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Abstract

Background: The control of most vectors of malaria is threatened by the spread of insecticide resistance. One
factor that has been hitherto largely overlooked is the potential effects of insecticide resistance on the ability of
mosquitoes to transmit malaria: are insecticide-resistant mosquitoes as good vectors of Plasmodium as susceptible
ones? The drastic physiological changes that accompany the evolution of insecticide resistance may indeed alter
the ability of vectors to transmit diseases, a possibility that, if confirmed, could have major epidemiological
consequences.

Methods: Using a novel experimental system consisting of the avian malaria parasite (Plasmodium relictum) and its
natural vector (the mosquito Culex pipiens), two of the most common mechanisms of insecticide resistance
(esterase overproduction and acetylcholinesterase modification) were investigated for their effect on mosquito
infection rate and parasite burden. For this purpose two types of experiments were carried out using (i) insecticide-
resistant and susceptible laboratory isogenic lines of Cx. pipiens and (i) wild Cx. pipiens collected from a population
where insecticide resistant and susceptible mosquitoes coexist in sympatry.

Results: The isogenic line and wild-caught mosquito experiments were highly consistent in showing no effect of
either esterase overproduction or of acetylcholinesterase modification on either the infection rate or on the oocyst
burden of mosquitoes. The only determinant of these traits was blood meal size, which was similar across the
different insecticide resistant categories in both experiments.

Conclusions: Insecticide resistance was found to have no effect on Plasmodium development within the mosquito.
This is the first time this question has been addressed using a natural mosquito-Plasmodium combination, while
taking care to standardize the genetic background against which the insecticide resistance genes operate. Infection
rate and oocyst burden are but two of the factors that determine the vectorial capacity of mosquitoes. Other key
determinants of parasite transmission, such as mosquito longevity and behaviour, or the parasite’s incubation time,
need to be investigated before concluding on whether insecticide resistance influences the ability of mosquitoes

to transmit malaria.

Background

Many of the most dangerous human diseases are trans-
mitted by mosquitoes. Insecticide use is the mainstay of
mosquito control programmes [1], and insecticide resis-
tance one of its biggest obstacles [2]. Insecticide resis-
tance jeopardizes disease control efforts by increasing
the number of mosquitoes that survive the insecticide
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treatment and are available to spread the parasite in the
population. Although this quantitative effect of insecti-
cide resistance on the mosquitoes may be mitigated by
the costs associated to insecticide resistance [3-6] it has
been deemed sufficiently worrying to motivate the
development of resistance management strategies to
prevent or retard the spread of resistance [7-9]. Little
attention has however been given to the potential quali-
tative effects of insecticide resistance on the mosquitoes:
are insecticide resistant mosquitoes better, equal or
worse vectors of diseases than susceptible ones?
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Mosquitoes are not mere flying syringes, they provide a
very specific physiological environment in which para-
sites differentiate, proliferate and migrate to the correct
tissues to ensure transmission to the next host. There is
increasing evidence that this environment is drastically
modified when insects become resistant to insecticides
[10]. For instance, recent work by McCarroll and co-
workers [11,12] has shown that insecticide resistance
levels in wild Culex quinquefasciatus mosquitoes are
negatively correlated with the density of the filarial para-
site Wuchereria bancrofti, and that parasite development
is blocked at the L1 stage in laboratory mosquitoes
selected for artificially high levels of insecticide resis-
tance [11,13]). These results could extend to other mos-
quito-parasite combinations and have large implications
for the transmission of diseases.

Malaria is one of the most lethal diseases of humans.
It is caused by protozoa of the genus Plasmodium that
parasitize mammals, birds and lizards. Mosquito control
through the use of insecticides is still the most impor-
tant component of malaria control programmes. Insecti-
cide resistance, including multiple resistance to all the
major classes of insecticides, has been reported in all
the main mosquito vectors of malaria [14]. Mosquitoes
are able to escape the lethal effects of insecticides by
two non exclusive physiological strategies: by reducing
the sensitivity of the neural targets of the insecticides
(target site resistance) and by increasing the activity of
detoxifying enzymes (metabolic resistance [2]). In some
areas, the prevalence of these types of insecticide resis-
tance is so high - upwards of 50% [15,16] - that Plasmo-
dium parasites circulating in the blood of infected hosts
have a high chance of being ingested by an insecticide
resistant mosquito. Despite this, surprisingly little is
known as to whether insecticide resistance interferes
with the subsequent development of Plasmodium within
the vector. This important gap in our knowledge is
partly due to the difficulties associated with finding
sympatric insecticide-resistant and susceptible mosqui-
toes, particularly in areas with a long and complex his-
tory of insecticide use where multiple resistance
mechanisms are the norm [17] and fully susceptible
individuals hard to find. This has driven researchers to
work on allopatric mosquito combinations [18,19] or on
mosquito-Plasmodium combinations not found in nat-
ure [20], both of which render the results difficult to
interpret [10].

