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Abstract

function, using R. prolixus as an insect model.

Background: Rhodnius prolixus has become a model for revealing the molecular bases of insect sensory biology
due to the publication of its genome and its well-characterized behavioural repertoire. Gene expression modulation
underlies behaviour-triggering processes at peripheral and central levels. Still, the regulation of sensory-related gene
transcription in sensory organs is poorly understood. Here we study the genetic bases of plasticity in antennal sensory

Results: Antennal expression of neuromodulatory genes such as those coding for neuropeptides, neurohormones and
their receptors was characterized in fifth instar larvae and female and male adults by means of RNA-Sequencing (RNA-
Seq). New nuclear receptor and takeout gene sequences were identified for this species, as well as those of enzymes
involved in the biosynthesis and processing of neuropeptides and biogenic amines.

Conclusions: We report a broad repertoire of neuromodulatory and neuroendocrine-related genes expressed in the
antennae of R. prolixus and suggest that they may serve as the local basis for modulation of sensory neuron physiology.
Diverse neuropeptide precursor genes showed consistent expression in the antennae of all stages studied. Future studies
should characterize the role of these modulatory components acting over antennal sensory processes to assess the
relative contribution of peripheral and central regulatory systems on the plastic expression of insect behaviour.
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Background

Rhodnius prolixus has been an important insect model
for neuroethological studies for many decades [1, 2].
Relevant aspects of its neuroethology and physiology,
such as host odour-mediated behaviour [3, 4], circadian
modulation [5], the action of biogenic amines and neu-
ropeptides [6, 7] or the expression of behavioural plasti-
city [8, 9] have been thoroughly studied. Recently,
molecular processes related to sensory function have
been characterized for R. prolixus, such as the tissue-
specific expression profiles of odorant receptor genes
[10] and related changes associated with development
and nutrition [11]. Additionally, neuropeptide precursor
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genes were described for R. prolixus [12] and the dynam-
ics of neuropeptide expression or release at diverse
physiological conditions were characterized for processes
such as feeding or ecdysis [13, 14]. Based on the current
knowledge on its behaviour and physiology, and the publi-
cation of its genome sequence [15], it is reasonable to sug-
gest that R. prolixus has become an appropriate model for
revealing the molecular bases of neuroethological pro-
cesses in insects. Furthermore, neuroethological research
in kissing-bugs is of medical interest given their role as
vectors of Trypanosoma cruzi, the causative agent of Cha-
gas’ disease, which is considered a neglected illness affect-
ing over 8 million people worldwide (http://www.who.int/
chagas/disease/en/).

Kissing-bug antennae are multimodal sensory organs
dedicated to detect diverse stimuli associated with hosts
[3], microenvironmental features and intraspecific com-
munication [1]. The physiological bases of sensory pro-
cesses sit on receptor neurons that express specific
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membrane proteins that confer them the ability to react to
relevant environmental stimuli. These neurons are mostly
found in tiny hair-like structures called sensilla, which can
house from one to several dozen sensory cells [16]. A re-
cent study has characterized the antennal expression of
sensory-receptor coding genes (chemoreceptors - ORs-
IRs, transient receptor potential channels - TRPs, and
pickpocket receptors - PPKs) and others related to sensory
function (odorant binding proteins - OBPs and chemosen-
sory proteins - CSPs) in R. prolixus [17].

Insect behaviour in response to relevant external stim-
uli can be modulated at peripheral and central levels, de-
pending on age, physiological status (i.e., phase of daily
cycle, nutritional or reproductive status) and experience
[18]. For instance, starved mature kissing-bugs seek host
cues promptly, but bugs do not express proper host-
seeking behaviour during the first week after ecdysis [19]
or after engorgement [8]. Electroantennography and sin-
gle sensillum recordings performed on different insect
species have reported a high degree of physiological
plasticity at sensory levels [20, 21], at least partially
explaining behavioural changes triggered by feeding or
development. Similar changes have been documented at
the molecular level, with altered gene expression associ-
ated with feeding [22] or age [23]. In fact, variations in
gene expression depending on nutritional status or de-
velopment have been described for olfactory co-
receptors in the antennae of R prolixus [11]. Neverthe-
less, information about elements regulating sensory gene
transcription and the abundance of the corresponding
proteins in insect peripheral organs is very limited [24—
27]. Physiological mechanisms modulating peripheral re-
sponses to sensory stimuli involve signalling controlled
by biogenic amines, hormones, and neuropeptides, as
well as their target G protein-coupled receptors (GPCRs)
and nuclear receptors, overall controlling the functional
status of sensory processes [18]. In this sense, the main
objective of this study is to characterize modulatory
components potentially involved in the local regulation
of antennal sensory function using R. prolixus as a
model insect and RNA-Seq. Furthermore, we looked at
gene expression in the antennae of 5™ instar larvae and,
male and female adults to characterize changes in this
regulatory gene repertoire potentially associated with
imaginal moult and sex.

Results

Read sequences (available on PRJNA281760 project at
NCBI) and de novo assemblies were obtained from
Latorre-Estivalis et al. [17]. In that study, three antennal
transcriptomes from 5™ instar larvae, and female and
male adults from R. prolixus were sequenced using 100
base pairs (bp) paired-end reads on an Illumina HiSeq
2000 system at the W. M. Keck Centre for Comparative
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and Functional Genomics (University of Illinois at
Urbana-Champaign, IL, USA). Sequencing outputs were
51.5M; 62.5 M; and 62.8 M raw reads for larval, female
and male libraries, respectively.

Manual gene curation, re-annotation and identification of
new genes

Neuropeptide and neurohormone precursor genes

A total of 15 neuropeptide precursor gene models
that were absent from the RproC3.3 version of the R.
prolixus genome were included in a new Generic Fea-
ture Format (GFF) file (Additional file 1: Table S1).
The long neuropeptide F (NPF) and orcokinin (OK) pre-
dictions were corrected according to Sedra and Lange [28]
and Sterkel et al. [29], respectively. The RYamide (RYa)
gene model was fixed based on our antennal transcrip-
tomes. Besides, IDLSRF-like peptide, glycoprotein hor-
mones alpha-2 (GPA2) and beta-5 (GPBS5), and bursicon-
beta (also known as the partner of bursicon- Burs) genes
were identified in the R. prolixus genome. A new isoform
of the R prolixus adipokinetic hormone (AKH) precur-
sor gene, originated through alternative splicing, was iden-
tified in the antennal assemblies. Both AKH isoforms
share the signal peptide and the active conserved peptide,
but differ in the C-terminal region. Whereas the previ-
ously reported isoform encodes the core peptide and a
single spacer peptide, the isoform presented here encodes
the core peptide and two non-conserved spacer peptides.
The gene models of eclosion hormone (EH); ion transport
peptide (ITP) isoform A, NVP-like, OK-B, and OK-C
remained incomplete because it was impossible to fix
them due to problems in the genome assembly, i.e. some
fragments were located in the opposite strand or were ab-
sent from the genome assembly.

GPCRs

Most of the biogenic amine-related GPCR gene models
were edited (Additional file 2: Table S2). However, many
of these genes models are still incomplete. In the case of
Family A neuropeptide receptor genes, a total of 15 gene
models based on Ons et al. [30] were included in the GFF
file of the R. prolixus genome. Besides, 11 gene models of
this receptor family were edited in the existing GFF file of
the genome. Two isoforms (a and ) of the corazonin re-
ceptor (CZ-R) gene were described by Hamoudi et al. [31].
Nevertheless, our antennal transcriptome only presented
the a-isoform (GenBank Acc. N° AND99324). A second
kinin receptor (K-R) (previously described as an orphan
receptor by Ons et al. [30]) and a tachykinin receptor
86C-like (TK-R 86C-like) were identified. Most of the
Family B neuropeptide receptor gene models were fixed
and included in the modified version of the R prolixus
GFF file (details in Additional file 2: Table S2).
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The calcitonin-like (CT) and the corticotropin-
releasing factor- like (CRF) diuretic hormone (DH) re-
ceptors present a high degree of sequence similarity, dif-
ficulting their identification. For this reason, we decided
to build a phylogenetic tree to support their annotation
(Additional file 3: Figure S1). Two CT/DH receptors
were previously described in R. prolixus by Zandawala
et al. [32]: receptor 1 and receptor 2, being the latter the
orthologue of Drosophila melanogaster hector gene (Fly-
Base Acc. Number CG4395). Interestingly, the resulting
phylogenetic tree suggested that a third CT/DH-R previ-
ously described by Ons et al. [30] seems to be exclusive
of heteropteran insects (Additional file 3: Figure SI,
clade highlighted in red). The CRE/DH-RI and CRF/
DH-R2 (including isoforms 2A and 2B) were grouped in
a different clade as shown in Zandawala et al. [32].

