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Abstract

Mosquitoes use plant sugars and vertebrate blood as nutritional resources.
When searching for blood hosts, some mosquitoes express preferential be-
havior for selected species. Here, we review the available knowledge on host
preference, as this is expected to affect the life history and transmission of
infectious pathogens. Host preference is affected by myriad extrinsic and
intrinsic factors. Inherent factors are determined by genetic selection, which
appears to be controlled by adaptive advantages that result from feeding
on certain host species. Host preference of mosquitoes, although having a
genetic basis, is characterized by high plasticity mediated by the density of
host species, which by their abundance form a readily accessible source of
blood. Host-selection behavior in mosquitoes is an exception rather than the
rule. Those species that express strong and inherent host-selection behavior
belong to the most important vectors of infectious diseases, which suggests
that this behavioral trait may have evolved in parallel with parasite-host
evolution.
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INTRODUCTION

Mosquitoes belong to the most important group of disease vectors, as exemplified by the large
number of species involved in the transmission of human and animal parasites and pathogens.
Several of the world’s most prevalent infectious diseases, notably malaria, lymphatic filariasis, and
dengue, as well as less common diseases such as Japanese encephalitis, chikungunya, Rift Valley
fever, West Nile virus, and Usutu virus, are transmitted by mosquitoes. Transmission between
vertebrate hosts is achieved by the blood-feeding habit of the mosquitoes, which enables the
disease agents to successfully become established in and be transmitted by their arthropod hosts.
Selection of a blood host that is essential for the parasite/pathogen to successfully complete its
life cycle is therefore important. The blood-feeding habit of mosquitoes is part of their intrinsic
character, as blood proteins are essential nutrients for egg production and reproductive fitness
(18, 20). In addition to plant sugars, blood also serves as a source of metabolic energy, depending
on the internal state of the insect (20, 130). Many blood-feeding mosquitoes express a nonspecific
host preference, suggesting that blood source and quality are irrelevant for reproductive fitness.
However, studies have shown that blood quality, and hence host species, may affect reproductive
output (see Reference 66 for an overview. Moreover, many of the disease agents transmitted
by mosquitoes are host specific (Plasmodium falciparum, Plasmodium vivax, Wuchereria bancrofti,
dengue virus); hence host preference is likely to be more common than was previously assumed
given the evolutionary association between insect vector and pathogen.

Here we discuss the current knowledge on mosquito host preference, as well as the extrinsic
and intrinsic factors that have shaped this behavioral characteristic. We define host preference as
the trait to preferentially select certain host species above others. For the purpose of this review,
“hosts” are restricted to vertebrates, although plant feeding is also an important aspect of mosquito
biology. This review aims to provide data that allow the reader to understand how mosquitoes
have developed host preference, the advantages that are associated with this behavior, and what
this behavior means for the transmission of vector-borne diseases.

Blood feeding in insects is thought to have evolved when plant-sucking insects accidentally
bit vertebrates and then developed a digestive physiology that allowed for metabolic uptake and
use of the protein-rich nutrients (145). Another evolutionary route may have been through the
close association between chewing insects and vertebrates, in which the insects became adjusted to
vertebrate-specific cues and occasionally chewed on vertebrate skin (66). When blood became the
single most important nutritional resource of these insects, a strong and closely associated parallel
parasitic evolution occurred between the vertebrate host and the insect. During this process, the
insect came to depend on host-specific cues that enable it to accurately identify its host in a
heterogenic environment. Hence the host preference can be explained as an adaptive trait that
leads to optimal reproductive fitness of the parasitic insect (75).

As with many other insect species, some mosquito species are generalists and express an op-
portunistic feeding behavior while others are specialists, feeding on a selected host species. This
selective behavior has a great influence on disease transmission. Differences in host preference
resulting from selective behavior exist not only between different species, but also between pop-
ulations of the same species and even within a population (46, 75). These differences are caused
by extrinsic and intrinsic factors (see below). Figure 1 provides an overview of the preference for
humans by some of the most important mosquito vector species and illustrates the differences that
exist between these species.

METHODS TO DETERMINE HOST PREFERENCE

Mosquitoes utilize a range of senses to locate hosts (see Reference 131 for an overview). Of
these, olfaction is considered the most important sense, providing mosquitoes host-associated
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Figure 1
Overview of the proportion of human blood meals compared to those of other blood hosts of five major
disease vectors. Only studies were assessed in which no vector control tools were used, to avoid interference
from these vector control tools with the blood-feeding behavior of the mosquitoes. Bar numbers refer to the
references listed in the supplemental material (follow the Supplemental Material link from the Annual
Reviews home page at http://www.annualreviews.org) of this paper.

attractive cues in a heterogeneous environment (66, 131, 154). Rudolfs (115) and van Thiel (140)
demonstrated the importance of semiochemicals in the host-selection behavior of mosquitoes and
provided the basis for our current understanding of host preference. Host preference has been stud-
ied in the laboratory and field using a range of tools. These include choice assays such as olfactome-
ters, indoor observational rooms, traps, semifield containment facilities, and experimental huts.

For those mosquitoes that can be kept in culture, laboratory behavioral studies include ob-
servations in dual-choice olfactometers, wind tunnels, and choice chambers (124). The principle
of these devices is that mosquitoes are exposed to two or more host odors simultaneously in a
choice situation and then express a positive response to a particular host by an upwind flight and
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(sometimes) landing (26, 46, 65, 102). One limitation of this approach is that by culturing insects in
the laboratory for many generations, certain genetic traits may get lost by stress, selective breeding,
and the lack of exposure to natural environmental conditions (42, 61). After many generations, the
preference for feeding on a selected host species may also be lost, for example, an anthropophilic
mosquito species feeding for many generations on laboratory animals (46, 59).

Studies on mosquito host preferences in the field are conducted by examining the blood meal
origin of field-collected specimens (44) and by observing mosquito behavior in choice situations
(90). Blood-fed wild mosquitoes are sampled from indoor and outdoor collections with resting
boxes, (mechanized) aspirators, and resting sites created in dugouts (109). The origin of blood
meals can be assessed by multiplex PCR (87, 106), microsphere assay (134), microsatellites (3),
enzyme-linked immunosorbent assay (ELISA) (64), or precipitin test (133). The results of these
samples are often biased in favor of the most abundant host species locally available, which may
not be the most preferred host. For example, collections of blood meals in houses are more
likely to collect human-fed mosquitoes, and those collected in animal dwellings are more likely to
collect animal-fed mosquitoes (129). Although this observation is unsurprising, it highlights the
technical difficulties of getting an accurate estimation of the biting preferences of a population of
vectors. Behavioral observations using choice tests, therefore, provide a more objective tool for
assessing host preference. These competitive experiments may often represent what a mosquito
experiences in nature when a host-seeking mosquito encounters more than one potential host
source. Nonetheless, it is possible that many hungry mosquitoes may simply feed on the first
available host they find. Natural host choice is examined with choice assays in semifield (91) and
field (32, 137) by observing the response of mosquitoes to odorants from entire hosts or parts of
their body (25, 48, 92).

Choice tests with live hosts or host-derived odor samples may give a reliable indication of host
preference. Some mosquito species, however, show a reduced trap entry response, although they
do express a positive response toward the odor source (29, 31). Choice tests in which a trap entry
response from the mosquito is not required, for example, electric nets or odor-baited traps that
provide suction, are therefore preferred (137, 153). The development of synthetic odorants that
mimic human scent has allowed for a more in-depth study of host preference under natural field
conditions (89, 99).

