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Abstract

Purpose The phenomenon of parasites manipulating host phenotypes is well documented; the best-known examples are
manipulations of host behavior. More recently, there has been interest in whether parasites can manipulate host odor pheno-
types to enhance their attractiveness to vectors. We review here evidence that Plasmodium-infected mosquitoes have enhanced
attraction to human hosts, especially when the parasite is sufficiently developed to be transmissible. We also review evidence
suggesting that malaria-infected host odors elicit greater mosquito attraction compared to uninfected controls.

Methods We reviewed and summarized the relevant literature.

Results Though evidence is mounting that supports both premises we reviewed, there are several confounds that complicate
interpretation. These include differences in Plasmodium and mosquito species studied, stage of infection tested, age of human
participants in trials, and methods used to quantify volatiles. In addition, a key requirement to support the hypothesis of
manipulation by parasites is that costs of manipulation be identified, and ideally, quantified.

Conclusions Substantial progress has been made to unlock the importance of odor for enhancing transmission of Plasmo-
dium. However, there needs to be more replication using similar methods to better define the odor parameters involved in
this enhancement.
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Abbreviations Manipulation and Plasmodium Parasites
ADP Adenosine diphosphate
ATP Adenosine triphosphate Manipulation of hosts by parasites entails alteration of the
GCMS Gas chromatography mass spectrometry former’s phenotype to enhance the latter’s transmission [1].
GC-EAG Gas chromatography—electroantennography Changes can be caused indirectly (e.g., a parasite passively
HMBPP  (E)-4-hydroxy-3-methyl-but-2-enyl excretes metabolites, such as waste products, which affect
pyrophosphate hosts) or directly (e.g., a parasite upregulates production of
MTP Methylthio-propane metabolites that are released and affect hosts). Manipula-
MTPNE  (E)-1-methythio-1-propene tions can include affecting host habitat preferences, chang-
MTPNZ  (Z)-1-methylthio-1-propene ing host appearance, or reducing fear of predators [1]. Less
RBCs Red blood cells well-studied are manipulations of phenotype that affect
VOCs Volatile organic compounds chemosensory interactions. Nonetheless, evidence is accu-

mulating of odor changes in parasitized animals [e.g., 2,

3]. Regardless of the phenotypic change, parasite manipula-

tions are predicted to be related to infection or infestation

intensity [sensu 4], and to occur only when parasites have

reached a developmental stage that is ready for transmission.

Manipulations are assumed to help increase parasite trans-

54 Dave Shutler mission rates; multiple independent evolutions in myriad

dave.shutler@acadiau.ca host—parasite relationships are acknowledged to have made
such manipulations ubiquitous [1].
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Plasmodium spp. have complex life cycles that include
transmission of asexual sporozoites between Anopheles
(An.) mosquitoes and vertebrate hosts [5]. Inside vertebrate
hosts, Plasmodium parasites invade liver cells, where they
multiply before spreading to the blood to infect erythrocytes
(red blood cells, RBCs). While multiplying in RBCs, some
merozoites develop into presexual stages called gametocytes
that differentiate into haploid sexual micro- and macro-
gametes when ingested by a mosquito during a blood meal.
Inside midguts of mosquitoes, micro- and macro-gametes
fuse to form diploid zygotes. Zygotes then burrow into mos-
quito epithelial cells to form asexual oocysts where further
multiplication occurs. After ~ 10 days developing inside a
mosquito midgut, sporozoites migrate to salivary glands
where they can be delivered to a vertebrate host during a
subsequent blood meal [5].

Transmission of Plasmodium parasites between human
and mosquito hosts relies on mosquito feeding behavior [6].
Male and female mosquitoes are generally nectarivorous [7,
8], but, during maturation of eggs, females require protein-
rich blood meals. To locate a suitable host, female mosqui-
toes rely primarily on olfactory chemoreceptors that detect
volatile organic compounds (VOCs) [9]. During host loca-
tion, mosquitoes are first attracted to carbon dioxide (CO,),
a gas released during vertebrate respiration [10]. Once in
close range (<1 m), mosquitoes may become attracted to
odors (i.e., blends of VOCs) of suitable hosts [11]. Most
VOC:s in host odor arise from either breath or skin [12]. In
general, blood-feeding by mosquitoes is a complex process
that involves detection of a host, landing on a host, piercing
and probing a host, ingestion of blood, and termination of a
blood meal [6]. Each of these steps offers opportunities for
manipulation by Plasmodium parasites of both mosquitoes
and vertebrates to enhance transmission.

