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Abstract – Thelytoky, the asexual production of females, is rare in honey bees. However, it is ubiquitous in
workers of the Cape honey bee Apis mellifera capensis. Thelytoky allows some workers to be reincarnated into
the queen phenotype, and thereby selects for reproductive competition among workers. Thelytoky also acts as
an exaptation for the emergence of reproductive parasites, the most extreme example of which is an entirely
clonal ‘cancerous’ lineage of workers (the Clone) that lethally parasitises colonies of another subspecies Apis
mellifera scutellata. The Clone is an enigma because thelytoky results in the accumulation of homozygosity at
any loci that are free to recombine, yet the Clone retains considerable heterozygosity. The Clone pays a cost for
its thelytoky: the selective removal of homozygous offspring at each generation. We propose that workers,
queens and Clones have differing abilities to endure the costs and benefits of sex and asexuality, accounting for
the heterogeneous distribution of reproductive strategies across the A. mellifera capensis population. We further
suggest that multiple factors must fall into place for thelytoky to emerge as an effective reproductive strategy in
a honey bee population, and that geographic isolation resulting in genetic drift and founder effects may have
enabled thelytoky to emerge in A. mellifera capensis. Finally, we consider the honey bee in the broader context
of haplodiploid Hymenoptera, and argue that constraints on the evolution of sex in non-haplodiploid taxa may
make sexual reproduction an evolutionary ‘one-way street’.

Apis mellifera /Apis mellifera capensis / asexual / thelytoky / reproductive parasitism

1. INTRODUCTION

In the typical image of a honey bee (Apis
mellifera) colony, there is a queen reigning over
her worker force of daughters with an iron…
wing? The queen, and only the queen, lays eggs. If
she chooses to fertilise an egg with stored sperm, it
develops as a diploid daughter, a future queen or
worker. Alternatively, if the queen lays an
unfertilised egg, it develops into a haploid male, a
drone that will eventually fly out and attempt to
mate with virgin queens of other colonies.

This image might come close to approximating
a particularly well-behaved colony of the European

honey bee. However, in reality, like the human
suburbs of the 1950s, even the best-behaved honey
bee colonies can have nefarious goings on beneath
the surface. Here, we review one of the most
fascinating ways in which reality differs from
outward appearance: the asexual production of
diploid females via thelytokous parthenogenesis.
We discuss the physiological, evolutionary and
social consequences of thelytoky in the subspecies
in which is best characterised, the Cape honey bee
Apis mellifera capensis (hereafter, Capensis). We
further discuss the possibility of thelytoky in other
honey bee species and subspecies, and explore how
thelytoky may have evolved in honey bees.

1.1. Thelytoky

Honey bees are haplodiploid. Diploid females
are normally produced sexually, from fertilised
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eggs, while haploid males develop from unfertil-
ized eggs via arrhenotokous parthenogenesis.
Both queens and workers are capable of laying
unfertilised, male-destined eggs, although in most
circumstances workers rarely utilise this ability
(Visscher 1989; Winston 1991; but see Barron et
al. 2001). Thelytoky is an alternative develop-
mental pathway for the unfertilised egg, which
results in the production of a diploid female
offspring.

Thelytoky, the asexual production of females,
is rare among animal taxa, where sexual repro-
duction predominates (White 1984; Suomalainen
et al. 1987). Examples of notable thelytokous
animals include the anciently asexual bdelloid
rotifer, which has gone without sex for millions of
years (Mark Welch et al. 2004; Gladyshev and
Meselson 2008) and the Amazon molly (Poecilia
formosa), in which females must mate with males
of another species before they can reproduce
thelytokously. This odd behaviour causes local
extinctions as molly females ‘steal all the men’
(Tiedemann et al. 2005; Heubel et al. 2009).

Thelytoky has evolved at least 255 times in
populations of normally arrhenotokous
haplodiploids (Normark 2003; Engelstadter
2008). Many transitions from arrhenotoky to
thelytoky are driven by maternally transmitted
endobacteria, such as Wolbachia, Rickettsia and
Cardinium (Zchori-Fein et al. 2001; Huigens
and Stouthamer 2003; Hagimori et al. 2006;
Engelstadter 2008). One mechanism by which
these bacteria drive their own propagation is by
inducing female-producing parthenogensis to
reduce or eliminate the production of males (a
genetic dead end for the bacteria) by their host.
However, there are a rapidly increasing number
of examples of genetically determined thelytoky
being identified in haplodiploids. In particular,
the ‘molecular natural history’ movement
(Keller 2007) is revealing a fascinating array
of novel reproductive systems that are based on
genetically determined thelytoky. While the ants
have thus far yielded the greatest diversity of
unusual reproduction systems based on
thelytoky (e.g. Pearcy et al. 2004; Ravary and
Jaisson 2004; Fournier et al. 2005; Gruber et al.
2010), the bees, and particularly the honey bees,

are beginning to show that they can be equally
weird (Sumner and Keller 2008).

2. APIS MELLIFERA CAPENSIS

2.1. Thelytoky in Capensis

Thelytoky in bees was first identified in
Capensis (Onions 1912). In this South African
subspecies of honey bee, thelytoky is almost
ubiquitous in workers (Verma and Ruttner
1983). When Capensis workers lay unfertilised
eggs, the eggs usually develop into diploid
female offspring via automictic thelytoky with
central fusion (Verma and Ruttner 1983;
Figure 1). In automictic thelytoky, the reduc-
tional division of Meiosis II occurs as normal,
resulting in four haploid nuclei. Diploidy is then
restored by one of several mechanisms, each
with a different genetic outcome (Pearcy et al.
2006). In Capensis, diploidy is restored by
central fusion; the fusion of two non-
homologous pronuclei as if one of the nuclei
acted as a sperm. In the absence of meiotic
recombination between a locus and the centro-
mere, central fusion results in clonal reproduc-
tion so that the genotype of the daughter is
identical to the genotype of the mother.
However, when recombination occurs, hetero-
zygosity can be lost, so that the daughter will be
homozygous for one of her mother's alleles
(Suomalainen et al. 1987).

