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Abstract 

The behaviour of the desert locust, Schistocera gregaria, is largely directed by volatile olfactory cues. 
The relevant odorants are detected by specialized antennal sensory neurons which project their 
sensory dendrites into hair-like structures, the sensilla. Generally, the responsiveness of the an-
tennal chemosensory cells is determined by specific receptors which may be either odorant re-
ceptors (ORs) or variant ionotropic receptors (IRs). Previously, we demonstrated that in locust 
the co-receptor for ORs (ORco) is only expressed in cells of sensilla basiconica and sensilla 
trichodea, suggesting that cells in sensilla coeloconica may express different types of chemosen-
sory receptors. In this study, we have identified the genes of S. gregaria which encode homologues 
of co-receptors for the variant ionotropic receptors, the subtypes IR8a and IR25a. It was found 
that both subtypes, SgreIR8a and SgreIR25a, are expressed in the antennae of all five nymphal 
stages and in adults. Attempts to assign the relevant cell types by means of in situ hybridization 
revealed that SgreIR8a and SgreIR25a are expressed in cells of sensilla coeloconica. Double flu-
orescence in situ hybridization experiments disclosed that the two IR-subtypes are co-expressed in 
some cells of this sensillum type. Expression of SgreIR25a was also found in some of the sensilla 
chaetica, however, neither SgreIR25a nor SgreIR8a was found to be expressed in sensilla 
basiconica and sensilla trichodea. This observation was substantiated by the results of double FISH 
experiments demonstrating that cells expressing SgreIR8a or SgreIR25a do not express ORco. 
These results support the notion that the antenna of the desert locust employs two different 
populations of OSNs to sense odors; cells which express IRs in sensilla coeloconica and cells which 
express ORs in sensilla basiconica and sensilla trichodea. 
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Introduction 
The desert locust, Schistocerca gregaria, is a 

dreaded pest in afro-asian regions, due to its potential 
to form huge swarms, which invade and crop com-
plete agricultural areas thus causing tremendous 
economical damage. Many aspects of locust behavior, 
including aggregation, feeding, mating and oviposi-

tion are triggered and guided by volatile chemical 
cues emitted from con-specifics, food plants or ovi-
position sites [1]. Insects sense volatile chemicals by 
olfactory sensory neurons (OSNs) on antennae, which 
extend their dendrites into hair-like structures. On 
locust antennae three types of morphologically iden-
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tifiable olfactory sensilla are distinguished housing 
different number of OSNs: sensilla basiconica (up to 
50 OSNs), sensilla trichodea (1-3 OSNs) and sensilla 
coeloconica (1-4 OSNs) [2]. Single sensillum record-
ings from antennae of Schistocerca gregaria and the 
closely related Locusta migratoria have provided some 
first insight into the response spectrum of OSNs in the 
different sensilla types. It was found that basiconic 
OSNs responded to nymphal as well as to adult ag-
gregation pheromones, while OSNs in s. trichodea 
responded to odorants from locust feces and to a pu-
tative sex pheromone [3, 4]. Finally, OSNs in s. coe-
loconica responded to organic acids, plant volatiles 
and nymphal odors; but were inhibited by putative 
aggregation pheromones [3]. 

In the past decades significant progress has been 
made to unravel the molecular mechanisms mediat-
ing the odorant-responses of insect OSNs [5-8]. Dis-
tinct receptor types residing in the dendritic mem-
brane of OSNs are considered as key elements in 
odorant detection. Originally in Drosophila [9, 10] and 
subsequently in many species from various insect 
orders, large families of highly diverse olfactory re-
ceptors have been identified [11-13]. Interestingly, 
recent studies have provided evidence that two clas-
ses of chemosensory receptors may exist in the olfac-
tory system of insects [14-17]. Members of the large 
and diverse family of odorant receptors (ORs) are 
expressed in OSNs housed in sensilla trichoidea and 
sensilla basiconica from flies [18, 19], mosquitoes [20] 
or moths [21, 21, 22]. These seven transmembrane 
domain receptor proteins confer ligand-specificity to 
the OSN [18, 23-25] and most probably heteromerize 
with a common OR-coreceptor (ORco) to form a re-
ceptor-complex which is activated by appropriate 
odorants leading to a depolarization of OSNs through 
ionotropic [26] and/or metabotropic mechanisms [27].  

The second type of olfactory receptors, named 
“variant ionotropic receptors” (IRs) due to their se-
quence relation and structural similarity to ionotropic 
glutamate receptors (iGluRs) [8, 14] was found to be 
expressed in OSNs housed in sensilla coeloconica of 
Drosophila. In Drosophila, each coeloconic OSN ap-
pears to express combinations of several IRs from a 
repertoire of antennal IR genes. IRs are considered to 
mediate responsiveness of OSNs to organic acids, 
amines and alcohols [14, 28]. Generally, several vari-
able IRs appear to be co-expressed with one or both 
IR-subtypes, IR8a and IR25a [29]. These two subtypes 
are phylogenetically highly conserved and are con-
sidered to function as co-receptors [30, 31], thus re-
sembling the functional role of ORco protein in 
basiconic and trichoid OSNs.  

