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Abstract 

Odor-detection in the malaria mosquito Anopheles gambiae involves large families of diverse 
proteins, including multiple odorant binding proteins (AgOBPs) and olfactory receptors 
(AgORs). The receptors AgOR1 and AgOR2, as well as the binding protein AgOBP1, have 
been implicated in the recognition of human host odors. In this study, we have explored the 
expression of these olfactory proteins, as well as the ubiquitous odorant receptor hetero-
merization partner AgOR7, in the thirteen flagellomeres (segments) of female and male an-
tenna. Expressing cells were visualized by adapting a whole mount fluorescence in situ hy-
bridization method. In female mosquitoes, AgOR1-expressing olfactory receptor neurons 
(ORNs) were almost exclusively segregated in segments 3 to 9, whereas AgOR2-expressing 
ORNs were distributed over flagellomeres 2 to 13. Different individuals comprised a similar 
number of cells expressing a distinct AgOR type, although their antennal topography and 
number per flagellomere varied. AgOBP1-expressing support cells were present in segments 
3 to 13 of the female antenna, with increasing numbers towards the distal end. In male 
mosquitoes, total numbers of AgOR- and AgOBP1-expressing cells were much lower. While 
AgOR2-expressing cells were found on both terminal flagellomeres, AgOR1 cells were re-
stricted to the most distal segment. High densities of AgOBP1-expressing cells were identified 
in segment 13, whereas segment 12 comprised very few. Altogether, the results demonstrate 
that both sexes express the two olfactory receptor types as well as the binding protein 
AgOBP1 but there is a significant sexual dimorphism concerning the number and distribution 
of these cells. This may suggest gender-specific differences in the ability to detect distinct 
odorants, specifically human host-derived volatiles. 

Key words: olfaction, odorant receptor proteins, odorant binding proteins, mRNA expression, 
sexual dimorphism 

Introduction 
Millions of people suffer from malaria causing 

severe illness and death to affected humans. The ma-
jor vector for transmission of the malaria parasite 

Plasmodium falciparum is the afrotropical mosquito 
Anopheles gambiae, causally linked to the requirement 
of a blood meal by female mosquitoes to complete 
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their gonadotrophic cycle. While female Anopheles 
rely on their sense of smell to find a blood host in ad-
dition to sugar providing plants and appropriate 
oviposition sites [1], the nectar feeding male mosqui-
toes mainly use their olfactory system to locate host 
plant odors [2, 3]. However, males of various 
blood-sucking mosquito species are known to also 
respond to odors emanating from hosts of the females 
[2], which may allow them to find their mating part-
ners at the host location. 

Insects detect and discriminate volatile odorants 
by means of olfactory receptor neurons (ORN) located 
in sensory structures called olfactory sensilla. In A. 
gambiae, the majority of olfactory sensilla populate the 
antennae [4], whereas much lower numbers are lo-
cated on the other two olfactory appendages, the 
maxillary palps and the proboscis [5]. Within a sen-
sillum, ORNs are accompanied by several support 
cells, which secrete odorant binding proteins (OBPs) 
into the sensillum lymph [6, 7]. OBPs capture odor-
ants upon entering a sensillum through cuticle pores 
and transfer the signal molecules through the sensil-
lum lymph towards olfactory receptors (ORs) in the 
dendritic membrane of the ORNs. Large and diverse 
gene families encoding 57 candidate odorant binding 
proteins (AgOBPs) [8-11] and 79 putative odorant 
receptors (AgORs) [12-14] have been annotated from 
bioinformatic screens of the A. gambiae genome. This 
high number and diversity of AgOBPs and AgORs 
suggests specific roles of these proteins in the detec-
tion of distinct odorants or odorant classes. In support 
of this notion, recent functional analysis of the major-
ity of the AgORs revealed a large diversity in their 
response spectra; while some receptors respond to 
single or a small number of odorants, others are rather 
broadly tuned [15-17]. For a few AgORs, it has been 
indicated that they may play a critical role in 
host-seeking behaviour and host selection. For exam-
ple, AgOR1, which responds to the human sweat 
component 4-methylphenol [15], is selectively ex-
pressed in females [13, 18] and down-regulated after a 
blood meal [13]. Similarly, AgOR2 was found to be 
predominantly expressed in the female antenna [18] 
and narrowly tuned to a small set of aromatics in-
cluding indole [16, 17]. Indoles and phenols are major 
constituents of the volatile headspace of human sweat 
[19], but occur also at oviposition sites [20] and in 
nectar sources [21]. Interestingly, indole and 
3-methylindole were recently identified as ligands for 
the odorant binding protein AgOBP1 and electroan-
tennogram recordings in RNAi knock-down experi-
ments have shown that a proper expression of 
AgOBP1 is required for an electrophysiological re-
sponse to the compounds [22]. 

