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Abstract — Most studies that have shown negative sublethal effects of the pesticide imidacloprid on honeybees
concern behavioral effects; only a few concern physiological effects. Therefore, we investigated sublethal
effects of imidacloprid on the development of the hypopharyngeal glands (HPGs) and respiratory rhythm in
honeybees fed under laboratory conditions. We introduced newly emerged honeybees into wooden mesh-sided
cages and provided sugar solution and pollen pastry ad libitum. Imidacloprid was administered in the food:
2 pg/kg in the sugar solution and 3 pg/kg in the pollen pastry. The acini, the lobes of the HPGs of
imidacloprid-treated honeybees, were 14.5 % smaller in diameter in 9-day-old honeybees and 16.3 % smaller in
14-day-old honeybees than in the same-aged untreated honeybees; the difference was significant for both age
groups. Imidacloprid also significantly affected the bursting pattern of abdominal ventilation movements
(AVM) by causing a 59.4 % increase in the inter-burst interval and a 56.99 % decrease in the mean duration of
AVM bursts. At the same time, the quantity of food consumed (sugar solution and pollen pastry) per honeybee
per day was the same for both treated and untreated honeybees.

imidacloprid / honeybee / hypopharyngeal gland / respiratory rhythm

1. INTRODUCTION Since 1991, neonicotinoid insecticides have
been the fastest-growing class of insecticides
used in modern crop protection; they are
currently registered in more than 120 countries.
Imidacloprid represents the greatest portion of
the entire neonicotinoid market (41.5 %), fol-
lowed by thiamethoxam and clothianidin
(Jesche et al. 2011). These insecticides act on
the insect central nervous system (CNS), as
agonists of the postsynaptic nicotinic acetylcho-

Scientists are driven to understand the reasons
behind globally rising honeybee mortality. The
factors that appear to be most important include
exposure to pesticides especially insecticides and
interactions between pesticides and pathogens
(Alaux et al. 2010; Vidau et al. 2011).
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line receptor (nAChRs) (Matsuda et al. 2001;
Brown et al. 2006). Activation of nAChRs by
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neonicotinoids induces initial depolarization
and ultimately suppresses synaptic transmission
at the postsynaptic membrane of cholinergic
synapses in insects (Benson 1992; Buckingham
et al. 1997).

Honeybees are exposed to neonicotinoids in
several ways: consumption of contaminated
nectar and pollen, contact with pesticides
exuded from plants, and exposure to air con-
tamination during sowing. Honeybees are ex-
posed to neonicotinoids through three categories
of plants: seed-dressed plants, sprayed plants
(for example, in orchards), and any plant in the
environment that draws neonicotinoids from
contaminated soil can remain contaminated with
these insecticides for a long time after treatment
(Bonmatin et al. 2003)

Neonicotinoids have systemic properties in
the plant, where they disperse from roots to
aerial parts during growth. For sunflower seed
dressed with imidacloprid, the residues average
1.9 pg/kg in the nectar (Stork 1999) and 3 pg/
kg in pollen (Stork 1999) with values ranging
from 1 to 11 pg/kg (Bonmatin et al. 2003). For
maize seed dressed with imidacloprid, the
residues in the pollen range between 0.3 and
18 pg/kg, with a mean of 2.1 pg/kg (Bonmatin
et al. 2005).

Several studies have confirmed that pollen
contaminated with imidacloprid can be brought
back to the hive by honeybees in natural
conditions. Chauzat et al. (2006) analyzed the
pollen pellets collected by honeybees in 25
apiaries placed in different sites in France over
five sampling periods (from autumn 2002 to
autumn 2003). Residues of imidacloprid and its
metabolite 6-chloronicotinic acid were found in
69 % of samples. Concentrations of imidaclo-
prid and 6-chloronicotinic acid in pollen ranged
from 1.1 to 5.7 ng/kg and from 0.6 to 9.3 ng/
kg, respectively. Two further years of study
have confirmed these results (Chauzat et al.
2011). Interestingly, statistical tests have
revealed no significant differences in contami-
nation frequency for any sampling period or
spatial distribution. This suggests that honey-
bees are continuously exposed to neonicotinoid
molecules, either from treated cultivated plants
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or from other plants that draw imidacloprid in
the soil.

