Effects of sublethal dose of deltamethrin on honeybees, Apis mellifera carnica L., after oral uptake or cuticular penetration
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Abstract 

Deltamethrin, which is found in a variety of commercial insecticides, paralyses the insect nervous system and produces a quick knockdown effect. Deltamethrin is used for broad-spectrum control and is, therefore, toxic to many nontarget species. To assess the effect of a sublethal dose of deltamethrin on honeybees, commercial insecticide product K-Othrine SC25 (25 g deltamethrin/l) was used. The effects of K-Othrine were observed by analysis of bees’ freezing response, a reflex that is elicited by vibratory stimuli and is important in communication between bees in the hive. Our investigation demonstrated that 7 days of oral uptake of sublethal dose insecticide (1 % of the dose used for agricultural applications) decreased the number of bees reacting to the vibratory stimulus and, decreased sensitivity of mechanoreceptors to higher frequency vibrational stimuli (1000 to 2000 Hz). In the second part of the study, bees were directly exposed to K-Othrine at a dose used in agricultural application. The greatest effect of K-Othrine was observed 30 and 60 min after the application: we observed motor incoordination and muscular paralysis with increased threshold of the freezing response, to 300 to 500 Hz stimuli. After the application of 10 % of the dose of K-Othrine used for agricultural application, no effect on muscular activity could be observed, but the threshold of the freezing response was increased for the 1500 Hz stimulus. We conclude that oral uptake of a sublethal dose of K-Othrine may cause chronic intoxication, whereas cutaneous contact produces temporary toxicity that disappears after a few hours, due to the rapid degradation of K-Othrine SC25.
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Introduction

Pyrethroids are a class of synthetic insecticides that have been designed and optimised based on the structure of pyrethrins, six insecticidal constituents of the natural insecticide, pyrethrum. Since the 1970s the pyrethroids have been widely used to control insect pests in agriculture and public health. Pyrethroids are known to alter the normal function of insects’ nervous system by modifying the kinetics of voltage-sensitive sodium channels, increasing the sodium permeability of the nerve membrane underlying the nerve action potential (Soderlund et al, 1989). There are two types of pyretroids that differ in chemical structure and symptoms of exposure: type I (non (-cyanopyrethroids) and type II ((-cyanopyrethroids). Deltamethrin is a type II pyrethroid. It is considered the most powerful of the synthetic pyrethroids and, therefore, provides valuable insecticidial activity against a large number of insect pests. Deltamethrin poisoning occurs by ingestion, through cuticular penetration or respiratory spiracles (Collin, 1999). It has very broad-spectrum control and therefore is toxic to many nontarget insect species. Since pollinators are crucial in the functioning of all terrestrial ecosystems, their conservation is very important. Honeybees (Apis mellifera carnica), which are economically important pollinator in natural and agroecosystems and which forage on nectar and pollen of different crops, come in contact with variety of insecticides and therefore are a good indicator of environmental pollution and biodiversity stress (Kevan, 1999). Serious losses of honeybees have been attributed to different kind of insecticides. The problem of sublethal, chronic effects of insecticides, which reduce longevity, and affect foraging, memory and navigational abilities, is often overlooked. Adult bees can carry the contaminated food back to the hive and thus affect immature bees, too. Such cases of sublethal intoxication are most likely responsible for the collapse of the whole colony. Honeybees live and work in a highly structured social order and, therefore, communication between bees in the hive is of great significance for the whole colony. Substrate-borne signals play an important role in this communication (Rohrseitz, et al, 1997). The subgenual organ in the proximal part of the tibia of each leg is highly sensitive to artificial vibrations. Worker honeybees react to comb vibrations with a »freezing« response (FR). They remaine motionless during the vibrational stimulus, transmitted through the comb as bending waves. This vibrations can be produced by the followers and may cause the dancer to interupt her dance, allowing the followers to approach the dancer for food. Queen's piping also causes worker bees to freeze, reducing the background noise level (Michelsen, 1986).

