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Vector-host interactions play a central role in the transmission of vector-borne diseases.
Determining the factors that affect vector attraction to vertebrate hosts is critical to
understand disease ecological dynamics. Using malaria as the primary model, we
reviewed studies that examined whether pathogen infection and host traits affect
mosquito attraction. We found contradictory results examining mosquito attraction
to birds infected with Plasmodium parasites, presumably because of widely variable
experimental approaches. We summarize current experimental findings and propose
standardized experimental approaches for future studies.

Keywords: behavioral manipulation, vector attraction, experimental parasitology, arboviruses, avian malaria,
Culicidae, Diptera

INTRODUCTION

Insect vectors have often been considered passive vessels that carry pathogens without exerting
much selection. However, vectors may suffer high pathogen-related mortalities (Valkiūnas et al.,
2014; Gutiérrez-López et al., 2019a,b), and vectors selection of vertebrate hosts to obtain blood
meals is not random or solely based on host availability, they follow general and specific host cues
such as carbon dioxide and volatile body chemicals (Takken and Verhulst, 2013). Interestingly,
both host choice and host attractiveness may be manipulated by the parasite in order to increase its
transmission success (i.e., manipulation hypothesis; Heil, 2016).

The process by which pathogens manipulate vectors’ behavior can be indirect during the
development in a vertebrate host (e.g., increased attractiveness of infected hosts to uninfected
vectors), and/or direct during the cycle inside the vectors (e.g., increase in attraction or feeding rates
toward uninfected hosts; Gandon, 2018). These changes have profound implications for pathogen
transmission. For instance, uninfected vectors highly attracted toward infected hosts would initially
increase transmission in local populations (Gandon, 2018). Generalist mosquito species feeding on
birds and mammals (depending on host availability; Abella-Medrano et al., 2018) play important
roles in the transmission of zoonotic pathogens (e.g., Culex pipiens transmitting West Nile virus
(WNV) and Usutu (USUV) virus among birds, equids, and humans; Brugman et al., 2018; Rochlin
et al., 2019). Thus, investigating drivers of mosquito host selection is essential to understand the
dynamics of vertebrate-vector-pathogen systems.

In recent years avian haemosporidian parasites have received attention as model systems
to understand the ecology and evolution of vector-borne parasites (Rivero and Gandon,
2018). In particular because they are widespread, infect a large proportion of bird species
worldwide, and affect bird fitness and survival (Atkinson and Van Riper, 1991; Valkiūnas, 2005;
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Palinauskas et al., 2020). Thus, by focusing on avian malaria, here
we provide an overview of the factors affecting host selection by
mosquitoes concentrating on Culex mosquitoes, which transmit
human pathogens, bird pathogens, and zoonotic pathogens
that use birds as reservoirs (WNV, USUV). Although Culex
mosquitoes have a broad range of hosts, some are predominantly
mammophilic and others are ornithophilic (e.g., Culex theileri
vs. Cx. pipiens), yet their feeding behaviors depend on the
species and population of origin, which also affects the parasites
they transmit (Santa-Ana et al., 2006; Farajollahi et al., 2011;
Rochlin et al., 2019).

Birds are used as models to analyze factors within species
that affect host attractiveness to mosquitoes, which include
mosquito and bird pathogen infection status, differences in
the production of natural chemicals by birds (uropygial gland
secretion and volatile compounds), host sex, and interactions
among some of these factors (Table 1). We took advantage of
studies on human and mice malaria systems that also addressed
some of these factors to suggest next steps for studies on bird
attractiveness to mosquitoes. We found discrepancies among
studies, which may be due to differences in study design
(Table 1). Therefore, we propose standardized experimental
approaches to help identify generalities and contingencies in
pathogen-vector-host interactions using avian malaria as a
model (Figure 1).

CURRENT EXPERIMENTAL
APPROACHES

In general, laboratory experiments assess mosquito attraction
using dual-choice olfactometers, or they assess feeding choice by
placing mosquitoes inside cages containing target host groups.
Olfactometers expose mosquitoes to olfactory host cues (CO2
and volatile compounds) and prevent mosquitoes from using
visual cues or differences in body temperature for host detection
(Lalubin et al., 2012; De Moraes et al., 2014; Díez-Fernández et al.,
2020a). This approach is useful for studies using chemical stimuli
collected from hosts and has the advantage to protect hosts
from being bitten by mosquitoes. Host attractiveness in single-
choice system can be measured as the number of mosquitoes
approaching a host in one end of an enclosure or in a tunnel in
relation to the number of mosquitoes released at the opposite end
(Cator et al., 2013; Batista et al., 2014).

Feeding rates can be measured by comparing the proportion
of mosquitoes taking a blood meal from single-housed (Cornet
et al., 2019) or pair-housed hosts. In the latter, two hosts from
different groups (e.g., control vs. experimental group) are placed
inside the same cage where mosquitoes are released and host
choice is assessed via microsatellite testing (Yan et al., 2018b) or
by molecular sexing methods (Cornet et al., 2013a; Yan et al.,
2018a) using engorged mosquitoes to determine blood source.
Overall, studies varied in duration and type (attraction assays
using olfactometers vs. feeding choice inside cages), with feeding
experiments used either immobilized or non-immobilized birds
(Table 1). These differences, therefore, may explain discrepancies
in the general findings.

