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Abstract — The kinship theory of genomic imprinting argues that conflicting reproductive interests between males
and females can lead to epigenetic modifications to the genome, altering gene expression in offspring in a parent-of-
origin specific manner. The phenomenon is well documented in mammals and angiosperms, while the evidence for
imprinting in social insects is steadily increasing. Workers of the South African honey bee, Apis mellifera capensis
(Capensis) produce fatherless female offspring via thelytokous parthenogenesis, whereas queens produce female
eggs sexually. We examined differences in reproductive phenotype between thelytokously and sexually derived
Capensis workers. Workers with a father had significantly more ovarioles than fatherless workers, suggesting that
males may imprint genes to enhance the reproductive success of their worker offspring.

Apis mellifera capensis | imprinting / genomic conflict / kinship theory

1. INTRODUCTION

Kin selection theory normally assumes that
matrigenes and patrigenes (genes inherited from
the mother and father, respectively) are equally
expressed in offspring (Queller 2003). Under nor-
mal Mendelian inheritance, dominant traits are
expressed in offspring regardless of whether they
were inherited from the mother or the father.
However, differences in the level of investment
in offspring by males and females can lead to
intersexual conflict, wherein the expression of a
gene in one sex has a fitness cost if it is expressed
in the other sex. For instance, a father benefits if
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his offspring can secure more resources from their
mother at the expense of half-siblings, with which
the father shares no genes. In so doing, he in-
creases his offsprings’ chances of survival, thus
maximizing the chance of future spread of his
genes throughout the gene pool. Conversely, it is
in the mother’s interest to ensure all her offspring
are equally provided for, as she is equally related
to each. The kinship theory of genomic imprinting
(Haig 2000; Haig 2004) argues that such intersex-
ual genomic conflict can manifest as heritable
epigenetic modifications to the genome that alter
gene expression in offspring in a parent-of-origin
specific manner.

The most well-known example of imprinting is
the insulin-like growth factor Il (/GF-II') gene,
which is involved in foetal growth in mammals
(Haig and Graham 1991). Only the paternally
inherited /GF-II allele is expressed and acts to
increase foetal growth (DeChiara et al. 1990;
DeChiara et al. 1991). The maternal copy of the
allele is epigenetically imprinted, or silenced
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(Rappolee et al. 1992). Conversely, the maternal
copy of the IGF-II receptor (IGF-IIR) is
expressed, while the paternal copy is switched
off. IGF-IIR appears to act as ‘sink’ for the /GF-
II produced by the paternal genes, degrading
IGF-II before it can act to increase foetal growth
(Haig and Graham 1991). These two differentially
expressed genes demonstrate an evolutionary tug-
of-war between males and females as each tries to
gain the upper hand.

The reproductive biology of the honey bee Apis
mellifera provides conditions that are perfect for
the evolution of genomic imprinting (Queller
2003; Kronauer 2008; Drewell et al. 2012). Hon-
ey bees are haplodiploid. In most honey bee sub-
species, diploid female queens and workers arise
via sexual reproduction and inherit a set of chro-
mosomes from both their mother and their father.
Haploid male drones develop via arrhenotokous
parthenogenesis from an unfertilised egg, and thus
inherit genetic material from only their mother.
Honey bee queens are polyandrous, mating with
10-20 drones (Estoup et al. 1994; Palmer and
Oldroyd 2000; Tarpy et al. 2004). Consider a focal
worker. Her mother has mated multiple times, and
none of the worker’s patrigenes are present in her
half sisters. While workers are incapable of mat-
ing (Oster and Wilson 1978), under certain cir-
cumstances, they can produce haploid male off-
spring via arrhenotoky (Bourke 1988). Thus, epi-
genetic modifications to patrigenes that increase
the chances of successful worker reproduction
should be selected for. In contrast, matrigenes
should be modified to prevent worker reproduc-
tion, as the queen is more related to her own male
offspring than the offspring of daughters (Queller
2003).

South Africa is home to a unique honey bee
subspecies, A. m. capensis (hereafter, Capensis).
Capensis differs from other subspecies in that
unmated workers can produce diploid female off-
spring without mating via thelytokous partheno-
genesis (Onions 1912; Goudie and Oldroyd
2014). Thelytokous reproduction in Capensis has
profound effects on the relatedness between colo-
ny members. A Capensis worker that reproduces
thelytokously is related to her offspring by unity,
and thus gains considerable fitness benefits from
reproduction if her offspring is raised as a queen.