Biogenic amine biosynthesis enzymes

All enzymes known to mediate biogenic amine biosyn-
thesis in other insects were annotated in the last version
of the R prolixus genome [15]; however, minor changes
would be needed to fix some of them (Additional file 4:
Table S3). These models include: 1) Tyrosine 3-
monooxygenase (ple), which synthesizes dopamine from
L-tyrosine; 2) DOPA decarboxylase (Ddc), involved in
the synthesis of dopamine from L-DOPA; 3) Tyrosine
decarboxylase-2 (Tdc2), which participates on synthesis
of tyramine from L-tyrosine and; 4) Tryptophan hydrox-
ylase (7rh), which synthesizes serotonin from L-
tryptophan.

Neuropeptide processing enzymes

The neuropeptide processing enzymes were not previ-
ously annotated in the R prolixus genome [15]. Using
sequences from D. melanogaster neuropeptide process-
ing enzymes as queries, we were able to identify a total
of 9 putative orthologues in R prolixus
(Additional file 5: Table S4). The processing of neuro-
peptides involves the following enzymes: 1) signal pep-
tidase (SP), which cleaves the signal peptide from the N-
terminal of the precursors; 2) three members of the furin
subfamily (dFURI1, dFUR2a and dFUR2b), which are
subtilisin-like endoproteases that cleave the propeptide
at monobasic (Arg) and dibasic (Arg-Arg/Lys-Arg) sites;
3) prohormone convertase 2 (amontillado or PC2),
which cleaves mono (Arg) and dibasic (Arg-Arg; Lys-
Arg; Arg-Lys; Lys-Lys) sites; 4) the carboxypeptidase M -
CPM (two new isoforms were identified in the antennal
assemblies with differences in the 3’ region) and D
(known as silver, which trims C-terminal Arg and Lys
after Furins/PC2 cleavage reaction); 5) the PHM (Peptidyl-
glycine alfa-hydroxylating mono-oxygenase) amidating en-
zyme, which is responsible for the alpha-amidation of the
peptide C-terminal; 6) a prolyl endoprotease belonging to
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the peptidase 9 protein family, for which no functional in-
formation is available in insects (Additional file 5:
Table S4); and 7) the amidating enzymes, the peptidyl
alfa-hydroxyglycine alfa-amidating lyases (PAL) 1 and 2.

Nuclear receptors

To date, the ecdysone receptor (EcR) gene was the only
nuclear receptor annotated in the R. prolixus genome [15].
Based on the characterization reported for D. melanoga-
ster [33], two isoforms were expected for the ecdysone- in-
duced protein 75B ( Eip75B) gene. The corresponding
sequence of our assembly was identified as isoform B
(with the first exon located in the second intron of isoform
A), while the one deposited in VectorBase was anno-
tated as isoform A (with two distinctive exons in the N-
terminal region). Based on our results, and considering
phylogenetic relations with the nuclear receptors from
Cimex lectularius, Pediculus humanus, and D. melanoga-
ster (Additional file 7: Figure S2), we have annotated 20
additional nuclear receptor genes in the R prolixus gen-
ome (Additional file 6: Table S5). The orthologs of knirps
(kni) and hormone receptor-like 83 (HR83) genes were
not identified either in the R. prolixus, C. lectularius or P.
humanus genomes, while the gene named eagle (ea) is ab-
sent in the genomes of R. prolixus and C. lectularius.
Interestingly, two paralogs of the hepatocyte nuclear factor
4 ( HNF4) gene (A and B) were found in the R. prolixus
genome.

takeout genes

Three takeout (to) genes had been previously identified in
the R. prolixus genome: Rprotol (RPRC010098); Rproto2
(RPRC002313); and Rproto3 (RPRC01009) [15]. A total of
12 new to gene sequences were identified in our assem-
blies (Additional file 8: Table S6). These genes were anno-
tated based on their phylogenetic relations (Fig. 4).
Considering this analysis, RPRC002313 and RPRC010096
were annotated as Rproto6 and Rproto2, respectively. R.
prolixus to genes were separated into two different clades:
tol-to9 and to10-tol15. All the structural characteristics of
to genes were identified in R. prolixus to sequences: the
presence of signal peptide; two conserved cysteine resi-
dues in the N-terminal region and two conserved charac-
teristic motifs [34]. As expected, the length of all fo
sequences was close to 250 amino acids (Additional file 9:
Figure S3). Finally, it was observed that 11 out of 15 to
genes clustered in KQO034137 and KQO034102 supercon-
tigs, with 8 and 3 genes, respectively (Additional file 10:
Figure S4). The latter suggest that to genes could be prod-
ucts of gene duplication events.

Antennal expression profiles
Diverse regulatory genes showed significantly different
expression levels between larval vs. female or larval vs.
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male antennae (Additional file 12: Table S7). Neverthe-
less, no significant differences in expression levels were
found for the regulatory genes studied here between
male and female antennae. Data from our RNA-Seq ex-
periment were used to previously report changes in the
expression of genes with sensory function, e.g., ORs [17].

Neuropeptide and neurohormone precursor genes

Out of the 44 neuropeptide precursor genes annotated
in the R prolixus genome, 31 were found to be
expressed in antennae if a criterion of > 1 Fragment Per
Kilobase of exon model per Million reads
mapped (FPKM) in at least one library was considered
as an exclusion threshold (see Additional file 11: Data
file S1). Fifteen out of 44 R. prolixus neuropeptide genes
showed FPKM values higher than 10 in at least one li-
brary.  Allatostatin-CC  (AstCC), allatostatin-CCC
(AstCCC), ITG-like, IDLSRF-like peptide and OK were
the most highly expressed neuropeptide genes in the an-
tennae of R. prolixus (Fig. 1a and Additional file 11: Data
file S1). The gene encoding for AstCC was the one
showing the highest expression in our database, espe-
cially in larval antennae (larval FPKM value = 888; female
FPKM value = 98.5 and male FPKM value = 55). Indeed,
the lower expression of this gene in male antennae was
statistically significant (False Discovery Rate, FDR < 0.05)
when compared to that observed in larval antennae
(Additional file 12: Table S7). For AstA and myoinhibi-
tory peptide (MIP), a significantly lower expression (FDR
<0.05) was also observed in the antennae of both adult
stages when compared to larvae. The antennal expres-
sion of allatotropin (A7), OK and IDLSRF-like peptide
seems to increase after imaginal moult (Fig. 1a). As we
are interested on reporting gene expression levels rather
than those of isoforms, the expression reported for OK,
diuretic hormone 31 (Dh31), CAPA, AKH and ITP is the
sum of those of their different isoforms or splicing
variants.

GPCRs

The majority of Family A neuropeptide receptor genes (25
out of 38) were expressed in bug antennae (FPKM values > 1
in at least one library; Additional file 11: Data file S1). Crust-
acean cardioactive peptide receptor 1 (CCAP-RI), NPF re-
ceptor 1 (NPF-RI), ITP receptor (ITP-R), GPA2/GPBS
receptor (GPA2/GPB5-R) and RFamide peptide receptor
(RFa-R) were the most highly expressed Family A receptor-
coding genes (Fig. 1b and Additional file 11: Data file
S1). The expression of the AKH-R was significantly
lower (FDR < 0.05) in females, as compared to larval,
antennae (Additional file 12: Table S7). Interestingly, the
expression of K receptor 2 (K-R2) increased significantly
in the antennae of adults (FDR<0.05 in both sexes;
Fig. 1b and Additional file 12: Table S7). The antennal
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expression reported for ACP/CZ related peptide, Capabil-
ity (CAPA) and CZ receptors, as well as for pyrokinin re-
ceptor 2 (PK-R2) was the sum of their different isoforms.