It is frequently reported that when exposed to a group of (same-species) hosts, host-seeking
mosquitoes express a preference for one individual above the others (108, 54). Even if under a no-
choice situation, the mosquito’s response to host cues is similar; when two of such hosts are tested
in a dual-choice system, mosquitoes may select one host significantly more often. This preference
is likely caused by the natural variation in odorants between individuals, which affect the insects
even at very low concentrations, and demonstrates the high sensitivity of the odorant receptors to
semiochemicals (154). Between-species differences in host preference of mosquitoes, though, are
generally highly robust because these are based on actual differences in odor composition (46).

EXTRINSIC DETERMINANTS OF HOST PREFERENCE

External factors may affect host preference, such as when the preferred host species is not available
and the response threshold for host selection has been reduced owing to low metabolic energy (20)
or when adverse weather prevents mosquitoes from venturing far from the residential habitat (152).

Odorants (and Their Production by Skin Bacteria)

Olfaction is the principal way in which mosquitoes detect a host (11, 131). The olfactory receptors
located on the antennae, maxillary palpi, and labellum (58, 63, 105) are tuned to respond to specific
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odorants released by the blood host (15, 110). Carbon dioxide is a general cue for all hematophagous
arthropods, causing activation (47) but also attraction (112, 116, 123). Because carbon dioxide is
exhaled by all vertebrates, it should be considered a general cue signaling the presence of a host
(80) and not thought to affect host preference other than indicating the potential suitability of
a host. Skin emanations contain host-specific cues, and in specialized mosquitoes these play a
role in host preference (12, 128). For example, (S)-lactic acid is an excretory product of humans
and an important cue in the host selection process of the anthropophilic mosquitoes Aedes aegypti
and Anopheles gambiae s.s. (29, 125). Bacteria present on the human skin affect mosquito host
selection and preference (144). Whether such microbiological interactions also affect mosquito-
host interactions with other animals is unknown.

Blood Quality/Host Species

In the tsetse fly, Glossina morsitans, blood source has a strong impact on fecundity (62), with those
feeding on pig blood producing more offspring than those feeding on cattle blood. However,
when tsetse flies fed on a range of different wild host species, there was no difference in fecundity
or survival, and it was concluded that the nutritional value of the various blood sources was
of no consequence for the fecundity of the flies (88). Such information is relatively scarce for
mosquitoes (75), although available data suggest an association between reproductive fitness and
host species. Takken et al. (132) reported differences in fecundity between An. gambiae s.s. and
An. quadriannulatus when fed human and cattle blood. Several of these studies report, remarkably,
no relationship between the preferred host and optimum reproductive output. An. gambiae s.s. did
not derive a fitness advantage from feeding on human blood (76), and Ae. aegypti, also a highly
anthropophilic species (Figure 1), expressed the highest fitness when it fed on birds (75).

Color

Mosquitoes’ sense of vision enables them to navigate successfully through the environment (8).
Their sense of color, however, is poor (150) and is unlikely to play a role in host preference. Nev-
ertheless, color is reported to affect the oviposition response of several mosquito species (68, 84).

Body Heat

Mammals and birds exude heat resulting from metabolic activity. Mosquitoes respond to such heat
sources (35, 51, 103). It is not known whether differences in body heat affect the preference for
particular hosts in choice situations. Body heat creates convection currents that affect the dispersal
of semiochemicals and hence affects host-seeking behaviors (28, 100).

Relative Humidity

As with temperature, mosquitoes also have an accurate sense of relative humidity and are capable to
detect, at close range, small differences in moisture (20, 59). However, humidity seems to increase
the effect of odorant cues rather than affect host preference on its own (100).

Body Mass

The size of a body may affect host preference, presumably because a larger host would exude a
higher quantity of olfactory cues. A well-known example is the production of metabolic carbon
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dioxide, which is positively associated with body size (138) and affects the range of attraction of
mosquitoes (48). Young children are bitten less often by mosquitoes than their parents are (16,
126). Whether this preference is due to different odorant patterns between children and adults,
body size, or both is not known.

Gender

Mosquitoes express different degrees of preference for humans. These preferences are presumed
to be associated with differences in odor profiles, which differ between men and women, as well as
between people of the same sex (49, 148). Ae. aegypti expressed varying degrees of attractiveness to
women owing to the estrogen content of their urine (114). Lindsay et al. (69) demonstrated that
An. gambiae s.s. were more attracted to pregnant women than to women who were not pregnant.
Qiu et al. (108) found that gender had no effect on the preference of An. gambiae s.s. to humans.
Differences in attraction to humans by mosquitoes were correlated with the composition of the
microorganisms on the skin, which is highly variable among humans (144), as well as between
men and women (38) (see sidebar, Variations in Attraction to Humans by Anopheles gambiae). The
latter study, however, did not examine this effect on mosquitoes. It seems likely that the variation
in bacterial communities between individuals overrules a potential difference in attractiveness of
a gender.

Defensive Behavior

The degree to which a host is bitten by mosquitoes is affected not only by body odor, but also
by the effectiveness of defensive responses. Healthy mice were bitten significantly less often than
malaria-infected mice were, which was ascribed to the more-active behavior of the healthy mice
that prevented mosquitoes from biting (27). In addition, blood hosts that express a more effective
defensive behavior than other hosts are bitten less often (146) and consequently may be less prone
to contracting diseases.

Parasites and Pathogens

Infection with a human or animal parasite/pathogen affects mosquito feeding behavior, typically
increasing the transmission of pathogens (2, 56, 79), leading to increased or decreased blood uptake.

VARIATIONS IN ATTRACTION TO HUMANS BY ANOPHELES GAMBIAE

We define host preference as the preferred response of a mosquito to a selected host species. Within one host
species, however, differences in preference between individuals have also been observed (13). This has been studied
most with the anthropophilic mosquito Anopheles gambiae s.s., which occurs in tropical Africa and a small section of
the Arabian Peninsula. Although predominantly anthropophilic, this mosquito significantly prefers certain humans
to others (12, 54, 70, 108, 121). Also, age of the human host appears to be a factor, as the mosquito prefers adults to
children (10, 16, 21, 126). A gender difference has not been found (108). The difference between human individuals
has been ascribed to differences in the composition of microorganisms present on the human skin and not to their
absolute quantity (143). The microorganisms produce the skin volatiles that the mosquitoes use for host location
(142), and it was found that poorly attractive individuals had a higher diversity of microorganisms compared with
the highly attractive individuals (143).
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Anthropophily:
feeding predominantly
on human blood

Plasticity: the trait of
switching behavioral
preference, usually
when conditions
become unfavorable

Further, malaria infections in the human host may also affect their attractiveness to mosquitoes
(60, 93). Whereas these infections affect the degree of attractiveness of as well as blood uptake
on one host species, it is not known whether parasite infections cause a shift in host preference
among various host species.

Climate (Winter Versus Summer Hosts)

Mosquitoes can express different host preference behavior between seasons. For example, Culex
nigripalpus switches from deer to birds between summer and winter (34). In contrast, Cx. tarsalis
in California feeds primarily on birds in the summer and on mammals and birds in the winter
(122, 135). Similarly, differences in feeding preference between seasons was reported for several
mosquito species in France (4). These differences are likely to be associated with an abundance of
host species, as they are linked to the migratory behavior of avian species on which the mosquitoes
feed in the summer. A direct effect of temperature and humidity on mosquito behavior was reported
by Kessler & Guerin (50), but because this study was done under controlled laboratory conditions,
it is difficult to extrapolate these findings to field populations.

