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Abstract

Background

Mosquito-borne pathogens pose major public health challenges worldwide. With vaccines

or effective drugs still unavailable for most such pathogens, disease prevention heavily re-

lies on vector control. To date, however, mosquito control has proven difficult, with low

breeding-site coverage during control campaigns identified as a major drawback. A novel

tactic exploits the egg-laying behavior of mosquitoes to have them disseminate tiny parti-

cles of a potent larvicide, pyriproxyfen (PPF), from resting to breeding sites, thus improving

coverage. This approach has yielded promising results at small spatial scales, but its wider

applicability remains unclear.

Methodology/Principal Findings

We conducted a four-month trial within a 20-month study to investigate mosquito-driven dis-

semination of PPF dust-particles from 100 ‘dissemination stations’ (DSs) deployed in a 7-ha

sub-area to surveillance dwellings and sentinel breeding sites (SBSs) distributed over an

urban neighborhood of about 50 ha. We assessed the impact of the trial by measuring juve-

nile mosquito mortality and adult mosquito emergence in each SBS-month. Using data from

1,075 dwelling-months, 2,988 SBS-months, and 29,922 individual mosquitoes, we show that

mosquito-disseminated PPF yielded high coverage of dwellings (up to 100%) and SBSs (up

to 94.3%). Juvenile mosquito mortality in SBSs (about 4% at baseline) increased by over one

order of magnitude during PPF dissemination (about 75%). This led to a>10-fold decrease

of adult mosquito emergence from SBSs, from approximately 1,000–3,000 adults/month be-

fore to about 100 adults/month during PPF dissemination.
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Conclusions/Significance

By expanding breeding-site coverage and boosting juvenile mosquito mortality, a strategy

based on mosquito-disseminated PPF has potential to substantially enhance mosquito con-

trol. Sharp declines in adult mosquito emergence can lower vector/host ratios, reducing the

risk of disease outbreaks. This approach is a very promising complement to current and

novel mosquito control strategies; it will probably be especially relevant for the control of

urban disease vectors, such as Aedes and Culex species, that often cause large epidemics.

Author Summary

Mosquito-transmitted diseases are among the most challenging infectious threats world-
wide. Mosquito control is crucial for preventing infection and disease, particularly when
effective vaccines or drugs are unavailable. A major drawback of current mosquito control
strategies is that mosquito breeding sites are often overlooked, and therefore left untreated,
during control campaigns. One appealing alternative proposes exploiting the innate breed-
ing-site–finding ability of female mosquitoes to have them disseminate tiny insecticide
particles that poison their offspring. Thus far, however, this idea has only been tested in
small-scale trials. Here we show that mosquitoes effectively transferred insecticide parti-
cles from dissemination stations to sentinel breeding sites over distances between 3 and
400 m in a tropical urban neighborhood. This yielded high breeding-site coverage, with up
to 94.3% of sentinel breeding sites presenting evidence of contamination with mosquito-
disseminated insecticide. We recorded a 10-fold increase of juvenile mosquito mortality
and a 10-fold decrease of adult mosquito emergence during the four-month dissemination
trial. In combination with other tactics, this approach has the potential to considerably en-
hance mosquito-borne disease prevention, particularly in urban settings.

Introduction
Mosquito-borne infectious diseases pose major public health challenges worldwide. Malaria
and dengue are the most widespread, but other pathogens are also of concern, including viruses
such as West Nile, chikungunya or Japanese encephalitis, and parasites such as those causing
filariasis [1–5]. Urban vectors are especially problematic because they can transmit pathogens
to large populations of susceptible humans, causing epidemics [1,2]. Since effective vaccines or
treatments are available for only a few mosquito-borne diseases, prevention heavily relies on
vector control; to date, however, mosquito control has proven difficult [1–3,6–9]. In particular
with Aedes aegypti and Ae. albopictus (the vectors of dengue, chikungunya, and yellow fever),
current strategies depend on the ability of mosquito control staff to detect and eliminate mos-
quito breeding sites in and around human residences [3,8]. Unfortunately, both Aedes species
breed in small water-holding containers that can be difficult to detect, leading to low breeding-
site coverage in control campaigns; this partially explains why the performance of such cam-
paigns can be so poor [9]. In general, mosquito control tactics that rely on source reduction via
larval habitat management all face the challenge of low coverage, whereby cryptic or inaccessi-
ble mosquito breeding sites remain untreated [3,8].

Proof-of-concept research has shown that the egg-laying behavior of female mosquitoes can
be exploited to have them disseminate tiny particles of pyriproxyfen (PPF), a potent larvicide,
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from resting sites to nearby breeding sites [10,11]. This strategy relies on the innate ability of fe-
male mosquitoes to find and reach suitable breeding sites and on the ‘skip-oviposition’ behav-
ior of some species, whose females visit several breeding sites to lay a few eggs in each [12,13].
The idea entails luring mosquitoes to ‘dissemination stations’ treated with PPF dust-particles
that adhere to the insect’s body and are thus transferred to clean breeding sites subsequently
visited for oviposition [10].

Although appealing, this approach has only been tested in small areas, with PPF dissemina-
tion measured at very short distances [10,11,14–16]; recently, a larger trial (ref. [17]) used an
emulsifiable-PPF spray instead of dust-particle dissemination stations. Here, we investigate
whether adult mosquitoes can transfer PPF particles from lure dissemination stations to senti-
nel breeding sites in a tropical neighborhood, and assess the impact of mosquito-disseminated
PPF on juvenile mosquito mortality and adult mosquito emergence.

Methods

Ethics statement
All field procedures were carried out with permission from dwelling owners. Sérgio LB Luz
holds a permanent license (27733–1) from the Brazilian Institute for the Environment and
Natural Resources (IBAMA) for sampling disease vectors.

Study site
The study took place at the Tancredo Neves neighborhood in the city of Manaus, Amazonas,
Brazil (3°6’S, 60°1’W; Fig 1). Tancredo Neves is a lower middle-class residential neighborhood
where most people live in single-family houses with a small yard; house/yard compounds will
be referred to as ‘dwellings’ hereafter. Aedes aegypti and Ae. albopictus infest most dwellings in
the study area, where dengue cases are common [9].

