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The antennal transcriptome of Triatoma G

infestans reveals substantial expression changes
triggered by a blood meal
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Abstract

Background: Triatoma infestans is the main vector of Chagas disease in the Americas, currently transmitting it in
Argentina, Paraguay, and Bolivia. Many T. infestans populations present insecticide resistance, reducing the efficiency
of control campaigns. Alternative vector control methods are needed, and molecular targets mediating fundamental
physiological processes can be a promising option to manipulate kissing bug behavior. Therefore, it is necessary to
characterize the main sensory targets, as well as to determine whether they are modulated by physiological factors. In
order to identify gene candidates potentially mediating host cue detection, the antennal transcripts of T. infestans fifth
instar larvae were sequenced and assembled. Besides, we evaluated whether a blood meal had an effect on transcrip-
tional profiles, as responsiveness to host-emitted sensory cues depends on bug starvation.

Results: The sensory-related gene families of T. infestans were annotated (127 odorant receptors, 38 ionotropic
receptors, 11 gustatory receptors, 41 odorant binding proteins, and 25 chemosensory proteins, among others) and
compared to those of several other hemipterans, including four triatomine species. Several triatomine-specific line-
ages representing sensory adaptations developed through the evolution of these blood-feeding heteropterans were
identified. As well, we report here various conserved sensory gene orthogroups shared by heteropterans. The absence
of the thermosensor pyrexia, of pickpocket receptor subfamilies IV and VII, together with clearly expanded takeout rep-
ertoires, are revealed features of the molecular bases of heteropteran antennal physiology. Finally, out of 2,122 genes
whose antennal expression was significantly altered by the ingestion of a blood meal, a set of 41 T infestans sensory-
related genes (9 up-regulated; 32 down-regulated) was detected.

Conclusions: We propose that the set of genes presenting nutritionally-triggered modulation on their expression
represent candidates to mediate triatomine host-seeking behavior. Besides, the triatomine-specific gene lineages
found represent molecular adaptations to their risky natural history that involves stealing blood from an enormously
diverse set of vertebrates. Heteropteran gene orthogroups identified may represent unknown features of the sensory
specificities of this largest group of hemipteroids. Our work is the first molecular characterization of the peripheral
modulation of sensory processes in a non-dipteran vector of human disease.
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authors indicate, the transmission of T. cruzi happens
fundamentally inside poor rural houses due to the pro-
liferation of bug colonies inside wall cracks which can
eventually become infected with this parasite [2]. It is
estimated that 13% of the population in Latin America
is exposed to vectorial transmission of T. cruzi [1] and
its control relies heavily on eliminating vector insects
from human habitations [3]. Consequently, effective
control tools targeting triatomine bugs are permanently
needed and this is especially true for the main South
American vector species that have developed relevant
levels of insecticide resistance [3]. Aiming at specific
molecular targets mediating key physiological pro-
cesses can be considered an alternative for developing
rational control tools having less impact on non-target
species and the environment. Among these, we suggest
that key sensory targets would be specially suitable to
interfere bug behavior.

Olfaction is critical for insect survival [4], as it medi-
ates the detection of food [5, 6], sexual partners [7-9],
danger [10, 11] and pathogens [12, 13], among other
resources and threats. Insects have developed a diverse
array of receptors to detect both host cues and commu-
nication signals [14]. The main groups of insect proteins
mediating the detection of volatile molecules are odor-
ant receptors (ORs), ionotropic receptors (IRs), odorant-
binding proteins (OBPs), chemosensory proteins (CSPs),
odorant-degrading enzymes (ODEs), and sensory neu-
ron membrane proteins (SNMPs) [15]. The genes cod-
ing for membrane receptors mediating odor recognition
(ORs and IRs) are expressed by olfactory sensory neu-
rons (OSNs), which are housed in the olfactory sensilla
mostly located on insect antennae. This confers these
neurons the ability to detect minute quantities of vola-
tile compounds circulating in the environment, granting
that brain centers dealing with olfactory information are
updated on their presence, abundance, and fluctuations.
Nevertheless, this ability is not a static feature, but one
that varies with the season, time of the day, development,
nutritional and mating status [16]. The modulation of
sensory neuron responsiveness seems to be mediated by
a variety of correlated changes in gene expression as an
underlying molecular substrate [17-22]. Characterizing
such molecular changes seems critical to understanding
sensory processes and uncovering key components that
may become targets for controlling insect pests more
rationally. Other genes coding for sensory components
that detect mechanical stimuli, heat, humidity, ammonia
or salinity are also fundamental to grant insect survival.
Gene families like those of transient receptor poten-
tial (TRP) channels, pickpockets (PPKs) and ammonium
transporters (AmTs) represent the molecular substrate
underlying these sensory abilities. Detecting heat and
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humidity seems to play a key sensory role in host recog-
nition by triatomines and mosquitoes [23-26].

In recent years, the advent of next-generation sequenc-
ing techniques has allowed the characterization of
the sensory gene repertoires of many insects through
genomic and transcriptomic studies [27]. The resulting
datasets have improved our knowledge about the molec-
ular processes that underlie the behavioral and sensory
plasticity of these animals. For example, the characteri-
zation of antennal gene expression changes triggered by
blood ingestion allowed a better understanding of the
molecular bases of host-seeking behavior at the periph-
eral level in several mosquitoes [17, 20-22]. Even though
T. infestans is the main vector species transmitting Cha-
gas disease, its genome sequence annotation is not avail-
able, hindering homology-based searches of molecular
targets. Lacking such a massive source of gene sequences
limits our characterization of gene families that have suf-
fered expansions or contractions through the evolution
of the species. Besides, it limits our capacity to uncover
key genetic components deserving functional studies.
Furthermore, this impedes evaluating whether the recent
evolutionary pressures caused by bug domiciliation have
had any impacts on its genetic sensory machinery.

Few transcriptomic studies have been published for
T. infestans [28-31], however, none was performed on
sensory tissues. In this work, we sequenced the anten-
nal transcripts of T. infestans fifth instar larvae, gener-
ated a de novo assembly, and studied the effect of blood
ingestion on transcriptional profiles in this tissue. The
sensory gene repertoire of T. infestans was annotated
and compared to that of Rhodnius prolixus and other
hemipterans. This process revealed gene lineages unique
to triatomines. Besides, we identified a set of sensory-
related genes that had antennal expression levels sig-
nificantly altered after feeding, which suggests that they
are candidates to mediate host-seeking behavior in tri-
atomines. This work represents the first characterization
of peripheral modulation of host-seeking in a non-dip-
teran human disease vector.

Results

Sequencing and de novo assembly

More than 688 M paired-end reads of 150 base pair (bp)
length (57.3 M reads on average per library) were gen-
erated from the sequencing of the 12 antennal samples
(Additional file 1: Supplementary Table S1). The assem-
bled transcriptome contained a total of 366,262 tran-
scripts and 261,498,151 assembled bases, with a GC
percent of 37. The N50 value of contigs in the assem-
bled transcriptome was 1,253 bp, while the median con-
tig length reached 360 bp and the average contig was
713.96 bp. A total of 78,365 predicted coding sequences



Latorre Estivalis et al. BMC Genomics (2022) 23:861

(CDSs) were identified and 38,291 of them were main-
tained after filtering by redundancy. The BUSCO
searches based on this dataset revealed 96.4% of com-
pleteness (Additional file 2: Supplementary Figure S1).

Identification of sensory gene families in T. infestans
Transcripts from a total of 11 sensory gene families,
including different types of receptors and odorant trans-
porters, were identified in our database and annotated
according to their phylogenetic relation to R. prolixus
genes. All T. infestans protein sequences and those from
other insects used in this work are available in fasta for-
mat in Additional file 3: Supplementary Data File SI.
The expression values of the sensory genes identified
here, represented as Log,;, (Transcripts Per kilobase per
Million reads—TPM + 1), are detailed in the Additional
file 4: Supplementary Table S2.

Odorant receptors

A total of 127 ORs were identified in the antennal tran-
scriptome, with an average length of 346 amino acids
(ranging from 203 to 474) (Additional file 5: Supplemen-
tary Table S3). Fifty-six (44%) had their sequences com-
plete, while 71 ORs (66%) presented partial sequences,
mainly due to the absence of the initial methionine. All
sequences had the PFAM domain PF02949.23 character-
istic of the OR family, except for 3 candidates. Besides,
89 sequences (70%) mapped against an insect OR from
the UniProtKB/Swiss-Prot database. A total of 95 (75%)
T infestans ORs had between 4 and 7 transmembrane
domains. The size of the OR repertoire of 7. infestans
(127) is similar to that of O. fasciatus (120) and larger
than the repertoires found for R. prolixus (110) and other
hemipterans, such as Cimex lectularius (47), Diaphorina
citri (46) Tessaratoma papillosa (59) and Acyrthosiphon
pisum (79) (Table 1). On the other hand, the OR sets of
Apolygus lucorum and Sogatella furcifera (135), Halyo-
morpha halys (138) and Nilaparvata lugens (141) slightly
exceed the size of that of T. infestans (Table 1).

