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ARTICLE INFO 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 am-
plification of cDNA ends confirmed that seven GGPPS genes (NtGGPPS1 to NtGGPPS7) have highly variable
untranslated regions. Molecular phylogenetic analysis showed that the NtGGPPS7 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 di-
terpenes. As the sister group to this clade, furthermore, a monophyletic clade included all the other NtGGPPS
genes (NtGGPPS1 to NtGGPPS5). 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

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 de-
fend 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), sol-
diers possess frontal glands producing defensive substances, i.e., ter-
penoids and fatty acid-derived compounds (Prestwich, 1983b; Engel
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et al., 2009). Jirosova et al. (2017) firstly investigated metabolism to
produce aliphatic nitroalkene (E)-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, 1988) is sticky and thus effective for
entangling enemies (Fisner et al., 1976), since it contains high
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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 di-
terpene 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 di-
terpenes de novo without any metabolic assistance from workers (Singh
and Prestwich, 1986; Prestwich et al., 1981). Coupled with the anato-
mical 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 iso-
pentenyl 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 far-
nesyl 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 in-
teractions (Zhang and Casey, 1996). Therefore, the GGPP synthesis
pathway used for protein prenylation is thought to be ubiquitous in any
cell types in termites. After the GGPP synthesis, via cembrene-like in-
termediates 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 fol-
lowed 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 di-
terpene 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 ter-
mites 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-condi-
tioned room maintained at approximately 25 °C until use.
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
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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 (li-
brary 2), including Class 3 gland cells, the brain and the sub-
oesophageal 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 ex-
amined the head tissues (including the frontal gland Class 1 cell layer)
of soldiers from another colony (library 6). RNA extraction was per-
formed 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 quanti-
fied using a Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA,
USA). The quality of RNA was validated using an Agilent 2100 bioa-
nalyzer (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 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 simi-
larity 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 con-
tigs derived from different GGPPS gene paralogs were erroneously as-
sembled 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 para-
logs because velvet programme allows a flexible setting of the para-
meter 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 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 abun-
dance 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).
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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. takasagoensis 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 se-
quence 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

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 ger-
manica 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 MEGA?7 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. Se-
quences were aligned using the MUSCLE algorithm. Phylogenetic re-
lationships were inferred using the Maximum Likelihood method based
on an LG model (Le and Gascuel, 2008). We obtained initial phyloge-
netic 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 ex-
tracted 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 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 dehy-
drogenase (LC440333, determined in this study using Sanger sequen-
cing)]. 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 3sat 95°C and 30sat 60 °C. The production of single products was
confirmed by dissociation curve analysis. The thermal cycle programme
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in the dissociation stage comprised 15sat 95°C, 1 minat 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 cata-
logue of genes expressed in the heads of male castes of N. takasagoensis.
We sequenced the six libraries using the Illumina HiSeq platform, which
yielded 61,154,873 paired-end sequence reads (Table 1 and S2). All raw
[lumina reads were deposited in the DNA Data Bank of Japan (DDBJ)
Sequence Read Archive under the accession number DRA007712. 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 down-
stream 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 OREF 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
(IAEB01039737, IAEB01019592, IAEB01019615, IAEB01010255,

Table 1
Summary of the sequencing and assembly.

No. of component  Total base Mean length

(bp)

Sequencing for six libraries

Raw reads 12,23,09,746
High quality reads 12,23,09,746

Assembly without another colony

12,35,32,84,346 101
11,02,15,45,062  90.1

Reads used in 10,29,69,192 9,27,46,00,844 90.1
assembly

Number of contigs 1,18,787 16,56,68,514 1395

N50 2864
Remove redundancy

Number of contigs 92,028 9,25,24,553 1005

N50 1983
ORF prediction and remove redundancy

Number of contigs 40,863 3,09,53,460 758

N50 1668
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Table 2

Insect Biochemistry and Molecular Biology 111 (2019) 103177

The 50 most abundant ORF of the soldier head containing frontal gland class 1 cell layer of Nasutitermes takasagoensis.