INDIRECT AND DIRECT MANIPULATION
OF VECTOR’S BEHAVIOR BY
PATHOGENS

Pathogens can modify conditions within vertebrate hosts or
within vectors to increase transmission rates from infected to
uninfected hosts. These indirect and direct vector manipulations,
respectively, may affect host-seeking behaviors, feeding
behaviors, or both (Gandon, 2018).

Infected Hosts and Mosquito Attraction
Most studies tested whether hosts infected with Plasmodium
parasites are more attractive to uninfected mosquitoes or whether
uninfected mosquitoes feed more on infected hosts (indirect
vector manipulation). Some of these studies also tested whether
hosts with higher number of circulating gametocytes (sexual
parasite stage that is infective to mosquitoes) were more attractive
to mosquitoes even when compared with hosts with low levels of
gametocytes (Table 1).

Avian Malaria
Cornet et al. (2013a,b) found that laboratory-reared Cx. pipiens
fed more on domestic canaries (Serinus canaria) infected with a
laboratory strain of Plasmodium relictum (SGS1) when compared
to uninfected birds. This effect was detected in birds undergoing
chronic infections (24–26 days post infection – dpi), but not
in birds undergoing the acute phase of the infection (10 dpi;
Cornet et al., 2013b). Mosquitoes fed more on birds with a higher
hematocrit, a measure that can be interpreted as a higher blood
quality (Cornet et al., 2013a).

Four avian malaria studies used wild caught Cx. pipiens and
free-living birds infected with Plasmodium spp. and uninfected
birds to assess vector manipulation in more natural systems
(Table 1). One set of experiments conducted by Yan et al. (2018b)
compared infected birds with their counterparts treated with
primaquine to reduce parasitemia (the number of circulating
parasites). They found mosquitoes fed more on infected birds
than on treated birds, which provided experimental support for
the vector manipulation hypothesis. Similarly, mosquitoes were
more attracted to body odors isolated from infected birds when
compared to uninfected birds (Díez-Fernández et al., 2020b).
However, this effect was not observed when using uropygial gland
secretion collected from the same bird groups. Other experiments
found that mosquitoes were either more attracted to uninfected
birds (Lalubin et al., 2012) or that infection status did not change
mosquito feeding rates when compared to control groups (Yan
et al., 2018b; Gutiérrez-López et al., 2019a).

From the discussed studies, two used dual-choice
olfactometers to assess mosquito attraction to birds or to
chemical compounds collected from birds, while three studies
released mosquitoes inside cages containing single birds or pairs
of infected and uninfected birds that were immobilized in most
cases (except Yan et al., 2018b; Table 1). Observed contrasting
results addressing the host manipulation hypothesis may be the
result of differences in host, vector and parasites used and/or due
to differences in experimental settings.
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TABLE 1 | Studies conducted on mosquito attraction toward bird, humans and mice.

Plasmodium Infections

Indirect manipulation

Host sp. Vector sp.* Parasite species Factor Main Results Experimental details Source**

Avian hosts

Great tit – Parus
major

Culex pipiens (wild caught). Not
tested for pipiens and molestus
forms and hybrids.

Plasmodium sp. –
natural infections

Mosquito attraction
as a function of bird
infection.

Infected birds less attractive than
uninfected birds. Females more
attractive to mosquitoes than males.

Dual-choice olfactometer. Twenty-eight paired
experiments combining six infected and five
uninfected birds. Birds kept out of sight of the
mosquitoes. Parasitemia not assessed.
Experiments lasted 15 min.

Lalubin et al.
(2012)1

Domestic canary –
Serinus canaria

Cx. pipiens (S-LAB strain) Plasmodium
relictum (SGS1) –
experimental
infection

Feeding choice as
a function of bird
infection and
infection stage
(acute or chronic).

Mosquitoes fed more on chronically
infected birds than on either uninfected
or acutely infected birds. Mosquito
preference for birds with higher
hematocrit. No difference between
uninfected birds and birds during acute
infection.

Paired birds in 25 independent cages with 70
mosquitoes each. Feeding experiments lasted
2 h. Birds were immobilized.

Cornet et al.
(2013b)2

House sparrow –
Passer domesticus

Cx. pipiens – wild caught. Not
tested for pipiens and molestus
forms and hybrids.

Plasmodium sp. –
natural infections

Feeding choice as
a function of bird
infection.

No difference in feeding rates between
infected and uninfected birds.

Twenty pairs of infected and uninfected birds
exposed to mosquitoes. Birds were not
immobilized. Experiments lasted 12 h.

Yan et al.
(2018b)3

House sparrow –
Passer domesticus

Cx. pipiens – wild caught. Not
tested for pipiens and molestus
forms and hybrids.

Plasmodium sp. –
natural infections

Feeding choice as
a function of
parasite levels.

Higher feeding rates on non-treated
(higher parasite levels) than on treated
birds. Higher feeding rates on females.

Parasitemia reduced via primaquine treatment.
Nineteen pairs of infected non-treated birds and
infected treated birds exposed to an average of
151 mosquitoes. Birds were not immobilized.
Experiments lasted 12 h.

Yan et al.
(2018b)4

Jackdaw – Corvus
monedula, and
house sparrow –
Passer domesticus

Wild caught Ochlerotatus
(Aedes) caspius and Cx. pipiens
(not tested for pipiens and
molestus forms and hybrids).

Plasmodium sp. –
natural infections

Feeding choice as
a function of bird
infection, sex and
body mass

No difference in feeding rates for both
mosquito species according to
Plasmodium infection status and body
mass for both bird species.
Ochlerotatus caspius fed more on
female than on male jackdaws.

