
Impact of trehalose transporter knockdown on
Anopheles gambiae stress adaptation and
susceptibility to Plasmodium falciparum infection
Kun Liua,1, Yuemei Donga, Yuzheng Huangb, Jason L. Rasgonc, and Peter Agrea,1

aJohns Hopkins Malaria Research Institute, Department of Molecular Microbiology and Immunology, Bloomberg School of Public Health, The Johns Hopkins
University, Baltimore, MD 21205; bKey Laboratory on Technology for Molecular Biology, Prevention and Control of Parasitic Diseases, Ministry of Health,
Jiangsu Provincial Key Subject on Parasitic Diseases, Jiangsu Institute of Parasitic Diseases, Wuxi, Jiangsu 214064, China; and cDepartment of Entomology,
Center for Infectious Disease Dynamics, and the Huck Institutes of The Life Sciences, Pennsylvania State University, University Park, PA 16802

Contributed by Peter Agre, September 4, 2013 (sent for review March 6, 2013)

Anopheles gambiae is a major vector mosquito for Plasmodium
falciparum, the deadly pathogen causing most human malaria in
sub-Saharan Africa. Synthesized in the fat body, trehalose is the
predominant sugar in mosquito hemolymph. It not only provides
energy but also protects the mosquito against desiccation and
heat stresses. Trehalose enters the mosquito hemolymph by the
trehalose transporter AgTreT1. In adult female A. gambiae, AgTreT1
is predominantly expressed in the fat body. We found that AgTreT1
expression is induced by environmental stresses such as low humid-
ity or elevated temperature. AgTreT1 RNA silencing reduces the
hemolymph trehalose concentration by 40%, and the mosquitoes
succumb sooner after exposure to desiccation or heat. After an in-
fectious blood meal, AgTreT1 RNA silencing reduces the number of
P. falciparum oocysts in the mosquito midgut by over 70% com-
pared with mock-injected mosquitoes. These data reveal important
roles for AgTreT1 in stress adaptation and malaria pathogen devel-
opment in a major vector mosquito. Thus, AgTreT1 may be a poten-
tial target for malaria vector control.
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Critical to the malaria transmission cycle, the mosquito Anoph-
eles gambiae is a major vector for Plasmodium falciparum, the

pathogen responsible for most malignant malaria in sub-Saharan
Africa. In malaria endemic regions, vector mosquitoes survive
harsh fluctuations of temperature and humidity (1). Mosquitoes
adapt to environmental changes by adjusting expression levels of
certain genes (2); however, most protective mechanisms appar-
ently remain unknown. Recently, we characterized an aquaporin
water channel from A. gambiae (AgAQP1) that is important for
water homeostasis, because reduced expression protected against
dehydration (3). Since water loss has profound effects on mos-
quito physiology, we investigated other candidate genes that may
protect against environmental stress and may affect transmission
of P. falciparum.
Trehalose is a nonreducing disaccharide of two glucose mol-

ecules linked by an α-α-1,1-glycosidic bond. It is abundant in
insects, crustaceans, nematodes, bacteria, fungi, and plants, but
not vertebrates. As the major sugar in mosquito hemolymph,
trehalose is concentrated more than 10 times higher than glu-
cose or other sugars (4). Trehalose is a versatile molecule, serving
as the principal energy storage but also as a stabilizer for dry
membranes and proteins due to unique chemical and physical
properties—high hydration volume, lack of internal hydrogen
bonds, and nonreduction (5–8).
Trehalose levels rise sharply during several stresses—desicca-

tion (9–12), heat (13), freezing (14, 15), hyperosmolality (16),
and oxidation (17). In yeast and plants, trehalose is also a signaling
molecule in metabolic pathways affecting growth (18). Evidence is
emerging that trehalose protects cultured cells. Increased treha-
lose in HEK-293 cells expressing Drosophila trehalose-phosphate

