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Pyriproxyfen (PPN) is an insect growth regulator (IGR) that interferes with insect metamorphosis. Although the
side effects of PPN on honey bee larval/adult stages have been studied, the risk to honey bee larvae from PPN
residue in the environment is still unclear. In this study, we evaluated the impact of PPN on larval honey bees
in field colonies by using an in vivo feeding assay. Oral toxicity to adult honey bees were determined. Finally,
influence on royal jelly production was also examined. For in vivo feeding assay, the highest observed PPN
treatment caused 67%mortality during pupal stage and in the remaining bees, 62.3% showed abnormal eclosion.
Reductions in hatching rate, capping rate and adult emergence rate and increased abnormal eclosion rate were
found in the colonies fed with 10 ppm PPN syrup. Oral toxicity test revealed that adult honey bees were less
susceptible to PPN. Moreover, PPN reduced not only queen cell acceptance rate but also yield of royal jelly in
queen cells. These results indicate that PPN has negative impacts on both larval and adult honey bees and
royal jelly production, especially under high PPN concentrations. Since PPN is harmful to the development of
honey bee larvae and pupae in the natural environment, the issue of honey bee colony contamination by PPN
should be addressed.

© 2016 Published by Elsevier B.V. on behalf of Korean Society of Applied Entomology, Taiwan Entomological
Society and Malaysian Plant Protection Society.
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Introduction

Honey bee, Apis mellifera, is a major pollinator in agricultural sys-
tems (Kevan, 1999), and produces valuable products such as honey,
royal jelly, and bee pollen. However, honey bees are also exposed to var-
ious pesticides when they are collecting nectar and pollen (Kevan,
1975; Crane and Walker, 1983; Lu et al., 2015). Honey bees may be
influenced by the pesticide-contaminated nectar and pollen, which
is brought back to bee hives from foraging on flowers that have
been sprayed with pesticides, or from applications aimed to control
pest problems inside the colonies by the beekeepers themselves;
larvae, drones and queen will be also influenced by these pesticide-
contaminated nectar and pollen (Sanchez-Bayo and Goka, 2014).
Therefore, toxicity of various pesticides to honey bees needs to be
addressed (Johnson et al., 2010).

Insect growth regulators (IGRs) have been widely used for pest
control in past decades for their high potency and selectivity against
insects and low toxicity tomammals. Therefore, there is a high potential
for residual IGRs to be present in agricultural systems. IGRs such as
juvenile hormone (JH) analogs affect the development of target insects
of Korean Society of Applied Entom
by disrupting the molting process and therefore pose a higher risk to
larvae than to adults in non-target insects (Tasei, 2001). Exposure to
JH analogs can result in death, larval ejection by workers, or deformed
larvae and adult honey bees (Tasei, 2001; Thompson et al., 2005,
2007). It has also been reported that methoprene affects behavior and
temporal polyethism in adult honey bees (Robinson, 1985, 1987).
Residues of IGRs in the field are a potential chronic killer of honey
bees (Fourrier et al., 2015).

Pyriproxyfen (PPN) is one of the IGRs that has been widely applied
for crop protection against pests from the early 1990s (Dennehy et al.,
1996). PPN is classified as a JH analog, which emulates the effects of
JH and thus changes JH and ecdysteroid titers in arthropods (Bitondi
et al., 1998; Zufelato et al., 2000). Similar to other JH analogs, PPN
can affect the homeostasis of hormones in insects and inhibit embryo-
genesis, egg hatching, metamorphosis and adult eclosion, and resulting
in the death of insects (Glancey et al., 1990; Reimer et al., 1991;
Miyamoto et al., 1993; Santos et al., 2001).

PPN is considered to be non-toxic to honey bees because LD50 of PPN
to the honey bee adults is more than 100 μg/bee (WHO, 2001). However
it has been demonstrated that both honey bee larval and pupal develop-
ments are retarded and adult emergence rate is loweredwhen honey bee
worker larvae were treated with PPN at different stages (Bitondi et al.,
1998; Zufelato et al., 2000; Santos et al., 2001; Fourrier et al., 2015).
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A dose response effect is found in the larval development of the PPN
treated larvae, including reduced eclosion rate (0.1 ppm), adults with
deformed wings (1 ppm), 53% mortality during pupal stage (10 ppm)
and 50% mortality rate during larval stage (100 ppm) (Yang et al.,
2010). Since PPN is harmful to the development of honey bee larvae
and pupae, the safety of PPN on the honey bee is of concern; residual
IGRs in the environment can become a chronic damaging factor to
honey bee populations and gradually lead to colony collapse.

