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Abstract

The effects of the herbicide Paraquat were investigated in honey bee larvae with attention focused on oenocytes. Honey
bee larvae were exposed to Paraquat at different concentrations in the food: 0, 0.001, 0.01, 0.1 and 1 mg/kg. In controls,
between 24 h and 48 h, oenocytes grew from 630.1 to 1643.8 mm2 while nuclei changed in size from 124.9 to 245.6 mm2. At
24 h, Paraquat induced a slight decrease in the size of oenocytes and nuclei. N-acetylcysteine (NAC), an antioxidant
substance, slightly lowered the effects of Paraquat. At 48 h, Paraquat elicited a strong concentration-dependent decrease in
the size of oenocytes, even at the lowest concentration. NAC reversed the effect of Paraquat at a concentration of
$0.01 mg/kg. This reversion suggested different modes of action of Paraquat, with an oxidant action prevalent at
concentrations $0.01 mg/kg. This study is the first which reports an effect of a pesticide at the very low concentration of
1 ng/kg, a concentration below the detection limits of the most efficient analytic methods. It shows that chemicals,
including pesticides, are likely to have a potential impact at such exposure levels. We also suggest that Paraquat could be
used as a suitable tool for investigating the functions of oenocytes.
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Introduction

The honey bee Apis mellifera is a pollinator insect of agro-

environmental, scientific and economic importance [1]. In order

to gather food (pollen and nectar) and plant substances to make

the antiseptic propolis, honey bees visit plants in a radius up

to12 km around the hive, thus being exposed to a large variety of

environmental stressors [2]. The honey bee is regarded as involved

in 80% of global agricultural pollination and contributes to the

plant productions by increasing the qualitative and quantitative

yields of fruits and vegetables [3]. In 2009, the economic value of

insect pollination for agriculture was estimated at close to 20

billion J per year in Europe and approximately 153 billion J

worldwide, which represented 9.5% of the value of the world

agricultural production used for human food in 2005 [4]. In the

European Community, the direct value of honey produced is

estimated at about J 140 million, and the total added value of the

crop pollination service has recently been estimated at J 14.2

billion [5]. On a scientific level, the honey bee is considered as one

of the best models for investigating cognitive functions such as

vision, orientation, and memory [6,7].

The constant decline of honey bee populations has been

described and studied for the past 15 years [8]. Several factors

have been identified to explain this decline, including pathogens

and parasites, decrease of food resources and pesticides [9].

Environmental stressors, such as pesticides, may induce effects that

impair not only the longevity but also the vitality of bees [5]. At

very low doses, they may act at lethal and sublethal levels and elicit

physiological, neural, metabolic and behavioral effects [10].

Sublethal effects can be very detrimental to the fate of the colony

by altering the physiology and the functioning of individuals and

by causing rapid depopulation.

Embryonic and post-embryonic developments are crucial

phases during which environmental physiological disruptors may

cause irreversible damages to the individuals. In the very early

stages of honey bee larval development, trophocytes and oenocytes

represent two main groups of cells that are easily observed in the

larvae fat body [11]. Oenocytes exhibit a well-developed smooth

endoplasmic reticulum and contribute to numerous physiological

processes [12]. They are not only involved in the production of

lipids and lipoproteins [13], but they also appear to be the source

of precursors for cuticulin formation and play a role in the

constitution of external cuticle in both larvae and adults [14]. In

addition, they are involved in intermediary metabolism [15] and

synthesize hydrocarbons to waterproof cuticle or to make beeswax

[16,17]. Furthermore, oenocytes secrete hormones, especially

those involved in larval and adult development, such as the

ecdysteroids that induce metamorphosis and trigger the remod-

eling of larval tissues [18]. They are also described as the major

cells expressing NADPH-cytochrome P450 reductase (CPR) and
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are involved in detoxification of xenobiotics and in metabolic

resistance to insecticides [19]. Some pesticides have been proved

to modulate the number, size, structure and activity of oenocytes.

Sublethal doses of the organophosphates Parathion and Demethon

decrease the number and increase the volume of oenocytes in

nymphs and adults of the aphid Pemphigus bursarius [20]. These

changes are linked to the loosening of chromatin in the nuclei and

the amitotic division of oenocytes. Dimilin, a chitin inhibitor,

reduces the production of polysaccharides and consequently

disturbs the formation of cuticle [21].

A few studies have focused on the toxicity of pesticides to brood

and the effects have mainly been investigated on adult bees, with

special attention to insecticides and fungicides. The recent release

of a new method to analyze the toxicity to the honey bee brood

enables more accurate researches on the effects of pesticides on

embryonic and post-embryonic development [22,23]. In the

present study, the effects of a model substance, the herbicide

Paraquat, on honey bee development have been examined by

exposing the brood to very low concentrations of Paraquat in food.

