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Evidence is accumulating that Plasmodium-infected vertebrates are more
attractive to mosquitoes than noninfected hosts, particularly when high
levels of gametocytes are present. Changes in host odour have been sug-
gested as a likely target for parasite manipulation because olfactory cues are
crucial to mosquitoes in search of a bloodmeal host. This review discusses
two routes that may lead to such changes: (i) direct emission of volatile
products from malaria parasites, and (iij) changes in skin microbial compo-
sition that could lead to changes in the vertebrate odour profile. Here we
synthesize what is known and suggest how further research can increase our
understanding of the mechanisms of parasite manipulation of host
attractiveness.

Parasite Manipulation

Parasites may manipulate their hosts to increase their transmission success and, thereby,
their fitness [1]. Toxoplasma gondii and its rodent host provide a well-described example
of host manipulation by a parasite [2]. Toxoplasma-infected rodents are attracted to the
scent of cats, their natural predators, while noninfected rodents avoid this scent [3].
Since Toxoplasma must undergo sexual reproduction in cats, the observed change in
rodent behaviour benefits the parasite because infected rodents have a higher chance
than noninfected individuals of falling prey to cats. Manipulation is also observed in
arthropod vectors of parasites, such as Trypanosoma-infected tsetse flies that probe
more frequently than noninfected flies on vertebrate hosts [4], and Borrelia afzelii-infected
ticks that identify their blood hosts more readily than noninfected ticks [5], thus increasing
transmission.

Plasmodium parasites manipulate mosquito vectors directly [6-8] and indirectly through effects
on attractiveness of the vertebrate host. Various recent publications have shown that Plasmo-
dium parasites influence host attractiveness [9-12], but it is not yet known how this occurs. In
this review, we develop hypotheses for the mechanisms of vertebrate host manipulation by
Plasmodium parasites. We discuss (i) evolutionary concepts in parasite manipulation of vectors
and vertebrate hosts, (i) effects of malaria parasites on the vertebrate host that may change
attractiveness to mosquitoes and thereby influence transmission, including parasite develop-
mental stage, clinical symptoms, host age and immunity, and host odour profile, and (i)
mechanisms of manipulation of host attractiveness by Plasmodium with emphasis on the role of
transmission stages (gametocytes; see Glossary) in mosquito attraction, mosquito attractive
cues emitted by Plasmodium, and the role of skin bacteria in mediating Plasmodium-induced
changes in host odour.
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Plasmodium-infected vertebrates are
more attractive to mosquito vectors
than are noninfected individuals.

In humans, high levels of gametocytes
are associated with a significant
increase in attractiveness, suggesting
that Plasmodium-induced attractive-
ness is highest when the chance of
transmission is greatest.

Plasmodium is associated with the
emission of volatile organic com-
pounds in in vitro cultures and in
infected vertebrates.

Plasmodium chabaudii-infected mice
and P. falciparum-infected humans
emit higher levels of volatile organic
compounds that are known to be pro-
duced by skin bacteria, suggesting
that changes in the skin microbiome
upon Plasmodium infection may partly
explain how malaria parasites manip-
ulate host attractiveness.
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Evolutionary Concepts in Parasite Manipulation

Plasmodium Lifecycle and Benefits of Manipulating Vertebrate Host and Vector

Malaria parasites depend on mosquito vectors to be transmitted from infected vertebrate hosts
to healthy ones (Figure 1). Mosquitoes can become infected when they take a blood meal with
gametocytes from infectious hosts; after approximately 11-14 days they become infectious
when sporozoites migrate to the salivary glands [13]. Before sporozoites colonize the salivary
glands the mosquito is not yet infectious and the malaria parasite depends on the survival of its
mosquito host for successful transmission. During sporogonic development, mosquito
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Figure 1. Life Cycle of Plasmodium falciparum. Mosquito vectors become infected with malaria parasites when they
ingest mature gametocytes during a bloodmeal. In the midgut, male and female gametocytes rapidly activate to become
gametes, and after fertilization of a female macrogamete by a male microgamete, a zygote is formed. The zygote develops
into an invasive ookinete that penetrates the mosquito gut wall to form an oocyst within which the parasite asexually
replicates, forming several thousand sporozoites. Upon oocyst rupture, these sporozoites migrate to the salivary glands,
where they can be transmitted back to the human host during a blood meal. After the sporozoites reach the liver, they
invade hepatocytes in which they develop a schizont and replicate asexually. After about 7 days, each infected hepatocyte
releases up to 40 000 merozoites that enter the peripheral blood stream. The merozoites invade circulating red blood cells
(RBCs), initiating the asexual replication cycle. These cycles last 48 h and comprise ring, trophozoite, and schizont stages
when 8-32 daughter merozoites are produced. During each cycle, a small subset of parasites divert from asexual
replication and instead produce sexual progeny that differentiate in the following cycle into male and female gametocytes.
Gametocytes mature and progress through stages |-V over the course of 8-10 days, primarily in the extravascular space of
the bone marrow. By stage V, male and female gametocytes re-enter peripheral circulation, in which they become
competent for infection to mosquitoes. Reproduced from [93] under the terms of the Creative Commons Attribution
License CC BY 4.0.
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Glossary