In a previous study exploring the expression of 
ORco in the antenna of S. gregaria and L. migratoria 

[32] we could assign the expression of ORco to OSNs 
located in sensilla basiconica and sensilla trichodea, 
but found no expression in OSNs of sensilla coe-
loconica. In addition, for some ORs expression in 
ORco-positive sensilla types was demonstrated [33]. 
Together, these results imply that olfactory receptors 
of the OR-class are involved in odorant responses of 
basiconic and trichoid OSNs, while s. coeloconica 
likely express different receptor types. In this study, 
we set out to explore whether variant ionotropic re-
ceptors may be expressed in the antennae of the locust 
S. gregaria. Towards this goal attempts were made to 
identify the genes encoding the IR co-receptors IR8a 
and IR25a and to visualize their expression in the an-
tenna.  

Materials and Methods 
Insect rearing and tissue collection 

Locusts, Schistocerca gregaria, were obtained from 
local suppliers (Zoo&Co, Filderstadt, Germany). Body 
parts (antennae, mouth parts, tarsi and brains) of 
adult animals and antennae of different nymphal 
stages were dissected from cold anaesthetized insects. 
Tissues were collected in liquid N2 and subsequently 
used to isolate total RNA. For in situ hybridization 
experiments antennae were directly embedded in 
Tissue-Tek O.C.T. compound (Sakura Finetek Europe, 
Zoeterwoude, The Netherlands) and stored at -70°C 
until sectioning. 

Identification of IR sequences (SgreIRs) from 
the antennal transcriptome of Schistocerca 
gregaria  

We used a collection of IR sequences reported in 
Croset et al, 2010 to generate a BLAST database in 
Geneious 6 (Biomatters, Auckland, New Zealand), 
and carried out tblastx queries with a cut off of 10-5 

against this database using S. gregaria antennal tran-
scriptome data, kindly provided by Heiko Vogel 
(Department for Entomology, MPI for Chemical 
Ecology Jena, Germany) and Andreas Vilcinskas (In-
stitute of Phytopathology and Applied Zoology, 
Justus-Liebig-University of Giessen, Germany). Iden-
tified hits indicating candidate SgreIR sequences were 
used to re-tblastx the NCBI nr (non-redundant) data-
base to verify identity. This identified several se-
quences annotated as ionotropic glutamate receptors 
or variant ionotropic receptors, which were used as 
queries to perform tblastx again with the Schistocerca 
gregaria transcriptome database. Finally, identified 
and extracted contig sequences were assembled to 
yield putative IR sequences of S. gregaria (SgreIRs).  

Amplification of SgreIRs sequences 
Total RNA was extracted from frozen male and 
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female antennae using Trizol reagent (Invitrogen, 
Germany) according to the supplier´s protocol. Poly 
A+ RNA was purified from 100 μg total RNA using 
oligo (dT)25 magnetic dynabeads (Invitrogen) follow-
ing recommended protocols. cDNAs were synthe-
sized from 50 ng mRNA using the Smarter Race 
cDNA Amplication Kit (Takara, Japan). In order to 
amplify the 5’ terminal and 3’ terminal sequences of 
SgreIR8a and SgreIR25a coding sequence specific 
primers (Supplementary Material: Table S1) were 
used in PCR reaction with Fermentas High Fidelity 
Taq (Fisher Scientific, Germany). To overcome GC 
rich regions in the 5’ part of the SgreIR8a sequence a 
Taq(R) high GC enhancer (New England Biolabs, 
USA) was added to the standard PCR reaction. PCR 
conditions used in SgreIR8a 5’ part were: 95°C for 5 
min, then 35 cycles with 94°C for 30 s, 68°C for 30 s 
and 72°C for 2 min, followed by incubation for 10 min 
at 72°C. PCR conditions used in SgreIR8a 3’ part were: 
95°C for 5 min, then 20 cycles with 94°C for 30s, 70°C 
for 30 s and 72°C for 1 min 30 s, decreasing the an-
nealing temperature by 0.5°C per cycle. Subsequently, 
20 cycles with 60°C annealing temperature were per-
formed followed by incubation for 10 min at 72°C. 
SgreIR25a sequences (5´ and 3´ parts) were amplified 
using the following conditions: 94°C for 1 min 40 s, 
then 20 cycles with 94°C for 30 s, 48°C for 30 s and 
72°C for 1 min 30 s, with decreasing the annealing 
temperature by 0.5°C per cycle. This was followed by 
20 further cycles with 38°C annealing temperature 
and a final incubation for 10 min at 72°C. PCR prod-
ucts were gel-purified using the Geneclean kit (MP 
Biomedicals, Germany) and adenine nucleotide 
overhangs were added by incubation with 10 mM 
dATP and 5U Taq polymerase (Gennaxxon, Germany) 
at 72°C for 20 min. The resulting A-tailed PCR prod-
ucts were cloned using the pGEM-T vector system 
(Promega, USA) and sequenced on an ABI310 auto-
matic sequencer employing the BIG dye cycle se-
quencing kit (v3.1; Applied Biosystems, Foster City, 
Ca, USA) with vector and gene specific primers. 

