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Genetic polyethism in leaf-cutting ants
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Females mating with multiple males (polyandry) is taxonomically widespread but is hard to explain in many animals in which it
has no obvious direct benefits. In some, of which social insects are the best example, it is suggested that females benefit from the
increased genetic diversity of their offspring. Social insect colonies express division of labor, and if genotypes behave differently
(genetic polyethism), then genetically diverse colonies may be fitter. However, unequivocal evidence of genetic polyethism is only
known from honey bees. Here, we show that such a genetic influence on behavior is also present in the leaf-cutting ant
Acromyrmex echinatior. In 2 of the 3 colonies examined, we found that the offspring of some fathers (patrilines) were more likely
to engage in waste management, whereas other patrilines were more likely to engage in foraging. When we increased the stimulus
for waste management, the representation of patrilines in the ants that responded was the same as normally engaged in waste
management in 2 colonies but differed in the third colony. The leaf-cutting ant A. echinatior therefore shows genetic polyethism.
Although other factors such as disease resistance may have also played a role in the evolution of polyandry, the results suggest
that genetic polyethism may be widespread in social insects and potentially of general importance in the evolution of polyandry.
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Although multiple mating by females with different males
(polyandry) is a common and phylogenetically widespread

behavior, it is often hard to explain. This is because polyandry
is generally associated with significant costs, such as energy
expended, increased predation risk while locating and copu-
lating with mates, and increased exposure to sexually trans-
mitted diseases, yet clear benefits can be difficult to identify.
In some species, the behavior has obvious direct benefits (e.g.,
sperm, nuptial gifts, or paternal care) but more subtle indirect
genetic benefits (e.g., trading up to a male of better genetic
quality or diluting genetically incompatible matings that may
produce nonviable offspring) may explain the behavior in
many other species (Arnqvist and Nilsson 2000; Jennions
and Petrie 2000). Polyandry increases the genetic diversity
of offspring produced, and one hypothesized benefit is that
this increases the probability of a female producing at least
some offspring with the appropriate level of a genotypically
variable trait for unpredictable environment conditions (bet-
hedging; Watson 1991; Yasui 1998). However, evidence for
a benefit from offspring genetic diversity in most animals is
lacking (Jennions and Petrie 2000).
Social insects provide the best example of polyandry provid-

ing a benefit due to offspring genetic diversity. Polyandry is
a derived trait in social insects, with only a quarter of species
being polyandrous and only 14 genera having so far been
shown to exhibit polyandry to a significant extent (Hughes,
Oldroyd, et al. 2008; Hughes, Ratnieks, et al. 2008). Mating
with multiple males carries significant costs to social insect
females (e.g., Baer et al. 2006), although direct benefits of
the behavior, such as nuptial gifts, are not present, and the
brief anonymous nature of mating interactions in most social
insects makes trading up impossible (Crozier and Fjerding-
stad 2001). Explanations for the evolution of polyandry in
social insects have therefore centered on genetic benefits.
There are 3 leading hypotheses, including that polyandry di-

lutes genetically incompatible matings which may produce
nonviable offspring or sterile diploid males (Page 1980; Tarpy
and Page 2002) and produces genetically diverse offspring
colonies which are more resistant to disease (Baer and
Schmid-Hempel 1999; Tarpy 2003; Hughes and Boomsma
2004, 2006; Seeley and Tarpy 2007; Reber et al. 2008; Hughes
et al. 2010). The third of these 3 leading hypotheses for the
evolution of polyandry in social insects is that workers differ
genotypically in their propensities to engage in particular
tasks, which then allows the division of labor of genetically
diverse colonies to respond more appropriately to changing
conditions (reviewed by Oldroyd and Fewell 2007). Such ge-
netic influences on behavior have been abundantly demon-
strated in the honey bees Apis mellifera and A. florea, in which
they are due to patriline differences in response thresholds
for task-related stimuli (e.g., Robinson and Page 1988; Page
et al. 1989; Oldroyd et al. 1994; Kryger et al. 2000; Jones et al.
2004, 2007; Chapman et al. 2007). However, evidence from
other social insects is far more limited. Several studies with
ants and wasps have found that individuals from different
colonies or matrilines differ in behavior (Stuart and Page
1991; Snyder 1992; O’Donnell 1996, 1998; Julian and Fewell
2004), but such differences can be due to maternal effects or
rearing conditions, as well as genetic effects. Patriline differ-
ences, which provide conclusive evidence of genetic effects,
have been found for morphological worker caste in several
ants, with individuals differing according to their patriline
in their probabilities of developing into the different worker
castes (Hughes et al. 2003; Rheindt et al. 2005; Hughes and
Boomsma 2007, 2008; Jaffé et al. 2007). However, similar patri-
line effects have not been demonstrated for behavioral tasks
in any social insect other than honey bees.
Here, we examine whether patriline influences behavioral