We were able to annotate 66 out of 127 ORs based on
their phylogenetic relations to R. prolixus ORs (Addi-
tional file 6: Supplementary Figure S2). The phylogenetic
tree rooted in the conserved Orco proteins showed that
there is a complex relationship between the specific ORs
across the six heteropterans here analyzed. As expected,
some large species-specific OR expansions were identi-
fied, like OfasOr24-59 from O. fasciatus, HhalOr33-72
from H. halys, and a clade from A. lucorum composed
of AlucOr13, AlucOrl15, and AlucOr100 among others.
Interestingly, C. lectularius does not follow this pattern
as it has only a few small expansions (with less than 4
members). On the other hand, distinct clades or subfami-
lies reveal potentially orthologous relationships among
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heteropteran species, like those that contain TinfOrl,
TinfOr52 or TinfOr105, and their potential orthologues.

Six clades (highlighted in green in the tree) seem to be
exclusive for triatomines: 4 having more than 10 mem-
bers, and 2 with less than 6 members for each species. In
all these clades, T. infestans and R. prolixus OR numbers
seem balanced: 13/12, 7/4, 12/10, 13/13, 30/26, and 8/6.
The largest clade among those specific to triatomines
included RproOr58-87 and several T. infestans ORs,
being the only expanded clade in this section of the tree
(Additional file 6: Supplementary Figure S2). A similar
pattern could be observed in the adjacent branch, where
triatomines also presented an expansion (14 ORs) while
the ORs of the other species were less abundant. This
part of the tree (branches in dark green) included many
triatomine ORs (92), while 65 belonged to the remain-
ing heteropterans. Most of the T. infestans ORs were
grouped together with R. prolixus ORs in clades of vary-
ing sizes. In a few cases, triatomine ORs appeared iso-
lated in the tree, such as the RproOri113-114 clade or T.
infestans receptors TRINITY DN7507 c0_gl_il.pl and
TRINITY_DN45340_c0_gI_i2.p1 (Additional file 6: Sup-
plementary Figure S2).

As expected, TinfOrco was the OR showing the high-
est expression in all 12 libraries. Interestingly, TRINITY
DN2098_c0_g1_i14.p1, with no orthologue found in R.
prolixus, also presented a very high expression level in all
libraries (Additional file 7: Supplementary Figure S3). The
analysis revealed a group of 17 ORs, that included the dif-
ferentially expressed TinfOr54 (see Results section "Effect
of feeding on antennal transcript abundance"), with high
expression within the OR family.

lonotropic receptors
A total of 38 IRs and 9 ionotropic glutamate receptors
(iGlurs) were identified in our dataset (Additional file 5:
Supplementary Table S3). Twenty-one of them (55%) had
complete sequences, while the remaining showed par-
tial sequences, mainly due to the absence of the initial
methionine. At least half of the T infestans IRs (22) had
the PFAM domains PF00060.29 and PF10613.12 typi-
cal of this receptor gene family and 26 (74%) candidates
mapped against an insect IR from the UniProtKB/Swiss-
Prot database. Almost all sequences (32) presented 2 to
5 transmembrane domains. Triatoma infestans (38) had
an IR repertoire similar to those of other heteropterans,
such as O. fasciatus (37), A. lucorum (33), R. prolixus
(30), and C. lectularius (30) (Table 1). To note, non-heter-
opteran insects like N. lugens (25), Ac. pisum (19), S. fur-
cifera (16), and D. citri (6) tended to present smaller IR
repertoires.

Except for most sequences belonging to the [r41
subfamily and a few sequences of the Ir75 subfamily,



Page 4 of 21

(2022) 23:861

Latorre Estivalis et al. BMC Genomics

[05] swoidudsuel) YN YN YN VN N 4! 6 0 9 0C 9 11> punoydoiq SeplIAI—eyduAyiiousls
(67— dwoun N lz €L WN WN i 3l S 6l /L 6/ wnsiduoydisoyrfoy sepipiydy—eydiowoplydy—eyduAyliousals
2epd

[ov ‘sv] dwousn YN VN YN  WN WN 6 4] 0 91 VYN &€l iRJ2Inj pjj2Ivbos  -eydpg—eydiowolobinj—eydulyouayony
2epd

[SY v ENIVELS) VN VN VN VN VN /1 i 0 Sz 8T vl suabny bibrpdD|IN -eydjsg—reydiowolohb|n{—eyduAyriouayony
[er-17] swousn voooL L S (S1)«C€ 6l LT €L 0€ 8T LLL snxijoid sniupoyy aepiAnpay—eydiowodiwiD—eia1dosRloH
[ov] swoidudsuel| YN YN ¥YN VN 9l (E0rL (o) s YN WN VN VN suuadiplpd bwoipl| sepiAnpay—eydiowodiwD—elndossieH

[oy] Swoidudsuel| YN YN YN VN L wOEL (W9t YN YN VN VN DIDIpIuip bwoil| aepIANpay—eydiowodiwi)—ei21dosRloH

log] swoidudsuel| VYN YN YN YN (@6l 9l (So) €t YN VN YN YN SIsualispiq bwopl] sepiAnpay—eydiowodiwD—elndossisH

Apnis uasald  awoidiosuel| N < A 9 Nely St 7 6B ¥8F Ll </TL SUD1Ssajul DWOIDLI| deplANpay—eydiowodiwiD—ei21dola1aH
[8€] awous £ $8  «lT e £95 8 8¢ [ €€ /S SEL wnioon) snbAjody sepuiy—eydiowodiwD—essidosRieH

VAY awousn <0 <0l £l «0 wll 7l vl 08 v Ly SNLDINI3| XU sepidjwiD—eydiowodiwid—eiardolsisH

sepiu

[9€] awordudsuel| VN VN VN VN VN VN €¢ Z ¥l VN 65 DSojjidpd buIOIDIDSSI| -01eJesss|—eydiowouwoyerusd—ela1doisisH
swoiduosuel| oep

[Ge-€€]  pueswousn «€ 29l <6l kLl e al a4 L YT 86l 8tl  SAybpydiowoAipH  -lwoleuSd—eydiowowoleiuad—eidolaieH
[z€] dwouH 0wl KTl «C 61 Wl «CC OL /€ SLL 0zl  Smppspysnyadodup oepleebAT—eydiowowoieiusd—esidossieH
uonedijgnd  uibuo eleq SJWNS SMdd Sd¥l S3IHD SOL SdSD Sd90 siequawi G/Yl Sdl SYD SHO s31D3dS ATINV4—43aYOVYHANI—H3Iadoans

10U ‘YN ‘sa1pn3s snoladid up panodas sisquinu () ‘ApNnas SIyl Ul paginuspl sauab . suesaidiway JUaJayIp Ul SIS1IeD JUrJOPO pue

d|qe|ieAR
s101dadal AIOSUDS JO SIdqUINU 3y| L djqeL



Latorre Estivalis et al. BMC Genomics (2022) 23:861

Page 5 of 21

A
Ol
) ,r"’”r?sf{

Tinflr75m
Hhallr75
Ofaslr75i
Ofaslr75h
Hhallr75i
Hhallr75h
Clecl75a
Cleai7524

Cled75¢
C\eo\ﬂBb

" ecra02
nalv40?
st

e
s
et

[ ) <\“\\(A§M’A

RN

D

Clecirgy.

Se

RD’oIr75L “‘de&(fkeS
RT/nIIr75L in_iGur W
Porolr7sp, AlucirOC
Tinflr75, TinfNMDA0-1

Rprolr75m TinfNMDA!

Fig. 1 lonotropic receptors phylogenetic tree. The maximum-likelihood tree was constructed using IQ-Tree and support values are shown for

RproNMDAr!

