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ABSTRACT

In the evolutionarily-derived termite subfamily Nasutitermitinae (family Termitidae),
soldiers defend their nestmates by discharging polycyclic diterpenes from a head
projection called the “nasus.” The diterpenes are synthesised in the frontal gland from the
precursor geranylgeranyl diphosphate (GGPP), which is generally used for post-
translational modification of proteins in animals. In this study, we constructed a
comprehensive gene catalogue to search for genes involved in the diterpene biosynthesis
by assembling RNA sequencing reads of Nasutitermes takasagoensis, identifying eight
gene copies for GGPP synthase (GGPPS). The number of gene copies is much larger in
contrast to other related insects. Gene cloning by reverse transcription-PCR and rapid
amplification of cDNA ends confirmed that seven GGPPS genes (NtGGPPSI to
NtGGPPS7) have highly variable untranslated regions. Molecular phylogenetic analysis
showed that the Nt\GGPPS7 gene was grouped with homologs obtained from ancestral
termites that have only a single copy of the gene, and the NtGGPPS6 gene was grouped
with homologs obtained from a basal lineage of termitids, in which soldiers do not
synthesise diterpenes. As the sister group to this clade, furthermore, a monophyletic clade
included all the other NtGGPPS genes (NtGGPPS1 to NtGGPPSS5). Expression analyses
revealed that NtGGPPS7 gene was expressed in all the examined castes and tissues,
whereas all the other genes were expressed only in the soldier head. These results suggest
that gene duplication followed by subfunctionalisation of the GGPPS genes might have
accompanied the evolution of chemical defence in the nasute termite lineage.

Keywords: chemical defence, exocrine gland, mevalonate pathway, nasus,

Termitidae
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1. Introduction

In termites, a major group of eusocial insects, various castes perform specified tasks
to maintain the integrity of their colonies. For example, the soldier caste is specialised to
protect nestmates (Noirot, 1989; Roisin, 2000). The soldiers were the first altruistic caste
and thought to be related to the origin of eusociality in termites (Roux and Korb, 2004;
Tian and Zhou, 2014).

The defense by termite soldiers is classified into two types, i.e., physical and
chemical defenses (Prestwich, 1984; Noirot and Darlington, 2000). In ancestral termite
groups, soldiers physically defend their colony against invaders by biting using their
sclerotised and enlarged mandibles. In contrast, in more derived termites, also known as
Neoisoptera (Rhinotermitidae, Serritermitidae and Termitidae), soldiers possess frontal
glands producing defensive substances, i.¢., terpenoids and fatty acid-derived compounds
(Prestwich, 1983b; Engel et al., 2009). JiroSova et al. (2017) firstly investigated
metabolism to produce aliphatic nitroalkene (£)-1-nitropentadec-1-ene (NPD), which is
the main component of defensive secretion in Prorhinotermes simplex (Rhinotermitidae),
based on metabolomic and transcriptomic analyses. However, little is known about the
biosynthesis process of defensive secretion in termites.

Nasute termites belong to the subfamily Nasutitermitinae (family Termitidae) which
is the most derived and diversified group of termites, containing approximately 20% of
described termite species (Krishna et al., 2013). The nasute soldier possesses a frontal
projection called a ‘nasus’, from which frontal gland secretions are discharged as
defensive substances, and their defensive behaviours are considered the most
sophisticated among termites (Deligne et al., 1981; Prestwich, 1983a). The defensive

secretion which is the mixture of viscous diterpenes and volatile monoterpenes (Prestwich,
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1988) is sticky and thus effective for entangling enemies (Eisner et al., 1976), since it
contains high concentrations of cembrene-derived, hydrogen-bonded, and dome-shaped
polycyclic diterpenes in a monoterpene solvent (Deligne et al., 1981; Prestwich, 1984).
The common biosynthetic pathway of diterpene is conserved among animals as an
essential metabolic pathway, although functional studies of these chemicals were lacking
in animals. The frontal-gland reservoir which is surrounded by a single-layered secretory
epithelium composed of Class 1 cells, occupies a large part of soldier head, allowing
soldiers to store a large amount of defensive secretion (Noirot and Quennedey, 1974;
Costa-Leonardo and De Salvo, 1987; Quennedey, 1984). Tracer experiments using radio-
labelled markers have demonstrated that Nasutitermes soldiers synthesise diterpenes de
novo without any metabolic assistance from workers (Singh and Prestwich, 1986;
Prestwich et al., 1981). Coupled with the anatomical observations of the frontal gland
described above, these imply that diterpenes are synthesised in the Class 1 cells
(Prestwich, 1979a; Deligne et al., 1981; Quennedey, 1984).