We review here evidence that Plasmodium parasites
manipulate mosquito host-seeking behavior, and that
Plasmodium parasites manipulate vertebrate host odors to
enhance attractiveness to mosquitoes. Our objectives are to
clarify the extent of Plasmodium parasites’ manipulation of
hosts, as well as identify areas in which further research is
needed.

Manipulation of Mosquito Behavior

Vector manipulation is considered evolutionarily advanta-
geous and is thought to be under intense selection [1]. None-
theless, studies assessing effects of Plasmodium parasites
manipulating mosquito behaviour have at times had conflict-
ing results [13]. For instance, An. gambiae mosquitoes with
transmissible P. falciparum sporozoites had increased attrac-
tion to human odors compared to uninfected controls [14],
but this result was not obtained in another experiment [15].
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Furthermore, increased attraction to human odors was not
observed in An. coluzzi mosquitoes carrying P. falciparum
sporozoites, nor were changes in host-seeking observed [15].

Tests using mosquito dual choice assays indicated that
human patients with high intensities (i.e., levels detectable
by microscopy) of P. falciparum or P. vivax gametocytes
were twice as attractive to An. gambiae as were uninfected
patients or patients infected with non-transmissible malarial
stages [3, 17]. Infected An. gambiae fed on more individuals
per night than did uninfected controls [18]; this enhances
opportunities for Plasmodium parasite transmission. Simi-
larly, Aedes aegypti infected with P. gallinaceum probed
longer, took smaller blood meals per feeding, and probed
more than uninfected controls [19-21]. Finally, An. ste-
phensi with P. chabaudi and P. yoelii nigeriensis, respec-
tively, took smaller blood meals and were more persistent
in feeding [20, 22].

As further evidence of manipulation of mosquito hosts,
An. gambiae with P. falciparum oocysts (a non-infective
stage) had increased attraction to plant volatiles compared to
uninfected controls. This increased attraction to plant vola-
tiles is proposed to prevent gravid females (who normally
seek blood meals to meet increased nutritional requirements)
from being killed during host-feeding. This enhanced attrac-
tion to plant volatiles appears to last only until Plasmodium
parasites develop into transmissible sporozoite stages, where
interfering with host attraction would be deleterious to trans-
mission [13, 14].

Apyrase, an ATP- and ADP-degrading enzyme, helps
mosquitoes locate blood vessels during probing and thereby
makes feeding faster [23, 24]. Thiévent et al. [25] found
that apyrase activity in An. gambiae was negatively asso-
ciated with sporozoite intensity of P. berghei, and they
observed a correlation between the amount of blood ingested
and apyrase activity. They also confirmed results of Li et
al. [26], who had suggested that mosquitoes, such as An.
gambiae, that have intrinsically high levels of apyrase, are
most affected when apyrase levels are reduced. Because An.
gambiae has high levels of apyrase, it is thought to play a
more important role in its feeding compared to mosquitoes
with lower levels. By reducing production of apyrases in the
salivary glands, mosquitoes would probe longer because of
difficulties locating blood vessels, and have more incomplete
blood meals. This could lead to more blood meals and higher
chances of transmission.

Manipulation of Human Odors

Recently, manipulation of human VOCs by Plasmodium spp.
parasites has been hypothesized [27]. Gas chromatography
mass spectrometry (GCMS), gas chromatography—elec-
troantennography (GC-EAG), and dual choice assays have
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been used to test this hypothesis [e.g., 9, 12, 17, 28, 29]. An.
gambiae mosquitoes have enhanced attraction to humans
infected with P. falciparum [17] attributed, in part, to odor
emissions [30]. Because mosquitoes locate hosts primarily
by detecting VOCs, and show non-random host selection
[31, 32], Lacroix et al. [27] hypothesized that malaria may
alter levels of VOCs in either skin or breath of humans to
increase transmission. Accordingly, Robinson et al. [28]
found changes in VOCs released from the feet of children
infected with P. falciparum. Notably, increases in aldehydes
such as heptanal, octanal, nonanal, (E)-2-octenal, and (E)-
2-decenal were found (Table 1). Aldehydes are VOCs of
human skin and are reportedly used by hematophagous
arthropods during host location [28]. The ketone 2-octanone
was associated with submicroscopic gametocyte infections
(i.e., infections at intensities too low to be detected by
microscopy). Because submicroscopic infections can still
transmit Plasmodium parasites, and because they can pose
health risks for infants and children, methods for detecting
them in the field are highly desirable [33]. In addition, all
VOC:s described by Robinson et al. [28] were also present in
samples from healthy children, but at much lower levels than
in infected children. These findings support the deceptive
signaling hypothesis that predicts upregulation of natural
host-seeking cues, tricking vectors, regardless of potential
negative fitness consequences to them, into being attracted
to infected hosts [12, 34, 35].