ORs are expressed by ORNs and OBPs by sup-
port cells. Knowledge on the number and topography 
of these cells in the antennae may give first valuable 
information on the importance of candidate recogni-
tion proteins for the detection of behaviourally rele-
vant odorants. The number and topography of cells 
expressing pheromone receptors or binding proteins 
involved in detection of distinct pheromone compo-
nents have recently been determined by in situ hy-
bridization studies on moth antennae [23-26, 26, 27]. 
In view of the general lack of established in situ hy-
bridization protocols in A. gambiae, the expression of 
the different AgORs or AgOBPs in the antenna has 
not been assessed yet. In this study we set out to adapt 
a whole mount fluorescence in situ hybridization 
(WM-FISH) method successfully used previously 
with moth antennae [24] to the antenna of A. gambiae. 
Focussing on olfactory proteins possibly involved in 
the detection of human host odors, we visualized the 
cells with transcripts for AgOR1, AgOR2 and AgOBP1 
and determined their topographic distribution in the 
antennae of female and male A. gambiae. In addition, 
the cells bearing transcripts for AgOR7, representing 
the ubiquitous heteromerization partner of A. gambiae 
ORs [28, 29] were localized. 

Materials and Methods 
Animal rearing and tissue preparation 

Eggs and larvae of the Anopheles gambiae (Giles) 
s.s. strain Kisumu were kindly provided by Bayer 
CropScience, Monheim, Germany. The laboratory 
strain was originally derived from the region of Ki-
sumu, Kenya. Animals were reared to adults at the 
University of Hohenheim at 28°C with a day-night 
cycle of 12:12. Anopheles gambiae (Giles) s.s. strain 
16CSS was originally derived from Lagos, Nigeria. 
Animals were reared at the University of Neuchâtel as 
described earlier [30] and were transferred to 
Hohenheim for in situ hybridization experiments. 
After emergence, animals had access to 10% sucrose 
ad libitum. For in situ hybridization, one to 3-days old 
mosquitoes of A. gambiae strain Kisumu were used. 
Animals of strain 16CSS were 8 - 11 days old. 
Whole mount fluorescence in situ hybridization 
(WM-FISH) 

