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Abstract

Chemosensory perception is a fundamental biological process of particular relevance
in basic and applied arthropod research. However, apart from insects, there is little
knowledge of specific molecules involved in this system, which is restricted to a few
taxa with uneven phylogenetic sampling across lineages. From an evolutionary
perspective, onychophorans (velvet worms) and tardigrades (water bears) are of
special interest since they represent the closest living relatives of arthropods,
altogether comprising the Panarthropoda. To get insights into the evolutionary origin
and diversification of the chemosensory gene repertoire in panarthropods, we
sequenced the antenna- and head-specific transcriptomes of the velvet worm
Euperipatoides rowelli and analyzed members of all major chemosensory families in
representative genomes of onychophorans, tardigrades and arthropods. Our results
suggest that the NPC2 gene family was the only family encoding soluble proteins in the
panarthropod ancestor and that onychophorans might have lost many arthropod-like
chemoreceptors, including the highly conserved IR25a receptor of protostomes. On the
other hand, the eutardigrade genomes lack genes encoding the DEG-ENaC and CD36-
SNMP proteins, the chemosensory members of which have been retained in
arthropods; these losses might be related to lineage-specific adaptive strategies of
tardigrades to survive extreme environmental conditions. Although the results of this
study need to be further substantiated by an increased taxon sampling, our findings
shed light on the diversification of chemosensory gene families in Panarthropoda and
contribute to a better understanding of the evolution of animal chemical senses.

Keywords: Onychophora, Tardigrada, Chemosensory-related proteins, Antenna-
specific transcriptome, Comparative genomics, BITACORA

Introduction

Major animal lineages have evolved independently strikingly similar olfactory pathways
(Ache and Young 2005). Indeed, in both mammals and insects, a group of small
soluble proteins is responsible for the peripheral detection and solubilization of the
odorant compounds (but see Sun et al. 2018 for a broader perspective of these
molecules). These proteins are secreted into the aqueous space such as the olfactory
mucosa in vertebrates and the sensillar lymph in insects, which is in direct contact with
the external environment (Pelosi 1994; Tegoni et al. 2000; Leal 2013). Odorants
activate the highly tuned transmembrane receptors located in the dendrites of olfactory
neurons, triggering electrical signals that are initially processed in intermediate brain
structures (e.g., the olfactory bulb in vertebrates and olfactory glomeruli in insects) and
subsequently integrated in higher brain centers (Pelosi 1996; Sanchez-Gracia et al.
2009).

Although soluble proteins and membrane receptors are encoded by large multigene
families varying from tens to thousands of copies per genome in both mammals and
insects, their evolutionary origin is completely different. While the soluble proteins of
insects (mostly represented by odorant-binding, OBP, and chemosensory proteins,
CSP; Pelosi et al. 2014) are small, globular alpha-helix-rich proteins, those of
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mammals are much larger and with a typical beta barrel domain (belonging to the
lipocalin family, mammalian OBP; Tegoni et al. 2000). Non-homology of mammalian
and insect olfactory receptors with their characteristic seven-transmembrane domains
is also evident from their inverted membrane topologies and different signal
transduction mechanisms. In insects, the chemoreceptor superfamily, composed of
olfactory (Or) and gustatory (Gr) receptor families, and the ionotropic receptor (Ir)
subfamily (a group of highly divergent members of the ionotropic glutamate receptor
superfamily, iGIuR, involved in smell and taste) are ligand-gated ion channels (Joseph
and Carlson 2015). Conversely, mammalian olfactory (OR) and taste (T1R and T2R)
receptors are G protein-coupled receptors (GPCRs) that activate the second
messengers indirectly through gating the corresponding ion channels (Wicher 2012).
Furthermore, in mammals, salty and sour stimuli are known to be sensed by amiloride-
sensitive ion channels (ENaC; Ben-Shahar 2011), a gene family that has been reported
to play a role in insect pheromone perception (Lu et al. 2012), besides being involved
in salt and water reception taste and osmotic stress responses (Liu et al. 2003; Chen et
al. 2010). Finally, another family related to the human fatty acid transporter CD36 (Vogt
et al. 2009), the sensory neuron membrane protein family (SNMP) has been also
associated with chemosensory neurons in insects.

All this knowledge, however, is based only on a few invertebrate lineages, with data
completely missing from many other important bilaterian clades (Eyun et al. 2017;
Vizueta et al. 2018). Among these unexplored taxa, Onychophora (velvet worms) and
Tardigrada (water bears) are especially relevant since they represent the closest living
relatives of arthropods, with which they have been united in the so-called
Panarthropoda (Nielsen 1995; Giribet & Edgecombe 2017). Onychophorans and
tardigrades are, thus, key for understanding the evolutionary changes that have taken
place in the arthropod lineage. It remains unknown, for instance, whether the
chemosensory gene repertories found in arthropods were the result of specific
adaptations to the extraordinarily range of environments they inhabit (both aquatic and
terrestrial) or whether they were already present in the last common ancestor of
Panarthropoda. In other words, to what extent do onychophoran and tardigrade
genomes encode members of the arthropod chemosensory families?

Onychophorans most likely originated from an aquatic ancestor over 500 million years
ago (Rota-Stabelli et al. 2013), although the ~200 extant species of this group are
exclusively terrestrial (Oliveira et al. 2012; Murienne et al. 2014; Oliveira et al. 2016).
Velvet worms are elongated, soft-bodied invertebrates that inhabit tropical and
temperate forests of the southern hemisphere and around the equator. One remarkable
feature of velvet worms is the high phenotypic and anatomic conservation with respect
to their Cambrian ancestors (lobopodians), emerging as an important outgroup and
excellent model for evolutionary studies of arthropods (e.g., Mayer et al. 2010; Ou et al.
2012; Pauli et al. 2016; Janssen 2017; Martin et al. 2017; Petersen et al. 2019). In
onychophorans, the main chemosensory perception structures are located on the
antennae (fig. 1A), although the lip papillae surrounding the mouth might also have
sensory cells responding to chemical stimuli (Storch & Ruhberg 1977; Storch &
Ruhberg 1993). The antennae and the oral lips are innervated by differentiated groups
of cell bodies located in different brain regions, suggesting that these structures might
have some chemosensory specialization (Martin & Mayer 2014; Martin et al. 2017).
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However, only the antennae are associated with the olfactory lobes, which are situated
in the protocerebrum (Schirmann 1995; Mayer et al. 2010).

