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Abstract

Genomic imprinting, the parent-of-origin specific expression of alleles is an important
area of research in evolutionary biology and human health (cancers and developmen-
tal syndromes). Haig’s kinship theory suggests that the maternally and paternally
derived alleles of offspring resource allocation genes have evolved under different se-
lectional pressures. Thus within different kin related individuals they are expressed
unequally, each allele favouring their own inclusive fitness. Social insects provide
the best independent model system to study the evolution of imprinting. However,
imprinting has not been discovered in any social insect.

My PhD lays the groundwork for a social insect model of genomic imprinting.
Methylation is a common epigenetic tag of genomic imprinting in mammals and
flowering plants. I found that a functional methylation system which is involved
in the reproductive caste formation, development and social behaviour is present
in the bumblebee, Bombus terrestris. Under queenless conditions, reproducing and
non-reproducing worker castes show different brain methylome patterns. Alteration
of methylation can cause a sterile worker to turn into a reproductive worker with
increased aggressive behaviour and ovary development. Next I found monoallelic
methylation associated with monoallelic expression in genes predicted to be im-
printed by Haig’s theory. Also, differential allele specific expression that are appar-
ently due to parent-of-origin effects is present in reproduction loci of B. terrestris.
Reciprocal crosses at these loci is recommended as further work, to check whether
these expression patterns are due to genomic imprinting.

I assess the effects of maternally and paternally contributed sociobiological factors on
worker male production and found that the paternity or the queen mating frequency
has a significant influence on worker male production in eusocial Hymenoptera.

Finally, I also studied the polyphenism involved in phase dependent behavioural
plasticity of locusts. I found that the transition of solitarious to fully gregarious
behaviour in the desert locust, Schistocerca gregaria begins without significant
changes in the DNA methylation landscape of the CNS but subjected to the
pronounced differences at a later stage.
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Chapter 1

Introduction

Most organisms are diploid. That is they inherit two alleles for every autosomal
gene, one copy from the mother and one copy from the father. Both copies of these
genes are functional or expressed for the majority of these genes. However, in certain
genes only one copy is expressed, according to which parent it was inherited from.
That is certain genes are expressed only when they are inherited from a person’s
mother while others are expressed only when they are inherited from a person’s
father. This biological process of activating or silencing gene expression depending
on it’s parent-of-origin is referred to as genomic imprinting (Reik and Walter, 2001).

The fundamental concept of Mendelian principles is that parent-of-origin of a gene
doesn’t influence its dominance or recessiveness in phenotype determination and
both the parental copies contribute equally to the outcome. Thus imprinting shows
a clear deviation from classical Mendelian inheritance (Pardo-Manuel de Villena
et al., 2000).

Since the discovery of the first naturally occurring imprinted gene (insulin-like growth
factor type 2 receptor or Igf2r) in mice (Barlow et al., 1991), imprinted genes have
been found to be involved in many important aspects of biology. Appropriate ex-
pression of imprinted genes is essential for a normal development in mammals and
flowering plants. Improper imprinting can cause developmental and neurological
disorders when they occur during early development and can cause cancer when
altered later in life (Barlow and Bartolomei, 2014).

1



Chapter 1. Introduction 2

In this introduction, first I will summarize different theories proposed to explain the
evolution of genomic imprinting. Then I will describe Haig’s kinship theory (the most
widely accepted) and applications of its predictions for a social insect model system
such as Bombus terrestris emphasizing four different social contexts: monandrous,
polyandrous, queen-right and queenless. Thirdly I will discuss monoallelic gene
expression and parent-of-origin effects as evidence to support genomic imprinting
being functional in social Hymenoptera. Fourthly I will explain the mechanism of
genomic imprinting where I will discuss DNA methylation as an epigenetic marker
of parental imprints and the different methylation systems that exist in mammals
and insects. Next I will discuss phenotypic plasticity, a consequence of epigenetic
modifications which are central to the success of insects. Lastly the overall aim of
my PhD and specific research aims in each chapter will be summarized.

1.1 Theories of Genomic imprinting

Imprinted genes are under greater selective pressure than normal genes because only
one copy is transcriptionally active at a time. Any variation present in that copy
will be expressed without any back-up copy to mask its effects. As a consequence,
imprinted genes evolve more rapidly than other genes (Wilkins and Haig, 2003).

One of the major advantages of diploidy is it’s masking effect against deleterious re-
cessive mutations. Imprinting diminishes this ability making an organism vulnerable
to these mutations (Wilkins and Haig, 2003). Despite this, evolution maintains im-
printing across generations. It has been found that imprinting has evolved roughly
at 100 mammalian loci (Henckel and Arnaud, 2010, Williamson, 2012) and main-
tained throughout the mammalian radiation over 150 million years. For evolutionary
biologists the origin of genomic imprinting is an intriguing topic. Several hypothe-
ses have been proposed to explain how the apparent disadvantage of imprinting has
been overcome.

The Ovarian time bomb hypothesis proposed by Varmuza and Mann 1994 states that
imprinting occurs as an adaptation against trophoblastic disease in female mammals.
According to this, inactivation of the maternal copy of growth-enhancing genes in
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oocytes has evolved, to prevent the development of unfertilized oocytes into ovar-
ian cancers. Sex-specific selection, another hypothesis which describes imprinting
suggests it has evolved due to different selection pressures on the two sexes (Iwasa
and Pomiankowski, 1999). However, these theories, arguably, do not explain the
full extent of genomic imprinting. The most complete theory proposed to explain
the evolution of genomic imprinting is Haig’s kinship theory of genomic imprinting
(Haig, 2000).

1.2 Kinship theory of genomic imprinting

Kin selection is a form of natural selection that promotes the reproductive success
of an individual’s relatives even at a cost to the individual’s survival and reproduc-
tion. This is because an individual can improve its overall genetic success (fitness)
when a gene is transmitted to the future generation through many of its relatives
than only through its own offspring. Hamilton 1964 described this as the ‘inclusive
fitness theory’ which states that altruistic social behavior has evolved as a combined
effect of relatedness, benefit and cost. This means, through the survival of kin,
benefits of indirect fitness exceeds the cost occurred due to direct fitness (Bourke,
2014). According to Hamilton, kin selection is mainly dependent on the degree of
relatedness. i.e. a higher relatedness increases the chance of a specific allele being
shared. Therefore understanding the kin structure, which determines relatedness
among relatives, is central to the study of reproductive conflicts.

Kinship theory predicts that the genes inherited from the mother and the father are
equally expressed in the offspring. However, Parent-offspring conflict theory states
that the genetic interests of parent and offspring are different (Trivers, 1974). This
is because parents are equally related to all offspring. Thus, they prefer an equal
investment of resources among them. In contrast, offspring are fully related only
to themselves and are only half or less related to their siblings. Thus their genes
seek more parental investment than the parents had intended to provide. This leads
to a conflict between the parents and offspring. The kinship theory of genomic
imprinting was postulated as a combination of these two theories, in the sense that
it is a gene centered view of kinship and parent-offspring conflict. For example, if
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any gene acts selfishly and obtain additional resources from parents, that will be at
cost to its siblings. This in turn would be a cost to its own fitness since passing on
of that gene to the next generation via relatives would be affected due to this selfish
behaviour.

Where Trivers saw the genes of an offspring as a coherent actor in conflict with the
parents for resources, Haig extended this such that each locus in a diploid offspring
allele could be under different selectional pressure, depending on its relatedness to
each parent (Haig, 2000). Therefore maternally (matrigene) and paternally (pa-
trigene) derived gene loci can be silenced or expressed unequally. Thereby each
parental locus tries to manipulate the growth and survival of its offspring to be
beneficial to the fitness of itself. According to Haig’s theory two prerequisites are
required for genomic imprinting to be functional: first, epigenetic marks to differen-
tiate matrigenes from patrigenes; second, a difference in relatedness of matrigenes
and patrigenes among the social group members. Then kin selection will act in-
dependently on genes of maternal and paternal origin and the evolutionary stable
strategy for each parental gene would be selected.

Due to the capacity to explain many empirical aspects of the biology of imprinted
genes, Haig’s kinship theory has become the most widely accepted among all the-
ories that address genomic imprinting: It explains, why imprinting is common in
mammals and angiosperms, taxa with prolonged provisioning of resources to the
offspring. It also provides answers to why many imprinted genes are expressed in
tissues (placenta and endosperm) that are involved in mediating resource transfer
from the mother to embryo. Furthermore it accounts for why paternally expressed
genes tend to increase the offspring size while a maternally expressed gene does
the opposite (Burt and Trives, 2006, Haig, 2000). Haig’s theory addresses above
questions as follows:

The kinship theory hypothesizes that imprinting grew out of a competition between
males for maternal resources. In a polyandrous mating system, many fathers may
contribute to the offspring of the same mother. Therefore paternally derived alleles
(patrigenes) which are inherited from different fathers are unrelated among the sib-
lings (Figure 1.1). As a result, different patrigenes evolved to be more competitive
and aggressive, in extracting maternal resources. So that, it would be beneficial
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to their own offspring, although it is a reproductive cost to the mother. In con-
trast, the maternally derived allele (matrigene) is equally related among all siblings.
Hence in matrigene’s point of view, it cannot favour any offspring during resource
provisioning, since it would be a cost to the offspring who carry the same allele as
those she favoured. In this scenario the matrigene tends to react altruistically and
becomes silenced/imprinted, so that it could minimize or control the resource flow.
The patrigenes act selfishly thus tend to be expressed.

Therefore the kinship theory of genomic imprinting predicts that, at any locus that
enhances offspring growth, the matrigene would be imprinted whereas at a locus that
suppress offspring growth, the matrigene would be expressed. Similarly, at growth
enhancing loci the selfish patrigene would be expressed whilst at growth suppressing
loci it will be imprinted (Haig, 2000). The expression patterns of some mammalian
embryonic genes are consistent with these predictions.

For instance, maternal imprinting of insulin-like growth factor 2 /Igf2 (fetal growth
enhancer) locus in mice decreases placental size and thereby minimizes maternal
resource transfer to the fetus. Imprinting of Igf2 from the paternal side increases
the fetal size via more resource diversion from the mother to the offspring (Haig
and Graham, 1991). Likewise predictions of Haig’s kinship theory are mainly based
on mother-embryo relationship, the best place at which parents could manipulate
offspring, to ensure the survival of their traits in future generations. Since offspring
that grow up with better parental resources will survive, reproduce and propagate
parental traits. This would maximize parental fitness.

Kin conflict is the foundation of Haig’s theory. However, it relies on evidence from
mammals and flowering plants which have very few kin related interactions compared
to those that exist within an eusocial insect colony (Queller, 2003).
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1.3 Eusocial Hymenoptera: a model system for
Haig’s kinship theory

Eusocial Hymenoptera provide an independent model system, matching the prereq-
uisites of Haig’s kinship theory. The two main requirements for genomic imprinting
are found in social insects: a) Presence of haplodiploidy which creates a network of
individuals with different degrees of kin relationships (Queller, 2003). b) Presence
of DNA methylation, one of a key regulatory mechanisms of genomic imprinting in
mammals (Wang et al., 2006).

Hymenopterans such as ants, bees and wasps are haplodiploid. i.e haploid males de-
velop from unfertilized eggs and diploid females (queens and workers) develop from
fertilized eggs. Thus the distribution of maternally and paternally derived alleles
among colony members varies (Figure 1.1). As a result, the relatedness of matrigenes
and patrigenes to different offspring varies and a conflict arises between parental alle-
les over the treatment of offspring to which they are differently related. In addition,
different kinds of kin relationships arise between members of the colony. Therefore
resource allocation within the colony is not just between the mother and her daugh-
ters but also among brothers, sisters, nephews, sons etc (Figure 1.1). Haig’s kinship
theory predicts that there is a conflict between maternally and paternally derived
alleles when provisioning resources among different kin related offspring during re-
production. Genomic imprinting has evolved during this resource allocation as a
means of manipulating the reproductive potential of their offspring to maximize the
fitness of each parental allele (Queller, 2003). Hence, reproductive loci in eusocial
hymenopteran workers are a potential place to check for genomic imprinting. Pres-
ence of many kin related interactions within a single colony and the existence of
different social contexts (e.g. monandrous, polyandrous, queen-right, queenless etc.)
make eusocial Hymenoptera the most satisfying model system available to test many
independent theoretical predictions about the evolution of imprinting.

Apart from the conflicts arising in direct resource allocation to offspring, there are
many other conflicts in eusocial Hymenoptera: sex allocation; reproductive division
of labour (brood rearing, policing, male production by workers, defense); caste fate
of female larvae etc. (Queller, 2003, Queller and Strassmann, 2002). This makes
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Figure 1.1: Distribution of parental genes among a focal worker and her relations.
Females are diploid and represented by full circles. Haploid males are represented by half
circles. Matrigene and patrigene of the focal worker are depicted in orange and green
respectively. Matrigene of the queen that are not inherited by the focal worker are shown
in brown. Patrigene of an unrelated father to the focal worker is shown in blue. The
proportion filled by a certain colour is the probability of that individual possessing that

allele (adapted from Drewell et al. 2012).

an even stronger case for eusocial Hymenoptera as a model system to test Haig’s
theory.

However, imprinting in social insects has not been discovered yet. My research
is focused on the bumblebee, B.terrestris as a model organism, to check for the
presence of imprinting in social insects.
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1.4 The bumblebee as a model organism

As stated in the kinship theory, there is a conflict between matrigenes and patri-
genes when provisioning resources among offspring during reproduction. Therefore
a reproductive trait which shows variation among these genes would be an ideal
model to test the theory. In addition, these variations should be able to be quanti-
fied either phenotypically or genotypically (gene expression). Worker reproduction
in the buff-tailed bumblebee, Bombus terrestris is such a trait which fulfills all above
requirements.

B.terrestris belongs to an exceedingly successful insect order, the Hymenoptera. It
is considered to have an intermediate level of eusociality. This means that excepting
the size difference, the queen and workers are morphologically similar (Figure 1.2).
Hence in reproductive division of labour they are much more plastic than workers
in a higher eusocial taxa (Cardinal and Danforth, 2011), which are morphologically
specialized and fixed for distinct colony tasks (e.g. mouth parts in honeybee workers
are turned into spoon-shaped for feeding and wax moulding tasks; certain ant species
have highly specialized soldier castes with enlarged heads and mandibles for defensive
tasks. Thus these anatomical features are less likely to be reversible). In contrast,
workers belonging to an intermediate eusocial taxa can switch into different roles
easily. Thus they even can compete with the queen for reproduction, leading to
numerous conflicts within the colony.

B.terrestris colonies are composed of a singly mated queen and non-reproducing
workers (van Honk and Hogeweg, 1981). Towards the end of the colony life, the
queen starts to produce male and queen destined eggs (the switching point), after
which the workers begin to lay male destined eggs (the competition point). Conflicts
between the queen and workers and among workers arise at this point in the colony
(Duchateau and Velthuis, 1988). This is because workers have the potential to lay
male destined eggs, even though they are unmated.

Compared to a polyandrous mating system, worker reproduction is common in a mo-
nandrous mating system (Ratnieks, 1993, Wenseleers and Ratnieks, 2006a). There-
fore when making predictions for a monandrous mating system, the distribution
of maternal and paternal alleles in worker produced offspring will also have to be
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Figure 1.2: Comparison of colony member morphology between highly eusocial and
intermediately eusocial bees. a) In the highly eusocial honeybee Apis mellifera, queen,
workers and drones differ in size, wing length, mouthparts etc. (Adapted from http://
www.uni.illinois.edu/˜stone2/bee_life_stages.html), b) In B.terrestris which has
an intermediate eusociality, queen, workers and drones are morphologically similar and

only differ in size (Adapted from Ayabe et al. 2004).

taken into account. Predictions of Haig’s kinship theory for a monandrous mating
system such as in B.terrestris and their applications for two selected social contexts
(queen-right and queenless) are described below.

As predicted for a polyandrous species, from Figure 1.1, we could also predict the
selectional pressures imposed on a locus in a monandrous species. In a queen-right
(colonies where a queen is present), monandrous colony, the patrigene in a worker
is unrelated to the queen’s sons but has a 50% chance of being in a worker’s son
(This is because the queen uses unfertilized eggs/only the queen’s alleles to produce
her sons while workers use either the queen’s allele or father’s allele to produce their
sons). For the patrigene, its fitness will increase only if the workers reproduce and
propagate it to the future generations. Therefore it is predicted that patrigene tends
to promote worker reproduction. However, the matrigene in a worker has an equal
(50%) chance of being in a queen’s son as well as in a worker’s son. Therefore the
matrigene tries to ensure an equal distribution of her resources among both her
sons and daughters. As a result, at any locus which enhances worker reproduction,
the matrigene should react altruistically and be imprinted while the patrigene react
selfishly and thus should be expressed. Conversely at any locus that suppresses

http://www.uni.illinois.edu/~stone2/bee_life_stages.html
http://www.uni.illinois.edu/~stone2/bee_life_stages.html
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worker reproduction, the patrigene is expected to be imprinted while matrigene is
expressed.

This situation is reversed when the colony becomes queenless. This is represented in
Figure 1.1 in the inner red box. The patrigene in a given worker has a 50% chance of
being in any worker reproduced male. In other words, it is equally likely to be in that
worker’s son or a different worker’s son. The matrigene has a 50% chance of being in
the focal bee’s sons but only a 25% chance of being in a nephew. For a patrigene, it
is of equal value if the worker it is in reproduces or the worker’s siblings reproduce.
Thus the patrigene behaves altruistically to promote worker reproduction. For a
matrigene it is twice as beneficial if the worker herself reproduces. Therefore the
matrigene behaves selfishly and tries to inhibit worker reproduction. Hence the
kinship theory predicts that for a locus that enhances worker reproduction in a
monandrous queenless colony, the matrigene should be expressed and the patrigene
should be imprinted. Similarly for a locus that inhibits worker reproduction, the
matrigene should be imprinted and patrigene should be expressed.

