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Invertebrate hosts often bring forward their reproductive effort in response
to a parasitic infection. This is widely interpreted as a host-driven response
aimed at compensating for the expected losses in future fitness as a result of
parasitism. Here we report that mosquitoes bring forward their oviposition
schedule when they are infected with Plasmodium, a parasite known to
severely curtail mosquito fecundity. This response could aim at compensating for a negative time-dependent effect of the parasite on mosquito fitness,
as infected mosquitoes seem to display a strong and progressive decrease in
the quality of the eggs they lay. In addition, we show that this shift in oviposition date is dependent on mosquito strain: a comparison of several
isogenic mosquitoes strains, one insecticide-susceptible and two insecticide-resistant ones, reveals that only the former shift their oviposition
strategy when infected. This pattern suggests the existence of a costly hostdriven response to parasitism, as insecticide-resistant mosquitoes have
been shown to be in generally poorer condition.
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A consistent observation from mosquito–Plasmodium studies is that the parasite
has a strong detrimental effect on mosquito fecundity [1]. Although the proximate physiological mechanisms underlying this parasite-associated trait shift
have been partially elucidated [1,2], the ultimate explanation for the reduction
in the number of eggs laid by Plasmodium-infected females is still debated [2,3].
It is therefore not clear what, if any, are its consequences for the epidemiology
and evolution of the disease. By contrast, the timing of egg-laying in mosquitoes is a key parameter for malaria transmission because it marks the end of
a gonotrophic cycle (the sequence host-seeking, blood-feeding, oocyte maturation and egg-laying) and reinitiates the blood-seeking and feeding
behaviour of the females. The duration of the gonotrophic cycle is therefore correlated with the host-biting frequency and, ultimately, with the number of hosts
an infected mosquito will bite in its lifetime. If the effect of Plasmodium on the
number of eggs laid by mosquitoes is well documented, to our knowledge no
study has yet investigated whether the parasite can also have an effect on when
those eggs are laid.
Hosts often bring forward their reproductive effort in response to a parasitic
infection. This type of fecundity compensatory response has been observed
when the parasite develops at the expense of the host’s reproductive tissue
[4] or, more generally, when the host’s chances of future reproduction decrease
with time since the onset of the infection [5]. In Plasmodium-infected mosquitoes, the degeneration of eggs that ultimately results in the fecundity
reduction, appears to be a gradual phenomenon that increases with time after
the infection [6]. Under these circumstances, laying eggs earlier may minimize
the negative effect of the parasite on the mosquito’s reproductive output.
Several pathogens including bacteria, viruses or fungi have already been
shown to bring forward mosquito oviposition [7,8]. Here, we test whether
Plasmodium-infected mosquitoes oviposit earlier than their non-infected
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Figure 1. Time to egg-laying: Kaplan – Meier curve of the time it takes the susceptible strain (a) SLAB, and the insecticide-resistant strains (b) SA4B4 and (c) SR to
oviposit. Solid line: Plasmodium-infected mosquitoes, dashed line: uninfected mosquitoes. (d ) Mean + s.e. of the median time to egg-laying (i.e. the time at which
50% of the females oviposited) for each strain and treatment (empty circles, uninfected females; grey circles, infected females).

counterparts. To do so, we use the Culex pipiens–Plasmodium
relictum system, which combines a mosquito characterized by
its strong flexibility regarding the timing of egg-laying [9,10]
and a parasite that drastically reduces its fecundity [3]. Bringing forward the age of oviposition is expected to come at a
cost, which only the fittest mosquitoes may be able to bear.
To test this, we compare the timing of oviposition in infected
and uninfected mosquitoes using three different isogenic
C. pipiens mosquito strains [11]: an insecticide-susceptible
strain and two insecticide-resistant strains that differ in
their insecticide resistance mechanism [12,13]. In the absence
of insecticides, these insecticide-resistant strains have been
shown to incur significant fitness costs on several of their
life-history traits [12].
The aims of this study are to answer the following three
questions: (i) Do Plasmodium-infected mosquitoes oviposit
earlier than their non-infected counterparts? (ii) Does the
ability to advance the oviposition date depend on the insecticide resistance status of the mosquito? and (iii) Does egg
number or egg quality (hatching rate) decrease with time to
egg-laying in infected females?