This study investigates the potential effect of insecti-
cide resistance on Plasmodium infection rate and para-
site burden within mosquitoes using the avian malaria
parasite, Plasmodium relictum, and its natural mosquito
vector, Culex pipiens [21]. Avian malaria parasites share
a distant common ancestor with human malaria
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parasites [22] and have historically played an important
role as models in the study of human malaria [23].
Culex pipiens is one of the main vectors of avian Plas-
modium [21] and is widely present in the south of
France, where it is seen as a nuisance to the tourist
industry. Following repeated treatments of larval sites
with organophosphate insecticides (initiated 40 years
ago), the two main types of insecticide resistance are
present in the Montpellier region: target site resistance
(through the modification of the acetylcholinesterase
[24]) and metabolic resistance (through the overproduc-
tion of detoxifying carboxylesterases [25]). One particu-
larly convenient feature of this system is that mosquito
control has been limited to the populations along the
Mediterranean coast. It is thus possible to identify an
insecticide-treated area (a 20 Km band close to the sea),
a non-treated area (further north), and an intermediate
area where metabolic and target site resistant mosqui-
toes coexist with susceptible ones [26]. In addition,
through a series of back-crossings carried out at the
Institut des Sciences de 'Evolution de Montpellier, the
different insecticide resistance alleles found in the region
have been separately introgressed into a common (insec-
ticide-susceptible) genetic background to produce differ-
ent isogenic insecticide-resistant mosquito lines [4].
Qualitatively different predictions can be made on the
effect of the two different insecticide resistant mechan-
isms on Plasmodium development within the mosquito.
These have been extensively reviewed elsewhere [10]
and will only be briefly outlined here. First, the overpro-
duction of large amounts of detoxifying esterases results
in a substantial depletion of the energetic stores of mos-
quitoes [27]. Resource depletion can have two contrast-
ing consequences for parasite development: on the one
hand it may hinder mosquito immunity, whose mainte-
nance and deployment are known to be resource depen-
dent [28], thereby favoring parasite development. On
the other hand, it may limit the development of Plasmo-
dium, a parasite whose mosquito stages are known to
be greedy consumers of resources [29,30]. Second,
esterases have been shown to be highly expressed in
mosquito tissues that are key for parasite development
(such as the midgut [31]). These overproduced esterases
may render these tissues toxic for parasite development
through, amongst others, an excess production of reac-
tive oxygen species - a possibility that has never been
formally explored but for which there is indirect evi-
dence [10,11]. Finally, acetylcholinesterase modification
has been shown to increase the feeding rate of Cx.
pipiens larvae [32], most likely as a consequence of an
hyperactive nervous system resulting from an excess of
acetylcholinesterase in the synapses [3]. Hyperactivity
may also have an impact on the blood feeding efficiency
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of the adults and thus on the number of parasites
ingested, though not necessarily on their subsequent
development [10].

This paper aims to reply to the following three ques-
tions: 1) Do insecticide resistant mosquitoes have a dif-
ferent probability of infection than susceptible ones? 2)
Do infected insecticide resistant mosquitoes attain
higher or lower parasite burdens than susceptible ones?
and 3) Are these differences dependent on the underly-
ing insecticide resistance mechanism (metabolic vs tar-
get site)? For this purpose, experimental P. relictum
infections were carried out using (i) insecticide-resistant
and susceptible laboratory isogenic lines of Cx. pipiens
and (ii) wild Cx. pipiens collected from a population
where insecticide resistant and susceptible mosquitoes
coexist in sympatry. The isogenic lines allowed us to
test the effect of the insecticide resistance genes in a
uniform genetic background. This may increase the
chances of detecting an eventual pleiotropic effect of the
insecticide resistance genes, but the results may not be
necessarily applicable to other genetic backgrounds, par-
ticularly if there are epistatic interactions between the
insecticide resistant genes and other genes in the gen-
ome (although modifier genes have not yet been
described in this species [33]). The field-collected mos-
quitoes, on the other hand, allowed us to test the effects
under the more realistic conditions of a heterogeneous
genetic background [34]. Combined, these two
approaches provide a powerful test of the role of insecti-
cide resistance on parasite development within the
mosquito.

