coli system did not yield
compound 14, the major product from the in vitro system, as the
main product. Its main product from the E. co/i system was deter-
mined to have R; of 0.78 (hexanes) and [0(]12)1 of -41.31 (c 0.01,

CH,CL,). Based on its 'H and °C NMR data (ST Appendix,
Figs. S7-S11 and Table S4), this diterpene (42) was determined
to be cattleyene. Its "H and °C spectra matched literature values
for cattleyene (37). The product of AfTPS2 was determined to
have R of 0.87 (hexanes) and [a]] of -31.89 (c 0.01, CH,Cl,).

Based on its "H and ?C NMR data (SI Appendix, Figs. $12-S16
and Table S5), this diterpene (21) was determined to be pho-
mopsene. Its '"H and C spectra matched literature values for
phomopsene (38).

Expression Patterns of Individual TPS Genes and Relevant /DS
Genes in B. coprophila. The life cycle of B. coprophila encompasses
four distinct stages: egg, larva, pupa, and adult. The life cycle begins
with the female laying eggs in suitable habitats, often in moist
organic matter such as decomposing vegetation, compost, or dung.
After a brief incubation period, the eggs hatch into larvae, which
are the most active and crucial stage for nutrient cycling in their
environment. The larvae of B. coprophila are typically found in the top
layers of soil, where they feed on decaying organic material. As they
mature, the larvae enter the pupal stage, undergoing metamorphosis
within a protective cocoon. Finally, the adult B. coprophila emerges
from the pupal casing, ready to repeat the cycle by laying eggs
and perpetuating the species. This life cycle is intricately tied to
the insect's ecological role in breaking down organic matter and
highlights its adaptability to various environments rich in decaying
substrates. Whereas the entire lifecycle of B. coprophila is 4 to 5 wk
long, the adult stage only lasts on the scale of days. Since they do
not appear to eat as adults, the primary function of this stage seems
to be mating and reproduction.

To gain more insights into the biological role Bc7PS genes, we
analyzed the expression levels of the Be7PS genes using available
RNA-seq data for both males and females of B. coprophila span-
ning the four lifecycle stages: embryos, larvae, pupae, and adults
(32). Interestingly, expression of each Bc7PS gene is highest in
adult males by 1 to 2 orders of magnitude compared to all other
life stages in males and all life stages in females. Bc7PS1 is the
highest expressed in adult males, followed by Be7PS2-BcTPS5 in
decreasing order (Fig. 6). Not only do adult males have the highest
expression levels of all Bc7TPS genes, the two highest expressed
BcTPS genes (BeTPSI and BeTPS2) are expressed at higher tran-
script levels than over half of all expressed genes in adult males
(SI Appendix, Fig. S17), and two others (BcTPS3 and BeTPS4)
exhibit moderate expression levels. The high-level expression of
the BeTPS genes in adult males, not only with respect to other
life stages and females, but with respect to other genes in adult
males, suggests they are important to the biological function of
males at this stage. Since the function of adult B. coprophila
appears primarily limited to mating, and since terpenoids have
known roles in mating, we suspect the Be7PS gene products in
adult males play a role in mating.

