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Termites are eusocial insects known to use a variety of pheromones in
tasks necessary for maintenance of their societies. As such, olfaction and
pheromone communication in termites has been an object of intense study;
trail-following pheromones (TFPs) and sex-pairing pheromones (SPPs),
for example, have been identified in many termite species. In contrast, the
molecular basis of olfactory detection is understudied in the group. Here,
we present chemosensory genes of three species of termites belonging to
three distinct lineages, Neotermes cubanus (Kalotermitidae), Prorhinotermes
simplex (Rhinotermitidae), and Inquilinitermes inquilinus (Termitidae). Using
antennal transcriptome screening of termite workers, we identified the
chemosensory genes, which allowed us to perform phylogenetic analysis.
We found a comparatively large repertoires of odorant receptors (ORs),
gustatory receptors (GRs), ionotropic receptors (IRs), odorant binding proteins
(OBPs), chemosensory proteins (CSPs), and sensory neuron membrane
proteins (SNMPs). The evolutionary analysis of termite chemosensory
genes revealed Isoptera-specific expansions with a 1:1 orthologous pattern,
indicating the existence of conserved olfactory functions. Our findings on
basal eusocial insects will further enhance our understanding of the molecular
underpinnings of eusociality and the evolution of olfactory communication in
termites.
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Introduction

Termites (Blattodea: Isoptera) are the oldest group of eusocial insects; they evolved
140 Ma from wood-dwelling cockroaches within the Blattoidea lineage (Inward et al., 2007;
Bucek et al., 2019). Termites display the most pronounced division of labor and caste
polyphenism among social insects, manifested by the presence of multiple well-defined
caste phenotypes, such as primary and secondary reproductives (kings, queens) and up to
several types of workers and soldiers (Roisin and Korb, 2011).
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Like other social insects, termites extensively use chemical
communication to coordinate the tasks in their colonies, mediate
the division of labor, and orient in the environment. Termite
chemical communication includes a variety of releaser
pheromones directly influencing the behavior of the receivers.
These pheromones are used, among others, for marking of
foraging trails, mate search, alarm signaling, nestmate recognition,
and marking of food sources (Bagneres and Hanus, 2015; Mitaka
and Akino, 2021). In addition, termites use primer pheromones
having impact on the physiology, reproduction and development
of the receivers (Matsuura et al,, 2010; Mitaka et al., 2017;
Dolejsova et al., 2022).

Trail-following pheromones (TFPs) and sex-pairing
pheromones (SPPs) belong among the best studied termite
chemical signals. The first TFP has been identified more than five
decades ago in the Eastern subterranean termite Reticulitermes
virginicus (Matsumura et al., 1968). Since then, TFPs have been
characterized in 68 species, and SPPs in 17 species of termites,
along with a range of other pheromones (primer pheromones,
alarm pheromones, etc.; Bordereau and Pasteels, 2010; Bagneres
and Hanus, 2015; Mitaka and Akino, 2021). TFPs and SPPs are
noteworthy for their conservation and parsimony with respect to
chemical diversity. Only 8 different structures occur as TFP across
the studied species, some of which are also used as SPPs, or are
closely related to the SPPs. At the same time, similarities in
chemistry and glandular origin of TFPs and SPPs pinpoint the
shared evolutionary origin of trail-following communication and
sex-pairing communication (Bordereau and Pasteels, 2010).
Experimentally confirmed or expected chemical identities of TFPs
and SSPs in the five species studied here - are provided in Table 1.

Like in other insects, antennae are key chemosensory organs
in termites (Saran et al., 2007; Du et al., 2019). The antennal

TABLE 1 List of trail-following pheromones (TFPs) and sex-pairing
pheromones (SPPs) reported from selected termite species studied
here at the level of chemosensory genes.

Termite Major pheromone = Pheromone
species component type
Neotermes cubanus (3Z)-dodecenol* TFP

Prorhinotermes (Z,Z,E)-3,6,8-dodecatrien- SPP

simplex 1-ol

Neocembrene and (Z,Z,E)- TFP
3,6,8-dodecatrien-1-ol

Zootermopsis (5E)-2,6,10-trimethyl-5,9 SPP - female
nevadensis undecadienal
4,6-dimethyldodecanal SPP and TFP

Reticulitermes (2,Z,E)-3,6,8-dodecatrien- SPP

speratus 1-ol*

(Z,Z,E)-3,6,8-dodecatrien- TFP
1-ol

The table is based on the data from Bordereau and Pasteels (2010). *Expected
component - based on the pheromone composition reported from congeneric species
(Bordereau and Pasteels, 2010).
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flagellum of moniliform antennae is covered by antennal sensilla
of various morphological types (Castillo et al., 2021). Irrespective
of their different morphologies, all olfactory sensilla house
dendrites of olfactory sensory neurons (OSNs), expressing
chemosensory receptor proteins that detect the odorants (Hansson
and Stensmyr, 2011).

Odorant Receptors (ORs) and Ionotropic Receptors (IRs) are
the two arguably most important protein families involved in the
detection of volatile cues in insects (Clyne et al., 1999; Gao and
Chess, 1999; Vosshall et al., 1999; Benton et al., 2009; Gomez-Diaz
et al,, 2018). The ORs and IRs have different structures and are
expressed in OSNs associated with distinct olfactory sensillum
types (Benton et al., 2009; Scalzotto et al,, 2022). Insect ORs are
derived from insect Gustatory Receptors (GRs); ORs and GRs
form a superfamily with a common phylogenetic origin
(Robertson et al., 2003; Thoma et al., 2019). ORs are seven-
transmembrane receptors that exhibit unusual topology compared
to classical GPCRs, with an intracellular N-terminus. OR proteins
function as heteromultimeric channels formed by a ligand-
specificity defining OR protein, and the ubiquitous OR-Coreceptor
(ORCo; Vosshall et al,, 1999; Hansson and Stensmyr, 2011;
Butterwick et al., 2018). Silencing ORCo in two termite species
(Reticulitermes chinensis and Odontotermes formosanus) impaired
their ability to perceive TFPs and perform oriented locomotory
behavior, indicating a role of ORs in termite pheromone detection
(Gao et al,, 2020). ORs exhibit extreme sequence variability, with
rapid birth-and-death evolution leading to gene diversifications
(McBride and Arguello, 2007; Sdnchez-Gracia et al., 2009; Ramdya
and Benton, 2010).