If a Capensis worker produces a daughter
queen via thelytoky, she is genetically
reincarnated in the form of a queen with no
frog kissing required. This is no doubt why
Capensis workers target their egg laying around
existing queen cells, in places where queen cells
are likely to be built and during periods of
queen rearing (Figure 2). Around 40–60 % of
queens produced during swarming events are
the daughters of workers (Jordan et al. 2008;
Allsopp et al. 2010). Thelytokously-produced
Capensis queens go on to mate and reproduce
sexually (Beekman et al. 2011). Capensis
workers also utilise thelytoky to raise a replace-
ment queen whenever they are queenless and
broodless (Holmes et al. 2010).
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Thelytoky dramatically increases the repro-
ductive potential of the honey bee worker,
resulting in competition between workers and
worker patrilines (lineages of full-sister
workers, sharing a father) (Moritz et al. 1996;
Figure 3). This tendency has selected for traits
related to reproduction and reproductive com-
petition in Capensis workers (Greeff and Villet
1993). Capensis workers often have a well-
developed spermatheca (a sperm storage organ
found in queens), which is absent in workers of
other honey bee subspecies (Hepburn and
Crewe 1991; Phiancharoen et al. 2010).
Furthermore, the Capensis worker has an

average of 10–20 ovarioles per ovary (Ruttner
1977; Hepburn and Crewe 1990; Allsopp et al.
2003; Goudie et al. 2012a). In contrast, workers
in arrhenotokous honey bee populations typi-
cally have far fewer ovarioles (Amdam et al.
2004; Oldroyd and Beekman 2008). Ovariole
number in worker patrilines is heritable and
highly variable (Goudie et al. 2012a). This
suggests that certain patrilines dominate repro-
duction in Capensis.

The Capensis worker does not always limit
herself to competing with her sisters over the
production of new queens. Capensis workers
are able to act as non-natal reproductive

Mother
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Meiosis I
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Randomisation of
alleles during 
recombination
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Figure 1 Automixis with central fusion. Meiosis occurs as normal resulting in four haploid pronuclei (i).
Pronuclei occupying the central position fuse for form the diploid zygote (ii). As this fusion is central, the
pronuclei involved are descended from the two different homologous chromosomes (iii). In the absence of
recombination, heterozygosity in the mother will be maintained in the daughter. When recombination occurs,
alleles are randomised among the four pronuclei and as a result there is a 1/3 chance that heterozygosity will be
lost in the offspring. This is allocation of alleles to the central pronuclei is an example of sampling without
replacement. If one of the central pronuclei carries an A allele, there is a 1/3 chance that the other central
pronucleus will carry the second A allele, and a 2/3 chance that it will carry one of the two B alleles. If you do
not believe us (many readers will not) try writing ‘A ‘on two bits of paper and ‘B’ on two other bits. Draw one
piece of paper at random: this is the first central pronucleus. Let us pretend it is an A. Now, what is the
probability that the second pronucleus you draw will also be an A?
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parasites, entering foreign colonies and laying
eggs that may be raised as queens. Non-natal
workers are responsible for the production of
between 0.5 and 46 % of new queens (Jordan
et al. 2008; Allsopp et al. 2010; Holmes et al.
2010; Moritz et al. 2011). Variation in the
degree of parasitism experienced by different
colonies suggests that parasitism may be
assisted by beekeeping methods (Dietemann et
al. 2006a; Härtel et al. 2006). However,
Holmes et al. (2010) observed rates of parasit-
ism that were independent of apiary layout and
distance between colonies. Furthermore,
Neumann et al. (2001) found that Capensis
workers disperse significantly more than other
subspecies of A. mellifera and are more likely
to parasitize queenless colonies. Whether or not

movement of workers between colonies is an
active process, as it seems to be in bumble
bees (Blacher et al. 2013) and stingless bee
queens (Wenseleers et al. 2011), remains open
to question. However, it appears that once a
non-natal worker enters a nest, she targets
queen cells for oviposition. In colonies with
high rates of parasitic queen production
(38 %), only 6.9 % of the workers were non-
natal (Jordan et al. 2008). Thus, the reproduc-
t ive output of non-nata l workers is
disproportionally high, as is seen in colonies
of the Asian species Apis florea (Nanork et al.
2005; Chapman et al. 2009) and Apis cerana
(Nanork et al. 2007). This suggests the exis-
tence of specialised parasitic genotypes within
the Capensis population.

Figure 2 Worker laid eggs in a queenless Capensis colony. i Egg laying workers focus around holes in the
comb where queen cells are most likely to be built. ii Worker laid eggs on the outside of an existing mature
queen cell. Photos by B Oldroyd.
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2.2. The Capensis Clone

By liberating the worker from reliance on a
sexual queen, thelytoky has enabled the emer-
gence of entirely asexual lineages of social
parasites. On at least three occasions, two
historic and one current, parasitic lineages have
emerged as specialised reproductive parasites of
the strictly arrhenotokous subspecies Apis
mellifera scutellata (hereafter Scutellata;
Martin et al. 2002).

While Capensis is confined to the southern-
most tip of South Africa, Scutellata occupies the
rest of the southern and most of central Africa
(Hepburn and Radloff 1998; Figure 4). In 1990,
a beekeeper moved approximately 200 commer-
cial Capensis colonies across the stable hybrid
zone that separates the two subspecies
(Beekman et al. 2008; Allsopp and Crewe
1993) and into Scutellata range (Allsopp and
Crewe 1993; Neumann and Moritz 2002). From
here, Capensis workers drifted into (or perhaps

invaded) the local Scutellata colonies, com-
menced laying and produced thelytokous
daughters. One of these daughters founded a
thelytokous lineage of clonal workers that has
infested commercial Scutellata colonies ever
since (Kryger 2001; Baudry et al. 2004;
Oldroyd et al. 2011). Over the past 23 years,
the Clone has been responsible for what became
known as the ‘Capensis Calamity’ (Allsopp
1992; Neumann and Moritz 2002). While new
beekeeping practices have reduced rates of
transmission, the Clone lineage remains highly
virulent and is still responsible for the loss of
hundreds of commercial Scutellata colonies
each year (Cobey 1999).

