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Abstract
The Asian tiger mosquito, Aedes albopictus, is a highly invasive mosquito species that

transmits chikungunya and dengue. This species overwinters as diapausing eggs in tem-

perate climates. Early diapause termination may be a beneficial strategy for winter mosquito

control; however, a mechanism to terminate the diapause process using chemicals is not

known. We tested the hypothesis that a hormonal imbalance caused by the administration

of juvenile hormone analog would terminate egg diapause in A. albopictus. We tested the

insect growth regulator pyriproxyfen on all developmental stages to identify a susceptible

stage for diapause termination. We found that pyriproxyfen treatment of mosquito eggs ter-

minated embryonic diapause. The highest rates of diapause termination were recorded in

newly deposited (78.9%) and fully embryonated (74.7%) eggs at 0.1 and 1 ppm, respec-

tively. Hatching was completed earlier in newly deposited eggs (25–30 days) compared to

fully embryonated eggs (71–80 days). The combined mortality from premature diapause ter-

mination and ovicidal activity was 98.2% in newly deposited and >98.9% in fully embryo-

nated eggs at 1 ppm. The control diapause eggs did not hatch under diapausing conditions.

Pyriproxyfen exposure to larvae, pupae and adults did not prevent the females from ovipos-

iting diapausing eggs. There was no effect of pyriproxyfen on diapausing egg embryonic

developmental time. We also observed mortality in diapausing eggs laid by females

exposed to pyriproxyfen immediately after blood feeding. There was no mortality in eggs

laid by females that survived larval and pupal exposures. In conclusion, diapausing eggs

were the more susceptible to pyriproxyfen diapause termination compared to other life

stages. This is the first report of diapause termination in A. albopictuswith a juvenile hor-

mone analog. We believe our findings will be useful in developing a new control strategy

against overwintering mosquito populations.
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Introduction
The Asian tiger mosquito, Aedes albopictus, is one of the world’s worst invasive species [1].
This mosquito is prevalent worldwide and transmits chikungunya and dengue viruses in
Asian, African and European countries [2–4]. The Asian tiger mosquito was first discovered in
the United States in Houston, Texas in 1985 [5]. In the last 20 years, this mosquito has spread
to at least 30 additional states, and is continuously expanding its range [6,7]. One factor con-
tributing to A. albopictus establishment into new areas is a specialized egg with a thick eggshell
that is desiccation tolerant [8,9] and ability to enter diapause [10]. Diapause eggs are large in
size and high in lipid content [11], and are more desiccation tolerant than non-diapause eggs
[12,13]. The ability of diapause eggs to survive harsh temperate conditions may have facilitated
A. albopictus range expansion [14–16].

There is immense diversity in insect diapause mechanisms, including various life stages.
For instance, diapause occurs in eggs in Bombyx mori, larvae in Ostrinia nubilalis, pupae in
Sarcophaga crassipalpis and adults in Culex pipiens [17,18]. Aedes albopictus enters diapause in
the pharate larval stage; that is, when the embryo is fully developed. Embryonic diapause is
common among insects; for instance, the locusts Locusta migratoria and Oxya yezoensis enter
diapause at the mid-stage of embryogenesis prior to blastokinesis which is quite different from
A. albopictus [19,20]. The mechanism(s) underlying diapause in A. albopictus is not well under-
stood [11–13, 21,22].

Diapause termination normally occurs when suitable environmental conditions induce
physiological and developmental processes [20,23]. Alternatively, insects may terminate dia-
pause when exposed to specific chemicals [20]. Examples of this include a synthetic juvenile
hormone for adult C. pipiens [18], the solvent hexane for flesh fly pupae of S. crassipalpis [24],
a diapause hormone for pupae ofHelicoverpa zea [25], and the juvenile hormone analogue
methoprene and the ecdysteroid hormone 20-hydroxyecdysone for early embryonic eggs of L.
migratoria and O. yezoensis [19]. There are no reports on diapause termination in A. albopictus
using a chemical stimulus.

Hormones play a vital role in embryonic development, as well as diapause regulation
[20,26]. Previously, we have shown that the juvenile hormone analog pyriproxyfen disrupts
embryonic development in non-diapause eggs of A. albopictus, resulting in ovicidal activity
[16]. Ecdysteroid signaling has been shown to regulate embryonic diapause in A. albopictus
and other mosquitoes [21,27]. Ecdysteroid and juvenile hormones together regulate insect
molting, metamorphosis and reproduction [22], yet there is no report on juvenile hormone
involvement in A. albopictus diapause. We hypothesize that disruption of the hormonal bal-
ance in A. albopictus resulting from pyriproxyfen exposure would terminate diapause. To iden-
tify a susceptible stage for diapause termination, we tested the effect of pyriproxyfen on all life
stages including egg (newly deposited and fully embryonated), larvae, pupae and adults.