The aim of this study was to evaluate PPN impacts on the develop-
ment of honey bee larvae and pupae in the natural environment. We
examined the impact of PPN on larval development under field condi-
tions and determined oral and contact toxicity of PPN to adult bees.
Finally, effect of PPN on royal jelly production was also examined.

Materials and methods

Honey bees

Twelve healthy honey bee (Apis mellifera) colonies were selected as
experimental colonies from the NIU apiary (National Ilan University,
Taiwan, GPS coordinates: N24.747278, E121.746200). There were nine
frames in each experimental colony containing c.a. 30,000 workers
and a queen.

Preparation of PPN solution in basic larvae diet (BLD)

PPN (11% emulsifiable concentrate, Sumitomo, Japan) was prepared
in four stock solutions between the concentrations of 1 and 1000mg/kg
in double-distilled water (ddH2O) and stored at 4 °C. These stocks were
then diluted to a final concentration between 0.1 and 100 mg/kg in the
BLD before used for the following experiments. The BLD was prepared
as described by Vandenberg and Shimanuki (1987) and stored at 4 °C
and pre-warmed to 35 °C before feeding the larvae.

In vivo feeding method

In vivo feedingmethod is similar to that of Hanley et al. (2003). Fifty
cells containing 1-day-old worker larvae were randomly selected and
marked for each treatment. Different concentrations of PPN (0, 0.1, 1,
10 and 100 ppm) were prepared in BLD for this experiment. For each
dose, 10, 10 and 20 μL of PPN-containing BLD were pipetted to each
cell at day 1, 2 and 3, respectively. Control (0 ppm) larvae received the
same amount of BLD but no pesticides were added. This resulted total
PPN of 4, 40, 400, and 4000 pg per larva for the four doses. After adding
PPN-BLD, the treated frames were returned to the original colonies. The
mortality and capping rates of the marked-larvae were assessed at day
7. At day 13, the pupae in the marked area were taken out from capped
Fig. 1. Timeline for when PPN is started relative to the 9 experimental groups. Each colonywas
from part A to part B vice versawere designated as group 1 to 9. Different concentrations of PPN
(CR)were recorded at day 5 (D5) and day 11 (D11), respectively as arrows indicated. The pupae
references to color in this figure legend, the reader is referred to the web version of this article
cells, and put into a 24-well tissue culture plates with double-layer
tissue papers (Kimwipes) at the bottom of each well. They were
kept in an incubator at 34 °C and 70% RH until emergence. A total of
4 colonies were used; the data were recorded and analyzed using LSD
test (P b 0.05).
Toxicity testing to honey bee adults

To determine the oral toxicity of PPN on 1-day-old worker bees, 0,
0.1, 1, 10, 100, 1000, and 10,000 ppm PPN were prepared in 50% syrup
in 1.5 mL micro-centrifuge tubes. For each treatment, fifty worker
bees were collected in a 90-mm-diam plastic container (c.a. 250 mL)
and then fed on different concentration PPN-syrup, respectively.
Control bees were fed with 50% syrup. All the bees were kept at 25 °C
and 70% RH and syrup solution in the micro-centrifuge tubes were
replaced daily. The mortality of the honey bees was recorded for
7 days. This experimentwas replicated 7 times. The LC50 was calculated
using Calcusyn (Biosoft, USA).
Toxicity of PPN at colony level

Twelve honey bee colonies, each containing nine frames, were
used in this trial. Each colony was then divided into two parts, part
A (4 frames) and part B (5 frames), by a queen excluder. The queen
was first moved from part A into part B for 3 days, resulting no
newly laid eggs in part A. The queen was then moved back to part
A for laying eggs for 24 h and a total of 100 eggs were immediately
marked in a comb using a piece of transparency. After three days
(day 4) post egg laying, the queenwas transferred to part B for laying
eggs for 24 h and a total of 100 eggs were immediately marked in a
comb using a piece of transparency. Queen exchange was repeated
for nine times, and 3 days/per exchange. Queen exchanges at day 1,
4, 7, 10, 13, 16, 19, 22, and 25 were designated as group 1 to 9,
respectively (Fig. 1).

