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Abstract

Background: Removal of exhaled air from total body emanations or artificially standardising
carbon dioxide (CO,) outputs has previously been shown to eliminate differential attractiveness of
humans to certain blackfly (Simuliidae) and mosquito (Culicidae) species. Whether or not breath
contributes to between-person differences in relative attractiveness to the highly anthropophilic
malaria vector Anopheles gambiae sensu stricto remains unknown and was the focus of the present
study.

Methods: The contribution to and possible interaction of breath (BR) and body odours (BO) in
the attraction of An. gambiae s.s. to humans was investigated by conducting dual choice tests using
a recently developed olfactometer. Either one or two human subjects were used as bait. The single
person experiments compared the attractiveness of a person's BR versus that person's BO or a
control (empty tent with no odour). His BO and total emanations (TE = BR+BO) were also
compared with a control. The two-person experiments compared the relative attractiveness of
their TE, BO or BR, and the TE of each person against the BO of the other.

Results: Experiments with one human subject (P,) as bait found that his BO and TE collected more
mosquitoes than the control (P = 0.005 and P < 0.001, respectively), as did his BO and the control
versus his BR (P < 0.001 and P = 0.034, respectively). The TE of P, attracted more mosquitoes than
that of another person designated Pg (P < 0.021), whereas the BR of Pgattracted more mosquitoes
than the BR of P; (P = 0.001). The attractiveness of the BO of P, versus the BO of Pg did not differ
(P = 0.346). The BO from either individual was consistently more attractive than the TE from the
other (P < 0.001).

Conclusions: We demonstrated for the first time that human breath, although known to contain
semiochemicals that elicit behavioural and/or electrophysiological responses (CO,, ammonia, fatty
acids) in An. gambiae also contains one or more constituents with allomonal (~repellent)
properties, which inhibit attraction and may serve as an important contributor to between-person
differences in the relative attractiveness of humans to this important malaria vector.
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Background

Mosquitoes in search of a blood meal integrate informa-
tion from host-related visual, physical and chemical cues
during the host-seeking process [1-3]. Vision is considered
more important among diurnally active mosquitoes [3],
whereas physical and olfactory cues are the dominant cues
for nocturnal species [1,2]. Many species of blood-feeding
insects display non-random host selection at the intra-
and interspecific level and, although this has important
epidemiological implications, the evolutionary basis for
this selection remains poorly understood [4].

Host odour is one of the components influencing host
choice. For example, the sandfly Lutzomyia longipalpis
responds to hand odour from different humans at signifi-
cantly different rates [5], and attraction of Simulium black-
fly species to total human emanations varies depending
on the individual person used as the source of kairomones
[6]. Attractiveness of a human arm and hand odour to
Anopheles stephensi [7], Aedes aegypti [8-10] and An. quad-
rimaculatus [10] has been shown to vary substantially
between individual human baits. The response of mem-
bers of the An. gambiae complex to individual humans
also varies considerably [11-13], and these intra-specific
differences can be observed in traps baited with total body
emanations, including those from which the body heat
component has been excluded [14,15]. Recently it was
shown that either removal of exhaled air from total ema-
nations [5] or artificially standardising CO, outputs [15]
eliminates differential attraction of humans to blackflies
and mosquitoes, respectively.

We used a recently developed multi-choice olfactometer
[16] to investigate how breath and body odour contribute
to and might possibly interact as components of the
attractiveness of humans to An. gambiae s.s., one of the
most anthropophilic, abundant and efficient vectors of
malaria in Africa. Previous work with this system enabled
us to rank the attractiveness of nine male Kenyans [16],
two of whom were involved in the experiments reported
here.