Asymptomatic: refers to infections
with Plasmodium parasites that are
not, or no longer, associated with
symptoms that elicit treatment-
seeking behaviour and have an
axillary temperature <37.5°C.
Gametocytes: the life cycle stages
of Plasmodium parasites that can be
transmitted from infected vertebrate
hosts to mosquito vectors.
Gonotrophic cycles: reproductive
feeding cycles of mosquito females,
that is, the cycle of taking a
bloodmeal and laying a batch of
eggs.

HMBPP: (E)-4-hydroxy-3-methyl-but-
2-enyl pyrophosphate, an essential
metabolite in the isoprenoid
production pathway of protozoa, and
suggested to be a key modulator of
Plasmodium manipulation of its
mosquito vector.

Human infectious reservoir: the
part of the human population that
can infect vectors with malaria
parasites when they are bitten.
Submicroscopic gametocyte
infections: Plasmodium infections in
which gametocytes are present
below the microscopic detection
threshold.

Volatile organic compounds
(VOCs): compounds, emitted by
vertebrates, that can be used by
mosquito vectors to locate their host.
Xenodiagnostic: refers to diagnosis
of an infectious disease by exposing
a presumably infected individual to a
noninfected, laboratory-reared,
vector (in this case, mosquito) and
then examining the vector for the
presence of the infective
microorganism.



behaviour appears to change to maximize the likelihood that Plasmodium is successfully
transmitted. In particular, decreased motivation to bite during this period [14] enhances
mosquito survival because blood-feeding and being blood-fed are associated with an
increased mortality risk [15,16]. Interestingly, P. falciparum-infected Anopheles gambiae is
attracted more to nectar odours at the oocyst stage than are noninfected mosquitoes [17]. This
manipulation of vector behaviour may benefit the parasite by ensuring survival of its vector, and
hence its own survival, until the infectious stage is achieved. By contrast, at the transmissible
sporozoite stage, infection with Plasmodium increases mosquito attraction to host odours,
motivation to bite, landing and biting activity, blood meal size, and biting frequency, hence
increasing the chance that sporozoites are transmitted to new vertebrate hosts [6,18-21].

Evolutionary Signatures of Malaria Parasites in Humans

Plasmodium infection often has negative effects on vertebrate fitness: for example, birds or
mammals may have a lower survival rate, either through direct pathological effects or because
they are more vulnerable to predation or secondary infections, although such fitness costs differ
between Plasmodium species [22]. Vertebrates have evolved defence strategies against
Plasmodium infection to reduce these fitness costs, and indeed Plasmodium infection is
one of the best examples of pathogen-driven human selection. Human susceptibility to
Plasmodium infection is influenced by genetic factors [23] that comprise many polymorphisms
of red blood cells (RBCs), which provide shelter and nutrients for malaria parasites. Examples
include haemoglobin S and glucose-6-phosphate dehydrogenase deficiency [24]. Human
leukocyte antigen variants are also associated with changes in the susceptibility to severe
malaria and parasitaemia, and play a significant role in the acquisition of immune responses
[25,26].

Mosquito Fitness and Deceptive Signalling

Although not all studies showed significant reductions in survival or fecundity of Plasmodium-
infected mosquitoes [19,27], the infection can have negative effects on vector fitness. For
example, shorter lifespans were found in P. chabaudii-infected Anopheles stephensi, P.
falciparum-infected An. gambiae s.l., and Plasmodium relictum-infected Culex pipiens com-
pared to noninfected mosquitoes [28-30]. Additionally, reproductive fitness was significantly
reduced in Plasmodium-infected An. gambiae s.s. and An. stephensi [31].