All isoprenoids are synthesised from a five-carbon precursor isopentenyl
diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP) (Cane, 1999). The
IPP synthesis pathway in animals, known as the mevalonate pathway, begins with acetyl
coenzyme A (acetyl-CoA) (Goldstein and Brown, 1990; Kuzuyama, 2002).
Geranylgeranyl diphosphate (GGPP), a common precursor of diterpene, is synthesised by
GGPP synthase (GGPPS), which catalyses the condensation of farnesyl diphosphate
(FPP) with IPP (Ogura and Koyama, 1998; Wang and Ohnuma, 2000; Croteau et al.,
2000) (Supporting Information Fig. S1). GGPP is generally used for the protein
prenylation in animals, which is important for protein—protein interactions and protein—

membrane interactions (Zhang and Casey, 1996). Therefore, the GGPP synthesis pathway
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used for protein prenylation is thought to be ubiquitous in any cell types in termites. After
the GGPP synthesis, via cembrene-like intermediates through cyclisation steps,
hydroxylation and/or oxidation by oxidoreductase such as cytochrome P450 (CYP)
generates the characteristic diterpene secretion (Prestwich, 1979a).

GGPPS involved in the protein prenylation is generally encoded by a single gene
copy in insects and mammals (Ericsson et al., 1998; Lai et al., 1998; Kainou et al., 1999;
Kuzuguchi et al., 1999; Zhao et al., 2000). Conversely, in N. takasagoensis, three GGPPS
genes and some other partial GGPPS sequences have been identified based on Sanger
sequencing and 454 pyrosequencing (Hojo et al., 2007, 2012; Hayashi et al., 2013).
Therefore, we hypothesised that gene duplication followed by subfunctionalisation or
neofunctionalisation of the GGPPS genes should be important for the evolution of
diterpene biosynthesis in nasute termites.

In a nasute termite N. takasagoensis, the genes involved in the diterpene biosynthesis
were identified based on a comprehensive gene catalogue constructed by de novo
assembly of RNA sequencing (RNA-seq) reads. Then, quantitative real-time polymerase
chain reaction (QRT-PCR) was performed to characterise the expression patterns of genes
related to the diterpene synthesis in various castes. Based on the obtained results, the

evolution of chemical defensive strategies in termites is discussed.

2. Materials and methods
2.1. Termite sample

Nests of N. takasagoensis were collected from Iriomote Island and Ishigaki Island,
Okinawa, Japan. The nests were kept in an air-conditioned room maintained at

approximately 25°C until use.
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2.2. RNA extraction and cDNA library construction

For RNA-seq analysis, total RNA was extracted from 50 mg of heads derived from
each of the following castes: soldiers, presoldiers, minor workers and male alates (winged
adults) in the same colony. The heads of soldiers were divided into two parts (Fig. S2):
one comprising the Class 1 cell layer of the frontal gland (library 1), which is thought to
synthesise diterpene defensive secretions (Deligne et al., 1981; Quennedey, 1984), and
another comprising the remaining tissues (library 2), including Class 3 gland cells, the
brain and the suboesophageal ganglion (Fig. S2). For the heads of presoldiers (library 3),
minor workers (library 4) and male alates (library 5), whole tissues were used for the
library preparation. For comparison, we also examined the head tissues (including the
frontal gland Class 1 cell layer) of soldiers from another colony (library 6). RNA
extraction was performed using an RNeasy mini Kit with DNase treatment according to
the manufacturer’s instruction (Qiagen, Hilden, Germany). The amounts of RNA and
DNA contamination in each sample were quantified using a Qubit fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA). The quality of RNA was validated using an

Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

2.3. RNA sequencing

Following the procedure described by Hayashi et al. (2017), we used TruSeq RNA
sample preparation kits (Version 2) (Illumina, San Diego, CA, USA) to generate a
complementary DNA (cDNA) library from 1 pg of total RNA from each caste or tissue.

The cDNA libraries were individually indexed for multiplex sequencing before being



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

pooled and sequenced on a HiSeq 2000 platform (Illumina) with 101 bp paired-end

reading.

