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A key malaria metabolite modulates vector blood seeking,
feeding, and susceptibility to infection
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Malaria infection renders humans more attractive to Anopheles gambiae sensu lato mosquitoes than
uninfected people. The mechanisms remain unknown. Here, we show that an isoprenoid precursor
produced by Plasmodium falciparum, (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), affects
A. gambiae s.l. blood meal seeking and feeding behaviors, as well as susceptibility to infection. HMBPP
acts indirectly by triggering human red blood cells to increase the release of CO,, aldehydes, and
monoterpenes, which together enhance vector attraction, and stimulate vector feeding. When offered in a
blood meal, HMBPP modulates neural, antimalarial, and oogenic gene transcription without affecting
mosquito survival or fecundity, while in a P. falciparum infected blood meal, sporogony is increased.

Earlier studies have shown that mosquito vectors are more
attracted to hosts infected with malaria than to healthy
hosts, including humans, mice and birds (I-4). The Plasmo-
dium parasites infecting these animals differ, and the vector
species attracted and transmitting the disease include
Anopheles and Culex mosquitoes. The increase in attraction
coincides, at least in part, with changes in odor profiles of
the respective hosts carrying malaria (5-7). Behavioral alter-
ations are also conferred by other Apicomplexan parasites
such as Toxoplasma gondii, which increases its transmis-
sion between infected prey and predator hosts (8, 9). The
molecular mechanisms remain unknown.

HMBPP is a precursor in the 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway for the synthesis of isopentenyl
pyrophosphate (IPP) and its isoform, dimethylallyl pyro-
phosphate (DMAPP), are building blocks for isoprenoids. All
higher eukaryotes, including humans and mosquitoes, use
the mevalonate pathway for IPP and DMAPP synthesis. By
contrast, most eubacteria and apicomplexan parasites, in-
cluding Plasmodium falciparum (10) use the alternative
MEP pathway. HMBPP is an activator of human Vy9Vo2 T-
cells and triggers innate immune responses in Anopheles
gambiae s.1. (10, II).

We observed a propensity of female mosquitoes to land
and feed on membrane feeders containing HMBPP-
supplemented red blood cells (hmbRBCs) compared with
control red blood cells (RBCs) (Fig. 1A). In a dual choice at-
traction bioassay, 95% of the host-seeking mosquitoes chose
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hmbRBCs over RBCs, indicating the involvement of volatile
factors derived from hmbRBCs. HMBPP-supplemented se-
rum or glucose solution (5%) containing para-aminobenzoic
acid (PABA 0.05%) did not, however, increase mosquito at-
traction, which suggests that the attraction is an RBC de-
pendent effect (Fig. 1A). The diol, (2E)-2-methylbut-2-ene-
1,4-diol, a putative volatile form of HMBPP, had no effect on
the attraction of mosquitoes to RBCs, indicating that the
phosphate groups are required for the activity of HMBPP
(fig. S1).

We compared RBC feeding rates with hmbRBCs, P. falci-
parum asexual trophozoite-, and gametocyte-infected RBCs
(tiRBCs and giRBCs, respectively). The proportion of fe-
males that fed more than doubled when hmbRBCs, tiRBCs
or giRBCs were provided (Fig. 1B). We next investigated
whether the amount of HMBPP released in the medium of
giRBCs was sufficient to stimulate mosquito blood feeding.
The proportion of mosquitoes feeding on RBCs supplement-
ed with HMBPP or supernatants from giRBCs, respectively,
were compared over a wide range of concentrations (Fig. 1,
C and D). This confirmed that 10 uM HMBPP, used in Fig. 1,
A and B, corresponded to the concentration present in the
undiluted supernatant from giRBCs, and also that substan-
tially lower doses were sufficient to trigger enhanced mos-
quito feeding (Fig. 1C). Moreover, treatment of tiRBCs with
a fosmidomycin derivative to block HMBPP synthesis (12)
reduced feeding to control levels, despite supplementation
with the downstream metabolite IPP (Fig. 1D, triangle).