In the present study we evaluated the effects of a sublethal concentration of deltamethrin, an ingredient of the commercial insecticide product K- Othrine SC25, on bees’ freezing response. We expected that stimulus intensity eliciting freezing response would be higher for treated bees. The tests were conducted after 7 days of oral treatment and after cutaneous exposure of 10 µl of insecticide. 

Materials and methods

Experiments were conducted during the summer of 2001 (Experiment 1) and 2002 (Experiment 2) on adult honeybee (Apis mellifera carnica) foragers. 

To asses the effect of deltamethrin on honeybees, commercial insecticide product K-Othrine SC25 (25 g deltamethrin/l) was used and added to the sugar solution at different concentrations (100 %, 10 % and 1 %). 100 % insecticide solution was defined as the solution used for agricultural application (40 ml K-Othrine SC25 in 5000 l of water, that is, 200 (g deltamethrin in 1 ml of water). The aim of the preliminary experiment was to determine the highest insecticide concentration that did not induce any observable poisoning symptoms. Thus we tested different concentrations of insecticide on groups of 10 bees. Each group of bees was fed with a diet of 30 % sugar solution containing a different concentration of insecticide. The behaviour of treated bees was monitored every 15 minutes during the first hour of exposure, and subsequently every 60 min for 8 hours. Finally, each group was observed again after 24 hours. During this preliminary experiment, bees were kept in a dark chamber regulated at 28 - 30ºC.

For Experiment 1, bees were caught at the entrance of the hive, placed in plastic cages (38x23x23 cm), and kept in a climatic chamber (28 - 30 ( C) in 24 hours darkness. One group of captured bees (N = 52) was fed with a diet of 30 % sugar solution and 1 % insecticidal solution K-Othrine (2(g deltamethrin per bee per day). A second group of bees (N = 42) was fed with a diet of 30 % sugar solution alone (untreated, control bees). Seven days after capture bees’ freezing response was tested. The bee was placed on the membrane of a cone low-middle frequency loudspeaker, which acted as an emitter of vibrational stimuli. To prevent moving from the membrane, the loudspeaker was covered with a petri dish cover, which was not in contact with the membrane. Each bee was exposed to stimuli of 300, 500, 700, 1000, 1500 or 2000 Hz frequencies. For each stimulus frequency the intensity values ranged from 1 mm/s to 100 mm/s peak - peak. Each stimulus was 1s long and delivered in 10 s intervals until the first freezing response was observed. For each frequency we determined threshold intensity as the lowest intensity, which elicited FR. The vibrational stimuli were synthesised using a computer programme (Sound Forge 6.0, Sonic Foundry Media Software, Madison, USA). The membrane of the loudspeaker was calibrated using a laser vibrometer (OFV, Polytec GmbH, Germany). The mortality of the bees was recorded during the 7 days treatment, too. 

In Experiment 2, FR was tested after cutaneous exposure of the insecticide K- Othrine. One group of bees (N = 36) was exposed to 100 % concentration of insecticide product K- Othrine, and a second group of bees (N = 26) was exposed to 10 % K-Othrine. Each bee received 10 µl (Microliter syringesTm 75N, Hamilton, Switzerland) insecticide solution on the 3rd - 4th sternite of the abdomen. Before the application of insecticide, bees were anaesthetised by putting them in the refrigerator (4 - 5° C) for 1-2- minutes. The impact of the active ingredient on bees' behaviour and FR eliciting stimulus intensity were monitored over a period of 24 hours. Thus, FR was tested before the application (t0) and 5 times after application: t1 after 10 minutes, t2 after 30 minutes, t3 after 60 minutes, t4 after 120 minutes and t5 after 24 hours. The control group of bees (N = 20) was exposed to the same treatment as the first and the second group of bees, with application of 10 µl of distilled water on the 3rd - 4th sternite of the abdomen. Bee mortality and behaviour changes were measured too. In Experiment 1 and experiment 2, bees' behaviour was monitored with a camera (Hi8, Color CCD, Sanyo, Japan) and recorded on video recorder (Sony, Japan). The behavioural response of treated bees was compared to the response of untreated bees. Differences were statistically evaluated by Student's T-test and Mann-Whitney U-tests. In all cases, differences were considered significant at P < 0,05. 