At day 13, treated colonieswere fed 1 kg 50% syrupmixedwith 10 or
100 mg/kg PPN (10 and 100 ppm), and the control group was fed on
1 kg 50% syrup only (Fig. 1). There were 4 replicates for each treatment,
each with a different colony. The hatching rate was recorded at day 5
(0 to 1-day-old larvae) and capping rate at day 11 (6 to 7-day-old
larvae). At day 17 (12 to 13-day-old larvae, pupated), the pupae were
extracted and placed in 24-well culture plates with each cell lined
with double-layered tissue paper (Kimwipes). All other batches of
eggs also followed the same schedule for data collection. The plates
were kept in an incubator at 34 °C and 70% RHuntil emergence to record
their eclosion rate.
divided into part A and part B. The queen exchanges at day 1, 4, 7, 10, 13, 16, 19, 22, and 25
were fed at day 13 (red arrow). For each group, the hatching rate (HR) and capping rate

were extracted at day 17 (D17) as arrow indicated in each group. (For interpretation of the
.)



Fig. 2.Mortality of 1-day-old worker bees fed with different concentrations of PPN syrup.
Only 10,000 ppm and 1000 ppm PPN treatments resulted in obvious increasingmortality.

Table 1
Effects of continued 3-days feeding of PPN on 1-day-old larvae. To each larval cell, 10, 10 and 20 μL of BLDwere added fromdays 1 to 3, respectively. Each assay contained 25–38 larvae in a
colony and4 colonieswere tested.Means±SDare presented. Different letters in the same columnare significantly different by Least SquareDifference test (P b 0.05) after ANOVA showed
a significant effect.

PPN-BLD (ppm) Larvae No. Larval development

Capping rate (%) Days to emergence Eclosion rate (%) Bees with deformed wings (%)

100 140 0b – 0 –
10 139 22.2 ± 33.2b – 0 –
1 140 72.3 ± 17.9a 16.9 ± 0.7a 67.7 ± 17.6a 7.7 ± 5.7a
0.1 136 78.3 ± 17.5a 17.1 ± 0.8a 75.4 ± 22.8a 1.4 ± 2.8b
0 (BLD) 138 78.9 ± 5.4a 17.1 ± 0.8a 78.9 ± 5.4a 0b
Unfed control 122 87.8 ± 9.1a 17.2 ± 0.9a 86.1 ± 7.2a 0.8 ± 1.5b

591Y.-W. Chen et al. / Journal of Asia-Pacific Entomology 19 (2016) 589–594
Assessment of royal jelly yield

One-day-old worker larvae were grafted into queen cells; a total of
64 queen cells in a queen-rearing frame were used for royal jelly pro-
duction assay. The queen-rearing frame was put into a queen-less part
(of the above experiment in the same colonies) for 72 h; the acceptance
rate of cells and the yield of royal jelly were recorded. Royal jelly was
produced nine times, 3 days for each time as described above (larvae
were grafted at day 5, 8, 11, 14, 17, 20, 23, 26, and 29). The experiment
was replicated in 4 different colonies.

Statistics

Data were further analyzed using analysis of variance (ANOVA) by
SAS. Least SquareDifference test (P b 0.05)was used to analyze between
treatment differences.

Results and discussion

Effects of PPN on honey bee larvae

The two high doses (10 and 100 ppm) caused high mortality during
larval stage, so that capping ratewas low,with 22.2% and0%, respective-
ly (Table 1). Both these doses had no enclosed adults so days to
emergence and eclosion rates could not be measured. In the other two
doses (0.1 and 1 ppm), their capping rates, days to emergence and
eclosion rates were not significantly different from 0 (BLD food
added) or unfed control’ with only a significantly higher percentage of
bees with deformed wings in 1 ppm.

Based on the assay, we found honey bee larvae were more sensitive
to high concentrations of PPN (10 and 100 ppm). Under these two con-
centrations of PPN, the treated larvae died at the pupal stage. Effects of
PPNweremainly thought to be related to development and physiology.
High PPN exposure levels could induce mortality and abnormalities,
especially during development (Bitondi et al., 1998; Pinto et al., 2000;
Zufelato et al., 2000). These studies also revealed that low concentra-
tions of PPNwould causemelanization of pupae. This may be due to in-
creased phenoloxidase activity to regulate melanization and pupation
(Bitondi et al., 1998; Zufelato et al., 2000; Santos et al., 2001). However,
honey bee larvae in our studywere fedwith, andmay have contactwith
PPN from the first day of being hatched, which might be one of factors
that caused large impacts and lead to a low emergence rates.

