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Acquisition of novel functions caused by gene duplication may be important for termite social
evolution. To clarify this possibility, additional evidence is needed. An important example is takeout,
encoding juvenile hormone binding protein. We identified 25 takeouts in the termite Reticulitermes
speratus genome. RNA-seq revealed that many genes were highly expressed in specific castes. Two
novel paralogs (RsTO1, RsTO2) were tandemly aligned in the same scaffold. Real-time qPCR indicated
that RsTO1 and RsTO2 were highly expressed in queens and soldiers, respectively. Moreover, the
highest RsTO1 expression was observed in alates during queen formation. These patterns were
different from vitellogenins, encoding egg-yolk precursors, which were highly expressed in queens
than alates. In situ hybridization showed that RsTO1 mRNA was localized in the alate-frontal

gland, indicating that RsTO1 binds with secretions probably used for the defence during swarming
flight. In contrast, increased RsTO2 expression was observed approximately 1 week after soldier
differentiation. Expression patterns of geranylgeranyl diphosphate synthase, whose product functions
in the terpenoid synthesis, were similar to RsTO2 expression. In situ hybridization indicated RsTO2-
specific mRNA signals in the soldier-frontal gland. RsTO2 may interact with terpenoids, with a
soldier-specific defensive function. It may provide additional evidence for functionalization after gene
duplication in termites.

Termites are eusocial cockroaches'” that exist as morphologically distinct castes within the same colony>*. Ter-
mite castes (reproductives, soldiers, and workers) are good examples of polyphenism; all individuals in a colony
have essentially the same genome>S. Termite genomes have been sequenced in some species, and many caste-
specific genes have been identified (e.g.,’=°). These genes include those involved in caste-specific morphologies
and division of labor!®!!. Interestingly, the number of soldier-specific expressed genes tends to be larger than
those of any other caste!®!!. Clarifying the evolutionary processes and functions of these genes is crucial for
understanding the proximate factors underlying termite caste polyphenism.

Recently, a genome-based study in the subterranean termite Reticulitermes speratus indicated that caste-
specific expressed genes were mostly derived from multi-gene families and that gene duplication probably pro-
moted the evolution of such paralogous genes’. Based on next-generation sequencing technologies, caste-specific
expression patterns were clarified in each paralog of some genes involved in social life (e.g., lipocalins and beta-
glucosidases). Moreover, the genomic position and cDNA sequences were identified in four paralogous genes
of vitellogenin (Vg; the major yolk protein precursor), and caste-specific expression patterns were verified by
real-time quantitative PCR (qPCR)". Further accumulation of data on such multi-gene family genes is required
for a general understanding of their roles in termite social evolution.

Another important example of a multi-gene family is the juvenile hormone binding protein (JHBP) superfam-
ily takeout. Generally, in insects, there are many takeout genes in the genome, and paralog-specific expression
has been identified in some species (e.g.,'*). JH is a central factor regulating termite caste differentiation', and
takeout genes normally contain the conserved JHBP domain. Originally, takeout was identified in the circadian
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output pathway and starvation response in Drosophila melanogaster'>'e. However, in the cockroach Diploptera
punctata, takeout is involved in JH and/or JH precursor transport'®. In the honeybee Apis mellifera, takeout
(GB19811) expression patterns in workers might be affected by JH titer changes and may be involved in JH-
mediated regulation of development'”'8. Moreover, transcript initiation of moling, the homolog of takeout, is
caused by nutritional intake and a decrease in JH titer in the moth Manduca sexta'®. In termites, diverse take-
out functions have been identified in some species. For example, it was shown that takeout (named Deviate)
elicited trail-following behavior in R. flavipes'®. In R. aculabialis, takeout (named RaSsp1) was highly expressed
in soldiers and was suggested to interact with JH III and participate in soldier differentiation®. In the termitid
termite Nasutitermes takasagoensis, takeout (named Ntsp1) is highly expressed in the soldier frontal gland and
probably combines with gland secretions®. Moreover, several takeout genes (named takeout -3, -4 and -9) are
highly expressed in the queens of Cryptotermes secundus, which might reflect the high JH titer levels*2. However,
in any species of termites, expression and function of takeout paralogs are not clearly understood.