task in the polyandrous leaf-cutting ant Acromyrmex echinatior.
We focus on the external tasks of foraging and waste man-
agement, which workers engage in toward the end of their
lives (Hart and Ratnieks 2002; Waddington and Hughes
2010). We also experimentally increase the stimulus for
waste management to determine whether the representa-
tion of patrilines in the ants responding to this is different
to that of ants originally engaged in waste management,
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which could suggest patriline differences in response
threshold.

MATERIALS AND METHODS

Three monogynous colonies of A. echinatior (Ae213, Ae216,
and Ae312) were used which had been collected in Gamboa,
Panama, between 2003 and 2006. Colonies were kept in plas-
tic boxes (17 3 36 3 54 cm), with fungus gardens contained
within inverted plastic beakers and a 10-cm diameter pot in
which the ants deposited waste. Colonies were maintained on
a diet of privet leaves (Ligustrum spp.) at 80 6 5% relative
humidity and 26 6 2 �C.

Sampling

We first marked the workers engaged in waste management or
foraging with task-specific colors over the course of 3 days.
Ants seen engaged in these tasks were removed using forceps,
cooled on ice, and marked with paint. They were kept indi-
vidually for 5 min to confirm the paint marking had not
adversely affected them and then replaced in their colony.
This procedure did not affect their subsequent behavior
(Waddington and Hughes 2010). We collected and marked
workers for 8 h per day for 3 days. We then added 5 ml of
waste particles, taken from the waste pile of the same colony,
to an area around the nest entrance so that it would be en-
countered not only by waste management workers but also by
foragers and the internal work force. Over the following 6 h,
we paint marked all the workers that transported the added
waste to the waste pile, using the same procedure as before
but with a new color. After this period, we then collected
paint-marked individuals for genotyping: 1) We collected
workers that had been originally engaged in foraging or orig-
inally engaged in waste management to determine if genotype
influenced this allocation. 2) We also collected internal work-
ers from the fungus garden. These included inactive foragers
and waste management workers, as well as workers engaged in
other tasks, and were thus representative of the general
worker population. We compared whether the representation
of patrilines in waste management workers and foragers dif-
fered from these internal workers. 3) We collected individuals
that had responded to the additional waste stimulus as well in
order to determine if their patriline representation differed
from that of the original waste management workers. In all
cases, individuals sampled were selected to be of similar size
and age, as inferred from their cuticular coloration (Armitage
and Boomsma 2010).

Molecular and statistical analyses

DNA was extracted from ant legs using 5% Chelex (Bio Rad,
Hercules, CA) and amplified at microsatellite loci Ech3385,
Ech4126, Ech4225, and Atco15 (Ortius-Lechner et al. 2000;
Helmkampf et al. 2008). Polymerase chain reaction (PCR)
amplification was performed using 10 ll mixtures containing
40 lM deoxyribonucleotide triphosphates, 3 mM MgCl2, 0.5
lM primers, 0.5 U of Taq DNA polymerase, 13 buffer, and 1 ll
DNA. Amplifications were run in GeneAmp 9700 PCR Systems
with an initial denaturing step of 94 �C for 2 min followed by
35 cycles of 94 �C for 2 min, 55 �C (Ech3385, Ech4225, and
Atco15) or 60 �C (Ech4126) for 45 s, and 72 �C for 2 min, and
finally 72 �C for 7 min. Products were genotyped using an ABI
3130xl capillary sequencer, and allele sizes determined by
comparison with internal size standards. The genotypes of
the mother queen and her multiple mates were deduced from
the multilocus worker genotypes and individuals assigned to
patrilines. Individuals which could not be assigned to patri-