synthase 1 protects the cells from hypoxic injury (17). Bovine
endothelial cell line cultivated with trehalose followed by cryo-
preservation with trehalose in an optimized solution yielded over
80% viable cells (19). Trehalose levels in anhydrobiotic stage
larvae of Polypedilum vanderplanki (sleeping chironomid) accu-
mulate rapidly to ∼20% of the dry body mass, more than five
times higher than that of larvae in fresh water (9, 20). Further-
more, a recent study has shown that injection of D-(+)-trehalose
into the hemocoel of head-intact, starved cockroaches lowers the
content of short neuropeptide F in hemolymph, suggesting novel
roles of trehalose in regulating brain and midgut interplay in
insect digestion and nutrition-associated behavior (21).
Synthesized exclusively in the fat body of mosquitoes, treha-

lose is transported to the circulating hemolymph for delivery to
other tissues. This process involves the specific movement of
trehalose across cell membranes facilitated by the trehalose
transporter, TreT (9, 22). The AgTreT1 cDNA from A. gambiae
is an ortholog of PvTreT1 from P. vanderplanki. Only one TreT
gene is present in the A. gambiae genome, and its trehalose-
transport function was characterized by heterologous expression
in Xenopus oocytes (22). PvTreT1 was proposed to contribute to
the dehydration resistance of P. vanderplanki larvae in vivo (9).
Nevertheless, no direct evidence has supported this role of AgTreT1
in the whole vector mosquito A. gambiae.
Trehalose is a likely energy source for Plasmodium pathogens

in A. gambiae mosquitoes. After ingesting an infected blood
meal, Plasmodium gametocytes differentiate into male or female
gametes and fuse to form ookinetes in the mosquito midgut.

Significance

The trehalose transporter in Anopheles gambiae (AgTreT1) is
shown here to be important for mosquito adaptation to envi-
ronmental stresses and malaria infection. As expected since
AgTreT1 transports trehalose from site of synthesis in fat
body to hemolymph, silencing of AgTreT1 reduces hemo-
lymph trehalose concentration. More importantly, AgTreT1-
silenced mosquitoes exhibit shorter survival under desiccation
or elevated temperature, and these mosquitoes also harbor
fewer parasites after an infectious bloodmeal. We conclude
that AgTreT1 is critical to maintain hemolymph trehalose
concentration and is a positive mediator for parasite growth.
Thus AgTreT1 can be a potential target for interruption of
malaria transmission.

Author contributions: K.L., J.L.R., and P.A. designed research; K.L., Y.D., and Y.H. per-
formed research; K.L., J.L.R., and P.A. analyzed data; and K.L., J.L.R., and P.A. wrote the
paper.

The authors declare no conflict of interest.
1To whom correspondence may be addressed. E-mail: kuliu@jhsph.edu or pagre@jhsph.
edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1316709110/-/DCSupplemental.

17504–17509 | PNAS | October 22, 2013 | vol. 110 | no. 43 www.pnas.org/cgi/doi/10.1073/pnas.1316709110

mailto:kuliu@jhsph.edu
mailto:pagre@jhsph.edu
mailto:pagre@jhsph.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1316709110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1316709110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1316709110


Mobile ookinetes then penetrate the gut lining to produce oocysts
on the basal-lamina side. During the oocyst stage, malaria para-
sites amplify by several thousand fold, scavenging energy from the
vector. Plasmodium infection has been reported to deplete sugars
in vector hemolymph, suggesting that trehalose is used by parasites
for rapid growth (23). Genes related to trehalose transport and
metabolism may be related to the life cycle of Plasmodium spp. in
mosquito vectors.
In this study, we observed that AgTreT1 expression is induced

by desiccation and heat. Reducing AgTreT1 expression in female
A. gambiae by RNAi decreases hemolymph trehalose levels.
Mosquitoes with reduced AgTreT1 levels die sooner than con-
trols in dry or hot environments. Moreover, when AgTreT1 was
silenced in A. gambiae infected with P. falciparum, significantly
fewer parasite oocysts appear in the midguts than in midguts of
control mosquitoes. These data suggest an important role of
AgTreT1 in maintaining vector hemolymph sugar levels during
desiccation and heat and reveal a unique function in P. falcipa-
rum propagation during the oocyst stage.