2. Material and methods
Complete Material and methods is provided in the electronic
supplementary material. Three isogenic C. pipiens strains were
used: SLAB, susceptible to insecticides, SA4B4, resistant to insecticides through the overproduction of detoxifying esterases, and
SR, resistant to insecticides through the modification of the

actetylcholinesterase enzyme [12,13]. Seventy adult females
from each strain were placed together in a cage to feed on
an experimental canary. Ten such cages were set up, half of
which were provided with a naive bird, the other half with a
Plasmodium-infected bird. Engorged females were placed in
tubes and provided 5 ml water for oviposition. Ten females
from each infected cage were sampled and dissected on day 7
to estimate their parasitaemia (number of oocysts in the
midgut) [3]. Tubes were checked daily for oviposition. Egg
rafts were photographed for later counting [3]. Hatching rate
was quantified as the proportion of eggs in a raft that produced
a larva. Analyses were carried out using the R software. The
different statistical models used are listed in the electronic
supplementary material, table S2 and henceforth referred to by
their number (e.g. m1, m2). Hazard ratios (HR) were estimated
from Cox mixed effect models as the difference between the
instantaneous risk of egg-laying between two given factor levels.

3. Results
Almost 90% of mosquitoes fed on an infected bird contained
at least one oocyst (mean + s.e.: 148 + 40, no strain effect on
oocyst prevalence m1: x22 ¼ 4:88, p ¼ 0.09, or intensity m2:
x22 ¼ 0:29, p ¼ 0.87). Henceforth, females exposed to an
infected bird are therefore considered as being infected. Uninfected females laid on average 55.1 + 3.9 more eggs than their
Plasmodium-infected counterparts (99.5 + 2.3 eggs), irrespective of their insecticide-resistance status. Female egg-laying
date was best explained by the interaction between mosquito
strain and female infection status (m3: strain  infection:
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Figure 2. Linear regression of hatching rate against egg-laying date. Symbol size is proportional to the number of observations used to calculate the mean hatching
rate for uninfected mosquitoes (empty circles) or infected females (filled circles). Bars represent the s.e. of the mean. Dashed line: uninfected females, solid line:
infected females. A logistic transformation was applied to hatching rate before plotting.

x21 ¼ 28:52, p , 0.0001). Infected SLAB mosquitoes laid their
eggs on average 1 day earlier than their uninfected counterparts (uninfected/infected: HR + s.e ¼ 0.52 + 0.14; figure 1).
This infection effect was, however, not observed for the insecticide-resistant strains (SA4B4: HR + s.e ¼ 1.12 + 0.15; SR:
HR + s.e ¼ 0.89 + 0.15; figure 1). The number of eggs per
raft was not dependent on the date at which they were laid
(uninfected females, m4: x21 ¼ 2:51, p ¼ 0.11; infected females,
m5: x21 ¼ 0:58, p ¼ 0.45). Within the rafts that produced at
least one larva (92% of the total), hatching rate was found
to be a decreasing function of laying date for infected
females, but not for uninfected females (m6: time  infection:
x21 ¼ 4:46, p ¼ 0.035; figure 2). This interaction was not
observed when analysing each mosquito strain separately
(SLAB, m7: x21 ¼ 0:08, p ¼ 0.78; SA4B4, m8: x21 ¼ 0:38, p ¼
0.54; SR, m9: x21 ¼ 0:66, p ¼ 0.42; see the electronic
supplementary material, figure S1).