ORs can detect a wide range of environmental odors. The
remarkable diversity of potential chemical cues, whose importance
changes in conjunction with lifestyle changes across insects,
presumably drives the rapid birth-and-death evolution seen in
ORs (McBride and Arguello, 2007; Sanchez-Gracia et al., 2009;
Ramdya and Benton, 2010). Accordingly, OR repertoire sizes
differ significantly among insect species, with for example 62 ORs
reported in Drosophila melanogaster (Clyne et al., 1999; Gao and
Chess, 1999; Vosshall et al., 1999), 131 in mosquitoes (Bohbot
etal,, 2007), 77 in bark beetles and as many as 375 ORs in the ant
Acromyrmex echinatior (Zhou et al., 2015). The evolution of this
gene family is clearly driven by the diversity of chemical
recognition needs, and the evolution of eusocial organization in
social Hymenoptera (bees, ants, wasps) shows correlation with the
diversification of OR repertoire (Yan et al., 2020).

Gustatory receptors (GRs) are seven-transmembrane domain
proteins that are first identified in D. melanogaster, involved in the
detection of tastants: sugar, bitter and CO, (Clyne et al., 2000;
Scott et al., 2001). Together with ORs they form a superfamily of
proteins. They share the same inverted topology when compared
to classical G-protein coupled receptors (Scott et al., 2001; Zhang
etal, 2011). Molecular evolutionary analysis has proposed GRs as
ancestral sequences to ORs (Robertson et al., 2003). A number of
GRs have been functionally characterized in D. melanogaster,
DmelGR32a and DmelGr68a are involved in pheromone detection
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(Montell, 2009), and DmelGr21a and DmelGr63a, which function
together as CO, receptor (Jones et al., 2007). Various other fly
receptors are involved in the detection of sugars and bitter tastants
(Dahanukar et al., 2001, 2007; Vosshall and Stocker, 2007; Montell,
2009; Isono and Morita, 2010; Freeman et al., 2014; Delventhal
and Carlson, 2016).

IRs are transmembrane proteins distantly related to a variant
of ionotropic glutamate receptor receptors, iGluRs, expressed with
co-receptors IR8a or IR25a (Benton et al., 2009; Croset et al.,
2010). In general, iGluRs are classified into subfamilies defined by
their
isoxazolepropionic acid (AMPA), kainate, and N-methyl-D-
aspartate (NMDA; Croset et al, 2010). AMPA and kainate
receptors were further verified by the presence of threonine (T) in
the first half of the S2 domain; iGluRs that lack this T residue were
classified as NR1 or delta variants (Benton et al., 2009). IRs lack
the conserved aspartate (D) or glutamate (E) that interacts with

main  agonist:  «-amino-3-hydroxy-5-methyl-4-

the a-amino group of the glutamate ligand, that non-IR iGluRs
possess (Benton et al., 2009). Like other iGluRs, IRs function as
heterotetrameric channels; they participate in various sensory
modalities, including olfaction. Antennal IRs are considerably
more conserved than ORs, with a similarly conserved ligand
profile (Benton et al., 2009; Abuin et al., 2019).

Additionally, other non-receptor proteins like odorant
binding proteins (OBPs), chemosensory proteins (CSPs), and
sensory neuron membrane proteins (SNMPs; Hansson and
Stensmyr, 2011; Leal, 2011) are involved in olfaction (Zhou et al.,
2006). OBPs and CSPs are both small, globular proteins that are
present in high concentrations within the sensillum lymph
(Venthur and Zhou, 2018; Pelosi et al., 2018b) and both bind
odorant molecules (Pelosi et al., 2005). Their exact function is so
far unclear, but there is evidence that they might be involved in
the transport of hydrophobic odorants through the lymph space
to the dendrite membranes, or that they might protect odorants
from enzymatic degradation (Pelosi et al., 2018a). SNMPs belong
to the CD36 family of transmembrane proteins; their exact
function in olfaction is unclear, but functional knock-down in
D. melanogaster indicated that they are involved in pheromone
detection (Benton et al., 2007; Pregitzer et al., 2014).

Chemosensory genes have been identified in a wide range of
insects using genomic and transcriptomic approaches (Clyne
et al., 1999; Gao and Chess, 1999; Vosshall et al., 1999) which to a
large extent enabled us to understand their evolutionary and
behavioral adaptations in different contexts of biology including
eusociality (Robertson and Wanner, 2006; Zhou et al., 2012, 2015;
Engsontia et al., 2014; Terrapon et al., 2014; De Fouchier et al.,
2017; Pask et al., 2017; Auer et al., 2020; Obiero et al., 2021; Keesey
et al., 2022). Termites, despite being eusocial insects with well-
studied chemical ecology and pheromone biology, have not been
examined in detail in this regard until recently, with chemosensory
genes identified only in three species: Zootermopsis nevadensis
(Archotermopsidae) with 85 ORs in the genome (Terrapon et al.,
2014), Cryptotermes secundus (Kalotermitidae) with 42 ORs in the
genome (Harrison et al, 2018) and Reticulitermes speratus
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(Rhinotermitidae) with 22 ORs in the whole-body transcriptome
(Mitaka et al., 2016). The relatively modest repertoire of termite
ORs contrasts with the situation in eusocial Hymenoptera and the
assumptions made on the impact of social evolution on OR
expansion. At the same time, it highlights the independent origin
of eusociality in Hymenoptera and Isoptera, and may potentially
the
semiochemicals. By contrast, the repertoire of termite IRs is

reflect chemical parsimony observed in termite
substantially expanded, with 141 and 135 IRs reported,
respectively, for Z. nevadensis (Terrapon et al, 2014) and
C. secundus (Harrison et al, 2018), which may intuitively
be interpreted as a correlate of the social lifestyle (Harrison
etal., 2018).