Among the four active BATPSs (Fig. 5), three exhibited activ-
ities with two or more substrates in in vitro assays. Indeed many
terpene synthases can use multiple substrates (15), although their
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Fig. 5. Biochemical characterization of selected TPS enzymes from Insecta (4), Collembola (B) and Acariformes (C). Proteins were heterologously expressed in E. coli
as N-terminal His-tag fusions, purified, and incubated with the potential substrates GPP, (E,E)-FPP, and (E,E,E)-GGPP. Reaction products were extracted with hexanes
and incubated using gas chromatography-mass spectrometry. 1, p-myrcene; 2, (2)-p-ocimene; 3, (E)-p-ocimene; 4, linalool; 5-8, unidentified sesquiterpenoids;
9, p-elemene; 10, unidentified sesquiterpenoid; 11, germacrene A; 12, unidentified sesquiterpenoid; 13, (E)-p-caryophyllene; 14, unidentified diterpenoids;
15, unidentified monoterpenoid; 16, geraniol; 17, (E)-p-farnesene; 18, nerolidol; 19, farnesol; 20, unidentified diterpenoid; 21, phomopsene; 22, unidentified
diterpenoid; 23, tricyclene; 24, a-pinene; 25, camphene; 26, f-pinene; 27, a-phellandrene; 28, limonene; 29, y-terpinene; 30, 2-carene; 31, selina-4(15),7-diene;
32, germacrene D; 33, unidentified sesquiterpenoid 7; 34, a-copaene; 35, unidentified sesquiterpenoid 8; 36, p-copaene; 37, y-muurolene; 38, a-muurolene; 39,
unidentified sesquiterpenoid 9; 40, unidentified sesquiterpenoid 10; 41, (Z,E)-a-farnesene; ¢, contamination.

in vivo function is usually linked to a specific substrate. To gain
information about the in vivo substrate of BCTPSs, we analyzed
the expression of short-chain /DS genes in B. coprophila. Searching
the genome sequence of B. coprophila, we identified one farnesyl
diphosphate synthase gene (XP_037043359.1), which was desig-
nated as BeFPPS, and one geranylgeranyl diphosphate synthase
gene (XP_037044777.1), which was designated as BeGGPPS. The
biochemical function of BcFPPS is to synthesize FPP, which serves
as the substrate for sesquiterpene production. Similarly, the bio-
chemical function of BcGGPPS is to produce GGPR, the substrate
for diterpene synthesis. The expression level of the BcFPPS is the
highest in adult male (Fig. 6F), whereas the expression levels of
BcGGPPS are relatively consistent across sexes and developmental

stages (Fig. 6G).

Discussion

This study revealed the existence of canonical terpene synthases
(TPS) genes in insects, demonstrated via representatives that they
encode active enzymes, and established an evolutionary model on
the origin of insect 7PS genes. Widely occurring in plants (15),
fungi (16, 39), and bacteria (11), 7PS genes were thought to be
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absent in insects. Instead, insects were believed to solely employ
distinct IDS-like terpene synthases for terpenoid biosynthesis (3).
Through systematic data mining, this study confirmed the wide-
spread absence of 7PS genes in most insects. However, these genes
were identified in five species, all belonging to the Sciaridae family
within the Diptera order. The identification of 7PS genes in
springtails and mites (Fig. 4), both of which are noninsect arthro-
pods, suggests that the presence of 7PS genes in Sciaridae is not
an isolated event among arthropods. The similarity of Sciaridae
TPSs to TPSs from mites, rather than to those from springtails,
bacteria, or fungi, implies horizontal gene transfer (HGT) of 7PS
from mites to Sciaridae. In B. coprophila, a model dark-winged
fungus gnat species from the Sciaridae family, 7PSs were demon-
strated to encode functional enzymes and exhibit male
adult-specific expression, suggesting that the acquired 7PS genes
have evolved adaptive functions in the recipient species.
Presence of 7S genes in all five species of the Sciaridae family
analyzed suggests that 7PS genes may be ubiquitous in the
Sciaridae family. A number of inferences can be made from the
phylogenetic analysis of the Sciaridae 7PSs. First, it suggests the
existence of two ancestral genes leading to the two extant groups.
One of the ancestral copies existed in the common ancestor of all
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Fig. 6. Expression of five BcTPS genes (A-F) and two related isoprenyl
diphosphate synthase genes (F and G) in B. coprophila. The two isoprenyl
diphosphate synthase genes analyzed are farnesyl diphosphate synthase
gene (BcFPPS) and geranylgeranyl diphosphate synthase gene (BcGGPPS).
This analysis was based on published RNAseq data (32), which were obtained
for both females (F, blue) and males (M, red) at four developmental stages
during a complete life cycle of the insect including embryo, larvae, pupae,
and adult. The expression levels of the seven genes are represented as TPM.
Asterisk indicates that no transcript was detected. Differential expression
analysis using edgeR demonstrated that the higher BcTPS expression levels
in adult males are statistically significant compared to all other samples. See
SI Appendix, Fig. S17 to compare BcTPS expression levels to the distribution
of all genes.