Results
PRELIMINARY EXPERIMENT
In the preliminary experiment we determined the sublethal oral concentration of insecticide K-Othrine. K-Othrine fed to the groups of 10 bees at 100 % and 10 % concentration caused a knock down effect during the first hour after exposure. Bees fed with 1 % insecticide solution did not show any observable changes in behaviour. This concentration was used in further experiments as food for the bees (sugar solution with 1 % insecticide K- Othrine, corresponding to 2 µg deltamethrin per bee). 

EXPERIMENT 1
In Experiment 1 we tested the effects of K-Othrine on bees’ freezing response (FR) after 7 days of oral treatment. We observed responses of treated and untreated bees to the vibrational stimuli. The percentage of treated bees responding to the stimuli was significantly lower (T-test, P < 0,05) than in untreated bees (Table 1). We tested bees' FR at different stimulus frequencies and recorded the minimum intensity of the stimulus eliciting FR (threshold) for each bee, which ranged from 1 mm/s to 70 mm/s (Table 2). At lower frequencies FR for treated and untreated bees occurred at higher stimulus intensities (Table 2). At each frequency, threshold was compared between treated and untreated bees. The threshold range was broader for treated than untreated bees (Table 2). A comparison of median values of the intensities revealed a significant difference between treated and untreated bees. Threshold intensity of the treated bees was higher when tested with vibrational stimuli of frequencies above 1000 Hz (U-test, P < 0,05; Table 3). 

Table 1 Percentage of treated and untreated bees responding to vibrational stimuli of different frequencies.

	Stimulus frequency

(Hz)
	Percentage (%) of treated bees responding
	Percentage (%) of untreated bees responding

	300
	86,5 (N = 52)
	90,5 (N = 42)

	500
	94,2 (N = 52)
	100 (N = 42)

	700
	94,2 (N = 52)
	100 (N = 42)

	1000
	94,2 (N = 52)
	100 (N = 42)

	1500
	92,3 (N = 52)
	100 (N = 42)

	2000
	94,2 (N = 52)
	97,6 (N = 42)


Table 2 Threshold intensity range (mm/s) for different stimulus frequencies in treated and untreated bees.

	Stimulus frequency

(Hz)
	Threshold intensity (mm/s) in treated bees
	Threshold intensity (mm/s) in untreated bees

	
	min
	max
	min
	max

	300
	5
	70
	5
	40

	500
	1
	40
	1
	20

	700
	1
	30
	1
	20

	1000
	1
	10
	1
	10

	1500
	1
	20
	1
	20

	2000
	1
	40
	1
	20


Table 3 Threshold intensity (median values; mm/s) for different stimulus frequencies in treated and untreated bees; *Significant difference, P < 0,05.

	Stimulus frequency

(Hz)
	Eliciting stimulus intensity in treated bees (mm/s, median values)
	Eliciting stimulus intensity in untreated bees (mm/s, median values)