Results
Developmental and Tissue-Specific Expression of AgTreT1. AgTreT1
expression was characterized in A. gambiae mosquitoes by
quantitative RT-PCR. Total RNA was extracted from mosqui-
toes at different life stages. AgTreT1 mRNA expression was
constitutively detected in fourth instar larvae, pupae, and 7-d- and
14-d-old adult female mosquitoes (Fig. 1A). Tissues were dis-
sected from 7-d-old females because they are already capable of
blood feeding. AgTreT1 mRNA levels were more than four

times higher in fat body than in whole head, gut, Malpighian
tubules, or ovary (Fig. 1B).
Expression was then studied under conditions simulating en-

vironmental stresses. A. gambiae mosquitoes exposed to 42%
relative humidity had AgTreT1 mRNA levels 2.5 times the
control mosquitoes remaining in the normal culture, 80% rela-
tive humidity (Fig. 1C). Mosquitoes exposed to 37 °C had
AgTreT1 mRNA levels slightly elevated to 1.15 times the con-
trols remaining in the normal culture temperature, 27 °C (Fig.
1D). After stress treatments for 2 d, mosquito hemolymph was
extracted and trehalose was measured. The trehalose concen-
tration at 42% relative humidity increased to 2.6 ± 0.02 times the
control level at 80% relative humidity; at 37 °C, the trehalose
concentration increased to 1.9 ± 0.01 times the control at 27 °C
(Fig. S1).

Maintaining Hemolymph Trehalose Concentration by AgTreT1. To
specifically reduce expression of AgTreT1, double-stranded RNA
(dsRNA) was in vitro transcribed and injected into the thorax of 4-
to 6-d-old adult female mosquitoes. From day 1 to day 6 after
dsRNA injection, quantitative RT-PCR showed that AgTreT1
mRNA was reduced to as low as 16% of the level in the corre-
sponding control mosquitoes injected with GFP dsRNA (Fig.
2A). To confirm RNA silencing efficiency at the protein level, we
raised a rabbit polyclonal antibody that specifically recognized
the AgTreT1 band with apparent molecular weight of 43 kDa
whereas preimmune serum did not (Fig. S2). Western blot
showed that AgTreT1-dsRNA injection resulted in significant
reduction on the protein level (Fig. 2, Inset).

Fig. 1. Expression profiles of AgTreT1. RT-qPCR revealed the expression of AgTreT1 (A) during different developmental stages—fourth instar larvae, pupae,
7-d- and 14-d-old female adults; (B) in different tissues dissected from 7-d-old female adults—fat body, whole gut, whole head, Malpighian tubules, ovary; (C)
under dehydrating (42%) or normal (80%) relative humidity; and (D) at high (37 °C) or normal (27 °C) ambient temperatures. cDNA levels were normalized
using the S7 ribosomal gene as the internal control. Data represent mean ± SD, *P ≤ 0.05, **P ≤ 0.01 by Student’s t test.
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Phenotypic analysis was performed 8 d after injection to allow
protein turnover. If AgTreT1 plays a role in the transport of
trehalose from fat body to hemolymph, we expected that the
reduction of AgTreT1 would decrease the trehalose concentra-
tion in hemolymph. To test this hypothesis, the body fluid of
mosquitoes, which essentially contains hemolymph plasma and
hemocytes, was extracted, and relative trehalose concentrations
were measured. In AgTreT1 dsRNA-injected mosquitoes, he-
molymph trehalose levels were reduced by 40% compared with
controls (Fig. 2B), confirming a rate-limiting role of AgTreT1 in
facilitating trehalose transport from fat body to hemolymph.
Using the hemolymph osmolality of control mosquitoes injected
with GFP dsRNA as reference, the normalized hemolymph os-
molality in AgTreT1-silenced mosquitoes was reduced by 14%
compared with controls (Fig. S3).

Viability of AgTreT1-Deficient Mosquitoes During Environmental
Stresses. Although it is believed that trehalose serves as a pro-
tectant against various stresses in many species, direct evidence is
lacking at the level of the whole organisms. Here, we reduced the
trehalose concentration in A. gambiae hemolymph by silencing
AgTreT1 expression with RNAi. Female A. gambiae mosquitoes
were injected with AgTreT1 dsRNA, and, 8 d later, they were
tested under the desiccating condition (<20% relative humidity)
with comparison to control mosquitoes injected with GFP dsRNA.
When incubated together, the AgTreT1 dsRNA-injected mosqui-
toes consistently die before control mosquitoes. A representative
experiment is shown in Fig. 3A, and three repeats with similar
trends are summarized in Table S1.
High ambient temperatures at and above 39 °C are not un-

common in malaria-endemic regions, especially during dry sea-
sons in Africa. Female A. gambiae mosquitoes were injected with
either AgTreT1 dsRNA or GFP dsRNA. Eight days later, both
groups were tested for their ability to survive heat (39 °C), which
is well above the normal laboratory rearing temperature (27 °C).