lines due to failed PCR amplification or sharing the same
genotype at a diagnostic locus as a heterozygous mother queen
were excluded from the analysis. The total numbers of indi-
viduals genotyped successfully that were, respectively, waste
management workers, foragers, internal workers, or workers
responding to the increase in waste were 21, 21, 21, and 19 for
colony Ae213, 34, 44, 31, and 25 for Ae216, and 43, 61, 43, and
27 for Ae312. The frequencies of individuals in each patriline
that were waste management workers, foragers, or internal
workers, or which responded to the increase in stimulus for
waste management, were compared using Fisher’s Exact tests.
The effect sizes of the patriline differences were estimated
using Cramer’s V which measured the strength of the associa-
tion (from 0 ¼ no association to 1 ¼ maximum association;
(Grissom and Kim 2005) between patriline and the frequencies
of individuals that were 1) waste management workers and for-
agers or 2) waste management workers or workers responding
to the increase in waste. We also calculated Cramer’s V for sim-
ilar data obtained in honey bees by Robinson and Page (1988).

RESULTS

Colonies Ae213, Ae216, and Ae312 contained 7, 6, and 5 patri-
lines respectively. There was considerable paternity skew, and
the representation of patrilines varied markedly between waste
management workers, foragers, internal workers, and workers
that responded to the increase in waste stimulus (Figure 1).
The frequency distribution for the patrilines of workers en-
gaged in waste management differed significantly from that
of internal workers in colonies Ae213 (P ¼ 0.025) and Ae312
(P ¼ 0.045) but not Ae216 (P ¼ 0.12). Patrilines within colo-
nies Ae213 (P ¼ 0.041) and Ae312 (P ¼ 0.02) differed signifi-
cantly in their propensity to engage in waste management or
foraging (Figure 2) but did not differ in colony Ae216 (Fisher’s
P ¼ 0.307). The effect sizes (Cramer’s V) of patriline on
whether an individual engaged in waste management or forag-
ing were 0.532, 0.247, and 0.314 for colonies Ae213, Ae216, and
Ae312, respectively (mean 6 standard error [SE]: 0.364 6
0.086). This compares with very similar effect sizes of between
0.13 and 0.67 (0.33 6 0.06) for undertaking by honey bees in
the study by Robinson and Page (1988), and somewhat larger
effect sizes for guarding in honey bees of between 0.1 and 0.83
(0.48 6 0.07).
The representation of patrilines in the individuals that aided

in the removal of the experimentally increased waste did not
differ from the original waste management workers in 2 col-
onies (Ae216: P ¼ 0.911; Ae312: P ¼ 0.852; Figure 3). There
were, however, significant differences in colony Ae213 (P ¼
0.016), with patriline 7 and to a lesser extent patrilines 1, 4,
and 6, appearing more likely to engage in waste management
when the stimulus was increased. The Cramer’s V effect sizes
for patriline in response to the increased waste were 0.572,
0.091, and 0.16 for colonies Ae213, Ae216, and Ae312, respec-
tively (mean 6 SE: 0.274 6 0.15).

DISCUSSION

Although our sample sizes were relatively small, we found that
patrilines differed significantly in their representation in forag-
ers and waste management workers in 2 of the 3 colonies we
examined. In at least 2 colonies, therefore, there was a signif-
icant genetic influence on the propensities of individuals to
engage in these 2 tasks. Similar patriline effects have been found
on caste determination in A. echinatior (Hughes et al. 2003;
Hughes and Boomsma 2007), as well as other ants (Rheindt
et al. 2005; Jaffé et al. 2007) and have been abundantly demon-
strated for behavioral tasks in honey bees (Robinson and Page
1988; Page et al. 1989; Oldroyd et al. 1994; Kryger et al. 2000;
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Jones et al. 2004, 2007; Chapman et al. 2007; Oldroyd and Fewell
2007). The results suggest that whether an A. echinatior worker
engages in waste management or foraging is influenced by its
genotype, although other factors will also be important. The
effect sizes for the patriline influence were very similar to those
found for undertaking in honey bees (Robinson and Page
1988), suggesting that genetic polyethism may be just as strong
in A. echinatior as in honey bees. The patriline effect on guarding
is greater in honey bees (Robinson and Page 1988), and it will be
interesting to see if similar task-specific differences in the mag-
nitude of genetic polyethism are present in A. echinatior.
Increases in stimuli for a particular task within honey bee col-

