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Abstract. Tergal glands of naturally mated (NM) and instrumentally inseminated (II) Apis mellifera L. queens were extracted after 1 and 2 weeks of oviposition and bioassayed against worker honeybees. Natuarally mated extracts elicited higher response than II extracts with no effect for week or interaction between week and mating type. Tergal gland analysis of NM and II honeybee queens revealed five major peaks of different compounds. Three peaks were found in significantly higher quantity in NM queens which were identified as (Z)-9-hexadecenoic acid, hexadecanoic acid  and (Z)-9-octadecenoic acid, whereas the two compounds, 11-octadecenoic acid and octadecanoic acid, were found in similar quantities in both types of queens. Moreover, NM queens maintained their high level of major compounds through two weeks of oviposition except for (Z)-9-hexadecenoic acid whereas a significant decrease in quantity of all major compounds by week 2 of oviposition was recorded in II queens. 
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The strong attractiveness of the honeybee queen to workers is attributed to glandular organs that are capable of producing a number of primer and releaser pheromones. Primer pheromones physiologically alter the endocrine and/or reproductive system of workers whereas releaser pheromones elicit a response mediated by the nervous system [1]. The most attractive and powerful pheromone of the queen, the queen mandibular pheromone (QMP) is not solely responsible for eliciting retinue behavior. Tergal glands secretions also have a releaser effect that evokes retinue behavior in worker honeybees [2]. The tergal gland secretion (TGS) is believed to originate from the dorsal side of the queen abdomen from subepidermal complexes of glandular cells at the rear edges of tergites 2-6 [3-7]. 

The evidence that honeybee queens have a second semiochemical system was provided by biological and behavioral bioassays. The queen whole-body extracts have been found to be more effective than synthetic QMP in promoting swarming and retinue formation, and in inhibiting emergency queen cell building and worker ovarian development [8-12]. Workers from a queen’s court have showed a distinctive tendency to palpate the bases of her tergites 3-5 [13]. Queen-specific hydrocarbons were found to be concentrated on the dorsal side of the queen’s body indicating a possible source of a tergite pheromone [14]. Presence of a second queen semiochemical system was also supported by the findings of Billen et al. [15] on the workers of the South African Cape honeybee Apis mellifera capensis Escholtz. These workers were known to act as dominant queens when they are introduced to queenless colonies of another honeybee race [16], even with the removal of their mandibular glands [17]. In these workers, Billen et al. [15] found well-developed tergal glands that were comparable to those of A. m. mellifera queens. In contrast, the tergal glands of A. m. mellifera workers were much less developed and sometimes absent.

Velthuis [4] demonstrated the attractiveness of tergal-gland secretions in queens with their mandibular glands extirpated. These queens elicited retinue behavior with their ventrum covered with nail varnish. However, only transient retinue behavior was observed when their dorsum was covered. Queens without mandibular glands were also able to head colonies for 11 months with normal brood production [18]. Velthuis [19] reported that queens without mandibular glands were still capable of inhibiting ovarian development in workers. The same inhibitory effect using extracts from queen tergite glands was also reported by Wossler and Crewe [20] on South African bees.

The releaser effects of TGS include its interaction with QMP to elicit retinue behavior as it attracts workers to the queen over a short distance, hence stabilizing the retinue behavior once it is formed around the queen [19]. Similarly, TGS interacts with QMP in attracting drones during mating flights and inducing copulation behavior [2,6]. Tergal gland secretion is also used for kin-recognition [21].

The chemical nature of the tergal gland constituents was first described by Vierling and Renner [7] as a non-polar compound that was strongly attractive to worker bees. Espelie et al. [22] found substantial amounts of decyl decanoate and longer chain-length esters of decanoic acid in extracts of abdominal tergite glands of virgin honeybee queens. Moritz and Crewe [23] compared the volatile compounds  released by alive honeybee queen with dichloromethane extracts of heads and tergites of the same queens. Although qualitatively similar, significant quantitative differences were found. Of the 14 and 16 compounds in the head and tergite extracts, respectively, only 11 and 10 were found in the volatile signals of the alive queens. Major QMP components, 9-hydroxy-(E)-2-decenoic acid and 9-keto-(E)-2-decenoic acid, comprised surprisingly small proportion of the volatile blend of alive queens. Wossler and Crewe [24] demonstrated that tergal gland extracts and cuticular extracts for queens and workers of two African honeybee races (A. m. capensis and A. m. scutellata) were qualitatively different. Tergal gland extract (dominated by oleic acid, (Z)-9-octadecenoic acid) constituted of long-chain fatty acids, long-chain esters and a linear series of unsaturated hydrocarbons, whereas the cuticular extracts contained a linear series (C23-C31) of saturated hydrocarbons [20].

