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a b s t r a c t

Mosquito infections with natural isolates of Plasmodium falciparum are notoriously variable and pose a
problem for reliable evaluation of efficiency of transmission-blocking agents for malaria control interven-
tions. Here, we show that monoclonal P. falciparum isolates produce higher parasite loads than mixed
ones. Induction of the mosquito immune responses by wounding efficiently decreases Plasmodium num-
bers in monoclonal infections but fails to do so in infections with two or more parasite genotypes. Our
results point to the parasites genetic complexity as a potentially crucial component of mosquito–parasite
interactions.

� 2012 Australian Society for Parasitology Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Malaria, one of the most devastating infectious tropical dis-
eases, is caused by protozoan parasites of the genus Plasmodium
and is transmitted by anopheline mosquitoes, including Anopheles
gambiae. Introgression of Plasmodium-resistant mosquitoes into
field populations is an appealing approach to complement existing
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, Inserm U 963, Université de
ex, France. Tel.: +33 3 88 41

oratoire de Recherche sur le
tte contre les Endémies en
37 99 23 57 09; fax: +237 22

Levashina), morlais@ird.fr

r, Department of Molecular

, Zentrum für Molekularbiol-
bingen, Auf der Morgenstelle

x Planck Institute for Infection
malaria control measures (Alphey et al., 2002), however the poten-
tial of these mosquitoes to break the transmission cycle has been
mostly evaluated in laboratory settings using monoclonal isolates
of Plasmodium falciparum. Mosquitoes mount powerful immune re-
sponses that limit parasite infection at different stages of parasite
development. The major parasite losses occur when the diploid
ookinetes, having crossed the midgut epithelium, reach the extra-
cellular space on the basal side of the mosquito midgut (reviewed
in Blandin et al., 2008). A number of factors that compromise par-
asite development at this stage have been identified to date. Para-
mount among those is the complement-like thioester-containing
protein 1 (TEP1) (Blandin et al., 2004, 2008; Cirimotich et al.,
2011). TEP1 is secreted by the mosquito blood cells into the hemo-
lymph, and its expression is induced by a number of immune stim-
uli such as sterile wounding, blood feeding, infections with
bacteria and Plasmodium spp. (Levashina et al., 2001). The antipar-
asitic activity of TEP1 is controlled by a heterodimer comprising
two leucine-rich repeat (LRR) proteins, LRIM1 and APL1, which is
necessary for efficient binding of TEP1 to Plasmodium berghei
ookinetes (Fraiture et al., 2009; Povelones et al., 2009). TEP1 bind-
ing to invading ookinetes mediates lysis of the majority of
Ltd. All rights reserved.
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parasites (Blandin et al., 2004). Consistently, silencing of the TEP1
gene dramatically increases levels of laboratory infections with
the rodent P. berghei and human P. falciparum parasites (Dong
et al., 2006; Garver et al., 2009). These results were routinely ob-
tained using single clones of rodent or human malaria parasites.
However in malaria-endemic areas of high transmission, P. falcipa-
rum infections are predominantly multiclonal, containing mixtures
of genetically distinct parasites (Anderson et al., 2000; Babiker
et al., 2008; Farnert et al., 2009) and in the human hosts, multicl-
onal infections are associated with reduced clinical signs (Bereczky
et al., 2007; Liljander et al., 2011). In the mosquito, competition
among clones within multiclonal infections was proposed to be
one of the factors that drive the dynamics of parasite population
structure and shape such important processes as parasite viru-
lence, drug resistance and host–pathogen interactions (Reece
et al., 2008).