Honeybees have intense requirements for
fluids (Visscher et al. 1996; Kiihnholz and
Seeley 1997) and have been reported to collect
water produced by plants through guttation/
exudation (Shawki et al. 2005). Exudation is a
natural plant phenomenon that causes leaves to
excrete xylem fluid at leaf margins. Girolami et
al. (2009) showed that leaf exudation drops on
all corn plants germinated from neonicotinoid-
coated seeds contained insecticide at concen-
trations that were consistently higher than
10 mg/l, with a maximum of up to 200 mg/I for
imidacloprid; that is, near or even higher than the
concentration of active ingredients commonly
applied in field sprays for pests. Another way
that honeybees are exposed to neonicotinoid
insecticides arises when seed-dressed plants
are sown and dust disperses from the sowing
machine and drifts to the wild vegetation,
thereby negatively impacting foraging honey-
bees (Greatti et al. 2003, 2006; Maini et al.
2010; Girolami et al. 2011; Marzaro et al.
2011).

Studies have demonstrated that low doses of
imidacloprid have sublethal effects on honey-
bees. Most look at behavioral effects, such as
effects on learning and orientation (Kirchner
1999; Decourtye et al. 2003, 2004a, b), on
foraging activity (Colin et al. 2004; Ramirez-
Romero et al. 2005; Yang et al. 2008), on
communication by dances (Kirchner 1999), on
homing behavior (Bortolotti et al. 2003; Henry
et al. 2012), and on neurophysiological effects
(Guez et al. 2001a, b; Lambin et al. 2001).

In contrast, few studies have looked at
possible physiological effects of exposure to
neonicotinoid insecticides. For this reason, we
decided to investigate two possible physiologi-
cal effects: effects of neonicotinoids on the
development of the hypopharyngeal glands
(HPGs) and on the functioning of the honeybee
respiratory mechanism. All honeybees used in
this study were reared under the same experi-
mental conditions.

Adult honeybee workers consume large
quantities of pollen, which is needed to enable
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them to produce the royal jelly, the food
necessary for larval development (Haydak
1970; Crailsheim et al. 1992). Royal jelly is
produced in the HPGs, which are located in the
head of the worker honeybee. HPG develop-
ment begins very early in the life of the adult
honeybees, and the glands reach their maximum
size and weight when the honeybees are 8—
12 days old (Crailsheim and Stolberg 1989;
Knecht and Kaatz 1990; Lass and Crailsheim
1996; Hrassnigg and Crailsheim 1998). When
honeybees are older than 12 days, the HPGs
decrease in size (Fluri et al. 1982; Deseyn and
Billen 2005) and their function changes, a
phenomenon that parallels the age-dependant
role of the honeybee within the colony (Ohashi
et al. 1997). However, the HPGs continue to
synthesize considerable amounts of proteins
(Knecht and Kaatz 1990) and digestive enzymes
like invertase and glucose oxidase (Deseyn and
Billen 2005). Thus, HPGs are important to
colony growth. As the size of the HPGs change
during a honeybee’s life, the size of the gland
lobes (the so-called “acini”) changes according-
ly. Therefore, the acini diameter is an indication
of the gland’s activity and reflects the amount of
proteins produced (Knecht and Kaatz 1990).
For this reason, the diameter of the acini has
been used as an indicator of HPG development
under different food or stress conditions
(Standifer 1967; Wang and Moeller 1969;
Malone et al. 2004; Babendreier et al. 2005;
Smodis-Skerl and Gregorc 2010).

Despite the importance of HPGs in honey-
bees, very little research has looked at the effect
of imidacloprid on HPG development.
Furthermore, the research performed has con-
centrated on a short period (1-3 days) of
exposure to imidacloprid (Heylen et al. 2010;
Smodis-Skerl and Gregorc 2010). Heylen et al.
(2010) contaminated 7-day-old caged honey-
bees with sublethal doses of imidacloprid over
only 1 day of exposure. They showed that the
HPG acini were all significantly smaller in
treated honeybees 1 week post-treatment than
in untreated honeybees. Smodis-Skerl and
Gregorc (2010) contaminated honeybees of
different ages with sublethal doses of imidaclo-
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prid over 1, 2, or 3 days. They showed a
decrease in the size of the HPG acini, even after
the shortest treatment time (24 h).