It was demonstrated that therewas a delay in differentiation offlight
muscles in honey bees when honey bee larvae were fed with a PPN
contaminated diet (Correa Fernandez et al., 2012). From our data, we
also found that adult honey bees appeared with deformed wings and
the proportion of deformed winged bees increased with higher doses
of PPN (Table 1). This might be due to change hormonal levels during
metamorphosis because wings are formed during that critical stage.

Hanley et al. (2003) used syrup to deliver transgenic pollen or a
positive control pesticide diazinon and found that workers removed
little, if any, of the added food to brood cells. We used BLD instead, but
based on the observed positive effect and a dose response, we assumed
that nurses also did not remove the artificially added BLD to the
brood cells.

Toxicity of PPN to adult honey bees

The results of oral toxicity of adult honey bees showed that only
10,000 ppm and 1000 ppm PPN treatments resulted in obvious increas-
ing mortality, and the LC50 of PPN on adult honey bees was around
1000 ppm (Fig. 2). According to previous data of oral and contact toxic-
ity, the LD50 of PPN on adult bees was more than 100 μg/bee (WHO,
2001) and is therefore considered as non-toxic to bees. It has previously
been reported that bumblebee, Bombus terrestris, colonies developed
normally after feeding on PPN syrup of 20 ppm (de Wael et al., 1995).
In comparison, our data also showed low toxicity to adult honey bees
with the LC50 oral toxicity on adult bees around 1000 ppm. However,
thoughmany pesticides (e.g. insect growth regulator) have low toxicity
to adult insects, there is still a high risk to larval development (Bitondi
et al., 1998; Pinto et al., 2000; Zufelato et al., 2000). Furthermore, it
was reported that behavioral changes (high rejection rate and low per-
formance of social tasks) appeared at the adult stage after subjecting the
larvae with sub-lethal doses of PPN (Fourrier et al., 2015). This data
shows the problems that should be addressed and more effort is
required to assess the impact of pesticides on the development of
different stages in honey bee colonies and honey bee health.

Toxicity of PPN at colony level

In our field studies, we observed the effects of PPN on the rates of
hatching, capping and eclosion to evaluate PPN impact on honey bees
in the natural environment (Fig. 3). After the colonies were fed 1 kg
syrup with 10 or 100 ppm PPN, a large number of pupae died with
black cuticle or by failure to emerge. Some newly emerged adults of
10 ppm treatment survived, however, at 100 ppm PPN treatment, the



Fig. 3.Development of honey bee larvae before and after feeding 1 kg PPN syrup into tested bee colonies. Egg numberswere recorded every 3 days; 100 eggs of eachwere labeled and then
development of the honey bees was continuously recorded until emergence; A total of nine groups were surveyed in this experiment. (A) Hatching rate; (B) Capping rate; (C) Eclosion
rate; (D) % of bees with deformed wing rate; Arrows indicate the time during which PPN may start acting; on bees. Queen exchange at day 1, 4, 7, 10, 13, 16, 19, 22, and 25 were
marked as group 1 to 9, respectively; Black line = 0 ppm; Red line = 10 ppm; Blue line = 100 ppm. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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capped cells were uncapped and some of the injured pupae were
removed from the colony by workers (Fig. 4).

In field studies, egg hatching rates were decreased in both 10 and
100 ppm PPN treatments. Higher dose (100 ppm) PPN treatment
reduced hatching rate earlier and in a larger magnitude than the
10 ppm PPN treatment (Fig. 3A). Hatching rate of 100 ppm treated
colonies was significantly reduced in groups 6–9, but in 10 ppm treated
colonies, only group 7 and 8 showed a reduction (Fig. 3A).

Reduction of larval capping rates followed a similar pattern (Fig. 3B).
Capping rates were significantly (P b 0.05) reduced starting from group
3 in 100 ppm fed colonies but in 10 ppm colonies, only group 2, 3, 7, 8
and 9 groups were reduced and their reduction was much smaller
(Fig. 3B).

Reduction of eclosion rates was also similar to capping rates.
Colonies treated with both doses were significantly different in groups
2 to 9. However the reduction is about 2× more in the 100 ppm dose
compared to the 10 ppm (Fig. 3C).
Fig. 4. 100 ppm PPN syrup treated bee colony showed (A) Uncapped cells and presum
Deformedwinged bees were found in the newly emerged adult bees
of 10 and 100 ppm PPN treatments (Fig. 3D). In the 10 ppm PPN
treatment, groups 4 and 9 showed a significant increase (P b 0.05) in
deformed wing adults. In the 100 ppm treatment, groups 4, 7 and 9
were significantly higher.