In addition to the direct effects of Plasmodium infection on mosquitoes, ‘stage-dependent’
manipulation described above may reduce their fitness [7]. Noninfected mosquitoes undergo
the regular gonotrophic cycles, maximizing the number of offspring with the available
resources [31,32]. By contrast, a reduction in mosquito offspring is expected when they
are infected with Plasmodium because the mosquito may avoid host-seeking during the
oocyst stage, and will consequently go through fewer gonotrophic cycles than noninfected
mosquitoes [33].

Host, parasite, and vector are constantly evolving to optimize their fitness. This means that they
are constantly adapting to each other; they coevolve and are engaged in an ‘evolutionary arms-
race’ [34]. If Plasmodium infection indeed affects mosquito fitness negatively, mosquitoes are
expected to prefer noninfected hosts and to evolve adaptations against taking blood meals
from infectious vertebrate hosts, and/or to evolve a preference for biting noninfected hosts. It
has been suggested that upregulation of existing host-seeking cues induced by Plasmodium
infection could deceive mosquito vectors and result in increased attractiveness of infected
vertebrate hosts despite the negative fithess impact of feeding on infected hosts [35]. Counter-
adaptations to such deceptive signals are less likely to evolve, compared to counter-adapta-
tions to completely novel parasite-associated cues that do not play a role in host-seeking to
healthy hosts.
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Do Clinical Symptoms, Host Age and Immunity, and Gametocytaemia
Influence Malaria Transmission by Altering Attractiveness to Mosquitoes?
Clinical Symptoms of Malaria

It has been suggested that the emergence of clinical symptoms could guide mosquitoes in
host-seeking towards Plasmodium-infected humans [36]. The presence of fever and game-
tocytes in Plasmodium vivax-infected people increased short-distance host attractiveness to
Anopheles darlingi [37]. Fever could lead to increased sweat production, which may result in
increased mosquito attraction [38]. A small study with two symptomatic P. falciparum-infected
adult men suggested that clinical malaria symptoms reduced their attractiveness to An.
gambiae [39]. These contrasting findings may be interpreted in the context of the timing of
gametocyte production in P. vivax and P. falciparum infections. Whilst gametocytes appear
early in P. vivax, and symptomatic cases are commonly infectious to mosquitoes [40,41],
gametocytes appear much later during P. falciparum infections, and gametocytes and infec-
tiousness frequently follow rather than precede symptoms [41,42]. As a consequence, clinical
symptoms of malaria are not directly correlated with the production of gametocytes in P.
falciparum [42,43], and it is less obvious that symptoms would be induced by the parasite to
enhance transmission. In malaria-endemic regions, the majority of Plasmodium infections are
asymptomatic [44]. Such infections can persist for several months when left untreated
[45,46], and when gametocytes are present, asymptomatic infections can contribute to
Plasmodium transmission [47]. Since most of the symptoms associated with malaria are
not specific to this parasite, but also occur with other infectious diseases, host-seeking
mosquitoes are thus not expected to differentiate between Plasmodium-infected and nonin-
fected hosts based on symptoms alone [48].

Host Age and Immunity

Children and infants harbour Plasmodium gametocytes more commonly, and in greater
numbers, than do adults [49], and this decreases with age when immunity against Plasmodium
parasites is acquired, and infections are more often asymptomatic [50-52]. Children are
therefore thought to be an important source of infection for mosquitoes, and in xenodiag-
nostic surveys they infect mosquitoes at a higher rate than adults [47,53], thus contributing
considerably to the human infectious reservoir. Despite the large contribution of children to
the human infectious reservoir of Plasmodium, Anopheles biting preference among humans is
believed to increase with age [54-56]. This may be due to small differences in skin odour profile
among adults and children [57], which in turn may be correlated with the maturation of sweat
glands, resulting in a microbial shift on the skin of children when they reach puberty [58]. In
addition, children have a smaller skin surface area and are likely to be less exposed during the
times of the night when malaria mosquitoes are active, at least in areas where bednets are
available [49]. Based on the differences between children and adults in gametocyte prevalence,
mosquito biting preference and exposure to mosquitoes, Plasmodium might benefit most from
gametocyte-induced changes in attractiveness in children.