Mosquito surveillance
We set up a mosquito-surveillance network spanning about 50 ha of Tancredo Neves and com-
prising 55 randomly selected dwellings. The presence of egg-laying mosquitoes in each dwell-
ing was sampled via ‘sentinel breeding sites’ (SBSs). SBSs were 580-ml dark-brown plastic cups
(Fig 1) baited with 200 ml of hay infusion (approximately 5g dry Zoysia sp./liter of tap water,
fermented for six days in a closed plastic container) diluted in 250ml of tap water. As for stan-
dard ovitraps, SBSs offer artificial breeding habitats that can be promptly set/checked and from
which larvae can be removed for further analysis; we used screw-capped cups to avoid any
spillover of SBS contents (hence possible cross-contamination) during SBS retrieval and trans-
portation to the laboratory. Mosquito surveillance was run monthly from January 2011 to Sep-
tember 2012 (see study timeline in Fig 1) by simultaneously setting three SBSs in each dwelling
during six days per month. We coded each SBS individually to ensure that each was set always
at the same location; SBSs were thoroughly washed with water and soap between monthly sam-
pling rounds. Any missing SBS was replaced by a new one with a different code in the next
sampling round. Overall, we analyzed dwelling-level data from 1,075 dwelling-months (exclud-
ing dwellings that were unavailable for sampling at certain months) and breeding site-level
data from 2,988 SBS-months (excluding SBSs that did not produce data in a given month be-
cause they were overturned, went missing, or corresponded to dwellings that were unavailable
for sampling). Dwelling-level data allowed us to investigate whether mosquitoes would effec-
tively disseminate PPF over the whole study area, while SBS-level data provided insight on (i)
breeding-site coverage (as measured by the fraction of SBSs that became contaminated with
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mosquito-disseminated PPF) and (ii) the effects of the trial on juvenile mosquito mortality and
adult mosquito emergence (see below).

Mosquito mortality and emergence
SBSs were retrieved after six days of operation to avoid emergence of adult mosquitoes in the
study dwellings. Once in the laboratory, the contents of each SBS were transferred to a white
plastic cup to ease the observation of mosquito juveniles; each cup received the same code as
the corresponding SBS and was capped with gauze and kept for 8–16 days to monitor mosquito
development. A pinch of TetraMin fish food (Tetra, Melle, Germany) was added every other
day to each cup. Mosquito larvae found in each individual SBS-month were identified as Ae.
aegypti, Ae. albopictus or Culex spp. [18] (we ignore a few, rarer taxa in the present analyses),
and were checked every two days to score juvenile mosquito death or adult mosquito emer-
gence. For each SBS-month, juvenile mortality was estimated as the percent of individuals
that died as larvae or pupae, and adult mosquito emergence as the sum of all individuals that
emerged as adults.

Intervention
‘Dissemination stations’ (DSs; Fig 1) were two-liter, black plastic cups with 400 ml of tap water
and the inner wall lined with black, velvet-like cloth dusted with 5 g/m2 of PPF (Sumilarv 0.5 g
granules, Sumitomo, London, UK) ground to fine powder in a metal mortar. PPF is an insect
juvenile-hormone analog that kills immature mosquitoes, especially pupae, at extremely low
doses; it also reduces fertility in adult mosquitoes, but has no lethal or repellent effects on them
[10,16]. PPF is recommended by the World Health Organization as a safe mosquito control
means even in drinking water [3], and is currently endorsed by the Brazilian Ministry of Health

Fig 1. Study area in the Tancredo Neves neighborhood, Manaus, state of Amazonas, Brazil.One hundred pyriproxyfen dissemination stations (DSs;
pale blue circles) were deployed over four months in an intervention sub-area (dotted polygon). Sentinel breeding sites (SBSs) in surveillance dwellings (red
squares) were 3 to 397 m from the nearest DS (100 blue-red distance contours are shown). Colored bars represent study periods: B, before; D, during; EA,
early after; and LA, late after the trial; period duration in months and key dates along the study timeline are also given.

doi:10.1371/journal.pntd.0003702.g001
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[8]. One hundred DSs were deployed in a sub-area of about 7 ha nested within the study area;
DSs were 3 to 397 m from the nearest SBS (Fig 1). DS deployment (‘the trial’ hereafter) took
place from December 2011 (month 11) to March 2012 (month 14), coinciding with the rainy
season [9]; all DSs were removed from the field at the end of month 14 (Fig 1). DSs were placed
in sheltered locations and checked fortnightly throughout the four months of the trial to refill
water, re-dust cloth with PPF, and replace lost cups.

In the laboratory, individual SBSs were scored each month by one of the investigators
(Elvira Zamora-Perea) as contaminated or not contaminated with PPF. Contamination was in-
ferred when mosquito juveniles in the SBS developed the abnormal morphology and coloration
that characterizes PPF poisoning (large bodies, blackish color; see S1 Fig). In addition to induc-
ing these marked morphological abnormalities, PPF increases larval development time from
the typical 8–9 days until adult emergence to 14–16 days until (usually) pupal death. We pre-
tested the effectiveness of our PPF in a double-blind, randomized, controlled laboratory trial
using 30 independent cohorts of 20 Ae. aegypti larvae each. All juveniles in the 15 cohorts treat-
ed with PPF (0.05 ppm a.i.) died over three weeks of monitoring, whereas only one larva died
in the 15 control cohorts (see S1 Text). Juveniles in treated cohorts developed the morphologi-
cal abnormalities typical of PPF poisoning (see S1 Fig).

Data analyses
After exploratory/descriptive analyses, we used generalized linear models (GLMs; binomial
family, logit link) to analyze binary outcome data (i) at the dwelling level and (ii) at the breed-
ing-site level. At the dwelling level, the binary outcome was 1 for dwellings with at least one
SBS presenting evidence of contamination with mosquito-disseminated PPF and 0 otherwise.
At the breeding-site level, the binary outcome was 1 for SBSs with evidence of contamination
and 0 for those without. We investigated the effects of two key predictors: (a) time-period,
comparing 10 months ‘before’, 4 months ‘during’, 3 months ‘early after’, and 3 months ‘late
after’ the trial; and (b) log10-distance (in meters) between each dwelling and the nearest DS,
which was also used to approximate the distance between SBSs set in each dwelling and the
nearest DS (see Fig 1 for timeline and spatial arrangement of DSs and dwellings). Because no
PPF was present in the environment before the trial, we used Firth’s correction [19] to estimate
period effects with ‘before the trial’ as reference level. ‘Distance�period’ interactions were also
tested. Dwelling-level models adjusted for the number of SBSs that were operational in each
dwelling and month, which was specified as a three-level categorical covariate (1, 2, or 3 opera-
tional SBSs, with ‘1 SBS’ as the reference level). Relative model performance was assessed using
second-order Akaike information criterion (AICc) scores and related metrics (ref. [20] and S1
Text); likelihood-ratio tests were used to evaluate covariate contribution to model fit. Categori-
cal variables were analyzed with Pearson χ2 tests or conditional maximum-likelihood odds ra-
tios [21]. Crude juvenile mortality rates were compared with nonparametric Kruskal-Wallis
rank-sum and post hoc Tukey tests. Contour plots were built to spatially visualize GLM predic-
tions and juvenile mosquito mortality data. We used linear regression to illustrate the effect of
distance to the nearest DS on juvenile mosquito mortality. We analyzed the data using JMP 9.0
(SAS Institute, Cary, NC).

Results

Dwelling-level PPF dissemination
All surveillance dwellings presented evidence of contamination with mosquito-disseminated
PPF in�1 SBS at some time-point during DS deployment. There was evidence of contamina-
tion in 75.5%, 80%, 100%, and 94.4% of surveillance dwellings in months 11, 12, 13, and 14,
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respectively. Afterwards, dwelling-level PPF coverage fell from 79.2–81.5% (months 15–16) to
1.9% (month 20) of dwellings. Table 1 summarizes dwelling-level data over the four study
periods.