Consequently, to provide additional information for understanding the importance of gene duplication during
termite social evolution, we focused on takeout genes in R. speratus. First, based on genome and transcriptome
data’, we searched takeout paralogs of R. speratus and inferred molecular phylogeny with homologs identified
in termites and cockroaches. Second, we identified the full cDNA sequences of some paralogs and confirmed
the presence of tandemly aligned paralogs within the same scaffold. Third, we performed real-time qPCR to
determine the expression patterns of each takeout paralog among the three castes (reproductives, soldiers, and
workers), two body parts (heads and remaining body parts), and sexes. Finally, we performed in situ hybridiza-
tion to detect the expression sites of tandemly aligned paralogs with caste-specific expression patterns. Based on
these results, we discuss the functionalization of takeout genes identified in the R. speratus genome.

Materials and methods

Identification of takeout genes. Blastp was performed to search for candidate takeout genes in the
genome of R. speratus (RspeOGS1.0;°) using protein sequences of D. melanogaster JHBP genes (16 genes;>)
as queries with an e-value cutoff of 1.0E—05. We also ran a Hidden Markov Model (HMM) search using the
HMM profile THBP’ (pfam06585) as a query. The obtained candidate genes were analyzed using InterProScan
(https://www.ebi.ac.uk/interpro/;**) to confirm the conserved domains. Signal peptide regions were predicted
using SignalP version 5.0 (https://services.healthtech.dtu.dk/service.php?SignalP-5.0;>%). A heatmap was con-
structed using the heatmap.2 function included in the R package g plots (https://github.com/talgalili/gplots).
Gene expression levels were compared among castes and between sexes using read per kilobase million (RPKM)
calculated in a previous study’.

Molecular phylogenetic analysis. To clarify the relationships between the two newly identified takeout
genes (RsTOI and RsTO2; see below), we obtained homologous sequences from three blattodeans with genome
information (termites: Zootermopsis nevadensis and Cryptotermes secundus; cockroaches: Blattella germanica)
using protein sequences of RsTO1 and RsTO2 as queries. The top-hit RsTO1 and RsTO2 homologous sequences
were obtained for each termite species, but the same sequence was selected in B. germanica. The remaining
takeout genes obtained in R. speratus (total 22; see below) and those previously published in other termites
(total six; described in the Introduction) were included in the analysis. Amino acid sequences were aligned
using MAFFT?°. Ambiguously aligned regions were removed from the analysis using trim Al with the “gappyout”
option?” (Supplementary data S1). RAXML-NG?® was used for tree construction using the maximum likelihood
method (bootstrap value 100). Optimal substitution models were estimated using ModelTest-NG%. The LG + G4
model was selected.

Termites. Four mature colonies of R. speratus were collected from Toyama Prefecture, Japan, in 2019 and
2022. Colonies were maintained in plastic boxes and kept at 25 °C in constant darkness. One colony collected in
2019 was used as the source colony for the presoldiers. According to previous studies®*!, presoldiers and work-
ers were maintained on moist, red-colored, No. 14 paper (Goukaseishi Co., Ltd., Aichi, Japan). Non-gut-purged
individuals (with red-colored abdomens) were sampled. These presoldiers and workers were maintained in a
petri dish containing moist filter paper. All dishes were incubated at 25 °C in constant darkness and checked
every 24 h. Non-gut-purged and gut-purged presoldiers and soldiers 0, 2, 4, and 6 days after the molt were
sampled from the dishes (total of three individuals per day). Whole-body specimens were immediately frozen
in liquid nitrogen and stored at— 80 °C until use. Filter papers (55 mm diameter; Advantec, Tokyo, Japan) were
treated with 160 pug JH III (Santa Cruz Biotechnology, Dallas, TX, USA) dissolved in 200 pL of acetone. Accord-
ing to a previous study™, non-gut-purged workers were exposed to filter paper in a petri dish. Gut-purged
(soldier-destined) workers and induced molted presoldiers were obtained from the dishes, and natural soldiers
were obtained from the colony and then fixed in formaldehyde:ethanol:acetic acid (6:16:1) solution for at least
24 h and preserved in 70% ethanol.

Three colonies collected in 2022 were used for RNA extraction from each caste (reproductive, soldier, and
worker castes) and female individuals (last instar nymphs and alates). Nymphs were collected at two time points
(several months before the swarming season, and just before the imaginal molt) from one colony. The latter
nymphs had developed wing buds on the meso- and metanotum. Then the female alates were collected from the
same colony within 7 days after the emergence. Primary reproductives (queens and kings) were collected from
an incipient colony approximately 3 months (used for the expression analysis among castes) or 6 months (used
for the expression analysis among females) after the colony foundation. Incipient colonies were constructed
as previously described??. Sexes were identified using the morphological characteristics of the seventh and
eighth abdominal sternites (workers and soldiers) or abdominal tergites (reproductives)**~*. Each individual
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was divided into head and body parts (including thorax and abdomen with guts) on ice. For the gene expres-
sion analysis among females, each individual was divided into head + thorax and abdomen with guts. Note that
the abdomen of the reproductives normally contain the reproductive tissues (ovary and testis). Each tissue was
immediately frozen in liquid nitrogen, and stored at — 80 °C until use.

