
WORKER RESPONSES TO, AND QUEEN PRODUCTION OF, HONEY BEE (APIS 

MELLIFERA L.) QUEEN MANDIBULAR PHEROMONE 

Tanya Pankiw 

B.Sc. University of Manitoba, 1984 

M.Sc University of Manitoba, 1989 

THESIS S U B M m E D  IN PARTIAL FULFILMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

IN THE DEPARTMENT OF 

BIOLOGICAL SCIENCES 

O Tanya Pankiw 

Simon Fraser University 

December 1995 

All rights reserved. This work may not be 

reproduced in whole or part, by photocopy 

or other means, without permission of the author. 



APPROVAL 

NAME: Tanya Pankiw 

DEGREE: DOCTOR OF PHILOSOPHY 

TITLE OF THESIS: 

W O W R  RESPONSES TO, AND QUEEN PRODUCTION OF, HONEY BEE 
( M I S  MELLIFERA L.) QUEEN MANDIBULAR PlIEROhlONE. 

Examining Committee: 

Chair: Dr. A. Kermode, Assistant Professor 

M Y  

Dr. M. L. Winston, Professor, Senior Supervisor, 
Department of Biological Sciences, SFU 

* 

5 

Dr. K. N. Slkssor, Pro 'wsor,l 
Dep;ytplent of Cherni. i t~k436~ 

- .  . v -  ,, , / I \. I 

Dr.'G. Gries, Assi$anf Profes 
Department otgw*@q~l Sci 

Dr. R. 6-6, Professor 
D e p x t z f  Biological Sciences, SFU 
~ u b l i c  examiner 

- 

, . I 

Dr. J. M. G$tz. Professor U (1 
Dcprtment o t ~ n t o m o l o g ~ ,  ~ r h r s i t ~  of C:lliforni:i, Berkeley 
External Examiner 



PARTIAL. COPYRIGHT LICENSE 

I hereby grant to S l m m  Fraser Unlverslty the right to lond 

my thesis, project or extended essay'(the kltle of whlch Is shown below) 

to users of tho Simon Fraser Unlvorslty ~ l b r q r ~ ,  and to make partial or 

singla coples only for such usors or In response to a request f r m  tho 

library of any othor unlverslty, or other oducatlonal Instltutlon, on 

i t s  own behalf or for ono of Its usors. I further agreo that porrnission 

for- rnultlpio copying of this work for scholarly purposes may bo grantod 

by mo or tho Doan of Graduato Studios. It Is understood that copying 

or publlcatlon of this work for flnanclal galn shall not bo allowod 

without my wrltton perrnlsslon. 

Tltle of Thesls/Project/Extended Essay 

WORKER RESPONSES TO, AND QUEEN PIEODUCTION OF, HONEY BEE 

(APIS MELLEFERA L. ) QUEEN MANDIBULAR P-NF, 

Tanya Pankiw 

( d a t e )  



Honey bees, like most highly eusocial insects use pheromones to communicate. 

However, the honey bee is the only social insect for which a primer pheromone has been 

identified. This pheromone consists of a five-component blend of acids and aromatics 

produced in the queen's mandibular glands that is involved in both primer and releaser 

functions. Queen mandibular gland pheromone (QMP) signals queen presence to workers 

either by direct contact with the pheromone source or indirect serial transmission of QMP 

from worker to worker. Workers attracted to the pheromone display a releaser response 

called retinue behavior, characterized by frequent antennations, licking, grooming and feeding 

activities directed toward the queen or pheromone lure. Removal of the queen from the nest 

or inhibition of QMP transmission stimulates queen rearing activities, a "primer" effect 

mediated by QMP. A second primer effect of QMP is the suppression of juvenile hormone 

111 (JH) biosynthesis. Juvenile hormone is an insect development hormone associated with 

worker honey bee behavioral ontogeny. 

Strains of high and low QMP retinue responding workers were used to investigate 

colony-level QMP-response variation. a d  releaser-primer relationships. Strain-dependent 

response was not related to queen production of pheromone, synthetic QMP or gland extract 

response, or rearing environment, Strain-dependent differences also were maintained over a 

wide range of dosages. Despite a strong genetic component to the retinue response to QMP. 

there was no differential strain-dependent queen attendance behavior, suggesting that other 

cues, such as movement. texture, and perhaps mother pheromone singly or in combination 



with QMP may be involved in mediating retinue behavior. 

High strain workers were significantly more likely to engage in queen cell rearing 

activities as well as spend more time on these tasks. Thus, QMP retinue response conferred 

a primer influence of QMP, expressed as worker queen rearing activity. This result suggests 

a mechanism by which queen rearing behavior is organized in colonies. 

High, low, and wild-type QMP-retinue responding strains fostered in queenright 

colonies with supplemental QMP had significantly lower JH titers and showed a related delay 

in foraging ontogeny. In addition, forager activity was greater in control colonies. These 

results provide the first demonstration that a social insect pheromone acts as a modulator of 

division of labor. 
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Honey bees (Apk mellifera L.) are highly eusocial insects that maintain perennial 

colonies containing several thousand facultatively sterile female workers, none to hundreds of 

drones (males), and a single reproductive female, the queen. Labor is divided such that all 

tasks are performed concurrently, and individuals change tasks according to internal and 

external stimuli based on local information (Page and Mitchell, 1990; Huang and Robinson, 

1992). A central question in insect sociobiology is how the activities of thousands of 

individuals are integrated to enable colonies to maintain cohesive units capable of growth and 

reproduction. 

The utilization of communication chemicals is vital to maintaining the cohesiveness of 

highly eusocial insect colonies. Queen mandibular pheromone (QMP) is a semiochemical 

used for communication among colony members. Pheromones may be classified according 

to their various actions as either releaser or primer pheromones. QMP is both a releaser and 

a primer pheromone. Primer pheromones physiologically alter the endocrine and/or 

reproductive systems. while a releaser response constitutes a stimulus-response mediated by 

the nervous system (Hijlldobler and Wilson, 1990). The releaser response to Q l I P  known 

as retinue behavior is characterized by 3-12 workers antennating, licking, feeding and 

grooming the queen or an artiiiclal QMP source (Seeley, 1979; Slessor et al.. 1988; 

Nnumann ct al., 1991, 1992). The discovery of the 5-component blend of QMP (Slessor et 

of., 1988) has permitted an examination of the role of QMP alone as a retinue cue, without 

any other cues present. The primary function of QMP is to signal queen presence. 
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accomplished by queen movement (Seeley, 1979), and worker circulation of QMP 

throughout the nest (Naumann et  al. 1991, 1992, 1993). QMP elicits retinue behavior 

(Slessor et  al., 1988, 1990; Kaminski et al., 1990), retinue workers remove QMP from the 

queen (Naumann et al., 1991, 1992), and messenger specialists (Seeley, 1979) circulate QMP 

throughout the nest (Naumann et al., 1991, 1992). QMP influences several colony-level 

functions such as, the inhibition of new queen production, the timing of swarming (Winston 

et al., 1989, 1990, 1991; Pettis et  al., 1995a), and the attraction of workers to swarm clusters 

(Winston et al., 1989). 

The reproductive influences of QMP on honey bee colonies constitute a primer effect 

of QMP, and the releaser and primer functions of QMP with respect to colony reproduction 

appear to be coupled. Removal of the queen and colony congestion terminates or dilutes 

the circulation of QMP in the nest (Winston, 1989; Naumann et  al., 1993), releasing the 

inhibitory effects of QMP on queen rearing (Winston et  al., 1989, 1990, 1991: Pettis et al., 

1995a). One objective of this study was to examine the variability of retinue response to 

QMP in a laboratory bioassay to determine possible environmental influences on QMP 

retinue response. Concurrently. a genetic component to the releaser response was also 

investigated (Chapters 1 and 3) by implementing a breeding program (Chapter 2 )  to develop 

high and low QMP retinue responding strains of workers. High and low strain workers 

were used to determine whether retinue response to QMP in the laboratory bioassay 

conferred retinue response to a live queen in the nest (Chapter 4). These workers were used 

to examine the role of QMP retinue response in queen rearing behavior. The purpose of 

these studies was to uncouple the releaser retinue response and the reproductive primer 
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influence of QMP in order to examine their relationship (Chapter 5) .  

As a primer pheromone QMP also may influence the endocrine system of honey bees. 

Mandibular gland extracts, ODA (9-keto-(E)-(2)-decenoic acid), the major component of 

QMP and the queen inhibit the rate of juvenile hormone I11 (JH) biosynthesis in worker 

honey bees (Kaatz et al., 1992). JH is an insect developmental hormone associated with 

age-related behavioral changes in worker honey bees. Intra-nest activities performed by 

workers less than 3 weeks old, such as cell cleaning, queen, and larva tending are associated 

with low JH titers? and extra-nest activities such as guarding, and foraging are associated 

with high JH titers and performed by workers greater than 3 weeks old (Robinson, 1992). 

Treatment with JH mimic, JH or a JH analogue will induce precocious foraging (Fluri et al., 

1982; Huang et  al., 1991, 1994; Jaycox et al., 1974; Robinson 1987a. b; Sasagawa et al., 

1989). The results in Kaatz et al. (1992) suggest that QMP could induce a JH-based delay in 

worker foraging ontogeny. In this context, the primer influence of QMP is on the 

endocrine system. The main objective of Chapter 6 was to examine the endocrinological 

primer effect of QMP, and to determine the influence of QMP on worker foraging ontogeny 

and JH titers. The main hypothesis was that workers reared in nest environments with 

supplemental QMP would display lower JH titers and later foraging ontogeny than untreated 

colonies. Additionally? a genetic basis to the hypothesis was tested using the high and low 

Qh4P-retinue responding workers to determine whether selection based on retinue response 

conferred a correlated primer response. 



Genetic and environmental influences on the worker honey bee retinue response to 

queen mandibular gland pheromone (QMP) were investigated. Worker progeny were reared 

from queens originating from four sources: Australia, New Zealand, and two locations in 

British Columbia, Canada (Simon Fraser University and Vancouver Island). Progeny from 

New Zealand queens responded significantly higher (P < 0.05) than progeny from Australia 

in a QMP retinue bioassay. Retinue response was not related to queen production of 

pheromone or colony environment, and the strain dependent differences were maintained over 

a wide range of dosages. Selected high and low responding colonies contacted QMP lures 

more frequently than low responding colonies (P c 0.05) throughout the year except in late 

summer. We conclude that there is a strong genetic component to QMP response by worker 

honey bees, as well as a seasonal effect on response. 

* Pankiw, T., Winston, M.L., and Slessor, KN. 1994. Variation in worker response to honey bee (Apis 
mellifera L.) queen mandibular pheromone (Hymenoptera: Apidae). Journal of Insect Behavior 7(1): 

1-15. 



The behavioral phenotype of a social insect colony is determined by the intensity and 

frequency at which individuals respond to stimuli and perform tasks. Physiological, 

morphological, and/or behavioral phenotypic characteristics are the consequence of inherited 

potential expressed in varying environmental circumstances (Robinson, 1992). Therefore, 

behavior is particularly dependent on epigenetic considerations. Behavioral traits are distant 

from the chemical nature of underlying genes, unlike physiological and morphological traits. 

Honey bee behavior has been configured by natural selection in a social context, making bee 

behavior additionally complex. Thus, a bee's behavior is the product of its genetic potential, 

its ecological and physiological environments, the social conditions of its colony, and various 

prior and ongoing interactions among these four. 

Honey bee (Apis mellifera L.) behaviors that have a strong genetic component include 

defensive behavior (Boch and Rothenbuler, 1974; Breed and Rogers, 1991; Breed et al., 

1991; Collins, 1979; Collins et al., 1982, 1984; 1987; 1989; Guzmin-Novoa and Page, 1993), 

foraging and pollen hoarding behavior (Calderone and Page, 1988; Danka et al., 1987; 

Frumhoff and Baker, 1988; Hellmich et al., 1985; Page and Fondrk, 1995; Page and 

Robinson, 1991; Page et al., 1988; Pesante et al., 1987a, 1987%; Rinderer et al., 1985; 

Robinson, 1992; Robinson and Page, 1989; Rothenbuler and Page, 1989), hive cleaning 

behavior (Robinson and Page, 1988; Rothenbuler, 1964a,b), the tendency to swarm (Winston, 

1980), grooming (Frumhoff and Baker, 1988: Kolmes, 1989), and temporal caste ontogeny 

(Guzman-Novoa et al., 1994; Winston and Katz, 1981). 
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In honey bees the only pheromone-mediated behavior known to have some genetic 

basis involves response to the alarm pheromone isopentyl acetate, controlled by two or three 

loci (Collins, 1979). Heritability estimates for the production of ten alarm pheromones range 

from high to moderate, suggesting a genetic basis for alarm pheromone production (Collins 

et al., 1987), and subspecific differences in defensive behavior between Aficanized and 

European bees also support a genetically based alarm pheromone response (Guzman-Novoa 

and Page, 1993). Responses to pheromone also have been shown to be heritable in several 

non-social insects. Sex pheromone perception by males of the European cornborer, Ostrinia 

nubilalis, is inherited as a single autosomal gene with two alleles (Roelofs et al., 1987), and 

there is no linkage between the genes controlling female pheromone production and male 

response (Liifktedt et al., 1989). Heritable isomer specificity has been observed in males of 

the pink bollworm, Pectinophora gossypiella (Saunders) (Collins and CardC, 1989), and male 

house flies, Musca domestica L. inherit responsiveness to female sex pheromone (Cowan and 

Rogoff, 1968). The southern pine beetle, Dendroctonus frontalis (Zimmermann) exhibits 

geographical variation in response to aggregation pheromones (Berisford et al., 1990), and 

populations of bark beetle, Ips pini, exhibit geographical differences in sex pheromone 

production and reception (Lnnier et al., 1972; Miller et al., 1989). Anosmia (smell 

deficiency) in Drosophila melanogaster is an X-linked mutation with four variants. Two 

mutants are deficient in responsiveness to aldehydes, one to acetates, and a fourth has 

multiple defects (Venard and Pichon, 198.1). 

In this study we examine the genetic basis of the pheromone-mediated retinue 

response in the honey bee. The presence of the natural or synthetic 5-component queen 
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mandibular gland pheromone (QMP), induces retinue behavior in worker bees (reviewed by 

Winston and Slessor, 1992). Workers engaged in retinue behavior antennate and lick the 

pheromone source while assembled in a fluctuating elliptical congregation (Seeley, 1979; 

Slessor et al., 1988, 1990), and then disperse the pheromone to other colony workers 

(Naumann et al., 1991, 1992, 1993). Worker bees display the highest (but not statistically 

different) response to QMP at seven days after emergence (Kaminski et al., 1990), while 

workers kept in isolation after emergence are most responsive at ages less than five days old 

(Pham-Delkgue et al., 1991), and are 20-30% less responsive than workers reared in colonies 

(Masson and Arnold, 1984). 

The honey bee queen mandibular pheromone is known to influence several colony 

activities, including direct reproductive activities such as the inhibition of new queen 

production (Butler, 1954; Butler and Simpson, 1958; Butler et al., 1961; Winston et al., 

1989, 

1990, 1991), swarming suppression (Winston et aL, 1991), the attraction of workers during 

swarming (Butler and Simpson, 1967; Velthuis and Van Es, 1964), and drone attraction 

(Gary, 1962; Butler and Fairey, 1964). Queen pheromone also attracts workers in the colony 

to the queen (Gary 1961; Zmarlicki and Morse, 1964), and may induce pollen and nectar 

foraging (Free and Williams, 1974; Higo et al., 1992), comb building and brood rearing 

(Free, 1987), and the release of Nasonov pheromone at the colony entrance, important for 

orientation (Fergusson and Free, 1981). The genetic basis for QMP-induced retinue 

response by workers was investigated by selecting and rearing queens from high and low 

responding colonies. Environmental intluences on retinue response were studied by 



monitoring the retinue response of high and low responding colonies under varying 

environmental conditions including time of year, colony environment, and amount of QMP 

presented to workers in the laboratory and produced by the queen. 

Bioassay 

Responsiveness of non-narcotized workers to QMP was quantified in a retinue 

bioassay (Kaminski et al., 1990). Each replicate of the bioassay consisted of fifteen workers 

randomly selected from the brood nest area of the colony. Workers were placed in a plastic 

Petri dish bioassay arena, and exposed to a glass lure spotted with 10 p1 of 10" queen 

equivalents (Qeq) of QMP. One queen equivalent is the average amount of pheromone 

found in a pair of queen mandibular glands; the synthetic blend contained a mixture of 250 

pg 9-keto-2-(E)-decenoic acid (ODA), 150 pg 9-hydroxy-2-(E)-decenoic acid (88% R-(-) and 

12% S-(+)) (9-HDA), 20 pg methyl p-hydroxybenzoate (HOB), and 2 pg  

4-hydroxy-3-methoxyphenylethanol (HVA) (Slessor et a[., 1988). The quantity of 10" Qeq 

was chosen because it equals the average amount of QMP found on the body of a mated 

queen (Naumann et al., 1991). Bioassay responsiveness was quantified by summing the 

number of worker lure contacts at 30 second intervals over a five minute period. An 

accompanying control bioassay quantified retinue response to a glass lure spotted with 10 of 

solvent (methanol or 2-propanol). Mean lure contacts per colony represent ten replicates of 

the retinue bioassay. 



Honey bee sources 

The colonies were derived from queens (most similar to Apis mellifera ligustica L.) 

originating from four different sources, NZ (Whiteline Queens, New Zealand), SFU (Simon 

Fraser University stock), VAN (Babe's Honey, Victoria, B.C., Vancouver Island), and AUST 

(Barden Apiaries, New South Wales, Australia). The queens (first generation) were 

instrumentally inseminated (Harbo 1985) with the semen from one drone. All drones 

originated from the same colony of an open mated queen. A single first generation mother 

queen from each source was selected (retinue bioassay selection) for rearing second 

generation queens. The second generation queens were allowed to mate naturally before 

overwintering. There were 11 NZ, 7 SFU, 10 VAN, and 14 AUST colonies headed by their 

respective second generation queens. Queens (second generation) within sources were 

super-sisters with a genetic relationship of r=0.75. The worker progeny relationship within 

each colony ranged from super-sister (r=0.75) to half-sister (r=0.25) (Page and Laidlaw, 

1988). The highest ( N d )  and lowest (N=5) responding colonies were transferred to 

ten-frame hives, and allowed to grow to fi l l  two standard Langstroth size brood chambers. 