the five species (leading to clade S1) and the other copy existed in
the common ancestor of the four species after the divergence of
their common ancestor from 7. splendens. Another possibility is
that both ancestral genes were present in the common ancestor of
all five species, with one of the ancestral copies subsequently lost
in 17 splendens. The second observation is that the TPS family
underwent lineage-specific expansion. While 7PS gene duplica-
tion is apparent in the common ancestor of B. coprophila and
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B. odoriphaga (in clade S1, Fig. 1), species-specific expansion is
evident in B. coprophila and P flavipe. In B. coprophila, species-
specific expansion is partly due to tandem duplications with
BcTPS2, BcTPS3, and BcTPS5 existing in tandem repeats
(SI Appendix, Fig. S18).

The existence of 7PS genes only in Sciaridae, but not in a
wide range of insect taxa analyzed, suggests that these genes are
derived from noninsect sources, most likely through horizontal
gene transfer. Many studies have demonstrated important roles
of horizontal gene transfer during the evolution of insects (40),
through which insects have gained genes from a variety of
sources including bacteria (41), viruses (42), fungi (43), and
plants (44). Horizontal gene transfer as a mechanism responsible
for the evolution of 7PS genes has been inferred in a number
of studies (45). In all cases, horizontal gene transfer of 7PS
genes involves microbial organisms, particularly with bacteria
or fungi as donor (45). The similarity of Sciaridaec TPSs to
Acariformes TPSs was a surprising observation: The closer relat-
edness of Sciaridae TPSs to Acariformes TPSs than bacterial
and fungal TPSs implies that Acariformes were the donor of
TPS genes to Sciaridae. The most sensible explanation is that
Sciaridae ancestor acquired 7PS genes from the ancestor of
Oribatid mites. Oribatid mites are diverse and ubiquitous
microarthropods in soil; O. nitens is a polyphagous fungivore.
Such horizontal gene transfer within arthropods is rarely pro-
posed. In a recent evolutionary study of cytochrome P450 genes
of the insect B. coprophila, some of its genes were hypothesized
to have acquired from springtails or mites (46). P450 genes are
ubiquitous in arthropods. As such, the inference of their evo-
lution could be distorted due to different rates of evolution of
P450 genes in different species/lineages. In our study, the pres-
ence or absence of 7PS genes is unambiguous. As such, our
study presents a stronger case of horizontal gene transfer from
noninsect arthropod to insects. More interestingly, the two
clades of Sciaridae TPSs have respective homologs in the same
species of mites (Fig. 3). This suggests the transfer of both copies
from Acariformes to Sciaridae, rather than duplication-derived
two ancestral copies in Sciaridae. Another scenario for the origin
of TPS genes in arthropods is independent horizontal gene
transfer of 7PS genes into Acariformes, Collembola, and
Sciaridae from same microorganisms, especially endosymbiont,
such as Rickettsia or Wolbachia. Such endosymbionts are known
to occur in arthropods (32). As they are found in eggs, endo-
symbiont genes can easily be horizontally transferred to the
host. In our analysis, no 7PS genes were found in Rickettsia and
only one 7TPS gene was found in Wolbachia, which is, however,
more similar to bacterial TPSs than to TPSs from arthropods.
Thus, intraphylum horizontal gene transfer from Acariformes
to Sciaridae is a better supported model to explain the origin
of TPS genes in insects.