Relative humidity was maintained at 80% for both groups. At
39 °C, AgTreT1 dsRNA-injected mosquitoes consistently die
before control GFP dsRNA-injected mosquitoes. A representa-
tive survival plot is shown in Fig. 3B, and three experiments with
similar trends are summarized in Table S1. To confirm that
mosquitoes died of heat but not simply due to the reduction of
AgTreT1, we incubated gene-silenced mosquitoes at 27 °C on
day six to day seven postinjection, and we did not observe sig-
nificant mosquito death (Fig. S4).

Malaria Oocysts in AgTreT1-Deficient Mosquitoes. Although direct
evidence is still lacking, rodent parasite Plasmodium berghei is be-
lieved to use trehalose for growth and development in Anopheles
stephensi mosquitoes (22). In this study, we investigated whether
the growth of human malaria parasite P. falciparum is affected by
trehalose levels in its natural vector A. gambiae. Five-day-old
A. gambiae females were infected by P. falciparumGFP-3D7 strain
through membrane feeding. AgTreT1 expression was silenced by
RNAi 1 d after infection. Eight days after P. falciparum infection,
mosquito midguts were dissected, and GFP-3D7 oocysts were
counted under a fluorescence microscope. A representative plot
was chosen from three similar experiments (Fig. 4) revealing the
mean number of oocysts in AgTreT1-deficient mosquitoes (4.6)
to be significantly less than in control mosquitoes (16.5). Results
from three experiments are summarized in Table S2. The rate of
uninfected mosquitoes was lower in GFP-RNAi controls (31.1%)
than in AgTreT1-RNAi mosquitoes (43.5%), indicating lower
infection prevalence in AgTreT1-reduced mosquitoes.

Discussion
Trehalose Protection Against Desiccation and Heat. In this study, we
found that trehalose, an abundant osmolite in A. gambiae hemo-
lymph, protects the mosquito against desiccation and heat. Syn-
thesized in the fat body, trehalose is transported into the
hemolymph by the specific transporter AgTreT1. We found high

Fig. 2. AgTreT1 silencing affects hemolymph trehalose levels. (A) AgTreT1 mRNA levels reduced in AgTreT1 dsRNA-injected mosquitoes to as low as 16% of
controls during 6 d after injection. RNA of whole mosquitoes was used for reverse transcription and quantitative PCR, and data were normalized using the
expression of S7 ribosomal gene as internal control. Black bars represent normalized mRNA level of mosquitoes injected with AgTreT1 dsRNA, and gray bars
represent mosquitoes injected with GFP dsRNA as controls. (Inset) Western blot of whole female A. gambiae injected with GFP RNAi or AgTreT1 RNAi on day
0 (before injection) and day 2, 4, and 9 postinjection. (Upper) Blot against anti-AgTreT1 antibody. (Lower) Blot against anti-Actin antibody. (B) The relative
concentration of hemolymph trehalose in AgTreT1 or GFP dsRNA-injected A. gambiae mosquitoes 8 d after injection. Trehalose concentrations were nor-
malized to genomic DNA extracted from hemolymph cells. Data represent mean ± SD, *P ≤ 0.05 by Student’s t test.
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AgTreT1 transcript levels in fat body and whole head, the latter
of which is presumably due to adherent fat body (Fig. 1B). More-
over, AgTreT1 mRNA levels and hemolymph trehalose con-
centrations increase during desiccation and heat (Fig. 1 C and D
and Fig. S1), suggesting protective roles of trehalose transported
through AgTreT1. Silencing AgTreT1 reduces hemolymph tre-
halose concentration and lowers hemolymph osmolality (Fig. 2B
and Fig. S3), accelerating water evaporation due to increased va-
por pressure. Based on Raoult’s law, increasing trehalose con-
centration should do the opposite.
An intriguing, but not exclusive, mechanism is that trehalose

