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ABSTRACT 

 
Honey bees (Apis mellifera) are the most economically important insect pollinator 

of agricultural crops in the United States.  Honey bee colonies are required for pollination 

of approximately one-third of the nation’s fruit, vegetable, nut, and forage crops, with an 

estimated annual value in the billions of dollars.  The economic value of a honey bee 

colony comes from its population size, as large colonies provide the necessary foraging 

force required for large-scale crop pollination services.  A major component of colony 

strength is its genetic diversity, a consequence of the reproductive mating strategy of the 

queen known as polyandry.  Despite some inherent risks of multiple mating, several 

studies have demonstrated significant advantages of intracolonial genetic diversity for 

honey bee colony productivity.  Colony-level benefits include better disease resistance, 

more stable brood nest thermoregulation, and greater colony growth.   

Instrumental insemination of honey bee queens is a technique to precisely control 

queen mating, and thereby creates the opportunity to investigate the effects of 

intracolonial genetic diversity on colony performance.  In this dissertation, I first consider 

the effects of intracolonial genetic diversity on pollen foraging using colonies headed by 

queens which were instrumentally inseminated with either one or twenty drones to 

generate colonies of very high or very low intracolonial genetic diversity, respectively.  I 

found that colonies with high intracolonial genetic diversity amass significantly more 

pollen and rear more brood than colonies with low intracolonial genetic diversity.  Of 

particular interest, colonies with low intracolonial genetic diversity collected a 

significantly greater variety of pollen types.  I discuss these results in the context of 



 8 

scouting and recruiting, and suggest a more efficient foraging strategy exists among 

genetically diverse colonies. 

While intracolonial genetic diversity is positively correlated with collected pollen, 

its effect on the colony’s ability to process and distribute inbound protein resources is 

unknown.  Again using colonies headed by queens instrumentally inseminated with either 

one or twenty drones, I studied the effects of intracolonial genetic diversity on pollen 

consumption and digestion by nurse bees, as well as protein allocation among nestmates 

by assessing total soluble protein concentration of late instar larvae, and total soluble 

hemolymph protein concentration in both nurses and pollen foragers.  I found that nurse 

bees from colonies with high intracolonial genetic diversity consume and process more 

protein than nurses from colonies with low intracolonial genetic diversity, even when 

given equal access to protein resources.  Further, both forager hemolymph protein 

concentrations and larval total protein concentrations were higher among the colonies 

with high intracolonial genetic diversity.  My findings suggest that protein processing and 

distribution within a honey bee colony is affected by the social context of the hive.  I 

discuss “worker policing”, and the role of nurse bees in modulating the foraging effort. 

Finally, I assess the standing genetic variability among several colonies sourced 

from different genetic and geographic locations.  Using microsatellite DNA from workers 

sampled from each colony, I determined allelic richness, gene diversity, and effective 

mating frequency for each genetic line.  I found differences in all three metrics between 

lines, and for one line in particular, there was no correlation with genetic variation and 

effective mating frequency, suggesting non-random mating.  My results showed very 
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different levels of intracolonial genetic diversity among naturally mated queens.  Because 

of its impact on colony performance, the importance of maintaining genetic diversity in 

breeding populations is discussed. 
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INTRODUCTION 

 
 

Social insects - which include the ants, termites, most corbiculate bees, and some 

vespid wasps - dominate nearly every terrestrial ecosystem worldwide.  Social insects 

represent less than 2% of the approximately 925,000 described insect species, yet they 

comprise over half the insect biomass on Earth (Grimaldi and Engel, 2005).  Several 

factors have been proposed for their ecological dominance; however colony division of 

labor is perhaps foremost among them (Wilson, 1985; Page and Mitchell, 1998). 

Division of labor is defined by worker polyethism: functional specialization 

among individual colony members due to variation in their predispositions for 

performing specific tasks (Oster and Wilson, 1978; Wilson, 1971).  Polyethism has 

generally been correlated with either morphological or temporal (i.e., age-based) 

differences among workers.  Morphological polyethism is well documented in some ant 

genera and in most termites (Oster and Wilson, 1978).  Reproductive castes 

notwithstanding, functional specialization among honey bees is often characterized by 

temporal polyethism, whereby young adult workers perform in-hive duties such as cell 

cleaning and brood rearing, and older workers perform foraging tasks (Seeley and 

Kolmes, 1991).  Honey bee worker age is often a good predictor of task repertoire 

(Winston, 1987).  However, as a proximate explanation for division of labor, temporal 

polyethism is incomplete because honey bee workers can modulate their behaviors in 

response to changes in colony conditions independently of age.  For example, within 

artificially constructed colonies comprised entirely of same-age workers, individuals will 
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quickly allocate themselves among in- hive duties and foraging tasks in an effort to 

normalize colony operations (Robinson et al., 1989).  Conversely, by continually 

replacing combs containing pupae (aka “sealed brood”) with combs of developing larvae 

(aka “open brood”), workers may remain in the nurse caste for months (Haydak, 1963). 

Inconsistencies with the temporal polyethism model occur because workers also differ 

genetically in their propensities to perform tasks (Calderone et al., 1989).  Genotypic 

variability among honey bee workers occurs primarily via the high mating frequency of a 

honey bee queen, a reproductive strategy known as polyandry (Fuchs and Moritz, 1998). 

Evolutionary reasons for polyandry are not entirely understood given the potential 

risks of multiple mating, which include exposure to predation and disease (Sherman et 

al., 1998) as well as energetic costs.  Further, the reduction in nestmate relatedness with 

increasing mating frequency (Palmer and Oldroyd, 2000) seems counter to eusociality, as 

it negates the advantage of kin selection, a well accepted explanation for eusocial 

evolution (Hamilton, 1964).  Interestingly, a recent hypothesis based on a comprehensive 

phylogenetic analysis suggests that polyandry is likely a derived trait that evolved either 

after or concurrently with eusociality (Hughes et al. 2008).  Polyandry occurs repeatedly 

among the eusocial Hymenoptera (Boomsma and Ratnieks, 1996; Strassmann, 2001), 

suggesting the net effect of this mating strategy is adaptive.  In particular, all species of 

the genus Apis exhibit extremely high levels of polyandry (Oldroyd et al., 1998).  Among 

the many hypotheses put forward to explain the adaptive significance of polyandry (e.g., 

Ridley, 1988; Keller and Hudson, 1994; Cole and Wiernasz, 1999; Jennions and Petrie, 

2000; Crozier and Fjerdingstad, 2001; Strassmann, 2001; Tarpy and Page, 2002; Kraus et 
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al., 2004; Schluns et al., 2005), the most credible hypotheses for social insects address 

improved fitness from the increased genetic diversity among nestmates (Crozier and 

Fjerdingstad, 2001; Crozier and Page, 1985; Palmer and Oldroyd, 2000; Tarpy and Page, 

2002). 

Polyandry generates honey bee colonies with high genetic similarity among 

workers within a patriline, and genetic disparity among workers of different patrilines. 

For any trait with a genetic component, worker phenotypes within a patriline should, on 

average, be more similar to each other than to worker phenotypes from different 

patrilines (Oldroyd and Fewell, 2007).  Such genetically-based differences have been 

widely reported for honey bees.  Examples include foraging preferences (Oldroyd et al., 

1993; Oldroyd et al., 1992) scouting (Dreller, 1998), guarding (Giray et al., 2000), 

feeding larvae (Chapman et al., 2007), grooming (Frumhoff and Baker, 1988), and corpse 

removal (Robinson and Page, 1988).  Thus, colony genetic architecture is an important 

level of social organization in honey bees (Calderone et al., 1989). 

Because honey bee queens can be instrumentally inseminated (Laidlaw, 1977), it 

is possible to explore in a controlled manner how the genotypic diversity of a honey bee 

colony affects its performance.  For example, a honey bee colony of low genetic diversity 

can be created by inseminating the queen with a reduced number of males.  Conversely, a 

queen inseminated with a high number of males increases the genetic diversity of the 

colony population.  When compared to genetically similar (GS) colonies in which queens 

were mated with a reduced number of males, genetically diverse (GD) colonies exhibit 

improved disease resistance (Hamilton, 1987; Seeley and Tarpy, 2007; Tarpy and Seeley, 
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2006), more stable nest thermoregulation (Jones et al., 2004), greater foraging efficiency 

(Eckholm et al., 2011), increased communication regarding foraging conditions (Mattila 

et al., 2008), and more successful colony founding (Mattila and Seeley, 2007). 

The response threshold model for division of labor in honey bees (Robinson and 

Page, 1989) offers a plausible explanation for enhanced performance among GD 

colonies.  The model predicts that genotypic subsets of workers (i.e. patrilines) vary in 

their propensities to perform certain tasks.  As such, a worker will only engage in a 

particular task when the intensity of the task stimulus meets or exceeds her genetically 

based response threshold.  A low stimulus level affects only those patrilines with the 

lowest thresholds.  As individuals perform a task, the stimulus for that task is reduced, 

thereby lowering the probability that additional individuals will perform the task. 

However, if the stimulus level continues to increase, additional patrilines perform the task 

until the overall stimulus level in the colony is reduced (Beshers and Fewell, 2001; 

Fewell and Page, 1993; Robinson and Page, 1989; Oldroyd and Thompson, 2007). 

Patriline differences in worker response thresholds create genetic polyethism, whereby 

workers of each genotype differentially allocate labor among available tasks (Calderone 

and Page, 1988; Fewell and Page, 1993; Robinson and Huang, 1998).  The link between 

worker genotype and the probability of task performance has been demonstrated 

repeatedly in honey bees (reviewed by Crozier and Fjerdingstad, 2001). 

Honey bee worker age serves as a coarse predictor of behavioral repertoire, and 

worker genotype can explain innate predispositions to perform behaviors therein. 

However, a worker’s task performance is fundamentally dictated by her physiological 
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state, a phenotype arising from interactions between her genes and the environment she 

experiences.  In the context of a honey bee colony, interacting workers can serve as an 

environmental factor (Pankiw et al., 2002).  As such, an individual worker’s phenotype 

may be determined not only by her own genes, but also by the social environment she 

experiences through interactions with other colony members (Calderone and Page, 1992). 

Indirect genetic effects have been reported in honey bees.  For example, Africanized 

honey bees begin foraging at an earlier age than European bees.  However, when cross-

fostered in colonies of the other race, workers begin foraging at ages similar to other 

workers in the colonies in which they were placed (Winston and Katz, 1982).  Using high 

and low pollen hoarding lines, researchers showed that foragers from the high pollen 

hoarding line fostered in low pollen hoarding colonies collect significantly more pollen 

than they would in colonies of their own strain.  Conversely, workers from the low pollen 

hoarding line fostered in high pollen hoarding colonies collect significantly less pollen 

than they would in colonies of their own strain (Calderone and Page, 1992).  Thus, a 

worker’s phenotype within the colony appears to be intrinsically dependent on the colony 

itself.  The multiple genotypes that comprise colony populations produce unique colony 

environments, even when placed in similar field conditions (Hellmich et al. 1985)  As 

such, any worker's behavior will depend, in part, on the genotypes of the specific group 

of nestmates with whom she interacts. 

Division of labor, which defines honey bee colony function, emerges from the 

network of repeated interactions between workers of various genetic and phenotypic 

dispositions.  Worker interactions provide a mechanism for all individuals to assess the 
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needs of the colony, primarily determined by the colony's food supply (Ribbands, 1952). 

Trophallaxis, the transfer of food from one worker to another, serves as the primary 

vehicle for assessment of colony state and allocation of nutrition resources (Crailsheim, 

1998).  Trophallactic exchanges, however, are non-random, biased by age, genetics, and 

disposition toward either food solicitation or food donation (Korst and Velthuis, 1982). 

Such behavioral differences correlate with physiological dissimilarities between workers 

(Korst and Velthuis, 1982).  Physiological differences occur with age, and workers do 

show preferences in feeding nestmates of similar age (Free, 1957).  But physiological 

differences also arise via genetic differences, and workers have been shown to 

preferentially feed full sisters rather than half sisters (Frumhoff and Schneider, 1987). 

Because queens mate multiply, chances of encountering a half sister are substantially 

higher, which likely affects the dynamics of trophallactic interactions.  Thus, the nature 

of colony trophallactic activity is correlated with the physiological state of individual 

workers as well as overall colony demographics (Korst and Velthuis, 1982). 

As the primary digesters and distributors of protein for the colony, nurse bees play 

a crucial role in trophallaxis.  Nurse bees process pollen and then distribute protein 

resources to all colony members, including the queen, developing larvae, drones, and 

foragers (Crailsheim, 1991).  To provide the large amounts of protein needed by the 

colony, nurses consume large quantities of stored pollen.  Pollen is difficult to digest 

(Klungness and Peng, 1984) so nurses secrete high levels of intestinal proteolytic 

enzymes in their midguts (Grogan and Hunt, 1980).  Among all workers, nurses have the 

highest levels of midgut proteolytic activity and the most-developed hypopharyngeal 
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glands (Crailsheim and Stolberg, 1989).  However, both proteolytic activity (Crailsheim, 

1990) and hypopharyngeal gland development (Crailsheim and Stolberg, 1989) are 

influenced by colony conditions.  Performing pollen digestion for the entire colony, nurse 

bees enable other workers to specialize on other tasks such as foraging, and thus serve as 

an important component of division of labor and colony-level nutritional homeostasis. 

Protein metabolism is fastest among nurse bees because of their important roles as 

colony protein processors (Grogan and Hunt, 1980).  However, protein turnover - the 

continual cellular process of protein synthesis and degradation - is actually highest among 

foragers, consistent with the high activity levels of these bees (Crailsheim, 1986).  While 

foragers consume some amounts of protein directly, they receive substantial amounts of 

protein via trophallaxis with nurse bees (Crailsheim, 1991).  Transition to foraging 

behavior is accompanied by dietary changes (Crailsheim et al., 1992), as well as reduced 

levels of total protein in the hemolymph (Fluri et al., 1982).  These nutritional and 

physiological shifts suggest that a change in nutritional status may initiate and regulate 

foraging behavior (Toth et al., 2005).  Since the foraging effort directly affects colony 

growth and development, mechanisms that modulate the foraging population are integral 

to colony fitness. 