In the case of Family B neuropeptide receptor genes,
only CT/DH-R2 showed FPKM values lower than 1
(Additional file 11: Data file S1). Five out of seven recep-
tor genes belonging to this family presented FPKM values
higher than 10 in at least one library (Additional file 11:
Data file S1). CT/DH-R3, which according to our phylo-
genetic analysis seems to be exclusive of heteropterans,
showed the highest expression for this family. In fact, its
expression showed a significant increase in the antennae
of males (FDR < 0.05) when compared to those from lar-
vae (Fig. 1b and Additional file 12: Table S7). The expres-
sion patterns observed for CT/DH-RI (isoforms B and C
included) and CRF/DH-R2 (isoforms A and B included)
genes did not present an equivalent significant increase,
although showing a similar tendencies (Fig. 1b). Regarding
opsin expression, transcripts of UV opsin and long-wave
sensitive opsin 1 (LWS1) were detected in the three librar-
ies (Fig. 1b and Additional file 11: Data file S1).

Tyrosine kinase and guanylyl cyclase type receptors

The neuropeptide-like precursor 1 putative receptor or
NPLPI-R (tyrosine kinase-type) and the potential neuro-
parsin receptor or NP-R (guanylyl cyclase receptor) were
found to be expressed in the antennae of R. prolixus
(Fig. 1b).

Neuropeptide processing enzymes

All enzymes involved in neuropeptide processing, except
prohormone convertase 1, were expressed in the antennae
of R. prolixus, presenting values higher than 10 FPKM in
at least one library (Additional file 4: Table S3). The PHM,
SP, Fur-like protease 1 and CPM genes showed the highest
expression (Fig. 1c).

Biogenic amine related genes
Expression of at least 16 out of 20 biogenic amine recep-
tor genes was detected in the antennae of R prolixus
(FPKM value >1 in at least one library). Dopamine ec-
dysone receptor (DopEc-R), muscarinic acetylcholine re-
ceptor type C (AchR-C); orphan receptor 1; serotonin
receptors 1b (5-HT1b-R) and 2b (5-HT2b-R) presented
the highest antennal transcription within this group
(Fig. 2a and Additional file 11: Data file S1). The expres-
sion of the octopamine beta receptor 3 (Octf5-R3)
showed a significant increase (FDR < 0.05) in male an-
tennae compared to larvae (Additional file 12: Table S7),
while Ocz-R1 and Octf3-R2 presented no significant dif-
ferences, even though showing a similar trend (Fig. 2a).
All genes encoding for enzymes involved in the bio-
synthetic pathway of biogenic amines were detected in
the antennae of R. prolixus (Fig. 2b). The ple gene, which
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Fig. 1 Heat map comparing the expression levels of (a) neuropeptide precursor genes, (b) G protein-coupled receptor genes, and (c)
neuropeptide processing enzymes in the antennae of R. prolixus larvae (L), female (F) and male (M) adults. Expression levels (displayed as Log10
FPKM + 1) represented by means of a colour scale, in which blue/red represent lowest/highest expression. The complete names of neuropeptide
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synthesizes DOPA from L-tyrosine, was the most highly
expressed of this group (Fig. 2b).

Nuclear receptor genes

Eip75B, HNF4A, HR96 and ultraspiracle (usp) were the
genes with the highest expression, with FPKM values
>10 in the three libraries (Fig. 3; Additional file 11:
Data file S1). The expression of HR3 increased signifi-
cantly after imaginal moult in male antennae (FDR <
0.05). Conversely, HNF4B expression was significantly
lower in adult than in larval antennae (FDR <0.05 in
both sexes; Additional file 12: Table S7). Six nuclear

receptor genes had no expression (FPKM value <1 in
the three libraries) in the R prolixus antennal tran-
scriptomes, these were: dissatisfaction (dsf), ecdysone-
induced protein 78C (Eip78C), HRS1, knirps-related 2
(knri2), tailless (tll) and seven-up (svp) (Fig. 3; Add-
itional file 11: Data file S1).

takeout genes

These genes were highly expressed in R prolixus antennae
(Fig. 4); 6 out 15 presenting FPKM values higher than 1,000
in at least one library (Additional file 11: Data file S1). Two
to genes showed significantly decreased expression in adult
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antennae. In the first place, Rprotol1 gene showed a signifi-
cant decrease after imaginal moult (FDR<0.05 in both
sexes; Additional file 12: Table S7), while the expression of
Rproto2 decreased significantly only for male adults (FDR <

0.05). On the other hand, the expression of Rproto3 showed
a significant increase in both sexes after imaginal moult
(FDR < 0.05).

Discussion

The molecular bases of sensory plasticity at the local an-
tennal level have been sparsely analysed (revised by
[18]). Our study has characterized the expression profile
of a diverse set of genes encoding different modulatory
elements (neuropeptides, GPCRs, nuclear receptors and
to genes) in the antenna of R. prolixus. The antennal
transcription of a broad repertoire of these genes sug-
gests that diverse local systems may be dedicated to the
modulation of antennal function, such as the detection
of host cues and communication signals [1].

Our results have proven that neuropeptide gene tran-
scripts are produced in the antennae of kissing-bugs (a
total of 31 neuropeptide genes were found to be
expressed). The expression of neuropeptide gene tran-
scripts has already been reported in the antennae of a
few insect species [25, 35, 36]. The expression of neuro-
peptide processing enzyme genes was also detected in
bug antennae. As far as we know, this is the first report
on the expression of this type of enzyme-coding genes in
insect antennae (Fig. 1c). The results presented herein
add evidence supporting the antennal production of
neuropeptides. However, immunohistochemistry experi-
ments would be necessary to identify the types of cells
producing neuropeptide transcripts in insect antennae.
In this sense, the presence of neurosecretory cells in in-
sect antennae has only been described for mosquitoes
[37]. The authors showed that these cells form synaptoid
sites on the dendrites of sensory neurons [37, 38].

In recent years, modulatory action by different neuro-
peptides has been shown for both antennal and labellar
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The support values on the bipartitions correspond to SH-like P
values, which were calculated by means of the aLRT SH-like test. The
LG substitution amino-acid model was used
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chemosensory neurons [24—27]. Nevertheless, the source
of these neuropeptides, whether local or central, was not
reported. The current study shows that R prolixus an-
tennae produce a diversity of neuropeptide-coding tran-
scripts, among them high levels of AstCC and ITG-like
peptide transcripts in the three libraries (Fig. 1a). Func-
tional RNAi or CRISPR/CAS9 studies should be per-
formed in order to elucidate their role. OK and IDLSRE-
like peptide presented increased antennal expression
after the imaginal moult, suggesting that these peptides
may modulate adult-specific sensory processes under-
lying dispersion by flight and mating in kissing-bugs. On
the other hand, the decreased antennal expression of
AstA and MIP in adults, when compared to 5™ instar
larvae, suggests an augmented role in immature instars.
The significantly lower expression of AstCC in male an-
tennae may suggest a sex-specific antennal role.

The expression of 33 out of 49 genes coding for
neuropeptide and neurohormone receptors (FPKM value
> 1, Additional file 11: Data file S1), the other fundamen-
tal component of the neuropeptidergic system, suggests
that diverse local regulatory processes can react to a
similarly complex set of modulatory signals. Indeed, 14
neuropeptides/neurohormones and their corresponding
receptors presented expression higher than 1 FPKM in
at least two conditions (Table 1), reinforcing that parallel
local regulatory systems may modulate diverse
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components of antennal sensory function. The expres-
sion of neuropeptide receptor genes in antennae has
been already described in other insects [35, 36]. The
high expression shown in all conditions by NPF-RI,
GPA2/GPB5-R (also known as leucine-rich repeat-
containing GPCR1 - LGRI) and CT/DH-RI1 (Fig. 1b),
suggests important regulatory roles on antennal func-
tion for them. Interestingly, a NPF-based system modu-
lates responsiveness to food odours of a specific class of
olfactory sensory neuron (OSN) in D. melanogaster [27].
The significantly augmented expression of K-R2
observed in the antennae of adults (Fig. 1b and
Additional file 12: Table S7) suggests a regulatory func-
tion of adult-specific sensory processes. A similar in-
creased adult expression profile was previously observed
in the antennae of R. prolixus for several chemoreceptors
[17]. The significant increase detected for CT/DH-R3 in
male antennae when compared to those of larvae may
suggest a sexually dimorphic role for this receptor.
Therefore, it would be interesting to study whether these
are functionally connected in the adult phase. The sig-
nificant decrease observed in the expression of the AKH-
R gene in female antennae may suggest a relation to the
modulation of pheromone perception and production as
it was observed for D. melanogaster in a sex-specific and
starvation dependent manner [39]. It would be interest-
ing to analyse its functional role in the antennae of

