EMHJ . Vol.18 No.11 . 2012 Eastern Mediterranean Health Journal
La Revue de Santé de la Méditerranée orientale

Upwind responses of Anopheles stephensi to carbon
dioxide and L-lactic acid: an olfactometer study
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ABSTRACT Excretion of carbon dioxide and L-lactic acid through exhalation and perspiration provides olfactory
signals to mosquitoes which allow them to find and bite humans; however, mosquito species differ in this regard.
This study investigated upwind responses of Anopheles stephensi, mysorensis form, an important malaria vector
in Asia, to carbon dioxide and L-lactic acid under laboratory conditions. While a minimal dose of carbon dioxide
(90 ppm) activated the mosquitoes, 10 times this amount suppressed them. L-lactic acid alone did not produce
a significant effect by itself, but addition of 6 ug/min of L-lactic acid to a range of 90 to 410 ppm carbon dioxide
resulted in attraction. The results provide further support for the hypothesis that CO, plays an important role in
the host-seeking behaviour of zoophilic mosquitoes, and suggests that L-lactic acid might play a more critical role
than CO, in the attraction of An. stephensi.

Réponses sous le vent d'Anopheles stephensi au dioxyde de carbone et a I'acide lactique L une étude en
olfactometre

RESUME L'excrétion de dioxyde de carbone et d'acide lactique L par expiration et par perspiration géneére des
signaux olfactifs qui permettent aux moustiques de repérer et de piquer les humains ; toutefois, toutes les especes
de moustiques ne réagissent pas de maniere identique. La présente étude a analysé les réponses sous le vent
d'Anopheles stephensi, de type mysorensis, un important vecteur du paludisme en Asie, au dioxyde de carbone
et a l'acide lactique L en laboratoire. Alors qu'une dose minimale de dioxyde de carbone (90 ppm) rendait les
moustiques actifs, la méme dose multipliée par dix avait I'effet inverse. L'acide lactique L seul ne produisait pas
d'effet significatif en soi, mais l'association de 6 ug/min d'acide lactique L a une quantité de 90 a 410 ppm de
dioxyde de carbone attirait les moustiques. Ces résultats renforcent I'hypothese selon laquelle le CO, joue un
role important dans le comportement de recherche d'héte chez les moustiques zoophiles, et suggerent que
l'acide lactique L pourrait jouer un role plus important que le CO, dans 'attirance d'Anopheles stephensi.
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Introduction

Malaria remains a major public health
problem in southern part of the
Islamic Republic of Iran; about 80%
of all malaria cases in the country are
reported from this region and there
are 6 anopheline mosquitoes known
to be malaria vectors [1-S]. Anopheles
stephensi is an important malaria vec-
tor throughout south Asia, including
the Indo—Pakistan subcontinent and
the Middle East. However, it is one
of the least anthropophilic malaria
mosquitoes in the world [6]. It has 3
biological forms, type, intermediate and
mysorensis.

Yearly, a large number of healthy
years of human life are lost due to mos-
quito-borne diseases, including malaria.
Excretion of waste materials through
exhalation and skin emanations of sweat
and respiration accompanied by the
act of normal floral microorganisms
unintentionally provide potent olfac-
tory signals, inviting physiologically-
competent mosquitoes to find and bite
humans. Several studies have shown
that mosquitoes exploit carbon dioxide
(CO,) as a chemical cue in their long-
range orientation towards a potential
host [7-10].

At the same time, while L-lactic acid
alone is reported to be only slightly at-
tractive, neutral or even repellent to
mosquitoes, it has been shown that in
combination with CO it attracts them.
This synergistic effect was first noticed
for Aedes aegypti and then for An. gambiae
[11], and Kline et al. showed that this
binary blend increases catches of certain
dipterans, including mosquitoes [12].
However, Stryker and Young did not
detect this synergistic effect in the field
except for Ae. vexans [13].

Although, these comparative stud-
ies shed light on principles governing
the host-seeking behaviour of mos-
quitoes, it is clear that practical applica-
tion of this knowledge in surveillance
programmes or effective control

measures needs further specific infor-
mation of a given mosquito species in
its locality.

There are 3 biological forms of An.
stephensi; the mysorensis form is colo-
nized and considered the main malaria
vector in the country. Therefore, the
aim of this study was to investigate the
upwind responses of the mysorensis
form of An. stephensi to CO, and L-
lactic acid within a dual-choice olfac-
tometer.