	300
	10
	7

	500
	5
	5

	700
	5
	5

	1000
	2 *
	1

	1500
	5 *
	2

	2000
	7 *
	5


EXPERIMENT 2
In Experiment 2 we tested the effects of K-Othrine on bees after cutaneous exposure. We used 100 % or 10 % insecticide solution. Figure 1 shows results on treated and untreated bees over 24 hours time period. We compared the number of dead bees, and bees that did not respond to the artificial vibrations. Mortality of the bees treated with 100 % and 10 % insecticide concentrations was higher than the mortality of untreated bees, but this difference was not statistically significant (T-test, P100 = 0,08, P10 = 0,19). Bees treated with the insecticide responded to the stimuli less often than untreated bees, but this difference was not significant (T-test; P100 = 0,1, P10 = 0,05). Over the 24 hours time period bees treated with 100 % insecticide showed greater change in behaviour compared to bees treated with 10 % insecticide. We recorded 16 paralysed bees treated with 100% insecticide, compared to 3 paralysed bees treated with 10 % insecticide. The difference was statistically significant (T-test; P < 0,05). The greatest effect of insecticide, in both groups of treated bees, was observed 30 min and 60 min after application (Figure 1). When compared with control bees, treated bees, exhibited more self-cleaning behaviour, they were more disorientated, and were less mobile. Compared to the control bees, a significantly larger number of treated bees were paralysed and prostrate (T-test, P < 0,05; Figure 1). We were not able to test all the bees 60 min after the application. However, 24 hours after the application, we observed no impact of deltamethrin. Bees were as active as before the treatment and they had no problem walking and running on the speaker membrane. 
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Figure 1 Condition (number of live bees, dead bees, bees not responding and paralysed bees) bees over 24 hours time period; A) condition of bees treated with 100 % insecticide concentration; B) condition of bees treated with 10 % insecticide concentration; C) condition of control bees.

In Experiment 2, bees’ freezing response was subsequently analysed, as well. We tested bees with stimuli of different frequency. For each frequency we recorded threshold of FR. Thresholds were tested subsequently after application of the insecticide to determine the impact on freezing response over time. Compared to control bees, bees treated with 100 % insecticide concentration exhibited significantly higher threshold at frequencies of 300 Hz and 500 Hz frequencies 30 min (t2) and 60 min (t3) after application (U-test; P < 0,05). The group of bees treated with 10 % insecticide concentration, exhibited a higher threshold only at 1500 Hz 60 min (t3) after application (U-test; P < 0,05). 

Discussion

Behavioural thresholds for bees' freezing response lie between 0,4 mm/s - 2 mm/s peak-peak, for frequencies above 300 Hz thresholds decrease with increasing frequency (Michelsen et al, 1986). Median threshold values which we recorded for bees standing on the loudspeaker membrane ranged from 7 mm/s (300 Hz stimulus) to 1 mm/s (1000 Hz stimulus) and to higher threshold values (2 and 5 mm/s) at higher stimulus frequencies (1500 Hz and 2000 Hz). Higher thresholds can be attributed to a different substrate used for testing. The physical properties of a comb are different when compared with the loudspeaker membrane. 

Results of the present study suggest that pyrethroid insecticide significantly alter bees' behaviour response in sublethal doses. Our hypothesis that deltamethrin, active ingredient of the insecticide K-Othrine SC25, increases threshold values of freezing response, was verified. We found significant differences in thresholds between treated and untreated bees. Long term intoxication by feeding bees with sublethal concentration of insecticide, caused threshold increase for stimulus frequency of 1000 Hz, 1500 Hz and 2000 Hz. Bees exposed to the insecticide through cuticule at a concentration used for agricultural application through cuticle, exhibited significantly higher threshold values at only lower stimulus frequencies (300 Hz and 500 Hz). Insecticide concentration 10 times lower than concentration used for agricultural application increased threshold intensity at 1500 Hz stimulus frequency. Freezing response reaction is a reflex, mediated by neuronal arc in response to sensory input without the participation of the highest neuronal centres. Comparing the threshold values we can determine the effect of the insecticide on sensory organs, which are among first targets of the insecticide action. Therefore the increase of the threshold may be attributed to decreased sensitivity of mechanoreceptors and/or as an effect on peripheral part of the sensory system pathway. Analysing the qualitative characteristics of the response to vibrational stimuli, we could estimate the impact of insecticide on the central nervous system, which determines motoric answer. 