While biochemical activities of canonical TPSs from many
organisms such as bacteria (11, 12), fungi (16) and plants (15)
have been determined, the selected TPSs we analyzed in this study
(Fig. 5) present a set of canonical TPSs from arthropods to be
characterized. A number of observations can be made. First, as
their counterparts in other lineages of organisms, arthropod TPSs
exhibit diverse catalytic activities. Many of them are multiproduct
enzymes. Second, their biochemical activities can reflect their
evolution. Taking BcTPSs as example, phylogenetic analysis indi-
cates that BcTPS1/4 and BcTPS2/3/5 have different evolutionary
origins. Reflected in their sesquiterpene product profiles, there is
no overlap between the products of BcTPS1 and BcTPS2/3/5
(Fig. 5). Third, duplication followed by functional divergence is
apparent in BcTPS2/3/5. With the three of them clustered in
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tandem (S/ Appendix, Fig. S18), BETPS5 has a distinct sesquiter-
pene product compared to those of BcTPS2 and BcTPS3 (Fig. 5).

Prior to our work, several diterpene synthases catalyzing the for-
mation of cattleyene and phomopsene have been reported. These
include cattleyene synthase (CyS) from bacterium Strepromyces cat-
tleya (37), phomopsene synthase (PmS) from bacterium Allokutzneria
albata (38) and phomopsene synthase gene (PaPS) from the fungus
Phomapsis amygeali (47). PaPS is unusual containing two a-domains.
Neither BcTPS2 nor AfTPS2 shares significant sequence homology
with the bacterial or fungal TPSs that synthesize cattleyene or pho-
mopsene. Sequence identities of BcTPS2-CyS, AfTPS2-PmS, and
AfTPS2-PaPS$ are all about 20%, suggesting convergent evolution
of such diterpenes synthases in bacteria, fungi, and arthropods.

For the two mites (L. delicense and D. tinctorium) in which TPS
genes were previously identified, multiple possible biological roles
of the terpenoid product of TPSs have been suggested (30). Given
the limited natural predators of these mites and their tendency to
be quickly rejected by predators when offered in laboratory set-
tings, terpenoids may serve as repellents. Additionally, considering
the instances of cannibalism among adults and the ectoparasitism
of free-living stages by larvae of these species, the terpenoids they
produce might play a role in chemical communication within
their species or even between closely related species, potentially
aiding in kin recognition.

While much work is needed to elucidate the biological role of
terpenoids produced by TPSs in Sciaridae, in the model insect
B. coprophila, BcTPS genes appear to have evolved a sex- and devel-
opmental stage-specific function (Fig. 6). It will be interesting to
determine whether the products of TPSs serve as a male sex phero-
mone in B. coprophila. The function of the adult stage of B. coprophila
appears to be almost exclusively for reproduction, since adults do
not seem to eat (unlike Drosophila, for example), the adult life stage
is very short compared to other flies (e.g., on the order of days
compared to weeks for Drosophila), and successful mating between
adult males and females appears to result in dying soon after (much
sooner than would otherwise occur). The high levels of expression
of BcTPS genes in adult males (Fig. 6) suggest a possible role of their
terpene products in attraction and/or reproduction. The similar
pattern of expression of BcFPPS (Fig. 6F), not BeGGPPS (Fig. 6G),
suggests that BCTPSs most likely function as sesquiterpene synthase
in vivo. Considering the diversity of arthropods, particularly insects
(48), and the relatively small number of species analyzed in this
study, it would not be surprising if canonical 7PS genes were dis-
covered in other insects and noninsect arthropods, which will help
clarify their evolutionary origin and provide new insights into the
biological significance of such canonical 7PS genes.