The invasion of Scutellata colonies by the
Clone appears to be largely dependent on
apicultural practices (Moritz 2002; Neumann
and Hepburn 2002; Dietemann et al. 2006a).
Clone infestation is observed at only low levels
in the wild Scutellata population, and only when
the wild colonies are in contact with domestic
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Figure 3 The relatedness (r) of a focal worker (red circle) to other individuals in a honey bee colony. Females
are represented by circles and males by squares. The queen wears the crown, however, all females have the
potential to be raised as a queen (although subfamilies differ in their likelihood of doing so). In a colony in
which workers reproduce arrhenotokously, the focal worker is more closely related to the son of her mother (r=
0.25) than the son of her half sister (r=0.125) and so selection favours policing behaviour to suppress the
reproductive efforts of other workers. In a colony in which workers reproduce thelytokously, the focal worker
can produce daughters that are related to her by unity (r=1). She can use this ability to produce daughters that
might become queens, resulting in her effective genetic reincarnation as a queen. She is equally related to her
sisters as she is to the thelytokous daughters of her sisters. In the same way, the queen is equally related to her
daughters as she is to the thelytokous daughters of her daughters, and so it makes no difference to the colony as
a whole if the new queen is produced sexually by the original queen or thelytokously by a worker. Therefore,
selection for policing behavior is relaxed relative to arrhenotokous populations.
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colonies (Härtel et al. 2006). Clones have diffi-
culty invading Scutellata colonies without assis-
tance (Moritz et al. 2008). However, once a Clone
has successfully established in a host colony, the
colony's downfall is all but inevitable.

When Clones enter a Scutellata colony, they
activate their ovaries and produce queen-like
mandibular gland secretions despite the presence
of the host queen (Härtel et al. 2011). Clones thus
establish themselves as pseudoqueens, and are
tended to by host workers as if they were the
rightful Scutellata queen of the colony (Figure 5).
The host queen is soon lost as a result of lethal
fighting (Moritz et al. 2003) and pheromonal
competition (Dietemann et al. 2006b; Moritz et al.
2004). The presence of reproductively active
pseudoqueens may suppress the development of
later Clone offspring, resulting in the establish-
ment of dominance hierarchies (Härtel et al.
2011), with only a small number of Clones
reaching reproductive dominance within the host

colony (Martin et al. 2002). However, despite the
suppression of reproduction in many Clone
offspring, they rarely engage in work such as
foraging or brood care (Martin et al. 2002).

Clone larvae manipulate host nurse workers,
eliciting greater levels of feeding, with food that
is more similar in composition to that of royal jelly,
than the fare normally provided to mere workers
(Calis et al. 2002). The resultant Clones have more
queen-like characteristics than normal workers,
including shorter developmental time, higher
weight, larger spermatheca and larger number of
ovarioles, while worker characteristics such as
pollen combs and pollen baskets on their hind
legs are suppressed (Wirtz and Beetsma 1972;
Calis et al. 2002). Thus, the host colony is soon
over run with Clone pseudoqueens and their
offspring, which only adds to the burden of
useless reproductive workers already afflicting
the host colony. With time, the number of host
workers dwindles and the colony inevitably

Figure 4 Map of South Africa (after Oldroyd et al. 2011), showing (I) the natural range of Capensis, (II) the
stabile hybrid zone between Capensis and Scutellata and (III) the South African distribution of Scutellata, over
much of which the Clone can now be found.
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declines and collapses (Allsopp and Crewe
1993; Hepburn and Allsopp 1994).

2.3. A social cancer

The analogy of the honeybee colony as a ‘super
organism’ is well established and compelling (e.g.
Wheeler 1911; Seeley 1989; Moritz and
Southwick 1992; Moritz and Fuchs 1998;
Amdam and Seehuus 2006; Hölldobler and
Wilson 2008; Johnson and Linksvayer 2010;
Seeley 2010; Page 2013). The queen can be
compared to the gonads of a multicellular organ-

ism, supported by the somatic cells, a role played
by workers. Somatic cells do not reproduce
themselves, instead they make up the larger whole
that enables the gametic cells (drones and virgin
queens) to survive and propagate into the next
generation. Multicellularity has been able to
evolve because the cells that make up the
multicellular organism are identical, having prop-
agated from a single zygote. Similarly, worker
bees forgo direct reproduction in favour of
supporting the reproductive efforts of their queen,
and through their work, allowing the colony to
survive and send forth reproductive swarms. Like

Figure 5 Reproductive Clones in a host Scutellata colony. i Darker-bodied Clones (circled in red) are tended to
by host workers as if they were host queens. ii In the later stages of invasion, Clones lay dozens of eggs in host
brood cells that should only hold one. Photos by B Oldroyd.
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the cells of a multicellular organism, the individ-
uals of a honey bee colony are related and so kin
selection theory provides an explanation for how
individuals could evolve to sacrifice direct repro-
duction in favour of propagating their genes
through the reproductive success of related
individuals (Hamilton 1964).

Cancer occurs in a multicellular organism
when mutations in somatic cells result in
cellular replication without restraint (Weinberg
1998). Similarly, in the honey bee colony,
cheater workers regularly emerge that abandon
reproductive self-restraint and reproduce at the
expense of the colony (Barron et al. 2001;
Beekman and Oldroyd 2008b; Châline et al.
2002; Holmes et al. 2013; Montague and
Oldroyd 1998; Oldroyd et al. 1994). In the
Capensis population, cheating occurs when
daughters of the colony lay eggs in queen cells
(Jordan et al. 2008; Allsopp et al. 2010; Holmes
et al. 2010; Moritz et al. 2011). Thus, these
workers can be compared to cancerous cells in a
multicellular organism. This is taken a step
further, when reproductive parasites invade
non-natal colonies and begin competing over
reproduction. We might view non-natal repro-
ductive parasitism in the Capensis population
as a kind of transmissible cancer. This is not
without precedent in multicellular organisms.
(See for example, the contagious facial tumours
of the Tasmanian Devil Sarcophilus harrisii
and the sexually transmitted cancer of domes-
tic dog Canis lupus familiaris; Siddle and
Kaufman 2013.)