RNA extraction. RNA was extracted from each caste (reproductives, soldiers, and workers) using the
ReliaPrep RNA Tissue Miniprep System (Promega, Madison, WI, USA). Total RNA was extracted from three
individuals (heads or remaining body parts) per sample from three different colonies, and triplicate biological
samples were prepared for each category (i.e., three individuals per sample, and one sample per colony x three
colonies). RNA extraction from presoldiers and soldiers (whole-body) and female individuals (head + tho-
rax, or abdomen) was performed using ISOGEN II (Nippon Gene, Tokyo, Japan). In this case, total RNA was
extracted from three (presoldiers and soldiers) or two individuals (females) per sample from three different
colonies (queens) or the same colony (presoldiers and soldiers were derived from one colony collected in 2019,
and nymphs and alates were derived from another colony collected in 2022), and triplicate biological samples
were prepared for each category [i.e., two individuals per sample, and one sample per colony x three colonies
(queens); 2-3 individuals per sample, and three samples per colony x one colony (other developmental stages)].
Extracted RNA was purified using DNase I (TaKaRa Bio, Shiga, Japan). The quality and quantity of the purified
RNA were measured using a NanoVue spectrophotometer (GE Healthcare Bio-Sciences, Tokyo, Japan) and a
Qubit 2 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).

Rapid amplification of cDNA ends (RACE). Total RNA was extracted from five soldiers and five work-
ers using ISOGEN II (Nippon Gene). The extracted RNA was purified by DNase treatment, using the method
described above. According to a previous study'?, cDNA was synthesized using the SMARTer RACE cDNA
amplification kit (Clontech Laboratories, Mountain View, CA, USA). Gene-specific primers were designed from
cDNA sequences (gene ID: RS000936) using Primer3Plus*® (Supplementary Table S1). The obtained 5'- and
3'-RACE products were purified using a QIAquick Gel Extraction Kit (QIAGEN, Tokyo, Japan), subcloned into
a pGEM easy T-vector (Promega), and transfected into Escherichia coli XL1-blue. Plasmids with the target DNA
fragments were extracted from a single colony of E. coli using the SIGMA GelEluteTM Plasmid Miniprep Kit
(Sigma-Aldrich, St. Louis, MO, USA). The inserted DNA sequence was determined using the BigDye Termina-
tor v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) or QuantumDye Terminator Cycle sequencing Kit
v3.1 (Tomy Digital Biology Co., Ltd., Tokyo, Japan) with an automatic DNA Sequencer 3130 Genetic Analyzer
or Applied Biosystems 3500 Serises Genetic Analyzer (Thermo Fisher Scientific). The obtained cDNA sequence
was confirmed using a BLAST search and deposited in the DDBJ/EMBL/GenBank databases (accession no.
LC742508 for RsTO1 and LC742509 for RsTO2).

Real-time qPCR. cDNA was synthesized from purified RNA using a High-Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific). Gene expression levels of 11 genes (RsTO1, RsTO2, RsVgl, RsVg2,
GGPPS, and six control genes; see below) were measured using Thunderbird SYBR qPCR Mix (Toyobo, Osaka,
Japan) and the Mx3005P Real-Time QPCR System (Agilent Technologies, San Diego, CA, USA) (presoldiers/
soldiers) or QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) (castes and female individuals).
To determine an internal control gene according to previous studies'>?, the suitability of six reference genes
was evaluated using GeNorm?® and NormFinder* software: EF1-alfa (accession no. AB602838), NADH-dh (no.
AB602837), B-actin (no. AB520714), GstDI (gene ID: RS001168), EIF-1 (RS005199), and RPSI8 (RS015150).
Gene-specific primers were designed using Primer3Plus* (Supplementary Table S1).