Table 1 Antennal expression of neuropeptides and their corresponding receptors with FPKM values higher than 1 in at least two of
the analysed conditions. Complete names are detailed in Additional file 1: Table S1 and Additional file 2: Table S2

Neuropeptide Larvae Female Male Receptor Larvae Female Male
CCAP 1.3 9.8 45 CCAP-R 12.1 9.8 14.1
Dh31 34 33 4.8 CT/DH-R1 418 81.1 116.7
CT/DH-R3 75 793 1316
Dh44 7.7 10.7 124 CRF/DH-R1 6.5 6.1 109
CRF/DH-R2 4.1 14.8 29.2
GPA2 105 14 175 GPA2/GPB5-R 879 54.1 325
GPB5 137 1.06 1.02
LK 8.7 7.2 [§ K-R1 1.3 15 22
K-R2 0.7 74 14.1
TP 7.5 20.1 12 [TP-R 11.3 52 59
NPF 25 5.1 26 NPF-R1 135 318 39.8
Ntl 24 23 2.1 Ntl-R 1.7 29 54
NP 5.1 0.7 115 NP-R 6.2 16 82
NPLPT 7.7 7.1 79 NPLP-R 1.3 0.7 1.3
PDF 96 5.8 8.1 PDF-R 1.2 1.7 6.1
RYa 39 89 8 RYa-R 3.25 3.2 3.87
SNPF 0.2 25 19 SNPF-R 53 16 1.5
TK 38 8.1 4.8 TK R 86C-like 2.1 72 58

TK R 99D-like 0.2 13 14
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kissing-bugs, for which the AKH-R gene had its function
characterized in other tissues [40—42].

Peripheral effects of biogenic amines and their antennal
production in insects have been reviewed by [43]. As ob-
served for neuropeptides [25, 27], the modulation of che-
mosensation and other sensory modalities by biogenic
amines [44, 45] depends on their levels [43], as well as the
abundance of their receptors [46]. Actually, in situ
hybridization allowed detecting octopamine and tyramine
receptor gene transcripts in the vicinity of sensory recep-
tor neurons of different insects [22, 47]. Furthermore, the
presence of the DopEc-R has been shown for the labellar
cells expressing Gr5 in D. melanogaster [45]. This sup-
ports the existence of direct modulatory effects of biogenic
amines on peripheral sensory neurons. Biogenic amines
such as octopamine have been proposed to directly affect
signal transduction and spike generation on OSNs [48].
Consistent with these findings, a diverse set of transcripts
of biogenic amine receptors was identified in the antennal
transcriptome of R. prolixus (a total of 16 biogenic amine
receptor genes seem to be expressed in them) and in those
from other insects [24, 35, 36]. As observed for neuropep-
tides, most of the genes coding for enzymes involved in
the biosynthesis of biogenic amines seem to be expressed
in R prolixus antennae (Fig. 2b). The high expression ob-
served for 5-HT receptors in R prolixus (Fig. 2a) seems to
suggest the existence of antennal serotonergic nerve fibres,
as described for mosquitoes [49]. The DopEc-R, which
binds dopamine and ecdysone, showed a high expression
on adult antennae, especially in those from males (Fig. 2a).
Interestingly, this receptor modulates sex pheromone sensi-
tivity in the antennal lobe of male moths [50]. Our results
suggest a similar modulation could also occur at the per-
ipheral level in R. prolixus male antennae. Octopamine re-
ceptors may also have a modulatory role on male sensory
processes, as they showed increased expression, this being
significant in the case of B-receptor 3, in the antennae of
male adults (Fig. 2a; Additional file 12: Table S7). A role of
octopamine receptors in the modulation of male sensory
physiology was observed in male moths in which this mol-
ecule enhances OSN sensitivity to specific sexual phero-
mone components [48].

Hormonal regulation on insect sensory systems has
been poorly studied at the peripheral organs [51]. Here
we show that most insect nuclear receptors are
expressed in the antennae of an insect (Fig. 3 and
Additional file 11: Data file S1), suggesting that these or-
gans have a broad capacity to respond to endocrine sig-
nals. It is worth mentioning that Eip75B and HNF4A are
the most highly expressed nuclear receptor genes in R.
prolixus antennae (Fig. 3). Considering ecdysteroid sig-
nalling, the detection of Eip75B transcripts indicates a
potential capacity of kissing-bug antennae to respond to
the EcR-usp complex (Ecdysone receptor + ultraspiracle),
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as observed for Spodoptera litoralis [51]. Besides, Eip75B
and HR51 transcripts (also known as unfulfilled) have
been identified in central clock cells of D. melanogaster
and control the expression of clock genes, playing an im-
portant role in the maintenance of locomotor rhythms
[52, 53]. Therefore, we suggest that these nuclear recep-
tors may have a similar regulatory role at the periphery,
considering that the presence of a peripheral circadian
clock has been reported for insect antennae [54]. Lack of
HNF4A expression induces decreased transcription of
genes coding for enzymes driving lipid mobilization and
B-oxidation in D. melanogaster [55]. Furthermore, HNF4A
is required for fly starvation to induce increased transcrip-
tion of these genes [55]. Interestingly, the high expression
of HNF4A seen in R. prolixus antennae may relate to the
relatively low nutritional status of the insects used in our
studies. The increased male expression of HR3, which is
the heterodimer partner of Eip75B, suggests a sex-specific
role in antennae. Vidal et al. [56] reported 19 nuclear hor-
mone receptor genes in the genome of R. prolixus that be-
long to the NR1-NR6 subfamilies. These genes were all
annotated by the present study that also allowed identify-
ing a duplication of the HNF4A gene. As in Naggan et al.
[57], we have also found two knrl genes of the NRO sub-
family in the R prolixus genome. Furthermore, we con-
firm here that HR83 is not present in the genomes of R.
prolixus, C. lectularius and P. humanus.

Fifteen to genes were identified in the R. prolixus gen-
ome, while Ribeiro et al. [58] identified 18 potential to
transcripts in a midgut transcriptome of this species and
Marchant et al. [59] identified 25 to transcripts in the
transcriptome of the kissing-bug Triatoma brasiliensis.
Consistently, these numbers match the scale of those
found in Anopheles gambiae (10), Acyrthosiphon pisum
(17), and Bombyx mori (14) genomes [60]. R. prolixus to
genes present a cluster organization (Additional file 10:
Figure S4), probably due to gene duplication events, as it
was previously observed in other insects [60]. The anten-
nal expression of to genes has already been reported in
Dipterans [61, 62]. Furthermore, it has been shown that
starvation induces the expression of these genes [62]
that have also been related to foraging activity [63]. This
putative function could explain the high expression ob-
served in the three antennal libraries (Fig. 4), however,
functional studies need to be performed to be able to
confirm these roles in the antennae of kissing-bugs. Two
to genes presented significant differences between larval
and adult antennal transcriptomes (Rprotoll and
Rproto3, with an up and downregulation, respectively)
and Rproto2 is significantly down-regulated when male
antennae are compared to those of larvae (Add-
itional file 12: Table S7). Results suggest that these to
genes may be related to sex, as observed in D. melanoga-
ster [64].
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Diverse antennal cells are bathed by haemolymph car-
rying physiological signals from central origin, but not
the dendrites of sensory neurons (which are bathed by
sensillar lymph).

Therefore, it is certain that central signals, i.e., circu-
lating hormones, biogenic amines and neuropeptides,
can modulate the function of most cells in insect
antennae.

However, the antennal detection of neuropeptide tran-
scripts (and those of enzymes involved in their biosyn-
thesis and that of biogenic amines) suggests the
existence of local regulatory systems that could repre-
sent additional sources of modulation of the sensitivity
of peripheral neurons.

Conclusions

Bug antennae present consistent expression of a diverse
array of components of modulatory processes, such as
neuropeptides, GPCRs and nuclear receptors. Several of
these components present changes in expression levels
when antennae of larvae are compared to those of
adults, suggesting a potential involvement in modulating
physiological changes related to adult sensory needs. Fu-
ture RNA-Seq, peptidomics, in situ hybridisation and
functional genetics experiments should test whether
these regulatory components are also present in the an-
tennae of other insects and unveil the interaction be-
tween central and peripheral modulatory systems to
understand their relative contribution to the regulation
of antennal sensory physiology.