(Page numbers not final at time of first release) 1

Downloaded from http://science.sciencemag.org/ on February 21, 2017


http://www.sciencemag.org/
http://science.sciencemag.org/

Thus, HMBPP released from parasite-infected RBCs is a key
metabolite for triggering mosquito feeding stimulation.

To further decipher the phagostimulatory action of
HMBPP, we provided cell-free meals to mosquitoes and ex-
amined the percentage of females that landed and initiated
probing and feeding (referred to as percent persistency
within 5 min) (Fig. 1, E and F). Approximately 80% of the
mosquitoes displayed behavioral persistence when provided
HMBPP-supplemented serum compared with 20% of those
provided with serum alone (Fig. 1E). Supplementation of a
physiological salt solution with HMBPP generated a similar
effect (Fig. 1F). Hence, HMBPP acts as a phagostimulant
that is neither dependent on factors from RBCs, nor from
the serum. IPP displayed no phagostimulatory effect, sug-
gesting a direct activity of HMBPP (Fig. 1F).

Using a larger Y-tube olfactometer, we confirmed that
hmbRBCs could mimic the attraction of mosquitoes to
giRBCs, while IPP supplemented RBCs (ippRBCs) did not
(Fig. 2A). We concluded that HMBPP indirectly stimulates
attraction via the release of volatiles from RBCs, and acts
directly as a feeding stimulant, whereas the structurally sim-
ilar downstream IPP confers neither of these effects (13, 14).
These findings all point to parasite-derived HMBPP modula-
tory effects within the malaria-infected human host affect-
ing the blood seeking and feeding behaviors of its vector,
the anopheline mosquito.

To further study the RBC-dependent effects of HMBPP
on mosquito attraction, we investigated the volatiles re-
leased from hmbRBC, giRBC and RBCs. Since carbon diox-
ide (CO,), emitted from vertebrates through skin and breath,
is a key activator and attractant for host-seeking anopheline
mosquitoes (15, 16), we first quantified CO, emission.
Through combined gas chromatography-mass spectrometry
(GC-MS) (15) and quantitative respirometry we estimated
CO, release. The amount of CO, released into the gas head-
space above hmbRBC suspensions increased by 16% com-
pared with RBCs alone (Fig. 2B and fig. S2, A and B), an
increase that is sufficient to promote mosquito attraction
(16, 17). Carbon dioxide supplementation of RBCs was, how-
ever, not sufficient to fully reproduce mosquito attraction to
hmbRBCs (Fig. 2A), indicating the involvement of additional
volatiles. To identify these volatiles, we collected the head-
space above hmbRBC and giRBC suspensions and assayed
the behavioral response of mosquitoes in the presence or
absence of CO, (Fig. 2A). The response to headspace extracts
of hmbRBCs and giRBCs, in the presence, but not in the
absence of CO,, fully reproduced that of hmbRBCs (Fig. 2A).
Solid-phase microextraction (SPME) and GC-MS analyses of
the headspace from hmbRBCs identified an increase in al-
dehydes (C8-C10:al; 1.7-to-5.2 fold) and monoterpenes (o-
and #3-pinene, limonene; 1.2-to-1.6 fold) compared with that
of the headspace of RBCs (Fig. 2, C and D, and fig. S3). A
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synthetic blend of these volatiles with CO,, at their en-
hanced natural emission rates and ratios, was able to repro-
duce the behavioral attraction of A. gambiae to hmbRBCs in
a dose dependent manner (Fig. 2E). The synthetic blend also
attracted females more strongly than that of RBCs alone,
both with and without CO, (Fig. 2E). This indicates that the
HMBPP-modulating effects on host-seeking of anophelines
depend on an odor blend in the right context. In conclusion,
via HMBPP, we found that P. falciparum enhanced the
emission of RBC-derived attractants, which act together to
increase the likelihood of parasite transmission to the mos-
quito vector.

HMBPP significantly increased the size of mosquito
blood meals (Fig. 3C), independently of mosquito body size
(fig. S4A). A previous laboratory study indicated that the
parasite can cause an increase in the amount of blood im-
bibed by the mosquito, which could potentially increase nu-
trient gain and enhance reproductive capacity of the vector
(18). However, we found that neither mosquito fecundity,
nor survival was affected by HMBPP, despite larger blood
meals (Fig. 3, A and B).