Tissue and stage-specific expression of IRs  
Total RNA was extracted from different adult 

tissues and nymphal stages using Trizol reagent 
(Invitrogen) following recommended protocols. Male 
and female cDNAs were transcribed from 1 μg of total 
RNA using 4 μl first strand buffer (250 mM Tris pH 
8.3, 375 mM KCl, 15 mM MgCl2), 1 μl 10 mM dNTP 
mix, 1 μl RNaseout, 2 μl DTT (0.1M), 1 μl oligo-dT18 
primer (500 ng μl-1) and 1 μl Superscript II reverse 
transcriptase (Invitrogen) in a total volume 20 μl. 
Synthesis of cDNA was performed at 50°C for 50 min 
followed by incubation for 15 min at 70 °C. 
Non-quantitative RT-PCR was performed using 

IR-specific sense and anti-sense primers (Supple-
mentary Material: Table S1). PCR conditions used for 
SgreIR8a were: 94°C for 1 min 30 s, then 20 cycles with 
94°C for 30s, 55°C for 30 s and 72°C for 1 min 30 s, 
with decreasing the annealing temperature by 0.5°C 
per cycle. Subsequently, 20 cycles at 45°C annealing 
temperature were performed followed by incubation 
for 10 min at 72°C. PCR conditions for SgreIR25a were: 
94°C for 1 min 30 s, then 40 cycles with 94°C for 30 s, 
45°C for 30 s and 72°C for 1 min, followed by incuba-
tion for 10 min at 72°C. Primers matching the actin 
gene of S. gregaria (Supplementary Material: Table S1) 
were used to verify the quality of the cDNA prepara-
tions. PCR conditions for actin were: 94°C for 1 min 30 
s, then 40 cycles with 94°C for 30 s, 45°C for 30 s and 
72°C for 1 min, followed by incubation for 10 min at 
72°C. PCR products were run on 1.2% agarose gels 
and visualized by ethidium bromide staining. 

Sequence analysis and comparison  
Sequence alignments shown for IR8a and IR25a 

sequences, respectively, were conducted using Clus-
talW [34] and further arranged using the BioEdit pro-
pro-
gram (www.mbio.ncsu.edu/BioEdit/bioedit.html). 
For SgreIR8a and SgreIR25a structure domain anno-
tation was added according to the DmelIR8a defini-
tions reported in [31]. An unrooted neighbour joining 
tree comparing the relationship of IR8a and IR25a 
amino acid sequences from various insect species was 
calculated based on a ClustalW alignment using the 
MEGA5 program [35].  

In situ hybridization  
Digoxigenin (Dig)-labeled or biotin-labeled an-

ti-sense and sense probes were synthesized from lin-
earized pGEM-T vectors containing partial cDNA of 
SgreIRs or the coding sequence of SgreORco [32] us-
ing the T7/Sp6 RNA transcription system (Roche, 
Germany) following the protocol recommended by 
the manufacturer. For SgreIR8a riboprobes were 
transcribed from two plasmids containing 1906 nu-
cleotides of the 5’ part and 1283 nucleotides of the 3’ 
part, respectively. Accordingly, for SgreIR25a plas-
mids containing either the 5’ part (1438 nucleotides) 
or the 3’ part (1669 nucleotides) were used. In ISH 
experiments 1:1 mixtures of 5’ part and 3’ part ribo-
probes were used for both SgreIRs. Antennae (em-
bedded in Tissue-Tek) of male and female locusts 
were used to make 12 μm sections with a Jung CM300 
cryostat at -21°C. Sections were thaw mounted on 
Super Frost Plus slides (Menzel-Gläser, Braun-
schweig, Germany) and stored at -70°C until use. In 
situ hybridization was performed using the protocol 
described in detail previously [32] with few modifica-



Int. J. Biol. Sci. 2014, Vol. 10 

 
http://www.ijbs.com 

4 

tions. Briefly, sections were taken out from the -70°C 
freezer and immediately transferred to 4% PFA for 20 
min at 4°C. This was followed by a wash in PBS for 1 
min, incubation in 0.2 M HCl for 10 min and two 
washes in PBS for 1 min each. Then sections were in-
cubated for 10 min in acetylation solution (25% acetic 
anhydride freshly added in 0.1 M triethanolamine) 
followed by three 3 min washes in PBS. 
Pre-hybridization was for 1 hour at 65°C for SgreIR8a 
and 60°C for SgreIR25a. Hybridization with labeled 
probes was performed at the same temperatures for 
24 hours.  