TSA accession no. Log FC Log CPM P-value FDR

BLAST nr top hit

TAEB01019068 —8.133452139 6.05744782 5.10E-24 2.08E-19 reverse transcriptase [Lasius niger]

TAEB01019069 —9.001441264 5.651927734 1.54E-23 3.15E-19 PREDICTED: RNA-directed DNA polymerase from mobile element jockey-like [Linepithema humile]

TAEB01012008 —10.50050201 3.930967442 2.97E-22 4.05E-18 No significant homology

IAEB01031403 —8.030272479 3.586219116 1.63E-20 1.33E-16 No significant homology

TAEB01039737 —7.447042948 10.73861483 1.34E-20 1.33E-16 cytochrome P450 6j1-like [Zootermopsis nevadensis]

TAEB01031404 —6.485176261 4.962612213 3.02E-19 2.06E-15 No significant homology

TAEB01019592 —8.242869986 13.88454172 4.70E-19 2.75E-15 cytochrome P450 6j1-like [Zootermopsis nevadensis]

TIAEB01019022 —8.286817796 11.63668811 8.79E-19 4.49E-15 soldier-caste specific protein [Coptotermes formosanus]

IAEB01019071 —7.62147701 3.621106324 1.27E-18 5.76E-15 No significant homology

IAEB01005576 —5.796239678 7.093763326 4.86E-17 1.99E-13 arylsulfatase B-like isoform X1 [Zootermopsis nevadensis]

IAEB01035994 —7.181479713 3.243637079 1.09E-16 4.06E-13 No significant homology

IAEB01018454 —5.823074409 5.821271446 1.59E-16 5.40E-13 putative RNA-directed DNA polymerase from transposon X-element, partial [Stegodyphus

mimosarum]

IAEB01011597 —5.429993116 11.03807601 2.62E-16 7.66E-13 ABC transporter G family member 20 [Zootermopsis nevadensis]

IAEB01019020 —9.046535761 10.21553261 2.60E-16 7.66E-13 soldier-caste specific protein [Coptotermes formosanus]

TIAEB01030057 —9.030191716 2.449737497 4.86E-16 1.32E-12 soldier-caste specific protein [Coptotermes formosanus]

TAEB01019593 —7.794204008 8.262705779 5.88E-16 1.50E-12 hypothetical protein L798_09889 [Zootermopsis nevadensis]

TIAEB01037587 —8.536542279 8.711372922 1.37E-15 3.12E-12 hypothetical protein [Coptotermes formosanus]

TIAEB01037603 —9.288596071 2.696022813 1.30E-15 3.12E-12 No significant homology

IAEB01012495 —6.507137242 7.523137034 1.81E-15 3.89E-12 hypothetical protein L798_ 09317 [Zootermopsis nevadensis]

TAEB01019021 —8.927227896 10.43910459 4.37E-15 8.93E-12 soldier-caste specific protein [Coptotermes formosanus]

IAEB01006569 —6.378697763 8.147069418 4.99E-15 9.71E-12 farnesyl pyrophosphate synthase [Zootermopsis nevadensis]

IAEB01002528 —6.163938655 5.261737637 5.33E-15 9.90E-12  No significant homology

IAEB01013757 —5.113705923 8.947850898 6.04E-15 1.07E-11 uncharacterized protein LOC110831736 isoform X4 [Zootermopsis nevadensis]

TIAEB01019070 —5.161811143 3.824520797 1.09E-14 1.85E-11 No significant homology

IAEB01003974 —8.071734319 7.898731857 2.51E-14 4.10E-11 No significant homology

IAEB01019137 —6.17247084 10.5845805  3.83E-14 6.01E-11 juvenile hormone acid O-methyltransferase [Zootermopsis nevadensis]

TIAEB01018457 —4.990097341 3.986628006 5.42E-14 8.21E-11 PREDICTED: RNA-directed DNA polymerase from mobile element jockey-like [Anoplophora

glabripennis]