Materials and Method

Mosquito rearing and diapause induction
Aedes albopictus eggs from a laboratory colony maintained under non-diapausing conditions
(26 ± 2°C, 65% RH and 16L:8D photoperiod) [28], were hatched in dechlorinated tap water in
2L enamel trays. Larvae were reared to the 3rd instar. Dried brewer’s yeast was provided as lar-
val food (30 mg/L) twice a week. To induce diapause, 3rd instar larvae were transferred to a
21°C incubator maintained at short day conditions (8L:16D photoperiod) which are well estab-
lished as diapause-inducing conditions [14]. Sugar solution (10%) in cotton wicks was pro-
vided to adults and guinea pigs were offered for blood feeding.
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Ethics Statement
The study protocol was approved by the Institutional Animal Care and Use Committee Review
and Approval (IACUC), Rutgers the State University of New Jersey. The study was performed
in strict accordance with the recommendations of IACUC Animal Use Protocol # 86–129 for
the care of guinea pig in mosquito research.

Pyriproxyfen
An emulsifiable concentrate formulation of pyriproxyfen (NyGuard EC10, MGK, Minneapolis,
MN, USA) was used to prepare a 1% stock solution and serial dilutions (0.01, 0.1, 0.5 and
1 ppm) for use with eggs, larvae and pupae. All dilutions were prepared in dechlorinated tap
water. For adults, a corn oil based formulation was prepared with pyriproxyfen (technical
grade 99%, MGK, Minneapolis, MN, USA). AWhatman #1 filter paper (9 x 8 cm) was treated
with the oil formulation at 10 mg a.i. pyriproxyfen/m2 and dried overnight at room tempera-
ture (25 ± 1°C). The treated paper was inserted into a chamber constructed from a 50 mL cen-
trifuge plastic tube blocked at one end with mosquito-proof mesh for aeration. For the control,
similar paper was treated with same amount of pyriproxyfen-free corn oil. Treated papers and
treatment chambers were used for one repeat and were then discarded.

Determination of a susceptible stage for diapause termination
After exposure of various life stages (eggs, larvae, pupae or adults) to diapausing conditions
(8L:16D photoperiod; 21°C), we determined the diapause status of eggs with the use of a hatch-
ing experiment [14] as described in Fig 1.

Eggs
For this experiment, two developmental stages of diapause eggs were tested: newly deposited
eggs and fully embryonated eggs.

The newly deposited eggs were obtained by releasing gravid females (5 d post blood-feed-
ing) into an oviposition container to oviposit directly on a treated oviposition paper
(n = 6,325) under diapausing conditions. To test newly deposited eggs (immediately laid), we
set up oviposition containers treated with 0.01, 0.1 and 1 ppm of pyriproxyfen in 250 mL
water. Control container were not treated. Each container received an oviposition paper strip
(4 cm strip of Whatman #1 filter paper) encircling the inner container wall. The paper was sat-
urated with treated water. Eggs were counted and kept in the same treated water to observe
hatching.

To test fully embryonated eggs (n = 2,579), two-week-old diapausing eggs were exposed to
0.01, 0.1 and 1 ppm of pyriproxyfen concentrations in 250 mL water under diapausing condi-
tions and allowed to hatch. Newly deposited and fully embryonated control eggs were treated
with water only. No larval food was added in any treatment or control as a hatching stimulus.

In all experiments, treatments and control of both newly deposited and fully embryonated
eggs were in three replicates and repeated three times.

Larvae and pupae
We exposed 100 3rd instars and recently pupated mosquitoes to each pyriproxyfen concentra-
tion (0.01, 0.1, 0.5 and 1 ppm) in 500 mL water under diapause conditions. In controls, larvae
and pupae were not treated with any chemical. Larvae were provisioned with dried Brewer’s
yeast (30 mg/L). Exposure was terminated when the larvae or pupae molted to the subsequent
stage. Surviving pupae and adults from the respective treatments were collected and transferred
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into untreated adult cages (30 x 30 x 30 cm). Adults were provided 10% sugar solution ad libi-
tum and were blood fed on guinea pig one week after emergence. Oviposition containers with
untreated water (250 mL) were provided for egg laying. Eggs (n = 4,680 in larval exposure and
n = 3,801 in pupal exposure) were counted and allowed to hatch under diapausing conditions
for one month. To measure diapause termination, we determined the hatch rate of eggs laid by

Fig 1. Schematic representation of diapause termination experiment indicating pyriproxyfen exposure of eggs (newly deposited and fully
embryonated), larvae, pupae and adult females of Aedes albopictus under diapause conditions (8L:16D photoperiod and 21°C) and ovicidal
activity under non-diapause conditions.

doi:10.1371/journal.pone.0130499.g001
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adults exposed during larval and pupal stages to pyriproxyfen. All experiments consists of
three replicates and were repeated three times.

Adults
Adult mosquitoes (7–10 d old) reared under diapausing conditions were blood fed before
being separated into four groups of 20. Each group was exposed for 10 min to a corn oil formu-
lation (10 mg pyriproxyfen/m2) onWhatman # 1 filter paper (72 cm2) at a specific time inter-
val post-blood feeding (1 h, 1 and 5 d). Exposed mosquitoes were held in a 1 liter container
with 200 mL untreated water for 2 d, allowing for oviposition. Eggs (n = 4,335) were counted
and observed for hatching under diapausing conditions for 30 days. Controls were exposed to
only corn oil after blood feeding. Experiments were set up in three replicates and repeated
three times.