Further, unlike a non-thelytokous honey bee col-
ony, the queen and other workers are predicted to
be largely indifferent to worker reproduction, as
queens are equally related to their daughters and
their thelytokously produced granddaughters.
Workers too are equally related to the queen’s
offspring and the thelytokous offspring of their
sisters (Greeff 1996). As a consequence, worker
reproduction occurs at a much higher frequency in
Capensis colonies than in arrhenotokous honey
bee subspecies, so much so that workers contrib-
ute significantly to the production of new queens
(Jordan et al. 2008; Allsopp et al. 2010; Holmes
et al. 2010; Moritz et al. 2011). The reproductive
advantages of thelytoky, particularly queen pro-
duction, greatly enhance the likelihood of paternal
imprinting evolving in this subspecies over other
honey bee subspecies (Oldroyd et al. 2014).

The increased reproductive advantage afforded
by thelytokous reproduction appears to have en-
hanced certain reproductive traits in Capensis
workers. Although Capensis workers cannot
mate, they often possess a spermatheca, the sperm
storage organ usually found only in queens
(Ruttner 1988). Queenless Capensis workers pro-
duce queen-like pheromones that inhibit ovary
activation in fellow workers (Moritz et al. 2000).
The most significant indicators of increased repro-
ductive capacity in honey bees are ovary size and
activation (Makert et al. 2006). Honey bee ovaries
are comprised of multiple ovarioles, the tubes
within which eggs are formed (Snodgrass 1956).
Queens have between 180 and 200 ovarioles per
ovary (Snodgrass 1956). While the workers of
most honey bee subspecies have between 3 and
5 ovarioles, Capensis usually have between 10
and 20 (Ruttner 1977; Allsopp et al. 2003;
Goudie et al. 2012), indicating a shift towards a
more ‘queen-like’ physiology.

The discovery that the honey bee possesses a
fully functional methylation system (Wang et al.
2006) suggested a mechanism by which honey
bees might imprint their genes (Drewell et al.
2012). Subsequently, a number of behavioural,
molecular and morphological of studies have pro-
vided evidence for paternal imprinting in honey
bees. Distinct DNA methylation patterns between
honey bee eggs and sperm are suggestive of
parent-specific imprinting (Drewell et al. 2014).
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In reciprocal crosses between Africanised and
European honey bee strains, worker offspring
with Africanised fathers have significantly more
ovarioles and increased patrigenene-biased gene
expression than offspring with European fathers
(Galbraith et al. 2016). In reciprocal crosses be-
tween Capensis and a non-thelytokous subspe-
cies, Apis mellifera scutellata (hereafter
Scutellata), worker offspring with a Capensis fa-
ther are heavier, more likely to possess a sperma-
theca (Beekman et al. 2012), and have 30% more
ovarioles (Oldroyd et al. 2014). Thelytokously-
produced diploid Capensis eggs possessing only
a maternal genome have fewer hypermethylated
genes than sexually- produced eggs with two con-
tributing parental genomes (Remnant et al. 2016).

Here, we compare ovariole number between
bi-parental sexually- produced workers and uni-
parental thelytokously- produced workers, there-
by examining how absence of a paternally-
derived genome in a worker affects its reproduc-
tive morphology. If males (drones) imprint their
genes to increase the reproductive potential of
their offspring, then we would expect to find more
ovarioles in queen-laid, bi-parental workers rela-
tive to the offspring of fatherless workers.

2. MATERIALS AND METHODS

Five virgin Capensis queens were instrumen-
tally inseminated (Harbo 1986), each with the
semen of a separate Capensis drone in order to
minimise genetic variation among each queen’s
worker offspring. This gave us five ‘parental ge-
notypes’: female offspring produced by each
queen carried two of only three possible alleles
at all loci. After 2 months, we split each colony
into two approximately equal halves, one contain-
ing the queen and her workers and the other just
her workers. The new queenless colonies were
checked daily and new queen cells removed. Ap-
proximately 10 days after the colonies were split,
the queenless workers began laying thelytokously.

Once at least 100 eggs were present in each
colony, we cut sections of comb containing eggs
from both the queenright and queenless colonies
and grafted them into a single brood comb. This
composite comb was then placed in a single
queenright Capensis colony for the eggs to be
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reared through to pupation (Oldroyd et al. 2014).
However, the nurse colony did not rear eggs from
all sources; we were only able to obtain both
queen-laid brood and worker-laid brood from just
two colonies.

Sixteen days after the eggs were placed in the
host colony, the sections of capped brood comb
were placed in individual cages in an incubator at
34.5°C. Over the next 3 days, newly emerged
workers were collected and frozen. We then dis-
sected all available worker-laid workers and up to
21 queen-laid workers. We removed the left ovary,
mounted it in a drop of water on a microscope
slide and counted the ovarioles under %60
magnification.