Tardigrades, or water bears, are represented by approximately 1,300 described
microscopic species that inhabit marine and semi-terrestrial environments and feed on
algae or plant and animal cell fluids (Degma et al. 2020). These animals are renowned
for their miniaturized body and ability to survive extreme environmental conditions
(Clegg 2002; Horikawa et al. 2013; Smith et al. 2016; Gross et al. 2019). Unlike
onychophorans and arthropods, they do not possess modified limbs with a clear
chemosensory function, which is likely performed by internal structures covered with a
cuticle of variable permeability (e.g., Mayer et al. 2013; Mabjerg et al. 2018). The
phylogenetic relationships between arthropods, onychophorans and tardigrades and
even the validity of Panarthropoda as a clade are still under debate, although the first
two are consistently recovered as sister groups in most molecular phylogenetic
analyses (Laumer et al. 2019).

Here, we present a comprehensive comparative genomics analysis across members of
the chemosensory gene families of the three major subgroups of Panarthropoda. Our
aim is to shed light on the origin and evolution of molecular components of the
chemosensory system in these invertebrates and, more specifically, to determine which
molecules (or gene families) are responsible for chemoreception in onychophorans and
tardigrades and to clarify their evolutionary relationship to those characterized in
arthropods. For the analyses, we obtained the specific transcriptomes from the
antennae, the head and the rest of the body of the velvet worm Euperipatoides rowelli.
We integrated these transcriptomic data with information obtained from publicly
available genomic data of this onychophoran species (i5K Consortium 2013; Thomas
et al. 2020) and two tardigrades, Hypsibius exemplaris (formerly referred to as “H.
dujardini’) and Ramazzottius varieornatus (Hashimoto et al. 2016; Koutsovoulos et al.
2016; Yoshida et al. 2017), and with transcriptomic and genomic data from arthropods.

Our results uncovered striking differences in the chemosensory repertoires of
panarthropods, including the absence of some key families (which do not only encode
chemosensory genes) in specific lineages, and allow a more precise delimitation of
their origin. These findings highlight the need for extending molecular studies to taxa
that have not received much attention in order to better understand the emergence of
major genetic innovations and the diversification of animals.

Results

Novel, mostly complete onychophoran reference gene set

The publicly available draft genome of E. rowelli is highly fragmented and largely
incomplete; only 43.9 % and 47.3 % of genes conserved in Eukaryota (Eu) and
Metazoa (Mt) (Based on BUSCO gene collection; ran under the “genome” mode;
Seppey et al. 2019), are complete, respectively, whereas 30.4 % of Eu and 23.3 % of
Mt genes are missing. On the other hand, the two genome assemblies of tardigrades
show good continuity and completeness statistics. These assemblies contain a high
proportion of complete genes, ranging from 85 % to 95 %, and only a few fragmented
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or missing genes (BUSCO, supplementary table S1, Supplementary Material online).
Unlike the genome draft, our deep transcriptome sequencing data from E. rowelli (i.e.,
60 to 80 million reads per RNAseq experiment) allowed to obtain a mostly complete
reference gene set (Table 1). The final consensus transcriptome of this species
consists of 1,072,091 non-redundant transcripts. Although this huge number would
indicate that the transcriptome is highly fragmented, several lines of evidence suggest
the opposite. On the one hand, the sequencing library was prepared using RiboZero
instead of the classical poly-A approach, hence our transcriptome contains all RNAs
(after ribosomal RNA depletion), including short and large non-coding RNA transcripts.
Indeed, only 8.9 % of our consensus transcripts encode putative proteins, the rest
being short noncoding sequences (supplementary table S2, Supplementary Material
online). On the other hand, we identified all CEG members, most of them being
complete (supplementary table S3, Supplementary Material online), and 99.0 % and
99.1 % complete BUSCO Eu and Mt genes (using the “transcriptome” mode),
respectively; the remaining 1 % of BUSCO genes are also present but fragmented
(supplementary table S1, Supplementary Material online).

Antennal and head-specific transcriptomes of E. rowelli

The consensus transcriptome of E. rowelli includes a total of 191,116 candidate
protein-coding sequences (encoding 245,070 putative peptides), 95,433 of which are
functionally annotated. This number, although still quite high, is similar or even lower to
those obtained in the other currently available transcriptomes of this and other
onychophoran species (Hering et al. 2012; Mapalo et al. 2020). We found 39,128
genes (20.5 %) with detectable expression in the three anatomical compartments.
About 8 % of the protein-coding transcripts are expressed exclusively in the antenna
(ANT) (supplementary fig. S1, Supplementary Material online), which is in agreement
with the lower number of cells and molecular functions expected in these appendages.
Conversely, almost 11 % of transcripts are expressed exclusively in the head (HEAD).
Finally, we found 4,615 (~2.4%) transcripts expressed in these two compartments but
not in the rest of the body (REST). The differential expression analysis (based on
RSEM and DESeqZ2; Li and Dewey 2011; Love et al. 2014) revealed that 9,129 putative
protein-coding transcripts are significantly overexpressed in ANT, 351 in HEAD, 352 in
REST, and 6,722 in HEAD+REST. As expected, we found among the transcripts
overexpressed in ANT and HEAD several GO terms that are enriched in biological
functions associated with the response to chemical and external stimuli (supplementary
fig. S2, Supplementary Material online).

