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ABSTRACT 11 

The chemosensory system has experienced relevant changes in subterranean 12 

animals, facilitating the orientation into darkness via the perception of specific chemical signals 13 

critical to survive in this particular environment. However, the genomic basis of 14 

chemoreception in cave-dwelling fauna is largely unexplored. We generated de novo 15 

transcriptomes for antennae and body samples of the troglobitic beetle Speonomus 16 

longicornis (whose characters suggest an extreme adaptation to the deep subterranean) in 17 

order to interrogate the evolutionary origin and diversification of the chemosensory gene 18 

repertoire across coleopterans through a phylogenomic approach. Our results suggested a 19 

diminished diversity of odorant and gustatory gene repertoires compared to polyphagous 20 

epigean beetles. Moreover, S. longicornis showed a large diversity of odorant-binding 21 

proteins, suggesting an important role of these proteins in capturing airborne chemical cues. 22 

We identified a gene duplication in the ionotropic co-receptor IR25a, a highly conserved single-23 

copy gene in protostomes involved in thermal and humidity sensing. In addition, no 24 

homologous genes to sugar receptors or the ionotropic receptor IR41a were detected. Our 25 

findings suggest that the chemosensory gene repertoire of this cave beetle may have been 26 

reshaped by the low complexity of chemical signals of this particular environment, and that 27 

gene duplication and loss may have played an important role in the evolution of genes involved 28 

in chemoreception. Altogether, our results shed light on the genomic basis of chemoreception 29 

in a cave-dwelling invertebrate and pave the road towards understanding the genomic 30 

underpinnings of adaptation to the subterranean lifestyle at a deeper level. 31 

 32 
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INTRODUCTION 33 

Major lifestyle transitions in insects, such as the conquest of terrestrial habitats, the flight or 34 

host plant interactions, are often followed by dramatic shifts in the sensory systems (Vieira 35 

and Rozas 2011; Missbach et al. 2015; D. Wang et al. 2018; Almudi et al. 2020; Anholt 2020). 36 

Subterranean specialization has also offered opportunities for evolutionary innovation in the 37 

way animals interact with this particular environment (Cartwright et al. 2017). While adapting 38 

to the subterranean niches, different species, ranging from fishes to insects, have evolved 39 

highly convergent alternatives to live into perpetual darkness in habitats exhibiting specific 40 

biotic and abiotic factors (i.e., limited and heterogeneous nutrient sources, lack of primary 41 

production, constant temperature and humidity). Evolutionary regressions (e.g., loss of eyes 42 

and pigmentation), elaborated elements (e.g., hypertrophy of extra-optic sensory structures) 43 

and other physiological changes (e.g., loss of circadian rhythms and modified life cycles) have 44 

been reported as possible adaptations for many obligate subterranean fauna (Pipan and 45 

Culver 2012). Likewise, it is conceivable that the subterranean selective pressures have driven 46 

adaptive shifts in other sensory systems, including the chemosensory repertoires of 47 

subterranean animals. For instance, some studies on cavefish pointed out an enhancement 48 

of chemosensory systems from a morphological point of view (i.e., visible differences in taste 49 

buds and olfactory neural bulbs) when compared to surface populations (Parzefall 2001; 50 

Yamamoto et al. 2009; Yang et al. 2016). In subterranean arthropods, elongation of antennae 51 

and body appendages have been also attributed to enhanced sensory capabilities (Turk et al. 52 

1996). Nevertheless, the evolution of the chemosensory repertoire in subterranean fauna from 53 

a molecular perspective remains widely unexplored. 54 

Environmental chemical signals are enormously diverse in nature. Animals have 55 

developed a wide diversity of mechanisms to perceive and interpret specific cues essential to 56 

their evolutionary success (Nei et al. 2008). In insects, these chemicals comprehend palatable 57 

nutrient or repellent odors and tastes, pheromones, warning signals of predators and those 58 

indicating optimal substrates for oviposition, and various others (Joseph and Carlson 2015). 59 

The chemosensory system in insects is distributed morphologically in the interface between 60 

the environment and the dendrites of the peripheral sensory neurons, where different 61 

chemosensory proteins act in parallel for the signal transduction to the brain centers in which 62 

the information is processed (Joseph and Carlson 2015; Dippel et al. 2016). To capture this 63 

complex information, insects encode three large and divergent families of transmembrane 64 

chemoreceptor proteins: gustatory receptors (GRs), odorant receptors (ORs) and ionotropic 65 

receptors (IRs) (Clyne et al. 1999; Gao and Chess 1999; Vosshall et al. 1999; Benton et al. 66 

2009; Sánchez-Gracia et al. 2009). GRs, which detect non-volatile compounds, likely 67 
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represent the oldest chemosensory receptors (Eyun et al. 2017), being distributed in several 68 

taste organs along the entire body including mouth pieces, legs, wing margins and other 69 

specialized structures such as vaginal plate sensilla in female flies abdomen (Stocker 1994). 70 

Airborne chemical particles are perceived in the head appendages by the ORs, an insect-71 

specific chemoreception gene family thought to have originated from the GR gene family 72 

(Robertson et al. 2003; Robertson 2019; Thoma et al. 2019). ORs work with the functionally 73 

essential and highly conserved odorant receptor co-receptor (ORCO), which was proposed 74 

as the ancestral OR. Moreover, IRs derived from the ionotropic glutamate receptor genes 75 

(IGluRs) superfamily in protostomes (Vosshall and Stocker 2007; Benton 2015) and mediate 76 

responses to many organic acids and amines, including pheromones and nutrient odors 77 

(Benton et al. 2009). In insects there are other gene families that also participate in the 78 

chemosensory function, such as the sensory neuron membrane proteins (SNMPs) (Grimaldi 79 

and Engel 2005; Nichols and Vogt 2008; Missbach et al. 2014). The odorant-binding proteins 80 

(OBPs) and chemosensory proteins (CSPs) also play a key role for chemoreception in 81 

terrestrial insects, besides other physiological roles. The stable and compact structure of 82 

OBPs and CSPs make them versatile soluble proteins relevant for signal transduction of small 83 

hydrophobic compounds such as pheromones and odorants (Roys 1954; Stürckow 1970; 84 

Pelosi et al. 2014; Pelosi et al. 2018). 85 

Like in other large gene families encoding ecologically relevant proteins, constant birth-86 

and-death dynamics may play an important role in their evolution in insects (Nei and Rooney 87 

2005; Vieira et al. 2007; Sánchez-Gracia et al. 2009). A general positive correlation has been 88 

observed when comparing the chemosensory gene diversity across species and the chemical 89 

signals complexity of the ecological niche they occupy. Contrasting patterns of gene 90 

expansions and losses are found when exploring the chemosensory gene repertoires in 91 

extreme specialist and generalist species, with the latter usually exhibiting larger expansions 92 

of genes involved in chemoreception (Andersson et al. 2019; Robertson 2019). However, the 93 

evolution of the chemosensory gene families in subterranean species are still largely 94 

unexplored, hampering our understanding on how these animals perceive their particular 95 

environment. 96 

Cave beetles represent ideal models to shed light on the genomic basis of 97 

chemoreception in subterranean environments. The Leptodirini tribe is a speciose lineage of 98 

scavenger beetles that represents one of the most impressive radiations of subterranean 99 

organisms. Several lineages within Leptodirini (estimated to have colonized subterranean 100 

habitats ca. 33 Mya; Ribera et al. 2010) acquired morphological and physiological traits 101 

typically associated with troglobitic adaptations. Their modifications include complete lack of 102 
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eyes and optic lobes, depigmentation, membranous wings, elongation of antennae and legs 103 