Diapause termination
Eggs in diapause are not expected hatch under diapausing conditions (8L:16D photoperiod
and 21°C); therefore, if we observed eggs hatching under these conditions we considered them
to have experienced diapause termination. The diapause eggs from different treatment groups
(eggs, larvae, pupae and adults) and controls were observed for hatching every other day under
diapausing conditions. All larvae were counted and removed during each observation. Dia-
pause termination was calculated after there was no hatch observed for 14 consecutive days.

Ovicidal activity
Under non-diapausing conditions (26 ± 2°C and 16L:8D photoperiod), observations of dia-
pause egg hatch of all treatment groups was extended (Fig 1). We observed egg hatch on alter-
nate days, and first instars were counted and removed. Eggs that remained unhatched after
exposure to both diapausing and non-diapausing conditions were considered dead due to ovi-
cidal activity [9].

Effect of pyriproxyfen on embryonic development
We considered that pyriproxyfen might alter the developmental time of diapause eggs. To
examine this, diapause eggs of the same age from both treatment (1 ppm) and controls were
observed daily from 0–9 d post-oviposition. Eggs (80–100 per day) were bleached to make the
eggshell transparent and photographed to compare the stages for germ band formation,
embryo with segmented body, development of thoracic and abdominal extremities such as
head capsule, eye, and abdominal segments [9]. Non-diapause eggs were also bleached and
observed in the same way as a positive control. Photographs were taken to record embryonic
development.

Statistical analysis
For the statistical analysis, data from all nine replicates were pooled together for each variable
and were analyzed for normal distribution and equal variance test. Diapause termination and
ovicidal activity in both newly deposited and fully embryonated diapause eggs were calculated
from recorded egg hatch as described above. In larval, pupal and adult exposures, diapause
termination were measured by egg hatching experiments under diapausing conditions and ovi-
cidal activity on eggs under non-diapausing conditions. One-way Analysis of Variance
(ANOVA) was performed for significance analysis of all pyriproxyfen treatments and controls
using the statistical package PASW statistics 18 (SPSS Inc.). Multiple range test was used to
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compare the means of eggs, larval, pupal and adult exposures and their respective controls for
significant differences using Fisher’s least significant difference (LSD) at P< 0.05. Statistical
results were presented with degree of freedoms (df) between and within groups, F-ratios and P-
values. Data is presented as mean ± standard error.

Results

Diapause termination with pyriproxyfen exposure to eggs
Newly deposited diapause eggs exhibited a significantly higher hatch rate in pyriproxyfen treat-
ments than the controls (Fig 2, Table 1; df = 3, 32; f = 215.6; P = 0.0001). Hatching was lowest
at 0.01 ppm (29.1 ± 3.8%) and highest at 0.1 ppm (78.9 ± 1.3%). Diapause egg hatch was
78.9 ± 1.3% at 0.1 ppm which was higher than that of 1ppm (65.0 ± 2.6%). This was because

Fig 2. Hatching of newly deposited and fully embryonated diapause eggs of Aedes albopictus under
diapausing conditions (8L:16D and 21°C) with pyriproxyfen exposure (0.01–1 ppm). Solid lines of
newly deposited diapause eggs designated with same capital letters and dotted lines for diapause fully
embryonated eggs designated with small letters are not different significantly (One-way ANOVA, p < 0.05).

doi:10.1371/journal.pone.0130499.g002

Table 1. Hatching of newly deposited and fully embryonated diapause eggs of Aedes albopictuswith exposure of pyriproxyfen under diapausing
conditions (8L:16D photoperiod and 21°C) and stimulated non-diapausing conditions (16L:8D photoperiod and 26°C).

Diapause eggs exposure to pyriproxyfen (ppm) Statistical significance (One-way ANOVA)

Parameters (%) Control 0.01 0.1 1

Newly deposited diapause eggs

Hatch under diapausing conditions 1.0±0.3a 29.1±3.8b 78.9±1.3c 65.0±2.6d df = 3,32; f = 215.6; P = 0.0001

Hatch under non-diapausing conditions 96.1±0.7a 66.4±3.6b 12.6±1.3c 1.8±0.4d df = 3,32; f = 512.9; P = 0.0001

Dead eggs 2.9±0.6a 4.5±0.8ab 8.4±0.6b 33.1±2.5c df = 3,32; f = 102.4; P = 0.0001

Fully embryonated diapause eggs

Hatch under diapausing conditions 0.2±0.2a 8.4±1.2b 33.1±1.6c 74.7±2.3d df = 3,32; f = 483.3; P = 0.0001

Hatch under non-diapausing conditions 98.5±0.4a 85.3±1.6b 57.2±1.9c 1.0±0.4d df = 3, 32; f = 1138.8; P = 0.0001

Dead eggs 1.3±0.3a 6.3±0.6b 9.7±0.7b 24.2±2.3 c df = 3, 32; f = 61.3; P = 0.0001

Dead eggs were the percentage of eggs unhatched under both conditions.

All the values are represented in mean ± SE.

