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Summary. Allozyme analyses of honey bee workers 
revealed significant differences in the intracolonial 
subfamily composition of groups of nectar for- 
agers, pollen foragers, and nest-site scouts. These 
differences demonstrate that colony genetic struc- 
ture influences the division of labor among older 
foraging-age bees just as it does for younger 
workers. The maintenance of genetic variability for 
the behavior of individual workers and its possible 
effects on the organization of colonies are dis- 
cussed. 

Introduction 

Division of labor among workers is fundamental 
to the organization of complex insect societies. It 
is proposed to be more efficient for colonies to 
accomplish tasks with ensembles of specialized in- 
dividuals than with undifferentiated workers (Os- 
ter and Wilson 1978; Wilson 1985, 1987). Under- 
standing the evolution and mechanisms of division 
of labor are thus important objectives in the study 
of social behavior. Worker differentiation is as- 
sumed to be a product of colony-level selection 
(Oster and Wilson 1978), but the underlying genet- 
ic mechanisms have received relatively little atten- 
tion (Crozier and Consul 1976; Owen 1986). Con- 
sequently, the proximal determinants of division 
of labor among workers in insect colonies are 
thought to be primarily, if not exclusively, environ- 
mental and ontogenetic (Wilson 1985). 

A new perspective on division of labor is begin- 
ning to emerge from studies of Apis melIifera (Cal- 
derone and Page 1988; Frumhoff and Baker 1988; 
Robinson and Page 1988a, 1988b). It is concor- 
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dant with a Darwinian model proposing that col- 
ony-level selection can change the distribution of 
workers with certain traits in colonies of a popula- 
tion (Darwin 1962, pp. 253-254; see Page et al. 
1988). Calderone and Page (1988) demonstrated 
genotypic differences in the tendency to specialize 
on pollen foraging between workers from artifi- 
cially selected strains (Hellmich et al. 1985) that 
were co-fostered in wild-type colonies. Frumhoff 
and Baker (1988) and Robinson and Page (1988a) 
reported that the genetic structure of honey bee 
colonies affects the division of labor. Polyandrous 
mating (reviewed by Page 1986) and simultaneous 
use of sperm from at least several drones (Page 
and Metcalf 1982; Laidlaw and Page 1984) results 
in colonies composed of numerous subfamilies 
(Laidlaw 1974). Each subfamily is a group of 
workers descended from the queen and one of her 
mates. Subfamilies often differ in their likelihood 
of guarding the nest entrance, removing dead bees 
from the nest (Robinson and Page 1988a), and 
grooming nestmates (Frumhoff and Baker 1988). 
These findings demonstrate genetic differences in 
worker behavior within colonies, the first require- 
ment of Darwin's model for the evolution of 
worker castes. The results of Calderone and Page 
(1988) were a consequence of artificial colony se- 
lection (Hellmich et al. 1985). They demonstrate 
by analogy that colony-level selection can affect 
the genotypic composition of workers within colo- 
nies and result in differences in colony perfor- 
mance, satisfying the second and third require- 
ments of the Darwinian model. 

The extent to which colony genetic structure 
influences the divison of labor among workers is 
not known because only a few tasks have been 
examined thus far. Here we present evidence for 
subfamily differences in honey bee nectar foraging, 
pollen foraging, and scouting for new nest sites. 
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D a t a  c o m e  f r o m  ten  co lonies ,  i n c l u d i n g  the five 
used  fo r  i n v e s t i g a t i o n s  o f  g u a r d i n g  a n d  u n d e r t a k -  
ing  p r e v i o u s l y  r e p o r t e d  ( R o b i n s o n  a n d  Page  
1988a) .  F o r a g i n g  a n d  s c o u t i n g  are  n o r m a l l y  pe r -  
f o r m e d  b y  w o r k e r s  o lde r  t h a n  g u a r d s  a n d  u n d e r -  
takers ,  u s u a l l y  g rea te r  t h a n  20 days  o f  age (re- 
v iewed by  N o w o g r o d z k i  1984; Seeley 1985; W i n -  
s ton  1987). Scou t ing ,  l ike g u a r d i n g  a n d  u n d e r t a k -  
ing,  is a ra re  task,  p e r f o r m e d  by  ca. 5 %  o f  a 
s w a r m ' s  p o p u l a t i o n  d u r i n g  the  c o l o n y  f i s s ion ing  
process  (Seeley e t a l .  1979), whi le  f o r a g i n g  is 
t h o u g h t  to be  one  o f  the  m o r e  c o m m o n  act ivi t ies  
i n  a h o n e y  bee c o l o n y  (Sekiguchi  a n d  S a k a g a m i  
1966). 