Here we set out to assess whether the genetic complexity of the
parasites affects vector competence in Africa against monoclonal
and multiclonal Plasmodium infections and whether the mosquito
immune responses are equally efficient against different Plasmo-
dium spp. To this end, we examined the role of TEP1 in mosquito
resistance to field isolates of P. falciparum over three consecutive
seasons in Cameroon using a local mosquito colony. Our results
point to a negative correlation between the genetic complexity of
the parasite isolates and the outcome of mosquito infections. We
show that monoclonal infections produce higher parasite loads
than mixed ones. Surprisingly, mosquito immune responses in-
duced by wounding efficiently decrease P. falciparum numbers only
in monoclonal infections but fail to do so when two or more para-
site genotypes are present.
2. Material and methods

2.1. Double-stranded RNA (dsRNA) synthesis and gene silencing

Double-stranded RNAs (dsRNAs) were synthesized using pLL17
(dsTEP1) and pLL100 (dsLacZ) plasmids as described previously
(Blandin et al., 2004). The dsLacZ served as the RNA interference
(RNAi) control and the injection of sterile water (H20; 0.069 ll/
mosquito) was used to examine the injection effect. Injections of
100 one-day old female mosquitoes for each treatment were per-
formed as in Blandin et al. (2002, 2004). Briefly, females were in-
jected into the thorax with 0.2 lg of dsRNA (0.069 ll/mosquito)
using a glass capillary tube mounted onto a Nanoject II injector
(Drummond, USA) (Blandin et al., 2002). Mosquitoes were allowed
to recover from injection and 3–4 days later were infected with a
donor blood using standard indirect membrane feeding. An un-
treated group of mosquitoes was kept under the same conditions
and served as a control.

2.2. The efficiency of TEP1 knockdown

The efficiency of dsRNA silencing was monitored 4 days after
injection at transcriptional and protein levels on 15 mosquitoes
as previously described by Blandin et al. (2004).

2.2.1. Transcriptional analysis
Total RNA was extracted with Trizol reagent (Life Technologies

Ltd., UK) and 2 lg were reverse transcribed using M-MLV Reverse
Transcriptase and random hexamer primers (Life Technologies
Ltd.) according to the manufacturer’s instructions. Quantitative
real-time PCR (qRT-PCR) reactions were prepared using Absolute
QPCR Fast SYBR Green Master mix (Life Technologies Ltd.) accord-
ing to the supplier’s instructions and run on a 7500 Fast Real-Time
PCR instrument (Life Technologies Ltd.) using primers described in
Fraiture et al. (2009). Data were analysed with the Fast Real-Time
PCR software.
2.2.2. Immunoblotting
For immunoblotting, hemolymph was collected directly into

protein-loading buffer by proboscis clipping from 15 mosquitoes
4 days after injection. Samples were separated on 7% SDS–PAGE.
Proteins were transferred on a polyvinylidene fluoride membrane
using BioRad� Mini Transblot. The antibodies and loading control
(prophenoloxidase, PPO) were as described in Fraiture et al. (2009).
2.3. Mosquito infections with blood from P. falciparum gametocyte
donors

2.3.1. Screening gametocyte carriers
Gametocyte donors were recruited among asymptomatic chil-

dren aged from 5–11 years who attended primary schools in the
area of Mfou (3�40 N; 11�35 E), a small city 30 km from Yaoundé,
Cameroon. In this area, malaria is endemic with perennial trans-
mission and the highest intensity of transmission is observed dur-
ing two rainy seasons from August to November and from April to
June (van der Kolk et al., 2003). Parasitological surveys were con-
ducted during three consecutive seasons from April 2007 to June
2008 in collaboration with the medical team of the local hospital.
Asexual and sexual stages of P. falciparum were examined by light
microscopy (1,000� magnification) of Giemsa-stained thick blood
smears. Gametocyte density was evaluated against 1,000 white
blood cells (WBC), assuming the standard number of 8,000 WBC/
ll of blood. Density of asexual blood stages (ABS) was estimated
by parasite counts against 200 WBC. Children with parasitaemias
exceeding 50 ABS/ll were treated with an artemisinin-based com-
bination drug therapy according to national guidelines. Children
identified as gametocyte carriers were enrolled as volunteers after
their parents or legal guardians had signed documents indicating
informed consent. All procedures used in this study were approved
by the Cameroonian national ethical committee.
2.3.2. Standard indirect membrane feeding of mosquitoes
The local Ngousso strain of A. gambiae s.s. was used in all infec-