Materials and methods

Mosquitoes

Experiments were conducted using the Ifakara strain of
laboratory-reared Anopheles gambiae Giles sensu stricto,
originally colonized from wild-caught gravid females in
Njage, South-east Tanzania, in 1996. The mosquito larvae
were reared under ambient temperature and light condi-
tions in screenhouse insectaries at the Mbita Point
Research and Training Centre of the International Centre
of Insect Physiology and Ecology (00°25'S, 34°13'E). The
larvae were reared using fresh water from Lake Victoria
and were fed on Tetramin® fish food three times per day
(the total amount of food provided was 0.3 grams

http://www.malariajournal.com/content/3/1/1

tetramin®/100 larvae/day). Pupae were collected from
rearing trays and transferred to an insectary where they
were kept in mesh-covered 30 cm cubic cages in which
rolls of filter-paper soaked in 6% glucose solution were
provided. The colony was maintained by routinely offer-
ing a human arm to feed upon. Adult females with no
prior access to blood were used for experiments when they
were four to eight days old and were transferred from the
holding cages into release cups six hours before the onset
of experiments. Only water-wet cotton wool pads were
provided as liquid source on the mesh-topped open ends
of the release cups. For further details see [16].

Experimental set-up

Experiments were conducted using two arms of a previ-
ously described three-port olfactometer (Figure 1), situ-
ated within a large semi-field screenhouse where the
ambient atmospheric conditions were not controlled (for
details see [16]). Approximately 100 mosquitoes (the
exact number was recorded for each experimental
release), released into a choice chamber located ~1 metre
away from the participants, were used for each experi-
ment. Mosquitoes flying upwind in response to host stim-
uli were caught in traps, without a chance of entering the
tents (for details see [16]).

Human subjects

Two healthy African males, designated person P, and per-
son Py (numbers refer to the same individuals used in our
previous study [16]), were recruited to participate in the
experiments. P; was aged nineteen years (weight, 80 kg;
height, 1.80 m), Pg was aged 22 years (weight, 79 kg,
height 1.85 m). The participants wore only shorts at the
time of the experiment and bathed with non-perfumed
soap one hour before starting the experiments. No
attempt was made to control their daily diet except pro-
hibiting them from ingesting alcohol, a factor that has
recently been shown to influence the relative attractive-
ness of humans for Aedes albopictus [17]. Their malaria
infection status was observed daily by microscopic exam-
ination of thin and thick smears of finger-prick blood
stained with Giemsa. Previous work has demonstrated
that P, is nearly three times (P < 0.05) more attractive to
An. gambiae than Py with the mean number of mosquitoes
caught during experiments being 20.14 + 3.17 and 6.78 +
1.01, respectively [16].

Attraction to total emanations, body odour and breath

P, was recruited to assess the response of mosquitoes to
his total body emanations (TE) or either his breath (BR)
or body odour (BO) alone. In this context TE refers to BR
plus all volatile discharges of the skin and BO refers to vol-
atiles discharged solely from the skin. BR and BO were
separated using a one-way breathing valve (Harvard-
Douglas®). The test person wore the breathing valve as a
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Apparatus used to study the response of An. gambiae s.s. mosquitoes to human breath, body odours and a combination thereof.
Breath was separated from body odours using a one-way breathing valve and diverted to the exhaust of the same (1) or other
tent (2), or vented out through the main air exhaust (3). Alternatively, the test person sat outside the tent and his breath was
diverted to one of the tent exhausts (4). a: test person, b: tent, c,d: tent exhaust, e: mosquito release cup, f: choice chamber, g:
trapping chamber, h: main air exhaust. Dimensions shown are in cm. Broken arrows depict the direction of movement of air
currents. Further descriptive details of the experimental set up see [16].

mouthpiece and fitted a sprung nose clip so that he
inhaled and exhaled air through the mouth only. Thus, he
inhaled air from within the confines of the screen house
via a polyvinyl chloride (PVC) pipe and exhaled it via a
bendable, corrugated PVC pipe. The BR was discharged to
a destination dictated by the needs of each experiment
(Figure 1). Separated BR was either recombined with BO
to reconstitute the TE (Experiment 1), diverted to the
other tent exhaust (Experiment 2), or vented from the
apparatus completely through the main air exhaust
(Experiment 3).

The first of these three alternative arrangements allowed
the response of mosquitoes to TE to be compared with
that to a control tent lacking a bait host or body emana-
tions. The second and third of these three arrangements
allowed the attractiveness of BO to be compared with BR
and with a control tent lacking a bait host or body emana-
tions. The attractiveness of BR, compared with an empty
tent, was also assessed. In that case the test person sat out-

side the tents but exhaled into one of the tents' exhausts
(Experiment 4). Experiments were conducted over 30-min
test periods, between 19.30-20.00 and 20.30-21.00
hours. After each experiment all mosquitoes were
removed from the apparatus and the number trapped
counted. Each of the four possible arrangements were
repeated 16 (Experiments 1 and 2) or eight (Experiments
3 and 4) times with the human bait switching position so
that he occupied each of the two tents for half of the rep-
licates per experiment. Previous experiments found no
effect of residual odours on the behavioural responses of
An. gambiae [16].