INTRINSIC DETERMINANTS OF HOST PREFERENCE

Physiology

Soon after emergence from the pupae, male and female mosquitoes express a strong behavioral
response to nectar (40), which serves as source of metabolic energy needed for flight and anemo-
tactic behaviors (41). Following mating, which takes place 24 to 48 h after emergence, the feeding
behavior of anautogenous female mosquitoes switches from sugar to blood. The inherent genetic
preference for a specific host is already expressed at this time. Choice experiments with members
of the An. gambiae complex have shown the preference of An. quadriannulatus and An. arabien-
sis for cow odor while An. gambiae s.s. selected human volatiles, demonstrating the high degree
of anthropophily of this species complex (30, 102). Nonetheless, the nutritional state of the in-
sects may overrule the inherent host preference, because the principal strategy of the insect is
to safeguard reproduction, for which (animal) blood is required. Under such circumstances, the
mosquitoes lower their threshold for host preference and may feed on a nonpreferred host. Age
of the mosquito does not affect host preference, but adaptive learning, through a memorized host
encounter, was shown to affect the choice for a specific host species (19).

Genetics

Host choice depends not only on the innate host preference of the mosquito species, but also
on the tendency of the mosquito to feed indoors or outdoors and the time of feeding. These
behavioral characteristics may be driven by selection and therefore have a genetic background.
The genetic determinants of the innate host preference can be studied in laboratory setups by
backcrossing and selection experiments. The genetic determinants of host choice, including the
effects of other behavioral characteristics, can be studied by sampling field populations. Problems
encountered in these field studies, however, may include sampling bias, variation due to other
biological determinants, and plasticity in host preference. Figure 1 shows the host preference
of a number of important mosquito disease vectors with respect to the degree of anthropophily.
For those species that are strongly anthropophilic, it is easier to reveal these genetic determi-
nants because of a small sampling bias. Controversially, for species with a variable degree of
anthropophily, biological determinants are more influential, for example, the abundance of host
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Zoophily: feeding
predominantly on
animal blood

species, proximity of mosquitoes to host species, and type of environment in which the study took
place.

In Muheza, Tanzania, Gillies (46) performed a simple study that clearly revealed a genetic basis
for host preference. An. gambiae females were released in an experimental hut that was divided into
three rooms. One room was occupied by a man and another by a cow. Mosquitoes were released
from a small room in the middle of the hut. Blood-fed mosquitoes were collected in the calf room
or human room, and their F1 progeny were marked with fluorescent dust and released in the
experimental hut to determine whether the offspring would have the same host preference as their
parents. Within a few generations it was possible to select for strains that differed significantly in
their host preference (46). Similar results were obtained for An. vestipennis (139) and a zoophilic
strain of Ae. aegypti, but not for an anthropophilic strain of Ae. aegypti (94). These experiments
showed that there is a genetic polymorphism in host preference on which selection can operate
under both laboratory and natural conditions.

To determine how strongly genes involved in host preference are fixed in a population, genes
may be crossed with genes from a closely related species with a different host preference. Crosses
with two strains of Ae. aegypti and two strains of Ae. simpsoni with different host preferences showed
that interstrain hybrids and their backcrosses were intermediate in host preference between their
parental strains (94). This finding confirmed the existence of genetic control for the behavioral
differences between the strains, although none of the behavioral preferences was strongly fixed in
the population. However, this was not the case when the highly anthropophilic An. gambiae s.s.
was backcrossed with the more zoophilic An. quadriannulatus (101). Even after three backcrosses
with An. quadriannulatus, the anthropophily of An. gambiae s.s. did not change. It was expected that
after three backcrosses, 15/16 of the genes would have been derived from An. quadriannulatus,
which would have indicated that the anthropophilic behavior of An. gambiae s.s. is a dominant
trait that is strongly fixed in the population. However, a field study in Burkina Faso suggested that
nonendophilic and nonanthropophilic An. gambiae s.s. populations may exist (113). An analysis
of single-nucleotide polymorphisms in larval pools suggested the existence of two populations of
An. gambiae (113). The adults of one of these populations, now termed the Goundry subgroup,
however, were not caught in both indoor and outdoor sampling with odor-baited traps (N.O.
Verhulst, personal communication), whereas members of the other population were readily col-
lected. This indicated that the Goundry subgroup is not as endophilic and anthropophilic as An.
gambiae s.s., although the exact feeding preferences and the potential of this new subgroup malaria
vector remain to be investigated.

So far, little is known about the genetic determinants that affect host preference. There is evi-
dence, however, that host preference may be correlated with specific polymorphic chromosomal
inversions. Parallel indoor/outdoor collections in Kano, Nigeria, of polymorphic populations of
An. arabiensis and An. gambiae show that adult mosquitoes carrying certain inversion karyotypes
do not distribute at random in relation to the human environment. Certain chromosomal inver-
sions occur significantly more frequently in outdoor- than in indoor-collected mosquitoes (24).
Populations of the An. gambiae complex carrying these chromosomal inversions would generally
be more difficult to control by residual house spraying than if the target mosquito population
lacked these polymorphisms (23).

The association of certain chromosomal arrangements with mosquitoes collected indoors may
also explain the higher rates of Plasmodium infection found in mosquito populations with a specific
chromosomal inversion (104). The causes of intraspecific variation in rates of Plasmodium infection
could also be due to many interrelated factors, including differences in longevity, susceptibility
to Plasmodium, and behavior. Host preference, however, could not explain these results because
there was no difference in chromosomal inversions in mosquitoes collected with human- and
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ITNs: insecticide-
treated bednets

cow-baited traps (104). When mosquito populations in two Kenyan villages were studied, there
was evidence in only one village that chromosomally distinct individuals had different preferences
for resting sites (86). The conclusion of this study was that host feeding may reflect host availability
not genetic variation.

Although polymorphic chromosomal inversions may play a role in the endophilic behavior of
mosquitoes (24, 86), most studies do not support the hypothesis that chromosomal inversions also
mediate host preference. A study in Ethiopia, however, showed a possible correlation between the
host preference of An. arabiensis populations and their polymorphic chromosomal inversions. An.
arabiensis populations possessing a 3Ra chromosome inversion were more likely to feed on cattle
than on humans (74). These results should be confirmed by field and laboratory tests in which
mosquitoes with or without the 3Ra inversion are given a direct choice between human and cow
(odor).

Polymorphic chromosomal inversions conserve groups of genes, so finer-resolution genetic
studies may identify single genes or smaller groups of genes that affect host preference. These genes
may be discovered through exploratory approaches such as mapping polymorphic chromosomal
inversions, quantitative trait loci mapping, microarray studies, single-nucleotide polymorphisms,
functional genomics (e.g., RNA interference), and comparative genomics (7, 97). Although these
techniques have been used to study population differences or genes involved in gustatory, odorant,
and visual processes (7, 73, 85, 147), they have been used only to a limited extent to study innate
host preference or host choice. Research on odorant perception, for example, was initiated in
Drosophila and is now developing rapidly in mosquitoes. Comparing odorant perception and ge-
netic background of closely related mosquito species with different host preferences, for example,
by whole-genome sequencing, may help unravel the genetic basis of mosquito olfaction.

PLASTICITY IN HOST PREFERENCE

Learning

There is growing evidence that mosquitoes learn and thereby adapt their behavior to a positive
or negative experience. Associating a blood meal with a specific location or host cue may thereby
increase subsequent feeding success.