. DmeINmdart

Rprolrdta

- Rprolrd1b
Tinf_Ird1_subfami like2
Tinfird1c .
Rorolrg1c

Cleclr1,

Tinf jrq

A Ff’-’b’amily‘m(ey
Clecrqzp,

branches with both alLRT-SH and UFBoot values. Down and up-regulated transcripts after blood ingestion are marked with blue and red circles in
the tree, respectively. The tree was rooted using the NMDA receptor sequences. The clade with the Ir75 subfamily is highlighted in green. Drosophila
melanogaster sequences were obtained from Croset et al. (2010) [51]. Aluc—Apolygus lucorum, Clec—Cimex lectularius, Dmel—Drosophila
melanogaster, Hhal—Halyomorpha halys, Ofas—Oncopeltus fasciatus, Rpro - Rhodnius prolixus, and Tinf—Triatoma infestans. Sequences with TRINITY

IDs belong to T. infestans

T. infestans IRs (30) were annotated based on their
relationships to R. prolixus IRs. This was the case of the
three IR co-receptors [r25a, Ir8a, and Ir76b, as well as
the orthologues of several antennal IRs, such as Ir21a,
Ir40a, Ir41, Ir68a and Ir93a (Fig. 1). As observed for
R. prolixus [41], orthologues of the other highly con-
served IRs, including Ir31a, Ir92a, Ir60a, Ir76a, Ir64a

and Ir84a, were not detected for T. infestans. Most
of the IRs presented a 1:1 orthology relation between
T. infestans and R. prolixus, except for [r40a and Ir21a
lineages that seem to have expanded in T. infestans,
with 5 and 3 transcripts each (Fig. 1). Among the diver-
gent IRs, only orthologues of Ir105 and Iri106 were
identified for both triatomines, while the remaining
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were only detected for R. prolixus. As previously
reported for R. prolixus (13 Ir75 members; [41]), a
large expansion of the Ir75 subfamily was identified
for T. infestans, with 19 paralogues and some dupli-
cated members for Ir75e, Ir75f, Ir75i and Ir75j (Fig. 1,
highlighted in green). The expansion of the Ir75 line-
age is an evolutionary process that seems to include
C. lectularius and O. fasciatus, with 12 and 10 Ir75
genes, respectively. For non-heteropteran hemipter-
ans, this lineage seems to have contracted or had no
Ir75 orthologues, such as for N. lugens, S. furcifera, and
D. citri (Table 1).

Tinflr40a (with five transcripts) and Tinflr8a were the
most highly expressed IRs in unfed and fed antennal
libraries (Additional file 7: Supplementary Figure S3).
Interestingly, Tinflr40a.5 and Tinflr8a were down-regu-
lated after blood ingestion (see Results section "Effect of
feeding on antennal transcript abundance").

Gustatory receptors

The data mining of our database allowed the identifica-
tion of 11 T. infestans GRs, with an average length of 305
amino acids, and only two of them representing complete
proteins (Additional file 5: Supplementary Table S3). The
number of transmembrane domains of the T. infestans
GRs varied from 3 to 7. All GRs showed a positive hit
against PF08395.15, which is the PFAM domain of the
GR family. Triatoma infestans, with 11 GRs, presented
the smallest repertoire among those from other hemip-
terans studied here (Table 1). Our phylogenetic analysis
revealed that the GR expansion formed by RproGr5-17
may be exclusive of R. prolixus, as no T. infestans GR was
identified in this clade (Additional file 6: Supplementary
Figure S2).

Almost all T infestans GRs had clear R. prolixus ortho-
logues, except for two sequences: TRINITY DN25527_
c0_g2 i2.pl that seems to be related to Grl from
C. lectularius, H. halys, and O. fasciatus and, TRIN-
ITY DN4868 c0_gl_i6.p1 that clustered out of the clade
formed by Gr26, Gr27 and Gr28 genes from R. prolixus
and T. infestans (Additional file 6: Supplementary
Figure S2). Mesquita et al. (2015) [41] identified only one
R. prolixus GR (RproGrl) that could have a putative sugar
ligand because of sequence similarity to the Drosophila
melanogaster fructose receptor. All other heteropterans
here analyzed had an orthologue of this GR; however,
we were not able to identify it in our T. infestans de novo
assembly. As reported for R. prolixus [41], T. infestans
does not seem to have orthologues of the D. melanogaster
CO, receptors.

Most T. infestans GRs showed low expression lev-
els in unfed and fed bug antennae (8 out of 11 had<1
TPM), TinfGr27.2 being the one with highest expression
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(Additional file 4: Supplementary Table S2 and Addi-
tional file 7: Supplementary Figure S3). The expression of
this GR increased significantly after ingestion of a blood
meal (see Results section "Effect of feeding on antennal
transcript abundance").

Odorant binding proteins

A total of 41 OBPs were identified in the de novo assem-
bled transcriptome, with an average length of 146 amino
acids, and only eight of them represented incomplete
transcripts (Additional file 5: Supplementary Table S3).
The analysis of the OBP sequences of T. infestans revealed
the six conserved cysteines in 28 transcripts; the charac-
teristic conserved alpha helices (between 6 and 7) in 36
sequences; and the presence of the signal peptide in 28
of them. Except for one OBP candidate, the rest showed
positive hits against the PFAM domain PF01395.25, typi-
cal of this gene family.

Martinez-Barnetche et al. (2018) [40] identified 34 and
41 contigs from the Triatoma pallidipennis and Tria-
toma dimidiata transcriptomes that could encode for
OBPs. Instead, our more conservative sequence analysis
based on criteria of similarity (grouping sequences pre-
senting>95% of identity) and length (sequences<100
amino acids were eliminated) revealed 28 and 26 OBPs
in T. pallidipennis and T. dimidiata, respectively. In the
case of O. fasciatus, a total of 22 OBPs were identified in
its predicted protein database. Out of the 14 hemipteran
species compared here, only H. halys presented an OBP
repertoire (44) slightly larger than that of T. infestans
(Table 1). Species belonging to the Auchenorrhyncha
(N. lugens and S. furcifera) and Sternorrhyncha (Ac. pisum
and D. citri) suborders presented overall smaller OBP
repertoires (Table 1).

Out of the 41 OBPs annotated for T. infestans based
on our transcriptome, 25 presented orthology with
those of R. prolixus (Fig. 2). The OBPs from the other
triatomines kept their original IDs. Several OBPs, such
as Obp6, Obp14, Obp17, Obp18, Obp20, Obp22, Obp24,
and Obp26, are conserved in the five triatomine species;
and some of them (Obp6, Obp17, Obp6, and Obp24) are
even conserved within all heteropterans analyzed. Small
species-specific OBP expansions (with 3 to 7 members)
were observed for all species, except for C. lectularius.
Regarding triatomines, two clades (highlighted in green)
deserve attention. The first was composed mainly of
OBPs of T. dimidiata (8) and T. pallidipennis (13), with
few sequences of R. prolixus (3) and T. infestans (3),
and none from Triatoma brasiliensis. The second clade
has exclusive and well-conserved orthogroups from all
triatomines, like those constituted by TinfObpi4, Tin-
fObp22, TinfObp23, TinfObp26, and TinfObp27 and their
corresponding orthologues.
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group included 20 OBPs highly expressed in bug anten-
nae (all of them with an expression >28 TPM in all librar-
ies), clearly higher than those of ORs, GRs and IRs. A

Two separated groups could be visualized when OBP
expression was depicted for the 12 antennal libraries
(Additional file 7: Supplementary Figure S3). The first
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total of 7 OBPs in this group had expression levels above
1,000 TPM, for example, TinfObp6, TinfObpl7, and Tin-
fObp18 (Additional file 4: Supplementary Table S2 and
Additional file 7: Supplementary Figure S3). The second
group included OBPs with low antennal expression.

Chemosensory proteins

Nineteen CSP transcripts were found through data min-
ing the assembled transcriptome, most of them complete
(only three are partial transcripts), having four cysteines
and between 6 to 7 alpha helices in their sequences
(Additional file 5: Supplementary Table S3). All CSP
sequences had the PFAM domain PF03392.16, while the
signal peptide was absent in only two of them. The Tin-
fCsp4, TinfCsp6, TinfCsp9, TinfCspl8, TinfCspl9, and
TinfCsp22 sequences described by Traverso et al. (2022)
[28] for T. infestans were not reconstructed in our anten-
nal transcriptome. On the other hand, three new CSPs
were identified in our assembly (Additional file 5: Supple-
mentary Table S3). Martinez-Barnetche et al. (2018) [40]
reported 23 and 24 contigs that could encode CSPs based
on T. pallidipennis and T. dimidiata transcriptomes,
respectively. As with OBPs, our more conservative analy-
sis identified only 14 and 13 CSPs, respectively. A total of
14 CSP sequences were obtained from the predicted pro-
tein database of O. fasciatus. Interestingly, the CSP reper-
toire was largest in T. infestans (25 sequences) among the
hemipterans, considering data herein and those of Tra-
verso et al. (2022) [28] (Table 1). This was also observed
for OBPs. Representatives of the Auchenorrhyncha and
Sternorrhyncha suborders had the smallest repertoires
(Table 1). Following the pattern seen for OBPs, several
CSP clades were conserved and contained orthologues
among heteropteran species, like those including Tin-
fCsp8, TinfCsp9, TinfCspll, or TinfCspl6. On the other
hand, others represented specific expansions, for exam-
ple, the clade of C. lectularius formed by CLEC008095,
CLEC008096, and 5 additional CSPs from C. lectularius
(Fig. 3). Several CSP lineages (highlighted in green in the
tree) seem to be exclusive of triatomines and were highly
conserved among all species included here, such as Tinf-
Csp4, TinfCsp12, or TinfCsp13.