The role of breath and body odour in between-person
differences in relative attractiveness

Behavioural responses of mosquitoes as a result of simul-
taneous exposure to emanations originating from two
human subjects were assessed to determine their relative
attractiveness when BR was included or excluded from
their TE. BR was removed from the apparatus using a one-
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way breathing valve as shown in path 3 (Figure 1). Inclu-
sion of BR did not involve re-direction as shown in path
1; the human subject occupied the tent without using the
breathing valve. The following choice tests were carried
out: (i) TE of person P, versus TE of person P4 (Experiment
1), (ii) BR of person P, versus BR of person Pg (Experiment
2), (iii) BO of person P, versus BO of person Pg (Experi-
ment 3), (iv) BO of person P, versus TE of person Pg
(Experiment 4) or (v) BO of person P4 versus TE of person
P, (Experiment 5). Experiment 2 was conducted with both
participants outside the tents, each of them using a breath-
ing valve in order to direct his BR to a separate tent
exhaust. The number of mosquitoes trapped in all com-
parisons as a result of responses to stimuli originating
from person P, or Pg were counted and noted. Experi-
ments were conducted thrice per night between 19.30-
20.00, 20.30-21.00 and 21.30-22.00 hours. Each of the
five experiments was repeated 12 or 18 times with the two
human subjects switching between the two tents so that
half of the tests were conducted with each subject in the
two alternative tents. The number of replicates conducted
for each experiment is shown in Figure 3.

Statistical analysis

Relative attractiveness was calculated as the number of
mosquitoes trapped by the emanations of P, divided by
the sum of the number trapped by P, and Py, thus repre-
senting the relative attractiveness of person P,. A relative
attractiveness of greater than 0.5 indicates greater attrac-
tiveness of person P;, whereas values smaller than 0.5
indicate greater attractiveness of Pg. Non-parametric sta-
tistical methods were used for analysis because of their
robustness and flexibility. The significance of differences
in attractiveness between the baits in the two traps in each
experiment was assessed by Kendall's W test for related
samples, comparing the catches of person P, with those of
person Pg in the same experiment. The significance of
changes in relative attractiveness between experiments
was assessed by the Kruskal-Wallis H test for independent
samples, comparing the relative attractiveness estimates
from repetitions of the same experiments with those of
another. In all cases the number of repetitions or releases
for each experiment is denoted by N, whereas the total
number of mosquitoes which were actually trapped by
either human bait is denoted by n. Analysis of the attrac-
tiveness of BO of person P, versus his BR or the control, as
well as the attractiveness of his TE or BR versus the control
followed the same procedures. Data were analysed using
the Statistical Products and Service Solutions (SPSS, ver-
sion 10.0).

Results

Experiments were carried out over a total of forty-eight
nights, 24 nights for experiments involving the two
human subjects and 24 nights for experiments concerning
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the single participant. None of the participants presented
with malaria parasites over the duration of the study.

Response to total emanations, body odour and exhaled air
The attractiveness of the BO of person P, versus his BR or
a control, as well as the attractiveness of his TE or BR ver-
sus a control, are shown in Figure 2. His BO (P = 0.005)
and TE (P < 0.001) were significantly more attractive than
a control (empty tent) as was his BO (P < 0.001) and the
control (P = 0.034) over his BR.