Visualization of Dig-labeled probe hybridiza-
tions using color substrate was performed as de-
scribed earlier [32] using an anti-Dig alkaline phos-
phatase (AP) conjugated antibody (1:500, Roche) and 
NBT/BCIP substrate. To increase the signal intensity, 
polyvinyl alcohol (PVA, MW: 89-98K, Sigma) (1% for 
SgreIR8a; 2.5% for SgreIR25a) was added to the de-
veloping buffer containing NBT/BCIP substrate. 
Tissue sections were analyzed on a Zeiss Axioskope2 
microscope (Zeiss, Oberkochen, Germany) equipped 
with Axiovision software. 

Single and double fluorescent RNA in situ hy-
bridization (FISH) with Dig- and/or biotin-labeled 
probes was conducted in the same way. Visualization 
of labeled probes was performed as described earlier 
[33, 36]. In short, Dig-labeled probes were visualized 
by the anti-Dig AP-conjugated antibody in combina-
tion with HNPP/Fast Red (Roche). For biotin-labeled 
probes the TSA kit (Perkin Elmer, MA, USA), includ-
ing an anti-biotin strepavidin horse radish peroxi-
dase-conjugate and fluorescein-tyramides as substrate 
was used. Sections were analysed for hybridization 
signals (epifluorescence) using a Zeiss LSM510 Meta 
laser scanning microscope (Zeiss, Oberkochen, Ger-
many). Confocal image stacks were recorded from 
antennal segments in the red and green fluorescence 
channel as well as the transmitted-light channel. Pic-
tures presented are projections of selected optical 
planes. The red and green fluorescence channels have 
been overlaid with the transmitted-light channel or 
are shown separately. 

Results 
Identification of IRs from the locust, 
Schistocerca gregaria 

In order to identify olfactory ionotropic recep-
tors from S. gregaria (SgreIRs) we have bioinformati-
cally screened transcriptome sequence data from the 
antenna using a collection of reported IR sequences 
[29]. These approaches provided nine overlapping 
contigs with significant similarity to DmelIR8a or 

putative IR8a sequences of other insects. An assembly 
of the locust sequences resulted in a putative SgreIR8a 
sequence which comprises 3719 nucleotides and en-
codes a protein of 902 amino acids (Fig. 1). The correct 
assembly of the full-length SgreIR8a sequence was 
verified by RT-PCR amplification of 5’ and 3’ parts 
from locust antennal mRNA and sequencing of the 
PCR products. Similarly, three non-overlapping an-
tennal transcriptome sequences were identified which 
showed high similarity to LmigIR25a or other candi-
date insect IR25a sequences. The gaps between 
stretches of partial sequences were closed by RT-PCR 
amplification employing gap-spanning primer pairs 
and sequencing of the PCR products. These efforts led 
to a SgreIR25a sequence of 2505 nucleotides which 
encoded a protein of 834 amino acids; sequence 
comparison suggested that part of the N-terminus is 
missing (Fig. 2). 