(Jeannel 1924; Deleurance 1963; Luo et al. 2019) and loss of thermal acclimation capacity 104 

(Rizzo et al. 2015; Pallarés et al. 2018). They also exhibit singular modified life cycles as a 105 

key innovation for their subterranean specialization (Delay 1978; Cieslak et al. 2014). One of 106 

the highly modified species of the Leptodirini tribe is Speonomus longicornis Saulcy, 1872 107 

(Coleoptera, Polyphaga, Leiodidae) (fig. 1a). This obligate cave-dwelling beetle is completely 108 

blind, depigmented, possesses enlarged antennae (Jeannel 1924) with a high sensilla density 109 

(fig. 1b) and it has a contracted life cycle, comprising a single larval-instar during its 110 

development in which the larvae remains practically quiescent like the pupal stage (Glaçon 111 

1953). The troglobitic characters of this species suggest an extreme adaptation to the deep 112 

subterranean. 113 

The present study aims to characterize the chemosensory gene repertoire of S. 114 

longicornis. The goals of this project are (i) to pinpoint genes putatively involved in 115 

chemoreception in the cave beetle S. longicornis through a transcriptomic approach, and (ii) 116 

to explore how such genes evolved in the broader phylogenetic context of beetle and insect 117 

evolution. Our study therefore aims at providing the first characterization of the chemosensory 118 

gene repertoire of an obligate cave-dwelling species. 119 

 120 

MATERIALS AND METHODS 121 

Sample collection and preservation 122 

Thirty specimens of Speonomus longicornis were collected in 2016 at the type locality: Grotte 123 

de Portel cave, in the Plantaurel massif at the French region of Ariège (43º01′51″N, 1°32′22″E). 124 

All specimens were manually captured and kept alive inside a thermo-box during the stay at 125 

the cave. Once the sampling was finished, all individuals were placed in an 8 ml tube and 126 

flash-frozen in liquid nitrogen at the cave entrance in order to prevent stress-related alterations 127 

in the expression levels and to minimize RNA degradation during transportation to the 128 

laboratory, where the samples were stored at -80ºC until the RNA extraction. 129 

RNA extraction 130 

All steps were performed in cold and RNase free conditions. Several specimens were pooled 131 

in each sample in order to obtain sufficient tissue for an efficient extraction. We did not 132 

examine the sex of the specimens to minimize the manipulation in order to avoid RNA 133 
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degradation. Nevertheless, no significant sexual dimorphism has been found in the 134 

chemosensory system of other coleopterans (Dippel et al. 2016). 135 

The specimens were split in three groups of ten individuals each, representing 136 

biological replicates. Since chemosensory structures are mainly concentrated in the antennae 137 

(see Introduction), we dissected the antennae of each specimen. Therefore, our experimental 138 

design included 3 biological replicates representing 2 conditions: antennae and the rest of the 139 

body. 140 

The isolation of total RNA was performed by Phenol/Chloroform extraction, with a lysis 141 

through guanidinium thiocyanate buffer following the protocol of Sambrook et al. (1989) with 142 

minor modifications (i.e., not using 2-mercaptoethanol). A first quality check was done by size 143 

separation in a 1% TBE agarose gel chromatography. Total RNA yield was quantified by a 144 

RNA assay in a Qubit fluorometer (Life Technologies). 145 

cDNA Library Construction and Next-Generation Sequencing 146 

For the antennae samples, a low-input RNA sequencing protocol was followed. mRNA 147 

sequencing libraries were prepared following the SMARTseq2 protocol (Picelli et al. 2013) 148 

with some modifications. Briefly, RNA was quantified using the Qubit® RNA HS Assay Kit 149 

(Thermo Fisher Scientific). Reverse transcription with the input material of 2ng was performed 150 

using SuperScrpit II (Invitrogen) in the presence of oligo-dT30VN (1µM; 5′-151 

AAGCAGTGGTATCAACGCAGAGTACT30VN-3′), template-switching oligonucleotides (1µM) 152 

and betaine (1M). The cDNA was amplified using the KAPA Hifi Hotstart ReadyMix (Roche), 153 

100 nM ISPCR primer (5′-AAGCAGTGGTATCAACGCAGAGT-3′) and 15 cycles of 154 

amplification. Following purification with Agencourt Ampure XP beads (1:1 ratio; Beckmann 155 

Coulter), product size distribution and quantity were assessed on a Bioanalyzer High 156 

Sensitivity DNA Kit (Agilent). The amplified cDNA (200 ng) was fragmented for 10 min at 55 157 

ºC using Nextera® XT (Illumina) and amplified for 12 cycles with indexed Nextera® PCR 158 

primers. The library was purified twice with Agencourt Ampure XP beads (0.8:1 ratio) and 159 

quantified on a Bioanalyzer using a High Sensitivity DNA Kit. 160 

For the samples containing the rest of the body, total RNA was assayed for quantity 161 

and quality using the Qubit® RNA BR Assay kit (Thermo Fisher Scientific) and RNA 6000 162 

Nano Assay on a Bioanalyzer 2100 (Agilent). The RNASeq libraries were prepared from total 163 

RNA using the KAPA Stranded mRNA-Seq Kit for Illumina (Roche) with minor modifications. 164 

Briefly, after poly-A based mRNA enrichment from 500ng of total RNA, the mRNA was 165 

fragmented. The second strand cDNA synthesis was performed in the presence of dUTP 166 
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instead of dTTP, to achieve strand specificity. The blunt-ended double stranded cDNA was 167 

3´adenylated and Illumina single indexed adapters (Illumina) were ligated. The ligation product 168 

was enriched with 15 PCR cycles and the final library was validated on an Agilent 2100 169 

Bioanalyzer with the DNA 7500 assay. 170 

The libraries were sequenced on an Illumina HiSeq 2500 platform in paired-end mode 171 

with a read length of 2x76bp. Image analysis, base calling and quality scoring of the run were 172 

processed using the manufacturer’s software Real Time Analysis (RTA 1.18.66.3) and 173 

followed by generation of FASTQ sequence files by CASAVA. cDNA libraries and mRNA 174 

sequencing were performed at the National Center of Genomic Analyses (CNAG) (Barcelona, 175 

Spain). 176 

Sequence Processing, decontamination and de Novo Assembly 177 

Raw reads for all samples were downloaded in FASTQ format. The quality of the raw reads 178 

was assessed and visualized using FASTQC v.0.11.8 (www.bioinformatics.babraham.ac.uk). 179 

For each dataset, remaining Illumina adaptors were removed and low-quality bases were 180 

trimmed off according to a threshold average quality score of 30 based on a Phred scale with 181 

Trimmomatic v. 0.38 (Bolger et al. 2014). Filtered paired-end reads were validated through a 182 

FASTQC visualization. 183 

A reference de novo transcriptome assembly was constructed with Trinity v.2.8.4, 184 

using paired read files and default parameters, including all replicates and conditions 185 