The chemosensory gene repertoire in Panarthropoda

We identified 440 sequences encoding putative members of the major arthropod
chemosensory families in the onychophoran transcriptome (and genome draft) and the
two tardigrade genomes (86 in E. rowelli, 266 in H. exemplaris and 88 in R.
varieornatus) (supplementary table S4, Supplementary Material online). Although most
of the chemosensory genes found in tardigrades (352 out of 354) had annotated
structural features in the general feature format files (GFF), many of them lacked a
fitting functional annotation. Using BITACORA (Vizueta et al. 2020), we were able to
annotate (and in some cases curate) as chemosensory genes 310 GFF features
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previously labeled as hypothetical proteins, and to identify new candidate sequences
(two novel genes, one in each species).

Chemoreceptors

The Grfamily is the largest chemosensory gene family in tardigrades. We identified
192 sequences encoding GR-like proteins (the minimum number of protein-coding
sequences that can be unequivocally attributed to different gene family copies, Swun,
was 190, 162 of them encoding complete proteins) and 49 (Suin = 47, 46 complete) in
H. exemplaris and R. varieornatus, respectively (fig. 1B; supplementary table S4,
Supplementary Material online). In contrast, we only found three transcripts encoding
putative members of this family in E. rowelli. One of these copies encoded a complete
GR-like member with the protein domain characteristic of this family (7TM
chemoreceptor; PF08395). The other two transcripts are short sequences with some
similarity to the transmembrane domain of some arthropod GRs. Noticeably, one of
them is expressed exclusively in ANT (supplementary table S5, Supplementary
Material online) whereas the other one might be a pseudogene or an incorrect
transcript due to assembly artifacts or sequencing errors. Both this and all the results
bellow obtained from our compartmentalized transcriptome data were qualitatively
reproduced when the other three transcriptomic sources of E. rowelli were used as the
subject of our searches (supplementary table S6, Supplementary Material online).

As with arthropod copies of the same family in previously reported gene trees (Eyun et
al. 2017; Vizueta et al. 2018), the newly identified tardigrade and onychophoran GR-
like sequences form lineage-specific clades in the Panarthropoda tree (fig. 2,
supplementary fig. S3, Supplementary Material online). The presence of two
phylogenetically unrelated tardigrade-specific clades, and three onychophoran GRs
interspersed with other arthropod copies, would suggest that this family underwent an
expansion in the ancestor of panarthropods, followed by a second more recent burst in
a tardigrade subclade containing H. exemplaris with the loss of most of its members in
the onychophoran lineage.

The IR/iGIuR gene family is the second largest chemosensory family in the three
species surveyed, with 47, 26 and 22 IR/iGIuR encoding sequences in H. exemplaris,
R. varieornatus and E. rowelli, respectively (19, 13 and 12 of them are complete; in this
case, we calculated Suin only for the whole family since the copies estimated from
partial fragments could not be unambiguously assigned to one of the two subfamilies;
see supplementary table S5, Supplementary Material online, for further details). The
phylogenetic tree of the ligand-gated ion channel domains (LCD) of these receptors
show a similar picture to that of the GRs, with the predominance of lineage-specific
clades. According to the phylogenetic and OrthoFinder results (supplementary table
S7, Supplementary Material online), H. exemplaris encodes seven Kainate, two AMPA
and five NMDAR receptors, whereas the R. varieornatus iGIuR repertoire is composed
of eight Kainate, and five NMDAR receptors, with no AMPA homolog found in this
species. In addition, we identified a candidate homolog of the co-receptor IR25a in both
tardigrade species. Based on the phylogenetic relationships of the LCD sequences,
tardigrades would encode 27 (H. exemplaris) and 11 (R. varieornatus) divergent IR
proteins, thus predicting a chemosensory function of this family in this animal group. In
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the case of E. rowelli, however, we only found significant evidence for the presence of
iGIUR members (10 Kainate, one AMPA and nine NMDAR receptors). Specifically, we
identified two antennal expressed sequences encoding partial fragments of an IR/GIUR
protein that are phylogenetically related to some arthropod divergent IRs; nevertheless,
the poor node support and the very short length of the aligned region preclude us from
drawing firm conclusions about their subfamily identity (fig. 3, supplementary fig. S4
and S5, Supplementary Material online). In fact, the remarkable absence of expression
(but also of the signal of a gene in the genome draft) of an IR25a homolog in E. rowelli
could point to a complete loss of this subfamily of ancient chemoreceptors in
Onychophora. Tardigrades would also lack some highly conserved members of this
subfamily occurring across arthropods, such as IR8a, IR93a and IR76b, suggesting
important changes in the chemosensory role played by this subfamily also in water
bears.

Other candidate chemoreceptors and related chemosensory genes

We identified 48 DEG-ENaC sequences in the transcriptome of E. rowelli. Although
only 10 of them encoded complete receptors, we estimated a Suin = 25 in this species
(Tables S5 and S7), a value which is similar to that found in other arthropods (fig. 4).
Surprisingly, the two tardigrades do not encode any DEG-ENaC members, suggesting
a complete loss of the family. The phylogenetic tree of the DEG-ENaC family in
Panarthropoda is also characterized by the presence of large lineage-specific clades,
pointing to a similar mode of evolution as for the other surveyed receptors.
Interestingly, many of the members of this family are expressed in ANT and/or HEAD
(19 out of 46 transcripts) of E. rowelli, being the family with the greatest number of
copies expressed in the chemosensory structures of this species.