To explore the similarity of candidate IR8a se-
quences from different insect orders we aligned the 
orthopteran SgreIR8a sequence to lepidopteran, dip-
teran, coleopteran and hymenopteran sequences (Fig. 
1) and calculated the pair-wise identity. This revealed 
an overall sequence identity between 42.7 and 68.6 %; 
for certain protein domains a high degree of conser-
vation is particularly evident (Fig. 1). The highest 
identity across species was found in the region be-
tween transmembrane (M) segments M1 – M3, in es-
pecially in M2 and the pore loop (P). Fewer identical 
amino acids are present in the binding domain loops 
S1 and S2; and very little similarity exists in the amino 
terminal domain (ATD) and the C-terminus (C) of the 
proteins. When comparing the sequence of SgreIR25a 
with the sequences of IR25a from other insects a sim-
ilar pattern of sequence conservation emerged (Fig. 2). 
The pair-wise sequence identity ranged from 50.1% to 
69.9% between species and the same domains were 
conserved as in the IR8a proteins, except for the ami-
no terminal domain which was more conserved in the 
IR25a proteins (Fig. 2). Overall, SgreIR8a and Sgre25a 
share 29.2% of their amino acids. To further analyze 
the phylogenetic relationship of the locust IR8a and 
IR25a with representatives from other insects, a se-
quence similarity tree was calculated using the 
MEGA5 program [35]. The resulting neighbor joining 
tree (Fig. 3) shows that SgreIR8a and SgreIR25a clus-
ter into clearly separated branches comprising insect 
IR8a and IR25a sequences, respectively. Within the 
IR8a branch as well as in the IR25a branch, the se-
quences cluster in an order-specific manner, reflecting 
that the highest similarity exists between sequences of 
insects belonging to the same orders.  
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Figure 1. Alignment of the SgreIR8a amino acid sequence with IR8a sequences from other insects. Positions of the amino terminal domain (ATD), the 
binding domain lobes (S1 and S2), the pore loop (P) and the transmembrane segments (M1, M2, M3) are marked by bars of different colors referring to their 
position in DmelIR8a [14]. The positions of key ligand binding residues in iGluRs are marked by asterisks above the sequences. Numbers on the right refer 
to the number of the last amino acid in the line. Amino acids with at least 50% identity or similarity between sequences are shaded black and grey, re-
spectively. The IR8a amino acid sequences from Agam = Anopheles gambiae, Amel = Apis melifera, Apis = Acyrthosiphon pisum, Bmor = Bombyx mori, Dmel = 
Drosophila melanogaster, and Tcas = Tribolium castaneum were taken from [29]. 
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Figure 2. Alignment of the SgreIR25a amino acid sequence with IR25a sequences identified in other insects. Numbers on the right refer to the number of 
the last amino acid in the line. Black and grey shadings indicate amino acids which show at least 70% identity, respectively similarity, between sequences. 
Labeling of protein domains, abbreviations and origin of sequences are the same as indicated in figure 1. LmigIR25a = Locusta migratoria IR25a (GenBank: 
AFP33229.1) 
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Figure 3. Phylogenetic relationship of IR8a and IR25a sequences from S. 
gregaria and species belonging to various insect orders. A neighbour-joining 
tree was constructed using MEGA5 [35] based on a ClustalW alignment of 
the IRs indicated in figures 1 and 2, as well as sequences from Aaeg = Aedes 
aegypti, Cpom = Cydia pomonella, Cqui = Culex quinquefasciatus, Dgri = D. 
grimshawi, Dpse= D. pseudoobscura, Msex = Manduca sexta, Nvit = Nasonia 
vitripennis and Phum = Pedeculus humanus, [16, 29, 43]. Bootstrap support 
values are based on 1000 replicates, only support values above 80% are 
shown. Branch lengths are proportional.  

 

Spatiotemporal expression patterns of 
SgreIR8a and SgreIR25a  

To determine the level of expression for SgreIR8a 
and SgreIR25a in male and female antenna and to 
assess if the two IRs may also be expressed in other 
parts of the body, RT-PCR experiments were per-
formed using IR-specific primers and cDNA prepared 
from chemosensory (male and female antennae, 
mouthpart, tarsi) and non-chemosensory (brain) tis-
sues of locust. With primer pairs specific for SgreIR8a 
and SgreIR25a, respectively, bands of the expected 
size were found in the antennae of both sexes, with no 
obvious differences in the expression level. In addi-
tion, transcripts for SgreIR25a were also found in 
cDNAs from mouthparts and at a low level from tarsi. 
This result indicates that SgreIR25a is expressed not 
only in the antennae. No PCR products were obtained 

with cDNA preparations of brain (Fig. 4A).  
To explore the onset and time course of SgreIR8a 

and SgreIR25a expression during development dif-
ferent stages were compared. cDNAs prepared from 
antennae of different nymphal stages (1st to 5th instars) 
and adult animals were analysed with IR-specific 
primers (Fig. 4B). With templates from all stages, PCR 
products were obtained with slightly different inten-
sities, especially for SgreIR8a. Together the results 
indicate that both IR-subtypes are expressed in an-
tennae throughout development from the first instar 
stage to adult.  

Identification of the IR-expressing cells on the 
antenna  

Four morphological distinct sensilla types 
housing sensory cells have been identified on the an-
tenna of the desert locusts: olfactory sensilla 
basiconica, sensilla trichodea and sensilla coeloconica, 
while the sensilla chaetica are supposed to serve a 
gustatory/mechanosensory function [2]. To visualize 
the cells which express SgreIR8a and SgreIR25a in 
antennae in situ hybridization (ISH) experiments were 
performed. Sections through the antennae were in-
cubated with IR-specific anti-sense RNA probes and 
positive cells visualized employing colour substrates. 

Experiments with a SgreIR8a specific 
Dig-labeled anti-sense RNA probe led to the labeling 
of several cells within an antennal segment (Fig. 5A 
and B). Control experiments with a corresponding 
sense RNA probe did not result in any labeled cells; 
thus confirming the specificity of the ISH signals (Fig. 
5H). More detailed analysis revealed that within a 
section the SgreIR8a anti-sense RNA probe visualized 
either individual cells (Fig. 5C and F), two adjacent 
cells (Fig. 5D) and in some cases even clusters of three 
cells (Fig. 5E). SgreIR8a-positive cells could clearly be 
assigned to s. coeloconica (Fig. 5C - F), but were not 
found under any s. basiconica (Fig. 5C), s. trichodea 
(Fig. 5F) or s. chaetica (Fig. 5E). For comparison we 
performed ISH with a SgreORco-specific probe re-
sulting in a complementary labeling pattern, thus 
confirming our previous results [32] that ORco is ex-
pressed in the 20-30 OSNs housed in s. basiconica 
(Fig. 5G) as well as in the 2-3 OSNs in the s. trichodea 
(not shown). Together, these results suggest that ex-
pression of SgreIR8a is restricted to s. coeloconica.  