Although Paraquat was banned from the European Union in 2007

and in other countries, it is still used, at field rate of 0.3–2 kg/ha,

on more than 100 crops in about 100 countries and particularly in

developing countries [24]. Paraquat was shown to be non-toxic to

slightly toxic to adult bees [25,26]. Thus, the aim of this study was

to see whether substances different from insecticides and generally

considered as non-toxic to adult bees, such as herbicides,

fungicides and insect growth regulators (IGR), can induce adverse

effects on brood. The effects of Paraquat were also investigated in

the presence of N-acetylcysteine (NAC), an aminothiol precursor

of intracellular cysteine, which is a radical scavenger that exhibits

antioxidant properties and attenuates the detrimental effects of

Paraquat [27]. Paraquat has been chosen because it can elicit

negative effects not related to its herbicide action in vertebrates

and invertebrates. Paraquat, a quaternary ammonium herbicide of

the bispyridinium family [28], is widely used in agriculture and can

affect different non-target organisms such as fishes [29], Collem-

bola [30], birds [31], Gastropoda [32] and mice [33] and is a non-

specific inducer of apoptosis [34]. In human beings, Paraquat can

trigger lethal lung fibrosis [35]. It is also strongly implicated in the

development of Parkinson’s disease in farmers [36] and, acting as a

pro-oxidant, can induce the formation of reactive oxygen species

that elicit the destruction of dopaminergic neurons in the striatum

[37].

Materials and Methods

Materials
Larvae of the honey bee Apis mellifera were randomly collected

from three queen-right colonies, from the INRA apiary (Avignon,

France), containing 45,000 to 50,000 bees and 6–7 brood frames.

The honey bee colonies were carefully monitored to check their

health status. The day before the experiment, empty combs were

inserted in hives. Twenty four hours after, cells containing eggs

were identified by means of a transparent grids and the combs

were left in the hives for 3 days. In the early morning of day four,

the combs were transported into the laboratory and newly hatched

larvae, within previously identified cells, were exposed to Paraquat

for two days in laboratory. The effects of Paraquat on oenocytes

were observed after 24 and 48 h of exposure, which means that

exposure to Paraquat through the food was perfectly controlled

during the first two days of observation. Two brood combs per

hive were collected to facilitate the gathering of 200 larvae for each

experimental group, and were placed in rearing boxes with

controlled temperature (3361uC) and relative humidity (90%).

Paraquat (98% pure; 1,19-Diméthyl-4,49-bipyridinium; CAS

number: 1910-42-5) was purchased from Cluzeau-Info Labo,

France. The concentrations of the stock solutions of Paraquat were

checked by high-performance liquid chromatography with a

method optimized for Paraquat solutions that enables reaching a

limit of quantification of 8 ng/L and a limit of detection of 2.4 ng/

L in simple matrices [38,39]. The difference between nominal and

measured concentrations did not exceed 4%. Yeast extract

(Y1000) and N-acetylcysteine were obtained from Sigma-Aldrich

(France).

Experimental procedures
The marked larvae were randomly divided into five groups of

200 larvae (3 colonies, 65–67 larvae per colony and per Paraquat

concentration), each of which were exposed to a specific

concentration of Paraquat, namely: 0 (Control), 0.001, 0.01, 0.1

and 1 mg/kg of food, during larval development, in the presence

(NAC) or in the absence (NoNAC) of N-acetyl-cysteine (NAC) at a

concentration of 50 mg/kg. Thus, for each treatment condition

(Paraquat at 5 concentrations, plus or minus NAC), 32–34 bees

were individually analyzed per colony. The larvae from each

colony were clearly identified for statistical analysis. The larvae

were fed three times, at 0, 24 and 48 h, with a basic diet containing

50% (v/v) of royal jelly and 50% (v/v) of an aqueous (distilled

water) solution containing yeast extracts (1%, w/v), D-Glucose

(6%, w/v) and D-fructose (6%, w/v) [40]. Paraquat was added

directly, from stock solutions in water, into the distilled water used

for food preparation. For each marked larva, food was delivered

Figure 1. Evolution of oenocytes between 24 and 48 h. Changes
of oenocyte biometrical parameters were noticed at 24 h (n = 138) and
48 h (n = 169) and were expressed as areas (mm2). At the given time,
larvae were picked out, immediately fixed in formaldehyde and
processed for histochemical analysis. Oenocytes were detected and
total cell and nuclei areas were measured on each oenocytes. Three
compartments were analyzed : whole cell (A), cytoplasm (B, by
subtracting nucleus area from total cell area) and nucleus (C), and the
nucleo-cytoplasmic ratio NCR (D) was calculated. Surface values
distribution at 24 and 48 h were compared with pair T-tests which
assess significant differences for all parameters studied (p,1.1025).
doi:10.1371/journal.pone.0065693.g001

Effects of Paraquat on Honey Bee Larvae Oenocytes
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by means of a micropipette with a volume of 5 mL at 0 h, 8 mL at

24 h and 10 mL at 48 h of larval development.