4. Discussion
We show that (i) mosquitoes lay their eggs up to 2 days earlier
when they are infected with malaria parasites, (ii) this effect
was only found in insecticide-susceptible mosquitoes, and
(iii) late oviposition seems to have a negative effect on egg
hatching rate in infected females but not in uninfected ones
(see figure 2; electronic supplementary material, figure S1).
There are three potential explanations for these results.
First, early oviposition in infected females may simply be a
by-product of their lower fecundity [3,7]. Several lines of evidence make this option unlikely. Oocyte development is
synchronous in the hundreds of ovarioles that constitute the
females’ ovaries [14] so producing a smaller egg batch

might not necessarily be faster. In addition, under this scenario we would have expected to find a positive correlation
between egg-laying date and egg number, and no differences
in egg-laying timing between insecticide-resistant and
-susceptible mosquitoes since they both suffer a similar
reduction in fecundity when infected [3]. Neither of these
conditions was, however, met. Second, early oviposition
could be a parasite-driven strategy. Plasmodium has indeed
already been shown to be capable of manipulating other
aspects of mosquito behaviour to its own advantage [15].
Shifting the oviposition schedule to an earlier date could
benefit the parasite by speeding up the return to the hostseeking and blood-feeding behaviour of its vector, thereby
bringing forward the next transmission event. Against this
argument is the fact that the oviposition shift is observed
early in the infection, when the mosquitoes still carry nontransmissible (oocyst) stages of the parasite. In addition,
oocyst-infected mosquitoes have been shown to display a
downregulation in their blood-feeding behaviour as a result
of which they are less likely to host-seek during this phase
of the infection [16,17]. On the other hand, a second, uninfected, blood meal may enhance the developmental
potential of the parasite within mosquitoes, increasing the
number of sporozoites produced [18]. For the parasite, the
benefits of producing more sporozoites may, however, be
offset by the mortality risks for their vectors of feeding on a
host when the parasite is not readily transmissible.
The final scenario is that the observed shift in egg-laying
date is yet another example of a host-driven compensatory
response to the infection [5]. An increase in early reproductive investment is expected if parasitism reduces survival
and, by extension, the host’s future reproductive chances
[19]. However, in contrast to other systems [20], P. relictum
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adopt a plastic egg-laying response. Pending confirmation
using other genetic backgrounds (i.e. other mosquito strains
or field-caught insecticide-susceptible and -resistant mosquitoes), these results might have important consequences for
the evolution and maintenance of insecticide resistance in
the field.
In conclusion, to our knowledge this is the first time that
an accelerated onset of oviposition has been reported in Plasmodium-infected mosquitoes. Although there are several
potential explanations for these results, on balance the most
likely scenario is the existence of a host-driven compensatory
response aimed at minimizing the negative effect of Plasmodium parasitism on mosquito fecundity [3]. Pending
confirmation that early oviposition maps directly onto a
shorter gonotrophic cycle, these findings could have consequences for the epidemiology and evolution of malaria
transmission in the field.
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increases C. pipiens longevity [3]. Alternatively, such compensatory responses may be expected if the parasite reduces host
fecundity [21]. Indeed, Plasmodium significantly reduces mosquito fecundity in all Plasmodium –vector associations tested
to date [3]. Here, we show that egg quality, measured as the
proportion of eggs that successfully hatch as larvae, decreases
significantly with oviposition time such that egg rafts laid by
an infected mosquito on day 12 contain on average 36%
fewer viable larvae than eggs laid on day 1 (figure 2). There
may thus be a straightforward advantage to laying their
eggs earlier for infected mosquitoes. This gradual egg degeneration may be made possible by the fact that, contrary to what
happens in Anopheles, Culex eggs remain permeable to nutrients for weeks, long after chorionation is over [9]. The results
of this reduction in egg hatching rate with time should, however, be cautiously interpreted as they were not maintained
when the strains were analysed separately (electronic supplementary material, figure S1, m7–m9). Further work is
therefore needed before it can be conclusively established
whether Plasmodium infection reduces egg quality and
whether this reduction is progressive with time.
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