Results of the study also indicate that poisoning effect of K-Othrine SC25 depends not only on concentration of the insecticide but also on the mode of application. The insecticide added to the food at the concentration used for agricultural application caused a quick knockdown effect leading to death within one hour. Cutaneous contact of the same concentration on the other hand induces only disruption in bees' mobility and motor coordination. Majority of bees showed poisoning symptoms but did not die. Cox et al (1984) reported detailed features of intoxication with sublethal doses of permethrin (pyrethroid type I). Abnormal behaviour like trembling, rolling, curling of the abdomen, self-cleaning of the abdomen and leg rubbing was observed. We observed the same symptoms after cutaneous application of deltamethrin (pyrethroid II). Our results can be linked to the field situation. Colin (1999) suggests that foraging bees that come into contact with the insecticide would not die immediately in the sprayed field, but are disorientated and unable to fly home. Consequently the colony is subjected to a progressive loss of foragers, an imbalance between the number of adult bees and the amount of brood occurs (Colin, 1999). However we did not observe the same intoxication symptoms in all treated bees. Bees that are not affected immediately by insecticide in the field can be exposed to poisoning during flight by ingestion of the foraged contaminated nectar and pollen. The foragers that are only slightly affected can return to the hive and store contaminated nectar and pollen, which is subsequently consumed by adult bees or fed to the larvae or a queen. This can lead to the weakness of the whole colony. 

In Experiment 2 we analysed changes in bees’ behaviour over a time period following the application of K-Othrine. The greatest effect was observed 30 - 60 min after application, regardless of the insecticide concentration. Over time the bees recovered and showed no symptoms of intoxication. Pyrethroid degradation is often very rapid, therefore sublethal concentration of deltamethrin could not be found in bees by means of gas chromatography (Vandame et al, 1995). We concluded that cutaneous contact produces temporary toxicity that disappears after a few hours due to the rapid degradation of K-Othrine.
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		VZDRAŽNI PRAG, 10% K-Othrine, aplikacija
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		VZDRAŽNI PRAG, 100% K-Othrine, aplikacija
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		29		20		5		!		!		!		M
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		VZDRAŽNI PRAG, 10% K-Othrine, aplikacija
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Sheet1

		VZDRAŽNI PRAG, 100% K-Othrine, aplikacija

		300Hz100

		čebela		test 0		test 1		test 2		test 3		test 4		test 5

		1		7		7		5		ni odg.		!		5

		2		5		5		5		!		M

		3		5		5		5		7		7		7

		4		7		20		!		M

		5		5		2		5		5		5		M

		6		7		5		7		7		7		M

		7		5		5		!		!		M

		8		7		10		!		M

		9		2		5		40		40		!		M

		10		5		40		50		!		M

		11		7		5		!		!		!		20

		12		5		5		20		!		!		10

		13		5		ni odg.		ni odg.		!		!		5

		14		5		2		7		50		!		7

		15		5		5		!		!		5		ni odg.

		16		7		40		!		!		!		M

		17		7		7		10		!		!		M

		18		2		5		50		20		ni odg.		M

		19		7		ni odg.		ni odg.		2		7		7

		20		5		5		10		!		M

		21		5		30		7		40		70		7

		22		ni odg.		5		20		ni odg.		5		5

		23		20		7		!		M

		24		10		7		7		7		10		M

		25		10		30		ni odg.		!		M

		26		30		5		!		!		M

		27		ni odg.		ni odg.		M

		28		20		30		20		!		!		M

		29		20		5		!		!		!		M

		30		20		10		!		M

		31		10		2		!		ni odg.		ni odg.		2

		32		20		5		10		!		!		!

		33		10		5		!		!		!		ni odg.

		34		30		20		7		10		7		5

		35		10		5		ni odg.		20		30		5

		36		ni odg.		20		ni odg.		ni odg.		ni odg.		5

		chart1

				t0		t1		t2		t3		t4		t5

		A		36		36		35		31		25		16

		št. testiranih		36		36		23		15		13		15

		št. mrtvih		0		0		1		4		6		9

		št. odg.		33		33		18		11		10		13

		št. ne odg.		0		0		5		4		3		2

		št. paraliza		0		0		12		16		12		1

		500HzKONTROLA

		čebela		test 0		test 1		test 2		test 3		test 4		test 5

		1		5		5		2		5		5		5

		2		1		1		2		2		2		2

		3		5		2		5		2		2		5

		4		1		1		1		1		2		2

		5		2		ni odg.		1		1		5		ni odg.