Histochemistry
For each experimental group, larvae were randomly sampled at

24 and 48 h (they were fed once or twice respectively) and

separately prepared for light microscopy. For morphological

analysis, the larvae were fixed in 4% (v/v) formaldehyde in 0.1

M sodium phosphate buffer pH 7.2 for 48 h at 4uC. Larvae were

then rinsed in a phosphate buffer, sequentially dehydrated in

ethanol [from 70% to 100% (v/v)] and embedded in resin (Kit

Technovit 7100; Heraeus-Kulzer GmbH, Wehrheim, Germany)

according to the instructions of the manufacturer. Tissue sections

(3 mm thick) were obtained using a retraction microtome (Reich-

ert-Young Supercut 2065, Vienna, Austria), collected on micro-

scope slides, dried and stored in dust-proof containers until

staining. During the next stages, the slides were hydrated in

distilled water before staining in order to visualize polysaccharides

and proteins using periodic acid-Schiff’s reagent (PAS) and

naphtol blue black procedures, respectively [41]. After staining,

the slides were dried and cover slipped in Surgipath Micromount

medium (Surgipath, Richmond, Canada). Sections were photo-

graphed using a light microscope VWR (TR500 High End Tri.) at

100X magnification.

Oenocyte analysis
Images were processed with a Motic Images Plus camera 2300.

For each group of treatment, all the oenocytes of each section from

the different larvae were analyzed using ImageJ software 1.43u

(US NIH) to measure the cell (Ac) and nucleus (An) areas. The

mean number of oenocytes analyzed per larvae was 81630. The

nucleo-cytoplasmic ratio NCR was estimated by the following

formula:

NCR = An/(Ac – An)

For the global statistical analysis, data were processed by a

generalized linear model (GLM) with a log link function for

analyzing the effect of the different experimental factors (i.e.,

larvae stage, Paraquat concentration and NAC). In order to assess

the effects of the factor levels, statistical differences between

treatment groups were analyzed with a multi-T-test, after

normality had been checked to fit the distribution of observed

measurements at each factor level. For non-independent tests, a

Bonferroni correction was applied. The level of significance was

determined when the p value was greater than 0.001. The

Figure 2. Effects of Paraquat at 24 h on the size of three oenocyte compartments. Larvae were exposed at different concentrations of
Paraquat (0 (control), 0.001, 0.01, 0.1 and 1 mg/kg of food) in the absence (NoNAC) or in the presence of NAC. They were then picked out, immediately
fixed in formaldehyde and processed for histochemical analysis. Statistically significant effects were observed after 24 h of exposure to Paraquat.
Three compartments were analyzed: whole cell (A), cytoplasm (B, by subtracting nucleus area from total cell area) and nucleus (C), and the nucleo-
cytoplasmic ratio (NCR) was calculated (D). (+), p,0.01; (++), p,0.001; (+++), p,0.0001 ; NS, not significant (p.0.05).
doi:10.1371/journal.pone.0065693.g002
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concentration-effect relationship of Paraquat after 48 h of

exposure was explored by log-log linear regression analysis.

Results

NCR and cell size in control oenocytes
At concentrations used in this study, Paraquat did not induce

significant mortality in honey bee larvae (T test: p value = 0.471).

Significant growth of oenocytes was observed between 24 and 48 h

with respective sizes of 630.126175.96 and 1643.776479.02 mm2

(T-test: p value = 2.2.10216) (Fig. 1). In the same period, the size

of the nuclei increased significantly from 124.89638.95 to

245.55689.74 mm2 (T-test: p value = 2.2.10216). As a conse-

quence, the variation of NCR between 24 and 48 h decreased

significantly from 0.26960.106 to 0.187 60.075 (T-test: p value

= 5.982.10213).

Effects of Paraquat on oenocytes
The global analysis with GLM showed significant effects of the

experimental factors on the different oenocyte compartments. In

the case of entire cells, larvae stage and Paraquat concentration

had a p value ,2.10216 while the p value for NAC was 0.0287.

Similar results were obtained for the cytoplasm compartment

whereas, for nuclei, there was no significant effect of NAC.

Additionally, no effect of larvae stage was observed for NCR

whereas the other factors were highly significant (p value ,2.10216

and 1.39.1028 for Paraquat concentration and NAC, respectively).

The effects of Paraquat on biometrical parameters of oenocytes

were studied in the absence (noNAC) and in the presence (NAC) of

N-Acetylcysteine, an antioxidant substance that prevents the cells

from the oxidative effects of Paraquat (Fig. 2, 3 and 4).

At 24 hours, in the absence of NAC, Paraquat induced a slight

decrease in the size of oenocytes (except at the concentration of

0.01 mg/kg) and nuclei (Fig. 2). Consequently, a decrease in the

cytoplasm area was observed only at the two highest concentra-

tions (0.1 and 1 mg/kg) (Fig. 2, and 4A, 4B, for 1 mg/kg), which

therefore resulted in an increase of NCR at the highest

concentration. NAC only slightly modified the effects induced by

Paraquat at 24 h and, like in the absence of NAC, a decrease of

cell and nuclei sizes was observed in the presence of NAC (Fig. 2).