Although learning is very common in other insects, studies that show learning behavior in
mosquitoes are rare (83). Offering Cx. quinquefasciatus (136) or An. gambiae s.s. (19) an odor with a
blood meal as a reward revealed that these species learn to respond to an unconditioned stimulus
in association with a conditioned stimulus. Field experiments should confirm whether mosquitoes
also learn from a positive blood meal under natural conditions and whether this will influence
host choice. Mwandawiro et al. (96) tested the host preference of Cx. vishnui under semifield
conditions and showed that when mosquitoes were given a host choice by being released into
a net containing both cows and pigs, they exhibited a tendency to feed on the host to which
they had been attracted in an initial experiment. This feeding preference was not shown by the
offspring, suggesting physiological/behavioral conditioning in the host preference of the parents
(96). Similar experiments with Ae. aegypti, however, did not show any learning abilities (1).

Although some studies have shown that mosquitoes can learn from a positive stimulus such as
a blood meal, it is still unclear whether learning influences host choice under natural conditions.
Studies with Cx. quinquefasciatus (136) and An. gambiae s.s. (19) indicated that mosquitoes may
learn from a negative experience. If mosquitoes could associate the odor of insecticide-treated
bednets (ITNs) with not being able to feed, this would lead to avoidance of ITNs and increase
the risk for people not sleeping under a bednet.
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IRS: indoor residual
spraying

HBI: Human Blood
Index

Insecticide-Treated Bednets and Indoor Residual Spraying

The use of ITNs and indoor residual spraying (IRS) reduce the number of malaria cases and deaths
(67, 107), and these were adopted by the World Health Organization as the most valuable malaria
interventions (151). ITNs prevent people from being bitten by repelling mosquitoes or killing
them when they land on the net. IRS kills female mosquitoes resting in a house and can repel
other mosquitoes from entering. A mosquito population may adapt to ITNs and IRS by developing
resistance against the insecticide used or changing its behavioral characteristics, thereby avoiding
contact with the insecticide.

After the application of IRS or the introduction of ITNs, mosquitoes may change from feeding
indoors to feeding outdoors (111, 117) or a resident outdoor mosquito population may be revealed
that had previously gone unnoticed. Another way to avoid contact with an ITN is to bite earlier at
night (78, 82). Often a decrease in the Human Biting Index (HBI, which represents the proportion
of blood-fed mosquitoes on people) is observed after the introduction of ITNs, IRS, or both. This
decrease may be caused by a reduction in the number of humans as potential hosts or by the
repellent effect of the ITN or IRS. This reduction in the number of available human hosts will
be more challenging for strongly anthropophilic mosquitoes such as An. gambiae s.s. than for
opportunistic mosquitoes such as An. arabiensis (Figure 1) that may readily switch to other hosts.
The number of An. gambiae s.s., for example, often decreases in areas where ITNs are introduced
(5, 9, 17, 78). The population of a highly anthropophilic strain of An. arabiensis in Zambia also
decreased after the introduction of ITNs (39). The HBI of this An. arabiensis strain remained high
after the introduction of ITNs, indicating that the species was not able to adapt to the intervention
and shift its host preference. Opportunistic members of the An. funestus complex, however, may
shift to feeding on ruminants, and Cx. quinquefasciatus tends to feed more on birds when ITNs are
introduced (9). The introduction of IRS also lowers the HBI of several mosquito species, although
this not as well documented (14, 43, 120).

Gillies (46) showed that it is possible to select for strains of An. gambiae s.s. that differ signifi-
cantly in their innate host preference (see above). If humans become less available in an area with
intense use of ITNs or IRS, such a change in innate host preference can be expected. Although
the studies mentioned above showed a change in host choice after the introduction of ITNs or
IRS, to our knowledge only one study also addressed the innate host preference of the mosquitoes
studied. In an area in Burkina Faso with high bednet coverage, the proportion of feeds taken on
humans by An. gambiae s.s. was approximately 40% (64). In contrast, 88% of An. gambiae s.s.
collected in the field “chose” a human-baited trap over a trap baited with cow odor, indicating a
preference for humans but a zoophilic pattern of host selection (64). Although this study showed
that An. gambiae displays plasticity in feeding behavior in this area, it is unclear why the innate
preference did not change after all these years of positive feeds on cows.

Host Abundance

The abundance of a certain animal species often determines the host choice of a mosquito, espe-
cially if this mosquito species is opportunistic (52, 122). However, the host choice of mosquitoes
with a clear host preference may also change when their preferred host becomes less abundant
(64, 149). As mentioned above, both IRS and the use of ITNs reduce the availability of humans
as a host, thereby forcing mosquitoes to feed on other hosts. Other, more natural causes may
also lead to a shift in host abundance and thereby affect host choice. Edman (33) studied to what
extent host preference and host availability determine feeding rates. Mosquitoes were sampled in
three areas for four years in Florida and host abundances were calculated in each area. Mammals
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WNV: West Nile
virus

Mammalophilic: a
general preference for
feeding on mammals,
but occasionally on
birds or reptiles/
amphibians

Ornithophilic: a
general preference for
feeding on birds, but
occasionally on
mammals or
reptiles/amphibians

were the preferred host of all mosquito species caught, but the distribution on mammals differed
among species. Host abundance changed over the years and between areas and affected mosquito
host choice. Although both innate host preference and host abundance affected feeding rates, the
influence of either of these factors depended on the mosquito species (33).

Many Culex species have a preference for feeding on birds. The abundance of birds, however,
often fluctuates throughout the year because of migration. When the availability of their preferred
host declines, Culex species may switch to other hosts, including humans (33, 52, 122).

Physical Barriers

Mosquito-proof housing is an effective strategy to reduce the number of mosquito bites and
thereby malaria transmission (53). Simple modifications to the design of indigenous houses, such
as screening windows and doors and closing eaves, can readily protect people from mosquitoes
and malaria (71). Installing a ceiling in a house can be very effective against An. gambiae s.l., which
enters through the eaves (72), but less effective against culicines that enter mostly through doors
and windows (98). To our knowledge, the effect of mosquito-proof housing on the host choice
of mosquitoes is unknown, although the results will probably be similar to those of intervention
with ITNs.

HOST PREFERENCE AND DISEASE TRANSMISSION

The Ross-Macdonald model (77) is historically the most important model to predict the transmis-
sion risk of malaria and other vector-borne diseases. Although the model has often been adjusted
and expanded, the human-biting rate remains one of its most important parameters (127, 141). The
importance of the human-biting rate is also reflected by the predominantly anthropophilic behav-
ior of vectors of malaria and dengue fever, probably the two most important vector-borne diseases
today. Both Plasmodium falciparum and dengue virus can be transmitted by different Anopheles and
Aedes species, respectively, but only a few species are of major importance in disease transmission
because of their strong anthropophilic behavior (7, 119, 131).

The influence of host preference on disease transmission can be more complex. Some Culex
species, such as Cx. pipiens, have a preference for specific birds, in this case the American robin
(Turdus migratorius) (52). This preference is the most influential parameter in the intensity and peak
of West Nile virus (WNV) in Culex mosquitoes (37, 122). When the American robin migrates,
Culex mosquitoes shift from their preferred avian host to humans, thereby increasing WNV
transmission to humans (52). The initial increase in WNV transmission with increasing feedings
on humans will stop when the fraction of feedings on humans (which are dead-end hosts for WNV)
becomes so large that transmission is inefficient (37).