also serves as a stabilizer for proteins and biomembrane struc-
tures in vivo. This unique property of trehalose, compared with

other disaccharides, has been studied with purified proteins and
cultured cells in vitro. Oral administration of trehalose was even
applied in a mouse model of Huntington disease (8, 24, 25).
Dryness and high temperature cause similar damage, such as de-
naturation of proteins and disruption of membranes. Certain other
genes, such as heat shock proteins, are also activated by both
stresses in many organisms (26).
Nevertheless, other evidence suggests that mechanisms pro-

tecting against desiccation may be distinct from mechanisms
protecting against heat. For example, Cronobacter sakazakii, an
emerging food-borne pathogen, shows different tolerance toward
antibiotics when exposed to desiccation or heat (27). In another
example, expression of Anhydrin and LEA-1 peptide stabilizers
in the nematode Aphelenchus avenae are markedly up-regulated
by dehydration but not by heat (11). In our study, AgTreT1
mediated trehalose level appears to protect A. gambiae against
both dryness and high temperature because gene silencing leads
to decreased mosquito viability under both stresses (Fig. 3). The pro-
tection mechanism is likely to use the same trehalose metabolism

Fig. 3. Survival of mosquitoes with silenced AgTreT1 expression under en-
vironmental stresses. Female A. gambiae mosquitoes were incubated over-
night in (A) dehydrating (<20% relative humidity) or (B) high-temperature
environment (39 °C). The reduction of AgTreT1 was confirmed by RT-qPCR
and Western blot. Closed triangles represent percentages of living mosqui-
toes injected with GFP dsRNA at specified time points, and open circles
represent percentages of living mosquitoes injected with AgTreT1 dsRNA.
Mosquitoes with reduced AgTreT1 expression succumbed sooner than con-
trols under desiccation (A) and heat stresses (B). *P ≤ 0.05 by the log-rank
test in survival analysis. Each plot is a representative of three different
experiments with similar trends. Sample sizes and P values of three repeats
are summarized in Table S1.

Fig. 4. P. falciparum oocysts in AgTreT1-silenced mosquitoes. Female
A. gambiae mosquitoes were infected with P. falciparum GFP-3D7 parasites,
and dsRNA targeting AgTreT1 or GFP was injected into mosquito thorax on
the next day. Oocyst numbers in dissected mosquito midguts were counted
8 d postinfection. Closed triangles represent oocyst numbers in individual
mosquitoes injected with GFP dsRNA, and open circles represent oocysts in
mosquitoes injected with AgTreT1 dsRNA in a representative experiment.
Horizontal lines indicate mean values. **P ≤ 0.01 by the Mann–Whitney
U test. Three experiments with similar trends are summarized in Table S2.
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and transport pathway. We remain mindful that trehalose may
not be the only factor in the protection machinery. Other pro-
tective agents and their roles in different types of stresses war-
rant further investigation in vector mosquitoes.
Unlike the closed circulation system of vertebrates, mosquito

hemolymph flows in direct contact with internal organs, im-
mersing them in trehalose. Protection against dehydration me-
diated by a trehalose transporter has been verified by transfection
of PvTreT1 from P. vanderplanki larvae, which improved the
desiccation tolerance of cultured Chinese hamster ovary cells in
the presence of trehalose (28).
Here, we provide evidence for a protective role for AgTreT1 in

whole mosquitoes. Silencing AgTreT1 expression decreases trans-
port of trehalose from fat body to hemolymph. Trehalose move-
ment from hemolymph to internal organs is likely limited by the
trehalose concentration in hemolymph, possibly by the low levels
of AgTreT1 expression in those organs. We observed an up-reg-
ulation of AgTreT1 transcript and increased hemolymph trehalose
concentration when mosquitoes were in low relative humidity or
high temperature. Similar mRNA induction of the TreT ortholog
in P. vanderplanki was reported during desiccation (9). Thus,
multiple lines of research suggest that trehalose transport deter-
mines hemolymph trehalose concentration, thereby protecting
living organisms in adverse environmental conditions.