In situ hybridization. Gene-specific primers were designed against the obtained RsTOI and RsTO2
sequences using Primer3Plus® for RNA probe synthesis (Supplementary Table S1). Total RNA was extracted
from heads + thoraxes of two queens and two female alates (for RsTO1 probe) and whole bodies of five soldiers
(for RsTO2 probe) using ISOGEN II (Nippon Gene) and purified as described above. cDNA was synthesized
as described above and used to amplify the RsTOI and RsTO2 fragment. The amplified RsTOI1 and RsTO2
fragments were subcloned and the inserted DNA sequences were determined using the sequencing method
described above. The digoxygenin (DIG)-labeled RNA probes for RsTOI and RsTO2 were prepared from a plas-
mid containing each fragment using a DIG RNA Labeling Kit (Roche, Basel, Switzerland). Two alates and three
soldiers were separated into their body parts by dissection, and each part (alates: head + thorax; soldiers: head)
was fixed with 4% paraformaldehyde and cryoprotected in sucrose solution. The fixed samples were embedded
in OCT compound (Sakura Finetek USA Inc., Torrance, CA, USA) and sliced to prepare 9 um (alates) or 10 um
thick (soldiers) parasagittal cryosections using a CM1510S cryostat (Leica, Tokyo, Japan). The sections were
hybridized with DIG-labeled sense or antisense RNA probes using In Situ Hybridization Reagents (Nippon
Gene), in accordance with the manufacturer’s instructions. DIG-labeled RNA was detected using a DIG Nucleic
Acid Detection Kit (Roche). Images were captured using a Biozero microscope (Keyence, Tokyo, Japan).

Histological observations. Paraffin-embedded sections of female alates were used to observe the frontal
glands, normally restricted to the heads***!. Those of heads of induced presoldiers and natural soldiers were used
to observe the frontal glands. Samples preserved in 70% ethanol were dehydrated in increasing concentrations
of ethanol, transferred into xylene, and embedded in paraffin. Serial parasagittal sections (6 pum thick) were
processed using an MRS80-074 microtome (Ikemoto, Tokyo, Japan) and stained with hematoxylin and eosin.
Tissues on the slides were observed under a Biozero microscope (Keyence).
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Statistical analysis. Expression levels of RsTOI and RsTO2 (shown below) were compared among castes
(reproductives, soldiers and workers) and sexes (females and males) using two-way ANOVA followed by post
hoc multiple comparison test (Tukey’s test, p <0.05). Those of RsTO1, RsTO2, RsVgl, RsVg2, and GGPPS (shown
below) were compared among developmental stages (RsTOI, RsVgl, and RsVg2: last-instar nymphs, alates and
primary reproductives; RsTO2 and GGPPS: presoldiers and soldiers) using one-way ANOVA followed by post
hoc multiple comparison test (Tukey’s test, p <0.05). Statistical analyses were performed separately for each part
of the body. We performed Levene’s test or Bartlett test on variance equality and confirmed that the data was
basically consistent with the use of parametric statistics. All of these tests were performed using Mac Statistical
Analysis ver. 3.0 (Esumi, Tokyo, Japan).

Results

Takeout genes identified in R. speratus. Thirty-two takeout genes were identified in the R. speratus
genome (Rspe OGS1.0;? (Supplementary Table S2). We confirmed that all genes contained "Hemolymph juve-
nile hormone binding’ (IPR010562) and ’Takeout superfamily’ (IPR038606) using the InterProScan database.
However, there were five genes with very short sequences (<250 bases, only one exon) and two genes with large
distances between exons (>20,000 bases). In the latter case (RS000936), to clarify the possibility of insufficient
gene annotation, we performed several 5°- and 3’-RACE analyses using gene-specific primers (Supplementary
Table S1). We then confirmed that there were two genes in the focal regions of scaffold_1087 (named RsTOI and
RsTO2, respectively) (Supplementary Figure S1). We could not find a secretion signal peptide in the N-terminal
region in a total of three genes with an initial methionine (Supplementary Table S2). We confirmed that both
RsTO1I and RsTO2 contained a Takeout superfamily motif and a secretion signal peptide (likelihood of signal
peptide: 0.5951 and 0.9975, respectively; Supplementary Table S2). In sum, 25 genes (=32 minus 7) were used
for the comparative analysis of expression levels using RNA-seq data, and 27 genes (=25 plus RsTO1 and RsTO2)
were used for the phylogenetic analysis.