GLMs revealed strong period effects and a negative effect of distance; ‘distance�period’ in-
teractions were not significant. According to the main-effects GLM (Table 2), the odds that a
dwelling had evidence of contamination were 96.9 times higher during than before the trial
(likelihood-ratio test, χ2 = 692.8, d.f. = 1, P<0.0001; Table 2, Fig 2). A substantial decline in
contamination odds was detected only 4–6 months after DSs were removed (Table 2, Fig 2).
The odds of contamination decreased at an average rate of 54.5% for each 10-fold increase in
distance between dwellings and DSs (Table 2). A model with only period effects provided a
poor fit to the data (ΔAICc = 11.87), but a distance-only model performed much worse and
similarly to the intercept-only model (see S1 Text); thus, while both covariates substantially
helped explain the data, period effects were more important than distance effects.

Table 1. Evidence of sentinel breeding site (SBS) contamination with mosquito-disseminated pyri-
proxyfen: results at the dwelling level.

Trial period Evidence of
contamination

% 95%CI

Yes* No

Before (months 1–10) 0 540 0.00 0.00 0.55

During (months 11–14) 188 27 87.44 82.50 91.39

Early after (months 15–17) 115 45 71.88 64.53 78.43

Late after (months 18–20) 21 139 13.13 8.53 19.04

*Dwelling-months with at least one contaminated SBS

Pearson χ2 = 722.6, d.f. = 3, P<0.0001

doi:10.1371/journal.pntd.0003702.t001

Table 2. Dwellings with at least one sentinel breeding site-month contaminated with mosquito-dis-
seminated pyriproxyfen: distance and period effects as estimated with a generalized linear model ad-
justing for the number of sentinel breeding sites that were operational in each dwelling andmonth
(n = 1,075 dwelling-months).

Term Estimate 95%CI

Intercept 4.992 3.581 7.532

Distance* −0.787 −1.235 −0.361

Trial period

Before (months 1–10) (Reference)

During (months 11–14) 4.574 3.580 6.998

Early after (months 15–17) 4.020 3.038 6.442

Late after (months 18–20) 2.546 1.549 4.970

Number of operational SBSs

1 (Reference)

2 0.346 −0.219 0.932

3 0.699 0.244 1.156

*Log10-transformed distance from the nearest dissemination station, in meters

SBS, sentinel breeding site

doi:10.1371/journal.pntd.0003702.t002
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Breeding site-level PPF dissemination
Most of the SBSs that contained larvae (i.e., were visited by�1 egg-laying mosquito) consis-
tently became contaminated during the trial: from 67.9% in month 11 to 94.3% in month 13.
Afterwards, contamination fell back to 65.7% in month 15 and 1.7% in month 20 (Fig 3). Over-
all, we found evidence of PPF contamination in>85% of SBSs that were visited by egg-laying
mosquitoes during the four-month trial period, with a steep decline afterwards (Table 3).

GLMs revealed period and distance effects similar to those seen at the dwelling level (see
Tables 2 and 4). ‘Distance�period’ interactions were, again, not significant; the main-effects

Fig 2. Mosquitoes effectively disseminated insecticide particles at the neighborhood scale. The contour plots are a spatial representation of the
(period-specific) probability that at least one sentinel breeding site in a surveillance dwelling had evidence of contamination with mosquito-disseminated
pyriproxyfen, as predicted by the generalized linear model in Table 2: A, before; B, during; C, early after; and D, late after the trial. The intervention sub-area
is outlined in white in panels B (with pyriproxyfen dissemination stations represented by blue dots) to D. The scale in panel D shows the color code of
probabilities. Surveillance dwellings are represented by squares; note that surveillance was discontinued in the northernmost dwelling.

doi:10.1371/journal.pntd.0003702.g002

Fig 3. Egg-laying mosquitoes consistently contaminatedmost sentinel breeding sites (SBSs).
Percentage of SBSs that contained�1 mosquito larva (n = 2,287 SBS-months) and showed evidence of
contamination with mosquito-disseminated pyriproxyfen over four periods: before (months 1–10), during
(black bars), early after (gray bars), and late after the trial (white bars). Error bars are 95%Cis.

doi:10.1371/journal.pntd.0003702.g003
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model is presented in Table 4, and its spatially-plotted predictions are shown in Fig 4. AICc
clearly favored this model over simpler versions (S1 Text).

Species-specific PPF dissemination
Due to the abundance and oviposition behavior of Ae. aegypti, we hypothesized that, during
the trial, SBSs with larvae of this species would have higher odds of presenting evidence of PPF
contamination than SBSs without. Such odds were 329% higher in SBSs with Ae. aegypti larvae
(91.2% contaminated) than in those with only Ae. albopictus and/or Culex spp. larvae (70.5%
contaminated; odds ratio 4.29, 95%CI 2.47–7.54). A similar effect was recorded when compar-
ing SBSs with Ae. aegypti larvae only (i.e., probably visited only by Ae. aegypti) vs. those without
(odds ratio 3.42, 95%CI 1.89–6.41); see details in S1 Table.

Juvenile mosquito mortality
Juvenile mortality was assessed based on 29,922 mosquito larvae/pupae present in 2,287 SBS-
months; overall, 9.2% of those mosquitoes (95%CI 8.9–9.5%) died as juveniles. Before PPF dis-
semination, overall larval/pupal mortalities in SBSs were approximately 2.0/0.1% (Ae. aegypti),
1.5/0.2% (Ae. albopictus), and 6.9/0% (Culex spp.). During the trial, these figures reached peak
values of 27.9/80.7%, 43.6/70%, and 16.7/54.8%, respectively; pre-trial values were restored by
months 15–16 (see S1 Dataset).

Table 3. Evidence of contamination with mosquito-disseminated pyriproxyfen at the sentinel breed-
ing site (SBS) level.

Trial period Evidence of
contamination*

% 95%CI

Yes No

Before (months 1–10) 0 1124 0.00 0.00 0.26

During (months 11–14) 364 63 85.25 81.64 88.37

Early after (months 15–17) 177 188 48.49 43.39 53.62

Late after (months 18–20) 23 348 6.20 4.07 9.01

*In 2,287 SBS-months with �1 larva

Pearson χ2 = 1,391.1, d.f. = 3, P<0.0001

doi:10.1371/journal.pntd.0003702.t003

Table 4. Sentinel breeding sites (SBSs) with evidence of contamination with mosquito-disseminated
pyriproxyfen: distance and period effects as estimated with a generalized linear model (n = 2,287
SBS-months with�1 larva).