VOCs identified by Robinson et al. [28] were then tested
in dual choice assays to evaluate their attractiveness to An.
coluzzii. GC-EAG was used to test for neurological stimu-
lation of mosquitoes. Because antennae of mosquitoes are
highly selective, GC-EAG ensures that VOCs are associ-
ated with a neurological response. VOCs from parasite-free
patients were similarly tested for their attractiveness to mos-
quitoes. Ten pL of heptanal at a concentration of 10~ g/mL
increased attraction, but 10 pL at a concentration of 10~ g/
mL produced no effect, i.e., there was dose-dependent attrac-
tion. Adding octanal, nonanal, (E)-2-octenal, (E)-2-decenal,
or 2-octanone by themselves to uninfected control odors (in
this case, socks from patients) produced no change in attrac-
tion levels. Heptanal, the only compound increasing attrac-
tion when added to controls on its own, was then added to
the Mbita synthetic mosquito lure, which is composed of
ammonia, L-(+)-lactic acid, tetradecanoic acid, 3-methyl-1-
butanol, and butan-1-amine, without changes in attraction
[29]. These results indicate that synergism among specific
doses of chemicals may be responsible for increased mos-
quito attraction [28].

To control for differences in intrinsic human attraction,
the same patients’ odors were again collected 21 days after
administration of antimalarial drugs [28]. In addition, these
patients were determined to be parasite-free via both micros-
copy and 18S RNA (sstDNA) qualitative polymerase chain

reaction (PCR). Interestingly, post-infection, these individu-
als were less attractive even when compared to uninfected
patients, or patients carrying only asexual stages. These
results suggest that gametocytes could play a key role in
increased attraction of mosquitoes.

De Moraes et al. [36] collected VOC samples from the
arms and feet of > 400 children from across Kenya. Sam-
ples were separated into uninfected, asymptomatic infected,
and symptomatic infected treatments. De Moraes et al. [36]
did not separate samples based on species of Plasmodium,
and the majority of samples were from mixed infections (P.
falciparum, P. vivax, and P. malariae), with P. falciparum
most prevalent. Using machine-learning algorithms and
GCMS, VOCs were tested to detect signatures indicative
of infection. Foot VOC:s significantly associated with infec-
tion status were 4-hydroxy-4-methylpentan-2-one, nonanal,
and toluene, among others (Table 1). 2-ethylhexan-1-ol, an
underarm volatile, also significantly predicted infection sta-
tus. Of compounds identified as being produced by Plas-
modium parasites, toluene and hexanal had been reported
[32, 37]. Predictive models obtained from machine-learning
algorithms were comparable to PCR in detecting submicro-
scopic infections [36]. Because PCR is costly, machine-
learning algorithms paired with portable eNose technology
could provide a more affordable and accurate field-based
diagnostic test [38].

In VOCs collected by De Moraes et al. [36], decreases
in hexanal were significant for identification of both symp-
tomatic and asymptomatic malaria infections. Hexanal can
elicit neurological responses in mosquitoes, and is produced
by Plasmodium parasites in vitro [32, 37]. Hexanal also
occurs in VOCs produced by cancer patients and appears to
be associated with cell lysis [39].