All incubations and washes were made in a vo-
lume of 0.25 ml in thin walled PCR tubes (Kisker, 
Germany) with slow rotation on an overhead shaker, 
in a hybridization oven or by shaking moderately on a 
heating block. Antennae were dissected from cold 
anesthetized animals and transferred to 4% parafor-
maldehyde in 0.1 M NaCO3, pH 9.5, 0.03% Triton 
X-100. Antennae were fixed for 20 - 24 hours at 6°C 
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followed by a wash at room temperature for 1 min in 
PBS (phosphate-buffered saline = 145 mM NaCl, 1.4 
mM KH2PO4, 8 mM Na2HPO4, pH 7.1) containing 
0.03% Triton X-100. Subsequently, antennae were in-
cubated for 10 min in 0.2 M HCl, 0.03% Triton X-100 
and washed for 2 min in PBS with 1% Triton X-100. 
Antennae were transferred to whole mount in situ 
hybridization solution (50% formamide, 5xSSC, 
1xDenhardt’s reagent, 50 µg/ml yeast RNA, 1% 
Tween 20, 0.1% Chaps, 5 mM EDTA pH 8.0) and di-
rectly subjected to prehybridization or stored for up to 
11 days at 6°C in the solution. Storage did not cause 
any obvious loss of signal intensity in the following 
WM-FISH procedure. Prehybridization was per-
formed at 55°C for 6 hours. After this, antennae were 
incubated for at least 48 hours at the same tempera-
ture in hybridization solution containing the digoxi-
genin (DIG)-labelled antisense RNA probe. 
Post-hybridization, the antennae were washed four 
times for 15 min each in 0.1xSSC, 0.03% Triton X-100 
at 60°C and then treated with 1% blocking reagent 
(Roche) in TBS (100 mM Tris, 150 mM NaCl, pH 7.5), 
0.03% Triton X-100 for 5 hours at 6°C. DIG-labelled 
probes were detected by incubation for at least 48 
hours with an anti-DIG AP-conjugated antibody 
(Roche) diluted 1:500 in TBS, 0.03% Triton X-100 with 
1% blocking reagent. After washing five times for 10 
min in TBS with 0.05% Tween at room temperature, 
DIG-labelled probes were visualized by incubation in 
the dark for 5 hours with HNPP (2-hydroxy- 
3-naphtoic acid-2’-phenylanilide phosphate, Roche) 
1:100 in DAP-buffer (100 mM Tris, 100 mM NaCl, 50 
mM MgCl2, pH 8.0) at 6°C. After a short wash in PBS, 
antennae were mounted in Moviol (10% polyvinylal-
cohol 4-88, 20% glycerol in PBS).  
Preparation of in situ hybridization probes 

DIG-labelled antisense or sense riboprobes for 
AgOR1, AgOR2, AgOR7 [13, 28, 29] and AgOBP1 [11] 
were transcribed from linearized recombinant 
pGem-T Easy and Bluescript plasmids containing the 
coding regions of the OBP and OR genes. RNAs were 
transcribed using a T3/T7 RNA transcription system 
(Roche) following recommended protocols. Receptor 
RNA probes were subsequently fragmented to an 
average length of about 600 bp by incubation in car-
bonate buffer (80 mM NaHCO3 120 mM Na2CO3, pH 
10.2) following the protocol of [31].  
Data analysis 

Antennae were analyzed on a Zeiss LSM510 
Meta laser scanning microscope (Zeiss, Oberkochen, 
Germany). Figures were arranged using appropriate 
graphic programs. Images were not altered except to 

adjust the brightness or contrast for uniform tone 
within a single figure. For quantifying the number of 
AgOR1- and AgOR2-expressing cells along the an-
tennae, the labelled cells in each segment were 
counted under confocal microscope inspection. 

Results 
In A. gambiae the antennae of both sexes consist 

of 13 flagellomeres (segments) but otherwise are 
sexually dimorphic (Fig. 1A and Fig. 3A). In female 
mosquitoes, each antenna carries around 750 chemo-
sensory sensilla distributed over all 13 segments. In 
contrast, the antenna of males comprises only ap-
proximately 250 chemosensory sensilla restricted to 
the distal two segments (12 and 13) [5]. Segments 1 – 
11 are populated by long bristles (fibrillae) (Fig. 3A) 
supposed to function as auditory sensors tuned to 
detect wing beat sounds of conspecific females [32]. In 
this study, we set out to determine the number and 
topographic distribution of the cells, which express 
the olfactory receptor types AgOR1, AgOR2, AgOR7 
and the odorant binding protein AgOBP1, in the an-
tenna of female and male A. gambiae. Towards this 
goal, we adapted a whole mount fluorescent in situ 
hybridization (WM-FISH) protocol, which allowed us 
to visualize the expressing cells by means of confocal 
laser scanning microscopy (LSM) and to analyze their 
localization within the antenna. 
Expression of AgOR1 in the antenna of female 
mosquitoes 