Methods

Sequence Retrieval and Analysis. Insect genome sequences deposited
at GenBank (https://www.ncbi.nIm.nih.gov/genbank/) were downloaded
on 08/13/2023. These insects' genomes were arranged according to their
known phylogeny (31). For insect species with sequenced genomes available
for multiple strains, only the genome sequence of one selected strain was
retained. Our final database includes the proteome sequences of 359 insect
species (S/ Appendix, Table S1). For noninsect arthropods, we compiled data
from a total of 76 species (S/ Appendix, Table S2). Both the insect and nonin-
sect arthropod databases were searched against the Pfam database (version
35.0; pfam-legacy.xfam.org) using HMMER 3.0 (http://hmmer.org). Given
the high sequence divergence of terpene synthases, we initially searched
for a-domain-containing terpene synthases (TPSs) using three HMM pro-
files: Terpene_synth_C (PF03936), Terpene_syn_C_2 (PF19086), and TRI5
(PF06330), with an e-value cutoff of Te-3. Subsequently, each putative
a-domain-containing TPS was used as a query to search the conserved domain
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database (https://www.ncbi.nlm.nih.gov/cdd/). Only sequences with domain
hits to the “Isoprenoid_Biosyn_C1 superfamily’, "Terpene_cyclase_non-
plant_C1", or "Terpene_syn_C_2 superfamily” with an e-value less than Te-2
were classified as putative a-domain-containing TPSs. If any of these three
conserved domains was the only domain detected, the protein was defined
as an a-domain-only TPS. For the two species from the Sciaridae family,
P flavipes and T. splendens, which lack annotated proteomes, we conducted a
thlastn analysis to identify TPS genes. Two criteria were used to define putative
full-length intact TPS genes: 1) the presence of two motifs conserved in known
TPSs, namely the "DDxxD" motif and the “NSE/DTE" motif, and 2) a minimum
length cutoff of 250 amino acids.

Genomic PCR for Validation of Representative TPS Gene from B. coprophila
asaNuclear Gene. Genomic DNAfrom B. coprophila was extracted separately from
pooled adult males and from pooled adult females using DNAzol (Thermo Fisher).
The line of B. coprophila used was the same described for the reference genome
(34). A pair of primers (forward sequence 5'-CTCGAGTGTACGGCGACAGAATG-3’
and reverse sequence 5'-GACAGATCGAAAGCGCCAAGAATG-3") were used for PCR
using the mixed male and female genomic DNA as template. The amplicon was
amplified using PfuUltra Il Hotstart (https://www.agilent.com/) and cloned into
pGEM-T Easy vector (Promega) and fully sequenced.

Genomic Validation of TPS Genes in the B. coprophila Reference Genome
Using Computational Biology. We analyzed the chromosomal context of
the selected BcTPS gene models from automated annotations (see expres-
sion section below for more details) (32) that were lifted over to the updated
chromosome-scale reference, Bcop_v2 (GenBank GCA_014529535.2; WGS
VSDIO02; release date 2023-01-04) (34). The presence of the BcTPS genes in
the chromosome-scale scaffolds argues against contamination since these
scaffolds were constructed by breaking contigs at sites where the expected
Hi-C signal was disrupted or malformed, which is expected in the case of
contamination, followed by Hi-C-guided scaffolding as described previously
(34). Nevertheless, to further investigate whether there were disruptions in
expected Hi-C signal emanating from the BcTPS genes, previously published
Hi-C reads from male pupae available in the NCBI BioProject database under
the accession number of PRINA291918 (34) were mapped as in ref. 34. Hi-C
interactions between a given BcTPS gene and all other sites in the genome
were obtained when at least one of the mates from Hi-C paired-end reads
mapped within the boundaries of the gene. Hi-C interaction frequencies
between a given BcTPS gene with other areas of the same chromosome were
counted in 1 Mb bins (S/ Appendix, Fig. S3 A-C) or 10 kb bins (S/ Appendix,
Fig. S3 D-F) that emanated away from the gene start and end sites. A pseu-
docount of 1 was added to all bins in order to convert to log10 for better
visualization of faraway contacts, as Hi-C interactions decay exponentially with
distance. Thus, bins with a log10 of 0 had no interactions (only a pseudocount
of 1). The BcTPS genes have typical Hi-C interaction frequencies that decay
with distance, and include interactions with highly conserved Dipteran genes
(see below), and are overall supported by the Hi-C data as being part of the
nuclear chromosomes, not a separate contamination source.