tion experiments. The strain was colonized by larval collection in
the field area of Yaoundé in January 2006 and is currently main-
tained in the insectary at Organisation de Coordination pour la lut-
te contre les Endémies en Afrique Centrale (OCEAC), Cameroon, at
28 �C and 80% humidity in a 12/12 h dark/light cycle. For each vol-
unteer, 4 ml of venous blood was collected by venipuncture into a
heparinized tube. The tube was centrifuged at 37 �C at 2,000g for
5 min and the serum of the carrier was replaced with an AB serum
from a non-immune donor to eliminate transmission-blocking
immunity factors (Boudin et al., 2005). A 350 ll aliquot of the mix-
ture was transferred into pre-warmed glass feeders and the mos-
quitoes that survived injections were allowed to feed for 25 min
through a Parafilm membrane. Non-fed or partially fed females
were removed and fed mosquitoes were maintained at 28 �C in
the insectary with a daily sucrose (6%) supply until dissections.
Midguts were dissected 7 days p.i., stained with 0.4% mercuro-
chrome solution and examined under light microscopy (200�
magnification) for oocyst counts. For each blood donor and each
treatment, the number of developed oocysts per midgut was re-
corded. For each blood donor assay, the infection prevalence was
computed as the percentage of mosquitoes with at least one oocyst
per midgut and the infection intensity as the mean number of
oocysts per mosquito for mosquitoes carrying at least one oocyst
(Table 1).



Table 1
Gametocyte densities and multiclonality of Plasmodium falciparum isolates and results of experimental infections.

Gametocyte isolates Control dsLacZ dsTEP1

ID GD COI PI II PI II PI II

(inf/total) (range) (inf/total) (range) (inf/total) (range)

ME5 95 1 0.90 82.89 0.40 12.14 0.60 44.00
(28/31) (1–175) (14/35) (1–45) (15/25) (5–83)

MJ5 154 1 0.81 56.67 0.14 17.00 0.71 58.40
(21/26) (1–132) (4/28) (1–53) (27/38) (8–130)

MR7 177 1 0.85 35.37 0.32 5.67 0.71 30.40
(46/54) (1–91) (6/19) (1–16) (20/28) (1–92)

GJ5 96 1 0.57 27.0 0.50 18.00 0.69 23.20
(13/23) (1–95) (4/8) (7–27) (11/16) (1–52)

ETD 266 2 0.75 8.83 0.24 5.13 0.57 4.13
(30/40) (1–34) (8/33) (1–13) (16/28) (1–14)

FA5 46 2 0.84 4.81 0.56 3.73 0.85 5.05
(42/50) (1–15) (15/27) (1–8) (22/26) (1–13)

ON8 52 2 0.45 5.00 0.34 3.43 0.64 4.50
(25/55) (1–13) (14/41) (1–8) (14/22) (1–9)

NES 91 2 0.42 5.00 0.09 1.00 0.67 5.88
(8/19) (1–9) (1/11) (1–1) (8/12) (1–13)

SIL 16 2 0.44 3.64 0.36 4.20 0.73 3.63
(11/25) (1–9) (10/28) (1–6) (11/15) (1–9)

LN5 83 3 0.65 70.28 0.62 30.30 0.65 21.10
(32/49) (3–168) (23/37) (1–102) (17/26) (1–61)

BA8 53 3 0.91 13.59 0.97 16.40 0.97 14.90
(70/77) (1–44) (33/34) (1–58) (31/32) (1–43)

MA7 21 3 0.56 9.79 0.50 7.00 0.54 3.78
(14/25) (1–32) (22/44) (1–21) (23/43) (1–11)