Molecular phylogeny of R. speratus takeout genes. Molecular phylogeny analysis revealed that
RsTOI and RsTO2 were not closely related (Supplementary Figure S2). Termites (at least two species with
genomic information) had homologs of both RsTOI and RsTO2, and orthologous relationships were observed.
Takeout genes previously published in the genus Reticulitermes (i.e., R. aculabialis RaSsp1 and R. flavipes Devi-
ate) were most closely related to RsTO2 and RS013761, respectively (bootstrap value 100%). Takeout genes
reported in N. takasagoensis (named Ntsp1) showed a sister group relationship with the clade containing RsTO2.
Takeout genes reported in C. secundus (takeout-3 and -4) were most closely related to RS014379 and RS013482,
respectively (bootstrap values 98-100%). A remaining takeout in C. secundus (takeout-9) was closely related to
RS002171, but the support of this branch was not strong (bootstrap values below 50%).

Expression patterns of takeout genes among castes. Using RNA-seq data’, the expression patterns
of 25 genes were compared among the castes (Fig. 1, Supplementary Figure S3). The gene expression levels of
RsTOI and RsTO2 were analyzed by real-time qPCR (Fig. 2 and 3). GstD1 was selected as the internal con-
trol gene because of its stability among the six genes analyzed (Supplementary Table S3). The expression pat-
terns were significantly different for each gene. For example, there were some genes with high expression levels
in soldiers (e.g., RsTO2 and RS007322), but those with low expression levels in soldiers (e.g., RS013480 and
RS013481). Moreover, there were some genes with high expression levels in workers (e.g., RS007323) and repro-
ductives (e.g., RsTOI and RS013482). If the gene duplication is involved in the social evolution’, caste-specific
expression patterns should be observed even among tandem-aligned and recent duplicated paralogs. To clarify
this possibility, tandem-aligned genes, such as RS013480-2 (scaffold_7, Fig. 1) and RsTOI and RsTO2 (scaf-
fold_1087; Supplementary Figure S1), should be focused.

Expression patterns of RsTO1 and RsVgs among female individuals. We attempted to clarify the
expression patterns of RsTO1 among female individuals; last instar nymphs (several months before the imaginal
molt, just before the imaginal molt), alates (within 7 days after the emergence), and queens (about 6 months after
the colony foundation). We also analyzed the expression patterns of Vitellogenin (RsVgl, gene ID: RS000616,
RsVg2, gene ID: RS000610), both of which are highly expressed in fertile queens and mRNA of the former
is observed in the fat body of a queen'?. EIF-1 was selected as the internal control gene because of its stabil-
ity among the six genes analyzed (Supplementary Table S4). The expression levels of all three genes examined
were low in the last instar nymphs (both nymphs collected several months and just before the imaginal molt;
Fig. 4). As shown in the previous study, the expression levels of both RsVgI and RsVg2 were higher in queens. In
contrast, the expression levels of RsTO1 were significantly higher in alates but extremely low in queens. Similar
expression patterns were observed in different tissues (head + thorax, abdomen) in all three genes.

Expression patterns of RsTO2 and GGPPS during soldier formation. We attempted to clarify the
expression patterns of RsTO2 during presoldier and soldier formation. We also analyzed the expression patterns
of geranylgeranyl pyrophosphate synthase (GGPPS, gene ID: RS100016), which is highly expressed in the soldier
frontal glands’. Soldier-specific expressed GGPPS might be involved in the synthesis of glandular defensive sub-
stances, such as diterpenes*>**. RPS18 was selected as the internal control gene because of its stability among the
six genes analyzed (Supplementary Table S5). The expression levels of both RsTO2 and GGPPS were relatively
low in presoldiers (Fig. 5). However, after soldier molt, the expression levels of both genes tended to be higher.
RsTO2 in soldiers 6 days after molting exhibited significantly higher expression levels than any other stage.
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Figure 1. Genomic location and gene expression of R. speratus takeout genes. Heatmap of Z-scores of the log
(RPKM + 1) values of takeout genes (total 25) in the caste-specific transcriptome’. Yellow and blue indicate high
and low expression, respectively. Black represents the mean level of expression among castes.
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Figure 2. Quantitative real-time PCR expression levels (mean + S.D., biological triplicates) of RsTO1I in head
(left) and thorax and abdomen (right) among primary reproductives, workers and soldiers. Total RNA was
extracted from three individuals per sample in each colony, and three biological samples (derived from different
colonies) were prepared. Each value is normalized to the expression levels of GstDI (Supplementary Table S3).
Black and grey columns indicate males and females, respectively. Statistical results of the two-way ANOVA are
described in each box (*P<0.05, **P<0.01). Different letters above the bars indicate significant differences (two-
way ANOVA followed by Tukey’s test, P<0.05).
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Figure 3. Quantitative real-time PCR expression levels (mean + S.D., biological triplicates) of RsTO2 in head
(left) and thorax and abdomen (right) among primary reproductives, workers and soldiers. Total RNA was
extracted from three individuals per sample in each colony, and three biological samples (derived from different
colonies) were prepared. Each value is normalized to the expression levels of GstD1 (Supplementary Table S3).
Black and grey columns indicate males and females, respectively. Statistical results of the two-way ANOVA