In the WM-FISH experiments AgOR1-positive 
cells were very rarely observed in segments 1, 2 and 
10 to 13. Figures 1B and 1C illustrate segments 3 – 9, in 
which AgOR1-expressing cells in female antennae 
were regularly visualized. No differences were found 
between strains (Fig. 1B: Kisumu, Fig. 1C: 16CSS). At 
higher magnification figure 1D shows that the soma 
region of AgOR1-positive cells is stained, whereas the 
nucleus appears unstained. This cellular labelling is 
typical for FISH-experiments with olfactory receptor 
probes [23, 24]. AgOR1 expression was variable 
within a segment, both longitudinally as well as on 
the circumference (Fig. 2A, left panel). In addition, the 
number of AgOR1-expressing cells varied between 
segments and between individual antennae (Table 1 
and Fig. 2B). This variability was seen in both A. gam-
biae strains tested. Expression was restricted mostly to 
segments 3 - 9 with generally between 1 - 3 stained 
cells per segment, although sometimes up to 6 stained 
cells were found. Segment 10 occasionally expressed  
1 - 2 AgOR1 cells, whereas only rarely did segments 
11 - 13 contain a single stained cell (Fig. 2B). One an-
tenna contained on average 18.1 (±3.5, n=20) labelled 
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cells (Table 1). AgOR1-expressing cells were found at 
different optical planes of a confocal LSM image stack 
(Fig. 2A, middle panel), indicating different positions 
on the circumference of the antenna. Occasionally, 

labelled cells appeared on opposite sites of the an-
tennal segments (not shown), demonstrating that the 
applied method allowed detection of labelled cells in 
all the width of the antenna. 

 

Fig. 1. Expression of AgOR1 in the female antenna. A, Brightfield image of an antenna from an A. gambiae Kisumu adult 
female. The 13 flagellomeres are numbered from proximal (1) to distal (13). Scale bar 100 µm. B - D, WM-FISH with female 
antennae using an AgOR1-specific DIG-labelled antisense RNA probe. Receptor-expressing cells were visualized by red 
fluorescence. Pictures, which show more than one flagellomere were assembled from several images, each representing the 
projection of single images from a confocal image stack. The red fluorescence channel has been overlaid with the trans-
mitted-light channel. Scale bars 20 µm. B, WM-FISH employing a probe for AgOR1 on an antenna of A. gambiae Kisumu. 
Segments 3 to 9 are shown. The AgOR1 probe labelled individual cells on each segment. C, AgOR1-expressing cells on 
segments 3 to 9 of an A. gambiae strain 16CSS antenna. D, Higher magnifications of segment 4 shown in C. 
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Fig. 2. Topography of AgOR1-expressing cells on the female antenna. A, WM-FISH using a DIG-labelled AgOR1 antisense 
RNA probe and visualization by red fluorescence. The red fluorescence channel has been overlaid with the transmitted-light 
channel. Scale bars 10 µm. Left panel, AgOR1-expressing cells on segments 4, 5 and 6 of individual antennae from A. 
gambiae strain 16CSS (ant1) or Kisumu (ant2, ant3). Pictures were assembled from images of single segments. In corre-
sponding segments the AgOR1 probe labelled a different number of cells, located at variable positions of the longitudinal axis 
of the antenna. Middle panel, projection (proj) and three single optical planes of the confocal image stack of segment 4 
from antenna 1. Individual cells labelled by the AgOR1 riboprobe are detectable in different optical depths (numbers in µm), 
indicating different positions on the segment circumference. Right panel, projection of a confocal image stack and single 
optical planes showing labelled cells in a fourth antennal segment of an antenna, which was hybridized with a probe for 
AgOR7. B, Number of AgOR1-expressing cells on different antennal segments. The number of cells on each of the 13 
flagellomeres was determined for 20 antennae. Bars of the same colour represent cells counted from one antenna. 



Int. J. Biol. Sci. 2010, 6 

 
http://www.biolsci.org 

619 

Table 1.  Number and distribution of AgOR1- and AgOR2-expressing cells in the antennae of female and male A. gambiae 
strain Kisumu. 
flagellomere AgOR1 AgOR2 

♀ (n=20) ♂ (n=35) ♀ (n=18) ♂ (n=13) 
1 0 0 0 0 
2 0 0 0.2 ±0.4 0 
3 1.7 ±1.2 0 0.8 ±0.4 0 
4 3.2 ±1.3 0 0.8 ±0.4 0 
5 2.9 ±1.2 0 0.8 ±0.6 0 
6 2.4 ±0.9 0 0.9 ±0.5 0 
7 2.4 ±1.1 0 0.9 ±0.6 0 
8 2.9 ±0.9 0 0.9 ±0.5 0 
9 2.2 ±0.8 0 1.2 ±0.6 0 
10 0.4 ±0.7 0 0.9 ±0.6 0 
11 0.1 ±0.2 0 1 ±0.5 0 
12 0.1 ±0.2 0 1.2 ±0.6 2.1 ±0.9 
13 0.1 ±0.2 3.5 ±1 0.6 ±0.5 2.3 ±0.7 
     