Breath VOCs Associated with Infection

Changes in breath VOCs are reported for a growing num-
ber of infectious diseases [40—43]. During an infection, a
disease’s unique pathology [44] causes characteristic physi-
ological changes that can alter VOCs exhaled from lungs
[29]. Lacroix et al. [27] suggested that diseases spread by
mosquito vectors could benefit from manipulating host
breath VOCs to increase attraction. Berna et al. [45] col-
lected exhaled VOCs from clinically induced blood stage
P. falciparum and P. vivax infections in humans. Four
thioethers, allyl methyl sulfide, 1-methylthio-propane
(MTP), (Z)-1-methylthio-1-propene (MTPNZ), and (E)-
1-methythio-1-propene (MTPNE), were most indicative of
infection (Table 1). Levels of these thioethers differed sig-
nificantly between infected and uninfected controls with a
27-fold increase in MTPNZ, and similar increases in MTP
and MTPNE in patients with P. falciparum infections [46].
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Table 1 Volatile organic compounds (VOCS) of breath, skin, or microbiota samples associated with Plasmodium spp. infection

VOC Location Change in VOCs Age Plasmodium species Reference(s)
(E)-1-Methythio-1-propene Breath Increased Adults falciparum [52]
(E)-2-Decenal Foot Increased Children falciparum [14]
(E)-2-Octenal Foot Increased Children falciparum [14]
(R)- or (S)- 2-Methylbutanal Foot Increased Adult falciparum [64]
(R)- or (S)- 3-Hydroxy-2-butanone Foot Increased Adult falciparum [64]
(R)- or (S)- 3-Methylbutanal Foot Increased Adult falciparum [64]
(Z)-1-Methylthio-1-propene Breath Increased Adults falciparum [52]
1-Dodecene Foot Increased Adult falciparum [64]
1-Methylthio-propane Breath Increased Adults falciparum [52]
2-Ethylhexan-1-ol Foot/arm Increased/Decreased Children falciparum, vivax, malariae [43, 65]
2-Octanone Foot Increased Children falciparum [14]
2-Pentadecanone Skin Decreased® Adults falciparum [46]
3-Carene Breath Increased Children falciparum [15]
4-Hydroxy-4-methylpentan-2-one Foot/arm Increased/decreased Children falciparum, vivax, malariae [43, 65]
6-Methyl-5-hepten-2-one Foot Decreased Adult falciparum [64]
Acetone Breath Varied Adults falciparum [52]
Allyl methyl sulfide Breath Increased Adults falciparum [52]
Benzene Breath Varied Adults falciparum [52]
Butyl 2-methylbutanoate Skin Increased® Adults falciparum [46]
Butyl acetate Skin Increased® Adults falciparum [46]
Butyl butyrate Skin Increased® Adults falciparum [46]
Butyl isobutyrate Skin Increased® Adults falciparum [46]
Carbon dioxide Breath Increased Adults falciparum [52]
Cyclohexanone Breath Varied Adults falciparum [52]
Decane Foot/arm Decreased Children falciparum [65]
Dimethyl decane Breath Increased Children falciparum [15]
Dimethyl sulfide Skin Increased® Adults falciparum [46]
Dodecanal Foot Increased Adult falciparum [64]
Ethylbenzene Foot Increased Children falciparum, vivax, malariae [43]
Ethylcyclohexane® Foot/arm Increased/decreased Children falciparum, vivax, malariae [43, 65]
Heptanal Foot Increased Children falciparum [14]
Hexanal Foot/arm Decreased/increased Children falciparum, vivax, malariae [43, 65]
Isoprene Breath Varied/ decreased Adults and Children falciparum, vivax [14, 52]
Limonene Breath Increased Adults falciparum, vivax [53]
M-cymene Breath Increased Adults falciparum, vivax [53]
Methyl dodecanoate Foot Increased Adult falciparum [64]
Methyl undecane Breath Decreased Children falciparum [15]
Nonanal Breath/foot/arm Increased/decreased Children falciparum [3, 14, 15]
O-xylene Foot/arm Decreased Children falciparum [65]
Octanal Foot Increased Children falciparum [14]
Octane Foot/arm Decreased Children falciparum [65]
Octonal Foot/arm Decreased Children falciparum [65]
Propylcyclohexane Foot Increased Children falciparum, vivax, malariae [43]
Terpinolene Breath Increased Adults falciparum, vivax [53]
Toluene Foot Increased Children falciparum, vivax, malariae [43]
Tridecane Breath Decreased Children falciparum [15]
Trimethyl hexane Breath Decreased Children falciparum [15]
o-Pinine Breath Increased Children falciparum [15]
a-Terpinene Breath Increased Adults falciparum, vivax [53]

“Indicates dose-dependent chemicals whereas
“Indicates dose-independent chemicals