Mosquitoes

The An. stephensi used was the mysoren-
sis form. It originated from Iranshahr,
Islamic Republic of Iran and has been
kept in the insectary of Tehran Uni-
versity of Medical Sciences, School of
Public Health, since 2006. For this study
a specific colony of this mosquito was
used that was established under 29 +
1°C, 80% + 5% relative humidity, light/
dark cycle 12:12 h conditions, with a
simulated nightfall at midday. Two
small stock cultures of adult females
were offered blood from Guinea pigs
for 45 minutes biweekly in an alterna-
tive schedule. Eggs were laid on wet
filter paper, hatched in water bowls and
transterred to water-filled plastic trays
the next day. Larvae (with density of 1
per mL of dechlorized tap water) were
fed with Tetramin fish food based on
a fixed local protocol. Pupae were col-
lected daily from the trays and trans-
ferred in populations of 10001500
into 30x30x30 c¢m gauze-covered
adult cages. Adults were kept with ac-
cess only to 10% glucose solution. All
experiments were done on 4-5-day-old
8-10-h sugar-deprived host responsive
female mosquitoes exactly during the
first hour of the middle third of the
scotophase. These mosquitoes were put
in a population of 10 in § small cages
and transferred to the laboratory in an
opaque plastic box matted with wet
tissues.

Olfactometer, bioassays and
procedures

Aslightly modified Geier type dual-port
olfactometer made by the authors was
used [ 14]. Details of the apparatus have
been described elsewhere [ 15]. In brief,
charcoal-filtered, humidified (50% +
2%) and warm air (29 + 0.1 °C) was led
via PVC pipelines to the olfactometer
arms (15x25 cm acrylic cylinders, 15
cmapart). Wind speed in the cylindrical
wind tunnel was kept constant at 0.4
m/s. Light from 2 25-watt incandes-
cent bulbs hanging 80 cm above the
olfactometer provided 11 lux scattered
dim light during the experiments. Two
50x150 cm white plastic sheets at the
bilateral sides of the wind tunnel pre-
vented undesirable optical stimulation
of mosquitoes.

A precise amount of the chemical
stimuli regulated by fine flow meters
and in a non-oscillating gaseous form
were conducted to the treatment arm
through silicone pipelines (S mm in-
ternal diameter, 100 cm length). The
flow meter for flow rates above 1000
mL/min was from a different manufac-
turer (MBLD Instrument Company,
China). These chemicals were injected
individually or in combination using
separate large single bore steel needles
piercing a circular rubber septum over a
small hole located 3 cm from the treat-
ment arm aperture. According Geier
et al. this type of injection generates a
homogeneous plume [14]. All injec-
tions were performed just a few seconds
prior to releasing mosquitoes into the
olfactometer.

Any stimulus dosage was tested in
2 consecutive experiment sets, each
comprised 1 trial of no chemical stimu-
lus injection as a control followed by
4 trials of test material. Injections were
alternated between right and left arms
to avoid a systematic bias. In each trial a
small cage containing 10 fresh mosqui-
toes was connected to the downwind
end of the wind tunnel. After 1-3 min-
utes acclimatization, mosquitoes were
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allowed to freely choose olfactometer
arms during | minute experimentation
time after to injection of test material.
Mosquitoes were removed with an elec-
trical vacuum cleaner at the end of each
experiment. The experimenterwore cot-
ton gloves throughout the experiments
and avoided touching inner parts of the
olfactometer.

Odours

CO, and L-lactic acid were tested indi-
vidually and in combination within the
olfactometer. Different concentrations
of carbon dioxide were produced by se-
rial injections of 50, 150, 300, 600, 900,
1200 and 2400 mL/min 2% carbon
dioxide from a pressurized gas cylinder
(Anagaz Co., Tehran) into the treat-
ment arm. An infrared hand-held CO,
analyser (Testo 535, Germany) was
used to identify concentrations of these
flows in the wind tunnel.