The role of breath and body odour in between-person
differences in relative attractiveness

The between-person differences in relative attractiveness,
which was measured with respect to person P, (i.e. the
number of mosquitoes trapped by emanations of person
P, divided by the sum of the number of mosquitoes
trapped by emanations of person P, and person Pg) fol-
lowing inclusion or exclusion of BR or BO from their TE,
are shown in Figure 3. Person P, was more attractive than
person Pg based on mosquito responses to their TE (P =
0.021) whereas person Pg was more attractive than person
P, based on responses to their BR (P < 0.001). There was
no significant difference in the attractiveness of the two
persons based on responses to their BO (P = 0.346). The
BO of person P, was more attractive than the TE of person
Pg (P =0.001) and the BO of person Py was more attractive
than the TE of person P, (P = 0.001). Thus TE without BR
(=BO), from either individual, was consistently more
attractive than TE from the other. Comparisons of the rel-
ative attractiveness of the study subjects between experi-
ments (lower section of Figure 3) were all significant
except between experiment 1 and experiment 3 (P =
0.253).

Discussion

The behavioural response of An. gambiae, as assessed
through choice experiments making all possible dual
comparisons by total emanations, body odours, breath
and a control originating from a single human subject,
demonstrated an allomonal effect of breath and an overall
kairomonal effect of body odours and total emanations.
Whereas the allomonal effect of breath was not known
previously, total emanations have been shown to be
responsible for over 90% of the attractiveness of humans
to An. gambiae s.1. [18].

Surprisingly, there was no difference in the number of
mosquitoes attracted by the two persons, who were other-
wise consistently different in their attractiveness (see
[16]), when breath was excluded from their total emana-
tions. Since host seeking is modulated by olfactory cues
[1,2], and An. gambiae preferentially responds to human
rather than other vertebrate-host cues/odours [19,20],
regardless of a person's degree of attractiveness, our
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Figure 2

Relative attractiveness (RA) of total emanations (TE) of test person P, versus a control (Expt. 1), his body odour (BO) versus
his breath (BR) (Expt. 2), his body odour versus a control (Expt. 3) and his breath versus a control (Expt. 4). N: number of rep-
licates, n: total number of mosquitoes collected by both treatments in each experiment. P: statistical significance level of (i) dif-
ferences between the catches of treatment A and treatment B (RA = 0.5) or (i) the change in the relative attractiveness of

treatment A between different experiments (RA; = RA,).
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Figure 3

Relative attractiveness (RA) of person P, in choice experiments evaluating mosquito responses to total emanations (TE) of
P,versus total emanations of person Pg (Expt. I), breath (BR) of P, versus breath of Pg (Expt. 2), body odour (BO) of P, versus
body odour of Pg (Expt. 3), body odour of P, versus total emanations of Pg (Expt. 4) and total emanations of P, versus body
odour of Pg (Expt. 5). N: number of replicates, n: total number of mosquitoes collected from both treatments in each experi-
ment. P: statistical significance level of (i) differences between the catches of P, and Pg (RA = 0.5) or (ii) the change in the rela-
tive attractiveness of P, between different experiments (RA, = RA,).
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present results suggest that breath is a key factor responsi-
ble for variability in human attractiveness to An. gambiae.
Our data also show a clear interaction between compo-
nents of breath and body odour as the attractiveness of
person P;, who was significantly more attractive than
person Pg based on responses to their total emanations,
was reversed when mosquitoes were allowed to make
choices between their breaths.

These findings corroborate findings for other blood-feed-
ing insects: removal of breath from total emanations has
been shown to eliminate individual differences in attrac-
tiveness of humans to Simulium species [6] and artificially
standardising outputs of carbon dioxide, a major
component of breath, has been shown to equalise human
attractiveness to An. gambiae s.l. and An. funestus [15].

Human breath has been reported to be attractive to Anoph-
eles mosquitoes [21,22] and Aedes aegypti [23]. Krotozyn-
ski et al. [24] identified 102 organic compounds of
endogenous and exogenous origin in human breath,
obtained from a group of 28 carefully selected healthy
individuals. Since then several hundred additional vola-
tile organic compounds have been identified [25]. Carbon
dioxide is by far the most abundant compound, and 97%
of the remaining chemicals have a mean concentration
between 0.06 and 9.5 ng L. Acetone, isoprene and ace-
tonitrile, with concentrations of 120, 33 and 24 ng L},
respectively, account for 51% of the mean organic con-
tents. Compounds of bacterial origin, such as dimethyl-
sulphide or methanethiol have also been found [26].