These selected colonies were bioassayed during May 1991, September 1991, February 1992, 

April 1992, and August 1992. 

Cross-fostered worker bioassay 

Newly emerged workers from one high and one low responding first generation 

colony were marked and cross-fostered. Workers from the high responding colony were 
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fostered in the low responding colony, and workers from the low responding colony were 

fostered in the high responding colony. After seven days of fostering the marked bees were 

removed and bioassayed. Six replications of the bioassay per colony were conducted for 

cross-fostered workers and ten for maternally fostered workers. 

Age-dependent response I 

Newly emerged workers from the high (N=5) and low (N=5) responding colonies 

were marked and bioassayed when workers were seven to eleven days old to determine 

age-dependent responses. Bioassays on days 10 and 11 consisted of a mixture of randomly 

selected and marked bees from the brood nest area because an insufficient number of marked 

bees remained in the colonies for these days. Bioassays were conducted from 13 to 17 May, 

1991. 

Dosedependent response of high and low responding colonies 

To determine retinue behavior of high (N=5) and low (N=5) responding colonies to 

different quantities of QMP, workers were exposed to 0, loJ, and lo-' Qeq of 

QMPI 10 p1 in the bioassay arena. Ten replicates per dose per colony were conducted. 



Queen Mandibular Gland Components 

Mandibular gland components from 8 N.Z., 5 S.F.U., 8 VAN, and 11 AUST queens 

were analyzed (Slessor et al., 1990). The queens were 321-322 days old, and laying 

normally when removed from the colony. Queens were placed on dry ice, in a labeled 

polypropylene Eppendorf Safe-Lock Microcentrifuge Tube (1.5 m ), and stored in a -70" C 

freezer until dissection. 

Univariate analysis was used to test for normality among colonies headed by queens 

from different sources. Tukey's multiple means comparison was used to analyse both retinue 

response and QMP content differences between colonies headed by queens from different 

sources (Snedecor and Cochran, 1980). Wilcoxon rank-sum test was used to determine 

differences between selected high and low retinue responding colonies (Conover, 1980). 

Correlation analysis was used to determine the relationship between worker retinue response 

and queen pheromone production (Snedecor and Cochran, 1980; SAS Inst. Inc. Release 6.04, 

1988, North Carolina, USA). 

Retinue response of workers within sources 

Colonies headed by queens from different sources represented a normal distribution 

for lure contacts in the retinue bioassay (P < 0.94, Univariate). The highest responding 

colony (33.7 + 16.2, NZ line) was 17.7 times more responsive than the lowest responding 
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colony (1.9 2 1.0, AUST line). Workers from colonies headed by queens from NZ contacted 

the lure 2.5 times more than those from the AUST colonies (P c 0.05, Tukey's, Fig. 1). 

Lure contacts by colonies headed by NZ, VAN, and SFU queens were statistically similar 

(P > 0.05, Tukey's). Response of AUST colonies to QMP and the solvent control was not 

significantly different (P > 0.05, Tukey's). 

Cross-fostered worker bioassay 

Worker response did not change as a result of cross-fostering (Table 1). The lack of 

statistical significance between high and low response workers in cross-fostering 

environments was due to insufficient replication. High response workers fostered in a low 

response colony remained almost four times more responsive than low response workers 

fostered in a high response colony environment. 

Table 1. High and low worker response fostered in two colony environments; maternal 
colony and cross-fostered environments. Cross-fostered environments refer to high workers 
in a low colony and low workers in a high colony. 

QMP-Response Maternal Cross-Fostered 

High 18.7 t 4.3a' 17.5 2 10.8ab 

Low 3.1 2 0 . 7 ~  4.6 2 2.2bc 

Means followed by different letters are significantly different 
(P<0.05, Wilcoxon Rank-Sum Test). 



Queen source 

Figure 1. Worker bee responses kom colonies headed by queens from 

different sources: NZ (N=ll) ,  VAN (N=10), SFU (N=7), AUST (N=14), 

and Control (N=l) colonies. Bars with different letters were significantly 

different (Tukey, P < 0.05). 



Age-dependent response 

There were no age-dependent differences in response within high and low responding 

colonies (P > 0.05, Wilcoxon Rank-Sum, Fig. 2). High response colonies contacted the lure 

more often than low response colonies in every age category (P < 0.05, Wilcoxon 

Rank-Sum). 

Dose response of high and low responding colonies 

At all QMP dose levels, high response colonies contacted the lure more than low 

response colonies (P < 0.05, Wilcoxon Rank-Sum, Fig. 3). The latter contacted QMP doses 

of 104 and 10.' Qeq a s  frequently as solvent controls (P > 0.05, Wilcoxon Rank-Sum). 

Mandibular gland pheromone components of queens from different sources 

Quantities of mandibular gland components were not different among queens from 

different sources (P > 0.05, Tukey's, Fig. 4). There were no correlations between any 

pheromone component and worker response (P > 0.05, Correlation Analysis). 

Annual retinue response 

High responding colonies contacted QMP lures more frequently than low responding 

colonies at all dates tested except in September '91, and August '92 when contacts by low 

and high responding colonies did not differ (P > 0.05, Wilcoxon Rank-Sum, Fig. 5). 



Age Pays)  

Figure 2. Age-dependent response o high (N=5), and 

low (N=5) responding colonies. The high responding 

colonies contacted the lure significantly more than 

the low responding colonies (Px0.05). 



Dose of QMP (Queen Equivalent) 

Figure 3. Dose response o f 4  high (N=5), and -M- low (N=6) 

responding colonies to various doses of QMP. High responding colonies 

contacted the lure significantly more than low responding colonies (P < 0.05). 



Figure 4. Quantities of mandibular gland pheromone of queens from different 

sources. Relatedness among queens within sources was 0.75. SFU (N=5), 

VAN (N=8), AUST ( N = l l ) ,  and NZ (N=8). There were no statistically 

significant differences between sources for any of the gland components 

(P > 0.05). 
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Figure 5. Annual retinue response o m  high (N=5) and 

I] low (N=5) responding colonies. Bars with different letters 

were statistically different ( P < 0.05). 



Workers from colonies headed by queens from different sources represented a normal 

distribution of response to QMP varying from very high to exceptionally low, i.e. not 

different from the solvent control. The wide range in responses to pheromones by bees 

within and among colonies needs to be considered when worker bees are being used to 

determine the most attractive pheromone blend. Colonies headed by AUST queens 

responded similarly to QMP and solvent, demonstrating that some honey bee stocks may be 

particularly inferior for use in pheromone bioassays. Statistically significant differences 

between NZ and AUST queen sources in the retinue bioassay suggest a genetic basis for 

response. Genetically based differences in pheromone reception or response may have 

significant consequences for colony functioning. 

The cross-fostering experiment indicated that the colony environment of a high or low 

responding colony did not influence the retinue bioassay response of workers originating 

from high or low responding colonies, further supporting a strong genetic component to this 

behavior. Although olfactory conditioning in the critical phase of olfactory development 

during the first four days after emergence influences response for the rest of the worker's life 

(Masson and Arnold, 1984), high and low responding workers fostered in opposite 

environments did not respond differently from workers reared in maternal environments. It 

may be that worker response is "set" during olfactory neuro-ontogeny as a result of 

pheromonal environment or some other environmental factor. Antenna1 sensory bundles 

develop eight days before emergence, and reach the appearance of adult antenna1 lobes three 

days before emergence (Masson and Arnold, 1984). It  is not known whether all glomerular 
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synapses are stabilized morphologically and functionally three days before emergence, or 

whether olfactory ontogeny and maturation continue four to eight days following emergence, 

a time when E.A.G. responses are highest in an adult bee's lifetime (Masson and Arnold, 

1984). If the pre-emergence environment influences worker response to QMP then response 

may be "setH before emergence. However, if environment acts to "set" worker response to 

QMP as high or low after emergence then the cross-fostering experiment is evidence against 

pheromonal environment influencing worker response, and that genetic factors influence 

response. 

There were no age-dependent differences in QMP response in the 7-11 day old 

worker bees from high and low responding colonies, which is consistent with the previous 

finding that the peripheral olfactory system is completely developed four days after 

emergence (Pham-Delegue et al., 1991). Similarily, worker antenna1 responses to ODA 

remained the same in bees 1-60 days after emergence (Allan et a!. 1987). Topically applied 

juvenile hormone analogue reduces the response threshold to alarm pheromone, but does not 

affect the antenna1 response (Robinson, 1987). Although high or low response in the retinue 

bioassay has not yet been correlated with colony functioning, any QMP-induced effect should 

be expressed with greater intensity in high QMP responding colonies. 

Throughout the year, except in late summer, high responding colonies contacted QMp 

lures more frequently than low responding colonies. The low responding colonies were least 

responsive at all  dates tested. Decrease of response to QMP late in the summer by high 

responding bees is not we]] understood. Young worker bees perform intra-colony duties such 

as queen attending and food handling, while older bees are engaged in extra-colony duties 

such as ventilating 7 0 and finally foraging. Ontogeny of division of labor may be 
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altered by perturbations in colony age demography and resource availability by adjustments 

in the proportions of individuals occupied in assorted tasks (Robinson, 1992; Winston, 1987). 

This plasticity of age-dependent behavior may be regulated on a hormonal and genetic level 

(Hildebrandt and Kaatz, 1990; Robinson et al., 1989; Robinson et al. in press). For example, 

high titers of juvenile hormone (JH), and topical application of JH to workers are associated 

with a shift from intra- to extra-colony duties (Robinson, 1987a). It is conceivable that low 

responses in late summer delay foraging, thereby increasing the number of workers in 

colonies prior to winter. 

Differences in QMP lure contacts by high and low responding colonies was apparent 

at all doses tested (Fig. 3). Levels of QMP production and worker response were not 

correlated (Fig. 4), confirming that production and response to QMP are not inter-related. 

Similar pheromone quantity in queens from different sources suggests that pheromone 

production is not strongly influenced by genotype. Although, the amount of ODA in glands 

(Naumann et a!., 1991; Slessor et al., 1990), and on the cuticle (Pain and Roger, 1978), can 

vary greatly between queens, these results suggest that this variation probably does not have 

a strong genetic basis. Crewe (1982) reported differences in the proportion of mandibular 

gland components between Apis mellifera adansonii, A. m. mellifera, and A. m. capensis. 

However, discriminant analysis of Apk  m. mellifera mandibular gland components indicated 

that these were not dependable predictor variables for grouping inbred lines. No statistically 

significant differences have been found in the amount of mandibular components between 

Africanized, European, and selected high and low pollen hoarding strains of mated queens 

(Chapter 6). Thus, workers may be more important than the queen in creating the colony7s 

pheromone environment. Indeed workers remove pheromone from the queen's body and 
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distribute it throughout the nest, thereby determining the amount of pheromone held by the 

queen and circulated through the colony (Naumann, et  al., 1991; 1992; 1993). 

The implications of high and low responding workers for colony functioning remain 

obscure. In an observation hive experiment containing same age c o h o ~ s  of high and low 

responding workers, neither high nor low responding cohorts attended the queen more 

frequently, or differently, suggesting that QMP alone is not responsible for inducing retinue 

behavior (Chapter 3). Queen mandibular gland pheromone is only one of at least 

two pheromones (the second as yet unidentified, Slessor and Foster, unpublished 

observations) that attract workers to the queen, and it may be that QMP plus other queen 

pheromones are necessary to elicit retinue behavior in low responding workers. The 

laboratory QMP retinue bioassay exposes workers to a single pheromonal stimulus, and thus 

reveals the importance of QMP alone for attracting high QMP responding workers. Although 

low responding workers are not as attracted to QMP as high responding workers, low 

responding workers may be attracted to another pheromone and subsequently gain as much 

exposure to QMP as high QMP responding workers. Attraction to QMP alone may or may 

not confer expression of pheromone-mediated behaviors such as foraging, queen cell 

building, swarming, and attraction to swarm clusters. 

Perhaps low QMP responding workers are demonstrating a type of queen-worker 

conflict. Honey bee queens show almost no physical dominance over worker bees, but 

instead have evolved a pheromone-based dominance system. Workers may have evolved 

mechanisms to bypass queen pheromone control, and this is countered by queens evolving 

multi-component or additional attractive pheromones to maintain pheromonal control. The 

full laboratory retinue response is elicited by a blend of 5 compounds found in the 
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mandibular glands of mated queens. Even the most minor compounds are necessary to 

attract workers, but worker phenotypes successful at ignoring QMP may be drawn to the 

queen by other queen odors, thereby exposing the worker to all of the queen pheromones. 



COLONY-LEVEL SELECTION FOR WORKER HONEY BEE (Apk  melIifem L.) HIGH AND LOW RETINUE 

RESPONSE TO QUEEN M A ~ I B U L A R  PHEROMONE.' 

Colony-level retinue response to queen mandibular gland pheromone (QMP), in which 

worker bees attend their queen, was normally distributed in a population of 43 domestic 

colonies. Two-way selection for worker honey bee response to QMP resulted in the 

production of high and low QMP responding strains. Strains differed in response to QMP 

after one generation of selection, and by the third generation worker response from high 

strain colonies was 18.5 times higher than the low strain colonies. Low strain retinue 

responses to QMP were not significantly different (P > 0.05) than responses to solvent 

controls. Strain response was not related to queen pheromone production, rearing 

environment, worker age (Chapter I), or an artifact of the synthetic blend of the pheromone. 

* Pankiw, T., and M.K. Fondrk. Colony-level selection for worker honey bee (Apis mellifera L.) high and low 
retinue response to queen mandibular pheromone. (to be submitted) 



The behavioral phenotype of a honey bee (Apis rnellifera L.) colony is determined by 

the intensity and frequency at which individuals respond to stimuli and perform tasks. 

Honey bee behavior is the product of genetic potential, ecological and physiological 

environments, the social conditions of the colony and various prior and ongoing interactions 

among these four. Additional complexity is introduced because honey bee behavior has been 

configured by natural selection in a social context, where sterile female workers do not 

directly transmit their genes to the next generation (reviewed by Winston, 1987). 

Many behaviors have been shown to have a genetic component (reviewed in Chapter 

1). Pheromone-mediated behaviors known to have a genetic basis in honey bees include 

alarm response to isopentyl acetate (reviewed in Chapter 1). Responses to pheromone also 

have been shown to be heritable among several non-social insects (reviewed in Chapter 1). 

Colony-level variability for QMP retinue response suggested that this trait may be heritable 

(Kaminski et al., 1990; Chapter 1). The purpose of this study was to conduct a two-way 

selection program to produce workers with high and low retinue responses to QMP. These 

workers were used for subsequent studies to determine the relationship between a 

quantifiable releaser response to QMP, live queen retinue response, and two important QMP- 

based primer responses, foraging ontogeny and queen rearing behavior. 



Retinue response to QMP was quantified as described in Chapter 1. Controls 

consisted of the same protocol except the lure was spotted with 10 pl of methanol or 2- 

propanol. 

A population of 43 Simon Fraser University (SFW colonies were assayed in June 

1990 for QMP retinue response to determine response variability. These colonies were 

headed by naturally mated queens derived from a variety of commercial bee breeders from 

British Columbia, Canada. The colonies had been managed for honey production and were 

not part of any other experimental program. 

Additional queens were purchased from four different sources to provide us with a 

diverse sample of genotypes to initiate our two-way selection program; 1) Babe's Honey, 

Victoria B.C., Canada, (N=20) 2) Aussie Apiaries, New South Wales, Australia, (N=20), 

3) Barden Apiaries, New South Wales, Australia, (N=20), and 4) Whiteline Queens, New 

Zealand (N=20). SFU stock queens (N=20) also were reared for inclusion in the initial 

evaluations. 

Initial selection was established by colony-level performance in the QMP retinue 

bioassay based upon 5 bioassay replicates per colony. The highest and lowest performing 

colonies from each of the four sources were selected to provide a genetically diverse 

population to initiate the breeding program. Colony-level response based on 10 bioassay 

replicates was determined immediately prior to rearing virgin queens and drones. The 

Barden subline was eliminated from the selection program due to difficulties in maintaining 
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fecund queens, so the two-way selection was reduced to 3 sublines per strain. Six selected 

high and six low QMP-retinue responding colonies were designated HI-H6, and L1-L6 (Fig 

6a). Virgin queens were raised using standard methods (Laidlaw, 1979), and instrumentally 

inseminated with the semen from one drone, a single drone for each queen (Laidlaw, 1977). 

Three maternal sublines were maintained within the high and low strain populations 

throughout the selection program. Sixteen to 18 daughter queens were produced from each 

subline, each generation. The highest and lowest performing daughter colony of each subline 

was selected to produce virgin queens and drones for the next generation (Fig. 6b). From 

each generation 63-79 surviving colonies were bioassayed. Crosses were made between 

sublines to minimize inbreeding, and between- subline crosses were rotated each generation 

(Fig. 6b). 

Ten high and 10 low strain colonies were tested for response to the whole gland 

extract, synthetic QMP, and control (methanol or 2-propanol) to determine whether our 

selection was based on an artifact of the synthetic blend or retinue response to queen 

mandibular gland pheromone. Whole gland extracts were prepared from excised glands of 3 

laying queens. The glands were macerated and extracted twice in HPLC-grade methanol to 

give a combined total extract of 100 p1 per queen. A portion of this extract was diluted to 

yield a Qeq in 10 pl. 

Selective breeding affects the population distribution of the trait selected, and the 

retinue response data did not meet assumptions of a normally distributed population. 

Therefore, the nonparametric Wilcoxon Rank-Sum test was used for statistical analyses 

(Snedecor and Cochran, 1980). A univariate procedure was used to determine whether the 



Figure 6a). Initial crosses of high strain sublines producing the first generation. 
The low strain crosses were identical, using selected low responding sources. 

Sublines HA 
Generation 1 

Figure 6b). Mating rotation of the high strain with three sublines. 
The rotation scheme was the same for the low strain. 

Sublines HA 
Generation 2 
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QMP retinue responses of the 43 SFU stock colonies were normally distributed (Snedecor 

and Cochran, 1980). 