HMBPP is released into the blood by P. falciparum, and
has the potential to regulate parasite sporogonic success in
the mosquito. Since inhibition of the Plasmodium MEP
pathway is lethal without continuous IPP addition (12), we
tested this by feeding mosquitoes with giRBCs with or with-
out additional HMBPP and subsequently monitored the
burden of infection in the mosquito during the parasite spo-
rogonic period. We used equal gametocyte density in both
treatments (3%). Oocyst prevalence (proportion of oocyst-
carrying mosquitoes) was not significantly different between
treatments (close to 100% in both groups; fig. S4B), whereas
oocyst intensity (number of oocyst per midgut) was higher
in mosquitoes fed on HMBPP-supplemented giRBCs (Fig.
3D). The addition of HMBPP to blood meals also resulted in
significantly higher sporozoite prevalence (proportion of
sporozoite-carrying mosquitoes) and intensity (number of
sporozoites per salivary gland) (Fig. 3E and fig. S4C). Taken
together, these findings show that HMBPP per se has no
obvious deleterious effects on vector fitness, but increases
the mosquito susceptibility to Plasmodium infection in
terms of parasite prevalence (proportion of parasite-
transmissible mosquitoes) and intensity (parasite loads).

To gain an overall view of the initial effects of HMBPP
on vector mosquito transcription, Illumina sequencing was
performed on whole body RNA extracts from fully engorged
females, 1, 3, 6 and 24 hours post-ingestion (hpi), fed on
RBCs or hmbRBCs (Table 1 and table S1). Pathway analysis
and ontology revealed a set of synaptic genes upregulated at
3 hpi that play roles in multiple neural pathways. Homologs
of neuronal synaptobrevin (AGAP005507) and synaptotag-
min 1 (AGAP007942) (19, 20) are involved in vesicle traffick-
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ing in Drosophila, while N-methyl-D-aspartate receptor 2
(AGAPO12429) (2I) and dopamine P-monooxygenase
(AGAPO010485) (22) are involved in modulating the activity
of neural synapses. These findings indicated that the
hmbRBC meal affects gene expression of the modulatory
machinery at neural synapses. Moreover, axon guidance
protein gene (AGAP008943), homologous to turtle in Dro-
sophila (CG16857), as well as dopamine B-monooxygenase
(AGAPO010485), are known to be indirectly involved in oo-
genesis (23).

Among the major biological processes affected by the
presence of HMBPP, are several endopeptidase-encoding
genes, such as trypsins, chymotrypsins, serine proteases and
an aminopeptidase (tables S1 and S2). At 1 and 3 hpi these
transcripts increase, possibly as an effect of the increased
blood meal size (24), when females are provided hmbRBC
(Fig. 3C). The majority of these enzyme encoding genes are
downregulated at 6 and 24 hpi (table S2).

The temporal changes of several immune gene tran-
scripts observed are in agreement with those previously re-
ported (II). Notably, the antimicrobial peptides cecropin I
and lysozyme CI were generally upregulated at early time
points but were downregulated by 6 hpi, and increased
again at 24 hpi, which coincides with the time when ooki-
netes traverse the midgut in malaria-infected Anopheles.

Additionally, antiplasmodial factors involved in the
complement-like thioester-containing protein 1 (TEP1) com-
plex known to bind to malaria ookinetes and oocysts were
differentially regulated (25). These include TEPI, leucine-
rich immune proteins (LLRs), including APLIA, APLIC,
LRIM1, LRIM17, as well as CLIP serine proteases (26, 27).
The LLRs were downregulated at 3 hpi, while their counter-
part TEP1 was upregulated at 24 hpi together with APLIC
(Table 1), indicating that the TEP1 complex response was
affected in hmbRBC fed mosquitoes.