Our analysis also uncovered two transcripts encoding CD36-SNMP proteins in E.
rowelli, a family phylogenetically related to the SNMPs of arthropods but missing in
tardigrades. These transcripts are specific or differentially expressed in ANT
(supplementary fig. S5 and table S5, Supplementary Material online). We also detected
the expression of other genes in ANT and HEAD of E. rowelli that have been related
directly or indirectly with arthropod chemosensory activity. For instance, we found 20
antenna-specific copies of the GPCR family 3 of receptors (out of 91 characterized in
the whole transcriptome) and homologs of the ODR4-like and Pinocchio proteins with
differential expression in the ANT compartment (supplementary table S5,
Supplementary Material online).

Noticeably, the NPC2 is the only family encoding soluble proteins in tardigrades and
onychophorans, which fully lack members of the OBP-like and CSP families. We
identified 9, 7, and 11 complete Npc2 genes in the genomes of H. exemplaris and R.
varieornatus and the transcriptome of E. rowelli, respectively (supplementary table S4,
Supplementary Material online). These family sizes represent a considerable increase
in the number of copies with respect to non-panarthropod invertebrates, in which this
family typically consists of a single gene (Pelosi et al. 2014). These results suggest an
expansion of the NPC2 family in the last common ancestor of Panarthropoda (fig. 5).
However, after the expansion, this family shows the lowest turnover rate among the
surveyed chemosensory families. It is remarkable that eight NPC2 members are
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differentially or specifically expressed in the ANT compartment of E. rowelli
(supplementary table S5, Supplementary Material online), indicating a hypothetical
chemosensory role of this family in onychophorans.

Discussion

Evidence suggests that arthropods, onychophorans and tardigrades colonized the land
independently after their initial split from an aquatic ancestor (Rota-Stabelli et al. 2013).
Similar processes occurred in the three major arthropod groups including
pancrustaceans, myriapods, and chelicerates, which originated from an aquatic
ancestor 550-450 mya (Lozano-Fernandez et al. 2016). These terrestrialization events
might have impacted many aspects of chemosensory perception in these animals.
Nonetheless, the extensive comparative genomics analyses in arthropods have
revealed a very similar qualitative chemosensory gene composition in all lineages (i.e.,
we found the same families in most of them, but see Brand et al. 2018 and Vizueta et
al. 2018 for two exceptions), suggesting the presence of these proteins in the last
common ancestor of Arthropoda. The analysis of representative species across
bilaterians revealed that GRs and IRs involved in arthropod chemoreception might
have originated through the co-option of ancient gustatory receptor-like (Gr-like) and
ionotropic glutamate receptor (iGlur) genes, respectively (Croset et al. 2010; Krishnan
et al. 2014; Robertson 2019). GR-like proteins might have already been present in the
last common ancestor of metazoans, as they have been identified in many animal
lineages (Robertson 2015; Eyun et al. 2017), and its ancestral function is still under
debate (Robertson 2019). Similarly, the origin of the chemosensory IRs, including the
co-receptor IR25a and other divergent sequences that evolved independently in
different lineages, has been dated back to the protostome ancestor (Croset et al. 2010;
Eyun et al. 2017). Although functional evidence of the participation of these proteins in
chemoreception comes from studies of insects, various tissue-specific transcriptomes
from crustaceans, myriapods and spiders have confirmed the specific or preferential
expression of GR and divergent IR genes in the chemosensory structures of
crustaceans (Kozma et al. 2020), spiders (Vizueta et al. 2017) and centipedes (Frias-
Lépez C, unpublished data).

Intriguingly, we found that E. rowelli encodes an exceptionally low number of GR-like
members, the lowest reported from panarthropods, and we did not find any trace of the
highly conserved co-receptor IR25a. These results are likely not caused by a lack of
sensitivity since the sequencing depth of our transcriptomes should be sufficient for
detecting lowly expressed genes even in the antenna, as we performed nine
independent RNAseq experiments, enriched in compartment-specific transcripts and
each yielding between 60 and 80 million reads. Furthermore, we have corroborated all
these findings in the full body transcriptomes from six onychophoran species (including
representatives of Peripatidae and Peripatopsidae), in addition to E. rowelli
(supplementary table S6, Supplementary Material online). In fact, the marginal GR-like
repertoire size detected in all these species is similar to that observed in C. elegans
(and other major nematode clades; see supplementary table S6, Supplementary
Material online), in which a non-chemosensory role has been established. Similarly, the
absence of an IR25a homolog and the doubtful presence of divergent IRs in these
transcriptomes would also certainly question the role of this family in velvet worm
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chemoreception. Still, these results have to be approached with caution due to high
fragmentation of the surveyed transcriptomes and the unavailability of well-assembled,
complete genome sequences. Besides, the picture is further complicated by the
observation that at least one of the two putatively functional onychophoran GR-like
copies is expressed in the antenna of E. rowelli, precluding us from drawing a firm
conclusion. Thus, it remains uncertain whether these few members of the GR-like
lineage have, or ever had, a chemosensory function in onychophorans.