The Clone is an extreme example of this
phenomenon, a self-propagating ‘cancerous’ line-
age that reproduces outside any constraint imposed
by the colony, while taking full advantage of the
resources it provides (Oldroyd 2002). The Clone
goes further than most cancers of multicellular
organisms, for it is sometimes able to survive the
destruction of its host and transfer to another.

Moritz et al. (2008) regard the Clone as
parasite with high virulence and low transmis-
sibility, resulting from shortsighted within-host
selection (Levin 1996). Under this model, the
most virulent parasitic genotype outcompetes
less virulent genotypes during the infection

phase of the invasion, before horizontal trans-
mission occurs, resulting in a selection of a
lineage with high virulence but low transmis-
sion (Bull 1994).

As predicted by a scenario of ‘short-sighted
evolution’, rates of horizontal Clone transmis-
sion were not only undetectably small in a
source-sink experimental setup without apicul-
tural intervention, they were much lower than
rates of transmission of Capensis workers taken
from the endemic Capensis range (Moritz et al.
2008).

The Clone emerged after the movement of
over 200 Capensis colonies into the Scutellata
range (see above and Allsopp and Crewe 1993).
Assuming that each colony comprised maybe
20,000 workers, made up of at least 20
patrilines (Palmer and Oldroyd 2000), the
truckload of colonies comprised approximately
4 million worker genotypes and at least 4,000
patrilines. From these genotypes, a single
Clonal lineage emerged, one selected for high
virulence within Scutellata host colonies. Clonal
reproduction then enabled this lineage to endure
for generations, with its virulent genotype
unchanged by sexual recombination.

2.4. Maintenance of heterozygosity
in the Clone

Thelytoky in Capensis (automixis with central
fusion, see above) carries the inherent feature of
loss of heterozygosity. Specifically, wherever
recombination exchanges genetic material be-
tween chromosomes, there is a 1/3 chance that a
locus that is heterozygous in the mother will
become homozygous in offspring (Pearcy et al.
2006; Oldroyd et al. 2008; Engelstadter et al.
2010) (Figure 1). Therefore, ongoing generations
of thelytoky should result in population-wide
homozygosity at all loci that are free to recombine
(Goudie et al. 2012b). Yet empirical studies have
revealed levels of heterozygosity in the Clone that
are remarkably high (Baudry et al. 2004;
Neumann et al. 2011; Oldroyd et al. 2011).

Historically, the unexpectedly high levels of
heterozygosity observed in the Clone were attrib-
uted to a reduction in meiotic recombination
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(Moritz and Haberl 1994; Baudry et al. 2004).
However, Goudie et al. (2012a) demonstrate that a
reduction in recombination is insufficient to ex-
plain current levels of heterozygosity. Loss of
heterozygosity in a thelytokous lineage is cumula-
tive. Heterozygous mothers produce homozygous
daughters at 1/3 the rate of recombination, while
homozygous mothers produce homozygous off-
spring exclusively (Engelstadter et al. 2010;
Goudie et al. 2012b). Therefore, for any realistic
level of recombination (whether reduced or not),
homozygosity will inevitably accumulate. After
20 years of exclusive thelytokous reproduction,
reduction in recombination cannot explain the
maintenance of heterozygosity in the Clone at
any but the most centromeric loci where recombi-
nation is exceedingly rare (Goudie et al. 2012b).

Maintenance of heterozygosity in the Clone can
instead be explained by selection against homozy-
gous recombinants at genes that are subject to
heterozygote advantage (Oldroyd et al. 2011;
Goudie et al. 2012b). A key example of the effects
of this kind of selection is the maintenance of
heterozygosity at the complementary sex-
determining locus (csd). Honey bees must be
heterozygous at the csd for the female phenotype
to be expressed, while haploid males are hemizy-
gous. Homozygosity at the csd results in the
production of a diploid male. Diploid males are
inviable because they are eaten at early larval stages
(Woyke 1963; Beye et al. 2003). Therefore, the csd
locus is homozygous lethal, and anyClone offspring
in which recombination results in homozygosity at
this locus will be lost to cannibalism, thus main-
taining heterozygosity at the csd in perpetuity.

The csd is a locus with known heterozygous
advantage (overdominance). However, heterozy-
gosity is observed throughout the Clone genome at
loci that are unlinked to csd and presumed to be
selectively neutral. How? There is now strong
evidence that heterozygosity is maintained
throughout much of the Clone's genome by
selection acting on overdominant loci (Goudie et
al. 2012b, 2014). These putative overdominant loci
are theorised to be in linkage disequilibrium with
the marker loci that are observed to be heterozy-
gous. In support of this theory, the frequency of
homozygosity is significantly higher in Clone eggs

than in it is in larvae and pupae, at both the csd and
a range of neutral markers unlinked to the csd
(Goudie et al. 2012b). These analyses show that
recombination occurs at normal or near-normal
rates in the Clone, resulting in the production of
homozygotes, including diploid males. However,
these recombinants are rapidly removed from the
population, permanently retaining heterozygosity
in the surviving Clones (Goudie et al 2012a, 2014).

Goudie et al. (2014) mapped patterns of zygosity
along chromosomes III and IV in the Clone to
determine the evolutionary outcome of recombina-
tion and selection. Loss of heterozygosity in a
Clonal lineage is non-reversible, and a single
recombination event will result in loss of heterozy-
gosity at all markers located in a telomeric direction
from the point of chiasmata, unless a second,
concurrent recombination event results in restora-
tion of heterozygosity (Figure 6). Yet in the Clone,
complete loss of heterozygosity occurs in restricted
regions, with subsequent restoration of heterozy-
gosity in telomeric regions (Figure 7). This pattern
of hetero/homo-zygosity along chromosomes sug-
gests that overdominant genes located in the
telomeric regions maintain heterozygosity, and
indeed this pattern is observed at the csd on
chromosome III. Goudie et al. (2014) therefore
suggested that there are at least three overdominant
genes maintaining heterozygosity on chromosome
IV, and four genes (including the csd) that maintain
heterozygosity on chromosome III.