IAEB01018459 —5.800935929 2.963762287 5.93E-14 8.65E-11  No significant homology

IAEB01019956 —8.934883612 11.984693 6.47E-14 9.11E-11 hypothetical protein L798_ 10332 [Zootermopsis nevadensis]

TAEB01018455 —5.054023301 5.228460194 8.57E-14 1.17E-10 RNA-directed DNA polymerase from mobile element jockey, partial [Stegodyphus mimosarum]

IAEB01005579 —6.681373329 4.823487868 1.00E-13 1.32E-10 arylsulfatase B-like isoform X1 [Zootermopsis nevadensis]

IAEB01037264 —5.983362886 2.42221365  1.20E-13 1.53E-10 No significant homology

TAEB01007617 —6.278143698 4.062032303 1.33E-13 1.65E-10 coiled-coil domain-containing protein AGAP005037 [Zootermopsis nevadensis]

TIAEB01018456 —4.774811005 4.988063538 1.51E-13 1.77E-10 putative endonuclease and reverse transcriptase-like protein [Operophtera brumata]

IAEB01029322 —7.089609488 1.976437394 1.51E-13 1.77E-10 No significant homology

IAEB01000071 —8.635385992 2.075787935 1.66E-13 1.84E-10 No significant homology

TIAEB01003973 —8.538590332 10.41808026 1.66E-13 1.84E-10 Alpha-tocopherol transfer protein-like [Zootermopsis nevadensis]

TAEB01013823 —4.932846459 7.230948601 2.28E-13 2.46E-10 ethylmalonyl-CoA decarboxylase-like isoform X1 [Zootermopsis nevadensis]

IAEB01003975 —7.479742213 7.803457348 2.81E-13 2.95E-10 No significant homology

IAEB01029812 —6.000067384 2.455398265 3.62E-13 3.70E-10 E3 ubiquitin-protein ligase siah-1 [Coptotermes formosanus]

TAEB01035995 —4.876041778 4.986251134 4.12E-13 4.11E-10 polyprotein [Blattella germanica]

IAEB01019139 —5.908840483 5.970937636 1.39E-12 1.35E-09 No significant homology

TIAEB01005686 —4.887448263 9.146703839 1.82E-12 1.73E-09 PREDICTED: titin isoform X7 [Tribolium castaneum]

TAEB01019401 —5.554938253 2.885939974 2.56E-12 2.38E-09 RNA-directed DNA polymerase from mobile element jockey, partial [Trachymyrmex septentrionalis]

IAEB01003312 —6.952105459 1.870559575 2.75E-12 2.40E-09 No significant homology

IAEB01015847 —4.546589688 7.018562457 2.82E-12 2.40E-09 No significant homology

TAEB01018458 —4.443019166  3.773802655 2.82E-12 2.40E-09 No significant homology

TAEB01035996 —4.44954187 3.743290123 2.68E-12 2.40E-09 non-LTR retrotransposon CATS, partial [Bombyx mori]

IAEB01034499 —4.535365348 10.46989967 3.92E-12 3.27E-09 scavenger receptor class B member 1 isoform X1 [Zootermopsis nevadensis]

IAEB01019018 —7.403693811 12.39906782 4.83E-12 3.94E-09 soldier-caste specific protein [Coptotermes formosanus]
IAEB01010256, IAEB01007818, IAEB01037022, IAEB01030092, takasagoensis, respectively (Hojo et al., 2012: NtHMGS, accession no.
IAEB01025415, IAEB01036662, IAEB01015134, IAEB01024991,  AB733008; NtHMGR, AB733009). Moreover, the sequences of the

IAEB01014765 and IAEB01019613) were statistically enriched in the
soldier head tissue containing the frontal gland Class 1 cell layer
(FDR < 0.05) (Table 2 and S5).

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

Using the presumed nine genes involved in diterpene synthesis in A.
pisum as queries, we used BLAST to retrieve 20 ORF contigs from our
OREF list, all with e-values less than 1.0E—10 (Table S6). Among the 20
ORF contigs, there were two different sequences for hydro-
xymethylglutaryl-CoA synthases (HMGSs), three different sequences for
FPP synthases (FPPSs) and more than six different sequences for the
GGPPS genes. In the ORF sequences of the diterpene synthesis pathway,
the sequences of IAEB01013267 and IAEB01037270 were identical to
HMGS and hydroxymethylglutaryl-CoA reductase (HMGR) genes of N.