Proper functioning of a honey bee colony is fundamentally dependent upon the 

nutrition resources it collects and processes.  Foragers gather resources to the colony, and 

nurse bees serve as the primary digesters and distributors.  Efficient allocation of 

nutrition resources between nurses and foragers likely regulates the foraging force, which 

in turn provides adequate resources for nurse bees to rear brood.  A colony’s ability to 



 17

maintain nutritional homeostasis depends upon the physiological state of its workers, 

defined through their interactions and colony state.  Colonies with greater intracolonial 

genetic diversity have been shown to produce a more efficient pollen foraging capacity, 

resulting in more food collection and more brood when compared to colonies with 

reduced intracolonial genetic diversity (Eckholm et al., 2011).  While increased food 

supply is a function of more efficient foraging, the ability to convert food resources to 

colony growth is dependent upon nutritional homeostasis, which is likely dependent upon 

the colony demography and genetic background. 

 

 
Explanation of dissertation format 

 
The primary objective of this dissertation is to explore one of the most intriguing 

aspects of honey bee society: the adaptive significance of intracolonial genetic diversity, 

afforded by the reproductive strategy of honey bee queens known as polyandry.  Other 

studies have demonstrated several advantages of reduced relatedness within a honey bee 

colony, and here I consider its impact on the collection and distribution of food resources, 

specifically protein.  The dissertation includes three appendices - formatted as separate 

manuscripts - that have either been published or will be submitted for publication. 

In Appendix A, I use honey bee colonies with artificially created levels of genetic 

diversity to evaluate the effects of intracolonial genetic diversity on pollen foraging. 
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In Appendix B, I again use colonies of genetic background similar to those used 

in Appendix A to investigate its effects on pollen consumption and allocation of protein 

among nestmates, including nurses, foragers, and larvae. 

In Appendix C, I use microsatellites to compare the standing genetic variability 

between colonies sourced from distinct honey bee lines.  In addition, I examine the 

relationship between effective mating frequency on allelic richness and on 

heterozygosity.   
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PRESENT STUDY 

 

The methods, results and conclusions of this study are presented in the appended 

manuscripts.  The following summarizes the major findings from each of the appendices. 

 

 

APPENDIX A: Intracolonial genetic diversity in honey bee (Apis mellifera) colonies 

increases pollen foraging efficiency 

Honey bees are polylectic, foraging on a wide variety of floral sources.  Foraging 

behavior, however, is complex, and is influenced by several factors, including genetics.  

The major goal of this study was to determine the effect of intracolonial genetic diversity 

on the breadth and extent of a colony’s pollen foraging effort.  To that end, virgin queens 

were instrumentally inseminated with sperm from either one or twenty drones to generate 

colonies of either very low or very high genetic diversity, respectively.  For 30 days, 

corbicular pollen loads were continuously trapped at each colony.  Every ten days, 

trapped pollen from each colony was weighed, and then a sample of pollen grains from 

each were counted and taxonomically identified via light microscopy.  This technique 

generated a pollen foraging profile for each colony, representing both the variety of 

plants visited, and the relative amounts of each plant type collected.  I found that 

intracolonial genetic diversity influenced both pollen variety and pollen volume.  

Colonies with greater genetic diversity collected significantly more pollen, whereas 

colonies with reduced genetic diversity visit a much broader array of plant taxa.  Foragers 
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will either seek out food independently (“scouts”) or follow another forager to a 

previously discovered source (“recruits”).  I argue that pollen variety and the amount 

collected serve as proxy for scouting and recruiting, respectively.  As such, colonies with 

reduced genetic diversity are likely expending much more energy scouting, and having 

far less success recruiting compared to colonies with greater genetic diversity.  An 

efficient foraging strategy should provide enough scouts to monitor the environment, and 

then maximize the recruiting effort to high value floral resources.  Intracolonial genetic 

diversity operates as a key factor in this strategy. 

 

 

APPENDIX B: Honey bee (Apis mellifera) intracolonial genetic diversity influences 

pollen consumption and protein allocation among nestmates 

My first study, described in Appendix A, revealed that colonies with greater 

genetic diversity are more efficient at pollen foraging, resulting in increased pollen 

collection and more brood.  While greater food resources increase colony growth, in this 

study, I assessed whether intracolonial genetic diversity affects pollen consumption and 

protein allocation among nestmates.  As in Appendix A, virgin queens were again 

instrumentally inseminated with sperm from either one or twenty drones to generate 

colonies of either very low or very high genetic diversity, respectively.  Using bioassay 

cages provisioned with similar amounts of food resources, I found that same-aged 

workers sourced from genetically diverse colonies consumed significantly more pollen 

than same-aged workers sourced from genetically reduced colonies.  In the apiary, I 
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found that nurse bees in genetically diverse colonies showed lower midgut tissue protease 

levels than nurses in genetically reduced colonies, indicative of greater protein 

consumption.  In addition, final instar larvae from genetically diverse colonies contained 

more protein than larvae from genetically reduced colonies, consistent with increased 

frequency and duration of nursing.  The transition from nursing to foraging behavior is 

accompanied by a reduction in hemolymph protein concentration, however I found this 

decline to be much smaller among colonies with greater genetic diversity.  Higher forager 

hemolymph protein concentrations may indicate an earlier onset of foraging among 

genetically diverse colonies.  Further, the difference in hemolymph protein concentration 

between nurses and foragers from genetically diverse colonies is significantly smaller 

than between nurses and foragers from genetically diverse colonies.  Of note, I found that 

nurse hemolymph protein concentrations were virtually identical between treatments 

despite very different protein consumption levels.  While food availability is critical for 

colony growth, colonies with greater genetic diversity more actively process and allocate 

protein throughout the colony, which may also serve to augment the foraging effort. 

 

 

APPENDIX C: Genetic characterization and effective mating frequencies of honey 

bee (Apis mellifera) colonies from four distinct lines 

The technique of instrumental insemination as described in Appendix A and 

Appendix B allowed for controlled mating of honey bee queens, thereby creating 

opportunities to explore the influence of genetics on honey bee behavior and physiology.  
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A honey bee colony comprised of a single patriline, however, is an artificial construct, 

intended to accentuate colony genetic effects.  Indeed, even a 20-patriline colony, while 

similar in diversity to colonies headed by naturally mated queens, represents rather high 

levels of intracolonial genetic diversity.  In this observational study, I used microsatellites 

to assess the standing genetic variability of colonies headed by naturally mated queens, 

sourced from different geographic and genetic backgrounds.  Six polymorphic 

microsatellites were amplified from workers sampled from three African-derived 

colonies, four USDA Russian colonies, and five Carniolan-derived colonies.  Three 

single patriline colonies served as a control.  For each line, I determined expected 

heterozygosity (gene diversity), allelic richness, and effective mating frequency.  As 

would be expected for a wild-type honey bee, African-derived colonies showed the 

highest levels of allelic richness, heterozygosity, and mating frequency.  I found that the 

USDA Russian colonies were similar to African-derived colonies in terms of gene 

diversity, but they were not nearly as allelically rich.  The Carniolan-derived colonies 

proved the least genetically diverse, and their gene diversity was indistinguishable from 

the single patriline colonies.  Of particular note, there was no relationship between 

effective mating frequency and either allelic richness or gene diversity among our 

Carniolan-derived colonies, suggestive of non-random mating.  My findings suggest that 

naturally mated queens can produce very different levels of intracolonial genetic 

diversity, which undoubtedly affects overall colony performance.  Maintaining genetic 

diversity within honey bee breeding stocks therefore should remain a high priority. 
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ABSTRACT 

Multiple mating by honey bee queens results in colonies of genotypically diverse 

workers.  Recent studies have demonstrated that increased genetic diversity within a 

honey bee colony increases the variation in the frequency of tasks performed by workers.  

We show that genotypically diverse colonies, each composed of twenty subfamilies, 

collect more pollen than do genotypically similar colonies, each composed of a single 

subfamily.  However, genotypically similar colonies collect greater varieties of pollen 

than do genotypically diverse colonies.  Further, the composition of collected pollen 

types is less similar among genotypically similar colonies than among genotypically 

diverse colonies.  The response threshold model predicts that genotypic subsets of 

workers vary in their response to task stimuli.  Consistent with this model, our findings 

suggest that genotypically diverse colonies likely send out fewer numbers of foragers that 

independently search for pollen sources (scouts) in response to protein demand by the 

colony, resulting in a lower variety of collected pollen types.  The cooperative foraging 

strategy of honey bees involves a limited number scouts monitoring the environment that 

then guide the majority of foragers to high quality food sources.  The genetic composition 

of the colony appears to play an important role in the efficiency of this behavior. 

 

KEYWORDS 

intracolonial genetic diversity • polyandry • genetic influence on pollen foraging 
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INTRODUCTION 

Honey bee (Apis mellifera) queens mate with multiple males, a reproductive 

strategy known as polyandry.  Evolutionary reasons for the behavior are not entirely 

understood given the potential risks of multiple mating, which include exposure to 

predation and disease (Sherman et al. 1988), as well as energetic costs.  Further, the 

reduction in nestmate relatedness with increasing mating frequency (Palmer and Oldroyd 

2000) seems counter to eusociality as it negates the advantage of kin selection, a well 

accepted explanation for eusocial evolution  (Hamilton 1964).  Interestingly, a recent 

hypothesis based on a comprehensive phylogenetic analysis suggests that polyandry is 

likely a derived trait that evolved either after or concurrently with eusociality (Hughes et 

al. 2008).  While uncommon, polyandry occurs repeatedly among the eusocial 

Hymenoptera (Boomsma and Ratnieks 1996; Strassmann 2001), suggesting the net effect 

of this mating strategy is adaptive.  In particular, all species of the genus Apis exhibit 

extremely high levels of polyandry (Oldroyd et al. 1998; Strassmann 2001).  Among the 

many hypotheses put forward to explain the adaptive significance of polyandry (e.g. 

Ridley 1988; Keller and Hudson 1994; Cole and Wiernasz 1999; Jennions and Petrie 

2000; Crozier and Fjerdingstad 2001; Strassmann 2001; Tarpy and Page 2002; Kraus et 

al. 2004; Schlüns et al. 2005), the most credible hypotheses for social insects address 

improved fitness from the increased genetic diversity among nestmates (Crozier and 

Fjerdingstad 2001; Crozier and Page 1985; Palmer and Oldroyd 2000; Tarpy and Page 

2002).  Because honey bee queens can be instrumentally inseminated (Laidlaw 1977), it 

is possible to explore in a controlled manner how the genotypic diversity of a honey bee 
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colony affects its performance.  For example, a honey bee colony with reduced genetic 

diversity can be created by inseminating the queen with a reduced number of males.  

Conversely, a queen inseminated with a high number of males increases the genetic 

diversity of the colony population.  When compared to genotypically similar (GS) 

colonies in which queens were mated with a reduced number of males, genotypically 

diverse (GD) colonies exhibit greater disease resistance (Hamilton 1987; Seeley and 

Tarpy 2007; Tarpy and Seeley 2006), more stable nest thermoregulation (Jones et al. 

2004), and increased communication regarding foraging conditions (Mattila et al. 2008).  

There is also enhanced productivity and fitness after colony founding among GD colonies 

compared to GS colonies (Mattila and Seeley 2007). 

The response threshold model for division of labor in honey bees (Robinson and 

Page 1989) offers a plausible explanation for enhanced performance among GD colonies.  

The model predicts that genotypic subsets of workers (i.e. patrilines) vary in their 

propensities to perform certain tasks.  As such, a worker will only engage in a particular 

task when the intensity of the task stimulus meets or exceeds her genetically based 

response threshold.  A low stimulus level affects only those patrilines with the lowest 

thresholds.  As individuals perform a task, the stimulus for that task is reduced, thereby 

lowering the probability that additional individuals will perform the task.  However, if the 

stimulus level continues to increase, additional patrilines perform the task until the 

overall stimulus level in the colony is reduced (Beshers and Fewell 2001; Fewell and 

Page 1993; Robinson and Page 1989; Oldroyd and Thompson 2007).  Differences in 

worker response thresholds create genetic polyethism, whereby workers of each genotype 
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differentially allocate their labor among available tasks (Calderone and Page 1988; 

Fewell and Page 1993; Robinson & Huang 1998).  Indeed, the link between worker 

genotype and the probability of task performance has been demonstrated repeatedly in 

honey bees (reviewed by Crozier and Fjerdingstad 2001). 

The influence of genotype has been demonstrated for several honey bee traits, 

including variability in foraging distance and the ability to switch between nectar and 

pollen resources (see Page et al. 1995).  The propensity to collect pollen is a highly 

heritable trait in honey bees (Hellmich et al. 1985), as is the tendency to scout 

independently for food sources (Dreller 1998).  Further, there is some evidence that bees 

exhibit preferences among pollens in choice tests (Campana and Moeller 1977; Levin and 

Bohart 1955; Schmidt 1984).  However, such preferences are apparently not based upon 

inherent differences in pollen quality (Pernal and Currie 2002).  Rather, bees use pollen 

cues such as odor (Cook et al. 2005) and pollen grain size, which may serve to increase 

collection efficiency and/or nestmate recruitment (Pernal and Currie 2002).  Regardless, 

the extent to which such behaviors are genetically based is unknown.  While much is 

known about the effect of genotype on individual worker behaviors, the effect of extreme 

polyandry on the breadth of pollen types collected by the foraging population has not 

been explored.  Because pollen types vary in their nutritional content (Somerville 2001; 

Standifer 1967) the ability to collect a variety of pollen types may be important for 

colony health and fitness.  However, floral resources tend to be patchy and ephemeral, 

making it difficult to locate the most profitable sites.  Rather than foraging independently, 

however, the scout-recruit division of labor within a honey bee colony is a highly 
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efficient foraging strategy whereby most foragers are instead guided to high quality 

resources (Visscher and Seeley 1982).  For maximum efficiency the colony foraging 

strategy must strike a balance between an optimal number of scouts to scan the 

environment and a substantial number of recruits to collect food from those profitable 

resources (Dreller 1998). 

In our study, we considered how the genotypic diversity within a honey bee 

colony affects pollen foraging efficiency.  To the extent that pollen foraging traits such as 

pollen preference and foraging distance are genetically based, increased genotypic 

diversity within the colony may lead to greater variety of pollen types collected.  

However, the response threshold model predicts an alternative outcome, consistent with 

the efficient foraging strategy.  A genotypically diverse (GD) colony composed of 

multiple patrilines should, on average, maintain greater variability in response thresholds 

for any particular task, including specialized foraging behaviors such as scouting.  