Methods

Avian malaria parasite

Plasmodium relictum (lineage SGS1) is the aetiological
agent of the most prevalent form of avian malaria in
Europe [21]. This generalist Plasmodium parasite lineage
was originally isolated by G. Sorci (CNRS, Dijon) from
wild sparrows caught in the region of Dijon (France) in
2008 (wild mosquito experiments) and 2009 (isogenic
line experiments) and subsequently passaged to naive
canaries (Serinus canaria) by intra peritoneal injection.
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The strain was maintained in an animal house by carry-
ing out regular passages between stock canaries
every ca. 3 weeks. At the time of the experiments, the
parasite had undergone between nine (wild mosquito
experiments) and fourteen (isogenic line experiments)
passages since their transfer from the sparrows. For the
purpose of the experiments, the experimental canaries
were infected by intra-peritoneal injection of ca. 50-100
uL of blood from the infected canary stock. Their para-
sitaemia was regularly monitored from the fifth day of
infection onwards using thin blood smears as described
in [21]. Mosquito feeding (see below) took place 10 days
after the onset of the infection, to coincide with the
acute phase of the parasitaemia (Vézilier, unpublished
results).

Isogenic strain experiments

Mosquito rearing

Experiments were carried out using one insecticide sus-
ceptible strain (SLAB), two insecticide resistant strains
through the overproduction of detoxifying esterases
(SA2B2, SA4B4) and one strain with an insensitive acet-
ylcholinesterase but no overproduced esterases (SR).
Details of these strains are given in Table 1. Eggs of
each of the different mosquito strains were obtained
from the Institut des Sciences de I'Evolution de Mon-
tpellier and set up to hatch under standard insectary
conditions (25 + 1°C, 70 + 5% RH and 12L: 12D photo-
period). On the hatching day, larvae were haphazardly
seeded into plastic trays (4 trays per genotype, dimen-
sions: 25 cm x 35 ¢cm x 7 c¢cm) containing one litre of
mineral water (Eau de Source Carrefour, France) at a
constant density of 300 individuals per tray. Larvae were
provided with a half-tablet of concentrated yeast on the
day of the hatching, 200 mg of TetraMin® fish flakes
the following day, and from then on 400 mg TetraMin
every two days until pupation. Tray water was changed
on feeding days to avoid bacterial growth on the water
surface. On pupation, trays were placed inside an emer-
gence cage (27 x 40 x 35 cm) and provided with an ad
libitum source of 10% sugar solution for the emerged
adults.

Table 1 Insecticide resistant and susceptible strains used in the isogenic strain experiment

Strain IR mechanism Alleles Genetic background
SLAB None Ester®, ace-1° SLAB
SA2B2 Overproduction of esterases A2 and B2 Ester’, ace-1° SLAB
SA4B4 Overproduction of esterases A4 and B4 Ester*, ace-1° SLAB
SR Insensitive acetylcholinesterase Ester®, ace-1% SLAB

The overproduction of esterases is controlled by a superlocus consisting of two loci (esterase A and esterase B) in complete linkage disequilibrium. Alleles for this
locus are the wild type susceptible Ester’, or the insecticide resistant Ester’ (overproduces the esterase A2 and B2 isozymes) and Ester® (overproduces the esterase
A4 and B4 isozymes). The modification of the acetylcholinesterase is controlled by the locus ace-1. Alleles for this locus are the wild type susceptible ace-1° and
the insecticide resistant ace-1% (which contains a single GGC—>AGC point mutation that renders the acetylcholinesterase insensitive to the insecticide). For more

details on those strains, see [4].
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Mosquito experimental infections and dissections

One day before the feeding, 50 female mosquitoes from
each of the four strains (SLAB, SA4B4, SA2B2, SR) were
haphazardly chosen from the different emergence cages
and placed inside an experimental cage. Three such
experimental cages were obtained in this way. The mos-
quitoes in these experimental cages were deprived of glu-
cose for 24 h to increase hunger levels and thus favour
blood feeding. On the morning of the blood feeding day,
bird parasitaemia was estimated by counting the propor-
tion of infected red blood cells using Giemsa-stained
blood smears. Blood feeding was carried out overnight by
placing a different experimental Plasmodium-infected can-
ary inside an upturned aerated containment box (diameter
14 cm, height 12 cm) on top of each cage. The canaries
stood on top of the cage allowing the mosquitoes to feed
on the bird’s feet through the screened wall, while the rest
of the body was protected from the bites. Engorged
females were taken out from the cages, briefly anesthetized
with CO, and placed individually into numbered dry 30
ml drosophila plastic tubes covered with a mesh. Food was
provided in the form of a cotton pad soaked in a 10% glu-
cose solution placed on top of each tube. This cotton pad
was replaced daily throughout the remainder of the
experiment.