A general downregulation of mosquito oogenesis genes,
such as the lipid transporting vitellogenins (AGAP0004203,
AGAPO001826 and AGAP008369), haem peroxidase HPXS8
(AGAP004038) as well as the Drosophila fused ortholog
(AGAAGAPO012519) was observed (Table 1). The gene, fused
encodes a serine/threonine kinase that regulates hedgehog
signaling and is crucial for the embryonic development of
the fertilized egg (28, 29). A previous laboratory study indi-
cated that Plasmodium parasites can cause an increase in
the amount of blood imbibed by the mosquito that could
potentially increase nutrient gain and enhance reproductive
capacity of the vector (I18). However, neither mosquito fe-
cundity, nor survival was affected by HMBPP despite the
stimulated larger blood meals (Fig. 3, A and B). The reduc-
tion observed in transcription of oogenesis genes may re-
flect a balancing effect, maintaining normal fecundity
despite the increased hmbRBC blood-volume imbibed (Fig.

First release: 9 February 2017

WWW.sciencemag.org

3, A and B).

Notably, at 24 hpi, 80% of the differentially expressed
genes are downregulated and 10% of these encode compo-
nents of the ribosomal complex as well as other genes in-
volved in mRNA translation (Table 1). HMBPP thus appears
to suppress translation, in turn suppressing synthesis of
protein and peptide mediators of the vector innate immune
response and oogenesis (30). Therefore, a decrease in tran-
scription (and translation) would consequently increase the
number of parasites, which is in line with our results (Fig. 3,
D and E). In an attempt to interpret the final outcome of
this seemingly detrimental effect, we estimated the protein
levels in HMBPP-treated and control mosquitoes at 24, 48
and 72 hpi. No significant difference in the total levels of
proteins was detected, which again indicates the ability of
the mosquito to maintain homeostasis, despite the manipu-
lating effects of HMBPP (fig. S4D).

In summary, the transcriptional regulation of synaptic
genes may affect behavioral modulation observed in the
mosquito, while the regulation of immune genes indicates
that the vector can still recognize and respond to HMBPP as
a foreign entity. However, while the translational machinery
is hampered by the downregulation of numerous ribosomal
genes at 24 hpi, mosquito survival remains normal in
hmbRBC-fed mosquitoes (Fig. 3A), which is crucial for para-
site transmission. (30). Likewise, the lower levels of oogene-
sis gene transcription maintain fecundity at control levels
despite the increased amount of blood imbibed (Fig. 3).
Thus, we hypothesize that the extra blood imbibed is digest-
ed by the vector and diverted to the parasite to increase pro-
liferation and thereby amplified transmission.