Here, we present the results of antennal transcriptome analysis
of termite workers for the identification of the main olfactory
sensory genes of three termite species, Neotermes cubanus
(Kalotermitidae), Prorhinotermes simplex (Rhinotermitidae), and
Inquilinitermes inquilinus (Termitidae). The three species were
selected to cover the phylogenetic diversity of Isoptera, from the
relatively basal Kalotermitidae to the modern lineage of
Termitidae, with Rhinotermitidae being situated on the mid-way
between the two. At the same time, the life histories of the three
species represent different levels of social complexities
encountered in termites, from the socially primitive N. cubanus
devoid of true worker caste through P. simplex situated at the
boundary of the emergence of true foraging workers, to the
socially advanced higher termite I. inquilinus having true worker
caste (Rupfand Roisin, 2008; Roisin and Korb, 2011). Our findings
should serve as a basis in elucidating the evolution of pheromone
detection in termites.

Materials and methods

Insect origin and antennal tissue
dissection

We used the following termite species for RNA sequencing
and de novo assembly of antennal transcriptome: N. cubanus,
P, simplex, and I. inquilinus. Multiple colonies of N. cubanus
(Snyder) and P, simplex (Hagen), originating from field collections
in Cuba, are kept in laboratory at the Institute of Organic
Chemistry and Biochemistry, Czech Academy of Sciences.
Colonies live in glass vivaria at 27°C and 80% relative humidity in
clusters of spruce wood slices. Mature colony of I. inquilinus
(Emerson) was collected by the authors during the field mission
to French Guiana along the Road to Petit Saut (N05 03.975 W053
02.764) in 2019 with the consent of Office National des Foréts
(Cayenne).

Ninety workers from one colony per species were cold-
anesthetized, quickly washed in cold ethanol and decapitated
under a stereomicroscope. Heads were transferred into RNase free
collection tubes and kept at 4°C overnight in 1 ml of RNAlater
(Thermo Fisher Scientific). Antennae were dissected the next day,
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collected in a droplet of 96% ethanol, snap frozen and stored at
—80°C until RNA extraction.

RNA extraction and sequencing

Total RNA from pools of 180 worker antennae from each
species was extracted using acid guanidinium thiocyanate-phenol-
chloroform extraction. Deep frozen samples were transferred on
liquid nitrogen, grinded using PP pestle directly in the collection
tube and homogenized at room temperature after addition of TRI
reagent solution (Thermo Fisher Scientific). Extraction steps
included vortexing and centrifugation (15,000¢, 15min at 4°C),
RNA precipitation using isopropanol (1:1, followed by
centrifugation 15,000¢, 15min at 4°C), washing in 75% ethanol
(centrifugation 5,000 ¢, 5min at 4°C), drying at room temperature
in laminar flow box and resuspension in 10 mM Tris-HCI, pH 8.0
with 0.1 mM EDTA. The quality and quantity of isolated RNA was
inspected on Nanodrop ND-1000 UV/VIS spectrophotometer
and Qubit 4 fluorometer using the RNA HS Assay Kit (all Thermo
Fisher Scientific), the integrity was evaluated on 1% agarose gel
after staining with ethidium bromide.

Library preparations of all three antennal poly(A)-selected
strand-specific cDNA libraries and high throughput sequencing
analysis on Illumina HiSeq with 30 millions of 2 x 150 paired end
reads was conducted at Eurofins Genomics (Ebersberg, Germany).

Transcriptome assembly and gene
annotation

Raw sequencing reads were inspected for erroneous k-mers
and corrected with rCorrector (Song and Florea, 2015), residual
sequencing adapters and low-quality bases were trimmed using
Trimmomatic v0.32 (Bolger et al., 2014). Sequence contaminants,
such as ribosomal RNA, were filtered out based on mapping to the
reference from SILVA database release 132 (Quast et al., 2013)
with bowtie2 v2.3.4.1 algorithm (Langmead and Salzberg, 2012)
or by depletion of overrepresented sequences using the
RemoveFastqcOverrepSequenceReads.py  script.! De novo
assembly of antennal transcriptomes was performed with Trinity
v2.1.1 in default settings for strand-specific reads (Grabherr et al.,
2011), candidate coding regions were identified upon prediction
of open reading frames with Transdecoder v5.5.0.> The raw data
used for transcriptome assembly are deposited in the NCBI SRA
repository with BioSample accession numbers: SAMN31093778
(Inquilinitermes inquilinus), SAMN31093779 (Neotermes cubanus)
and SAMN31093780 (Prorhinotermes simplex).

To assess the completeness of the transcriptomes, BUSCO
5.3.2 (Simao et al,, 2015) was used to test for the presence of the
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Insecta odbl0 reference genes within the transcriptome
assemblies. For manual annotation, we created databases based on
the longest assembled isoform of each transcript. BLASTx
searches (Camacho et al., 2009) were performed on these local
databases using reference datasets of each multigene family: ORs,
IRs, OBPs, CSPs and SNMPs as queries with an e-value cut-off of
0.001. For ORs, reference datasets included amino acid sequences
of Z. nevadensis (nr), C. secundus (nr), and D. melanogaster
(Refseq NCBI) as well as sequences of Ampulex compressa,
Cerceris arenaria, Psenulus fuscipennis, Apis mellifera, Bombus
Habropoda
Lasioglossum albipes, Nasonia vitripennis, Harpegnathus saltator,

terrestris, laboriosa, Dufourea  noveangliae,
and Solenopsis invicta previously reported in Obiero et al. (2021).
OR candidate protein sequences were further subject to analysis
for presence of the correct transmembrane domains using
TMHMM 2.0 (Krogh et al., 2001). In the final step, prior to
multiple sequence alignment and phylogenetic analyses, all
sequences with insufficient similarities comparing to the reference
dataset were manually filtered out based on an all-against-all
BLAST analysis and subsequent clustering in CLANS (Frickey and
Lupas, 2004). GR candidates were predicted from the termite
transcriptomes using a reference dataset containing GR amino
acid sequences from Z. nevadensis (Terrapon et al, 2014),
C. secundus (Harrison et al., 2018), R. speratus (Mitaka et al.,
2016), D. melanogaster (nr), and Tribolium castaneum
(NCBI RefSeq).