However, at 24 h, NAC slightly attenuated the reduction of size of

Figure 3. Effects of Paraquat at 48 h on the size of three oenocyte compartments. Larvae were exposed at different concentrations of
Paraquat (0 (control), 0.001, 0.01, 0.1 and 1 mg/kg of food) in the absence (NoNAC) or in the presence of NAC. Then, they were picked out,
immediately fixed in formaldehyde and processed for histochemical analysis. Biometrical effects were observed after 48 h of exposure to Paraquat.
Three compartments were analyzed, whole cell (A), cytoplasm (B, by subtracting nucleus area from total cell area) and nucleus (C), and the nucleo-
cytoplasmic ratio (NCR) was calculated (D). (+), p,0.01; (++), p,0.001; (+++), p,0.0001 ; NS, not significant (p.0.05).
doi:10.1371/journal.pone.0065693.g003

Effects of Paraquat on Honey Bee Larvae Oenocytes
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cells and nuclei induced by Paraquat (Fig. 2 and 4A, B, E, F).

Thus, as a result, NCR remained nearly stable.

At 48 h, in the absence of NAC, Paraquat had a major

significant concentration-dependent effect upon oenocytes by

decreasing the size of the cell, cytoplasm and nucleus (Fig. 3).

Concentration-effect relationship was explored with log-log linear

regression analysis (adjusted R-square 0.9785) and enabled to

determine an effective concentration 50% of 16.0062.24 ng/kg.

It is noteworthy that a significant decrease was already observed at

the lowest concentration (0.001 mg/kg). The size of entire cells was

reduced by 50% at the concentration of 0.01 mg/kg, compared to

the control. The intensity of the size decrease at the two highest

concentrations was less marked because the decrease of the cell

volume is limited by the nucleus (Fig. 4D). The concentration-

dependent decrease of nuclei area presented a more regular

pattern and, consequently, NCR increased with the concentration.

The decrease elicited at the highest concentration was important

enough to almost abolish the cell growth between 24 and 48 h:

630.12 mm2 and 1643.77 mm2 for controls at 24 and 48 h

respectively and, 434.48 mm2 and 443.55 mm2 for 1 mg/kg food at

24 and 48 h, respectively. At 48 h, the average decrease in size due

to the highest concentration compared with control (73.0% and

62.9% for total cell and nuclei areas, respectively) was more than

twice the decrease at 24 h (31.05% and 20.83% for total cell and

nuclei areas, respectively) (Fig. 2 and 4C, D). When the effect of

Paraquat was observed in the presence of NAC at 48 h, NAC in

turn had a significant effect (Fig. 2 and. 4C, D, G, H). NAC

attenuated the Paraquat-induced decrease of cell and cytoplasm

areas at the three highest concentrations and the nuclei area at the

two highest concentrations. For the control and for the lowest

Paraquat concentration (0.001 mg/kg), NAC induced a slight

reduction in the size of the cell but not of the nuclei. As a

consequence, cytoplasm and total cell areas presented identical

concentration-response patterns. It is notable that oenocytes from

exposed larvae, but not from controls, exhibited vacuoles in the

cytoplasm (Fig. 4).

Discussion

In the honey bee, oenocytes have been described early at

different developmental stages [42]. The size of these cells

increases gradually during the larval development, as in other

species such as Drosophila [43]. In the present study, we show that

Paraquat induces a concentration-dependent decrease of total cell

and nuclei areas, to such a degree that the growth between 24 and

48 h (usually about tripling in size) does not take place. The effect

of Paraquat is also observed at the lowest concentration (0.001 mg

Paraquat/kg food), which demonstrates the high sensitivity of

oenocytes. This concentration is indeed very low and much lower

than the limit of detection, in complex matrices, of very efficient

analytical methods involving mass spectrometry [44]. In other

words, it will be impossible to detect Paraquat in larvae food even

at higher concentrations close to 100 ng/kg, for which a

significant effect is observed. Thus, this is the first time that

biological effects of pesticides can be observed at such very low

exposure levels.

The effects of Paraquat demonstrated here raise the question of

the impacts of quaternary ammonium herbicides, and especially

pyridinium active substances, on the development of the honey

bee. The herbicide Diquat also triggers an oxidative stress [45]

and can accumulate in the neuromelanin of frogs and mice [46].

MPP+ (1-methyl-4-phenyl pyridinium), a neurotoxic metabolite of

the drug MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine),

has been registered as the herbicide Cyperquat [47]. Like

Paraquat and rotenone, it induces Parkinson’s disease by

destroying the dopaminergic neurons in the substantia nigra but

acts through a mechanism close to that of rotenone and different

from that of Paraquat [48]. The honey bee brain is devoid of

structure like substantia nigra [49], and a different mechanism of

action could be expected for Paraquat in the honey bee larvae.