Methods 

Bees performing a task (" task performers") were collected from 
colonies composed of subfamilies with distinct allozyme 
markers. After identifying subfamily membership with poly- 
acrylamide gel electrophoresis, we determined whether there 
were differences between the subfamily composition of samples 
of nectar foragers and pollen foragers and between nest-site 
scouts and other bees in swarms. A total of 3381 individuals 
were analyzed. 

Colonies with allozyme markers 

Three unrelated queens (Apis mellifera) were selected to be 
mothers of 10 virgin queens and 8 additional unrelated queens 
were selected to be mothers of haploid drones. Each virgin 
queen was instrumentally inseminated (Laidlaw 1977) with the 
semen of 3 unrelated drones. Each drone carried a different 
allozyme of malate dehydrogenase-1 (Mdh), designated "slow" 
(S), "medium" (M), and "fast" (F) (Contel et al. 1977). Semen 
from each drone trio was pooled, diluted, and homogenized 
to help stabilize the relative frequencies of different subfamilies 
over time (Kaftanoglu and Peng 1980; Moritz 1983). 

Four of 10 inseminated queens were homozygous at the 
Mdh locus (SS: Colonies 4438, 4440, and 4456; MM: Colony 
4453) and produced worker progeny with 3 distinct Mlozyme 
phenotypes that corresponded to 3 subfamilies. Five queens 
(Colonies 4439, 4442, 4445, 4450, and 4464) were SF heterozy- 
gotes; their offspring also belonged to 3 subfamifies but dis- 
played 5 allozyme phenotypes: SS, SM, SF, MF, and FF. To 
simplify data analysis and presentation, workers sampled from 
colonies headed by the 3 heterozygous queens were grouped 
into 3 subfamilies as follows: SM and MF bees belonged to 
the M subfamily because the M allele only could be paternally 
inherited. SF bees were assigned to the S and F subfamilies 
in direct proportion to the ratio of SS to FF bees in each 
sample, because the maternal S and F alleles segregate in a 
1 : 1 ratio. Subfamily membership was detemained similarly for 
individuals from Colony 4457, derived from a SM queen. 

Mdh allozymes are reliable biochemical markers. Mdh al- 
leles segregate in Mendelian fashion and the electrophoretic 
mobilities of the allozymes they code for are known for all 
honey bee life stages (Contel et al. 1977; Nunamaker and Wil- 
son 1980; Del Lama et al. 1985). In addition, using allozymes 
as genetic markers enabled behavioral determinations to be 
made blindly, with no prior knowledge of subfamily affiliation. 

Behavioral classification 

When possible, 40 appropriately identified individuals were col- 
lected for each task from each experimental colony. Samples 
of foragers were collected twice from each colony, at 6-8 day 
intervals. Scout samples were collected from artificial swarms 
from 5 colonies; one swarm was established and one sample 
of scouts collected from each of 4 colonies, and 2 swarms were 
sampled from one colony. Workers were classified by task, as 
follows, and then collected and stored at - 7 0  ~ C for electro- 
phoresis. 

Nectar foragers. Bees returning to the colony alighted on a 
piece of 8-mesh hardware cloth (44.5 x 61.0 cm) that temporari- 
ly obstructed the hive entrance. Foragers, initially identified 
by their distended abdomens, were individually collected in cy- 
lindrical screen cages (10 cm long x 2 cm diameter) and anesthe- 
tized with CO2. Measurements of expressed foregut contents 
were made to confirm foraging status (Gary and Lorenzen 
1976); only bees with foregut load volumes > 10 lxl were classi- 
fied as foragers. This standard clearly differentiated returning 
foragers from outgoing bees because the foregut load volume 
for workers leaving a colony is ca. lgl (Gary and Lorenzen 
1976). Foregut loads were analyzed with a refractometer to 
distinguish nectar collectors from water collectors. Again, the 
2 groups were unambiguous: the sugar concentration in foregut 
loads was either less than 5%, indicating a water forager (Lin- 
dauer 1955a), or greater than 25% (nectar forager). 

Pollen foragers. Workers observed on the entrance screen (de- 
scribed above) with pollen loads in their corbiculae were collect- 
ed with a portable vacuum cleaner. Foregut contents were not 
assayed, so it is not known whether some pollen foragers also 
collected nectar. 