Birds single-housed. Parasitemia not assessed.
Experiments lasted 30 min. Birds were
immobilized.

Gutiérrez-
López et al.
(2019a)5
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TABLE 1 | Continued

Plasmodium Infections

Indirect manipulation

Host sp. Vector sp.* Parasite species Factor Main Results Experimental details Source**

Mammal hosts

Mice – Mus
musculus

Anopheles stephensi Plasmodium
chabaudi – clones
CR and ER

Feeding choice as
a function of host
infection.

Higher rates of mosquito feeding on
infected hosts when compared to
uninfected hosts. Positive relationship
between parasitemia and feeding rates.

Groups of six mice uninfected, infected with
either CR or ER or infected with a 1:1 mix of
both Plasmodium clones. Mosquito exposure
at 14 dpi. Asexual stages and gametocyte
ratios calculated by microscopy. Anesthetized
single-house mice exposed to 20–40
mosquitoes. Experiments lasted 20 min.

Ferguson et al.
(2003)

Mice – Mus
musculus

Anopheles stephensi Plasmodium
chabaudi – clone
AS

Mosquito attraction
as a function of
host infection and
infection stage.

Gametocyte-positive mice after acute
stage more attractive (vs. negative and
vs. chronically infected
gametocyte-negative mice).
Attractiveness associated to changes in
volatile profiles due to infection.

Dual-choice assay in wind tunnel. Six pairs of
infected and uninfected mice exposed to 20
mosquitoes for 15 min.

De Moraes
et al. (2014)

Humans – Homo
sapiens (children)

Anopheles gambiae – ICIPE lab
strain

Plasmodium
falciparum – natural
infections

Mosquito attraction
as a function of
infection and
gametocyte
presence.

Children harboring gametocytes more
attractive when compared to uninfected
and to infected children harboring
asexual parasite stages only. No
difference in attractiveness after
antimalarial treatment.

Children divided into three categories:
uninfected, infected presenting asexual parasite
forms only, and infected presenting
gametocytes. One hundred mosquitoes
released at the central chamber of three-way
olfactometers in 12 experiments containing one
child of each category. Experiments lasted
30 min.

Lacroix et al.
(2005)

Humans – Homo
sapiens (adults)

Anopheles darlingi Plasmodium vivax –
natural infections

Mosquito attraction
as a function of
gametocyte
presence in
infected humans.

Patients harboring gametocytes more
attractive when compared to patients
with no visible gametocytes and when
compared to patients during and after
antimalarial treatment.

One foot of P. vivax-infected patients exposed
to 10 F1 mosquitoes in single-choice
olfactometers (three replicates each time) for
10 min. A subset of these patients were
exposed to mosquitoes during and after
antimalarial therapy (7 and 14 days after
diagnosis, respectively). Gametocyte presence
evaluated by microscopy only.

Batista et al.
(2014)
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TABLE 1 | Continued

Plasmodium Infections

Indirect manipulation

Host sp. Vector sp.* Parasite species Factor Main Results Experimental details Source**

Mammal hosts

Humans – Homo
sapiens (children)

Anopheles gambiae – Mbita
strain

Plasmodium
falciparum – natural
infections

Mosquito attraction
as a function of
gametocyte
presence and
intensity in infected
humans.

Children with gametocytes detected by
microscopy (higher intensity) more
attractive than the other three groups
(parasite free, asexual stages only and
submicroscopic gametocyte levels).
Similar attractiveness among all groups
after treatment.

Children divided into four groups: Uninfected,
asexual parasite stage only, gametocyte detected
by qPCR only, and gametocyte detected by
microscopy and by qPCR. One hundred
mosquitoes in a dual-choice system. Experiments
lasted 30 min and were repeated 3 weeks after
antimalarial treatment.

Busula et al.
(2017)

Humans – Homo
sapiens (adults)

Anopheles coluzzii – lab colony Plasmodium
falciparum NF54
strain –
experimental
infections

Mosquito attraction
as a function of
host infection.

Odor samples from infected individuals
less attractive when compared to
treated and to uninfected individuals in
one trial. No difference observed in the
second trial.

Groups of 30 mosquitoes exposed to cotton pads
with odor from infected humans and with ammonia
(negative control) in a dual-choice system for
15 min. Odor samples from infected humans
collected before, during (6–8 dpi) and after (34 dpi)
treatment with antimalarial.

de Boer et al.
(2017)

Humans – Homo
sapiens (children –
body odor)

Anopheles gambiae – Mbita
strain

Plasmodium
falciparum – natural
infection

Mosquito
attractiveness of
foot odor as a
function of host
infection.

Odors from infected children more
attractive when compared to odor from
the same children after parasite
clearance with antimalarials. No effect
of gametocyte presence or absence.

Groups of 10 mosquitoes placed in a dual-choice
system containing socks worn by the same child
before and after antimalarial treatment (six
replicates). A total 23 children presented circulating
gametocytes (qPCR testing), 10 did not present
circulating gametocytes (microscopy testing) and
12 were not infected (qPCR testing). Experiments
lasted 15 min.