However, recent results suggest that Paraquat may exhibit

Figure 4. Effects of Paraquat on oenocyte morphology. Larvae
were subjected to exposure to Paraquat at different concentrations in
the food in the absence (A, B, C, D) or in the presence (E, F, G, H) of NAC
for 24 and 48 h. Larvae were then fixed in formaldehyde 4% (v/v),
dehydrated in ethanol and embedded in methacrylate resin. Sections
(3 mm) were stained with the PAS-NBB procedure and observed under
light microscopy. (A and E), controls at 24 h. (A), identification of
oenocytes. (E), method of area measurement: black line, total area, and
white dotted line, nuclei area. (B and F), oenocytes at 24 h in larvae
exposed to Paraquat at 1 mg/kg. Notice the smaller nuclei and
cytoplasm areas by comparison with controls (A and E) and also small
vacuoles in the cytoplasm (black arrow). (C and G), controls at 48 h.
Observe the increase in cell and nuclei areas between 24 h (A and E)
and 48 h. (D and H), oenocytes at 48 h in larvae exposed to Paraquat at
1 mg/kg. Note the smaller nuclei and cytoplasm areas by comparison
with controls (C and G) and also small vacuoles in the cytoplasm (black
arrow). The cytoplasm of oenocytes from larvae exposed to Paraquat
was more contracted in the absence of NAC (D, white arrow heads)
than in the presence of NAC (H, white arrow heads). cy = cytoplasm, n
= nuclei, oe = oenocyte and v = vacuole. Scale bar = 10 mm;
magnification: 600.
doi:10.1371/journal.pone.0065693.g004
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common action pathways in the honey bee and mammals.

Paraquat induces the condensation of cytoplasm and irregular cell

shapes not only in bees, but also in mouse hippocampus cells [50].

These changes are associated with a decay of learning and

memory performances and the induction of an oxidative stress in

mouse. Thus, it would be worth investigating the effects of

Paraquat on larvae cells, and especially neural cell precursors, and

their impacts on neural functions in adult bees.

The accentuated presence of vacuoles in the cytoplasm of

oenocytes from exposed larvae, but not from the controls, could be

interpreted as a primary sign of cell death in insect tissue [51] that

could impair hormone synthesis. In addition, oenocytes are

involved in the synthesis of ecdysteroid hormones that regulate

different genes [AmEcR-A, AmE74, AmE75, AMBR-C, AmHR-38,

Mblk-1 (AmE93) and AmUsp (Ultraspiracle)] preferentially and

differentially expressed in the mushroom bodies of the queen

and the worker brain, particularly in the Kenyon interneurons

[52,53]. Since Kenyon cells are regulated by ecdysteroids and

involved in cognitive functions and brain plasticity [54,55], it

would be interesting to further explore the cognitive effects of

Paraquat in adult bees exposed at larval stages. However, the

influence of Paraquat should not be restricted to neural functions

and the fertility of the queen should also be taken into

consideration because AmEcR-A and AmE74 genes are strongly

expressed in the ovary of the queen [52,56].

NAC is known as an antioxidant substance and a free radical

scavenger [57]. In the honey bee larvae, the protective action of

NAC against the Paraquat-induced effects in oenocytes is more

pronounced after 48 h of exposure than after 24 h. At 48 h, NAC

moderates the Paraquat-induced reduction of the size of cells and

cytoplasm at Paraquat concentrations $0.01 mg/kg, and of nuclei

at Paraquat concentrations $0.1 mg/kg. In this study, NAC shows

a protective effect at a concentration of 50 mg/kg, which is 100 to

1000 times lower than the concentrations used in studies on

Paraquat in vertebrates [58]. Thus, at this concentration, NAC

also seems to present antioxidant properties to counteract the

oxidative damages induced by Paraquat in honey bee larvae. Yet,

the effects of Paraquat are moderated but not completely

abolished by NAC, whatever the Paraquat concentration. This

reveals that Paraquat has a strong effect on larvae cells, even at

very low concentrations. NAC displays a differential action at low

and high Paraquat concentrations. From 0.01 to 1 mg/kg

Paraquat, NAC reduces the effect of Paraquat whereas in controls

and at 0.001 mg/kg, it decreases the cell and cytoplasm areas. This

suggests different modes of action of Paraquat, depending on the

concentration, with an oxidant action of Paraquat prevalent at

concentrations above 0.01 mg/kg.

In this study, we have demonstrated the high sensitivity of

oenocytes to Paraquat at very low concentrations. However,

considering that the Paraquat-induced effects in bees are also

observed in mammalian brain cells [50], it is legitimate to think

that they could also occur in other cell types and at different

developmental stages. Hence, changes in oenocyte morphology

could be regarded as a high sensitivity biomarker of exposure to

pesticides and as a biological model to study the effects of these

latter. Very few cells have been described as markers of

intoxication in honey bees, especially, midgut epithelial cells and

Malpighian tubule cells [59]. Oenocytes are large and indepen-

dent cells embedded in fat body and readily accessible [16] and

thus represent a good study model [42]. The sensitivity of

oenocytes, and the very low concentrations at which Paraquat

induces effects, indicate that these cells could respond not only to

direct exposure but also to pollen and wax contamination [60,61].