While low rates of recombination were once
thought to maintain heterozygosity during
thelytoky, growing evidence suggests that usu-
ally high rates of recombination may in fact
shape the evolution of the Capensis genome
under thelytoky. The honey bee genome is
characterised by very high rates of recombina-
tion (4 times higher than most other taxa and 20
times higher than in humans) (Beye et al. 2006;
Solignac et al. 2007). Furthermore, the honey
bee has low levels of positive interference
(Solignac et al. 2004), i.e. one recombination
event does not suppress the probability of a
second recombination event occurring nearby.
Therefore, high rates of double recombination
events within relatively small genetic distances
are not unexpected in a honey bee genome. It is
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these double-recombination events that are
required to generate the genotypes that allow
selection to maintain heterozygosity at isolated
overdominant loci under selection, while het-
erozygosity is lost along the majority of the
chromosome (above, Goudie et al. 2013).

High rates of recombination and positive inter-
ference in the honey bee has recently been linked to
a high rate of gene conversion without crossover
(non-crossover) events (Bessoltane et al. 2012). In
fact, recombination events are more frequent in the
honey bee genome than crossover events. Allelic
gene conversion (the replacement of one allele with
another at the same locus) can result in loss of
heterozygosity during thelytoky. However, non-
allelic gene conversion (the replacement of an
allele with another from a different locus) could in
fact increase genetic diversity, even in a clonal
population. It is thus possible that gene conversion
may counter loss of heterozygosity during
thelytoky. The degree to which gene conversion
occurs in Capensis remains to be established, as
does the impact that gene conversion may have on
the already-documented selective processes that
retain heterozygosity in the Clone (Goudie et al.
2012b, 2013).

2.5. Clone drones

Recent evidence has shown that Clones do not
reproduce exclusively via thelytoky, as had previ-

ously been assumed (Lattorff et al. 2005). Haploid
male eggs were detected in the brood of Clone
workers, at a frequency of one in eight (Goudie et
al. 2012b). In larvae of the Clones, the frequency of
haploid males dropped fivefold relative to eggs,
suggesting strong selection against Clone males,
though this selective removal may have arisen as a
result of haploid male eggs being laid in worker
cells. Preliminary evidence now suggests that a few
Clone drones survive to maturity. A single adult
haploidmale carrying Clone alleles at all loci tested
(n=9) was detected among 78 black drones
collected from Clone-infested Scutellata colonies
(Goudie et al., unpublished data). Thus, despite the
apparent low frequency of adult Clone drones, our
singular example (thus far) shows that some
haploid males produced by the Clone lineage are
able to reach maturity. It is therefore possible that
Clone drones mate with Scutellata queens,
resulting in introgression of Clone alleles in to the
Scutellata population. This further raises the
possibility of contagious parthenogenesis
(Engelstadter et al. 2010) in which the rare
production of males by clonal lineages leads to
the transmission of alleles conferring asexuality
into otherwise sexual populations.

2.6. The genetics of thelytoky in Capensis

Thelytoky in Capensis is thought to be con-
trolled by a single recessive locus termed thelytoky
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Figure 6 i A single recombination event (orange X) will result in loss of heterozygosity at all telomeric markers
(b, c, d). If a locus d (here linked to the marker c) is selectively overdominant, such a recombinant genotype
will be selected against. ii Loss of heterozygosity at the marker B will only be observed if it is accompanied by
a second, concurrent ‘rescue’ recombination event (blue X) which restores heterozygosity at locus D which is
assumed to be under overdominant selection for heterozygosity.
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(th) (Lattorff et al. 2005). However, backcross
experiments suggest that while th plays a major
role in determining the thelytoky phenotype, the
genetic basis of thelytoky may be a little more
complex than is currently appreciated (Oldroyd et
al., unpublished data). Furthermore, the frequent
production of haploid eggs by Clones (with the
putative genotype th,th) suggests that the th locus
may not have complete expressivity (Goudie et al.

2012b). Alternatively, errors in thelytoky may be
frequent in this lineage.

Under the single gene model for thelytoky, it
has been proposed that differential splicing of
the transcription factor CP2, a homolog for the
Drosophila transcription factor gemini, results
in the development of the thelytokous pheno-
type (Jarosch et al. 2011). Splice forms of CP2
in Capensis are more similar to those of sexual
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Figure 7 The pattern of zygosity along chromosomes III and IV, of the Clone incorporating a descriptive model
for the maintenance of heterozygosity (Goudie et al 2013). Heterozygosity is maintained in blue regions by
linkage to a heterozygosity-maintaining factor (HMF): the centromere, the csd, or putative genes under
overdominant selection (a, b, c). As we move down the chromosome towards the telomere, heterozygosity is
lost in purple regions as a result of a recombination event at points telomeric to a HMF, but restored by a
second, concurrent recombination which occurred before the next HMF (e.g. heterozygosity is lost after the
overdominant gene A on chromosome III, but restored before the gene B). In the yellow region of chromosome
IV heterozygosity declines gradually, suggesting either incomplete selection, or the escape from selection by
some sublineages due to double recombination events that were undetected in this analysis.
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queens then arrhenotokous workers in other
subspecies. Jarosch et al. (2011) suggest that
thelytoky in Capensis may be determined by the
lack of a short splice enhancer motif.
Knockdown of this motif in arrhenotokous
workers results in rapid ovary activation, which
is one of a number of features that characterise
the highly reproductive Capensis worker phe-
notype.

2.7. Capensis and sex

Capensis, and in particular the Clone, pro-
vides a valuable model with which to investi-
gate the genetic and evolutionary consequences
of thelytokous parthenogenesis, providing
unique insights into the evolutionarily tradeoff
between sex and asexuality that drives the
distribution of reproductive strategies among
animal taxa.

