LM Entomologia Experimentalis et Applicaig7: 295-300, 1998. 205
"w © 1998Kluwer Academic Publishers. Printed in Belgium.

Selection of biting sites on a human host byAnopheles gambiae s,sAn.
arabiensisand An. quadriannulatus@

Teun Dekket, Willem Takkert, Bart G. J. Knol$, Edwin Bouman, Stephan van de Lak

Arjan de Bevet & Piet W. T. Huisman

ILaboratory of Entomology, Wageningen Agricultural University, PO Box 8031, 6700 EH, The Netherlands;
2Present address: International Centre of Insect Physiology and Ecology, Nairobi, KéRyasent address:
Institute of Parasitology, Academy of Sciences of the Czech Republic, Branisovska 31, 370 05 Ceske Budejovice,
Czech Republic

Accepted: March 24, 1998

Key words: Anopheles gambiae sensu strié&tn. arabiensisAn. gquadriannulatusmosquito, biting behaviour,
human, convection current, host odour

Abstract

The selection of biting sites on a human host of three closely related mosquito species belonging to the African
Anopheles gambiaeomplex (Diptera: Culicidae)\nopheles gambia&iless.s, An. arabiensiPatton andAn.
guadriannulatusTheobald, was investigated under controlled laboratory conditions. Although these species differ
in host preference, they all showed a significant preference to bite the legs and feet, suggesting that a mutual not
specifically human factor was involved in the selection of biting sites. In subsequent experimets. vggmbiae

s.s.this factor was revealed by altering the position of the test person. In experiments with the test person sitting on
a stool, the legs and feet were significantly preferred as biting sites, whereas lying on the ground, with the legs and
feet sticking up, the latter body parts were bitten significantly less than the body parts closest to the ground (head,
trunk and arms). The results indicate that mainly convection currents along the host are used by members of the
An. gambiaecomplex in selecting a biting site. In contrastAn. gambiae s.andAn. arabiensislarge numbers

of bites byAn. quadriannulatuslso occurred on the head, possibly in response to exhaled breath. It is concluded
that the selection of biting sites of members of A@pheles gambiagomplex is guided by convection currents

and partially mediated by host odou@

Introduction to bite around the nose of an human seated upright,
whereasAn. gambiaeGiles sensu strictoshowed a

ny studies have underlined the importance of phys- strong preference for biting the feet and ankles. Re-
ical host-derived stimuli, such as heat and moisture, moval of exhaled breath and washing of the feet,
on the behaviour of mosquitoes (Gillies, 1980; Hock- respectively, resulted in a significant change in the
ing, 1971; Wright & Kellogg, 1962). Until recently, distribution of biting sites on the body of the exper-
it was assumed that these cues dominate behaviouraimental person. The results were ascribed to known
responses in the close vicinity of a host, whilst chemi- differences in host preference and responses to odours
cal cues would only act at medium and long distances. from the preferred biting site&n. atroparvusandAn.

wever, Knols et al. (1994) and de Jong & Knols albimanusare opportunistic/zoophilic species and re-

95a, 1996) showed that mosquitoes are also guidedsponded to breath, of which carbon dioxide has been
by odours when selecting a biting site on a human shown to attract these species (Laarman, 1955; Wilton,
host and that the odours used in this process differ be- 1975). An. gambiae s.ds highly anthropophilic and
tween species. In their studiésiopheles atroparvus  responds poorly to CO(Mboera & Takken, 1997;
van Thiel andAn. albimanuswWiedemann preferred  Takken et al., 1997). Its preference for biting the feet


TITLE
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was thought to be the result of odours derived from were fed with Tetrami® fish food. Pupae were col-

this body region.
Further studies on the behaviour Ah. gambiae
s.s.(de Jong & Knols, 1995b; Knols et al., 1997) re-

lected from the larval trays and the emerging adults
were kept in 30 cm cubic cages with a supply of 6%
glucose in water. Experimental mosquitoes were 5-10

vealed that its attraction to the feet might be caused days old and had not been given the opportunity to

by the fatty acids produced bgrevibacteriumspp.
living on the human skin. This was reported to be

feed on blood. They were put into glass vials individ-
ually 12-18 hour before the experiments started and

unigue to humans and therefore these compounds, ashad access to water on moist cotton wool plugs.

volatiles, may present a reliable cue for host seeking

anthropophilicAn. gambiae s.gKnols, 1996).