To interrogate alignment signals and rule out disruptions in coverage over
the BCTPS regions, previously published genomic DNA (gDNA) datasets from
a variety of technologies and life stages were mapped to the chromosome-
scale scaffolds (Bcop_v2). Oxford Nanopore MinlON and PacBio long reads
from embryonic gDNA (32) available in the NCBI BioProject PRINA291918
were mapped with Minimap2 (49). BioNano Genomics long-range optical
maps from male pupae gDNA (32) also available in the NCBI BioProject
PRINA291918 were mapped with Maligner (50) similar to that in ref. 32.
lllumina paired-end reads (33) from male and female adult gDNA were
mapped as in ref. 33. Genomic DNA sequencing coverage bigWigs from each
dataset for visualization in IGV (51) were obtained using BEDtools (52) and
UCSCKent Utilities (53). PacBio and Nanopore long read coverage was limited
to reads with a minimum length of 5 kb and minimum MAPQ of 40. BioNano
optical map coverage was computed from molecules with a minimum length
of 150 kb that had alignments with a maximum Maligner M-score of -10.
Disruptions in coverage from all datasets were seen over gaps in the assem-
bly as expected, but not over BcTPS regions, indicating again that the BcTPS
genes within the B. coprophila scaffolds are likely not from contamination.
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As a final analysis, we queried whether there were individual long reads and
long-range optical maps that connected BcTPS genes with "conserved fly genes”
on long and ultralong DNA molecules. "Conserved fly genes” were B. coprophila
genes in the NCBI annotation that had one or more orthologs in all five fly spe-
cies queried, which spanned the Dipteran tree (B. coprophila, P. hygida, Aedes
aegypti, Anopheles gambiae, and Drosophila melanogaster), as determined by
OrthoFinder (54).The individual long reads and optical maps selected around the
BcTPS loci were visualized in IGV as BED intervals or BAM alignments. Selected
PacBio, Nanopore, and optical map alignments at BcTPS loci had lengths up to
24.4 kb, 48.4 kb, and 402 kb, respectively. Corresponding to DNAmolecules that
contained both BcTPS and conserved fly genes, or connected them by at least par-
tial overlaps, were many optical maps and at least 1-2 nanopore reads per gene
and 1-2 PacBio reads per gene (except BcTPS-4). There were many examples of
two overlapping long reads from either technology that connected BcTPS genes to
conserved fly genes. Overall, the evidence supports BcTPS genes to be on the same
DNA molecules as conserved fly genes, and not from a contaminating source.

Phylogenetic Analysis. Proper datasets of terpene synthases were subject to
phylogenetic reconstruction. MAFFT v.7.520 (55) was used to perform the mul-
tiple sequence alignment with maxiterate 1000. The maximum-likelihood phy-
logenetic trees were built with RAXMLthrough the ISAAC-NG platform (https:/oit.
utk.edu/hpsc/isaac-open-enclave-new-kpb) employing the appropriate amino
acid substitution model predicted using ProtTest 3 (56), along with 1,000 boot-
strap replicates. The resulting trees were visualized using iTOL (version 6.7.5)
(https://itol.embl.de/).