(Grabherr et al. 2011; Haas et al. 2013). Blobtools v.1.1.1 (Laetsch and Blaxter 2017) was 186 

used to detect putative contamination from the assembled transcriptome. Transcripts were 187 

annotated using BLAST+ v.2.4.0 against the non-redundant (nr) database from NCBI with an 188 

expected value (E-value) cutoff of 1e-10; and mapped to the reference transcriptome with 189 

Bowtie2 v.2.3.5.1 (Langmead and Salzberg 2012). Putative contaminants included transcripts 190 

with significant hits to viruses, fungi, bacteria or chordates, accounting for a total of 7.8% of 191 

the mapped sequences (see also supplementary figure S1). 192 

Inference of candidate coding regions and transcriptome completeness assessment 193 

To check completeness of the reference transcriptome, we searched for single copy universal 194 

genes in arthropods. For that, we used BUSCO v.2.0.1 (Benchmarking Universal Single-Copy 195 

Orthologs; (Simão et al. 2015) using the arthropoda database (arthropoda_odb9) through the 196 

gVolante web server with default settings (Nishimura et al. 2017). The assembly was 197 

processed in TransDecoder v.5.4.0 to identify candidate open reading frames (ORFs) within 198 

the transcripts using the universal genetic code and a minimum length of 100 amino acids 199 
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(Haas et al. 2013). Only the longest ORFs were retained as final candidate coding regions for 200 

further analyses. 201 

Chemosensory gene repertoire characterization 202 

Bitacora v.1.0.0 (Vizueta et al. 2020) was used to curate annotations during the sequence 203 

similarity searches of the chemosensory gene families of interest. Curated protein databases 204 

containing chemoreceptor genes (ORs, GRs, IRs, SNMPs, OBPs and CSPs) of several 205 

arthropods were used in the Bitacora searches (Vizueta et al. 2016). For the ORs annotation, 206 

we also used an additional database containing Coleoptera ORs based on the datasets from 207 

Mitchell et al. (2019). The “protein mode” pipeline of Bitacora was used to annotate the ORFs 208 

of the transcriptome, combining BLAST and HMMER searches.  All the predicted coding 209 

regions were implemented for Bitacora searches, retrieving a multifasta file for each of the 210 

chemosensory families. Results were filtered with customized Python scripts using Biopython 211 

v.1.76 SeqIO package (https://biopython.org; (Cock et al. 2009); in order to reduce 212 

redundancy and to validate dubious annotations (i.e., some ORFs received significant hits for 213 

both ORs and GRs, which were post-validated through Pfam searches). To reduce 214 

redundancy, final candidates were represented by the longest isoform per gene and thus 215 

achieving unique gene annotations. 216 

Expression levels quantification and differential gene expression analysis 217 

Salmon v. 0.10.2 (Patro et al. 2017) was used for indexing and quantification of transcript 218 

expression. Expression estimated counts were transformed into an expression matrix using a 219 

Perl script included in the Trinity software (abundance_estimates_to_matrix.pl), which 220 

implements the trimmed mean of M-values normalization method (TMM). We also explored 221 

the variability of the estimated expression values within and between replicates and samples 222 

using several Perl scripts included in Trinity v. 2.8.4 analysis toolkit. Differential expression 223 

analysis was conducted in the Bioconductor edgeR package (Robinson et al. 2010; Robinson 224 

and Oshlack 2010). The Benjamini-Hochberg method was applied to control the false 225 

discovery rate (FDR) (Benjamini and Hochberg 1995). Significance value for multiple 226 

comparisons was adjusted to 0.001 FDR threshold cutoff and a 4-fold change. Differentially 227 

expressed genes (upregulated and downregulated) in antennae and the rest of the body were 228 

plotted in scatter plots, MA plots and heatmaps using the R scripts provided in the Trinity 229 

software. The expression matrix was interrogated in order to detect exclusively expressed 230 

genes in antennae (defined as genes that showed positive expression values in the three 231 

replicates of antennae and with expression values lower than 0.001 in the rest of the body). 232 
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Transcriptome characterization, Gene Ontology (GO) enrichment and visualization 233 

The peptide predictions, including all isoforms, were used as input for eggNOG-mapper v.4.5.1 234 

(Huerta-Cepas et al. 2017), retrieving Gene Ontology (GO) terms for all the annotated 235 

transcripts. The GO annotations were subsequently filtered to discard those corresponding to 236 

non-animal taxa (i.e., viruses, bacteria, fungi, plants, 10.86% of total GO annotations) and to 237 

eliminate the redundancy provided by the isoforms. All GO terms for each unique gene were 238 

retained. GO enrichment analysis was performed using the Fisher’s test in FatiGO software 239 

(Al-Shahrour et al. 2007) to detect significant over-representation of the GO terms in the 240 

pairwise comparisons between the upregulated genes in antennae and the rest of the body, 241 

adjusting the p-value to 0.05. 242 

GO enrichment results were visualized in the REVIGO web server (Supek et al. 2011), plotting 243 

the results in a “TREEMAP” graph using R, where the size of the rectangles is proportional to 244 

the enrichment p-value (abs_log10_pvalue) of the overrepresented GO terms. 245 

Phylogenetic inferences for the candidate chemosensory genes 246 

Complete and partial annotated genes for S. longicornis (referred to as Slon in the figures) 247 

were included in the phylogenetic inferences in order to interrogate their phylogenetic 248 

relationships with chemosensory genes of other species, all of them based on genomic data. 249 

With this approach, we aim to infer diversity patterns of the chemosensory repertoire of S. 250 

longicornis and to characterize each gene family more specifically, indicating with a higher 251 

confidence the putative function of these genes compared to analysis merely based on 252 

homology. Since no reference genome is available for the focus species, we inferred a deeply-253 

sequenced de novo transcriptome which resulted in a high completeness based on our 254 

assessment of BUSCO genes (see Results), indicating that we recovered a mostly complete 255 

reference gene set and hence it is of enough quality to explore gene family evolution (Cheon 256 

et al. 2020). This approach has been successfully applied in other studies with non-model 257 

organisms through the combination of genomic and high quality transcriptomic data (e.g., 258 

Fernández and Gabaldón 2020; Vizueta et al. 2020). 259 

Individual phylogenies for each chemosensory gene family as annotated by Bitacora 260 

(see above) were inferred using the following pipeline. Amino acid sequences were aligned 261 

using PASTA software v.1.7.8 (Mirarab et al. 2015). Poorly aligned regions were trimmed 262 

using trimAl v.1.2 (Capella-Gutiérrez et al. 2009) with the ‘-automated1’ flag. Maximum 263 

likelihood phylogenetic inference was inferred with IQ-TREE v.2.0.4 (Nguyen et al. 2015). We 264 

applied the mixture model LG+C20+F+G with the site-specific posterior mean frequency 265 
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model (PMSF; (H.-C. Wang et al. 2018) and the ultrafast bootstrap option (Hoang et al. 2018). 266 

A guide tree was inferred with FastTree2 under the LG model (Price et al. 2010). Results were 267 

visualized using the iTOL web interface (Letunic and Bork 2019).  268 

The ORs phylogeny included the coleopteran ORs obtained from (Mitchell et al. 2019) 269 