Conclusion

In this study, we have established that Paraquat, a model

pesticide, can disrupt the larval development of oenocytes at very

low concentrations. The most important point is that concentra-

tions around ng/kg are able to induce damages in living organisms

and especially in honey bees. Since a model molecule has proved

to be efficient at this contamination level, it seems legitimate to

think that the same phenomenon is likely to take place with other

pesticides. Regarding the sensitivity of oenocytes to low concen-

trations of Paraquat, we advance that the morphology of oenocytes

could be used in developing biomarkers of exposure to pesticides.

The development of this biomarker will require further in-depth

studies with other chemicals, at other developmental stages and in

relatively large scales involving spatial and temporal variations.

The impairment of oenocyte development at very low exposure

levels makes Paraquat a valuable tool for the investigation of the

functions of oenocytes.

Acknowledgments

We heartily thank Jean-Paul Vermandère and Jean Aptel, the beekeepers

of the UR 406 Abeilles & Environnement Research Unit, for their skilled bee-

rearing and for providing brood combs.

Author Contributions

Conceived and designed the experiments: LPB MEM. Performed the

experiments: MC. Analyzed the data: LPB MC AK JLB ESZ. Wrote the

paper: LPB MC ESZ.

References

1. Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunningham SA, et al.

(2007) Importance of pollinators in changing landscapes for world crops. P

Royal Soc B - Biol Sci 274: 303–313.

2. Beekman M, Ratnieks FLW (2000) Long-range foraging by the honey-bee, Apis

mellifera L. Functional Ecology 14: 490–496.

3. Breeze TD, Bailey AP, Balcombe KG, Potts SG (2011) Pollination services in the

UK: How important are honeybees? Agr Ecosyst Environ 142: 137–143.

4. Gallai N, Salles J-M, Settele J, Vaissiere BE (2009) Economic valuation of the

vulnerability of world agriculture confronted with pollinator decline. Ecol Econ

68: 810–821.

5. Moritz RFA, de Miranda J, Fries I, Le Conte Y, Neumann P, et al. (2010)

Research strategies to improve honeybee health in Europe. Apidologie 41: 227–

242.

6. Gauthier M (2010) State of the art on insect nicotinic acetylcholine receptor

function in learning and memory. In: Thany SH, editor. Insect Nicotinic

Acetylcholine Receptors. Berlin: Springer-Verlag. pp. 97–115.

7. Srinivasan MV (2011) Honeybees as a model for the study of visually guided

flight, navigation, and biologically inspired robotics. Physiol Rev 91: 413–460.

8. Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, et al. (2010)
Global pollinator declines: Trends, impacts and drivers. Trends Ecol Evol 25:

345–353.

9. Ratnieks FLW, Carreck NL (2010) Clarity on Honey Bee Collapse? Science 327:
152–153.

10. Desneux N, Decourtye A, Delpuech J-M (2007) The sublethal effects of
pesticides on beneficial arthropods. Annu Rev Entomol. pp. 81–106.

11. Paes de Oliviera VT, da Cruz-Landim C (2003) Morphology and function of

insect fat body cells: Review. Biocencias 11: 195–205.

12. Martins GF, Ramalho-Ortigao JM (2012) Oenocytes in insects. Inver Surv J 9:

139–152.

13. Cruz Landim CD (1985) Oenocytes of honey bee workers - Structural

modifications during their adult life. Rivista Di Biologia-Biology Forum 78:

107–122.

14. Wigglesworth VB (1970) Structural lipids in the insect cuticle and the function of

the oenocytes. Tissue Cell 2: 155–179.

15. Miller A (1950) Chapter 6. The internal anatomy and histology of the imago of

Drosophila melanogaster. In: Demerec M, editor. Biology of Drosophila. New York:

John Wiley and Sons. pp. 420–534.

Effects of Paraquat on Honey Bee Larvae Oenocytes

PLOS ONE | www.plosone.org 6 May 2013 | Volume 8 | Issue 5 | e65693



16. Fan YL, Zurek L, Dykstra MJ, Schal C (2003) Hydrocarbon synthesis by

enzymatically dissociated oenocytes of the abdominal integument of the German
Cockroach, Blaftella germanica. Naturwissenschaften 90: 121–126.

17. Hepburn HR, Bernard RTF, Davidson BC, Muller WJ, Lloyd P, et al. (1991)

Synthesis and secretion of beeswax in honeybees. Apidologie 22: 21–36.

18. Rachinsky A, Strambi C, Strambi A, Hartfelder K (1990) Caste and

metamorphosis - Hemolymph titers of juvenile-hormone and ecdysteroids in
last instar honeybee larvae. Gen Comp Endocrinol 79: 31–38.