Heterologous Expression and Characterization of TPS Enzymes.
Selected Arthropod TPS genes were synthesized and cloned into protein
expression vector pET28a. Liquid cultures of E. coli strain BL21 (DE3)
(Invitrogen) harboring the different expression constructs were grown in
lysogeny broth at 37 °C and 220 rpm until an 0D600 of 0.7. Expression
was induced by adding IPTG to a final concentration of 0.5 mM and the
cultures were subsequently incubated at 18 °C and 220 rpm for 16 h. The
cells were harvested by centrifugation at 3,200 g for 10 min, resuspended in
extraction buffer [50 mM Tris-HCl pH 8, 500 mM NaCl, 20 mM imidazole, 5%
(v/v) glycerol, 50 mM glycine, EDTA-free protease inhibitor (1 tablet/50 mL
buffer, freshly added), and lysozyme (10 mg/50 mL buffer, freshly added)],
and disrupted by sonication for 2 min (2 s on, 3 s off) on ice (Bandelin UW
2070). Cell debris was removed by centrifugation (35,000 g at 4 °C for
20 min) and the N-terminal His-tagged proteins were purified from the
supernatant using NiNTA agarose (Qiagen) according to the manufacturer's
protocol. The buffer of the eluted protein samples was exchanged for assay
buffer [100 mM MOPS pH 7.5, 10% (v/v) glycerol] by using Amicon 10 K
Concentrator columns (Merck Millipore).

TPS assays were carried outin 1 mLGC glass vials containing protein, 50 uM
substrate [GPP, (E, E)-FPP, or (E, E, E)-GGPP] and 10 mM MgCl, in assay buffer.
Assays were overlaid with 100 uL hexane and incubated for 1 h atroom tempera-
ture. Analysis of enzyme products was conducted using an Agilent 6890 Series gas
chromatograph coupled to an Agilent 5973 quadrupole mass selective detector
(Agilent Technologies, Santa Clara, CA; injector temperature, 220 °C; interface
temp, 250 °C; quadrupole temp, 150 °C; source temp, 230 °C; electron energy,
70 eV). Terpene products were separated using a ZB5 column (Phenomenex,
Aschaffenburg, Germany; 30 m x 0.25 mm x 0.25 um)and He as carrier gas (1.5
mL/min). 1 pl of the hexane phase was injected without split at an initial oven
temperature of 60 °C. The temperature was held for 2 min and then increased to
250 °C with a gradient of 10 °C/min, and then further increased to 300 °C with
a gradient of 100 °C/ min and a hold of 2 min.

Isolation of Diterpenes from E. coli and NMR Analysis. To isolate the
diterpene products, E. coli BL21 Star (DE3) was cotransformed individually
with pJR1064b [pCDF-Duet harboring genes to produce GGPP in vivo via an
alternative isoprenoid precursor pathway (57)] and cultivated in LB medium
with kanamycin (50 mg L™") and streptomycin (50 mg L™"). The overnight
cultured cells were then transferred into 12 L of fresh Terrific Broth (TB) media
at 37 °C, and incubated with shaking at 200 rpm until reaching an 0D, of
1.0. Isopropyl B-b-1-thiogalactopyranoside (IPTG, 0.5 mM final concentration)
and isoprenol (4 mM, final concentration) were added to the culture and the
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culture was incubated at 28 °C for an additional 24 h with shaking. Cells were
harvested by centrifugation at 5,000 g for 10 min at 20 °C and subsequently
transferred to a glass beaker. The cell pellets were extracted with acetone and
the organic phase was extracted with the same volume of hexanes three times.
The hexanes extractions were combined and concentrated in vacuo at room
temperature. Subsequently, the resulting extract was redissolved in hexanes
and purified by silica chromatography, employing an isocratic hexanes mobile
phase. Fractions containing the target products were combined, individually,
and subjected to further purification using preparative HPLC, which was con-
ducted using an Agilent 1260 Infinity Il LC equipped with an Agilent Eclipse
XDB-C18 column (250 mm x 21.2 mm, 7 um). All 'H, ©C, and 2D NMR
("H-"H COSY, "H-"3C HSQC, and "H-"3C HMBC) experiments were conducted
in C,D, at 600 MHz for "H and 151 MHz for "*C nuclei on a Bruker Avance 1|
Ultrashield 600.