The 43 SFU stock colonies selected for evaluation had an average retinue response to 

QMP of X = 11 +. 10.3 (standard error). Responses were normally distributed (Univariate, 

P > 0.8, Fig. 7) (Snedecor and Cochran, 1980). QMP retinue response in the laboratory 

bioassay was significantly different in each generation (P<0.05) (Fig. 8). High strain 

colonies by generation were; 1) 8.25, 2) 17.5, and 3) 18.5 times as responsive as low strain 

colonies (Fig. 8). Retinue bioassay responses to control solvents methanol or 2-propanol by 

generation were; 1) 3.3 f 0.7, 2) 3.7 r 0.5, and 3) 3.1 2 0.3. Generation 1-3 control and low 

strain responses were not significantly different (P > 0.05). 

Within-strain responses to synthetic QMP and gland extracts were not significantly 

different (P > 0.05) although the high strains were significantly different from low strain and 

control colonies (P < 0.05, Fig. 9). 

Substantial levels of variability existed in the initial population from which the strains 

were derived, contributing to the rapid response to colony-level selection. The statistically 

similar within-strain responses to synthetic QMP and gland extract demonstrated that 
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QMP-Lure Contacts 

Figure 7. Frequency distribution of retinue responses 

of 43 SFU colonies. 



High Strain 

I 

Low Strain 

Initial 
1 2 3 Selectinn -..-.. 

Generation 

Figure 8. Colony level selection for worker retinue response 

to QMP horn the initial selection to the third generation. Initial 

selection high (N=8), and low (N=8) colonies. Generation 1: 

High N=30, Low N=33; Generation 2: High N=38, Low N=23: 

Generation 3: High N=40, Low N=35. Invisible error bars are 

less than the symbol size. 



High Low Control 

Strain 

Figure 9. High- (N=10) and low-strain (N=10) responses to 

10.' Qeq of  QMP, and 1 1  gland extract. 

There was no significant (P > 0.05) within strain difference in 

in response to either pheromone source. High- and low-strain 

differences were maintained (P < 0.05). Low-strain and 

control (N=10) responses were not significantly 

different (P > 0.05). 
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selection response was not an artifact of the synthetic blend. We did not vary the synthetic 

blend to test the possibility of differential response by high and low strains to particular 

components. However, it is unlikely that the differential response between high and low 

strains would change with different component blend proportions, because queens produce a 

wide range of component quantities (Chapter 3). Gland component comparisons between 

European and Africanized mated queens revealed differences in quantities and proportions of 

QMP components in these two races (Chapter 3), but queens of either race may head 

colonies composed of workers of both races (Winston, 1992). Thus, it appears that workers 

will accept racially different queen signals. Further, a European-like synthetic blend of QMP 

is equally effective at preventing queen rearing in colonies of either race (Pettis et al., 

1995a). This, coupled with the maintenance of strain-dependent differences over a wide 

range of QMP dosages (Chapter I), suggests that strain-dependent differences over a range of 

blends are likely. 

It is possible, although unlikely, that differences in QMP retinue response occurred 

between strains due to chance alone. The retinue responses in the laboratory bioassay could 

have occurred as a result of random fixation of a genetically-variable trait in the small 

breeding population (3 sublines per strain), within each strain (Falconer, 1981). Fixation is 

the attainment of homozygosity in a population which thereby becomes monomorphic with 

respect to a given allele, or phenotypic effect (Lincoln et al., 1990). It  would be necessary 

to repeat the selection program using a larger breeding population with more than three 

sublines per strain to exclude this possibility. 

Retinue behavior is strictly a social behavior. A lone worker with a queen or QMP 
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will not engage in retinue behavior (personal observation), in contrast to other worker bee 

behaviors having a strong genetic component. For example, defensive behavior (Boch and 

Rothenbuler, 1974; Breed and Rogers, 1991; Collins, 1979; Collins et al., 1982, 1984, 1987, 

1988; Guzmin-Nova and Page, 1993), high and low foraging and pollen hoarding (Calderone 

and Page, 1988; Danka et al,. 1987; Fmmhoff and Baker, 1988; Hellmich et a l .  1985; Page 

and Robinson, 1991; Pesante et al., 1987a, b; Rinderer et af., 1985; Robinson, 1992; 

Robinson and Page, 1989), and hive cleaning (Robinson and Page, 1988; Rothenbuler, 1964a, 

b) phenotypes are determined by the intensity and frequency at which individuals perform 

these tasks. The only genetically based colony-level behaviors that are performed in a 

strictly social context (meaning that solitary individuals don't perform these behaviors) 

include the tendency to swarm (Winston, 1980) and retinue response to QMP. Queen rearing 

was the only strain-dependent behavior observed based on high and low responses (Chapter 

5). Since QMP influences the number of queen cells reared and the likelihood of swarming 

(Winston et al., 1989, 1990, 1991; Pettis et af., 1995), these two colony-level behaviors may 

be influenced by a strain-dependent effect, which would be an interesting subject for further 

study. 

The high and low strain populations responded rapidly to colony-level selection, 

expressing the wide range of genetic variability in the initial population from which the 

strains originated. The adaptive significance and factors maintaining variability for this trait 

are unknown. Genetic variability is essential for evolution by natural selection. The 

ecological success of honey bees is often attributed to its behavioral flexibility (Robinson, 

1992), maintained by polyandry which maximizes worker genotypes within colonies (Crozier 
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and Page, 1985). Although the colony-level functioning of high and low strain workers has 

not been fully elucidated, it appears that the maintenance of variation in pheromone 

responses may be an important aspect of colony fitness, and deserves additional study. 
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CHAPTER 3 

MANDI~ULAR GLAND COMPONENTS OF EUROPEAN AND AFRICANIZED HONEY BEE QUEENS* 

ABSTRACT 

Composition of the five-component honey bee queen mandibular gland pheromone of 

mated European honey bee queens was compared to those of virgin and drone laying, 

European queens and Afiicanized mated queens. QMP of mated European queens showed 

significantly greater quantities of individual components than all queen types compared, 

except for a significantly greater quantity of 9-HDA found in Africanized queens. Glands of 

European drone-laying queens contained quantities intermediate between virgin and mated 

queens, reflecting their intermediate reproductive state and age. QMP ontogeny shifted from 

a high proportion of ODA in young unmated queens to roughly equal proportions of ODA 

and 9-HDA in mated queens. A biosynthetic shift occurs after mating that results in a 

greater proportion of 9-HDA, HOB, and HVA production, accompanied by a decreased 

proportion of ODA. Africanized QMP proportions of ODA and 9-HDA were significantly 

different from European queens. QMP components from the body surfaces of European and 

Africanized mated and virgin queens were highly variable and not correlated to quantities 

found in individual glands. Body surface QMP was approximately 10.' of that found in 

glands. A quantitative definition of a "queen equivalent" of QMP was proposed for the 

various queen types, and a standard queen equivalent for mated European honey bee queen 

mandibular gland pheromone is suggested as 200 pg ODA, 80 ,ug 9-HDA, 20 pg HOB. and 2 

pg HVA. 

* Pankiw, T., Plettner, E., Pettis, J.S, Winston, M.L, Slessor, KN., and Taylor, O.R. in press. Mandibular 
gland components of European and Uicanized honey bee queens (Apis mellifera L.). Journal of 
Chemical Ecology. ( Note: Bodywash data are unpublished.) 



I N T R O D U ~ O N  

One of the most interesting aspects of honey bee biology is the variability found 

within and between races of Apis mellifera. Bees vary in behavioral, morphological and 

physiological characteristics. Much of the world-wide success of this species is attributed to 

the variation among colony members, providing adaptive advantages in different habitats 

(Seeley, 1985; Winston, 1987, 1992). A great deal is known about the phenotypic and 

genotypic variability among worker bees within colonies, but the variability among queen 

honey bees is not as widely studied. Here we present a detailed characterization and 

comparison of inter- and intra-racial variation of queen mandibular gland pheromone. 

QMP is a blend of the three abundant aliphatic acids, and two aromatic compounds 

(Slessor et al. 1988). As a primer pheromone, QMP has been shown to delay swarming 

(Winston et a!., 1991), suppress queen rearing (Pettis et a/., 1995; Winston et al., 1989, 

1990), inhibit worker juvenile hormone (JH) biosynthesis in the laboratory (Gast, 1967; 

Hildebrandt and Kaatz, 1990; Kaatz et a/., 1992), and regulate foraging age of adult worker 

bees and suppress JH titers in colonies (Chapter 6). QMP also has some releaser pheromone 

functions, including retinue formation around the queen (Slessor et al., 1988; Kaminski et al., 

1990), attraction of workers to swarms (Winston et al., 1989), stimulation of pollen foraging 

(Higo et al., 1992), calming of queenless workers (Naumann et al., 1990), and attraction of 

foragers to crops (Currie et al., 1992a, b). 

In this study we extracted QMP from the glands of various European and Africanized 

queen types and compared the quantities and ratios of individual components. The 

ontogenetic development of the QMP signal also is presented, and a definition of one queen 
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equivalent is proposed that reflects racial and reproductive differences, while allowing for the 

natural variation found among individuals. 

The only previous descriptions of the 5-component blend of QMP in Apls mellifera L. 

have been done by Slessor et al., (1988, 1990). The study presented here analyses a greater 

number and range of queen types, and permits a more complete description of QMP in Apis 

mellifera. The queen types examined here include European mated, virgin, and drone-laying 

queens, representing various female honey bee reproductive types, and mated Africanized 

queens. Africanized bees are derived from South African bees imported to South America. 

The rapid expansion of Africanized honey bees throughout South and Central America can 

be attributed to their propensity to higher swarming rates with smaller swarm sizes (Winston 

et a!., 1983). Since QMP is important to colony cohesion and plays a role in the timing of 

swarming both in European and Africanized honey bees (Pettis et al., 1995b; Winston et al., 

1991), QMP differences may influence variation in swarming behavior between these races. 

MATERIALS AND METHODS 

Queen Collection and Mandibular Gland Component Analysis 

Queens were immediately placed on dry ice upon collection, then into labelled 

EppendorfB tubes, and stored at -70•‹C prior to dissection, except where stated otherwise. 

Mandibular glands were extirpated, then extracted in 2 X 50 pl of methanol 

containing 10-undecenoic acid (0.22 mg/ml) as an internal standard. Two pl aliquots of the 
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extracts were derivatized with BSTFA (Slessor et al., 1990), diluted with hexane and 

analysed by splitless capillary gas chromatography on an HP5890 gas chromatograph 

equipped with a flame ionization detector (FID), and a 30 m DB-1 fused-silica capillary 

column. The FID was calibrated with standards of known concentration, and these FID 

responses were used to calculate the amount of each component in the mandibular gland 

extracts. 

Subsamples of Africanized, mated and virgin European queens were washed with 10 

portions of 100 p1 of methanol to determine the amount of QMP on their bodies. 

European Mated Queens 

Mandibular gland extract data from 125 one and two year old mated queens of 

Simon Fraser University stock most similar to A p k  meflz$era ligustica were combined to 

establish a baseline mated queen mandibular gland component profile. Data from 10 queens 

have not been reported previously, and the remainder are from Slessor et al., 1990. Pettis et 

al., 1995b, and Chapter 1. 

Virgin Queens 

Ten virgin queens of Simon Fraser University stock most similar to Apk rnellifera 

ligustica were reared until two weeks of age then collected in July and August, 1992. 

Mandibular gland component analysis results from these queens were combined with 7 



queens from Slessor et a!., 1990 for a total of 17 queens. 

European Drone-Laying Queens 

Twenty-two queens of mixed stock most similar to Apk mtlll$era ligustica were 

narcotized two times with CO, 7 days after emergence, and inseminated with insect saline 

solution to induce haploid male egg laying, then collected from 5-frame nucleus colonies at 

eight weeks of age on 21 and 22 August, 1991, as above. Queens were dissected from 20 

May to 6 June, 1992. 

Africanized Mated Queens 

Twenty mated Africanized queens were obtainec d from Mexico in 1992. 

Morphometric (Daly and Balling, 1978) analysis of the progeny confirmed the racial status of 

these queens. Queens were transported on dry ice by overnight courier from Mexico and 

received 3 March, 1992. The queens were stored at -70 "C prior to dissection from 22 to 29 

June, 1992. 

Proportions and Ratios of QMP 

To develop an ontological profile of queen mandibular gland components, the results 

reported in Slessor et al., 1990, Pettis et al., 1995a, Chapter 1, and this study were combined. 
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Ratios of HVA, HOB, and HVA to ODA were calculated to develop a definitive formula of 

a QMP queen equivalent. 

Statistical Analysis 

Analysis for statistical differences between European mated and all other queen types 

were performed using one-tailed T-test, the Satterthwaite method for unequal variances 

(Snedecor and Cochran, 1980). Analysis for statistical differences between European mated 

and all other queen types for proportion and ratio data were by the Kruskal-Wallis test 

(Conover, 1980).  cono was used for all statistical analyses (SAS Institute Inc. Release 6.04, 

1988). The level of significance throughout was at the 0.05 level, unless stated otherwise. 

Quantities 

Glands of European mated queens contained statistically greater quantities of all QfvlP 

components compared to virgin, drone-laying and Africanized queens (Fig. lo), except for a 

statistically similar quantity of 9-HDA in Africanized and European mated queens (Fig. 10). 

Body wash results of HVA were below detectable levels and therefore not available. 

ODA quantities washed from the bodies of mated European and Africanized queens were 

statistically similar (P > 0.22) (Fig l l a  ). Significantly lower quantities were washed from 



Figure 10. Whole gland quantities of individual queen mandibular pheromone 

components. A * indicates statistically significant differences from the mated 

European (E) queen mean at the 0.05 level. A signifies Micanized queens. 
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Figure 11. Quantities of QMP extracted from the body surfaces of queens. 

An 'E' indicates European queens, an 'A' Africanized queens, and a * indicates 

signiacant differences from the mated European queen mean at the 0.05 level. 
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virgin queen bodies than European mated queens (P <0.05). Significantly greater (P < 0.03) 

quantities of HDA were washed from Africanized queens compared to mated European 

queens, and significantly lower (P < 0.0001) quantities from virgin queens (Fig l lb).  The 

quantities of HOB washed from all queens were similar (Fig llc). 

Proportions and Ratios of QMP 

Queen mandibular gland biosynthetic capabilities appears to be ontogenetic (Fig. 12); 

an examination of individual QMP component proportions to the total amount of QMP 

reveals a reproductive shift in the pheromonal "bouquet" (Fig. 12). Virgin queen glands 

contained high proportions of ODA, and lower 9-HDA proportions. Drone-laying queen 

ODA and 9-HDA proportions were intermediate between virgin and mated queens. Mated 

queen glands contained significantly greater proportions of 9-HDA compared to virgin 

queens (Fig. 12). Africanized queen ODA proportions were significantly lower, and 9-HDA 

higher, compared to mated European queens. 

The aromatic component (HOB and HVA) proportions changed significantly with 

reproductive status (Fig. 12). Virgin and drone-laying queen glands contained significantly 

lower proportions of the aromatic components. Africanized queen gland aromatic 

proportions were similar to mated European queens (Fig. 12). 

The ratios of 9-HDA, HOB, and HVA to ODA in the glands and bodywashes for the 

various queens are summarized in Table 2. The gland ratio of 9-HDAfODA was 

significantly higher in Africanized than European mated queens, and significantly lower in 



ODA 

9-HDA 

HOB 

HVA 

Figure 12. Ontogenetic and reproductive profile of QMP extracted kom glands. 

A * indicates a statistically significant difference from the mated European 

queen at the 0.05 level. An E indicates European queens, and an A Africanized queens. 

Invisible standard error bars are less than the size of the symbol. 
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the virgin queens. The virgin and drone-laying queen glands contained significantly lower 

ratios of HOBIODA, and HVNODA compared to the European queens, whereas Africanized 

queen glands contained similar ratios. In every case the bodywash ratio is significantly 

greater than that found in the gland (Table 2), except for 9-HDNODA in the virgin 

European queens. 

Table 3 demonstrates examples of calculated queen equivalents of glandular QMP 

based on the mean ODA values from Fig. 10a. 

Table 2. Mean ratios of QMP components to ODA for various queen t 

Indicates significant (Pc0.0002) difference from mated European queen gland or bodywash. 
* Indicates significant (Pc0.0002) difference from gland and bodywash ration for individual queen tvpe. 

Queen 

TY pe 

European 
Mated 

AGicanized 
Mated 

European 
Drone-La y ing 

European 
Virgin 

Source 

Gland 

Bodywash 

Gland 

Bodywash 

Gland 

Gland 

Bodywash 

Ratios 

9-HDAIODA 

0.40 

1.80' 

0.75" 

4.70' 

0.40 

0.20" 

0.10" 

HOBIODA 

0.09 

0.40' 

0.07 

0.30' 

0.03" 

0.004" 

1.30' 

HVX ODA 

0.01 

0.02 

0.002' 

0.0004" 



Table 3. Calculated Values for One Queen Equivalent of QMP. 

* Values in parentheses are proposed "standardn queen equivalent values. 

Queen 

Type 

European Mated 

Africanized 
Mated 

European Drone- 
Layer 

European Virgin 

Frequency Distributions 

Frequency distributions of QMP component quantities and proportions of the mated European 

queens (Figs. 13 and 14) indicated a wide range of variability in the composition of this 

pheromone. 

Queen Equivalent QMP Components Olg)' 

We define one queen equivalent (Qeq) based on the mean ratios of 9-HDA, HOB, and 

HVA quantities to ODA for the various queen types (Tables 2 and 3). A standard queen 

equivalent for the mated European queens, derived by rounding-off from values in Table 3 

is: 200 pg ODA, 80 pg 9-HDA, 20 pg HOB, and 2 pg HVA. Proportions of the total amount 

of QMP also may be used to achieve similar queen equivalent values. The primary purpose 

for proposing a queen equivalent definition is to reflect racial and reproductive differences 

Mean 
ODA 

208 (200) 

97 (100) 

145 (145) 

108 (100) 

Calculated HVA 

2 (2) 

2 (2) 

0.4 (1) 

0.7 (1) 

Calculated 
9-HDA 

83 (80) 

39 (a] 

58 (60) 

22 (20) 

Calculated 
HOB 

19 (20) 

7 (10) 

4 (5) 

0.8 (1) 







while incorporating the variation found in nature. Previously proposed definitions of one 

queen equivalent used for synthetic formulations were: 1) 150 pg ODA, 55 pg 9-HDA, 13 pg 

HOB, and 1.5 pg HVA (Slessor et aL, 1988), and 2) 250 pg ODA, 150 pg 9-HDA, 20 pg 

HOB, and 2 pg HVA (Slessor et al., 1990). These two queen equivalent values were 

formulated based on the most current knowledge of mean queen equivalent QMP component 

values at the time, and f i t  well within the distributions reported here (Fig. 13). The first 

queen equivalent definition was more reflective of mean ratios than the second (Table 2). 