1.5 Monoallelic expression and parent-of-origin
effects in the Hymenoptera

Although imprinting in social insects is yet to be discovered, in non-social Hy-
menoptera it is central to the sex determination. For example normal expression
of maternally provided transformer mRNA (Nvtra) in Nasonia vitripennis produces
females while imprinting of maternal Nvtra is essential for male development (Zwier
et al., 2012).

Monoallelic expression is defined as a stable expression of one allele over the other.
It could occur due to various reasons such as dominant-recessive effects, parent-of-
origin effects, X chromosome inactivation etc (Eckersley-Maslin and Spector, 2014).
Therefore genomic imprinting is only one such reason that genes should display
monoallelic expression. Although imprinting has not been discovered yet, there is
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evidence for the existence of monoallelic expression and phenotypic effects of parent-
of-origin in social Hymenoptera. For example caste-specific monoallelic methyla-
tion and monoallelic expression has been found in ants, Camponotus floridanus and
Harpegnathos saltator (Bonasio et al., 2012). Queen caste determination and caste
allocation in Argentine ants (Linepithema humile) are controlled by the paternal
lineage whereas their maternal lineage decides the number of offspring produced for
the colony (Libbrecht et al., 2011). Apis mellifera scutellata, a mixed species of both
Africanized and European honeybees, displays different parental effects on offspring
behaviour. A cross between European queen x Africanized drones or Africanized
queen x European drones produce genotypically identical progeny. However, when
the father is an Africanized drone, the resulted progeny is highly defensive while
they are less aggressive if the father is an European drone (Guzman-Novoa et al.,
2005). In another similar experiment on reciprocal crosses between Apis mellifera
scutellata and A. m. capensis, worker ovary size has been found to increase when
the father is A. m. scutellata drone, despite the progenies of the two crosses are
genotypically identical (Oldroyd et al., 2014). In both of the above reciprocal cross
experiments, imprinting of the patrigene is possible, since it enhances the male’s
reproductive success via increased fertility of daughter workers. Therefore all this
evidence suggests the likely existence of imprinting in eusocial Hymenoptera.

In the next section I will discuss the molecular mechanism of genomic imprinting.

1.6 Methylation, an epigenetic tag

Every somatic cell in a multicellular organism habours the same DNA code. How-
ever, the functions they perform for the body are highly diverse. Cells receive
this phenotypic flexibility mainly through epigenetic modifications, the heritable
changes that occur in the genome without any alteration of the DNA sequence.
Specific epigenetic tags determine which genes are required to be expressed or si-
lenced among different tissues. There are many forms of epigenetic modifications
(e.g DNA methylation, chromatin modifications, noncoding RNA etc.) which may
play equally important roles on gene regulation (Bbosa et al., 2013). During this



Chapter 1. Introduction 12

study, I particularly focused on DNA methylation, a common regulatory mechanism
of genomic imprinting in mammals (Gehring, 2013).

DNA methylation is the addition of a methyl group to the 5th position of the cy-
tosine pyrimidine ring or the number 6 nitrogen of the adenine purine ring. This
reaction is catalyzed by a group of enzymes called DNA methyltransferases (Dn-
mts). Cytosine methylation primarily occurs at CpG dinucleotides (i.e. the cytosine
residues followed by a guanine). In response to physiological, behavioural, envi-
ronmental and maturational influences, de novo methyltransferase (Dnmt3) methy-
lates new CpG sites. Then Dnmt1 copies these methylation patterns to daughter
strands (hemi-methylated DNA) during DNA replication and ensures the transmis-
sion of previously established methylation/imprinting patterns across generations
(Jurkowska et al., 2011). Dnmt2 is not considered a bona fide DNA methyltrans-
ferase as although it is structurally and catalytically similar to Dnmt1 and Dnmt3
it functions in vivo as a tRNA methyltransferase (Goll et al., 2006).

DNA methylation is closely associated with histone modifications. Together they are
involved in the regulation of chromatin structure and gene expression. During his-
tone modifications, various molecules (e.g CH3 groups) are attached to histone tails
through processes such as acetylation, phosphorylation and methylation. Binding
of such molecules alter the activity of DNA around histone molecules. For example
when DNA wrapped around a histone molecule is unmethylated, such chromatin
is less condensed. Thus genes are open to transcription factors allowing them to
be expressed. Conversely if DNA is methylated, they are tightly wrapped around
the histone molecule (nucleosome) making a heterochromatin environment around
a gene. This makes the gene less exposed to transcription factors leading it to be
silenced. Hence methylation can directly inhibit the binding of transcription acti-
vating factors and thereby determines if a gene is to be activated or repressed (Li,
2002). In addition, DNA methylation can induce gene silencing through the re-
cruitment of transcription suppression factors such as histone deacetylases (HDAC)
which leads to the production of heterochromatin. It has been discovered that the
recruitment of HDAC to chromatin is controlled by methyl-binding domain proteins
(e.g MeCP2) which are specifically bound at methylated cytosines (Prokhortchouk
and Hendrich, 2002). Cancers which arise due to the silencing of tumour suppressor
genes are mediated by transcription suppression factors.
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Likewise, DNA methylation is vital for normal development. It is directly linked
with various biological processes such as X chromosome inactivation, suppression of
repetitive elements, reprogramming of germline during embryonic development, for-
mation of chromatin structure and prevention of cancers (Varriale, 2014). Relevant
to this study it plays an important role in establishing and maintaining allele-specific
expression of imprinted genes in mammals and flowering plants.

The parent-of-origin-specific expression of genes is regulated by differential DNA
methylation at imprinting control loci of maternal and paternal alleles (Ferguson-
Smith, 2011). During this process first, the existing methylation pattern in pri-
mordial germ cells in the parental generation is erased. Then during gametogenesis,
new methylation tags are established on different alleles in a parent-of-origin-specific
manner. i.e if any imprint is established in a developing sperm it is a paternal im-
print and vice versa. Finally, following fertilization, during the pre-implantation
stage these methylation tags are removed and tissue and gene specific de novo
methylation patterns are established in the developing embryo. Imprinting must
be reprogrammed in the germ line, because a maternal allele in one generation may
be a paternal allele in the next. However, during the pre-implantation stage parental
methylation/imprinting signatures are sometimes preserved as a trait in the current
generation (Messerschmidt et al., 2014). Such imprinting patterns could affect nor-
mal development of the embryo and lead to various genetic disorders.

For example both Prader-Willi and Angelman syndromes in humans are associated
with the chromosome 15q(11-13) region which harbours both maternally and pater-
nally expressed genes. If genes in this region in the paternally inherited copy are
silenced (usually the maternal copy is silenced in a normal human and the paternal
copy is expressed. In the disease the paternal copy also becomes non-functional, lead-
ing to a lack of expression in both the parental copies) it will lead to Prader-Willi syn-
drome while maternal inheritance of imprinted genes in this region causes Angelman
syndrome (Horsthemke and Wagstaff, 2008). However, 25% of patients with these
syndromes receive them due to uniparental disomy. i.e. both the copies of a gene
are inherited from a single parent and lack of expression of the other parent causes
the syndrome (https://www.uic.edu/classes/bms/bms655/lesson8.html). Sup-
porting the predictions made by Haig’s theory for the mother-embryo relationship,
infants with Prader-Willi syndrome (both chromosome 15 are derived from the

https://www.uic.edu/classes/bms/bms655/lesson8.html
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mother) display poor suckling and intake less resources from their mother whereas
infants with Angelman syndrome (both chromosomes 15 are derived from the father)
have more paternal contribution thus are more active and display strong sucking.

NOEY2 is a maternally imprinted, paternally expressed tumor suppressor gene in
human. If the paternal copy of this gene becomes silent, lack of expression in this
gene will lead to ovarian cancer (Fu et al., 2014). Therefore DNA demethylation is
essential to maintain the right balance of expression levels in a genome. It regulates
important processes such as reactivation of silenced genes, epigenetic reprogramming
of embryonic stem cells (pluripotency of cells allow them to differentiate into any
required cell type in the body) etc.

Loss of global DNA methylation and loss of imprinting in oncogenes have been
reported in many cancer types (Bbosa et al., 2013). On the other hand, CpG
islands, clusters of CpG sites located at the 5’ ends/promoters of genes (Bird, 1980),
which remain unmethylated in normal cells are methylated in certain cancer cells.
Hence both hypermethylation of growth-suppressing genes (e.g tumor-suppressor
genes) and hypomethylation of specific growth-promoting genes (e.g proto-oncogenes
enhance uncontrolled proliferation of cells) play an important roles in carcinogenesis.
As a result, DNA methylation profiles of body tissues are extensively used in recent
cancer diagnosis (Das and Singal, 2004).

DNA methylation is a conserved phenomenon across taxa. However, the propor-
tion of methylcytosine in the genome varies among taxa: 0-3% in insects; 4-6% in
mammals and birds; 10% in fish and amphibians; 30% in some plants (Field et al.,
2004). Here I focus on insect methylation systems and their modifications from the
mammalian system for diverse functional roles.

1.7 Methylation systems

The basic methylation system has evolved differently among mammals and insects.
For example mammals harbour one paralog of Dnmt1 and three paralogs of Dnmt3 :
3a, 3b and 3L. Conversely in insects, Dnmt3 subgroup is limited to a single para-
log but show an expansion in Dnmt1 subgroup: 1a, 1b and 1c (Lyko and Maleszka,
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2011). Hence different taxa may have used the same methylation system for contrast-
ing functions: as a defense against transposable elements, for differential expression
of parental alleles (genomic imprinting), as a developmental response to changing
environment (phenotypic plasticity) etc.

For example, Dnmt3 in honeybees is involved in queen-worker caste differentiation
(Kucharski et al., 2008) and alternative splicing in fat bodies (Li-Byarlay et al.,
2013). However, in complex genomes such as in mammals, Dnmt3 is responsible
for multiple tasks other than its main role of establishing new methylation marks
on DNA: regulation of methylation-independent gene expression (3a and 3b) and
establishment of maternal imprints during gametogenesis (3L). Dnmt1 in Nasonia
vitripennis is comprised of 3 paralogs (Beeler et al., 2013) and inhibition of ma-
ternal Dnmt1a is lethal for embryonic development (Zwier et al., 2012). Paternally
inherited chromosomes in Planococcus citri are hypomethylated and silenced in male
mealybugs, whereas maternally inherited chromosomes remain hypermethylated and
active (Bongiorni et al., 1999).

Through evolution, multiple versions of the basic Dnmt system have arisen among
insect species (Figure 1.3). The complete methylation system comprising of all three
Dnmts is well conserved in both social (ants and some species of bees) and non-social
(Nasonia vitripennis) Hymenoptera. In addition, the pea aphid Acyrthosiphon pisum
is also reported to have all 3 Dnmts required for DNA methylation (Glastad et al.,
2011). Conversely in Drosophila both de novo and maintenance methyltransferases
are absent (Zemach et al., 2010) but the presence of Dnmt2 and small quantities of
5-methylcytosine (in non CpG context) only in embryos have been detected (Boffelli
et al., 2014). Dnmt3 is lost in the flour beetle (Tribolium castaneum) and moths
(Bombyx mori, Mamestra brassicae; Glastad et al. 2011). However, M. brassicae
has been reported to have the highest level of methylation reported in any insect.
Approximately 10% of all cytosines in its genome are methylated thus resembling
a vertebrate-like methylation level. This is because 5-methylcytosines present in
its genome are not only restricted to CpG dinucleotides but could also present as
the external cytosine in a CCGG site (Mandrioli and Volpi, 2003). Orthoptera,
which shares, a common ancestor with Hymenoptera (diverged about 350 million
years ago) shows substantially higher methylation levels (i.e 1.3-1.9% of cytosines
in the genome are methylated compared to 0.3% in A. mellifera). However, Dnmt3
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have been found lost in both the desert locust (Schistocerca gregaria) and migratory
locust (Locust migratoria) species (Falckenhayn et al., 2013).

Figure 1.3: Evolution of DNA methylation systems in insects. The presence of methyl
CpG binding domain proteins (MBD) and the number of paralogs present in each Dnmt
type are represented by dots. Absence of clear sequenced genomic data is denoted by a
question mark. The presence and absence of an active methylation system is indicated by

a tick and a cross respectively. Adapted from (Glastad et al., 2011).

DNA methylation is most active during embryogenesis where cells undergo rapid cell
division. However, methylation machinery remains active throughout the lifetime
and can be influenced by external environmental agents (Lillycrop et al., 2014). For
example the methylation pattern in monozygotic twins is indistinguishable early in
life but changes substantially with age (Fraga et al., 2005). Maternal care which
helps to establish epigenetic marks on rat pups plays an important role in fear
response later in their life (Szyf et al., 2008). Likewise epigenetic modifications play
a vital role in regulating phenotypic plasticity of organisms.
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1.8 Epigenetics, phenotypic plasticity and
polyphenism

Phenotypic plasticity is the ability of an organism to change its phenotype in re-
sponse to different environmental conditions. This change could be a suite of be-
havioural, physiological or morphological changes that are accommodated by a single
genome. Also it could be a gradual difference which produce intermediate pheno-
types or the production of discrete intraspecific variations. Polyphenism belongs to
the latter and is defined as an extreme form of phenotypic plasticity where a single
genome expresses two or more distinct morphs (Capinera, 2008).

Polyphenism can be seen in every stage of life. One of the best examples is that the
origin of phenotypically diverse cell types in multicellular organisms occurred from
a zygote with a single genetic identity. This diversification occurs through a variety
of molecular pathways that activate gene expression only in the relevant part of the
genome, in different cell types (Bonasio, 2014).

Once an individual perceives an external environmental stimulus (via visual, olfac-
tory receptors etc.), it is transduced into an internalized signal through intracellular
signal transduction pathways such as the neuro-endocrine system. If that signal ex-
ceeds the required threshold level, it will induce epigenetic modifications which lead
to over expression, silencing or alternatively splicing of genes to produce appropriate
behavioural and morphological effects. Optimal threshold value required to produce
epigenetic changes, may vary with age; for example in Harpegnathos saltator young
workers perform in-nest tasks while older workers specialize in foraging (Yan et al.,
2014).

Due to the remarkable ability to evolve well into environmental plasticities, insects
have become a highly successful group of animals on earth (Simpson et al., 2011).
In other words, polyphenism ensures their survival in many ways: it allows them
a) to divide the life history into distinct developmental stages (in holometabolic
insects, larval stages are adapted to feed and grow while adult stages are dedicated
to disperse and reproduce) thus specialized to utilize different niches, feeding modes
and habitats (Moczek, 2010); b) to change into different phenotypes that are well
suited to the changing environment (seasonal morphs of Lepidoptera); c) to survive
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in temporally heterogeneous environments (dispersal morphs - wing polyphenism in
aphids, migratory phenotypes of locusts); d) to divide labour within a social group
(caste system of eusocial insects). Certain polyphenic traits are mediated by dietary
cues. For example, catkin and twig like morphs in caterpillars of the moth Nemoria
arizonaria depend on whether they feed on the catkin or leaves of the plant (Erick
Greene et al., 2009).

The most remarkable examples of polyphenism are found among eusocial insects
which lead them to be the most successful among insects: caste polyphenism of
the termite Reticulitermes speratus is comprised of a king, founder queen, neotenic
(secondary reproductive) queens, workers and soldiers (Simpson et al., 2011); sex-
ual and asexual generations in aphids are determined by the season/temperature
(Dixon, 1977), whereas winged and wingless morphs are determined by both geno-
type and environmental factors (Ogawa and Miura, 2014). However only certain
species of aphids are eusocial. In the eusocial aphid Ceratovacuna japonica a sterile
soldier caste with smaller weapon is produced in the season when predators are not
abundant (Hattori et al., 2013); The majority of bee, wasp and ant species show
queen-worker castes with clear differences in morphology, reproductive physiology,
behavior and even lifespan (Keller and Genoud, 1997); In certain ant and termite
species worker caste is further specialized morphologically and behaviourally into
subcastes (e.g. major and minor subcastes of ants - Pheidologeton spp., Pheidole
spp. with markedly different size polyphenism).

In some cases, colony members show polyethism, i.e. castes differ only in behaviour
but not in morphology. For example, the non-reproductive worker caste in Apis
mellifera is specialized into nursing and foraging subcastes. They are capable of
switching into either of these roles depending on the colony requirement (Herb et al.,
2012).

Polyphenism plays an important role in the social organization and division of labour
in eusocial insects. Reproductive caste formation in Bombus terrestris and phase
polyphenism in locusts are discussed in detail, in chapter 3 and 7 respectively.
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1.9 Thesis Aims

The fundamental aim of my PhD was to establish a social insect model to study
genomic imprinting. Reproduction is a potential trait where genomic imprinting
could evolve. Using eusocial Hymenoptera, Bombus terrestris worker reproduction
as a model system, I studied the above topic in three main steps.

The first step was to check for the presence of molecular mechanism involved in ge-
nomic imprinting. By comparing methylation differences between different worker
reproductive castes, I aimed to show a functional DNA methylation system in Bom-
bus terrestris. Second, through an experimental alteration of methylation levels in
B. terrestris workers, I expected to find out the role of DNA methylation in B.
terrestris worker reproduction (Chapter three).

Work presented in Chapter 3 is published in Amarasinghe et al. 2014.