JB8 62 3 0.71 4.14 0.90 6.46 0.72 5.90
(35/49) (1–13) (37/41) (1–18) (21/29) (1–19)

MF5 23 4 0.61 5.09 0.41 4.86 0.32 2.57
(22/36) (1–16) (7/17) (3–8) (7/22) (1–7)

EVA 23 5 0.75 3.91 0.65 3.00 0.52 3.92
(43/57) (1–12) (28/43) (1–9) (26/50) (1–8)

EA8 44 5 0.64 2.83 0.66 2.14 0.53 1.59
(41/64) (1–8) (29/44) (1–5) (27/51) (1–3)

MI 29 5 0.41 0.84 0.28 0.60 0.30 2.57
(15/37) (1–6) (7/25) (1–3) (14/46) (1–6)

NH8 370 6 0.89 29.27 0.88 29.00 0.95 34.10
(48/54) (1–103) (44/50) (1–78) (40/42) (2–74)

MAM 23 7 0.71 5.13 0.55 4.33 0.41 4.56
(30/42) (1–18) (12/22) (1–11) (9/22) (1–17)

OJ1 68 7 0.81 3.88 0.76 6.36 0.79 6.32
(52/64) (1–16) (28/37) (1–19) (19/24) (1–14)

Total (626/877) (346/624) (378/597)

Mosquitoes were injected with dsLacZ or dsTEP1 and infected 4 days later with the indicated P. falciparum isolates. Uninjected mosquitoes were used as controls. Oocyst
numbers per mosquito were examined 7 days p.i. ID, isolate identity; control, non-injected mosquitoes; dsLacZ, mosquitoes injected with double-stranded RNA (dsRNA)
against LacZ; dsTEP1, mosquitoes injected with dsRNA against TEP1; GD, gametocyte density (number of gametocytes per ll of blood); COI, complexity of infection (maximum
number of alleles/loci detected in an isolate); PI, prevalence of infection (proportion of mosquitoes with at least one oocyst per midgut); inf/total, number of infected among
dissected mosquitoes; II, infection intensity (mean oocyst number per infected midgut); range, minimal and maximal number of oocysts per midgut.
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2.4. Genotyping of P. falciparum gametocytes

For each blood donor, gametocytes were purified by magnetic
separation of 1 ml of serum-free blood on a LD separation column
using the MACS system (Miltenyi Biotec, Germany) as previously
described (Ribaut et al., 2008). DNA was extracted with DNAzol
according to the manufacturer’s instructions (Molecular Research
Center, USA). Whole genome amplification was performed using
the GenomiPhi v2 DNA Amplification Kit (GE HealthCare Life Sci-
ences, USA) following the manufacturer’s protocol. This amplifica-
tion step generated sufficient DNA for microsatellite genotyping.
Genotyping was performed at six microsatellite loci: POLYa (chro-
mosome (chr.) 4, GenBank accession number G37809), TA87 (chr.
6, G38838), TA109 (chr.6, G38842), Pfg377 (chr. 12, G37851), PfPK2
(chr. 12, G37852) and TA60 (chr. 13, G38876) (Anderson et al.,
2000). Amplification reactions were processed as previously de-
scribed (Annan et al., 2007). The fluorescently labelled PCR prod-
ucts were separated by size on an ABI Prism 3100 DNA Genetic
Analyzer (Life Technologies Ltd.) using Lys-500 as an internal size
standard and examined with the GeneMapper software (Life
Technologies Ltd.). The complexity of infection (COI) of the game-
tocyte populations was defined as the maximum number of alleles
at the most polymorphic locus (Supplementary Table S1). Mono-
clonal infections were defined as gametocyte populations carrying
single alleles at all examined loci.