Sexual reproduction is the predominant form
of reproduction among multicellular organisms
(White 1984; Suomalainen et al. 1987), yet the
near ubiquity of sexual reproduction remains an
enduring evolutionary mystery. Many potential
benefits of sex have been proposed and inves-
tigated (see Otto and Gerstein 2006;
Engelstadter 2008). These seek to deal with
the fundamental question of how an allele
imparting sexual reproduction could outcom-
pete an allele causing asexual reproduction
when sexuality reduces the reproductive poten-
tial of a population by a factor of 2, as a
consequence of the production of males that do
not themselves reproduce (Maynard Smith 1978).

In Capensis, we observe three unique female
reproductive phenotypes, the queen, the worker
and the Clone. Each of these utilise the same
underlying genotype, however, the interplay of
life history with the costs and benefits of sex
and asexuality has resulted in the evolution of
distinctly different reproductive strategies.

2.8. The queen

At first, it appears perplexing that the Capensis
queen forgoes thelytoky. Thelytokous reproduc-
tion would allow a Capensis queen to produce

daughter queens that are related to her by unity (r
=1). Like certain thelytokous ant species, she
could perhaps continue to employ sexual repro-
duction to produce workers (Cataglyphis cursor,
Pearcy et al. 2004; Wasmania auropunctata,
Fournier et al. 2005; Vellonhovia emeryi,
Kobayashi et al. 2008), gaining the best of both
evolutionary worlds: effective genetic immortality
in her reproductive offspring and genetic variabil-
ity with its associated benefits (Jones et al. 2004;
Mattila and Seeley 2007; Oldroyd and Fewell
2007; Seeley and Tarpy 2007) in her workers.
Thelytoky is a very real evolutionary option for a
Capensis queen. A virgin Capensis queen can
reproduce both thelytokously and arrhenotokous
when induced to start laying by double narcosis
with CO2 (Allsopp and Crewe 1993; Oldroyd et
al. 2008). Yet, despite the potential benefits, there
is no evidence that mated Capensis queens ever
lay thelytokous eggs (Jordan et al. 2008; Holmes
et al. 2010; Moritz et al. 2011), providing strong
evidence that for the Capensis queen, the costs of
thelytoky outweigh the costs of sex.

A honey bee colony reproduces via the
production of drones and swarms. The queen
leaves the colony heading a swarm comprised
of about half the workers, leaving behind a
small number of queen cells containing her
queen-destined daughters. One of these daugh-
ters will inherit the original colony, while one or
two others may head secondary swarm that has
a lower survival than the first (Hepburn and
Radloff 1998; Seeley 2010). Thus, queens trust
their reproductive futures in a tiny number of
daughter queens. Any reduction in larval via-
bility associated with thelytoky may therefore
have a substantial impact on a queen's fitness
(her larva may be usurped by that of a worker),
which is compounded by the absence of the
many benefits associated with sexual reproduc-
tion (Otto and Gerstein 2006).

A queen that produces daughter queens asexu-
ally and daughter workers sexually would come
into direct conflict with her worker daughters. She
would share twice as many alleles with her own
thelytokously-produced queen daughter (r=1) than
she would with the thelytokously-produced daugh-
ters of her sexually produced worker (r=0.5;
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Figure 8). A queen that produces both worker and
queen offspring thelytokously eliminates this com-
petition, but in the process, massively reduces the
genetic diversity of her work force and so
potentially the fitness of the colony she relies on
to raise her reproductive offspring (Figure 8).
However, a sexual queen is equally related to her
sexual daughter as she is to her thelytokously-
produced granddaughter (Figure 8). Therefore,
provided her workers are working (and not just
breeding, Hillesheim et al. 1989), a queen is
predicted to be indifferent to the production of
new queens by natal workers (Greeff 1996;
Beekman and Oldroyd 2008a).

2.9. The typical Capensis worker

Thelytoky massively increases the reproduc-
tive potential of a Capensis worker, enabling her
to produce diploid daughters and to compete
with her mother and fellow workers over the
production of new queens. Not only does
thelytoky increase the reproductive potential of
the Capensis worker, it fundamentally alters the
kin structure of a Capensis colony relative to
that of an arrhenotokous colony, eliminating, or
greatly reducing, the selective pressures that
normally drive workers to suppress the repro-
ductive proclivities of their worker sisters
(Greeff and Villet 1993; Moritz et al. 1999).
Honey bee queens are extremely polyandrous
(Palmer and Oldroyd 2000) and as a result
workers within a colony are mainly half sisters.
Thus, in an arrhenotokous colony, a worker is
more closely related to the sons of her mother (r
=0.25) than to the sons of a fellow worker (r=
0.125). While a worker might benefit from
producing her own sons (r=0.5), collectively
workers prefer to raise the sons of their mother
(Ratnieks 1988). As a result, worker policing
has evolved, where workers eat eggs that have
not been laid by the queen (Ratnieks and
Visscher 1989). In contrast, Capensis workers
can benefit immensely from personal reproduc-
tion, while the queen and other workers are
largely indifferent to it, provided it does not
unduly reduce colony productivity (Beekman et
al. 2002, 2009; Greeff and Villet 1993; Moritz

et al. 1999; Pirk et al. 2002). While the
Capensis worker still benefits more from pro-
ducing her own offspring than raising the
offspring of another, she is indifferent to
whether the offspring of other females are
produced by workers or queens. Thus, instead
of policing, directed worker competition is
expected to evolve, and is observed (Jordan et
al. 2008; Moritz et al. 1996, 2011).

As described above, thelytoky incurs a cost
in Capensis workers; a 1/3 loss of heterozygos-
ity per generation for any locus that is free to
recombine. So, for example, 1/3 of eggs laid by
Capensis workers should be inviable diploid
males. However, the reproductive Capensis
worker takes advantage of reproductive oppor-
tunities that are otherwise unavailable. Unlike
the Capensis queen, sex is not an evolutionary
option for the worker, while thelytoky provides
a worker with a window of opportunity to be
genetically reincarnated to the queen phenotype.
A worker's thelytokously-produced daughter
queen subsequently reproduces sexually, and
so the cost of thelytoky in the worker is only
paid over a single generation; loss of heterozy-
gosity does not compound once the worker is
reincarnated as a queen.