Respiratory mechanisms in honeybees are
mainly mediated by coordinated motor activity
(Chapman 1998). This motor activity depends
on patterned neural control, which in insects is
generated by a Central Pattern Generator (CPG)
located in the CNS. This CPG is a neural
network of interneurons that provides the
rhythms to the motor neurons that supply the
respiratory muscles (Ramirez and Pearson 1989;
Bustami and Hustert 2000; Nicolas et al. 2005).
Efficient communication between different parts
of the respiratory network for example, between
interneurons and motor neurons, depends on
fast cholinergic transmission and, ultimately, on
the proper function of insect nAChRs (Breer
and Sattelle 1987; Buckingham et al. 1997).
Respiration or gas exchange of resting honey-
bees occurs mostly in discontinuous convective
cycles or discrete bursts of CO, emission that
are accompanied by abdominal ventilation
movements (AVM), as in other insects
(Lighton and Lovergrove, 1990) and as revealed
by infrared thermography (Kovac et al. 2007).
Similar bursts of AVM have been recorded by
using a non-invasive method in restrained
immobilized honeybees (Zafeiridou and
Theophilidis 2006). The strong imidacloprid-
induced activation and subsequent blocking of
nAChRs shown ex vivo (Matsuda et al. 2001,
2005; Zafeiridou and Theophilidis 2004) sug-
gests a possible disruption of the respiratory
activity of honeybees in vivo. This disruption
could affect the honeybee’s physiological re-
sponse to tasks such as foraging, which requires
increased oxygen consumption (Wolf et al.
1989).

The scope of this study was to investigate the
direct effects of sublethal doses of imidacloprid
on HPG development and respiratory rhythm of
honeybees kept in laboratory conditions.

2. MATERIAL AND METHODS

All honeybees used in this study were Apis
mellifera macedonica originally collected from their
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natural distribution area; adult honeybees were
collected every 2-3 h after their emergence from
combs kept in an incubator. The temperature in the
incubator was 34 °C and the relative humidity was
70 %. Combs from three different colonies were used.
Honeybees were randomly assigned to wooden, mesh-
sided cages (10x10x10 cm) with removable metal
floor sheets that facilitated cleaning. Approximately 60
honeybees were placed in each cage (16 cages were
used in total). The cages were kept in an incubator in
darkness at 28-29 °C and relative humidity of about
70 %. Honeybees were fed sugar solution (33 %w/v) via
gravity feeders and pollen pastry on pre-weighted
plastic plates, both ad libitum. Food provisions were
changed every 3 or 4 days.

Imidacloprid in concentrations of 2 pg/kg in the
sugar solution and 3 pg/kg in the pollen pastry was
administered, which is the average amount found in
nectar and pollen of sunflower- and maize-treated
crops (Stork 1999; Bonmatin et al. 2003). Pollen
pastry was prepared by mixing 700 g of pollen pellets
with 300 g of sugar solution. Correct amount of
imidacloprid was added first to sugar solution and
immediately after it was mixed with the pollen in
order to form the pollen pastry. The sugar solution
and pollen pastry were given continuously, to mimic
feeding by the nurse honeybees in the colony. In
order to validate the effective concentrations of
imidacloprid to which honeybees were exposed,
chemical analysis of the pollen pastry and sugar
solution using liquid chromatography coupled to
mass spectrometry (HPLC-ESI-MS/MS) was per-
formed (analysis performed by the Laboratory of
Pesticides Toxicology, Benaki Phytopathological
Institute of Athens). The limit of detection was
0.45 pg/kg and the limit of quantification was
1.35 pg/kg. The analysis showed final imadicloprid
concentrations of 2.1 pg/kg in the sugar solution and
2.7 ng/kg in the pollen pastry.

2.1. Development of the HPGs

The experiments started on August 15, 2009, when
combs with emerging honeybees were placed in the
incubator and the emerging honeybees were introduced
into the cages. On the 9th day post-caging, 20 honey-
bees were collected from the untreated and treated cages
(10 from each group) for HPG analysis on the 9th and
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again on the 14th day after the honeybees were placed in
the cages. Honeybee heads were dissected in insect
saline solution (Berger and Carmargo Abdalla 2005).
Part of the HPGs were removed, placed in an
electrophoresis stain (Coomassie brilliant blue dye
R250) (Rhodes and Somerville, 2003) for 4 s and then
on a microscopic slide (without a cover slip) to be
photographed under a dissecting microscope. We used
an image analysis system to capture and store the
images, and later measure the diameters of the acini
using Image Pro-Plus software. Acini diameter was
measured twice and averaged. About 300 acini were
measured in each of the four groups of honeybees
(treated and untreated honeybees, each at 9 and 14 days
old).