Mean values in a row denoted with same letter are not significantly different with One-way ANOVA at p<0.05.

doi:10.1371/journal.pone.0130499.t001
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1 ppm killed more eggs than the 0.1 ppm. Egg mortality was significantly higher at 0.1
(8.4 ± 0.6%) and 1.0 ppm (33.1 ± 2.5%) pyriproxyfen than in controls (2.9 ± 0.6%) (Table 1;
df = 3, 32; f = 102.4; P = 0.0001). Under non-diapausing conditions, newly deposited diapause
control eggs showed 96.1 ± 0.7% hatch, confirming the diapause status of eggs (Table 1; df = 3,
32, f = 512.9, P = 0.0001).

Fully embryonated diapause egg hatch was concentration dependent. Hatch was lowest at
0.01 ppm (8.4 ± 1.2%) and highest at 1.0 ppm of pyriproxyfen (74.7 ± 2.3%), and the hatch rate
was significantly higher in all treatments compared to control group (0.22 ± 0.22%) under dia-
pause conditions (Fig 2; df = 3, 32; f = 483.3; P = 0.0001). Under non-diapausing stimulated
egg hatching conditions, 98.5 ± 0.4% hatch was seen in controls which was higher than the
treatments (Table 1; df = 3, 32; f = 1138.8; P = 0.0001). Pyriproxyfen caused 6 to 24% mortality
in fully embryonated diapause eggs. Mortality rates were concentration dependent (Table 1;
df = 3, 32; f = 61.3; P = 0.0001).

The hatching period was shorter in the newly deposited diapause eggs compared to fully
embryonated ones (Fig 2). For newly deposited diapause eggs, hatch began 5–7 days after treat-
ment and that reached to maximum within 25–30 days. Whereas, for fully embryonated dia-
pause eggs hatch began 10 days after treatment and reached to maximum by 71–80 days of
treatment. Hatch durations of both newly deposited and fully embryonated diapause eggs were
concentration dependent (Fig 2).

Effect of larval pyriproxyfen exposure on egg diapause termination
Adult emergence from pyriproxyfen treated larvae was 73.4 ± 2.4% at 0.01 ppb, 70.7 ± 2.6% at
0.1 ppb, and 56.1 ± 3.1% at 1.0 ppb. Controls had 91.6 ± 0.9% adult emergence. Under diapause
conditions, eggs laid by females from either treatment or control group failed to hatch confirm-
ing diapause status of the eggs. However, under non-diapausing conditions, egg hatch was
84.8 ± 2.0, 83.3 ± 2.8 and 79.1 ± 2.8% for 0.01, 0.1, 0.5 ppb treatment groups and 88.8 ± 2.1%
for control groups, respectively. There was no significant difference among the treatments and
controls (df = 3, 32; f = 2.68; P = 0.063).

Effect of pupal pyriproxyfen exposure on egg diapause termination
Adult emergence from pupae exposed to pyriproxyfen was 48.7 ± 2.2% at 0.01 ppb, 26.3 ±
1.9% at 0.1 ppb, and 12.1 ± 1.1% at 0.5 ppb and 93.7 ± 0.8% in controls. No diapause termina-
tion was observed in eggs laid by females emerged from any pupal treatment since there was
no hatch observed under diapausing conditions. Under non-diapausing conditions, hatch was
89.8 ± 1.3% at 0.01 ppb, 89.6 ± 1.1% at 0.1 ppb, 86.3 ± 1.9% at 0.5 ppb treatments and
93.3 ± 1.0% in controls. Hatching was not significantly different among the treatment and con-
trol groups except between control and 0.5 ppb pyriproxyfen (df = 3, 32; f = 4.19; P = 0.013).

Effect of adult pyriproxyfen exposure on egg diapause termination
Adult female exposure to pyriproxyfen (10 mg a.i./m2) at 1 h, 1 day, and 5 days of post-blood
feeding did not interfere with the diapause status of eggs and we did not observe any egg hatch
under diapausing conditions. However, eggs laid by females exposed to pyriproxyfen after 1 h
of blood feeding had a significantly lower hatch rate (37.1 ± 9.8%) than the control (91.7 ±
1.8%) and 1 and 5 day post-blood feeding treatments (92.3 ± 2.7%, 96.2 ± 1.5%) under stimu-
lated non-diapausing conditions (df = 3, 32; f = 92.17; P = 0.0001).

Pyriproxyfen Terminates Aedes albopictus Egg Diapause

PLOS ONE | DOI:10.1371/journal.pone.0130499 June 19, 2015 7 / 12



Effects of pyriproxyfen on diapause egg embryonic development
Based on morphological observations of embryonic development including germ band forma-
tion, embryo with segmented body, and the development of thoracic and abdominal extremi-
ties such as eyes, head capsule and abdominal segments, we did not detect differences between
pyriproxyfen treated (1 ppm) and untreated newly deposited diapause eggs (Fig 3). Addition-
ally, control and treated diapause eggs showed similar developmental times, with germ band
formation in embryos being initiated on the second day after being laid and a fully differenti-
ated embryo completion by day five. In contrast to diapause eggs, non-diapause eggs initiated
development few hours after oviposition and completed it within 48 h (Fig 3).