2.4. De novo transcriptome assembly and expression analysis

We trimmed the low-quality ends (<QV30) and adapter sequences using the cutadapt
programme (Martin, 2011), whereas the reads shorter than 50 bp were discarded. The
filtered reads obtained from the five cDNA libraries derived from the same termite colony
were pooled and subjected to de novo transcriptome assembly using the Trinity software
(Grabherr et al.,, 2011). Open reading frames (ORFs) were predicted using the
TransDecoder programme (Trinity package). The predicted ORF sequences were
grouped using the cd-hit-est programme (Li and Godzik, 2006) with a minimum identity
of 97%, from which we obtained a non-redundant (nr) coding sequence set. A sequence
similarity search was performed against the NCBI’s nr protein database (ver. June 2018)
with BLASTp using predicted proteins as queries.

When we evaluated the Trinity assembly, we noticed that the contigs derived from
different GGPPS gene paralogs were erroneously assembled together; this was probably
because the GGPPS gene paralogs are so similar to each other that Trinity assembling
with a k-mer size = 25 collapsed paralogs sharing sequences longer than 25 base pairs.
To overcome this issue, we used the velvet programme (ver. 1.2.07) (Zerbino and Birney,
2008) for assembling GGPPS gene paralogs because velvet programme allows a flexible
setting of the parameter of k-mer size as longer values. We collected the Illumina reads
derived from GGPPS gene paralogs and attempted assembling using the velvet

programme with various k-mer sizes ranging from 75 to 99. We found that the GGPPS
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ORF assembly produced by a parameter of k-mer size = 95 was the best, and we used it
for the downstream analyses.

For differential expression analysis, short reads were mapped to the reference ORF
sequences using Bowtie2 software (Langmead and Salzberg, 2012). Transcript
abundances were estimated using eXpress software (Roberts and Pachter, 2013). To
adjust the library sizes and skewed expressions of transcripts, we normalised the
estimated abundance values using the trimmed mean of M values (TMM) normalisation
method (Robinson and Oshlack, 2010). Differential expression analysis was conducted

using the edgeR statistical package (Robinson et al., 2010).

2.5. Identification of genes involved in diterpene biosynthesis and cDNA cloning

We used the tBLASTx, with the nucleotide sequences of Acyrthosiphon pisum as
queries, to search the reference ORF sequences of N. fakasagoensis for the genes involved
in diterpene biosynthesis. For confirming the accurate assembly, we determined cDNA
sequences, including the untranslated region (UTR) of the genes of interest, as follows.
Total RNA was extracted from soldier heads as described above. First-stranded cDNA
was synthesised using SuperScript III First-Strand Synthesis SuperMix (Thermo Fisher
Scientific). Each cDNA sequence was obtained using RT-PCR and rapid amplification of
cDNA ends (RACE) with gene-specific primers (Table S1). PCR products were purified
and nucleotide sequences were determined with a Big Dye Terminator v3.1 Cycle

Sequencing Kit using a 3130xl Genetic Analyzer (Thermo Fisher Scientific).

2.6. Amino acid sequences alignment, phylogenetic analysis and protein structure

prediction
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Using amino acid sequences of N. takasagoensis as queries, we used tBLASTx to
search for homologous genes of the GGPP synthesis pathway genes in closely related
insect species, such as Blattella germanica Linnaeus, Zootermopsis nevadensis Hagen,
Cryptotermes secundus Hill, and Macrotermes natalensis Haviland, whose genome
sequences were published (Terrapon et al., 2014; Poulsen et al., 2014; Harrison et al.,
2018). We used MEGA7 software (Kumar et al., 2016) to perform sequence alignments
and construct a phylogenetic tree of the GGPPS genes obtained from termites and other
insects and organisms. Sequences were aligned using the MUSCLE algorithm.
Phylogenetic relationships were inferred using the Maximum Likelihood method based
on an LG model (Le and Gascuel, 2008). We obtained initial phylogenetic trees for the
heuristic search by applying the Neighbour-Joining method (Saitou and Nei, 1987). To
infer the structural differences among GGPPSs, the protein structures were predicted
based on the deduced amino acid sequences using Phyre2 web site (Kelley et al., 2015)

with Z. nevadensis GGPPS amino acid sequences (XP_021933767) as a reference.