The third step was to find genes that could potentially be imprinted in the Bombus
terrestris genome. This aim was achieved with two different approaches: (i) Can-
didate gene approach - My expectation was to find parent-of-origin allele specific
expression, in targeted genes that are associated with B. terrestris worker repro-
duction (Chapter four). (ii) Next generation sequencing approach - during this
monoallelically methylated and monoallelically expressed genes were searched for in
B. terrestris at a genome-wide scale (Chapter five).

Next, I aimed to focus on a different aspect of worker reproduction in eusocial
Hymenoptera. Similar to the reproductive division of labour that exists among
different castes, worker reproduction and cooperative brood rearing (i.e. all the
offspring in the colony; produced by the mother queen, by a worker on its own
and by other workers) are also important aspects of eusociality. To address how
worker male production is affected by sociobiological factors such as the relatedness
differences derived due to parental influence (maternal; queen/s derived factors and
paternal; drone derived factors) and colony size, I conducted a meta-analysis of data
across 90 eusocial hymenopteran species in Chapter six.



Chapter 1. Introduction 20

Phenotypic plasticity, the key to the ecological success of eusocial Hymenoptera can
also be seen in non-social insect lineages. As with caste specific morphs (reproduc-
tive polyphenism) present in Bombus terrestris, locusts show extreme phenotypic
morphs (phase polyphenism) that are different in behaviour, colour, metabolism
and development. The functional role of DNA methylation in phase polyphenism of
desert locust, Schistocerca gregaria was studied in Chapter seven.



Chapter 2

General methods

2.1 Bumblebee colony rearing

All experiments were carried out on commercially sourced B. terrestris colonies
(Koppert Biological Systems, Haverhill, UK). They were reared in wooden nest
boxes (Inner dimensions - 24cm x 16cm x 13.5cm) under red light at 26oC and 60%
humidity (Alaux et al., 2007). They were fed ad libitum with pollen (Percie du sert,
France) and 50% volume/volume apiary solution (Meliose - Roquette, France) as
a source of protein and energy, respectively. Apiary syrup was provided through a
mouse feeding bottle which was attached to a separate Perspex box (18.5 cm x 12.5
cm x 6.5 cm) with cat litter. The main nest and the feeding area were interconnected
by a small plastic tube that serves as a passage for the bees to walk freely between
the two areas.

2.2 DNA extraction

Several methods and commercial kits were used to extract DNA during this thesis.

21
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2.2.1 QIAGEN QlAaMP DNA Mini Kit

Proteinase K solution (20mg/ml) was prepared by dissolving 5mg of proteinase K
(Sigma-Aldrich) in 250µl of dH20.

First, the tissue (e.g. bee head, leg, etc.) was crushed inside an eppendorf tube
and incubated at 56oC overnight with 20µl of freshly prepared Proteinase K and
180µl of Buffer ATL. Next, 200µl of Buffer AL was mixed with the sample followed
by incubation at 70oC for 10 minutes. After adding 200µl of absolute ethanol, the
sample was vortexed and transferred in to a QlAamp Mini spin column placed in a 2
ml collection tube. The mini column assembly was centrifuged at 6000g for 1 minute.
The column was transferred on to a new collection tube and the previous collection
tube with the flow through was discarded. The column was then washed with 500µl
of Buffer AW1 by centrifuging at 6000g for 1 minute followed by another wash with
500µl of Buffer AW2 for 3 minutes at 20,000g. The column was centrifuged for
another 1 minutes at 20,000g to remove all residual ethanol and transferred into
a clean eppendorf tube. 200µl of nuclease free water was added to the membrane
and left for 5 minutes at room temperature before it was centrifuged at 8000g for
1minute. DNA samples were stored at -20oC.

2.2.2 QIAGEN QlAaMP DNA Micro Kit

First, 10 mg of tissue was incubated with 180µl of Buffer ATL at room temperature
for 1 minute. Then, 20µl of freshly prepared Proteinase K was added to the sample,
mixed by pulse vortexing and incubated overnight at 56oC on a heat block. Following
the 15 hours of incubation, 200µl of Buffer AL was added to the sample and mixed by
pulse vortexing for 15 seconds to ensure an efficient lysis. Then, the entire lysate was
transferred into a QlAaMP mini-elute column placed on a collection tube, followed
by a 5 minutes incubation at room temperature with 200µl of absolute ethanol.
The entire mini-column assembly was centrifuged at 6000g for 1 minute. Then the
column was transferred in to a clean collection tube and the previous collection tube
containing the flow-through was discarded. Next the above centrifugation step was
repeated with 500µl of Buffer AW1 and 500µl of Buffer AW2 respectively. After the
final wash, the mini-column was placed on a new collection tube the entire assembly
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was centrifuged at full speed (20,000g) for 3 minutes. Finally, the mini-column was
placed in a clean eppendorf and 200µl of nuclease free water was added onto the
center of the membrane. Followed by incubation at room temperature for 5 minutes
the mini-column assembly was centrifuged at 20,000g for 1 minute. Eluted DNA
samples were subsequently stored at -20oC.

2.2.3 Phenol:chloroform method

NTE was prepared according to Wang et al. 2006 ; 25ml of NaCl (100mM), 12.5ml
of Tris (50mM), 2.5ml of EDTA (10mM), 12.5ml of 1% SDS, 25µl of 0.01% Triton
X-100 and 197.5ml of dH20 to make 250ml of NTE.

First, the tissue was crushed with liquid nitrogen inside a 1.5 ml eppendorf tube.
Then the samples were incubated on a heat block at 50oC for 3 hours with 700µl
of NTE and 17.5µl of 20mg/ml Proteinase K (Sigma-Aldrich). One volume of phe-
nol:chloroform (Fisher Scientific) was added to that and vortex vigorously to mix
the phases. It was then spun in a centrifuge (Progen) for 10 minutes at 10,000g
to separate the phases. The upper aqueous phase with DNA was transferred in
to a new epi tube without any contamination of the interphase proteins. Another
phenol:chloroform extraction step was performed with the above collected aqueous
phase to confirm that there were no more denatured protein collected at the inter-
face. It was then treated with 1µl RNase (10mg/ml) for 10 minutes. The samples
were precipitated with two volumes of absolute ethanol, incubated at room temper-
ature for 20 minutes and then centrifuged at the maximum speed (14,000g) for 15
minutes. All of the supernatant was discarded and the tubes were dried inside the
fume hood. The sides of the tube were washed with 50µl of nuclease free water to
elute the DNA. DNA samples were stored at -80oC.

2.3 PCR amplifications

All oligonucleotides were purchased from Sigma-Aldrich, UK. The stock solutions
were made to 100µM/µl, while working solutions were 10µM/µl and stored at -
20oC. YB-Taq 2x reaction mix (York Biosciences, UK) was used for many PCR
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amplifications in this thesis with optimized amounts of MgCl2, primers, distilled
water and DNA template. It is composed of Taq DNA Polymerase (0.1 units/µl)
and 200µM of each dNTP. PCR amplifications were performed in a Biometra T1
thermocycler and a Biometra T Professional Gradient thermocycler.

2.4 Quantification and visualization of DNA

The quantity of DNA was measured using the NanoDropT M 1000 Spectrophotometer
(Thermo Scientific, UK) and the results were analysed using the software, NanoDrop
1000 v3.7. Prior to use, the samples were defrosted and vortexed for 5 minutes.

The quality of DNA was assessed by 1 - 3% agarose gel electrophoresis. 1% agarose
gels were used for separation of larger DNA fragments (>1kb) whereas 3% gels
were used for smaller fragment sizes. 1% agarose gels were made by heating 1g of
1% agarose (Melford, UK) with 100 ml of 1x TAE (EDTA, acetic acid and ddH20,
prepared according to Sambrook and Russell 2001) in a microwave. One microlitre
of ethidium bromide (Fisher Scientific, UK) was mixed with the melted agarose and
poured in to gel trays with combs and left until solidified. Five microlitres of PCR
amplified sample was mixed with 1µl loading buffer and loaded in to the gels. Q
Step 1, 100bp or 50 bp ladders (New England Biolabs, UK) was used as standard
markers. Gels were then run in 1x TAE in electrophoresis tank under 65 - 100 V
using a Standard Biometra power pack for 30 - 90 minutes. GeneFlash (Syngene,
UK) transilluminator system was used to visualize gels under the UV light.

2.5 Purification of PCR products

Purification of DNA from gel bands was carried out with the Promega Wizard SV
Gel and PCR Clean-Up System as follows. First, the correct DNA band was excised
using a clean razor blade with a minimal exposure to UV and also including a
minimal volume of agarose. The gel slice was then placed in a pre-weighed 1.5ml
eppendorf. The weight of the band was calculated by subtracting the weight of the
empty eppendorf from the weight after introducing the gel slice.
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Membrane binding solution was added at a ratio of 10µl of solution per 10mg of gel
slice. Then the mixture was vortexed and incubated at 65oC on a heating block until
the gel slice was completely dissolved. The eppendorf was vortexed every 2 minutes
to increase the rate of agarose melting. The dissolved gel mixture was transferred in
to a SV minicolumn placed in a collection tube and incubated at room temperature
for 1 minute before being centrifuged for 1 minute at 16,000g. The minicolumn was
transferred in to another clean collection tube and the liquid accumulated in the
previous collection tube was discarded. The column was washed by adding 700µl
of membrane wash solution and centrifuged for 1 minute at 16,000g. The collection
tube was emptied as before. Then, 500µl of membrane wash solution was added
to the minicolumn before being centrifuged for 5 minutes at 16,000g. The flow
through was discarded and the minicolumn assembly was centrifuged for 3 minutes
to evaporate residual ethanol. The minicolumn was then transferred to a new 1.5ml
eppendorf and 50µl of nuclease free water was applied directly to the center of the
column. Following an incubation for 1 minute at room temperature, the assembly
was centrifuged for 1 minute at 16,000g. The eluted DNA was stored at -20oC.

2.6 Methylation sensitive amplified fragment
length polymorphism (MS-AFLP)

MS-AFLP has been used as a genome-wide methylation screening technique in many
epigenetic studies (Schrey et al., 2013). It detects variation in methylation status of
CCGG recognition sites, the CpG enriched regions in a genome.

During this technique DNA is cut with methylation sensitive (HpaII and MspI,
frequent cutters) and insensitive (EcoRI, rare cutter) restriction enzymes and double
stranded adapters are ligated to the ends of the digested fragments, to produce
template DNA for subsequent amplifications (Vos et al., 1995). Depending on the
genome size, restriction-ligation generates thousands of adapter-ligated fragments.
For visualization after electrophoresis, only a subset of these fragments is amplified
using selective primers, which are extended into the unknown part of the fragments
usually 1 - 3 arbitrarily chosen bases beyond the restriction site (Figure 2.1). Because
of the high selectivity, primers differing by only a single base in the AFLP extension
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will amplify a different subset of fragments. Therefore when AFLP amplifications
are performed using a combination of primers, methylation statuses of CCGG sites
in the whole genome can be screened. The sequence of the adapter and the adjacent
restriction site serves as the binding site for primers (Figure 2.1).

Figure 2.1: An illustration of MS-AFLP principle

Both HpaII and MspI isoschizomers recognize and cleave the same restriction site (5’-
CCGG-3’), but have differential sensitivity to cytosine methylation. See Appendix
figure A.1a.

The logic behind the use of two restriction enzymes is that the frequent cutter will
generate smaller fragments that will amplify well and are in the optimal size range
for separation on a denaturing gel. The use of a rare cutter will reduce the number
of fragments produced and only the rare cutter-frequent cutter fragments will be
amplified in subsequent steps (Vos et al., 1995). The pattern and size distribution
of the restriction fragments implies the overall methylation level in each bee. Main
steps of the MS-AFLP protocol are given below.
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2.6.1 Restriction digestion

The MS-AFLP protocol was modified as according to Kronforst et al. 2008. 500ng
of genomic DNA was digested with EcoRI and MspI (3µl of the target DNA, 0.05µl
of EcoRI (20,000 units/ml), 0.25µl of MspI (20,000 units/ml), 1µl 10x NEBuffer
4 and 5.7µl of dH20) and another 500ng with EcoRI and HpaII (3µl of the target
DNA, 0.05µl of EcoRI (20,000 units/ml), 0.5µl of HpaII (10,000 units/ml), 1µl 10x
NEBuffer 1 and 5.45µl of dH20) at 37oC for 3 hours.

2.6.2 Adapter ligation

Restriction digested products of the two reactions, EcoRI-MspI and EcoRI-HpaII
were then individually ligated with EcoRI adaptors (5µl of EcoRI-F and 5µl of
EcoRI-R were mixed in a final concentration of 5pmol/µl and incubated at 65oC
for 10 minutes) and HpaII-MspI adapters (25µl of HpaII-MspI-F and 25µl of HpaII-
MspI-R were mixed in a final concentration of 50pmol/µl and incubated at 65oC for
10 minutes) respectively. See Appendix table A.1 for the sequences of all adapters
and primers. 3µl of the digested product was combined with 7µl of the ligation re-
action mixture (1µl of EcoRI adapter (5pmol), 1µl of HpaII-MspI adapter (50pmol),
0.25µl of T4 DNA ligase (400,000 units/ml), 1µl of 10x T4 ligase buffer (New Eng-
land Biolabs) and 3.75µl of dH20) at 37oC for 3 hours and then left overnight at
room temperature. The ligation products were diluted with 100µl of dH20 and used
as the template for pre-amplification.

2.6.3 Pre-amplification

The first PCR (pre-amplification) used 1µl of ligation product with 1µl of each
EcoRIpre and HpaII-MspIpre primers (10pmol/ml), and 7µl of the reaction mix
(0.8µl of 2.5mM deoxynucleotide triphosphates (dNTPs), 1µl of 10x Paq5000 Hot
Start Reaction Buffer, 0.3µl of Paq 5000 Hot Start DNA Polymerase (500 units),
0.8µl of 25mM MgCl2, 4.1µl of sterile distilled H20). The PCR conditions were 94oC
for 2 minutes, followed by 20 cycles of 94oC for 30 seconds, 60oC for 1 minute and
72oC for 1 minute, followed by a final extension of 5 minutes at 72oC. 3µl of each
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PCR product was run on 3% agarose gel (see section 2.4) and appearance of a smear
of DNA on the gel indicated that the pre-amplification PCR was successful.

2.6.4 Selective amplification

Seven microlitres of PCR products were then diluted with 93µl of dH20 and used
as the template for selective amplification. During this step, one of 12 possible
selective primer combinations (Figure 2.2) was used. This reduces the number of
fragments visualized by gel electrophoresis to a usable number. The selective PCR
reaction mixture was composed of 1µl of pre-amplified product, 1µl of HpaII-MspI
primer (10pmol/ml), 1µl of EcoRI primer(10pmol/ml) and 7µl of reaction mix. PCR
conditions used were 94oC for 2 minutes followed by 36 cycles (13 cycles of 30s at
94oC, 30s at 65oC (0.7oC reduction per cycle) and 1 minute at 72oC followed by
23 cycles of 30s at 94oC, 30s at 56oC and 1 minute at 72oC) followed by a final
extension at 72oC for 5 minutes before a holding step at 4oC.

A summary of the MS-AFLP protocol described above is given in Figure 2.2

Figure 2.2: A flow diagram to show different primer, adapter and enzyme combinations
used during the MS-AFLP protocol.
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2.6.5 Gel staining and visualization of PCR products

The temperature of the running buffer (30mM TAE, Appendix table A.2) in the Ori-
gins electrophoresis system was brought up to 48oC prior to introduce 9% Poly(Nat)
gels (Elchrom Scientific). PCR products from selective amplification were diluted
with 100µl of sterilized water. 10µl of the diluted product was combined with 2µl
of Elchrom loading dye and loaded in to a well on a 25 well 9% Poly(NAT) gel. The
gels were run at 120V and 55oC for 81 minutes. The cooling pump was turned on
after a delay of 2 minutes subsequent to loading.

The gel was then stained in the dark with SybrGold (Invitrogen) (1:10000 diluted
in TAE) followed by a similar destaining step with 100 ml TAE for 30 minutes.

2.6.6 Band scoring and data analysis

Bands were scored as either present or absent using Gelanalyzer, 2010 (http:

//www.gelanalyzer.com/download.html; See Appendix figure A.1b). The result-
ing matrix was analysed using the R package MSAP version 2.15 which uses a
combination of analysis of molecular variance (AMOVA) and Principle coordinate
analysis (PCoA)(Pérez-Figueroa, 2013).

http://www.gelanalyzer.com/download.html
http://www.gelanalyzer.com/download.html


Chapter 3

Methylation differences during
development and between worker
reproductive castes

3.1 Introduction

The size of an eusocial insect colony varies greatly from a simple organization of
four individuals living inside a twig (e.g allodapine bees, Schwarz et al. 2011) to a
highly complex system comprising of millions of individuals (e.g. leafcutter ants,
Hart and Ratnieks 2001). Despite the number of individuals present, a remarkable
cooperation and division of labour is maintained within these colonies (Queller and
Strassmann, 2009). Also in order to respond to external environmental challenges as
an integral unit, its members show a great degree of phenotypic plasticity. That is
although every individual in the colony shares the same genome they are capable of
converting to morphologically, physiologically and behaviourally distinct phenotypes
depending on the colony requirement (Weiner and Toth, 2012).

In eusocial societies, reproductive division of labour mainly exists between repro-
ductive queens and sterile workers while non-reproductive division of labour exists
between sterile workers that are specialized to perform nest maintenance, brood car-
ing, foraging and defensive tasks important for the survival of the colony. However,
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under some circumstances, workers begin to compete with the queen and each other
over male production. This divides workers into two distinct castes; reproductive
and non-reproductive (Wilson and Holldobler, 2005). Thus reproductive division of
labour in a social insect colony is not just between the queen and workers, but it can
also be between workers. The switch between sterility and reproduction in workers
is a much more plastic process than queen-worker differentiation (Yagound et al.,
2012).