The use of instrumental insemination (II) has increased in recent years as bee breeders and queen producers tend to employ this technique more than natural mating systems. However, II queens have been reported to have problems with initial introduction and acceptance, and with early supersedure compared to naturally mated (NM) queens [25,26]. Instrumentally inseminated queens were also found to have lower rates than NM queens in egg-laying [27] survival, brood production, honey production and initial number of stored spermatozoa [28]. In contrast, some authors [29,30] reported no significant differences in brood and honey production between NM and II queens. Nelson and Laidlaw [31] also found no differences in queen weight, brood and honey production. They attributed differences between NM and II queens to the lack of some special beekeeping treatments given to II queens during rearing, and insemination techniques that influence their performance. The purpose of the present study was to evaluate performance of  the tergal gland secretions in NM and II queens at one and two weeks of oviposition.

Materials and Methods

Queens rearing

European Apis mellifera carnica queens were reared by the commercial method of Doolittle [32] from a carniolan gene pool (New World Carniolan) maintained by the Rothenbuhler Honeybee Research Laboratory at “The Ohio State University”, Columbus, Ohio. A group of identical mature queen cells were treated as follows: one half of the mature queen cells ready for emergence were introduced to 5-frame nucleus colonies containing young queenless workers with sealed brood, honey and pollen. After emergence, virgin queens were allowed to mate naturally. The other half of the mature queen cells were kept in an incubator at 34°C and 75-80 % RH until emergence. After 3 days of storage in queen banks, they were instrumentally inseminated with 8 µl of semen per queen [33] on the same day that NM queens were expected to mate. After insemination, II queens were caged individually and left in queen banks for 24 hours. The following day, II queens were narcotized using CO2 to stimulate egg laying [34]. They were then introduced in cages to nucleus colonies similar to those described above and were released after 48 hours. Both NM and II queens were examined 7-10 days after introduction for oviposition. Once eggs were found, queens from each group were collected individually after one and two weeks of egg laying for dissection and extraction during spring season of 2000.

Dissection and extraction

The dissection technique for NM and II queen tergal glands was based on work of Wossler and Crewe [20]. After collection, queens were partially narcotized to reduce body movements and the release of pheromone. Dissection was conducted in empty sterilized glass dishes. Acetone was used to clean dissecting tools before and after each queen to reduce contamination. Abdominal tergites 2-6 were removed and narrow strips of cuticle from the anterior and posterior end of each tergite were extirpated including intersegmental membranes, avoiding anterior and posterior ends of tergites 2 and 6, respectively. Thereby, contamination of possible translocated chemicals from the head or Koshevnikov gland below tergite 8 was minimized [35]. During dissection, tissues were extracted individually in vials containing 500 (l methylene chloride. Extracts were stored at -20(C for later behavioral bioassay and chemical analysis. 

Behavioral bioassay

To examine possible differences between tergal-gland extracts of NM and II queens, a retinue bioassay was conducted following the procedure of Kaminski et al. [36]. Bioassay arenas were prepared using plastic Petri dishes 9 cm in diameter. Young workers aged 1-5 days were individually selected from the brood frames of honeybee colonies headed by A. mellifera queens. Upon collection, workers were chilled and 10 were placed in each bioassay arena. Pseudoqueens were prepared from glass rods (7 cm x 0.6 cm diameter), with one end heated to a smooth surface to receive the pheromone sample and were introduced into the arena via a 0.7 cm hole in the side of the dish. The optimal amount of TG extract for bioassays was determined by preliminary tests of retinue behavior elicited by 0.004, 0.003 and 0.002 queen equivalents of TG extracts (unpublished data). Of the tested concentrations, the lowest one that could elicit a clear response was found to be 0.002 Qeq (3 µl). The 3 µl was applied on the smoothed tip of the glass rod using a microsyringe and the solvent was allowed to evaporate before introducing the pseudoqueen to the queenless workers.