DISCUSSION AND CONCLUSION

This review shows that many mosquitoes express an opportunistic trait of host choice, but that
some species are truly host specific. In species with a strong innate host preference, such as An.
gambiae s.s., this is assumed to lead to the highest levels of reproductive fitness (75, 76). The host
choice of opportunistic mosquitoes is often determined by the host species that is most abundant
or readily available. An example of this is the variable host preference of Cx. quinquefasciatus,
which varies from 100% mammalophilic, with many meals taken on humans, to a high degree of
ornithophily (Figure 1). This variation is determined, not geographically, but by local ecotypic
factors. For example, in New Delhi, India, 26.3% of blood meals were taken on humans (57),
while in Kerala, India, more than 74% of blood meals originated from humans (118). In Kenya,
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Cx. quinquefasciatus was 100% mammalophilic, with 3–9% of meals originating from humans (95),
whereas in Tanzania, the species had a strong anthropophilic behavior (81). In North America,
mammalian feeds of this species may range from less than 10% to 52.5% and depend greatly on host
abundance (36, 37). The high degree of plasticity in host preference of Cx. quinquefasciatus as shown
from these studies suggests that, although inherent preferences may prevail locally, this species
is exquisitely adapted to obtaining blood under many different circumstances, where the most
abundant host species seems to be favored. This behavior contrasts that of the specialist An. gambiae
s.s., which is inherently anthropophilic and maintains this behavior under different circumstances
(Figure 1), although occasionally derivations of this behavior are reported, presumably when
human hosts are scarce.

Studies reporting high degrees of anthropophily of mosquitoes often refer to indoor collections
of mosquitoes, where the insects are most likely to encounter only humans. Thus, a strong bias
for a particular host can occur when circumstances limit host choice, although the species has an
inherent opportunistic feeding behavior (Figure 1). True host preference may best be tested by
using choice tests with live hosts or host-derived odor samples. These tests can be performed in
the laboratory for mosquitoes that can be kept in culture (102, 124) or in a field setup for wild
mosquitoes as demonstrated by Dekker & Takken (30) and Torr et al. (137).

A few mosquito species, such as An. gambiae s.s., An. funestus, and Ae. aegypti, express a high,
genetically fixed species preference (Figure 1). Even under conditions where humans are scarce
and other hosts abundant, high feeding rates on humans, mediated by olfactory senses that are
tuned to human-specific cues, may occur (131). Therefore, in order to make correct inferences
about host preferences of a mosquito, it is necessary to take into consideration the abundance and
availability of a particular host. Such information is essential for planning strategies to control
vector-borne diseases, in which the vector associated most strongly with humans should be the
principal target while non-human-feeding species can be ignored.

Of the three important disease vectors, Ae. aegypti, An. gambiae s.s., and Cx. quinquefasciatus,
there are surprisingly few studies on the host preference of Ae. aegypti compared with the other two
species (Figure 1). The behavior of Ae. aegypti has been studied extensively in the laboratory, but
behavioral field studies with this mosquito are rare. For example, laboratory studies have shown a
very strong preference of Ae. aegypti for human odorants (6, 45), but confirmation of this behavior
from field studies is lacking. Given the very important role of this mosquito species in dengue
transmission, detailed knowledge on the presumed host association of this mosquito from wild
populations would be essential for designing effective tools for mosquito control.

The recent discovery of a likely exophilic line of An. gambiae s.s. in Burkina Faso (113) calls for
behavioral research to assess whether the host preference of this subspecies varies from its closest
sibling, which is highly endophilic and readily bites humans. This research cannot be carried out
by blood meal analysis only; it should also involve choice assays to examine the olfactory response
of both siblings to a range of common hosts. Such studies will elucidate the genetic regulation of
olfaction, a subject that has rapidly gained attention in recent years. Thus, a comparison of the ol-
factory genes of both mosquito lines may reveal important clues to the regulation of anthropophily,
a crucial aspect of host preference behavior of mosquitoes.

In recent years the widespread use of IRS and ITNs has led to significant reductions of An.
gambiae s.s. in parts of Africa (5) but it has also altered its behavioral traits. Increased exophilic
behavior has been reported (111, 117). Because the anthropophilic trait of An. gambiae s.s. is
very strong and genetically fixed, detailed studies on the host preference of these outdoor-biting
populations of An. gambiae s.s., as well as of sympatric human-biting members of the An. gambiae
complex such as An. arabiensis, are required. This altered behavior has been suggested to lead to
increased outdoor transmission of malaria, but this would also require a behavioral adaptation
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of these vectors. Alternatively, An. arabiensis might become a more dominant mosquito, as the
decline of An. gambiae s.s. leaves behind a nutritional niche for this opportunistic species. The
development of more accurate tools for sampling outdoor anopheline populations (89) promises
to provide data that can lead to better understanding of the epidemiology of malaria.

The reported variation in arbovirus transmission due to the annual migration of avian hosts
demonstrates that the vector Cx. pipiens expresses a certain degree of host preference, i.e., for the
American robin. As the transmission risk of West Nile virus varied with the annual migration of
the robins (52), associated with high feeding rates of Cx. pipiens on robins, it seems that this avian
species provides a fitness benefit to the mosquitoes that cannot be derived equally well from other
bird species. Is this a common feature in mosquitoes, and therefore does it have consequences for
the risk of vector-borne diseases mediated by host preference? In addition to behavioral choice
assays, studies on gene-silencing using RNAi technologies may reveal the regulatory mechanisms
of such behavior, through identification of the genes that control host preference.

The strong association of anthropophilic behavior with the most important disease vectors calls
for investigations of the evolutionary mechanisms of these behaviors. It is likely that the pathogens
have exploited this behavioral trait, as human Plasmodia and dengue are all anthroponoses, requir-
ing a specialist vector in their life cycle. Hence coevolutionary adaptations in host preference and
pathogen-host interactions may have led to this trait, which is clearly beneficial to the pathogen
(22, 55). Recent advances in molecular genetics allow for the elucidation of this phenomenon, and
these can be used to gain novel insights into parasite-mediated behavior of disease vectors.

The examples discussed in this review show that, in spite of a considerable volume of published
work on mosquito host preference, studies that would further clarify the nature of this behavior
could help us understand why mosquitoes select some host species more than others and, above
all, whether the process of host selection is driven by fitness advantages that make the insect
optimize its foraging strategies and host selection. A better comprehension of the host preference
of mosquitoes will benefit our understanding of vector-borne disease epidemiology and, ultimately,
for the development of effective disease control strategies, for example, by targeting host-specific
vector species more accurately.

SUMMARY POINTS

1. Host preference of mosquitoes is affected by extrinsic and intrinsic determinants, of which
genetics is an important component. Many species express inherent traits in host pref-
erence (e.g., a preference for birds or mammals), but this preference is readily overruled
by physiological factors (hunger) and physical abundance of available hosts.

2. Many studies on host preference of mosquitoes are biased because of the limited avail-
ability of multiple host species to the mosquitoes; host preference then provides data on
those hosts that were most readily accessible and may not reflect the true, inherent host
preference.

3. True host preference may best be tested by using choice tests that can be performed in
the laboratory for mosquito species that can be kept in culture or in a field setup for wild
mosquitoes.

4. Mosquito species that are highly anthropophilic are often vectors of important human
diseases, suggesting that the evolution of host preference has coevolved with the evolution
of pathogen-host interaction. In these mosquito species, the anthropophilic trait appears
genetically fixed and dominant.
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5. In many mosquito species, host preference exhibits a high degree of plasticity, caused
mostly by environmental circumstances when favorite host species disappear or are not
accessible.