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 (NtGGPPS1-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, IAEB01040866 and IAEB01040864
were identical to the sequences of NtGGPPS1-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 (ac-
cession nos. LC440320-1.C440332), which were named (Table 3) and
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Table 3
Determined sequences of nine genes involved with diterpene synthesis pathway and their corresponding ORF IDs by RNA-seq.
Enzyme name Gene name  Accession no. CDS length  TSA accession no. Registration
acetyl-Coenzyme A acetyltransferase, cytosolic NtACAT2 LC440320 1185 IAEB01004244 present study
3-hydroxy-3-methylglutaryl-Coenzyme A NtHMGS1 LC440321 1389 IAEB01021509 present study
synthase NtHMGS2* AB733008 1419 TIAEB01013267 Hojo et al. (2012)
3-hydroxy-3-methylglutaryl-Coenzyme A NtHMGR* AB733009 2610 IAEB01037270 Hojo et al. (2012)
reductase
mevalonate kinase NtMevK LC440322 1305 TAEB01035397 present study
phosphomevalonate kinase NtMevPK LC440323 621 TAEB01011905 present study
diphosphomevalonate decarboxylase NtMevPPD LC440324 1176 TAEB01039000 present study
isopentenyl diphosphate isomerase NtIPPI LC440325 702 IAEB01039163 present study
farnesyl diphosphate synthase NtFPPS1 LC440326 1251 TAEB01016062 present study
NtFPPS2 LC440327 1299 IAEB01006569 present study
NtFPPS3 LC440328 1299 TIAEB01006570 present study
geranylgeranyl diphosphate synthase NtGGPPS1-B AB266075 951 TAEB01040867 Hojo et al. (2007)
NtGGPPS2-B  AB266079 951 TAEB01040866 Hojo et al. (2007)
NtGGPPS3-B  AB266081 951 IAEB01015961, IAEB01040864 Hojo et al. (2007)
NtGGPPS4 LC440329, 951 TIAEB01040865, IAEB01040868, IAEB01040869, present study
AB266082 TIAEB01040871
NtGGPPS5 LC440330 945 IAEB01012707, IAEB01012708 present study
NtGGPPS6 LC440331 954 TAEB01039951 present study
NtGGPPS7 LC440332 954 TIAEB01006415, IAEB01006417, IAEB01006409 present study

*Gene names were renamed in this study.

deposited in the DDBJ database. Among the GGPPS genes, NtGGPPS4
(AB266082) was identical to IAEB01040865, IAEB01040868,
IAEB01040869 and IAEB01040871 sequences. Furthermore, NtGGPPS5
was identical to the IAEB01012707 and very similar to IAEB01012708
sequences. NtGGPPS6 was identical to IAEB01039951 sequences,
whereas NtGGPPS7 was identical to IAEB01006415, IAEB01006417
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 N. 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. taka-
sagoensis 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 (Fig. S1) were identical in all species ex-
amined (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

Table 4
Number of genes or contigs involved in GGPP synthetic pathway.

examined (only one).

3.5. Phylogenetic relationship of the GGPPS genes in termites

Phylogenetic analysis indicated the termite GGPPS genes are di-
vided 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 ob-
tained from N. takasagoensis (NtGGPPS1 to NtGGPPS5).

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
Mg2+ 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 mole-
cular masses, such as serine, alanine and glycine, typically found in
GGPPSs (Ohnuma et al., 1996) (Fig. 2). One of the inserted 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.