Reproductive conflicts within a social insect colony vary depending on its species
biology (Bourke and Ratnieks, 1999). Worker reproduction is rare in honeybees
(Ratnieks, 1993). However, male production by workers is common in bumblebees.
This makes Bombus terrestris a valuable model to test the importance of methyla-
tion in worker reproduction. The annual colony life cycle in the bumblebee is divided
into a cooperative pre-competition phase when the queen has absolute reproductive
dominance and a highly aggressive competition phase later in the season when work-
ers and the queen compete over male production (Duchateau and Velthuis, 1988).
If the queen dies or is removed, workers can be clearly differentiated into reproduc-
tive and non-reproductive subcastes by both their ovary development and aggressive
behaviour (Amsalem and Hefetz, 2011). It seems likely that this extreme genomic
flexibility is achieved via epigenetic modifications (Weiner and Toth, 2012).

Haig’s kinship theory for the evolution of genomic imprinting predicts that there
should be a conflict between maternally derived alleles and paternally derived alleles
of loci involved with worker reproduction. That is, worker reproduction loci should
be imprinted (Queller, 2003). The first step in testing this theory is to search for the
molecular mechanism of genomic imprinting, methylation, at worker reproduction
loci.

DNA methylation is one of the most widely conserved forms of epigenetic and ge-
nomic imprinting mechanism. It is associated with modulation of gene expression
in eukaryotic organisms (Glastad et al., 2011). Methylation tags can be transmissi-
ble across generations through cell division (Bonasio et al., 2010a) and also can be
reversed by appropriate stimuli such as heat and chemical agents (Christman, 2002,
Feliciello et al., 2013).
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Localization of methylation patterns vary substantially among taxa. In contrast
to the genome-wide methylation found in vertebrates, methylation in insects is
sparse and found mainly within the gene body (Zemach et al., 2010). In eukaryotic
genomes, DNA methylation primarily occurs at CpG dinucleotides. Since methy-
lated cytosines are frequently subjected to spontaneous deamination, CpG dinu-
cleotides are gradually depleted in many methylated regions (Duncan and Miller,
1980). Therefore genes with low CpG content tend to be hypermethylated and
vice versa (Bird, 1980). Recent honeybee (Apis mellifera) research has shown that
the low CpG genes are important in biological processes such as gene expression,
translation and metabolism whereas high CpG, hypomethylated genes are primarily
involved in development (Steyaert, 2014, Zeng and Yi, 2010).

DNA methylation patterns can be tissue specific or consistent among different cell
types. For example, compared to the other tissues in the body a mature sperm in
humans is significantly hypomethylated (Rakyan et al., 2008). In mammals, genes
with hypermethylated promoters are transcriptionally silenced whereas those with
hypomethylated promoters show a broad range of gene expression (Smith and Meiss-
ner, 2013). Conversely in insects, most of the hypermethylated genes are broadly
expressed and function as housekeeping genes whereas hypomethylated genes are
only expressed in specific tissues (Foret et al., 2009). Housekeeping genes in both
the honeybee and all seven sequenced ant genomes show enrichment for methyla-
tion, suggesting that methylation plays a common role in Hymenoptera (Simola
et al., 2013). Another study found that DNA methylation affects alternative splic-
ing and thereby contribute to a longer gene length and a slower rate of evolution
in housekeeping genes (Flores et al., 2012). In relation to reproduction, different
hymenopteran species may have evolved to utilize methylation, to imprint certain
genes differentially, depending on whether they are inherited from a queen or a
drone (Queller, 2003). Also it has been suggested that DNA methylation leads to
production of caste-specific protein isoforms via alternative splicing (Glastad et al.,
2011). Thus without altering the expression of different genes, it can promote the
development of specific castes through the expression of different isoforms of the
same gene.

Methylation systems are not ubiquitous among insects. CpG methylation is absent
in flies, Drosophila (Lyko and Maleszka, 2011) and Anopheles (Elango et al., 2009),
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although see Boffelli et al. 2014. Diminished levels of methylation are observed
in the beetle, Tribolium (Feliciello et al., 2013). However, methylation systems in
social insects appear to be more common (Kronforst et al., 2008). The honeybee
(Apis mellifera) was the first insect found to have a fully functioning methylation
system with all catalytically active orthologs of vertebrate Dnmts (Wang et al.,
2006). Since then whole-genome sequencing of seven ant species has shown the DNA
methylation toolkit is conserved across eusocial Hymenoptera: the carpenter ant,
Camponotus floridanus (Bonasio et al., 2010b); Jerdon’s jumping ant, Harpegnathos
saltator (Bonasio et al., 2010b); the red harvester ant, Pogonomyrmex barbatus
(Smith et al., 2011a); the Argentine ant, Linepithema humile (Smith et al., 2011b);
the fire ant, Solenopsis invicta (Wurm et al., 2011) and two leaf-cutter species,
Acromyrmex echinatior (Nygaard et al., 2011) and Atta cephalotes (Suen et al.,
2011).

The evolution of eusociality and DNA methylation is most studied in A. mellifera.
It plays a significant role in honeybee development (Elango et al., 2009, Lyko et al.,
2010) and behaviour (Guan et al., 2013, Lockett et al., 2010). A female honeybee
larva develops from a totipotent egg which has the potential to develop into either a
queen or worker depending on differential nourishment they receive. This differential
nourishment is thought to affect their de novo methylation. Altering methylation
leads to a worker-destined larvae becoming a queen (Kucharski et al., 2008). Also
reversion of DNA methylation patterns in the honeybee brain is involved in the
switch between different types of behaviour and non-reproductive worker roles (Herb
et al., 2012).

The main aim of this chapter was to examine the role of methylation in B. terrestris
worker reproduction and development. First, the effect of methylation in formation
of different reproductive castes was assessed. During this, methylation statuses
of queenless reproductive and queenless and queen-right non-reproductive workers
were compared using methylation-sensitive amplified fragment length polymorphism
(MS-AFLP). The basic principle of MS-AFLP is given in section 2.6.

Towards the end of the above experiment, the B. terrestris colony, went through a
social phase transition from pre-competition phase to competition phase. According
to previous research, during this transition the reproductive status of colony work-
ers changes dramatically (Alaux et al., 2007) and a significant increase of worker
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oviposition is observable even after 2 days of the queen removal (Bloch and Hefetz,
1999). Methylation differences in queenless reproductive workers between the pre-
competition and competition phase were assessed by MS-AFLP. During this analysis
brain and ovary tissues were compared to check if any tissue-specific methylation
difference occurred within them during this transition.

During the next set of experiments, a demethylating agent (Christman, 2002) was
used to check if methylation is fundamentally involved in alteration of worker repro-
ductive ability. Low doses of 5-aza-2’-deoxycytidine (Decitabine) was fed to adult
and callow worker bees and their ovary development and aggression was assessed
as indicators of these workers taking on a reproductive role (Amsalem and Hefetz,
2011).

Finally, to assess the degree of methylation difference cause by Decitabine, bee
samples from the treatment and control experiments were compared using three
different methylation analysis techniques: Methylation sensitive restriction enzymes
(MSRE), Bisulfite treatment and Amplification of inter-methylated sites (AIMS).

3.2 Methods

3.2.1 DNA methylation differences between worker repro-
ductive castes

3.2.1.1 Rearing of different bumblebee reproductive castes

Bumblebee callow workers (less than 1 day old) from a single colony were reared
in 4 separate boxes, 5 workers per box. Another 5 callow workers, captured at the
same time with bees in the above 4 boxes, were tagged with a coloured Opalith tag
(Christian Graze KG, Germany) and released into the original queen-right colony.
The maximum number of callow workers collected within a single day was limited to
10. Thus the total number of callow workers collected everyday was equally divided
as box workers and colony workers. Similar aged callow workers which were released
back to the colony were marked with a similar colour tag (Figure 3.1a) and various
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coloured tags were used to differentiate these bee groups by age (Appendix table
A.3).

Figure 3.1: Colony workers marked with different coloured tags

Bees in the first 3 boxes were collected before the colony queen died whereas those
reared in box 4 were collected after the queen died. After 6 days, same age bees
were collected from the colony and dissected with their similar aged bees reared in
the box.

Bees were sacrificed by freezing at -20oC for 30 minutes. The reproductive status
of each worker was confirmed by examining the ovaries, see section 3.2.4.3. Any
worker with discernible ovaries was classed as reproductive (oocyte length: mean+/-
standard deviation = 0.6375 +/- 0.2459 mm), whereas non-reproducing bees had
no discernible ovaries. The bees and their ovary samples were immediately stored
at -80oC till DNA extractions were performed.

3.2.1.2 Methylation analysis of different reproductive worker castes

Bees which were reared in the first 3 boxes (collected before the colony queen died)
were used for this experiment (Appendix table A.3). Genomic DNA was extracted
using the QlAamp DNA Mini kit from the heads of bees belonging to 3 different
groups: a reproductive worker (RW; 3 bees), a non-reproductive box worker (BW;
3 bees) and a non-reproductive queen-right colony worker (CW; 4 bees). DNA was
eluted in distilled water instead of Buffer AE provided in the kit since it may affect
the restriction digestion in subsequent steps.
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The quantity and quality of DNA was assessed according to section 2.4. Methylation
statuses of these 3 reproductive castes were analysed by MS-AFLP as described in
section 2.6.

3.2.1.3 Sequencing of loci showing methylation differences

Bands of interest from the MS-AFLP analysis (e.g. Bands relevant for hemi or
full methylation etc, see Appendix figure A.1b) were excised from 9% PolyNat gels
under UV light, using BandPickTM (Elchrom) and stored at -20oC. These gels are
thermally stable for up to a temperature of 95oC and are also inert for a wide range
of chemicals. I was unable to extract DNA directly from gels using a commercial gel
cleanup kit. Therefore DNA extractions were performed using the below protocol as
recommended by Elchrom Scientific, 2012 (http://www.elchrom.com/fileadmin/

pdf/Catalogue-01:14.pdf).

DNA in an excised gel band was incubated with 50µl of distilled water at 65oC for 30
minutes. Quantification of DNA in the above extraction was carried out in two ways;
with the use of NanoDrop 1000 Spectrophotometer and 3% agarose gel. Although I
was able to measure the concentrations of DNA extractions using the NanoDrop, a
blank gel picture indicated that the amount of DNA in these extractions was very
low.

Therefore 5µl from each DNA extraction was PCR amplified with its correspondent
Eco- and HpaII-MspI- primers, used during the selective amplification of the original
MS-AFLP protocol (Appendix table A.3). Amplified products were then checked
on 3% agarose gel and the presence of bands with the correct product size indicated
that the PCR was successful. 50bp and 1kb DNA ladders (NEB) were used as
the standard markers to estimate the product size and the concentration. DNA
concentration in each sample was estimated by comparing their intensities with
that of the reference and thereby the respective concentration given in the standard
marker.

Gel bands with the correct product size were excised from the agarose gel and puri-
fied with the Promega Gel and PCR Clean-Up System prior to send for sequencing.
However the DNA quantity after purification was too low to detect by agarose gel

http://www.elchrom.com/fileadmin/pdf/Catalogue-01:14.pdf
http://www.elchrom.com/fileadmin/pdf/Catalogue-01:14.pdf
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electrophoresis indicating that there was a loss of the PCR product during purifica-
tion. Therefore the PCR products were directly sent for a commercial clean up and
sequencing (Source BioScience LifeSciences, UK) with their respective HpaII-MspI-
primers.

The sequence results from PolyNat gels were analysed by NCBI BLASTx (http:

//blast.ncbi.nlm.nih.gov/Blast.cgi) to find the matching gene sequences in
the Bombus terrestris genome (Table 3.3).

3.2.2 Tissue specific methylation differences between queen-
less reproductive workers

To compare the methylation status of different reproductive castes (reproductive
and non-reproductive), it is essential to select a tissue which is common to all re-
productive castes. Thus bee heads were selected in section 3.2.1.2. In this section I
wished to examine methylation differences between different tissues of reproductive
workers. Ovary is the main tissue that is involved in worker reproduction. In mam-
mals, they are important as sites where maternal imprints are established during
oogenesis (El-Maarri et al., 2001, Olek and Walter, 1997) and many differentially
methylated regions are associated with ovary functions and development (Bartolomei
and Tilghman, 1997).

The aims of this experiment were, (i) to compare methylation statuses among differ-
ent tissues; ovaries and heads and also (ii) to check if any methylation difference occur
in queenless reproductive workers during the colony transition from pre-competition
to competition phase.

The annual life cycle of a B. terrestris colony goes through two distinct social phases:
First, the ‘pre-competition phase’ (PCP) where reproduction is exclusive to the
queen. Second, the ‘competition phase’ (CP) in which the queen starts laying male
and gyne destined eggs and the mature workers in the colony begin to compete with
the queen and also among each other over male parentage. As a result, aggressive
interactions and oophagy among workers and between workers and the queen arise.
In many cases the queen dies within the CP (van Honk and Hogeweg, 1981).

http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Callow workers for boxes 1, 2 and 3 were collected while the colony was queen-right
i.e. before the queen died (during PCP) where as workers for box 4 were collected
after the queen died (during CP). See Appendix tables A.3.

During the 7 days of bee rearing (see section 3.2.1.1), the 5 callow workers reared in
box 4 (CP) were all reproductive whereas in the first 3 boxes (PCP), only a single
reproductive worker was present per box (Appendix table A.3). The rest of the 4
workers in these boxes lacked any visible ovaries (i.e. non-reproductive workers).

Methylation analysis of reproductive worker tissues (ovaries and heads) belonging to
pre-competition and competition phases was conducted using the MS-AFLP protocol
as described in section 2.6.

DNA was extracted using the DNA Mini kit from ovary and head tissues of the 3
reproductive workers in boxes 1, 2, 3 and 4 reproductive workers in box 4: 3 head
samples and 3 ovary samples (PCP), 4 head samples and 4 ovary samples (CP).

Due to the limitation of well number (25 wells) in a PolyNat gel, the 3 DNA samples
of head tissues from reproductive workers in boxes 1, 2, 3 were run on a separate gel
while the rest of all samples were run on a single gel. During DNA extraction, the
initial digestion of ovary samples with proteinase K was limited to 1.5 hours (it’s
usually 3 hours for hard tissues like bee heads) to avoid any DNA degradation.

3.2.3 Methylation differences between different develop-
mental stages of B. terrestris life cycle

Methylation analysis of different B. terrestris developmental stages (L2, L3, L4
larval stages, pupae and and callow workers) were carried out by Dr. Crisenthiya
Clayton using AIMS analysis (see section 3.2.4.6). The resultant gel images from
this experiment were reanalysed by me using the R package MSAP (Pérez-Figueroa,
2013). Bands were scored as either present or absent using Gelanalyzer, 2010 (http:

//www.gelanalyzer.com/download.html). Each gel image was comprised of 12
samples: 2 replicates of each L2, L3, L4 larval stage, 3 replicates of pupae and 3
replicates of callow workers.

http://www.gelanalyzer.com/download.html
http://www.gelanalyzer.com/download.html
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3.2.4 Effect of DNA demethylation on Bombus terrestris
worker reproduction

3.2.4.1 Decitabine as a demethylating agent

5-aza-2’-deoxycytidine (Decitabine) was used to alter methylation and to find its
effect on ovary development and reproductive behaviour in queenless workers.

A stock solution of Decitabine was made by dissolving 5mg of Decitabine in 2ml of
1:1 v/v acetic acid : distilled water. Then the samples were aliquots in to 200µl
volumes and stored in -80oC to prevent decomposition.

3.2.4.2 Rearing queenless mini colonies

Workers were reared in separate Perspex boxes, with its own supply of pollen and
apiary syrup (Figure 3.2c). A 10mM non-lethal dosage of Decitabine (18.5ml) was
added to the apiary syrup (20ml) of the test group while the control group was
fed with unadulterated apiary syrup. As a preliminary test, both apiary solutions
were coloured using a natural food colorant (green) and randomly a few bees were
dissected after 24 hours to confirm that they were drinking the solution. Fresh apiary
solution, Decitabine and pollen were provided everyday through the experiment.

One hundred workers from 3 different colonies were used for this experiment: prelim-
inary experiment 1 (20 adult workers), preliminary experiment 2 (40 adult workers),
callow worker experiment (40 callow workers).

During the preliminary experiment 1 and 2, the number of antennal segments (12)
and abdominal segments (6) of each adult bee was counted to confirm that they are
female bees. For a male bee these counts are 13 and 5 respectively (Prys-Jones and
Corbet, 2003).

Preliminary experiment 1 20 adult workers (1 week old), were reared in two
Perspex boxes, each box containing 10 bees. Bees in one box were fed Decitabine
while the other box was used as the control.
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Preliminary experiment 2 Preliminary experiment 1 was expanded with a
new colony using 40 adult workers (1 week old), 20 bees as the test and 20 bees
as the control. The 20 bees in each test and control group were subdivided into 4
groups such that each Perspex box contained 5 adult bees (Figure 3.2c). Unlike in
the Preliminary experiment 1 where all workers attempted to reproduce, here only
a single reproductive worker was present per box. Thereby the optimum number
of workers required to observe the reproductive caste differentiation in a queenless
colony was determined as five.