2.5. Mosquito infections with the rodent malaria parasites P. berghei
and Plasmodium yoelii

Mosquito infections with P. berghei and P. yoelii were performed
at the Institute of Molecular and Cellular Biology (IBMC) in Stras-
bourg, France. Anopheles gambiae G3 strain rearing and mainte-
nance was carried out at 28 �C, 75–80% humidity, with a 12/12 h
light/dark cycle. Sugar-deprived mosquitoes were allowed to feed
on anaesthetized CD1 mice that had been infected either with
the P. berghei clone 259cl2 expressing GFP (Franke-Fayard et al.,
2004) or with P. yoelii expressing GFP (Tarun et al., 2006). Mosqui-
toes that did not take a blood meal were removed from the sam-
ples. P. berghei and P. yoelii infected mosquitoes were kept at 21
and 28 �C, respectively. Parasitaemia in mice was assayed by
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Diff-Quik-I and –II (Eosin G and Thiazine dye, Simens Healthcare
Diagnostics Inc., USA) stained blood smears for the proportion of
infected red blood cells and differentiated gametocytes and/or by
Fluorescence-Activated Cell Sorting (FACS) analysis of parasites
expressing GFP (100,000 red blood screened per infected mouse).

Midguts were dissected on ice 8 days after infection and fixed
with 4% paraformaldehyde for 1 h. After three washes in PBS (pH
7.2), midguts were mounted on slides using Vectashield medium
(Vector Laboratories Inc., USA). Green fluorescent stained oocysts
were counted using a Zeiss fluorescence microscope (Axiovert
200M) at 5� magnification.

2.6. Statistical analysis

We investigated oocyst burden in the control group of mosqui-
toes according to the COI by comparing oocyst intensities and
prevalence of infection between monoclonal (COI = 1) and multicl-
onal infections (COI > 1) using a Mann–Whitney test (Quinn and
Keough, 2002).

Two separate three-way mixed-effects analysis of co-variance
(ANCOVA) tests were conducted to estimate the effects of gameto-
cyte density (GD), COI, dsRNA, the interactions between GD and
COI, GD and dsRNA, and COI and dsRNA on the infection intensity
and on prevalence. GD was considered as a covariate. The imple-
mentation of a mixed-effects model (blood donor was considered
as a random effect) led to the adjustment of the variance resulting
from blood donors (McCulloch and Searle, 2000). Therefore in these
settings, the variation related to a host donor had no influence on
the output of the statistical test. Fisher’s Least Significant Differ-
ences (LSD) test was conducted as a post hoc test when required.
We examined the effect of dsRNA (dsLacZ and dsTEP1) injection on
P. falciparum infections grouped in mono- and multiclonal infec-
tions using the Mann–Whitney test. To delineate the effect of the
injection per se as opposed to injection of dsRNA, we compared
the effect of dsRNA injection, water injection and no injection (con-
trol) on infection intensity of P. falciparum, P. berghei and P. yoelii
monoclonal infections using the Mann–Whitney test. Analyses
were performed using SYSTAT 12.0 software (SYSTAT software Inc.).
3. Results

3.1. Parasite loads in the mosquitoes infected with single and
multiclonal P. falciparum populations

Infection experiments with blood collected from gametocyte do-
nors were performed in Cameroon on three groups of mosquitoes
Fig. 1. Effect of Plasmodium falciparum genetic complexity on the outcome of infections in
Results of infections were grouped according to the genetic complexity of gametocytes
alleles at the most polymorphic locus per blood sample. Results are plotted as box-and-w
an outlier. Infection intensity (A) and prevalence of infections (B) were compared betwe
(COI > 1, n = 16).
from a local colony: untreated mosquitoes (control), immuno-de-
prived mosquitoes in which the immune response was inhibited
by RNAi-mediated silencing of TEP1 (dsTEP1) and mosquitoes in-
jected with unrelated dsRNA (dsLacZ) as an injection control. In
each experiment, the GDs were evaluated prior to infection by
examination of thick blood smears, and gametocytes from each do-
nor sample were purified and genotyped at six loci to evaluate the
COI (number of P. falciparum alleles at the most polymorphic locus
per blood sample) (Supplementary Table S1). The efficiency of
dsRNA silencing was confirmed by qRT-PCR and by immunoblot-
ting (Supplementary Fig. S1).