“Indicates chemicals that have been used to distinguish children that are symptomatic but are not infected with malaria. Table data and sources
adapted from [3]
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Infection with P. vivax was not associated with significantly
higher thioether levels. Interestingly, levels of thioethers
cycled every 24 h, whereas cycles for P. falciparum game-
tocytes were 48 h; however, no direct relationships between
the two cycles were found. These results were contrary to
Berna et al.’s [46] subsequent study which suggested that
cycles of thioethers were directly correlated with gameto-
cyte cycles. Importantly, because induced blood-stage infec-
tions were used, infections were treated before gametocyte
stages would occur (~ 1 week) [29]. Because gametocytes
affect VOC production, their absence could have negatively
affected results [28]. MTP, MTPNZ, and MTPNE were 98%
accurate in predicting infection status of human adults car-
rying P. falciparum [46]. However, this only occurred when
the time of collection was controlled, because VOCs exhibit
diurnal variation.

Thioethers were not detected when the study was repli-
cated using breath from patients with P. vivax, indicating
that thioethers released may be specific to P. falciparum
[46]. Comparing breath VOCs between infections with P.
vivax and P. falciparum revealed four terpenes (a-terpinene,
m-cymene, limonene, and terpinolene) that rose and fell
similarly during infection/treatment (Table 1). Interestingly,
when comparing VOCs between infected and uninfected
RBCs, high levels of terpenes in headspace (gas found at
the top of sealed samples so that direct sampling of substrate
is not needed) were associated with infection [32].

Schaber et al. [29] collected breath VOCs of febrile chil-
dren with or without P. falciparum. Six VOCs (methyl unde-
cane, dimethyl decane, trimethyl hexane, nonanal, isoprene,
and tridecane) were most useful in determining infection
status (Table 1). Levels of these VOCs were not associated
with patient age, sex, or nutrition, and all six were also found
in healthy breath samples but at lower concentrations. In
terms of detected VOCs, isoprene is a known endogenous
compound, while the other five are believed to be produced
by oxidative stress-induced lipid peroxidation, which is
characteristic of Plasmodium infection. Average intensity
of parasitemia was over one hundred thousand times the
average reported by Berna et al. [46], which could explain
differences in VOCs detected between studies.

Terpenes, in general, are a class of hydrocarbons typically
associated with plants [32]. Terpenes found by both Berna
et al. [45] and Schaber et al. [29] are of particular inter-
est, because many are released from mosquito’s preferred,
nectar-producing plants. In humans, terpenes in healthy
breath are believed to be derived from diet [47]. A-pinene
and 3-carene were of particular importance, because they
have been found in the headspace of infected RBCs, and ter-
penes such as pinene and limonene are mosquito attractants
[9, 32]. Production of these terpenes is thought to be caused
by Plasmodium parasites synthesizing isoprenoids (impor-
tant for growth, membrane components, and hormones) via

the methylerythritol phosphate pathway. Enammi et al. [48]
showed that by adding (E)-4-hydroxy-3-methyl-but-2-enyl
pyrophosphate (HMBPP) (a precursor isoprene molecule
produced by Plasmodium spp. parasites) to samples of unin-
fected RBCs, terpenes (such as a-pinene) were produced.
These terpenes were also released by mosquito-preferred
nectar-producing plants [32]. This mechanism could account
for the increase in host attraction as well as offer a plausible
route for parasite manipulation. However, Miller and Odom
John [49] failed to reproduce these results. In sum, tests on
exhalates from patients with malaria have produced diverse
and conflicting results.

Manipulation of Microbiomes

Human gut microbiota are integral to maintaining homeo-
stasis [50]. Changes to host microbiota composition may,
therefore, produce profound effects on health and microbial
interspecific interactions. Malaria has wide-ranging effects
on hosts and new research suggests that the gut microbiome
not only influences malaria severity, but also may play a role
in transmission via production of an antibody that binds to
antigens on both E. coli and Plasmodium species [51].

Unsurprisingly, human body odor differs among indi-
viduals [30, 35], and some variation in odor is associated
with differences in skin microbiota [30]. Differences in
odor arise from skin microorganisms breaking down odor-
less eccrine sweat, producing VOCs attractive to mosquitoes
after 1-2 days. Skin bacteria cultured on blood agar plates
were more attractive to mosquitoes than uncultured blood
agar plates [52, 53]. Using GCMS, VOCs produced from
skin bacteria were tested for their attractiveness to An. gam-
biae. Corynebacterium minutissimum, a foot microbe, pro-
duced the most attractive VOCs, with Bacillus subtilis and
Staphylococcus epidermidis also being attractive [54]. Pseu-
domonas aeruginosa produced VOCs that were repellent
to mosquitoes. 2-pentadecanone, butyl 2-methylbutanoate,
butyl isobutyrate, dimethyl disulfide, butyl butyrate, and
butyl acetate were the most significant attractants (Table 1).
When added to a mosquito lure, dimethyl disulfide increased
attraction, a result not observed for other compounds.