Robinson et al.
(2018)

Direct manipulation

Host sp. Vector sp.* Parasite species Factor Main Results Experimental details Source**

Avian hosts

Domestic canary –
Serinus canaria

Cx. pipiens (S-LAB strain) Plasmodium
relictum (SGS1) –
experimental
infection

Feeding rate of
sporozoite-infected
and uninfected
mosquitoes as
function of bird
infection

Both infective and uninfected
mosquitoes feed more on chronically
infected birds when compared with
uninfected birds. Positive correlation
between hematocrit level and feeding
rate in infected birds for both infected
and uninfected mosquitoes

Birds from different groups exposed to mosquitoes
in different cages. Ten cages with uninfected birds
and 10 cages with infected birds exposed to 40
infected and 40 uninfected mosquitoes each.
Behavioral assay at peak of sporozoite presence in
mosquitoes, 12–14 dpbm. Behavioral assay 53–55
dpi of bird host. Immobilized birds. Feeding
experiment lasted 2 h.

Cornet et al.
(2013a)6

Domestic canary –
Serinus canaria

Cx. pipiens (S-LAB strain) Plasmodium
relictum (SGS1) –
experimental
infection

Feeding rate as a
function of
mosquito infectivity
(harboring
sporozoites).

No difference in feeding rate between
infective and uninfected mosquitoes at
the end of the experiments (3 h).
Uninfected mosquitoes feed faster than
infective mosquitoes.

Six cages, each with an uninfected bird exposed to
45 uninfected and 45 sporozoite-infected
mosquitoes (13 dpbm). Immobilized birds.

Cornet et al.
(2019)7
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TABLE 1 | Continued

Plasmodium Infections

Direct manipulation

Host sp. Vector sp.* Parasite species Factor Main Results Experimental details Source**

Mammal hosts

Humans – Homo
sapiens (adults)

Anopheles stephensi (NIH
strain)

Plasmodium yoelii
(clone 17XNL)

Host choice as a
function of
mosquito infection,
parasite stage and
immune challenge.

Mosquitoes feeding on infected blood
less likely to fly toward a human during
oocyst stage and more likely to fly
toward a human during sporozoites
stage when compared to negative
controls. Same changes were observed
in mosquitoes infected with heat-killed
E. coli.

Host-seeking was tested at short and long
ranges. Behavioral challenges in mosquitoes
injected with heat-killed E. coli. Trials conducted
over a 1 h period.

Cator et al.
(2013)

Human – Homo
sapiens (odor)

Anopheles gambiae – Ngousso
strain

P. falciparum –
NF54 strain

Landing behavior in
matrixes with
human odor as a
function of
sporozoite infection
in mosquitoes.

Infective mosquitoes more attracted to
human odor when compared to
uninfected mosquitoes.

Twenty mosquitoes of each group were
provided with a choice of matrixes with and
without human odor. Average landing rate
calculated for each matrix group over 3 min.

Smallegange
et al. (2013)

Humans – Homo
sapiens

Anopheles gambiae and An.
coluzzii – lab colonies
replenished with wild-caught
mosquitoes. An. arabiensis –
wild-caught.

Plasmodium
falciparum – natural
infections.

Host choice as a
factor of mosquito
infection and
parasite
developmental
stages
(non-infectious vs.
infectious).

No difference in host choice between
infected and uninfected mosquitoes
and between mosquitoes harboring
either oocysts or sporozoites.

Mosquitoes fed on blood containing active and
inactivated gametocytes from the same human
host. Mosquito host-seeking tested in
dual-choice system using humans, calf and
outdoor air (control) lasting 30 min. Twenty
infected and 20 uninfected mosquitoes tested
simultaneously. Eight experimental replicates
using 9 different gametocyte carriers.

Nguyen et al.
(2017)

Arboviruses infections

Host sp. Vector sp. Virus Factor Main Results Experimental details Source

House sparrow –
Passer domesticus

Culex quinquefasciatus and
Culex tarsalis (lab colony)

St. Louis
encephalitis virus
and Western
equine encephalitis
virus – laboratory
strains

Mosquito attraction
as a function of
Arbovirus infection
in birds

No difference in C. quinquefasciatus
attraction toward SLEV-infected birds.
No difference in C. tarsalis attraction
toward WEEV-infected birds. Culex
quinquefasciatus more attracted to
adults than to nestlings.

Host attractiveness measured with 10
mosquitoes in each trial in a 50 cm
single-choice vertical olfactometer (birds placed
at the bottom) for 10 min.

Scott et al.
(1990)8

Human – Homo
sapiens and
chicken – Gallus
gallus domesticus
(odors)

Cx. pipiens form pipiens (wild
caught).

West Nile virus
lineage 2
(originated from
Greece)

Host-seeking
response and host
choice as a
function of
mosquito infection

WNV-infected mosquitoes had lower
host-seeking response when compared
to controls. No changes in flight
duration and blood-feeding propensity.

Host-seeking response measured in an
olfactometer. Between 53 and 57 mosquitoes
from each group exposed to human and
chicken odors for 7 min.

Vogels et al.
(2017)
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TABLE 1 | Continued

Uropygial secretion, volatile compounds and other attributes

Host sp. Vector sp. Factor Main Results Experimental details Source

Crow – Corvus
brachyrhynchus

Cx. pipiens/Cx. restuans and
Aedes vexans (experiment
performed in the wild)

Mosquito attraction toward
CO2 baited traps as a
function of trap height and
presence of uropygial gland
secretion.

Cx. pipiens/Cx. restuans more
attracted to traps at 5 m high with
uropygial gland secretion and dry ice
(source of CO2) when compared to
traps with dry ice only (control group).
No difference when traps were placed
at 1.5 m high and in the attraction of
Ae. vexans at both heights.

Study performed in Ontario, Canada. Uropygial
secretion from frozen glands applied to cotton
swabs. Swabs with and without uropygial gland
secretion were attached to CDC traps baited
with dry ice. Traps run at heights of 1.5 and 5 m
in a total of 280 trap catches.