Methods

Transcriptomic data analysis

Read sequences and de novo assemblies were obtained
from JM Latorre-Estivalis, HM Robertson, KK Walden, ]
Ruiz, LO Gongalves, A Guarneri and MG Lorenzo [17].
The cited study reported three separate transcriptomes
from antennae of 5™ instar larvae, female and male R.
prolixus adults (colony originated from Honduras and
held at the Instituto René Rachou - FIOCRUZ). Fifth in-
star larvae, female and male adults were 21 day-old and
unfed at the time of antennal excision. Based on a broad
array of reports on triatomine behaviour [4, 65, 66], an-
tennae used belonged to sensory mature insects in all
cases. Furthermore, by comparing the transcriptomes of
the last sexually immature instar and those of adults, the
dataset allowed detecting changes in gene expression
profiles associated with the imaginal moult. A total of 60
antennae were collected per sample and used for RNA
extraction for subsequent RNA-Seq library preparation
and sequencing, as described above. FASTQC was used
to assess read quality and detect Illumina adapters. Sub-
sequently, FASTX Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/index.html) was used to trim off biased
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reads at the 5' end, and then using the quality score
trimmer to remove low-quality reads at the 3" end of
the read (- t 20). After the trimming process, the final
number of paired-end reads was 51.2M; 62.2 M; and
62.4 M for larvae, female and male libraries, respectively.
All trimmed reads were used to elaborate two de novo
transcriptome assemblies by means of SOAPdenovo
v.1.0242 and Trinity (release 2012-03-17) packages.
Trimmed reads were mapped to the R. prolixus genome
assembly (version RproC3.3) and an edited GFF file by
means of STAR v.2.6.0 [67] with default parameters. The
number of mapped reads was 48.3 M; 46.5 M; and 37.7
M for larval, female and male libraries, respectively. Read
counts were obtained using the --multicov command
from BEDtools v.2.29.1.

Differential expression analysis

Comparisons among stages and between sexes were per-
formed using the edgeR (v3.6.8) package. First, we elimi-
nated genes with low expression (only those presenting
>1 count-per-million in at least one library were kept)
and performed the normalization step using the calc-
NormPFactors command. Afterwards, we followed the
edgeR User's Guide recommendations for experiments
without replicates (see 2.11 section at page 23). We set
the common dispersion at 0.2 (corresponding to a coeffi-
cient of biological variation of 0.45) and read counts
were analysed using the likelihood ratio test within at
GLM approach. Expression data were fit to the model
(using glmFit) and differentially expressed genes were
identified by means of the g/lmLRT and topTags func-
tions. A FDR adjusted p-value <0.05 was set as thresh-
old to define the significance level. Heat maps showing
gene expression (expressed as Logl0 FPKM value + 1) of
the different protein families in the conditions tested
were prepared using the gplot package in R.

Manual gene curation

Manual curation of genome project databases by means
of the inclusion and correction of gene models, using
transcriptomic data and published studies, is fundamen-
tal for increasing database quality. The use of reliable
genome databases, which need to be as complete and
validated as possible, is especially relevant for perform-
ing adequate quantitative transcriptomic and functional
genetic studies. Most of the target sequences curated
herein were obtained from previous reports [15, 30, 68—
70] (details in Additional file 1: Table S1 and Additional
file 2: Table S2). Therefore, all sequences were compared
to the SOAPdenovo and Trinity generated antennal as-
semblies from JM Latorre-Estivalis et al. [17]. The discrep-
ancies observed between target gene models from the R.
prolixus genome (Gene set: RproC3.3, available on 24 Oct
2017) and the transcripts from the de novo antennal
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assemblies are reported in Additional files 1, 2, 4, 5, 6 and
8. In the case of neuropeptide precursor and GPCR genes
that were manually corrected/extended, new GFF files
were created and included in the RproC3.3 version of the
R. prolixus genome GFF file. In the case of the other gene
families, new gene models were created only for those
genes that were absent from the VectorBase gene predic-
tion database or those whose gene models were partially
constructed. The modified GFF file of the genome was
used for read mapping. The protein sequences of all genes
analysed and the edited GFF files are included in the Add-
itional file 13: Data file S2 and Additional file 14: Data file
S3, respectively).

Identification of new genes

Orthologous sequences from D. melanogaster [71, 72]
were used in tBLASTn searches in the R. prolixus gen-
omic database (www.vectorbase.org) to identify nuclear
receptor genes and enzymes related to prepropeptide/
preproprotein processing. Sequences of fo genes previ-
ously annotated for R. prolixus [15] were used as queries
to search for new sequences in the genome. Subse-
quently, all sequences were manually corrected/extended
according to our de novo antennal transcriptomes and
annotated based on their phylogenetic relations to other
insect sequences. In addition, the structural characteris-
tics of fo genes, such as the presence of a signal peptide
(detected by means of SignalP 4.0 [73]), of two con-
served cysteine residues in the amino-terminal region
implicated in disulfide bond formation and ligand bind-
ing [74], and of two conserved motifs [34] were con-
firmed in R. prolixus to sequences.

Phylogenetic analysis

For building the phylogenetic trees, protein sequences of
R. prolixus and other insect species were aligned using
G-INS-I strategy in MAFFT v.7 (mafft.cbrc.jp/align
ment/server), and manually edited in Jalview v2.6.1. Fi-
nally, maximum likelihood trees were built in PhyML
v.3.0. Branch support was determined using the approxi-
mate Likelihood Ratio Test (aLRT). Non-parametric
branch support was based on the Shimodaira-Hasegawa-
like (SH) procedure. Fasta sequences from different in-
sects used in the phylogenetic analyses of CT/DH -
CRF/DH and nuclear receptor genes are included in
Additional file 15: Data file S4.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/512864-020-6514-3.

Additional file 1: Table S1. Details of neuropeptide and
neurohormone precursor genes. Columns are: Gene — the gene and
protein name we are assigning; VectorBase code - the official gene
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number in the RproC3 genome assembly, prefix is RPRC; Scaffold - the
RproC3.3 genome assembly supercontig ID; AAs — number of encoded
amino acids in the protein; Comments — comments on the OGS gene
model and repairs performed in the genome assembly based on BLAST
against de novo antennal assemblies. NTE: Amino-terminal region; CTE:
Carboxyl-terminal region; VB: VectorBase; GB: GenBank.

Additional file 2: Table S2. Details of G protein-coupled receptor
genes. Columns are: Gene — the gene and protein name we are assign-
ing; VectorBase code - the official gene number in the RproC3 genome
assembly, prefix is RPRC; Scaffold - the RproC3 genome assembly super-
contig ID; AAs — number of encoded amino acids in the protein; Com-
ments — comments on the OGS gene model and repairs performed in
the genome assembly (available on VectorBase) based on BLAST against
de novo antennal assemblies. NTE: Amino-terminal region; CTE: Carboxyl-
terminal region; VB: VectorBase; GB: GenBank.

Additional file 3: Figure S1. Molecular phylogenetic analyses of
calcitonin diuretic (CT) and corticotropin-releasing factor-related (CRF) like
diuretic hormone (DH) receptors of R. prolixus and other insects. The
evolutionary history of R. prolixus CT/DH and CRF/DH receptors was
inferred by using the maximum likelihood method in PhyML v3.0. The
support values on the bipartitions correspond to SH-like P values, which
were calculated by means of aLRT SH-like test. The CT/DH receptor 3
clade was highlighted in red. The CT/DH and CRF/DH R. prolixus receptors
were displayed in blue. The LG substitution amino-acid model was used.
Species abbreviations: Dmel, Drosophila melanogaster; Aaeg, Aedes
aegypti; Agam, Anopheles gambiae; Clec, Cimex lecturiaus; Hhal,
Halomorpha halys; Rpro, Rhodnius prolixus; Amel, Apis mellifera; Apis,
Acyrthosiphon pisum; and Tcas, Tribolium castaneum. The glutamate
receptor sequence from the D. melanogaster (FlyBase Acc. N° GC11144)
was used as an out-group. The sequences used from other insects are re-
ported in Additional file 15: Data file S4).