(fig. 1c). These species included a range of ecological strategies, as follows. The 270 

phytophagous specialists were represented by the aquatic beetle Hydroscapha redfordi 271 

(Myxophaga, Hydroscaphidae), the ash borer Agrilus planipennis (Polyphaga, Buprestidae), 272 

the Colorado potato beetle Leptinotarsa decemlineata (Polyphaga, Chrysomelidae) and the 273 

mountain pine beetle Dendroctonus ponderosae (Polyphaga, Curculionidae). Moreover, the 274 

species set include two non-phytophagous beetles, the insectivorous Calosoma scrutator 275 

(Adephaga, Carabidae) and the burying beetle Nicrophorus vespilloides (Polyphaga, 276 

Silphidae), which feeds on carrion. Hence, both these phytophagous and non-phytophagous 277 

species can be considered as oligophagous, although the phytophagous species are strict 278 

specialists and the non-phytophagous are not. By contrast, the generalist species included 279 

the dung beetle Onthophagus taurus (Polyphaga, Scarabaeidae), the red flour beetle 280 

Tribolium castaneum (Polyphaga, Tenebrionidae), the wood borer Anoplophora glabripennis 281 

(Polyphaga, Cerambycidae) and the reticulated beetle Priacma serrata (Archostemata, 282 

Cupedidae), that is presumed to feed on seeds (Hörnschemeyer et al. 2013). For the ORCOs 283 

phylogeny, we also included some additional ORCO sequences of coleopteran species and 284 

other taxa as outgroups (Apis mellifera and D. melanogaster) (see species and GeneBank 285 

accessions at supplementary table S1). 286 

For the remaining gene families explored in this study (GRs, IRs, IGluRs, SNMPs, 287 

OBPs and CSPs), we selected a custom taxon set for each case based on sequence 288 

availability of high quality annotated genes in previous studies. For most gene families, we 289 

included sequences of T. castaneum, D. ponderosae, A. planipennis. Several functionally 290 

characterized GRs, IRs, IGluRs and SNMPs of Drosophila melanogaster obtained from 291 

FlyBase (https://flybase.org), were also included in order to characterize those genes in S. 292 

longicornis. T. castaneum sequences were retrieved  from Dippel et al., (2014) (OBPs and 293 

CSPs) and Dippel et al., (2016) (GRs, IRs and SNMPs) and translated to amino acid 294 

sequences prior to alignment, trimming and phylogenetic analyses, following the same 295 

pipeline as described above. IRs, GRs, SNMPs, OBPs and CSPs of D. ponderosae and A. 296 

planipennis were acquired from Andersson et al (2019). IR sequences from Croset et al. 297 

(2010) and Wang et al. (2015) representing several invertebrate phyla were retrieved to further 298 

explore phylogeny of the early splitting clades IR8a and IR25a at a larger evolutionary scale 299 

(suppl. table 1). This phylogeny includes genes of D. melanogaster, Aedes aegypti, Culex 300 
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quinquefasciatus, Anopheles gambiae, Bombyx mori, Apis mellifera, Nasonia vitripennis, 301 

Microplitis mediator, Acyrthosiphon pisum, Pediculus humanus, Daphnia pulex, 302 

Caenorhabditis elegans, Capitella capitata, Aplysia californica and Lottia gigantea. 303 

 304 

RESULTS 305 

A high quality de novo transcriptome for Speonomus longicornis facilitates the 306 

annotation of its chemosensory gene repertoire 307 

A de novo assembly transcriptome was constructed combining the pair-end reads from the six 308 

libraries (~411 millions of  reads; ~356 millions after trimming), obtaining a total of 245,131 309 

transcripts (supplementary figure S1). These transcripts include 177,711 unique predicted 310 

‘genes’ by Trinity and 74,273 candidate open reading frames (ORFs, including all genes and 311 

isoforms). When filtering by the longest isoform per gene (which could be considered as a 312 

‘proxy’ for the total number of genes that we may encounter in the genome), we obtained a 313 

total of 20,956 ORFs. BUSCO analysis indicated a high completeness for the assembled 314 

transcriptome, with 99% of complete BUSCO genes compared to the Arthropoda database. 315 

Further details about sequencing, assembly statistics, the completeness assessment and the 316 

putative contamination results are summarized in the supplementary fig. S1 (see  317 

Supplementary Material online). 318 

Differential gene expression analysis reveals chemosensory genes upregulated in the 319 

antennae  320 

Bitacora searches identified a total of 205 chemosensory gene candidates for S. longicornis 321 

(Table 1, see also supplementary table S2). The expression level distribution obtained in the 322 

transcript quantification steps was supervised in order to identify possible biases when 323 

comparing replicates and conditions (supplementary figure S2). Our results indicate that 324 

replicates are more similar to each other than between the different conditions. We detected 325 

18,160 clusters of transcripts (reported as clusters of transcripts or ‘genes’ by Trinity, referred 326 

to as Trinity genes hereafter) differentially expressed in antennae and body, with 8,949 Trinity 327 

genes upregulated in antennae (supplementary figure S3 and supplementary table S3). Out 328 

of the 205 candidate chemosensory genes as detected by Bitacora, 78 were detected as 329 

differentially expressed. From those, 49 genes were overexpressed in antennae (18 ORs, 17 330 

OBPs, 5 GRs, 5 IRs/IGluRs, 2 SNMPs/CD36s and 2 CSPs) (fig. 2A and table 1). We also 331 

identified 7 ORs exclusively expressed in antennae, including 2 additional genes not 332 
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recovered as differentially expressed due to the disparity of the expression values between 333 

antennae replicates (supplementary table S4). 334 

Gene Ontology enrichment reveals upregulated chemosensory specificity in antennae 335 

Out of the 44,107 annotated ORFs, only 23,555 had associated GO terms, representing 31.7% 336 

of the total queried sequences from the assembled transcriptome. After filtering annotations 337 

from non-animal taxa (including viruses, bacteria and fungi), we retained 89.14% of the 338 

annotations. Figure 2B depicts enriched GO terms for upregulated genes in antennae and in 339 

the rest of the body. In antennae, “sensation and perception of chemical stimulus” represent 340 

the most enriched category within the biological processes analysed and, in less proportion, 341 

some categories related to cilium activity. “Mechanosensory activity” terms are also 342 

overrepresented but in a minor proportion. More than half of the cellular components GOs 343 

enriched in antennae correspond to “dendritic structures”, and a high proportion of the 344 

overrepresented terms correspond to “extracellular and membrane structures”. Regarding the 345 

molecular function category in antennae, “odorant-binding” and “odorant reception” terms 346 

occupy a large proportion of the enriched functions followed by other “binding and signal 347 

transduction” terms.  348 

Phylogenetic interrelationships of Coleoptera ORs and ORCOs 349 

A total of 1,222 OR sequences were aligned and trimmed (see Material and Methods). The 350 

final length of the alignment was of 254 amino acid positions. To facilitate comparison, we 351 

retained the nomenclature used by Mitchell et al. (2019) to describe the phylogenetic groups 352 

and clades recovered in their phylogenetic analyses (i.e., groups 1, 2A, 2B, 3, 4, 5A, 5B, 6 353 

and 7). Our results were overall congruent with those reported by Mitchell et al. (2019), with 354 

virtually all OR groups recovered with high support except group 6 and a different position for 355 

group 4, which was recovered as nested within group 3 (fig. 3A). While most of the genes fall 356 

into the same groups than in Mitchell et al. (2019), four genes (i.e., AplaOR1, PserOR120-121 357 

and SlonOR34525c0g1) were not recovered for any of the previously proposed groups. The 358 

upregulated ORs in S. longicornis antennae were distributed along the different coleopteran 359 