Average number of 
cells/antenna 

18.1 ±3.5 3.5 ±1 10.5 ±1.5 4.4 ±1 

Numbers represent the mean (±SD) number of AgOR1- and AgOR2-expressing cells in each of the 13 flagellomeres and in the complete 
antenna of female and male mosquitoes, respectively.  

 
We further confirmed the consistency of 

WM-FISH labelling using a labelled antisense ribo-
probe specific to AgOR7, the A. gambiae orthologue of 
the Drosophila melanogaster olfactory co-receptor 
OR83b. A high number of labelled cells was found 
throughout each of the antennal segments 2 - 13. 
Consistent with an increase in the number of chemo-
sensory sensilla from proximal to distal, more distal 
segments (6 - 13) contained considerably higher 
numbers of AgOR7 cells than proximal ones (2 - 5) 
(Fig. 2A, right panel). In control experiments em-
ploying a sense riboprobe for AgOR7 we never de-
tected any stained cells (not shown). As illustrated by 
images taken from a fourth antennal segment (Figure 
2A, right panel), cells labelled by the antisense ribo-
probe could be visualized below the antennal surface 
in different optical depths. This indicates 
AgOR7-expressing cells all around the circumference 
of the segment, resembling the arrangement of 
chemosensory sensilla on the antenna [4]. 
Expression of AgOR1 in the male antenna  

While earlier RT-PCR studies reported a fe-
male-specific expression of the AgOR1 gene [13], a 
more recent report has indicated a low level of AgOR1 
transcripts also in male antennae [18]. Applying 
WM-FISH to complete male antennae of A. gambiae 
strain Kisumu, we routinely found 3 or 4 
AgOR1-expressing cells, which were located only on 
the most distal flagellomere (Fig. 3B, upper panel). 
Less frequently 2, 5 or 6 cells were detected. The same 
result was obtained using antennae of A. gambiae 

strain 16CSS (Fig. 3B, lower panel). The average 
number of AgOR1-expressing cells on the male an-
tenna was 3.5 (±1.0, n=35) (Table 1). Within the thir-
teenth flagellomere, AgOR1-expressing cells showed 
no stereotypic topography, but were most often lo-
cated closer to its proximal end. To show that the ap-
plied WM-FISH method would allow labelling of re-
ceptor expressing cells all along segments 12 and 13, 
we employed the AgOR7-specific riboprobe (Fig. 2C). 
In agreement with the expression of AgOR7 in most 
ORNs we visualized a very high number of 
AgOR7-expressing cells along the entire longitudinal 
axis and the circumference of the last two distal flag-
ellomeres. No labelled cells were found in the seg-
ments 1 – 11 (not shown). 
Expression of AgOR2 in female and male an-
tennae 