Callow worker experiment 40 callow workers (less than 24 hours in age) (Figure
3.2a) from a different colony were used, 20 bees as the test and 20 bees as the control.
Newly emerged workers were collected every day and reared for 7 days in separate
Perspex boxes as described in preliminary experiment 2 (Figure 3.2c). In order to
distinguish callow workers from adult workers, all existing workers in the queen-right
colony were marked with a white spot of nail varnish on their thorax.

Unlike callow workers, adult bees had to be reared for 3 weeks, before I observed
nest construction or egg laying as an indicator of these workers initiating their ovary
functions. Therefore, behavioural and methylation analyses were only carried out on
callow workers, whereas ovary measurements were made on both adults and callows.

Figure 3.2: (a) A callow worker emerging from a cell. (b) B. terrestris callow worker
(c) Rearing queenless mini colonies.
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3.2.4.3 Dissections and measurements of ovarian development

Once egg-laying or nest construction behaviour was observed (7 and 21 days for
callow and adults respectively), bees were sacrificed by freezing at -200C for 30
minutes. They were dissected by making two lateral incisions in the abdomen to
observe ovary development. Dissections were carried out on a ice cooled surface in
double distilled water.

Then the ovaries were removed and the average length of the largest oocyte in each
of the two ovaries was measured as an index for their ovary development (Appendix
tables A.5 and A.6). All measurements were obtained to the nearest 0.05mm with an
eyepiece micrometer under a dissecting microscope. The length of the largest oocyte
in bumblebees is tightly correlated with a worker’s reproductive status (Foster et al.,
2004, Geva et al., 2005). Always the terminal (basal) oocyte was observed as the
largest oocyte in an ovary (Figure 3.3b).

Another 10 bees from each of the queen-right colony were also dissected to check
their ovary development in the presence of queen.

3.2.4.4 Additional measurements

Apart from the mean length of the largest oocyte, wet weight of both ovaries in each
bee and the weight of brood chambers (nests) produced by bees in each box (Figure
3.4) were also recorded to the nearest 0.0001g on a Sartorius Digital Scale BP 61S
(Appendix tables A.5 and A.6). In preliminary experiment 1, only the wet weight of
both ovaries was measured as an alternative indicator of the ovary size and thereby
to assess the reproductive potential of workers (Appendix table A.4).

Bees and their ovary samples were immediately stored at -80oC until DNA extrac-
tions were performed to compare methylation status of the test and control groups.
All dissections and measurements were taken approximately within 2 minutes from
each bee.
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Figure 3.3: Developed and undeveloped ovaries of B. terrestris workers (a-d).

3.2.4.5 Behavioural observations

Aggression is a clear parameter of reproductive conflict among workers (Amsalem
and Hefetz, 2010, 2011). The dominance hierarchy of bees is usually established
through their overt agonistic behaviours (Cnaani et al., 2007, Duchateau, 1989).
Hence, among numerous behaviours present in bees, only aggressive and threatening
behaviours which come under this category were recorded. Three distinct behaviours
were recorded as follows: a) ‘Attack’ included occurrence of one of the following
behaviours; biting, pushing, head butting, dragging, wing pulling, struggling or an
attempt to sting. b) ‘Darting’; a sudden movement of a bee towards the direction
of another bee but, without any body contact between the two bees. c) ‘Humming/
Buzzing’; a series of rapid, short wing vibrations that produce a distinctive buzzing
sound.
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Figure 3.4: Brood produced by Decitabine treated (a) and control (b) group bees

Callow workers collected from the main colony were placed in separate boxes about
16 hours before the behavioural experiment started. This time allowed the bees to
acclimatize to their new environmental conditions. Bees in each box were scanned
for 10 minutes 3 times a day at fixed intervals (9.00 am, 1.00 pm and 5.00 pm)
and the frequency of each behaviour recorded. Sampling of behaviour was carried
out during 6 days of the rearing period. During observation times, mini-colonies
were kept spaced (10cm) equally. An index of aggression was constructed as the
unweighted sum of ‘Attack’, ‘Darting’ and ‘Humming’ that were observed during all
observation bouts throughout the experiment.

3.2.4.6 Comparison of DNA methylation differences among Decitabine
treated and non-treated groups

I used three techniques to attempt to measure DNA methylation differences here:

(a) Methyl sensitive restriction enzymes (MSRE)

(b) Bisulfite treatment

(c) Amplification of intermethylated sites (AIMS)

(a) Methylation sensitive restriction enzymes (MSRE) MSRE PCR (Fig-
ure 3.5) uses restriction enzymes that are sensitive to methylation of a cytosine at
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a certain CpG site. If a cytosine is methylated, then the enzyme cannot cleave
that DNA thus the sequence can be amplified with a suitable pair of primers. Con-
versely, if the cytosine of a CpG site is not methylated the enzyme can cleave the
DNA. Therefore the sequence cannot be amplified by PCR. Hence by designing
primers which cover the region of interest, the presence or absence of methylated
CpG sites in that region can be determined by the presence or absence of a DNA
band followed by enzymatic digestion (Roach and Hashimoto, 2007).

Figure 3.5: Principle of MSRE assay for methylation status at a specific CpG site. In
the absence of methylation (left), DNA is cleaved by the enzyme thus cannot be amplified
by PCR. In the presence of methylation (right) DNA remain intact for HpaII and can be

amplified by a suitable primer pair.

Dynactin p62 was used as the candidate gene to compare among the Decitabine
treated and control groups due to the presence of a high concentration of CpG sites
and it has already been used for the same purpose in Apis mellifera (Kucharski
et al., 2008).

The genomic DNA sequence of Apis mellifera dynactin p62 (Gene ID: 725207) was
blasted against Bombus terrestris nucleotide library and the dynactin equivalent gene
in Bombus terrestris was found as dynactin subunit-4 like (Gene ID: 100649495).

According to Kucharski et al. 2008, methylation in Apis dynactin p62 is exclusively
present within the coding exonic regions. By an alignment between genomic DNA
and mRNA sequences of dynactin subunit-4 like, sequences of exons were obtained.
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Exon 6 included the highest number (9) of CpG sites as well as the HpaII restriction
enzyme recognition site, CCGG.

Primer 3 (http://primer3.ut.ee/) was used to design primers for exon 6. Forward
and revere primer sequences used were 5’ CTACGTTGGAACAGCGATTG 3’ and
5’TGCAGAATGTGAACAAAAATCC3’ respectively.

Twenty adult workers from preliminary experiment- 2 and 20 callows from callow
worker experiment (section 3.2.4.2) were used for MSRE analysis. Each 20 bee
group was comprised of 10 Decitabine treated and 10 non-treated control bees.
DNA extractions were performed with the DNA Micro kit (section 2.2.2), using a
10mg of tissue sample from each bee. 9µl (5ng/µl) of genomic DNA from each bee
was digested with 1µl of NEB 10x PCR Buffer 1, 1µl of HpaII (10000 units/ml) and
4µl of dH20. For each genomic DNA, a parallel sample omitting the enzyme was
also prepared as the non-enzyme control. Both samples were incubated in a thermal
cycler at 37oC for 3 hours. Then the enzyme was denatured by heating at 65oC for
10 - 20 minutes.

DNA was PCR amplified, immediately after the restriction digestion. 5µl of digested
DNA was used for this with 12.5µl of YB-Taq 2x Buffer, 1.5µl of each dynactin
forward and reverse primers (10pmol/ml), 0.5µl of 50mM MgCl2 and 4µl of dH20.
PCR profile used was, 2 minutes at 94oC, 35 cycles of 30s at 94oC, 30s at 58oC, 1
minute at 72oC and a final extension of 5 minutes at 72oC. Amplified products were
checked on a 3% agarose gel.

(b) Bisulfite sequencing Bisulfite sequencing is considered the gold-standard
for analysing DNA methylation (Suzuki and Bird, 2008) as it produces results with
a single-nucleotide resolution (Figure 3.6).

The aim of this experiment was to perform bisulfite treatment for a known gene
region with many CpG sites, then to clone the region into E.coli and obtain sequences
to compare methylation statuses among Decitabine treated and control groups.

Dynactin subunit-4 like was used as the candidate gene for this experiment (sec-
tion 3.2.4.6a) and exonic sequences were obtained by an alignment between ge-
nomic DNA and mRNA sequences. Among the 10 exons found in this gene,

http://primer3.ut.ee/
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Figure 3.6: Schematic of sodium bisulfite conversion. Cytosine in a CpG dinucleotide
(red) can be subjected to methylation changes. However, individual cytosines (blue) re-
main intact for methyltransferases. During the bisulfite treatment all un-methylated cy-
tosines are converted into uracils and amplified as thymines whereas methylated cytosines
are resistant to conversion thus remain protected. (Nucleotide sequence was adapted from

German cancer research center, 2011; http://www.dkfz.de/gpcf/394.html).

exon 5, 6, 7 and 9 were selected for bisulfite treatment since they contained
the highest number of CpG dinucleotides (Table 3.5) compared to the other ex-
ons. Primers were designed to these exonic sequences using MethPrimer program
(http://www.urogene.org/methprimer/). All primers designed were 24-32 bases
in length to achieve a maximum amplification of bisulfite treated DNA.

The optimum DNA fragment length for a successful PCR amplification after bisul-
fite treatment, using the EZ DNA Methylation-GoldT M kit, is recommended as
150-300bp (http://www.zymoresearch.com/downloads/dl/file/id/69/d5020i.

pdf). Amplicon length of each exon is given in table 3.5.

To identify the exon with the maximum number of methylated CpG sites, among
exon 5, 6, 7 and 9, a preliminary experiment was conducted (Table 3.5). During
this process, a DNA sample of Bombus terrestris worker was treated with bisulfite
and amplified with their exon specific primers as given in Table 3.5. Optimum
annealing temperature for each primer pair was obtained from a gradient PCR.
Then the amplified products were run on a 3% agarose gel, correct bands were

http://www.dkfz.de/gpcf/394.html
http://www.urogene.org/methprimer/
http://www.zymoresearch.com/downloads/dl/file/id/69/d5020i.pdf
http://www.zymoresearch.com/downloads/dl/file/id/69/d5020i.pdf
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excised, cleaned up with the Promega Wizard SV Gel and PCR Clean-Up System
(section 2.5) and sequenced. Sequence results were analysed using Finch TV and
Geneious version 7.3.0.

According to the sequencing results (Table 3.5), exon 6 contained the highest number
of methylated cytosines. Thus it was selected to compare among the Decitabine
treated and control bee groups.

Only the callow worker samples in section 3.2.4.2 were tested with bisulfite treat-
ment.

Five hundred nanograms of DNA from Decitabine treated and control group bees
were subjected to bisulfite conversion using the EZ DNA Methylation-GoldT M Kit.
These samples were then amplified with the methylation specific primers designed
for exon 6 (Table 3.5). The PCR mixture was composed of 3µl of bisulfite treated
DNA, 12.5µl YB-Taq 2x Buffer, 2µl of each forward (5’GATTGTAATAATTAGAT-
GTATAAATAGAAA3’) and reverse (5’CTTTACAAAATATAAACAAAAATCC3’)
primer (10pmol/ml), 3.5µl of dH20 and 1.5µl of 10 mM MgCl2. PCR profile used
was as follows; at 94oC for 2 minutes followed by 40 cycles of 30s at 94oC, 1 minute
at 53.7oC, 30s at 72oC and a 10 minutes final extension at 72oC. Due to the AT rich
nature of bisulfite treated DNA, the number of PCR cycles used were increased up
to 40 for a successful amplification of the product.

Amplified products were run on a 3% agarose gel. DNA that run as a single band
with the correct product size were excised, excluding other secondary products and
purified with Promega Wizard SV Gel and PCR Clean-Up System. Concentrations
of purified DNA were measured with the NanoDrop and used for cloning in the
subsequent steps. Direct sequencing of the purified PCR product may fail to read
the entire target region. Thus DNA samples were cloned into a vector to obtain
sample sequences with the full targeted gene region. This allows comparison of all 9
CpG sites among sample sequences by an alignment of sequences. In addition with
cloning a proportionate number of clones with methylated cytosines can be obtained
to compare among Decitabine treated and control samples.

Preparation of culture plates: LB medium was prepared with 10g BactoR-
tryptone, 5g BactoR-yeast extract, 5g NaCl per liter of sterile distilled water. LB
plates were made with 15g of Bioagar (BioGene) to each liter of LB medium. PH
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was adjusted to 7 before and after autoclaving. Once the LB-agar medium was
cooled to 50oC, ampicillin was added to a final concentration of 100g/ml and the
medium was poured into petridishes under sterile conditions. The agar was left to
harden for 30 minutes and the plates were stored at 4oC. 20µl of 50mg/ml X-Gal
(dissolved in DMSO) and 100µl of 100mM IPTG were then spread over the surface
of each plate and incubated for 30 minutes at 37oC to enhance antibiotic absorption.

Cloning and pGEMR -T Easy Vector System: Cloning of samples were
carried out using the pGEMR-T Easy Vector Systems (Promega). Amount of DNA
required for cloning was calculated using the following equation.

Ligation reaction mixture was prepared according to Table 3.1. It was then incu-
bated at room temperature for 1 hour and at 4oC overnight to obtain a maximum
number of transfomants.

Then 2µl of the ligation reaction mixture was transferred into a sterile micro-
centrifuge tube placed on ice. 50µl of JM 109 High efficiency competent cells thawed
on ice for 5 minutes were added to the ligation reaction mixture and incubated for
20 minutes. Cells were subjected to heat shock for 50 seconds in a thermal cy-
cler at 42oC and placed on ice for 2 minutes. Then 950µl of LB was added to
the ligation reaction transformation and incubated at 37oC in a shaking incubator
(150 rpm/ a g-force of 20) for 1.5 hours. Finally, 100µl of this reaction was added to
LB/ampicillin/x-Gal/IPTG plate and incubated overnight at 37oC. A blank plasmid
(an empty pGEMR -T Easy vector without any insert) was used as the background
control. The vector ligated to the insert that comes with the kit was used as the
positive control.

Checking the insert: According to pGEMR-T Easy Vector System (Promega),
a successful ligation of an insert DNA into a vector produces white colonies, while
those with an empty (uncut) vector produce blue colonies.

A well isolated white colony from each sample plate was selected. Half of a colony
was taken into a sterile toothpick and streak on a culture plate with LB/ampicillin/x-
Gal/ IPTG (reference plate). The other half of the colony was extracted into a 50µl
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Table 3.1: Components of ligation reaction mixture

Reagent
Standard
reaction

(µl)

Positive
control

(µl)

Background
control

(µl)
2X Rapid Ligation Buffer 5 5 5
pGEMR -T Easy Vector (50ng) 1 1 1
Sample DNA Xµl - -
Control insert DNA - 2 (4ng/µl) -
T4 DNA Ligase(3 units/µl) 1 1 1
Deionised water to a final volume of 10µl 10µl 10µl

of distilled water in a PCR tube and used to check the presence of the insert DNA
in the vector by a colony PCR as follows. First the cells in the extraction were lysed
in thermocycler at 100oC for 5 minutes and centrifuged at 16,000g for 5 minutes.
Five microlitres of the supernatant was combined with 5µl YB-Taq 2x Buffer, 1µl
(10pmol/ml) of each forward and reverse primer of M-13 (5’ CGCCAGGGTTTTC-
CCAGTCACGAC 3’ and 5’ TCACACAGGAAACAGCTATGAC 3’), 0.5µl of 10Mm
MgCl2 and 1µl of dH20. PCR profile used was included an initial denaturation at
94oC for 2 minutes, 35 cycles of 30s at 94oC, 1 minute at 55oC, 1 minute at 72oC
and a final extension of 5 minutes at 72oC. Amplification products were analysed on
a 1% agarose gel containing ethidium bromide.

Colonies with successful DNA inserts (3161 bp product size) were removed from
the reference plate and cultured in falcon tubes with LB broth (5ml) and ampicillin
(1.5ml) at 37oC overnight.

Isolating plasmid DNA and sequencing: Plasmid extractions from these bac-
terial cultures were performed with the GenEluteT M Plasmid Miniprep Kit (Sigma-
Aldrich).

After confirming the presence of a successful insert in these plasmid samples, on
a 1% agarose gel (Figure 3.14), they were sent for sequencing with the M-13 For-
ward primer. Three independent clones from each purified DNA sample were se-
quenced. Sequence alignments between clones and the insert DNA were performed
with Geneious 7.0.3 version and the total number of methylated CpG sites present
in Decitabine treated and control clones were counted (Appendix table A.7).
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(c) Amplification of intermethylated sites (AIMS) AIMS is a genome-
wide DNA methylation detection method. It relies on differential digestion of ge-
nomic DNA with a pair of methylation sensitive (SmaI) and insensitive (XmaI)
isoschizomers, which produce DNA fragments with a methylated cytosine at each
end (Frigola et al., 2002). The basic principle of the AIMS technique is given in
Figure 3.7.

Figure 3.7: Principle of AIMS. Genomic DNA is represented by the first solid line with
7 CCCGGG sites, 3 unmethylated (grey boxes) and 4 methylated (black boxes). Both
SmaI and XmaI recognize the CCCGGG site. SmaI cut the non-methylated CCCGGG
sites, leaving blunt ends (CCC/GGG). The methylated sites remain unchanged (line 2).
Then XmaI cuts only at methylated sites, leaving sticky ends, C/CCGGG overhang (line
3). Adaptors are ligated only to these sticky ends, which were derived from methylated
cytosines (line 4). DNA fragments bordered by two ligated adaptors are amplified using
adaptor specific primers, that bind to the adaptor and restriction site sequences followed
by 1-4 arbitrarily chosen nucleotides. Thereby a methylation profile of loci in the whole

genome can be visualized on a gel (Frigola et al., 2002).