AgTreT1 Expression and P. falciparum Growth. It is believed that
Plasmodium spp. propagation in mosquitoes consumes nutrients
from the vector. Hemolymph sugars, predominantly trehalose,
are decreased after Plasmodium infection (23). However, mo-
lecular understanding of how trehalose is used by the parasite is
still not clear. One possibility is that the parasite scavenges and
metabolizes trehalose directly whereas another is that trehalose
is hydrolyzed to glucose by either the vector or the parasite and
the glucose is then taken up by the parasite.
Based on sequence analysis, the enzymes responsible for tre-

halose metabolism are present in A. gambiae—including putative
trehalose synthase, trehalase, and the trehalose transporter. So
far, orthologs of these genes have not been identified in Plas-
modium spp. A hexose transporter was cloned from P. falciparum,
but targeted gene deletion proved lethal during the erythrocytic
stages of the parasite (29). Therefore, it is likely that P. falciparum
propagation during vector stages depletes glucose from the mos-
quito by scavenging uptake into the parasite cell through mem-
brane transporters. Trehalose, as the energy storage of mosquito,
is mobilized to compensate for the glucose depletion. Because
trehalose is the major blood sugar in mosquitoes, reductions due
to AgTreT1 silencing would deplete the energy source for par-
asite growth, resulting in fewer parasite oocysts that eventually
survived the energy scavenge.
The interaction between malaria parasites and vector mos-

quitoes has drawn much attention for possible interventions to
prevent transmission of this pathogen (30). Most current studies
on vectors are focused on mosquito immune genes. Expression
levels of certain genes involved in the mosquito immune response
correlate with Plasmodium spp. propagation in the vector. For
example, targeted silencing of AgSTAT-A reduced the number of
early oocysts in mosquito midgut, and TEP1 silencing increased
the number of developing parasites (31, 32). In our study, silencing
AgTreT1 expression significantly decreases infection intensity dur-
ing oocyst stage (Fig. 4) and decreases infection prevalence. This
reduction is important for malaria control because, in the field,
even a single oocyst probably results in an infective mosquito. The
reduction of intensity and prevalence likely occurs by inhibiting P.
falciparum propagation and limiting the carbon and energy sour-
ces for parasite growth. Whether AgTreT1 or trehalose is directly
related to mosquito immunity is unclear. Trehalose concentration
in hemolymph may be related to multiple physiological pro-
cesses in mosquito vectors.

Together, these studies have established that AgTreT1 is a fac-
tor in mosquito adaptation to dehydration and heat. Furthermore,
AgTreT1 is also a positive mediator of P. falciparum development
as gene silencing reduced parasite load in the mosquito midgut.
These findings improve the understanding of malaria parasite de-
velopment in the mosquito vector and provide a previously unde-
scribed potential target for interrupting malaria transmission.

Materials and Methods
Mosquitoes, Routine Molecular Biology, RNAi, Antibodies, and Western Blot. All
experiments used methods and guidelines approved by the Animal Ethical
Care Committee of Johns Hopkins University in compliance with US guide-
lines for the use of animals in research. AgTreT1 mRNA sequence was ob-
tained from National Center for Biotechnology Information GenBank
(XM_315568) and www.VectorBase.org (gene no. AGAP005563). Detailed
methods on mosquito (Keele strain) rearing, RNA extraction, reverse tran-
scription, quantitative PCR, relative humidity determination, RNA interference,
Western blots, and desiccation assay were described in our previous paper (3).
Primers designed for AgTreT1 cloning, qPCR, and RNAi are listed in Table S3. A
rabbit polyclonal antibody was commercially raised against the AgTreT1 se-
quence at positions 243–256 (RGRKADVEPELKGI) and purified by affinity
chromatography (GenScript). Rabbit anti-Actin antibody (Sigma; A2066) was
used for loading control.

Hemolymph Extraction, Osmolality, and Trehalose Measurements. Seven days
after dsRNA injection, mosquitoes were anesthetized on ice, and 1–1.5 μL of
PBS was injected into the thorax using a fine glass needle. The needle was
then withdrawn from the thorax and inserted into the abdomen to harvest
perfused hemolymph. Approximately 10–15 μL of hemolymph from 10
mosquitoes injected with AgTreT1 or GFP dsRNA were pooled for each
measurement. Osmolality was measured with a VAPRO pressure osmometer
5520 (Wesco Inc.) with the manufacturer’s guidance.