Various concentrations of L-lactic
acid were used derived from passing
incremental flows of clean dry air (from
the air supply of the olfactometer) at
50, 150 and 450 mL/min through 100
mL of logarithmic dilutions of 1:10 or
1:100 aqueous L-lactic acid solutions

1000
900 -
800 -
700+

600 -

level over the

500

2

baseline (5 ppm)

400+

300+

Obtained CO

200+

100+

(original concentration from Merck,
Germany) in a 250 mL gas washing
bottle. A rough estimation of the ex-
act amount of L-lactic acid released in
these flow rates was possible after Geier
et al.[14]; therefore measurement at-
tempts were made only for the most
effective dosage due to difhiculty in lactic
acid detection at very low concentra-
tions. To do this, the output of a certain
flow of bubbling airin 200 mL of diluted
L-lactic acid was passed through 2 serial
gas washing bottles containing 100 mL
distilled water over a S0-minute period.
Trapped L-lactic acid in these 2 bottles
was titrated by 0.001 N sodium hydrox-
ide and 0.001 N hydrochloric acid. An
estimate of the total amount of L-lactic
acid was made from extrapolation of
the rate of decrease of dissolved L-lactic
acid in these bottles.

Statistical analysis

The proportion of mosquitoes that
left the small release cage and that
were trapped inside either arm of the
olfactometer at the end of 1 minute

experimentation time represented ac-
tivation (%) and attraction (%) to the
treatment or control arms respectively.
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Data for each trial were entered in SPSS,
version 11.50. Comparison of a series
of variables was done by nonparamet-
ric Kruskal-Wallis test (a = 0.05), as
needed.

The infrared CO, analyser did not de-
tect any rise in carbon dioxide (0 ppm)
at S0 mL/min 2% CO, injection over
the ambient level (400 ppm) (Figure
1). The most consistent part of this flow

concentration function was for 150 up
to 900 mL/min, equal to 40 to 270
ppm respectively; the greater the flow of
injected CO,, the greater the deviation
from the expected concentration value.
The highest and the lowest activation
of An. stephensi was observed at 300
mL/min (90 ppm) and 2400 mL/min
(890 ppm) 2% CO, injection respec-
tively (P = 0.003 and 0.005) (Figure
2). However, attraction responses of
mosquitoes to CO, were not signifi-
cantly different at any concentrations
examined or any paired treatment and
control arms. In the case of L-lactic acid
alone, no stimulus dosage produced

890

50

150 300 600 900

CO, injected (mL/min)

1200

1800 2400

Figure 1 Flow concentration function for CO, 2% injection in the wind tunnel over the background level
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Figure 2 Upwind responses of Anopheles stephensi to different doses of CO, in the olfactometer: * indicates significant
difference (P < 0.05) compared with control trial

a statistically different activation or at-
traction response (Figure 3). This figure
also did not change with proportion of
mosquitoes activated in response to any
binary blend of CO, and L-lactic acid
(Figure 4). Addition of either S0 or 2400
mL/min 2% CO, to L-lactic acid at any
dilution or flow rate also did not attract
mosquitoes at all or the attraction to
the treatment arm was not significantly
different from the control arm. This
corresponds to data from the CO,
analyser and CO, experiments since the
concentration of CO, in the wind tunnel
was no different from the ambient level
at 50 mL/min 2% CO, injection, and
injection 0f 2400 mL/min 2% CO, (890
ppm) somehow deterred mosquitoes
from following the CO, trail too. On
the other hand, injection of either 300
(90 ppm) or 1200 (410 ppm) mL/min

2% CO, in the treatment arm evoked
attraction at almost all injected L-lactic
acid dilutions and flow rates. However,
the attraction was significantly different
from the control are only at the maxi-
mum dose of L-lactic acid injection, ie.
1:10 dilution and 450 mL/min. At this
flow rate about 6 ug/min L-lactic acid is
released into the olfactometer which is
measured by a titration technique.

The mean activation responses of
mosquitoes in no-stimulus tests were sta-
tistically different from CO,, L-lacticacid,

and CO, plus L-lactic acid experiments
(Kruskal-Wallis, P < 0.001) (Table. 1).

Discussion

This study, conducted on the myso-

rensis form of An. stephensi as a model,

provides further support for the com-
mon finding that CO, activates and
L-lactic acid in the presence of carbon
dioxide attract mosquitoes.

Carbon dioxide experiments

In these experiments mosquitoes were
activated with a homogeneous plume
of about 0.01% CO, over the ambi-
ent level. To our knowledge this is the
first report of activation response of An.
stephensi to such alow level of CO,. We
also observed that this reaction was rela-
tively diminished with 10 times more
CO, ie. about 0.1%. Takken et al. used
pulsés of $% CO, instead and found
that while individuals of this mosquito
species were activated at this human
equivalent concentration, An. gambiae
ss does not respond to it well [16]. In a
similar study, where An. quadriannulatus
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Figure 3 Upwind responses of Anopherles stephensi to different doses of L-lactic acid (LA) in the olfactometer