6. Widespread use of IRS and ITNs for malaria control may have caused shifts in host-
seeking behavior, resulting in shifts in the time of or preferred site of host seeking; these
changes may affect the innate host preference when preferred hosts are less available.

7. The recent discovery in West Africa of two populations of Anopheles gambiae s.s. that
express behavioral differences in host preference calls for research on the genetic control
of this behavior.

8. Seasonal shifts in host availability may be associated with shifts in the transmission risk
of arboviral disease such as West Nile virus.
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65. Lef èvre T, Gouagna LC, Dabire KR, Elguero E, Fontenille D, et al. 2009. Evolutionary lability
of odour-mediated host preference by the malaria vector Anopheles gambiae. Trop. Med. Int.
Health 14:228–36

66. Lehane MJ. 2005. The Biology of Blood-Sucking Insects. Cambridge, UK: Cambridge Univ. Press.
321 pp.

67. Lengeler C. 2004. Insecticide-treated bed nets and curtains for preventing malaria. Cochrane Database
Syst. Rev. (2):CD000363

68. Li J, Deng TF, Li HJ, Chen L, Mo JC. 2009. Effects of water color and chemical compounds on the
oviposition behavior of gravid Culex pipiens pallens females under laboratory conditions. J. Agric. Urban
Entomol. 26:23–30

69. Lindsay S, Ansell J, Selman C, Cox V, Hamilton K, Walraven G. 2000. Effect of pregnancy on exposure
to malaria mosquitoes. Lancet 355:1972

70. Lindsay SW, Adiamah JH, Miller JE, Pleass RJ, Armstrong JR. 1993. Variation in attractiveness of
human subjects to malaria mosquitoes (Diptera: Culicidae) in The Gambia. J. Med. Entomol. 30:368–73

71. Lindsay SW, Emerson PM, Charlwood JD. 2002. Reducing malaria by mosquito-proofing houses. Trends
Parasitol. 18:510–14

72. Lindsay SW, Jawara M, Paine K, Pinder M, Walraven GEL, Emerson PM. 2003. Changes in house
design reduce exposure to malaria mosquitoes. Trop. Med. Int. Health 8:512–17

73. Lu T, Qiu YT, Wang G, Kwon Jae Y, Rutzler M, et al. 2007. Odor coding in the maxillary palp of the
malaria vector mosquito Anopheles gambiae. Curr. Biol. 17:1533–44

74. Lulu M, Hadis M, Makonnen Y, Asfa T. 1998. Chromosomal inversion polymorphisms of Anopheles
arabiensis from some localities in Ethiopia in relation to host feeding choice. Ethiop. J. Health Sci. 12:23–
28

75. Reviews the
selective forces that
mediate host choice in
hematophagous insects,
including mosquitoes.

75. Lyimo IN, Ferguson HM. 2009. Ecological and evolutionary determinants of host species choice
in mosquito vectors. Trends Parasitol. 25:189–96

76. Lyimo IN, Keegan SP, Ranford-Cartwright LC, Ferguson HM. 2012. The impact of uniform and mixed
species blood meals on the fitness of the mosquito vector Anopheles gambiae s.s: Does a specialist pay for
diversifying its host species diet? J. Evol. Biol. 25:452–60

77. MacDonald G. 1957. The Epidemiology and Control of Malaria. Oxford, UK: Oxford Univ. Press. 201 pp.
78. Magesa SM, Wilkes TJ, Mnzava AEP, Njunwa KJ, Myamba J, et al. 1991. Trial of pyrethroid impregnated

bednets in an area of Tanzania holoendemic for malaria vector population. Effects on the malaria vector
population. Acta Trop. 49:97–108

79. Mahon R, Gibbs A. 1982. Arbovirus-infected hens attract more mosquitoes. In Viral Disease in Southeast
Asia and the Western Pacific, ed. JD Mackenzie, pp. 502–4. Sydney: Academic

80. Mboera LEG, Takken W. 1997. Carbon dioxide chemotropism in mosquitoes (Diptera: Culicidae) and
its potential in vector surveillance and management programmes. Med. Vet. Entomol. 85:355–68

www.annualreviews.org • Host Preferences of Blood-Feeding Mosquitoes 449

Changes may still occur before final publication online and in print

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

01
3.

58
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

w
ed

is
h 

U
ni

ve
rs

ity
 o

f 
A

gr
ic

ul
tu

ra
l S

ci
en

ce
s 

on
 1

0/
09

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



EN58CH22-Takken ARI 14 September 2012 15:52

81. Mboera LEG, Takken W. 1999. Odour-mediated host preference of Culex quinquefasciatus in Tanzania.
Entomol. Exp. Appl. 92:83–88

82. Mbogo CNM, Baya NM, Ofulla AVO, Githure JI, Snow RW. 1996. The impact of permethrin-
impregnated bednets on malaria vectors of the Kenyan coast. Med. Vet. Entomol. 10:251–59

83. McCall PJ, Kelly DW. 2002. Learning and memory in disease vectors. Trends Parasitol. 18:429–33
84. McCrae AWR. 1984. Oviposition by African malaria vector mosquitoes. II. Effects of site tone, water

type and conspecific immatures on target selection by freshwater Anopheles gambiae Giles sensu lato. Ann.
Trop. Med. Parasitol. 78:307–18

85. Merrill CE, Riesgo-Escovar J, Pitts RJ, Kafatos FC, Carlson JR, Zwiebel LJ. 2002. Visual arrestins in
olfactory pathways of Drosophila and the malaria vector mosquito Anopheles gambiae. Proc. Natl. Acad. Sci.
USA 99:1633–38

86. Mnzava AE, Mutinga MJ, Staak C. 1994. Host blood meals and chromosomal inversion polymorphism
in Anopheles arabiensis in the Baringo District of Kenya. J. Am. Mosq. Control Assoc. 10:507–10

87. Molaei G, Andreadis TG, Armstrong PM, Diuk Wasser M. 2008. Host-feeding patterns of potential
mosquito vectors in Connecticut, USA: molecular analysis of bloodmeals from 23 species of Aedes,
Anopheles, Culex, Coquillettidia, Psorophora, and Uranotaenia. J. Med. Entomol. 45:1143–51

88. Moloo SK, Grootenhuis JG, Kar SK, Karstad L. 1988. Survival and reproductive performance of female
Glossina morsitans morsitans when maintained on the blood of different species of wild mammals. Med.
Vet. Entomol. 2:347–50

89. Mukabana WR, Mweresa CK, Otieno B, Omusula P, Smallegange RC, et al. 2012. A novel synthetic
odorant blend for trapping of malaria and other African mosquitoes. J. Chem. Ecol. 38:235–44

90. Mukabana WR, Olanga EA, Knols BGJ. 2010. Host-seeking behaviour of Afrotropical anophelines:
field and semi-field studies. In Ecology and Control of Vector-Borne Diseases, ed. W Takken, BGJ Knols,
2:181–202. Wageningen, The Neth.: Wageningen Academic Publ.