Discussion
Embryonic diapause is a vital mechanism of overwintering A. albopictus survival in temperate
[14,22]. Diapausing eggs are physiologically and biochemically different from non-diapausing
eggs [11–16]. Females lay diapause eggs when their various stages are continuously exposed to
short light periods and lower temperature [14]. The lowest hatch rate of control eggs (0–1.0%)
under diapausing conditions in all experiments also showed that A. albopictusmosquitoes pro-
duced the complete batch of diapause eggs when reared under 8 h light at 21°C temperature.
We found that among all the life stages of A. albopictus, eggs were the most susceptible stage to

Fig 3. Comparison of developmental stages of non-diapause, diapause control and diapause treatment (1 ppm pyriproxyfen) eggs of Aedes
albopictus. Non-diapause eggs (16L:8D photoperiod and 26°C) showed 6, 12, 24 and 48 h developmental intervals, whereas, diapause eggs (8L:16D
photoperiod and 21°C), both control and treatment showed 2, 3, 4, and 5 d post-oviposition developmental intervals.

doi:10.1371/journal.pone.0130499.g003
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juvenile hormone analog for diapause termination. We report, for the first time, egg diapause
termination in A. albopictus caused by pyriproxyfen. Specifically, this was a chemically induced
hatch under diapausing conditions.

Previously, we demonstrated that newly deposited eggs are more susceptible to insect
growth regulators than fully embryonated eggs since chorionic membranes are more perme-
able in newly deposited eggs [9]. Pyriproxyfen terminated diapause in 78.9% newly deposited
eggs at 0.1 ppm, whereas a ten-fold greater concentration was needed to get a similar result in
fully embryonated eggs (74.7% diapause termination at 1 ppm). Pyriproxyfen induced hatch in
newly deposited diapause eggs earlier (within a week) and achieved complete hatch in one
third of time compared to that taken by fully embryonated diapause eggs under diapausing
conditions. We propose that fully embryonated eggs were less responsive to insecticides than
newly deposited eggs due to hardening of the chorionic membranes that reduced the perme-
ability of insecticides into the egg. Diapause eggs are rich in lipids and more desiccation toler-
ant compared to non-diapause eggs [12] which may have further reduced their permeability.
Whether permeability played an important role in causing this difference needs further
investigation.

Pyriproxyfen possesses higher ovicidal activity against non-diapause eggs of multiple mos-
quito species [9]. We demonstrated that high concentrations of pyriproxyfen (0.1 and 1 ppm)
were significantly ovicidal for both newly deposited and fully embryonated diapause eggs. Pre-
viously, we found that pyriproxyfen killed 80% of non-diapausing eggs at 1 ppm [9], which was
a higher mortality rate than diapause eggs (33%) at similar concentrations. In diapause eggs,
pyriproxyfen primarily induced hatch in a large proportion of eggs and killed the remainder,
whereas, there was only ovicidal activity seen in non-diapause eggs. Practically, lower hatch
rate would not have any negative impact on overall efficacy as hatched larvae would eventually
be killed due to the presence of pyriproxyfen in the treated water. Differences in the ovicidal
efficacy of pyriproxyfen for diapause and non-diapause eggs might be attributed to the follow-
ing factors: 1) the presence of extra fatty acids in the diapause eggshell [12,13]; and 2) lower
metabolic rate of diapause eggs than the non-diapause eggs due to lower temperature condi-
tions, but, this needs further exploration.

Specific roles of different life stages in diapause have been reported in various insects
(14,20,23). We found that exposure of larvae, pupae and adults to pyriproxyfen did not termi-
nate diapause in A. albopictus. However, pyriproxyfen caused physiological and developmental
alterations in all these life-stages [9,28,29]. In contrast, a novel role of juvenile hormone in the
adult C. pipiens has been reported in which juvenile hormone analog initiates ovarian develop-
ment in diapause mosquito under diapausing conditions [18]. We do not have evidence
whether juvenile hormone is involved directly in A. albopictus diapause or the effects of pyri-
proxyfen are recovered in adults after molting. Our results suggest that pyriproxyfen treat-
ments of larvae, pupae and adults might not be an effective strategy to manage diapausing A.
albopictus populations.

Pyriproxyfen sterilizes Anopheles gambiae and Anopheles arabiensis females [30,31]. We
observed the same effect in A. albopictus females exposed to pyriproxyfen 1 hour after blood
feeding; they also laid significantly fewer viable diapause eggs. However, similar effects were
not seen in mosquitoes exposed one or more days post-blood feeding. This indicates that pyri-
proxyfen more effectively disrupts embryonic development when mosquitoes are treated at an
early stage of ovarian development.