Several of the above compounds have been shown to
influence the host-seeking process of An. gambiae. CO,,
for example [27], contributes to the overall attractiveness
of humans in the range of 9-40% [18,28] and human
equivalents (300-500 ml min?!) vyield significant
responses both in the laboratory [29,30] as well as in the
field [31]. Acetone, present in concentrations ranging
from 293-870 ppb [32], has also been shown to affect An.
gambiae behaviour [33], as does ammonia [34,35], for
which concentrations of 422-2389 ppb have been
recorded from breath samples [32]. The precise nature of
such behavioural responses remains largely unknown,
and breath has only been shown to be directly responsible
for influencing the selection of a landing/biting site by An.
atroparvus [36] and An. albimanus [37].

Considering the importance of breath in affecting host
selection by An. gambiae, three interesting findings
emerge. First, given the minute concentrations at which
most of these compounds occur, one or more very potent
repellent(s) may be isolated, microgrammes of which
may suffice to inhibit the host-seeking response. Second,
given the intense exchange of metabolic gases at the alve-
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olar interface between the bloodstream and lung cavity,
malarial disease may alter the composition of exhaled
breath and as such affect the host-selection process [38].
Third, our results show that mosquito host selection is not
just a matter of 'attractiveness', but also determined by a
person's repellency, the sum of which may affect the
threshold level for a mosquito to initiate close-range and
biting behaviour once near a host.

Conclusions

We have identified an allomonal effect of human breath
for An. gambiae s.s. and shown this to contribute to
between-person differences in relative attractiveness.
Unfortunately, whereas factors that might be responsible
for the allomonal effects remain unknown, it is interesting
to contrast our observations with those who have noted
that CO,, a major component of breath, is a potent activa-
tor for An. gambiae [27]. It is also interesting to note that
the orientation behaviour of such a specialised human-
feeding mosquito as An. gambiae is inhibited by breath
and that this species prefers to bite the ankles and feet of
its chosen host [36]. We hypothesize that the allomonal
properties of human breath combined with the attraction
to such extremities as the feet and ankles may represent a
mechanism that facilitates successful, undetected feeding
by An. gambiae upon their favoured human hosts.

Authors' contributions

WRM designed the olfactometer, conducted all the exper-
imental work, and drafted the original manuscript. GFK
assisted with statistical data analysis and interpretation.
BGJK conceived the study, obtained funding for it,
supervised the experimental work and edited the final ver-
sion of the paper in collaboration with WRM, GFK and
WT.

Acknowledgements

Christian Abuya and William Owigo are thanked for agreeing to participate
in the experiments and Jackton Arija for rearing experimental mosquitoes.
James Kongere and Steve Abong'o were technical assistants. This investiga-
tion received financial support from the UNDP / World Bank / WHO Spe-
cial Programme for Research and Training in Tropical Diseases (TDR)
(project No. 980692), the National Institutes of Health (ICIDR project No.
UI9AI4551 1 and Fogarty ABC supplement D43 TWOI 142), the Swiss
National Science Foundation (project No. 31-59380.99) and a sandwich
Ph.D. scholarship of Wageningen University and Research Centre, The
Netherlands (WRM). WRM was hosted by ICIPE — MPR&TC as a DRIP
scholar. The Kenya National Ethical Review Committee granted ethical
clearance for the study (protocol KEMRI/RES/7/3/1).

References

I.  Takken W: The role of olfaction in host-seeking of mosqui-
toes: a review. Insect Sci Appl 1991, 12:287-291.

2. Takken W, Knols BGJ: Odor-mediated behavior of Afrotropical
malaria mosquitoes. Annu Rev Entomol 1999, 44:131-57.

3. Allan SA, Day JF, Edman JD: Visual ecology of biting flies. Annu Rev
Entomol 1997, 32:297-316.

4.  Kelly DW: Why are some people bitten more than others?
Trends Parasitol 2001, 17:578-581.

Page 7 of 8

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1146/annurev.ento.44.1.131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1146/annurev.ento.44.1.131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9990718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1146/annurev.en.32.010187.001501
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S1471-4922(01)02116-X
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11756041

Malaria Journal 2004, 3

20.

21.
22.
23.
24.

25.
26.
27.

28.

29.