are described in each box (*P<0.05, **P <0.01). Different letters above the bars indicate significant differences
(Two-way ANOVA followed by Tukey’s test, P<0.05). We could not perform Tukey’s test in the left graph,
because interaction was not detected between caste and sex (p=5.5.E—01).
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Figure 4. Quantitative real-time PCR expression levels (mean +S.D., biological triplicates) of RsTO1 (upper),
RsVgl (middle), and RsVg2 (lower) in head and thorax (left) and abdomen (right) among female last-instar

nymphs (several months before and just before the imaginal molt), alates (within 7 days after the imaginal
molt), and queens (approximately 6 months after colony foundation). Total RNA was extracted from two
individuals per sample in each colony, and three biological samples (derived from different colonies (queens) or
the same colony (nymphs and alates)) were prepared. Each value is normalized to the expression level of EIF-1
(Supplementary Table S4). Different letters above the bars indicate significant differences (One-way ANOVA
followed by Tukey’s test, P<0.05).
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Figure 5. Quantitative real-time PCR expression levels (mean +S.D., biological triplicates) of RsTO2 (left) and
GGPPS (right) during presoldier and soldier differentiation (whole-body). Total RNA was extracted from three
individuals per sample, and three biological samples (derived from the same colony) were prepared. Each value
is normalized to the expression level of RPS18 (Supplementary Table S5). GP means gut purge. Different letters
above the bars indicate significant differences (One-way ANOVA followed by Tukey’s test, P<0.05).

Similar expression patterns were observed in GGPPS, and the highest expression levels were obtained in soldiers
after molting (days 2 and 6).

In situ hybridization of RsTO1. RsTO1 mRNA localization was examined by in situ hybridization of
heads and thoraxes of female alates (Fig. 6a,b,c). RsTOI mRNA signals were confirmed to localize in the frontal
glands located in the dorsal region of the heads (Fig. 6a,b). Specific signals were not observed in sections treated
with the sense probe (Fig. 6¢). Histological observations using paraffin-embedded sections indicated that a sacu-
liform reserver was surrounded by the glandular epithelium made up of frontal gland cells (Fig. 6d).

In situ hybridization of RsTO2. RsTO2 mRNA localization was examined by in situ hybridization of sol-
dier heads (Fig. 7a,b). RsTO2 mRNA signals were localized in the frontal glands of soldiers. Specific signals were
not observed in sections treated with the sense probe (Fig. 7c).

Observation of frontal glands of soldiers. To clarify the degree of invagination and cell proliferation
in frontal glands of soldier-destined workers and presoldiers, we performed the histological observations using
paraffin-embedded sections of heads. Frontal glands were observed using parasagittal sections of gut-purged
(soldier-destined) workers, induced presoldiers, and natural soldiers (Fig. 8). Frontal gland cells invaginated
from the frontal pores were already initiated in the head of gut-purged (soldier-destined) workers (Fig. 8a,b). As
shown in previous studies®, the frontal gland cavity was constructed in presoldiers, and frontal gland reservoir
was finally observed in soldiers (Fig. 8c,d).

Discussion

Expression of takeout genes in R. speratus. We confirmed that all 32 genes obtained from R. speratus
genome (OGS1.0;%) contained the JHBP domain. However, sequences that were too short (< 250 bases) and genes
with extraordinarily long distances between exons (>20,000 bases) were present (Supplementary Table S2). It is
possible that the predictions of such genes are not sufficient. Indeed, of the newly identified RsTOI and RsTO2,
the former contained most RS000936 and the latter the 3’ region of RS000936. Comparison of the final genome
assembly® and gene sequences obtained by RACE revealed at least two regions with many N’ (i.e., A, T, G, or C)
in the genome assembly (Supplementary Figure S1). This may explain the inaccurate prediction of RS000936.
Further analysis was performed to obtain the complete cDNA sequences of the other six genes listed in Sup-
plementary Table S2. We suggest that there were no pseudogenes in 25 genes remaining, because all of which
showed evidence of expression with a threshold of RPKM =1.0 in at least one sample of RNA-seq data (Sup-
plementary Figure S3).