Hormones play a crucial role in insect embryogenesis [26,32]. Pyriproxyfen induced mor-
phological abnormalities in non-diapause embryos A. albopictus that led to ovicidal activity
[9]. However, we did not notice a difference in the morphology of developing embryos, or a dif-
ference in the embryonic development periods when comparing pyriproxyfen treated and
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untreated diapause eggs. This suggests that pyriproxyfen does not accelerate development to
break diapause. Although the role of juvenile hormones in A. albopictus diapause is unknown,
this hormone has been associated with diapause in other insect species. For instance, in L.
migratoria, extracellular signal-regulated kinase (ERK) phosphorylation was activated by juve-
nile hormone analog, which initiated further embryonic development in diapause eggs [19].
Hunt et al. reported suppression of juvenile hormone production in paper wasps with the
expression of a hexameric storage protein leading to accumulation of energy storage in dia-
pause conditions [33]. In other insect species heat-shock protein (hsp) expression plays a cru-
cial role in cold survival [17], and another juvenile hormone analog, methoprene, inhibited
expression of small hsp in Drosophila [34]. In contrast, ecdysteroid and their derivatives, which
play roles during multiple embryonic development events, exhibit diapause regulation in A.
albopictus and other mosquitoes when transcriptome analysis of mature oocyte and developing
embryos is performed [21,27,32]. Ecdysteroid has also been associated with maintenance of
diapause in pharate larvae of gypsy moth, Lymantaria dispar [35]. The mechanism of diapause
termination in A. albopictus using pyriproxyfen is unclear. Further studies are required to
determine whether pyriproxyfen interferes ecdysteroid hormone or any other metabolic activ-
ity by inhibiting hsp synthesis and storage proteins or by activating ERK phosphorylation.

Conclusion
We demonstrated that pyriproxyfen is not only a diapause terminator in A. albopictus eggs, but
also acts as an ovicide, killing most diapause eggs at 1 ppm. Our study also provides a precise
window for effective diapause egg treatment, which could be a novel tool for mosquito manage-
ment. This suggests that pyriproxyfen application before the onset of diapause-inducing cues
may reduce population buildup for the next mosquito season.

Acknowledgments
We thank L. McCuiston for laboratory assistance and D. Sundquist at MGK Corp. for provid-
ing pyriproxyfen. This work was supported in part by a grant from the Deployed War-Fighter
Protection (DWFP) Research Program, funded by the US Department of Defense through the
Armed Forces Pest Management Board (AFPMB) and National Institutes of Health (NIH)
Small Business Innovation Research (SBIR) grant. The opinions or assertions expressed herein
are the private views of the authors and are not to be construed as representing those of the
Department of Defense or the Department of the Navy.

Author Contributions
Conceived and designed the experiments: DSS RG YW. Performed the experiments: DSS. Ana-
lyzed the data: DSS. Contributed reagents/materials/analysis tools: DSS YW. Wrote the paper:
DSS RG YW.

References
1. Luque G, Bellard C, Bertelsmeier C, Bonnaud E, Genovesi P, Simberloff D, et al. The 100th of the

world’s worst invasive alien species. Biol Invasions. 2014; 16: 981–985.

2. Tsetsarkin KA, Vanlandingham DL, McGee CE, Higgs S. A single mutation in chikungunya virus affects
vector specificity and epidemic potential. PLOS pathog. 2007; 3, e201. doi: 10.1371/journal.ppat.
003020 PMID: 18069894

3. GrandadamM, Caro V, Plumet S, Thiberge J, Souares Y, Failloux AB, et al. Chikungunya virus, south-
eastern France. Emerg Infect Dis. 2011; 17: 910–913. doi: 10.3201/eid1705.101873 PMID: 21529410

Pyriproxyfen Terminates Aedes albopictus Egg Diapause

PLOS ONE | DOI:10.1371/journal.pone.0130499 June 19, 2015 10 / 12

http://dx.doi.org/10.1371/journal.ppat.003020
http://dx.doi.org/10.1371/journal.ppat.003020
http://www.ncbi.nlm.nih.gov/pubmed/18069894
http://dx.doi.org/10.3201/eid1705.101873
http://www.ncbi.nlm.nih.gov/pubmed/21529410


4. Medlock JM, Hansford KM, Schaffner F, Versteirt V, Hendrickx G, Zeller H, et al. A review of the inva-
sive mosquitoes in Europe: ecology, public health risks, and control options. Vector Borne Zoonotic
Dis. 2012; 12: 435–447. doi: 10.1089/vbz.2011.0814 PMID: 22448724

5. Sprenger D, Wuithiranyagool T. The discovery and distribution of Aedes albopictus (Skuse) in Harris
Country, Texas. J AmMosq Control Assoc. 1986; 2: 217–219. PMID: 3507493

6. Enserink M. A mosquito goes global. Science. 2008; 320: 864–866. doi: 10.1126/science.320.5878.
864 PMID: 18487167

7. Rochlin I, Gaugler R, Williges E, Farajollahi A. The rise of the invasives and decline of the natives:
insights revealed from adult populations of container inhabiting Aedesmosquitoes (Diptera: Culicidae)
in temperate North America. Biol Invasions. 2013; 15: 991–1003.