showed a strong response to CO, even
in the presence of its preferred cow
host, An. arabiensis had a poor response
[17]. These results are consistent with
findings from field studies in which An.
gambiae ss and An. arabiensis showed a
lowlevel of attraction to CO, [18]. Even
a 5-fold increase in the emission rate of
CO, did not improve attractions of An.
gambiae ss and An. arabiensis. There is
also evidence that anthropophilic Culex
quinquefasciatus responds poorly to CO,
both under laboratory conditions [19]
and in the field [20]. In all of these stud-
ies, the authors postulated that specialist
mosquitoes such as anthropophilic Cx.
quinquefasciatus, An. gambiae ss and to
some extent An. arabiensis rely on more
specific cues like skin emanations to
find their preferred human host. But in
opportunistic or more generahst species

like zoophilic An. quadriannulatus and
An. stephensi CO, could be enough to
find a potential host. We believe that
our results are in line with these findings
and support the hypothesis that the role
of CO, increases with degree of zooph-
ily. Nevertheless, a few issues need to be
considered here.

First, although Takken et al. used
4.5% CO, in their experiments, this con-
centration decreased upon its injection
into the wind tunnel air flow [ 16]. On the
other hand, it is known that the CO, ex-
haled by a human is immediately diluted
in the ambient air to an estimated con-
centration of between 0.01% and 1.0%
[21]. Therefore, it is likely that the results
of these 2 studies are not far different.

Second, it is generally believed that
the change in the concentration of CO )

is more important than its actual level
and elicits behavioural responses in
mosquitoes [22,23]. On the other hand,
electrophysiological recording from
CO, sensitive sensilla on maxillary palps
of mosquitoes shows that the housing
neuroreceptor cells are rapidly adapted
to CO, exposure in a phasic tonic man-
ner. Moreover, the importance of the
structure of the odour plume in the
upwind responses of mosquitoes has
been also illustrated well [14]. Adding
to these facts, we frequently observed
that some mosquitoes took off with
a few seconds delay after confronting
the oncoming wave of injected carbon
dioxide. All these pieces of evidence
together suggest that perhaps the geom-
etry of ourwind tunnel, accompanied by
the very low concentration of CO, we
used, was such that the generated odour
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Table 1 Mean and standard deviation (SD) of the activation responses of
Anopheles stephensi in control trials of different experiments

Experiment
Carbon dioxide
L-lactic acid

Carbon dioxide + L-lactic acid

Mean (SD) (%) No. of replicates
7750 (11.38) 12

90.00 (10.44) 12
9744 (5.81) 43

plume was not completely homogene-
ous. Besides, the odour plume shape
and its variability are more important
in the attraction of mosquitoes than in
their activation.

Third, Grantand O’Connellwith the
aid of electrophysiological techniques
demonstrated that the CO, concentra-
tion—response curves for CO, receptor
neurons in the sensilla basiconica of
mosquitoes from 3 different genera,
including anthropophilic and zoophilic
species, are more or less similar [24].
This implies that behavioural dissimi-
larity of various mosquitoes, including
the mysorensis form of An. stephensi, in
responding to a given concentration of
CO, is modulated at the central level.

Fourth, even though Kellogg
showed that electrophysiological re-
sponses of the phasic peaks of CO,-
sensitive receptors in the maxillary palp
of Ae. aegypti saturate at levels between
0.0% and 0.5%, the negative effect of
CO, on the activation of An. stephensi at
about 0.1% cannot be easily explained
[25]. Nonetheless, the structure of the
generated odour plume in the olfactom-
eter and the specific sensitivity of the
mosquito species examined probably

play a part here.

L-lactic acid and L-lactic

acid plus carbon dioxide
experiments

Based on the work of Geier et al,, it
might be roughly estimated that we
tested 0.018 to 19 pg/min of L-lactic
acid in our series of experiments [14].
However, the largest dosage used (450
mL/min of 1:10 L-lactic acid) gave
only 6 pg/min of L-lactic acid in our
olfactometer as measured by a chemical
titration technique. Perhaps the most

direct cause of this difference comes
from the fact that we applied bubbling
air passed in an L-lactic acid solution
instead of using the headspace air over
it. In any case, part of the examined
range overlaps with the rate of L-lactic
acid output from human hands and
arms, which has been measured to be
between 0.38 and 2.2 pg/min [26].