ISH-experiments with a SgreIR25a-specific an-
ti-sense RNA probe resulted in a labeling pattern 
quite similar to SgreIR8a (Fig. 6), with either single 
cells or with two or three adjacent cells on a single 
section (Fig. 6A - C). In addition with the SgreIR25a 
probe occasionally clusters of four labeled cells were 
found (Fig. 6D). While no labeled cells were seen un-
der s. trichodea (Fig. 6E) or s. basiconica (Fig. 6F), we 
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regularly found labeled cells under some of the s. 
chaetica (Fig. 6G and C). These results indicate that 
SgreIR25a is more broadly expressed; both in s. coe-
loconica as well as in a subpopulation of s. chaetica. 

Since both IR-subtypes are predominantly ex-
pressed in the s. coeloconica, the possibility exists that 
they could be co-expressed in the same cell. To scru-
tinize this view, double FISH experiments were per-
formed employing differentially labeled SgreIR8a- 
and SgreIR25a-specific probes. The results are de-
picted in (Fig. 7); cells containing IR transcripts were 
visualized by red or green fluorescence for, respec-
tively, SgreIR25a and SgreIR8a. Although the exper-
iments were hampered by the relatively low FISH 
signal intensities, we regularly visualized cells which 
were clearly co-labeled by both probes indicating 
co-expression of SgreIR8a and SgreIR25a (Fig. 7A - C). 
In addition, we found cells that appear to express only 
one of the two receptors (Fig. 7D - I). Together our 
results indicate heterogeneous expression of SgreIR8a 
and SgreIR25a in distinct but partly overlapping 
populations of OSNs. 

To support the specific expression of SgreIR8a 
and SgreIR25a in OSNs of s. coeloconica but not in 
OSNs of s. basiconica or s. trichodea we performed 
double FISH with SgreIR- and SgreORco-specific 
probes. The results for the combination 
SgreIR8/SgreORco are shown in (Fig. 8). On longitu-

dinal sections through the antenna cells labeled with 
SgreIR8a (green) and labeled with SgreORco (red) are 
clearly separated (Fig. 8C and G). The SgreIR8a probe 
labeled 1-3 cells under s. coeloconica (Fig. 8A and D), 
while SgreORco probe labeled a cluster of many cells 
(Fig. 8B and F) thus confirming the results obtained 
with single probes (Fig. 5). Analysis of more horizon-
tal sections of the antenna revealed that the 
SgreIR8a-positive cells (Fig. 8E) are intermingled but 
clearly separated from the clusters of SgreOR-
co-positive cells (Fig. 8G). This labeling pattern is 
reminiscent of the mixed topography described for s. 
coeloconica and s. basiconica on the locust antenna 
[2]. Two-color FISH experiments using the combina-
tion SgreIR25a/SgreORco probes gave a similar la-
beling pattern (Fig. 9). Areas labeled with a 
SgreIR25a-probe (Fig. 9A) or with a SgreORco-probe 
(Fig. 9B) were clearly separated (Fig. 9C), indicating 
that ORco is not expressed in SgreIR25a-positive cells 
of sensilla coeloconica. In accordance with the result 
obtained with the single probe ISH and a chromo-
genic visualization, double FISH experiments 
demonstrated that a SgreIR25a probe labeled cells also 
under some s. chaetica (Fig. 9D - F). Also, the 
SgreIR25a-positive cells of sensilla chaetica (Fig. 9D) 
did not co-express SgreORco (Fig. 9E) but were well 
separated from the ORco-expressing cells (Fig. 9F). 

 