We first analysed whether there was a relationship between the
outcome of infection in the control mosquitoes and the number of
P. falciparum gametocyte clones in a single donor identified by
genotyping (Supplementary Table S1). In these analyses, intensity
of infection (oocyst numbers per midgut) and prevalence (propor-
tion of infected mosquitoes) were considered separately. A 20-fold
difference in mean oocyst numbers was observed between mono-
clonal and multiclonal infections, with the former producing on
average much more prominent infections (P(df=1) < 0.001, Fig. 1A,
Table 1). In contrast, no significant difference was detected in
terms of prevalence of infection, which ranged between 0.5 and
0.9 (P(df=1) = 0.16, Fig. 1B, Table 1). However, for two isolates some
exceptions to this rule were noted. For instance, a high mean oo-
cyst number was observed for NH8 (COI = 6), a unique isolate with
the highest gametocyte counts, and for LN5 (COI = 3), who had
lower gametocyte density than NH8 and a very high mean oocyst
count (Table 1).
3.2. Wound-induced antiparasitic response

Next the effects of COI, GD and of the efficiency of the mosquito
immune responses (dsRNA injections) on the infection intensity
and on prevalence were examined separately. To this end, the re-
sults of 20 experiments were analysed with a three-way mixed-ef-
fects ANCOVA model. Significant effects on both intensity and
prevalence of infection were detected for the interaction between
COI and dsRNA injections (Tables 2 and 3, F(12, 1268) = 5.689;
P < 0.001 and F(12, 21) = 2.283; P = 0.047, respectively). Indeed, mod-
ulation of the mosquito immune responses by dsRNA injection sig-
nificantly affected the numbers of developing parasites and the
proportion of infected mosquitoes only in monoclonal infections.
In contrast, multiclonal infections appeared insensitive to the
TEP1-mediated mosquito responses (Fig. 2A and B).

Unexpectedly, injection of dsLacZ alone significantly decreased
oocyst numbers compared with uninjected controls (Fig. 2A,
Anopheles gambiae. Mosquitoes were infected with natural isolates of P. falciparum.
in the donor blood, where complexity of infection (COI) is defined as a number of
hiskers graphs where whiskers show the 10th–90th percentiles and a dot represents
en infections with single parasite clones (COI = 1, n = 4), and mixed parasite clones



Table 2
Three-way mixed-effects analysis of co-variance (ANCOVA) on intensity of mosquito
infections with Plasmodium falciparum isolates.

Effect d.f. Numerator d.f. Denominator F ratio P value

GD 1 1,268 0.001 1.000
COI 6 1,268 1.213 0.297
dsRNA 2 1,268 0.164 0.849
dsRNA � GD 3 1,268 1.953 0.119
dsRNA � COI 12 1,268 5.689 <0.001
COI � GD 6 1,268 1.318 0.246

For the model construction, gametocyte density (GD) was considered as the
covariate, complexity of infection (COI) and injected double-stranded RNA (dsRNA)
as categorical variables, and blood donors as a random effect. Mosquitoes represent
a sample unit. d.f., degrees of freedom. The statistically significant effects are shown
in bold.

Table 3
Three-way mixed-effects analysis of co-variance (ANCOVA) on prevalence of
mosquito infections with Plasmodium falciparum isolates.