In light of these remarkable absences, some members of the DEG-ENaC or other
receptor families, such as the GPCR family 3 or the TRP channels, might have a
chemosensory function in E. rowelli. In fact, we detected in the antenna of this species
the expression of a candidate homolog of the C. elegans odr-4 gene, which is required
for localizing a subset of odorant GPCRs in the cilia of olfactory neurons of this
nematode (Dwyer et al. 1998). In C. elegans, the olfactory receptors are synthesized in
the endoplasmic reticulum of the olfactory neurons, trafficked to the cell surface
membrane and transported to the tip of the olfactory cilium, where they bind to
odorants. Interestingly, the chemoreceptors of onychophorans, which are situated on
the antennal tip and covered with a specialized thin cuticle (fig. 1A), also contain
receptor cells with branched cilia (Storch & Ruhberg 1977), suggesting that the
onychophoran odr-4 homolog might be expressed in these cells. TRP channels are
highly conserved non-voltage gated, cation channels with a role in insect
thermosensation and mechanosensation (Venkatachalam and Montell 2007) that have
been attributed to gustation and repellency (Fowler and Montell 2013). We have
conducted a prospective search for members of this family in the tardigrades H.
exemplaris and R. varieornatus and the onychophoran E. rowelli, detecting a
noticeable number of gene copies. From the 67 good-quality annotated onychophoran
copies, two are antenna specific, and 11 show differential expression in this
compartment (supplementary table S8, Supplementary Material online); at least three
of these TRP candidates show remote sequence similarity with members of the TRPA
(1) and TRPM (2) subfamilies, which are involved in nociception in insects and taste
and cold perception in mammals (Matsuura et al. 2009; Kang et al. 2010: Kwon et al.
2010).

On the other hand, we have found that the two tardigrade genomes could have
completely lost the DEG-ENaC family, a group of metazoan-specific membrane
proteins that play a role in salt taste, mechanoreception and chemoreception, among
other functions (Chen et al. 2010; Ben-Shahar 2011; Lu et al. 2012), and are present in
other panarthropods, including in the antenna and the head of the onychophoran E.
rowelli. 1t is largely known that tardigrades are organisms extraordinarily resistant to
extreme conditions, with unique features among metazoans such as surviving in space,
enduring very high pressures and radiation, or surviving extreme temperatures or
prolonged desiccation (Mabjerg et al. 2011; Rebecchi et al. 2011; Fernandez et al.
2016; Hashimoto et al. 2016; Hering et al. 2016; Tsujimoto et al. 2016). Recent
comparative genomics and transcriptomics studies in these animals have uncovered
frequent losses and expansions in stress-related gene pathways, although affecting
independent genes in different lineages (Yoshida et al. 2017; Kamilari et al. 2019).
Interestingly, in the fruit fly D. melanogaster, some DEG-ENaC proteins are involved in
maintaining osmotic and intestinal stem cell homeostasis (Kim et al. 2017), regulating
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the neuronal response to heat stress (Zheng et al. 2014) or are the target of mutants
with lethal desiccation phenotypes of larvae (Johnson and Carder 2012). Moreover, the
loss of function of one member of this family extends lifespan and health span,
increases internal water stores due to the loss of the ability to sense external water,
and exhibits significantly increased survivorship under desiccating conditions
(Waterson et al. 2014). In fact, additional searches in six publicly available
transcriptomes of different tardigrade species have confirmed the absence of this
family in eutardigrades but not in heterotardigrades (supplementary table S6,
Supplementary Material online), suggesting that the loss of DEG-ENaC family could be
part of a lineage-specific adaptation of eutardigrades to survive in extreme
environments. The putative loss of the CD36/SNMP family in eutardigrades is another
interesting finding, as members of this conserved family play important sensory,
digestive, and immune system roles in D. melanogaster (Nichols and Vogt 2008; Vogt
et al. 2009).

Our study also revealed that NPC2 members are the only soluble proteins present in
tardigrades and onychophorans, some of which are specifically or differentially
expressed in the antenna of the E. rowelli. This result points to this family as the only
panarthropod candidate to perform functions like those documented from arthropod
soluble proteins. Overall, our findings, when integrated with previous studies on several
arthropod lineages (Eyun et al. 2017; Vizueta et al. 2018), point to at least three
evolutionarily independent co-options from ancestral, non-chemosensory soluble
protein families, to further participate in chemoreception (fig. 1B), namely in the last
common ancestors of (i) Panarthropoda (NPC2; members of this family are involved in
the metabolism of cholesterol in C. elegans; Sym et al. 2000), (ii) Arthropoda (OBP);
and (iii) Mandibulata (CSP). These staggered co-options might have served to
progressively adapt peripheral chemoreception to the new chemical world.

Finally, it is worth noting that, if the true phylogeny of Panarthropoda was different from
that considered here, the origin and evolutionary history of some of these families
would be quite different. If we consider, for example, the phylogenetic hypothesis
placing Tardigrada as sister to Nematoda (e.g., Yoshida et al. 2017; Arakawa 2018;
Laumer et al. 2019), onychophorans would have lost ionotropic receptors and would
have never had chemosensory GR-like proteins. In this case, the insect-type gustatory
receptors would have appeared in two (or more) independent GR-like expansions in
tardigrades and arthropods. Alternatively, GR-like genes would have been present in
the last common ancestor of Panarthropoda but lost in velvet worms and nematodes.
Nonetheless, it is worth noting that many of our conclusions are based on the lack of
evidence in similarity-based searches, many of them in transcriptomic data and,
therefore, must be considered with caution. Further broader taxonomic studies
including complete genome assemblies, currently unavailable, and supported by
functional evidence, will be needed to confirm the striking absences found in this study
and to determine their actual biological meaning.

Taken together, our findings shed light on the diversification of members of the
chemosensory gene families across Panarthropoda, including hypothetized origin of
some of the surveyed families (fig. 1B). We have found considerable differences in the
chemosensory repertoires of panarthropods, including striking absences in specific
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lineages, which vindicates the importance of conducting evolutionary genomics studies
on the closest arthropod relatives, such as onychophorans and tardigrades.
Paradoxically, these clades have not received much attention since the beginning of
the genomics era, although they might be crucial for understanding the emergence and
diversification of major evolutionary innovations in arthropods.