Dealing with the activation re-
sponses, it is clear that the means in no
stimulus trials were very high (Table
1). It is worth saying here that this was
observed despite the experimenter us-
ing cotton gloves throughout the experi-
ments, careful avoidance of touching
the inner parts of the wind tunnel, occa-
sional washing of the wind tunnel with
absolute ethanol, supply of air to the
olfactometer from outside the building
and finally strict control of wind speed,
temperature and humidity in the wind
tunnel. Therefore, where mosquitoes
are already maximally active, one can-
not make inferences on the activating
effect of the test stimuli.

L-lactic acid alone in the doses we
tested did not attract the mysorensis
form of An. stephensi. A few works have
previously reported the same result
for other mosquito species. Acree et
al. showed that attraction of Ae. aegypti
to 10 pg of L-lactic acid is not more
than 1% in 3 minutes experimentation
time [27]. Also, an air stream contain-
ing either 153 pg [11] or 1000 pg [28]
of L-lactic acid was not attractive for
An. gambiae. In the field, L-lactic acid
was not able to improve the trapping
of mosquitoes of different genera in a
CDC light trap either [12]. Catches of
Ae. albopictus in traps baited with L-lactic
acid were not statistically different from
controls in another field study [29].

La Revue de Santé de la Méditerranée orientale

However, conflicting with these results
are a few reports on slight attraction
or even repellence to this compound.
Geier et al. found that Ae. aegypti was
attracted to 3 pg/min of L-lactic acid
in the wind tunnel [ 14]; Williams et al.
showed that 4 different geographical
strains of Ae. aegypti were attracted to
L-lactic acid but that the threshold dose
for the same level of attraction was re-
markably unequal and ranged from 0.03
to 10.27 pg/min [30]. From these stud-
ies, including our experiments, it can be
inferred that L-lactic acid alone weakly
attracts mosquitoes, if at all, especially
anopheline species. Perhaps the main
sources of variation in the results are
the dosages used, the olfactometer type,
the experimentation time and protocol,
the structure of the odour plume and
the mosquito species and geographical
strain. Even the atmospheric pressure
on the day of experiment is considered
to modulate to some extent the attrac-
tion responses of mosquitoes [31].

In our study, only the highest dose
of L-lactic acid used, ie. 6 pg/min in
combination with either 90 or 410
ppm CO, attracted An. stephensi. In-
ability of the lower doses of L-lactic
acid to synergize with CO, indicates
its dose dependency. This synergistic
effect has been previously reported for
other mosquitoes; 10 pg of L-lactic acid
in the presence of 1000 ppm CO, at-
tracted 29% to 75% of Ae. aegypti in 3
minutes [27]. Nearly the same response
has been reported by others [14]. They
showed that 8 pg of L-lactic acid in an
aircurrentcontaining 1000 ppm CO, at-
tracted 86% of Ae. aegypti, considerably
higher than the 20% and 41% for either
L-lactic acid or CO, alone respectively.

The synergistic action was observed
with a fixed dose of L-lactic acid in con-
trast to a variable dose of CO,. Such a
modulatory effect of L-lactic acid over
CO, may be because the L-lactic acid
plays a more critical role than CO, in
the attraction responses of mosqui-
toes. This hypothesis is supported by

the findings that addition or removal
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of a certain dose of L-lactic acid to or
from human skin extracts significantly
increases or decreases attraction of Ae.
aegypti [32].

Regarding the synergistic effect of
L-lactic acid with CO, 2 points should
be noted. First, the level of augmented
attraction observed under laboratory
conditions has never been seen in field
studies [ 12,13,33]. This may stem partly
from the strong modifying influence
of environmental factors, such as the
structure and shape of the odour plume
on source-searching behaviour of mos-
quitoes under uncontrolled conditions.
Second, CO, alone or in combination
with L-lactic acid elicited no change
in spike frequency of L-lactic acid-
sensitive neurons in the antennae of Ae.
aegypti, indicating that the behavioural
synergism of CO, and L-lactic acid

occurs centrally and not at the primary
receptor level [34].

Conclusion

This study provides further support for

the hypothesis that CO, plays a more
important role in the host-seeking be-
haviour of zoophilic mosquitoes than
the anthropophilic mosquito species.
It also suggests that L-lactic acid might
play a more critical role than CO, in
the attraction of An. stephensi as a certain
dose of L-lactic acid modulates the ef-

fect of a range of doses of CO,
Iffield trials verify these findings, this

information can be used for the develop-
ment of species-specific odour-baited
entry traps which could provide a better
estimation of population dynamics of

this malaria mosquito in surveillance
programmes at least.
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