In the trehalose measurement, extracted hemolymph was aliquoted into
three parts. Thefirst aliquotwas used tomeasure total glucose after trehalase
treatment. To hydrolyze hemolymph trehalose into glucose, a 40-μL reaction
containing 0.2 μL of hemolymph and 10 mU of porcine trehalase (Sigma;
T8778) in 50 mM Mes (2-[N-morpholino] ethanesulfonic acid) at pH 6.7 was
incubated at 37 °C for 1 h. The second aliquot was used to measure the
glucose concentration without trehalase treatment. The reaction system
was the same as the first part except that trehalase was omitted. Then,
the glucose concentrations of these two aliquots were determined with
the Glucose HK Kit (Sigma; GAHK-20) In each 55-μL glucose test, 5 μL of the
trehalase treatment product was used. The readouts at OD340nm were
within linear range. Trehalose concentrations were calculated by the fol-
lowing equation:

Ctrehalose =
Cglucose,treated −Cglucose,untreated

2
,

where Cglucose,untreated is the basal glucose concentration, Cglucose,treated is
the total glucose concentration treated by trehalase, and Ctrehalose is the
trehalose concentration in the hemolymph. D-(+)-trehalose dihydrate (Sigm;
T3663) and D-(+)-Glucose (Sigma; G8270) were positive controls. Experiments
were repeated four times. The third aliquot was used to determine the
relative level of genomic DNA in AgTreT1-silenced extract compared with
control extract. The measured trehalose concentrations in AgTreT1 RNAi
mosquitoes or controls were normalized to the amount of genomic DNA
extracted with the DNeasy Blood and Tissue Kit (Qiagen; 69504). qPCR
was performed to measure the relative level of ribosomal gene S7 in he-
molymph extracts. To verify the specificity, melting curves of qPCR were
examined, and the correct sizes of amplicons were confirmed by electro-
phoresis. Normalized trehalose concentrations of AgTreT1-silenced and
control hemolymph were subject to the Mann–Whitney U test with soft-
ware GRAPHPAD PRISM 5.

Desiccation and Heat Assays. Four hundred nanograms of dsRNA was injected
into the thorax of mosquitoes, and the mosquitoes were cultivated at 17 °C
and 80% relative humidity to recover until the desiccation assay as described
(3) or the heat assay in this paragraph. Both assays were repeated three
times with similar results. The median survival is 6–8.5 h in the presence of
desiccant and ∼17 h in the absence of desiccant (3). In the heat assay, ∼20
mosquitoes injected with AgTreT1 or GFP dsRNA were put in cardboard
cups and cultivated at 17 °C for optimal recovery. On day 6 after dsRNA
injection, the cups were transferred to 27 °C and incubated for 16 h for
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acclimation. The heat assays were carried out on day 7 after dsRNA in-
jection. Mosquitoes were placed in a Forma Environmental Chamber
(Model 3851; Thermo Electron Corp.) at 39 °C and 80% relative humidity.
Mosquito viability was monitored every 1–1.5 h. Survival analyses and log-
rank tests were performed as described (3).

P. falciparum Infection and Oocyst Determination. Five-day-old A. gambiae
female adults were infected with a P. falciparum GFP-3D7 strain (33) by
membrane feeding. The gametocytemia in each independent infection ex-
periment was 0.2–0.3%. On day 1 after infected-blood feeding, fully-engorged
females were anesthetized on ice, separated from the unfed mosquitoes, and
used for dsRNA injection. Mosquito viability was monitored after injection
with no significant difference between the AgTreT1 or GFP dsRNA injected
groups. Eight days after blood feeding, mosquito midguts were dissected, and
GFP-3D7 oocysts were counted under a fluorescence microscope (Leica DM
2500). At least 30 mosquitoes were used in experimental or control group in

each experiment. The assay was repeated three times. The Mann–Whitney U
test was performed with software GRAPHPAD PRISM 5.
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