Additional file 4: Table S3. Details of enzymes involved in the
biogenic amine synthesis. Columns are: Gene — the gene and protein
name we are assigning; VectorBase code - the official gene number in
the RproC3 genome assembly, prefix is RPRC; Scaffold — the RproC3
genome assembly supercontig ID; AAs — number of encoded amino
acids in the protein; Comments — comments on the OGS gene model
and repairs to be performed on the genome assembly (available on
VectorBase) based on BLAST searches against de novo antennal
transcriptome assemblies. NTE: Amino-terminal region.

Additional file 5: Table S4. Details of neuropeptide processing
enzymes. Columns are: Gene — the gene and protein name we are
assigning; VectorBase code - the official gene number in the RproC3
genome assembly, prefix is RPRC; Scaffold — the RproC3 genome
assembly supercontig ID; AAs — number of encoded amino acids in the
protein; Comments — comments on the OGS gene model and repairs to
be performed on the genome assembly (available on VectorBase) based
on BLAST searches against de novo antennal transcriptome assemblies.

Additional file 6: Table S5. Details of nuclear receptor genes. Columns
are: Gene - the gene and protein name we are assigning; VectorBase
code - the official gene number in the RproC3 genome assembly, prefix
is RPRC; Scaffold — the RproC3 genome assembly supercontig ID; AAs —
number of encoded amino acids in the protein; Comments — comments
on the OGS gene model and repairs to be performed on the genome
assembly (available on VectorBase) based on BLAST searches against de
novo antennal assemblies. NTE: Amino-terminal region; CTE: Carboxyl-
terminal region; VB: VectorBase.

Additional file 7: Figure S2. Molecular phylogenetic analysis of nuclear
receptor genes of R. prolixus and other insects. The evolutionary history
of R. prolixus nuclear receptors was inferred by using the maximum
likelihood method in PhyML v3.0. The support values on the bipartitions
correspond to SH-like P values, which were calculated by means of aLRT
SH-like test. The R. prolixus nuclear receptors were displayed in blue. LG
substitution amino-acid model was used. Species abbreviations: Dmel,
Drosophila melanogaster; Phum, Pediculus humanus; Clec, Cimex lectularius.
The RproEip758B sequence used was from isoform B (from our antennal
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transcriptome) because the sequence of isoform A available in Vector-

are reported in Additional file 15: Data file S4).
Additional file 8: Table S6. Details of takeout genes. Columns are:

Scaffold — the RproC3 genome assembly supercontig ID; AAs — number
of encoded amino acids in the protein; Comments — comments on the
OGS gene model and repairs to be performed on the genome assembly
(available on VectorBase) based on BLAST searches against de novo
antennal transcriptome assemblies. NTE: Amino-terminal region.

Additional file 9: Figure S3. Alignment of R. prolixus takeout protein
sequences. Sequences were aligned with CLUSTAL X v2.0. Asterisks

and single points show homologous amino acids. The D. melanogaster
takeout protein sequence was obtained from Justice et al. [75]. The two
conserved cysteine residues defining the takeout family [74] in many
insects are marked with white boxes. The position of the conserved
motifs 1 and 2 described by So et al. [34] is indicated with grey boxes.
Predicted signal peptides are underlined. Species abbreviations: Rpro,
Rhodnius prolixus; and Dmel, Drosophila melanogaster.

Additional file 10: Figure S4. Structure and organization of takeout
gene clusters. Scaffold IDs are presented on the left. White arrows
represent each takeout gene and its position on the scaffold.

Additional file 11: Data file S1. FPKM values of target genes in the
three libraries.

among stages studied. Comparison of normalized CPM among stages
was conducted using edgeR package. CPM: count per million, L: larval; F:
female, M: male; LogFC: Log fold change; FDR adjusted p-value: False
Discovery Rate; n.s.: not significant.

Additional file 13: Data file S2. Protein sequences of all target genes
in fasta format.

Additional file 14: Data file S3. Edited Generic Feature Format (GFF)
file of the R. prolixus genome used for read mapping and gene
expression analysis.

used in the phylogenetic analyses of CT/DH — CRF/DH and nuclear
receptor genes.

Base was considered incomplete. The sequences used from other insects

Gene - the gene and protein name we are assigning; VectorBase code -
the official gene number in the RproC3 genome assembly, prefix is RPRC;

indicate identical amino-acids, double points show conserved exchanges

Additional file 12: Table S7. Differentially expressed modulatory genes

Additional file 15: Data file S4. Fasta sequences from different insects

Abbreviations

alLRT: Approximate Likelihood Ratio Test; CRISPR: Clustered Regularly
Interspaced Short Palindromic Repeats; CSPs: Chemosensory proteins; C-
terminal: Carboxyl-terminal; FPKM: Fragment Per Kilobase of exon model
per Million mapped reads; GFF: Generic Feature Format; GPCRs: G protein-
coupled receptors; Gr5: Gustatory receptor 5; NR: Nuclear receptor; N-
terminal: Amino-terminal; OBPs: Odorant binding proteins; OSN: Olfactory
sensory neuron; PPKs: Pickpocket receptors; RNAi: RNA interference; RNA-

Seq: RNA sequencing; RT-qPCR: Quantitative reverse transcription polymerase

chain reaction; SH: Shimodaira-Hasegawa-like; to: Takeout; TRPs: Transient
receptor potential

Acknowledgements
The authors wish to thank the Program for Technological Development in

Tools for Health-PDTIS-FIOCRUZ for having facilitated the use of its facilities.

We wish to thank Ivana Helena Rocha Oliveira for her help in processing
samples used in our experiments, Prof. Claudio Lazzari for kindly providing

comments on an earlier version of the manuscript, and Dr. Gabriel da Rocha

Fernandes and Fausto Gongalves dos Santos for their help and support in
the bioinformatic analyses.

Authors’ contributions

MGL conceived the project. MGL and JML-E designed the experiments and
performed data analyses. JML-E generated insects for RNA-Seq. JML-E carried

out the bioinformatic analyses and provided RNA-Seq data. JML-E, MS, SO,
and MGL wrote the manuscript and provided comments on versions. All
authors read and approved the final manuscript.

Page 12 of 14

Funding

Authors are indebted to INCTEM (Project number: 573959/2008-0), FAPEMIG
(Project number: APQ-01359-11), PROEP-FIOCRUZ (Project number: 401973/
2012-3), CNPq (Project number: 483805/2013-0), Le Studium for a granting
research fellowship to MGL (Short Term Contract of Employment N° 2017-
2001-179 - Y17F16), FIOCRUZ Visiting researcher fellowship program (fellow-
ship to JML-E 550017/2015-17), Consejo Nacional de Investigaciones Cientifi-
cas y Técnicas (CONICET) postdoctoral fellowship (fellowship to JML-E 2015—
2017) and Agencia Nacional de Promocién Cientifica y Tecnoldgica (Project
number: PICT 2016-3103). JML-E, MS and SO are researchers from CONICET.
All these funds provided financial support in the design of the study and col-
lection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
All data generated or analysed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 8 August 2019 Accepted: 20 January 2020
Published online: 30 January 2020

References

1.

2.

Barrozo RB, Reisenman CE, Guerenstein P, Lazzari CR, Lorenzo MG. An inside
look at the sensory biology of triatomines. J Insect Physiol. 2016,97:3-19.
Wigglesworth V, Gillett J. The function of the antennae in Rhodnius prolixus
(Hemiptera) and the mechanism of orientation to the host. J Exp Biol. 1934;
11(2):120-39.

Guerenstein P, Lazzari CR. Host-seeking: how triatomines acquire and make
use of information to find blood. Acta Trop. 2009;110(2-3):148-58.
Manrique G, Lorenzo MG. The sexual sehaviour of Chagas’ disease vectors:
chemical signals mediating communication between male and female
triatomine bugs. Psyche (Camb Mass). 2012:8. https://doi.org/10.1155/2012/
862891.

Lazzari CR. Circadian organization of locomotion activity in the
haematophagous bug Triatoma infestans. J Insect Physiol. 1992;38(11):895-
903.

Orchard 1. Serotonin: a coordinator of feeding-related physiological events
in the blood-gorging bug, Rhodnius prolixus. Comp Biochem Physiol A
Comp Physiol. 2006;144(3):316-24.

Gonzalez R, Orchard |, Veenstra J. Physiological activity of neuropeptide F
on the hindgut of the blood-feeding hemipteran, Rhodnius prolixus. J Insect
Sci. 2009,9(1):57.