Symbol B. germanica Z. nevadensis C. secundus M. natalensis N. takasagoensis
ACAT2 1 1 1 1 1

HMGS 2 2 2 2 2

HMGR 1 1 1 1 1

MevK 1 1 1 1 1

MevPK 1 1 1 1 1

MevPPD 1 1 1 1 1

IPPI 1 1 1 1 1

FPPS 2 1 2 1 3

GGPPS 1 1 1 2 >8
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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
(NtHMGS1, NtFPPS1 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 (NtHMGS2, NtFPPS2,
NtFPPS3 and NtGGPPS1 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 ex-
pression levels of NtGGPPS6 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
4.1. Predicted ORFs obtained from male caste head tissues

We successfully constructed a gene catalogue expressed in frontal
gland Class 1cells, 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 (Table 2 and S5), 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 di-
versified 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 identi-
fied in this study will be required in future studies.

4.2. Gene duplication and functionalisation of GGPPS

GGPP, a common precursor of diterpenes, is used for C20-prenyla-
tion, 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. Fur-
thermore, 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 neofunctionali-
sation, 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



M. Hojo, et al.

NtGGPPS1-B
NtGGPPS2-B
NtGGPPS3-B
NtGGPPS4
NtGGPPS5
NtGGPPS6
NtGGPPS7

EHVKGNGVPCLTHGIIRE

MEEHVKGNGVPCLTUGDREQEEKJLQP\YAHuL QP GK QiIL\YKIFNJA YNYWLKVPADK LYV
MBEHVKGNGVPCLTMGHREEIEEKLLQP FAHIMNO|AP GIQ I LN A4F|A YNYWLKVPADKL I
EEKLLQPFAHIQVPGKQILEINIHAYNYWLKVPADKLIV
MEEHVKGNGVPRLTIYGDREQEEKHLQPMAHNLQVPGKQI LSS N\HAYNYWLKVPADKLIV
LQPFRHILQVPGKQEFNIKINEHARNYWLKVPADK LA
1WAV S ERAR[EAYS F S E T{ehs]S|{eo]DI:F R Aed B3 T):#8AK A S CVGHRA
MEEAINGEG VP 4 NG DINEQIERLLQP FRqI L.OVP GKQ I}

Insect Biochemistry and Molecular Biology 111 (2019) 103177

FIQGFRNAUAALIFNIGAA L
IWNHAJINYWLKVPADKLIV

NtGGPPS1-B VEGBMEHAF MLLIDDIIYDNS|\YLRRGIPVAHSIYGV]YS TiNART YA VKEA L
NtGGPPS2-B [H4sRdGYII ¥ L. IDDIQDNFALRRGIPVAHSIYGVAS TANEJA I Y|#H# I4RENOFL N[}
NtGGPPS3-B |AYEMDYII e LIgID IQDNSILRRGIPVAHSIYG VS TINA[GI Y fH IWYVQSLNH
NtGGPPS4 IRMDHT F L IDDIQDNSMLRRGIPVAHSIYGVASTIANAA T Y]ght IRFNQ SLNH
NtGGPPS5 A0 T\A M ST, L. IDDI QDN S)\YLRRG IEFNAHWI YGVEEITIINA AN Y \a: 4 AG LR VQ S LNH
NtGGPPS6 ﬂQEVFEIYEVGGLMEDDIQDNSFMRRGMP 1N IR VIEI LI T SEVAL NV Y F LAQ KWL R Fiip:!
NtGGPPS7 VGpREVQML