onies result in more workers engaging in the task (Fewell and
Bertram 1999; Breed et al. 2002), and this is also true for waste
management in leaf-cutting ants (Waddington and Hughes
2010). In the case of honey bees, this response is influenced
by genotype, with the representation of patrilines differing
between workers originally engaged in a task and those re-
sponding to an increased stimulus (Jones et al. 2004; Chapman
et al. 2007). This is thought to be because patrilines have

different response thresholds and thus an increase in stimulus
results in the response thresholds of more patrilines being
met (Oldroyd and Fewell 2007; Oldroyd and Thompson
2007). When waste levels were increased in the current study,
the representation of patrilines was similar to those originally
engaged in waste management in 2 of the colonies but dif-
fered in colony Ae213. This could potentially be explained by
the response thresholds of patrilines differing relatively more
in the former 2 colonies than in Ae213, although experiments
directly measuring response thresholds would be needed to
confirm if this is the mechanism. Similar changes in patriline
representation in A. echinatior occur in response to changes in

Figure 1
Frequencies of individuals sampled per patriline from colonies
Ae213, Ae216, and Ae312 that were original waste management
workers (black), original foragers (white), internal workers (dashed),
or which responded to engage in waste management following an
experimental increase in stimulus (gray). Figure 2

Proportions of individuals sampled per patriline from colonies
Ae213, Ae216, and Ae312 that were original waste management
workers (black) or original foragers (white). The dashed lines show
the expected ratio given the numbers of individuals genotyped if
patriline does not influence an individual’s propensity to become
a forager or waste management worker (lines differ slightly from 0.5
because not all individuals could be assigned to patrilines). Sample
sizes are given in parentheses above the columns for each patriline.
Rare patrilines with less than 3 workers have been excluded.
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stimuli during the development of larvae into morphological
workers castes (Hughes and Boomsma 2007).
There are 3 leading hypotheses for the evolution of polyan-

dry in social insects: that it improves the disease resistance of
colonies, dilutes genetically incompatible matings, and im-
proves division of labor. Polyandry has previously been shown
to make colonies of A. echinatior less susceptible to parasites

(Hughes and Boomsma 2004, 2006; Hughes et al. 2010) and
will also benefit them by diluting genetically incompatible
matings, such as those which result in diploid males (Dijkstra
and Boomsma 2007). The results suggest that improved
division of labor may be a further benefit of polyandry in
A. echinatior. Previous work has shown there to be a genotypic
influence on morphological caste and thus alloethism
(Hughes et al. 2003; Hughes and Boomsma 2007), whereas
the current results show there to also be a genotypic influence
on behavior within castes. Workers in a colony belong to mul-
tiple patrilines that have different propensities to engage in
particular tasks, and this may mean the colony responds more
appropriately to changing task needs (Oldroyd and Fewell
2007; Oldroyd and Thompson 2007). Direct experimental ev-
idence for this beneficial effect has so far only been obtained
in honey bees (Jones et al. 2004; Mattila and Seeley 2007).
However, our results show that the key prerequisite for the
hypothesis, a genotypic influence on worker behavior, is pres-
ent also in the leaf-cutting ant A. echinatior. It seems likely
that genetic polyethism may be widespread in social insects
and may have played a role in their multiple evolutions of
polyandry.

FUNDING

Leverhulme Foundation to W.O.H.H.; European Union FP7
Marie Curie Intra-European Fellowship to L.A.S.

We thank the Smithsonian Tropical Research Institute and E.A. Herre
for facilities in Gamboa, the Autoridad Nacional del Ambiente
(ANAM) for permission to collect and export the ants, J.J. Boomsma
for kindly providing the ant colonies, and the 2 anonymous reviewers
for their constructive comments.

REFERENCES

Armitage SAO, Boomsma JJ. 2010. The effects of age and social inter-
actions on innate immunity in a leaf-cutting ant. J Insect Physiol.
56:780–787.

Arnqvist G, Nilsson T. 2000. The evolution of polyandry: multiple
mating and female fitness in insects. Anim Behav. 60:145–164.