2.2. Respiratory rhythm

Also at the 9th day post caging, 20 honeybees
were tested for respiratory activity. The method for
recording the respiratory rhythm in vivo has been
described elsewhere (Zafeiridou and Theophilidis
2006), but some details are also given here. The
honeybees were fixed with the ventral part of the
thorax and the abdomen on a small platform of non-
toxic wax (Genco, Tackiwax) in the centre of a Petri
dish. Care was taken to leave most of the spiracles
open. Then, a micropin to the probe of an isometric
force displacement transducer (Grass 103, Grass
Company, USA) was attached and gently connected
to the edge of the second or third tergite. The analog
signal of the transducer was digitized at 1,000
samples per second (A/D converter, KPCI-3102,
Keithley Instruments Inc., USA) and stored in a
computer using appropriate software (Labview,
National Instruments 5.1). The respiratory rhythm of
honeybees was recorded continuously for 1-2 h, after
I-h recovery from the fixation process under an
ambient temperature of about 27 °C. The honeybees
were not fed during the recovery period and the
subsequent recording of their respiratory rhythm. For
the rhythmic respiratory activity, which corresponds
to the coordinated contraction of respiratory muscles
and it is controlled by the CPG, the frequency of the
contractions was recorded, estimated from the time
interval between successive contractions in hertz. For
the discrete bursting activity, the burst internal
frequency (in hertz), the inter-burst interval (in
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second), and the duration of the bursts (in second)
was also measured using Labview software.

2.3. Food consumption

Sugar solution consumption was calculated as
microliter/honeybee/day, and pollen consumption
was calculated as milligram/honeybee/day, over a
total of 14 days. Any dead honeybees were removed
and counted whenever the cages were inspected.

2.4. Statistical analysis

Statistical analysis was performed using SPSS
statistical package. A general linear model-repeated
measures design was used to analyze data related to
pollen and sugar solution consumption, and a one-
way ANOVA design was used to analyze the log-
transformed data related to acinus diameter, followed
by a Tukey’s B post hoc test to detect significant
differences among the acini groups. An unpaired ¢
test with Welch correction (GraphPaD Instat
Software) was used to compare mean respiratory
parameters between honeybees exposed to imidaclo-
prid (treated) and unexposed honeybees (untreated).

3. RESULTS
3.1. Development of the HPGs

Figure 1 shows computer microphotographs
of the HPGs of 9-day-old honeybees. The acini
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of 14-day-old honeybees were significantly
smaller than those of 9-day-old honeybees for
both treated (control) and untreated honeybees
(ANOVA F=633.3; P<0.001; Figure 2). The
acini of 14-day-old control honeybees were
19.68 % smaller than those of 9-day-old control
honeybees (mean+SE=117.55+0.78 and
146.36+0.97, respectively) and the acini of 14-
day-old treated honeybees were 21.33 %
smaller than those of 9-day-old treated honey-
bees (mean+SE=98.36+0.65 and 125.03+0.75,
respectively) Furthermore, 9-day-old treated
honeybees had 14.5 % smaller acini than 9-
day-old control honeybees and 14-day-old
treated honeybees had 16.3 % smaller acini
than 14-day-old control honeybees (ANOVA
F=633.3; P<0.001; Figure 2).

3.2. Respiratory rhythm

The AVM of honeybees generally appeared
to alternate between discrete bursts of respira-
tory activity (Figure 3a, first half) and continu-
ous respiratory movements that made up longer-
lasting bursts (Figure 3a, second half) in both
imidacloprid-treated and untreated honeybees.
There was no significant difference in the mean
internal frequency estimated for continuous
respiratory movements, like those shown in the
second half of Figure 3a, between imidacloprid-
treated and untreated honeybees (see also
Table I).

Figure 1. Computer microphotographs of HPGs of: a nine-day-old untreated honeybee, b nine-day-old treated

honeybee. Scale bar represents 100 pm.
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Figure 2. Acini diameter (in micrometer) (mean+SD) of 9- and 14-day-old untreated and treated honeybees.
Different letters below the bars denote significant differences between the groups, P<0.001.