Gametocytaemia

There is a density-dependent relationship between Plasmodium gametocytaemia and infec-
tiousness of the human host to mosquitoes [44]. Detection limits of gametocytes by micros-
copy are approximately 100 gametocytes/pl and such levels may lead to infection of over 20%
of mosquitoes in membrane-feeding assays [47]. Lower levels of gametocytaemia are not
detected by microscopy but can be detected by sensitive molecular methods, with detection
limits as low as 0.01 gametocyte per microlitre of blood [47,59]. These, so-called, submicro-
scopic gametocyte infections can infect up to 4% of mosquitoes in membrane-feeding
assays, and contribute to the human infectious reservoir in the presence of efficient vectors
[47,49]. However, the likelihood of mosquito infection increases with increasing gametocyte
density [44,47].
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In conclusion, malaria symptoms, host age and immunity (through its relationship with symp-
toms) may alter host attractiveness to mosquitoes, but we believe that these effects are not
specific enough to explain manipulation of host attractiveness by Plasmodium parasites.
Gametocytaemia could have a strong effect on host attractiveness (see below), and we
hypothesize that manipulation of attractiveness by Plasmodium is most beneficial to the
parasite at high levels of gametocytaemia, particularly in the case of P. falciparum infection,
where gametocytes are not produced during every replication cycle.

Plasmodium-Mediated Changes in Host Attractiveness

Mosquitoes locate their vertebrate hosts primarily by using olfactory cues (Box 1). Host odour
has therefore been suggested as a likely target of manipulation by malaria parasites [12].
Increased host attractiveness would directly increase the rate at which vectors encounter
infected hosts, and consequently influence transmission. Field observations on mosquito
preference or biting rate on Plasmodium-infected vertebrates are lacking, with the exception
of a small study from the 1980s in humans in Papua New Guinea, where no preference of
Anopheles punctulatus for infected over noninfected household-members was observed [60].
Nevertheless, a handful of choice experiments has shown that mosquitoes prefer to bite, or are
more attracted to infected versus noninfected hosts (Table 1, Key Table), including great tits
and canaries [11,61,62], mice [12,63], and humans [9,37]. While changes in host defence may
have contributed to observations in the early mouse study [63], and contact cues may have
influenced mosquito biting rate in the studies on birds [11,61,62], the role of olfactory cues in
mosquito preference for infected hosts is well established in mice and humans [9,10,12,37].

The manipulation hypothesis suggests that Plasmodium would only benefit from increased
contact between vectors and infected hosts when transmissible stages are present in the host,
and this association was observed in a few studies (Table 1). In humans, high gametocyte
densities appear to be required to result in increased attractiveness. Odour emanating from the
feet of P. vivax-infected adults was more attractive to An. darlingi in three microscopically
detected gametocyte carriers compared to that of three infected participants without game-
tocytes [37], although the latter three presumably harboured gametocytes at submicroscopic
densities [43,64]. Febrile participants with patent gametocytes were also found to be more
attractive to An. darlingi than febrile participants without gametocytes, while no effect of
gametocytes was found in nonfebrile participants, suggesting that fever may play a role in
this system. By contrast, two independent studies on the attractiveness of P. falciparum-
infected children observed an increased attractiveness of asymptomatic afebrile gametocyte
carriers [9,10]. Both studies showed that microscopic gametocyte carriers attracted approxi-
mately twice as many An. gambiae mosquitoes compared to children with asexual parasites or
parasite-free children [9,10]. After antimalarial treatment, former gametocyte carriers were
found to be as attractive as the other children. Importantly, Busula et al. [10] used highly

Box 1. Mosquito Host-Searching Behaviour

Female mosquitoes locate their bloodmeal hosts primarily by their sense of smell (olfaction) [94,95]. Volatile organic
compounds (VOCs) are detected by the mosquito’s antennae and mouthparts (maxillary palps), which are covered with
fine hairs (sensillag) that house olfactory receptor neurons and odour-binding proteins [96]. To find a host, mosquitoes
engage in upwind flight. They are activated and attracted by CO,, which is emitted by all animals, and thus signals the
presence of a potential host [97]. Other host-derived VOCs play an important role at a shorter distance to the host.
Mosquito host recognition and selection depends on complex blends of VOCs, and the relative proportions of host-
derived VOCs [98,99]. Anthropophilic mosquitoes, such as the African malaria mosquito Anopheles gambiae s.s., are
the most important vectors of human Plasmodium because of their strong preference to take bloodmeals from humans.
This preference is mediated by the specific sensitivity of these mosquitoes to lactic acid and various carboxylic acids,
which are produced by humans and the microbiota present on human skin [100]. Landing is initiated by the detection of
specific host-derived VOCs, such as oxocarboxylic acids [101], body heat, moisture, and visual stimuli [97].
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Key Table
Table 1. Evidence for Plasmodium-Induced Changes in Host Attractiveness
Study system Finding Role of gametocytes Studied or suggested Refs
mechanism