Materials and Methods

Specimens

Specimens of Euperipatoides rowelli, Reid, 1996 (Onychophora, Peripatopsidae) were
obtained from decaying logs in the Tallaganda State Forest (New South Wales,
Australia; 35°28’S, 149°32’E, 954 m) in October 2011 and January 2013. They were
collected under the permit numbers SL100159 and SL101720 issued by the National
Parks & Wildlife Service New South Wales and exported under the permit numbers
PWSP104061 and PWSP208163 provided by the Department of Sustainability,
Environment, Water, Population and Communities. The collected specimens were
maintained in the laboratory as described previously (Baer and Mayer, 2012).

Genome data

The genome sequences, annotations and predicted proteins of two tardigrade species,
Hypsibius exemplaris (v3.5.1, Ensembl Tardigrades Genomes) (Koutsovoulos et al.
2016) and Ramazzottius varieornatus (Rv101, Ensembl Tardigrades Genomes)
(Hashimoto et al. 2016; Yoshida et al. 2017), and the draft assembly of the
onychophoran E. rowelli, sequenced as part of the i5K initiative (i5K Consortium 2013;
Thomas et al. 2020), were retrieved from http://ensembl.tardigrades.org and
https://www.hgsc.bcm.edu/arthropods/velvet-worm-genome-project), respectively. Note
that H. exemplaris was commonly referred to as “Hypsibius dujardini” before its formal
description by Gasiorek et al. (2018).

Transcriptome data
Samples

We used four different sources of transcriptome data of E. rowelli. The first was
obtained in our tissue-specific transcriptome sequencing experiment of three juvenile
individuals (representing three biological replicates). The other three consisted in the
raw data of two whole individual RNA-seq experiments (one female [ER9] and one
male [ER10]) retrieved from Baylor i5K Initiative Pilot Project [HGSC] (accession
numbers: SRX973445 and SRX973444, for the female and male, respectively), and the
transcriptome assembly of the E. rowelli sample used in Hering et al. (2012).

RNA extraction, library preparation and sequencing

We generated new transcriptomics data from three E. rowelli juvenile individuals
(supplementary table S9). This species does not show sexual dimorphism with respect
to the structure of antennae and chemoreceptors, and juveniles are active hunters
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shortly after birth. For each individual, we built three separate RNAseq libraries: the
antenna (ANT; ensuring that the cut was below the antennal rings with
chemoreceptors), the head (HEAD; butting behind the slime papillae, and the rest of
the body (REST), henceforth referred to as anatomical compartments (fig. 1A). All
dissections were performed after snap-freezing individuals in liquid nitrogen, which
were starved for one week in the laboratory.

The small amount of tissue (and therefore of total RNA) contained in the antennae of a
single individual led us to consider a specific extraction protocol specially designed for
small amounts of starting material. For ANT, we used the PicoPure RNA Isolation Kit
(Arcturus, Applied Biosystems, USA) and TRIzol reagent (Invitrogen, Waltham, MA),
especially designed to consistently recover high-quality total RNA from fewer cells. In
the case of HEAD and REST, where the amount of tissue was not a limiting factor, we
used the RNeasy Mini kit (Qiagen, Venlo, Netherlands) and TRIzol reagent
(Invitrogen). In addition, ANT RNA was amplified with RiboAmp HS PLUS Kit (Arcturus)
to obtain the necessary amount for sequencing (two amplification rounds). We
determined the amount and integrity of RNA using a Qubit Fluorometer (Life
Technologies, Grand Island, NY) and an Agilent 2100 Bioanalyzer (CCiTUB,
Barcelona, Spain), respectively. All library preparation steps and RNA sequencing were
carried out in Macrogen Inc., Seoul, South Korea. Briefly, ribosomal RNA was depleted
with Ribo-Zero Kit and fragmented into small pieces. Double-stranded cDNA was
synthesized with random hexamer (N6) primers (lllumina) and lllumina PE adapters
were ligated to the ends of adenylated cDNA fragments. The nine transcriptomes (e.g.,
three anatomical compartments in three biological replicates) were sequenced
independently in the HiSeq 4000 system (100 bp paired end reads) according to the
manufacturer’s instructions (lllumina, San Diego, CA).

Data pre-processing and transcriptome assembly

We used NGSQCToolkit (Patel and Jain 2012) to filter low quality reads (raw reads
with more than 30 % of bases with quality scores <20) from raw data. Filtered reads
were further corrected for sequencing errors with the program SEECER v_0.1.3 (Le et
al. 2013). We generated a consensus transcriptome from the entire collection of reads
of all individuals and anatomical compartments, which was used as the reference for
differential expression analyses. We assembled these consensus reference transcripts
using Bridger (k-mer size = 31; Chang et al. 2015). All contigs with contaminant
sequences, i.e. those matching the UniVec vector database, the genomes of
Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Saccharomyces
cerevisiae and Homo sapiens, were removed from this reference using the software
Seqclean (https://sourceforge.net/projects/seqclean/). Finally, clean contigs were
clustered into putative transcripts defined in the assembly (analogous to the Trinity
gene-isoform nomenclature).

Functional annotation of the E. rowelli transcriptome

We carried out exhaustive BLAST searches (E-value = 10°%; using the assembled
reference transcripts as a query) against NCBI-nr, Swiss-Prot and an updated version
of the ArthropodDB database (see Vizueta et al. 2020 for further details); for this study
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we included in the latter database the predicted proteins and functional annotations of
the tardigrade H. exemplaris and the nematode Caenorhabditis elegans (Consortium*
1998; Yoshida et al. 2017). Coding sequences (CDS) and their conceptual translations
were inferred from TransDecoder results (Haas et al. 2013). In addition, we searched
the predicted proteins for specific domain signatures with InterProScan (Jones et al.
2014), and signal peptides and transmembrane domains were predicted using SignalP
and TMHMM, respectively (Krogh et al. 2001; Petersen et al. 2011).