Scouts. Artificial swarms were prepared (Morse 1961) 3 weeks 
to 4 months after foraging samples were obtained. A portion 
of a colony's workers was shaken from combs into a wooden 
cage (15 x 25 x 25 cm) with wire mesh sides. The colony's queen 
was confined in a smaller cage and suspended in the cage with 
the workers. Bees in the cage were fed 50% sugar syrup ad 
libitum for ca. 18 h to induce swarm-like behavior. The follow- 
ing morning the caged queen and a 1 L jar of sugar syrup 
were attached to a metal cross anchored in the ground and 
the caged bees dumped at the foot of the cross. The bees clus- 
tered around the queen and within 6 h were observed perform- 
ing recruitment dances, presumably for potential nest sites that 
are typical of natural swarms (Lindauer 1955b; Seeley et al. 
1979). Dancing bees were classified as scouts and collected over 
a 2-4 h period until 40 were obtained or until no new scouts 
were observed for 1 h. As a comparison group, immediately 
after collecting scouts we sampled bees from swarm clusters 
that were not dancing or following dancers ("non-dancers') 
at the time of their collection. 

Stability o f  colony genetic structure 

The efficacy of the method used to mix semen was assessed 
by collecting samples of 6-8-day-old worker larvae and prepu- 
pae from each experimental colony. Three collections were 
made at 7-8 day intervals, beginning 2 weeks before the first 
forager samples were taken. Subfamily frequencies were deter- 
mined by electrophoresis, as above. 

Results 

S u b f a m i l y  f requenc ies  in  3 samples  o f  w o r k e r  lar-  
vae  a n d  p r e p u p a e  t a k e n  a t  7 -8  d a y  in t e rva l s  d id  
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Table 1. Stability of colony genetic structure in honey bee colonies composed of electrophoretically distinguishable subfamilies. 
Frequencies of individuals belonging to each subfamily are compared in 3 samples of worker larvae and prepupae (n=34-51)  
taken at 7-8 day intervals. Probabilities based on G-tests for heterogeneity (Sokal and Rohlf  1981) 

Colony 

4438 4439 4440 4442 4445 

Subfamily S M F S M F S M F S M F S M F 

Sample 1 21 5 23 17 10 13 13 14 23 17 14 9 2 36 12 
Sample 2 18 12 20 16 12 12 13 16 12 14 15 11 3 25 22 
Sample 3 12 5 22 12 14 14 19 9 12 18 20 2 11 21 9 

P >  0.25 P >  0.75 P >  0.1 P >  0.05 P<0 .01  

Colony 

4450 4453 4456 4457 4464 

Subfamily S M F S M F S M F S M F S M F 

Sample 1 0 16 24 17 10 13 18 10 21 11 19 10 2 14 24 
Sample2 5 23 12 17 10 13 18 15 18 11 19 10 1 12 27 
Sample 3 0 16 24 13 16 11 14 11 15 6 23 11 0 12 22 

P<0 .01  P > 0 . 5  P > 0 . 7 5  P > 0 . 5  P > 0 . 5  

not change significantly for 8 of 10 colonies (Ta- 
ble 1). In contrast, significant differences between 
the subfamily composition of samples of pollen 
foragers and nectar foragers were detected in 9 
of 10 colonies at least once (12 of 20 trials; 10 
colonies, 2 trials each) (Fig. 1). The subfamily com- 
position of samples of scouts and non-dancers dif- 
fered significantly for 3 of  5 colonies (3 of 6 trials) 
(Fig. 2). 

These results were assessed with an experiment- 
wise test. We used binomial tests to calculate the 
probability of getting as many or more significant 
trials as we report due to chance alone. For both 
foraging and scouting the number of  trials that 
showed a significant deviation (P<0.05)  was 
greater than that expected due to chance alone 
(P<0.001;  based on the assumption of indepen- 
dence for the trials from each colony). 

Subfamily frequencies for scouts and non- 
dancers did not change significantly (P>0.05)  
from trial to trial for the one colony (4445) that 
provided 2 swarms, despite a 7-week interval be- 
tween their establishment. Environmental influ- 
ences on the probability of task performance are 
suggested by differences between trials in the sub- 
family structure of  some samples of  nectar and 
pollen foragers (Fig. 1). Perhaps these are attribut- 
able to genotypic differences in the response to 
changing resource availability and/or colony 
needs. 

Discussion 

Our results demonstrate that colony genetic struc- 
ture is an important determinant of  task specializa- 
tion for older bees, just as it is for middle-aged 
workers (i.e., guards and undertakers; see Robin- 
son and Page 1988a). Differences in nectar and 
pollen foraging imply that subfamilies can vary not 
only in the probability of performing rare tasks 
(Frumhoff  and Baker 1988; Robinson and Page 
1988a), but also in the manner in which they per- 
form a common activity such as foraging. 