Term Estimate 95%CI

Intercept 5.502 4.267 7.983

Distance* −1.065 −1.384 −0.759

Trial period

Before (months 1–10) (Reference)

During (months 11–14) 4.886 3.911 7.306

Early after (months 15–17) 3.942 2.975 6.361

Late after (months 18–20) 2.490 1.500 4.912

*Log10-transformed distance from the nearest dissemination station, in meters

doi:10.1371/journal.pntd.0003702.t004
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Before the trial, species-pooled mean juvenile mortality across SBSs was 4.2% (SE = 0.5); 0%
mortality was recorded in 87.8% of SBSs with�1 larva (data from 1,124 SBSs and 11,970 mos-
quitoes). Mean juvenile mortality across SBSs rose to 75.1% (SE = 1.8) during the four months
of PPF dissemination, with 100% mortality recorded in 61.6% of SBSs with�1 larva (data
from 427 SBSs and 2,392 mosquitoes). Mean juvenile mortality progressively declined after-
wards to 15.8% early after (n = 365 SBSs) and to just 0.6% late after the trial (n = 371 SBSs).

Mean monthly mortality of Ae. aegypti juveniles in SBSs rose from a 0–10% range before the
trial (median and inter-quartile range [IQR] all 0%) to 62–94% during the trial (median and IQR
all 100%), and fell back to 0.3–1.4% (median and IQR all 0%) in the final 3-month period. Ae.
albopictusmean monthly juvenile mortality was<2% (range across months 0–4.6%) before and
about 64% (range 29.5–84.2%) during dissemination, and quickly fell back to baseline values
after the end of the trial. Juvenile mosquito mortalities were significantly different across the four
study periods: Kruskal-Wallis test of species-pooled mortality, χ2 = 1,140.5 (d.f. = 3, P<0.0001).
Tukey tests suggested, however, that Ae. aegyptimortality was comparable before and late after
the trial, with a marginally significant difference when considering all species (see details in S2
and S3 Tables).

Juvenile mosquito mortality was over 20 times higher in SBSs with evidence of PPF contamina-
tion (mean across months 67.3%; SE = 1.6) than in SBSs without such evidence (2.8%; SE = 0.3);
100%mortality was recorded in 287 of 564 contaminated SBSs (50.9%; 95%CI 46.8–55%) and in
17 of 1,723 non-contaminated SBSs (1%; 95%CI 0.6–1.5%). During the four months of PPF dis-
semination, mean mortality in SBSs with evidence of PPF contamination reached 87.9% (n = 364
SBSs), vs. 0.8% in SBSs without such evidence (n = 63).

Fig 5A shows monthly mean juvenile mortality (all species pooled) in SBSs that contained
�1 mosquito larva. Fig 5B shows results for Ae. aegypti (n = 1,224 SBS-months): juvenile mor-
tality reached 94.3% (95%CI 90.1–98.4%) in month 13, when 430 individuals in 124 SBSs were
scored for mortality or emergence. Again, these large differences among periods were highly
significant (Kruskal-Wallis P<0.0001).

Finally, juvenile mosquito mortality decreased with increasing distance between DSs and
SBSs during and, especially, early after the trial; on the contrary, no significant distance effects
were evident before or late after DS deployment (Fig 6). Although larger and more persistent
effects were apparent in and near the DS-deployment sub-area, the rise of mortality was evi-
dent throughout the study area, particularly for Ae. aegypti (see S2 Fig).

Fig 4. Mosquitoes effectively transferred insecticide particles from dissemination stations to sentinel breeding sites (SBSs) at the neighborhood
scale. The contour plots are a spatial representation of the (period-specific) probability that SBSs in surveillance dwellings had evidence of contamination
with mosquito-disseminated pyriproxyfen, as predicted by a generalized linear model (Table 4): A, before; B, during; C, early after; and D, late after the trial.
The intervention sub-area is highlighted by a dotted polygon; the probability scale bar is presented in panel D. Surveillance dwellings (see Figs 1 and 2) were
omitted for clarity.

doi:10.1371/journal.pntd.0003702.g004

Mosquito-Disseminated Pyriproxyfen for Urban Mosquito Control

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003702 April 7, 2015 9 / 17



Adult mosquito emergence
The median number of mosquitoes that completed development in SBSs each month before
PPF dissemination was 1,177 (IQR 851–1,427), as compared to just 107 (IQR 71.8–201.5) dur-
ing the trial (see S1 Dataset). Adult mosquito emergence rose back to 1,408 (IQR 972–1,910)
early after the trial and, somewhat surprisingly, peaked late after DS removal to 3,435 (IQR
3,270–4,000) (Kruskal-Wallis χ2 = 840.2, d.f. = 3, P<0.0001; see S1 Dataset). For a more

Fig 5. Mosquito-disseminated pyriproxyfen boosted juvenile mosquito mortality. A, species-pooled
monthly mean juvenile mosquito mortality in the 2,287 sentinel breeding sites (SBSs) that contained�1
mosquito larva. B, Aedes aegyptimonthly mean juvenile mortality in 1,224 SBSs with�1 Ae. aegypti larva.
SBSs were deployed before (months 1–10), during (months 11–14; shaded), early after (months 15–17), and
late after the trial (months 18–20). For each month, black circles are the mean of mortality rates across SBSs,
and error bars are 95%Cis.

doi:10.1371/journal.pntd.0003702.g005
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general comparison, the median monthly number of immature Aedes spp. collected in SBSs in
the same area and dwellings over the 28 months preceding the present study was 2,481 (IQR
1,556–2,811) (see S1 Text); at a 4% typical baseline rate of juvenile mortality, monthly adult
emergence can be estimated as about 2,400 (IQR 1,500–2,700). Overall, then, monthly adult
mosquito emergence from SBSs was reduced by over one order of magnitude during the trial.

Discussion
This paper shows that urban mosquitoes can be very effective at transferring pyriproxyfen
dust-particles from simple dissemination stations to sentinel breeding sites at the neighbor-
hood scale. All surveillance dwellings and most SBSs had evidence of contamination with mos-
quito-disseminated PPF at some time-point during the trial. This dramatically increased
juvenile mosquito mortality in SBSs, leading to a>10-fold decrease of adult mosquito emer-
gence. These findings confirm previous encouraging results from laboratory assays and small-
scale field trials [10,11,14–16] and demonstrate that mosquito behavior can effectively be har-
nessed to disseminate insecticides at the neighborhood scale in real-life settings. This approach
has the potential to substantially enhance mosquito control and mosquito-borne disease pre-
vention, particularly in urban settings.