For IRs, we used sequences reported from Z. nevadensis
(Terrapon et al., 2014) and C. secundus (Harrison et al., 2018) and
the iGluR amino acid sequences from Croset et al. (2010). For
OBPs and CSPs the reference data set included amino acid
sequences from Z. nevadensis (nr), C. secundus (nr),
D. melanogaster, and Locusta migratoria, as well as the dataset
used in Vogt et al. (2015) and Guo et al. (2018). The SNMP dataset
was created using sequences from the termites Z. nevadensis (nr),
C. secundus (nr), the fruit fly D. melanogaster (nr), the beetle
Aethina tumida (nr), the moth Manduca sexta and SNMPs from
three Coleopteran species T. castaneum (nr), R. palmarum
(Gonzalez et al., 2021), Sitophilus oryzae (nr). Finally, the predicted
amino acid sequences of each multigene protein family were
retrieved manually from the transcriptome assemblies based on
the blastx search results. Additionally, in the odorant binding
proteins, signal peptides were predicted using SignalP v6.0 (Teufel
etal., 2022).

Phylogenetic analysis of the candidate
chemosensory proteins

The phylogenetic reconstruction of each protein family was
performed using the Maximum Likelihood method (Felsenstein,
1981). To compare and predict phylogenetic relationships,
we retrieved available relevant chemoreceptor protein sequences
from the GenBank nr database. For the termite odorant receptor
phylogeny, we used OR sequences from the termite species
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Z. nevadensis, C. secundus, N. cubanus, P. simplex, R. speratus, and
I inquilinus, as well as the termite relative, the cockroach Blattella
germanica. We further included Bombyx mori and Manduca sexta
(Lepidoptera), Drosophila melanogaster (Diptera), Ips typographus
and Tribolium castaneum (Coleoptera), Forficula auricularia
(Dermaptera), Athalia rosae, and Apis mellifera (Hymenoptera).
As an outgroup, the crustacean Daphnia pulex Gr 42, 43, and 44
(Saina et al,, 2015) sequences were used. The larger number of
datasets was required to reach a predicted phylogeny with
sufficient support, likely due to the high sequence diversity of ORs.
Multiple sequence alignment was performed using MAFFT v.7
(Katoh et al., 2017) under the E-INS-i iterative refinement
method, followed by trimming using trimAl v1.4 (Capella-
Gutiérrez et al., 2009) with the “automatedl’ option. The same
alignment and trimming methods were followed for the other
chemosensory gene families. The best-fit amino acid substitution
model, JTT + G +F was determined for ORs using ProtTest v.3.4.2
(Darriba et al, 2017) under AIC criteria. Phylogenetic
reconstructions of all chemosensory genes were performed by
means of the maximum likelihood method using RAXML-NG
1.1.0 (Kozlov et al., 2019) and 1,000 bootstrap replications.

The phylogeny of gustatory receptors was reconstructed using
JTT +F+ G4 as the best-fit amino acid substitution model and
rooted with CO, and sugar receptors as their basal location was
reported earlier in analyses with GRLs of other animals
(Robertson, 2015; Robertson et al., 2018). Gustatory receptors
reported from the termite species N. cubanus, P. simplex,
I inquilinus, Z. nevadensis, C. secundus, and R. speratus were used
in the analysis. Additionally, GRs from the non-blattodean species
D. melanogaster and T. castaneum were included in the analysis
allow classification of different subclades including receptors for
CO, and receptors for bitter and sweet tastes.

The ionotropic receptor phylogeny was reconstructed using
LG +F +R as the best-fit amino acid substitution model and was
rooted with non-NMDA iGluRs as an outgroup, using 1,000
replicates to calculate bootstrap support. The amino acid
sequences from the following species were added to study the
phylogenetic relationship: the termites Z. nevadensis, C. secundus,
N. cubanus, P. simplex, I. inquilinus, the cockroach B. germanica,
the fruit fly D. melanogaster, and the beetles Dendroctonus
ponderosae and Rhynchophorus palmarum. Non-blattodean
species were added to allow for better determination of the correct
iGluR-subclades of novel candidates.

The SNMP phylogeny was reconstructed using LG +R as the
best-fit amino acid substitution model under Bayesian information
criterion with 1,000 bootstrap replications. Species compared in
the phylogeny were the termites Z. nevadensis, C. secundus,
N. cubanus, P. simplex, and I inquilinus, the cockroach
B. germanica, the fruit fly D. melanogaster, the beetles
T. castaneum, Sitophilus oryzae and R. palmarum, the moths
B. mori and M. sexta, and the ant Harpegnathos saltator.
Coleopteran SNMPs are included in the phylogeny as additional
SNMP groups are reported in this insect order (Dippel et al., 2016;
Zhao et al.,, 2020). We used D. melanogaster Croquemort (crq)
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protein, a member of the CD36 family but not an SNMP, as
an outgroup.

The maximum likelihood phylogeny of termite OBPs was
reconstructed using LG + R as the best-fit amino acid substitution
model under AIC with 1,000 bootstrap replications. Bristletail
Lepismachilis y-signata OBPs were used as outgroup. The species
included in the analysis were the termites Z. nevadensis,
C. secundus, N. cubanus, P. simplex, and I. inquilinus, the beetles
T. castaneum and R. palmarum, the moth M. sexta and the fruit
fly D. melanogaster. The Maximum likelihood phylogeny of
termite CSPs was constructed using LG+R as amino acid
substitution model and rooted with D. pulex CSP sequences as
outgroup. The other species included in the analysis were the
termite R. speratus, the beetles T. castaneum and R. palmarum, the
moth B. mori, the honey bee Apis mellifera, the fruit fly
D. melanogaster, the chironomid Clunio marinus, and the ant
Camponotus japonicus. Inclusion of CSPs from the listed species
allowed a better comparison of termite CSPs across insect orders.

Results

De novo antennal transcriptome
sequencing and assembly

We generated antennal transcriptome data for N. cubanus,
P simplex, and I. inquilinus from Illumina paired-end sequencing.
This yielded 48.0 million read pairs from N. cubanus libraries,
resulting in 247,031 transcripts, with a total of 53,949 predicted
ORFs based on Trinity de novo assembly. The same approach
generated 46.3 million read pairs, yielding 180,250 transcripts
with 58,126 predicted ORFs in P. simplex, and 30.6 million read
pairs assembled into 203,568 transcripts that included 52,980
predicted ORFs in I inquilinus. Next, we performed BUSCO 5.3.2
analysis as a measure for completeness of the transcriptomes,
using the insectalO dataset as a reference. This analysis showed
97.4,97.3 and 97.2% completeness for N. cubanus, P. simplex, and
I inquilinus, respectively. An overview of the sequencing and
assembly statistics is provided in Table 2.