Next we applied WM-FISH to determine the 
number and distribution of AgOR2-expressing ORNs 
in the antenna of A. gambiae strain Kisumu. In female 
antennae a riboprobe specific to AgOR2 routinely 
labelled one or two cells in segments 3 - 13 (Fig. 4A 
and 4B). Occasionally a segment within this antennal 
stretch carried no AgOR2 cell. Two AgOR2 cells were 
irregularly detected in segments 5 – 12. AgOR2- 
expressing cells were never found in segment 1 and 
rarely present in segment 2. The average number of 
AgOR2-expressing cells per antenna was 10.5 (±1.5, 
n=18), thus compared to AgOR1 a lower number of 
ORNs express AgOR2 (Table 1). 
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Fig. 3. Expression of AgOR1 and 
AgOR7 in the antennae of males. A, 
Antenna of an A. gambiae Kisumu 
adult male. Of the 13 flagellomeres, 
only the last two distal segments 
(12 and 13) carry olfactory sensilla. 
Brightfield image. Scale bar 200 µm. 
B, Expression of AgOR1 in the 
male antenna. WM-FISH using an-
tennae of A. gambiae strain Kisumu 
(upper three pictures) and strain 
16CSS (image below with higher 
magnification of the boxed area). 
Pictures represent projections of 
confocal image stacks. Several la-
belled cells are visible only on 
segment 13. Scale bars 20 µm. C, 
WM-FISH on an A. gambiae strain 
16CSS antenna employing a probe 
for AgOR7. A very large number of 
cells expressing AgOR7 are visual-
ized by red fluorescence on seg-
ments 12 and 13. The picture was 
assembled from several images 
representing projections of confo-
cal image stacks. The transmit-
ted-light and red fluorescence 
channels have been overlaid. The 
boxed area is shown at higher 
magnification with only the red 
fluorescence channel displayed. 
Scale bar 50 µm. 
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Fig. 4. Expression of AgOR2 in the antenna of female and male mosquitoes. DIG-labelled AgOR2 antisense RNA was used 
in WM-FISH to probe antennae of A. gambiae strain Kisumu. AgOR2-expressing cells were visualized by red fluorescence. 
Pictures of the antennae were assembled from single images representing projections of confocal stacks. The red fluo-
rescence and the transmitted-light channel have been overlaid. A, WM-FISH employing the antenna of a female. One or two 
AgOR2-expressing cells are found on each of the segments shown. Scale bar 20 µm. B, Number of AgOR2-expressing cells 
on the different segments of female antennae. The number of cells on each of the 13 flagellomeres was determined for 18 
antennae. Bars of the same colour represent the same antenna. C, Expression of AgOR2 in the antenna of a male. Two 
red-labelled AgOR2 cells are visible on each of the two distal segments. Scale bar 50 µm. 
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In contrast to AgOR1, cells expressing AgOR2 

were found in both distal flagellomeres of the male 
antenna (Fig. 4C). One to three AgOR2 positive cells 
were regularly visualized in each of the segments 12 
and 13. On average, 4.4 (±1.2, n=13) cells per male 
antenna were counted (Table 1). A similar result was 
obtained when antennae of A. gambiae strain 16CSS 
were used (not shown).  

Expression of AgOBP1 in the female and male 
antenna 

Employing a probe specific to AgOBP1 in 
WM-FISH experiments with female antennae, we vi-
sualized AgOBP1 expression in the flagellomeres 3 – 
13 (Fig. 5).  

 

Fig. 5. AgOBP1 expression in female and male antennae. WM-FISH using a probe for AgOBP1 on antennae of A. gambiae 
strain Kisumu. A, female antenna. Many AgOBP1-expressing cells are found on each of the flagellomeres 8 - 13. B, 
AgOBP1-positive cells on segments 3, 5 and 13 of a female antenna. The boxed areas are shown at higher magnification with 
only the red fluorescence channel displayed. C, Expression of AgOBP1 in the antenna of a male. Many red-labelled AgOBP1 
cells are visible in segment 13, whereas only few positive cells were found on segment 12. Pictures in A and C were as-
sembled from single images representing projections of selected images from confocal stacks. The red fluorescence and the 
transmitted-light channel have been overlaid. Scale bars 20 µm in A and C, 10 µm in B. 
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The shape of the FISH signal (flat and extended) 

was typical for labelling of support cells with binding 
protein-specific probes [23, 33] and was different from 
the labelling of ORNs generated by receptor-specific 
probes (round shape, Figs. 1 and 3). The highest 
numbers of AgOBP1-expressing cells were detected 
on more distal segments (Fig. 5A), while proximal 
segments (3 - 6) comprised reduced cell numbers with 
only a few labelled cells found in segment 3 (Fig. 5B). 
Consistent with the expression of binding proteins in 
only two of the three support cells of a chemosensory 
sensillum [7], the AgOBP1 riboprobe regularly visua-
lized pairs of red-labelled cells (Fig. 5B). In male an-
tenna large numbers of AgOBP1-expressing cells were 
found in the terminal segment, whereas segment 12 
contained a rather low number (Fig. 5C). AgOBP1 
cells were never detected in segments 1 – 11. Due to 
the high number and density of labelled cells in most 
fragments of the female and male antenna as well as 
the extended shape of the cellular labelling and over-
lap of the staining, a reliable determination of the total 
number of AgOBP1-expressing cells in the female and 
male antennae was not possible.  