Only 4 CSPs presented <1 TPM in the conditions tested
here (Additional file 4: Supplementary Table S2). As for
OBPs, several CSPs were highly expressed, presenting
expression values >1000 TPM (Additional file 4: Supple-
mentary Table S2 and Additional file 7: Supplementary
Figure S3). Besides, the expression of several CSPs was
also significantly affected by ingestion of a blood meal,
e.g., TinfCsp3.1 and TinfCsp11 (see Results section "Effect
of feeding on antennal transcript abundance").
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Takeouts

The takeout (TO) repertoire of T. infestans was com-
posed of 36 candidates (Additional file 5: Supplemen-
tary Table S3), all of them having the PF06585.14 domain
that is characteristic of this family. Only 5 TOs presented
partial sequences and all of them presented very similar
lengths (247 amino acids on average). Seventeen new TO
genes were identified in the R. prolixus genome (anno-
tated from RproTol7 to RproTo32), resulting in a total of
32 (Additional file 5: Supplementary Table S3).

Triatoma infestans and R. prolixus seem to have
expanded TO repertoires (36 and 32 members, respec-
tively) compared to other triatomine species (Table 1).
Apolygus lucorum (56) and H. halys (46) have the largest
TO repertoires (Table 1) due to their specific expansions
(Additional file 6: Supplementary Figure S2). Almost all
R. prolixus TOs had a clear T. infestans orthologue. Fur-
thermore, orthogroups were conserved in the case of
the triatomines (702, To6, Toll, and T029 lineages) pre-
senting representatives for all five species included here.

Most TOs were expressed in unfed and fed anten-
nal bug samples, with more than half having expression
values>20 TPM, while only 5 had expression levels<1
TPM (Additional file 4: Supplementary Table S2 and
Additional file 7: Supplementary Figure S3). A group of
10 TOs showed high expression in bug antennae with
expression values >500 TPM. A highlight should be made
for TinfTo29 (28,888 TPM in unfed antennae) whose
expression was significantly decreased after blood inges-
tion (see Results section "Effect of feeding on antennal
transcript abundance").

Transient receptor potential channels

We identified 17 TRP sequences in the antennal tran-
scriptome database (Additional file 5: Supplementary
Table S3), 9 of them were complete and all of them
had clear R. prolixus orthologues (Additional file 6:
Supplementary Figure S2). Compared to R. prolixus,
T. infestans had two transcripts for inactive (lav), Trp-
gamma, TrpAl, TrpAS5, and TrpM. The TRP repertoire
of T. infestans (17) is larger than those of R. prolixus
(14), Ac. pisum (13), and D. melanogaster (13), and
only A. lucorum (21) and H. halys (19) seemed to pre-
sent more TRP genes in their genomes (Table 1). Each
TRP gene was located in separated and well-defined
branches of the phylogenetic tree and members from
the different TRP subfamilies were grouped as pre-
viously described [52]. As expected considering the
conservation of these receptors across insect evolu-
tion [52, 53], orthologues of almost all TRP genes
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Fig. 3 Chemosensory proteins phylogenetic tree. The maximum-likelihood tree (rooted at the midpoint) was constructed using IQ-Tree and
support values are shown for branches with both aLRT-SH and UFBoot values. Down and up-regulated transcripts after blood ingestion are marked
with blue and red circles in the tree, respectively. Clades that are exclusive to triatomines are highlighted in green. Cimex lectularius and
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the contig IDs from databases where their CDS were obtained. Sequences from T. brasiliensis maintained the annotation proposed by Marchant

et al. (2016) [38]. Aluc—Apolygus lucorum, Clec—Cimex lectularius, Hhal—Halyomorpha halys, Ofas—Oncopeltus fasciatus, Rpro - Rhodnius prolixus,
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to T infestans

were identified for the heteropterans studied here. Most of the TRPs presented low expression (<1.5
However, orthologues of Trp and TrpC genes were TPM) in the 12 antennal libraries, except for TinfPain,
not found in triatomines, while heteropterans do not  TinfIrpML, TinfTrpM1I, TinfITrpAS5.2 and Tinfwtrw, the
seem to have the TRP channel named Pyrexia (Pyr). transcripts of which were detected in greater abundance
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(Additional file 4: Supplementary Table S2 and Addi-
tional file 7: Supplementary Figure S3).

Pickpocket receptors

A total of 13 PPK sequences were found in our tran-
scriptome database (Additional file 5: Supplementary
Table S3). All of them presented the typical PFAM
domain PF00858.2 of the amiloride-sensitive sodium
channel family. Seven of these sequences were com-
plete and most of them presented transmembrane
domains (ranging between 1 to 4). All T. infestans PPKs
presented clear R. prolixus orthologues, including those
of ppk23, ppk9 (with two transcripts), and ppk28 (Addi-
tional file 6: Supplementary Figure S2). Halyomorpha
halys had the larger PPK repertoire (16) of all heterop-
terans included here (Table 1).

These receptors mostly showed low expression (<1
TPM) levels in bug antennae, except for TinfPPK subfam-
ily (subf) V like-1 which had an expression value of 34.15
and 42.21 TPM in unfed and fed buh antennae, respec-
tively, followed by TinfPPK subfll like-1 and TinfPPK
subfV like-2 (Additional file 4: Supplementary Table S2
and Additional file 7: Supplementary Figure S3).

Other sensory genes
Three SNMPs, 1 CheA, 5 CheBs, and 3 ammonium trans-
porters (including the orthologues of Rh50, AmTI1, and
AmT3) were identified in our transcriptomic database
(Additional file 5: Supplementary Table S3). Regarding
SNMPs, T. infestans had 2 Snmpl and 1 Snmp2 tran-
scripts, while R. prolixus had 2 Sump1 and 2 Sump?2 genes
(Additional file 6: Supplementary Figure S2). All heter-
opterans, except for O. fasciatus which seemed to lack
SNMP orthologues, presented members of the Snmmpl
orthogroup. Halyomorpha halys was the only non-tri-
atomine species presenting an Sump2 gene. The expres-
sion of SNMP genes in our transcriptome was higher
than that detected for other sensory receptor families
(Additional file 4: Supplementary Table S2). TinfRh50
and TinfAmT1 presented gene expression>1 TPM in the
12 libraries (Additional file 4: Supplementary Table S2
and Additional file 7: Supplementary Figure S3).
According to our phylogenetic analysis, T. infestans
presented 6 CHE sequences. Particularly, one of them
was included within the CheA clade and the remain-
ing are related to RproCheB (Additional file 6: Supple-
mentary Figure S2). CheA sequences are absent from
R. prolixus and O. fasciatus protein databases, while we
did not find any CHE for C. lectularius. TinfCheB1 was
the most highly expressed member of this gene family
(59 and 42 TPM in unfed and fed bug antennae, Addi-
tional file 4: Supplementary Table S2 and Additional
file 7: Supplementary Figure S3) and the abundance of
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its transcripts was significantly reduced after the inges-
tion of a blood meal.

Effect of feeding on antennal transcript abundance

An average of 41.7 M reads per library was obtained
after the trimming and cleaning step (Additional file 1:
Supplementary Table S1). Out of them, 21.1 M reads
on average per library mapped against the non-redun-
dant CDS database. The resulting count matrix (38,291
transcripts) was filtered so that transcripts with low
expression and/or high variability were removed. The
resulting matrix (with 9,963 transcripts) was used as
input for differential expression analysis (Additional
file 8: Supplementary Table S4). A Principal Compo-
nent Analysis showed the consistency of our dataset, as
each treatment’s replicates (6) clustered together and
apart from the other condition (Additional file 9: Sup-
plementary Figure S4).

To analyze whether a blood meal ingestion induced
changes in gene expression profiles of T. infestans anten-
nae we defined significance and fold change thresholds
to restrict our analysis to the most relevant alterations
(s-values<0.05 and an absolute fold-change thresh-
old>1.5). Blood ingestion induced a great modification
of the gene expression profile of T. infestans antennae,
with 2,122 transcripts (more than 20% of all included
transcripts) significantly changing their abundance
(Additional file 10: Supplementary Table S5). From this
set of differentially expressed transcripts, 1,186 were
down-regulated (518 of them with a fold-change > 100%)
and 936 were up-regulated (456 of them with a fold-
change>100%). The nucleotide sequence, protein
sequence, GO-terms [54], KEGG-terms [55, 56], top
results of BLASTp searches against SwissProt/UniProt
and PFAM databases, and the last version of the anno-
tated proteins of the R. prolixus genome for each dif-
ferentially expressed transcript were included in the
Additional file 11: Supplementary Table Sé6.