Russell and
Hunter (2005)

American robin –
Turdus migratorius

Several species observed
during filming, including Cx.
pipiens, Cx. restuans, and
Aedes albopictus as the most
common

Mosquito landing rates on
either adults or nestlings of
American robins at nests.

Mosquitoes land more frequently on
nesting adults than on nestlings, and
parental brooding activities reduces
mosquitos landing rates on nestlings.

Natural experiment using direct observations
via filming.

Griffing et al.
(2007)

Blue birds – Sialia
sialis

Culex quinquefasciatus (wild
caught)

Feeding choice as a
function of bird’s age
(mother vs. nestlings).

No feeding preference between mother
and nestlings. Feeding upon mothers
decreased as age of the nestlings
increased.

Mosquitoes introduced into nest boxes
containing mother and nestlings. Around 22
mosquitoes per nest box. Exposure run
overnight.

Burkett-
Cadena et al.
(2010)

Zebra finch –
Taeniopygia guttata

Culex quinquefasciatus –
laboratory colony

Feeding choice as a
function of corticosterone
level in birds

Higher feeding rates on birds with
artificially elevated levels of
corticosterone.

Birds received one or two implants of
corticosterone and were assigned to CORT+
and CORT++ groups, respectively. Negative
control and birds from both CORT groups
exposed simultaneously to 50 mosquitoes for
13 h. Birds were not immobilized.

Gervasi et al.
(2016)11

House sparrows –
Passer domesticus

Cx. pipiens (Laboratory colony) Mosquito attraction toward
chemicals from uropygial
gland secretions as a
function of bird sex and age

Mosquitoes more attracted to uropygial
gland secretions from adults over
nestlings. No preference for adults over
fledglings. No difference in preference
for adults, nestlings or fledglings when
using semi-volatile components
isolated from secretions.

Use of dual olfactometer. Thirty mosquitoes for
each trial, which lasted 45 min.

Garvin et al.
(2018a)

House sparrow –
Passer domesticus
European starling –
Sturnus vulgaris
American robin –
Turdus migratorius

Cx. pipiens (laboratory colony) Mosquito attraction to
chemicals from uropygial
gland secretions as a
function of bird species.

Chemical composition of robins’
uropygial gland secretions was different
to those of sparrows and starlings. No
differences on Cx. pipiens preference
for secretions of robins over those of
sparrows. However, Cx. pipiens more
attracted to live starlings and starlings
secretions than to either live robins or
their secretions.

Adult House sparrows, European starlings and
American robins. Thirty mosquitoes for each
trials, which lasted 2 h.

Garvin et al.
(2018b)

(Continued)
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TABLE 1 | Continued

Uropygial secretion, volatile compounds and other attributes

Host sp. Vector sp. Factor Main Results Experimental details Source

House sparrow –
Passer domesticus

Cx. pipiens – wild caught (not
distinguished for pipiens and
molestus forms).

Feeding choice as a
function of bird metabolic
rate.

Mosquito feeding rate similar between
control and treatment group. Negative
association between mosquito feeding
preference and bird resting metabolic
rate. Positive association between
mosquito feeding preference and bird
body mass.

Use of 2,4-dinitrophenol to induce higher
metabolic rate. Thirty juvenile House sparrows,
21 males and nine females. Trials included a
pair of birds exposed to an average of 190
mosquitoes for 12 h. Birds were not
immobilized.

Yan et al.
(2018a)12

Great tit – Parus
major

Cx. pipiens (laboratory colony
established with local
mosquitoes

Feeding choice as a
function of host sex.

No difference in host choice due to
nestling sex

Eighteen independent cages with a pair of
14 days old siblings, one male and on female.
Twenty-five uninfected mosquitoes in each
cage allowed to feed for 1 h. Host sex
determined by PCR.

Cozzarolo et al.
(2019)

House sparrow –
Passer domesticus
(juveniles)

Wild caught Ochlerotatus
(Aedes) caspius and Cx. pipiens
(not tested for pipiens and
molestus forms and hybrids)

Mosquito attraction toward
uropygial gland secretion.

No difference in mosquito attraction
between uropygial gland secretion and
negative controls.

Dual choice (Y-shaped) olfactometer. Negative
controls consisted on air flow with no stimuli.
Each trial run with 20 mosquitoes (6–15 days
old) for 15 min. Cx. pipiens assayed in 21 trials
and O. caspius assayed in 20 trials.

Díez-Fernández
et al. (2020a)10

House sparrow –
Passer domesticus
(juveniles)

Cx. pipiens – wild caught. Not
tested for pipiens and molestus
forms and hybrids.

Mosquito attraction toward
uropygial gland secretions
and whole-body odor as a
function of Plasmodium
infection.

Mosquitoes more attracted to
whole-body odors of infected sparrows
regardless of sex. No effect when using
uropygial secretions. The volatile
lipophilic fraction of the uropygial
secretion was not different between
infected and uninfected sparrows.

Dual choice (Y-shaped) olfactometer.
Experimental pairs were always of the same
sex. Each trial run with 20 mosquitoes
(6–15 days old) for 15 min in complete
darkness. Analyzed whether Plasmodium spp.
infections alter chemical composition of
uropygial secretions.

Díez-Fernández
et al. (2020b)9

Chicken (Gallus
gallus domesticus),
pigeon (Columba
livia), and magpie
(Pica pica)

Culex quinquefasciatus (Thai
strain) and Cx. pipiens molestus
(laboratory colony)

Mosquito attraction toward
whole-body odor in the
presence or absence of an
extra source of CO2.