Response threshold variability among patrilines suggests that fewer workers will initially 

engage in task performance.  For example, response to the scouting stimulus would be 

performed first by the patriline(s) with the lowest threshold for scouting.  In a multi-

patriline colony, this cohort represents a small proportion of the colony population.  As 

pollen sources are discovered and collected, the scouting stimulus is reduced, as is the 

probability of engaging additional scouts.  In a genotypically similar (GS) colony 

composed of a single patriline, response threshold variability is greatly reduced.  As such, 

the stimulus to scout for pollen would be detected by a much larger proportion of the 

colony population.  Thus, the reduced genetic variability of a GS colony could produce 
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an overreaction to the scouting stimulus, sending significantly more scouts into the field 

than a GD colony.  To investigate this question, we compared total weight of collected 

pollen as well as richness of collected pollen taxa between GS colonies, each composed 

of a single patriline, with GD colonies, each composed of twenty patrilines.  We then 

assessed the uniformity of collected pollen taxa among colonies of each treatment group 

to assess similarity in foraging patterns, and measured adult population, brood area, and 

pollen foraging rate. 

 

 

METHODS 

Instrumentally inseminated queens.  Honey bee queens were produced by a 

commercial queen breeder (Glenn Apiaries, Fallbrook, CA) following standard queen-

rearing practices (Laidlaw and Page 1997).  To minimize phenotypic variability due to 

individual queen genetics, queens reared for this study were supersisters, having a 

relatedness factor of 0.75.  Twenty queens were instrumentally inseminated in a manner 

similar to that of Tarpy (2003).  Ten of the queens were each inseminated with 1.0 µl of 

semen collected from a single drone (i.e. one unique drone per queen).  The remaining 

ten queens were each inseminated with a 1.0 µl blend of semen collected from 20 

different drones (i.e. twenty unique drones per queen).  This technique produced one 

treatment group with genotypically diverse (multi-patriline) worker populations and 

another group with genotypically similar (single patriline) worker populations, based on 

the genetic contributions of the males (Haberl and Moritz 1994).  Drones were selected 
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from among five lines of breeder stock maintained at Glenn Apiaries: Minnesota 

Hygienic, USDA Russian, Cordovan Italian, Carniolan, and Varroa Sensitive Hygiene 

(VSH).  Prior to shipping, inseminated queens were confined under push-in cages within 

mating nucs until the breeder confirmed that oviposition had begun. 

Colony Establishment and Monitoring.  Queens arrived in Tucson, AZ on 10 

June 2008 and were introduced into queenless colonies of equal strength in nine-frame, 

single-story hives.  To minimize drift – particularly between treatment groups - colonies 

with polyandrous queens were co-located approximately 50 meters from colonies with 

monandrous queens.  Colonies within each treatment group were arranged in a horseshoe 

pattern.  During the following eight weeks, workers in each colony were gradually 

replaced by each inseminated queen’s offspring.  Colonies were examined weekly during 

this period to remove any developing queen cells and to assess overall colony health; 

colonies that replaced their queens were removed from the study.  Once colonies with 

unacceptable queens were eliminated, nine GD colonies and seven GS colonies remained. 

Pollen Trapping.  On 08 Aug 2008 each colony was fitted with a Sundance™ 

pollen trap.  By design, the traps can be readily engaged or disengaged.  Installed traps 

were initially disengaged for one week to allow the bees to adjust to the presence of the 

equipment.  On 15 Aug 2008, traps were engaged and bees were allowed to acclimatize 

to the engaged configuration for 48 hours.  The first sampling period commenced on 17 

Aug 2008 and continued for ten days.  Two additional ten-day sampling periods 

immediately followed.  Traps were emptied several times during each sampling period; 
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trapped pollen was labeled by sampling period and by source colony, weighed, and then 

stored frozen until processed. 

Colony Strength Assessment.  The adult population of each colony was 

estimated at the beginning of each sampling period by estimating the percentage of each 

frame covered by adult bees (Waller et al. 1985).  Each frame was examined using a wire 

grid held over the comb as a visual guide to estimate the coverage area.  Percent coverage 

by bees was estimated to the nearest 25% (i.e. 0%, 25%, 50%, 75%, or 100% coverage).  

Coverage estimates for each frame side were then summed and the sum divided in half to 

calculate the total number of frames (NOF) of adult bees in each hive.  Population 

estimates were compared between GD and GS colonies for each pollen collection period. 

Brood Area Measurements.  Brood area and pollen foraging are positively 

correlated (Dreller and Tarpy 2000; Fewell and Winston 1992) and estimates of brood 

area for each colony were determined at the end of each ten-day sampling period.  Brood 

area on both sides of every frame in each hive was measured with a wire grid as above to 

estimate the coverage area to a resolution of one half centimeter squared.  Square 

centimeters of brood for each frame were then summed to determined total brood area for 

each hive.  Brood area estimates were compared between GD and GS colonies for each 

sampling period. 

Foraging Activity.  GD colonies have been shown to maintain higher foraging 

rates than GS ones (Mattila and Seeley 2007), which could potentially account for 

variation in the types and amounts of pollen collected.  We assessed foraging activity of 

colonies several times during each of the three sampling periods.  At the beginning, 
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middle, and end of each sampling period, we counted the inbound forager population 

between 08:00:00 and 10:00:00, when pollen foraging activity was high.  GD and GS 

colonies were paired randomly.  Paired colonies were then observed concurrently for one 

minute.  An observer at each colony recorded numbers of pollen and non-pollen foragers 

entering the hive.  The entire survey was repeated (with unique colony pairings) four 

times.  Differences in foraging activity between GD and GS colonies were compared.  

Pollen Processing and Identification.  At the end of each sampling period, a 

subsample of each colony’s trapped pollen was collected for analysis.  Each colony’s 

trapped pollen was thoroughly mixed, and then a subsample was collected in a 15 ml 

centrifuge tube and sent to the Palynology Laboratory at Washington State University 

(Pullman, WA).  Samples were processed using a standard laboratory procedure known 

as acetolysis, which dissolves unwanted organic material, exposing the exine of the 

pollen grain for identification (Kapp et al. 2000).  Slides were prepared from each 

processed sample, representative of each hive's foraging effort per sampling period, and 

then examined by light microscopy.  A 500 pollen grain count, identifying types and 

frequencies, was used to indicate the pollen foraging patterns of each colony during the 

study period.  Few pollen types can be identified to species with this approach, and 

available identification keys often resolve only to plant family or genus (Kapp et al. 

2000).  Therefore, it was often only possible to associate pollen grains with higher 

taxonomic levels.   

Statistical Analysis.  Data from each colony within each treatment group were 

sampled repeatedly over time and evaluated using repeated measures ANOVA (2 genetic 
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groups x 3 time periods) (Zar 1999).  The proportion of the total variance attributable to 

each effect was calculated as the ratio of an effect’s variance over the total variance (i.e., 

η
2).  The Greenhouse-Geisser correction to the degrees of freedom was applied in cases 

where assumptions of sphericity were violated.  To assess the degree of similarity in 

pollen types collected among colonies within each group, we calculated the Bray-Curtis 

similarity index among colony pairs (1-Bray-Curtis Distance).  The Bray-Curtis 

similarity index varies from 0-1, where 1 represents identical pollen foraging patterns 

(Bray and Curtis 1957).  We then assessed the results using the same repeated measures 

ANOVA approach.  The criterion for statistical significance was set at �� 0.05. 

Variable amounts of pollen collected by colonies could bias the number of 

identified pollen taxa.  Therefore, in order to validate species richness differences 

between GD and GS colonies, pollen counts from each colony were aggregated for each 

treatment group over the entire study period.  We then constructed rarefaction curves by 

repeatedly sampling at random each of the aggregated counts (Gotelli and Graves 1996).  

Data for the rarefaction curves were generated using EcoSim software (Gotelli and 

Entsminger 2009). 

 

 

RESULTS 

Brood Area.  The difference in the average brood area of GD colonies (M = 

433.0±40.2 cm2) compared to GS colonies (M = 270.0±45.6 cm2) was significant (F1, 14 = 

7.20; p = 0.018; η2 = 0.3; Table 1).  A significant temporal effect was obtained (F2, 28 = 
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5.021, p = 0.014) though this was mild (η2 = 0.22).  A significant time x diversity 

interaction was also obtained (F2, 28 = 3.72, p = 0.037) though this effect was even milder 

(η2 = 0.16).  Examination of the cell means indicated that there was an inexplicable 

decrease in average brood area among GD colonies from 28-Aug-2008 (M = 490.2±50.4 

cm2) to 07-Sep-2008 (M = 354.8±37.5 cm2), whereas the change in brood area for GS 

colonies from 28-Aug-2008 (M = 264.2±57.1 cm2) to 07-Sep-2008 (M = 260.2±42.6 cm2) 

was negligible. 

Adult Population.  The average number of frames (NOF) of adult bees of GD 

colonies (M = 3.77±0.22 frames) was slightly greater than for GS colonies (M = 

3.06±0.253 frames).  However, this difference was not significant (F1,14 = 4.37, p = 

0.055, η2 = 0.24; Table 1).  A temporal effect was not significant (F2,28 = 0.333, p = 

0.720) nor was the time x diversity interaction (F2,28 = 2.02, p = 0.152). 

Pollen Foragers and Collected Pollen Weight.  A greater number of pollen 

foragers from GD colonies returned to the hive each minute (M = 18.3±1.5 bees/min) 

compared to GS colonies (M = 14.0±1.7 bees/min), however this difference was not 

significant (F1,14 = 3.59, p = 0.079, η2 = 0.20; Table 1).  As a measure of the total 

foraging activity, the percentage of returning foragers carrying pollen was higher in GD 

colonies (M = 51.6±2.5%) compared to GS colonies (M = 45.8±2.8%), but this difference 

was not significant (F1,14 = 2.40, p = 0.144, η2 = 0.15; Table 1).  A significant temporal 

effect was obtained (F8,14 = 21.03, p < 0.0001) likely due to temporal availability of 

pollen sources or changes in brood load.  A time x diversity interaction was not 

significant (F8,14 = 0.90, p = 0.521). 
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GD colonies collected nearly twice as much pollen (M = 259.4±23.3 grams) as 

did GS colonies (M = 140.0±26.4 grams); and this difference was significant (F1,14 = 11.5, 

p = 0.004, η2 = 0.45).  A significant temporal effect was obtained both for pollen foraging 

rate (F2, 28 = 22.2, p < 0.001, η2 = 0.50) and for pollen weight (F2, 28 = 42.0, p < 0.001, η2 

= 0.66; Table 1).  This effect was again likely due to the temporal availability of various 

pollen sources and/or changes in brood load.  A significant time x diversity interaction 

was also obtained for both pollen foraging rate (F2, 28 = 8.61, p = 0.001, η2 = 0.19) and for 

pollen weight (F2, 28 = 8.03, p = 0.002, η2 = 0.13).   

Pollen Foraging Breadth.  Among the 52 pollen taxa identified, 46 types were 

collected by GS colonies, whereas only 30 types were collected by GD colonies.  Only 24 

pollen types collected were found in common between both treatment groups, whereas 22 

pollen types were unique to the GS colonies and only 6 pollen types were unique to the 

GD colonies (see Figure 1).  There was a significant difference in the richness of pollen 

taxa collected by genotypically diverse colonies compared to genotypically similar ones 

(F1, 14 = 10.66, p = 0.006, η2 = 0.43; Table 1).  Despite a tendency for higher population 

levels and greater numbers of returning foragers among genotypically diverse colonies, 

the average number of pollen taxa collected by genotypically diverse colonies (M = 

9.48±0.56 types) was lower than for genotypically similar colonies (M = 12.24±0.63 

types).  A significant temporal effect was also obtained (F2, 28 = 6.29, p = 0.006, η2 = 

0.22), attributable to pollen availability.  The interaction of time x diversity was not 

significant (F2, 28 = 2.13, p = 0.138, η2 = 0.13).   
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Rarefaction curves comparing pollen diversity between GD and GS colonies are 

shown in Figure 2.  Curves are displayed with their 95% confidence intervals.  While 

curves were not yet asymptotic, the rate of pollen type accumulation for GS colonies was 

clearly higher than that of GD colonies. 

Pollen Foraging Similarity.  Pair-wise comparisons of Bray-Curtis similarity 

indices indicated that the pollen collected by GD colonies was significantly more uniform 

(M = 79±1.1% similar) compared with the pollen collected by the GS colonies (M = 

63±1.4% similar; F1, 55 = 89.52, p < 0.001, η2 = 0.62; Table 1).  A significant temporal 

effect was also obtained (F1.5, 81.6 = 76.10, p < 0.001, η2 = 0.49) as was the interaction of 

time x diversity (F1.5, 81.6 = 5.54, p = 0.011 η2 = 0.05), although this interaction was weak.  

Of note, from 29-Aug-2008 through 07-Sep-2008 there was a marked increase in 

foraging similarity in both groups.  This was likely due to an abundance of Chenopodium 

pollen, which accounted for 87% of the pollen taxa collected by genotypically diverse 

colonies and 80% of the pollen taxa collected by genotypically similar colonies during 

that period.  

 

 

DISCUSSION 

For polyandrous social insects, mating frequency establishes the genetic 

architecture of a colony, which in turn affects individual worker behavior.  Several 

hypotheses have been put forth to explain why increased genetic diversity among 

nestmates is adaptive, including enhanced division of labor, resistance to pathogens, and 
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increased tolerance to environmental stress, among others (reviewed by Boomsma and 

Ratnieks 1996).  Such colony level traits, however, occur widely among social 

Hymenoptera, including monandrous species.  Polyandry is not therefore a strict 

requirement for fitness among social insects.  For honey bees, however, decreased 

genotypic variability among nestmates does appear to be deleterious to colony 

performance. 

In our study, we found that GD colonies outperformed GS colonies in nearly 

every colony level measure, although not every difference was significant (see Table 1).  

Our findings were generally consistent with those of Fuchs and Schade (1994) as well as 

Matilla and Seeley (2007) in studies comparing colony performance between treatment 

groups similar to ours.  However, we also found that GD colonies collected significantly 

fewer pollen types than did GS colonies, suggesting that pollen foraging breadth is 

affected by the colony’s genetic composition.  We ascribed the greater number of pollen 

taxa occurring among GS colonies to a higher frequency of “rare” pollen types (i.e. 

pollens represented by only one or a few grains out of a 500-grain count.  See Table 2.)  

Our results were counter to those of Woyciechowski and Warakomska (1994) who found 

no correlation between pollen diversity and colony genetics.  Our study, however, 

compared GS colonies against colonies with a known and very high number of patrilines 

(i.e. 1 vs. 20), rather than comparing low and moderate diversity colonies against those 

headed by “open-mated” queens.  Further, our pollen was subsampled from pollen traps 

that continuously trapped pollen over the duration of the 30-day study period, rather than 

simply collecting the first 200 pollen loads on seven different days.  Of note, the six most 
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common pollen taxa identified in our study (Chenopodium, Leucophyllum, Asteraceae, 

Tamarisk, Poaceae, and Solanaceae) represented the vast majority of collected pollen in 

both GD and GS colonies (see Online Resource 1), suggesting a comparable foraging 

pattern between both groups.  However, based on our Bray-Curtis similarity index, we 

found the overall composition of collected pollen types to be less similar among GS 

colonies than among GD colonies (see Table 1).  