NtGGPPS1-B
NtGGPPS2-B
NtGGPPS3-B
NtGGPPS4
NtGGPPS5
NtGGPPS6
NtGGPPS7

PDAIALCELLDMYYGQGLEI

PDAT

NtGGPPS1-B
NtGGPPS2-B

pyD F TK LN}
jsD FTKL N[

NtGGPPS3-B D F TK LN
NtGGPPS4 ¥§DF{T K L N[
NtGGPPS5 )NDF TK L]
NtGGPPS6

NtGGPPS7 )AD F TK Ljde

NtGGPPS1-B
NtGGPPS2-B
NtGGPPS3-B
NtGGPPS4
NtGGPPS5
NtGGPPS6
NtGGPPS7

NtGGPPS1-B
NtGGPPS2-B
NtGGPPS3-B
NtGGPPS4
NtGGPPS5
NtGGPPS6
NtGGPPS7

LLIDDIQDNSLRRGIPVAHSIYGVASTNAAY IHRVIAS LNH
* —

PDAIALCHEFGLLDMYYGQGLEIYWRHNWT CP S|JEE YiQIAT[o]R KIAAKIL LB
[(WRDNJT CP SIAE E YIQM I [oF K )Y
PDAIAfCTERLLEMYYGQGLEI[MWRDNYTCPAAEE Y 4QOM I R K)Ne)ai|T. B
CTE[LLDMYYGQGLEIYWRDNYTCP S|AVE YI4OM I JRKAAL]L LB
PREAIALCTERFILDMYEIGQGIEI YWRDNY T CP SIENE Y{eFFNTANR Kpdeh L ik Ne T (o]l MQ L i3 S
IFEMVKMY I|4MNVE S WR[eJo]AAD V4 g3k T (eh X e[l op'qM ETFTIIATING G FK[FGVQ I V[JFEIE
PIjAA4T Efo]L LI #:43G Q GIIE I YWRDEJY T C P SHWE E Y{e}siMEY

INUYIdO IRDDYCNLCLQQYpAIGYCEDI TEGKHSFPITHAIRRIHPDDQ
INUY\WOIREADYCNLCLQQYINIAKGYCED IFJNGKFSFPITHAINEIHPEIDQ
pelIYMOJRDDYCNLCLQQYidNeK GY CBD IE|E

ey 40 TEJSID YEIN L C g T{o} 4]k [(Y CEDTEGKF SFP I I HA IpdeH P D]
INDIAT K{Z-NAFAL (ele] Y0 IRDD Y CEJL CLzIQ Y} 4K GYEDITEGKFSFP I IHA INEFIP DD
[€dAY|3dQ IRDDYCNL CLQEYEIANKE Y CEDMTEGKF Sf{P I THA T3P DDL

QVIEIILRQRTIIDVELKKYCITLLEKFGSFSYTRHMLIMELDAEARAEVAKLGGNPVLENVL
QVIILRQRTDVELKKYCTLLEKFGSFSYTR&LE

QVINILRQRTOIVELKKYCUITLLEKFGS SETRHTLEELDAEARAEVAKLGGNPVLENVL
QVIMILRQRTEIDVELKKYCYTLLEKEGSMSYTRHTLEELDAEARAEVAKEIGGNPVLEREL
QVILRQRTDVELKKYCTLLENFGS
QVEEITLRQRTIADVEWKKYCIMTLLEKFGSFSEITRHMLEELDAEAREVSKLGGNP)AL E|skSL

VWiA -

K|34T GGAF ML AR} A F [fs)

GKFSFPIIHATIWNHPDDQ

EmDAEARAEVAKLGGNPVLENVL

YTRHETLE[§IDAEMRAEMAKLGGNPHLEPVI

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.

derived termite taxa (Nasutitermitinae and Macrotermitinae; Table 4).
Although the genome of a flowering plant A. 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 pro-
teins 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
(NtGGPPS1 to NtGGPPS6) were expressed specifically in the soldier
heads (Fig. 3), suggesting that these genes were acquired by gene du-
plication 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 NtGGPPS7 was expressed at any tissues in any
castes (Fig. 3) suggests that NtGGPPS7 likely has essential house-
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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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keeping functions like protein prenylation, as reported by Zhang and
Casey (1996). Phylogenetic analyses also supported this idea, in which
NtGGPPS7 was located at the basal position to a clade of expanded
GGPPS genes (Fig. 1).

Also, the phylogenetic results suggest that extensive gene duplica-
tion have occurred in the derived termite lineage, i.e., Termitidae.
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. takasagoensis predicted were very similar (Fig. S4),
suggesting that the enzymatic functions are not largely different be-
tween 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 ORF catalogue, 8 genes that encode all the enzymes re-
sponsible for the early steps the GGPP synthesis (ACAT2, HMGS,
HMGR, 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 indicated that one HMGS gene (NtHMGSZ2) 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 di-
terpenoid 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 ter-
mite lineages.
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