Infection, therefore, could induce changes in the density
or diversity of microbiomes and affect mosquito attraction.
Currently, however, it is unclear to what extent changes in
diet, bed rest, and fever/chills caused by malaria contribute
to microbial changes. In addition, mosquito attraction is only
beneficial while the parasite is transmissible [55]. Further
research into manipulation of human microbiomes by Plas-
modium species should test if changes in species composi-
tion or diversity are associated with the presence or absence
of transmissible stages.
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Costs of Manipulation

Brown [56] and others [57, 58] have argued that “true”
manipulation by parasites must entail costs and not be
a simple by-product of parasitism. To illustrate, several
bacterial infections cause human patients to have distinct,
recognizable odors [59], but these manipulations do not
enhance transmission and may be of no adaptive value
(i.e., they are “spandrels”, sensu [60]). Whereas manipula-
tion is presumed to increase net fitness, benefits of manip-
ulating mosquito behavior or human odor are infrequently
quantified, and costs can vary widely based on how a para-
site manipulates its host [58]. In addition, costs can be
difficult to quantify due to complex interactions between
parasites and hosts, with interspecific parasite interactions
adding further complexity.

Interpreting the Literature, and Future Work

The literature suggests enhanced mosquito attraction to
humans carrying transmissible stages of Plasmodium para-
sites relative to uninfected individuals or those carrying
non-transmissible stages [3]. Changes in infected mosquito
behaviors are consistent with manipulation of both mos-
quitoes and humans. However, differences in Plasmodium
species studied, stage of infection tested, intensities of
infection, age of participants, and experimental procedures
make straightforward interpretation of these results dif-
ficult. Moreover, there are studies that failed to reproduce
earlier, suggestive results [15, 16]. Some differences can
be ascribed to experimental design [see 29, 45], and some
to variation among species of mosquito/Plasmodium stud-
ied (Table 1). A wide array of tests that sampled various
aspects of human, mosquito, and Plasmodium relation-
ships have produced inconsistent results. Though some
VOCs were associated with attraction and accurately pre-
dicted infection status, the compounds themselves were
rarely similar among studies (Table 1). Curiously, VOCs
associated with attraction (e.g., heptanal, nonanal, and
octanal) were also found at significantly higher levels
among individuals categorized as less attractive to Aedes
aegypti mosquitoes [61].

Another issue is a lack of standardization in VOC col-
lection methods that makes it difficult to compare results
among studies [62, 63]. Collection methods influence
the diversity and concentration of VOCs detected [63].
Whereas flexibility and customization of GCMS appeals
to researchers seeking to tailor experimental designs, vari-
ation in GCMS methods paired with differences in study
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design (e.g., species of Plasmodium, age of patients,
infection status) make comparisons challenging and
may be responsible for inconsistencies among studies in
reported significant VOCs. This deficit of replication ham-
pers synthesis. Through the practice of careful replica-
tion, researchers can take a more focused and empirical
approach to solving the enigma of Plasmodium parasite
odor manipulation.

Current research highlights the importance of under-
standing interactions between microbiota and human
health [50], and presently there is still much we do not
know about how parasites interact with human microbi-
omes. Future research on Plasmodium—host microbiome
interactions and their subsequent effects on microbial
diversity in key areas such as guts, lungs, and skin may
help determine if manipulation is indeed occurring.

To date, mechanisms underlying manipulation of both
mosquito behavior and human odors are poorly under-
stood. This means we can only speculate about costs that
Plasmodium parasites may incur from manipulation. Fur-
ther research into the metabolic pathways of Plasmodium
may shed light on hidden costs borne by these parasites
and help determine if true manipulation is occurring.
Although the literature provides several examples sug-
gesting that Plasmodium parasites manipulate host che-
mosensory interactions, we should not blindly jump onto
the bandwagon and conclude that true manipulation is
occurring, particularly given the counter-examples and
inconsistencies we cite herein.
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