19. Lycett GJ, McLaughlin LA, Ranson H, Hemingway J, Kafatos FC, et al. (2006)

Anopheles gambiae P450 reductase is highly expressed in oenocytes and in vivo
knockdown increases permethrin susceptibility. Insect Mol Biol 15: 321–327.

20. Amiressami M (1973) The effect of insecticides on the oenocytes of the different

generations of Pemphigus bursarius L. (Aphidina). Z Angew Zool 60: 321–330.

21. Denneulin JC, Lamy M (1977) Effects of dimilin, a chitin inhibitor 1 (4
chlorophenyl) 3 (2-6 difluorobenzoyl) urea on oenocytes and molting in

processionary caterpillar (Thaumetopoea pityocampa Schiff) (Lepidoptera). Annal

Endocrinol 38: 405–406.

22. Aupinel P, Fortini D, Michaud B, Marolleau F, Tasei J-N, et al. (2007) Toxicity
of dimethoate and fenoxycarb to honey bee brood (Apis mellifera), using a new in

vitro standardized feeding method. Pest Manage Sci 63: 1090–1094.

23. Hendriksma HP, Haertel S, Steffan-Dewenter I (2011) Honey bee risk
assessment: new approaches for in vitro larvae rearing and data analyses.

Method Ecol Evol 2: 509–517.

24. Cocenza DS, de Moraes MA, Beppu MM, Fraceto LF (2012) Use of
biopolymeric membranes for adsorption of Paraquat herbicide from water.

Water Air Soil Poll 223: 3093–3104.

25. FAO (2003) FAO Specification and evaluations for agricultural pesticides.

Paraquat dichloride, 1,1’-dimethyl-4,4’-bispyridinium dichloride. FAO. 21 p.

26. US-EPA (1997) Paraquat dichloride. Registration Eligibility Decision (RED),
EPA 738-F-96-018. EPA. 267 p.

27. Hoffer E, Shenker L, Baum Y, Tabak A (1997) Paraquat-induced formation of

leukotriene B-4 in rat lungs: Modulation by N-acetylcysteine. Free Rad Biol Med
22: 567–572.

28. Lacoume S, Bressac C, Chevrier C (2009) Male hypofertility induced by

Paraquat consumption in the non-target parasitoid Anisopteromalus calandrae

(Hymenoptera: Pteromalidae). Biol Control 49: 214–218.

29. Eisler R (1990) Paraquat hazards to fish, wildlife, and invertebrates. A synoptic

review. In: Eisler R, editor. Biological Report 85(122), Contaminant Hazard

Reviews. Washington, DC: Fish and Wildlife Service, U.S. Dept. of the Interior.
pp. 1–38.

30. Choi WI, Neher DA, Ryoo MI (2008) Life-history trade-offs of Paronychiurus kimi

(Lee) (Collembola: Onychiuridae) populations exposed to Paraquat. Ecotoxicol
Environ Saf 69: 227–232.

31. Bauer CA (1985) Effects of Paraquat on reproduction and growth in northern

bobwhite. J Wildlife Manage 49: 1066–1073.

32. Bacchetta R, Mantecca P, Vailati G (2002) Oocyte degeneration and altered
ovipository activity induced by Paraquat in the freshwater snail Physa fontinalis

(Gastropoda : Pulmonata). J Mollusc Studies 68: 181–186.

33. Dial CAB, Dial NA (1987) Effects of Paraquat on reproduction and mortality in

2 generations of mice. Arch Environ Contam Toxicol 16: 759–764.

34. Yang W, Tiffany-Castiglioni E, Koh HC, Son I-H (2009) Paraquat activates the
IRE1/ASK1/JNK cascade associated with apoptosis in human neuroblastoma

SH-SY5Y cells. Toxicol Lett 191: 203–210.

35. Zhi Q, Sun H, Qian X, Yang L (2011) Edaravone, a novel antidote against lung
injury and pulmonary fibrosis induced by Paraquat? Int Immunopharmacol 11:

96–102.

36. Tanner CM, Kamel F, Ross GW, Hoppin JA, Goldman SM, et al. (2011)
Rotenone, Paraquat, and Parkinson’s disease. Environ Health Perspect 119:

866–872.

37. Patel S, Singh V, Kumar A, Gupta YK, Singh MP (2006) Status of antioxidant

defense system and expression of toxicant responsive genes in striatum of maneb-
and Paraquat-induced Parkinson’s disease phenotype in mouse: Mechanism of

neurodegeneration. Brain Res 1081: 9–18.

38. Wang A, Zhai Z (2010) Determination of Paraquat in vegetables by high
performance liquid chromatography. J Environ Health 27: 261–262.

39. Restek (2006) Simple, sensitive HPLC/UV analysis for Paraquat and Diquat,

using high-recovery solid phase extraction and an ultra Quat HPLC column.
Restek Corporation, Applications Note 580006. 4 p.