Baer B, Armitage SAO, Boomsma JJ. 2006. Sperm storage induces an
immunity cost in ants. Nature. 441:872–875.

Baer B, Schmid-Hempel P. 1999. Experimental variation in polyandry
affects parasite loads and fitness in a bumble-bee. Nature. 397:
151–154.

Breed MD, Williams DB, Queral A. 2002. Demand for task perfor-
mance and workforce replacement: undertakers in honeybee, Apis
mellifera, colonies. J Insect Behav. 15:319–329.

Chapman NC, Oldroyd BP, Hughes WOH. 2007. Differential re-
sponses of honeybee (Apis mellifera) patrilines to changes in stimuli
for the generalist tasks of nursing and foraging. Behav Ecol Socio-
biol. 61:1185–1194.

Crozier RH, Fjerdingstad EJ. 2001. Polyandry in social Hymenoptera —
disunity in diversity? Ann Zool Fenn. 38:267–285.

Dijkstra MB, Boomsma JJ. 2007. The economy of worker reproduction
in Acromyrmex leafcutter ants. Anim Behav. 74:519–529.

Fewell JH, Bertram SM. 1999. Division of labor in a dynamic environ-
ment: response by honeybees (Apis mellifera) to graded changes in
colony pollen stores. Behav Ecol Sociobiol. 46:171–179.

Grissom RJ, Kim JJ. 2005. Effect sizes for research: a broad practical
approach. Hove (UK): Psychology Press.

Hart AG, Ratnieks FLW. 2002. Waste management in the leaf-cutting
ant Atta colombica. Behav Ecol. 13:224–231.

Helmkampf M, Gadau J, Feldhaar H. 2008. Population- and socioge-
netic structure of the leaf-cutter ant Atta colombica (Formicidae,
Myrmicinae). Insectes Soc. 55:434–442.

Hughes WOH, Boomsma JJ. 2004. Genetic diversity and disease re-
sistance in leaf-cutting ant societies. Evolution. 58:1251–1260.

Hughes WOH, Boomsma JJ. 2006. Does genetic diversity hinder par-
asite evolution in social insect colonies? J Evol Biol. 19:132–143.

Figure 3
Proportions of individuals sampled per patriline from colonies
Ae213, Ae216, and Ae312 that were original waste management
workers (black) or which responded to engage in waste management
following an experimental increase in stimulus (gray). The dashed
lines show the expected ratio given the numbers of individuals
genotyped if the responding individuals were from the same
patrilines as the original waste management workers (lines differ
slightly from 0.5 because not all individuals could be assigned to
patrilines). Sample sizes are given in parentheses above the columns
for each patriline. Rare patrilines with less than 3 workers have been
excluded.

1168 Behavioral Ecology

 at E
dw

ard B
oyle Library on D

ecem
ber 14, 2010

beheco.oxfordjournals.org
D

ow
nloaded from

 

http://beheco.oxfordjournals.org/


Hughes WOH, Boomsma JJ. 2007. Genetic polymorphism in leaf-
cutting ants is phenotypically plastic. Proc R Soc Lond B Biol Sci.
274:1625–1630.

Hughes WOH, Boomsma JJ. 2008. Genetic royal cheats in leaf-cutting
ant societies. Proc Natl Acad Sci U S A. 105:5150–5153.

Hughes WOH, Bot ANM, Boomsma JJ. 2010. Caste-specific expression
of genetic variation in the size of antibiotic-producing glands of
leaf-cutting ants. Proc R Soc Lond B Biol Sci. 277:609–615.

Hughes WOH, Oldroyd BP, Beekman M, Ratnieks FLW. 2008. Ances-
tral monogamy shows kin selection is key to the evolution of euso-
ciality. Science. 320:1213–1216.

Hughes WOH, Ratnieks FLW, Oldroyd BP. 2008. Multiple mating or
multiple queens: two routes to genetic diversity in the eusocial
Hymenoptera. J Evol Biol. 21:1090–1095.

Hughes WOH, Sumner S, Van Borm S, Boomsma JJ. 2003. Worker
caste polymorphism has a genetic basis in Acromyrmex leaf-cutting
ants. Proc Natl Acad Sci U S A. 100:9394–9397.
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