The results of the GO-enrichment analysis confirmed
that the ingestion of blood caused a great impact on the
antennal physiology. A total of 235 enriched GO-terms
from the molecular function, biological process, and
cellular component categories were found (Additional
file 12: Supplementary Table S7). The terms “behavio-
ral response to starvation” and “feeding behavior” were
among those enriched according to the analysis.

The ingestion of a blood meal by T. infestans signifi-
cantly affected the antennal transcript abundance of
41 genes directly related to insect sensory processes
(Fig. 4 and Additional file 13: Supplementary Table S8).
One OR (TinfOr54), 5 IRs (Tinflr8a, Tinflr75_subfam-
ily_likeS, Tinflr21a.2, Tinflr75c¢, and TinfIr40a.5), 9 OBPs,
7 CSPs, 8 TOs, the ammonium transporter TinfRh50,
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and F: fed bug samples

and TinfCheBl1 decreased their transcript abundance in
the antennae after blood ingestion. The number of up-
regulated transcripts post-blood meal was much lower: 4
OBPs, 4 TOs, and 1 GR (TinfGr27.2).

The phylogenetic analysis of the odorant carriers (OBPs
and CSPs) and TOs whose expression was affected after
blood ingestion showed that several of these genes are
conserved across all included triatomines (Fig. 2, Fig. 3
and Additional file 6: Supplementary Figure S2) like Tin-
fObpé, TinfObp17, TinfObp18, and TinfObp22 (Fig. 2), or
TinfCspl, TinfCsp12 and TinfCspl3 (Fig. 3) or TinfTol6
and TinfTo29 (Additional file 6: Supplementary Figure
S2). Indeed, genes like TinfObp6, TinfObpl7, and Tin-
fTo16 were found to be conserved for heteropterans, as
their orthologues were also identified for A. lucorum,
H. halys, C. lectularius, and O. fasciatus.

Discussion

Our work establishes the basis of molecular research
on the sensory processes of T. infestans, as we describe
the sensory gene repertoire of this relevant Chagas dis-
ease vector species. As part of this characterization, we
report a set of sensory genes whose antennal expression
is modulated by the ingestion of a blood meal. We sug-
gest that they mediate triatomine host-seeking and pro-
pose functional studies to determine their specific roles
in the detection of multimodal host cues. Therefore,

these genes represent potential targets for bug behavioral
manipulation for more sustainable control of Chagas dis-
ease in the future.

Additionally, our study presents novel facts about the
evolutionary history of diverse molecular components
underlying heteropteran sensory processes, allowing us
to identify sensory solutions developed by this diverse
lineage of hemimetabolan insects. We report heterop-
teran-specific gene clades, as well as triatomine-specific
ones, for several families of sensory-related genes. In the
future, it would be necessary to include more sequences
from other heteropteran and non-heteropteran insects to
corroborate the existence of these heteropteran-specific
lineages.

Feeding impacts the antennal expression

of sensory-related genes

The responsiveness of R. prolixus to host-associated
cues, such as CO, and heat, and the motivation to feed
decreases after blood ingestion [57]. A reduction in the
antennal abundance of Orco and the IR-coreceptor tran-
scripts triggered by feeding, probably underlying these
behavioral changes, was reported in R. prolixus [58].
However, studies about specific sensory receptors and/or
odorant carriers involved in host-seeking behavior in tri-
atomines are very limited so far [59, 60]. Antennal RNA
sequencing (RNA-Seq) has proven excellent to identify
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gene candidates mediating host cue detection by detect-
ing transcriptional changes triggered by blood ingestion
[17, 20-22]. Therefore, our study also aimed at uncover-
ing such genes in T. infestans.

The effect of blood ingestion on OR and GR expression
was extremely slight, as only two of these chemorecep-
tors had their antennal expression significantly altered
after feeding (Fig. 4 and Additional file 13: Supplemen-
tary Table S8). Coincidentally, the ingestion of a blood
meal had subtle effects on the antennal expression of ORs
in Aedes aegypti [21] and Anopheles gambiae [17], while
in the case Culex quinquefasciatus and Culex pipiens a
blood meal seemed to impose larger effects [20, 22]. In
the case of TinfOr54, a significant down-regulation was
observed (Fig. 4), transforming it into a promising candi-
date to mediate the detection of a host-related odor cue.
On the other hand, the already high antennal expression
of TinfGr27 increased significantly after blood ingestion
(Fig. 4). Interestingly, previous RNA-Seq experiments
revealed that the R. prolixus orthologue of this receptor
also had a high antennal expression level under diverse
conditions [18, 42], suggesting a relevant role in tri-
atomine sensory physiology.

The effect of a blood meal was more pronounced on
the antennal expression of IRs, as the transcript abun-
dance of five of these receptors decreased significantly
after bug feeding (Fig. 4 and Additional file 13: Supple-
mentary Table S8). The members of the Ir75 clade have
been implicated in the detection of aliphatic amines [61]
and short-chain fatty acids in D. melanogaster [61] and
An. gambiae [62], and these volatile compounds have
also been identified in triatomine host odors [5, 63-67].
These facts and the down-regulation observed for Tin-
fIr75¢ and Tinflr75-like5 after blood ingestion point to a
potential role of these receptors in mediating triatomine
host-seeking behavior. Similar expression changes of sev-
eral Ir75s have been observed 24 h after blood-feeding in
the antennae of Cx. quinquefasciatus [20], suggesting a
functional connection. The antennal expression of Tin-
fIr8a was also significantly reduced after blood ingestion,
coinciding with previous results observed in R. prolixus
[58]. Indeed, in Ae. aegypti the Ir8a pathway is required
to detect lactic acid and the other acidic components
of human sweat [68]. Lactic acid has been described as
a potent synergist for the orientation of T. infestans to
CO,-laden airstreams [51]. Therefore, it is possible that
there is a conserved role in host recognition for the Ir8a-
dependent olfactory subsystem in these highly divergent
insect blood feeders.

Triatomines and other vectors of human pathogens
rely on diverse sensory modalities besides olfaction to
find their hosts. The thermal sense is fundamental for
triatomine host-seeking [23, 69]; however, its molecular
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bases have been poorly studied [59]. As observed in mos-
quitoes [20], the abundance of antennal transcripts for
Tinflr21a decreased after blood feeding (Fig. 4 and Addi-
tional file 13: Supplementary Table S8). Interestingly, this
IR drives heat-seeking and heat-stimulated blood feeding
in An. gambiae [26] and is required for cool avoidance in
D. melanogaster [70]. These functional data together with
the high degree of conservation of Ir21a across insects
[47] turn it into a candidate to mediate the detection of
host-emitted thermal cues by kissing bugs. A funda-
mental role in host-seeking has also been attributed to
triatomine [25, 71] and mosquito [72] hygrosensation.
Studies in D. melanogaster have shown that several IRs
(Ir93a, Ird40a, Ir25a and Ir68a) are required for sensing
changes in environmental humidity [73-75]. These facts
and the significantly reduced expression of Tinflr40a
(Fig. 4 and Additional file 13: Supplementary Table S8)
after blood feeding suggest that this IR may act as a tri-
atomine hygroreceptor mediating host-seeking.

Unlike with ORs, IRs and GRs, the effect of feeding
over the expression of the odorant carrier proteins was
more prominent, significantly altering the expression of
13 OBPs and 7 CSPs (Fig. 4 and Additional file 13: Sup-
plementary Table S8). In a previous RNA-Seq experiment
targeting R. prolixus antennae, a significantly altered
expression of odorant carrier proteins through post-ecd-
ysis age was also more prevalent than on sensory recep-
tors [18]. A similar pattern has been observed in other
antennal transcriptomes analyzing nutritional and devel-
opmental effects in mosquitoes [17, 20—22]. This strongly
suggests that changes in odorant carrier expression lev-
els could be relevant to regulate sensory function. In the
cited study, several R. prolixus OBPs and CSPs had their
antennal expression significantly increased after ecdysis
and clearly correlated with the increased responsiveness
to host cues seen during the first week after molting [18].
Interestingly, T. infestans orthologues of some of these
odorant carriers (TinfCsp11, TinfCsp13, TinfObp18, Tin-
fObp21 and TinfObp22) were significantly down-regu-
lated after bug feeding (Fig. 4). Therefore, interfering with
the function of representatives of this set of odorant car-
riers, and especially the highly conserved Csp11, Obp18
and Obp22 (Fig. 2 and Fig. 3), represents a promising
strategy to affect triatomine host-seeking abilities.