2.7. Relative expression analysis by qRT-PCR

RNA samples were separately extracted from head and body tissues of the four
terminal castes (i.e. male soldier, female major worker, male alate and female alate). Each
biological sample was replicated from four different colonies. We determined the quality
and quantity of the extracted RNA through spectroscopic measurements at 230, 260 and
280 nm using the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). The
total RNA was transcribed using the PrimeScript RT reagent Kit with gDNA Eraser
(Takara Bio, Shiga, Japan), according to the manufacturer’s instructions. The qRT-PCR

procedure was performed using a Fast SYBR Green Master Mix (Thermo Fisher
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Scientific) and a StepOnePlus Real-Time PCR system (Thermo Fisher Scientific). We
also evaluated the suitability of three reference genes [i.e. beta-actin (AB501107), EFla
(AB501108) and glyceraldehyde 3-phosphate dehydrogenase (LC440333, determined in
this study using Sanger sequencing)]. These reference genes were used to determine the
endogenous control of constitutive expression using the following software: geNorm
(Vandesompele et al., 2002), BestKeeper (Pfaffl et al., 2004) and NormFinder (Andersen
et al., 2004). Primers for target genes were designed considering each open reading frame
using Primer Express software (Thermo Fisher Scientific) (forward and reverse primers
are underlined and double-underlined, respectively in Fig. S3). Sequences and optimum
concentrations of primers are presented in Table S1. The thermal cycle programme
comprised 20 s at 95°C followed by 50 cycles of 3 s at 95°C and 30 s at 60°C. The
production of single products was confirmed by dissociation curve analysis. The thermal
cycle programme in the dissociation stage comprised 15 s at 95°C, 1 min at 60°C and a
slow ramp up of temperature to 95°C. The data were analysed using the relative standard
curve method. The cycle threshold values of the analysed genes were normalised using
the values of reference genes. The data were statistically analysed by one-way ANOVA

in conjunction with post-hoc Tukey’s HSD tests.

3. Results
3.1. RNA sequencing and assembly

We created RNA-seq libraries to construct a comprehensive catalogue of genes
expressed in the heads of male castes of V. fakasagoensis. We sequenced the six libraries
using the Illumina HiSeq platform, which yielded 61,154,873 paired-end sequence reads

(Tables 1 and S2). All raw Illumina reads were deposited in the DNA Data Bank of Japan

10
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(DDBJ) Sequence Read Archive under the accession number DRAO007712. After
trimming adapter and low-quality bases, the cleaned reads of the five libraries from the
main colony were used to create a comprehensive catalogue using Trinity. De novo
assembly by Trinity generated 118,787 contigs with N50 of 2,864b, ranging from 201b
to 43,151b. From these contigs, we predicted 40,863 nr ORFs with N50 of 1,668b,
ranging from 150b to 38,781b (Table 1). All aforementioned ORF sequences were
deposited in the DDBJ Transcriptome Shotgun Assembly (TSA) division (accession nos.
IAEB01000001-IAEB01040863) and used for downstream analyses as a reference

coding sequence of N. takasagoensis.

3.2. Genes enriched in soldier heads containing the frontal gland Class 1 cell layer

The counts per million (cpm) value, normalised by TMM, is shown in Table S3. All
predicted ORF sequences were compared with the NCBI nr protein database using the
Basic Local Alignment Search Tool (BLAST). In our ORF list, 20,291 ORFs were
retrieved from the NCBI nr protein database with e-value thresholds of 1.0E—5 (Table
S4). After using BLAST, we examined the gene enrichment in soldier head tissue
containing the frontal gland Class 1 cell layer. To perform this, we compared gene
expression levels between the Class 1 cell layer of the frontal gland of soldier head
(library 1 and 6) and the remaining tissues of soldier head and the heads of the other castes
(libraries 2—5). The 50 most abundant ORFs in this soldier head tissue are shown in Table
2; significantly abundant ORFs are shown in Table S5 (FDR < 0.05). In the ORF
catalogue, nine homologous genes (IAEB01006569, IAEB01006570, IAEB01013267,
IAEB01015961, IAEB01004244, IAEB01037270, IAEB01012708, IAEB01012707 and

IAEB01006409) involved in the diterpene synthesis pathway and 14 putative CYP genes

11
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(IAEB01039737, IAEB01019592, TAEB01019615, TAEB01010255, TAEB01010256,
IAEB01007818, TAEB01037022, TAEB01030092, IAEB01025415, TAEB01036662,
IAEBO01015134, IAEB01024991, IAEB01014765 and IAEB01019613) were statistically
enriched in the soldier head tissue containing the frontal gland Class 1 cell layer (FDR <

0.05) (Tables 2 and S5).