The expression patterns of all takeout genes (25 genes explained above, and RsTOI and RsTO2) differed
among castes (Figs. 1, 2, 3). There were at least five examples of multiple genes in the same scaffold (Fig. 1, Sup-
plementary Figure S1). However, molecular phylogeny showed that these genes on the same scaffold were not
closely related (Supplementary Figure S2). It is possible that these are additional examples of functionalization
caused by gene duplication®. We then focused on the expression of RsTO1 and RsTO2. Their roles are discussed
next. Molecular phylogeny analysis also indicated that each termite species had orthologs for both RsTOI and
RsTO2 (Supplementary Figure S2). However, in the German cockroach B. germanica, only one homolog was
obtained within the clade containing RsTO1, although branch support was very weak (53% bootstrap values).
To clarify the possibility that gene duplication events occurred in the termite lineage after splitting from the
common ancestor of cockroaches, homologous sequences of cockroaches should be searched for, especially in
the sister group of termites, the woodroach Cryptocercus spp.

Scientific Reports |

(2023) 13:8422 | https://doi.org/10.1038/s41598-023-35524-7 nature portfolio



www.nature.com/scientificreports/

Figure 6. In situ hybridization of RsTOI mRNA in the alate (female) head and thorax of R. speratus.
Cryosections (9-pm thick) of an alate head and thorax were subjected to in situ hybridization with an antisense
DIG-labeled RNA probe (a and b). Glandular cells hybridized with a sense probe (negative control) (c).
Arrowheads indicate the gland cell layers. Sagittal sections (6-um thick) of the frontal glands of female alates
(d, arrowhead). Orientations of all slides are indicated in (a). A: Anterior, P: Posterior, D: Dorsal, V: Ventral. Br:
Brain, R: Reservoir of the frontal gland. Bars=0.3 mm (a) and 0.05 mm (b, ¢, and d).

Prediction of functions of RsTO1. RsTOI was highly expressed in queens, compared to other castes
(both head and body) (Fig. 2). Homologous genes were found in C. secundus and Z. nevadensis and the mono-
phyly of these three genes was strongly supported (97% bootstrap values; Supplementary Figure S2), suggest-
ing that these genes have a common function. One possibility for this function is that RsTO1 is involved in
high JH titers in termite queens, which has been confirmed in some species, including R. speratus*>**. We also
confirmed that RsVgI and RsVg2, both of which may have JH-related expression patterns and work for female
vitellogenesis'?, were highly expressed in queens (Fig. 4). In C. secundus, three takeout genes (named takeout -3,
-4 and -9) were included in the queen-specific expressed genes (Queen Central Module; QCM) and were sug-
gested to be involved in JH transport, reproduction, and longevity in queens®. Molecular phylogenetic analysis
showed that RsTOI was not closely related to any of these three genes in C. secundus. However, orthologs of
takeout-3 and -4 were found in R. speratus (RS014379 and RS013482, respectively). To clarify whether there are
species-specific and diverse roles for takeout genes of QCM, we should investigate the gene expression sites of
these homologs and compare the differences between species.

Alternatively, we suggest that RsTO1 has specific roles in female alates. Expression patterns of RsTOI were
considerably changed during queen differentiation, and expression levels were particularly high in alates (espe-
cially in head + thorax; Fig. 4). Expression patterns of RsTOI and RsVgs were different in queens, suggesting
that RsTO1 was not expressed in developed reproductive organs. Indeed, in situ hybridization showed that
RsTOI mRNA was localized in the frontal glandular cells of female alates (Fig. 6). Chemical analysis has not
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Figure 7. In situ hybridization of RsTO2 mRNA in the soldier head of R. speratus. Cryosections (10-um thick)
of a soldier head were subjected to in situ hybridization with an antisense DIG-labeled RNA probe (a and b).
Glandular cells hybridized with a sense probe (negative control) (c). Arrowheads indicate the gland cell layers.
Orientations of all slides are indicated in (a). A: Anterior, P: Posterior, D: Dorsal, V: Ventral. Bars=0.2 mm (a)
and 0.05 mm (b and ¢).