To ensure that the dissected workers were the
progeny of the appropriate queen or her daughter
workers, we genotyped each dissected worker and
the drone used to inseminate each individual
queen at six microsatellite loci in two multiplexes:
A08, Al4, A79, A88, A113 and B124 (Solignac
et al. 2007). Any queen-laid worker that did not
possess both the appropriate paternal allele and
either one of the two maternal alleles across all six
loci was assumed to be the offspring of a non-
natal worker and not included in the analysis.
Similarly, worker-laid workers that did not pos-
sess two copies of either of the two maternal
alleles across all six loci were discarded.

We compared ovariole number between the
queen-laid and worker-laid offspring, for all colo-
nies and for the two pairs of parental genotypes
that produced both worker and queen-laid proge-
ny using separate two-way analyses of variance
that included parental genotype and the two-way
interaction in the model.

3. RESULTS

Across all parental genotypes, queen-laid
workers had significantly more ovarioles per ova-
ry than asexually produced workers F'; g7 = 6.30,
p = 0.014; Figure 1). There was no significant
difference in ovariole number among the five
parental genotypes (F';g; = 2.21, p = 0.07; Fig-
ure 1) nor a significant interaction between the
two factors (p = 0.92). There were no violations
of the assumptions of normality (Shapiro-Wilk
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test, p > 0.05), or homogeneity of variance
(Levene’s test, p = 0.33).

When considering the two pairs of parental
genotypes that produced both queen-laid and
worker-laid offspring, queen-laid workers again
had more ovarioles than worker-laid workers
(F 147 =9.87, p = 0.003; Figure 1). There was
no significant difference in ovariole number be-
tween the two parental genotypes (£ 47 = 0.41,
p =0.53) nor a significant interaction between the
two factors (£ 47 = 0.02, p = 0.90). There were
no violations of the assumptions of normality
(Shapiro-Wilk test, p > 0.05), or homogeneity of
variance (Levene’s test, p = 0.89).

Microsatellite genotyping indicated that there
were no non-natal worker offspring among any of
the queen-laid samples. Eleven workers from
queenless colonies were confirmed to be offspring
of non-natal workers and were discarded.

4. DISCUSSION

Ovariole number was significantly greater in
sexually- produced workers compared with fa-
therless workers. Our findings therefore support
the hypothesis that Capensis fathers epigenetically
modify certain genes in order to enhance the

4 5 All
Parental genotype

Fig. 1 The effects of mode of reproduction and parental genotype on ovariole number in A. m. capensis workers laid

by a queen or by workers. Error bars are the standard errors of the means. Numbers above the bars are the sample

size. p is the significance of the difference (¥ test based on the linearly independent pair-wise comparisons).

3&4

reproductive capacities of their female offspring.
Our results support previous studies showing
strong parent-of-origin effects for reproductive
traits in honey bees in general and Capensis in
particular (Beekman et al. 2012; Oldroyd et al.
2014; Galbraith et al. 2016).

The proximate mechanisms behind paternal
effects on reproductive traits may be direct or
indirect. Larval feeding plays a crucial role in
determining the reproductive morphology of hon-
ey bee workers (Calis et al. 2002). Two com-
pounds produced by worker larvae, methyl lino-
leate and methyl palmitate, enhance the amount of
royal jelly deposited into cells by nurse bees
resulting in heavier larvae (Le Conte et al.
1995). Capensis larvae reared in Scutellata colo-
nies elicit more food from their Scutellata hosts,
leading to the development of queen-worker in-
termediates (Calis et al. 2002). Potentially, epige-
netically modified patrigenes might enhance the
extent of food solicitation behaviour by larvae,
providing a mechanism by which reproductive
traits are enhanced in adults. Alternatively,
imprinted patrigenes may directly modify the rate
of programmed cell death that leads to the loss of
ovarioles as worker larvae develop (Ronai et al.
2015; Ronai et al. 2016).
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Our results are unlikely to arise from differen-
tial provisioning of eggs laid by workers and
queens. The vast majority of development occurs
after the egg hatches into a larva. Our experimen-
tal design ensured that larvae had the same feed-
ing opportunities; they were reared together in a
single host colony. Queen-laid and worker-laid
eggs are indistinguishable in size (Martin et al.
2002) and surface ultrastructure (Katzav-
Gozansky et al. 2003). Further, at a population
level, approximately half of Capensis queens are
the products of thelytokous worker reproduction
(Jordan et al. 2008; Allsopp et al. 2010; Holmes
et al. 2010; Moritz et al. 2011). Thus, it would
appear that queen-laid and worker-laid eggs are
provisioned equally, or at least to an adequate
threshold, and differences in ovariole number are
more likely to be the result of paternal imprinting
than physiological provisioning of eggs.

Our study has demonstrated the potential effect
of'a lack of a paternal genome on the reproductive
phenotype in a social insect. Queen-laid Capensis
workers have more ovarioles than worker-laid
fatherless Capensis workers, indicative of in-
creased reproductive potential. This adds to what
is now substantial evidence for genomic imprint-
ing in honey bees.
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