Female mosquitoes have evolved to maximize their efficiency at locating and reaching suit-
able breeding sites. One egg-laying strategy, displayed by Ae. aegypti and other species that

Fig 6. Pyriproxyfen-induced juvenile mosquito mortality decreased with distance between sentinel
breeding sites (SBSs) and the nearest site of deployment of a dissemination station (DS), particularly
early after DS removal. Linear regressions (with shaded 95%CIs and P-values) of observed mortality in
SBSs vs. log10distance (m), weighted by the number of mosquitoes in each SBS. Each data point is one SBS
(red, with evidence of contamination; blue, without such evidence). Note that 10 months of data were
available before, four months during, and three months in both the early and late after the trial periods.

doi:10.1371/journal.pntd.0003702.g006
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breed in small containers, is to visit several distinct sites to lay a few eggs in each. This ‘skip ovi-
position’ behavior [12,13] may have helped increase coverage of SBS contamination with mos-
quito-disseminated PPF in our trial. Our results show that very simple PPF-dusted DSs can
result in highly effective mosquito-driven dissemination; emulsifiable-formulation sprays seem
to be less effective [17], perhaps because mosquitoes are more likely to pick PPF particles on
the dusted cloth of DSs than on sprayed surfaces. Furthermore, our DSs were deployed at shel-
tered sites to protect them from rain or direct sunlight and were re-dusted periodically, which
probably increased dissemination efficacy [17]. These findings signal potentially important op-
erational details for PPF-based interventions. Our data also suggest that Ae. aegyptimay be
more efficient at disseminating PPF than Ae. albopictus or Culex spp. (S1 Table). Interventions
based on mosquito-disseminated PPF might therefore be less effective when Ae. aegypti is ab-
sent (e.g., ref. [17]).

Low breeding-site coverage is a major shortcoming of current mosquito control strategies
[9,10,22]. Thus, dengue vector control campaigns based on breeding-site detection and elimi-
nation had negligible effects on dwelling infestation by Aedes spp. in our study setting [9] and
elsewhere in Brazil [23]. Together with the negatively-biased house infestation indices provided
by routine breeding-site surveillance, this suggests that vector control agents overlook many
Aedes breeding sites while inspecting premises [9,24]. Achieving adequate coverage is even
more challenging for Ae. albopictus, which can breed in natural sites such as tree holes or epi-
phytic bromeliads that routine vector control does not target [25,26]. This is particularly rele-
vant in the current context of chikungunya virus reemergence and fast spread from Africa into
Asia, Oceania, Europe, and, more recently, the Americas [1,2,5,27,28; www.cdc.gov/
chikungunya/]. Chikungunya transmission by Ae. albopictus can be very efficient and has been
reported from several settings [28,29]. By enhancing coverage of natural breeding sites, mos-
quito-disseminated PPF could help control this vector species and perhaps contribute to con-
taining the expansion of chikungunya fever. The approach, in sum, provides a powerful tool to
increase breeding-site coverage, extending larvicide dissemination to sites that control agents
would never detect or treat, such as sites inside closed premises or most natural breeding sites;
at the same time, conspicuous breeding sites such as water tanks or catch basins could be treat-
ed directly by vector control staff following standard practice. Mosquito-disseminated PPF
could therefore substantially enhance current vector control tactics, not only for dengue and
chikungunya [3,6,8,10] but also for other mosquito-borne pathogens including West Nile virus
(see below).

We note that our trial was conducted in an open area within a neighborhood and city where
mosquitoes are widespread pests. Adult mosquitoes from adjacent, untreated areas could there-
fore freely migrate into the trial area and replace local recruitment that was lost due to PPF;
this limited our ability to investigate the broader impact of the trial on the local mosquito pop-
ulation. Still, even under those circumstances, we detected a measurable decline of infestations
at the dwelling level (i.e., the presence of�1 larva in any of a dwelling’s SBSs) by Culex spp.
and, to a lesser extent, Ae. albopictus after DS deployment (see below and S3 Fig). The number
of immature mosquitoes collected in SBSs also decreased during DS deployment and recovered
afterwards (see S4 Fig). On the other hand, immigrating adult mosquitoes may have helped in-
crease PPF coverage of SBSs and surveillance dwellings. Our results also suggest that Ae.
aegypti females, thought to be poor fliers [30,31], can carry PPF over distances up to 400 m
across a neighborhood where suitable breeding sites are readily available [32,33]. This dispersal
ability has implications for understanding local dengue-spread dynamics [32–34] and suggests
that a productive breeding focus in a non-treated premise can act as the source of adult mos-
quitoes for an area of about 50 ha.
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Because we set clean SBSs each month, we did not assess the residual effects of PPF, which
may have been important in breeding sites we did not monitor [35]. For example, observed
dwelling-level infestation (i.e., presence of at least one larva in at least one SBS) by Culex spp.
steadily fell from 30.1% at baseline to 9.3% during, 6.9% early after, and 2.5% late after the trial
(see S3 Fig). We speculate that this might reflect persistent contamination of some key Culex
breeding sites in the study area, hinting at the potential of mosquito-disseminated PPF for the
control of West Nile virus- or filariae-transmitting Culex spp. In addition, the fact that many
SBSs became contaminated after DSs were removed indicates that PPF particles persisted in
the environment and were still being disseminated several months after the trial ended. Early
after the trial, this might be related to mid-term PPF carriage by mosquitoes that picked dust
particles at DSs but only lost them after several ovipositions. However, because of the short life-
span of non-diapausing adult mosquitoes [36], long-term PPF carriage cannot explain SBS
contamination events late after DS removal. The contamination of resting sites by PPF-carry-
ing mosquitoes, with dust particles then picked-up and secondarily disseminated by other mos-
quitoes, is more likely in these cases. Environmental persistence is nonetheless expected to be
short, because PPF degrades quickly [37]; interestingly, over the last eight months of our study
the fraction of SBSs with evidence of PPF contamination closely matched the expected fraction
of PPF particles remaining active in the environment, given a 30-day half-life [37]: linear re-
gression, R2 = 0.91, P = 0.0003 (S5 Fig).

Mortality of juvenile mosquitoes in SBSs with evidence of PPF contamination was within
the range reported from small-scale [10,11,16] and direct-impact PPF trials [17]. Our results
are unique because they indicate that mosquito-disseminated PPF increased juvenile mortality
and reduced adult emergence at the neighborhood scale, with each of these metrics changing
by over one order of magnitude. Importantly, these effects came about in spite of (i) mortality
reaching 100% in just over 50% of contaminated SBSs, likely because of PPF under-dosage; (ii)
substantial, yet incomplete, breeding-site coverage (as measured by SBS coverage); and (iii) the
fact that the trial was conducted during the rainy-cool season, when the availability of breeding
sites is at its peak and Aedes populations are unlikely to undergo local extinctions [9]. This ap-
proach can therefore be expected to perform well even under constraints and imperfections
that are typical of real-life vector-control campaigns. We note, in addition, that we did not in-
vestigate the effects of PPF on adult mosquitoes (e.g., malformations, shorter lifespan, or re-
duced fertility), and that some dead early-stage larvae may have been scavenged by other larvae
before SBSs were checked in the laboratory [10,14,16]. Therefore, our results likely underesti-
mate the impact of the trial.