3.3. Nine genes related to diterpene synthesis in N. takasagoensis

Using the presumed nine genes involved in diterpene synthesis in 4. pisum as queries,
we used BLAST to retrieve 20 ORF contigs from our ORF list, all with e-values less than
1.0E—10 (Table S6). Among the 20 ORF contigs, there were two different sequences for
hydroxymethylglutaryl-CoA synthases (HMGSs), three different sequences for FPP
synthases (FPPSs) and more than six different sequences for the GGPPS genes. In the
OREF sequences of the diterpene synthesis pathway, the sequences of IAEB01013267 and
IAEB01037270 were identical to HMGS and hydroxymethylglutaryl-CoA reductase
(HMGR) genes of N. takasagoensis, respectively (Hojo et al., 2012: NtHMGS, accession
no. AB733008; NtHMGR, AB733009). Moreover, the sequences of the IAEB01015961
were identical to the GGPPS gene of N. takasagoensis (NtGGPPS3-B, AB266081).
However, we were unable to detect ORF sequences for the other GGPPS genes of N.
takasagoensis previously determined (NtGGPPSI-B, AB266075; NtGGPPS2-B,
AB266079) in our list. Next, we used the velvet programme with an increased k-mer size
to construct GGPPS contigs using the same reads used for the GGPPS contigs in the
Trinity assembly. As a result, nine more GGPPS ORFs (TSA accession nos.

IAEB01040864-IAEB01040872) were constructed. The sequences of IAEB01040867,

12
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IAEB01040866 and IAEB01040864 were identical to the sequences of NtGGPPSI-B,
NtGGPPS2-B and NtGGPPS3-B, respectively.

To confirm the accuracy of the assembled sequences, we performed cDNA cloning
to determine the nucleotide sequences with their UTRs. We determined 13 cDNA
sequences related to diterpene synthesis (accession nos. LC440320-LC440332), which
were named (Table 3) and deposited in the DDBJ database. Among the GGPPS genes,
NtGGPPS4 (AB266082) was identical to IAEBO01040865, IAEB01040868,
IAEB01040869 and IAEB01040871 sequences. Furthermore, NtGGPPS5 was identical
to the IAEB01012707 and very similar to IAEB01012708 sequences. NtGGPPS6 was
identical to ITAEB01039951 sequences, whereas NtGGPPS7 was identical to
IAEB01006415, TAEB01006417 and IAEB01006409 sequences. Contig IAEB01006416
was partially identical to NtGGPPS7. The IAEB01021611 sequences differed from the
other seven GGPPS sequences determined (Fig. S3). All these transcripts possessed the
distinct UTR sequences (Fig. S3), showing they were unlikely splice variants. To
summarise, our results predicted at least eight genes encoding GGPPS in the M.

takasagoensis genome.

3.4. Number of genes related to diterpene synthesis in cockroaches and termites

The genome sequences of three termite species (Z. nevadensis, M. natalensis and C.
secundus) and one cockroach species (B. germanica) have recently been reported
(Terrapon et al., 2014; Poulsen et al., 2014; Harrison et al., 2018). We subjected the
deduced amino acid sequences of our identified genes responsible for diterpene synthesis
in N. takasagoensis to BLASTp against the original gene set of the other termites and one

cockroach species. Our results showed that the numbers of mevalonate pathway genes

13
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(Fig S1) were identical in all species examined (Table 4). However, the number of genes
in the following GGPP synthesis pathway differed among species: there were one or two
FPPS genes in all species except for N. takasagoensis, which had three. In particular, the
number of GGPPS genes was larger in N. takasagoensis (at least eight) compared with

the cockroach and other termite species examined (only one).

3.5. Phylogenetic relationship of the GGPPS genes in termites

Phylogenetic analysis indicated the termite GGPPS genes are divided into two
clades (Fig. 1); one clade containing homologous genes identified from all species
examined (ancestral clade) and the other clade containing genes identified only from
termitid species (expanded clade). In the latter clade, genes could be further divided into
two clades; one included the GGPPS genes of N. takasagoensis (NtGGPPS6) and M.
natalensis, and the other included all the other genes only obtained from N. takasagoensis

(NtGGPPSI to NtGGPPSS).