The comparisons between European and Africanized mated queens reveal some 

differences in the quantities and proportions of QMP components in these two honey bee 

races. However, this trait would not be reliable for classifying individual queens into a race 

category due to the high variability between individual queens (Figs. 13 and 14). For all 

variables, Afiicanized means fall within high frequency categories of European means, except 

perhaps the quantity of 9-HDA. Crewe (1982) reported differences in the proportion of 

mandibular gland components among A. m. adansonii, A. m. mellifera, and A. m. capensis, 

but discriminant analysis indicated that gland components were not dependable predictor 

variables for grouping inbred lines. Methodological differences between previously 

published African queen mandibular gland component quantities or percentages (Crewe and 

Velthuis, 1980; Crewe, 1982; Allsopp, 1988), and results reported in this study make 

comparisons unrealistic, but comparative studies would be of interest in the future. 

Queens of either race may head colonies composed of workers of both races 

(Winston, 1992), and thus it appears that workers will accept racially different queen signals. 

Further, a European-like synthetic blend of QMP is equally effective at preventing queen 



rearing in colonies of either European or Africanized bees (Pettis et al., 1995b). 

Nevertheless, the lower total quantity of QMP found in Africanized queens may contribute to 

the tendency for Africanized colonies to swarm with smaller parent colony sizes. The higher 

proportion of 9-HDA in Africanized queen glands, and greater quantities found on the body 

(Figs. 10 and 11) may reflect an adaptation to greater swarming activity in this race, because 

9-HDA is an important component for swarm clustering behavior (Winston et al., 1982). 

Unmated virgin queens not only produce significantly lower quantities of QMP 

components, but the proportion of components are significantly different from mated queens 

(Fig. 10 and Table 2). The older (8 wks) drone-laying queen glands contained ODA 2nd 9- 

HDA proportions similar to the European mated queens, but the younger (6-14 days) virgin 

queen proportions were significantly different from the mated queens. The older drone- 

laying queen ODA and 9-HDA proportions may reflect ontogenetic development and 

enzymatic capabilities of the gland. Conversely, the significantly lower proportions of the 

aromatic components represent a non-reproductive status (Fig. 11) (Slessor er al., 1990). 

Virgin queens were producing a significantly different signal from the mated queens, 

suggesting an important biosynthetic change occurs with mating that cannot be explained by 

age alone, as seen by the intermediate signal produced in drone-laying queens. The essence 

of the different signals are a combination of quantity and proportion. 

The ratios of surface to gland components calculated confirm that lo-? glandular 

Qeq's is representative of QMP surface concentration (Slessor et al., 1988). Gland 

component and bodywash quantities were not correlated, and quantities found on the body 

were not in the same ratios as those found in the glands (Table 2 ) ,  except for 9-HDNODA 
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in virgin queens. A comparatively high ratio of 9-HDAJODA was found on the bodies of 

European virgin queens compared to mated queens. European mated queen glands contain 

approximately 46 times more HOB than virgin queens, yet have similar amounts of HOB on 

the body. The glandular "bouquet" of virgin queens (Fig. 12) has HOB as a relatively minor 

component in the total blend, but body QMP shows HOB as a proportionately greater 

component. The bodywash results are enigmatic, and suggest that QMP is not consistent as 

a signal, and not correlated to the QMP exuded from the gland. Many factors may affect 

quantities of QMP that can be extracted from the body including varied absorption into the 

cuticle, removal by workers, and queen re-internalization (Naumann et al., 1992). Those 

factors related to ontogeny, such as cuticle and queen behavior, may be relevant to the 

ontogeny of the signal, and warrant further investigation. 

The wide variation in the quantity of QMP components suggests a generic signal 

indicating the individual is a queen, but there are important ontogenetic and reproductive 

differences in the signal as well. More will need to be known about biological and 

behavioral effects of individual QMP components before any inferences can be made 

concerning the meaning of total or relative presence of any component in the blend. 



Queen Attendance Behavior of Worker Honey Bees that are High and Low Responding 

to Queen Mandibular Pheromone* 

Queen attendance behavior of workers from selected honey bee colonies with high 

and low worker retinue response to QMP was investigated. Antennating, lichng, grooming 

and feeding of the queen by workers from high and low responding colonies were examined. 

High and low QMP responding workers did not attend the queen differently. However, 

workers originating from different colonies antennated and licked the queen more frequently 

than others, suggesting there may be a genetic basis for queen attendance behavior not 

necessarily associated with response to QMP. The median age of queen attendance was 

independent of strain. Other cues may be important in retinue behavior such as movement, 

texture, and other odors associated with a live queen. 

* Pallkiw, T., Winston, M.L., and Slessor, KN. in press. Queen attendance behavior of worker honey bees 
(,4+ melliferu L.) that are high and low responding to queen mandibular pheromone. Insectes Sociaux 



The court or group of worker honey bees surrounding a queen has been a captivating 

subject of interest for many years (Allen, 1957; van der Blom, 1992; Butler, 1954; Free et 

al., 1992; Seeley, 1979), but only recently has the role of retinue attending bees in 

transmitting queen pheromone throughout the nest been demonstrated and modeled 

(Naumann et al., 1991, 1992). Worker bees engaged in retinue behavior antennate, lick, 

groom, and feed the queen while surrounding her in a tluctuating elliptical grouping (Seeley, 

1979). Social cohesiveness is maintained in colonies by the subsequent transmission of 

queen pheromones throughout the nest by workers that have contacted the queen, thereby 

substituting a semiochemical form of queen dominance for the physical dominance used by 

the more primitive forms of social insects. 

A blend of five compounds known as queen mandibular pheromone (QMP) elicits 

retinue behavior (Slessor et al., 1988), and a number of other bee behaviors (reviewed in 

Chapter 1). 

The present study provides the first examination of queen attendance behavior by 

workers of selected QMP responding phenotypes. Previous studies have concentrated on 

queen attendance by individual workers or individuals within age cohorts (Seeley, 1979; Free 

et al., 1992; van der Blom, 1992). Queen attendance appears to be random, with workers 

engaging in retinue behavior or retreating from the queen when within the queen's retinue 

radius, a distance of one to two cm from the queen (Seeley, 1979; van der Blom, 1992). The 

frequency with which workers from different sources might attend the queen is a measure of 



the tendency of those workers to attend or retreat from the queen. 

The objectives of this study were to determine whether retinue response to QMP 

alone in the retinue bioassay could predict the likelihood of retinue participation in the 

colony. The selected strains of high and low QMP-responding workers were used to 

determine the role of QMP-induced behaviors at the colony level. Presumably, any QMP- 

induced effects should be expressed with greater intensity in high QMP-responding workers 

and colonies. High QMP rather than low QMP responding workers would be expected to be 

observed performing queen attendance behaviors more frequently if 1) QMP is the primary 

retinue-inducing pheromone for all worker phenotypes, 2) response to synthetic QMI' is 

associated with queen attendance behavior, andlor 3) queen attendance behavior has a genetic 

basis associated with QMP response. Differences between high and low QMP responding 

workers could further include the frequency in which they engage in queen attending 

behaviors, such as antennating, licking, grooming, or feeding the queen (Seeley, 1979). 

MATERIALS AND METHODS 

Workers originated from colonies headed by second generation queens from a closed 

circular mating breeding program for the selection of high and low QMP responding workers 

(Laidlaw and Page, 1986). The queens were open mated; progeny relatedness ranged from 

super-sisters (r=0.75) to half-sisters (r=0.25) (Page and Laidlaw, 1988). The retinue 

response of 4 high and 4 low QMP-responding colonies was monitored periodically for one 

year, and was determined to be consistently high or low responding in the laboratory retinue 
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bioassay (Chapter 1). The average QMP bioassay lure contact response was 23.4 2 3.1, and 

7.6 + 1.9 for high and low responding colonies, respectively. 

A four-frame (Langstroth deep frame, with 2 brood and 2 food frames) observation 

hive with about 4,000 workers (most similar to Apk mellifera ligustica L.), and a naturally 

mated one year old queen (Simon Fraser University stock) was initiated on 13 July, 1992. 

Seven days (20 July 1992) later, 500 newly emerged workers with colony-specific paint 

marks on the thorax, from each of four high and four low QMP responding colonies were 

introduced. Workers will be referred to as belonging to one of these eight cohorts. The 

observation hive contained about 8,000 workers when introductions were completed x e r  the 

course of two days. The following retinue behaviors were recorded beginning the next day; 

1) antennating (antennae palpating the queen), 2) licking (proboscis licking any part of the 

queen), 3) grooming (mandibles gently scouring any part of the queen), and 4) trophallaxis 

(feeding the queen). Workers observed in the retinue for greater than 9 seconds were 

considered retinue attendants. The retinue was observed for one minute intervals while tape 

recording the cohort identity of the workers engaged in the various retinue behaviors. Five 

recording periods were separated by 5-10 minute intervals. Seeley (1979) found that workers 

spend an average of 116.8 s (standard deviation = 112.3) in the retinue. A 5-10 minute 

interval was chosen to minimize the possibility of counting the same worker more than once. 

The observer adjusted the interval depending on the queen's activities. When the queen was 

stationary the between-count interval was 10 minutes or longer, and if  moving the interval 

was 5 minutes. Counts were conducted each morning and afternoon for a total of 10 periods 

per day. The workers were observed until they were thirty-two days old for a total of 320 



observations. 

The number of surviving marked workers was determined by counting marked 

workers in ten randomly selected sections of an 18 X 19 (5cm2) grid on both sides of the 

observation hive on days fifteen and thirty-two. 

Comparisons of retinue behavior among cohorts were analysed using Wilcoxon Rank 

Sum statistic (Conover, 1980). This non-parametric test was used because the honey bee 

phenotypes were specifically as opposed to randomly selected. 

The number of marked workers in 20 randomly selected grids (10 on each side of the 

hive) on days 15 (estimated total number of workers per cohort 456.5 2 18.8 std. dev.), and 

32 (36.4 2 9.3 std. dev.) was not significantly different between any of the cohorts 

(P > 0.05). Comparisons were made only between the selected cohorts, so the relative 

equality of their respective numbers were important to a balanced analysis. Because there 

were no significant differences in cohort numbers on days 15 and 32 it was assumed for the 

purposes of analysis the numbers were statistically equal on all other days. There were no 

dit'ferences between the number of high and low QMP retinue responding workers 

antennating, and licking the queen (P > 0.05, Figure 15a), but there were significant 

differences in the number of antennating and licking workers between cohorts (P < 0.05, 

Figures 15a and 1%). There were no differences between strains in grooming, and feeding 

the queen (P > 0.05, Figure 16). Grooming and trophallaxis events were too inhequent for 
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Figure 15. a) Mean number of workers from individual high and 

0 low QMP-responding cohorts antennating the queen. b) Mean number of 

workers from individual high and 0 low QMP-responding cohorts 

licking the queen. Means followed by different letters were significantly 

different ( P ~ 0 . 0 5 ) .  



Grooming 

Queen Attendance Behavior 

Figure 16. Mean number of workers grooming and feeding the queen. 

Worker-queen encounters by high (N=4), and /-I low (bid) 

QMP pheromone-responding phenotypes. Differences were not 

statistically significant (P > 0.05). 
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statistical analysis on an individual cohort level. The overall mean age for queen attendance 

was 11.3 + 1.5 days (kse). There were no strain differences in the mean age of queen 

attendance (P > 0.05, Figure 17). 

The number of workers engaged in the various retinue behaviors in this study 

were most similar to those reported by Butler (1954) because comparable counting methods 

were used. Butler (1954) used a snap-shot method recording 12 counts separated by 5 

minute intervals, and observed on average 2.5 workers licking the queen and 2.2 workers 

"examining" the queen, of approximately 1500 unmarked workers in an observation hive. 

Allen (1957) observed the retinue for one hour periods, and saw 8 to 10 workers attend the 

queen out of 100-110 marked in a three-frame observation hive containing about 4,500 

workers. Seeley (1979) demonstrated that the average number of workers ensaged in retinue 

behavior at any one time depends on queen activity. Retinue size was 4.2 workers when the 

queen is travelling, 10.9 when laying, and 17.2 when the queen was stationary (Seeley, 

1979). Seeley (1979) also found that longer observation periods showed greater percentages 

of marked individuals engaged in retinue behavior. For example, after 5 hrs of continuous 

observation 21.3% of the total number of marked individuals were observed, after 10 hrs 

35.6%, and after 15 hrs 48.6%, in a four-frame observation hive with approximately 17,500 

workers. Van der Blom (1992) observed the retinue behavior of 200 marked individuals in 

four, two-frame observation hives of approximately 1500 workers for continuous periods of 2. 
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to 4 hours. The total number of workers in the retinue during that time ranged from 182 to 

268 (van der Blom, 1992). This brief review of methods reveals that the number of marked 

workers observed in retinue behavior depends on the ratio of marked workers to total colony 

size, and observation time. Overall, our results are not methodologically comparable to 

others except Butler (1954), but the retinue activity in all of these studies appears to be in a 

similar range. 

Surprisingly, the QMP bioassay response was not correlated to any queen attendance 

behavior in the hive by high and low responding workers. Attraction to QMP as a single 

stimulus evidently does not confer expression of queen attendance behavior. Another queen 

pheromone may be involved in mediating the extent of retinue behavior, singly or in 

combination with QMP. Thus, those cohorts that were low QMP responders in the bioassay 

but high queen attenders in the colony could be responding to other queen odors, alone or in 

combination with QMP. Tactile cues and queen movement also may be important in the 

hierarchy of cues attracting workers to the queen. QMP is not highly volatile. so workers 

must be within 1 to 2 cm of the queen to recognize her presence (Seeley, 1979). A glass 

lure spotted with QMP placed in the brood nest area of a colony, or in a petri dish with 15 

workers is highly attractive to workers (Slessor et al., 1988), but not all workers are drawn to 

the lure. A glass lure lacks movement, texture, and other odors associated with a live queen 

that may be significant factors in queen recognition for some workers. 

There are several explanations for our results. Firstly, significant differences in queen 

attendance behavior by some cohorts may indicate some genetic component to queen 

attendance behavior, albeit not based on QMP response. This finding is consistent with 
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licking, .., grooming, and t rophallaxis behaviors by individual cohorts. 

- 

- 

2 3 

Low 

- 



63 

many other genetically based behavioral differences in honey bees (reviewed by Page and 

Robinson, 1991; Robinson, 1992). Our data indicate a greater tendency for queen attendance 

at the phenotypic level, similar to that found for high and low pollen hoarding strains (Page 

et al., 1988). Individuals from the different cohorts may attend the queen with the same 

frequency (i.e. individuals' frequency of queen attendance is stochastic), but cohort- 

specifically more or fewer workers may be engaged in the activity, as for high and low 

pollen hoarding behavior (Page et a[., 1989). Secondly, there may be genetically determined 

differences in cohort spatial distribution due to local preferences within the nest that may 

affect the probability of encountering the queen. We don't believe this was the case for two 

reasons. The queen travelled extensively throughout the nest, and the cohorts didn't appear 

to be clumped in any areas within the nest. Thirdly, there may be an environmental effect 

on queen attendance. I f  so, then evidently high queen attending cohorts displayed a lower 

threshold of response than low queen attending cohorts, which may point to a genetic 

component to queen attendance. 

In summary, we have shown that queen attendance in honey bees may have a 

genetically variable component, but genetic differences between cohorts are not based on 

QMP response as measured in our bioassay. Future work might examine other queen odors 

to determine whether they play a role in queen attendance. Low QMP responding workers 

may be particularly suited for use in exploring additional queen attraction odors because 

some of these workers are equally attracted to the queen as some high QMP responding 

workers. Also, genetic differences in the frequency of queen attendance could have profound 

effects on colony pheromone distribution and pheromone-influences on worker behaviors, but 



these topics are almost completely unexplored. 



PHENOTYPIC DIFFERENCES IN QUEEN REARING BY HIGH AND LOW QUEEN MANDIBULAR 

PHEROMONE RESPONDING WORKER HONEY BEES.* 

The behavioral response to queen mandibular pheromone (QMP) known as retinue 

behavior has been shown to have a genetic basis (Chapters 1 & 2). In this study we 

demonstrate that the responses to QMP are related to another effect of QMP, queen rearing 

activity. Worker honey bees selected on the basis of high retinue response to QMP in a 

laboratory bioassay were significantly more likely to be engaged in queen rearing activities 

than were workers with a low retinue response to QMP. High response workers spent 

proportionately more time working on and in queen cells than low response workers and 

there were significant age by response effects for time spent rearing queen cells. No 

interindividual differences were detected among the response phenotypes in the tendency to 

rear queens. Results from this experiment suggest that QMP response may be a mechanism 

upon which colony-level selection acts for cooperative queen rearing behavior. 

*Pankiw, T. Phenotypic dilferences in queen rearing by high and low queen mandibular pheromone responding 
worker honey bees. (to be subrnifted) 



Honey bee (Apis mellifera L.) queens produce a signal known as queen mandibular 

gland pheromone (QMP) (Slessor et a[., 1988). QMP signals queen presence to workers and 

elicits worker retinue behavior distinguished by frequent anntenations, licking, grooming and 

feeding activities directed toward the queen. This behavior is a releaser response, comprising 
4- 

a stimulus-response mediated by the nervous system (Holldobler and Wilson, 1990). Queen 

presence is made known throughout the nest by serial transmissions of QMP from worker to 

worker (Naumann et al., 1991, 1992). Removal of the queen from the nest or inhibition of 

QMP transmission as a result of high adult numbers (a dilution effect) results in queen 

rearing, normally inhibited by QMP (Winston et al., 1989, 1990, 1991; Pettis et al., 1995). 

The queen's pheromonal inhibition of new queen rearing by workers is a primer effect of 

QMP, in which the endocrine or reproductive systems are altered physiologically 

(Hijlldobler and Wilson, 1990). This study asks whether workers selected on the basis of 

their releaser response to QMP show a differential response to the primer effect of QMP 

inhibiting queen rearing. 