A key limitation of our study is that we lacked the technical means to measure the minute,
parts-per-billion concentrations of PPF that kill mosquito juveniles; hence, and as in previous
trials (e.g., [10,11]), we lack direct evidence of PPF contamination in our SBSs. Still, we think it
extremely unlikely that our observations might stem from any unmeasured event. Evidence of
PPF-induced mortality was assessed by a researcher with broad experience in the appraisal of
juvenile mosquito development and morphology in PPF laboratory and field trials [10,16].
This evidence (S1 Fig) was only recorded after DS deployment. In our pre-trial laboratory tests,
PPF-treated and PPF-untreated larvae had the expected morphology and could be unambigu-
ously identified (pers. obs.; S1 Fig). Further, the dramatic increase of juvenile mortality at the
time of DS deployment (Figs 5, 6 and S2 Fig) can hardly be explained by any alternative phe-
nomenon. Not only there was an abrupt leap in mortality as the trial started: mortality also de-
clined with distance from DSs during and early after the trial, and gradually fell back to
baseline values when the DSs were removed from the environment (Figs 5, 6 and S2 Fig). We
had monitored these local mosquito populations for years before this trial and never recorded
any such sudden demographic shift (e.g., [9,38]). Finally, longitudinal contamination data in
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individual SBSs provided no evidence of either laboratory contamination (non-contaminated
SBSs were recorded every month) or persistence of contamination from one month to the next
(>70% of SBSs scored as contaminated in monthm were scored as not contaminated at least
once in monthm+1; see S1 Text). Thus, mosquito-driven PPF dissemination is by far the best
explanation available for our findings.

Conclusions
Our results provide evidence that urban mosquitoes can be very effective at transferring PPF
dust-particles from simple dissemination stations to artificial breeding sites at the neighbor-
hood scale. Maximummonthly coverage was 94.3% for SBSs and 100% for surveillance dwell-
ings over 50 ha, and juvenile mosquito mortality reached 87.9% in SBSs contaminated by PPF-
disseminating mosquitoes. This resulted in a>10-fold rise of juvenile mosquito mortality and
a>10-fold fall of adult mosquito emergence; by lowering vector/host ratios, these strong effects
can help reduce the risk of arboviral disease outbreaks [39]. We conclude that this approach is
a very promising complement to current mosquito control strategies, which heavily rely on the
difficult task of detecting vector breeding sites and therefore perform poorly. Mosquito-dis-
seminated insecticides could profitably be combined both with current, standard control prac-
tices and with novel, more sophisticated tactics involving transgenic orWolbachia-infected
mosquitoes [40–43].

Supporting Information
S1 Dataset. Raw data: mosquito presence, pyriproxyfen dissemination, and juvenile mos-
quito mortality at the dwelling- and breeding site-levels, plus monthly summaries of juve-
nile mosquito mortality and adult mosquito emergence.
(XLS)

S1 Text. Additional results and methodological details.
(PDF)

S1 Table. Mosquito-disseminated pyriproxyfen in sentinel breeding sites with and without
Aedes aegypti, Ae. albopictus, and Culex spp. larvae during the trial.
(PDF)

S2 Table. Differences in mean Aedes aegyptimortality among study periods and Tukey
‘honestly significant difference’ (HSD) test.
(PDF)

S3 Table. Differences in mean mosquito mortality (all species pooled) among study periods
and Tukey ‘honestly significant difference’ (HSD) test.
(PDF)

S1 Fig. The effects of pyriproxyfen (PPF) contamination on immature Aedes aegyptimor-
phology. From left to right: normal fourth-stage larva; fourth-stage larva reared in water with
PPF; normal pupa; and pupa reared in water with PPF (scale bars = 1 mm).
(TIFF)

S2 Fig. Mosquito-disseminated pyriproxyfen boosted juvenile mosquito mortality at the
neighborhood scale. Contour plots of observed juvenile mosquito mortality in sentinel breed-
ing sites with at least one larva. Upper row, all mosquito species pooled; lower row, Aedes
aegypti. A to D, periods before, during, early after, and late after the trial, respectively. The in-
tervention sub-area is outlined in white in the first panel. The scale bar shows the color code of
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percentages; 100 contours were used. Surveillance dwellings were omitted for clarity (see Figs 1
and 2 in the main text).
(TIF)

S3 Fig. Observed dwelling-level infestation by Aedes aegypti, Ae. albopictus, and Culex spp.
before (B), during (D), early after (EA), and late after (LA) deployment of pyriproxyfen dis-
semination stations. In any given month, a dwelling was considered as infested when at least
one larva was present in at least one sentinel breeding site. Error bars are 95%CIs; asterisks
highlight significant differences at the 5% level.
(TIFF)

S4 Fig. Number of immature mosquitoes collected in individual sentinel breeding sites
(SBSs) across the 20 months of the study. Each bar corresponds to one SBS-month; note that
>100 larvae were collected in one SBS (arrow) before deployment of pyriproxyfen dissemina-
tion stations (DS). The four-month trial period is highlighted.
(TIFF)

S5 Fig. The fraction of sentinel breeding sites (SBSs) with evidence of contamination with
pyriproxyfen (PPF) closely matched the expected fraction of PPF particles remaining active
in the environment, given a 30-day half-life: scatterplot and linear regression.
(TIFF)

Acknowledgments
We thank D. Leite and R. Mota for field and laboratory assistance, E. S. Farias for taking the
pictures in S1 Fig, and R. S. Rocha for useful discussion and overall support. We also thank G.
J. Devine for providing the pyriproxyfen used in the trial, and the anonymous reviewers for
their useful suggestions. This paper is contribution number 21 of the Research Program on In-
fectious Disease Ecology in the Amazon (RP-IDEA) of the Instituto Leônidas e Maria Deane—
Fiocruz.

Author Contributions
Conceived and designed the experiments: FAF GF SDPT SLBL EZP. Performed the experi-
ments: EZP SDPT SLBL. Analyzed the data: FAF. Contributed reagents/materials/analysis
tools: GF SDPT SLBL EZP. Wrote the paper: FAF GF SDPT EZP SLBL.

References
1. Weaver SC, ReisenWK (2010) Present and future arboviral threats. Antiviral Res 85: 328–345. doi:

10.1016/j.antiviral.2009.10.008 PMID: 19857523

2. Institute of Medicine (2008) Vector-borne Diseases: Understanding the Environmental, Human Health,
and Ecological Connections. Washington, DC: The National Academies Press. PMID: 21452451

3. World Health Organization—TDR (2009). Dengue: Guidelines for Diagnosis, Treatment, Prevention
and Control. Geneva: WHO/TDR. PMID: 23762963

4. Campbell GL, Marfin AA, Lanciotti RS, Gubler DJ (2002) West Nile virus. Lancet Infect Dis 2 519–529.
PMID: 12206968

5. Pialoux G, Gaüzère B-A, Jauréguiberry S, Strobel M (2007) Chikungunya, an epidemic arbovirosis.
Lancet Infect Dis 7: 319–327. PMID: 17448935

6. Morrison AC, Zielinski-Gutierrez E, Scott TW, Rosenberg R (2008) Defining challenges and proposing
solutions for control of the virus vector Aedes aegypti. PLoSMed 5: e68. doi: 10.1371/journal.pmed.
0050068 PMID: 18351798

7. Wilder-Smith A, Renhorn KE, Tissera H, Abu Bakar S, Alphey L, et al. (2012) DengueTools: innovative
tools and strategies for the surveillance and control of dengue. Glob Health Action 5: 17273.