Because scouts search independently for food sources, the variety of pollen types 

brought back to the colony may serve as a proxy for overall pollen scouting effort.  One 

possible interpretation of our findings, therefore, is that the number of pollen scouts is 

negatively associated with intracolonial genetic diversity.  This association might exist 

because some foragers will act as scouts when they fail to find a dance to follow 

(Beekman et al. 2007).  GD colonies produce greater numbers of waggle dances than GS 

colonies (Mattila et al. 2008), perhaps increasing the chances that a forager will find a 

dance.  Thus, a high frequency of recruitment dances may reduce scouting more rapidly.  

However, because scouting is also affected by an individual’s genotype (Dreller 1998), 

numbers of waggle dances alone may not fully regulate a colony’s scouting effort.   

Genetic polyethism predicted by the response threshold model affords an 

additional (and not mutually exclusive) hypothesis for differences in pollen variety 

between our treatment groups.  Genetic polyethism is an evolutionary strategy that 

contributes to colony-level behavioral diversity by exploiting the genetically based 

tendencies of individual workers to perform particular tasks.  Specifically, behavioral 

variability among patrilines suggests that those patrilines with lower response thresholds 
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likely respond to behavioral cues sooner than other patrilines in the colony.  As such, 

patrilines with higher response thresholds may never perform certain tasks, while 

patrilines with the lowest thresholds may appear as behavioral specialists.  Subsequently, 

the allocation of tasks across patrilines suggests fewer bees on average may engage in 

any particular behavior, rendering more workers available for other tasks, which 

increases overall colony efficiency.  If scouting behavior is allocated across patrilines, 

scouting effort is predicted to vary with intracolonial genetic diversity. 

Pollen foragers are stimulated to collect pollen when either brood area increases 

(Fewell and Page 1993) or stored pollen decreases (Camazine 1993; Fewell and Winston 

1992).  A proportion of these foragers will exhibit scouting behavior, seeking out new 

pollen sources (Seeley 1983).  If only patrilines with the lowest thresholds for pollen 

scouting undertake the task, then GD colonies may send fewer numbers of pollen scouts 

in response to colony protein demand.  In a colony composed entirely of a single patriline, 

however, the genetic diversity that underlies pollen foraging behavior is reduced, 

requiring each individual to perform a greater array of tasks, including scouting behavior.  

Thus, relatively greater numbers of bees from GS colonies will likely respond to cues for 

pollen scouting.  In this sense, an increased number of scouts represents a breakdown in 

polyethism; more foragers engaged in scouting reduces the number of bees available for 

other tasks, including being recruited to previously discovered, high value pollen sources.  

This explanation is also consistent with the significantly greater amounts of pollen 

collected by GD colonies (Table 1).  A more detailed study to identify and genotype 

scout bees could lend support for such a mechanism, particularly if any patrilineal bias 
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for scouting was demonstrated. 

Despite the larger variety of pollen types collected by GS colonies, we found that 

GD colonies collected significantly greater amounts of pollen.  However, because GD 

colonies had more brood it was not surprising that they also had more pollen foragers and 

collected more pollen than GS colonies.  Measurements of pollen collection and brood 

area are not independent; the presence of brood stimulates pollen foraging (Pankiw et al. 

1998) and large amounts of incoming pollen enable colonies with strong queens to 

maximize brood rearing.  

If the overall foraging strategy of a honey bee colony is to put an optimal number 

of scouts into the environment and maximize recruiting to the high value resources, then 

a colony must efficiently regulate its foraging effort.  Combined with their greater 

foraging rates (Mattila and Seeley 2007), GD colonies are likely able to reduce the 

overall stimulus level for pollen foraging more rapidly and with fewer scouts than GS 

colonies.  By contrast, GS colonies may be losing task allocation efficiency by sending 

out far more scouts than necessary.  Recently, Mattila and Seeley (2010) reported that, 

contrary to GD colonies, initial foragers in GS colonies often would not dance when 

returning to the hive, and thus would not mobilize their nestmates to a food source.  Our 

results and interpretation are an extension of these findings in that the diversity of pollen 

types in GS colonies is consistent with a foraging force comprised largely of individuals 

that independently search for pollen sources, but do not recruit sufficient numbers of 

nestmates to fully exploit identified resources.     
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Table 1. Estimated marginal means (± SEM) for each measure over time between 
genotypically diverse (GD) and genotypically similar (GS) colonies.  The p values from 
each (2 genetic groups x 3 sample periods) repeated measures ANOVA are also shown. 

19-Aug-2008 - 29-Aug-2008 - 08-Sep-2008 -
28-Aug-2008 - 07-Sep-2008 - 17-Sep-2008 -

GD 3.7 (±0.2) 3.8 (±0.2) 3.8 (±0.3)
GS 3.2 (±0.3) 2.9 (±0.3) 3.1 (±0.3)

GD 1245.2 (±127.7) 901.3 (±95.5) 1153.5 (±111.6)
GS 671.0 (±145.2) 660.6 (±108.4) 725.2 (±126.5)

GD 14.0 (±1.3) 24.0 (±1.9) 17.0 (±1.9)
GS 10.6 (±1.5) 15.1 (±2.2) 16.3 (±2.2)

GD 43.4% (±3.0%) 58.9% (±4.0%) 52.4% (±2.7%)
GS 35.4% (±3.4%) 51.4% (±4.5%) 50.6% (±3.0%)

GD 135.5 (±13.2) 359.4 (±31.2) 283.2 (±32.3)
GS 75.8 (±14.9) 159.9 (±35.4) 184.3 (±36.6)

GD 10.1 (±0.8) 9.0 (±0.8) 9.3 (±0.7)
GS 14.6 (±0.9) 11.1 (±0.9) 11.0 (±0.8)

GD 72.2% (±1.9%) 89.2% (±0.9%) 76.5% (±2.1%)
GS 52.0% (±2.5%) 80.0% (±1.2%) 56.0% (±2.8%)

Sample periods p values

Measure Group
Temporal 

effect Interaction

0.055 0.72 0.152

0.018 0.014 0.037

Frames covered by adult bees

0.079 < 0.001 0.001

0.144 < 0.001 0.521

< 0.001 < 0.001 0.011

Between 
groups

0.004 < 0.001 0.002

Brood area (cm2)

Pollen foragers min-1

Percent pollen foragers min-1

Pollen weight (g)

Pollen types

Pollen foraging similarity (Bray-Curtis)

0.006 0.006 0.138
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Table 2.  Identification and frequencies of pollen types collected by honey bee colonies between 19-Aug-2008 and 17-Sep-
2008 in Tucson, Arizona USA.  Sampling periods 1, 2, and 3 occurred from 19-Aug-2008 to 28-Aug-2008, from 29-Aug-2008 
to 07-Sep-2008, and from 08-Sep-2008 to 17-Sep-2008, respectively.  Pollen types were identified via 500-grain pollen count 
using light microscopy.  Samples were collected from each colony at the end of each sampling period. 

 

Colony ID
Period 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Agave 1
Alternanthera 1
Apocynaceae 1 1
Artemisia 1
Asteraceae LS 214 56 26 2 1 1 9
Asteraceae HS 2 16 68 39 10 47 4 27 16 7 154 10 3 18 1 123 5 3 85 29 12 29 6 7 139 9 12 82 7 266 32 8 32 10 19 62 102 19 26 12 4 18 29 1 32
Boerhaavia 1 1 1 1 1 1 2 1 3 1
Brassicaceae 2 1
Cactaceae 5 1 1 1 2 1 1 3 2 1 1 1 1 1 18 12 6 2 1 2 2 1 3 1 2 1 1 2 10 2 5 4
Castilleja 2 1
Cheno-Am 103 386 271 141 368 94 288 503 350 26 445 180 399 502 400 386 468 250 162 371 17 182 482 376 239 470 150 198 505 237 140 450 204 209 456227 280 452 212 115 407 340 311 532 312 181 466 195
Cirsium 1 3 1
Cyperaceae 1 1
Fabaceae 1  3 1 3 2 2 2 1 1 1
Lamiaceae 1
Liguliflorae 1 2
Liliaceae 1 1
Malpighiaceae 1
Poaceae 55 32 29 41 7 30 10 6 5 69 16 50 12 6 13 22 9 6 13 18 18 56 33 12 39 7 26 56 3360 42 6 5 62 11 12 50 22 65 40 3 7 62 2 15 80 7 5
Polygonum 1 1 1 3 3 1 1 1
Polemoniaceae 1 1
Portulaca 1 1
Ranunculaceae 6 2 5 3 1 23 17 1 9 4 4 4 4 4 2 3
Rosaceae 5 2 2 1 1 3 2 3 1 1 1 1 4 3
Scrophulariaceae 2
Sphaeralcea 1
Solanaceae 43 6 11 37 1 26 14 3 11 2 1 2 59 54 52 15 60 15 6 5 5 2 12 1 10 4 15 15 36 3 5 8 1 35 25 44 38 3 50 11 7 2 15
Trifolium 1
Verbenaceae 2 1 1
Zea mays 2
Acacia 2 3 2 1 2 1 7 3 5 1 4 2 3 1 1 1 1 2 1 5 2 1 2 2 11 1
Anacardiaceae 1 1
Arecaceae - small 104 64 64 14 5 1 11 2 3 4 8 1 5 3
Arecaceae - small B 27 2
Arecaceae-large 1 47 1 1 1 1
Caesalpinia 1 1 2
Catalpa 1 1 1
Eucalyptus 11 37 2 6 5 3 1 1 2 1 4 1 2 1 1 1 1 1 1 2
Fraxinus 1
Larrea 1
Leucophyllum 200 4 128 71 96 140 106 3 75 193 18 130 94 8 98 23 12 88 168 37 362 204 109 397 59 167 177 141 321 36 227 367 21 223 148 17 181 168 24 111 89 4131 145 29 244
Mimosa 1
Persea 1
Rumex 3 1 1 1
Prosopis 2 2 4 1 5 1 1
Rhamnaceae 1
Salix 1
Tamarisk 2 1 95 2 54 3 244 30 4 1 18 110 1 20 3 44 11 156 12 6 156 1 24 1 23 52 4 23 4 1 58 3 2
Unknown 1 1 1 1 1 1 1 1 4 1 1 1 1
Unknown B 2 2 4 1 2 1 2
Unknown E 1 11 1 2 1 1
Unknown R 3

Pollen Grains Counted 538 579 517 518 502 534 510 547 529 566 541 529 538 547 526 542 552 524 519 519 544 517 548 543 741 549 510 605 578 535 686 513 542 701 505 512 525 520 528 516 504 525 511 610 506 519 516 504
Pollen Types Identified 15 14 16 17 7 11 9 8 8 13 16 12 14 12 9 16 9 8 18 12 13 11 10 11 9 8 10 10 10 9 8 8 9 7 7 11 9 10 7 13 8 7 12 10 10 12 10 10

Genotypically Similar (GS) Colonies Genotypically Diverse (GD) Colonies

34 35 36 37 40 41 47 52 65 6954 56 59 60 62 64



 

Figure 1. Numbers of pollen types collected by genotypically diverse (GD) vs. 
genotypically similar (GS) colonies.

Numbers of pollen types collected by genotypically diverse (GD) vs. 
genotypically similar (GS) colonies. 
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Figure 2. Rarefaction curves showing accumulation of pollen types with increasing 
pollen grain counts.  Ninety-five percent confidence intervals are shown for each curve. 
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ABSTRACT 

Honey bee queens mate with multiple males - a reproductive strategy known as 

polyandry - that results in colonies comprised of high intracolonial genetic diversity 

among nestmates.  Several studies have demonstrated the adaptive significance of 

polyandry for overall colony performance and colony growth.  Colonies that are more 

genetically diverse collect more pollen than colonies with less diversity.  However, the 

effect of intracolonial genetic diversity on the ability to process and allocate protein 

among nestmates is unknown.  We created colonies headed by queens instrumentally 

inseminated with sperm from either one or twenty drones, and then compared protein 

consumption, processing, and allocation among nestmates.  We found that nurse bees 

from colonies with multiply mated queens consumed more pollen, had lower midgut 

protease levels, and invested more protein in larvae than did nurse bees from singly 

mated queen colonies.  Pollen foragers from genetically diverse colonies had significantly 

higher hemolymph protein titers than foragers from single patriline colonies.  While 

intracolonial genetic diversity is correlated with increased foraging, the foraging effort 

appears to be regulated by the resource demands of the nurse bees, which process and 

distribute protein in response to the social context within the hive. 

 

KEYWORDS 

intracolonial genetic diversity • polyandry • honey bee nutrition 
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INTRODUCTION 

 

Multiple mating by honey bee (Apis mellifera) queens is a reproductive strategy 

known as polyandry.  A queen mates with several drones on one or more mating flights 

(Tarpy and Page 2000; Woyke 1964), after which she begins to lay eggs.  Fertilized eggs 

develop into female workers, forming the majority of the colony population.  Worker 

offspring of the queen sired by any particular drone comprise a patriline within the 

colony and, as a consequence of multiple mating; the colony is a composition of many 

patrilines.  On average, workers within any patriline will be more similar to each other 

than to their “half sisters” from different patrilines (Oldroyd and Fewell 2007).  

Genetically based variability among patrilines defines the genetic diversity of the colony, 

and is a key factor in overall colony health and productivity.  In particular, colonies 

comprised of a genetically diverse workforce show increased disease resistance (Seeley 

and Tarpy 2007; Tarpy and Seeley 2006) and also exhibit improved efficiency in their 

division of labor (Eckholm et al. 2011; Jones et al. 2004; Mattila and Seeley 2007; 

Oldroyd and Fewell 2007; Tarpy 2003).  Robinson et al. (1989) proposed a genetically 

based response threshold model to explain how colony function improves with increased 

intracolonial genetic diversity.  The model predicts that workers have genetically based 

internal thresholds for responding to task stimuli, and that patriline variation in these 

internal thresholds generates division of labor.  In support of the response threshold 

model, genetically based differences in behavior have been widely reported for honey 
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bees, including foraging preferences (Oldroyd et al. 1992; Oldroyd, et al. 1993), scouting 

(Dreller 1998), guarding (Giray et al. 2000), feeding larvae (Chapman et al. 2007), 

grooming (Frumhoff and Baker 1988), and corpse removal (Robinson and Page 1988). 