These results also provide additional evidence 
for a genetic component to inter-individual behav- 
ioral variation in honey bees (see also Frumhoff  
and Baker 1988; Robinson and Page 1988a). The 
occurrence of workers that engage in tasks that 
are not performed by most colony members, like 
guarding (Moore et al. 1987), removing corpses 
(Visscher 1983), and scouting (Seeley et al. 1979), 
is one of the most intriguing forms of division of 
labor in insect societies (Oster and Wilson 1978). 
For example, scout bees, although only a small 
fraction of the swarm population, play a pivotal 
role in the reproductive process of colony fission- 
ing; they scout for potential nest sites and then 
direct the entire swarm to the new location (Seeley 
et al. 1979). Previous studies have shown that 
scouting behavior cannot be explained by age po- 
lyethism alone. Nest-site scouts tend to be forag- 
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Fig. 1, Genotypic composition of samples 
of pollen foragers ( i )  and nectar foragers 
(rT) from honey bee colonies composed 
of electrophoretically distinguishable 
subfamilies. Statistical analyses: 
* P<0.05;  ** P<0.01;  
*** P<0.001, based on G-tests of actual 
frequencies (n = 38-40). Intertrial 
differences for nectar foragers: Colonies 
4440, 4442, 4453, and 4457: P<0.01;  for 
pollen foragers: Colony 4439 : P < 0.001, 
Colonies 4442, 4445, and 4450: P <  0.01 

ing-age bees (Lindauer 1955b) but do not consti- 
tute a distinct age group relative to other older, 
non-scouting individuals. Similarly, differences in 
age and experience do not completely account for 
differences between food scouts and recruits (Oett- 
ingen-Spielberg 1949; Lindauer 1952), though See- 
ley (1983) suggested that a relatively higher pro- 
portion of food scouts are older foragers. We 
found that half the samples of nest-site scouts were 
genotypically different from samples of non- 
dancers representing the composition of the entire 
swarm. However, because scouts are among a 
swarm's older individuals (Lindauer 1955b)while 
our swarms probably consisted of bees of all ages, 
the observed differences could be a consequence 
of non-random patterns of sperm use coupled with 
age polyethism. We attempted to minimize this po- 
tential problem by using semen from drones that 
was pooled, diluted, and homogenized for insemi- 
nations. This technique has been shown to mix 
sperm of different males (Moritz 1983). Larval 

samples taken from our experimental colonies sev- 
eral months prior to the establishment of artificial 
swarms suggest that the relative frequencies of dif- 
ferent subfamilies were adequately stable over 
time. However, because the time period encom- 
passed by these samples does not correspond to 
the times at which scouts were collected, more de- 
tailed studies are needed to verify the subfamily 
differences in scouting behavior reported here. 

It is unlikely that the observed subfamily differ- 
ences in foraging behavior are a consequence of 
non-random patterns of sperm usage coupled with 
age polyethism. Among foraging-age bees, the 
probability of collecting either nectar or pollen is 
not age-dependent (reviewed by Free 1965; see also 
Sekiguchi and Sakagami 1966), and we compared 
nectar foragers directly with pollen foragers col- 
lected at the same time. Subfamily differences in 
foraging are consistent with a previous report sug- 
gesting genetic variation in the foraging behavior 
of workers from different colonies (Free and Wil- 
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Fig. 2. Genotypic composition of samples 
of scouts (m) and non-dancers (u) from 
artificial swarms of honey bees 
composed of electrophoretically 
distinguishable subfamilies. Statistical 
analyses as in Fig. 1 (n = 36-40). Two 
swarms were established from Colony 
4445 

liams 1973). They also confirm earlier findings with 
artifically selected strains of bees (Calderone and 
Page 1988). 