Hamilton JGC, Ramsoondar TMC: Attraction of Lutzomyia longi-
palpis to human skin odours. Med Vet Entomol 1994, 8:375-380.
Schofield SW, Sutcliffe JF: Human individuals vary in attractive-
ness for host-seeking black flies (Diptera: Simuliidae) based
on exhaled carbon dioxide. | Med Entomol 1996, 33:102-108.
Brouwer R: Variations in human body odour as a cause of indi-
vidual differences of attraction for malaria mosquitoes. Trop
Geogr Med 1960, 12:182-196.

Khan AA, Maibach Hl, Strauss WG, Fenley WR: Screening humans
for degrees of attractiveness to mosquitoes. | Econ Entomol
1996, 58:694-697.

Mayer MS, James |D: Attraction of Aedes aegypti (L.): Responses
to human arms, carbon dioxide, and air currents in a new
type of olfactometer. Bull Entomol Res 1969, 58:629-643.

Schreck CE, Kline DL, Carlson DA: Mosquito attraction to sub-
stances from the skin of different humans. | Am Mosq Control
Assoc 1990, 6:406-410.

Knols BGJ, De Jong R, Takken W: Differential attractiveness of
isolated humans to mosquitoes in Tanzania. Trans Roy Soc Trop
Med Hyg 1995, 89:604-606.

Lindsay S, Adiamah JH, Miller JE, Pleas R], Amstrong JRM: Variation
in attractiveness of humans subjects to malaria mosquitoes
(Diptera: Culicidae) in The Gambia. | Med Entomol 1993,
30:368-373.

Port GR, Boreham PFL, Bryan JH: The relationship of host size to
feeding by mosquitoes of the Anopheles gambiae Giles com-
plex (Diptera: Culicidae). Bull Entomol Res 1980, 70:133-144.
Costantini C, Gibson G, Brady |, Merzagora L, Coluzzi M: A new
odour-baited trap to collect host-seeking mosquitoes. Parassi-
tologia 1993, 35:5-9.

Brady ], Costantini C, Sagnon N, Gibson G, Coluzzi M: The role of
body odours in the relative attractiveness of different men to
malarial vectors in Burkina Faso. Ann Trop Med Parasitol 1997,
91(Supplement 1):121-122.

Mukabana WR, Takken W, Coe R, Knols BGJ: Host-specific cues
cause differential attractiveness of Kenyan men to the Afri-
can malaria vector Anopheles gambiae. Malar | 2002, 1:17.
Shirai Y, Tsuda T, Kitagawa S, Naitoh K, Seki T, Kamimura K, Moro-
hashi M: Alcohol ingestion stimulates mosquito attraction. |
Am Mosq Control Assoc 2002, 18:91-96.

Mboera LEG, Knols BGJ, Takken W, Della Torre A: The response
of Anopheles gambiae s.l. and Anopheles funestus (Diptera:
Culicidae) to tents baited with human odour or carbon diox-
ide in Tanzania. Bull Entomol Res 1997, 87:173-178.

Costantini C, Sagnon NF, Della Torre A, Diallo M, Brady |, Gibson G,
Coluzzi M: Odour-mediated host preferences of west African
mosquitoes, with particular reference to malaria vectors. Am
J Trop Med Hyg 1998, 58:56-63.

Pates HV, Takken W, Stuke K, Curtis CF: Differential behaviour
of Anopheles gambiae sensu stricto (Diptera: Culicidae) to
human and cow odours in the laboratory. Bull Entomol Res 2001,
9:289-296.

Mer G, Mirnbaum D, Aioub A: The attraction of mosquitoes by
human beings. Parasitology 1947, 38:1-9.

Laarman JJ: The host-seeking behaviour of the malaria mos-
quito Anopheles atroparvus. Acta Leidensia 1955, 25:1-144.

Khan AA, Maibach HI: Effect of human breath on mosquito
attraction to man. Mosq News 1972, 32:11-15.

Krotozynski B, Gabriel G, O'Neill H: Characterization of human
expired air: A promising investigative and diagnostic
technique. | Chromatogr Sci 1977, 15:239-244.