Termite odorant receptors

We manually annotated sequences of the transcriptome
assemblies coding for members of the major insect chemosensory
families, starting with olfactory receptors (ORs). We recovered
30, 50 and 28 ORs from the antennal transcriptomes of
N. cubanus, P. simplex, and L. inquilinus, respectively. Of these, 24,
48 and 27 predicted proteins, respectively, presented an
OR-typical transmembrane profile in TMHMM analysis (Krogh
et al,, 2001), and a length of >350aa, which we considered to
be full-length ORs. Next, we reconstructed a maximum likelihood
phylogeny using the predicted amino acid sequences of our
candidate ORs from the three studied species, as well as other
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TABLE 2 De novo transcriptome assembly statistics of the three species of termites, N. cubanus, P. simplex, and I. inquilinus.

Neotermes cubanus

Prorhinotermes simplex Inquilinitermes inquilinus

Total number of raw reads 48,033,206 46,252,432 30,635,256
Number of transcripts 247,031 180,250 203,568
Full length ORFs 53,949 58,126 52,980
N50 length 2,273 3,482 2,356
GC content 39.57 39.55 40.19
Complete BUSCOs (insectaodb_10, %) 97.4 97.3 97.2
Fragmented BUSCOs (insectaodb_10, %) 1.0 1.0 0.6

termite-ORs that were previously reported from Z. nevadensis
(Terrapon et al.,, 2014), C. secundus (Harrison et al., 2018) and
R. speratus (Mitaka et al., 2016). We also added OR coding
sequences of B. germanica (Robertson et al., 2018), as well as ORs
from other major insect orders, to help stabilizing the
phylogenetic analysis and assist in the examination of our newly
identified termite ORs. To add more resolution to the phylogeny,
we also added a set of recently reported ‘primitive ORs’ from the
silverfish Lepisma saccharina (Thoma et al, 2019). Finally,
we included gustatory receptors from D. pulex that had previously
been shown to be an outgroup for all insect ORs (Péalva-Arana
et al., 2009).

The phylogeny, rooted using the D. pulex GR outgroup,
revealed the monophyly of OR and GR gene families with high
bootstrap support. Between these two major clades was a group of
‘GR and OR-like’ sequences representing mainly termites and
Lepidoptera. Adding a larger number of non-isopteran sequences,
including ORs of the basal insect L. saccharina helped stabilising
the phylogeny of this clade of GR and OR-like sequences, with
isopteran sequences sharing more sequence similarity with GRs
than with the highly expanded OR families across other insect
orders. We found representatives from Z. nevadensis, C. secundus,
and P, simplex within this clade, but not from other termite species
or B. germanica. The ORs of Zygentoma formed an ancestral clade
with high bootstrap support, and within this, ORCos appeared as
highly derived sequences, fitting reports of the evolutionary origin
and ancestral nature of ORCo sequences (Missbach et al., 2014;
Brand et al., 2018; Thoma et al., 2019). The termite ORCos formed
a subset with primitive ORCo from L. saccharina as an ancestral
sequence. The three Isoptera-specific expansions in ORs are in
accordance with the other insect orders and indicate an
evolutionary pattern, i.e., an ancestral set of ORs that share
orthologous sequences between most insect orders, and a rapidly
evolving set with multiple species-specific expansions, as mainly
observed in Coleoptera and Hymenoptera (Andersson et al.,
2019). We found 13 isopteran ORs in the ancestral clade, sharing
orthologs to different insect orders and the remaining ORs formed
two independent Isoptera-specific expansions of 50 ORs and 37
ORs. Within these two expansions, the most recently evolved one
(37 ORs) shares sequence similarity with hymenopteran ORs
whereas the other one (50 ORs) was similar to the ancestral
isopteran clade (Figure 1).
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Termite gustatory receptors

Our manual annotation revealed 20, 25 and 26 GRs,
respectively, from the antennal transcriptomes of N. cubanus,
P simplex, and L inquilinus. Several of these sequences already were
identified in the search for ORs, and have been labelled as GRs in
Figure 1. Among these candidate genes, 8, 7 and 6 receptors,
respectively, from N. cubanus, P. simplex, and 1. inquilinus belong
to the clade containing the D. melanogaster CO, receptor clade.
Similarly, 6, 3, and 4 candidates, respectively, from N. cubanus,
P simplex, and L. inquilinus belong to the sugar receptor clade, and
4, 15 and 16 candidates, respectively, to the bitter taste receptor
clade (Figure 2). Isoptera- specific expansions were observed in all
three subclades. However, we found no clear 1:1 orthologous for
the D. melanogaster pheromone sensitive or CO, GRs in any of the
Isopteran GRs compared. Putative orthologs for the D. melanogaster
fructose receptor Gr43a were present in Z. nevadensis, C. secundus,
and T. castaneum.

Isoptera-specific expansions in termite
antennal ionotropic glutamate receptors

Next, we analysed putative IRs coding sequences. BLASTx
searches were performed using well-annotated IR and iGluR
sequences from different insect orders, Coleoptera, Lepidoptera,
Hymenoptera and Diptera (Croset et al., 2010). Using this
approach, we recovered, 98, 95 and 77 transcripts from the
antennal transcriptomes of N. cubanus, P. simplex, and L. inquilinus,
respectively. Based on length of the predicted protein, as well as
presence of all IR-typical domains, we considered 33, 53 and 29
transcripts from N. cubanus, P. simplex, and I inquilinus,
respectively, as complete. In multiple sequence alignment,
we confirmed iGluRs family members by the presence of a
characteristic conserved arginine (R) residue in the SI domain
involved in binding the glutamate a-carboxyl group (Benton et al.,
2009; Croset et al., 2010). We further classified these receptors into
the three distinct iGluR subfamilies (AMPA, NMDA, kainate)
based on homology.