The thelytokous worker has everything to
gain and little to lose though thelytokous
parthenogenesis, particularly when frequency-
dependent selective forces maintain ‘cheater’
parasitic lineages at low levels that do not
jeopardise the stability of the eusocial colony
(Hillesheim et al. 1989).

2.10. The Clone

The introduction of highly reproductive
Capensis workers to Scutellata colonies enables
the emergence of asexual lineages that are
completely liberated from reliance on a sexual
queen for their vicarious reproduction. However,
for thelytoky to endure over evolutionary time, a
cost must be paid. Maintenance of heterozygosity
by selection requires the removal of homozygous
recombinant offspring each and every generation.
To be specific, heterozygosity will be maintained at
a locus provided that the number of homozygotes

318 F. Goudie and B.P. Oldroyd



being removed by selection is equal to or greater
than the number being produced by recombination
(Goudie et al. 2012b). Therefore, for a thelytokous
lineage such as the Clone to endure, the benefits of
thelytoky must outweigh the per-generational cost
in reduced viability, which is necessary to maintain
the integrity of the clonal genome. We (Goudie et
al. 2012b) proposed that the parasitic life history of
the Clone does indeed make it ideally suited to
enduring this cost.

During an invasion, Clone workers lay a
massive number of eggs. Eventually, brood cells
that should only hold one egg become packed with
dozens of Clone progeny (Figure 5). Only a tiny
proportion of these eggs can ever be expected to
hatch, let alone emerge as an adult, survive colony
collapse and continue the invasive cycle (Martin et
al. 2002; Neumann and Hepburn 2002). And for a
Clone, the production of these eggs is cheap; she is
waited on, wing and tarsis, by her hosts, taking no
part in non-reproductive tasks, such as foraging
and brood care. Any of her offspring that emerge

are abandoned to the care of their hosts, from
whom Clones elicit level of attention normally
reserved for royalty (Beekman et al. 2000; Allsopp
et al. 2003). A Clone can therefore dedicate her life
to producing thelytokous eggs, in the hope that
some will reach maturity. High rates of reproduc-
tion, low maternal investment and concordantly
high mortality are an inherent part of the Clone's
parasitic reproductive strategy—when the vast
majority of eggs cannot be raised to maturity, it
hardly matters if many of them are inviable.

2.11. Of queens, workers and Clones

While thelytoky imposes high costs, it allows
the Clone to exploit a new niche that would
otherwise be unavailable, that of social parasitism.
Parasitism is both the means by which the Clone
benefits from going without sex, and the means in
which it is able to endure the costs of thelytoky.
Workers from the sexual Capensis population, in
contrast, play the odds, giving thelytoky a go
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Figure 8 The three evolutionary options for Capensis queens. The queen in each pedigree is circled in red, all
values refer to her relatedness (r) to each individual. a A queen that produces workers sexually (ii) and new
queens thelytokously (ii) maximises her relatedness to her queen daughters while maintaining genetic diversity
in her worker force. However, she will come into conflict with her daughters. She is twice as related to her own
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colony, which may suffer from reduced disease resistance and less efficient task allocation. c A queen that
produces both worker (i) and queen (ii) daughters sexually also avoids conflict with her female offspring, while
maintaining genetic diversity in the colony In this scenario, which is what we also see in reality, the queen only
shares half her alleles with her queen daughters. However, when we take into account the evolutionary
alternatives (a and b), we see that this strategy maximises queen fitness.
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because they have no other avenue for direct
reproduction, while still being relatively assured
of the indirect benefits of a eusocial existence. In
the queen, we see the more standard outcome to
the evolutionary tradeoff between sex and asexu-
ality, the costs of thelytoky may be too high a
price when the queen's reproductive future, and
that of the colony, is vested in a small number of
potentially reproductive daughters.

Using Capensis and its Clone as a model, we
suggest that the costs and benefits of sex and
asexuality should be considered in a more
conditionally than is often the case. The specific
life history of a population, and the outcomes of
the mode of thelytoky it employs, must be
examined to account for where costs and benefits
are imposed, and where they can be endured.

3. THE EVOLUTION OF THELYTOKY
IN APIS

3.1. Thelytoky in Apis more broadly

Capensis appears to be the only honey bee in
which thelytoky is ubiquitous. However,
Mackensen (1943) reported that approximately
one percent of eggs produced by virgin queens of
the Italian (Apis mellifera ligustica) and
Caucasian (Apis mellifera caucasica) subspecies
were female, the result of thelytokous partheno-
genesis. (Mackensen's experimental queens had
been exposed to double CO2 narcosis, which
induces oviposition in honey bee queens, normal-
ly resulting in the production of arrhenotokous
males.) The low frequency of thelytokous repro-
duction may well be the result of errors in
arrhenotokous parthenogenesis. However, the
regularity with which thelytokous offspring was
observed by Mackensen (1943) suggests that
thelytoky is a threshold character that can be
released with relatively small genomic, and
perhaps environmental, changes.

This conjecture is supported by the frequency
with which thelytokous reproductive systems
are being identified in another taxa of eusocial
Hymenoptera. Thelytoky is relatively common
in ants (Rabeling and Kronauer 2013) and the
number of known thelytokous ant species has

dramatically increased over the last few years,
as more species are investigated with molecular
techniques. Importantly, thelytoky in ants ap-
pears to be associated with invasive life histo-
ries (Rabeling and Kronauer 2013).

While not a honey bee, the solitary little
carpenter bee Ceratina dellatorreana has been
reported to reproduce thelytokously. As with
many ants, thelytoky in the C. dellatorreana
was observed in an invasive population, where
it is hypothesised to have facilitated its intro-
duction (Daly 1966). However, no further
information is available on C. dellatorreana.

It appears very possible that more thelytokous
bees are waiting to be discovered. Even well-
studied populations in which both males and
females are present can be producing thelytokous
females that are not detectable until we look for
them explicitly, usually with molecular techniques.