Due to the high number of replications and the time
required to dissect out and count oocysts in the mosquito
gut, mosquito dissections were spread out over four con-
secutive days: days 5-8 post blood meal (pbm). Each dis-
section day, one fourth of the blood-fed mosquitoes that
had fed on each of the canaries were haphazardly chosen,
taken out from their tubes and dissected under a binocular
microscope in 100 pl of 0.01 M phosphate-buffered saline
(PBS). The tubes were kept at 4°C for haematin analysis
(see below). The dissected midguts were transferred with a
pin to a slide containing a drop of PBS with 5% mercuro-
chrome. The slide was observed under a phase contrast
microscope equipped with a 40x oil immersion objective
to assess infection rate (oocysts present/absent) and oocyst
burden (number of oocysts in infected guts). Dissected
bodies were kept on ice immediately after dissection and
subsequently frozen at -80°C for genotype identification.
Mosquito genotype (SLAB, SA2B2, SA4B4 or SR) was
determined using RFLP analysis as described in [35,36].
Quantification of the haematin (a by-product of the
decomposition of haemoglobin) excreted at the bottom of
the tubes was carried out as described in previous papers
[37]. The purpose of haematin quantification is to correct
for potential differences in the amount of blood ingested
by females of different genotypes. Solutions with an absor-
bance < 0.01 were classified as being from mosquitoes that
had not blood fed, as this absorbance was indistinguish-
able from the LiCOj control.
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Wild mosquito experiments

Mosquito collections and rearing

Wild Cx. pipiens mosquito larvae were collected in
August (Block 1), September (Block 2) and October
(Block 3) 2008 from a sympatric population of insecti-
cide resistant and susceptible mosquitoes. This popula-
tion was found 20 km north of Montpellier, in a
sewage treatment lagoon (near the village of Triadou,
France) located at the boundary between an insecti-
cide-treated and non-treated zone [33]. A previous
sampling of the larvae in this basin carried out in June
of the same year had given a balanced proportion of
each of the different insecticide resistant genotypes
(data not shown). The larvae collected were brought to
the insectary, sorted by developmental stage, and
seeded haphazardly in five plastic trays at a constant
density of 300 individuals per tray. The rearing condi-
tions were identical to those used for the isogenic
strains (see above).

Two additional trays were seeded with 300 larvae of
the SLAB laboratory strain of Cx. pipiens (see above).
The SLAB mosquitoes were reared in parallel and in
identical (density, food, insectary) conditions to the
wild collected mosquitoes. To discriminate SLAB from
wild mosquitoes, four days before the experiment,
SLAB females were marked with a RadGlo® JST fluor-
escent pigment applied using a dust storm technique
as described in [38]. The amount of dust applied was
50 pg for 50 individuals, which in preliminary trials
was found to have no effect on mosquito survival or
oocyst count (Flore Zélé and Julien Vézilier, unpub-
lished data), and was only detectable using a binocular
microscope.

Mosquito experimental infection and dissections
Experimental infections were carried out in identical way
to the isogenic strain experiments (see above). Each cage
(3 cages per block) contained 150 wild female mosquitoes
and 50 marked SLAB mosquitoes, haphazardly chosen
from the emergence cages. A different infected canary
was placed overnight on top of each of the cages for the
blood feeding to take place. The presence of SLAB mos-
quitoes in the cages served a double purpose: on the one
hand, to obtain a standard measure of parasite infectivity
to mosquitoes in each of the cages. On the other hand it
allowed us to compare the infectivity of P. relictum in
wild-caught vs. lab-reared isogenic lines.