This experiment focuses on investigating QMP queen rearing behavior by high and 

low strain workers in the absence of QMP. Female larvae three days old or younger may 

develop as workers or queens depending on diet. Larvae chosen to be queens are fed an 

enriched diet containing secretions mainly from mandibular glands of brood tending 

workers, and larvae destined to be sterile workers are fed a combination of mainly 

hypopharyngeal and some mandibular gland secretions (reviewed in Winston, 1987). I 
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hypothesized that workers showing a high response to the pheromone that signals queen 

presence (QMP) will have a low threshold of response in the absence of QMP, expressed as 

greater queen rearing activity, than workers with a low retinue response to QMP. 

MATERIALS AND METHODS 

Experimental Observation Hives 

Four-frame Langstroth deep observation hives, with glass sides containing 2 brood 

and 2 food frames, 6-7000 workers, and a naturally mated queen were set-up three days 

before focal bees were introduced. The experiment was divided into three rounds, 2 

observation hives in round 1, and 3 hives each in rounds 2 and 3, for a total of 8 observation 

hives. 

Focal Bees 

High and low QMP retinue responding workers were selected from colonies headed 

by naturally mated queens (Chapters 1 and 2). QMP retinue responses were determined by 

the number of worker contacts with a glass bulb spotted with QMP (Chapter 1). Responses 

of focal bee colony sources for each replicate were as follows: 1) Xhish=57, Xh=5; 2) 

Xhish=36, x,=4; 3) xhish=58, xh=5; 4) XhighX47, xh=4; 5) xhh=5 1, xb,=7; 6) Xhigh=38, 

xh=3; T )  xhish=45, x,=4; 8) xhigh=49, xh=3. 
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Bees of known age were obtained by removing combs containing developing pupae 

from parent colonies 24 hours before adult emergence. The combs were placed in an 

incubator maintained at 33•‹C. The newly emerged adults were marked with colored 

numbered tags and paint marks. The numbered tags were glued to the thorax and the paint 

mark applied to the abdomen. A corresponding paint mark was dabbed on to the numbered 

tag as  a back-up reference to the abdominal paint mark. Focal bees were introduced to the 

observation hives on five days separated by 24 hour periods to create age cohorts of 1, 3, 5, 

7, and 9 days after emergence at the beginning of the experiment. Each day bees were 

introduced, 200 high and 200 low QMP responding workers were prepared for a to~al of 

1000 high and 1000 low workers per observation hive. 

Experimental Procedures 

The queen and all larvae were removed from the colony. First to fourth instar 

female larvae fed a relatively rich diet develop into queens and those fed a poorer diet 

develop into sterile workers (reviewed in Winston, 1987). Twelve hours later, workers were 

presented with 10 larvae chosen randomly from unrelated sources (unrelated to focal bees 

and observation hive bees) and transferred into dry artificial queen cells arranged on one face 

of an empty comb. The cells were spaced at least 8 cm apart and affixed using gentle heat 

on the area to which the cell was positioned. Average acceptance of larvae for queen rearing 

W= 70%. ~ 1 1  cells were inspected daily for evidence of royal jelly (primarily mandibular 

gland secretions fed to developing queens). Abandoned cells were eliminated from the 



experiment. 

Behavioral Observations 

24 Hour Continuous Observation 

Detailed observations were made on a single queen cell for a 24 hour period to detect 

any periodicity to queen rearing activity. The cell was illuminated with a glass-fiber optic 

light, and videotape recordings were later transcribed. Behavioral observations were divided 

into 2 categories: 1) workers observed ON queen cells which included any activities where 

workers made physical contact with the outside of the queen cell, and 2) workers observed 

IN cells for any amount of time. Workers entering the queen cell were likely feeding the 

larvae, because most queen larva feeding bouts last less than 50 seconds (Browers et al., 

1987), although a visual confirmation was not possible. Workers ON the cell were engaged 

in cell building by shaping and elongating the wax body with their mandibles, and were 

presumably gauging their activities by frequent antennations (reviewed by Winston, 1987). 

A third category, TEND the queen cell was generated for some statistical analysis purposes 

by combining the ON and IN cell categories. Data collected from this 24 hr period were 

used to test for interindividual differences in the tendency to specialize in rearing queens. 

Observations of the 24 hour recording were used to determine the frequency with which each 

bee was observed ON or IN  the queen cell. Frequency distributions were calculated by 

summing all bees for each behavioral category (ON, IN, and TEND the queen cell). The 
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distributions were tested against expected frequencies generated by Poisson distributions. 

Specialists would appear as bees with unexpectedly high frequencies (Sokal and Rohlf, 

1981). 

5 Minute Scans 

Scan samples were conducted on 8 colonies as follows. Each queen cell was 

observed for a 5 min period while recording the activity of focal bees (5 min scans). 

Activities of focal bees working queen cells were scanned twice daily, from 11 a.m. to 2 

p.m., and from 3 to 5 p.m. Only two behaviors were monitored and classified as workers 

ON and IN queen cells, as described above. Observations continued for 4 or 5 days until the 

cells were capped over. 

30 Minutes Continuous Observation 

To determine whether there were phenotypic biases in the relative likelihood of time 

spent rearing queens, all of the cells (40) in six observation hives were videotaped for 30 

minutes (30 minute observations) daily for 4-5 days until the larvae pupated. Cells were 

illuminated with a glass-fiber optic light. The tapes were reviewed for durations of ON and 

IN cell activities. Rearing bout categories represent the following time ranges; 10 sec (5 10 

set), 30 set (10<sec<30), 60 sec (30<sec<60), 120 sec (60<sec<120), 180 sec 

(120<sec<180), 240 sec (180<sec<240), 300 sec (240<secc300), and 600 (> 300 sec). 



Censuses of Focal Bees 

Colony censuses were conducted the day before focal bees were introduced to 

determine adult bee numbers, and whether possible frequency differences between colonies 

were based on differential access to queen cells. Censuses were conducted on the final day 

of the observation period to determine whether possible phenotypic differences were based 

on differential mortality among the focal bees. Censuses were conducted by scanning each 

face of each observation hive that was divided into grids for orientation purposes. The 

identification of focal bees, and the total number of workers per grid were recorded on an 

audio recorder. 

Statisticd Analyses 

All results from 5 minute scan were based on the first observation for each bee in 

each observation period. Thus, the observations of individuals within a 5 minute scan period 

were independent. Observations of individuals within a 30 minute observation period also 

were independent, but the duration of repeated visitations of individuals were treated 

independently as well as summed to determine the overall effect of repeated visitations. 

Durations of ON and IN categories were analysed as proportions of total time spent engaged 

in the respective activities to determine whether there were any phenotypic biases in the 

relative likelihood of bout duration. 

Colony mean proportions were pooled because high and low proportions between 



colonies were homogeneous, respectively (Sokal and Rohlf, 1981). The effects of strain, 

worker age, and strain by worker age on queen rearing were analysed by two- and three-way 

G-tests (Sokal and Rohlf, 1981). 

24 Hour Continuous Observation 

There was no periodic activity observed ON the queen cell in a 24 hour observation 

period (Fig. 18a). Workers observed IN the cell appeared to be more frequent horn 1100 h 

to 1900 h, interspersed with a periodicity of 2-3 hours (Fig. 18b). The frequency of 

individuals' tendency to work ON (x2=0.57, df=2, P>0.50), IN (X2=1.3, df==2. P>0.25), or 

TEND a queen cell (X'=0.44, d k 2 ,  P>0.50, Fig. 19) were distributed in a manner 

indistinguishable from a Poisson distribution. 
I 

5 Minute Scans 
I 

Colony mean proportions were pooled for statistical analysis (Sokal and Rohlf, 1981). 
I 

High strain proportions were homogeneous between colonies, as  were low strain proportions: 

5 minute scans: G,,,$=8.7, df=8, b20.150,  G,,=10.6, df=8, b O . l O O  (Fig. 10); 30 minute 

observations: G ,,,,, =7.87, df=6, b 0 . 2 5 ,  Gh,=5.37, df=6, b 0 . 5 0 )  (Sokal and Rohlf, 1981). 

I 
I There was a significantly greater probability for high QMP responding workers to be 



Hour 

Figure 18a. Periodic worker activity ON a queen cell observed continuously for 24 h. 

Hour 
Figure 18b. Periodic worker activity IN  a queen cell observed continuously for 24 h. 



Frequency of Observations 

Figure 19. Observed and expected I] probability 

distribution of queen cell TENDing frequencies. The probability 

that the observed distribution deviates from the Poisson distribution 

by chance alone is 0.05 (X'=0.44, db2) .  
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observed ON and IN queen cells than low QMP responding workers (G= 7.3, df=2 P<0.02). 

There was no significant effect of age on the likelihood of workers to TEND queen cells 

( G 4 . 5 ,  df=5, P>0.5), but there were significant age by strain effects. High strain workers 

were more likely to TEND queen cells at 3, 7, and 9 days; Age 1, G=4.7, df=2; Age 3, G 

=9.6, df=2; Age 5, G=6.3,df=2; Age 7,G=8.3, df=2; Age 9, G=10.5, df=2. 

30 Minute Continuous Observations 

High strain workers spent significantly more time TENDing queen cells than low 

strain workers (ON cells G=13.7, d k 3 ,  P < 0.001; IN cells G=12.7, df=2, P < 0.001) (Fig. 

21). There also were significant age by strain effects in the proportion of time spent ON 

(Fig. 223) and IN cells (Fig. 22b). High strain workers spent proportionately more time ON 

queen cells than low strain workers for all ages (Day 1: G=6.7, df=2, P < 0.03; Day 3: 

G=6.4, df=2, p <  0.02; Day 5: G=7.5, df=2, P 4 . 0 2 ;  Day 7: G=7.5, df=2, Pc0.02; Day 9: 

G=5.9, df=2, p.d.05). High strain workers aged 5, 7, and 9 days spent significantly more 

time IN queen cells than low strain workers (Day 1: G=1.3, df=2, P > 0.05: Day 3: G=4.5, 

df=2, p>0.05; Day 5: G 6 . 1 ,  df=2, P<0.05; Day 7: G=6.3, df=2, P<0.05; Day 9: G 7 . 1 ,  

df=2, P<0.03). These results reflect the cumulative effects of individuals' activities in a 30 

minute period. High responding workers were significantly more likely to be ON cells in 

bouts lasting 10 seconds or less (Fig. 23a), but not for any other durations. High responding 

workeE were significantly more likely to be observed IN cells for bouts lasting 10, 30 and 



Queen Cell Rearing Activity 

Figure 21. High strain workers were significantly more likely 

to be observed IN (G-Test = 13.7, df = 2, P < 0.001), and ON (G-Test = 13.7, 

df=2, P < 0.001) queen cells than 0 low strain workers. 



1 3 5 7 9 
Worker Age (Days) 

22b) IN Queen Cells 

3 
Worker Age (Days) 

Figure 22. Effect of QMP response and worker age on the proportion 

of  time observed a) ON or b) IN queen cells. High strain workers 

workers where and a * indicates a significant difference by at most P < 0.05. 



Figure 23 a) 

High Low 

Bout Duration ON Queen Cells (sec) 
Figure 23 b) 

OS4 1 

High Low 

10 30 60 120 180 240 300 

Bout Duration IN Queen Cells (sec) 

spent a) ON or b) IN queen cells. 



120 seconds (Fig. 23b). 

Censuses of Focal Bees 

Colony censuses indicated that strain differences in queen rearing were not due to 

differential mortality, access to queen cells among the strains, or between-colony differences 

(Table 4). Colony populations, numbers of high and low QMP responding workers, and 

numbers of workers per age cohort were similar (Table 4). 

Table 4. Frequency of focal bees from high and low strains. One thousand individually 
marked workers were introduced over a 10 day period on alternate days, 200 workers per 
strain. 

Colony Population at Number (%) of focal bees at completion. 



The results in this study support the hypothesis that workers showing high response to 

the pheromone that signals queen presence (QMP) expressed greater queen rearing activity 

than workers with a low response to QMP. Evidence for phenotypic variability in queen 

rearing behavioral traits supports a Darwinian model for the evolution of colony organization 

and suggests a mechanism for queen rearing division of labor upon which natural selection 

can act (Page and Robinson, 1991). The high QMP responding phenotype was more likely 

to be observed ON and IN queen cells, as well as spend proportionately more time engaged 

in these activities. This suggests that attractiveness to the queen-produced social cohesion 

pheromone (QMP) is associated with another trait important to colony survival, queen 

rearing. 

There was no strong rythmic effect of activity ON queen cells, although there 

appeared to be increased IN cell activity during the late morning to early evening hours, 

perhaps coinciding with a more active period in the hive. However, more replications over a 

greater range of queen larval ages would be necessary to infer any periodic queen rearing 

activity. There also were no interindividual differences in the tendency of workers to TEND 

queen cells (Fig. 19). Thus, workers did not specialize in queen rearing activities (see also 

Robinson 1994; Oldroyd et a[., 1990). The tendency for high QMP responding 

workers to engage in queen rearing activities was consistent in all 8 of 8 replicates (Fig. 20). 

High strain workers may have a reduced response threshold to the absence of the queen, but 

this ws not reflected as a high frequency of repeated behaviors by individuals of this 
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phenotype. High strain workers were more likely to be observed ON and IN queen cells 

than low strain workers (Fig. 23), spent more time ON cells (Fig 22a), and were 

significantly more likely to be observed ON cells for bout durations lasting 10 seconds or 

less (Fig. 23a). For all other bout durations there were no differences between the strains, 

suggesting that persistent specialization was not a factor for this activity, although a more 

investigation. 

~ h t :  behavioral and physiological mechanisms underlying queen rearing are 
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unknown. I propose that one mechanism for the differences observed here is the response 

threshold to the absence of the queen signal QMP by high QMP responding workers. The 

response sequence to the absence of the queen may occur in the following order: 1) the 

absence of the queen is perceived, 2) there is an endocrine-based physiological response to 

the released queen-rearing inhibition (perhaps through a neur~hormonal-stimulated increase in 

mandibular gland food production), and 3) there is a behavioral response expressed as queen 

rearing. QMP is an important queen presence signal, and there is a genetic basis for worker 

response to QMP (Chapters 1 and 2). This study has demonstrated that there is a similar 

genetic basis to worker responses to the absence of QMP, and suggest that response to QMP 

is a trait involved in the organization of queen rearing. 



QUEEN MANDIBULAR GLAND PHEROMONE INFLUENCES WORKER HONEY BEE JUVENILE HOW(: 

~ T E R S  AND FORAGING ONTOGENY.* 

Synthetic QMP was applied to honey bee colonies to test two hypotheses: 1) QMP 

acts like a primer pheromone in the regulation of age-related division of labor in honey bee 

colonies, and 2) the primer effect varies in three strains of workers that show genetically- 

based differences in their retinue attraction response to QMP. High, low and "wild-type" 

QMP retinue responding bees were fostered in queenright colonies with or without 

supplemental QMP. Effects of QMP on juvenile hormone I11 (JH) blood titers and the 

ontogeny of foraging in worker honey bees were measured. Although there were no 

differences in foraging ontogeny and JH titers among the three strains, bees in the QMP- 

supplemented colony treatment had significantly lower JH titers and showed a related delay 

in foraging ontogeny. In addition, forager activity was greater in control colonies. We 

conclude that 1) QMP can delay the ontogeny of foraging by inhibiting JH production, 2) 

this QMP primer response is independent of the retinue releaser response, and 3) QMP can 

play an important role in regwlating division of labor. 

* Pankiw, T., M.L. Winston, Z-.Y. Huang, and G.E. Robinson. Queen nlandibular gland pheronlone influences 
worker honey bee (Apk melliferu L.) juvenile hornlone titers and foraging ontogeny. (to be submitted). 



The dynamic organization of honey bee (Apk mellifera L.) division of labor is an 

important attribute of this and other highly eusocial insects. A primary advantage of eusocial 

over solitary life is that all labor may be performed concurrently instead of sequentially, and 

the maintenance and ordering of division of labor has been a major concern in social insect 

studies. Workers are differentiated into behavioral groups, an effect of age-related change 

known as temporal polyethism. Temporal polyethism refers to the age-related behavioral 

repertory found among all of the ants, many social wasps and bees (Holldobler and Wilson, 

1990; Jeanne, 1991). The adult workers of most social insects change roles as they age 

usually progressing from tasks performed within to outside the nest. 

The honey bee behavioral catalogue is lengthy and not all individuals will perform 

every possible task (Robinson, 1992; Winston, 1987), but rather the labor schedule retlects a 

compromise between task performance and location efficiencies (Seeley, 1982). Tasks are 

generally divided among four basic categories; 1) cell cleaning and capping, 2) brood and 

queen tending, 3) comb building, cleaning, and food handling, and 4) outside tasks such as 

ventilating, parding, and foraging (Seeley, 1982). The nearly universal characteristic of 

progression from within- to outside-nest tasks is believed to be adaptive because the most 

hazardous tasks are delegated to the latter part of a worker's life. Workers undergo 

physiological changes with age in such a way that their response threshold to various 

environmental stimuli change. These behavioral changes are accompanied and induced in 

part by shifts in endocrine gland activity. 
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As honey bee workers age juvenile hormone (JH) titers increase, and treatment with 

JH mimic, JH, or JH analog will induce precocious foraging (Fluri et al., 1982; Huang et al., 

1991, 1994; Jaycox, 1976; Jaycox et a., 1974; Robinson, 1985, 1987a7 b; Robinson and 

Ratnieks, 1987; Sasagawa et al., 1989). Individual behavioral development may be delayed, 

accelerated or reversed in response to changing internal and external colony environment 

correlated with JH titers (Robinson et al., 1989; Huang and Robinson, 1992, 1995). 

Accelerated behavioral development (precocious foraging) may be induced as a response to a 

lack of older forager age bees, retarded behavioral (overage nurse bees) development may be 

a response to a lack of young bees, and behavioral reversion (from foraging to nursing 

behavior) may be induced in response to a deficit of young bees (Page et a(. 1989; Robinson 

et al., 1992; Huang and Robinson, 1992; Robinson, 1992). Accelerated development is 

associated with a precocious rise in JH titers, retarded development with an extended 

duration of low JH titers, and behavioral reversion with a decrease in JH titers (Robinson et 

al., 1992). 