Division of labor, whereby workers specialize on subsets of colony tasks (Oster 

and Wilson 1978), emerges in part from age-related task partitioning, whereby young 

adult workers handle in-hive tasks such as comb building and brood care (“nursing”), and 

older workers perform peripheral tasks such as guarding and foraging (Winston 1987).  

Moreover, the network of repeated interactions between workers of various genetic and 

phenotypic dispositions modulates task partitioning (Robinson 1992).  Worker 

interactions provide a mechanism for all individuals to assess the needs of the colony, 

primarily determined by the colony's food supply (Ribbands 1952).  Trophallaxis, the 

transfer of food from one worker to another, serves as a primary mechanism for the 

assessment of colony state and allocation of nutrition resources (Crailsheim 1998).  As 

the primary digesters and distributors of protein for the colony, nurse bees play a central 

role in trophallaxis.  Nurse bees process pollen and distribute it as royal jelly to all colony 

members, including the queen, developing larvae, drones, and foragers (Crailsheim 1991).  

Large amounts of protein from nurse bees are required for larval development 

(Crailsheim 1990).  Nursing frequency and duration are correlated with the amount of 

available pollen, resulting in higher larval protein content (Schmickl and Crailsheim 

2002). The pollen foraging effort therefore directly affects colony growth.  Transition to 

foraging behavior is accompanied by dietary changes (Crailsheim et al. 1992), as well as 

reduced levels of total protein in the hemolymph (Fluri et al. 1982).  To support their high 
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activity levels, foragers consume some pollen directly, however, they receive substantial 

amounts of protein via trophallaxis with nurse bees (Crailsheim 1991).  Such nutritional 

and physiological shifts suggest that a change in nutritional status may initiate and 

regulate foraging behavior (Toth and Robinson 2005).  Mechanisms that modulate the 

foraging population are likely integral to colony fitness. 

Recently, Eckholm et al. (2011) conducted a study demonstrating that honey bee 

colonies with greater intracolonial genetic diversity are more efficient at pollen foraging, 

resulting in greater amounts of pollen collected and increased brood production when 

compared to colonies with reduced intracolonial genetic diversity.  Larger amounts of 

pollen stores in the hive increase the brood rearing effort, resulting in greater protein 

investment in the larvae (Schmickl and Crailsheim 2002).  In our current study, we 

hypothesized that the ability to convert inbound food resources to colony growth is likely 

dependent upon colony nutritional homeostasis, which may be modulated by colony 

genetic background.  To that end, we established colonies headed by queens 

instrumentally inseminated with either multiple (n = 20) or single (n = 1) drones to 

construct two treatment levels of intracolonial genetic diversity.  We then considered the 

effects of high and low intracolonial genetic diversity on several factors associated with 

the consumption, utilization, and transfer of protein by assessing the nutritional state of 

nurses, foragers, and larvae collected from each treatment.  
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MATERIALS AND METHODS 

Two experiments were performed during the summer of 2012 at the Carl Hayden 

Bee Research Center (CHBRC) in Tucson, Arizona, USA.  In the first experiment, we 

assessed the effect of the genotypic diversity of a worker population on its pollen 

consumption.  In the second experiment, we considered the effect of intracolonial genetic 

diversity on protein allocation among nestmates.  Methodological details for the 

experiments are outlined below. 

Instrumentally inseminated queens.  For these experiments, we used Carniolan-

derived honey bee queens, that were instrumentally inseminated (Glenn Apiaries, 

Fallbrook, CA).  To minimize colony variability due to individual queen genetics, queens 

were supersisters: daughters of a common queen mother and sired by the same drone 

father (r = 0.75).  Queens were instrumentally inseminated using a Schley II insemination 

device.  One set of queens was inseminated with 1.0 µl of semen collected from one 

Carniolan-derived drone (single drone inseminated (SDI) queens).  A second set was 

inseminated with a 1.0 µl admixture of semen collected from twenty Carniolan-derived 

drones (multiple drone inseminated (MDI) queens).   

Instrumentally inseminated queens (18 MDI and 18 SDI) arrived in Tucson, AZ 

on 01-May-2012 and were introduced into queenless colonies of equal strength in nine-

frame, single-story hives.  Hive locations were randomized in the apiary.  Over the 

subsequent weeks, workers in each colony were supplanted by the offspring of the 

inseminated queen, thereby generating colonies derived from either MDI queens (MDI 

colonies) or SDI queens (SDI colonies).  Colonies were examined weekly to assess 
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overall colony health.  Any colony that killed or superseded its instrumentally 

inseminated queen was removed from the study. 

The first experiment, conducted in June 2012, used bioassay cages with newly 

emerged workers sourced from eleven MDI colonies and ten SDI colonies.  The second 

experiment was conducted in the apiary at the CHBRC, and consisted of two replicate 

sampling events.  The first sampling event (Rep I) occurred from 09 July 2012 to 13 July 

2012, and included nine MDI colonies and eight SDI colonies.   The second sampling 

event (Rep II) occurred from 20 August 2012 to 23 August 2010, and included seven 

MDI colonies and six SDI colonies.  Reduced sample sizes resulted from colony attrition 

due to queen failure during the study period. 

Bioassay cage setup.  To examine the effects of intracolonial genetic diversity on 

pollen consumption, we placed newly emerged workers sourced from either MDI 

colonies or SDI colonies into bioassay cages (11.5 × 7.5 × 16.5 cm3) to mitigate the 

confounding effects of age, colony environment, and food availability.  We then 

measured pollen consumption as well as midgut protease activity and hemolymph protein 

concentration for each treatment (described in the following sections).  Newly emerged 

workers were obtained by removing frames of capped brood (i.e. pupae) from MDI and 

SDI colonies and placing them in separate emergence cages in a climate-controlled 

environmental room (34°C, 70% RH).  After 24 hours, 100 newly emerged workers from 

each emergence cage were collected and transferred into the bioassay cages.  To establish 

a baseline of hemolymph protein concentration and midgut protease activity for each 
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treatment, an additional 24 newly emerged workers from each emergence cage were ice-

anesthetized for hemolymph collection and midgut dissection.   

Bioassay cages containing the newly emerged workers were provisioned ad 

libitum with water and 50% sucrose syrup, along with a pre-weighed amount of 

pulverized, corbicular pollen.  The cages were placed in an incubator (34°C, 65% RH) for 

7 days.  The weight of the unconsumed pollen in each cage was determined, and then 

subtracted from the starting pollen weight to estimate the amount of pollen consumed.  

Twenty-four workers from each cage were ice-anesthetized for hemolymph collection 

and midgut dissection. 

Hemolymph collection and total soluble protein analysis.  We compared 

hemolymph protein concentration between treatments as a proxy for worker nutritional 

status in a manner similar to other studies (e.g. Bitondi and Simoes 1996; Cappelari et al. 

2009; Cremonez et al. 1998; DeGrandi-Hoffman et al. 2013).  Hemolymph was extracted 

from ice-anaesthetized workers using 100 µl microcapillary pipettes (#71900-100, 

Kimble Glass, Inc., Vineland, NJ) which had previously been held over a Bunsen burner 

flame and then pulled apart to form a sharp tip.  The sharpened microcapillary pipette 

was inserted into the lateral portion of the thorax.  Approximately 2 µl of hemolymph 

from each worker was first drawn into the microcapillary pipette and dispensed onto 

clean wax paper.  Then 1 µl of hemolymph was collected from the wax paper using a 

pipette and transferred into a 2 ml microcentrifuge tube along with 9 µl phosphate 

buffered saline (PBS) containing 1% EDTA-free Halt Protease Inhibitor Cocktail 

(#78437, Thermo Scientific, Rockford, IL).  The process was repeated until hemolymph 
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samples had been collected and pooled from the ice-anaesthetized workers.  Pooled 

hemolymph samples were stored at -70°C until analyzed.  

Hemolymph total soluble protein concentrations were estimated using a 

bicinchoninic acid (BCA) protein assay (#23225, Thermo Scientific).  Absorbance was 

measured at 562 nm using a Synergy HT spectrophotometer (BioTek Instruments, Inc., 

Winooski, Vermont).  Protein quantitation was then estimated using a protein 

concentration standards curve generated from serial dilutions of bovine serum albumin 

(BSA).   

Total midgut protease activity.  Proteolytic enzymes are synthesized and 

secreted by cells in the midgut to break down proteins for digestion.  To assess 

differences in colony protein processing between treatments, we measured protease levels 

in the midgut tissue of young workers.  Midguts were dissected from newly-emerged 

workers, 7-day-old workers, and nurse bees, from whom we had previously collected 

hemolymph.  Twenty-four excised midguts from each colony were placed into a 2 ml 

reinforced microvial (#330TX, BioSpec Products, Inc., Bartlesville, OK) containing 1500 

µl 50mM borate buffer (pH 8.5; #28384, Thermo Scientific) along with two 2.3 mm 

diameter chrome-steel beads (#11079123c, BioSpec Products).  Midguts were then 

homogenized for 30 seconds in a mini beadbeater (#607, BioSpec Products).  Samples 

were centrifuged at 10,000 g for 5 minutes, and then 5 µl of supernatant from each 

sample was added to a clean 2 ml centrifuge tube, along with 995 µl borate buffer and 

stored at -20°C until analyzed.  Total midgut protease activity for each sample was 

determined using the QuantiCleave Protease Assay Kit (#23263, Thermo Scientific), 
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following the manufacturer’s instructions.  The kit utilizes succinylated casein, which, in 

the presence of protease, is cleaved at peptide bonds.  TPCK-treated trypsin is included 

with the kit as a protease standard against which sample protease levels were compared. 

Colony measures.  To assess overall colony strength, we estimated both the 

number of adult bees and the area of capped brood in each colony.  The adult worker 

population of each colony was estimated during each field-sampling event by estimating 

the percentage of each frame covered by adult bees (Waller et al. 1985).  Coverage was 

estimated to the nearest 25% (i.e., 0%, 25%, 50%, 75%, or 100% coverage) on each side 

of a frame.  Coverage estimates for each side were then summed and then divided by two 

to estimate the total number of frames of adult bees in each colony.  Population estimates 

were compared between MDI and SDI colonies for both field-sampling events.  

The amount of capped brood for each colony was also estimated during each 

field-sampling event.  The area of capped brood on each side of every frame was 

measured with a wire grid to estimate the coverage area to a resolution of approximately 

2.0 cm2.  Square centimeters of brood for each frame were then summed to determine 

total capped brood area for each colony.  Brood area estimates were compared between 

MDI and SDI colonies for both field-sampling events. 

Specimen collection.  Trophallaxis serves as the primary mechanism of nutrition 

distribution among nestmates (Crailsheim 1998).  Thus, as a measure of protein 

allocation between the two primary worker castes, nurse bees and pollen foragers were 

collected from each colony in each treatment for hemolymph extraction and total soluble 

protein analysis as described earlier.  Returning foragers observed with pollen loads in 
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their corbiculae were collected at the hive entrance using a forceps and immediately 

placed in an ice-cold 50 ml conical centrifuge tube.  Frames with developing larvae and 

workers presumed to be nursing (Winston 1987) were temporarily removed from each 

hive.  Workers seen with their heads in cells containing larvae were collected with 

forceps and placed in an ice-cold 50 ml conical centrifuge tube similar to the pollen 

foragers.  Twenty-four pollen foragers and 24 nurses were collected from each hive.  

Within an hour after ice-anesthetization hemolymph was extracted, pooled, and total 

soluble protein concentrations were estimated using the BCA protein assay as previously 

described.  

Larvae collection and total soluble protein analysis.  As a measure of colony 

protein investment in brood, we collected twenty-four larvae, visually estimated to be at 

or near final instar stage, from each colony and measured total soluble protein 

concentration.  Using soft forceps, we placed larvae in an ice-cold 15 ml conical 

centrifuge tube.  After ice-anesthetization larvae from each colony were weighed together, 

then transferred into 2 ml reinforced microvials along with two 2.3 mm diameter chrome-

steel beads and homogenized for 30 seconds in the mini beadbeater.  After 

homogenization, larvae were transferred back into a 15 ml conical centrifuge tube, 

diluted with 10 ml PBS containing 1% Halt, and mixed well for 30 seconds.  A 10 µl 

aliquot of the slurry was added to 990 µl PBS containing 1% Halt, which was then used 

for total soluble protein analysis using the BCA protein assay. 

Data analysis.  Averages for pooled total midgut protease activity, hemolymph 

total soluble protein concentration, and larval total soluble protein concentration for 
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colonies from each treatment were analyzed using two sample t-tests.  In cases of unequal 

variance between treatments, we applied Welch’s correction and adjusted the degrees of 

freedom accordingly (Zar 1999).  Correlation analyses were performed to examine the 

linear association between hemolymph total soluble protein and pollen consumption (Zar 

1999). 

 

 

RESULTS 

Pollen Consumption.  After seven days in bioassay cages, the average amount of 

pollen consumed by same-age workers sourced from MDI colonies (M = 2.51 ± 0.26 g) 

was approximately 52% greater than the amount consumed by caged, same-age workers 

sourced from SDI colonies (M = 1.65 ± 0.27 g).  This difference in pollen consumption 

was statistically significant (two sample t-test; t19 = 2.28; p-value = 0.035) (Figure 1). 

 Total midgut protease levels: newly emerged and caged workers.  Newly 

emerged workers sourced from MDI colonies had significantly lower midgut protease 

levels compared to newly emerged workers sourced from SDI colonies (Welch’s two 

sample t-test; t12.572 = 2.25; p-value = 0.043).  After seven days in bioassay cages, 

workers sourced from MDI colonies again had lower midgut protease levels compared to 

workers sourced from SDI colonies, although this difference was not significant  

(Welch’s two sample t-test; t10.889 = 1.75; p-value = 0.11) (Figure 2).   
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Hemolymph total soluble protein: newly emerged and caged workers.  The 

average concentration of hemolymph total soluble protein pooled from newly emerged 

workers sourced from MDI colonies (M = 194.7 ± 9.92 µg/ml) was similar to that of 

newly emerged workers sourced from SDI colonies (M = 217.5 ± 10.41 µg/ml; two 

sample t-test; t19 = 1.58; p-value = 0.13).  The average concentration of hemolymph total 

soluble protein pooled from 7-day-old caged workers for each treatment was virtually 

identical (two sample t-test; t19 = 0.48; p-value = 0.962) (Figure 3).  This was somewhat 

surprising, since we expect to see a positive relationship between protein consumption 

and hemolymph protein concentration (Bitondi and Simoes 1996; Cremonez et al. 1998).  