Experimental procedures.Experiments were carried

The six mosquito species tested in the biting ex- out during the last 4 hours of the scotophase in

periments of Knols et al. (1994) and de Jong &
Knols (1995a, 1996) belong to four different gen-
era: Aedes, Anopheles, CulexdMansonia Besides

climate-controlled chambers, at 27-28and ar.h. of
65-75%, and illuminated below 20 Lux. Tests wi
conducted with five different volunteer male Caw-

host-preference, different species also differ in other casians: 23 years old (P1, P2 and P4); 51 years old
behavioural traits, as has been shown by Takken et al. (P3); 27 years old (P5)). The test person, who had not
(1997) in their comparison betweém. gambiae s.s.  bathed for at least 9 hours, was sitting or lying under
andAn. stephensiThese two factors make it difficult  a bed net of 80 x 1.90 x 1.90 m. He was wearing

to attribute the differences in the selection of biting tight underwear only. Mosquitoes were released in-
sites to the innate host-preferences of these speciesdividually through a small slit in the bed net (95 cm
We therefore decided to study the selection of biting from the side and 27 cm from the top) and given a
sites of three closely related species, belonging to the chance to bite within 5 min. The bite was located and

An. gambiaecomplex, of which the individual mem-

bers display a large variety in host preference (White,

1974). Experiments were done wifin. gambiae s.s.

a highly anthropophilic speciesn. quadriannulatus

a highly zoophilic species an@in. arabiensisan op-
portunistic species. The responsed\af gambiae s.s.
to five different adult men were studied. In addition

the mosquito was removed. Mosquitoes which did not
respond within 5 min were discarded.

Test series. In the test series in which differences

between the three mosquito species, between differ-
ent mosquito strains and between different human
individuals, were studied, the test person was seated

we tested the effect of various body positions of the ypright on a stool of 50 cm high, with his hands on

test person on the selection of biting sitesAry gam-
biae s.s. Finally, since the geographical origin of a

his knees and facing the release site. The work on
An. gambiae s.9(G3) andAn. quadriannulatusvas

certain species and the way a colony is maintained done at the South African Institute for Medical Re-
may affect its behaviour, we also compared the biting search, Johannesburg, South Africa, while all other

behaviour of two West African strains #in. gambiae
s.s, which were maintained differently, and one East
African strain.

Materials and methods @

Mosquitoes. Three strains oAn. gambiae s.swvere
used. They originated from Moshi, Tanzania (KIL-
strain), from Suakoko, Liberia (SUA-strain) and from
The Gambiae (G3). ThAn. arabiensisstrain origi-
nated from the Zambezi Valley, Zimbabwe, while the
An. guadriannulatustrain originated from Skukuza,
South Africa. For colony rearing, all strains were rou-
tinely offered a human arm to feed on, exceptAar.
gambiae s.sstrain G3, which was fed on guinea pig.
Oviposition took place on wet filter paper and larvae

experiments were carried out at the Laboratory of En-
tomology, Wageningen Agricultural University, The
Netherlands. Thén. gambiae s.SUA) strain was
used for testing biting patterns on subjects P1-P4
seated in an upright position. To see whether we could
alter the preference @fn. gambiae s.4o0 bite the feet,

we thoroughly washed the feet of three test persons
with Unicurd® non-perfumed medical soap, which
contains the anti-bacterial compound 2;4réthloro-
2'hydroxyphenyl ether (1%), at hourly intervals, sim-
ilar to the procedures of de Jong & Knols (1995a). In
addition, the effect of the position of the test person
on the distribution of biting sites was studied. In these
series the position of the body of the test person was
changed from sitting on a stool to sitting on the ground
with the legs stretched or lying on the ground, either
with the legs stretched or with the legs kept upright.


SECTION HEADINGS?
This paper is explicitly divided into sections (Introduction, Materials and methods, etc.).  Divisions like this are definitely not required in physics papers.  Divide your paper into sections only if you think it improves the clarity and flow of the paper. 

ACTIVE VOICE / FIRST PERSON
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DETAILED PROCEDURE
The experimental procedure in this paragraph is brief but very specific and informative.  Note the high level of detail provided in the experimental procedures throughout this paper.