Cx. quinquefasciatus more attracted to
both chicken sexes and to female
pigeons. No difference toward male
pigeons and magpies. Addition of
CO2. increased attraction toward
chickens and pigeons, but not toward
magpies. Culex p. molestus more
attracted only to chickens (both sexes).
No effect on the addition of CO2.

Single-choice and dual choice olfactometers
used for Cx. quinquefasciatus and for Cx.
p. molestus, respectively. Bird sex determined
only for chickens and pigeons. Ten trials
performed with 30 mosquitoes lasting 4 min for
Cx. quinquefasciatus and 2 min for Cx.
p. molestus.

Spanoudis
et al. (2020)

* Cx. pipiens for Diptera taxonomists is still under debate, and sometimes is used as a synonym of Cx. quinquefasciatus. Some authors even write is as Cx. pipiens quinquefasciatus.
** Superscript numbers, whenever present, are related to the experiments described in Figure 1.
From the perspective of the vector, here we consider an indirect manipulation when the parasite is infecting the vertebrate host (i.e., the parasitic infection changes some trait of the host that makes it more attractive to
the vector), and a direct manipulation when the parasite is inside the vector.
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FIGURE 1 | Experimental designs to determine the factors potentially affecting mosquito feeding behavior and attraction toward birds. (A) Upper pane: mosquitoes
do not feed more on naturally infected birds than on uninfected birds. However, feeding rates are higher on birds with higher levels of circulating parasites (thick black
arrow) when compared to birds with reduced levels of parasites after antimalarial treatment (thin black arrow). Lower pane: uninfected mosquitoes feed more on
birds experimentally infected with Plasmodium relictum (thick black arrow) when compared to uninfected birds. Infective mosquitoes (harboring sporozoites) may
(thick black arrow) or may not (red arrows) feed more on infected birds than on uninfected ones. (B) Upper pane: Mosquitoes feed more (thick black arrows) on
birds with higher levels of corticosterone (CORT+) and feed more on birds with lower resting metabolic rate (RMR) and with higher body mass. Lower pane:
Mosquitoes are more attracted toward whole-body odor from birds naturally infected with Plasmodium parasites. (C) No mosquito preference in relation to bird
arboviral infection and to uropygial gland secretion (UGS) from Plasmodium-infected birds when compared to UGS from uninfected birds. No mosquito preference
toward UGS when compared to vials containing no stimuli. Mosquitos were less attracted to birds naturally infected with Plasmodium. (D) Open questions that can
be addressed in future studies, always keeping in mind to standardize bird and mosquito cohorts in terms of age and sex. Numbers in circles refer to specific studies
indicated in Table 1 (see Source column). Figure created with BioRender.com.
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Human and Mice Malaria
Most studies on human malaria found that natural Plasmodium
infections are associated with higher host attractiveness to
vectors. Three out of four studies found that Anopheles
mosquitoes were more attracted to humans harboring
microscopically detectable gametocytes when compared to
uninfected people and to people with only asexual stages
detectable in the blood stream (Lacroix et al., 2005; Batista
et al., 2014; Busula et al., 2017). The fourth study showed
that socks worn by children parasitized by Plasmodium
falciparum were more attractive to mosquitoes when compared
with socks worn by the same children after the completion
of antimalarial treatment (Robinson et al., 2018). A study
during its first trial using feet odors found that samples
from individuals infected with P. falciparum were less
attractive to mosquitoes when compared to cotton pads
from the same individuals after antimalaria treatment and
compared to odors from uninfected people; the second
trial did not find any difference in mosquito attraction
(de Boer et al., 2017).

Two studies using mice malaria found that Plasmodium
chabaudi infection increased Anopheles stephensi feeding rates
(Ferguson et al., 2003) and attraction (De Moraes et al., 2014)
when compared to uninfected hosts. This latter study found
this effect only during the initial chronic stage, which was
associated to microscopically observable levels of circulating
gametocytes. These studies on mammals also show contrasting
results, precluding generalizations and strengthening the fact of
having a standard initial experimental design.

Infected Mosquitoes and Host-Feeding
Pathogens can influence host-seeking and feeding behaviors
during their development inside mosquitoes. Because mosquitoes
only become infective a few days or even weeks after blood
feeding on an Plasmodium-infected host (i.e., once sporozoites
are found in salivary glands; Valkiūnas et al., 2013; Palinauskas
et al., 2016), changes in host-seeking and feeding behaviors may
be displayed differentially according to vector infective stage
rather than infection status only.

When mosquitoes were simultaneously exposed to both
Plasmodium-infected and uninfected birds, both infective and
uninfected mosquitoes fed more frequently on Plasmodium-
infected birds (Cornet et al., 2013a). When exposed to uninfected
birds, uninfected mosquitoes fed faster than infective mosquitoes,
but the final feeding rate after the 3 h the experiment lasted
was identical between both groups (Cornet et al., 2019). This
demonstrates that experiment duration can affect results, because
the authors would have observed higher feeding rates of
uninfected mosquitoes if experiments had lasted only 1 h.

Mosquitoes that fed on Plasmodium yoelii-infected mice were
less attracted to hosts during the oocyst stage (non-infective) than
during the sporozoite stage, when they engaged in higher rates
of host-seeking behavior when compared to negative controls
(Cator et al., 2013). However, these changes were also observed
in mosquitoes that were not infected after feeding on infected
mice. Therefore, the observed behavioral changes may be due to

Plasmodium infections and to unspecific immune stimuli in the
challenged mosquitoes.