Some TO genes have been reported to act as carriers of
juvenile hormone (JH), therefore relating to larval molt-
ing and reproduction [76, 77]. The ability of proteins of
the TO family to carry JH has also been pointed to relate
to food intake and foraging behavior, among other func-
tions [77-79]. The antennal expression of 12 T. infestans
TOs was modulated by feeding (Fig. 4 and Additional
file 13: Supplementary Table S8), similarly to what was
observed in the antennae of Spodoptera littoralis [80].
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This TO subgroup, and especially the TOs whose expres-
sion decreased after feeding (Fig. 4), may prove relevant
to regulate triatomine foraging behavior and/or feeding.
The TinflIo29 gene would be the first candidate to test
this hypothesis considering its high transcript abun-
dance (Additional file 4: Supplementary Table S2), the
pronounced decrease in expression it presented after
feeding (Additional file 13: Supplementary Table S8), and
its conservation among the five triatomine species stud-
ied here (Additional file 6: Supplementary Figure S2).

Ammonia (NH,) is attractive for R. prolixus and
T. infestans [66, 67], and it is present in triatomine host
excreta [81], human breath and sweat [82]. Interestingly,
R. prolixus larvae display reduced electrophysiologi-
cal responses to this compound after ingesting a blood
meal [83]. The detection of NH; in D. melanogaster and
An. gambiae is mediated by antennal ORNs that express
the AmT and Rh50 genes [84—86]. Considering the high
level of conservation of this transporter among diverse
organisms [84, 86, 87] and that the antennal expression of
TinfRh50 decreased after blood feeding (Fig. 4 and Addi-
tional file 13: Supplementary Table S8), it is possible to
suggest that it mediates NHja detection in the host-seek-
ing context of kissing bugs.

Blood ingestion induced a huge impact on the anten-
nal expression profile of T. infestans, as more than 1,000
genes had their abundance altered at least two-fold after
feeding (Additional file 10: Supplementary Table S5).
Similar results were observed when the antennal tran-
scriptomes of unfed and fed mosquitoes were compared
[17, 20-22]. In this work, we have focused on the anal-
ysis of sensory related-genes; however, feeding could
affect other gene families potentially involved in sensory
physiology, such as neuropeptides, neuropeptide and
neurotransmitter receptors, odorant degrading enzymes,
or nuclear receptors [17, 19, 21]. Therefore, the expres-
sion profiles of these targets deserve to be studied in our
dataset in the future. In addition, our study focused on
the transcriptional effects that had been triggered in the
antennae of the fifth instar larvae four days post blood
ingestion. Antennal RNA samples generated at different
times after feeding would probably show more complex
expression profiles. Finally, it is important to consider
that neural [16] and molecular changes taking place in
the central nervous system [19] and other sensory struc-
tures e.g. rostrum and tarsi [19, 88], could be acting in
parallel in the modulation of triatomine host-seeking
behavior.

The sensory repertoire of T. infestans
Besides transcriptome quantification, RNA-Seq pro-
vides transcript sequences that allow phylogenetic and
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comparative analyses in organisms lacking genomic
annotated sequences, as is the case of T. infestans. Since
the publication of the R. prolixus genome [41], new
hemipteran genomes and transcriptomes have been
sequenced, allowing a better understanding of the evo-
lution of sensory gene families within this largest hem-
imetabolan insect order. In this sense, our phylogenetic
analyses identified new triatomine-specific lineages, as
well as conserved orthogroups for sensory gene families
within Heteroptera.

The sensory gene repertoires of T. infestans and R. pro-
lixus revealed to be very similar, at least in terms of gene
number (Table 1). This might seem puzzling, considering
their largely different habitats e.g. palm trees vs. rocky
mounds, and geographical distribution. Nevertheless,
genomic information for T. infestans is still necessary
to confirm the size and complete identity of the sensory
gene families reported here.

The phylogenetic trees obtained for the different sen-
sory gene families showed similar evolutionary patterns
(Fig. 1-3 and Additional file 6: Supplementary Figure
§2). This included expanded clades that were species (the
large GR clades from H. halys or O. fasciatus), or sub-
family-specific (such as some OBP and CSP orthogroups
observed for triatomines), or that included sequences
from very different heteropteran families, like the Tin-
fOr104 orthogroup. This pattern is consistent with the
gene birth-and-death model that drives the evolution of
these rapidly evolving genes [89].

In the case of the ORs, we identified six subfamily-
exclusive gene clades that expanded through the evolu-
tion of triatomines (highlighted in green in Additional
file 6: Supplementary Figure S2), suggesting that they
mediate bug-specific behaviors, such as pheromone
detection or host-seeking. Interestingly, the largest tri-
atomine clade (RproOr58-87 and its orthologues in
T. infestans) is composed of young ORs, probably origi-
nating from recent gene duplication events. Indeed,
most of these ORs belong to a single tandem array in a
few scaffolds of the R. prolixus genome [41], reinforc-
ing their recent evolutionary origin. On the other hand,
several old OR lineages of single genes previously iden-
tified in R. prolixus (RproOrl, RproOr2, RproOr101-105,
RproOr107, and RproOrli2) [41] were also found in
T. infestans and other heteropterans (Additional file 6:
Supplementary Figure S2). Functional information for
some of these old OR lineages has been generated in
C. lectularius [90, 91]. For instance, ClecOrS5 (related
to TinfOri03 and RproOri03) responds to nonanal
and octanal; and ClecOr9 (related to TinfOr105 and
RproOr105) detects decanal. These compounds have been
identified in triatomine hosts, such as humans, sheep and
chickens, and elicit behavioral and electrophysiological
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responses in T infestans and R. prolixus [5], suggesting
that aldehydes may be the cognate ligands of these tri-
atomine ORs.

Orthologues of the three IR co-receptors (Ir8a, Ir25a,
and Ir76b) and the well-conserved antennal IRs were
identified for T. infestans and all other heteropterans
(Fig. 1). Except for Ir41 and several Ir75s, T infestans
and R. prolixus showed a clear 1:1 orthologue relation
for most of the IRs. Orthologues of some antennal IRs,
including Ir31a, Ir92a, Ir60a, Ir76a, Ir64a and Ir84a [47]
were absent in all heteropteran databases studied here,
a phylogenetic feature yet unknown. The great expan-
sion observed for the [r75 lineage in triatomines and
C. lectularius represents almost half of all IRs found in
these insects (Table 1). This is not the case for other insects
presenting expanded [r75 lineages like the mosquitoes Ae.
aegypti (12 Ir75s out of 135 IRs) [92] and Cx. quinquefascia-
tus (13 Ir75s out of 61) [20]; or Blattodea representatives like
Blattella germanica (26 Ir75s out 455) [93] and Zootermopsis
nevadensis (17 Ir75s out of 141) [94]. This particular pattern
and the fact that two Ir75s are down-regulated after blood
ingestion (Fig. 4) turns these receptors into interesting can-
didates to perform functional genetic studies and to apply
cheminformatic pipelines to evaluate their role in triatomine
Sensory processes.

A reduced number of GR transcripts (11) was identi-
fied in our T. infestans antennal transcriptome (Table 1).
A high divergence at the sequence level that may have
reduced the efficiency of our search strategy, and the low
antennal expression (8 out of 11 had<1 TPM) poten-
tially explains the low number of GRs identified for
T. infestans. A future annotation of the genomic sequence
of T. infestans should allow us to evaluate whether this
reduction reported for its GR numbers is real. The phy-
logenetic analysis shows that the youngest lineage among
the R. prolixus GRs (RproGr5-17) [41] seems to be exclu-
sive of this species, but this might also be biased by the
limited access to triatomine GR data mentioned above.

Triatoma infestans presents the largest CSP reper-
toire (25) among the hemipterans studied here. A similar
case was seen for OBPs, as the repertoire of this spe-
cies (41) was only below that of H. halys (44) (Table 1).
Heteropteran OBP numbers were clearly higher than
those of Auchenorrhyncha and Sternorrhyncha, while
the number of CSPs seems to be more homogeneous
(Table 1). Nevertheless, a great variation in the num-
bers of these binding proteins has been observed across
insect orders, without any correlation to their ecologi-
cal and nutritional preferences or taxonomic relation-
ships [95]. Regarding TRPs, Trp and TrpC genes from the
TRPC subfamily were found to be absent in triatomines.
The Trp gene mediates phototransduction (reviewed by
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[96]) and mutant D. melanogaster flies for this and other
TRPC subfamily members (TrpL and Trp-gamma) show
reduced sensitivity to CO, [97].