		6		1		1		1		2		5		2

		7		5		2		5		2		2		ni odg.

		8		1		1		2		1		ni odg.		M

		9		5		5		2		5		5		5

		10		2		5		1		5		2		1

		11		5		1		2		2		2		2

		12		2		5		2		2		2		2

		13		5		5		5		2		5		5

		14		1		1		2		2		ni odg.		M

		15		2		2		2		2		2		2

		16		2		2		1		2		5		5

		17		5		2		1		1		ni odg.		M

		18		7		5		5		1		5		2

		19		5		2		1		1		2		2

		20		5		2		2		2		2		2

				t0		t1		t2		t3		t4		t5

		št. živih		20		20		20		20		20		17

		št. testiranih		20		20		20		20		20		17

		št. mrtvih		0		0		0		0		0		3

		št. odg.		20		19		20		20		17		15

		št. ne odg.		0		1		0		0		3		2

		št. paraliza		0		0		0		0		0		0
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Sheet2

		VZDRAŽNI PRAG, 10% K-Othrine, aplikacija

		300Hz10

		čebela		test 0		test 1		test 2		test 3		test 4		test 5

		1		7		5		7		30		5		2

		2		5		2		5		5		5		2

		3		5		2		5		7		2		5

		4		7		7		10		30		5		M

		5		7		5		5		5		5		5

		6		7		5		10		5		20		10

		7		7		5		ni odg.		5		ni odg.		5

		8		5		ni odg.		ni odg.		ni odg.		ni odg.		5

		9		5		5		2		ni odg.		ni odg.		5

		10		5		2		7		20		20		M

		11		7		ni odg.		30		5		7		5

		12		5		7		7		7		ni odg.		5

		13		2		5		5		5		ni odg.		M

		14		5		20		20		7		5		5

		15		7		10		40		ni odg.		20		M

		16		5		!		!		!		M

		17		2		2		ni odg.		5		2		5

		18		5		7		20		5		5		5

		19		5		10		7		5		M

		20		5		5		7		7		7		M

		21		10		5		5		7		10		5

		22		10		7		20		10		10		10

		23		20		7		10		10		7		7

		24		ni odg.		5		M

		25		20		7		ni odg.		ni odg.		ni odg.		M

		26		10		2		5		ni odg.		5		7

		chart3

				t0		t1		t2		t3		t4		t5

		št. živih		26		26		25		25		23		17

		št. testiranih		26		25		24		24		23		17

		št. mrtvih		0		0		1		0		2		6

		št. odg.		25		23		20		19		17		17

		št. ne odg.		1		2		4		5		6		0

		št. paraliza		0		1		1		1		0		0

		VZDRAŽNI PRAG, KONTROLA

		300 HzKONTROLA

		čebela		test 0		test 1		test 2		test 3		test 4		test 5

		1		7		5		7		7		7		2

		2		5		5		5		ni odg.		!		M

		3		5		5		7		5		7		5

		4		2		2		2		2		7		5

		5		7		5		20		10		!		M

		6		7		5		5		5		5		ni odg.

		7		7		5		10		10		*		*

		8		7		7		7		5		5		5

		9		7		5		7		7		7		7

		10		7		10		ni odg.		ni odg.		20		M

		11		5		7		5		5		5		2

		12		30		5		5		5		7		ni odg.

		13		10		2		2		2		5		2

		14		10		10		10		10		10		2

		15		10		7		5		5		5		5

		16		ni odg.		5		7		5		5		7

		17		20		7		10		10		20		*

		chart4

				t0		t1		t2		t3		t4		t5

		št. živih		17		17		17		17		16		14

		št. testiranih		17		17		17		17		14		12

		št. mrtvih		0		0		0		0		0		3

		št. odg.		16		17		16		15		14		10

		št. ne odg.		1		0		1		2		0		2

		št. paraliza		0		0		0		0		2		0
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