91. Mukabana WR, Takken W, Coe R, Knols BG. 2002. Host-specific cues cause differential attractiveness
of Kenyan men to the African malaria vector Anopheles gambiae. Malar. J. 1:17

92. Mukabana WR, Takken W, Killeen GF, Knols BGJ. 2004. Allomonal effect of breath contributes to
differential attractiveness of humans to the African malaria vector Anopheles gambiae. Malar. J. 3:8

93. Mukabana WR, Takken W, Killeen GF, Knols BGJ. 2007. Clinical malaria reduces human attractiveness
to mosquitoes. Proc. Neth. Entomol. Soc. 18:125–29

94. Mukwaya LG. 1977. Genetic control of feeding preferences in the mosquitoes Aedes (Stegomyia) simpsoni
and aegypti. Physiol. Entomol. 2:133–45

95. Muturi EJ, Muriu S, Shililu J, Mwangangi JM, Jacob BG, et al. 2008. Blood-feeding patterns of Culex
quinquefasciatus and other culicines and implications for disease transmission in Mwea rice scheme, Kenya.
Parasitol. Res. 102:1329–35

96. Mwandawiro C, Boots M, Tuno N, Suwonkerd W, Tsuda Y, Takagi M. 2000. Heterogeneity in the host
preference of Japanese encephalitis vectors in Chiang Mai, northern Thailand. Trans. R. Soc. Trop. Med.
Hyg. 94:238–42

97. Neafsey DE, Lawniczak MKN, Park DJ, Redmond SN, Coulibaly MB, et al. 2010. SNP genotyping
defines complex gene-flow boundaries among African malaria vector mosquitoes. Science 330:514–17

98. Njie M, Dilger E, Lindsay SW, Kirby MJ. 2009. Importance of eaves to house entry by anopheline, but
not culicine, mosquitoes. J. Med. Entomol. 46:505–10

99. Okumu FO, Killeen GF, Ogoma S, Biswaro L, Smallegange RC, et al. 2010. Development and field
evaluation of a synthetic mosquito lure that is more attractive than humans. PLoS ONE 5:e8951

100. Olanga EA, Okal MN, Mbadi PA, Kokwaro ED, Mukabana WR. 2010. Attraction of Anopheles gambiae
to odour baits augmented with heat and moisture. Malar. J. 9:6

101. Pates H. 2002. Zoophilic and anthropophilic behaviour in the Anopheles gambiae complex. PhD thesis. London
School Hyg. Trop. Med., London

102. Pates HV, Takken W, Stuke K, Curtis CF. 2001. Differential behaviour of Anopheles gambiae sensu stricto
(Diptera: Culicidae) to human and cow odours in the laboratory. Bull. Entomol. Res. 91:289–96

103. Peterson DG, Brown AWA. 1952. Studies of the responses of the female Aedes mosquito. III. The
response of Aedes aegypti (L.) to a warm body and its radiation. Bull. Entomol. Res. 42:535–41

450 Takken · Verhulst

Changes may still occur before final publication online and in print

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

01
3.

58
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

w
ed

is
h 

U
ni

ve
rs

ity
 o

f 
A

gr
ic

ul
tu

ra
l S

ci
en

ce
s 

on
 1

0/
09

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



EN58CH22-Takken ARI 14 September 2012 15:52

104. Petrarca V, Beier JC. 1992. Intraspecific chromosomal polymorphism in the Anopheles gambiae complex
as a factor affecting malaria transmission in the Kisumu area of Kenya. Am. J. Trop. Med. Hyg. 46:229–37

105. Pitts RJ, Zwiebel LJ. 2006. Antennal sensilla of two female anopheline sibling species with differing host
ranges. Malar. J. 5:26

106. Pitzer JB, Kaufman PE, Tenbroeck SH, Maruniak JE. 2011. Host blood meal identification by multiplex
polymerase chain reaction for dispersal evidence of stable flies (Diptera: Muscidae) between livestock
facilities. J. Med. Entomol. 48:53–60

107. Pluess B, Tanser FC, Lengeler C, Sharp BL. 2010. Indoor residual spraying for preventing malaria.
Cochrane Database Syst. Rev. (4):CD006657

108. Qiu YT, Smallegange RC, Van Loon JJA, Ter Braak CJF, Takken W. 2006. Interindividual variation
in the attractiveness of human odours to the malaria mosquito Anopheles gambiae s.s. Med. Vet. Entomol.
20:280–87

109. Qiu YT, Spitzen J, Smallegange RC, Knols BGJ. 2010. Monitoring systems for adult insect pests and
disease vectors. In Emerging Pests and Vector-Borne Diseases in Europe, ed. W Takken, BGJ Knols, pp. 329–
53. Wageningen, The Neth.: Wageningen Academic Publ.

110. Qiu YT, van Loon JJ, Takken W, Meijerink J, Smid HM. 2006. Olfactory coding in antennal neurons
of the malaria mosquito, Anopheles gambiae. Chem. Senses 31:845–63

111. Reddy MR, Overgaard HJ, Abaga S, Reddy VP, Caccone A, et al. 2011. Outdoor host seeking behaviour
of Anopheles gambiae mosquitoes following initiation of malaria vector control on Bioko Island, Equatorial
Guinea. Malar. J. 10:184

112. Reeves WC. 1951. Field studies of carbon dioxide as a possible host simulant to mosquitoes. Proc. Soc.
Exp. Biol. Med. 77:64–66

113. Riehle MM, Guelbeogo WM, Gneme A, Eiglmeier K, Holm I, et al. 2011. A cryptic subgroup of Anopheles
gambiae is highly susceptible to human malaria parasites. Science 331:596–98

114. Roessler P. 1963. Zur Stechmückenanlockung duch den Menschen. Med. Gesellschaften 31:1579–81
115. Rudolfs W. 1922. Chemotropism of mosquitoes. Bull. N. J. Agric. Exp. Stn. 367:4–23
116. Russell RC. 2004. The relative attractiveness of carbon dioxide and octenol in CDC- and EVS-type light

traps for sampling the mosquitoes Aedes aegypti (L.), Aedes polynesiensis Marks, and Culex quinquefasciatus
Say in Moorea, French Polynesia. J. Vector Ecol. 29:309–14

117. Russell TL, Govella NJ, Azizi S, Drakeley CJ, Kachur SP, Killeen GF. 2011. Increased proportions of
outdoor feeding among residual malaria vector populations following increased use of insecticide-treated
nets in rural Tanzania. Malar. J. 10:80

118. Samuel PP, Arunachalam N, Hiriyan J, Thenmozhi V, Gajanana A, Satyanarayana K. 2004. Host-feeding
pattern of Culex quinquefasciatus Say and Mansonia annulifera (Theobald) (Diptera: Culicidae), the major
vectors of filariasis in a rural area of south India. J. Med. Entomol. 41:442–46

119. Scott TW, Takken W. 2012. Feeding strategies of anthropophilic mosquitoes result in increased risk of
pathogen transmission. Trends Parasitol. 28:114–21

120. Sharp BL, Sueur DL. 1991. Behavioural variation of Anopheles arabiensis (Diptera: Culicidae) populations
in Natal, South Africa. Bull. Entomol. Res. 81:107–10

121. Shidrawi GR. 1974. Night-bait collection: the variation between persons used as collector-baits. WHO
Tech. notes MPD.TN/74.1:1–18

122. Describes the
WNV transmission
model, explaining the
significance of mosquito
host preference for
disease transmission.

122. Simpson JE, Hurtado PJ, Medlock J, Molaei G, Andreadis TG, et al. 2012. Vector host-feeding
preferences drive transmission of multi-host pathogens: West Nile virus as a model system. Proc.
R. Soc. Lond. B 279:925–33

123. Smallegange RC, Schmied WH, van Roey KJ, Verhulst NO, Spitzen J, et al. 2010. Sugar-fermenting
yeast as an organic source of carbon dioxide to attract the malaria mosquito Anopheles gambiae. Malar. J.
9:292

124. Smallegange RC, Takken W. 2010. Host-seeking behaviour of mosquitoes: responses to olfactory stim-
uli in the laboratory. In Olfaction in Vector-Host Interactions, ed. W Takken, BGJ Knols, 3:143–80.
Wageningen, The Neth.: Wageningen Academic Publ.