The regylation of age-related division of labor is enigmatic because in large colony 

species like the honey bee it is unlikely that an individual worker is capable of integrating all 

of the information on internal and external colony environments and the activities of all other 

workers and then adjusting her behavior accordingly. An "activator-inhibitor1' model has 

been proposed suggesting that workers develop in response to localized stimuli within the 

colony, and worker development is mediated by interactions with the environment and other 

workers (Huang and Robinson, 1992). According to this model, there is an interaction 

between JH, designated as an inherent "activator" that promotes behavioral development, and 
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an "inhibitor", an unidentified factor(s) transferred among workers that suppresses 

development (Huang and Robinson, 1992). The activator-inhibitor model predicts that the 

presence of older forager-age workers will suppress JH titers and promote delayed behavioral 

development in young workers. The absence of older workers removes the "inhibitor", 

allowing biosynthesis of the JH "activator" which promotes precocious behavioral 

development. 

Although the activator-inhibitor model hypothesizes that age at first foraging is 

modulated by a worker-produced inhibitor in the colony, other non-worker produced 

inhibitors may exist. For example, extracts of queen mandibular gland pheromone (QMP), 

and it's major component ODA inhibit the rate of JH biosynthesis (Kaatz et  al., 1992), that 

could induce a JH-based delay in worker foraging ontogeny. To date demonstrated queen 

effects on division of labor have been limited to a genetic contribution (Page et al., 1989), 

despite known primer pheromone effects of queen mandibular gland pheromone on workers, 

such as the suppression of reproductive queen rearing (Pettis et al., 1995; Winston and 

Slessor, 1992; Kaatz et al., 1992). QMP also elicits a releaser-type behavioral response 

called retinue behavior, characterized by workers surrounding the queen or a QMP-dosed lure 

in an elliptical formation. antennating and removing QMP from the surface with their 

antennae, proboscides. and forelegs (Slessor et al., 1988; Kaminski et al., 1990). There is a 

genetic component to this worker retinue response to QMP, and strains of high and low QMP 

retinue responding strains have been reared for the purpose of examining the role of QMP in 

colony-level functioning and individual bee behavior (Chapters 1 and 2). 

The main objective of our study was to examine the influence of QMP on worker foraging 



ontogeny and JH titers. Our primary hypothesis was that workers reared in nest 

environments with supplemental QMP would display lower JH titers and later foraging 

ontogeny than in untreated colonies. In addition, we tested for a genetic basis to this 

hypothesized influence of QMP on JH and foraging. High and low QMP-retinue responding 

workers were used as  "probes" to determine whether selection based on the retinue response 

to QMP conferred a correlated response to the proposed influence of QMP on foraging 

ontogeny and JH titers. 

MATERL~LS AND METHODS 

Bees 

Worker honey bees were obtained from the third generation of "high"- and "low"- 

QMP retinue responding strains from stocks originally selected in 1990 (Chapter 2). "Wild- 

type" refers to Simon Fraser University stock colonies headed by open mated queens, 

therefore worker relatedness was variable. Colony-level QMP-retinue response for all 

phenotype sources was measured two days prior to introducing workers to experimental 

treatments ( Fig. 24). Means and standard errors of QMP-retinue responses were as follows: 

X,,i,=37.5 2 3.4, X,,=6.6 r 1.1, Xwil,=17.8 5 1.5. 

Bees of known age were obtained by removing combs containing developing pupae 

from pre-selected single-patriline high- and low-QMP responding phenotypes. and "wild- 

type" colonies (Fig. 24). The combs were placed in an incubator maintained at 33•‹C for a 
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Figure 24. Experimental design. Known-age cohorts of number tagged and paint- 

marked workers were introduced to either QMP treated or control colonies. QMP 

and control colonies were paired to share phenotype sources. A total of 18 colonies 

representing high, low or wild-type QMP-retinue responding phenotypes were the sources 

of introduced bees. High and low QMP-retinue responding sources were obtained from 

the third generation of selected strains, and worker relatedness within colonies averaged 

0.75. Wild-type workers were from open mated SFU stock colonies with variable relatedness. 

QMP-Retinue Responses of 
Phenotype Sources for Number and Paint Marked 

Treatment Pairs Workers 
Treatment 

Pairs 

High - 54 
Low - 9 

Wild - 23 

High - 31 
Low - 9 

Wild - 20 

High - 38 
L o w -  9 

Wild - 19 

High - 34 
L o w -  5 

Wild - 17 

High - 35 
Low - 5 

Wild - 15 

High - 33 
Low - 3 

Wild - 13 

100 numbered, 200 paint 
100 numbered, 200 paint 

100 numbered, 200 paint 
- 

100 numbered, 200 paint 
100 numbered, 200 paint 

100 numbered, 200 paint 

100 numbered, 200 paint 

100 numbered, 200 paint 

100 numbered. 200 ~ a i n t  

QMP 

Control 

Q M P  

Control 

QMP 

Control 

Q M P  

Control 

QMP 

Control 

Q M P  

Control 
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24 hr emergence period. The newly emerging adults (N=100 per phenotype per colony: 

grand total of 3,600) were marked with colored and numbered tags, a different color for 

each of the 3 phenotypes. An additional 200 per phenotype per colony (N=7,200) of newly 

emerged workers were paint-marked with different colors to designate phenotype (Fig. 24). 

Sampling without replacement would reduce the number tagged workers being observed for 

foraging ontogeny, therefore two marking methods were used, number tagging for foraging 

ontogeny, and paint marking for JH titer measurement. 

All marked workers were introduced to QMP treated and control 4-frame colonies 

equalized for adult numbers (approx. 10,000), brood area (2 frames), and food stores (2 

frames). Treatments were replicated 6 times with different worker phenotype sources for 

each pairing (Fig. 24). Number tagging and introduction of newly emerged workers into 

respective treatment and control colonies were staggered equally over 3 days from 8 to 10 

July, 1993. The experiment was terminated when all number tagged workers had foraged or 

could no longer be found in the colony. 

Treatments 

QMP-treatment colonies received a glass microscope slide daily loaded with one 

queen equivalent of QMP (Slessor et a/., 1990) in 10 PL 2-propanol, and centrally placed on 

the wax comb frame tops of each colony. The amount of QMP used in this study was 

within the median range of the distribution of QMP extracted from the mandibular glands of 

mated queens. The amount of ODA may range from 0.2 to 1.8 times the queen equivalent 
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used here, so the additional amount of QMP that was added was well within what could be 

expected to be naturally available to colonies. Control-treatment colonies received glass 

microscope slides daily loaded with 10 pL of 2-propanol. 

Sampling Scheme 

One worker from each phenotype (high, low, and wild-type) was collected randomly 

from each frame face of the four frames in the hive. A total of 8 workers per phenotype per 

colony per treatment was collected and placed in a Ziploc@ plastic bag, and stored 

temporarily in a container of ice. In the laboratory, five workers per phenotype per colony 

per treatment were used to obtain blood (hemolymph) samples. The additional 3 workers 

served as back-up workers in the event of a blood collection mishap. The sampling regime, 

0, 7, 14, 21, and 28 days after emergence was chosen to follow temporal polyethic 

progression from nursing to older forager tasks, as established in previous studies (reviewed 

in Robinson, 1992). Collections took place prior to 10 a.m. to ensure against excluding the 

collection of any workers that may be outside the nest. During the course of this experiment 

no foraging took place before 10 a.m. 

Measurement of J H  titer 

After collection, bees were immobilized on ice for 20 min - 1 h until hemolymph was 

taken. Hemolymph was removed from each bee using a 5 pL Dmmmond WiretrolB #5-00- 
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1005 microcapillary tube, measured to the nearest OSmm, and stored in 500 pl acetonitrile. 

Individual hemolymph samples were stored at -70•‹C. 

A chiral-specific radioimmunoassay (RIA) (Hunnicutt et al., 1989) was used to 

measure the JH 111 titer in the sampled hemolymph. JH I11 is the only JH homolog found in 

honey bees (Hagenguth and Rembold, 1978). This assay has been validated for adult worker 

honey bees by Huang et al. (1994). Previous results (Huang et al., 1994; Huang and 

Robinson, 1995) indicate that values from this RIA agree with values obtained with both the 

Strambi and Goodman JH RIA'S, both of which have been validated with gas 

chromatography/mass spectroscopy (de Kart et al., 1985; Goodman et al., 1990). 

Hemolymph may become contaminated with sucrose if the midgut is punctured during 

hemolymph collection. Sucrose contamination would be reflected as a greater than actual 

volume of hernolymph resulting in JH titer determination errors. Therefore, sucrose 

contamination was determined using techniques described by Woodring et al. (1993). Seven 

randomly selected samples of hernolymph were run with standards for 4 sugars (fructose, 

glucose, trehalose, and sucrose), and no sucrose was detected. 

All solvents used were HPLC grade, obtained from either EM Science, Fisher 

Scientific, or J.T. B'axter Chemical Co. Glassware was baked at 500•‹C for 3.5 h prior to use 

to minimized JH absorption (Strambi et a/., 1981). 

Random vs Selected Bee Collection for Measurement of JH Titer 

This experiment was performed because levels of JH in this study were lower than in 
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other studies which used the same JH RIA (Huang et al., 1994; Huang and Robinson, 1995). 

We wanted to determine whether JH titer and hemolymph volumes could be biased due to 

within or outside nest collection among same age bees. 

Into four 4-frame colonies (approx. 10,000 workers) 100 paint-marked, newly 

emerged workers were introduced (as above). Twenty-eight days later 10 workers per colony 

were collected randomly from within the colony (as above) in the morning before foraging 

began, and another 10 per colony were collected as returning foragers at the colony entrances 

(as per Huang et al., 1994). Hemolymph collection and JH analysis were performed as 

above. 

Behavioral Measurement. 

To measure number tagged forager activity, entrance counts were conducted. Hive 

entrances were partially blocked with wide mesh screen to slow forager entry into the 

colony, allowing the observer to distin&h the identity and type of forager. Measurements 

were taken for 5-minute intervals, four times daily, twice in the morning and twice in the 

afternoon, beginning 5 days after worker introductions. The number tag worker identities 

were called out and tape recorded or immediately recorded by another person. Observers 

were not informed of the treatment or marked worker codes nor were they aware of 

hypothesized predictions. 

Colony entrances were blocked completely twice daily, once in the morning and once 

in the afternoon for 15 minutes after entrance counts were completed. The identity of the 
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number tagged workers at blocked entrances was recorded, as well as forager type. Type of 

forager was determined by the presence or absence of pollen on corbiculae. The date of the 

first foraging trip was considered to be the date that a marked worker was first seen outside 

the hive during entrance observations. While a small number of these first flights may have 

been orientation rather than foraging flights, previous studies have shown that enor because 

of this factor is insignificant (Winston and Katz, 1982; Winston and Punnett, 1982). 

Census data were collected to correct for differential mortality for the purposes of 

statistical analysis. Censuses were conducted on the 1",15', and 35' day after worker 

introductions to determine whether possible treatment or phenotypic differences were based 

on differential mortality among the focal bees. Censuses were conducted by scanning each 

face of each frame, as well as the interior of the hive body. The identification of number 

tagged workers was recorded. 

Sta tistical Analyses 

All results are presented as means and standard errors. 

Foraging Ontogeny - Chi-square analysis w ~ s  performed on percentage data adjusted 

for mortality among phenotypes within colonies to determine differences among phenotype 

and treatment classifications (Sokal and Rohlf, 1981). 

Foraging Activity - Data were log transformed prior to an analysis of variance test 

(Steel and Torrie, 1980). 

JH Titer Measurements - TO increase precision for comparing the average effects 



95 

of treatments on phenotypes and interactions, the data were analysed based on an split plot 

design with two error terms based on the following degrees of freedom sources 1) pairs X 

treatments, and 2) pairs[(phenotypes)(treatments X phenotypes)] (Steel and Tome, 1980). 

Differences in JH titer among randomly in-hive selected and behaviorally selected workers 

was determined by analysis of variance (Steel and Torrie, 1980). 

Foraging Ontogeny 

Exposing workers to colony environments with supplemental QMP, which we 

predicted would delay foraging ontogeny, did result in delayed foraging (Fig. 25a). Workers 

in control colonies were significantly precocious foragers compared to QMP treatment, 

foraging an average of 2.7 days earlier (x2=4.3, df=l ,  P < 0.05) (Fig. 25a). There were no 

differences (X2=1.3, df=2, P > 0.05) between the QMP-responding phenotypes within 

treatments (Fig. 25b), so data within treatments were pooled for analysis (Fig. 25a). 

Foraging Activity 

The number of workers returning from foraging flights was signiticantly greater 

(Fz5.3, df=l ,  P < 0.05) in control colonies, 2.0 2 0.09/ 5 min, than QMP treated colonies 1.4 

+. 0.014/ 5 min. There were no differences within treatments between high, low or wild-type 



Figure 25 a) 25 1 

Control 

Figure 25 b) 26 1 I control 

25 f QMP 

Figure 25. a) Pooled mean foraging age of control and QMP-treated colonies. Control 

workers (N=6 colonies) began foraging at significantly younger ages than QMP-treated 

(N=6 colonies, P < 0.05). b) Mean foraging age of number-tagged workers in control 

and treatment colonies. The bars represent mean ages of high, low, and "wild-type" QMP- 

responding phenotypes (N=6 colonies). There was no significant difference among pheno- 

types within treatments (P>0.05). 



QMP-responding phenotypes (F=3.1, df=2, P>0.05). 

JH Titers 

Split plot analysis of variance indicated there were significant differences among 

treatments (F=6.21, df=l,  P<0.01), no differences among phenotypes (F=1.44, df=2, P>0.24), 

and no treatment x phenotype interaction (F=2.19, df=2, P>O.ll) (Fig. 26a, b). 

Further analysis of variance using means of colony-level means (i.e. treatment N=6 

colonies), pooling phenotypes (because there was no phenotype effect from split plot analysis 

of variance), indicated an overall treatment effect (F=6.40, df=l,  P<0.01). T-test analysis of 

variance to examine treatment differences on days 0, 7, 14, 21, and 28 individually on pooled 

means (i.e. means of colony means, N=6), indicated that day 14 contributed the most to 

treatment differences (T=74, df=l ,  P>0.0001) (Fig. 2 6 ~ ) .  

Random vs Selected Bee Collection Method 

There were nu differences in JH titers between 28-day old workers collected inside 

the colony (148.8 f 15.9 ndml), and returning foragers (157.0 f 124.4) (F=0.08, df=l ,  

p>().7$). There also were no differences in blood volume collected between workers 

collected in the hive (3.8 f 0.2 PI), and returning foragers ( 3.9 + 0.3 ~ 1 )  (Fd.09,  df=l ,  

E50.76). These results indicate that there is no blood volume - worker location relationship. 

~ l t h ~ ~ ~ h  JH  titer is slightly higher among returning foragers, this factor was insignificant, 
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validating the in-hive random collection methodology used in this study. 

DISCUSSION 

These results provide the first demonstration that a social insect queen pheromone, i n  

this case honey bee QMP, acts as a modulator for division of labor. Evidently, QMp can 

influence foraging ontogeny by inhibiting JH titers. QMP delayed the age at which foraging 

began, and associated with this delayed foraging ontogeny were lower JH titers among QMP- 

treated colonies compared to control colonies. The higher mean foraging rate by control 

workers that resulted from this lower mean foraging age produced a greater accumulation of 

foragers over time than in QMP colonies (Fig. 27, see discussion below). Finally, we found 

no genetic basis to QMP inhibition of JH titers and foraging ontogeny. 

These findings expand the activator-inhibitor model of division of labor 

(Huang and Robinson, 1992) to include queen effects in addition to worker factors. This 

model, and the experimental results that Support it, suggest that forager-age workers suppress 

JH levels and temporal caste development of young workers. The removal of old workers 

removes this "inhibitor", allowing the biosynthesis of the "activator" JH and prompting 

precocious behavioral development (Huang and Robinson, 1992). However. QMp also 

inhibits JH levels and behavioral development, indicating that caste ontogenv is mediated by 

at lezst two parallel systems, queen pheromone and feedback from colony demozraphic - 

factors. 

QMP hnctions to moderate the rate at which workers progress from within to outside 

nest tasks. A modulator such QMP may impose a labor schedule that promotes efficiency 
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in task performance by physiologically delaying a shift to the next age caste. QMP also 

may lengthen transition phases from age caste to age caste, resulting in worker response 

thresholds that overlap castes, thereby producing a worker generalist capable of behavioral 

plasticity. In addition, the presence of this secondary queen-based inhibitor would prevent a 

colony's young workers from developing too rapidly towards foraging tasks in the event of a 

sudden loss of older workers due to predation, rapid weather changes or other factors. 

QMP may be most influential in suppressing JH titers and foraging in small rather 

than large colonies because the source (queen) is more accessible. QMP is most effective in 

inhibiting queen rearing activities among unpopulous Versus populous colonies (Winston et 

a/., 1991), and QMP is detectable in a smaller proportion of workers in populous versus 

unpopujous colonies (Naumann el a[. 1993). Although there is no link between the two 

known QMP primer effects, swarming suppression and delayed foraging ontogeny, it seems 

reasonable to assume that QMP transmission mechanisms would be similar for both. Thus, 

the QMP effects we found here may diminish as colonies become more populous, and the 

worker-based inhibitory factors might become more significant. Studies of QMP and worker 

inhibitory factors in colonies of different population and age structures would be useful to 

further explore this subject. 

We examined how control and QMP-treatments affected the ergonomic structure of 

the number-tagged cohorts by plotting three variables, worker age, percent of cohort 

foraging, and the number of foragers observed (Fig. 27). Control workers (Fig. 27a) began 

foraging at significantly younger apes (X-axis) than QMP-treated workers (see also Fig 25a). 

a result the control cohort began to shift earlier toward foraging tasks, expressed as 
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percent of the cohort foraging (Y-axis). As a greater percentage of the cohort foraged, the 

mean number of foragers observed increases (Z-axis). This plot demonstrates that a small 

change in the task performance of a cohort can induce a large shift in ergonomic structure. 