Gene ontology (GO) terms (Ashburner et al. 2000) were inherited from the results of
the BLAST and InterProScan searches (we used the top five positive hits with an E-
value <107°). We also identified the KEGG enzymes and pathways (Kanehisa and Goto
2000), CEG members (Core Eukaryotic Genes; Parra et al. 2007, 2009), and Metazoa
and Eukaryota conserved genes included in BUSCO v3.1.0 (Seppey et al. 2019).

Identification and annotation of chemosensory families

We used the bioinformatics pipeline BITACORA (Vizueta, et al. 2020; 2020b) to identify
and annotate the members of the major arthropod chemosensory gene families (CS) in
the surveyed transcriptomes and genomes. We first built a database for each of the
focal gene families, hereinafter the olfactory (OR), gustatory (GR), ionotropic
(iIGLUR/IR/Ir) and epithelial sodium channel (DEG/ENaC) receptor families, the genes
encoding the chemosensory (CSP), odorant-binding (OBP; this family also included
the Obp-like family recently identified in Vizueta et al. 2017) and Niemann-Pick C2
(NPC2) soluble protein families, and the genes encoding the sensory neuron
membrane protein (SNMP) family. Each database included the protein sequences of
these families from different arthropod lineages, obtained from the literature (Croset et
al. 2010; Colbourne et al. 2011; Vieira and Rozas 2011; Chipman et al. 2014;
Robertson 2015; Gulia-Nuss et al. 2016; Vizueta et al. 2018), and was used to
construct an HMM profile for each family. In addition, the repertoire of Drosophila
melanogaster, Daphnia pulex, Strigamia maritima and Ixodes scapularis was selected
as representative of each major arthropod lineage for fig. 1 and to build Panarthropoda
gene family trees. We also included in our searches representative members of the
chemosensory families from other organisms, including odorant-binding proteins and
olfactory and taste receptors of vertebrates (InterPro signatures IPR002448,
IPR0O00725 and IPR0O07960, respectively; see supplementary table S1B in Frias-Lopez
et al. 2015), and C. elegans serpentine receptors, known to be involved in nematode
chemoreception (Vidal et al. 2018). In each family specific search, we ran two iterative
rounds of BITACORA. Specifically, we used the full mode on tardigrade genomes
(taking advantage of existing GFF annotations), the genome mode on E. rowelli
genomic draft, where no structural annotation is available, and the protein mode on the
predicted peptides from the E. rowelli compartmentalized transcriptome.

All sequences identified in our searches as possible members of one of the focal CS
families were classified in different categories based on the structural and functional
criteria applied in Vizueta et al. (2018). Briefly, all coding sequences with premature
stop codons were classified as non-functional or erroneous copies; this category would
include putative pseudogenes, genes with sequencing errors or assembly artifacts.
Among the remaining proteins, we distinguished between complete (>80 % of the
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average length of the family protein domain) and incomplete copies; in addition, and
only for the Gr and iGluR/Ir families, we required complete copies to contain a
minimum of five of the seven transmembrane domains (predicted with the software
TMHMM version 2.0c; Krogh et al. 2001, and Phobius version 1.01; Kall et al. 2004) or
the presence of the ligand-gated ion channel domain (LCD; Pfam identifier PFO0060; a
domain present in all subfamilies; Croset et al. 2010), respectively. Finally, we
estimated the minimum number of different copies of a family, Sun, as in Vizueta et al.
(2018) (this value can be interpreted as an estimate of the actual number of family
copies in this species). All proteins identified in this study are provided in the
supplementary material.

Expression profiling in E. rowelli

We mapped the pre-processed reads of each individual and anatomical compartment
back to the consensus reference transcriptome using Bowtie2 version 2.2.3 (set as
default; Langmead and Salzberg 2012). We used RSEM 1.2.19 software to obtain read
counts and TMM-normalized FPKM (Li and Dewey 2011). For the analysis, we
considered that a gene is expressed when the FPKM value is higher than 0.01, a
reasonable cut-off given the low expression levels reported for other arthropod
chemosensory genes (Zhang et al. 2014). The differential gene expression analysis
across anatomical compartments was conducted with DESeq2 (Love et al. 2014)
considering the three sequenced individuals (per anatomical compartment) as
biological replicates and adjusting the P-values for the false discovery rate (FDR;
Benjamini and Hochberg 1995).

Phylogenetic analyses

We built a multiple sequence alignment (MSA) per each focal CS family using MAFFT
(‘--auto’ option; Katoh and Standley 2013) and used IQ-TREE version 1.6.5 to estimate
the best fit substitution models and gene family trees (Nguyen et al. 2015). Node
support was estimated from 1,000 ultrafast bootstrap replicates (Hoang et al. 2018).
Tree images were drawn using the iTOL web server (Letunic and Bork 2007, 2019).
We also assessed the orthologous relationships of some of the surveyed
chemosensory gene family members using OrthoFinder v2.2.7 with default options
(Emms and Kelly 2015, 2019).

GO enrichment
We used R and GOstats to carry out a GO enrichment analysis (Falcon and Gentleman
2007), and REVIGO to generate a graphical representation of the results (Supek et al.