Discussion 
In this study, we have explored the topography 

of cells expressing the olfactory receptor types 
AgOR1, AgOR2 and the odorant binding protein 
AgOBP1 in the antenna of A. gambiae. In the female 
antenna, OBP- and OR-expressing cells are located in 
about 750 chemosensory sensilla of four different 
types [4]. Each sensillum houses two to three ORNs 
summing up to a total estimated number of about 
1500 - 1600 ORNs per antenna [34]. Of the 79 AgOR 
genes identified, 59 AgORs are expressed in the fe-
male antenna [18]. Assuming that an individual ORN 
expresses only one type of OR and that each receptor 
is expressed in an equal number of neurons, a defined 
AgOR would be expressed in about 25 ORNs. How-
ever, RT-PCR studies have detected differences in the 
level of antennal transcripts for the various AgORs 
[18], suggesting differences in the number of ORNs 
expressing individual receptor types. In support of 
this notion we have identified ~20 cells that express 
AgOR1 and ~10 cells that express AgOR2 per female 
antenna. Moreover, the observed labelling patterns 
indicate that distinct AgORs are expressed in only one 
of the 2-3 ORNs of an individual sensillum. Thus, the 
AgOR expression patterns in A. gambiae appear to be 
similar to Drosophila, where the repertoire of ORs is 
expressed in subsets of 2 to 50 ORNs per antenna and 
distinctive ORNs within a sensillum [35-37].  

Only female mosquitoes take a blood meal and 
their antennae are populated with about three times 
as many olfactory sensilla as male antenna [5]. 
Therefore, female antennae are supposed to harbour 
significantly more sensilla that are tuned to detect 
human odors than males. With respect to this notion, 
the proposed role of AgOR1, AgOR2 and AgOBP1 in 
the detection of human host odorants [15, 16, 22] co-
incides with the higher number of cells expressing 
these proteins in the antenna of female mosquitoes 
compared to males. It remains to be seen whether a 
lower number of AgOR- and AgOBP-expressing cells 
in males affects the detection thresholds for odorants. 
Likewise, it is possible that in male mosquitoes a re-
duced number of odorant detection units on the an-
tenna is compensated for more centrally in the an-
tennal lobe or higher brain centers. However, it seems 
puzzling why males, which are solely nectar-feeders, 
should have the capacity to detect human host odor-
ants. A possible explanation may be that odorants, 
which attract females may also attract males and thus 
lure them to the same location, a scenario, which may 
promote reproductive success. The mating biology of 
Anophelines is poorly understood [2, 38] and involve-
ment of semiochemicals remains to be shown. Alter-
natively, ORs and OBPs, which participate in recog-
nition of host odorants by the females may be used by 
males in a different context, for example to detect in-
dole present in nectar sources [21].  

Concerning the total number of AgOR1- and 
AgOR2-expressing cells, we found little variation 
between A. gambiae individuals. However, for both 
receptor types the number of AgOR-expressing cells 
in a given antennal segment was variable. In addition, 
the cells were not located on defined positions around 
the circumference and the longitudinal axis of a seg-
ment (Fig. 2). Consequently, our results for AgOR1 
and AgOR2 indicate that chemosensory sensilla of 
distinct functional identity appear to be randomly 
distributed on the surface of certain flagellomeres. 
This notion is in agreement with recent electro-
physiological recordings from olfactory sensilla on the 
antennae of female A. gambiae. Based on the response 
to odorants present in human emanations, the re-
cordings identified different types of chemosensory 
sensilla, but did not find any evidence for a defined 
distribution pattern of chemospecific sensilla across 
an antennal segment [34]. 