3.6. Structures of GGPPS proteins of N. takasagoensis

The amino acid sequence alignment of seven ORF determined by cloning indicated
that two aspartate-rich regions, involved in the binding of the diphosphate moieties of the
allylic substrate through Mg>" bridges (Liang et al., 2002), were conserved in all
NtGGPPS proteins with some substitutions (Fig. 2). The amino acid residues at the fifth
position upstream of the first aspartate-rich region (FARM) in all NtGGPPS proteins were
neutral residues with relatively smaller molecular masses, such as serine, alanine and

glycine, typically found in GGPPSs (Ohnuma et al., 1996) (Fig. 2). One of the inserted
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residues in FARM is normally glutamic acid in eukaryotic GGPPSs (Bouvier et al., 2005),
whereas those of NtGGPPSs (except for NtGGPPS1-B) were found to be different.

The 3D structure of GGPPSs of N. takasagoensis and Z. nevadensis predicted from
the deduced amino acid sequence was shown in Fig. S4. Although the structure of the
examined GGPPSs was well conserved between these termite species, slight

conformational variations were recognised in NtGGPPS4 (Fig. S4).

3.7. Relative expression of nine genes related to diterpene synthesis

We performed qRT-PCR analysis using the four terminal castes (i.e. male soldier,
female major worker, male alate and female alate) to compare the relative expression of
genes related to diterpene synthesis. In these comparisons, the expression level of
elongation factor 1 alpha (EF1a) was the most stable among the three candidate reference
genes [i.e. beta-actin (AB501107), EFla (AB501108) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH); Table S7].

Gene expression analysis indicated that only a gene copy (Nt(HMGS1, NtFPPSI and
NtGGPPS7) was universally expressed in each of the gene groups that possessed multiple
gene copies (i.e., HMGS, FPPS and GGPPS), whereas the other genes (NtHMGS?2,
NtFPPS2, NtFPPS3 and NtGGPPSI to NtGGPPSS5) were expressed only in soldier heads
[Fig. 3, one-way analysis of variance (ANOVA) in conjunction with post-hoc Tukey’s
HSD tests, p < 0.05]. However, the higher expression levels of N¢\GGPPS6 in the soldier
head was not supported by statistical tests. The other single copy genes were essentially

expressed at the highest levels in soldier heads.

4. Discussion
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4.1. Predicted ORFs obtained from male caste head tissues

We successfully constructed a gene catalogue expressed in frontal gland Class 1
cells, because the contig of soldier specific protein 1 (IAEB01010718) was listed among
the abundant ORFs from soldier-head tissues containing frontal gland cells (Table S5),
which is highly expressed in Class 1 cells of soldier frontal gland in a previous study
(Hojo et al., 2005). Since the genomic and/or large-scale transcriptomic analyses of
termitid species, especially nasute termites, have not yet been performed in detail, the
transcriptome information provided here would be helpful to identify genes of interests,
including those related to the biosynthetic pathway of diterpenoid secretions.

Among the abundant ORFs in the soldier head containing frontal gland tissues, many
CYP genes were identified (Tables 2 and SS5), that encode the terminal oxidases
contributing to the chemical diversity in all kingdoms. In higher plants, the copy numbers
of CYP genes are extremely high (e.g. 245 in Arabidopsis thaliana, 343 in Oryza sativa;
Nelson and Werck-Reichhart, 2011) in contrast to other organisms. In these plants, the
CYP gene copies are suggested to contribute to diversified structures and functions of
terpenoids (Hamberger and Bak, 2013). In a rhinotermitid termite P. simplex, in which
soldiers produce NPD as a defensive component, 10 gene candidates related to CYP were
highly expressed in soldier frontal gland (JiroSova et al., 2017, 2018). In Nasutitermes
species, more than 30 diterpene compounds have been reported in frontal gland secretions
(Prestwich, 1979b; Sobotnik et al., 2010), so that in N. takasagoensis, frontal gland
secretions is thought to comprise diterpene compounds with various structures. These
suggest that the oxygenation by CYPs may contribute to the diterpene diversity. To clarify
this possibility, functional analyses of the CYP genes identified in this study will be

required in future studies.
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4.2. Gene duplication and functionalisation of GGPPS