Laboratory reared Anopheles gambiae harboring sporozoites
of a laboratory strain of P. falciparum were more attracted to
human odor when compared to infective mosquitoes exposed
to negative-controls (Smallegange et al., 2013). In contrast,
three different species of wild caught Anopheles infected with
P. falciparum from natural infections had similar attraction
rates to humans when compared with uninfected mosquitoes
(Nguyen et al., 2017).

CHEMICAL COMPOUNDS STUDIED IN
RELATION TO VECTOR ATTRACTION

Differences in mosquito attraction are related to dissimilarities
in chemical volatiles produced by each host, which can be
modified by pathogen infections. Díez-Fernández et al. (2020b)
were the first to show that whole-body odor from Plasmodium-
infected birds are more attractive to mosquitoes when compared
to uninfected birds. De Moraes et al. (2014) demonstrated
that mice displayed different odor profiles when infected with
Plasmodium chabaudi and became more attractive to mosquitoes
after the acute phase of infection. Mice produced fewer volatile
chemicals during the acute phase of infection and attracted less
mosquitoes. In humans, increased mosquito attraction toward
Plasmodium-infected children was associated to changes in skin
odor profile driven by increases in the production of aldehydes
(Robinson et al., 2018). Children infected with P. falciparum in
Malawi produced a different chemical breath composition than
uninfected children (Schaber et al., 2018), which mosquitos can
use as a cue to find their hosts (Kelly et al., 2015). Thus, the
chemical volatiles emitted by hosts and how they change during
infection likely constitute the most important factor determining
vector attraction.

Birds’ uropygial (or preen) gland produces some antimicrobial
and antifungal chemicals that protect the plumage and skin
of birds; they also provide defense against ectoparasites
and haemosporidian infection (Salibian and Montalti, 2009;
Magallanes et al., 2016). Some studies suggest that uropygial
gland secretions can attract vectors (Russell and Hunter, 2005),
but others suggest no increased attraction toward such secretions
(Díez-Fernández et al., 2020a) or toward common chemicals
from uropygial glands (Allan et al., 2006) when compared
to negative controls (no stimuli). The amount of volatile
compounds of uropygial glands differ among adult, fledging
and nestling house sparrows (Passer domesticus), but these
differences did not modify mosquito attraction in dual-choice
olfactometer assays (Garvin et al., 2018a). Plasmodium infection
did not change the composition of the volatile fraction of
uropygial gland secretion in house sparrows when compared to
the uninfected group, and this may explain the similar mosquito
attraction toward the secretion from both bird groups (Díez-
Fernández et al., 2020b). However, other study showed that
exposure to Plasmodium altered the wax ester composition of
the secretion in song sparrows (Melospiza melodia), regardless
of whether infections were cleared or not (Grieves et al., 2018).
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Therefore, more research is needed to cover the whole array
of chemicals produced by the uropygial gland and their effect
on different vector species and families (Martínez-de la Puente
et al., 2020). Particularly considering that parasites from different
Haemosporida genera (e.g., Haemoproteus, Leucocytozoon) are
transmitted by different Diptera families, which have both
different life cycles and ecologies (Ibáñez-Bernal et al., 2020).

STUDIES FOCUSED ON OTHER HOST
ATTRIBUTES

Physiological differences (e.g., hormones) and differential
exposure between males and females due to sex-specific
physiology (e.g., immunosuppression due to breeding activities),
behavior (e.g., nesting), morphology (e.g., body size), and
pathogen infections can influence mosquito attraction (Darbro
et al., 2007; Cozzarolo et al., 2019). For instance, Cx. pipiens
were more attracted to female Great tits (Parus major; Lalubin
et al., 2012). Ochlerotatus caspius fed more on female than
on male jackdaws (Corvus monedula), but no difference was
observed when using Cx. pipiens. In addition, these two mosquito
species did not show sex-biased feeding preference toward house
sparrows (Gutiérrez-López et al., 2019a). Cozzarolo et al. (2019)
did not find any mosquito feeding preference between sexes,
but they used nestlings instead of adults (see also Simpson
et al., 2009). Higher feeding rate on female birds by wild-
caught Culex restuans has been reported during the nesting
period, suggesting the role of seasonality in this process (Egizi
et al., 2014), but this has yet to be investigated under laboratory
conditions. Yan et al. (2018a) found that mosquitos fed less
on birds with higher resting metabolic rate, which authors
interpreted as related to bird activity, where birds with higher
metabolic rates are more active and thus display more defensive
behaviors than more lethargic individuals. Finally, elevated levels
of corticosterone increased bird attractiveness to mosquitoes
despite the fact that these birds displayed increased anti-mosquito
behaviors when compared to the control group (Gervasi et al.,
2016). Increases in corticosterone levels may lead to Plasmodium
resurgence in the blood stream in chronically infected birds
with an increase in parasitemia (Applegate and Beaudoin, 1970).
Therefore, the interaction between elevated stress hormone levels
and parasitemia may synergistically increase bird attractiveness to
mosquitoes, but this has yet to be tested. Different results across
studies may be due to differences in life history traits of bird
species, which may in turn influence exposure to vectors and
species-specific physiological trade-offs. Hence, we suggest that
fair comparisons and generalizations must be done across species
(both hosts and vectors) with similar life history traits.