QMP-treated workers began foraging at older ages, the cohort did not shift to foraging tasks 

as quickly as the control workers, and the number of foragers observed was lower compared 

with controls until a greater percentage of the cohort began foraging (Fig. Ub) ,  thereby 

indicating how a QMP-induced shift in age of first foraging can have profound implications 

for colony foraging structure. 

The JH titers in this experiment were low compared with other studies using bees of 

similar age and behavioral development (Huang et al., 1991; Huang et al., 1994). These low 

values do not appear to be an artifact of our sampling procedure, because in-hive and forager 

samples were similar. Also, the drop in JH levels following the single JH peak observed on 

day 14 was unusual. This peak JH titer on day 14 (Fig. 2 6 ~ )  may have "set" control workers 

to a physiological foraging state predisposing relatively earlier foraging (Huang and 

Robinson, 1995). In contrast, a comparable JH peak was not observed among - QMP treated 

workers, but rather we observed a slower, continuous increase (Fig 2 6 ~ ) .  

cool (average night temp. 8 • ‹ C  average A.M. temp. 15• ‹C  average PAi. temp. lg•‹C), 

rainy Conditions interspersed with brief warm sunny weather prevailed throuchout - the 

duration of this experiment and may have contributed significantly to the low JH titers 

observed i n  this experiment. During seasonally Cool and cold periods, or experimentally 

induced in which foragers are less or inactive, JH titers decline to pre-foraging levels 

(Hunng and Robinson, 1995). Decreases in JH in the fall, and increases in JH in the spt-ing 
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may be attributed to seasonal decreases and increases in temperature as suggested by Biihler 

et al. (1983). Characteristically, winter foragers have low JH titers (Fluri et al., 1977), 

associated with prolonged longevity. Despite low JH titers and extended longevity, winter 

foragers generally don't survive to the spring (Huang and Robinson, 1995). However, 

summer foragers presented with adverse climatic conditions must be capable of taking 

advantage of brief periods of favorable weather, and then possibly waiting long periods for 

another foraging opportunity. The functional signiticance of low JH titers and low metabolic 

rates (Huang et al., 1994; Harrison, 1986) in summer foragers may induce greater longevity 

and lower consumption rates of limited resources. This behavioral and physiological 

plasticity in JH levels and foraging ages may be principal factors in honey bee ecological 

success. 

QMP retinue response phenotypes (high, low, and wild-type) did not respond 

significantly differently to QMP primer influences on ontogeny of foraging and JH titers. 

Evidently the QMP-induced releaser retinue response does not confer a correlated response to 

this primer intluence, and the primer does not appear to have a similar genetically variable 

n;lture, at least in the strains we tested. No genetic component was found in QllP-based 

suppression of queen rearing between Africnnized and European bees (Pettis rt dl . ,  1995), 

suggesting that QMP primer effects may generally be quantitatively similar between honey 

bee races or populations. 

In summary, QMP delays foraging ontogeny in worker honey bees, associated with 

lower JH titers. QMP should be included with worker genotype (Page and Robinson, 1991; 

Giray and Robinson, 1994), and environment (Robinson, 1993,) as a factor that influences 
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temporal polyethism. The integration of QMP (and perhaps other honey bee pheromones 

such as worker or brood pheromones), genetics, and environment into the activator-inhibitor 

model for the plasticity of division of labor will undoubtedly lead to a refinement in our 

understanding of the mechanisms regulating temporal pol yethism. 



Releaser and primer influences of queen mandibular pheromone on workers were 

examined in this study. Variation in QMP retinue response was due primarily to genotype. 

Strain dependent differences were maintained over a wide range of dosages, were not an 

artifact of the synthetic blend, worker age or rearing environment, and there was no 

correlation between queen pheromone production and worker response. There was a seasonal 

component to response observed in high QMP-responding workers distinguished by a low 

response in the autumn. Similar pheromone quantities were extracted from queens 

originating from different sources, suggesting that mandibular production is not strongly 

intluenced by genotype. Comparisons between European and Africanized queens revealed 

some racial differences, but, these differences would not be reliable for classifying individual 

queens according to race. The wide variation in the quantity of QMP components suggests a 

generic signal indicating the queen is present. Much of the observed variability can be 

attributed to gland substrate uptake, enzyme levels, and reaction volumes in individual queen 

glands (Plettner, 1995). 

More needs to be known about the biological and behavioral intluences of the 

individual components before suggestions can be made concerning the relevance of the total 

or relative presence of any component in the blend. However, ontogenetic and reproductive 

states are apparent through component proportion shitis. Virgin queen glands produce QMP 

with a high proportion of ODA, mated queens produce QMP with approximately equal 

of ODA and 9-HDA, and drone-laying queens produce proportions that are 
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intermediate, reflecting their intermediate reproductive status. A quantitative definition of a 

"queen equivalent" of QMP was proposed for the various queen types, and a standard queen 

equivalent for mated European honey bee queen mandibular gland pheromone is to be 200 

pg 9-ODA, 80 pg 9-HDA, 20 pg HOB, and 2 pg HVA. 

QMP components from the body surfaces of European and Africanized mated and 

virgin queens were highly variable and not correlated to quantities found in individual 

glands, Body surface QMP was approximately found in glands. 

Strain-dependent QMP retinue response in the laboratory did not confer retinue 

response to a live queen in the hive. Nevertheless, differential queen attendance among 

worker sources suggested that there may be a genetic basis for queen attendance. Other cues 

may be involved in retinue response such as queen movement, texture, and queen odors 

alone or in combination with QMP. Phenotypic differences in queen attendance behavior is 

puzzling. Presumably phenotypes with a greater tendency to attend the queen are more 

likely to be exposed to QMP. Whether these phenotypes are differentially removing, 

circulating, and/or affected by QMP, is unknown. A more thorough examination of 

behaviors and fate of workers following queen attendance might elucidate the significance of 

retinue behavior. 

Response to QMP is related to another QMP effect, queen rearing activity. Worker 

honey bees selected on the basis of high retinue response to QMP in the laboratory bioassay 

were silZnificantly L more likely to be engaged in queen rearing activities than were workers 

with a low retinue response to QMP. High response workers spent proportionately more 

time working on and in queen cells than low response workers, and there were significant 
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age by response effects for time spent rearing queen cells. No interindividual differences 

were detected among the QMP-response phenotypes in the tendeccy to rear queens meaning 

that phenotypic differences in queen rearing were not a result of individual specialization, but 

rather demonstrated a phenotype-based differential tendency to rear queens. Results from 

this experiment suggest that QMP response may be a mechanism upon which colony-level 

selection acts for cooperative division of queen rearing labor. For high-responding strains, 

releaser effect of QMP retinue response is coupled with the primer function queen rearing. 

The response sequence to the absence of the queen may occur in the following order: 1) the 

absence of the queen is perceived, 2) there is an endocrine-based physiologicai response to 

the released queen-rearing inhibition, possibly by a neurohormonal-stimulated increase in 

gland food production. and 3) there is a behavioral response expressed as queen rearing 

activities. 

This study also provided the first demonstration that a social insect pheromone (QMP) 

acts to modulate division of labor. QMP influences worker foraging ontogeny by inhibiting 

JH titers thereby, delaying the age at which workers begin foraging. The overall effect on 

the ergonomic structure of the colony is indicative of how small changes in worker 

physiology can rapidly shift a cohort from intra- to extra-hive tasks. High and low retinue 

response phenotypes did not respond differently from each other or from wild-tvpe 

phenotypes to this primer intluence of QMP. Thus, QMP-induced releaser response does 

not confer a correlated response to foraging ontogeny and JH titers, at least in the strains 

tested. 

The re[easer-primer relationship of QMP has functional advantages with respect to 



queen presence and rearing. Those phenotypes most responsive to QMP have a low 

threshold of response for the absence of QMP, expressed as greater queen rearing activity. 

This relationship appears to be directly related to continuously monitoring queen presence, 

and to act quickly in the absence of the queen ensuring colony survival by rearing a new 

queen. 

QMP retinue response does not appear to be associated with QMP influences on JH 

titer and foraging ontogeny, likely because division of labor is intluenced by a hierarchy of 

factors in a variety of social and extra-colonial contexts. The activator-inhibitor model 

suggests that workers also can influence division of labor (Huang and Robinson, 1995), and 

worker mandibular glands produce a number of components that could act as primer 

pheromones (Plettner, 1995). QMP may be used to modulate division of labor in much the 

same way that forage-age workers inhibit young workers from becoming foragers, such that 

the primer influence is used to regulate ergonomic structure. 

QMP is efficiently used for at least two primer functions in colonies, the inhibition of 

queen rearing and reslation of worker temporal division of labor. Additional functions of 

this queen substance will undoubtedly be elucidated by future studies. 



Allan, S.A., Slessor, K.N., Winston, M.L., and King, G.G.S. 1987. The influence of age 
and task specialization on the production and perception of honey bee pheromones. J 
Insect Physiol 33: 917-922. 

Allen, M.D. 1957. Observations on honeybees examining and licking their queen. Brit. J 
Anim Behav 5:81-84. 

Allsopp, M.H. 1988. Mandibular gland acids and laying workers in African honey bees. 
In Africanized honey bees and bee mites. (Ed's. Needham, G.R., Page, R.E., Delfinado- 
Baker, M., Bowman, C.E.) Ellis Horwood Ltd., Chichester. p.72 

Berisford C.W., Payne T.L., and Berisford Y.C. 1990. Geographical variation in 
response to southern pine beetle (Coleoptera: Scolytidae) to aggregating pheromones in 
laboratory bioassays. Environ Entomol 19:1671-1674 

Blom, van der J., 1992. Individual involvement in queen-attending of worker honeybees. 
Insectes Soc 39:237-249. 

Boch, R., and Rothenbuler, W.C. 1974. Defensive behaviour and production of alarm 
pheromone in honeybees. J Apic Res 13: 217-221. 

Breed, M.D., and Rogers, K.B. 1991. The behavioral genetics of colony defense in 
honeybees: genetic variability for guarding behavior. Behavior Genetics 21: 295-303. 

Breed M.D., Velthuis H.H., and Robinson G.E. 1984. Do worker honey bees 
discriminate among unrelated and related larval phenotypes? Annals Ent Soc ,Amer 
77:737-739. 

Biihler A., Lanzrein B., and Wilk H. 1983. Influence of temperature and carbon dioxide 
concentration on juvenile hormone titre and dependent parameters of adult worker honey 
bees (Apk mellifera L.). J Insect Physiol 29(12): 885-893. 

Butler, C.G. 1954. The method and importance of the recognition by a colony of 
honeybees (Apis mellifera) of the presence of its queen. Trans R Ent Soc Lond 105: 11- 
29. 

Butler, C.G., and Fairey, E.M. 1964. Pheromones of the honey bee: biological studies of 
the mandibular gland secretions of the queen. J Apic Res 3: 65-76. 

Butler, C.G., and Simpson, J. 1958. The Source of the queen substance of the 
(Apis melliferu L.). Proc Roy Ent Lond (A) 33: 137-138. 



Butler, C.G., and Simpson, J. 1967. Pheromones of the honey bee (Apk mellifera L.) 
which enable her workers to follow her when swarming. Proc Roy Ent Soc Lond (A) 
42:149-154. 

Butler, C.G., Simpson , J., Callow R.K., and Johnson N.C. 1961. The isolation and 
synthesis of queen substance, 9-oxydec-trans-2-enoic acid, a honeybee pheromone. Proc 
Roy Soc Lond (B) 155: 417-432. 

Browers, E.V.M., Ebert, R., and Beetsma, J. 1987. Behavioural and physiological 
aspects of nurse bees in relation to the composition of larval food during caste 
differentiation in the honeybee. J Apic Res 26:ll-23. 

Calderone, N.W., and Page, R.E., Jr. 1988. Genotypic variability in age polyethism and 
task specialization in the honey bee, Apk mellifera (Hymenoptera: Apidae). Behav Ecol 
Sociobiol 22: 17-25. 

Collins, A.M. 1979. Genetics of the response of the honeybee to an alarm chemical, 
isopentyl acetate. J Apic Res 18: 285-291. 

Collins, A. M., Brown, M.A., Rinderer, T.E., Harbo, J.R., and Tucker, K.W. 1987 
Heritabilities of honey-bee alarm pheromone production. J Heredity 78: 29-31. 

Collins, A.M., Rinderer, T.E., Daly, H.V., Harbo, J.R., and Pesante, D. 1989. Alarm 
pheromone production by two honeybee (Apk mellqera) types. J Chem Ecol 12(6): 1747- 
1756. 

Collins, A.M., Rinderer, T.E., Harbo, J.R., and Bolten, A.B. 1982. Colony defense by 
Africanized and European honey bees. Science 218: 72-74. 

Collins, A.M., Rinderer. T.E., Harbo, J.R., and Brown, M.A. 1984. Heritabilities and 
correlations for several characteristics in the honey bee. The Journal of Heredity 75: 135- 
140. 

Collins, R.D., and Cardi, R.T. 1989. Heritable variation in pheromone response of  the 
pink bollworm, Pectinophora gossypie[la (Lepidoptera: Gelechiidae). J Chem Ecol 15: 
2647-2659. 

Conover, W.J., 1980. Practical Nonparametric Statistics. 2nd Edition, J. Wiley 6r Sons, 
Toronto 

Cowan, B.D., and Rogot'f, W.M. 1968. Variation and heritability of responsiveness of 
individual male house tlies, Musca domestics, to the female sex pheromone. &n 
Entom01 Soc Amer 61: 1315-1218. 



Crewe, R.M. 1982. Compositional variability: the key to the social signals produced by 
honeybee mandibular glands. In  The Biology of Social Insects. Proceedings of the 9th 
Congress of the I.U.S.S.I. Breed, M.D., Mitchener, C.D., and Evans, H.E. ed's. Westview 
press, Boulder, Co. pp. 236-254. 

Crewe, R.M., and Velhuis, H.M.W. 1980. False queens: a consequence of mandibular 
gland signals in worker honeybees. Naturwissenschaften 67: 467-469. 

Crozier R.H., and Page, R.E. 1985. On being the right size: male contributions and 
multiple mating in social Hymenoptera. Behav Ecol Sociobiol 18:105-115 

Currie, R.W., Winston, M.L., and Slessor, K.N. 1992a. Impact of synthetic queen 
mandibular gland pheromone on honey bee (Apk mellifera L. Hymenoptera, Apidae) 
pollination of berry crops. J Econ Entomol 85:1300-1306. 

Currie, R.W., Winston M.L. , Slessor K.N., and Mayer, D.F. 1992b. Effect of synthetic 
queen mandibular gland pheromone sprays on pollination of fruit crops by honey bees 
(Ap& mellifera L. Hymenoptera: Apidae). J Econ Entomol 85:1293-1399. 

Daly, H.V., and Balling, S.S. 1978. Identification of Africanized honey bees in the 
Western hemisphere by discriminant analysis. J Kans Enotomol Soc 515357-569. 

Danka, R.G., Hellmich, R.L., Rinderer, T.E., and Collins, A.M. 1987. Diet selection 
ecology of tropically and temperately adapted bees. Anim Behav 35: 1858-1363. 

Falconer, D.S. 1981. Introduction to Quantitative Genetics. Third Ed. John Wiley & 
Sons. New York. 

Fergusson, A.W., and Free, J.B. 1981. Factors determining the release of  Sasonov 
pheromone by honeybees at the hive entrance. Physiol Entomol 6: 15-19. 

Fluri P., Liischer M., Wille, H., and Gerig, L. 1982. Changes in weight of the 
pharyngeal gland and haemolymph titres of juvenile hormone, protein and vitellogenin in 
worker honey bees. J Insect Physiol 28(1): 61-68. 

Fluri P., Wille, H., Gerig, L., and Liischer, M. (1977) Juvenile hormone, vitellogenin and 
haemocyte composition in winter worker honeybees (Apls mel1iji.r~) Specialia 9:1240- 
1241 

Free, J.B. 1987. Pheromones of Social Bees. Chapman and Hall Ltd., London. 

Free, J.B., Ferguson, A.W. , and Simpkins, J.R. 1992. The behavior of queen honeybees 
and their attendants. Physiol Entomol 17143-55. 



Free, J.B., and Williams, I.H. 1974. Factors determining food storage and brood rearing 
in honeybees (Apis mell i fera L.) comb. J Entomol Ser A 49. 47-63. 

Frumhoff, P.C., and Baker, J. 1988. A genetic component to division of labour within 
honey bee colonies. Nature 333: 358-361. 

Gary, N.E. 1961. Queen honey bee attractiveness as related to mandibular gland 
secretions. Science 133: 1479-1480. 

Gary, N.E. 1962. Chemical mating attractants in the queen honey bee. Science 136:773- 
774. 

Cast, von R., 1967. Untersuchungen iiber den Einfluss der Koniginnernsubstanz auf die 
Entwicklung der endokrinen Driisen bei der Arbeiterin der Honigbiene (Apis nwllijica). 
Insectes Sociaux 14: 1- 12. 

Giray, R., and Robinson, G.E. 1994. Effects of intracolony variability in behavioral 
development on plasticity of division of labor in honey bee colonies. Behav Ecol 
Sociobiol 35: 13-20. 

Goodman, W.G., Coy, D.C., Baker, F.C., Xu, L., and Toong, Y.C. 1990. Development 
and application of a radioimmunoassay for the juvenile hormones. Insect Biochem 
20:357-364. 

Guzman-Novoa, E., and Page, R.E. 1993. Backcrossing Africanized honey bee queens to 
European drones reduces colony defensive behavior. Ann Entomol Soc h e r  S6:353- 
355. 

Guzmin-Novoa, E., and Page, R. E. 1994. Genetic dominance, genotypic covariance, 
and the defensive behavior of honey bee colonies. Behav Ecol Sociobiol (in press). 

Hagenqth, H., and Rembold, H. 1978. Identification of juvenile hormone 3 as the only 
juvenile hormone hnmolog in ail developmental stages of the honey bee. Z Ssturforsch 
33C:847-850. 

Hamilton, W.D. 1964. The genetical evolution of social behavior. J Theo Biol 7:l-52 

Harbo, J.R. 1985. Instrumental insemination of queen bees - 1985. Amer Bee J 125: 
197-202. 

Harrison, J.M. 1986. C~ste-specific changes in honeybee tlight capacity. Phvsiol Zoo1 
59(2): 175- 187. 

Hellmich, R.L. 11, Kulincevic, J.M., and Rothenbuhler, W.C. 1985. Selection for high 



and low pollen-hoarding honey bees. J Heredity 76: 155-158. 