Great tit (Parus major), Culex Mosquitoes prefer odour of Not investigated Suggested: changes in body [62]
pipiens and Plasmodium spp. noninfected birds over that of odour profile and/or CO,

infected birds emission
Domestic canary (Serinus Mosquitoes prefer to bite Not investigated Suggested: difference in [11]
canaria), Culex pipiens and infected birds during chronic chemical signatures, for
Plasmodium relictum stage over noninfected birds example, nonanal

Mosquitoes have no

preference for biting birds with

acute infection versus

noninfected birds
Domestic canary, P. relictum- Sporozoite-infected Not investigated [61]
infected C. pipiens and P. mosquitoes also prefer to bite
relictum infected birds during chronic

stage over noninfected birds
Mouse, Anopheles stephensi Mosquitoes prefer odour of Increased attraction Studied: odour profiles differ [12]
and Plasmodium chabaudii noninfected mice over that of associated with between chronically infected

mice with acute infection gametocytaemia mice, mice with acute infection

Mosquitoes prefer odour of and parasite-free mice

chronically infected mice over

that of noninfected mice

Specific Plasmodium-

associated odours play a role

in mosquito attraction to mice
Mouse, Aedes aegypti and P. Mosquitoes prefer to bite Not investigated Studied: reduced host [63]
chabaudii or Plasmodium infected mice over noninfected defence in infected mice
berghei mice
Human, Anopheles Mosquitoes do not Microscopic gametocytes did Symptoms did not play a role [60]
punctulatus and Plasmodium preferentially feed on infected not play a role in mosquito in mosquito preference
spp. persons over noninfected feeding preference because all infections were

persons within a household® asymptomatic
Human, Anopheles gambiae s. More mosquitoes are attracted Increased attraction only in Symptoms did not play a role [9]
s. and Plasmodium falciparum to children with gametocytes children infected with in this finding because all

than to children with asexual microscopic gametocytes® infections were asymptomatic

stage parasites or noninfected

children

After antimalarial treatment of

infected children, mosquitoes

do not have a preference for

formerly infected or

noninfected children
Human, Anopheles darlingi More mosquitoes are attracted Increased attraction only in Symptoms (fever) play a role in [37]
and Plasmodium vivax to participants with detectable participants with microscopic elevated attractiveness of

gametocytes than to infected gametocytes® and fever gametocytaemic participants

participants without

detectable gametocytes

After antimalarial treatment,

equal numbers of mosquitoes

are attracted to participants

that previously had different

stages of P. vivax

Significant effect of

gametocytes on attractiveness

only seen in febrile participants

[65]
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Table 1. (continued)
Study system

Human, Anopheles coluzzii
and P. falciparum

Human, An. gambiae s.s. and
P. falciparum

Finding

Fewer mosquitoes attracted to
infected participants in one
controlled human malaria
infection study, but no effect of
infection on mosquito
behaviour in a second study

Approximately twice as many
mosquitoes attracted to
children with microscopic
gametocytes compared to
children with submicroscopic

Role of gametocytes

None of the participants had
mature gametocytes

High (microscopic) densities of
gametocytes are required to
result in increased attraction
Confirmation that attraction is
not changed by infection with

Cell
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Studied or suggested
mechanism

An association between skin
odour profile and early stage P.
falciparum infection was
found, with the levels of
particular chemical
compounds changed in
infected participants

Symptoms did not play a role
in this finding because all
infections were asymptomatic

Refs

(10]

levels of gametocytes, children
with asexual stage infections,
or parasite-free children

asexual stages only or low
densities of gametocytes

#These studies used microscopy to detect Plasmodium parasites and gametocytes, and it is possible that submicroscopic levels were present in individuals categorized
as having asexual parasites or being parasite-free.