On the other hand, imidacloprid significantly
affected the bursting pattern of AVMs by causing
a 59.4 % increase in the inter-burst interval from
4.56 to 7.27 s (Table I and Figure 3c). Therefore,
fewer AVM bursts were recorded per minute from
imidacloprid-treated honeybees (Figure 3c) than
from untreated honeybees (Figure 3b). In addi-
tion, there was a 56.99 % decrease in the mean
duration of AVM bursts, from 3.53 to 1.52 s
(Table I). Taken together, these effects indicate a
significant inhibitory effect on the generation of
AVM bursts. There was no significant difference
in internal frequency of AVM bursts between
imidacloprid-treated and untreated honeybees
(Table I).

3.3. Food consumption

Pollen consumption per honeybee per day is
shown in Figure 4. There was no significant
difference in the amount of pollen consumed by
treated and untreated honeybees (F=0.354,
n.s.). Pollen was consumed by the honeybees
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mainly during the first 10 days of their adult
life, (from 15th to the 25th of August) which
corresponds with the HPG development period,
and it was decreased to negligible amounts later
on. Treated and untreated honeybees also
consumed similar quantities of sugar solution
(Figure 5, F=1.153, n.s.). Honeybees tended to
consume larger quantities of sugar solution after
the 10th day of adult life, when they almost
stopped taking pollen (Figure 5). Treated hon-
eybees consumed about 27 mg of pollen pastry
(and 0.073 ng of imidacloprid) and 96 pL of
sugar solution (corresponding to 0.036 g of
sugar and 0.17 ng of imidacloprid) over the first
10 days of their life (absolute amounts might be
slightly more as water evaporation was not
taken into account).

4. DISCUSSION

Our results showed that continuous exposure
to imidacloprid during the first 14 days of adult
life in honeybees negatively affects HPG devel-
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Figure 3. Tension recordings of the respiratory contractions from the dorsal region of the second or third
abdominal segment of an immobilized honeybee. a Untreated honeybees. The transition from bursting to
continuous respiration contractions. Parts of the recordings were expanded to show the two respiratory patterns
in detail. b Untreated honeybees. Rhythmic respiratory bursting activity. ¢ Imidacloprid-treated honeybees.
Rhythmic respiratory bursting activity; vertical calibration mark 1.05 N.

opment and respiratory function. The doses of
imidacloprid given to honeybees (2.1 pg/kg for
the sugar solution and 2.7 pg/kg for pollen) are
representative of the amounts found in the
nectar and pollen honeybees collected from
plants that had been seed dressed with imida-
cloprid, such as sunflower and maize (Stork
1999; Bonmatin et al. 2003). Chronic exposure
measured at 9 and 14 days is comparable to
natural conditions in which honeybees are
continuously exposed to pollen and/or to nectar
from these seed-dressed plants that bloom for
long periods. In reality, in the field, the
exposure period could last several weeks, given

that crop plants do not flower simultancously
and given the large surface areas in agricultural
environments. Therefore, imidacloprid or any
other neonicotinoid present in the pollen and
nectar throughout flowering will be brought to
the colony continuously until flowering is
finished. Furthermore, the insecticide will be
stored in the hive and therefore available over
longer periods.

4.1. HPGs

Our protocol was proved to be appropriate
for measuring HPG activity, as average acini
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Table I. Regular bursting respiratory activity of the untreated honeybees and honeybees treated with
imidacloprid, oral administration. The main parameters of the rhythmic bursts (internal frequency, inter-burst
interval, burst duration) are given as mean+S.E.M and expressed as a percentage of the untreated parameters.

Internal Internal Inter-burst Inter-burst ~ Burst Burst
frequency frequency % interval interval %  duration duration %
(Hz) control control control
Honeybees 5.41+0.18 100.0 4.56 a+0.19  100.0 3.53 b+0.11  100.0
untreated (n=39/6) (n=435/6) (n=397/6)
Honeybees 5.40 ns+0.18  99.8 7.27 b+0.28  159.4 1.52 a+£0.05  43.01
treated with (n=46/4) (n=146/4) (n=180/4)

imidacloprid

a and b denote significant differences between treated and untreated bees at P<0.05

n number of bursts/number of honeybees, ns not significant compared to untreated

diameter in control honeybees was similar to  Deseyn and Billen 2005). Our results obtained
that of honeybees of the same age in other after continuous exposure to imidacloprid (until
studies (Lass and Crailsheim 1996; Hrassnigg 14 days) confirm the effects reported by
and Crailsheim 1998; Malone et al. 2004; Smodis-Skerl and Gregorc (2010) and Heylen
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Figure 4. Mean (+SEM) pollen consumption (milligram) per honeybee per day. Consumption per day is the
mean for the given period between the days indicated on the figure (2-, 3-, 5- and 6-day intervals).
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Figure 5. Mean (=SEM) sugar solution consumption (microliter) per honeybee, per day. Consumption per day
is the mean for the given period between the days indicated on the figure (2-, 3-, 5-, 2-, 2- and 2-day intervals).