We have shown that HMBPP triggered an enhanced re-
lease of attractants from infected blood, increasing the like-
lihood that an infected human host gets bitten by the
vector. Moreover, HMBPP directly stimulated mosquito
probing and increased blood meal size, leading to an in-
creased probability of parasite transmission. HMBPP also
manipulated mosquito physiology to enhance receptivity to
infection, without negatively impacting the fitness of the
mosquito host. Transcriptome analyses confirmed that par-
asite-derived HMBPP modulated the expression of behav-
ioral, physiological and immune response genes in its
anopheline host (fig. S5).
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Fig. 1. Direct and indirect effects of HMBPP on mosquito attraction and feeding. (A) Mosquito preference
(lower panel) for red blood cells (RBCs), serum and glucose with PABA in the presence or absence of HMBPP
(hmb) in a dual choice attraction assay (upper panel) [RBCs: % = 29.11, p < 0.001; Serum: x* = 0.26, p = 0.60;
Glucose with PABA: % = 0.34, p = 0.56]. (B) Feeding proportions of mosquitoes allowed to feed for 90 s on
RBCs, HMBPP-supplemented RBCs (hmbRBCs), asexual trophozoite-, or gametocyte-infected RBCs (tiRBCs
and giRBCs, respectively) [hmbRBCs: z = 4.25, p < 0.001; tiRBCs: z = 4.59, p < 0.001; giRBCs: z = 4.60, p <
0.001]; and on (C) RBCs supplemented with different concentrations of HMBPP, (D) dilutions in RBCs of
gametocyte culture supernatants (control RBCs,—) and FR-900098-treated tRBCs supplemented with IPP, 4;
v’ =121, p = 0.42). (E and F) Percentage of mosquitoes landing, probing and initiating feeding [Persistency
(%)] within five minutes on (E) serum, with and without HMBPP, or (F), physiological salt solution, with or
without HMBPP (hmbNaCl), as well as IPP-supplemented NaCl (ippNaCl) [hmbSerum: ¥ = 10.62, p = 0.001;
hmbNaCl: % = 7.93, p = 0.005; ippNaCl: 4 = 1.01, p = 0.55]. Error bars, + SE; asterisks denote significant
differences. Each experiment was repeated six times with in total 180 mosquitoes per treatment (*p < 0.05, **p
< 0.01, ***p < 0.001; n.s., nonsignificant).
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Fig. 2. Volatiles released by red blood cells attract mosquitoes. (A) Attraction of mosquitoes to red blood
cells (RBCs), RBCs plus media (M) or HMBPP-supplemented RBCs (hmbRBCs) was assessed in comparison to
RBCs, hmbRBCs, gametocyte culture supernatant-supplemented RBCs (giRBCs) and isopentenyl
pyrophosphate-supplemented RBCs (ippRBCs) and their headspace extracts, with or without CO; in the wind
tunnel assay, as indicated [RBCs/RBCs: ¥% = 0.25, p = 0.62; RBCs/hmbRBCs: y% = 79.14, p < 0.001,
RBCs+M/giRBCs: % =17.53, p < 0.001; RBCs/ippRBCs: % = 0.49, p = 0.48; RBCs+CO,./hmbRBCs: ¥ = 41.82,
p < 0.001; hmbRBCsrs/hmbRBCs: ¥4 = 6.79, p = 0.009; giRBCsns/hmbRBCs: %4 = 14.70, p = 0.001;
hmbRBCsps+CO2/hmbRBCs: x4 = 0.39, p = 0.53; giRBCsps+C0O2./hmbRBCs: % = 1.93, p = 0.16]. (B) CO;
discharge from RBC samples with or without HMBPP [t =11.28, df =1, p = 0.008]. (C and D) GC-MS analyses of
headspace extracts from RBCs and hmbRBCs [y% = 19.96, p < 0.001; x4 = 27.12, p < 0.001]. (E) A synthetic
volatile blend (Blend), consisting of the compounds identified as enhanced within the headspace of hmbRBCs,
was tested against both hmbRBCs and RBCs, with or without CO,. [Blend (10 ul) + CO./hmbRBCs: % = 0.26, p
=0.28; Blend (5 pl) + CO2/hmbRBCs: ¥4 = 7.28, p = 0.007; Blend (1 ul) + CO./hmbRBCs: %% =16.56, p < 0.001;
Blend (10 ul)/RBCs: x4 = 9.87, p = 0.002; Blend (10 ul) + CO2/RBCs: ¥4 =17.39, p < 0.001]. Error bars, + SE;
asterisks denote significant differences (*p < 0.05, **p < 0.01, ***p < 0.001; n.s., non-significant; n = 90).
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Fig. 3. Effects of HMBPP on mosquito fitness and parasite transmission success and schematic model.
Females were fed on red blood cells (RBCs) or HMBPP-supplemented RBCs (hmbRBCs). (A) The relationship
between fecundity (number of eggs per mosquito) and blood meal size (haematin) [treatment*haematin: y% =
6.27, p = 0.01; treatment: y% = 0.19, p = 0.66] of individual mosquitoes (AhmbRBCs eRBCs). (B) Survival of
mosquitoes was monitored daily post-feeding until natural death [Cox hazard proportional model, ¥ = 0.71, p =
0.39]. This experiment was performed in triplicate (random effect, in each replicate n = 210). (C) Average meal
size was determined by the amount of haematin excreted and normalised individually to wing length [y% =5.67, p
=0.02]. (D) Average number of oocysts per midgut at 10 dpi [deviance = 33.13, df =1, p < 0.001]. (E) Sporozoite
infection (% prevalence in salivary glands of infected mosquitoes) at 14 dpi [% = 8.84, p = 0.002]. Error bars,
SE; asterisks denote significant differences (*p < 0.05, **p < 0.01, ***p < 0.001).
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Table 1. Effects of HMBPP on temporal gene regulation in A. gambiae s.I. The whole body A. gambiae
transcriptome following the ingestion of red blood cells (RBCs) was compared to that of females having ingested RBCs
with HMBPP (hmbRBCs) at 1, 3, 6 and 24 hours post-ingestion (hpi). Differential expression levels of genes including
those involved in, neural synapses, TEP1 complex, oogenesis, and translation, are listed (displayed as log, fold
changes over RBC-fed control, p < 0.01). The accession numbers and acronyms of annotated genes are shown.