As above, mosquito dissections were spread out over 4
consecutive days: days 5-8 post blood meal (pbm). Each
day, one fourth of SLAB and wild mosquitoes (n = 12
SLAB and n = 25 wild mosquitoes) from each cage were
haphazardly chosen, taken out from their tubes and the
measurements of infection rate, oocyst burden, and hae-
matin quantification obtained as for the isogenic strain
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mosquitoes. Wild mosquitoes were typed to determine
their insecticide status in the following ways. Insecticide
resistance through modification of the acetylcholinester-
ase was established by analysing homogenates of the
heads of individual mosquitoes using the micro-plate
TPP test [39]. Insecticide resistance through the over-
production of carboxylesterases was analysed on single
mosquito thorax homogenates by starch-gel electrophor-
esis in TME 7.4 buffer systems [40]. This technique
allows us to distinguish between the three main different
insecticide resistant carboxylesterase allozymes present
in the study area: Al (allele Ester’), A4-B4 (allele Ester®)
and A2-B2 (allele Ester®)[25]. Because of haemolymph
loss (and subsequent active esterase loss) during the dis-
section process, some thorax homogenates didn’t allow
us to establish the carboxylesterase resistance status
through starch-gel electrophoresis. In these cases (n =
176), the abdomen homogenates were analysed using
RFLP analysis (as above). Once typed, field collected
mosquitoes were allocated to one of 4 insecticide resis-
tance status: S (fully susceptible), E (resistant through
esterase overproduction), A (resistant through acetylcho-
linesterase modification) or AE (resistant through both
acetylcholinesterase modification and esterase overpro-
duction, see Table 2 for details).

All experiments described above were conducted in
accordance with the French Government regulations for
animal experimentation. Canaries were housed in a
licensed animal house (Direction Départementale des
Services Vétérinaires de 'Hérault - DDSV, licence num-
ber: E 34-172-21). A. Rivero is authorized under French
law to experiment on canaries (DDSV authorization
number: 34.363).

Table 2 Number of mosquitoes from the different
insecticide resistant categories used in the wild mosquito
experiments.

IR status Alleles Block 1 Block 2 Block 3

S Ester®, ace-1° 83 (30.07%) 88 (27.16%) 90 (27.78%)

E Ester', ace-1° 2 (0.72%) 7 (2.16%) 4 (1.23%)
Ester?, ace-1° 7 (2.54%) 3 (0.93%) 2 (0.62%)
Ester*, ace-1° 77 279%) 98 (3025%) 86 (26.55%)

A Ester®, ace-1" 42 (1522%) 54 (1667%) 62 (19.13%)

AE Ester', ace-1" 2 (0.72%) 3 (0.92%) 6 (1.85%)
Ester?, ace-1" 4 (1.45%) 2 (0.62%) 3 (0.93%)
Ester, ace-1" 59 (21.38%) 69 2129%) 71 (21.91%)

Total 276 (100%) 324 (100%) 324 (100%)

The corresponding proportions are given in brackets. The different insecticide
resistance status are S: fully susceptible, E: resistance through esterase
overproduction, A: resistant through acetylcholinesterase modification and AE:
resistant through both esterase overproduction and AChE modification.
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Statistical analyses

The analyses were carried out using the R statistical
package (v.2.10.1). The different statistical models
applied to the data are described in Additional File 1.
The analysis of infection rate (oocyst presence/absence)
was carried out using the /mer mixed model procedure
with binomial errors (Ime4 package). For the analysis of
infection intensity (number of oocysts), only individuals
that developed > 1 oocyst were included. As has been
found in other systems [41,42] oocyst count data were
greatly overdispersed. One way of handling this overdis-
persion is by using negative binomial pseudo distribu-
tions [42]. However, to date, it is not currently possible
to account for negative binomial distributions within a
mixed model Imer procedure. For this reason, data were
Box-Cox transformed and analysed using the /me mixed
model procedure (nlme package). For the graphical ana-
lysis of the relationship between oocyst burden and hae-
matin (individuals that developed > 1 oocyst), the gam
procedure was used (mgcv package).

The insecticide resistance status of the insects (SLAB,
SA4B4, SA2B2, SR in the isogenic strain experiment and
S, E, A, AE in the wild mosquito experiments), and the
amount of haematin (the standard proxy for blood meal
size [43]) were fitted as fixed explanatory variables.
Maximal models were simplified by sequentially elimi-
nating non-significant terms and interactions to obtain a
minimal model [44]. The significance of the explanatory
variables was established using a likelihood ratio test
(LRT) which is approximately distributed as a y* distri-
bution [45]. The significant > values given in the text
are for the minimal model, while non-significant values
correspond to those obtained before deletion of the vari-
able from the model. When appropriate, such as in the
analysis of the significant effect of insecticide resistance
status in block 3 of the wild mosquito experiments, a
posteriori contrasts were carried out by aggregating fac-
tor levels that did not significantly differ from each
other and by testing the fit of the simplified model
using an LRT [44]. As oocyst burden could be expected
to be a non-linear function of haematin quantity, the
quadratic term haematin® was added to the minimal
model to assess if it significantly improved the model fit.
Differences between birds and dissection days were
often significant but as they are of no interest in their
own right, they were controlled for by leaving these
terms as random factors in the model (see Additional
File 1). The one exception was in the comparison of
SLAB and wild-caught mosquitoes (models 19 and 20)
where dissection day had to be fitted as a fixed factor
rather than a random factor, as the latter did not allow
for model convergence (dissection day was however not
retained in the minimal model). The three blocks of the
wild mosquito experiments, which were obtained at
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three different monthly intervals, were first analysed
separately (one analysis per block). A second, more
stringent, test was subsequently carried out by analyzing
all blocks together and adding block as an additional
random factor to the model.