The honey bee is a social insect, with the colony beingmaintained by
the workers (Seeley, 1982; Calderone and Page, 1992). Honey bees can
be easily poisoned by various pesticides when they are collecting nectar
and pollen (Kevan, 1975; Crane andWalker, 1983; Chauzat et al., 2006;
Lu et al., 2015) and further influence other members in the colony.
Pesticide-contaminated nectar and pollen more heavily affect the
larvae, drones and queen (Sanchez-Bayo and Goka, 2014).

In this trial, we fed honey bee colonieswith PPN-syrup and observed
the development when adult honey bees took the syrup and presum-
ably fed the queen and larvae. It was reported that PPN had low toxicity
to non-target insects like honey bees (Sullivan and Goh, 2008) or bum-
ble bees B. terrestris (de Wael et al., 1995). However, we found that the
ably deformed pupae; (B) Black and deformed pupae were removed by workers.



Fig. 5. Effects of 1 kg PPN syrup feeding on the production of royal jelly. (A) Accepted queen cells; (B) Weight of royal jelly per cell; PPN, timing that PPN may start acting. Black
line = 0 ppm; Red line = 10 ppm; Blue line = 100 ppm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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development of bee colonies was influenced by feeding PPN syrup to
the honey bee colony. In both doses (10 and 100 ppm) we found
reductions in hatching rate, capping rate, eclosion rate, and increased
rate of deformed winged bees. Even though in group 2, old larvae (last
day or two) had opportunity to be exposed to PPN (Fig. 1), it did not
show any impact except a reduction of adult eclosion (Fig. 3C). But
clearly with the exception of hatching rate, all other parameters started
to show a significant difference in the higher dose (100 ppm) starting
on group 3 (Fig. 3B, C, D). The PPN showed impact not only on the
growth and development of young honey bee larvae, but also a delayed
impact on adults. Recently, it has also been reported that PPN impacts
on the social behavior in adult honey bees when they have been ex-
posed to PPN at larval stage (Fourrier et al., 2015). Therefore, it should
be noted that PPN residue in the environment is harmful to honey bees.

Reduced royal jelly yields

The 100 ppm PPN treatment significantly decreased acceptance
rate of queen-cells at groups 5 to 8 (10.5%, 14.1%, 26.6%, and 8.2%
respectively, P b 0.05). However, there was no significant decrease in
the 10 ppm PPN treatment (Fig. 5A). There was also a dramatic reduc-
tion in theweight of royal jelly per cell found at 100 ppmPPN treatment
(Fig. 5B). The weight of royal jelly per cell decreased from groups 4 to 9
compared to the control (P b 0.05) but no reduction was found in the
10 ppm PPN treatment (Fig. 5B).

There are three possible mechanisms for decreased royal jelly
production. Royal jelly is secreted from hypopharyngeal glands and
mandibular glands of 5 to 15-day-old worker bees and is used for
the rearing of all three castes of larvae (Huang et al., 1989). It was
reported that JH analog treatments could inhibit hypopharyngeal
gland development (Jaycox et al., 1974; Huang et al., 1994) and larval
exposure to a high dose of PPN induced a significant negative effect on
hypopharyngeal gland development of the resulting adults (Fourrier
et al., 2015).

Royal jelly production could also be reduced if PPN treatment
reduces vitellogenin levels in workers because of higher JH levels are
usually associated with lower levels of vitellogenin (Pinto et al., 2000;
Amdam et al., 2003; Nelson et al., 2007). Royal jelly production could
also decrease due to the death of larvae and pupae by PPN treatment
which eventually results in fewer nurses. Based on our results, it was
demonstrated that the production of royal jelly per cell decreased at
100 ppm of PPN treatment. It is possible that that PPN contaminated
food from the environment may cause negative effects on not only
production of royal jelly, but also affect honey and pollen collection.

Conclusions

In this study, we evaluated the impact of PPN on larval honey bees,
adult honey bees and the influence on royal jelly production. In vivo
PPN feeding showed that the highest concentration of PPN treatment
caused pupal death and deformed winged bees. We also found
deformed winged bees and reduced rates in hatching, capping, and
eclosion in field colonies. Moreover, PPN also reduced the queen-
starter-cell acceptance rate and the weight of royal jelly. These results
indicate that PPN has negative impacts on both the growth stages
from larva to adult honey bees and bee products, especially under
high PPN concentrations. Based on our data, PPN has a high risk to
the development of honey bee larvae and pupae in the natural environ-
ment. The issue of honey bee colony contamination by PPN should be
seriously addressed.
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