sensitive molecular techniques to detect low densities of gametocytes in all children, confirming
that increased attraction to mosquitoes depends on high levels of gametocytes, and is not
associated with low-density gametocytes or the nontransmissible asexual progenitors of
gametocytes. The role of gametocytes in mosquito attraction was also observed in mice
infected with P. chabaudii [12]. Chronic-stage infection associated with high levels of game-
tocytes led to increased attractiveness of mice to An. stephensi, while no preference between
infected and parasite-free mice was observed during the post-chronic stage correlated with
low gametocyte levels, despite the distinct pattern in volatile organic compounds (VOCs)
emitted by infected mice. Interestingly, the attraction of An. stephensi was low during acute
infection despite the abundance of gametocytes, suggesting that symptoms may interfere with
manipulation of host attractiveness rather than contribute to it. While these studies demonstrate
that mosquito behaviour is influenced by malaria parasites in vertebrate hosts, only two studies
(discussed below) have also analysed the odour profiles of infected and healthy hosts (Figure 2)
[12,65].

Mechanisms of Parasite Manipulation of Host Attractiveness

Changes in host phenotype may result from chemical substances emitted by the parasite while
in the host, or by the emission of chemical substances from the host itself through the action of
the parasite. De Moraes et al. collected whole-body volatiles from healthy and Plasmodium-
infected mice throughout infection [12]. A reduction and an increase in VOC emissions during
the acute and chronic stages of infection were shown, respectively, while similar levels of total
emission in healthy and infected mice were reported during the post-chronic stage (Figure 2).
Several VOCs that were produced in significantly higher amounts during the chronic stage of
infection, which led to high levels of attraction to An. stephensi, were shown to mediate the
host-seeking behaviour of these mosquitoes. Hexanoic acid, 2- and 3-methyl butanoic acid
and tridecane significantly increased attractiveness of mice to mosquitoes. Benzothiazole,
which was present in lower amounts in chronically infected mice, also played a role in mosquito
behaviour. The body odour profile of infected mice was thus changed due to manipulation by
Plasmodium parasites, but the mechanisms leading to these changes were not investigated.
There are two possible routes of manipulation of host odour by malaria parasites: cues emitted
directly from Plasmodium or from its interaction with red blood cells (RBCs), and indirect
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Figure 2. Volatile Compounds Associated with Plasmodium Parasites (P. falciparum, P. chabaudii) in Cultures of Red Blood Cells or in Infected

Vertebrate Hosts. Compounds in red are known to be produced by skin bacteria. HMBPP, see Glossary.

manipulation through changes in skin microbial composition that, in turn, affect the host’s skin
odour profile.

Direct Emission of Cues from Plasmodium

Host odour manipulation by Plasmodium could occur through direct emission of cues from
malaria parasites. Cultured P. falciparum produces terpenes, including a-pinene and limonene
[66], although this was not repeated in another study, which found hexanal and 1,2,3-propane-
triol diacetate to be produced by P. falciparum cultures [67] (Figure 2). Interestingly, a-pinene,
B-pinene, and limonene were found in the headspace of RBCs treated with HMBPP, which
additionally triggered the release of aldehydes and CO, from treated RBCs (Figure 2). HMBPP
was suggested to be a key malaria metabolite in manipulating mosquito vectors through
enhanced attraction and phagostimulation, and these effects depended on an interaction
between the parasite and host RBCs [68]. However, the results of this study should be
interpreted with caution because there are no known mechanisms of terpene production
by mammals, which lack terpene synthases, and CO, production in RBCs is mostly limited to
the pentose phosphate pathway because mammalian RBCs have no mitochondria [69].

Although direct release of cues from Plasmodium-infected RBCs is an attractive explanation for
increased mosquito response to infected hosts, it is not yet known whether these cues are
emitted by the vertebrate host and thus available to host-seeking mosquitoes. Notably, no
changes in terpene levels or aldehydes were observed in Plasmodium-infected mice [12] or in
the breath of humans infected with P. falciparum [70]. Instead, a group of thioethers was
identified in human breath samples (Figure 2), which are suspected to result from the associa-
tion between nongametocytaemic people and P. falciparum, and their levels were strongly
correlated with parasitaemia. To our knowledge, thioethers have never been investigated as
host-seeking cues for malaria mosquitoes, and VOCs from human breath are thought to
suppress rather than increase mosquito attractiveness [71,72], although breath has been
studied less extensively than cues from skin odour. Terpenes are typically produced by plants
and are known as sugar-searching cues for young Anopheles mosquitoes [73], and their role in
host-seeking behaviour of malaria mosquitoes is unclear. Kelly et al. [66] argue that the
production of nectar-associated VOCs may be a strategy of Plasmodium parasites to
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overcome selection against biting infected hosts. This would be an alternative to the deceptive
signaling hypothesis, where upregulation of existing host-seeking cues is postulated to be the
best strategy to minimize this selection pressure [12,35]. However, mosquito traps baited with
limonene, cis-limonene oxide, or trans-limonene oxide significantly reduced Anopheles ara-
biensis catches compared to a negative control when traps were placed next to a human host
sleeping under a bed net [74], suggesting a negative effect of these VOCs on host-seeking
mosquitoes. Due to the difference in mosquito physiological states [75], terpenes may attract
young Anopheles mosquitoes searching for nectar [71], or repel host-seeking mosquitoes [74].
Aldehydes are also known to influence mosquito behaviour, but whether they attract or repel
mosquitoes appears to depend on dose and context [76-78].