Results
Isogenic strain experiments
After overnight exposure with the infected canaries, 85%
of the SLAB, 88% of the SA4B4, 94% of the SA2B2 and
85% of the SR mosquitoes had taken a blood meal and
were subsequently dissected for oocyst detection. The
rest either died before feeding or did not blood feed.
There were no significant differences between the
insecticide resistant and susceptible strains in either
blood meal size (model 1, x*3= 1.56, p = 0.66), probabil-
ity of infection (model 2, x*; = 1.70, p = 0.63, Figure 1a)
or oocyst burden (model 3, y*3 = 6.90, p = 0.08, Figure
2a). The probability of becoming infected with P. relic-
tum and the amount of oocysts that successfully devel-
oped in the mosquito increased drastically with the
amount of blood consumed (model 2, y*; = 97.5, p <
0.0001 and model 3, x*; = 112.55, p < 0.0001, respec-
tively), irrespective of the strain. Fitting the quadratic
term (haematin?) highly improved the model fit (model
3, 1% = 24.95, p < 0.0001), suggesting that oocyst bur-
den was a decelerating polynomial function of blood
meal size (Figure 3a).

Wild mosquito experiments

The number of field-collected mosquitoes from each alle-
lic variant that took a blood meal and were subsequently
dissected for oocyst detection is given in Table 2. The
oocystaemias observed in the wild mosquito experiment
were, on average, significantly larger than those found in
the isogenic strain experiment (mean # s.e., 208 + 10 and
16 + 1 respectively, all strains combined, le =546,p =
0.02). This turned out to be an experiment effect, rather
than a laboratory vs field mosquito effect, as the compari-
son of SLAB vs field-caught mosquitoes within the wild
mosquito experiment showed no significant differences
in either infection probability (model 19: %% = 0.0084,
p = 0.93, Figure 1b-d), or oocyst burden (model 20: Y21 =
1.93, p = 0.16, Figure 2b-d).

The effect of insecticide resistance status on blood
meal size, infection probability and oocyst burden was
first analysed separately for each block. For the first two
blocks, blood meal size was independent of the insecti-
cide resistant status of the mosquitoes (Block 1, model
4: %3 = 4.10, p = 0.25; Block 2, model 8: y*; = 4.31, p =
0.23). In block 3, however, S females ingested slightly
more blood than the other insecticide resistant cate-
gories (model 12, x%3 = 9.54, p = 0.023). In all three
blocks the infection rate was strongly dependent on the
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amount of haematin ingested (Block 1, model 5: ¥*; =
13.14, p = 0.0003; Block 2, model 9: %, = 33.38, p <
0.0001; Block 3, model 13: y%, = 8.13, p = 0.0043) but
independent of the insecticide resistance status of the
mosquitoes (Block 1, model 5: %3 = 4.11, p = 0.25;
Block 2, model 9: 3 = 1.73, p = 0.63; Block 3, model
13: x%3 = 1.44, p = 0.69, Figure 1b-d). Oocyst burden
was also strongly positively correlated to the amount of
haematin ingested (Block 1, model 6: le = 7457, p <
0.0001; Block 2, model 10: le = 27.89, p < 0.0001;
Block 3, model 14: y* = 49.00, p < 0.0001). Adding the
quadratic term (haematin®) significantly improved the
model fit in two blocks out of three (Block 1, model 6:
x?1 = 6.30, p = 0.01; Block 2, model 10: y* = 8.79, p =
0.003, Block 3, model 14: X21 = 2.58, p = 0.11). The
insecticide resistance status of mosquitoes was not a sig-
nificant explanatory factor of oocyst burden in blocks 1
(model 6, 3 = 3.85, p = 0.28, Figure 2b) and 2 (model
10, %% = 1.01, p = 0.80, Figure 2c), but became signifi-
cant in block 3 (model 14, %3 = 10.50, p = 0.01, Figure
2d). In this block, insecticide resistant mosquitoes had
significantly fewer oocysts than the susceptible ones
(Block 3, model 14: %, = 7.49, p = 0.006), indepen-
dently of the insecticide resistance mechanism involved
(Block 3, model 14: x%, = 3.02, p = 0.22).