SUMMARY OF CURRENT EVIDENCE
AND IMPLICATIONS FOR FUTURE
STUDIES

We found that fewer studies assessed direct effects of avian
and mammalian Plasmodium on mosquito host choice (infective

mosquitoes) when compared to the number of studies on
indirect effects on mosquitoes (infected vertebrate hosts). Rearing
mosquitoes under laboratory conditions over many generations
may alter some genetic traits involved in their responsiveness to
host cues (Takken and Verhulst, 2013), but nothing is known
about whether genetic bottlenecks would change as a function of
host-vector-parasite lineage assemblages (Gutiérrez-López et al.,
2020). Although using hosts (birds and mice), mosquitoes and
pathogens maintained in laboratories has provided fundamental
tests of hypothesis related to the vector manipulation by
pathogens, experiments mimicking natural conditions using
wild caught mosquitoes are essential to fill in gaps for real
world situations.

Free-living birds are infected with genetic lineages that
vary in their pathological effects as a function of host species
and parasite lineage (Palinauskas et al., 2011; Himmel et al.,
2020). Assays using experimental infections have focused on
domestic canaries infected with a P. relictum strain (SGS1)
kept in the laboratory over dozens of passages, while assays
using free-living birds have used three avian species naturally
infected with a high diversity of parasites. In Gutiérrez-López
et al. (2019a), 21 of 23 jackdaws exposed to wild-caught
Cx. pipiens were naturally infected with P. relictum (SGS1),
and yet these authors did not find differences in mosquito
feeding rates between infected and uninfected birds. On the
other hand, laboratory-reared mosquitoes fed more on canaries
experimentally infected with a laboratory strain of P. relictum
SGS1 (Cornet et al., 2013a,b).

The use of naturally infected birds has the limitation of
confounding the bird’s infection stage during mosquito exposure.
This is because in birds the Plasmodium acute stage of infection
usually finishes within a month post infection. After this period
surviving birds enter the chronic stage of infection, in which they
display low parasitemia for long periods or even for their entire
life (Valkiūnas, 2005). In many of the studies, free-living birds
were undergoing chronic infections when exposed to mosquitoes
and parasitemia was not evaluated. Interestingly, mosquitoes
were more attracted to chronically infected birds when compared
to acute infection stages in experimental settings (Cornet et al.,
2013b), which may be interpreted as a parasite avoidance strategy
because high parasitemia in the host is associated to high vector
mortality (Gutiérrez-López et al., 2019b).

Birds and mosquitoes can be co-infected by different
genetically related or unrelated parasites (e.g., co-infection
between Plasmodium parasites and WNV; Hughes et al., 2010;
Medeiros et al., 2014). Co-infections by different Plasmodium
spp. and other related haemosporidians are often found in
wild birds (e.g., Valkiūnas et al., 2006). Yet, evidence for
the effects of multiple infections on vector feeding behavior
and on fitness of both bird hosts (e.g., Marzal et al., 2008)
and vectors (e.g., Gutiérrez-López et al., 2020) is still very
limited (see Martínez-de la Puente et al., 2020). To complicate
matters further, if mosquitoes are more attracted to birds
co-infected with Plasmodium and arboviruses than to birds
infected with arboviruses only, avian malaria may indirectly
increase the transmission of zoonotic pathogens. Future studies,
therefore, should perform feeding or attraction assays using birds
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experimentally infected with strains of different Plasmodium
species with as few laboratory passages as possible, and also
using different parasite groups (e.g., malaria and arbovirus). In
addition, stage of infection (acute vs. chronic) and gametocyte
levels (parasitemia) should be taken into consideration in studies
using both natural and experimental infections. Furthermore,
mosquitoes captured from the wild should be favored over
populations kept in the laboratory for many generations.
This would provide more real settings to understand host
attractiveness to free-moving mosquitoes in nature.

Important issues to consider when planning experiments are:

(1) will birds be free or immobilized? Free birds may reflect
natural conditions, but immobilized birds will increase vector
sample size and reduce vector mortality by birds’ behavioral
defenses. (2) Will birds be visible to vectors or just odor
cues will be investigated? Our opinion is that light levels
should reflect those from the natural conditions during which
vector activity peaks, which depends on vector species. (3)
What would be the duration of the experiment? Immobilizing
birds allows for shorter feeding experiments (1–3 h), while
15 min seems to be a common and reasonable time for
attraction experiments. Ideally, researchers must know the
natural feeding ecology of the studied vector in order to
make an informed decision on the duration of experiments.
Finally, (4) co-infections by different Plasmodium lineages
or different parasite genera (e.g., Plasmodium/Haemoproteus)
that are ubiquitous in nature, or even by Haemosporidians
and arboviruses (e.g., WNV and USUV) should be considered.
Understanding factors that change mosquito attraction to
birds may have implications for human health as well, since
highly ornithophilic mosquitoes such as Cx. pipiens, Cx.
perexiguus, and Cx. restuans are vectors of some arboviruses

that may affect humans, such as WNV and USUV (e.g.,
Kilpatrick et al., 2006; Vázquez et al., 2011; Brugman et al.,
2018). Thus, further studies are necessary to understand
the range of effects that multiple infections may have on
host-vector contact rates and, hence, on the dynamics of
parasite transmission. Our review highlights the need to design
and implement general standard experimental procedures
to obtain comparable results, which can help to generalize
findings across studies and to identify contingencies (Figure 1)
that later will allow drawing generalizations by, for instance,
conducting meta-analyses.
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