3.2. Thelytoky in A. cerana

Evidence is currently accumulating that
indicates that another species of honey bee, the
Asiatic honey bee A. cerana, reproduces
thelytokously (Holmes, unpublished data).

In recent years, an invasive population of A.
cerana was identified in Queensland, Australia
(Koetz 2013). This population was probably
founded by a single reproductive swarm, and as
such the population has limited genetic diversity.
We hypothesise that thelytoky may have enabled
the successful establishment of this invasive
population. A disturbing possibility is that inter-
specific matings between A. cerana males and A.
mellifera queens may induce thelytoky in A.
mellifera queens (unpublished data).

3.3. The evolution of thelytoky in Capensis

Thelytoky may have evolved to be ubiquitous
in Capensis during periods of the Pleistocene in
which rising sea levels isolated the Cape
Peninsula from the rest of the African continent
(Ruttner 1977). It was once feared that the world's
only known thelytokous bee would be overrun by
the more aggressive and widespread Scutellata
subspecies (a.k.a. the African killer bee; Ruttner

320 F. Goudie and B.P. Oldroyd



1977). This fear is ironic in hindsight, given that
we now know that Scutellata comes off second
best when bought into contact with Capensis. In
reality, a stable hybrid zone that neither subspecies
is able to cross without human intervention
(Beekman et al. 2008) now separates the two
populations. Hybrid or mixed colonies of
Capensis and Scutellata are assumed to suffer
from reduced fitness (Beekman et al. 2008, 2012),
though evidence for this hypothesis is currently
lacking. Scutellata drones and virgin queens may
outcompete Capensis at mating leks. However,
even low frequencies of Capensis genotypes
within a mixed subspecies colony is expected to
result in a misallocation of resources by easily
duped Scutellata workers, leading to the produc-
tion of more reproductive Capensis workers, and a
breakdown in regulation of worker reproduction
(Beekman et al. 2008).

It has been hypothesised that thelytoky in
Capensis originally evolved in response to high
rates of queen loss on the windy and often
inclement Cape Peninsular (Tribe 1983).
Thelytoky does indeed provide Capensis with the
means to produce a new queen when
arrhenotokous subspecies might fail. However,
given the global range of the honey bee, it seems
highly unlikely that any environmental conditions
experienced by Capensis are so unique that they
alone have driven the evolution of such a distinctly
divergent reproductive strategy.

We suggest that the evolution of thelytoky in
Capensis was facilitated by genetic drift in a
small, isolated population. While queen replace-
ment may have played a role in selecting for
thelytoky, a range of other factors would have
been required for thelytoky to become ubiqui-
tous in the population. Even assuming that
thelytoky occurs at low frequency in otherwise
arrhenotokous honey bee populations, workers
laying thelytokous eggs in drone cells run into a
genetic dead end, because these eggs will never
develop to queens. Thus, thelytoky would not
be selected for until such time as it co-occurs
with a heritable behavioural variant in which
workers target their reproductive efforts to
queen cells. Furthermore, thelytoky emerging
from a background of worker arrhenotoky does

so in an environment of intense worker policing
(Ratnieks 1988). Selection to reduce worker
policing will not occur until after thelytoky has
become ubiquitous. Thus, policing acts as an
evolutionary barrier, reducing or eliminating
any immediate payoff from thelytoky.

If thelytoky is to reach a high frequency in a
honey bee population, multiple factors must fall
into place concurrently: a thelytokous mode of
worker reproduction, targeting of worker repro-
duction to queen cells, and the relaxation of
worker policing. In a large, outbred population
the suppression of worker reproduction by worker
policing may significantly reduce variance in both
the mode and target of worker's reproductive
efforts. Thus, thelytoky is unlikely to emerge.
However, in a small, isolated population, faced
with additional pressures such as a high rate of
queen loss (above), genetic drift and founder
effects may have resulted in the necessary
combination of factors falling into place for
thelytoky to reach a stable point in the population.

4. CONCLUSION

The honey bee has played an important role in
driving and informing evolutionary theory, a role
that shows no sign of ending soon. Here, we have
shown that the honey bee, and particularly the
Capensis subspecies, has much to contribute to
questions concerning the evolution of sex and
asexuality. In Capensis, sex and asex co-exist,
distributed among castes and lineages that share
the same genetic background. Differing life
histories results in divergent outcomes when the
costs and benefits of sex and asexuality come into
conflict. We suggest that the broader question of
why sex evolved from ancestral asex, and how it
has been maintained, should be addressed with an
eye for more conditional costs and benefits.

We further propose that there may be broader
implications to the insights provided by bees, ants
and the haplodiploid Hymenoptera in general. In
these species, a form of asexual reproduction,
arrhenotoky, is ancestral. While arrhenotokous
species still require sex for the production of
females, this reproductive system is hypothesised
to predispose haplodiploids to the evolution of true,
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thelytokous, asexuality (Engelstadter 2008;
Rabeling and Kronauer 2013). In non-
arrhenotokous species, the transition from sex back
to asexuality is not as easy (Engelstadter 2008) and
so the evolution of sex may be, in most circum-
stances, a one-way street. The question of “why is
sex always better then asex?” then becomes “why is
sex ever better then asex?” Sexual reproductionmay
evolve in a species during a period in which
environmental conditions are such that the evolu-
tionary tradeoff between sex and asex is similar to
that faced by the Capensis queen, i.e. the need to
invest maximally in a limited number of offspring.
However, having taken this route, they cannot
simply switch back to asex when conditions change.
And so it is possible that there are many potential
Clones waiting to emerge, but for these species
asexuality is not a realistic evolutionary option,
despite the benefits it may confer.

Parthénogenèse thélytoque chez l'abeille

Apis mellifera / Apis mellifera capensis / reproduction
asexuée / thélytocie / parasitisme reproducteur

Thelytökie bei Honigbienen

Apis mellifera / Apis mellifera capensis / asexuale
Reproduction / Thelytökie / reproduktiver Parasitismus
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