Analysing the three blocks together did not alter the
results for infection rate, which was still independent of
insecticide resistance status (model 16: %3 = 0.79, p =
0.85). The significant effect of insecticide resistance on
oocyst burden, however, disappeared (model 17: 33 =
2.76, p = 0.43), leaving only haematin and haematin® as
explanatory variables in the model (Figure 3b). Using
the mean number of oocysts in SLAB mosquitoes as a
standard measure of parasite infectivity did not alter any
of the above results (models 7, 11, 15 and 18).

Discussion

An extensive investigation into the effect of two main
mechanisms of insecticide resistance on the infection
rate and parasite burden of P. relictum infections was
carried out by means of a series of experiments using
both isogenic mosquito lines and field-collected mosqui-
toes. Infection rate determines the proportion of infected
mosquitoes in a population and is a key parameter in
models of malaria transmission [46]. Oocyst burden is
directly related to the number of transmissible (sporo-
zoites) stages that subsequently develop in the mosquito
salivary glands [41] and has been recently shown to be
strongly correlated with mosquito longevity, a key com-
ponent of the mosquito’s vectorial capacity [47].

It has been suggested that different mechanisms of
insecticide resistance could alter both of these para-
meters [10], and similar insecticide resistant mechan-
isms have been shown to alter the development of other



Vézilier et al. Malaria Journal 2010, 9:379
http://www.malariajournal.com/content/9/1/379

Page 7 of 11

100
|

80
|

60

20
1

Percentage infected mosquitoes

g R I
LiI.

Bird 1 (0.15 %)

Bird 1 (0.12 %)

Bird 4 (0.01 %)

Bird 7 (0.06 %)

Percentage infected mosquitoes

80
|

60

20
|

Percentage infected mosquitoes

Percentage infected mosquitoes

o

—_—

Bird 2 (0.62 %)

Bird 2 (0.96 %)

s

Bird 5 (0.92 %)

Bird 8 (0.42 %)

-

i

Bird 3(2.75 %)

Bird 3 (1.8 %)

Bird 6 (1.88 %)

Bird 9 (6 %)

BEEDO

SLAB
SA4B4
SA2B2
SR

EEEEO
Bl

SLAB

EEEBO
B @

SLAB

EEDOO
prH®

SLAB
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parasites [11,12]. However, aside from a marginal, albeit
statistically significant, reduction in oocyst burden in
insecticide resistant insects within the third block of the
wild mosquito experiments, no clear effect of either
esterase overproduction or of acetylcholinesterase modi-
fication on either infection rate (proportion of mosqui-
toes containing at least one oocyst) or oocyst burden
was found. The isogenic line and wild-caught mosquito
experiments were consistent in showing that the only
determinant of infection rate and oocyst burden was
blood meal size, which was similar across the different
insecticide resistant categories in both experiments. The
number of oocysts in the midgut of infected mosquitoes
was found to be a saturating function of blood meal
size: as the amount of blood ingested increases, the
number of ookinetes that successfully encyst in the mos-
quito midgut reaches a limit. Provided that blood meal
size was directly proportional to the amount of parasites
ingested, these results seem to be in accordance with a
recent study showing the existence of a saturating game-
tocyte-ookinete and/or ookinete - oocyst transition asso-
ciated to high parasite densities [41].

There are two potential explanations for the lack of
insecticide resistance effects on infection rate and oocyst
burden. The first explanation is that, contrary to predic-
tions, the physiological alterations associated to insecti-
cide resistance are not sufficiently important to alter the
development of P. relictum within the mosquito. Vontas
et al [20] also failed to show differences in parasite bur-
den when comparing a pyrethroid-resistant and a sus-
ceptible strain of Anopheles stephensi infected by
Plasmodium yoelii. Their results were however difficult
to interpret for two reasons. Firstly, because the insecti-
cide resistant and susceptible strains had different
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geographic origins (the resistant DUB-R strain origi-
nated from Dubai in 1986, while the susceptible BEECH
strain originated from India in the 1940s). The genetic
background differences that inevitably arise during such
a divergent evolutionary history could have potentially
blurred the pleiotropic effects of insecticide resistant
genes on Plasmodium development. Secondly, because
An. stephensi is not a natural vector for P. yoelii. Les-
sons learned from immune [48,49] and longevity [50]
studies, have taught us that natural and unnatural
mosquito-Plasmodium combinations can render sub-
stantially different results (see also [34,51,52]). The pre-
sent study overcomes this two potential pitfalls by using
a natural vector-mosquito combination [21] and by car-
rying the experiments using both isogenic mosquito
strains and sympatric wild-caught mosquitoes.