A total of 22 replicates for each treatment were tested. The response of workers to the introduced pseudoqueens treated with NM extract, II extract, or solvent alone was videotaped under red light in a temperature-controlled room (25°C) for 15 minutes. Workers were used only once for each bioassay and then killed by freezing. On playback, the videotape was paused every 30 seconds and the number of workers within a length of one worker of the pseudoqueen was recorded. Minitab statistical software (Version 13.2, State College, Pennsylvania) was used to compare responses to treatments. One- and two-way analysis of variance (ANOVA) tests were used for the statistical analyses of both behavioral bioassays and chemical analysis.

Preparation of extracts

Pentadecanoic acid (10 (g in 5 (l solvent) was added as an internal standard to each of the 500 (l TG extracts followed by derivatizing them with diazomethane to convert fatty acids to their methyl esters. Two-microliter aliquots of each derivatized extract were injected with a 1 µl solvent plug in splitless mode onto a 30 m x 0.25 mm HP-5MS capillary column (Agilent Technologies) on Agilent Technologies 6890 gas chromatograph interfaced to a 5973N mass selective detector (GC-MS). Analysis conditions were: injector 230(C, oven 50-240(C @ 15(C/min, with a flow of 1.5 ml/min helium and the flame ionization detector (FID) was set at 250(C. MS-Electron ionization (EI) spectra were also obtained for samples from the different treatments. The amount of each peak (compound) was calculated based on the internal standard in each sample. Relative retention time and EI mass spectra were used to identify the peaks that showed significant differences between NM and II queens.

Results and Discussion

Behavioral bioassay

Tergal extracts of NM queens collected 1 week after egg laying elicited similar worker response to those of II queens, whereas extracts of NM queens collected after 2 weeks of oviposition elicited higher response than II queens extracts. All extracts were more active than controls (Fig. 1). Results also showed that there was no significant interaction between egg laying period and queen type. Combining the results of the two weeks showed that NM queen extracts elicited significantly higher response than those of II extracts (Fig.2).
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Chemical analysis

Chemical analysis exposed five major peaks in the tergal extracts of NM and II queens (Fig. 3). Two-way ANOVA showed that three peaks have significantly higher quantities in NM queens than II queens. The three compounds were identified as follows: (Z)-9-hexadecenoic acid , hexadecanoic acid , and (Z)-9-octadecenoic acid. The other two compounds, 11-octadecenoic acid and octadecanoic acid, were present in similar quantities in both types of queens (Table 1).

Table 1. Levels of the five major TG compounds in NM and II queens collected after 1 and 2 weeks of oviposition

                            Compound


              Quantity (µg)






 
   NM

       II

(Z)-9-hexadecenoic acid

3.8(0.5a

2.3(0.5b

Hexadecanoic acid


3.3(0.39a

1.8(0.4b 

(Z)-9-octadecenoic acid

18.3(1.83a

13.2(1.5b

11-octadecenoic acid


11.5(2.7c

9.3(2.5c 

Octadecanoic acid


0.64(0.6c

1.8(0.4c

_______________________________________________________________________________
Figures in a row followed by the same letter are not significantly different at 5% level of significance. 


Results show that NM queens maintained their high levels of major compounds through the two-week oviposition period except for (Z)-9-hexadecenoic acid, whereas a significant drop in the quantity of all three major compounds occurred by week 2 of oviposition in II queens (Table 2). During collection of queens, one II queen did not lay any eggs for three weeks. GC-MS analysis of its tergal glands revealed the absence of all five major constituents (Fig. 4).

Table 2. Effect of oviposition period on the levels of major TG compounds in NM  and II queens collected after 1 and 2 weeks of oviposition

	Queen            Compound
	                             Quantity ((g)

	
	            Wk 1
	                               Wk 2

	NM

 
	(Z)-9-hexadecenoic acid
	       4.4(0.9a
	                         3.2(0.3a

	
	Hexadecanoic acid
	          4.1(0.5a
	                    2.5(0.5a

	
	(Z)-9-octadecenoic acid
	            20.1(3.4a
	                    16.5(1.4b

	
	11-octadecenoic acid
	          12.4(3.7c
	                    10.7(4.2c

	
	Octadecanoic acid
	          2.4(0.9c
	                    1.2(0.6c

	II
	(Z)-9-hexadecenoic acid
	          3.4(0.4a
	                         1.2(0.6b

	
	Hexadecanoic acid
	          2.7(0.6a
	                         1.02(0.5b

	
	(Z)-9-octadecenoic acid
	          16.2(2.5a
	                         10.2(0.7b

	
	11-octadecenoic acid
	          10.4(4.2c
	                         8.2(3.1c

	
	Octadecanoic acid
	          0.00c
	                         1.4(0.7c


Figures in a row followed by the same letter are not significantly different at 5% level of  significance. 