Bacterial Hypothesis: Do Skin Microbiota Mediate Plasmodium-Induced Changes in Odour
Profile”?

Penn and Potts [79] suggested that infection with parasites can change the odour of an
individual by changing the profile of commensal microbes. During infection, the activities of
either the immunological and/or endocrine systems may be induced by parasite infection. This
could also be the case when vertebrates are infected with malaria parasites, resulting in
increased attractiveness of people who harbour gametocytes. Skin bacteria are known to
convert components of sweat to VOCs that attract mosquitoes, and the attractiveness of
healthy human hosts depends on skin microbial composition, diversity, and abundance [80—
83]. Highly attractive persons had a significantly higher abundance but lower diversity of skin
bacteria than poorly attractive persons. Interestingly, the density of Staphylococcus spp. was
positively associated with attractiveness in healthy humans, while the reverse was found for
Pseudomonas spp. [83]. This leads to the hypothesis that malaria parasites alter the skin
bacterial profile in such a way that gametocyte carriers harbour more Staphylococcus spp. than
noninfected persons and persons with asexual stage parasites. Additionally, or instead,
gametocyte infections could lead to a reduction in densities of Pseudomonas spp.

Elevated levels of VOCs of bacterial origin were indeed detected in Plasmodium-infected mice
(Figure 2), and these were shown to increase attractiveness to An. stephensi when combined
with the odour of healthy mice [12]. The compounds include 2- and 3-methyl butanoic acid that
are known to be emitted by Staphylococcus epidermidis [81,83]. In a study on humans, three
VOCs of bacterial origin were found to be associated with Plasmodium infection (Figure 2).
Human skin odour samples were analysed at three time periods throughout infection, that is,
before, during, and after controlled infection with P. falciparum [65]. The compounds include 2-
and 3-methyl-butanal that were also found in the headspace of S. epidermidis and in a mixture
of skin bacteria, and 3-hydroxy-2-butanone that was emitted by a mixture of skin bacteria [81].
These five bacterial VOCs are important candidate compounds for mediating host-seeking
behaviour of malaria mosquitoes to Plasmodium-infected humans because they are attractive
to An. gambiae [81], and this supports a potential role for skin microbes in mediating
attractiveness of malaria-infected hosts. Further research is needed to determine the compo-
sition of skin bacteria on gametocyte-positive individuals in comparison with healthy individuals
or those infected with asexual stage parasites, by 16S rRNA sequencing of the skin microbiome
[83-85].

Concluding Remarks

Evidence is accumulating that gametocytes, and specifically high (microscopically detectable)
levels of gametocytes, lead to increased attractiveness of vertebrate hosts to vector mosqui-
toes (Table 1). The ecological relevance of Plasmodium-induced attractiveness, in terms of
disproportional exposure of gametocyte carriers to mosquito vectors, remains to be estab-
lished under field conditions (see Outstanding Questions). Here, we focused on two possible
manipulation routes that may lead to changes in the vertebrate odour profile: (i) direct emission
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Outstanding Questions

Are Plasmodium-infected humans dis-
proportionally bitten by mosquito vec-
tors in the field? Does this increased
mosquito exposure depend on game-
tocytaemia and gametocyte density?

Is direct emission of volatile organic
compounds by Plasmodium parasites
life-cycle-stage-specific?

Are volatile organic compounds asso-
ciated with Plasmodium in in vitro stud-
ies emitted by infected hosts in vivo?

Is the association between Plasmo-
dium infection and the composition
of volatile organic compounds emitted
by the vertebrate host specific to (cer-
tain species of) Plasmodium?

