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GC-EAG analysis of human odours that attract the malaria 
mosquito Anopheles gambiae sensu stricto 
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A coupled gas-chromatography-electroantennography (GC-EAG) method was used to identify 
kairomones that mediate the host-seeking behaviour of An. gambiae. Nylon stockings that had been 
worn by human volunteers were found to be highly attractive to female An. gambiae in olfactometer 
experiments. Tenax-trapped headspace of 15 pairs of stockings and extracts thereof were analysed 
with GC-EAG. EAG responses were detected repeatedly at 23 retention times, and 14 compounds 
were identified that elicited on-line EAG responses. The role of these compounds as kairomones in 
the host-seeking behaviour of An. gambiae is discussed. 
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Female mosquitoes of Anopheles gambiae locate their blood hosts predominantly by human 
odours (Takken & Knols 1999). Human odour sources such as aged sweat, skin residues on glass 
beads and worn stockings attracted female An. gambiae in wind tunnel tests (Braks et al. 1999, 
Healy & Copland 2000, Pates et al. 2001, Smallegange et al. 2003). More than 300 components 
were identified from human-handled glass beads (Bernier et al. 2000). It will be an almost infinite 
amount of work to examine the behavioural effects of all human skin volatiles with bioassays at 
various concentrations and combinations. Gas chromatography linked to electroantennogram (GC-
EAG) recording has been widely used for the identification of insect pheromones and kairomones 
(Weissbecker et al. 2000, Smid et al. 2002). The technique makes it possible to test on-line EAG 
responses simultaneously with the FID signals; thus it is an efficient tool for the detection of 
bioactive components in odour blends. In this study, we used the GC-EAG method to identify 
potential kairomones for host-seeking behaviour of the malaria mosquito An. gambiae. 

MATERIAL AND METHODS 

Insects 
Unfed female An. gambiae of 5-8 days old were used for all the tests. For the rearing process of 
the mosquito colony we refer to Pates et al. (2001). 

Olfactometer tests 
The behavioural responses of An. gambiae were tested with the same olfactometer as described by 
Smallegange et al. (2003). The worn stockings were placed in an extended chamber of the trapping 
device described by Smallegange et al. (2003) and tested against the same number of clean 
stockings in a similar chamber of the second trapping device. One compound found to elicit EAG 
responses, benzothiazole (Sigma, purity min. 99%), was applied (100 µl of a 0.01% solution in 
diethylether) on a sandblasted glass slide (5 x 2 cm) and tested against the same amount of solvent 
on a similar glass slide. 

Human odour collection 
Headspace of 15 pairs of nylon stockings, worn by human volunteers for 3 days continuously, 
were collected with a Tenax trap (Smid et al. 2002). The headspace was then eluted with 2 ml 
distilled pentane and concentrated by evaporation to about 150 µl. 
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GC-EAG analysis 
A Carlo-Erba series 8000 gas chromatograph (Rodano, Italy) was equipped with a cold-on-column 
injector and a 30m DB5 column (0.25 µm film thickness). Helium carrier with a flow rate of 1.3 
ml/min was used. The effluent of the column was mixed with 30 ml/min make-up helium, and the 
resulting gas flow was split to the FID detector and the EAG interface in a ration of 1:2 (v/v). The 
GC-EAG interface (Syntech, Hilversum, The Netherlands) was kept at 225°C and the outgoing 
flow was mixed with 600 ml/min charcoal-filtered, humidified air. The GC column temperature 
was programmed as: injection at 45°C with secondary cooling for 20 s, 1 min 45°C, then the 
temperature was increased by 3°C/min to 95°C, then by 5°C/min to 165°C and then by 15°C/min 
to 225°C and held at 225°C for 5 min. In each run, 2µl of the headspace extracts was injected. For 
EAG responses, an excised head of female An. gambiae was mounted between two glass 
electrodes filled with 0.1 M KCl. AgCl-coated silver wires were inserted into the glass capillary, 
placed in a holder, and connected to a DC 10× amplifier (Syntech, Hilversum, The Netherlands). 
The grounded indifferent electrode was inserted through the cervix. The recording electrode was 
slid over the tip of the antenna, from which the top segment had been removed. The FID and EAG 
signals were recorded and displayed on-line on a personal computer using an IDAC-signal 
acquisition board and GC-EAG software version 2.3, both from Syntech, Hilversum, The 
Netherlands. 

GC-MS analysis 
An HP 6890A gas chromatograph (Agilent Technologies) was equipped with the same type of 
column used in the GC-EAG analysis; and similar chromatographic conditions were used except 
that the extract was injected in a septumless injection head at 250°C with a splitless mode. The 
Mass Selective Detector (MSD) 5973 N (Agilent Technologies) was operated in the 70 eV EI 
ionization mode. Peaks were identified by comparing them with the spectra from the NIST 98 
library (National Institute of Standards and Technology, Gaithersburg, Maryland, USA). 

RESULTS AND DISCUSSION 

Attraction to stockings worn by human volunteers of An. gambiae 
The total response, i.e. the number of mosquitoes caught in the two trapping devices as percentage 
of the total number of released mosquitoes was 64.3%. Ninety eight percent of the mosquitoes 
caught entered the trap baited with worn stockings, while the unbaited trap collected 2% of the 
mosquitoes (P<0.001, χ2 test) (Fig. 1). 

We have tested different human odour blends (such as those originating from hand-handled 
glass beads, skin extracts, sweat etc.) and synthetic human odour blends in the olfactometer, and 
although most of these were attractive to An. gambiae, worn stockings were always found to be the 
most attractive (R.C. Smallegange, personal observation). The attractiveness lasted for up to 
months when stored at –20oC or at room temperature (Y.T. Qiu and R.C. Smallegange, personal 
observations). The strong attractiveness of nylon stockings worn by humans was also reported by 
Pates et al. (2001). 