Results of this study confirm the findings of several workers [2, 4-7, 15, 37] that the tergal glands of honeybee queen secrete unique substances that are capable of evoking behavioral responses in worker bees. The presence of a second semiochemical system originating from the queen abdomen was questioned by Slessor et al. [35]. It was argued that the attractiveness of the queen abdomen was related to the amount of the queen mandibular pheromone translocated and spread over the cuticular surface of the body, not to the tergal gland secretions. After a series of experiments using extracts of queen body parts (head, thorax-legs and abdomen) matched with their QMP contaminants, they found no significant differences in the attractiveness to workers between the abdomen and thorax-legs extracts and the corresponding amounts of QMP they contained. The conclusion was that the queen’s head embodies the source of the second queen attractant pheromone as it showed significant differences between the head extracts (without mandibular gland) and its matching amount of QMP.

To avoid contamination from possible translocated QMP onto the queen’s abdomen, the tergal tissues were dissected as confined strips of cuticle flanking intersegmental membranes of tergites 2-6. Behavioral bioassays showed the response of workers toward tergal extracts of both NM and II queens to be greater than that towards the solvent control. Further, neither NM nor II queen tergal extracts analyzed in our experiment contained any of the QMP components.

In this experiment, two-microliter aliquots of each NM and II queen extract were injected rather than injecting aliquots after combining the extracts of each type. This procedure might decrease the sensitivity of our method resulting in smaller number of peaks (most probably of major compounds) for each queen. However, the objective of this study was exploring differences between the two types of queens to explain behavioral differences observed in the field.   

Our results provide the first chemical identification of tergal gland secretion for Carniolan honeybee queens of North American origin (A. m. carnica). Five compounds were found in our extracts (Table 1). Two of which, (Z)-9-hexadecenoic acid and 11-octadecenoic acid, have not been reported previously in the TGS of queenbees. (Z)-9-Octadecenoic acid was found in both NM and II tergal extracts to be the major component, followed by (Z)-9-hexadecenoic acid, and hexadecanoic acid. Wossler and Crewe [24] reported (Z)-9-octadecenoic acid as the major compound of the tergal gland profiles for virgins, mated queens and workers of two African honeybee races (A. m. capensis and A. m. scutellata). Espelie et al. [22] found decyl decanoate as the major component of the tergal gland secretion in virgins of A. m. mellifera. Although not dominant, decyl decanoate was the second major component in the TGS of virgins of the two races of Wossler and Crewe [24] study, but was detected neither in mated queens of A. m. capensis nor in its pseudoqueens (workers of A. m. capensis that are capable of dominating queenless workers of another bee race and act as their dominant queens). Further, our NM and II queen samples did not contain decyl decanoate. The common presence of decyl decanoate in virgin queens and its absence from mated or inseminated queen extracts is consistent with the suggestion of its role in stimulating drone copulation behavior during mating flight [3, 7, 38, 39]. Behavioral bioassays of these TG compounds on male and female castes of honeybee are needed to unfold their biological roles.

Following the main objective of this study, NM queen TGS evoked higher response in workers than II queen TGS. This difference is probably due to the higher quantities of chemicals found in naturally mated TGS. Chemical differences between NM and II queens were previously reported [25, 40]. It was hypothesized that carbon dioxide accumulation in the hemolymph of queens during natural mating flight triggers the production of TG alkenes and informs workers that the queen is mated and capable of laying eggs. However, TG alkenes were absent in virgins and II queens treated with CO2, indicating the unlikely role for TG alkenes in sexual communication. Smith et al. [25] concluded that the timing of their initial production suggests a communication role for TG alkenes within the honeybee colony. In contrast, Tania Pankiw [Personal communication, 1999] stated that a comparison between 50 NM and 50 II queens did not reveal any chemical differences.