Expression of TPS and IDS Genes in Transcriptomes of B. coprophila.
BcTPS1-5 protein sequences defined using methods above on the Bcop_v1
genome sequence (NCBI GenBank GCA_014529535.1, WGSVSDIO1)(32) were
subsequently used tofish outthe corresponding BcTPS proteins in two automated
gene annotation sets for B. coprophila using BLAST. Gene models corresponding
to all five BcTPS genes were found in the protein set previously generated using
Maker2 annotation pipeline (32), and gene models for four (BcTPS 1-4, not
5) were identified in the NCBI B. coprophila Annotation Release 100 (https:/
www.ncbi.nIm.nih.gov/genome/annotation_euk/Bradysia_coprophila/100/):
BcTPS1 (Bcop_v1_g001633; XP_037024969.1), BcTPS2 (Bcop_v1_g003386;
XP_037027991.1), BcTPS3 (Bcop_v1_g003391; XP_037028003.1), BcTPS4
(Bcop_v1_g014573; XP_037049366.1), and BcTPS5 (Bcop_v1_g003389;
N/A). Also identified were gene models for BcFPPS (XP_037043359.1) and
BcGGPPS (XP_037044777.1). For further evaluation, we used the gene model
sets that were lifted over to the chromosome-scale Bcop_v2 reference genome
as described previously (34). To check for expression of the BcTPS genes and
evaluate the gene models, we used published RNA-seq datasets available in the
NCBI BioProject database under the accession number of PRINA748150 (32)
spanning four life stages (embryos, larvae, pupae, and adults) from both sexes
as well as published RNA-seq datasets from i) irradiated and control female
larvae (58) and ii) adult male testis (59). To evaluate the concordance between
RNA-seq alignments and BcTPS gene models, including visually inspecting
exon-intron junctions and UTRs, the RNA-seq datasets were mapped to the
Bcop_v2 genome using STAR (version 2.7.10a_alpha_220818) (60), agnostic
of gene annotation sets. The RNA-seq alignments in the resulting BAM files
were directly examined for consistency with gene structures in both annotation
sets using GV (51). Following this evaluation, the gene models for BcTPS 1-4,
BcFPPS, and BcGGPPS from "NCBI B. coprophila Annotation Release 100" were
deemed better than the corresponding gene models from Maker2 (32) and
selected for furtheranalysis. Since the NCBI annotation set was missing a model
for BCTPSS, the Maker2 model for BcTPS5 was simply added to the NCBI gene
set before further transcriptome-wide RNA-seq analysis. S Appendix, Fig. S2
shows the RNA-seq alignment evidence with respect to the chosen BcTPS gene
models using a comprehensive merge of all RNA-seq datasets from four life
stages for both sexes (32). To quantify transcript levels in each RNA-seq dataset
forall genes in the NCBI annotation set (with BcTPS5 added in), RSEM (v1.3.1)
(61) was used with STAR (version 2.7.10a_alpha_220818) (60) using the "rsem-
calculate-expression” pipeline. Transcripts Per Million (TPMs) were extracted
from the RSEM gene-level results, and the corresponding RSEM-calculated
expected counts were used with EdgeR (62) for between-sample normaliza-
tion and differential expression analysis. Plots of TPMs and EdgeR results were
made in R and Python.

Data, Materials, and Software Availability. Raw fasta files, aligned files,
and newick trees for phylogenetic analyses have been deposited in Figshare
(63). Functionally characterized TPSs have been deposited in GenBank as
PQ349591 (64), PQ349592 (65), PQ349593 (66), PQ349594 (67), PQ349595
(68), PQ349596 (69), PQ349597 (70), PQ349599 (71), PQ349600 (72), and
PQ349601(73).Raw NMR data have been deposited to NP-MRD (https:/np-mrd.
org) with deposition ID NP0019639 (74) for cattleyene and NP0341814 (75) for
phomopsene. All other data are included in the manuscript and/or S/ Appendix.
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