Indeed, hemolymph protein concentration was strongly correlated with pollen 

consumption for the SDI treatment (simple linear regression; F1, 8 = 16.16, p-value = 

0.004; R2 = 0.67).  However, the correlation between pollen consumption and 

hemolymph protein concentration for the MDI treatment was weak (simple linear 

regression; F1, 9 = 1.53, p-value = 0.25, R2 = 0.15) (Figure 4).  We also noted that 

hemolymph protein concentration at emergence was not correlated with pollen 

consumption for either MDI (simple linear regression; F1,9 = 0.13, p-value = 0.72, R2 = 

0.015) or SDI (simple linear regression; F1, 8 = 0.67, p-value = 0.44, R2 = 0.08) treatments, 

suggesting that initial hemolymph protein concentration alone is not a good predictor of 

pollen consumption. 

Hemolymph total soluble protein: nurses and pollen foragers.  For Rep I, 

average hemolymph protein concentration for nurse bees was slightly lower for MDI 

colonies (M = 314.5 ± 17.3 µg/ml) compared to SDI colonies (M = 342.8 ± 23.4 µg/ml), 
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although this difference was not significant (two sample t-test; t15 = 0.987; p-value = 

0.339).  Pollen forager hemolymph protein concentration, however, was significantly 

higher among MDI colonies (M = 257.0 ± 5.6 µg/ml) than among SDI colonies (M = 

207.9 ± 15.8 µg/ml) (Welch’s two sample t-test; t6.288 = 2.94; p-value = 0.025).  Within 

each treatment, hemolymph protein concentration was significantly higher in nurse bees 

than in pollen foragers for both MDI colonies (Welch’s two sample t-test; t9.673 = 3.17; p-

value = 0.01) and SDI colonies (two sample t-test; t12 = 4.43; p-value = 0.0008).  When 

aggregated for nurses and pollen foragers together, hemolymph protein concentration was 

essentially identical between treatments (two sample t-test; t13 = 0.32; p-value = 0.75).  

However, the difference in hemolymph protein concentration between castes was 

significantly smaller for MDI colonies compared to SDI colonies (two sample t-test; t13 = 

2.51; p-value = 0.026) (Figure 5). 

For Rep II, hemolymph protein concentration for nurse bees was again slightly 

lower among MDI colonies (M = 272.3 ± 31.7 µg/ml) than among SDI colonies (M = 

324.2 ± 34.2 µg/ml), and this difference was again not significant (two sample t-test; t11 = 

1.113; p-value = 0.289).  Pollen forager hemolymph protein concentration was again 

higher for MDI colonies (M = 304.9 ± 21.1 µg/ml) than for SDI colonies (M = 249.2 ± 

25.0 µg/ml).  Due to higher variance among MDI colonies in Rep II, however, 

differences between treatments were not significant (two sample t-test; t10 = 1.71; p-value 

= 0.12).  Among SDI colonies, hemolymph protein concentration was again higher in 

nurse bees than in pollen foragers, but the difference was not significant (two sample t-

test; t9 = 1.42; p-value = 0.19).  Among MDI colonies, hemolymph protein concentration 
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was similar between nurses and pollen foragers  (two sample t-test; t12 = 1.05; p-value = 

0.31).  Hemolymph protein concentration aggregated for both castes was again not 

significantly different between treatments (two sample t-test; t10 = 0.57; p-value = 0.58), 

and the difference in hemolymph protein concentration between castes was again 

significantly smaller for MDI colonies than for SDI colonies (Welch’s two sample t-test; 

t4.7824 = 3.10; p-value = 0.03) (Figure 6). 

Total midgut protease levels: nurses.  For Rep I, average midgut protease level 

for nurses from MDI colonies (M = 7.66 ± 1.59 µg/ml) was significantly lower than 

average midgut protease level for nurses from SDI colonies (M = 17.79 ± 2.68 µg/ml) 

(Welch’s two sample t-test; t11.554 = 3.25; p-value = 0.007).  For Rep II, average midgut 

protease level for MDI nurses (M = 2.97 ± 0.73 µg/ml) was again lower than SDI nurses 

(M = 8.81 ± 2.98 µg/ml), but the difference was not significant (Welch’s two sample t-

test; t5.598 = 1.90; p-value = 0.11) (Figure 7).   

Total soluble protein: final-instar larvae.  For Rep I, the average total soluble 

protein per larva from MDI colonies (M = 1632.4 ± 67.7 µg/ml) was significantly higher 

than for SDI colonies (M = 1300.9 ± 89.3 µg/ml) (two sample t-test; t12 = 3.02; p-value = 

0.01).  For Rep II, the average total soluble protein per larva was slightly higher for MDI 

colonies (M = 1358.8 ± 43.5 µg/ml) than for SDI colonies (M = 1334.2 ± 20.1 µg/ml), 

however the difference was not significant (two sample t-test; t11 = 0.49; p-value = 0.64) 

(Figure 8). 

Colony measures.  For Rep I, the average number of frames of adult workers 

among MDI colonies (M = 1.25 ± 0.24 frames) was slightly less than for SDI colonies (M 
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= 1.94 ± 0.56 frames), but this difference was not significant (Welch’s two sample t-test; 

t9.522 = 1.13; p-value = 0.29).  For Rep II, the average number of frames of adult workers 

among MDI colonies (M = 2.09 ± 0.46 frames) was higher than among SDI colonies (M 

= 1.42 ± 0.35 frames), but again this difference was not significant (two sample t-test; t11 

= 1.13; p-value = 0.28) (Figure 9). 

For Rep I, the average capped brood area among MDI colonies (M = 849.7 ± 

137.5 cm2) was slightly higher than SDI colonies (M = 791.9 ± 188.0 cm2), however, this 

difference was not significant (two sample t-test; t16 = 0.25; p-value = 0.80).  For Rep II, 

the average capped brood area for MDI colonies (M = 715.2 ± 73.7 cm2) was 

approximately 59% greater than for SDI colonies (M = 450.5 ± 117.5 cm2).  However, 

relatively high variances meant this difference was also not significant (two sample t-test; 

t11 = 1.97; p-value = 0.08) (Figure 10). 

 

 

DISCUSSION 

Multiple mating by honey bee queens positively influences a number of colony-

level traits, including disease resistance (Seeley and Tarpy 2007; Tarpy and Seeley 2006), 

improved foraging (Eckholm et al. 2011), nest thermoregulation (Jones et al. 2004), and 

increased colony productivity (Mattila and Seeley 2007).  In our study, colonies with 

greater genetic diversity produced nurse bees that consumed and processed more protein, 

pollen foragers with greater hemolymph protein concentration, and greater total protein 
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among larvae compared to colonies with reduced genetic diversity.  Our findings suggest 

a protein utilization strategy that is dependent on the social context of the colony.   

The flow of nutrients into honey bee colonies begins with pollen foragers and 

continues through the larvae being fed by nurse bees.  Schmickl and Crailsheim (2002) 

found that nursing frequency and duration were correlated with the amount of available 

pollen, resulting in higher larval protein content in well-nourished colonies.  MDI 

colonies collect more pollen than SDI colonies (Eckholm et al. 2011).  Thus, more 

nutrients flow into MDI colonies, which in turn increases both brood rearing activity and 

protein content of developing brood.  Our bioassay cage experiment, however, 

demonstrated that when given equal access to pollen, same-aged workers from MDI 

colonies consume significantly more pollen than same-aged workers sourced from SDI 

colonies.  In light of the aforementioned studies, this result suggests that access to colony 

protein stores alone may not explain colony growth.  Rather, the genetic diversity among 

the workers within a colony affects how much of the available protein is consumed and 

shared among nestmates, including larvae. 

Worker hemolymph protein concentration is affected by food quantity ingested 

(Bitondi and Simoes 1996) and also by genetic background (Zakaria 2007).  In our 

bioassay cage experiment, both consumption and genetic diversity differed between 

treatments.  We were therefore somewhat surprised to find that the average hemolymph 

protein concentrations between our bioassay cage treatments were virtually identical.  Of 

note, there was a strong, positive relationship between pollen consumption and 

hemolymph protein concentration for our SDI bioassay cage treatment.  While workers in 
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our MDI bioassay cage treatment consumed more pollen, the relationship between pollen 

consumption and hemolymph protein concentration was rather weak (see Figure 4).  Our 

findings suggest a genetic component to this relationship, which becomes more 

attenuated in the presence of multiple genotypes.  

We measured proteolytic enzyme levels from dissected nurse bee midguts to 

compare relative protein digestion activity between our two treatments.  We found 

midgut tissue protease levels to be consistently lower among nurses from MDI colonies 

compared to nurses from SDI colonies (see Figures 2 and 7).  Control mechanisms for 

digestive enzyme synthesis and secretion are complex, and well beyond the scope of our 

study.  Regardless, various studies in other insect systems have shown a postprandial 

decrease in protease levels.  Dadd (1956) showed that for starved Dytiscus beetles, 

protease accumulates in the midgut epithelium, and then remains low after feeding.  

Consumption of soluble protein stimulates trypsin into the midgut lumen (Blakemore et 

al. 1995).  When the midgut is empty, secretion stops and the enzyme again accumulates 

in the epithelial tissue (Dadd 1956).  In both Anopheles and Aedes mosquitoes, 

expression levels of early trypsin genes are down-regulated after blood-feeding (Müller et 

al. 1995).  As such our findings are consistent with greater protein consumption among 

MDI colonies.  Indeed, our caged workers from MDI colonies consumed more pollen 

(see Figure 1) and had lower midgut protease levels (see Figure 2) than did caged 

workers from SDI colonies.  During both field-sampling events, nurse bees from MDI 

colonies exhibited lower midgut protease levels than nurses from SDI colonies, 

suggesting greater pollen consumption within the MDI colony environment.  Of note, 
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newly emerged workers sourced from MDI colonies had significantly lower protease 

levels than newly emerged workers from SDI colonies (see Figure 2).  Our results 

suggest that even newly emerged workers, when in the presence of multiple patrilines, 

will more actively begin protein consumption than newly emerged workers of a single 

patriline. 

In our field study, we found several significant caste differences in worker 

hemolymph protein concentrations, both within and between treatments (see Figures 5 

and 6).  Overall, hemolymph protein titers trended lower among foragers compared with 

nurses within both MDI and SDI treatments.  This result was consistent with other studies 

(e.g. Crailsheim 1986; Fluri et al. 1982) and suggests that these major phenotypes are 

separable populations as a function of hemolymph protein concentration.  Between 

treatments, however, concentration of hemolymph protein was significantly higher 

among foragers from MDI colonies compared to foragers from SDI colonies.  Further, 

the difference in hemolymph protein titers between nurses and foragers was significantly 

smaller among MDI colonies than SDI colonies.  Foragers receive considerable amounts 

of protein via trophallaxis with nurse bees (Crailsheim 1991), and since our results 

suggest MDI nurses are processing greater amounts of protein than SDI nurses, they may 

also be distributing more protein among nestmates, including the forager population. 

It is relatively straightforward to explain higher protein titers among colony 

nestmates with greater access to food, since studies have demonstrated that hemolymph 

protein increases with dietary protein level, and larval protein increases with greater 

colony pollen stores.  It is curious, however, why MDI nurses process more protein than 
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SDI nurses, particularly when given equal access to food as in our bioassay cage study.  

An individual worker’s nutritional requirements should not be any different in the 

presence of greater numbers of patrilines, so what might drive the increase in pollen 

consumption?  One possibility could be an increase in food sharing among MDI workers.  

Korst and Velthuis (1982) demonstrated that trophallactic interactions are not random, 

but are instead dependent upon a worker’s physiological state and her social context.  In 

particular, reproductively dominant workers are biased toward food solicitation, whereas 

reproductively subordinate workers are inclined toward food donation.  While dominance 

hierarchies in honey bee colonies are less pronounced than other insect societies (e.g. 

Polistes, Vespula), honey bee colony performance relies upon a large contingency of 

subordinate workers (Hillesheim et al. 1989).  A primary mechanism for maintaining a 

largely subordinate colony workforce is “worker policing”, whereby workers control the 

reproductive efforts of nestmates by consuming worker-laid eggs, and by showing 

aggression toward workers attempting to lay eggs (Wenseleers and Ratnieks 2006).  

Worker policing is most effective when intracolonial relatedness is reduced (Wenseleers 

and Ratnieks 2006), as is the case in a multiple patriline colony.  Therefore, the reduced 

relatedness among our MDI colonies likely created more effective worker policing efforts.  

Better policing by MDI colonies would maintain a larger subordinate worker population 

more inclined to share food, resulting in greater overall consumption. 

Despite significant differences in nestmate protein allocation between our two 

treatments, we noted the conspicuous similarity in hemolymph protein concentrations 

between the nurse populations for each of our sampling events.  Given their central role 
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in protein digestion and distribution, we certainly expected notable differences in nurse 

hemolymph protein between treatments.  It may be the case that worker hemolymph 

protein concentration simply adheres to temporal homeostatic set points, as many 

physiological traits shift in an age-dependent manner (Toth et al, 2005).  However, 

hemolymph protein was significantly higher for MDI foragers than SDI foragers, 

suggesting more than just worker ontogeny regulates the trait.  The “leaky bucket” 

analogy could characterize an alternative explanation for similar nurse hemolymph 

protein concentrations between treatments, whereby the volume contained within a hole-

riddled bucket is a function of both inflow and outflow:  MDI nurses consume more 

protein than SDI nurses, and both larvae and foragers in MDI colonies have higher 

protein titers than their SDI counterparts.  Nurse hemolymph protein titers may look 

similar between treatments merely because MDI nurses distribute more protein than SDI 

nurses. 

Division of labor is a fundamental characteristic of honey bee colony organization, 

which is regulated by worker-worker interactions (Huang and Robinson, 1992; 1996) as 

well as worker nutritional state (Toth and Robinson 2005) and nutrient uptake (Schulz et 

al. 1998).  Trophallaxis has long been proposed as a primary mechanism for worker 

perception of colony needs, which modifies worker physiology and ultimately drives task 

performance.  For example, the social inhibition model for honey bee division of labor 

proposes that foragers interacting with nurses invoke an inhibitory effect, suppressing 

behavioral development (Huang and Robinson 1999).  Since transition to foraging is 

accompanied by reduced lipid stores (Toth and Robinson 2005), and reduced hemolymph 
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protein concentration (Crailsheim 1986), the transfer of nutrition resources from nurses to 

foragers may serve to regulate the foraging force, which in turn provides adequate 

resources for nurse bees to rear brood.  Since the foraging effort directly affects colony 

growth and development, mechanisms to efficiently modulate the foraging population are 

integral to colony fitness.  In our study, pollen foragers from MDI colonies had 

significantly higher hemolymph protein titers than pollen foragers from SDI colonies, 

which may be indicative of earlier onset of foraging behavior among MDI colonies.  