OR groups, mostly clustered within group 1 and group 7 (with 6 and 5 genes respectively). 360 

Exclusively expressed ORs in antennae are found in groups 1, 3, 4 and 7. The number of ORs 361 

is highly variable among these species (fig. 3B). S. longicornis and the other non-362 

phytophagous species (i.e. C. scutator, N. vespilloides) exhibited relatively moderate OR 363 

repertoires and a similar distribution pattern (i.e., without representation in group 5A, moderate 364 

gene expansions and finding their largest expansion in group 3; fig 3B and 3D). All the ORCO 365 

sequences were recovered as a clade with high support and were used to root the tree, 366 
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facilitating the identification of the ORCO candidate of S. longicornis (SlonORCO; fig. 3A and 367 

3C). 368 

The phylogeny of ORCOs (fig. 3C) (with a final trimmed alignment of 478 amino acid 369 

positions) recovered clades for the different beetle families, but did not mirror the phylogeny 370 

of Coleoptera at the family level.  For instance, all ORCOs of species of Cucujiformia were 371 

recovered in a clade and were subsequently clustered into their corresponding families. The 372 

same pattern was observed for the ORCOs of the different species of Scarabaeidae. By 373 

contrast, the ORCO of S. longicornis did not cluster together with that of N. vespilloides, 374 

despite belonging to the same superfamily (i.e., Staphylinoidea). 375 

Phylogenetic inference of the annotated GRs 376 

A total of 374 sequences were interrogated, resulting in a multiple sequence alignment of 271 377 

amino acid positions. Notably, none of the candidate GRs from S. longicornis clustered 378 

together with GRs involved in the reception of fructose and other sugars in the other species 379 

(fig. 4). On the other hand, in several coleopteran GRs, including S. longicornis, we recovered 380 

3 candidates that cluster with those of D. melanogaster involved in perception of CO2, which 381 

are well characterized functionally (termed as GR1, GR2, GR3 in beetles, and GR21a, GR63a 382 

in D. melanogaster; (Jones et al. 2007; Kwon et al. 2007; Dippel et al. 2016). One of these 383 

three candidate CO2 receptors of S. longicornis was upregulated in antennae, that was 384 

recovered as orthologous to the GR2 gene in beetles. We also identified a candidate bitter 385 

taste GR (SlonGR19567c0g1) that clustered together with strong support with previously 386 

identified as conserved bitter taste GRs for A. planipennis and D. ponderosae (Andersson et 387 

al. 2019). The rest of the genes were generally recovered in well-supported clades with 388 

species-specific differences in the extent of GR expansions. S. longicornis showed divergent 389 

GRs distributed along the tree exhibiting relatively small expansions (i.e., from two to five 390 

genes) and in general a relatively diminished gustatory repertoire, whereas the other species 391 

exhibit remarkable expansions and considerably larger repertoires. The functions of the other 392 

four upregulated GRs in antennae cannot be further characterized due to the lack of functional 393 

annotation of the genes they cluster together with. 394 

IRs and IGluRs phylogenies 395 

Since IRs derive from IGluRs (see Introduction), our phylogenetic approach facilitated the 396 

initial annotations of both types of genes in S. longicornis. IGluRs are not directly associated 397 

with chemoreception but present a high sequence identity with the most conserved IRs (i.e., 398 
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IR8a, IR25a). Three genes clustered together with N-methyl-D-aspartate receptors (NMDARs) 399 

and nine genes clustered with different IGluR clades, one upregulated in antennae (fig. 5A). 400 

A total of 164 IR sequences were aligned and trimmed resulting in a multiple sequence 401 

alignment of  356 amino acid positions (fig. 5C). Several IRs of S. longicornis clustered 402 

together with conserved IRs in insects (i.e., IR8a, IR25a, IR93a, IR76b, IR21a, IR68a, IR40a, 403 

IR100, IR60a). No genes clustering together with IR41a were detected for S. longicornis. 404 

Several putative gene duplications were detected for S. longicornis (containing each from 2 to 405 

5 IRs), more moderate in size than the large expansions observed for A. planipennis and D. 406 

ponderosae, which included up to 8 and 17 IRs, respectively. Our results detected a gene 407 

duplication in two genes clustering together with IR25a, a highly conserved single copy gene 408 

virtually in all protostomes (with the exception of the parasitoid wasps N. vitripennis and M. 409 

mediator and the limpet L. gigantea, see Discussion). The most conserved copy of IR25a in 410 

S. longicornis was upregulated in antennae (fig. 5A, 5B and 5C). In order to assess the 411 

robustness of our results, all isoforms from both genes were visually inspected in an alignment 412 

(supplementary figure S4), and the final alignment for the phylogeny including all the taxa 413 

(using the longest isoforms as described in Material and Methods) was examined to discard 414 

that they were nonoverlapping fragmented genes, confirming that this result may not be an 415 

artifact of our methodology. These IR25a candidates (i.e., SlonIR11039c0g2 and 416 

SlonIR14393c1g1) share 44% of identical residues whereas the conserved copy of S. 417 

longicornis (SlonIR14393c1g1) has between 69 to 72% of amino acid sequence identity with 418 

the IR25 candidates of the other coleopteran species. In addition, the protein annotation of the 419 

IR25a candidates of S. longicornis by HMMER resulted in highly similar domain profiles, 420 

suggesting their similarity at the structural level.  421 

SNMPs/CD36s phylogeny 422 

A total of 41 sequences were aligned and trimmed resulting in a multiple sequence alignment 423 

of 382 amino acid positions (fig. 6). We followed the nomenclature used by Nichols and Vogt 424 

(2008) for ease of comparison (e.g., groups 1, 2 and 3). Genes involved in chemoreception 425 

were clearly identified as those belonging to group 3 of the SNMPs/CD36s clade (termed as 426 

SNMP1, 2 and 3 in insects), the only subfamily known to be involved in chemoreception in 427 

insects (Nichols and Vogt 2008). Our results indicated that S. longicornis SNMP candidate 428 

genes were formed by one SNMP1 gene, seven SNMP2 and one SNMP3, with a gene from 429 

SNMP1 upregulated in antennae. Remarkably, genes belonging to the subfamily SNMP2 were 430 

noticeably expanded compared to the other species, where they present only 1 or 2 genes 431 

(such as in D. ponderosae). Other candidate genes in S. longicornis within this gene family 432 

clustered together in groups 1 and 2, and include genes functionally annotated as scavenger 433 
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receptors in D. melanogaster such as  Croquemort (Crq), Peste (Pes), Santa Maria and ninaD 434 