Genomic DNA was extracted from 40 adult (preliminary experiment 2) and 40 cal-
low bees (callow worker experiment) in section 3.2.4.2), using the phenol:chloroform
method (see section 2.2.3). Half of an each bee was used to extract DNA. Con-
centrations of samples were measured using the NanoDrop 1000 Spectrophotometer
and stored at -80oC.
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Adaptors were prepared by incubating 25µl of the oligonucleotide Blue (100µM)(5’-
ATTCGCAAAGCTCTGA-3’) and 25µl of the oligonucleotide MCF (100µM) (5’-
CCGGTCAGAGCTTTGCGAAT-3’) at 65oC for 2 minutes followed by cooling to
the room temperature for 1 hour in a thermocycler (Frigola et al., 2002).

DNA was digested first with the methylation sensitive restriction enzyme SmaI (1g
of DNA, 0.1µl SmaI (20 000 units/ml), 1.5µl of NEB4 10x Buffer, and 3.4µl ddH20)
followed by incubating for 1 hour at 25oC in a thermocycler. This product was
then digested with XmaI, methylation insensitive restriction enzyme, (0.5µl, 10 000
units/ml) for another hour at 37oC with 1.0µl of NEB4 10x Buffer, 0.5µl of bovine
serum albumin (BSA) and 8µl of ddH20 (Jorda et al., 2009).

Twenty five microlitres of this digested product was ligated to 20µl of adaptor
(2nmol) with 8µl of 10x T4 ligase buffer and 2µl of T4 ligase (400 000 units/ml) and
incubated at room temperature for 10 minutes. The enzymes were inactivated by in-
cubating the samples for 10 minutes at 65oC (Jorda et al., 2009). The amplification of
sequences with adapter-ligated products was conducted using the primer sets A (A1,
A2), B (B1, A2) and C (C1, C2). (A1, Blue-CCGGGCTA; A2, Blue-CCGGGTGG;
B1, Blue-CCGGGCTG; C1, Blue-CCGGGCGCG; C2, Blue-CCGGGCAAC).

Reaction volumes of 25µl were composed of 12.5µl of YB-Taq 2x reaction buffer,
1µl of each primer (10 pmol/ml), 3µl of DNA, 0.5µl of 10mM MgCl2 and 7µl of
dH20. PCR with Primer set A and B were composed of of 30 two-step cycles; 15s
at 94oC and 1.5 minutes at 74oC. PCR program for Primer set C was consisted
of 30 three-step cycles ;15s at 94oC, 45s at 68oC and 1 minute at 74oC. All PCR
cycles were preceded with a denaturing step of 95oC for 1 minute and ended with
an extension of 72oC for 5 minutes. PCR products were checked on a 3% agarose
gel according to section 2.4. Once the success of PCR amplification was verified,
7µl of PCR product was mixed with Elchrom loading buffer (2µl) and run on 9%
poly(NAT) gels (Elchrom) using the Origins electrophoresis system at 120V for 81
minutes at 55oC. Staining and visualization of gels under UV light was carried out
according to section 2.6.5.

According to Frigola et al. 2002, bands present in samples of one treatment group
but absent in that of another treatment group were considered as hypermethylation
whilst those with less intensity were concluded as hypomethylation. Bands were
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scored as either present or absent using Gelanalyzer 2010. The resulting matrix
was analysed using the R package MSAP which uses a combination of analysis
of molecular variance (AMOVA) and Principle coordinate analysis (PCoA)(Pérez-
Figueroa, 2013).

3.3 Results

3.3.1 DNA methylation differences between different
worker reproductive castes

A total of 245 unique bands (loci) were present. One hundred and thirty six of them
were methylation sensitive, that is they showed differences between the digests of
HpaII and MspI (i.e. HPA+/MSP- and HPA-/MSP+). Thirty eight of the methyla-
tion sensitive loci were polymorphic, that is, they showed different banding patterns
between individuals (Appendix figure A.1b). There was a significant difference be-
tween the methylation status of reproducing workers (RW) versus non-reproducing
box workers (BW) (φST = 0.3641, p = 0.0259). There were no significant differ-
ences between queenless reproducing workers (RW) and queen-right non-reproducing
workers (CW) (φST = 0.3572, p = 0.0963) nor between BW and CW workers (φST

= 0.06859, p = 0.2012).

Table 3.2 details the methylation levels of the three groups. The PCoA based on
pairwise difference showed three groupings corresponding to their reproductive state
(Figure 3.8). The first two axes explain a total of 51.7% of the variation.

3.3.1.1 Sequencing of selected PolyNAT gel bands

The sequence results from PolyNat gel bands were analysed by NCBI BLASTx
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and the following matches of the
Bombus terrestris genome were found (Table 3.3).

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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Table 3.2: Proportion of each banding type found in different reproductive castes.

Banding pattern Methylation status BW CW RW
HPA+/MSP+ Unmethylated 0.35478 0.40931 0.24755
HPA+/MSP- Hemimethylation 0.05515 0.08088 0.07108

HPA-/MSP+ Methylation at
internal cytosine 0.09191 0.10784 0.15686

HPA-/MSP- Full methylation or
absence of target 0.49816 0.40196 0.52451

Note: A reproductive worker (RW) a non-reproductive box worker (BW) and a non-
reproductive queen-right colony worker (CW). + and - = Presence of a band and absence
of a band in digestion with the restriction enzyme. For example, HPA+/MSP- denotes
the presence of a bands in digestion with HpaII but absent when digested with MspI (See
Appendix figure A.1b). HPA-/MSP- was counted as uninformative in MSAP. This is the
more conservative approach.

Figure 3.8: Principal coordinate analysis based on methylation status of loci for different
reproductive castes. RW = reproductive workers. BW = non-reproductive queenless

workers. CW = non-reproductive queen-right workers.
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Table 3.3: Blast results of methylated DNA fragments

Primer
combination
and name of
the AFLP

fragment used

Percentage
match to

B.terrestris
genome

GenBank
ID. Sequence homology Sequence (5’-3’)

AA-AAT (Q3) 95% LOC100644761 hypothetical protein CTTGTTTTCAATTTTNGCTTCC

AA-AAT (Q4) 91% LOC100650157 “tumour susceptibility
gene 101 protein-like” ACAATAGAAGGAAGATTAAACAT

AA-ATC (P11) 91% LOC100642674

LOW QUALITY
PROTEIN:

“dystrophin isoforms
A/C/F/G/H-like”

GTGATGNNCAGTTCATGAACGGGATACTGG
CTATGAATGGTAATCCAACCAGTCAATTAAA
GTCGTTGATAATACAAATCCGTCCAGTTGA
ATT

AG-ACT (S11) 92% LOC100648711 “paraplegin-like”
GATAATCCNGCTGGCCTATTGATATGCTGAT
GGTGAGACGTGTAGCGTGNNANTGCCCCCC
ANTACGTATTGTCCGCCTGAATT

AT-ATC (A11) 92% LOC100646148 “glutamate receptor
1-like”

TTGTCCACGCGCCCTGNATCAATTGGATTN
NACAAGTTCTTGGCTCGGCTGCTGATCGCC
GTTATTCCCATCCCGTTTTGAATATAACACG
GCCTACTTCGCGATTCATAAGGCAAACTA
CGCGTATGAATT

AC-AAT (H6) 96% LOC100648549 “cytochrome c-like
isoform 1” GAATATGGGATGAAACAGATATTT

AC-AAT (H8) 90% LOC100651733 “tubby-related
protein 4-like” TCAAGGATTTTTCCCGAAAGAAGAACTCGA
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Chromatograms of these sequences were associated with two problems; presence of
multiple peaks (3-4) at the same base position and the presence of unidentified bases,
denoted by ‘N’. Therefore sequencing of the rest of the gel bands didn’t proceed.

3.3.2 Tissue specific methylation differences between queen-
less reproductive workers

One hundred and forty six unique bands (loci) were scored. Out of these 102 loci
were methylation-susceptible which showed different digestion patterns between the
two restriction enzymes, HpaII and MspI. Seventy eight loci of these were recorded
as polymorphic, showing different banding patterns between individuals.

There was no significant difference of methylation between head and ovary tissues in
reproductive workers at the pre competition phase (PCP) (boxes 1, 2, 3 Appendix
table A.3) (φST = 0.4507 , p = 0.0988) nor head-ovary tissue specific methylation
difference in reproductive workers at the competition phase (CP) (box 4 Appendix
table A.3) (φST = 0.164, p = 0.1158).

There was a significant difference of methylation levels in heads of the queenless
reproductive workers between the PCP and CP of the colony life cycle (φST =
0.4009, p = 0.0294).

There was no significant difference of methylation in ovaries of reproductive workers
between the PCP and CP of the colony (φST = 0.04148, p = 0.3415).

Methylation levels of reproductive worker ovaries and heads during PCP and CP of
the colony are summarized in Table 3.4.

The PCoA based on pairwise difference showed four groupings corresponding to
different tissues and phases in their life cycle (Figure 3.9). The two axes explain a
total of 43.7% of the variation.
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Table 3.4: Proportion of each banding type found in head and ovary tissues of bees
belong to different phases.

Banding pattern Methylation status Head
PCP

Ovary
PCP

Head
CP

Ovary
CP

HPA+/MSP+ Unmethylated 0.50000 0.30065 0.2132 0.3317
HPA+/MSP- Hemimethylation 0.06209 0.15686 0.1593 0.1597

HPA-/MSP+ Methylation at
internal cytosine 0.12092 0.08824 0.1814 0.1007

HPA-/MSP- Full methylation or
absence of target 0.31699 0.45425 0.4461 0.4079

Note: PCP= Pre-competition phase, CP= Competition phase, Head PCP= Head tissue
of workers at PCP, Ovary PCP= Ovary tissue of workers at PCP. Head CP= Head tissue
of workers at CP, Ovary CP= Ovary tissue of workers at CP. See Appendix figure A.1b for
interpretation of banding patterns and their respective methylation statuses. HPA-/MSP-
was counted as uninformative in MSAP. This is the more conservative approach.

Figure 3.9: Principal coordinate analysis based on methylation status of loci for ovary-
head tissues during PCP (Pre-competition phase before the colony queen died) and CP

(During the competition phase after the colony queen died).
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Workers which were collected during the CP of the colony were all reproductives
(box 4 bees in Appendix table A.3). Conversely their similar aged colony workers,
which were reared in the natal colony, all lacked visible ovaries.

3.3.3 Methylation differences between different develop-
mental stages of B. terrestris life cycle

A total of 74 methylation susceptible loci belong to different developmental stages
(L2, L3, L4 larval stages, pupae and and callow workers) were found during this
analysis. 40% (30 out of 74) of the total loci examined showed a polymorphic banding
pattern. That is those loci are unique to different individuals and developmental
stages. However, pair-wise AMOVA results between different developmental stages
was not significant (φST = -0.1174 , p= 0.8103).

3.3.4 Effect of DNA demethylation on Bombus terrestris
worker reproduction

3.3.4.1 Preliminary experiment 1

Eighty percent of the bees in both the test and control groups showed a development
of ovaries (Appendix table A.4) suggesting that most of the workers within these
mini-colonies were potentially reproductive. Also, a high level of aggression among
bees was observed frequently indicating competition for dominance by bees. Instead
of a single dominant worker, several workers in the mini-colony were sharing the
reproduction.

3.3.4.2 Preliminary experiment 2

Decitabine had different effects on ovary development depending on whether the
bees were callows or adults when placed in the box (lifestage : treatment: F1,153

= 7.485, p = 0.006957). Decitabine had no effect on level of ovary development in
adult bees (F1,75 = 1.547, p = 0.217) (Appendix table A.5).
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Unlike callow workers, adult bees were reared for 3 weeks, until nest construction or
egg laying was observed indicating that these workers had functional ovaries.

3.3.4.3 Callow worker experiment

Decitabine had a significant effect on level of ovary development in callow bees (F1,75

= 7.211, p = 0.00891; Figure 3.10) (Appendix table A.6). For callow workers, each
control box had on average one bee out of five with developed ovaries (mean oocyte
length more than or equal to 1 mm) (Duchateau and Velthuis, 1988) compared with
three bees out of five with developed ovaries in Decitabine groups.

Figure 3.10: Ovary development between treatments for callow bees. Mean
oocyte length is the average length of the two largest oocytes in each ovary of a

bee. Dots are the individual data points.

3.3.4.4 Additional measurements

Dissections of bees reared in their original colonies showed a complete absence of
ovary development. In the callow worker experiment, Decitabine treated group
produced 40% more brood by weight compared to the control (Figure 3.4, Appendix
table A.6).
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3.3.4.5 Behavioural data

Aggression is a measure of the reproductive conflict among workers (Amsalem and
Hefetz, 2011). The dominant hierarchy of bees is usually established through their
overt agonistic behaviours. During the entire period of the experiment aggression
of drug treated bees remain at a higher level compared to the non-treated bees
(Figure 3.11). Aggression was analysed using a 2 way repeated measures ANOVA,
where time was the repeated measure. Decitabine had a significant effect on level of
aggression (F1,143 = 32.17, p < 0.00001). Time also had a significant effect (F17,143

= 8.05, p < 0.00001). There was no interaction effect between time and Decitabine
(F17,143 = 0.59, p = 0.8957). i.e the time and the treatment are two independent
variables from each other.

Figure 3.11: Changes in aggression over time between Decitabine and control callow
bees. The filled circles (solid line) represent means of boxes treated with Decitabine. Open

circles (dotted line) are the control boxes. Bars represent standard errors.
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During day 1, relatively moderate amounts of aggressive behaviours among bees
were observed. For the next 2 days, the overall aggression was held at a peak. Then
from the 4th day onwards aggression level started to decline. Towards the 5th and 6th

day, it decreased further and the workers were found working on separate locations
of their nests and honey pots leading to a very little amount of interactions among
them (Figure 3.11).

3.3.5 Comparison of DNA methylation differences among
Decitabine treated and non-treated groups

3.3.5.1 Methylation sensitive restriction enzymes (MSRE)

In set 1, an absence of a band in the enzyme digested product in Decitabine treated
sample (34D) was observed while the corresponding treatment in the control sample
(31C) showed a complete band after PCR (Callow workers - Figure 3.12). A similar
type of result is also shown in set 2 and set 3 samples where a very faint band was
present for the enzyme treated Decitabine samples (31D and 21D). A converse result
was observed for set 4 and 5 where both the treated and the control samples showed
a presence of a band irrespective of the enzyme treatment.

Figure 3.12: MSRE results for Decitabine treated and control callow workers. D =
Decitabine treated, C = Non-treated control, + = Presence of HpaII enzyme in the reaction

mixture, - = Absence of HpaII enzyme in the reaction mixture.

In adult workers, there is no difference between the enzyme digested samples of both
the Decitabine treated and control samples. This was consistent among all 5 testing
groups/sets (Figure 3.13).
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Figure 3.13: MSRE results for Decitabine treated and control adult workers. D =
Decitabine treated, C = Non-treated control, + = Presence of HpaII enzyme in the reaction

mixture, - = Absence of HpaII enzyme in the reaction mixture.

A clear conclusion on methylation status of the test and control groups was unable
to made using MSRE. Thus bisulfite treatment was used as a quantification method
of methylation levels in these groups.

3.3.5.2 Bisulfite treatment

According to the genomic DNA and mRNA alignment results, exon 8 showed a
complete absence of CpG dinucleotides. Also, all cytosine residues present in the
intronic regions in between exon 5 and 9 had no CpGs.

According to the sequencing results, 5 out of the 9 CpG sites present in exon 6 of
dynactin subunit-4 like were methylated (Table 3.5). Thus exon 6 was selected for
comparison among Decitabine treated and non-treated groups.

Both the gel quantification (Figure 3.14) and sequencing results (Appendix table
A.7) of plasmid extractions suggested that the cloning of sample DNA in to E. coli
vectors was successful.

Exon 6 was composed of 9 CpG sites. The corresponding primers of exon 6 (Table
3.5) were able to cover all 9 CpG sites present in exon 6. Thus the DNA insert in
each clone sequence was composed of 9 CpG sites (Appendix table A.7). A summary
of sequencing results for all clones for the two treatments is given in Table 3.6.

According to Table 3.6, the total number of methylated cytosines present in
Decitabine treated samples (68) is slightly less than that of the control samples
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Table 3.5: Total methylation levels in dynactin subunit-4 like exons.

Exon

Number of
CpG sites

present
in the
exon

Primers sequences
Amplicon

length
(in bp)

TA TE

Number of
methylated

cytosines
present

5 3
F: GTATAGGATATTTTATAAAGTTTGTTATTG

249 54 72 0
R:TTTCTATTTATACATCTAATTATTACAATC

6 9
F:CGTTGGAACAGCGATTGCAACAACCAGATGTA

153 54 72 5
R:CTTTACAAAATATAAACAAAAATCC

7 5
F:TTGTAAAGTTTAAGATTTAATTTGTTGTAT

160 53 72 2
R:GTTTTGGTAAATTAAGTGAATTGTTT

9 7
F:GTTTGTAGTAGAGGAAATAAAATTTATTAA

161 55 72 1
R:AAAATTATACATACTTAAAATCATCTTAAA

Note: TA (oC)= Annealing temperature, TE (oC)= Extension temperature.

Figure 3.14: Plasmids/clones with Decitabine treated and control sample inserts.

(74). Statistically this is not a significant difference between the Decitabine treated
and control samples (χ2 = 6.583, d.f. = 8, p >0.05).