GGPP, a common precursor of diterpenes, is used for C20-prenylation, which is
essential for the localisation and activation of proteins in animals (Zhang and Casey,
1996). The mammalian and Drosophila melanogaster GGPPS genes are ubiquitously
expressed and coded by a single gene (Ericsson et al., 1998; Lai et al., 1998). However,
multiple gene copies encoding GGPPS were identified in N. takasagoensis. Furthermore,
all the GGPPS genes previously described in N. takasagoensis were expressed only in
the soldier caste (Hojo et al., 2007, 2012). Among animals, diterpene biosynthesis has
been assumed only in a few marine invertebrates besides nasute termites (Gavagnin and
Fontana, 2000; Aratake et al., 2012; Farag et al., 2017), although the evolution of the
diterpene biosynthesis pathway in animals has yet to be elucidated. Since theoretical
simulation showed that gene duplication leads to subfunctionalisation, followed by
neofunctionalisation (Rastogi and Liberles, 2005), multiple copies of GGPPS gene in N.
takasagoensis are suggested to drive subfunctionalisation and/or neofunctionalisation of
GGPPS genes in the termite lineage. As an example of neofunctionalisation, genes coding
luciferases in fireflies are suggested to have evolved from a peroxisomal fatty acetyl-CoA
synthetase gene after tandem duplications (Fallon et al., 2018). In future studies, however,
functional assays on the enzymatic activities of GGPPSs that are coded by different gene

copies should be required.

4.3. Evolution of the termite GGPPS genes
Whole genome sequences in some termite and cockroach species revealed that the gene

duplication of GGPPS has occurred only in derived termite taxa (Nasutitermitinae and
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Macrotermitinae; Table 4). Although the genome of a flowering plant 4. thaliana
possesses 10 functional GGPPS genes that were differentially expressed in various
organelles, tissues and/or developmental stages (Beck et al., 2013), in N. takasagoensis,
all the identified GGPPS were cytosolic (estimated from TargetP,
http://www.cbs.dtu.dk/services/TargetP/, Emanuelsson et al., 2000). Additionally, all the
seven NtGGPPS had aspartate-rich regions (Fig. 2), suggesting that these enzymes bind
the allylic substrate and pyrophosphate of IPP. The amino acid residues at the fifth
position upstream of the first aspartate-rich region of these sequences were smaller
residues, which are probably involved in the determination of product length (Tarshis et
al., 1996; Ohnuma et al., 1996). These proteins must have a function similar to that of the
plant GGPPSs, which could convert FPP with IPP to 20-carbon isoprenoid products
(Bouvier et al., 2005; Wang et al., 2016). All the expanded GGPPS genes (NtGGPPSI to
NtGGPPS6) were expressed specifically in the soldier heads (Fig. 3), suggesting that
these genes were acquired by gene duplication in the lineage of nasute termites, and play
roles in the synthesis of defensive diterpenes. However, the NtGGPPS6 was slightly
expressed in the bodies of soldiers, major workers and female alates (Fig. 3). In nasute
termite, nonoxygenated diterpene hydrocarbons neocembrene and trinerviatriene are used
for trail pheromones in workers and soldiers and for sex pheromones in female alates
(Budésinsky et al., 2005; Sillam-Dusses et al., 2010), so that NtGGPPS6 may have
distinct functions in the synthesis of these pheromones in other body parts and in other
castes.

The fact that only N*\GGPPS7 was expressed at any tissues in any castes (Fig. 3)
suggests that NtGGPPS7 likely has essential house-keeping functions like protein

prenylation, as reported by Zhang and Casey (1996). Phylogenetic analyses also
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supported this idea, in which N*GGPPS7 was located at the basal position to a clade of
expanded GGPPS genes (Fig. 1).

Also, the phylogenetic results suggest that extensive gene duplication have occurred
in the derived termite lineage, i.e., Termitidaec. Although soldiers in some
Macrotermitinae species have a frontal gland, diterpene defensive compounds have not
been detected from the frontal glands (Prestwich, 1984). Moreover, it was also shown
that the GGPPS genes have duplicated multiple times in Nasutitermes (Fig. 1).
Considering that NtGGPPS1 to NtGGPPS5 genes were expressed only in the heads of
soldier termites (Fig. 3), the subfunctionalisation of GGPPS genes is suggested to be
involved in the acquisition of diterpene synthesis in the lineage of Nasutitermes species.
However, 3D structures of all GGPPSs of N. fakasagoensis predicted were very similar
(Fig. S4), suggesting that the enzymatic functions are not largely different between
ubiquitous and soldier-specific expressed GGPPSs. Nevertheless, the possibility that the
slight conformational variations observed in NtGGPPS4 or other trivial structural
differences contributing to the functional diversification cannot be ruled out. Further
biochemical analyses should be performed to elucidate the key difference for each

function among GGPPSs obtained in this study.