Higo, H.A., Colley, S.J., Winston M.L. , and Slessor K.N. 1992. Effects of honey bee 
(Apis mellifera L.) queen mandibular gland pheromone on foraging and brood rearing. 
Can Ent 124:409-418. 

Hildebrandt, H.H., and Kaatz, H-.H. 1990. Impact of queen pheromone on the 
physiological status of worker honey bees (Apis mellifera L.). Proceedings of the 11th 
International Congress of the I.U.S.S.I., Banghalore, India, Veeresh, G. K. Mallik, B., 
and Viraktamath, C. A., ed's. pp 740-741. 

Hiilldobler B., and Wilson, E.O. 1990. The Ants. The Belknap Press of Harvard 
University Press, Cambridge, Mass. 

Huang, Z-Y., and Robinson, G.E. 1992. Honeybee colony integration: worker-worker 
interations mediate hornonally regulated plasticity in division of labor. Proc Natl Acad 
Sci USA 89: 11726-1 1729. 

Huang, Z-Y., and Robinson, G.E. 1995. Seasonal changes in juvenile hormone titers and 
rates of biosynthesis in honey bees. J Comp Physiol B 165:18-28 

Huang, Z-Y, Robinson, G.E., and Borst, D.W. 1994. Physiological correlates of division 
of labor among similarly aged honey bees. J Comp Physiol A 174:731-739 

Huang, Z-Y., Robinson, G.E., Tobe, S.S., Koichiro, J.Y., Strambi, C., Strambi. A., and 
Stay, B. 1991. Hormonal reglation of behavioural development in the honey bee is 
based on changes in the rate of juvenile hormone biosynthesis. J Insect Physiol 37: 733- 
74 1 

Hunnicutt, D., Toong, T.C.. and Borst, D.W. 1989. A chiral specific anti-serum for 
juvenile hormone biosynthesis. Am Zool 29:48a. 

Jaycox, E.R. 1976. Behavioral changes in worker honey bees (Apis mellifera L.) after 
injection with synthetic juvenile hormone (Hymenoptera: Apidae). J Kans Entomol Soc 
49: 165-170. 

Jaycox, E.R., Skowronek, W., and Gwynn, G. 1974. Behavioral changes in worker 
honey bees (Apis mellifera) induced by injections of a juvenile hormone mimic. Ann 
Entomol Soc Am 67: 529-534. 

Je:lnne, R.L. 1991. Pol yethism. In The Socical Biology of Wasps. Eds. Ross KG, and 
Matthews RW. Comstock Publishing Associates. Cornell University Press. Ithaca, NY. 



Kaatz, H-H., Hildebrandt, H.H., and Engels, W. 1992. Primer effect of queen pheromone 
on juvenile hormone biosynthesis in adult worker honey bees. J Comp Physiol B 162588- 
592 

Kaminski L-A., Slessor, K.N., Winston, M.L., Hay, N.W., and Borden, J.H. 1990. 
Honey bee response to queen mandibular pheromone in laboratory bioassays. J Chem Ecol 
16:841-850. 

de Kort C.A.D., Koopmanscap, A.B., Strambi, C., and Strambi, A. 1985. The application 
and evaluation of a radioimmunoassay for measuring juvenile hormone titers in Colorado 
potato beetle haemolymph. Insect Biochem 15:771-775. 

Kolmes, S.A. 1989. Grooming specialists among worker honey bees, Apis mellifera. 
Animal Behaviour 37(6): 1048-1049. 

Laidlaw, H.H. 1977. Instrumental insemination of honey bee queens. Dadant, Hamilton. 

Laidlaw, H.H. 1979. Contemporary queen rearing. Dadant, Hamilton. 

Laidlaw, H.H., and Page, R.E. 1986. Mating designs. In Bee Genetics and Breeding. 
Ed Rinderer TE. Academic Press, Inc. Orlando, FL. 

Lanier, G.N., Birch, M.C., Schmitz, R.F., and Furniss, M.M. 1972. Pheromones of Ips 
pini (Coleoptera: Scolytidae): variation in response among three populations. Can Ent 
104: 1917-1923. 

Lincoln, R.J., Boxshall, G.A., and Clark, P.F. 1990. A dictionary of ecology, evolution 
and systematics. Cambridge University Press, New York, NY. 

Lijfstedt, C., Hansson, B.S., Roelofs, W., and Bengtsson, B.O. 1989. No linkage between 
genes controlling female pheromone production and male pheromone response in the 
European corn borer, Osfrinia nuhilalis Hiibner (Lepidoptera; Pyrilidae). Genetics 
123553-556. 

Masson, C., and Arnold, G. 1981. Ontogeny, maturation and plasticity of the olfactory 
system in the worker bee. J. Insect Physiol. 30: 7-14. 

Naumann K., Winston, M.L., and Slessor, K.N. 1993. Movement of honey bee queen 
(Api.~ mellifcra L.) mandibular gland pheromone in populous and unpopulous colonies. J 

Insect Behav 6:211-223. 

Miller, D.R, Borden, J.H., and Slessor, K.N. 1W9. Inter- and intrapopulation variation of 
the pheromone, ipsdienol produced by male pine engravers, Ips pini (Say) (Coleoptera: 
Scolytidae). J Chem Ecol 15: 733-247. 



Naumann, K ,  Winston, M.L., Slessor, KN.,  Prestwich, G.D., and Lath, B. 1992. Intra- 
nest transmission of aromatic honey bee queen mandibular gland pheromone components: 
movement as a unit. Can Ent 124: 917-934. 

Naumann, K ,  Winston, M.L., Slessor, K.N., Prestwich, G.D., and Webster, F.X. 1991. 
The production and transmission of honey bee queen (Apis mellifera L.) mandibular gland 
pheromone. Behav Ecol Sociobiol 29: 321-332. 

Naumann, K, Winston, M.L., W y b ~ m ,  M.H., and Slessor, K.N. 1990. Effects of 
synthetic, honey bee (Hymenoptera: Apidae) queen mandibular-gland pheromone on 
workers in packages. J Econ Entomol 83: 1271- 1275. 

Nikonov, A.A., Tyazhelova, T.V., Nesterov, Y.A., Rastegayeva, V.M., Ilyasov, F.E., 
Mashkin, P.V., and Kovalyov, B.G. 1994. Olfactory male sensitivity and its variation in 
response to fluoroanalogs of the main pheromone component of female Mamsrra 
brassicae. Z Naturforsch 49 c: 508-515. 

Noonan, K.C. 1986. Recognition of queen larvae by worker honey bees (Apis mellifera). 
Ethology 73:295-306 

Oldroyd, B.P., Rinderer, T.E., and Buco, S.M. 1990. Nepotism in the honey bee. Nature 
346: 707-708. 

Oster, G.F., and Wilson, E.O. 1978. Caste and ecology in the social insects. Princeton 
University Press, Princeton 

Page, R.E., and Erickson, E.H. 1984. Selective rearing of queens by worker honey bees: 
kin or nestmate recognition? Ann Entomol Soc Amer 77578-580 

Page, R.E, and Fondrk. M.K. 1995. The effects of colony-level selection on the social 
organization of honey bee (Apt5 mellifera L.) colonies: colony-level components of pollen 
hoarding. Behav Ecol Sociobiol 36: 135-144. 

Page, R.E., and Laidlaw, H.H. 1988. Full sisters and super sisters: a terminolnl,rical - 
paradigm. Anim Behav 36944-945. 

Page, R.E., and Mitchell, S.D. 1991. Self organization and adaptations insect societies. 
In: Fine A., Forbes, M., Wessels, L. (eds) PSA. Val 3. Philosophy of Science Asociation, 
East Lansing, Michigan, pp 289-298. 

Page, R.E., and Robinson, G.E. 1991. The genetics of division of labour in honey bee 
colonies. ~ d v  Insect Physiol 23:117-171. 

Page, R.E., Robinson, G.E., Calderone, N.W., and Rothenbuhler, W.C. 1989. Genetic 



structure, division of labor, and the evolution of insect societies in The Genetics of Social 
Evolution. Westview Press, Boulder, Co. pp. 15-30. 

Page, R.E., Robinson, G.E., and Fondrk, M.K. 1989. Genetic specialists, kin recognition 
and nepotism in honey-bee colonies. Nature 338576-579 

Pettis, J. S., Winston, M.L. , and Collins, A.M. 1995a. Suppression of emergeny queen 
rearing in Africanized and European honey bees Apis tnellifera L. by synthetic queen 
mandibular gland pheromone. Insectes Sociaux 42: 113-121. 

Pettis, J.S., M. L. Winston, and K. N. Slessor. 1995b. Behavior of queen and worker 
honey bees Apis rnellifera L. (Hymenoptera: Apidae) in response to exogenous queen 
mandibular gland pheromone. Ann Entomol Soc Amer submitted 

Pesante, D. G., Rinderer, T. E., and Collins, A. M. 1987a. Differential pollen collection 
by Africanized and European honey bees in Venezuela. J Apic Res 26: 24-29. 

Pesante, D. G., Rinderer, T. E., and Collins, A. M. 198%. Differential nectar foraging 
by Africanized and European honey bees in the neotropics. J Apic Res 26: 210-216. 

Pham-Delkgue. M. -H., Trouiller, J., Bakchine, E., Roger, B., and Masson, C. 1991. Age 
dependency of worker bee response to queen pheromone in a four-armed olfactometer. 
Insectes Sociaux. 38: 283-292. 

Plettner, E. 1995. Caste-specific biosynthesis of mandibular acids in honey bees (+is 
mellifera L.). Ph. D. Thesis. Simon Fraser University. 

Ratnieks, F.L.W. 1991. The evolution of genetic odor-cue diversity in social 
hymenoptera. Amer Nat 137: 202-226. 

Rinderer, T. E., Collins. A. M., and Tuker, A. M. 1985. Honey production and 
underlying nectar harvesting activities of Africanized and European honeybees. J Apic 
Res 23: 161-167. 

Robinson, G.E. 1985. Effects of a juvenile hormone analoque on honey bee faraging - 
behavior and alarm pheromone production. J Insect Physiol 31: 277-282. 

Robinson, G.E. 1987a. Replation of honey bee age polyethism by juvenile hormone. 
Behav Ecol Sociobiol 20:329-338 

Robinson, G. E. 1987b. Modulation of ah -m pheromone perception in the honey bee: 
evidence fi,r division of labor based on hormonally regplated response thresholds. J 
Comp Physiol A 160: 613-619. 



Robinson, G.E. 1992. Regulation of division of labor in insect societies. Ann Rev 
Entomol 37:637-665 

Robinson, G.E., and Page, R.E. 1988. Genetic determination of guarding and 
undertaking in honey-bee colonies. Nature 333: 356-358. 

Robinson, G.E., and Page, R.E. 1989. Genetic basis for division of labor in an insect 
society. In The Genetics of Social Evolution. Breed, M.D., and Page, R.E. eds. 
Westview Press, Boulder, Co. pp. 61-80. 

Robinson, G.E., Page, R.E., and Arensen, N. 1994. Genotypic differences in brood 
rearing in honey bee colonies: context-specific? Behav Ecol Sociobiol 34:125-137 

Robinson, G. E., Page, R. E., Strambi, C., and Strambi, A. 1989. Hormonal and genetic 
control of behavioral integration in honey bee colonies. Science 246: 109-112. 

Robinson, G.E., Page, R.E., Strambi, C., and Strambi, A. 1992. Colony integation in 
honey bees: mechanisms of behavioural reversion. Ethology 90:336-350. 

Robinson G.E., and Ratnieks, G. 1987. Induction of premature honey bee 
(Hymenoptera: Apidae) flight by juvenile hormone analogs administered orally or 
topically. J Econ Entomol 80:784-787. 

Roelofs, W., Glover, R., Tang, S-H., Sreng, I., Robbins, P., Eckenrode, C., Lijfstedt, C., 
Hansson, B.S., and Bengsson, B.0. 1987. Sex pheromone production and perception in 
European cornborer moths is determined by both autosomal and sex-linked genes. Proc 
Natl Acad Sci USA 84: 7.5857589. 

Rothenbuler, W.C. 19641 Behaviour genetics of nest cleaning in honey bees. I. 
Responses of four inbred lines to dise'ased-killed brood. Anim. Behav. 4: 578-583. 

Rothenbuler, W.C. 1964b. Behaviour genetics of nest cleaning bees. IV. Responses of 
F, and backcross generations to disease-killed brood. Amer Zool 4: 111-123. 

Rothenbuler, W.C., and Page, R.E. 1989. Genetic variability for temporal polyethism in 
colonies consisting of similarly-aged worker honey bees. Apidologie 29: 433-437. 

SAS, 1982. Statistical Analysis System. Cary, North Carolina. 

Ssagawa, H., Saki, M., and Acadia, I .  1989. Hormonal control of the division of labor in 
adult honey bees (Apis rneffqera L.) I. Effect of methoprene on corpora allata and 
hypopharyngeal gland, and its a-glucosidase activity. App Entomol Zool 31:66-77. 



Seeley, T.D. 1979. Queen substance dispersal by messenger workers in honeybee 
colonies. Behav Ecol Sociobiol 5: 391-415. 

Seeley, T.D. 1982. Adaptive significance of the age polyethism schedule in honeybee 
colonies. Behav Ecol Sociobiol 11:287-293. 

Seeley, T.D. 1985. Honeybee Ecology. A Study of Adaptation in Social Life. Princeton 
University Press, Princeton, New Jersey. 

Seeley, T.D. 1989. The honeybee colony as a superorganism. American Scientist 
77:546-553 

Slessor, K.N., Kaminski, L.-A., King, G.G.S., Borden, J.H., and Winston, M.L. 1988. 
Semiochemical basis of the retinue response to queen honey bees. Nature 332354-356. 

Slessor, K. N., Kaminski, L.-A., King, and Winston, M. L. (1990). Semiochemicals of 
the honey bee queen mandibular glands. J Chem Ecol 16: 851-860. 

Snedecor, G. W., and Cochran, W. G. 1980. Statistical Methods, 7th Edition. The Iowa 
State University Press, Ames, Iowa. 

Sokal, R.R., and Rohlf, F.J. 1981. Biometry. W.H. Freeman, New York 

Steel, R.G.D., and Torrie, J.H. 1980. Principles and procedures of statistics, a 
biometrical approach. 2nd Ed. McGraw-Hill Co, New York. 

Strambi, C., Strambi, A., Reggi, M. de, Him, M., and Delaage, M. 1981. 
Radioimmunoassay of insect juvenile hormone and of their diol derivatives. Eur J 
Biochem 118:401-406 

Tivers, R., and Hare, H. 1976. Haplodiploidy and the evolution of social insects. 
Science 19 1: 239-263. 

Velthuis, H.H.W., and van b, J. 1964. Some functional aspects of the mandibular 
glands of the queen honeybee. J Apic Res 3: 11-16. 

Venard, R., and Pichon. Y. 1984. Electrophysiological analysis of the peripheral 
response to odours in wild type and smell-deficient olf C mutant of Dro.sophi1rr 
mclanogaster. J Insect Physiol 30: 1-5. 

Visscher, P.K. 1986. Kinship discrimination in queen rearing by honey bees (.4pis 
mel1ijt.r~). Beh;iv Ecol Sociobiol 18:453-460 



Wilson, E.O. 1976. Behavioral discretization and the number of castes in an ant species. 
Behav Ecol Sociobiol 1: 141-154. 

Winston, M.L. 1980. Swarming, afterswarming and reproductive rate of unmanaged 
honeybee colonies (Apis mellifera). Insectes Sociaux 27: 391-398. 

Winston, M.L. 1987. The Biology of the Honey Bee, Harvard University Press, 
Cambridge, Mass. 

Winston, M.L. 1992. The biology and management of Africanized honey bees. Ann Rev 
Entomol 37: 173-193. 

Winston, M.L., Higo, H.A., Colky, S.J., Pankiw, T., and Slessor, K.N. 1991. The role of 
queen mandibular pheromone and colony congestion in honey bee (Apis mellifera L.) 
reproductive swarming (Hymenoptera: Apidae). J Insect Behav 4: 649-660. 

Winston, M.L., Higo, HA., and Slessor, K.N. 1990. Effect of various dosages of queen 
mandibular gland pheromone on the inhibition of queen rearing in the honey bee 
(Hymenoptera: Apidae). Ann Entomol Soc Amer 83: 234-238. 

Winston, M.L., and Katz, S.J. 1981. Longevity of cross-fostered honeybee workers (Apis 
mellqera) of European and Africanized races. Can J Zool 59: 1571-1575. 

Winston M.L., and Punnett. E.N. 1982. Factors determining temporal division of labor in 
bees. Can J Zool 60:2947-2952 

Winston, M.L., and Slessor, K.N. 1992. The essence of royalty: honey bee queen 
pheromone. American Scientist 80: 374-385. 

Winston, M.L., Slessor, K.N., Smirle, M.J., dnd Kandil, A.A. 1982. The influence of 
queen-produced substance, 9-9-HDA, on swarm clustering behavior in honey bee Apis 
mellifera L. J Chem Ecol 8:1283-1288. 

Winston, M.L., Slessor, K.N., Willis, L.G., Naumann, K., Higo, H. A., Wyborn. M.H., 
and Kaminski, L.A. 1989. The influence of queen mandibular pheromone pheromones 
on worker attraction to swarm clusters and inhibition of queen rearing in the honey bee 
(Api.~ me1lifi.r~ L.). Insectes Snciaux 36: 15-27. 

Winston, M.L., Taylor, O.R., and Otis, G.W. 1983. Some differences between temperate 
European and tropical African and South American honeybees. Bee World 63:12-21. 

Woodring, J., Boulden, M., D s ,  S., and G5de, G. 1993. Studies on blood sucar - 
homeosta~sis in honeybee (Api.s mellifera, L.). J Insect Physiol 39: 89-97. 



Woyciechowski, K. 1990. Do honey bees, Apis mellifera L., workers favour sibling eggs 
and larvae in queen rearing? Animal Behavior 39: 1220-122;. 

Zmarlicki, C., and Morse, R.A. 1964. The effect of mandibular gland extirpation on the 
longevity and attractiveness to workers of queen honey bees, Apk mellifera. Ann Entomol 
Soc Amer 57: 73-74. 