Mosquito-Disseminated Pyriproxyfen for Urban Mosquito Control

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003702 April 7, 2015 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003702.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003702.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003702.s010
http://dx.doi.org/10.1016/j.antiviral.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19857523
http://www.ncbi.nlm.nih.gov/pubmed/21452451
http://www.ncbi.nlm.nih.gov/pubmed/23762963
http://www.ncbi.nlm.nih.gov/pubmed/12206968
http://www.ncbi.nlm.nih.gov/pubmed/17448935
http://dx.doi.org/10.1371/journal.pmed.0050068
http://dx.doi.org/10.1371/journal.pmed.0050068
http://www.ncbi.nlm.nih.gov/pubmed/18351798


8. Brazil (2009) Diretrizes Nacionais para a Prevenção e Controle de Epidemias de Dengue. Brasília:
Ministério da Saúde do Brasil.

9. Padilla-Torres SD, Ferraz G, Luz SLB, Zamora-Perea E, Abad-Franch F (2013) Modeling dengue vec-
tor dynamics under imperfect detection: three years of site-occupancy by Aedes aegypti and Aedes
albopictus in urban Amazonia. PLoS ONE 8: e58420. doi: 10.1371/journal.pone.0058420 PMID:
23472194

10. Devine GJ, Perea EZ, Killeen GF, Stancil JD, Clark SJ, Morrison AC (2009) Using adult mosquitoes to
transfer insecticides to Aedes aegypti larval habitats. Proc Natl Acad Sci USA 106: 11530–11534. doi:
10.1073/pnas.0901369106 PMID: 19561295

11. Caputo B, Ienco A, Cianci D, Pombi M, Petrarca V, Baseggio A, et al. (2012) The “auto-dissemination”
approach: a novel concept to fight Aedes albopictus in urban areas. PLoS Negl Trop Dis 6: e1793. doi:
10.1371/journal.pntd.0001793 PMID: 22953015

12. Mogi M, Mokry J (1980) Distribution ofWyeomyia smithii (Diptera, Culicidae) eggs in pitcher plants in
Newfoundland, Canada. Trop Med 22: 1–12.

13. Colton YM, Chadee DD, Severson DW (2003) Natural skip oviposition of the mosquito Aedes aegypti
indicated by codominant genetic markers. Med Vet Entomol 17: 195–204. PMID: 12823837

14. Itoh T (1994) Utilization of blood-fed females of Aedes aegypti as a vehicle for the transfer of the insect
growth regulator, pyriproxyfen, to larval habitats. Trop Med 36: 243–248.

15. Chism BD, Apperson CS (2003) Horizontal transfer of the insect growth regulator pyriproxyfen to larval
microcosms by gravid Aedes albopictus andOchlerotatus triseriatusmosquitoes in the laboratory. Med
Vet Entomol 17: 211–220. PMID: 12823839

16. Sihuincha M, Zamora-Perea E, Orellana-Rios W, Stancil JD, López-Sifuentes V, Vidal-Oré C, et al.
(2005) Potential use of pyriproxyfen for control of Aedes aegypti (Diptera: Culicidae) in Iquitos, Peru. J
Med Entomol 42: 620–630. PMID: 16119551

17. Suman DS, Farajollahi A, Healy S, Williams GM,Wang Y, Schoeler G, et al. (2014) Point-source and
area-wide field studies of pyriproxyfen autodissemination against urban container-inhabiting mosqui-
toes. Acta Trop 135: 96–103. doi: 10.1016/j.actatropica.2014.03.026 PMID: 24713197

18. Consoli RAGB, Lourenço-de-Oliveira R (1994) Principais Mosquitos de Importância Sanitária no Brasil.
Rio de Janeiro: Editora Fiocruz.

19. Firth D (1993) Bias reduction of maximum likelihood estimates. Biometrika 80: 27–38.

20. Burnham KP, Anderson DR (2002) Model Selection and Multimodel Inference: A Practical Information-
Theoretic Approach. New York: Springer.

21. Agresti A (2002) Categorical Data Analysis. 2nd ed. Hoboken: JohnWiley & Sons.

22. Gürtler RE, Garelli FM, Coto HD (2009) Effects of a five-year citywide intervention program to control
Aedes aegypti and prevent dengue outbreaks in northern Argentina. PLoS Negl Trop Dis 3: e427. doi:
10.1371/journal.pntd.0000427 PMID: 19399168

23. Regis LN, Acioli RV, Silveira JC Jr, Melo-Santos MA, SouzaWV, Ribeiro CM, et al. (2013) Sustained
reduction of the dengue vector population resulting from an integrated control strategy applied in two
Brazilian cities. PLoS ONE 8: e67682. doi: 10.1371/journal.pone.0067682 PMID: 23844059

24. Pilger D, Lenhart A, Manrique-Saide P, Siqueira JB, da RochaWT, Kroeger A (2011) Is routine dengue
vector surveillance in central Brazil able to accurately monitor the Aedes aegypti population? Results
from a pupal productivity survey. Trop Med Int Health 16: 1143–1150. doi: 10.1111/j.1365-3156.2011.
02818.x PMID: 21702871

25. HawleyWA (1988) The biology of Aedes albopictus. J AmMosq Control Assoc 4 (Suppl): 2–39.

26. Bonizzoni M, Gasperi G, Chen X, James AA (2013) The invasive mosquito species Aedes albopictus:
current knowledge and future perspectives. Trends Parasitol 29: 460–468. doi: 10.1016/j.pt.2013.07.
003 PMID: 23916878

27. Charrel RN, de Lamballerie X, Raoult D (2007) Chikungunya outbreaks—The globalization of vector-
borne diseases. N Engl J Med 356: 769–771. PMID: 17314335

28. Staples JE, Breiman RF, Powers AM (2009) Chikungunya fever: an epidemiological review of a re-
emerging infectious disease. Clin Infect Dis 49: 942–948. doi: 10.1086/605496 PMID: 19663604

29. Vega-Rua A, Zouache K, Caro V, Diancourt L, Delaunay P, GrandadamM, et al. (2013) High efficiency
of temperate Aedes albopictus to transmit chikungunya and dengue viruses in the southeast of France.
PLoS ONE 8: e59716. doi: 10.1371/journal.pone.0059716 PMID: 23527259

30. Maciel-de-Freitas R, Souza-Santos R, Codeço CT, Lourenço-de-Oliveira R (2010) Influence of the spa-
tial distribution of human hosts and large size containers on the dispersal of the mosquitoAedes aegypti
within the first gonotrophic cycle. Med Vet Entomol 24: 74–82. doi: 10.1111/j.1365-2915.2009.00851.x
PMID: 20377734