 
Figure 4. Tissue specificity and developmental expression of SgreIR8a and SgreIR25a. RT-PCR experiments were performed using cDNAs prepared from 
the tissues indicated and primer pairs specific for SgreIR8a and SgreIR25a, respectively. Primers to actin were used as control for the integrity of the cDNA 
preparations. A, Expression of the IRs in different locust tissues. FA, female antenna; MA, male antenna; M, mouthparts (maxillary and labial palps); B, brain; 
T, tarsi. B, Comparison of the IR expression in the antennae of different nympal stages (1st to 5th instar) and adults. Amplification products were analysed 
on agarose gels and visualized by UV illumination after ethidium bromide staining. 
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Figure 5. Topography of 
SgreIR8a gene expression in the 
antenna S. gregaria. In situ hy-
bridization using SgreIR8a- 
specific Dig-labeled sense and 
anti-sense riboprobes and 
visualization with color sub-
strates. A, Labeling of cells by 
the SgreIR8a anti-sense RNA 
probe in two antennal segments 
of the desert locust. B, Higher 
magnification of the area boxed 
in A. C - F, The SgreIR8a 
anti-sense RNA probe labeled 
one to three cells under sensilla 
coeloconica (s.co), but never 
cells under sensilla basiconica 
(s.ba, C) , sensilla chaetica (s.ch, 
E) or sensilla trichodea (s.tr, F). 
G, Labeling of cells by a 
Dig-labeled SgreORco-specific 
anti-sense RNA probe. H, No 
hybridization signals were 
observed with the SgreIR8a 
sense probe. A, B, D, E: female 
antennae; C, F, G, H: male 
antennae. Scale bars: 100 μm in 
A; 50 μm in B, G, H; 20 μm in C, 
D, E, F. 
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Figure 6. Localisation of SgreIR25a gene expression in the antenna of S. gregaria. In situ hybridization using SgreIR25a-specific Dig-labeled sense and 
anti-sense riboprobes and chromogenic visualization. A - D, The SgreIR25a anti-sense RNA probe labeled one (A), two (B), three (C) or four (D) cells 
under sensilla coeloconica (s.co). No cells under sensilla trichodea (s.tr, E) and sensilla basiconica (s.ba, F) were labeled. For sensilla chaetica (s.ch), cases 
of no labeled cells (C) and SgreIR25a-positive cells (G) were found. H, No labeling of cells were obtained with the SgreIR25a sense riboprobe. B, C, E, H: 
female antennae; A, D, G, F: male antennae. Scale bars: 20 μm in A - G; 50 μm in H.  
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Figure 7. Partial overlap of SgreIR8a and SgreIR25a expression. Double 
FISH on antennal sections using Dig-labeled SgreIR25a and biotin-labeled 
SgreIR8a probes with visualization of FISH signals in red (SgreIR25a) and 
green (SgreIR8a). A - C, Cluster of three cells labeled by both (C), the 
SgreIR25 probe (red, A) and the SgreIR8a probe (green, B). D - F, Distinct 
cells that only express SgreIR25a (red, D) or SgreIR8a (green, E) without 
overlap (F). G - I, Cluster of three cells, with one cell co-expressing 
SgreIR8a and SgreIR25a (I), the other two cells express SgreIR25a (red, G) 
but not SgreIR8a (H, green). A - C, G - I: female antennae; D - F: male 
antennae. Scale bars: 20 μm. 

 
 
 
 
 
 
 
 

 
Figure 8. SgreIR8a is not expressed in cells expressing SgreORco. 
Two-color FISH on antennal sections of male locust using a biotin-labeled 
SgreIR8a and a Dig-labeled SgreORco probe and detection by green 
(SgreIR8a) and red (SgreORco) fluorescence. A - D, Hybridization signals 
on a sagital section of the antenna. The IR8a anti-sense RNA probe labeled 
cells under sensilla coeloconica which are not labeled by the ORco probe. 
Pictures show projections of confocal image stacks showing the separated 
(A, green; B, red) or overlaid (C) fluorescence channels. To better show 
the morphology of the section the transmitted light channel has been 
overlaid with the fluorescence channel in D. E - G, Two-color FISH on a 
more horizontal section of the antenna section confirming the expression 
of SgreIR8a (green) and SgreORco (red) in different cells. Clusters of 
ORco-positive cells are intermingled with SgreIR8a-positive cells. Pictures 
show the separated green (E) and red (F) fluorescence channels and the 
overlay at higher magnification in G. Scale bars: 20 μm. 
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Figure 9. Expression of SgreIR25a and SgreORco locate in different cells. 
Double FISH on female antennal sections was performed employing 
Dig-labeled SgreIR25a and biotin-labeled SgreORco probes. Positive cell 
were visualized by red (SgreIR25a) and green (SgreORco) fluorescence. A 
- C, Hybridization signals on a longitudinal section of the antenna. The 
IR25a anti-sense RNA probe labeled cells under sensilla coeloconica which 
are not labeled by the ORco probe. D - F, The SgreIR25a anti-sense RNA 
probe labeled cells under sensilla cheatica which do not express Sgre-
ORco. Pictures are projections of confocal image stacks showing the 
separated (A, D, red; B, E, green) or overlaid fluorescence channels (C, F 
with transmitted light channel). Scale bars: 20 μm. 