The principles and mechanisms determining the 
number and the topography of receptor-specific 
ORNs on the mosquito antenna are unknown. In 
Drosophila, various transcription factors and regula-
tory elements in OR genes appear to control OR ex-



Int. J. Biol. Sci. 2010, 6 

 
http://www.biolsci.org 

624 

pression in subsets of ORNs located in certain sensil-
lum types, specific areas of the antenna and distinct 
olfactory appendages [39-41]. It can be assumed that 
similar factors and mechanisms underlie the complex 
OR expression patterns in the mosquito antenna and 
dictate the expression of AgOR1 and AgOR2 in sub-
populations of ORNs and circumscribed segments. 
However, the final positioning of ORNs expressing a 
distinct receptor on the circumference of the segments 
seems to have a stochastic component. In this respect, 
the antenna of A. gambiae is reminiscent of the olfac-
tory epithelium of mammals, in which a given OR is 
expressed in a subset of ORNs localized in a broad but 
circumscribed zone. Within a zone, however, the re-
ceptor-expressing ORNs appear randomly dispersed 
[42-45]. 

Previous studies on moths [46-48] and Drosophila 
[49, 50] have indicated that an interplay between 
suitable OBP-subtypes in the sensillum lymph and 
receptor subtypes in the dendritic membrane of sen-
sory neurons is essential for a sensitive and specific 
reception of pheromones. It is presently unclear to 
which extent a similar interplay of distinct 
AgOBP/AgOR pairs may be necessary for a sensitive 
and selective detection of host odorants. AgOBP1 is 
expressed in numerous support cells in female and 
male antennae. This implies that the “indole-binding 
protein” AgOBP1 [22] plays a role in olfactory sensilla 
with different functions and that it may co-operate 
with various AgOR-types in the detection of indole 
and/or other odorants. In fact, in recordings from 
sensilla trichodea of the A. gambiae antenna, different 
classes of ORNs have been identified, which dis-
played distinct but overlapping odorant response 
spectra and also responded to indole [34]. Moreover, 
recent functional characterization of the AgOR rep-
ertoire in Xenopus oocytes [17] and in the “empty 
neuron” system of Drosophila [16] revealed several 
AgOR-types including AgOR2 with distinct but 
overlapping ligand spectra, including indole. Based 
on these findings, it may be possible that AgOBP1 
binds indole as well as a spectrum of other odorants 
and transports them to AgOR2 and other receptor 
types. This would imply a minor contribution of the 
binding protein to the selectivity of the odorant de-
tection system. However, AgOBP1 in functionally 
different sensilla may co-localize with other AgOBPs. 
In such sensilla, AgOBP1 may specifically transfer 
indole to a receptor, while other AgOBP-types deliver 
other odorants. In this respect, it is interesting that 
AgOBP1 shares significant similarity to the Drosophila 
OBPs OS-E and OS-F [8], which are co-expressed with 
an additional OBP-type in the same sensillum [51]. 
Moreover, in a first set of double WM-FISH experi-

ments we found a partial overlap in the expression of 
AgOBP1 and AgOBP4 [52]. Additionally, it is possible 
that AgOBPs may act as dimers. In fact, recent studies 
have indicated that certain AgOBPs may form 
homodimers and heterodimers with various other 
AgOBPs. AgOBP1 and AgOBP4 were also capable of 
interacting with each other [53]. For insect as well as 
vertebrate OBPs [54, 55], dimerization has been pro-
posed to create new binding sites at the interface be-
tween the two subunits. In this way, AgOBP1 located 
in functionally different sensilla may interact with 
different AgOBPs and thereby form dimers.  

Here we could show that WM-FISH approaches 
in combination with laser scanning microscopy allow 
the visualization of AgOBP- and AgOR-expressing 
cells in the mosquito antenna. This procedure should 
now permit us to explore the expression pattern of the 
whole OBP- and OR-repertoire of A. gambiae. Fur-
thermore, extensive application of double WM-FISH 
approaches, employing differentially labelled probes 
and fluorophore-detector ranges, may allow the iden-
tification of combinations of AgOBPs that are 
co-expressed in the support cells of individual olfac-
tory sensilla. In the same way, the combination of 
AgOBP- and AgOR-specific probes will open the 
possibility to evaluate if cells expressing distinct pro-
tein subtypes are located in the same sensillum. Such 
a survey would provide a first clue for OBP and OR 
subtypes, which may interact in the process of de-
tecting and discriminating distinct odorants. 
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