Bodin A, Vinauger C, Lazzari CR. Behavioural and physiological state
dependency of host seeking in the blood-sucking insect Rhodnius prolixus. J
Exp Biol. 2009;212(Pt 15):2386-93.

Vinauger C, Lahondere C, Cohuet A, Lazzari CR, Riffell JA. Learning and
memory in disease vector insects. Trends Parasitol. 2016;32(10):761-71.
Latorre-Estivalis JM, de Oliveira ES, Esteves BB, Guimaraes LS, Ramos MN,
Lorenzo MG. Patterns of expression of odorant receptor genes in a Chagas
disease vector. Insect Biochem Mol Biol. 2016;69:71-89.

Latorre-Estivalis JM, Omondi BA, DeSouza O, Oliveira IHR, Ignell R, Lorenzo
MG. Molecular basis of peripheral olfactory plasticity in Rhodnius prolixus, a
Chagas disease vector. Front Ecol Evol. 2015;3:74.

Ons S, Richter F, Urlaub H, Pomar R. The neuropeptidome of Rhodnius
prolixus brain. Proteomics. 2009;,9(3):788-92.

Wulff JP, Sierra |, Sterkel M, Holtof M, Van Wielendaele P, Francini F, Broeck
JV, Ons S. Orcokinin neuropeptides regulate ecdysis in the hemimetabolous
insect Rhodnius prolixus. Insect Biochem Mol Biol. 2017,81:91-102.

Sterkel M, Urlaub H, Rivera-Pomar R, Ons S. Functional proteomics of
neuropeptidome dynamics during the feeding process of Rhodnius prolixus.
J Proteome Res. 2011;10(8):3363-71.

Mesquita RD, Vionette-Amaral RJ, Lowenberger C, Rivera-Pomar R, Monteiro
FA, Minx P, Spieth J, Carvalho AB, Panzera F, Lawson D, et al. Genome of


https://doi.org/10.1155/2012/862891
https://doi.org/10.1155/2012/862891

Latorre-Estivalis et al. BMC Genomics

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

(2020) 21:101

Rhodnius prolixus, an insect vector of Chagas disease, reveals unique
adaptations to hematophagy and parasite infection. Proc Natl Acad Sci U S
A. 2015;112(48):14936-41.

Carey A, Carlson J. Insect olfaction from model systems to disease control.
Proc Natl Acad Sci U S A. 2011;108(32):12987-95.

Latorre-Estivalis JM, Robertson HM, Walden KK, Ruiz J, Gongalves LO,
Guarneri A, Lorenzo MG. The molecular sensory machinery of a Chagas
disease vector: expression changes through imaginal moult and sexually
dimorphic features. Sci Rep. 2017,7:40049.

Gadenne C, Barrozo RB, Anton S. Plasticity in insect olfaction: to smell or not
to smell? Annu Rev Entomol. 2016;61:317-33.

Bodin A, Vinauger C, Lazzari CR. State-dependency of host-seeking in
Rhodnius prolixus: the post-ecdysis time. J Insect Physiol. 2009;55(6):574-9.
Kromann SH, Saveer AM, Binyameen M, Bengtsson M, Birgersson G,
Hansson BS, Schlyter F, Witzgall P, Ignell R, Becher PG. Concurrent
modulation of neuronal and behavioural olfactory responses to sex and
host plant cues in a male moth. Proc Biol Sci. 2015,282(1799):20141884.
Qiu YT, van Loon JJ, Takken W, Meijerink J, Smid HM. Olfactory coding in
antennal neurons of the malaria mosquito, Anopheles gambiae. Chem
Senses. 2006;31(9):845-63.

Bonizzoni M, Dunn WA, Campbell CL, Olson KE, Dimon MT, Marinotti O,
James AA. RNA-seq analyses of blood-induced changes in gene expression
in the mosquito vector species, Aedes aegypti. BMC Genomics. 2011;12:82.
Bohbot JD, Durand NF, Vinyard BT, Dickens JC. Functional development of
the octenol response in Aedes aegypti. Front Physiol. 2013;4:39.

Farhan A, Gulati J, Grosse-Wilde E, Vogel H, Hansson BS, Knaden M. The
CCHamide 1 receptor modulates sensory perception and olfactory behavior
in starved Drosophila. Sci Rep. 2013;3:2765.

Jung J, Kim J-H, Pfeiffer R, Ahn Y-J, Page TL, Kwon H. Neuromodulation of
olfactory sensitivity in the peripheral olfactory organs of the American
cockroach, Periplaneta americana. PLoS One. 2013;8(11):e81361.

Kwon H, Agha MA, Smith RC, Nachman RJ, Marion-Poll F, Pietrantonio PV.
Leucokinin mimetic elicits aversive behavior in mosquito Aedes aegypti (L.)
and inhibits the sugar taste neuron. Proc Natl Acad Sci U S A. 2016;13(25):
6880-85.

Lee S, Kim Y-J, Jones WD. Central peptidergic modulation of peripheral
olfactory responses. BMC Biol. 2017;15(1):35.

Sedra L, Lange AB. Cloning and expression of long neuropeptide F and the
role of FMRFamide-like peptides in regulating egg production in the
Chagas vector, Rhodnius prolixus. Peptides. 2016;,82:1-11.

Sterkel M, Oliveira PL, Urlaub H, Hernandez-Martinez S, Rivera-Pomar R, Ons
S. OKB, a novel family of brain-gut neuropeptides from insects. Insect
Biochem Mol Biol. 2012,42(7):466-73.

Ons S, Lavore A, Sterkel M, Wulff J, Sierra |, Martinez-Barnetche J, Rodriguez
M, Rivera-Pomar R. Identification of G protein coupled receptors for opsines
and neurohormones in Rhodnius prolixus. Genomic and transcriptomic
analysis. Insect Biochem Mol Biol. 2016;69:34-50.

Hamoudi Z, Lange AB, Orchard I. Identification and characterization of the
corazonin receptor and possible physiological roles of the corazonin-
signaling pathway in Rhodnius prolixus. Front Neurosci. 2016;10:357.
Zandawala M, Li S, Hauser F, Grimmelikhuijzen CJ, Orchard |. Isolation and
functional characterization of calcitonin-like diuretic hormone receptors in
Rhodnius prolixus. PLoS One. 2013;8(11):e82466.

Segraves WA, Hogness DS. The E75 ecdysone-inducible gene responsible
for the 75B early puff in Drosophila encodes two new members of the
steroid receptor superfamily. Genes Dev. 1990/4(2):204-19.

So WV, Sarov-Blat L, Kotarski CK, McDonald MJ, Allada R, Rosbash M.
Takeout, a novel Drosophila gene under circadian clock transcriptional
regulation. Mol Cell Biol. 2000,20(18):6935-44.

Matthews BJ, McBride CS, DeGennaro M, Despo O, Vosshall LB. The
neurotranscriptome of the Aedes aegypti mosquito. BMC Genomics. 2016;
17(1):32.

Rinker DC, Pitts RJ, Zhou X, Suh E, Rokas A, Zwiebel LJ. Blood meal-induced
changes to antennal transcriptome profiles reveal shifts in odor sensitivities
in Anopheles gambiae. Proc Natl Acad Sci U S A. 2013;110(20):8260-5.
Meola SM, Sittertz-Bhatkar H, Pendleton MW, Meola RW, Knight WP, Olson J.
Ultrastructural analysis of neurosecretory cells in the antennae of the
mosquito, Culex salinarius (Diptera: Culicidae). J Mol Neurosci. 2000;14(1-2):17.
Meola SM, Sittertz-Bhatkar H. Neuroendocrine modulation of olfactory
sensory neuron signal reception via axo-dendritic synapses in the antennae
of the mosquito, Aedes aegypti. J Mol Neurosci. 2002;18(3):239-45.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 13 of 14

Lebreton S, Mansourian S, Bigarreau J, Dekker T. The Adipokinetic hormone
receptor modulates sexual behavior, pheromone perception and
pheromone production in a sex-specific and starvation-dependent manner
in Drosophila melanogaster. Front Ecol Evol. 2016;3:151.

Zandawala M, Haddad AS, Hamoudi Z, Orchard I. Identification and
characterization of the adipokinetic hormone/corazonin-related
peptide signaling system in Rhodnius prolixus. FEBS J. 2015;282(18):
3603-17.