et al. (2010) for a short exposure period (1—
3 days), and demonstrate that the glands do not
recover, even after a longer period. The mean
acini diameter of treated, 9-day-old honeybees
was 14.5 % smaller than that of 9-day-old
control honeybees and the mean acini diameter
of treated, 14-day-old honeybees was 16.3 %
smaller than that of 14-day-old control honey-
bees. Therefore, the toxicity of sublethal doses
of imidacloprid could appear after either acute
or chronic exposure.

As the size of the HPG lobes (that is, the
acini diameter) is an indirect indication of HPG
activity (Hrassnigg and Crailsheim 1998;
Deseyn and Billen 2005), we can infer that the
smaller acini of HPGs in honeybees exposed to
imidacloprid could influence the protein syn-
thesis of the glands, and therefore lead to nurse
honeybees producing royal jelly of lesser
quality and/or quantity. Moreover, it has been

shown that degeneration of these glands nor-
mally accompanies a worker’s shift from nest to
field activities (Ohashi et al. 1997). Therefore, it
may be hypothesized that nurse honeybees with
reduced glands might become foragers in less
time than they would have if their glands had
developed normally and, as a result, the popu-
lation of nurses will decline. One of the
consequences could be a reduced production
of brood, with negative effects for the colony’s
development. Normally honeybees start becom-
ing foragers after the 13—14th day of their life
(Ohashi et al. 1997) and this activity normally
reaches its peak at about the 23rd day of the
honeybee’s life (Winston 1987). If they stop
nursing 5 days earlier, this is almost 1/3 of their
enclosure life, which cannot be regarded as
negligible compared to the total lifespan of a
honeybee. Eventually they will live 5 day less
than untreated honeybees. Precocious swift
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from nursing to foraging is predicted in the
model built by Khoury et al. (2011) as an
indirect effect of foragers’ death, leading to an
acceleration of colony collapse.

In fact, in a more recent study, we observed a
decrease of adult honeybee population, although
not only of foragers, as a result of imidacloprid
use in a field of seed-dressed cotton plants
(Hatjina et al., unpublished data). It is believed
that both parameters, HPGs size reduction and
adult honeybee deaths, fit well in the model by
Khoury et al. (2011), predicting an acceleration
of colony failure although they might not be the
only ones affecting demography changes in a
colony. Furthermore, delayed effects can also be
very harmful to the colony especially when they
occur early in spring while the colony is
developing, as this is when most of the stored
contaminated pollen is consumed.

4.2. Consumption of food

Pollen consumption was high during the
period of HPG development consistent with
Hrassnigg and Crailsheim (1998) and it almost
completely stopped later on. Contrary to pollen,
honeybees only consumed small quantities of
sugar solution during the period of HPG
development but increased sugar consumption
later on. However, similar to pollen, sugar
solution was used in equal amounts by both
treated and untreated honeybees, as has also
been shown in other studies (Ramirez-Romero
et al. 2005). Therefore, in our experimental
conditions the decreased size of the acini cannot
be attributed to insufficient consumption of food
by treated honeybees, but rather to the presence
of imidacloprid.