(Nichols and Vogt 2008), with one gene from S. longicornis clustering with group 2 receptors 435 

and being upregulated in antennae. 436 

CSPs and OBPs phylogenies 437 

For the CSPs phylogeny, we included a total of 52 sequences resulting in a multiple sequence 438 

alignment of 100 amino acid positions (fig. 7A). Unlike the CSP repertoires of the other 439 

species, S. longicornis does not present any duplication and it is relatively reduced. Moreover, 440 

we identified a candidate CSP clustered in the previously described as highly conserved CSPs 441 

clade in Coleoptera (DponCSP12, AplaCSP8, TcasCSP7E; Andersson et al. 2019). 442 

A total of 137 OBP sequences were included to explore the OBPs diversity of S. 443 

longicornis, resulting in a multiple sequence alignment of 110 amino acid positions after 444 

trimming. Our results suggest that OBPs in S. longicornis are relatively abundant compared 445 

to the other species, being the most diverse repertoire of this comparison after T. castaneum 446 

(fig. 7B). Several OBP candidates of S. longicornis clustered together with the OBPs 447 

subgroups described for the other species in Andersson et al. (2019) (i.e., classic-OBPs, 448 

minus-C, plus-C and antennal binding proteins II (ABPII)). Only 7 out of the 17 OBPs 449 

upregulated in antennae correspond to the ABPII clade. Furthermore, two relatively large OBP 450 

expansions include the majority of the upregulated OBPs, one in  the minus-C clade (with 451 

three upregulated in antennae), and the second forming a specific S. longicornis OBP lineage 452 

of ten genes (with five upregulated in the antennae). 453 

 454 

DISCUSSION  455 

A highly complete transcriptome for the cave-dwelling beetle Speonomus longicornis was 456 

generated in the present study (supplementary figure S1). Combining the differential gene 457 

expression and GO enrichment analyses with a curated annotation pipeline for the 458 

chemosensory related genes, we were able to explore in detail the chemosensory gene 459 

repertoire of S. longicornis. Furthermore, the phylogenetic inferences for each of the 460 

chemosensory gene families offered the opportunity to compare the repertoire of genes 461 

involved in chemosensation in S. longicornis to other beetle species that occupy a wide variety 462 

of ecological niches, all of them in epigean habitats. 463 

The differential gene expression (fig. 2A) and GO enrichment analysis (fig. 2B) allowed 464 

us to identify upregulated genes in antennae and compare the overall enriched functions in 465 
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the antennae versus the rest of the body. Therefore this approach allowed us to pinpoint the 466 

genes orchestrating chemosensation in S. longicornis particularly in antennae, where 467 

chemosensory structures - sensilla - are highly concentrated. As expected, olfaction was 468 

recovered as the most prominent function in antennae, representing more than half of the 469 

enriched terms in the molecular function category (odorant-binding and olfactory reception 470 

activities), indicating that ORs and OBPs are playing a major role in how cave beetles receive 471 

and process airborne cues. The differential expression analyses detected a large number of 472 

upregulated chemosensory genes in the antennae compared to the rest of the body. ORCO 473 

is upregulated in antennae, as expected since it is an essential component of the functional 474 

heterodimers that facilitate odorant reception combined with other ORs (Stengl and Funk 475 

2013). In addition, only 7 ORs were observed as exclusively expressed in antennae 476 

(supplementary table S4), suggesting that this gene family may include genes with high 477 

specificity in these appendages. All in all, these results highlight the importance of antennae 478 

in odorant perception in this cave beetle; further gene expression studies including additional 479 

structures such as mouth appendages would give more detailed insights for the rest of the 480 

identified ORs. 481 

Concerning the ORs phylogeny (fig. 3), our results are mostly consistent with what was 482 

found in Mitchell et al. (2019) and most importantly, these data allowed us to characterize the 483 

distribution and diversity of the identified ORs for S. longicornis compared to those reported in 484 

the genomes of other species with different ecological strategies. As reported by Mitchell et 485 

al. (2019), large gene expansions in several OR groups are highlighted in the 486 

polyphagous/generalist species T. castaneum, O. taurus, A. glabripennis and P. serrata, 487 

whereas the oligophagous/specialist D. ponderosae, L. decemlineata, A. planipennis and H. 488 

redfordi exhibit relatively reduced OR repertoires. Therefore, an apparent correlation between 489 

the host breadth and the ORs diversity of herbivore Coleoptera is observed, clearly 490 

exemplified by the extent and distribution of OR diversity in the wood boring species (i.e., A. 491 

glabripennis, D. ponderosae, A. planipennis; Andersson et al. 2019). The insectivorous C. 492 

scrutator and the scavengers N. vespilloides and S. longicornis are conceived as 493 

polyphagous/generalists but they present a low number of ORs and relatively smaller gene 494 

expansions compared to the rest of polyphagous species. Their OR repertoires present a 495 

similar distribution across the Coleoptera OR groups, with moderate expansions in groups 1 496 

and 3 and lacking representatives in group 5A. Although we have only studied the expressed 497 

ORs of S. longicornis, our results suggest a relatively reduced OR repertoire of S. longicornis 498 

compared to the other species. Its OR repertoire may result from adaptation to the highly 499 

specific ecological niche it occupies. Into the deep subterranean, odorant compounds are 500 

more homogeneous and less diverse than in surface habitats, basically due to the absence of 501 
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light and primary production and therefore probably less complex in chemical information. The 502 

OR diversity in this cave-dwelling beetle species may be associated with this scenario of 503 

higher simplicity in terms of chemical airborne cues. 504 

Regarding gustatory perception (fig. 4), five GRs were significantly enriched in the 505 

antennae in S. longicornis, indicating a substantial gustatory role in these appendages. This 506 

result is consistent with what was found in the GR expression levels of T. castaneum, where 507 

they also report similar values in the maxillary palps and the antennae (Dippel et al. 2016). 508 

Remarkably, no GRs associated with the perception of fructose and other sugars were 509 

detected in S. longicornis (at least clustering together with functionally annotated genes in D. 510 

melanogaster) indicating that either S. longicornis does not have receptors for these types of 511 

carbohydrates, or their evolutionary origin is different from that in other beetles. This could 512 

also be the consequence of reduced proportion of carbohydrates available underground and 513 

with the low sugar feeding habits of S. longicornis, which basically consist of fungi, biofilms 514 

and carrion (Delay 1978; Dorigo et al. 2017). Further comparative studies including non-515 

phytophagous epigean beetles would help to test the hypothesis that a lack of sugar receptors 516 

is directly associated with a strict subterranean lifestyle. 517 

CO2 perception may be crucial for S. longicornis to orientate within its habitat and to 518 

detect decomposing organic matter in the darkness, the main food source for this species. 519 

The GR-CO2 sensing complex was characterized in S. longicornis. We detected three 520 

candidate GRs clustering together with highly conserved CO2 receptors of insects (Robertson 521 

and Kent 2009), among which only one candidate was significantly expressed in antennae 522 