been performed in R. speratus, but a complex mixture mainly derived from terpenes were detected from the
frontal glands of alates in the rhinotermitid termite Prorhinotermes species®. Present results suggest that RsTO1
is involved in binding with these chemicals produced in the frontal glands of female alates. The most plausible
function of secretions is the defense against the predation during swarming flights**. However, it is still unclear
why the female-specific RsTOI expression patterns are observed in R. speratus. One possibility is that the call-
ing and mating behavior of female alates is regulated by RsTO1, especially highly expressed in the abdomens
of female alates (Fig. 4). Although, in many termites, the sexual attraction is regulated by the secretion from
tergal glands of alates (e.g.,*), these glands could not be observed in R. lucifugus*’. Consequently, to know the
female-specific RsTOI functions in R. speratus, further in situ analysis should be performed in the abdomens
of alates. Moreover, alates (and also soldiers) do not possess frontal glands in Z. nevadensis and C. secundus*.
If RsTO1 homologs, such as Z. nevadensis XP_021917347.1 and C. secundus XP_023709343.1 (Supplementary
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Figure 8. Sagittal sections (6-pm thick) of the worker, presoldier and soldier heads of R. speratus. Frontal
glands (arrowhead) of a presoldier-destined worker (gut-purged worker after JH treatment) (aand b), a
presoldier induced by JH treatment (c), and a natural soldier (d). Orientations of all slides are indicated in (d).
Br: Brain, R: Reservoir of the frontal gland. Bars=0.2 mm (a and d), 0.05 mm (b and c).

Figure S2), are also specifically expressed in alates of both species, gene expression sites and related functions
should be changed. Further analyses are needed to clarify this possibility.

Prediction of functions of RsTO2. In situ hybridization showed that RsTO2 mRNA was localized in
the frontal glandular cells of the soldiers (Fig. 7). Expression levels of RsTO2 were low in presoldiers but were
significantly increased 6 days after the presoldier-soldier molt (Fig. 5). Both the invagination of the frontal gland
and the formation of glandular cells might not be completed in presoldiers (Fig. 8). Thus, RsTO2 may exhibit
gene expression and function after synthesis of defensive substances in the mature frontal gland in soldiers. The
results of GGPPS expression levels, which preceded those of RsTO2 (Fig. 5), support this possibility. In the nasute
termite N. takasagoensis, the takeout gene (Ntsp1) is specifically expressed in the soldier frontal gland and was
suggested to bind with some terpenoids (including diterpenes) for colony defensive substances and/or alarm
pheromones?!. The expression patterns and amino acid sequences of Ntsp1 were very similar to those of RsTO2,
suggesting that these genes have common functions. In Reticulitermes spp., some diterpenes are produced in the
frontal gland**°. Moreover, in R. speratus, terpenoids (B-elemene) have been identified in soldier extracts™. It is
possible that RsTO2 binds to various terpenoids and is involved in the retention of their activity and inhibition
of their decomposition and/or transport within the frontal gland cavity. Interestingly, RS002695 and RS001626
were observed in the same clade as RsTO2, and both genes tended to be highly expressed in soldiers (Fig. 1, Sup-
plementary Figure S3). Expression analyses should be performed for these genes to clarify whether they have
diverse takeout roles in soldiers. Moreover, as discussed in the previous section, soldiers do not possess frontal
glands in Z. nevadensis and C. secundus*®. Further analyses are needed to clarify whether gene expression sites
and related functions of RsTO2 homologs (XP_021914758.1 and XP_033607719.1; Supplementary Figure S2)
are also changed in soldiers of Z. nevadensis and C. secundus.

The takeout gene reported in R. aculabialis (RaSsp1), which is most closely related to RsTO2 (Supplementary
Figure S2), may bind to JH III and is involved in the regulation of soldier differentiation®. To clarify whether
RsTO2 interacts with JH III before molts and is involved in soldier differentiation, functional analysis should be
performed during presoldier and soldier differentiation under natural conditions without hormone treatment.
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Conclusion

We obtained 27 takeout genes in R. speratus, including orthologs of those previously published in other termites
(e.g., RsTO2: RaSsp1 of R. aculabialis; RS013761: Deviate of R. flavipes; RS014379 and RS013482: takeout-3 and -4
of C. secundus, respectively). Gene expression patterns among the castes were different for each gene, and some
genes were tandemly aligned in the same scaffold. At least two paralogs were differentially expressed in frontal
glands of female alates and soldiers. In termites, JH titer changes are crucial for caste differentiation'* and the
glandular substances are important for their social system*'. Thus, functionalization of JHBP takeout caused by
gene duplication might be very important for social evolution in termites.

Data availability
DDBJ/EMBL/GenBank accession numbers for takeout genes newly obtained are LC742508 (RSTO1) and
LC742509 (RsTO2).
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