4.4. Novel role of GGPP synthesis pathway genes in termites

In our OREF catalogue, 8 genes that encode all the enzymes responsible for the early
steps the GGPP synthesis (ACAT2, HMGS, HMUGR, MevK, MevPK, MevPPD, IPPI and
FPPS) were identified. Among these, HMGS and FPPS were encoded by multiple gene
copies. For HMGS, there were two gene copies in any insect species, while the copy

number of FPPS genes varied among insect species (Table 4). Our gene expression results
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indicated that one HMGS gene (NtHMGS?2) and two of the FPPS genes (NtFPPS2 and
NtFPPS3) were highly expressed in soldier heads (Fig. 3), suggesting that the soldier-
specific expressions are also involved in the diterpene biosynthesis.

Isoprenoids (including GGPP) play various roles in living organisms (Zhang and
Casey, 1996). In N. takasagoensis, the ACAT2 gene which encodes the enzyme at the
initial step of the isoprenoid synthesis, was highly expressed in soldier heads (Fig. 3).
This suggests that the diterpenoid synthesis for defensive secretions takes place from the
initial step of the isoprenoid synthesis in soldier heads. All the single-copy genes were
expressed in all termite castes, suggesting that they possess the roles of both the primary

metabolism and the diterpenoid synthesis for defensive secretion.

4.5. Conclusions

The findings of this study suggest that the gene duplication and the following
subfunctionalisation of GGPPS gene may contribute to the acquisition of defensive
substances in a termite lineage. Future works by further identifications and
characterisations of the GGPPS gene in a variety of termite lineages, particularly in
species possessing soldiers with frontal glands, may enable us to determine the timings
of GGPPS gene duplication events and the evolution of chemical defense in termite

lineages.
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Figure Captions

Fig. 1. Molecular phylogenetic tree based on the GGPP synthase amino acid sequences
in N. takasagoensis (NtGGPPS1-7) and other organisms. Inferred relationships were
supported using the Maximum Likelihood method, based on the Le and Gascuel (2008)
model. Bootstrap probability (1000 replicates, only >50%) is shown on each branch.

Scale bar indicates the substitution rate per site.

Fig. 2. Alignment of NtGGPPS amino acid sequences produced by MEGA7. Two
conserved aspartate-rich domains for isoprenyl diphosphate synthase are underlined.
Asterisk indicates the amino acid residue at the fifth position upstream of the first
aspartate-rich consensus region. Filled and shaded boxes indicate the conserved and the

same characteristic residues in all sequences, respectively.

Fig. 3. Relative expression of genes responsible for the GGPP synthesis pathway
quantified in heads and bodies of soldiers, major workers, male alates and female alates
of N. takasagoensis. The expression levels were normalised to those expressed in the
heads of the soldier caste (indexed as 1.0). Data are expressed as mean + SD (biological
replication numbers = 4). Differences in letters above the index bars denote significant
differences (based on one-way ANOVA, followed by multiple comparison tests with

Bonferroni correction, Padj < 0.05).
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Figure S1.
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Putative biosynthetic pathway of cembrane-derived polycyclic diterpene in nasute termite.

Figure S2.
Diagram of separation of soldier head used for RNA extraction for RNA-seq library

construction.

Figure S3.

Nucleotide sequence aliment of GGPPS genes in N. takasagoensis. Forward and reverse
primers are underlined and double-underlined, respectively. Capital letters and small
capital letters indicate the sequences of coding regions and untranslated regions,

respectively. Asterisks indicate the sequences of start and stop codon.

Figure S4.
Comparison of the 3D protein structures of GGPPSs in N. takasagoensis (NtGGPPSs)
and Z. nevadensis (ZnGGPPS). Arrows in NtGGPPS4 indicate some conformational

variations compared to the other termite GGPPSs.

Table S1.

Primer sequences and optimal primer concentration for qRT-PCR.

Table S2.

Number of raw reads in each library.

Table S3.
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Counts per million (cpm) value normalized by TMM.

Table S4.

Results of top hit protein by BLAST against ncbi nr protein database.

Table S5.
The abundant ORF of the soldier hear containing frontal gland class 1 cell layer of

Nasutitermes takasagoensis (FDR<0.05).

Table Sé.
Result of BLASTp using nine genes involved with diterpene synthesis pathway of

Acyrthosiphon pisum as query.

Table S7.

The gene expression stability values generated by three software programmes.

33