As a clear reduction of methylation in Decitabine treated group was unobservable
using the bisulfite treatment, I used amplification of intermethylated sites (AIMS)
as an alternative method of comparing the methylation statuses among Decitabine
treated and control groups.
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Table 3.6: Total number of methylated cytosines at each CpG site in exon 6 of dynactin
subunit 4-like

Group
CpG
site 1

CpG2 CpG3 CpG4 CpG5 CpG6 CpG7 CpG8 CpG9 Total

Decitabine 17 17 15 0 8 0 2 0 9 68

Control 15 18 15 0 11 0 0 4 11 74

3.3.5.3 Amplification of intermethylated sites (AIMS) analysis

Based on AIMS data, Decitabine has a significant effect on methylation patterns
in callow bees (φST = 0.2227, p < 0.0001). There were 62 methylation sensitive
loci in total of which 54 were polymorphic. Forty-three loci had the same modal
level of methylation in both the control and Decitabine-treated callow workers. Nine
loci showed hypermethylation and 10 hypomethylation in Decitabine-treated callows
compared with controls. The PCoA based on pairwise difference showed two group-
ings corresponding to whether the bees were treated with Decitabine or not (Figure
3.15).

AIMS analysis of adult workers didn’t show any significant effect of Decitabine
compared to its control group (φST = 0.0149, p > 0.0001).

3.4 Discussion

I found clear methylation differences between the genomes of queenless reproductive
workers and queenless non-reproductive workers (Figure 3.8). This suggests the
importance of methylation in reproductive caste formation in B.terrestris workers.

During this analysis, a consistent banding pattern among different worker types
was observed at most loci. However individual specific banding patterns were also
observed at certain loci (See Appendix figure A.1b). The amount and pattern of
methylation vary with the type of tissue, age and environmental conditions (Cedar
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Figure 3.15: Principal coordinate analysis of AIMS data for callow bees.

and Bergman, 2012, Kucharski et al., 2008). During the experiment all these fac-
tors remained constant among all three worker types. Thus these unique banding
patterns are probably due to their individual genetic polymorphisms.

MS-AFLP has been used in many epigenetic studies as a genome-wide methylation
screening technique (Schrey et al., 2013). However, compared to more advanced
techniques such as next generation sequencing it has limitations. MS-AFLP only
detects methylation differences present at the restriction site (CCGG) of the frequent
cutter endonucleases, HpaII and MspI. Cytosine methylation that is present in non-
CpG sites such as CpA and CpT (Bonasio et al., 2012) is not detected by this
method. In addition, during this study 109 loci out of the total 245 were recorded
as uninformative. That is there were no bands for either HpaII or MspI digestions
(HPA-/MSP-). See table 3.2. This could be due either to the target site being
absent or it being hypermethylated (full methylation in both cytosines or in external
cytosines). An absence of the target site could occur due to genetic variations such
as point mutation to the restriction site or changes in the adjacent restriction sites.
However, these types of variations are not very frequent in a genome and according to
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my results 44% of the total number of loci were considered as uninformative (Table
3.2). Therefore most of them must have arisen due to hypermethylation. In most
studies HPA-/MSP-banding pattern is considered as a hypermethylation (Gupta
et al., 2012, Wang et al., 2011). In both these ways, the overall methylation level of
the genome could have been underestimated. However, the significant methylation
difference that I found between queenless reproductive workers and queenless non-
reproductive workers excludes all these uninformative loci.

MS-AFLP provides a quantitative analysis of methylation statuses in a genome.
However qualitative data such as the precise location of methylated loci in the
genome cannot be obtained by basic MS-AFLP alone. For instance, in a gene
whether methylation is associated with introns, exons or in UTRs etc. Unfor-
tunately my attempt to sequence DNA fragments with unique methylation pat-
terns was unsuccessful (Table 3.3). The sequencing peaks of the resulted chro-
matograms were not as clean as expected in a perfect chromatogram (Sanger Se-
quencing Troubleshooting Guide, 2011 http://www.agrf.org.au/assets/files/

PDF%20documents/Troubleshooting%20-%20Sanger%20Sequencing.pdf) and sev-
eral overlapping peaks were associated with many parts of the chromatogram, but
with the correct base spacing. This could be due to contamination with adjacent
DNA, when removing a DNA band from the PolyNat gel. Due to the thermo stabil-
ity of PolyNat gels, I could not extract a sufficient amount of DNA from a gel band.
Thus the extracted DNA had to be amplified prior to sequence. During PCR these
contaminated sequences may also have amplified and appeared as multiple peaks in
the chromatogram.

I then compared methylation statuses of tissues in reproductive workers belonging
to different social phases. No tissue-specific methylation difference between ovary
and head tissues of bees was discovered. Instead a significant methylation change
in worker head tissues was observed during the colony transition from PCP to CP
(Figure 3.9). This could be due to the inconsistency of the two gel runs (see section
3.2.2) or may be due to an actual effect of methylation. If it’s the latter then,
lack of ovary development in callow workers during PCP and activation of ovary
development during CP, may be associated with differences in the methylation levels
of bee brains. Previous research has also shown that the switch between different
worker roles in honeybees is associated with methylation changes in the brain (Herb

http://www.agrf.org.au/assets/files/PDF%20documents/Troubleshooting%20-%20Sanger%20Sequencing.pdf
http://www.agrf.org.au/assets/files/PDF%20documents/Troubleshooting%20-%20Sanger%20Sequencing.pdf
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et al., 2012). In addition, only about 70000 out of the 60 million cytosines present in
the Apis genome are methylated and 80% of these methylation susceptible honeybee
genes are expressed in the brain (Strachecka et al., 2012). Queen-induced worker
sterility in Bombus terrestris is achieved by pheromones (Amsalem et al., 2015,
Van Oystaeyen et al., 2014) and aggressive behaviour of the queen (Alaux et al.,
2007). It is possible that this inhibition of worker reproduction by queen pheromones
may be achieved via changes of methylation levels in worker brains and thereby
differential expression of brain genes leading them to be sterile or reproductive. In
honeybees, certain genes that are responsive to queens’ pheromones are differentially
methylated (Foret et al., 2012).

Older workers can impose a ‘queen-like’ effect on callow worker reproduction. All
callow workers collected during the CP and reared in a box (box 4) had developed
ovaries. But their similar aged callow workers reared in the natal colony (Appendix
table A.3) lacked visible ovaries. This indicates that after the colony loses its queen,
young workers will have the potential to become reproductive. But, as a result of
competition among workers over male production, the older workers who started
laying eggs in the colony may inhibit callow workers from initiating their reproduc-
tion. A similar result has previously been observed; Even after 5 days of the queen’s
death, young workers in the colony didn’t become reproductive (van Honk et al.,
1981). This is similar to the introduction of egg-laying workers in to a queen-right
colony during the PCP, in which all of them will revert to sterility (Alaux et al.,
2007).

Queenless workers whose genomes had experimentally altered methylation, were
more aggressive (Figure 3.11) and more likely to develop ovaries compared to control
queenless workers (Figure 3.10). Thus instead of a single dominant worker, several
workers in Decitabine treated groups shared the reproduction. Otherwise, most of
the time the α-worker shows the most aggressive behaviour and monopolizes the
reproduction in the colony while other subordinate workers become her helpers to
maintain the nest and brood (Amsalem and Hefetz, 2011).

Decitabine had no effect on bees that were adults at the beginning of the experiment.
Only callows (bees less than 1 day old) were affected. Although it is exciting to
think that this result is due to adult bees being developmentally fixed and unable
to switch roles (Patalano et al., 2012), the adult insect cell division may be just
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a technical artifact of the mechanism of Decitabine demethylation. During the s
phase of DNA replication, 5-aza-2’-deoxycytidine (Decitabine) is converted into the
triphosphate and is incorporated in place of CpG sites in DNA. DNA (cytosine-5)-
methyltransferase 1 (Dnmt1) binds covalently on DNA at these modified CpG sites
and becomes inactive. Lack of Dnmt1 blocks remethylation of hemi-methylated sites
in daughter DNA, during the first round of DNA replication. Thereby Decitabine
acts as a direct and irreversible inhibitor of Dnmt1 and cell division in the absence
of Dnmt1 results in a progressive demethylation of DNA (Christman, 2002, Egger
et al., 2004). Adult insects are considered post-mitotic (Finch, 1990) although see
(Ward et al., 2008). If no cell division occurs in adult bees then Decitabine cannot
be incorporated and there will be no effect on methylation on adult bees.

The effects of Decitabine are not due to a general toxicity effect. A more general
toxic effect would be expected to act on adult bees as well. The provided dosage of
Decitabine in the adult experiment showed no effect on bees (Appendix table A.5).
This dosage is below the minimum used to test for genotoxic effects in Drosophila
(Cunha et al., 2002). If it were merely a toxic effect I would expect to see reduced
activity and reproduction. This was exactly the result when B. terrestris workers
were exposed to chlorantraniliprole, a pesticide which is similar to Decitabine in
toxicity but has no demethylating effect such as Decitabine (Smagghe et al., 2013).
Instead, during my experiment I have observed increased aggression and more bees
becoming reproductive when Decitabine is administered.

In adult workers, density had an effect on aggressiveness and thereby their ovary
development. Compared to 5 worker groups where a single worker dominates repro-
duction, in 10 worker groups, on average 8 bees were contributed to reproduction
(Appendix table A.4). In small groups such as in 5 bee groups the α-worker is ca-
pable of controlling the reproduction of her sub-ordinate workers. However, when
the group size is large (e.g. 10 bees) the effectiveness of this control by means of
aggressive behaviours and pheromones is less. Thus maintaining a dominant hierar-
chy among workers is difficult and most workers in the mini-colony tend to activate
their reproduction.

The next step of this experiment was to analyse the amount of methylation difference
required to bring these effects in reproductive workers. Both qualitative (MSRE)
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and quantitative (bisulfite treatment and AIMS) methylation analysis techniques
were used for this purpose.

A clear, consistent effect on methylation change in callow workers was not observed
using MSRE. Decitabine is considered as a demethylating agent (Christman, 2002).
Therefore less methylation is expected to be observed in Decitabine treated bees
compared to their control group. Since HpaII is only sensitive to full methylation,
the expected MSRE result can only be achieved if Decitabine treated bees show a
hemi-methylation or no methylation whereas their control group shows a full methy-
lation. This is represented in Figure 3.12, as an absence of a band (set 1) or as a
very faint band (set 2 and 3) in the enzyme digested product of Decitabine treated
sample while their corresponding treatment in the control sample shows a complete
band after PCR. Compared to set 1, a contrast result was observed in sets 4 and
5. i.e. A band was present for the enzyme digested product in both Decitabine
treated and control samples, indicating that there is no methylation difference be-
tween the treatment and the control. These two contrasting observations could be
due to the heterogeneity of methylation statuses among two bees at the same CpG
site (Kucharski et al., 2008). That is the same CpG site could be methylated in
one bee while it is unmethylated in the other. If Decitabine completely removes the
methylation tags in treated bees while their control group was in a hemi-methylation
state, still it proves that Decitabine had a demethylating effect on those bees. How-
ever, these two methylation statuses cannot be differentiated by using HpaII, since
under both these conditions HpaII cleaves the DNA and it is observed as an absence
of a band in the enzyme digested product in both treated and control samples.

MSRE analysis for adult workers showed no difference between the Decitabine
treated and control samples (Figure 3.13). Unlike AIMS and bisulfite treatment
that could be applied in genome-wide scale, MSRE only detects the methylation
status in a selected gene region at a specific restriction site. Therefore to obtain a
clear conclusion on Decitabine demethylation using MSRE, it is important to check
several genes with different methylation sensitive restriction enzymes.

According to bisulfite sequencing results the methylation reduction caused by
Decitabine was not significant. However during the AIMS analysis a clear effect
of Decitabine on methylation patterns in callow workers was observed (Figure 3.15).
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But it is not an obvious reduction in overall methylation. This is due to the limi-
tation of AIMS as a quantifier of exact methylation levels. As there is a PCR step,
even if methylation was reduced, rather than completely removed, in a given locus,
this locus would be classed as still methylated.

Previous research states that the genes involved in insect development and repro-
duction are hypomethylated (Sarda et al., 2012, Strachecka et al., 2012), which
is the expected effect of Decitabine. I have observed clear effects of Decitabine
on methylation which affects worker reproduction (increase ovary development and
aggressive behaviour). However, a clear reduction of global methylation level by
Decitabine wasn’t observed. Thus the amount of methylation difference required
to bring such effects may be less. A recent study has shown that Decitabine is
not a global demethylator but rather demethylates specific and reproducible sites in
human cancer cell lines (Hagemann et al., 2011).

Methylation changes are involved in queen-worker differentiation in honeybees
(Kucharski et al., 2008). The development of a genetically identical embryo into
either a queen or a worker has been compared to the transition from a totipotent
stem cell to a fully differentiated cell type (Bonasio et al., 2012, Patalano et al., 2012).
Recently it has been shown that bumblebee workers can reverse their reproductive
status depending on the social context (Yagound et al., 2012). If a reproductive
worker is returned to her natal colony she will regress back to sterility. However if
she is placed in a foreign nest, she will remain fertile despite the presence of the resi-
dent queen. This chapter shows that the reproductive caste formation, an important
aspect of eusociality in B.terrestris to be under epigenetic control. Therefore my
work suggests, worker reproduction is influenced more by plastic epigenetic processes
than those of queen-worker differentiation. Processes, it has been suggested, that
could be analogous to somatic cell reprogramming and transdifferentiation (Bonasio
et al., 2012).

DNA methylation patterns, in other words parental imprints that are established
during gametogenesis can be transmissible to next generation. Thus they serve as
important mediators of intragenomic conflict. Genomic imprinting in social insects
is predicted to be arise as a results of within-genome conflicts (Haig, 2000). In the
next two chapters I will discuss two experimental approaches I took to check the
existence of monoallelic gene expression in the Bombus terrestris genome.



Chapter 4

Allele specific expression in the
bumblebee, Bombus terrestris:
candidate gene approach

4.1 Introduction

Normally an organism behaves as a cohesive entity which works towards a common
goal of survival. However in reproduction, the genome of an individual organism
can behave as two distinct units, the maternally derived part (matrigenes) and the
paternally derived part (patrigenes) (Haig, 2000). Haig’s kinship theory predicts
that the different selectional pressures, to which the matrigene and patrigene are
subjected, causes this intragenomic conflict. That is, a patrigene favours its offspring
to take more resources from the mother, so that they are more likely to survive and
reproduce, thus maximizing the patrigene’s fitness. In contrast the matrigene’s
fitness depends on the number of offspring that carries it. Thus a matrigene tries
to minimize resource provision, so the mother could invest in more offspring. As a
result, the maternal and paternal genes show different expressions over reproductive
traits of their offspring and each parental part of the genome uses imprinting in
different ways to enhance its own inclusive fitness (Burt and Trives, 2006). Therefore
reproduction loci are a potential place where imprinting could occur. Imprinted
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genes that have been found in mammals are often involved in the regulation of
embryonic growth and development (Reik and Walter, 2001).

Eusocial Hymenoptera are potential candidates where genomic imprinting could
have evolved (see section 1.3). Also there is evidence to support monoallelic expres-
sion and parent-of-origin effects in eusocial Hymenoptera (see section 1.5). Here I
used a candidate gene approach to search for parent-of-origin allele specific expres-
sion in bumblebee reproduction genes.

Cardoen et al. 2011 reported, 1292 genes that are differentially expressed between
reproductive and non-reproductive workers in honeybees. This includes genes that
are associated with the storage of maternal mRNA in oocytes, genes related to
epigenetic control (e.g. DNA methyltransferase 3 ), genes known to respond to queen
and brood pheromones, genes that are linked with steroid biosynthesis and insulin
signaling pathways. All above gene categories are linked with reproduction. Thus
they can serve as potential target sites where genomic imprinting could occur. The
parental allele in which the imprint should be located depends on the role that the
gene plays in worker reproduction. For example Cabut, one of the candidate genes
tested in this chapter is involved in inhibition of worker reproduction via cell death
and reduction of ovariole number (Cardoen et al., 2011). Thus under queen-right
monandrous conditions, imprinting in this gene is expected to be observed in the
paternally derived allele while the maternally derived allele is expressed.

The overall aim of this chapter was to search for parent-of-origin allele specific
expression, in Bombus terrestris worker reproduction loci, under queen-right condi-
tions. Reproduction loci were selected from 12 candidate genes that are previously
implicated in enhancing and inhibiting worker reproduction. My first aim was to
find maternal and paternal allelic variations present in workers at each selected gene
locus. For this purpose genomic DNA of the queen and 5 workers from each bumble-
bee colony were compared using PCR coupled SSCP (single stranded conformation
polymorphism) analysis. If any variation was observed during SSCP analysis, then
the second aim was to sequence those loci to identify the single nucleotide polymor-
phisms (SNPs) that cause those variations. Compared with the queen’s sequence,
any additional SNP found in all of her worker sequences came from their father.
Thus any heterozygous worker clearly shows that it carries both maternal and pa-
ternal alleles (Figure 4.2). Thirdly maternal and paternal allele specific primers were
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designed to those heterozygous SNP regions and allele specific PCR was conducted
to confirm the specificity of these primers on each parental allele. Then RT-qPCR
was conducted using those allele specific primers to measure the amount of expres-
sion in each parental allele. This final aim was to compare the observed expression
patterns of maternal and paternal alleles with that of the expected patterns for each
gene, to see if they behave according to the predictions made by the kinship theory
for a monandrous queen-right colony.

The theory predicts that in a monandrous queen-right colony such as in B. ter-
restris, at any locus that promotes/upregulates worker reproduction the maternal
copy should be imprinted and the paternal copy should be expressed (see section
1.2, Figure 1.1). Similarly at any locus that enhance worker sterility should be ex-
pressed maternally and imprint paternally (Queller, 2003). The hypothesis of this
study expects that at functionally different reproductive loci in B. terrestris workers,
the expression pattern between parental alleles should vary.