Finally, IR subfamily members were identified based on the
absence of conserved aspartate (D) or glutamate (E) in the
second half of the S2 domain that interacts with the a-amino
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Species colour annotations

Neotermes cubanus
Prorhinotermes simplex
Inquilinitermes inquilinus
Zootermopsis nevadensis
Cryptotermes secundus

Blattella germanica
Bombyx mori
Manduca sexta

Ips typographus
Tribolium castaneum
Athalia rosae

Forficula auricularia
Lepisma saccharina
Daphnia pulex

group of the glutamate ligand. Partial sequences that were too
short to include these protein domains were excluded from the
analysis, but classified based on homology alone. For the
phylogenetic analysis, we used our newly identified iGluR
sequences, as well as other termite iGluR and IR sequences that
were previously reported from Z. nevadensis (Terrapon et al.,
2014) and C. secundus (Harrison et al., 2018). In some cases,
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partial sequences we identified were too short to reasonably
include in phylogenetic and where therefore exluded, most
importantly the IR8a candidate of I inquilinus. We also added
iGluR coding sequences from other major insect orders to
stabilize the analysis and assist in the annotation of newly
identified termite IRs and iGluRs. Finally, we used non-NMDA
iGluRs from the D. pulex as an outgroup as these receptors are
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considered to be ancestral to both NMDA iGluRs and IRs
(Croset et al., 2010).

After rooting, the dendrogram revealed clear monophyletic
clades for each major iGluR subfamily with maximum bootstrap
support (Figure 3). The non-NMDA iGluR subfamilies appeared
basal in the phylogeny, with the IR8a, IR25a, and the NMDA
clades highly derived. We found representative sequences from
all three clades in all three termite transcriptomes with linqIR8a
being partial sequence excluded from the analysis. The
remaining iGluRs formed three separate clades; the first two
were grouped as antennal IRs (including an Isoptera-specific
subclade), and the third one as divergent IRs based on the
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classification scheme used in Drosophila IRs (Benton et al.,
2009). The three species shared a nearly equal number of
antennal IRs (N. cubanus: 36, P. simplex: 37, I. inquilinus: 34),
i.e., 36-44% of total IRs identified. Within antennal IRs, 13, 19
and 14 transcripts from N. cubanus, P. simplex and I. inquilinus,
respectively, formed an Isoptera-specific clade (Figure 3). These
numbers were on par or slightly higher than previously reported
for other termite species for example, 12 IRs reported from
R. speratus transcriptome (Mitaka et al., 2016). The clade of
divergent IRs showed weak bootstrap support. However, the
Isoptera-specific expansion of both antennal and divergent IRs

was well supported (Figure 3).
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Phylogeny of termite IRs showcasing major iGluR subfamilies. The tree was reconstructed using the maximum likelihood method using LG+F+R
as the best-fit amino acid substitution model and was rooted with non-NMDA iGluRs as an outgroup. Major iGIuR subfamilies were highlighted as
non-NMDA iGluRs (Purple), IR8a/25a (pink), NMDA (light blue), antennal IRs (blue), Divergent IRs (orange). Known conserved IR subgroups are
marked in the tree. Each species represented were named as C. secundus (Csec), N. cubanus (Ncub), P. simplex (Psim), I. inquilinus (linq), Z.
nevadensis (Znev), D. melanogaster (Dmel), D. ponderosae (Dpon), R. palmarum (Rpal), and D. pulex (Dpul). Sequence names are colored
according to species and color codes are provided in the in-figure legend. The node colors indicate the bootstrap support (1,000 replicates) and

the scale represents the estimated amino acid substitutions per site.

Sensory neuron membrane proteins in
termite antennal transcriptome

The next family of chemosensory proteins investigated were
sensory neuron membrane proteins (SNMPs). BLASTx query
using well-annotated sequences of SNMP1 and SNMP2 recovered
six transcripts each from I. inquilinus and P. simplex and five from
N. cubanus as SNMPs. We added previously reported SNMPs
from Z. nevadensis (Terrapon et al., 2014), C. secundus (Harrison
et al., 2018) and SNMPs from other insect orders to our data for
phylogenetic analysis using maximum likelihood algorithms.
Additionally, we used a non-SNMP CD36 family protein,
croquemort (crq) from D. melanogaster as outgroup (Figure 4).
Based on the phylogeny, we identified 5 out of 6 transcripts each
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from P. simplex and I. inquilinus, and 4 out of 5 from N. cubanus
as SNMP1. We found four Isoptera-specific SNMP1 subclades
with high bootstrap support and thus, further classification in
subtypes @ and D’ as in other orders was not attempted.
We identified one SNMP2 protein each from all the three-termite
species analysed, which also formed an Isoptera-specific clade.