GC-EAG and GC-MS analysis 
The amplitudes of on-line EAG responses of female An. gambiae were low. Therefore the 
headspace of the worn stockings was tested repeatedly on 12 different antennae of An. gambiae to 
screen for consistent EAG responses at specific retention times. On-line EAG responses were 
found repeatedly at 23 different retention times; 14 of the components were identified by a 
separate GC-MS analysis (Fig. 2 and Table 1). 

Some of the compounds in Table 1 (number 1, 6, 7, 8, 9, 10 and 13) were not typically of 
human origin. They were likely to be released from the nylon stockings or were present in the 
environment where the volunteers had been shortly before the experiment. Other compounds 
(number 2, 3, 4, 5, 11, 12 and 14) could be human related. In order to investigate whether the 
mosquitoes responded to volatiles associated with human-worn apparel (socks and shoes), we 
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tested off-line EAG responses of one of the identified compounds, benzothiazole, which was also 
found in odours from unwashed feet (E.J. van der Meent, personal communication). 

The EAG dose-response curve had a classical sigmoidal shape (Fig. 3). The EAG response for 
0.1% benzothiazole was 2.5 times higher than that of the 0.1% 1-octen-3-ol positive control. It was 
confirmed that female An. gambiae responded strongly to benzothiazole by EAG. 

Would electrophysiological activity of benzothiazole correlate with behavioural attraction to 
females of An. gambiae? To answer this question, we also tested benzothiazole in the olfactometer. 
As observed before, worn stockings were found highly attractive compared with clean stockings 
(χ2-test, P<0.001). The two trapping devices caught together 64.3% of the total number of released 
mosquitoes (Fig. 4). When we tested 0.01% benzothiazole against the solvent, diethylether, the 
benzothiazole-baited trapping device caught significantly fewer mosquitoes than the solvent-baited 
trapping device (χ2-test, P<0.001). However, the total responses in the experiments with 
benzolthiazole (35.9%) were higher than in the experiments with no odours (7.9%). It seems that 
benzothiazole stimulated the searching behaviour of the mosquitoes from a distance, but repelled 
the mosquitoes at close range. 

 
 
 

Table 1. Compounds identified by GC-MS that elicited GC-EAG responses by female An. gambiae present 
in the headspace of fifteen pairs of nylon stockings worn for 3 days continuously by human volunteers. 

Number  Retention 
time 

Compound identified No. antennae 
responding (N=12) 

1 9'42" 1,2,4-trimethyl benzene 4 
2 10'16" siloxanes + octanal (t) 4 
3 11'06" 1-methyl-3-propylbenzene or 1-methyl-4-propylbenzene 4 
4 11'58" 2-ethyl-1-hexanal 2 
5 13'50" 2-nonanone 4 
6 15'08" 1,2,4,5-tetramethyl benzene 5 
7 15'20" 1,2,3,5-tetramethyl benzene 12 
8 16'29" 3-phenylbut-1-ene 9 
9 16'54" 1,2,3,4-tetramethyl benzene 4 
10 18'10" naphthalene 5 
11 19'32" decanal 4 
12 19'55" benzothiazole or 1,2-benzisothiazole 4 
13 21'12" 2-[(2-ethylhexyl)oxy]-ethanol 8 
14 23'05" [1,1'-bicyclopentyl]-2-one and tridecane 4 

 
 
 

 
Figure 1. Attractiveness of stockings worn by human volunteers to An. gambiae in a dual-choice 
olfactometer. 
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Figure 2. Four EAG tracks (upper four) and their GC chromatogram (lowest one) recorded from antennae of 
female An. gambiae in response to the headspace of fifteen pairs of nylon stockings worn for three days 
continuously by human volunteers. 

 
 
 

 
Figure 3. EAG dose-response curve of female An. gambiae to benzothiazole. The diamonds and error bars 
represent the mean values and the SEs of the standardised EAG responses (N=8). 

 
 
 
These studies show that an on-line GC-EAG study of volatile host stimuli for investigations of 

the olfactory behaviour of An. gambiae is possible and as such this is the first report documenting 
its feasibility. However, the sampling method applied, using nylon stockings as an adsorbing 
matrix produced a range of benzene derivatives (compound number 1, 6, 7, 8, 9, 10 and 13 listed 
in Table 1), which we consider to be contaminants of non-host origin, which may have obstructed 
the detection of relevant kairomones for these insects. This conclusion is supported by the 
occurrence of these same contaminants in headspace samples of clean nylon stockings (data not 
shown). In this study, 14 of the 23 compounds producing consistent EAG activity could be 
identified by GC-MS, leaving 9 compounds of potential interest that remain to be identified. 
Consistent activity was detected in response to a number of aldehydes (peak number 2 and 11), a 
ketone (5) and an alcohol (13), compounds which have been detected previously in human 
emanations (Meijerink et al. 2000),  some of which have been shown to produce electrophysiologi- 
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Figure 4. Responses of female An. gambiae to odours tested pair-wise in a dual-choice olfactometer. 

 
 
 
cal activity in ongoing studies (Qiu et al., unpublished results). Experiments are in progress 
employing a different method for collecting volatile compounds emanating from the human skin, 
using glass beads rubbed in a human hand. The volatiles are subsequently volatilized by 
thermodesorption, thereby avoiding the use of solvents. These samples will be tested on 
electrophysiological activity using a newly designed on-line GC-MS-EAG setup. 
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