Greater food availability can lead to earlier foraging activity (Seeley 1985).  However, 

since nurses from MDI colonies are both consuming and distributing more protein than 

nurses from SDI colonies, the increased protein demand by a genetically diverse nurse 

population may be driving a more active pollen foraging effort, rather than resource 

availability alone. 

Our study suggests that increased food processing and distribution is yet another 

example of colony-level benefits gained from multiple mating by the queen.  Of 

particular note, many traits that improve with increased intracolonial genetic diversity are 

also energetically expensive, and require access to energy-rich molecules for proper 

function.  For example, maintaining immunocompetence is extremely physiologically 

costly (Schmid-Hempel 2005).  While greater intracolonial genetic diversity reduces the 

variance in disease resistance among colonies (Schmid-Hempel 1998), an immune 

response itself is often dependent upon nutritional status (Ponton et al. 2011; Schneider 

2009).  Indeed, even baseline immunocompetence in honey bees is associated with 

nutrition (Alaux et al. 2010).  Like all animals, honey bees are resource-limited, and 
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selection should favor those phenotypes which can most efficiently access nutrition 

resources to maximize fitness.  As such, greater protein consumption and improved 

colony nutritional homeostasis may represent a cornerstone of the adaptive significance 

of honey bee polyandry.   
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Figure 1:  Pollen consumption after seven days by 100 caged 
workers sourced from MDI colonies, left, and SDI colonies, right.  
On average, caged MDI workers consumed approximately 52% 
more pollen than caged SDI workers (two sample t
p-value = 0.03
95% confidence intervals.

 

 

 

Pollen consumption after seven days by 100 caged 
workers sourced from MDI colonies, left, and SDI colonies, right.  
On average, caged MDI workers consumed approximately 52% 
more pollen than caged SDI workers (two sample t-test; t19 = 2.28; 

value = 0.035).  Diamonds and error bars show group means and 
95% confidence intervals. 
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Pollen consumption after seven days by 100 caged 
workers sourced from MDI colonies, left, and SDI colonies, right.  
On average, caged MDI workers consumed approximately 52% 

= 2.28; 
5).  Diamonds and error bars show group means and 



 

 

 

Figure 2:  Total midgut protease levels for newly emerged MDI and SDI workers, left, 
and 7-day-old, caged MDI and SDI workers, right.  Protease activity was lower among 
MDI colonies compared to SDI colonies both at emergence (Welch’s two sample t
t12.572 = 2.25; p-value = 0.043) and after 7 days in bioassay cages (Welch’s two sample t
test; t10.889 = 1.75; p-value = 0.11) (Figure 2).  Diamonds and error bars show group 
means and 95% confidence intervals.

 

 

 

Total midgut protease levels for newly emerged MDI and SDI workers, left, 
old, caged MDI and SDI workers, right.  Protease activity was lower among 

MDI colonies compared to SDI colonies both at emergence (Welch’s two sample t
value = 0.043) and after 7 days in bioassay cages (Welch’s two sample t

value = 0.11) (Figure 2).  Diamonds and error bars show group 
means and 95% confidence intervals. 
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Total midgut protease levels for newly emerged MDI and SDI workers, left, 
old, caged MDI and SDI workers, right.  Protease activity was lower among 

MDI colonies compared to SDI colonies both at emergence (Welch’s two sample t-test; 
value = 0.043) and after 7 days in bioassay cages (Welch’s two sample t-

value = 0.11) (Figure 2).  Diamonds and error bars show group 



 

 

 

Figure 3:  Hemolymph total soluble protein c
“Day 0”) and one week old (i.e. Day 7”) workers sourced from MDI colonies, left, 
and SDI colonies, right.  Within each age group, differences between treatments 
were not significant.  However, the increase in hemolymph
after seven days was significant within the MDI treatment (two sample t
2.24; p-value = 0.037).  Diamonds and error bars show group means and 95% 
confidence intervals. 

 

 

 

Hemolymph total soluble protein concentrations for newly emerged (i.e. 
“Day 0”) and one week old (i.e. Day 7”) workers sourced from MDI colonies, left, 
and SDI colonies, right.  Within each age group, differences between treatments 
were not significant.  However, the increase in hemolymph protein concentration 
after seven days was significant within the MDI treatment (two sample t

value = 0.037).  Diamonds and error bars show group means and 95% 
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oncentrations for newly emerged (i.e. 
“Day 0”) and one week old (i.e. Day 7”) workers sourced from MDI colonies, left, 
and SDI colonies, right.  Within each age group, differences between treatments 

protein concentration 
after seven days was significant within the MDI treatment (two sample t-test; t20 = 

value = 0.037).  Diamonds and error bars show group means and 95% 



 

 

 

 

 

 

Figure 4:  Regression analyses of hemolymph total soluble protein on pollen 
consumption for caged MDI workers, left, and caged SDI workers, right.  The 
relationship for caged MDI workers was relatively weak (R
relationship for caged SDI workers 

 

Regression analyses of hemolymph total soluble protein on pollen 
consumption for caged MDI workers, left, and caged SDI workers, right.  The 
relationship for caged MDI workers was relatively weak (R2 = 0.15), while the 
relationship for caged SDI workers was stronger (R2 = 0.67). 
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Regression analyses of hemolymph total soluble protein on pollen 
consumption for caged MDI workers, left, and caged SDI workers, right.  The 
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Figure 5: Rep I hemolymph total soluble protein concentrations comparing nurses and pollen foragers for MDI colonies (A) and SDI 
colonies (B).  Caste differences were significant for both MDI (two sample t
t12 = 4.43; p-value = 0.0008).  Overall hemolymph protein concentration 
between treatments (C).  However, the difference in 
significantly smaller for MDI colonies compared to SDI colonies (two sample t
show group means and 95% confidence interv

Rep I hemolymph total soluble protein concentrations comparing nurses and pollen foragers for MDI colonies (A) and SDI 
colonies (B).  Caste differences were significant for both MDI (two sample t-test; t16 = 3.17; p-value = 0.006) and SDI (two sample t

value = 0.0008).  Overall hemolymph protein concentration - summed for nurses and pollen foragers 
between treatments (C).  However, the difference in hemolymph protein concentration between nurses and pollen foragers (D) was 
significantly smaller for MDI colonies compared to SDI colonies (two sample t-test; t13 = 2.51; p-value = 0.026).  Diamonds and error bars 
show group means and 95% confidence intervals. 
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Rep I hemolymph total soluble protein concentrations comparing nurses and pollen foragers for MDI colonies (A) and SDI 
value = 0.006) and SDI (two sample t-test; 

summed for nurses and pollen foragers - was virtually identical 
hemolymph protein concentration between nurses and pollen foragers (D) was 

value = 0.026).  Diamonds and error bars 



 

 

 

Figure 6: Rep II hemolymph total soluble protein concentrations comparing nurses and pollen foragers for MDI 
colonies (A) and SDI colonies (B).  Caste differences this time were not significant for either treatment.  Overall 
hemolymph protein concentration 
The difference in hemolymph protein concentration between nurses and pollen foragers (D) was again significantly 
smaller for MDI colonies than for SDI colonies (Welch’s two sample
and error bars show group means and 95% confidence intervals.

 

Rep II hemolymph total soluble protein concentrations comparing nurses and pollen foragers for MDI 
colonies (A) and SDI colonies (B).  Caste differences this time were not significant for either treatment.  Overall 
hemolymph protein concentration - summed for nurses and pollen foragers - was again similar between treatments (C).  
The difference in hemolymph protein concentration between nurses and pollen foragers (D) was again significantly 
smaller for MDI colonies than for SDI colonies (Welch’s two sample t-test; t4.782 = 3.10; p-value = 0.029).  Diamonds 
and error bars show group means and 95% confidence intervals. 
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Rep II hemolymph total soluble protein concentrations comparing nurses and pollen foragers for MDI 
colonies (A) and SDI colonies (B).  Caste differences this time were not significant for either treatment.  Overall 

was again similar between treatments (C).  
The difference in hemolymph protein concentration between nurses and pollen foragers (D) was again significantly 

value = 0.029).  Diamonds 



Figure 7:  Nurse bee midgut protease levels for Rep I, left, and Rep II, right.  For Rep I, 
MDI nurses had significantly lower midgut protease levels than SDI nurses (Welch’s two 
sample t-test; t11.554 = 3.25; 
than SDI nurses, but the difference was not significant (Welch’s two sample t
1.90; p-value = 0.11).  Diamonds and error bars show group means and 95% confidence 
intervals. 

 

 

Nurse bee midgut protease levels for Rep I, left, and Rep II, right.  For Rep I, 
MDI nurses had significantly lower midgut protease levels than SDI nurses (Welch’s two 

= 3.25; p-value = 0.007).  For Rep II, MDI nurses were again lo
than SDI nurses, but the difference was not significant (Welch’s two sample t

value = 0.11).  Diamonds and error bars show group means and 95% confidence 
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Nurse bee midgut protease levels for Rep I, left, and Rep II, right.  For Rep I, 
MDI nurses had significantly lower midgut protease levels than SDI nurses (Welch’s two 

For Rep II, MDI nurses were again lower 
than SDI nurses, but the difference was not significant (Welch’s two sample t-test; t5.598 = 

value = 0.11).  Diamonds and error bars show group means and 95% confidence 



 

 

 

 

 

Figure 8:  Average total soluble protein per larva for Rep I, left, and Rep II, right.  For 
Rep I, late instar larvae from MDI colonies had significantly more soluble protein than 
late instar larvae from SDI colonies (two sample t
Rep II, MDI larvae again had more soluble protein than SDI larvae, but the difference 
was not significant (two sample t
bars show group means and 95% confidence intervals.

 

 

 

 

 

Average total soluble protein per larva for Rep I, left, and Rep II, right.  For 
Rep I, late instar larvae from MDI colonies had significantly more soluble protein than 
late instar larvae from SDI colonies (two sample t-test; t12 = 3.02; p-value = 0.01).
Rep II, MDI larvae again had more soluble protein than SDI larvae, but the difference 
was not significant (two sample t-test; t11 = 0.49; p-value = 0.64).  Diamonds and error 
bars show group means and 95% confidence intervals. 
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Average total soluble protein per larva for Rep I, left, and Rep II, right.  For 
Rep I, late instar larvae from MDI colonies had significantly more soluble protein than 

value = 0.01).  For 
Rep II, MDI larvae again had more soluble protein than SDI larvae, but the difference 

value = 0.64).  Diamonds and error 



 

 

Figure 9:  Adult worker populations, assessed as number of frames covered in bees.  For 
both Rep I, left, and Rep II, right, worker populations were nearly the same.  Diamonds 
and error bars show group means and 95% confidence intervals.

 

 

 

Adult worker populations, assessed as number of frames covered in bees.  For 
both Rep I, left, and Rep II, right, worker populations were nearly the same.  Diamonds 
and error bars show group means and 95% confidence intervals. 

 

95

 

Adult worker populations, assessed as number of frames covered in bees.  For 
both Rep I, left, and Rep II, right, worker populations were nearly the same.  Diamonds 



 

 

 

Figure 10:  Capped brood area comparison between MDI and SDI colonies for Rep I, 
left, and Rep II, right.  For Rep I, MDI colonies (
more capped brood than SDI colonies (
colonies (M = 715.2 ± 73.7 cm
450.5 ± 117.5 cm2).  Diamonds and error bars show group means and 95% confidence 
intervals. 

 

 
 

 

brood area comparison between MDI and SDI colonies for Rep I, 
left, and Rep II, right.  For Rep I, MDI colonies (M = 849.7 ± 137.5 cm
more capped brood than SDI colonies (M = 791.9 ± 188.0 cm2).  For Rep II, MDI 

= 715.2 ± 73.7 cm2) again had more capped brood then SDI colonies (
).  Diamonds and error bars show group means and 95% confidence 
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brood area comparison between MDI and SDI colonies for Rep I, 
= 849.7 ± 137.5 cm2) had slightly 

).  For Rep II, MDI 
) again had more capped brood then SDI colonies (M = 

).  Diamonds and error bars show group means and 95% confidence 
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ABSTRACT 

 The recent decline of honey bee populations in the United States has emphasized 

the need for healthy and productive colonies.  Colony level genetic diversity plays a 

major role in both disease resistance and division of labor, resulting in greater 

productivity and colony strength.  However, variation in queen mating frequency coupled 

with the availability and diversity of drones may impact intracolonial genetic diversity 

between colonies.  Using the six polymorphic microsatellite loci, we analyzed the genetic 

diversity levels and effective mating frequencies of fifteen honey bee colonies 

comprising four genetic groups.  We found differences in allelic richness, gene diversity, 

and mating frequency among our groups. African-derived (AHB) colonies had the 

highest effective mating frequency, and were the most genetically diverse in terms of 

both allelic richness and gene diversity.  Russian (RHB) colonies were similar to AHB 

colonies in terms of gene diversity, but they were not nearly as allelically rich.  Single 

drone inseminated (SHB) colonies proved the least genetically diverse, however their 

gene diversity was indistinguishable from Carniolan-derived (CHB) colonies.  Of note, 

there was no relationship between effective mating frequency and either allelic richness 

or gene diversity among our CHB colonies.  
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INTRODUCTION 

 The honey bee (Apis mellifera) is the most economically important pollinator of 

agricultural crops.  Honey bees are needed for the production of one-third of the crops 

grown in the United States including nearly 100 species of fruit, vegetable, nut, and 

forage crops (McGregor, 1976).  The estimated annual crop value attributed to honey bee 

pollination is well into the billions of dollars (Morse and Calderone, 2000), firmly 

establishing this insect as a critical component in the production and security of the 

nation’s food supply.  The economic value of an individual honey bee colony is directly 

related to its population size: larger colonies provide a greater foraging force available for 

crop pollination as well as honey production (Free and Preece, 1969).   

 An intrinsic driver of colony strength is the genetic diversity of its worker 

population.  Genetic diversity within a colony increases its productivity in two ways.  