Zandawala M, Hamoudi Z, Lange AB, Orchard I. Adipokinetic hormone
signalling system in the Chagas disease vector, Rhodnius prolixus. Insect Mol
Biol. 2015,24(2):264-76.

Alves-Bezerra M, De Paula IF, Medina JM, Silva-Oliveira G, Medeiros JS, Gade
G, Gondim KC. Adipokinetic hormone receptor gene identification and its
role in triacylglycerol metabolism in the blood-sucking insect Rhodnius
prolixus. Insect Biochem Mol Biol. 2016;69:51-60.

Zhukovskaya M, Polyanovsky AD. Biogenic amines in insect antennae. Front
Syst Neurosci. 2017;11:45.

Andres M, Seifert M, Spalthoff C, Warren B, Weiss L, Giraldo D, Winkler M,
Pauls S, Goepfert MC. Auditory efferent system modulates mosquito
hearing. Curr Biol. 2016;26(15):2028-36.

Inagaki HK, de-Leon SB-T, Wong AM, Jagadish S, Ishimoto H, Barnea G,
Kitamoto T, Axel R, Anderson DJ. Visualizing neuromodulation in vivo:
TANGO-mapping of dopamine signaling reveals appetite control of sugar
sensing. Cell. 2012;148(3):583-95.

McQuillan HJ, Barron AB, Mercer AR. Age-and behaviour-related changes in
the expression of biogenic amine receptor genes in the antennae of honey
bees (Apis mellifera). } Comp Physiol A. 2012;198(10):753-61.

Kutsukake M, Komatsu A, Yamamoto D, Ishiwa-Chigusa S. A tyramine
receptor gene mutation causes a defective olfactory behavior in Drosophila
melanogaster. Gene. 2000;245(1):31-42.

Grosmaitre X, Marion-Poll F, Renou M. Biogenic amines modulate olfactory
receptor neurons firing activity in Mamestra brassicae. Chem Senses. 2001;
26(6):653-61.

Siju K, Hansson BS, Ignell R. Immunocytochemical localization of serotonin
in the central and peripheral chemosensory system of mosquitoes.
Arthropod Struct Dev. 2008;37(4):248-59.

Abrieux A, Duportets L, Debernard S, Gadenne C, Anton S. The GPCR
membrane receptor, DopEcR, mediates the actions of both dopamine and
ecdysone to control sex pheromone perception in an insect. Front Behav
Neurosci. 2014;8:312.

Bigot L, Shaik HA, Bozzolan F, Party V, Lucas P, Debernard S, Siaussat D.
Peripheral regulation by ecdysteroids of olfactory responsiveness in male
Egyptian cotton leaf worms, Spodoptera littoralis. Insect Biochem Mol Biol.
2012;42(1):22-31.

Jaumouillé E, Aimeida PM, Stahli P, Koch R, Nagoshi E. Transcriptional
regulation via nuclear receptor crosstalk required for the Drosophila
circadian clock. Curr Biol. 2015;25(11):1502-8.

Kumar S, Chen D, Jang C, Nall A, Zheng X, Sehgal A. An ecdysone-
responsive nuclear receptor regulates circadian rhythms in Drosophila. Nat
Commun. 2014;5:5697.

Tanoue S, Krishnan P, Krishnan B, Dryer SE, Hardin PE. Circadian clocks in
antennal neurons are necessary and sufficient for olfaction rhythms in
Drosophila. Curr Biol. 2004;14(8):638-49.

Palanker L, Tennessen JM, Lam G, Thummel CS. Drosophila HNF4 regulates
lipid mobilization and -oxidation. Cell Metab. 2009;9(3):228-39.

Vidal NM, Grazziotin AL, lyer LM, Aravind L, Venancio TM. Transcription
factors, chromatin proteins and the diversification of Hemiptera. Insect
Biochem Mol Biol. 2016;69:1-13.

Naggan Perl T, Schmid BG, Schwirz J, Chipman AD. The evolution of the
knirps family of transcription factors in arthropods. Mol Biol Evol. 2013;30(6):
1348-57.

Ribeiro JM, Genta FA, Sorgine MH, Logullo R, Mesquita RD, Paiva-Silva GO,
Majerowicz D, Medeiros M, Koerich L, Terra WR. An insight into the
transcriptome of the digestive tract of the bloodsucking bug, Rhodnius
prolixus. PLoS Negl Trop Dis. 2014;8(1):e2594.

Marchant A, Mougel F, Jacquin-Joly E, Costa J, Almeida CE, Harry M. Under-
expression of chemosensory genes in domiciliary bugs of the Chagas
disease vector Triatoma brasiliensis. PLoS Negl Trop Dis. 2016;10(10):
e0005067.

Vanaphan N, Dauwalder B, Zufall RA. Diversification of takeout, a male-
biased gene family in Drosophila. Gene. 2012;491(2):142-8.



Latorre-Estivalis et al. BMC Genomics

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

(2020) 21:101

Bohbot J, Vogt RG. Antennal expressed genes of the yellow fever mosquito
(Aedes aegypti L.); characterization of odorant-binding protein 10 and
takeout. Insect Biochem Mol Biol. 2005;35(9):961-79.

Sarov-Blat L, So WV, Liu L, Rosbash M. The Drosophila takeout gene is a
novel molecular link between circadian rhythms and feeding behavior. Cell.
2000;101(6):647-56.

Meunier N, Belgacem YH, Martin J-R. Regulation of feeding behaviour and
locomotor activity by takeout in Drosophila. J Exp Biol. 2007;210(8):1424-34.
Dauwalder B, Tsujimoto S, Moss J, Mattox W. The Drosophila takeout gene is
regulated by the somatic sex-determination pathway and affects male
courtship behavior. Genes Dev. 2002;16(22):2879-92.

Lazzari CR, Pereira MH, Lorenzo MG. Behavioural biology of Chagas disease
vectors. Mem Inst Oswaldo Cruz. 2013;108:34-47.

Guerenstein PG, Lazzari CR. 14. The role of olfaction in host seeking of
triatomine bugs. In: Olfaction in vector-host interactions, vol. 2; 2010. p. 309.
Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner.
Bioinformatics. 2013;29(1):15-21.

Ons S, Sterkel M, Diambra L, Urlaub H, Rivera-Pomar R. Neuropeptide
precursor gene discovery in the Chagas disease vector Rhodnius prolixus.
Insect Mol Biol. 2011,20(1):29-44.

Ons S. Neuropeptides in the regulation of Rhodnius prolixus physiology. J
Insect Physiol Paris. 2017,97:77-92.

Yeoh JG, Pandit AA, Zandawala M, Nassel DR, Davies S-A, Dow JA. DINeR:
database for insect neuropeptide research. Insect Biochem Mol Biol. 2017;
86:9-19.

Pauls D, Chen J, Reiher W, Vanselow JT, Schlosser A, Kahnt J, Wegener C.
Peptidomics and processing of regulatory peptides in the fruit fly
Drosophila. EUPA Open Proteomics. 2014;3:114-27.

Velarde RA, Robinson GE, Fahrbach SE. Nuclear receptors of the honey bee:
annotation and expression in the adult brain. Insect Mol Biol. 2006;15(5):
583-95.

Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating
signal peptides from transmembrane regions. Nat Methods. 2011;8(10):785-
6

Touhara K, Lerro KA, Bonning BC, Hammock BD, Prestwich GD. Ligand
binding by a recombinant insect juvenile hormone binding protein.
Biochemistry. 1993;32(8):2068-75.

Justice RW, Dimitratos S, Walter MF, Woods DF, Biessmann H. Sexual
dimorphic expression of putative antennal carrier protein genes in the
malaria vector Anopheles gambiae. Insect Mol Biol. 2003;12(6):581-94.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Manual gene curation, re-annotation and identification of new genes
	Neuropeptide and neurohormone precursor genes
	GPCRs
	Biogenic amine biosynthesis enzymes
	Neuropeptide processing enzymes
	Nuclear receptors
	takeout genes

	Antennal expression profiles
	Neuropeptide and neurohormone precursor genes
	GPCRs
	Tyrosine kinase and guanylyl cyclase type receptors
	Neuropeptide processing enzymes
	Biogenic amine related genes
	Nuclear receptor genes
	takeout genes


	Discussion
	Conclusions
	Methods
	Transcriptomic data analysis
	Differential expression analysis
	Manual gene curation
	Identification of new genes
	Phylogenetic analysis

	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