In spite of using an antennal transcriptome with a
high sequencing depth (>500 M cleaned and trimmed
reads, Additional file 1: Supplementary Table S1), sen-
sory receptors or odorant transporters of 7. infestans
with low expression i.e. gustatory receptors; or expressed
in other physiological conditions may not be identified
in our transcriptome. Several transcripts were not com-
pletely reconstructed and genomic information will be
necessary to complete and validate their sequences. In
addition, whether transcripts whose sequences were very
similar are isoforms, allelic variants, or they come from
different genes will only be determined after the genomic
sequence and gene annotation of T. infestans becomes
available. Besides, sequencing more triatomine and
hemipteran genomes would help to confirm the particu-
lar evolutionary features described in this work for sen-
sory-related gene families within the order Hemiptera,
and especially within Chagas disease vectors.

New sensory genes were identified in heteropterans

We have annotated several sensory protein families
(CheAs, CheBs, CSPs, PPKs, SNMPs and TOs) of diverse
heteropterans (Table 1 and Additional file 6: Supplemen-
tary Figure S2). This will allow functional genetic studies to
be performed in those species. Our phylogenetic analysis
confirms that heteropterans lack PPKs from subfamilies
IV (formed by ppk22 and ppk24 genes, among others) and
VII (composed by ppkl7) and that instead the highly con-
served ppk9, ppk23, and ppk28 prevail within this insect
suborder [98]. This is the first report to study in detail the
TO gene family of Heteroptera, identifying sequences of 7
species and improving the annotation of R. prolixus and
T brasiliensis TO repertoires. Interestingly, heteropter-
ans had larger TO repertoires compared to other insects
[99]. The Pyr gene, a TRP related to thermal physiology,
was absent from the databases of all heteropterans studied
here. This thermosensor has been shown to detect high
temperatures (close to 40 °C) helping to protect insects
from harmful warm conditions [100, 101]. Therefore,
assessing the molecular mechanism through which heter-
opterans deal with such noxious stimuli seems appealing.
On the other hand, no SNMP or CHE members were iden-
tified in the O. fasciatus and C. lectularius predicted pro-
tein databases, respectively. SNMPs have been described
in many insect species and seem to be involved in phero-
mone and odor detection (revised by [102]). The negative
BLAST searches against the O. fasciatus genome using the
SNMP sequences of Nysius ericae [103] allowed us to con-
clude that the former species lacks these proteins.
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Conclusions

Feeding significantly impacted the gene expression
profiles of 20% of the genes expressed in T. infestans
antennae. Furthermore, most of these genes were
downregulated after ingesting a blood meal. Inter-
estingly, a relevant proportion of these genes can be
connected to sensory function. In conclusion, several
gene candidates to mediate the detection of host-asso-
ciated cues by triatomines have been identified, creat-
ing opportunities to develop behavioral manipulation
strategies based on them in the future. Nevertheless, to
follow on the observed expression changes, functional
genetic studies i.e. RNA interference coupled to behav-
ioral experiments or heterologous expression systems
would still be necessary to characterize their roles. Fur-
thermore, it will be fundamental to evaluate whether
the transcriptional changes observed in the anten-
nae imply modifications at the level of sensory neuron
responsiveness.

Material and methods
Insects
Fifth instar larvae of T infestans were obtained from
colony X32 of the Centro de Referencia de Vectores
(CeReVe) of Argentina and reared under controlled
conditions (26 =1 °C temperature and a 12 h:12 h light/
dark cycle). This colony was established at CeReVe with
field-captured insects from Santiago del Estero province
(Argentina) five years before our samples were obtained.
For our experiment testing the effect of blood feeding,
two groups of fifth instar larvae were sorted immediately
after ecdysis. Half of them were kept unfed until using
them for sample preparation, while the remaining bugs
were fed ad libitum on pigeons at day 30 post-ecdysis.
Antennal samples from both groups of insects (unfed and
fed) were obtained on day 34 after ecdysis. Each condi-
tion was replicated 6 times using 20 antennae per sample.
Antennae were homogenized manually using sterilized
pestles and total RNA was extracted from the homogen-
ate using the TRIzol® Reagent (Life Technologies, Carls-
bad, CA, USA). The extracted RNA was resuspended in
25 pL of DEPC-treated water (Life Technologies). RNA
integrity and quality were assessed by means of a 1% aga-
rose electrophoresis gel and in an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA).
Pigeons used in this work to feed the bugs were
housed, cared, fed, and handled following the resolu-
tion 1047/2005 (Consejo Nacional de Investigaciones
Cientificas y Técnicas, CONICET, Argentina) regarding
the national reference ethical framework for biomedical
research with laboratory, farm, and nature collected ani-
mals (Marco Etico de Referencia para las Investigaciones

Page 15 of 21

Biomédicas en Animales de Laboratorio, de Granja y
Obtenidos de la Naturaleza), which is in accordance with
the standard procedures of the Office for Laboratory Ani-
mal Welfare, Department of Health and Human Services,
NIH and the recommendations defined by the 2010/63/
EU Directive of the European Parliament, related to
animals used for scientific purposes and National Law
14,346 on Animal Welfare. The final protocol was evalu-
ated by a committee in the Regional Center of Genomic
Studies (CREG) at the National University of La Plata
(Argentina), which confirmed the accordance with the
ethical frameworks. Biosecurity considerations are in
agreement with CONICET resolution 1619/2008, which
is in accordance with the WHO Biosecurity Handbook
(ISBN 92 4 354 6503).

Sequencing and read processing

Library construction and high-throughput sequencing
services were hired at Macrogen (Seul, South Korea).
A total of 12 cDNA libraries (six per experimental
condition) were generated using the TruSeq Stranded
mRNA LT Sample Prep Kit from Illumina (San Diego,
CA, USA). The libraries were sequenced using an Illu-
mina NovaSeq 6000 equipment with paired-end
reads of 150 base-pair (bp) length. The raw data set
is available at SRA Bioproject number PRJNA882044.
The FASTQC tool (available at www.bioinformatics.
babraham.ac.uk/projects/fastqc) was used to evaluate
read quality and the presence of Illumina sequenc-
ing adapters in the raw reads. To remove low-quality
bases from 5 and 3’ ends and sequencing adapters,
we used Trimmomatic (v0.39) in the paired-end mode
with the following settings: TRAILING: 5, LEADING:
5, ILLUMINACLIP: TruSeq3-PE-2.fa:2:30:10 and
SLIDING-WINDOW 4:15. Reads shorter than 50 bp
were eliminated.

De novo assembly

The trimmed and cleaned reads from the 12 librar-
ies were used to generate a de novo transcriptome
assembly by means of the Trinity software (v.2.10.0),
with the option —-SS_lib_type RF used for this type of
stranded libraries. Afterward, the TrinityStats.pl script
was used to obtain the basic statistics of the assem-
bly. A non-redundant CDS database of the assembled
transcripts was generated following the pipeline used
by Traverso et al. (2022) [28] and Tanaka et al. (2022)
[104]. First, open reading frames (ORFs) with a length
of at least 100 amino acids were predicted using the
TransDecoder.LongOrfs script from the TransDecoder
software v5.5.0 (http://transdecoder.github.io). Sec-
ond, BLASTp (v2.9.0 +) and HMMscan (v3.3) searches
were carried out on the predicted ORFs using the
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complete UniProtKB/Swiss-Prot and PFAM-A data-
bases as queries. Third, the output of these searches
was used in the TransDecoder.Predict script to gener-
ate the predicted CDSs. Finally, those CDSs with > 95%
of sequence identity were clustered and filtered using
the cd-hit-est script of CD-HIT software (v.4.8.1).
The resulting non-redundant CDS database was used
to perform the differential expression analysis, and
the protein sequences obtained from its translation
were used to identify the sensory gene repertoire of
T. infestans. The completeness of the non-redundant
translated CDS database was evaluated by means of
BUSCO (v4.1.4) in protein mode against the hemip-
tera_odb10 lineage data set.