Mosquito-Disseminated Pyriproxyfen for Urban Mosquito Control

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003702 April 7, 2015 16 / 17

http://dx.doi.org/10.1371/journal.pone.0058420
http://www.ncbi.nlm.nih.gov/pubmed/23472194
http://dx.doi.org/10.1073/pnas.0901369106
http://www.ncbi.nlm.nih.gov/pubmed/19561295
http://dx.doi.org/10.1371/journal.pntd.0001793
http://www.ncbi.nlm.nih.gov/pubmed/22953015
http://www.ncbi.nlm.nih.gov/pubmed/12823837
http://www.ncbi.nlm.nih.gov/pubmed/12823839
http://www.ncbi.nlm.nih.gov/pubmed/16119551
http://dx.doi.org/10.1016/j.actatropica.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24713197
http://dx.doi.org/10.1371/journal.pntd.0000427
http://www.ncbi.nlm.nih.gov/pubmed/19399168
http://dx.doi.org/10.1371/journal.pone.0067682
http://www.ncbi.nlm.nih.gov/pubmed/23844059
http://dx.doi.org/10.1111/j.1365-3156.2011.02818.x
http://dx.doi.org/10.1111/j.1365-3156.2011.02818.x
http://www.ncbi.nlm.nih.gov/pubmed/21702871
http://dx.doi.org/10.1016/j.pt.2013.07.003
http://dx.doi.org/10.1016/j.pt.2013.07.003
http://www.ncbi.nlm.nih.gov/pubmed/23916878
http://www.ncbi.nlm.nih.gov/pubmed/17314335
http://dx.doi.org/10.1086/605496
http://www.ncbi.nlm.nih.gov/pubmed/19663604
http://dx.doi.org/10.1371/journal.pone.0059716
http://www.ncbi.nlm.nih.gov/pubmed/23527259
http://dx.doi.org/10.1111/j.1365-2915.2009.00851.x
http://www.ncbi.nlm.nih.gov/pubmed/20377734


31. Harrington LC, Scott TW, Lerdthusnee K, Coleman RC, Costero A, Clark GG, et al. (2005) Dispersal of
the dengue vector Aedes aegyptiwithin and between rural communities. Am J Trop Med Hyg 72: 209–
220. PMID: 15741559

32. Reiter P, Amador M, Anderson R, Clark G (1995) Short report: Dispersal of Aedes aegypti in an urban
area after blood feeding as demonstrated by rubidium-marked eggs. Am J Trop Med Hyg 52: 177–179.
PMID: 7872449

33. Honório NA, Silva WC, Leite PJ, Gonçalves JM, Lounibos LP, Lourenço-de-Oliveira R (2003) Dispersal
of Aedes aegypti and Aedes albopictus (Diptera: Culicidae) in an urban endemic dengue area in the
state of Rio de Janeiro, Brazil. Mem Inst Oswaldo Cruz 98: 191–198. PMID: 12764433

34. Vazquez-Prokopec GM, Kitron U, Montgomery B, Horne P, Ritchie SA (2010) Quantifying the spatial di-
mension of dengue virus epidemic spread within a tropical urban environment. PLoS Negl Trop Dis 4:
e920. doi: 10.1371/journal.pntd.0000920 PMID: 21200419

35. Ritchie SA, Paton C, Buhagiar T, Webb GA, Jovic V (2013) Residual treatment of Aedes aegypti (Dip-
tera: Culicidae) in containers using pyriproxyfen slow-release granules (Sumilarv 0.5g). J Med Entomol
50: 1169–1172. PMID: 24180124

36. Brieger H, Kaiser C (1973) Life-span of mosquitoes (Culicidae, Diptera) under laboratory conditions.
Gerontologia 19: 240–249. PMID: 4775101

37. World Health Organization (2008) Pyriproxyfen in drinking-water: Use for vector control in drinking-
water sources and containers. Background document for development of WHO guidelines for drinking-
water quality. Geneva: WHO.

38. Ríos-Velásquez CM, Codeço CT, Honório NA, Sabroza PS, Moresco M, et al. (2007) Distribution of
dengue vectors in neighborhoods with different urbanization types of Manaus, state of Amazonas, Bra-
zil. Mem Inst Oswaldo Cruz 102: 617–623. PMID: 17710307

39. Schmidt WP, Suzuki M, Thiem VD, White RG, Tsuzuki A, Yoshida LM, et al. (2011) Population density,
water supply, and the risk of dengue fever in Vietnam: cohort study and spatial analysis. PLoS Med 8:
e1001082. doi: 10.1371/journal.pmed.1001082 PMID: 21918642

40. Wise de Valdez MR, Nimmo D, Betz J, Gong HF, James AA, Alphey L, et al. (2011) Genetic elimination
of dengue vector mosquitoes. Proc Natl Acad Sci USA 108: 4772–4775. doi: 10.1073/pnas.
1019295108 PMID: 21383140

41. Harris AF, Nimmo D, McKemey AR, Kelly N, Scaife S, Donnelly CA, et al. (2011) Field performance of
engineered male mosquitoes. Nat Biotechnol 29:1034–1037. doi: 10.1038/nbt.2019 PMID: 22037376

42. Moreira LA, Iturbe-Ormaetxe I, Jeffery JA, Lu G, Pyke AT, Hedges LM, et al. (2009) AWolbachia symbi-
ont in Aedes aegypti limits infection with dengue, chikungunya, and Plasmodium. Cell 7: 1268–1278.

43. Hoffmann AA, Montgomery BL, Popovici J, Iturbe-Ormaetxe I, Johnson PH, Muzzi F, et al. (2011) Suc-
cessful establishment ofWolbachia in Aedes populations to suppress dengue transmission. Nature
476: 454–457. doi: 10.1038/nature10356 PMID: 21866160

Mosquito-Disseminated Pyriproxyfen for Urban Mosquito Control

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003702 April 7, 2015 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/15741559
http://www.ncbi.nlm.nih.gov/pubmed/7872449
http://www.ncbi.nlm.nih.gov/pubmed/12764433
http://dx.doi.org/10.1371/journal.pntd.0000920
http://www.ncbi.nlm.nih.gov/pubmed/21200419
http://www.ncbi.nlm.nih.gov/pubmed/24180124
http://www.ncbi.nlm.nih.gov/pubmed/4775101
http://www.ncbi.nlm.nih.gov/pubmed/17710307
http://dx.doi.org/10.1371/journal.pmed.1001082
http://www.ncbi.nlm.nih.gov/pubmed/21918642
http://dx.doi.org/10.1073/pnas.1019295108
http://dx.doi.org/10.1073/pnas.1019295108
http://www.ncbi.nlm.nih.gov/pubmed/21383140
http://dx.doi.org/10.1038/nbt.2019
http://www.ncbi.nlm.nih.gov/pubmed/22037376
http://dx.doi.org/10.1038/nature10356
http://www.ncbi.nlm.nih.gov/pubmed/21866160


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