Is there an association between attrac-
tiveness to mosquitoes and skin
microbiome composition?

Is the skin microbiome composition
influenced by infection with malaria
parasites or gametocytes? If so, is this
influenced by the density of malaria
parasites or gametocytes?

What is the role of the immune system
in modulating Plasmodium-induced
attractiveness  of vertebrates to
mosquitoes?

How do coinfections with other patho-
gens or viruses influence Plasmodium-
induced attractiveness?

Can Plasmodium-associated volatile
organic compounds be used to detect
asymptomatic infections?
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of VOCs from malaria parasites, and (i) indirect changes in VOC emission resulting from
changes in the skin microbial profile. At present, there is no conclusive evidence for either
route. As evidenced by Table 1, Plasmodium infection consistently induces changes in host
attractiveness across different studies and study systems, but there is variability in Plasmo-
dium-associated VOCs across studies (Figure 2). Unfortunately, the small number of studies,
and differences in VOC collection and analytical methods, make it hard to draw conclusions on
whether this variability is biological (and biologically meaningful) or due to the methods used.
There is some overlap in the groups of compounds (terpenes and aldehydes) found in RBC
cultures with P. falciparum or treated with HMBPP [66-68], but these compounds have not yet
been detected in the odour profiles of infected hosts [12,65,70,86]. There is thus a clear need
for analyses of VOCs emitted by naturally infected, and gametocytaemic, humans. This is also
an essential step to gain more insight into the relative roles of direct emission of VOCs by
infected RBCs and the skin microbiome in Plasmodium-associated VOCs. Furthermore, it is
not yet known whether emission of terpenes from malaria parasites is lifecycle-specific, which is
important with respect to the evolution of malaria-enhanced attraction of mosquito vectors.
Gametocyte-specific direct cues may not be expected, given the function of the apicoplast in
malaria parasite development in the vertebrate host [87], although differences in parasite
metabolism at the asexual and gametocyte stage may still lead to distinct VOC emission.
The terpenes and aldehydes identified by Emami et al. [68] appear to signal Plasmodium
infection as these were only identified in the headspace of HMBPP-treated RBCs. Further
research should focus on VOCs associated with gametocytes, as gametocyte-infected RBCs
elicited similar attractive responses in mosquitoes as HMBPP-treated RBCs. Next to the
discovery of this attractive blend, this finding may also be exploited for the rapid and noninva-
sive detection of parasite carriers.

The rapid increase and decline in attractiveness of gametocyte carriers [9,10] is remarkable.
Even small changes in skin lipids are sufficient to drive colonization of bacteria [58], and shifts in
skin microbiota can occur rapidly (within 8 h) in replacement studies [84]. The role of skin
microbiota in mediating Plasmodium-induced changes in vertebrate attractiveness seems
plausible but remains to be established. If an association between Plasmodium infection, skin
microbiome, and attractiveness can be shown, this leads to new questions. How do game-
tocytes specifically induce changes in the skin microbiome? Addressing this question requires
a detailed understanding of the effects of malaria-gametocytes on the human immune system
[88]. Further studies are also necessary to understand whether Plasmodium-induced attrac-
tiveness is also mediated by the skin microbiome in nonhuman systems. This is of particular
interest because the role of skin bacteria in the host-seeking of mosquito vectors has only been
established for two Anopheles species [89], and different host-seeking cues might be more
important in other mosquito species, such as Culex quinquefasciatus, that transmit nonhuman
malaria [90]. Finally, it will be important to examine how coinfections with other parasites or
pathogens influence manipulation of vertebrate odour profiles by Plasmodium parasites. Such
coinfections are very common in malaria-endemic areas, with Plasmodium infections often co-
occurring with helminth infections or HIV [91]. Because these other infections also influence the
immune system, and the majority of pathogenic bacteria produce HMBPP [92], studying
malaria-parasite manipulation in coinfected individuals will not only be more representative
of a natural setting but also be informative on the role of the immune system in the mechanisms
of Plasmodium manipulation.

Now that several mosquito behavioural studies have provided convincing evidence for manip-
ulation of host attractiveness by Plasmodium parasites, it is time to further investigate the
mechanisms involved. Future studies on this topic will not only lead to better understanding of
why mosquitoes prefer the odour of gametocyte carriers, but may also lead to novel tools that
intervene in this manipulation and thereby reduce the efficient transmission of Plasmodium.
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