Effect d.f. Numerator d.f. Denominator F ratio P value

GD 1 21 0.000 1.000
COI 6 21 0.149 0.987
dsRNA 2 21 0.033 0.968
dsRNA � GD 3 21 0.319 0.812
dsRNA � COI 12 21 2.283 0.047
COI � GD 6 21 0.154 0.986

For the model construction, gametocyte density (GD) was considered as a covariate,
complexity of infection (COI) and injected double-stranded RNA (dsRNA) as cate-
gorical variables, and blood donors as a random effect. The group of mosquitoes
analysed for each blood donor represented a sample unit. d.f., degrees of freedom.
The statistically significant effects are shown in bold.
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P = 0.0386 Mann–Whitney test). This effect was only detected in
monoclonal infections, while low levels of infections with multicl-
onal infections were unaffected (Fig. 2B). In monoclonal infections,
a decrease in oocyst intensity was rescued to control levels in
mosquitoes injected with dsTEP1, indicating that TEP1 function
was required for parasite killing induced by wounding. Similar to
dsLacZ, injections of dsTEP1 did not affect the outcome of infections
with multiclonal infections, indicating that infections with multi-
ple parasite isolates escape TEP1-mediated killing.
3.3. Wound-induced responses are efficient against monoclonal
populations of human but not rodent malaria parasites

To assess whether the impact of dsLacZ injections was due to
the activation of the mosquito RNAi response or was due to
Fig. 2. Effect of multiclonality of Plasmodium infections on the efficiency of complemen
were injected with double-stranded RNA (dsRNA) against LacZ (an unrelated bacterial ge
infected with natural isolates of Plasmodium falciparum. Infection intensity was plotted
were compared between uninjected (control) and dsRNA-treated mosquitoes (dsLacZ and
(B) multiclonal infections (COI > 1, n = 16). Asterisk indicates significant differences (P = 0
wounding, we next evaluated results of monoclonal infections in
control, dsLacZ- and water-injected mosquitoes. We also examined
whether this wounding effect was specific to P. falciparum and per-
formed infections with rodent malaria parasites. No statistical dif-
ference between the group of H2O injected mosquitoes and the
group of dsLacZ injected mosquitoes was observed for P. falciparum
nor for rodent malaria parasites (P = 0.108 and P = 0.181 for P. fal-
ciparum and P. berghei, respectively; P = 0.585 and P = 0.942 for live
and melanised P. yoelii, respectively; Fig. 3). Water injections pro-
duced the same negative effects on parasite development as dsLacZ
injections, confirming the negative impact of wounding on parasite
development. Significant differences were detected in infection
levels between P. berghei and P. yoelii, where the latter parasite
species was efficiently killed and partially melanized by the fully
susceptible mosquito strain (Fig. 3B and C). However, no differ-
ences were detected in parasite loads when comparing control
and injected mosquitoes (Fig. 3B and C), suggesting that wounding
did not affect development of the rodent malaria parasites, P. berg-
hei and P. yoelii.
4. Discussion

Malaria parasites display a remarkable plasticity to adapt to
new environments throughout their life cycle in two different
organisms, the vertebrate host and the invertebrate mosquito vec-
tor. In vertebrates, P. falciparum has developed strategies to coun-
teract host defenses, for instance by switching Var gene expression
at the surface of the infected erythrocytes (Warimwe et al., 2009).
In multiclonal infections, within-host competition exerts selective
pressure on parasite fitness traits and elicits interactions that opti-
mize transmission efficiency (Reece et al., 2008; Mackinnon and
Marsh, 2010). Here we extend this paradigm to the mosquito
stages and identify genetic complexity as one of the strategies
used by P. falciparum to survive the mosquito’s immune responses.
We show that: (i) monoclonal infections tend to produce higher
infection intensities, probably as a result of the previously de-
scribed phenomenon of changes in the gametocyte sex ratio evi-
denced in the multiclonal infections (Reece et al., 2008); (ii)
wounding impacts parasite development and is mediated by
TEP1 function; (iii) multiclonal infections escape mosquito im-
mune surveillance.