Data analysis. The distribution of biting sites found

in the different test series was compared with the ex-
pected number according to the relative skin surface
of various body parts (Clark & Edholm, 1985) using
a G-test (Sokal & Rohlf, 1981). Differences between
the test series were tested with the G-test as well.

Results

The distribution of the bites of the different species
and strains of theAn. gambiaecomplex on the hu-
man body is shown in Table 1. The three differ&nt
gambiae s.sstrains all showed a significant prefer-
ence for biting the feet (£0.001). The biting patterns
were similar for the West (SUA) and East African
(KIL) An. gambiae s.sstrains, but both differed sig-
nificantly from the G3 strain. With the latter strain a
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ing indices on the arms and subsequently lower biting
indices on the trunk.

Discussion

The results show that different strains Ah. gam-
biae s.s. irrespective of their geographical origin,
like the Suakoko and the Kilimanjaro strain, pre-
fer to bite the legs and feet of humans and behaved
nearly identical with respect to the selection of bit-
ing sites. In this behaviouAn. gambiae s.sdiffers
from Ae. aegypt{Linnaeus)Ae. simpsonf{Theobald),
An. albimanudViedemannAn. atroparvussan Thiel
and Culex quinquefasciatuSay which prefer to bite
the head region or bite randomly (reviewed by de
Jong & Knols, 1996). Haddow (1956) found that
Eretmapodites chrysogast&raham also bit humans
below the knee, although in this case this behaviour

large number of bites was located on the legs, reducingwas thought to be vision-oriented. Furthermore, we

the number of bites on the feeAn. arabiensisalso
preferred to bite the legs and feémn. quadriannula-
tus however, bit these regions significantly less than
the other two species €0.001). Instead a significant
preference (R0.01) to bite the head region was found

assumed that feeding a highly anthropophilic species,
like An. gambiae s.son guinea pigs puts the colony
through a high selection pressure with respect to host
preference and its behaviour toward its originally pre-
ferred host. Indeed, Laarman (1958) reported that a

for this species. Most bites of the three species were laboratory strain oAn. maculipennis atroparvusad

located on edges of the feet and around the hips.
Table 2 shows the distribution of biting sites on

four different persons. The preference to bite the legs

and feet was significant in all four cases. Although sig-

lost its preference for human odour after a few gener-
ations of feeding on a rabbit. According to Laarman
this effect was caused by selective pressure as a re-
sult of the feeding of the mosquitoes on the rabbit.

nificant differences appeared between the test persondn the present study the distribution of biting sites of
(P<0.01), these disappeared when the number of bitesAn. gambiae s.$53, which had been raised on guinea

on the legs and feet are summed.
Table 3 shows the effect of washing the feet with

pigs, differed significantly from that of the SUA and
KIL strain which were fed on humans. However, a

medical soap for three test persons. No change in difference in the distribution of biting sites was also

the preference ofAn. gambiae s.sto bite the feet

found within the same strain éfn. gambiae s.swhen

was observed after the feet of the test persons weredifferenttest persons were used (Table 2). There is also

washed with Unicur® . However, the position of the
body of the test persons significantly altered this pref-
erence (Table 4). When the test person was sitting

a large difference between our results and those of de
Jong & Knols (1995a) (biting index on feet: u65.6;
biting index on legs: 0.39 vs 1.1) where both studies

on the ground with the legs stretched, the bites were had used the same mosquito stradm(gambiae s.s.

evenly distributed over the legs and feet. When lying
on the ground the distribution of biting sites was in
concordance with the relative size of the body parts.
A dramatic change in the location of bites was found
when the subject was lying on the ground with the legs
up at an angle of 90 (Table 4). In this position biting
occurred significantly in favour of the body parts clos-

est to the ground and were mainly located on the edges

of the body. On the ground, in horizontal position with
the arms alongside the body, this resulted in high bit-

var. Kilimanjaro). These results suggest firstly that the
differences found between the G3 strain and the SUA
and KIL strain are attributable to differences between
the test persons and not necessarily to the type of blood
host, and secondly that yet unknown differences be-
tween test persons, for instance variations in odour
composition, might exist.