Soluble proteins (OBPs and CSPs)
involved in termite chemoreception

Starting with well-annotated sequences from other insect

species we also screened our transcriptomes for sequences
encoding candidate OBPs. Using this approach, we recovered
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29, 34 and 25 candidates from N. cubanus, P. simplex, and
I. inquilinus, respectively, with a predicted average amino acid
length of 150 aa. Within the candidate OBPs, using the SignalP
v6.0 (Teufel et al., 2022) signal peptides have been identified in
numbers: 22 out of 29 from N. cubanus, 29 out of 34 from
P simplex, and 17 out of 25 from I. inquilinus. Based on sequence
analysis we identified, 3, 2 and 2 transcripts each, respectively,
from N. cubanus, P. simplex, and I. inquilinus as Plus-C OBPs
and 4, 3, 3, respectively, from the same as Minus-C OBPs.
Adding OBP sequences from other insect orders we constructed
a maximum likelihood phylogeny to classify the new candidates.
Besides the newly identified sequences, we included OBP
protein sequences from two other termite species, i.e.,
Z. nevadensis (Terrapon et al., 2014) and C. secundus (Harrison
et al., 2018), as well as OBPs from representative species of
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Diptera, Coleoptera, Lepidoptera, and Hymenoptera (Grofie-
Wilde et al., 2006; Vogt et al., 2015; Brand et al., 2018). Finally,
we used OBPs of the basal hexapod L. y-signata as an outgroup
(Missbach et al., 2015). The analysis allowed us to associate our
candidates with four of the major OBP sub-groups: classic,
Minus-C, Plus-C and ABP-II types (Figure 5). However, no
‘Dimer-OBPs” or ‘chemical-sense-related lipophilic-ligand-
binding protein (CRLBP; Hekmat-Scafe et al., 2002) orthologs
were found in termites. Additionally, we identified six Isoptera-
specific expansions in the phylogeny. The ‘Plus-C’ subgroup
contained two to three OBPs from each of our termite species
was found at a basal position as well as at multiple clades in the
phylogeny; classic and Minus-C OBP-subgroups each formed
multiple clades in the phylogeny. Compared to other subgroups
the most recently evolved Minus-C OBPs formed order-specific
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Maximum likelihood phylogeny of termite OBPs. The tree was constructed using LG+R as the best-fit amino acid substitution model and using L.
y-signata OBPs as outgroup. The major OBP groups are highlighted as Classic OBPs (blue), Minus-C (green), Plus-C (violet) and ABP-II (maroon);
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included are C. secundus (Csec), N. cubanus (Ncub), P. simplex (Psim), I. inquilinus (ling), Z. nevadensis (Znev), D. melanogaster (Dmel), T.
castaneum (Tcas), R. palmarum (Rpal), M. sexta (Msex), Apis mellifera (Amel) and L. y-signata (Lsig). The node colors indicate bootstrap support and

expansions (Blattodea, Coleoptera and Lepidoptera). Termite
OBPs also possessed orthologs in multiple Isoptera-
specific expansions.

Next, we screened the transcriptomes for chemosensory
proteins (CSPs), identifying 10, 6 and 9 CSPs from N. cubanus,
P, simplex, and I. inquilinus, respectively. We further examined
these proteins by reconstructing a maximum likelihood phylogeny,
using CSPs reported for R. speratus (Mitaka et al., 2016), and
reference CSPs from species in other insect orders, while using
D. pulex CSPs as an outgroup (Figure 6). The phylogeny revealed
species-specific CSP expansions in D. melanogaster, T. castaneum,
and B. mori, but not in termites. There were two evolutionary
patterns observed in CSPs, one a highly divergent clade of CSPs
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from a large number of species and a second one with mostly
single orthologs from each species.

Discussion

Here, we present the analysis of the main chemosensory
families (ORs, GRs, IRs, SNMPs, OBPs, and CSPs) in three species
of termites from different phylogenetic lineages, encompassing
basal and advanced clades. The number of ORs in the
transcriptomes of N. cubanus (30), P. simplex (50), and L inquilinus
(28) was roughly similar to that reported from the genomes of
Z. nevadensis (69) and C. secundus (42), and higher than
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R. speratus (22; Terrapon et al., 2014; Mitaka et al., 2016; Harrison be partially explained by its large genome size, chromosomal
et al, 2018). However, the highest number of ORs among translocations, and a higher rate of gene family expansions
Blattodea was found in B. germanica (134 ORs), which may (Harrison et al, 2018). Ants, belonging among eusocial
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Hymenoptera, also possess massive OR expansions, leading to
~350 ORs in H. saltator and Camponotus floridanus (Zhou et al.,
2012). It has been hypothesized that these expansions are
connected to their eusocial behavior (Zhou et al., 2012). However,
high number of ORs has been reported also in non-eusocial
Hymenoptera, such as Nasonia vitripennis (301, Robertson et al.,
2010), suggesting that the expansion of ORs is an ancestral trait
shared by Hymenoptera, which might potentially had facilitated
the multiple independent evolutions of -eusociality in
hymenopteran insects. By contrast, the high OR repertoire
reported recently in basal solitary apoid wasps phylogenetically
positioned between ants and bees indicates that the OR repertoire
in fact reduced during the evolution of eusocial apoids (Obiero
etal., 2021).

Termites, despite being eusocial insects, exhibit numbers of
OR genes comparable to non-eusocial insects (Mitaka and Akino,
2021). If an expansion of ORs preceded the emergence of
eusociality in Hymenoptera, the same is clearly not true for
Isoptera. The phylogenetic analysis revealed the highly conserved
ORCo lineage and multiple Isoptera-specific OR expansions,
which were analogous to the recent report in C. secundus based on
the gene tree analysis (Harrison et al, 2018). Within these
Isoptera-specific expansions, we found 1:1 orthologous
relationship between the ORs of distinct termite species. This is
rather unusual for the highly divergent OR family, indicating a
high degree of OR conservation across termites.

The transcriptome screening performed in the three species
of termites yielded 20, 25 and 26 GRs, respectively, from
N. cubanus, P. simplex, and I. inquilinus. The phylogeny (Figure 2)
also reveals the isopteran specific expansion of GRs in all three
major sub clades: sugar, bitter and CO, receptors. The dendrogram
clearly separates different GR sub-classes as taste and CO, and
pheromone receptors. The basal clade includes D. melanogaster
GRb5a and Gr64a, which are tuned towards trehalose and sucrose,
respectively, and who exhibit complementary functional profiles
in D. melanogaster (Jiao et al., 2008). We have identified 6, 3 and 4
putative sugar receptors each, respectively, from N. cubanus,
P simplex, and L. inquilinus. The CO, receptor-containing clades
was also largely expanded in termites. There were no orthologs
found for Drosophila pheromone receptors GR32a and Gr68a.
The fructose receptor (Gr43a) sub clade was located within the
large bitter receptor clade, as previously reported in the
B. germanica GR expansions (Robertson et al., 2018), indicating a
conserved phylogenetic pattern across insect orders.