8. Suman DS, Shrivastava AR, Pant SC, Parashar BD. Differentiation of Aedes aegypti and Aedes albo-
pictus (Diptera: Culicidae) with eggs surface morphology and morphometrics using scanning electron
microscopy. Arth Struct Dev. 2011; 40: 479–483. doi: 10.1016/j.asd.2011.04.003 PMID: 21920819

9. Suman DS, Wang Y, Bilgrami AL, Gaugler R. Ovicidal activity of three insect growth regulators against
Aedes andCulexmosquitoes. Acta Trop. 2013; 128: 103–109. doi: 10.1016/j.actatropica.2013.06.025
PMID: 23860181

10. HawleyWA. The biology of Aedes albopictus. J AmMosq Control Assoc. 1988; 4 (Suppl):1–40.

11. Reynolds JA, Poelchau MF, Rahman Z, Ambruster PA, Denlinger DL. Transcript profiling reveals
mechanisms for lipid conservation during diapause in the mosquito, Aedes albopictus. J Insect Physiol.
2012; 58: 966–973. doi: 10.1016/j.jinsphys.2012.04.013 PMID: 22579567

12. Sota T, Mogi M. Survival time and resistance to desiccation of diapause and nondiapause eggs of tem-
perate Aedes (Stegomyia) mosquitoes. Entomol Exp Appl. 1992; 63: 155–161.

13. Urbanski JM, Benoit JB, Michaud MR, Denlinger DL, Armbruster P. The molecular physiology of
increased egg desiccation resistance during diapause in the invasive mosquito, Aedes albopictus.
Proc R Soc B. 2010; 277: 2683–2692. doi: 10.1098/rspb.2010.0362 PMID: 20410035

14. Mori A, Oda T. Studies on the egg diapause and overwintering of Aedes albopictus in Nagasaki. Trop
Med. 1981; 23: 79–90. PMID: 7025169

15. Hanson SM, Craig GB Jr. Cold acclimation, diapause, and geographic origin affect cold hardiness in
eggs of Aedes albopictus (Diptera: Culicidae). J Med Entomol. 1994; 31: 192–201. PMID: 8189409

16. Thomas SM, Obermayr U, Fischer D, Kreyling J, Beierkuhnlein C. Low temperature threshold for egg
survival of a post-diapause and non-diapause European aedine strain, Aedes albopictus (Diptera: Culi-
cidae). Parasit Vectors. 2012; 5: 100. doi: 10.1186/1756-3305-5-100 PMID: 22621367

17. Rinehart JP, Li A, YocumGD, Robich RM, Hayward SA, Denlinger DL. Up-regulation of heat shock pro-
tein is essential for cold survival during insect diapause. Proc Natl Acad Sci USA. 2007; 104: 11130–
11137. PMID: 17522254

18. Spielman A. Effect of synthetic juvenile hormone on ovarian diapause of Culex pipiensmosquitoes. J
Med Entomol. 1974; 11: 223–225. PMID: 4851698

19. Kidokoro K, Iwata K, Fujiwara Y, Takeda M. Effects of juvenile hormone analogs and 20-hydroxyecdy-
sone on diapause termination in eggs of Locusta migratoria andOxya yezoensis. J Insect Physiol.
2006; 52: 473–479. PMID: 16499923

20. Denlinger DL. Regulation of diapause. Ann Rev Entomol. 2002; 47: 93–122. PMID: 11729070

21. Poelchau MF, Reynolds JA, Denlinger DL, Elsik CG, Ambruster PA. A de novo transcriptome of the
Asian tiger mosquito, Aedes albopictus, to identify candidate transcripts for diapause preparation. BMC
Genomics. 2011; 12: 619. doi: 10.1186/1471-2164-12-619 PMID: 22185595

22. Denlinger DL, Armbruster PA. Mosquito diapause. Ann Rev Entomol. 2014; 59: 73–93. doi: 10.1146/
annurev-ento-011613-162023 PMID: 24160427

23. Pumpuni CB. Factors influencing photoperiodic control of egg diapause in Aedes albopictus (Skuse).
PhD Thesis Univ. Notre Dame, Notre Dame, Indiana; 1989. pp. 148.

24. Denlinger DL, Campbell JJ, Bradfield JY. Stimulatory effect of organic solvents on initiating develop-
ment in diapausing pupae of the flesh fly Sarcophaga crassipalpis and the tobacco hornwormManduca
sexta. Physiol Entomol. 1980; 5: 7–15.

25. Zhang Q, Nachman RJ, Kaczmarek K, Zabrocki J, Denlinger DL. Disruption of insect diapause using
agonists and an antagonist of diapause hormone. Proc Natl Acad Sci USA. 2011; 108: 16922–16926.
doi: 10.1073/pnas.1113863108 PMID: 21940497

26. Riddiford LM. Juvenile hormone action: A 2007 perspective. J Insect Physiol. 2008; 54: 895–901. doi:
10.1016/j.jinsphys.2008.01.014 PMID: 18355835