In line with the field experiences of Braack et
al. (1994), An. arabiensisbit primarily on the legs
and feet. This was also seenAm. quadriannulatus


UNCERTAINTIES
Uncertainties don't show up in this paper in quite the same way as a typical physics paper, but statistical tests are certainly very important for showing whether the measured differences between biting rates (ouch!) are meaningful or random. 
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@ Table 1. Distribution of biting sites oAn. gambiae s.sAn. arabiensi@ndAn. quadriannulatusn various body
parts of a human host

NP Biting index@ G-tests

Head Trunk Arms Legs Feet q 2®
An. gambiae s.sud’t 218 0.11 022 063 034 96 4.001 a
An. gambiae s.il P1 244 0.33 028 037 042 97 .00l a
An. gambiae s5.537° 100 0.78 019 026 094 7.1 4.001 b
An. arabiensi8! 48 0 0 0 033 13 R0.001 ¢
An. quadriannulatu@® 52 2.6 025 042 1.2 3.3 #0.001 d
Skin surface (as % of total) 9 32 19 33 7

2 Biting index= % bites on a certain body part divided by % skin surface of that body part.

b Total number of bites recorde.Head includes neck regioH.StatisticaI comparison between distribution
found and expected, based on relative skin surfaGatistical comparison between treatments, treatments not
followed by the same letter are different at@01.P1 Test person 17 Test person 5.

Table 2. Distribution of biting sites ofAn. gambiae s.sSuakoko’ on different human hosts

Testperson R Biting index® G-tests
Head Trunk Arms Legs Feet @ 2¢
@ p1f 218 011 022 063 039 96 @001l a
P2 68 0 0.13 0.21 0.36 11 ®.001 b
P3 40 0 0.09 0 0.85 10 £0.001 b,c
P4 44 0 0 0.26 0.70 10 £0.001

& Biting index as in Table 1P Total number of bites recorde.Head includes neck region.
d G-tests as in Table £ Treatments not followed by the same letter are different<a®.B1.
f Same data as in Table 1. P1 — Test person 1; P2— Test person 2, etc.

although the latter species had a high biting index orientation ofAn. gambiae s.snd its sibling#\n. ara-

on the head as well, in which it differed from its biensisandAn. quadriannulatusook place merely on
siblings (Table 1). Since both species are not anthro- the basis of convection currents along the host (Lewis
pophilic (White, 1974), other factors than human- et al., 1969; Clark & Toy, 1975). In selecting a biting
specific odours must have guided these two species tosite, females of thé\n. gambiaecomplex gradually

the lower parts of the body. Detailed experiments on descend with the convection currents created by the
the selection of biting sites b&n. gambiae s.gro- body heat of the host, and bite the lowest parts encoun-
vided information on these factors. If the position of tered. The fact that with the test person sitting on the
the test person was changed from sitting on a stool to floor, the bites on the legs were merely located around
sitting on the ground, the feet were no longer preferred the hips supports this idea, as a mosquito gradually
above the legs and when the test person was lying descending along with the convection current will end
on the ground An. gambiae s.sno longer selected up around the hips or feet.

a specific body part, but distributed its bites evenly It is difficult to find a suitable explanation for the
over the body (Table 4). Moreover, when the feet and incongruity between this study and that of de Jong
legs were kept in an upright position, the feet and legs & Knols (1995a) whose authors reported a change-
were even less attractive than other body parts. Finally, behaviour after washing of the feet. In a recent sgl%
in contrast with de Jong & Knols (1995a) in identical Jeganathan (1997) also found tht. gambiae s.s.
experiments, we did not find a change in the prefer- changed its biting behaviour from primarily on the
ence for a biting site after the feet were washed with feet to randomly across the body, after washing the
Unicurd® soap. From these results we conclude thatin feet with Unicur&® soap, thus confirming de Jong &
our study the preference to bite the feet was primarily Knols’ observations. When the results of these three
caused by the fact that they were the body parts closeststudies are summarizedn. gambiae s.swas ex-

to the ground. The results suggest that the near-hostposed to seven naked persons and had a significant


IMPORTANT FIGURES
This paper lacks a /single/ central figure.  Tables 1, 2, 3, and 4 are of roughly equal importance, and together they tell the story of the paper.  That's because this paper is actually a series of small experiments -- the authors ask and answer one question, and then they ask a slightly new and different question, and so on.  However, it's still true that we can absorb a lot of the information in this paper by reading the abstract along with the four tables and their captions.  The main body of the paper fills in details.