Phillips M: Method for the collection and assay of volatile
organic compounds in breath. Anal Biochem 1997, 247:272-278.
Tonzetich J: Production and origin of malodor: A review of
mechanisms and methods of analysis. | Periodont 1977, 48:13-20.
Gillies MT: The role of carbon dioxide in host-seeking by mos-
quitoes (Diptera: Culicidae): a review. Bull Entomol Res 1980,
70:525-532.

Costantini C, Gibson G, Sagnon N, Della Torre A, Brady J, Coluzzi M:
Mosquito responses to carbon dioxide in a west African
Sudan savanna village. Med Vet Entomol 1996, 10:220-227.

Knols BGJ, De Jong R, Takken W: Trapping system for testing
olfactory responses of the malaria mosquito Anopheles gam-
biae in a wind tunnel. Med Vet Entomol 1994, 8:386-388.

30.

31

32

33.

34.

35.

36.
37.

38.

http://www.malariajournal.com/content/3/1/1

Healy TP, Copland MJ: Activation of Anopheles gambiae mosqui-
toes by carbon dioxide and human breath. Med Vet Entomol
1995, 9:331-336.

Mboera LEG, Knols BG), Braks MAH, Takken W: Comparison of
carbon dioxide-baited trapping systems for sampling out-
door mosquito populations in Tanzania. Med Vet Entomol 2000,
14:257-263.

Diskin AM, Spanel P, Smith D: Time variation of ammonia, ace-
tone, isoprene and ethanol in breath: a quantitative SIFT-MS
study over 30 days. Physiol Meas 2003, 24:107-119.

Takken W, Dekker T, Wijnholds YG: Odor-mediated behavior of
Anopheles gambiae s.s. Giles and An. stephensi Liston in
response to CO,, acetone and l-octen-3-ol. | Insect Behav 1997,
10:395-407.

Braks MAH, Meijerink J, Takken W: The response of the malaria
mosquito, Anopheles gambiae, to two components of human
sweat, ammonia and L-lactic acid, in an olfactometer. Physiol
Entomol 2001, 26:142-148.

Meijerink J, Braks MA, Van Loon JJ: Olfactory receptors on the
antennae of the malaria mosquito Anopheles gambiae are
sensitive to ammonia and other sweat-borne components. |
Insect Physiol 2001, 47:455-464.

De Jong R, Knols BGJ: Selection of biting sites on man by two
malaria mosquito species. Experientia 1995, 51:80-84.

Knols BGJ, Takken W, De Jong R: Influence of human breath on
selection of biting sites by Anopheles albimanus. | Am Mosq Con-
trol Assoc 1994, 10:423-426.

Mukabana WR: Differential attractiveness of humans to the
African malaria vector Anopheles gambiae Giles, Effects of
host characteristics and parasite infection. Ph.D. thesis, Wage-
ningen University and Research Centre, The Netherlands 2002.

disseminating the results of biomedical research in our lifetime."

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with Bio Med Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 8 of 8

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7841492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8906912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8906912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8906912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2230769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2230769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8594668
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8594668
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8459413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8459413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8459413
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7915027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7915027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1080/00034989761436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1080/00034989761436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1080/00034989761436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1186/1475-2875-1-17
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12513703
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=149388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12083361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9452293
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9452293
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13301352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=893644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=893644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=893644
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/abio.1997.2069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1006/abio.1997.2069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9177688
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=264535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=264535
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8887331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8887331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8887331
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7841494
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7548953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7548953
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1046/j.1365-2915.2000.00239.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1046/j.1365-2915.2000.00239.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1046/j.1365-2915.2000.00239.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11016432
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0967-3334/24/1/308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0967-3334/24/1/308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1088/0967-3334/24/1/308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12636190
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1046/j.1365-3032.2001.00227.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1046/j.1365-3032.2001.00227.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0022-1910(00)00136-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1016/S0022-1910(00)00136-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11166310
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7843335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7843335
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7807088
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Mosquitoes
	Experimental set-up
	Human subjects
	Attraction to total emanations, body odour and breath
	The role of breath and body odour in between-person differences in relative attractiveness
	Statistical analysis

	Results
	Response to total emanations, body odour and exhaled air
	The role of breath and body odour in between-person differences in relative attractiveness

	Discussion
	Conclusions
	Authors' contributions
	Acknowledgements
	Acknowledgements

	References