The second potential explanation is that the high
oocystaemias obtained in the experiments may have
swamped any eventual physiological differences existent
between insecticide resistant and susceptible mosqui-
toes. Oocystaemias within the range of those found in
this study are a common outcome when human malaria
vectors (Anopheles sp) are experimentally infected with
rodent malaria parasites [41,47,53] and contrast sharply
with the low oocystaemias found in Anopheles mosqui-
toes caught in endemic human malaria areas [51]. Part
of the reason may lie in the novel nature of such experi-
mental host-parasite associations, which can result in
increased parasite virulence [34,51]. To date, no studies
have investigated P. relictum oocystaemias in wild-
caught mosquitoes, but it is safe to assume that, despite
being a natural mosquito-parasite combination, the
oocystaemias obtained in this study were unnaturally
high. One likely explanation for these high oocystaemias
is the high bird parasitaemia at the time of the blood
feed [54]. To maximize infection success, most experi-
mental mosquito infections, and the ones here were no
exception, are carried out by feeding mosquitoes on
hosts at the peak of their parasitaemia, a situation unli-
kely to be encountered by most blood feeding mosqui-
toes in the field. The large majority of birds in the field
are survivors of past acute infections and have very low
chronic parasitaemia [21,55-57]. Could the power to
detect differences between insecticide resistant and sus-
ceptible mosquitoes have been increased had the mos-
quitoes had lower oocystaemias? This question could be
resolved by feeding mosquitoes on chronically infected
birds, which recent pilot studies have shown to render
significantly lower infection rates and oocyst burdens (S.
Cornet pers. com).

A marginal, albeit statistically significant, reduction of
oocyst numbers in insecticide resistant mosquitoes (irre-
spective of the mechanism) was found in the third block
of the wild-caught mosquito experiment. This result is
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intriguing as it goes in the expected direction of a reduc-
tion in parasite numbers associated with insecticide resis-
tance [10-12]. The signal is however weak; on closer
look, the effect only appears in two out of the three birds,
and in only one of the blocks. Further experiments using
chronic infections are needed before it can be determined
whether this result was due to a statistical type I error (in
other words, a false positive) or whether there is a real
biological phenomenon underlying it.

Conclusions

Esterase and acetylcholinesterase-based insecticide resis-
tance did not have a clear effect on the infection rate or
oocyst burden in Cx pipiens mosquitoes, at least under
the specific experimental conditions detailed above.
Other key determinants of disease transmission, such as
mosquito longevity and behaviour, or the parasite’s
incubation time within the mosquito, need to be investi-
gated before concluding on the effects of these two
mechanisms of insecticide resistance on the ability of
these mosquitoes to transmit malaria [10]. The Cux.
pipiens - P. relictum system provides a good opportunity
for investigating this question, not least because it is the
only currently available non-human experimental model
that uses a natural mosquito-Plasmodium combination
and allows us to standardize the genetic background
against which the insecticide resistant genes operate.
The congruency of the results obtained between the iso-
genic strain and wild-caught mosquito experiments
further suggests that, at least for the variables measured,
the laboratory strains are not too far removed from
field-caught mosquitoes, an additional advantage for
experimental purposes.

The ultimate question is, however, whether insecticide
resistance affects human malaria transmission, as this
can have important public health consequences. The
long and complex history of insecticide use in most
endemic malarial areas greatly complicates the task of
finding fully susceptible Anopheles individuals and there-
fore of making meaningful sympatric comparisons. The
best current alternative is the establishment of isogenic
lines of mosquitoes, though this option is lengthy to
implement and not devoid of potential pitfalls [10,13].
Before these experimental challenges are overcome,
research on animal malaria models remains a good
alternative to understand the effect of insecticide resis-
tance on the ability of mosquitoes to transmit malaria.

Additional material

Additional file 1: Description of statistical models used to analyse
the influence of insecticide resistance on Cx. pipiens infection.
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