125. Smallegange RC, Verhulst NO, Takken W. 2011. Sweaty skin: an invitation to bite? Trends Parasitol.
27:143–48

www.annualreviews.org • Host Preferences of Blood-Feeding Mosquitoes 451

Changes may still occur before final publication online and in print

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

01
3.

58
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

w
ed

is
h 

U
ni

ve
rs

ity
 o

f 
A

gr
ic

ul
tu

ra
l S

ci
en

ce
s 

on
 1

0/
09

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



EN58CH22-Takken ARI 14 September 2012 15:52

126. Smith A. 1956. The attractiveness of an adult and child to A. gambiae. East Afr. Med. J. 33:409–10
127. Smith DL, McKenzie FE, Snow RW, Hay SI. 2007. Revisiting the basic reproductive number for malaria

and its implications for malaria control. PLoS Biol. 5:e42
128. Takken W. 1999. Chemical signals affecting mosquito behaviour. Invertebr. Reprod. Dev. 36:67–71
129. Takken W, Geene R, Adam W, Jetten TH, van der Velden JA. 2002. Distribution and dynamics of

larval populations of Anopheles messeae and A. atroparvus in the delta of the rivers Rhine and Meuse, The
Netherlands. Ambio 31:212–18

130. Takken W, Klowden MJ, Chambers GM. 1998. Effect of body size on host seeking and blood meal
utilization in Anopheles gambiae sensu stricto (Diptera: Culicidae): the disadvantage of being small.
J. Med. Entomol. 35:639–45

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

132. Takken W, Stuke K, Klowden MJ. 2002. Biological differences in reproductive strategy between the
mosquito sibling species Anopheles gambiae sensu stricto and An. quadriannulatus. Entomol. Exp. Appl.
103:83–89

133. Tempelis CH. 1975. Host-feeding patterns of mosquitoes, with a review of advances in analysis of blood
meals by serology. J. Med. Entomol. 11:635–53

134. Thiemann TC, Brault AC, Ernest HB, Reisen WK. 2012. Development of a high-throughput
microsphere-based molecular assay to identify 15 common bloodmeal hosts of Culex mosquitoes. Mol.
Ecol. Res. 12:238–46

135. Thiemann TC, Wheeler SS, Barker CM, Reisen WK. 2011. Mosquito host selection varies seasonally
with host availability and mosquito density. PLoS Negl. Trop. Dis. 5:e1452

136. Tomberlin J, Rains G, Allan S, Sanford M, Lewis W. 2006. Associative learning of odor with food- or
blood-meal by Culex quinquefasciatus Say (Diptera: Culicidae). Naturwissenschaften 93:551–56

137. Torr SJ, Della Torre A, Calzetta M, Costantini C, Vale GA. 2008. Towards a fuller understanding of
mosquito behaviour: use of electrocuting grids to compare the odour-orientated responses of Anopheles
arabiensis and An. quadriannulatus in the field. Med. Vet. Entomol. 22:93–108

138. Torr SJ, Mangwiro TN, Hall DR. 2006. The effects of host physiology on the attraction of tsetse
(Diptera: Glossinidae) and Stomoxys (Diptera: Muscidae) to cattle. Bull. Entomol. Res. 96:71–84

139. Ulloa A, Arredondo-Jimenez JI, Rodriguez MH, Fernandez-Salas I, Gonzalez-Ceron L. 2004. Innate
host selection in Anopheles vestipennis from southern Mexico. J. Am. Mosq. Control Assoc. 20:337–41

140. van Thiel PH. 1939. On zoophilism and anthropophilism of Anopheles biotypes and species. Riv. Malariol.
18:95–124

141. Vargas-De-León C. 2012. Global analysis of a delayed vector-bias model for malaria transmission with
incubation period in mosquitoes. Math. Biosci. Eng. 9:165–74

142. Verhulst N, Beijleveld H, Knols B, Takken W, Schraa G, et al. 2009. Cultured skin microbiota attracts
malaria mosquitoes. Malar. J. 8:302

143. Verhulst NO, Mukabana WR, Takken W, Smallegange RC. 2011. Human skin microbiota and their
volatiles as odour baits for the malaria mosquito Anopheles gambiae s.s. Entomol. Exp. Appl. 139:170–79

144. Verhulst NO, Qiu YT, Beijleveld H, Maliepaard C, Knights D, et al. 2011. Human skin microbiota
affects attractiveness to malaria mosquitoes. PLoS ONE 6:e28991

145. Waage JK. 1979. The evolution of insect/vertebrate associations. Biol. J. Linn. Soc. 12:187–224
146. Walker ED, Edman JD. 1986. Influence of defensive behavior of eastern chipmunks and gray squirrels

(Rodentia: Sciuridae) on feeding success of Aedes triseriatus (Diptera: Culicidae). J. Med. Entomol. 23:1–10
147. Wang G, Carey AF, Carlson JR, Zwiebel LJ. 2010. Molecular basis of odor coding in the malaria vector

mosquito Anopheles gambiae. Proc. Natl. Acad. Sci. USA 107:4418–23
148. Wedekind C, Furi S. 1997. Body odour preferences in men and women: Do they aim for specific MHC

combinations or simply heterozygosity? Proc. R. Soc. Lond. B 264:1471–79
149. Wekesa JW, Yuval B, Washino RK, de Vasquez AM. 1997. Blood feeding patterns of Anopheles freeborni

and Culex tarsalis (Diptera: Culicidae): effects of habitat and host abundance. Bull. Entomol. Res. 87:633–
41

150. Wen Y, Muir LE, Kay BH. 1997. Response of Culex quinquefasciatus to visual stimuli. J. Am. Mosq. Contr.
Assoc. 13:150–52

452 Takken · Verhulst

Changes may still occur before final publication online and in print

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

01
3.

58
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

w
ed

is
h 

U
ni

ve
rs

ity
 o

f 
A

gr
ic

ul
tu

ra
l S

ci
en

ce
s 

on
 1

0/
09

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



EN58CH22-Takken ARI 14 September 2012 15:52

151. WHO. 2011. World Malaria Report 2011. Geneva: World Health Organ.
152. Williams CR, Bader CA, Kearney MR, Ritchie SA, Russell RC. 2010. The extinction of dengue through

natural vulnerability of its vectors. PLoS Negl. Trop. Dis. 4:e922
153. Williams CR, Bergbauer R, Geier M, Kline DL, Bernier UR, et al. 2006. Laboratory and field assessment

of some kairomone blends for host-seeking Aedes aegypti. J. Am. Mosq. Control Assoc. 22:641–47

154. Reviews olfactory
regulation of
mosquito-host
interactions.154. Zwiebel LJ, Takken W. 2004. Olfactory regulation of mosquito-host interactions. Insect Biochem.

Mol. Biol. 34:645–52

www.annualreviews.org • Host Preferences of Blood-Feeding Mosquitoes 453

Changes may still occur before final publication online and in print

A
nn

u.
 R

ev
. E

nt
om

ol
. 2

01
3.

58
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 S

w
ed

is
h 

U
ni

ve
rs

ity
 o

f 
A

gr
ic

ul
tu

ra
l S

ci
en

ce
s 

on
 1

0/
09

/1
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.