Intracolonial genetic variation in worker task 
performance may influence the ergonomic organi- 
zation of colonies. The "phenotype" of a colony 
for any given behavioral trait may be at least par- 
tially determined by the composition and behavior 
of its subfamilies (Robinson and Page 1988a, 
1988b). Under standard assumptions of quantita- 
tive genetic models (Falconer 1981), additive ef- 
fects of all subfamilies may define the colony phe- 
notype for some tasks, particularly those involving 
large numbers of workers. For more rare tasks, 
such as guarding, undertaking, and scouting, per- 
formed by only a fraction of a colony's workers, 
there may be non-additive effects of "behavioral 
dominance" (Craig 1980) by individuals of only 
a few subfamilies on the colonial phenotype. That 
is, a worker genotype that results in an extremely 
low response threshold for a task may strongly 
influence the colony's performance of that task 
even if possessed by a minority of a colony's 
workers. As a consequence of behavioral domi- 
nance, the performance of a rare task by a colony 
with only a small number of workers possessing 
extremely low response thresholds may be similar 
to that of a colony with a larger proportion of 
such workers. For a rare task, the actions of a 
relatively small number of bees can generally satis- 
fy colony needs and maintain the stimulus level 
below the response thresholds of less sensitive indi- 
viduals via a negative feedback loop of task regula- 
tion. We suggest that greater genetic variation ex- 
ists for rare tasks than for common tasks because 
behavioral dominance may mask the effects of the 
other subfamilies' behavior on the colony pheno- 
type, thus minimizing their exposure to colony- 
level selection. This hypothesis is consistent with 
the findings of Frumhoff and Baker (1988), who 
reported subfamily differences for allogrooming, 
a rare activity, but no differences for trophallaxis, 
performed by a larger number of workers. 

Our results, together with those of Calderone 
and Page (1988), Frumhoff and Baker (1988), and 
Robinson and Page (1988a) support Darwin's 
model for the evolution of division of labor and 
demonstrate that colony-level selection can change 
worker behavior by acting on the genotypes of 
workers rather than of queens. Darwin (1962) did 
not specify the basis for variation in worker behav- 
ior, the first requirement for the evolution of 
worker castes. It is possible that the allocation of 
workers to various tasks is also affected by the 
queen. For example, queens influence worker for- 
aging activity, behaviorally in Polistes colonies 
(Reeve and Gamboa 1987) and via pheromones 
in colonies of honey bees (Free 1967; Jaycox 1970; 
Free et al. 1984), but there is presently no evidence 
of genetic variation among queens for these traits. 
Queen effects may cause workers to converge to- 
ward an average level of task performance. This 
would reduce the effects of worker genotypic vari- 
ability, which lead to a divergence in worker be- 
havioral phenotypes as seen here and elsewhere 
(Calderone and Page 1988; Frumhoff and Baker 
1988; Robinson and Page 1988a). Observed be- 
havioral variability within colonies may be in- 
fluenced by both worker genotype and queen phe- 
notype. Variability between colonies (reviewed by 
Rinderer and Collins 1986) may be affected by the 
genotypes of both workers and queens, if heritable 
variation exists for queen traits that influence 
worker behavior. 

Genetic variation in worker behavior appears 
to have been necessary for the evolution of com- 
plex insect societies, but is the variation that exists 
today an adaptive feature of colony design? It has 
been proposed (Crozier and Consul 1976; Blum 
1977; Crozier and Page 1985; Owen 1986) that 
intracolonial genetic variability may have selective 
value, if colonies with specialized worker geno- 
types function more effectively under a range of 
environmental conditions than colonies with a sin- 
gle, more generalized genotype. The results of a 
theoretical model (Page et al. 1988) suggest that 



322 

genetic variability for task performance may be 
advantageous and maintained in a population if 
worker specialization is a consequence of geno- 
type, and leads to increased efficiency in task per- 
formance (Jeanne 1986). 

In Apis mellifera, variability may be maintained 
at unusually high levels as a consequence of the 
disruption of natural population structure due to 
beekeeping practices. However, genetic variation 
in worker behavior does exist and may persist be- 
cause colony-level selection is unable to eliminate 
it from populations, a consequence of behavioral 
dominance as discussed above. According to this 
view, polyandry is selected for by factors unrelated 
to the division of labor (Crozier and Page 1985; 
Sherman et al. 1988) and results in low heritabili- 
ties for traits due to non-additive effects of differ- 
ent phenotypes within colonies (Moritz and South- 
wick 1987; Page et al. 1988; Robinson and Page 
1988b). Environmental heterogeneity may also 
prevent the emergence of a single optimal worker 
genotype (Hedrick 1986), thereby maintaining 
variability. Because queen honey bees apparently 
mate randomly, the existence of greater subfamily 
differentiation in some colonies than in others is 
expected, whether or not intracolonial genetic vari- 
ation in worker behavior is adaptive. 

Differences between subfamilies in task perfor- 
mance suggest that colony genetic structure consti- 
tutes a level of social organization in honey bees. 
Further insight into the role of colony genetic 
structure in the division of labor will be gained 
through studies of other social insect species, in- 
cluding those with monoandrous and polygynous 
societies. 
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