In natural conditions, nurse honeybees could
also participate in heating of the brood. The
brood-attending honeybees require energy to
maintain the brood temperature at about 34 °C
from April to October in temperate regions
(Simpson 1961; Seeley and Heinrich 1981;
Heinrich 1985). Rortais et al. (2005) estimated
the amounts of sugar (contained in nectar or
honey), pollen and imidacloprid consumed by
nurse or brood-attending honeybees. The
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nurses, for example, consume about 65 mg of
pollen over 10 days, corresponding to a total
0.2 ng of imidacloprid (at a concentration of
3.4 ug/kg of pollen, Bonmatin et al. 2001). In
our experimental conditions, young honeybees
consumed only 31 mg of pollen, corresponding
to a total of 0.08 ng of imidacloprid (at a
concentration of 2.7 ug/kg of pollen) over
14 days, because they were kept in an incubator
and reared no brood. Also according to Rortais
et al. (2005), nurse honeybees consume 272—
400 mg of sugar (depending of the temperature
of the hive), corresponding to a total of 1.3—
1.9 mg of imidacloprid (at a concentration of
1.9 ug/kg of nectar, Stork 1999). For the
duration of our experiment, honeybees con-
sumed only 86 mg of sugar, corresponding to
a total of 0.4 ng of imidacloprid (at a concen-
tration of 1.9 ug/kg of nectar). From our results,
it is obvious that the quantities of imidacloprid
consumed by treated honeybees through pollen
and sugar solution intake were far less than that
estimated for honeybees in natural conditions,
but there were nevertheless obvious adverse
effects on the HPGs.

4.3. Respiratory rhythm

Two alternating patterns of AVM in re-
strained honeybees were observed: discontinu-
ous AVM or discrete bursts and continuous
AVM. The discontinuous pattern of AVM is
typical of resting honeybees (Kaiser 1988;
Lighton and Lovergrove 1990; Kovac et al.
2007), while the continuous pattern of fast
AVM has been observed in active honeybees
and other Hymenoptera that are performing
brood incubation tasks (Ishay 1972; Heinreich
1972; Bujok et al. 2002). In other intact insects,
like locusts, continuous AVM is induced by
sensory feedback (Bustami and Hustert 2000). It
seems that in our case, the CPG underlying the
respiratory rhythm of intact restrained honey-
bees was in standby position, which permitted
transition into continuous AVM, but the respon-
sible factors for this transition were not further
investigated. Furthermore, the recording method
used here is reliable, as the duration of AVM



Imidacloprid reduces hypopharyngeal glands and respiratory rhythm

bursts (3.5 s) is within the range of the average
(1.3-3.7 s) reported for typical AVM of exclu-
sively resting honeybees, using a completely
different, non-invasive recording method
(Kovac et al. 2007).

In the present study, specific parameters like
the frequency of continuous AVM and the
duration; interval and internal frequency of the
AVM bursts were used as an indication of the
functional condition of the cholinergic synapses
that mediate respiratory rhythm after the honey-
bees were exposed to low concentrations of
imidacloprid. Both bursting and continuous
AVM were recorded in both imidacloprid-
treated and untreated honeybees. Thus, it is
unlikely that imidacloprid induces excitation of
AVM and causes the subsequent transition from
bursting to continuous AVM activity. In addi-
tion, the frequency of continuous AVM and the
internal frequency of bursts were not signifi-
cantly different in the two groups of honeybees.
However, imidacloprid reduced the capacity for
generating normal bursts of AVM by signifi-
cantly reducing the rate of burst production
(increase in inter-burst interval) and burst
duration. The decrease in the rate of AVM
bursts suggests that imidacloprid could act at
the level of the CNS, since the rate of AVM
burst generation is controlled by neural net-
works (CPG) in the insect CNS (Bustami and
Hustert 2000). This could occur after imidaclo-
prid transfer from the haemolymph compart-
ment to the abdomen, thorax, and head (Suchail
et al. 2004), where CPGs for respiration are
thought to be located. Fewer and shorter AVM
bursts induced by imidacloprid could have a
direct suppressive effect on the gas exchange of
carbon dioxide and oxygen as well as on the
metabolic activity of honeybees, since a corre-
lation of metabolic and respiratory activity
occurs in insects (Contreras and Bradley 2010).

4.4. Conclusion

While numerous studies have focussed on the
behavioural effects of imidacloprid in honey-
bees, very few have focussed on the physiolog-
ical effects of this insecticide. Our study

477

demonstrates that in laboratory conditions,
imidacloprid affects the development of HPGs
and patterns of respiration rhythm and shows
that the physiological effects must also be
considered because they have negative conse-
quences both for the individual honeybees and
for the overall development of the colony.
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Des doses sublétales d’imidaclopride réduisent la
taille des glandes hypopharyngiennes et agissent sur
le rythme respiratoire des abeilles

Insecticide / abeille / essai en laboratoire / respiration /
glande salivaire

Subletale Imidaclopriddosierungen verringern die
Grofle der Futtersaftdriisen und den Atemrhythmus
von Honigbienen in vivo
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