Identification of sensory genes
Identification and sequence analysis of sensory gene
candidates of T. infestans
BLASTp searches on the non-redundant translated
CDS database were performed using the following que-
ries: 1) The R. prolixus sensory gene sequences pre-
viously described by Mesquita et al. (2015) [41] and
Latorre-Estivalis. (2017, 2020) [18, 43]; 2) The OR, IR and
GR sequences from C. lectularius [37], A. lucorum [38,
105], O. fasciatus [32]) and H. halys [33]; 3) The PFAM
seed sequences in fasta format (unaligned) for each fam-
ily, except for CHEs; and 4) The TRP, CHE, and PPK
sequences of D. melanogaster and R. prolixus. BLAST
results were filtered by sequence identity>30% and
e-value <1 x 1077 and only those sequences presenting an
alignment length higher than 100 amino acids for OBP,
CSP, and TO genes and 200 amino acids for the rest of
the gene families were included. In addition, HMMscan
searches using HMM PFAM profiles for each target fam-
ily were performed on the non-redundant translated
CDS database to identify additional candidates.
Sequences of sensory gene candidates were analyzed by
means of 1) BLASTp searches against UniProtKB/Swiss-
Prot; 2) HMMscan searches using the Pfam-A database
as query; 3) Presence of transmembrane domains using
the TMHMM software (v2.0), and 4) Presence of a sig-
nal peptide using SignalP (v.5.0). The output of these
searches was integrated using Trinotate v3.2.1 (https://
trinotate.github.io), with an e-value le™® to extract
the positive hits in the BLAST searches, and using the
default parameter “domain noise cut-oftf” as a criterion
to select PFAM results. Using R. prolixus as a reference,
sequences of interest were manually examined and edited
if clear assembly errors were observed (e.g. a sequence
was split into two assembled transcripts) or the initial
methionine was not correctly predicted. These manually
curated sequences were used for the phylogenetic analy-
ses described below. Transcripts with coverage to the

Page 16 of 21

R. prolixus reference sequences>90% were considered
complete. Clustal Omega was used to align the predicted
T. infestans CSPs and OBPs to a Mamestra brassicae CSP
(Uniprot ID QI9NG96) and the D. melanogaster lush-PA
sequences, respectively, in order to assess the presence
of conserved residues of both protein families. PSIPRED
v4.0 was used to predict CSP and OBP secondary struc-
tures. Transcripts Per kilobase per Million reads (TPM)
values were calculated and used in the gplot package
(v.3.1.1) to create heatmaps for the different sensory gene
families.

Identification of sensory gene candidates in other
heteropterans

We obtained the predicted protein databases from O.
fasciatus (official gene set v1.2, GCA_000696205.1_
Ofas_1.0_protein from i5k), A. lucorum (official
gene set vl, GCA_009739505.2_ASM973950v2_pro-
tein from NCBI), H. halys (official gene set v2.0,
GCF_000696795.2_Hhal_2.0_protein from NCBI) and C.
lectularius (official gene set ClecH1.3 at VectorBase).
Besides, the assembled transcriptomes of T. brasiliensis
([39], available at European Nucleotide Archive—ENA
with ID HADI01000000.1), T. pallidipennis (available
at NCBI with ID GFMKO00000000.1) and T. dimidiata
(available at NCBI with ID GFMJ00000000.1) from Mar-
tinez-Barnetche et al. (2018) [40] were also obtained.

Rhodnius prolixus and D. melanogaster TO, CheA,
CheB, TRP, PPK, SNMP sequences and their correspond-
ing PFAM seeds (in unaligned fasta format) were used as
queries in BLASTp searches against the predicted protein
databases of the four non-triatomine species with their
genomes available. In the case of O. fasciatus, OBP and
CSP sequences from the other heteropterans studied here
[33-35, 39, 41] were used as queries to identify candi-
dates from both gene families as they were not identified
in the genome project. Results of BLASTp searches were
processed using the same identity and length criteria pre-
viously mentioned for T. infestans. Besides, HMMscan
searches using HMM PFAM profiles for each target fam-
ily were performed on the predicted protein databases to
identify additional candidates. Only the longest isoforms
from the candidate sequences identified in C. lectularius,
H. halys and O. fasciatus databases were included in the
phylogenetic analyses. As no information about isoforms
was available for the A. lucorum genome, all sequences
meeting the criteria were used for the species.

Contigs containing OBP and CSP sequences were
extracted from the T pallidipennis and T. dimidiata tran-
scriptomes (IDs previously described by Martinez-Bar-
netche et al., 2018 [40], and their predicted CDSs were
extracted using the TransDecoder.LongOrfs and Trans-
Decoder.Predict scripts from the TransDecoder software
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v5.5.0 and filtered using CD-HIT as described in the
previous section. Only protein sequences longer than
100 amino acids were maintained. Rhodnius prolixus TO
sequences [43] and the PFAM seed PF01395 (unaligned
fasta format) were used in tBLASTn searches to iden-
tify T. pallidipennis and T. dimidiata candidates in their
corresponding transcriptomes. Subsequently, TO CDSs
were extracted using the same strategy as for OBPs and
CSPs. Considering the type of samples (whole-body) used
to generate the 1. pallidipennis and T. dimidiata tran-
scriptomes [40], sensory gene searches were restricted
to highly expressed gene families such as OBPs, CSPs
and TOs. In the case of 1. brasiliensis, OBP, CSP and
TO nucleotide sequences previously reported [39] were
extracted from the corresponding database, translated
to amino acids and filtering using CD-HIT software. It is
important to note that contigs for ThrasObp23 and Thra-
sOpb17 reported in that study were not found in their
published database, CDS extracted from Contigl7773
had less than 100 amino acids, mira_454 rep_c72681
(partial sequence of Contigl1061) and compl71165_c2
(identical to Supercontig 454_5739) were not considered
for our analyses.

Finally, the seed (small and curated set of sequences
from representative members of the family) and HMM
of the PFAM domain PF01395 were used in BLASTp and
HMMscan searches, respectively, to identify new TO
candidates in the R. prolixus genome predicted protein
database (official gene annotation RproC3.5, available at
VectorBase). To validate the absence of SNMP genes in
the genome of O. fasciatus, SNMP sequences of N. ericae
[103], which is another Lygaeidae, were used for BLASTp
and tBLASTn searches.

Phylogenetic analyses

The protein sequences belonging to each sensory gene
family were aligned using MAFFT with the G-INS-i
strategy and the following settings: unaligned level =0.1;
offset value=0.12; maxiterate=1000 and the option
"leave gappy regions". After trimming (using trimAl v1.2
by default except for the gap threshold=0.3), the align-
ments were used to build phylogenetic trees on IQ-
tree (v1.6.12). The branch support was estimated using
both the approximate Likelihood Ratio Test based on
the Shimodaira-Hasegawa (aLRT-SH) and the ultrafast
bootstrap (UFBoot) approximation [106, 107]. ModelF-
inder was used to establish the best-fit amino acid sub-
stitution models and chosen according to the Bayesian
Information Criterion. These models were JTT +F +R9
for ORs, JTT+F+R10 for GRs, WAG+F+R9 for IRs,
LG+R5 for CSPs, VI +R5 for OBPs, LG+ F+R7 for
TOs, WAG-+F+R7 for PPKs, VI +F+R6 for TRPs,
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LG+ 1+ G4 for SNMPs and WAG + F + 1+ G4 for CHEs.
The phylogenetic trees were visualized and edited with
FigTree. Sensory gene candidates were annotated based
on their relationship with those of R. prolixus. Triatoma
infestans candidates without a clear relationship with
R. prolixus genes retained their TRINITY codes.

Transcript quantification and differential expression
analysis

The Salmon software (v1.4.0), using the align_and_esti-
mate_abundance.pl Trinity script with the -SS_lib_
type RF parameter, was used to map the trimmed reads
from each library to the non-redundant CDS database.
The matrix of counts per transcript for each library was
obtained using the abundance_estimates_to_matrix.
pl Trinity script. Following this procedure, transcripts
showing large variation and/or low expression were
eliminated from the matrix using HTSFilter v.1.28
in RStudio. The filtered matrix was used as input for
DESeq2 (v.1.28.0) to perform the differential expres-
sion analysis in RStudio using the apeglm estimation
from the [fcShrink function. This function is based on
the “Approximate Posterior Estimation for Generalized
Linear Model” (apeglm) method that uses an adaptive
Bayesian shrinkage estimator to generate more accu-
rate fold-change values [108]. Differentially expressed
genes (DEGs) were established using an s-value <0.05
as the significance threshold and a fold-change thresh-
old>1.5 (equal to an expression change of 50%). The
sequence of those genes that fitted these criteria were
subsequently submitted to BLASTp searches against
UniProtKB/Swiss-Prot and the predicted proteins from
R. prolixus (release 51, downloaded from VectorBase).
In addition, HMMscan searches were carried out using
the Pfam-A database. The results of these analyses were
integrated using Trinotate v3.2.1 (https://trinotate.
github.io) using the same criteria described in the sec-
tion “Identification and sequence analysis of sensory
gene candidates of T. infestans” of the "Identification of
sensory genes" section.

The enrichment analysis was carried out with
ermineR R package [109] using the Gene Score Resa-
mpling (GSR) method and the s-values for each tran-
script to produce a score rank. This analysis was
complementary to that of the differential expression,
and all transcripts of the non-redundant translated
CDS database (38,291 transcripts) were considered
along with their corresponding s-values. GO-terms
with corrected p-value lower than 0.05 were identified
as enriched. For details on the strategy used see https://
erminej.msl.ubc.ca/help/tutorials/running-an-analysis-
resampling/. It is worth mentioning that performing a
GO-enrichment analysis can have certain limitations
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in non-model insects like triatomines and in de novo
assemblies, where the background used to identify the
enriched terms is limited to the genes expressed in the
tissue and conditions tested.
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