(fig. 4). Our results suggest that CO2 perception may not be restricted to a single 523 

chemosensory structure, congruent with what was found in T. castaneum after comparing 524 

different body structures (Dippel et al. 2016). These results in beetles are in contrast to what 525 

was found in well studied dipterans. For instance, D. melanogaster has only two CO2 receptors 526 

that form functional heteromers that are significantly enriched in antennae (i.e., DmelGR21a 527 

and DmelGR63a; Jones et al. 2007; Kwon et al. 2007), whereas A. gambiae has three CO2 528 

receptors that are upregulated in the mouthparts (AgamGR22-24; Pitts et al. 2011). Further 529 

studies exploring differential gene expression in different body parts will be needed to deepen 530 

our understanding on CO2 perception in S. longicornis. 531 

The GR repertoire of S. longicornis was small and showed similar to that observed in 532 

the oligophagous A. planipennis (ash tree specialist). Our findings on the gustatory perception 533 

of this cavernicolous beetle may reflect the poor diversity of gustatory substances in the 534 

hypogean habitat compared to surface environments. Further investigation with genomic data 535 
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will  confirm the lack of sugar receptors in this subterranean species and will help to assess 536 

the extent of its gustatory repertoire. 537 

The IRs/IGluRs gene family can be classified in two subfamilies: the ancestral 538 

ionotropic glutamate receptors (iGluRs) and the recently described subfamily of ionotropic 539 

receptors (IRs), which include divergent ligand-binding domains that lack their characteristic 540 

glutamate-interacting residues (Benton et al. 2009; Croset et al. 2010). Contrary to the specific 541 

role of iGluRs in synaptic communication, IRs have more diverse roles which in insects are 542 

often related to chemoreception (Rytz et al. 2013; Koh et al. 2014). While the most conserved 543 

IRs (e.g., IR8a and IR25a) act as co-receptors conferring multiple odor-evoked 544 

electrophysiological responses, more recently some insect IRs have been found to mediate 545 

specific stimulus forming heterodimers with more selectively expressed IR subunits (Abuin et 546 

al. 2011; Abuin et al. 2019). For instance, in D. melanogaster, the highly conserved 547 

coreceptors IR93a and IR25a are coexpressed with IR21a, mediating physiological and 548 

behavioral responses to low temperatures (Ni et al. 2016; Knecht et al. 2017). In S. longicornis 549 

we found overexpression in the antennae of the candidate genes clustering together to D. 550 

melanogaster IR93a and IR25a, while the candidate IR21a (SlonIR2299c0g) was significantly 551 

underexpressed in these appendages (fig. 5C). By contrast, higher expression levels for IR21a 552 

of D. melanogaster were found in the antennae (Sánchez-Alcañiz et al. 2018) and the same 553 

was found for other Coleoptera (Dippel et al. 2016; Bin et al. 2017). However, we did not 554 

explore differential gene expression in different structures from the body, which could explain 555 

the differences in the observed results. 556 

Remarkably, our results suggest a putative duplication in the two genes annotated as 557 

IR25a, despite being a highly conserved gene with a single copy in virtually all protostomes 558 

(fig. 5B). This duplication has been only reported for the limpet L. gigantea and for two 559 

parasitoid wasp species: N. vitripennis and M. mediator (Croset et al. 2010; Wang et al. 2015). 560 

The inferred phylogeny suggested different origins for the observed duplication in the IR25a 561 

candidates: while a recent and lineage-specific duplication has been observed in N. vitripennis 562 

and M. mediator, where both copies of IR25a were retrieved as sister to each other, the 563 

candidate duplication in S. longicornis seems to be older and may represent an ancestral 564 

duplication in Coleoptera that was retained in this cave beetle. Our results represent the first 565 

report of a gene duplication observed in this highly conserved gene in Coleoptera, which may 566 

indicate that the evolutionary history of IR25a and its role in chemoreception may be more 567 

complex than originally considered across arthropods.  568 

Cave beetles inhabit a medium where air tends to be still and the ambient temperature 569 

and humidity fluctuate only by tiny amounts over long periods, and therefore a good thermal 570 
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detection may have a selective advantage. Physiological experiments on a closer relative 571 

species (i.e., the cave-dwelling Speophyes lucidulus, Leoididae, Cholevinae) revealed an 572 

extreme sensitivity to small changes in temperature incurred by antennal receptors (Corbière-573 

Tichané and Loftus 1983) that may be mediated by some of the inferred candidate IRs. 574 

Consequently, other relevant IRs for S. longicornis may be those potentially related to humidity 575 

sensing. The functionally characterized IR40a and IR68a in D. melanogaster have been seen 576 

to be coexpressed with IR93a and IR25a in specialized sensory neurons of the antennae 577 

performing hygrosensory responses (Enjin 2017; Knecht et al. 2017). Through the 578 

phylogenetic analysis we identified the hygroreceptor candidates (IR40a and IR68a) for S. 579 

longicornis (fig. 5C), although we did not find significant differences in the expression values 580 

between antennae and the rest of the body. The rest of candidate IRs annotated in S. 581 

longicornis (i.e., IR8a, IR76b, IR75a, IR64a, 100a and IR60a; see fig. 5C and supplementary 582 

table S2) have been shown to be potentially involved in taste and odor transduction in D. 583 

melanogaster, suggesting candidate odorant and gustatory roles in S. longicornis. 584 

Regarding the genes encoding sensory neuron membrane proteins (SNMPs/CD36s 585 

gene family), their apparent conservation between phylogenetically distant species may 586 

suggest conserved protein functions. Previous studies on insects classified these genes fall 587 

into three major groups (Nichols and Vogt 2008; Vogt et al. 2009). Little is known about the 588 

highly conserved group 1 formed by the epithelial membrane proteins (emp), while group 2 589 

includes the previously characterized D. melanogaster genes croquemort (Crq), ninaD, santa 590 

maria (SM), and peste (Pes). These proteins have a notably similar function to the one 591 

described for the CD36 family and its vertebrate relatives (e.g., small ligand transport or 592 

cytoadhesion). The group 3 proteins, termed as SNMPs, appear to be quite distinct from the 593 

others in their apparent association with chemosensory organs, and yet perhaps similar to the 594 

suggested CD36 role in vertebrate taste transduction (SNMP1 and SNMP2). Moreover, 595 

SNMP3 was more recently described exclusively for the divergent SNMPs found in Coleoptera 596 

(Dippel et al. 2016). The upregulated genes in antennae correspond to groups 2 and 3, 597 

indicating that not only SNMPs with putative chemosensory roles are enriched in antennae 598 

(fig. 6). Furthermore, SNMP1 has been suggested to play a key role in pheromone perception 599 

in D. melanogaster and moths (Benton et al. 2007; Pregitzer et al. 2014; Gomez-Diaz et al. 600 

2016). As in A. planipennis, a single gene clustering within SNMP1 was found in S. longicornis, 601 

which was upregulated in antennae, suggesting that pheromone detection is mediated by 602 

SNMPs (among other potential genes)  in antennae. 603 

Our results suggested that S. longicornis does not exhibit species-specific CSPs 604 

expansions (fig. 7A). Four of the seven CSPs identified in S. longicornis were not enriched in 605 
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antennae or in the body, similar to what was found in T. castaneum, where the majority of 606 

CSPs were not found to be significantly enriched at any of the tested structures (Dippel et al. 607 

2014). Further information about structure-specific expression in other Coleoptera would be 608 

needed to test the apparently versatile roles of CSPs in chemosensory transduction. 609 

Regarding OBPs, the GO enrichment analysis highlighted odorant-binding functions 610 

vastly enriched in antennae (fig. 2B). In addition, the differential gene expression analyses 611 

identified a high number of upregulated genes (17 in antennae; fig. 2A). The large number of 612 