40. Vandenberg JD, Shimanuki H (1986) Two commercial preparations of the beta-

exotoxin of Bacillus thuringiensis influence the mortality of caged adult honey bees,
Apis-mellifera (hymenoptera, Apidae). Environ Entomol 15: 166–169.

41. Cousin M, El Maataoui M (1998) Female reproductive organs in self-compatible
almond (Prunus dulcis (Mill.) D.A. Webb) Lauranne and fertilization patterns. Sci

Hort 72: 287–297.

42. Snodgrass RE (1956) Anatomy of the honey bee. New York: Cornell University
Press. 334 p.

43. Johnson MB, Butterworth FM (1985) Maturation and aging of adult fat-body
and oenocytes in Drosophila as revealed by light microscopic morphometry.

J Morphol 184: 51–59.
44. Kolberg DIS, Mack D, Anastassiades M, Hetmanski MT, Fussell RJ, et al.

(2012) Development and independent laboratory validation of a simple method

for the determination of Paraquat and diquat in potato, cereals and pulses. Anal
Bioanal Chem 404: 2465–2474.

45. Salama AK, Osman KA, Aly NM (2001) Protection against oxidative stress
induced by Paraquat and diquat in female rats. Toxicology 164: 193–194.

46. Lindquist NG, Larsson BS, Lydén-Sokolowski A (1988) Autoradiography of

[14C]Paraquat or [14C]diquat in frogs and mice: Accumulation in neuromelanin.
Neurosci Lett 93: 1–6.

47. Thakar JH, Hassan MN (1988) Effects of 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP), cyperquat (MPP+) and Paraquat on isolated-mitochondria

from rat striatum, cortex and liver. Life Sci 43: 143–149.
48. Richardson JR, Quan Y, Sherer TB, Greenamyre JT, Miller GW (2005)

Paraquat neurotoxicity is distinct from that of MPTP and rotenone. Toxicol Sci

88: 193–201.
49. Brandt R, Rohlfing T, Rybak J, Krofczik S, Maye A, et al. (2005) Three-

dimensional average-shape atlas of the honeybee brain and its applications.
J Comp Neurol 492: 1–19.

50. Chen Q, Niu Y, Zhang R, Guo H, Gao Y, et al. (2010) The toxic influence of

Paraquat on hippocampus of mice: Involvement of oxidative stress. NeuroTox-
icology 31: 310–316.

51. Silva-Zacarin ECM, Tomaino GA, Brocheto-Braga MR, Taboga SR, de
Moraes RLMS (2007) Programmed cell death in the larval salivary glands of Apis

mellifera (Hymenoptera, Apidae). J Biosci 32: 309–328.
52. Paul RK, Takeuchi H, Matsuo Y, Kubo T (2005) Gene expression of

ecdysteroid-regulated gene E74 of the honeybee in ovary and brain. Insect Mol

Biol 14: 9–15.
53. Yamazaki Y, Shirai K, Paul RK, Fujiyuki T, Wakamoto A, et al. (2006)

Differential expression of HR38 in the mushroom bodies of the honeybee brain
depends on the caste and division of labor. FEBS Lett 580: 2667–2670.

54. Maronde U (1991) Common projection areas of antennal and visual pathways in

the honeybee brain, Apis mellifera. J Comp Neurol 309: 328–340.
55. Velarde RA, Robinson GE, Fahrbach SE (2009) Coordinated responses to

developmental hormones in the Kenyon cells of the adult worker honey bee
brain (Apis mellifera L.). J Insect Physiol 55: 59–69.

56. Takeuchi H, Paul RK, Matsuzaka E, Kubo T (2007) EcR-A expression in the
brain and ovary of the honeybee (Apis mellifera L.). Zool Sci 24: 596–603.

57. Price TO, Uras F, Banks WA, Ercal N (2006) A novel antioxidant N-

acetylcysteine amide prevents gp120- and Tat-induced oxidative stress in brain
endothelial cells. Exp Neurol 201: 193–202.

58. Yeh ST-Y, Guo H-R, Su Y-S, Lin H-J, Hou C-C, et al. (2006) Protective effects
of N-acetylcysteine treatment post acute Paraquat intoxication in rats and in

human lung epithelial cells. Toxicology 223: 181–190.

59. Malaspina O, Silva-Zacarin ECMd, da Silva-Zacarin ECM (2006) Cell markers
for ecotoxicological studies in target organs of bees. Braz J Morphol Sci 23: 303–

309.
60. Chauzat MP, Faucon JP, Martel AC, Lachaize J, Cougoule N, et al. (2006) A

survey of pesticide residues in pollen loads collected by honey bees in France.

J Econ Entomol 99: 253–262.
61. Chauzat M-P, Faucon J-P (2007) Pesticide residues in beeswax samples collected

from honey bee colonies (Apis mellifera L.) in France. Pest Manage Sci 63: 1100–
1106.

Effects of Paraquat on Honey Bee Larvae Oenocytes

PLOS ONE | www.plosone.org 7 May 2013 | Volume 8 | Issue 5 | e65693