In this experiment, NM queens maintained the levels of their TG compounds throughout the two weeks of oviposition, only hexadecanoic acid dropped significantly after two weeks of oviposition. Instrumentally inseminated queens exhibited a significant drop in quantities of three major compounds by two weeks of oviposition (Table 2). Whether this was an indication of a possible supersedure to II queens needs to be investigated in a large-scale experiment that includes detailed observations on queen-worker communication coupled with queen egg-laying rates in observation hives. Workers are capable of perceiving minor changes in the queen signal [41] that indicate changes in her reproductive status such as capability of laying eggs and sperm condition in the spermatheca [42].

Interestingly, the GC chromatogram of the II queen that did not lay eggs for three weeks indicated the absence of all compounds that were present in NM and II egg laying queens (Fig. 4). Although this observation was from one incidental sample in this study, similar correlation between cuticular signal and ovarian activity was previously reported in worker bees, bumble bees, wasps, ants and in some solitary insects such as housefly [43-48].

Naturally mated queens had proven to surpass II queens in evoking behavioral responses in worker bees as well as in showing higher levels of tergal gland secretions after one and two weeks of oviposition. The significant drop in TGS levels in II queens after two weeks of oviposition and the total absence of TGS in one non-laying II queen might be correlated to the reported higher rates of supersedure in II queens. However, considerable controversy regarding differences between NM and II queens in their field performance emphasizes the necessity for more studies that take into account all factors that affect II queen performance.
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الإفرازات الغدية للصفائح الظهرية في ملكات نحل العسل (Apis mellifera L.) الملقحة طبيعيا وصناعيا

عبد العزيز بن سعد القرني*، بي لاري فيلان، بريان إتش سميث، و سوزان دبليو كوبي

* قسم وقاية النبات، كلية علوم الأغذية والزراعة، 

جامعة الملك سعود، الرياض 11451 ص. ب. 2460،
و قسم الحشرات، جامعة ولاية أوهايو، كولومبس 43210, الولايات المتحدة الأمريكية
(قدم للنشر في 19/12/1424هـ ؛ قبل للنشر في 3/9/1425هـ)

ملخص البحث. تم استخلاص الإفرازات الغدية للصفائح الظهرية لملكات النحل الملقحة طبيعيا وصناعيا بعد أسبوع وأسبوعين من وضع البيض و سجلت ردود فعل الشغالات تجاهها من خلال اختبارات سلوكية. كانت ردود فعل الشغالات أقوى تجاه مستخلصات الملكات الملقحة طبيعيا، ولم يكن هناك تأثير للأسبوع ولا للتداخل بين الأسبوع ونـــوع التلقيح. أظهر التحليل الكيميائي وجود خمسة مركبات كيميائية تفرزها غدد الصفائح الظهـــرية لملكات نـــحل العسل. وجدت ثلاثـــة منها بكميات أكـــبر معنويا، في الملكـــات الملقحـــة طبيعيا وهي(Z)-9-hexadecenoic acid  hexadecanoic acid   و (Z)-9-octadecenoic acid بينما وجد المركبان الآخران  11-octadecenoic acid  و octadecanoic acid بكميات متشابهة في كلا نوعي الملكات. علاوة على ذلك حافظت الملكات الملقحة طبيعيا على كميات عالية للمركبات الرئيسية طوال أسبوعين بعد وضع البيض ماعدا مركب (Z)-9-hexadecenoic acid ، بينما انخفضت وبشكل معنوي كميات المركبات الثلاثة في الملكات الملقحة صناعيا بعد أسبوعين من وضع البيض. 
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Fig.1. Mean number ((SE) of workers within a length of one worker around tergal gland extracts of NM and II queens collected after 1 and 2 weeks of oviposition during spring of 2000.
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Fig. 2. Combined results of workers response to tergal gland extracts of NM and II queens collected after 1 and 2 weeks of oviposition during spring of 2000. (Mean number ((SE) of workers within a length of one worker around extracts).
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Fig. 3. Representative FID chromatogram shows the constituents of tergal gland secretion of NM and II queens. 


*Peaks identities: 11.68, pentadecanoic acid (internal standard); 12.23, (Z)-9-hexadecenoic acid; 12.35, hexadecanoic acid; 13.59, (Z)-9-octadecenoic acid; 13.61, 11-octadecenoic acid; 13.75, octadecanoic acid. Arrows indicate significantly higher levels found in NM queens than in II queens.
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Fig. 4. FID chromatogram of an II queen that did not lay eggs for 3 weeks after introduction to queenless workers. The only peak shown is for the internal standard (pentadecanoic acid).
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