Process Name Function Fold change
1 hpi 3 hpi 6 hpi 24 hpi
Synapse AGAP000732 Synaptic vesicle protein -1.98 -2.9
AGAPO05507 Neuronal synaptobrevin 2.5
AGAPOQ7721 Synaptobrevin -2.17
AGAPOQ07942 Synaptotagmin-1 3.89
AGAP0O08943 Protein turtle 3.2
AGAPO010059 Neurotransmitter-gated ion channel ligand binding 2.81
AGAP010485 Dopamine g-monooxygenase 2.77
AGAPQ12433 Ca?* channel protein od subunit D 2.22
AGAPO012581 Neurotransmitter-gated ion channel -6.25
NMDAR2 lonotropic receptor NMDAR2 2.94
TEP1 complex APL1C Anopheles Plasmodium-responsive LRR1C -1.87 4.03
CLIPA2 CLIP-domain serine protease -2.82
CLIPA7 CLIP-domain serine protease -1.92
CLIPB15 CLIP-domain serine protease 3.21 -2.68
CLIPB17 CLIP-domain serine protease 11.15 -13.13
CLIPB4 CLIP-domain serine protease -2.02
CTL4 C-type lectin (CTL) -1.79
LRIM1 Leucine-rich immune protein (long) -2.08
TEP1 Thioester-containing protein 1 2.36
Oogenesis AGAPO03763 Juvenile hormone-inducible protein 2.19
AGAP004993 Laminin subunit o -3.09
AGAPO08369 Lipid transport/vitellinogen -2.79
AGAPO08578 ATP-dependent RNA helicase DDX4 -1.83
AGAPQ012056 Cofilin -2.54
AGAPQ12519 Fused -1.73
HPX8 Heme peroxidase 8 -4.72
Lp Lipophorin -2.18 -1.95
MMP1 Matrix metallopeptidase 1 -2.18
spn-E ATP-dependent RNA helicase spindle-E -2.75
Vg Vitellogenin -1.73
Translation AGAP002134 Aminoacyl-tRNA synthetase, class | -1.69
AGAPO08738 EIFAE transporter 2.36
AGAPOQ10613 Elongation factor 1-p -2.01
AGAP012078 Peptide chain release factor 1 -22.34
RpL10-1 60S ribosomal protein L10-1 -3.65 -4.31
RpL10-2 60S ribosomal protein L10-2 -11.74
RpL10a 60S ribosomal protein L10a -3.16
RpL12 60S ribosomal protein L12 -4.88
RpL15 60S ribosomal protein L15 -2.63
RpL26 60S ribosomal protein L26 -4.77
RpL28 60S ribosomal protein L28 -3.74
RpL35a 60S ribosomal protein L35a -3.06
RpL5 60S ribosomal protein L5 -2.81
RpL6 60S ribosomal protein L6 -3.71
RpS12 40S ribosomal protein S12 -4.24
RpS14b 40S ribosomal protein S14b -4.86
RpS15 40S ribosomal protein S15 -2.44
RpS18 40S ribosomal protein S18 -2.12
RpS24 40S ribosomal protein S24 -2.38
RpS4 40S ribosomal protein S4 -2.35
RpS6 40S ribosomal protein S6 -3.32
RpsA 40S ribosomal protein SA -8.69
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