OBPs annotated in S. longicornis suggests a relatively diverse repertoire with species-specific 613 

gene duplications and expansions; this may indicate an important role of these proteins in 614 

odorant perception in this subterranean beetle. Notably, less than half of the upregulated 615 

OBPs in antennae clustered together with the previously described “antennal binding proteins 616 

II” (ABPII) in Vieira and Rozas (2011) (fig. 7B). These results indicate that although ABPII 617 

were described as OBPs typically enriched in antennae, some genes of this clade may also 618 

be differentially expressed in some other body structures, as also found for T. castaneum 619 

(Dippel et al. 2014). The rest of the upregulated OBPs in both conditions clustered together 620 

with the different OBP groups described in previous studies (Vieira and Rozas 2011; Dippel 621 

et al. 2014; Andersson et al. 2019). Further research including closer relatives to this cave 622 

species with different ecological preferences will allow us to test the hypothesis that 623 

subterranean specialization has directed the olfactory and other chemosensory capabilities in 624 

Coleoptera. 625 

 626 

CONCLUSION 627 

In this piece of work, we characterized for the first time the chemosensory gene repertoire of 628 

an obligate subterranean species, the cave-dwelling coleopteran S. longicornis. We found 629 

relatively diminished odorant and gustatory repertoires compared to epigean polyphagous 630 

coleopterans and more similar to that of those considered specialists based on their feeding 631 

habits. Considering the selective pressures of the niche that S. longicornis occupies (i.e., 632 

limited resources, poor diversity and heterogeneous distribution of food, or low complexity of 633 

airborne cues, among others), an optimized chemosensory repertoire in terms of diversity may 634 

result from its adaptation to the deep subterranean, reducing the associated energetic costs 635 

of maintaining a highly diverse gene repertoire. In this obligate cave-dwelling beetle, we 636 

identified some putative gene losses (e.g., sugar gustatory receptors and IR41a) and a 637 

relatively reduced diversity of its gustatory and odorant gene repertoires compared to epigean 638 

coleopterans. Furthermore, several gene duplications and expansions were observed, 639 
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epitomized by a duplication of the gene IR25a, which might potentially have facilitated 640 

adaptation to subterranean conditions in this cave beetle. Our study thus paves the road 641 

towards a better understanding of how subterranean animals perceive their particular 642 

environment.  643 
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FIGURES 938 

Figure 1. (A) Speonomus longicornis. (B) Scanning Electron Microscope image of the 939 

antennal sensilla of S. longicornis (voucher IBE-AI531). (C) Simplified phylogeny showing the 940 

relationships of the studied species, adapted from (McKenna et al. 2019)). 941 
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Figure 2. (A) Heatmap of chemosensory genes of S. longicornis differentially expressed in 949 

antennae and the rest of the body. (B) Gene ontology (GO) treemaps for the differentially 950 

expressed genes in antennae versus the rest of the body. Biological process, molecular 951 

function and cellular component enriched GO terms are shown. 952 
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Figure 3. (A) Maximum likelihood phylogenetic tree of odorant receptors (ORs) including OR 954 

sets of S. longicornis and other coleopterans from Mitchell et al. (2019), representing the 955 

proposed OR groups in grey ranges. Red triangles represent the upregulated genes in the 956 

antennae of S. longicornis. Purple triangles represent exclusively expressed genes in 957 

antennae. Species are color coded as indicated in fig. 3B. (B) Number of OR genes of each 958 

OR group inferred for each species included in the phylogeny. ‘U’ indicates unclassified 959 

ORs. (C) Maximum likelihood phylogeny of ORCO across coleopterans (see methods and 960 

supplementary table S1 for species codes). (D) Simplified representation of OR diversity 961 

recovered for each species, highlighting the OR repertoire of species with different feeding 962 

strategies. 963 
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Figure 4. Maximum likelihood phylogenetic tree of gustatory receptors (GRs) including GR 966 

sets of S. longicornis, other coleopterans from Andersson et al. (2019) and conserved GR 967 

sequences of D. melanogaster. Grey ranges represent well supported GR clades, indicating 968 

the proposed functions in the other species. Red triangles represent upregulated genes in the 969 

antennae of S. longicornis. 970 
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Figure 5. (A) Maximum likelihood phylogenetic tree of ionotropic glutamate receptors (IGluRs) 975 

including sequences of S. longicornis and D. melanogaster. (B) Maximum likelihood 976 

phylogenetic tree of the ionotropic receptors clades IR25a and IR8a (the later used to root the 977 

tree), including the candidate genes for S. longicornis (Slon), beetle sequences  retrieved from 978 

Andersson et al. (2019) and Dippel et al. (2016) and sequences from an expanded 979 

invertebrate taxon sampling obtained from Croset et al. (2010) and Wang et al. (2015). 980 

Species codes are as follows: D. melanogaster (Dmel), Aedes aegypti (Aaeg), Culex 981 

quinquefasciatus (Cqui), Anopheles gambiae (Agam), Bombyx mori (Bmor), Apis mellifera 982 

(Amel), Nasonia vitripennis (Nvit), Microplitis mediator (Mmed) Acyrthosiphon pisum (Apis), 983 

Pediculus humanus (Phum), Daphnia pulex (Dpul), Caenorhabditis elegans (Cele), Capitella 984 

capitata (Ccap), Aplysia californica (Acal) and Lottia gigantea (Lgig). Asterisks indicate the 985 

divergent copies of IR25 candidates. (C) Maximum likelihood phylogenetic tree of ionotropic 986 

receptors (IRs) including IR sequences of S. longicornis, other coleopterans from Andersson 987 

et al. (2019) and IR sequences of D. melanogaster. Grey ranges represent the conserved IR 988 

clades, based on the annotations of the other species. In all trees, red triangles represent 989 

upregulated genes in the antennae of S. longicornis. 990 
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Figure 6. Maximum likelihood phylogenetic tree of sensory neuron membrane proteins 992 

(SNMPs/CD36s) including SNMP sequences of S. longicornis, other coleopterans from 993 

Andersson et al. (2019) and sequences of D. melanogaster. Grey ranges represent well 994 

supported SNMP/CD36 clades, which genes have been annotated in the other species. Red 995 

triangles represent upregulated genes in the antennae of S. longicornis. 996 
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Figure 7. Maximum likelihood phylogenetic trees of (A) chemosensory proteins (CSPs) and 1002 

(B) odorant-binding proteins (OBPs) including sequences of S. longicornis and other 1003 

coleopterans from Andersson et al. (2019). Grey ranges represent the main OBP clades that 1004 

were described in previous studies. Red triangles represent upregulated genes in the 1005 

antennae of S. longicornis. 1006 
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TABLES 1008 

Table 1. Number of annotated chemosensory genes of S. longicornis and number of 1009 

overexpressed / underexpressed genes in antennae.  1010 

 1011 

 ORs GRs IRs/IGluRs SNMPs/CD36s OBPs CSPs 

Total 50 36 53 20 39 7 

Antennae 20*/1 5/1 5/8 2/8 17/10 2/1 

(*) 18 ORs were overexpressed in antennae. Two additional ORs were also found exclusively 1012 

expressed in antennae  (see supplementary table S4). 1013 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 22, 2020. ; https://doi.org/10.1101/2020.10.22.350173doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.22.350173
http://creativecommons.org/licenses/by-nc-nd/4.0/