Pyriproxyfen Terminates Aedes albopictus Egg Diapause

PLOS ONE | DOI:10.1371/journal.pone.0130499 June 19, 2015 11 / 12

http://dx.doi.org/10.1089/vbz.2011.0814
http://www.ncbi.nlm.nih.gov/pubmed/22448724
http://www.ncbi.nlm.nih.gov/pubmed/3507493
http://dx.doi.org/10.1126/science.320.5878.864
http://dx.doi.org/10.1126/science.320.5878.864
http://www.ncbi.nlm.nih.gov/pubmed/18487167
http://dx.doi.org/10.1016/j.asd.2011.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21920819
http://dx.doi.org/10.1016/j.actatropica.2013.06.025
http://www.ncbi.nlm.nih.gov/pubmed/23860181
http://dx.doi.org/10.1016/j.jinsphys.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22579567
http://dx.doi.org/10.1098/rspb.2010.0362
http://www.ncbi.nlm.nih.gov/pubmed/20410035
http://www.ncbi.nlm.nih.gov/pubmed/7025169
http://www.ncbi.nlm.nih.gov/pubmed/8189409
http://dx.doi.org/10.1186/1756-3305-5-100
http://www.ncbi.nlm.nih.gov/pubmed/22621367
http://www.ncbi.nlm.nih.gov/pubmed/17522254
http://www.ncbi.nlm.nih.gov/pubmed/4851698
http://www.ncbi.nlm.nih.gov/pubmed/16499923
http://www.ncbi.nlm.nih.gov/pubmed/11729070
http://dx.doi.org/10.1186/1471-2164-12-619
http://www.ncbi.nlm.nih.gov/pubmed/22185595
http://dx.doi.org/10.1146/annurev-ento-011613-162023
http://dx.doi.org/10.1146/annurev-ento-011613-162023
http://www.ncbi.nlm.nih.gov/pubmed/24160427
http://dx.doi.org/10.1073/pnas.1113863108
http://www.ncbi.nlm.nih.gov/pubmed/21940497
http://dx.doi.org/10.1016/j.jinsphys.2008.01.014
http://www.ncbi.nlm.nih.gov/pubmed/18355835


27. Poelchau MF, Reynolds JA, Elsik CG, Denlinger DL, Armbruster PA. Deep sequencing reveals com-
plex mechanisms of diapause preparation in the invasive mosquito, Aedes albopictus. Proc R Soc B.
2013; 280: 20130143. doi: 10.1098/rspb.2013.0143 PMID: 23516243

28. Gaugler R, Suman D, Wang Y. An autodissemination station for the transfer of an insect growth regula-
tor to mosquito oviposition sites. Med Vet Entomol. 2012; 26: 37–45. doi: 10.1111/j.1365-2915.2011.
00970.x PMID: 21689125

29. Suman DS, Wang Y, Dong L, Gaugler R. Effects of larval habitat substrate on pyriproxyfen efficacy
against Aedes albopictus (Diptera: Culicidae). J Med Entomol. 2013; 50: 1261–1266. PMID: 24843930

30. Ohashi K, Nakada K, Ishiwatari T, Miyaguchi J, Shono Y, Lucas JR, et al. Efficacy of pyriproxyfen-
treated net in sterilizing and shortening the longevity of Anopheles gambiae (Diptera: Culicidae). J Med
Entomol. 2012; 49: 1052–1058. PMID: 23025186

31. Harris C, Lwetoijera DW, Dongus S, Matowo NS, Lorenz LM, Devine GJ, et al. Sterilizing effects of pyri-
proxyfen on Anopheles arabiensis and its potential use in malaria control. Parasit Vectors. 2013; 6, 144.
doi: 10.1186/1756-3305-6-144 PMID: 23683439

32. Hoffmann JA, Lagueux M. Endocrine aspects of embryonic development in insects. In: Kerkut GA, Gil-
bert LI (Eds.), Comprehensive Insect Physiology, Biochemistry, and Pharmacology, vol. 1. Pergamon
Press, Oxford; 1985. pp. 435–460.

33. Hunt JH, Kensinger BJ, Kossuth JA, HenshawMT, Norberg K, Wolschin F, et al. A diapause pathway
underlies the gene phenotype in Polisteswasps, revealing an evolutionary route to caste-containing
insect societies. Proc Natl Acad Sci USA. 2007; 104: 14020–25. PMID: 17704258

34. Berger EM, Goudie K, Klieger L, Berger M, DeCato R. The juvenile hormone analogue, methoprene,
inhibits ecdysone induction of small heat shock protein gene expression. Dev Biol. 1992; 151: 410–
418. PMID: 1601176

35. Lee KY, Denlinger DL. A role for ecdysteroids in the induction and maintenance of the pharate first
instar diapause of the gypsy moth, Lymantria dispar. J Insect Physiol. 1997; 43: 289–296. PMID:
12769913

Pyriproxyfen Terminates Aedes albopictus Egg Diapause

PLOS ONE | DOI:10.1371/journal.pone.0130499 June 19, 2015 12 / 12

http://dx.doi.org/10.1098/rspb.2013.0143
http://www.ncbi.nlm.nih.gov/pubmed/23516243
http://dx.doi.org/10.1111/j.1365-2915.2011.00970.x
http://dx.doi.org/10.1111/j.1365-2915.2011.00970.x
http://www.ncbi.nlm.nih.gov/pubmed/21689125
http://www.ncbi.nlm.nih.gov/pubmed/24843930
http://www.ncbi.nlm.nih.gov/pubmed/23025186
http://dx.doi.org/10.1186/1756-3305-6-144
http://www.ncbi.nlm.nih.gov/pubmed/23683439
http://www.ncbi.nlm.nih.gov/pubmed/17704258
http://www.ncbi.nlm.nih.gov/pubmed/1601176
http://www.ncbi.nlm.nih.gov/pubmed/12769913