 

Discussion 
In this study we identified two genes which en-

code putative co-receptors of variant ionotropic re-
ceptors, the subtypes, IR8a and IR25a, of the locust 
Schistocera gregaria. The identification is based on the 
pronounced sequence similarity of SgreIR8a and 

SgreIR25a with the respective sequences from other 
insect species. Originally the IR8a and IR25a receptors 
were identified in the fruitfly Drososophila melanogaster 
as members of a novel type of olfactory receptor fam-
ily [14]. By means of bioinformatic genome screenings 
and transcriptome sequence analyses orthologs of 
IR8a and IR25a have been identified in a number of 
insect species as well as in other arthropods, such as 
crustaceans [16, 17, 29, 37]. Most remarkably, IR25a 
homologs were also found in the nematode Cae-
norabditis elegans, the mollusc Aplysia californica and 
the annelid Capitella capitata. Thus, these receptor 
types seem to be under high selective pressure to 
maintain the primary structure of the protein [29] 
suggesting an important functional role of the pro-
teins.  

The in situ hybridization experiments have 
shown that both receptor types, IR8a and IR25a, are 
mainly expressed in sensory neurons located in sen-
silla coeloconica. They are not expressed in OSNs of 
the sensilla basiconica and sensilla trichodea. This 
notion was substantiated by the results of double 
FISH experiments, demonstrating that both SgreIRs 
are not co-expressed with ORco (Figs. 8 and 9), which 
is selectively expressed in OSNs of s. basiconica and s. 
trichodea of locust [32]. A similar distribution pattern 
of ORco was also found in other insects [38, 39]. Re-
cent studies suggest IR8a and IR25a may act as 
co-receptors and may form heteromers with another 
variant ionotropic receptor [30, 31] thus resembling 
the role of ORco for the ligand-specific OR-subtypes. 
Consequently, the expression of ORco is considered 
as an indicator for the expression of other OR-types 
and similarly IR8a and IR25a may be indicators for the 
expression of IR-subtypes. This view would imply 
that the sensory cells housed in s. coeloconica of the 
locust antenna express the variant ionotropic receptor 
and they are only present in this sensilla type. 

Previous electron microscopic studies have 
identified two morphological distinguishable types of 
sensilla coeloconica on the antenna of S. gregaria [2]. 
The double wall type is penetrated by radial pores 
and contains one to three unbranched sensory neu-
rons (type I), while the non-porous wall type (type II) 
contains four sensory neurons [2]. The in situ hybrid-
ization experiments have shown that SgreIR8a and 
SgreIR25a are apparently expressed in both types of s. 
coeloconica; in most cases the number of labeled cells 
varied from 1 to 3 (Figs. 5 and 6). Clusters of four la-
beled cells were only obtained using the probes for 
SgreIR25a (Fig. 6D), suggesting that only SgreIR25a 
may be expressed in all neurons of type II sensilla. 
The results of double-labeling studies showed that 
SgreIR8a and SgreIR25a are co-expressed in a sub-
population of cells, but there are also cells which ex-
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press only one of the two subtypes. This expression 
pattern is reminiscent of that in Drosophila, where 
immunohistochemical studies with specific antibodies 
have demonstrated that IR8a and IR25 are expressed 
in distinct but partially overlapping populations of 
neurons [31]. Although we cannot exclude that in 
some cases SgreIR co-expression was not detected due 
to transcript levels below the detection limit, the data 
indicate a heterogeneous expression pattern of 
SgreIR8a and SgreIR25a in the sensilla coeloconica of 
the locust. 

SgreIR25a-positive cells were also found in some 
sensilla chaetica which are supposed to serve gusta-
tory/mechanosensory functions [2]. The notion that 
IR25a may be present in gustatory chemosensory cells 
was supported by the result of RT-PCR experiments 
indicating expression of SgreIR25a in mouths parts, 
which carry hundreds of s. chaetica (labial palps) and 
peg-like sensilla (maxillary palps); these sensilla are 
supposed to have a primary gustatory function [40]. 
The concept that locust gustatory neurons may 
co-express SgreIR25a and other ligand binding IRs is 
in line with some recent studies demonstrating that in 
Drosophila IR25a is co-expressed with IR7a in gusta-
tory cells on the labellum [29] and that IR76b is in-
volved in the detection of salt [41]. 

The results of our in situ hybridization experi-
ments that there are no obvious gender differences in 
the number of SgreIR8a- or SgreIR25a-expressing cells 
(Figs. 5 and 6) as well as in the levels of SgreIR8a and 
SgreIR25a transcripts in male and female antennae 
(Fig. 4) are in agreement with similar numbers of s. 
coeloconica on the antenna of male and female ani-
mals [2, 42]. Overall these data suggest that the two 
co-receptors are of similar importance in the male and 
female olfactory system. The presence of SgreIR8a 
and SgreIR25a transcripts in the antennae of all five 
nymphal stages is in accordance with the observation 
that s. coeloconica exist already in first instar stage 
and are maintened till the adult stage [2]. This may 
further underline the importance of the variant iono-
tropic receptor for chemoreception of Schistocera 
gregaria throughout the entire locust lifespan. 
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