IRs, a subfamily of iGluRs, were found to be involved in
detecting environmental as well as intracellular chemical signals
(Benton et al., 2009; Croset et al., 2010; Ai et al., 2013). They
were first identified in D. melanogaster and are well described in
terms of the functional and evolutionary origins (Croset et al.,
2010; Rytz et al., 2013). In contrast to other insect orders, IRs
are numerous in Isoptera; in fact, the IR expansion in termites
is considered to be analogous to OR expansions in
Hymenoptera, signifying the importance of this protein family
(Harrison et al,, 2018; Robertson et al., 2018). A recent
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genome-based annotation in the cockroach B. germanica
recovered 455 IRs, the highest number reported in insects.
Nevertheless, nearly half of them were pseudogenes (Harrison
etal., 2018; Robertson et al., 2018). While our findings of 98, 95
and 77 IRs from N. cubanus, P. simplex, and I. inquilinus,
respectively, exceed the numbers identified in most other insect
species, they fall in the range of the numbers reported from
other termites (Z. nevadensis: 141; C. secundus: 135; Terrapon
et al,, 2014, Harrison et al., 2018). Although the olfactory
perception of social signals in ants (Slone et al., 2017; Trible
et al., 2017) and TFPs in termites (Gao et al., 2020) have been
demonstrated as OR/ORCo dependent, it was also proposed
that a parallel ionotropic receptor gene family expansion has
favoured the evolution of colony communication in termites
(Harrison et al., 2018). It seems likely that the total count of IR
coding genes will be higher within the full genomes, but not
substantially so. In contrast, only 12 IRs reported from
R. speratus could be explained by the limited coverage of
chemosensory genes in the whole-body transcriptome (Mitaka
et al., 2016). It should be noted that genes with expression
limited to one or a few tissues, like antennal IRs, will
be underrepresented in a whole-body RNA pool, a reason
we used antennal transcriptomes in our study. The expansion
and positive selection in IRs have been reported recently in
Z. nevadensis and B. germanica (Harrison et al., 2018). Rapid
expansions in chemosensory receptor gene families provide
functional divergence, crucial for adaption to different niches
(Arguello et al.,, 2016). The caste and sex-biased expression of
IRs reported in Z. nevadensis and C. secundus indicates the
possible role of these genes in the pheromone communication
(Harrison et al., 2018). The different subsets of iGluRs including
IRs were added to the phylogenetic analysis. iGluRs exist across
kingdoms, including plants, animals and prokaryotes (Croset
etal., 2010; Rytz et al., 2013). We found orthologs of all major
iGIluR subfamilies in all three transcriptomes; our analysis
revealed both antennal and divergent IRs. Similar to ORs,
Isoptera-specific expansions were previously observed in
termite IRs (Harrison et al., 2018). The antennal IRs are
considered to be involved in olfaction, divergent IRs in
gustation (Benton et al., 2009; Croset et al., 2010; Abuin et al.,
2011; Prieto-Godino et al., 2017). As per the functional studies
in Drosophila, the IR20a clade includes both taste and
pheromone receptors (Koh et al., 2014). In our analysis this
clade grouped with the divergent IRs. We identified five
candidates in this clade, two each from N. cubanus, P. simplex,
and one from I inquilinus, and further research is required to
confirm the role of these receptors.

SNMPs of
differentiation 36) family of transmembrane proteins in

are broadly conserved CD36 (cluster

animals and are reported to be involved in the detection of
lipid-derived pheromones in insects (Benton et al, 2007;
Pregitzer et al., 2014). Among the two SNMP types reported in
insects, SNMP1 was found to be expressed in both sensory
neurons and supporting cells of insect pheromone-sensitive
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sensilla, whereas SNMP2 was found only in the sensory
supporting cells as reported in the moths Heliothis virescens
and Antheraea polyphemus (Forstner et al., 2008). The recent
structural studies indicate that SNMP1 might function as a
co-receptor or acts as a tunnel to pass the signal molecules to
the pheromone receptor (Gomez-Diaz et al., 2016). The
number of SNMP1 proteins identified from our antennal
transcriptomes was similar to the number reported from
C. secundus (5) and higher than the one reported from
Z. nevadensis (Terrapon et al., 2014; Harrison et al., 2018). Like
termite ORs and IRs, SNMP1 showed 1:1 orthologous pattern
among the five termite species compared. The higher number
of SNMPI proteins in termites could be correlated with the
pheromone diversity in termites (Mitaka and Akino, 2021). In
SNMP?2 proteins, we found a single orthologous transcript in
all five termite species compared. SNMP2, proteins are mainly
found in the sensory neuron supporting cells and are proposed
to be involved in pheromone clearance processes (Forstner
et al., 2008).

OBPs and CSPs expressed in antennae and pheromone glands,
respectively, are involved in both the reception and broadcast of the
chemical message (Pelosi et al., 2018a). OBPs are highly abundant
in the insect sensillar lymph and thus found abundantly in antennal
transcriptomes (Venthur and Zhou, 2018). In Isoptera, OBPs and
CSPs have been found to be differentially expressed among castes
(Mitaka et al., 2016). The number of OBPs identified, i.e., 37, 35, 28
from N. cubanus, P. simplex, and L inquilinus, respectively, are
higher than the OBPs reported from other termites (Z. nevadensis:
19; C. secundus: 19; R. speratus: 9; Mitaka et al., 2016). Since OBPs
are highly divergent in amino acid composition, using a basal
hexapod L. y-signata (Missbach et al., 2015) as an outgroup helped
in understanding OBP evolutionary pattern (Pelosi et al., 2005). All
four major OBP sub-groups (classic, Minus-C, Plus-C and ABP-II
types) have been identified based on the structure-based
annotations reported earlier (Venthur et al., 2014). Unlike in
Lepidoptera and other insect orders, Isopteran OBPs are
understudied. However, we found two transcripts each in our
transcriptomes with similarity to the well-studied protein BmorPBP
from the moth B. mori (Lautenschlager et al., 2007). The 1:1
orthologous pattern observed in the other termite chemosensory
genes continued in the case of OBPs. The number of CSPs
identified was also higher in our transcriptomes as these were not
annotated from the genomes of the other two termite species
Z. nevadensis and C. secundus (Harrison et al., 2018).

Conclusion

Our research provides candidate genes of the major insect
chemosensory gene families from three termite species
belonging to three families of Isoptera of different phylogenetic
positions, life histories and social complexities. We found
comparatively large repertoires of chemosensory genes in all
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studied gene families as in other analysed termite species. The
evolutionary analysis of termite chemosensory proteins
revealed Isoptera-specific expansions with 1:1 orthologous
pattern, indicating the existence of conserved olfactory
functions. Our findings on basal eusocial insects will further
enhance our understanding of the molecular underpinnings
of eusociality.
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