First, genetically diverse colonies show increased resistance to disease  (Sherman et al., 

1988; Tarpy, 2003).  Resistance occurs because a colony comprised of a genetically 

diverse population is collectively less susceptible to virulent parasites or pathogens 

adapted to a particular genotype, thereby reducing disease transmission rates within the 

colony (Schmid-Hempel, 1995).  Second, genetically diverse colonies show improved 

efficiency in their division of labor, as demonstrated for several colony performance 

metrics (Eckholm et al., 2011; Jones et al., 2004; Mattila and Seeley, 2007; Oldroyd and 

Fewell, 2007; Seeley and Tarpy, 2007; Tarpy and Page, 2002).  Division of labor results 

from functional specialization among individual workers due to variation in their 

predispositions for performing specific tasks (Page and Mitchell, 1998; Wilson, 1985).  
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Variation among workers arises from a number of factors including worker age and 

colony conditions.  However, a widely accepted model suggests that colony genetics 

serves as the primary source of the variation (Robinson and Page, 1989). 

 Colony genetic diversity is a direct consequence of the mating strategy of the 

honey bee queen known as polyandry.  A queen mates with approximately 14 drones 

(Estoup et al., 1994), although the average number of matings is highly variable (Haberl 

and Tautz, 1999).  Worker offspring produced from eggs fertilized by sperm from a 

particular drone constitute a patriline of "supersisters" within the colony.  Individuals 

belonging to different patrilines are "half sisters" to each other (Page and Laidlaw, 1988).  

The genetic variation among patrilines constitutes the genetic diversity of the colony, 

which ultimately drives colony performance.  

While polyandry results in genetic variation among the colony workforce, the 

standing genetic variation of the surrounding honey bee population may not always be 

reflected within individual colonies.  Genetic analyses have shown the existence of novel 

genetic material within U.S. honey bee populations (Delaney et al., 2009; Schiff and 

Sheppard, 1996), however, variation in queen mating frequency as well as in the 

availability and diversity of drones could lead to significant differences in intracolonial 

genetic diversity between colonies. 

In this study, we determined levels of intracolonial genetic diversity of honey bee 

colonies headed by open-mated queens which were sourced from three genetically 

distinct and previously characterized breeding populations: African-derived hybrids 

captured as swarms in Tucson, AZ; “Russian” colonies from the USDA-ARS Honey Bee 
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Breeding, Genetics, and Physiology Research Laboratory near Baton Rouge, LA; and 

Carniolan-derived colonies from Davis, CA.  A fourth group of single patriline, 

Carniolan-derived colonies served as a control.  Using six microsatellite DNA loci with 

high levels of polymorphism (Solignac et al., 2003), we first assessed effective mating 

frequency as a measure of queen quality of each of our colonies (Tarpy and Nielsen, 

2002).  Then, to assess the resulting intracolonial genetic diversity acquired by those 

matings, we determined both allelic richness (i.e., the average number of alleles per 

locus), and gene diversity (i.e., expected heterozygosity) (Nei, 1987) for each colony and 

compared our findings both within and between groups. 

 

 

METHODS  

 Colony Establishment.  Fifteen honey bee colonies were established in 5-frame 

nucleus hives during Spring 2009 in an apiary in Tucson, AZ.  Three colonies were feral 

African-derived hybrids (AHB), collected as swarms in Tucson, AZ and previously 

determined to contain African mitochondrial DNA (Crozier et al., 1991).  Four colonies 

were USDA Russian (RHB), with queens supplied by the USDA-ARS Honey Bee 

Breeding, Genetics, and Physiology Research Laboratory in Baton Rouge, LA.  Five 

colonies were headed by Carniolan-derived queens, open-mated near Davis, CA (CHB).  

The remaining three colonies were headed by Carniolan-derived queens, instrumentally 

inseminated each with a single Carniolan-derived drone by Glenn Apiaries, Fallbrook, 
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CA (SHB). 

 Sample Collection.  After colony establishment, a frame of sealed brood from each 

colony was temporarily removed and placed in an environmental room for 24 hours.  

Twenty-four newly emerged bees from each frame were collected for DNA extraction 

and microsatellite analysis.  Frames and remaining bees were returned to their source 

colony. 

 DNA Extraction and Amplification.  Genomic DNA from each honey bee was 

extracted from whole abdomens using the DNeasy Blood & Tissue Kit (#69506, Qiagen, 

Valencia, CA).  All samples (n=360) were then genotyped at six microsatellite loci: A007, 

A113, AB124, Ap036, Ap289, and At003 (Solignac et al. 2003).  Microsatellite forward 

primers were labeled with either IRDye® 700 or IRDye® 800 infrared dye for detection 

using a DNA Analyzer (Model 4300s, LI-COR Biosciences, Lincoln, NE).  Annealing 

temperatures for all microsatellite primers were optimized and then each microsatellite 

was amplified for all samples using a standard PCR protocol (Estoup et al., 1995). 

 Microsatellite Data Analysis.  Microsatellite fragment sizes (alleles) were scored 

using Saga v3.3 (LI-COR Biosciences) (Table 1).  Effective mating frequencies were 

determined using MATESOFT v1.0 (Moilanen, Sundstroem, and Pedersen, 2004).  

Estimates of both gene diversity and allelic richness were calculated using FSTAT 

v2.9.3.2 (Goudet, 1995).  Comparisons among genetic lines were performed using one-

way analysis of variance and simple linear regression (Zar, 1999). 
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RESULTS 

 Allelic Richness.  Allelic richness differed significantly across our four groups of 

colonies (Oneway ANOVA, F3, 11 = 53.37, p < 0.0001).  Post-hoc Tukey's HSD tests 

showed that AHB colonies had significantly higher allelic richness than the other three 

groups (Table 2).  Conversely, SHB colonies had significantly lower allelic richness than 

the other three groups.  The RHB and CHB colonies were not significantly different from 

each other.   

 Gene Diversity.  Gene diversity also differed significantly across our four groups 

(Oneway ANOVA, F3, 11 = 10.35, p = 0.0016).  Post-hoc Tukey's HSD tests showed that 

AHB colonies had significantly higher gene diversity than both CHB and SHB colonies, 

but were not significantly different from our RHB colonies.  The RHB colonies were 

significantly higher than SHB colonies.  Differences between RHB and CHB colonies 

were again not significant, however differences between CHB and SHB colonies also 

were not significant (Table 2). 

 Effective Mating Frequency.  Effective mating frequency differed significantly 

across the four groups (Oneway ANOVA, F3, 11 = 21.18, p < 0.0001).  Post-hoc Tukey's 

HSD tests showed that AHB colonies had a significantly higher effective mating 

frequency than CHB and SHB colonies.  RHB effective mating frequency was 

significantly higher than SHB colonies.  Differences between RHB and CHB colonies 

were not significant (Figure 1).  Regression analyses for AHB, RHB, and SHB colonies 

showed strong linear relationships of both allelic richness (R2 = 0.92) and of gene 

diversity (R2= 0.96) on effective mating frequency (Figure 2).  However, similar analyses 
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for CHB colonies showed remarkably weak linear relationships (allelic richness on 

effective mating frequency: R2 = 0.03; gene diversity on effective mating frequency: R2= 

0.01) (Figure 3).  

 

 

DISCUSSION 

 Among our fifteen colonies, AHB had the highest gene diversity, allelic richness, 

and effective mating frequency, which is consistent with other studies (Franck et al., 

2001; Tarpy et al., 2010).  AHB are not commercially produced or managed and probably 

are the closest approximation of a “wild type” honey bee.  As such, higher levels of 

polyandry and resulting intracolonial genetic diversity may be explained in part by 

natural selection operating on AHB populations.  Further, recent and sustained 

introgression of new alleles from European honey bee populations in regions where AHB 

immigrate and hybridize likely contribute to the high genetic diversity of AHB 

populations (Whitfield et al., 2006).  

 Gene diversity among the RHB colonies was relatively high, and was not 

significantly different from the AHB colonies.  The USDA Russian Honey Bee Breeding 

Program is based on a 3-block breeding design specifically intended to maintain levels of 

gene diversity and our results were in agreement with reported levels (Bourgeois and 

Rinderer, 2009).  Of note, allelic richness among the RHB colonies was significantly 

lower than the AHB colonies, and was not distinguishable from the CHB colonies.  While 

it is relatively straightforward to increase gene diversity through outcrossing, increasing 
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allelic richness in small populations is difficult. 

 Gene diversity of the CHB colonies was significantly lower than both AHB and 

RHB colonies, and indistinguishable from the SHB colonies.  A larger study of 

commercial honey bee breeder stocks found much higher levels of allelic richness and 

gene diversity than we found in our CHB colonies (Bourgeois et al., 2008).  However, 

samples for that study were collected from A.m ligustica stock, sourced from several 

California apiaries, and analyzed at different microsatellite loci than those from our study.  

While that study suggested adequate levels of standing genetic variation across the region, 

results from our CHB colonies sourced from a single breeder indicate that our CHB 

queens did not acquire these higher levels of genetic diversity during their mating flights.  

 Our most conspicuous finding among the CHB colonies was the lack of correlation 

between effective mating frequency and our two measures of intracolonial genetic 

diversity.  Thus, effective mating frequency was not a good predictor of either gene 

diversity or allelic richness for this group in our study.  In a random mating population, 

honey bee queen mating frequency should correlate with increased intracolonial genetic 

diversity.  As such, one possible explanation for our CHB colonies is non-random mating, 

which could result from repeated crosses of honey bees previously selected for specific 

traits of interest to commercial beekeeping.  

 Because intracolonial genetic diversity improves colony health and productivity, 

genetic polymorphism within commercial honey bee populations is an important 

component of quality queen production.  In particular, since nearly all colony behaviors 

are complex, quantitative traits involving many loci (e.g. Lapidge et al., 2002), the 
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efficient expression of such complex behavioral traits likely requires availability of large 

pools of alleles (Nonacs and Kapheim, 2007).  Indeed, the genetically based response 

threshold model for colony division of labor presumes increased variation among worker 

phenotypes (Robinson and Page, 1989), which depends directly on high levels of allelic 

richness.   

 Further study would be required to determine whether the intracolonial genetic 

diversity of our CHB colonies represents an aberration, or whether some individual queen 

producers have more difficulty than others in producing well-mated queens.  Queen 

quality has been reported as a major concern among commercial beekeepers  

(vanEngelsdorp et al., 2008), and our findings indicate that naturally mated queens yield 

quite different levels of intracolonial genetic diversity, which affect overall colony 

performance.  Indeed, the genetically based response threshold model for efficient colony 

division of labor presumes increased variation among worker phenotypes (Robinson and 

Page, 1989), and numerous studies have now demonstrated increased colony performance, 

including improved disease resistance (Tarpy, 2003), population growth (Mattila and 

Seeley, 2007), foraging efficiency (Eckholm et al., 2011), and nest thermoregulation  

(Jones et al., 2004).  Subsequently, maintenance of genetic diversity - even within 

individual queen producing operations - should be of high priority.  
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Table 1. Called microsatellite loci for individual workers from fifteen colonies.  
Numerical values represent microsatellite sequence length, in base pairs. 
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Table 1 – continued 
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Table 1 - continued 
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Table 1 - continued 
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Table 1 - continued 
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Table 1 - continued 
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Table 1 - continued 
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Locus Measure AHB RHB CHB SHB
Gene diversity 0.72 (±0.03) 0.69 (±0.02) 0.51 (±0.08) 0.61 (±0.01)
Allelic richness 6.63 (±0.35) 4.73 (±0.47) 3.97 (±0.63) 3.00 (±0.00)

Gene diversity 0.74 (±0.01) 0.64 (±0.03) 0.56 (±0.03) 0.44 (±0.03)
Allelic richness 6.59 (±0.34) 4.38 (±0.26) 3.20 (±0.37) 2.00 (±0.00)

Gene diversity 0.78 (±0.03) 0.71 (±0.03) 0.61 (±(0.07)0.40 (±0.10)
Allelic richness 7.93 (±1.50) 4.48 (±0.63) 4.96 (±0.31) 2.00 (±0.00)

Gene diversity 0.77 (±0.03) 0.62 (±0.07) 0.40 (±0.11) 0.29 (±0.15)
Allelic richness 7.94 (±0.55) 4.21 (±0.47) 3.55 (±0.76) 1.67 (±0.33)

Gene diversity 0.72 (±0.06) 0.46 (±0.11) 0.57 (±0.07) 0.63 (±0.00)
Allelic richness 6.65 (±1.20) 4.41 (±0.29) 3.74 (±0.20) 3.00 (± 0.00)

Gene diversity 0.71 (±0.05) 0.63 (±0.06) 0.70 (±0.03) 0.50 (±0.12)
Allelic richness 6.89 (±0.61) 4.73 (±0.75) 5.16 (±0.37) 2.67 (±0.33)

Gene diversity 0.74 (±0.01) A 0.63 (±0.04) A B 0.56 (±0.04) B C 0.48 (±0.05) C

Allelic richness 7.10 (±0.27) A 4.49 (±0.08) B 4.10 (±0.32) B 2.39 (±0.23) C

A007  

AVG

Table 2.  Averages for gene diversity and allelic richness (±SEM) across six loci using four 
groups of honey bees: African-derived (AHB), USDA Russian (RHB), Carniolan-derived 
(CHB), and single drone-inseminated (SHB).  Superscripts indicate levels of significant 
differences.

Ap036 

A113  

AB124 

At003 

Ap289 

 



 

 

 

Figure 1. Effective mating frequencies among AHB, CHB, RHB, and SHB colonies were 
significantly different (Oneway ANOVA; F

 

 

Effective mating frequencies among AHB, CHB, RHB, and SHB colonies were 
significantly different (Oneway ANOVA; F3,11 = 21.18; p-value < 0.0001). 
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Effective mating frequencies among AHB, CHB, RHB, and SHB colonies were 
0.0001).  



 

 

 

Figure 2. AHB, RHB, and SHB regression analyses of allelic richness on effective 
mating frequency, left (R
mating frequency, right (R

 

 

AHB, RHB, and SHB regression analyses of allelic richness on effective 
R2 = 0.92, p-value < 0.0001) and of gene diversity on effective 
R2 = 0.96, p-value < 0.0001).  
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AHB, RHB, and SHB regression analyses of allelic richness on effective 
value < 0.0001) and of gene diversity on effective 



 

 

 

Figure 3. CHB regression analyses of allelic richness on effective mating frequency, left 
(R2 = 0.03, p-value = 0.78) and of gene diversity on effective mating frequency, right (
= 0.01, p-value = 0.93).  

 

 

CHB regression analyses of allelic richness on effective mating frequency, left 
value = 0.78) and of gene diversity on effective mating frequency, right (
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CHB regression analyses of allelic richness on effective mating frequency, left 
value = 0.78) and of gene diversity on effective mating frequency, right (R2 
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