GRAPHS ARE BETTER!
There is nothing incomplete about the presentation of results in these tables.  However, a graphical presentation of the same data would make it easier for a reader to absorb all the information.  The authors could decide which data trends they want readers to notice, and then graph the data in a way that makes those trends prominent.  Graphs instead of tables would also make the paper /look/ more interesting to someone skimming.

OPENNESS AND HONESTY
The authors are up-front in pointing out the difficulties presented by their results and by their results in comparison with previous work.  They suggest various possible reasons for the discrepancies, but they state clearly that they can't understand everything unless more experiments are done.


299

Table 3. Distribution of biting sites byAn. gambiae s.sSuakoko’ on a human body after
washing of the feet

Testperson R Biting index® G-testé

Head Trunk Arms Legs Feet

P1 165 0.11 0.34 0.37 039 96 <B.001
P2 21 0 0 1.7 0 9.6 £0.001
P3 30 0 0 0 1.0 9.6 £0.001

a Biting index as in Table 1P Total number of bites recorded. Head includes neck
region.d G-tests as in Table 1.

Table 4. Distribution of biting sites byAn. gambiae s.sSuakoko’ on a human body with the body in different positions

Position of the body NP Biting index® G-tests
Head® Trunk Arms Legs Feet 1d 2
Sitting on a stoolP1-f ll 218 0.11 022 063 039 96 P<0.001 a
Sitting on a stoolP2.f lL 68 0 013 021 036 11 P<0.001 b
Sitting on the groundPZ L 38 0 0.33 0.55 1.8 3.0 P<0.001 ¢
Lying on the ground"2 Gt 56 0.60 0.45 1.6 1.2 1.3 n.s. d
%Lying on the ground, legs upPl J 84 0.13 0.86 25 061 034 P<0.001 e

2 Biting index as in Table 1. ® Total number of bites recorded. © Head includes neck region. 9 G-tests as in Table 1.
¢ Treatments not followed by the same letter are different at P<0.01. f Same data as Table 1, An. gambiae s.s. ‘Suakoko’.
PI Test person 1. P2 Test person 2.

preference to bite the feet. Washing of the feet had a CO; in the field, while no such response was found
significant effect on the biting behaviour of this mos- for An. gambiae s.sand An. arabiensigMboera et
quito in two persons and in five persons no change was al., 1997). This suggests that in selecting a biting site,
seen. There is a number of factors that is influenced An. quadriannulatumight have responded partially to
by washing of the skin, such as temperature gradients, breath, as was previously seen far. atroparvugde
humidity levels and spatial odour composition. It is Jong & Knols, 1995a) anén. albimanusleading it to
likely that these factors vary between persons, and the legs and feet of the human body. In the fidd,
that washing of the feet subsequently influences thesequadriannulatushas also been observed to bite pri-
factors differently. The combined results indicate that marily the legs and feet of cattle (Dr. R. H. Hunt, pers.
within the An. gambiaecomplex odours mediate the comm.). This may be correlated with the short hair
process of selection of biting sites. depth and density around the feet, as has been found
There is another reason that we cannot exclude for Tabanidae (Mullens & Gerhardt, 1979). These au-
odours in the selection of biting sites By. gambiae thors found a positive correlation between mean hair
s.l, becausé\n. quadriannulatupreferred to bite the  depth at the point of landing on cattle and the
head region significantly more than what was expected length of the mouthparts of more than twenty tabawi
on the basis of the relative skin surface of the head. species. More interestingly, closely related species ap-
This difference withAn. gambiae s.andAn. arabi- peared to select the same biting sites, whereas large
ensisis in accordance with Dekker & Takken (1998), differences were observed with other tabanid species
who found thatAn. quadriannulatusvas attracted to  of the same size. One may therefore cautiously spec-


A PICTURE IS WORTH A THOUSAND WORDS
The pictures really help with interest and clarity!  For this pose in particular, the picture explains a posture that would otherwise take several lines of text to fully explain.

CONCLUSIONS vs. SPECULATIONS
The authors point out limitations to the conclusions that can be drawn from their data.  They offer speculations, but they make it clear which things are speculations as opposed to well-supported conclusions.
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ulate on the possibility that the distribution of biting
sites of the relatively small sizefin. gambiae s.lis
genetically determined and a result of the zoophilic an-

cestor species, which, presumably because of its size,

went for the legs.
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