2011). We also used Blast2GO suite (Conesa et al. 2005; G6tz et al. 2008) to identify
KEGG pathways enriched in the list of candidates (Kanehisa and Goto 2000).
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Tables

Table 1. Summary of the transcriptomic data newly generated for this study and
the functional annotation statistics

ST Protein-
ANT HEAD REST Total by .
p, coding
reads

Assembled contigs 313,898 640,096 538,450 1,212,132 865,014 245,070
Unique sequences
(transcripts) 246,146 541,258 448,126 1,072,091 742,596 191,116
Average length of
transcripts (nt) 611 495 527 427 473 490
Longest transcript (nt) 56,010 56,010 56,010 56,010 56,010 55,107
CEG sequences 450 438 440 458 453 458
Sequences with GO
annotation 22,514 43,734 41,035 69,901 55,577 69,901
Sequences with functional
annotation? 29,156 59,247 54,911 95,433 75,060 95,433

2based on Interpro and BLAST searches (include annotations without GO)
b transcripts with mapped reads CEG, cluster of essential genes

Figure legends

Figure 1. Chemosensory structures in the onychophoran E. rowelli and summary of
major findings. (A) Anterior end of a specimen with anatomical compartments indicated
by dotted lines. Insets illustrate scanning electron micrographs of mouth surrounded by
lip papillae (asterisks in left micrograph; scale bar: 300 um) and putative chemosensory
organs situated on antennae (asterisks in right micrograph; scale bar: 20 ym). Images
provided by Ivo de Sena Oliveira and Christine Martin. Note that chemosensory related
genes are expressed in the anatomical compartments with expected chemosensory
function. Numbers refer to those genes specifically or differentially expressed in
antenna (ANT) and head (HEAD). (B) Minimum estimates of gene family sizes (Su) in
the genomes from nine major ecdysozoan lineages (numbers for iGIUR and IR
subfamilies correspond to complete copies; see Results). Solid and empty colored
boxes in the phylogeny indicate gains and losses of particular gene families,
respectively. Purple and light-brown shadings denote membrane receptors and soluble
proteins, respectively. TThree very short sequences encoding parts of the iGIUR/IR
ligand-gated ion channel domain (PF00060) that, although they are phylogenetically
related to IRs, could not be unambiguously assigned to this subfamily (supplementary
fig. S4). #One complete GR receptor and two sequences resulting from partial BLAST
hits. *Values obtained after new BITACORA searches in these genomes.

Figure 2. Maximum likelihood phylogenetic tree of GR family in panarthropods. We
excluded all partial proteins and putative pseudogenes and artifacts from the analysis.
The color code for species is the same as in fig. 1B. Nodes with bootstrap support
values >90 % are shown as solid circles. Scale bar represents one amino acid
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substitution per site. See supplementary fig. S3 for a gene tree including all identified
sequences.

Figure 3. Maximum likelihood phylogenetic tree of iGIUR/IR ligand-gated ion channel
domains (PF00060) in panarthropods. Only complete domains were used for this
analysis. The color code for species is the same as in fig. 1B. Nodes with bootstrap
support values >90 % are shown as solid circles. Scale bar represents one amino acid
substitution per site. See supplementary fig. S4 for a gene tree including all identified
sequences

Figure 4. Maximum likelihood phylogenetic tree of DEG-ENaC family in panarthropods.
The color code for species is the same as in fig. 1B. Boxes in the outer circle indicate
the genes specifically (first layer) or differentially (outer layer) expressed in ANT
(purple), HEAD (green), or both (orange). Nodes with bootstrap support values >90 %
are shown as solid circles. Scale bar represents one amino acid substitution per site.

Figure 5. Maximum likelihood phylogenetic tree of NPC2 family in panarthropods.
Boxes in the outer circle indicate the genes specifically (first layer) or differentially
(outer layer) expressed in ANT (purple), HEAD (green), or both (orange). Nodes with
bootstrap support values >90 % are shown as solid circles. Scale bar represents one
amino acid substitution per site.

Supplementary Data

Supplementary tables

Supplementary table S1. BUSCO analysis of the H. exemplaris, R. varieornatus and
E. rowelli genomes and E. rowelli transcriptome.

Supplementary table S2. Functional annotation and transcript lengths in E. rowelli.
Supplementary table S3. Distribution of coverage lengths in CEG BLASTX results.

Supplementary table S4. Summary of sequences identified in the H. exemplaris, R.
varieornatus genomes and E. rowelli and transcriptome.

Supplementary table S5. Gene expression profiles of candidate chemosensory genes
in different anatomical compartments of E. rowelli.

Supplementary table S6. Summary of chemosensory gene family members identified
in whole body transcriptomes of onychophoran and tardigrades and in the genome of
representative nematodes.

Supplementary table S7. OrthoFinder analysis of IR/iGIuR sequences.

Supplementary table S8. Gene expression profiles of TRP genes in different
anatomical compartments of E. rowelli.

Supplementary table S9. Summary of the RNA-Seq samples and data.
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Supplementary figure legends

Supplementary figure S1. Venn diagram showing the number of protein-coding
transcripts across E. rowelli anatomical compartments. Differentially expressed genes
are shown in brackets.

Supplementary figure S2. Tree maps with the results of the GO enrichment analysis
of differentially expressed genes generated with REVIGO. A) and B) Molecular function
and Biological process in the ANT compartment. C) and D) Molecular function and
Biological process in the HEAD compartment.

Supplementary figure S3. Maximum likelihood phylogenetic tree of the
Panarthropoda GR family. All identified sequences are included. The color code for
species is the same as in fig. 1B. Nodes with bootstrap support values >90 % are
shown as solid circles. Scale bar represents one amino acid substitution per site.

Supplementary figure S4. Maximum likelihood phylogenetic tree of Panarthropoda
iGIuR/IR ligand-gated ion channel domain (PFO0060). The tree includes both complete
and partial domains. The color code for species is the same as in fig. 1B. Boxes in the
outer circle indicate the genes specifically or differentially expressed in ANT (purple),
HEAD (green), or both (orange). Nodes with bootstrap support values >90 % are
shown as solid circles. Scale bar represents one amino acid substitution per site.

Supplementary figure S5. Maximum likelihood phylogenetic tree of the
Panarthropoda CD36-SNMP family. The color code for species is the same as in fig.
1B. Boxes in the outer circle indicate the genes specifically or differentially expressed
in ANT (purple) or in ANT+HEAD (orange). Nodes with bootstrap support values >90 %
are shown as solid circles. Scale bar represents one amino acid substitution per site.
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