As special care has been taken to minimise the effects of donor
blood composition by substituting donor sera with non-immune
sera, our results point to the parasite’s genetic diversity as one of
the factors that underlie a large variation in outcomes of the field
mosquito infections, and explain differences in infection intensities
between the mosquitoes naturally infected in the field and the
t-like thioester-containing protein 1 (TEP1)-mediated parasite killing. Mosquitoes
ne, used to estimate the effects of dsRNA injections) or TEP1, and 4 days later were
as box-and-whisker graphs where whiskers define the 10th–90th percentiles, and
dsTEP1) in (A) monoclonal infections (complexity of infection (COI) =1, n = 4) and in
.0386, Mann–Whitney test) observed between the samples; dot represents outlier.



Fig. 3. Effect of wounding on development of human and rodent Plasmodium spp. Mosquitoes were injected with dsLacZ (RNA from an unrelated bacterial gene) or water
(H2O) injections and infected with (A) natural isolates of Plasmodium falciparum (n = 3; only results of monoclonal infections are shown), (B) Plasmodium berghei (n = 4) and
(C) Plasmoidum yoelii (n = 4). For P. yoelii infections data are provided for both live oocysts and for melanized ookinetes. Three asterisks highlight significant differences
compared with control mosquitoes (Mann–Whitney test, P < 0.001).Median oocyst numbers are indicated by horizontal bars.

594 S.E. Nsango et al. / International Journal for Parasitology 42 (2012) 589–595
ones infected in a laboratory. The uncovered relationship between
COI and outcome of infection calls for systematic genotyping of do-
nor gametocytes required for accurate interpretation of study
results.

Based on the results reported here, we predict that monoclonal
infections will dramatically increase the resolution power of genet-
ic analysis of mosquito resistance to Plasmodium, while multiclonal
infections will tend to abrogate contributions of the mosquito
resistance loci. However, evaluation of robustness of mosquito
resistance to P. falciparum or of new candidate transmission-block-
ing vaccines should be performed with multiclonal infections. It is
currently unclear to what extent the observed effect of multiclo-
nality is mediated by the parasite’s genetic complexity per se
and/or by genotype-for-genotype interactions. It is conceivable
that greater parasite diversity within multiple isolates augments
the probability of being infected with the virulent Plasmodium
genotype, which is resistant to TEP1 killing.

Further well-controlled laboratory studies with single and mul-
tiple P. falciparum isolates will be required to answer this question.
Currently only a limited number of related P. falciparum lines from
sub-Saharan Africa that are efficient in gametocyte production are
available in laboratories worldwide. On the other hand, a recent
report on the effect of Plasmodium multiclonality on gametogene-
sis may indicate that complex interactions between kin and non-
kin parasites may affect not only male/female ratios but also other
aspects of parasite biology within the mosquito (Reece et al.,
2008).

Finally, our serendipitous discovery of the susceptibility of P.
falciparum parasites to wounding opens up new avenues in vector
research, which should identify signalling pathways and effector
molecules underlying these responses. Our results suggest that at
least in part, this wounding response is mediated by TEP1. We have
previously reported that TEP1 expression was induced by wound-
ing, probably as a result of massive TEP1 cleavage in the hemo-
lymph (Levashina et al., 2001). We propose that the injury
inflicted to the mosquito epidermis by injection activates some
proteolytic cascades that lead to TEP1 activation and de novo syn-
thesis before parasite invasion. Akin to depletion of Cactus, a neg-
ative regulator of a mosquito immune pathway (Frolet et al., 2006),
this immune priming may account for efficient Plasmodium killing.
The identity of the proteolytic cascade(s) activating the mosquito
complement-like protein remains to be elucidated. As injection of
dsRNA per se induces a strong response against monoclonal P. fal-
ciparum isolates, other functional approaches such as transgenic
mosquitoes should be considered for functional gene analyses.

The uncovered complexity of host–parasite interactions de-
scribed here provides a new integrated framework for dissection
of mosquito–Plasmodium interactions that are of high economic,
medical and social importance.
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