The results of this chapter will not identify imprinted genes. If I discovered a gene
which expresses either only the matrigene or the patrigene (i.e. monoallelically
expressed gene) or expresses biallelically but differentially between parental alleles
(allele specific expression), then by conducting a separate experiment on reciprocal
crosses it could be confirmed whether this expression pattern is due to genomic im-
printing or due to any other genetic phenomenon such as dominant-recessive effects,
X chromosome inactivation etc.

4.2 Methods

4.2.1 Single strand confirmation polymorphism (SSCP)

SSCP has been used as a genotyping and mutation scanning method in many
biomedical studies (Kozlowski and Krzyzosiak, 2001). It relies on the principle
that the electrophoretic mobility of a single-stranded DNA molecule is dependent
on its structure (nucleotide sequence) and size. In the absence of the complemen-
tary strand, DNA becomes unstable and reanneals to itself to form conformations;
hairpins, pseudoknots and triple helices (Nielsen et al., 1995). These conformations
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vary according to the primary sequence of the molecule, such that a single nucleotide
difference in DNA could dramatically affect the strand’s mobility through a gel due
to its unique 3D structure (Figure 4.1). Therefore depending on the presence or ab-
sence of SNPs in a locus, the maternal and paternal alleles would produce a deviated
mobility pattern on a gel (Figure 4.2).

Figure 4.1: A schematic of SSCP mechanism for a locus with a SNP (blue strand in
mutant DNA) and without a SNP (red strand in normal DNA).

Figure 4.2: Separation of maternal and paternal alleles in a gel. The diploid queen has
2 alleles while the haploid drone has a single allele. Daughter workers receive one allele
from each parent. Thus genomic DNA of the represented worker shows a heterozygous
condition. If the maternal and paternal alleles are genotypically identical (homozygous
workers) they will have identical electrophoretic mobilities, and thus cannot be separated in
a gel representation. cDNA synthesised from this worker shows expression of the maternal
allele while the paternal allele is not expressed, thus illustrating a monoallelic expression

of the maternally derived allele.
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4.2.2 Identification of candidate genes and designing
primers

Candidate genes which are differentially expressed in the queen, reproducing workers
and non-reproducing workers and also which are associated with the worker ovary
activation and suppression were selected via an extensive literature search (Table
4.1).

Sequences for all selected candidate genes were obtained from Apis mellifera genome
data, available in NCBI and Beebase databases.

Apis mellifera data was BLASTed against the Bombus terrestris Nucleotide library
(NCBI) in order to find the same gene analogue in Bombus terrestris. Then, the
mRNA and genomic DNA sequences were aligned to find out the exonic regions. In-
tron regions were excluded because in eukaryotic cells the mature mRNA is already
spliced, thus the cDNA produced does not include introns. This means any poly-
morphism found in introns would be useless for my ultimate aim, identifying allele
specific expression. Primers were designed to these exonic regions using Geneious
Pro (version 5.5.6) and primer 3 version 0.4.0 (http://frodo.wi.mit.edu).

4.2.3 DNA Extraction

The queen and 5 randomly selected workers from each colony were used for SSCP
analysis. Four colonies were used to test each candidate gene. Haploid drones are
useless for the aim of this research, finding maternal and paternal allelic variations
in a gene. Hence sex determination of bees was carried out according to section
3.2.4.2, to confirm that they are all female bees. Bees were flash frozen in liquid
nitrogen and then stored at -80oC.

Genomic DNA for SSCP analysis was extracted from a half of an each queen and
worker bee using the DNA Micro kit (section 2.2.2). The rest of the bee samples
were stored at -800C for RNA extraction and qPCR analysis. Concentration of total
genomic DNA was measured using the NanoDrop 1000 Spectrophotometer.

http://frodo.wi.mit.edu
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Table 4.1: Candidate genes selected from the literature search. NCBI gene ID is given within parenthesis.

Gene
in Apis millifera

Analogous gene
in Bombus terrestris

Related biological function Reference

Chymotrypsin
Chymotrypsin-1-like

(LOC100648122)
- Upregulated in B.terrestris non-reproductive
workers compared to reproductive workers

Pereboom et al. 2005

Gemini
Upstream binding protein 1-like

(LOC100650338)
- Upregulated in reproductive workers Jarosch et al. 2011

Cabut
Zinc finger protein 691-like

(LOC100642767)
- Upregulated in non-reproducing workers
- Ovarian regression

Cardoen et al. 2011

Ecdysone 20
monooxygenase

Ecdysone 20- monooxygenase-like
(LOC100649449)

- Four fold upregulated in egg laying workers
- Ovarian follicle cell development
- Activation of ovary development
- 20E biosynthesis

Cardoen et al. 2011

Yolkless
Vitellogenin receptor-like

(LOC100649042)

- Vitellogenin receptor
- Vitellogenin transport
- 6.5 fold upregulated in ovaries of honeybee
reproductive workers

Cardoen et al. 2011

Epidermal growth
factor receptor

Epidermal growth factor receptor like
(LOC100645521)

- Up-regulation of EGFR initiates ovary
activation and oocyte maturation
in queenless non- reproductive workers.

- Down regulation of EGFR causes a
complete worker sterility

Formesyn et al. 2014

Ribosomal Protein L26
60S Ribosomal Protein L26 like

(LOC100648461)

- Differentially expressed in reproductive
and non-reproductive workers

- Upregulated in ovary suppressed workers
Thompson et al. 2007
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Table 4.1: continued

Gene
in Apis millifera

Analogous gene
in Bombus terrestris

Related biological function Reference

Odorant receptor 2
Or2 odorant receptor 2 /

Queen mandibular pheromone (QMP)
co-receptor

(LOC100631089)

- Upregulated by exposure to QMP
- Upregulated in sterile workers

Cardoen et al. 2011

Grozinger et al. 2007

Dop3 D2-like
dopamine receptor

D2 like dopamine receptor
(LOC100644210)

- Upregulated in non-reproductive workers
- Expression of Dop3 is affected by the
presence or absence of the queen.

- Enhance apoptosis (cell death) in ovaries
of queen-right workers

Vergoz et al. 2012

Megator
Megator TPR like nucleoprotein

(LOC100645723)

- Upregulated in reproductive workers
- Involved in honeybee caste determination
- Downregulated when expose to QMP

Cardoen et al. 2011

Ecdysteroid-
regulated gene

E93/Mblk-1 transcription
factor

Mushroom body large-type
Kenyon cell specific protein 1-like

(LOC100645656)

- 27- fold upregulated in reproductive workers
- Important in the detection of QMP
- Correlated with worker ovary size

Cardoen et al. 2011
Park et al. 2003

Hoover et al. 2003

Ecdysone inducible
gene L2/ ImpL2

Neural/ectodermal development factor
IMP-L2-like

(LOC100645498)

- Homolog of vertebrate IGF-binding protein 7
- Upregulated in non-reproductive workers
- Negative regulation of insulin signalling
pathway and repress ovary activation

- Germ band shortening

Cardoen et al. 2011

Grozinger et al. 2007
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4.2.4 PCR amplifications

All primers (Table 4.2) were tested prior to running the SSCP analysis. For each
PCR reaction a negative (without DNA) and a positive control (a known pair of
primers which work with DNA obtained from any tissue) was also included. Actin,
a housekeeping gene (NCBI gene ID: LOC100648624) which worked successfully for
a wide range of annealing temperatures (55-60oC) was used as the positive control.
Forward and reverse primers used for Actin were 5’ ACCATGTACCCCGGTATTGC
3’ and 5’ GCGATGATCTTGATCTTGATGC 3’ respectively. Distilled water was
substituted for DNA in the negative control.

Primers which amplified the region of interest correctly were used for SSCP analysis.
From a total reaction volume of 25µl (60ng of DNA from each queen and worker,
12.5µl YB-Taq 2x Buffer, 1.5µl of each forward and reverse primer (10µlM/µl)
(Table 4.2), 1µl of 10mM MgCl2 and 6.5µl of dH20). 10µl was used to test PCR
success and the remaining 15µl to run SSCP.

Various parameters such as volumes and concentrations of primers,
MgCl2 and DNA were changed in order to optimize PCR reac-
tions (https://www.neb.com/tools-and-resources/usage-guidelines/

guidelines-for-pcr-optimization-with-taq-dna-polymerase). The opti-
mum annealing and extension temperatures were selected from a temperature
gradient PCR.

PCR amplifications were accomplished with the following PCR protocol: an initial
denaturation for 5 min at 94oC, 30 cycles of 30s at 94oC, 30s each at the relevant
annealing and extension temperature followed by a final extension of 10 minutes
and a holding step of 4oC. In all PCR amplifications the lids of PCR machines were
maintained at 100oC before the samples were introduced to the machine.

Lab work for genes 6-12 (Table 4.2) was carried out by Bradley Toghill, a MSc
student, under my supervision.

Each candidate gene was tested with 4 different bumblebee colonies. Genes 1-5 was
tested with 4 bumblebee colonies and another 4 colonies were used to test genes
6-12. Only gene 4 was tested using all 8 colonies (Table 4.2).

https://www.neb.com/tools-and-resources/usage-guidelines/guidelines-for-pcr-optimization-with-taq-dna-polymerase
https://www.neb.com/tools-and-resources/usage-guidelines/guidelines-for-pcr-optimization-with-taq-dna-polymerase


Chapter 4. Candidate gene approach 78

Table 4.2: Primer sequences used for different candidate genes.

Gene

number
Gene Exon Primer Sequence (5’-3’)

Amplicon

length

(bp)

1
Chymotrypsin

-1-like
Exon 1

F:CAAACTCGGAGGAAGAGCAC
176

R:CATCATCGTGGATGAGTGGA

F:GGAGGAAGAGCACCAAACAA
Exon 2

R:CATCATCGTGGATGAGTGGA
169

F:ACCGTCCACGCTGGAACGAA
Exon 3

R:GCGTTTTGTCCGGCTGGGGA
224

F:AATCGGTGTCGTTTCCTTTG
Exon 4

R:TCATCATTTTGCAATAAAGCAT
223

F:TTTATAATCAAAACTACTGGGATTTCA
Exon 5

R:TGTGCTCTGCCTTGCAGTC
166

F:GCTTCCCTGAAGGCCAAAT
Exon 6

R:ACACAGTGAGCTGCGGTGA
145

F:CGGTCCACTCATCCACGA
Exon 7

R:CCGGTTGTTCTTCAGTTTCG
158

F:GGAGGAAGAGCACCAAACAA
Exon 8

R:GCATGCACCTTCTCCAACTT
132

F:GCTGGAACGAATCAACTGAA
Exon 9

R:CTACCGGTTGCCAATTTGAT
170

F:CAAATCGGTGTCGTTTCCTT
Exon 10

R:GCAATAAAGCATGTACGTGTTAA
327

F:TCAAAACTACTGGGATTTCACG
Exon 11

R:TGTGCTCTGCCTTGCAGTC
218

F:TGAACAACTTAAAAAGCATTACC
Exon 12

R:TAGTTCCCCAGCCGGACA
246

2
Upstream-

binding
protein 1

-like

Exon 1
F:TTAGGAACGCGATGAAGG

53
R:ATAACACGAGCGAACGCTACA

F:TTGATAGTTTCAACGAAGTACATGC
Exon 2

R:ACCGTCGTGTTTGGCTCAAT
447

F:TCAGCTTCGATACAGGACTGG
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Table 4.2: continued
Exon 3

R:ATCACCTCAAACCCGCTCTA
192

F:CCTCTGTTGAAGCATAGGGACT
Exon 4

R:CCTAGACTCGTTATCGCCATC
68

F:GACAGAACCGTGCAGTCGTA
Exon 5

R:CCTTAGGTGAACTGCATTAGCA
251

F:ATAAACGCCGACTTCCTTGG
Exon 6

R:CGACAATACGCATTTGCTTC
206

F:CTTCAAAATCTTCCCGCGATA
Exon 7

R:ACGAGCATTGCGACGAAAG
120

F:CAGTCCTCGTTGAGCTCGTT
Exon 8

R:ACCACGTGTCACAGAGAACAA
205

F:TTGGAATTTTGCTGATTTTCC
Exon 9

R:CCTGCTCGCGTTACCATC
72

F:CCGACGAAGAAAATTCTATTTACC
Exon 10

R:GATCTGTCGGAAGCAATGGT
168

F:CATCTCTCCTAGCATGTTTCTTCTC
Exon 11

R:GATAAATACAACTCACCGAAGGA
190

F:GATGGGGTCGCACCTGTT
Exon 12

R:GGAGCTGGAATTCATCATGG
124

3
Zinc finger

protein
691-like

Exon 1
F:GAGCCAACCGACCTGAGA

218
R:GTGTTTGAATTGGGGTGAGG

F:ATTGAACCAACGATTCAGTCTTC
Exon 2

R:TTGCCAATTCACATTGTTCC
208

F:CAGAACCAGCCCGTGTTT
Exon 3

R:GAGCTCGTGGAAGAACCAAA
351

F:CTGCGCCTACGACTACAACA
Exon 4

R:AGACACTCGCGGATGAAGAC
345

F:TTGAAGTGTGAAAATTGCAAGAA
Exon 5

R:TCCTTAACACTTTTGCATAGCC
301

F:CGTTATCGATTTACAAAAGTGTCTTG
Exon 6

R:GGCATGTAGTGCAAACACAA
333

4
Ecdysone 20

-monooxygenase
-like

Exon 1
F:GTACCATCCGGCGAGGAG

140
R:GCATCGTGAACCTTGCTCAG
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Table 4.2: continued

F:AGATTTGAACAAACGATATGGAC
Exon 2

R:CGTTGACCAAACCGAGATT
200

F:GCACCTGTACTTTGATCTTGG
Exon 3

R:TGTATATCTCGTCCTCGCTTTC
198

F:CACCTTGGTGTTTCTATTCTACTTGA
Exon 4

R:GGAATGATTCGGTGATACATGC
158

F:ACGGTCCTGTTACACACTTGG
Exon 5

R:GCCAAAATAAGCTGCAACG
191

F:TTCAAACGAGTGCCATTGTC
Exon 6

R:CCATTCCGAATCTACCCAGA
319

5
Vitellogenin
receptor-like

Exon 1
F:TTACATGATACCAGCCGATCA

110
R:CACCGCAGTTATCCTTCTCA

F:GGCGAAGGTTTGATGATGTT
Exon 2

R:TGCTGTAACAATGACCTCTCG
213

F:AAAAGATATAGCAAAGAGGCCATT
Exon 3

R:TTTGTAGACACTAAAACTTCCCAATTT
135

F:AGCGATCAGCTAAGGGACAA
Exon 4

R:ATCGTAAGGCTCGTCTTGGA
216

F:GAGCGTAACATGCCAAAGAAA
Exon 5

R:CTTGTTTCGGAAGACACAGTTC
215

F:CCAAGTACAATCCCTGCACA
Exon 6

R:TCGCTTCGTATGACGTATTCC
205

F:TTTTGGAGCCAAACTTCTTG
Exon 7

R:AACCATCTAAATTCGAGGACTCA
202

F:TGGATACCCGAAAGATTCCA
Exon 8

R:TTTTTCTTTGAAAAGCGTGGT
210

6
Epidermal

growth factor
receptor like

Exon 1
F:AATTTCACGTCGCCAGAACG

229
R:AGAAGTTCTTGCAGGCGATG

F: GAGCGGATGAGAAGACTTGC
Exon 2

R: TGTTGTTTTCAGGACCGTCG
210

F: AAGCCTTGGTAGACGCTGAT
Exon 3

R: CGTTTCTGTGATTAGCGCCA
216

F:CTTAACGAGCTGACTGTCGC
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Table 4.2: continued
Exon 4

R:TTTACTGCACGTCGTTTCCC
209

7
60S Ribosomal

Protein
L26 like

Exon 1
F:ACTTGTTTCTTCTTCACGTCGA

135
R:CGAATTGGCATAGAACGAACG

F:ATTGACAGGAGGAGTAAAGGTAG
Exon 2

R:ATTTATGAAGTTTCCATGGCTGC
95

8
Or2 odorant
receptor 2

Exon 1
F:GCTGTGCATATTTGGAAACCG

182
R:AGAGATCCAAAGAGACGGTGA

F: GGTACTGGGAGCTATGGTCA
Exon 2

R: TCGTTTAGTCACAGTTTCCAGC
216

F:GCACTCAGCGATGTACCAAA
Exon 3

R:GCTGTGCATATTTGGAAACCG
207

9
D2 like

dopamine
receptor

Exon 1
F:ATACCGGACCAATGCCTCTT

85
R:CCATGATGATGCAAGGTATGTAG

F: CAAGCTCAACTGGGTGGAAC
Exon 2

R: CGTTCTTCTTGGGTTGCGAA
208

F: GGGTGTCACTGCTTTCATCG
Exon 3

R: TTGAGCTGTTCGATTGTCCG
199

F:TTCTCAGCACTCTCACACCC
Exon 4

R:TTTCTAACACCCCGACGCTC
183

10
Megator
TPR like

nucleoprotein

Exon 1
F:GTTTGGCACAACGTGATGAA

229
R:TCAGCTTTTGCATTTGCTTC

F: AGATGAAGCTTTGGCAGCTC
Exon 2

R: GGCGCATTCTCTTGTAGCAT
256

F: CAGAAGCTGCCCTTAATTCG
Exon 3

R: TCGTGATGTAGCTCGGAGTG
249

F: CGAAGGTGAAGGAGGTGGTA
Exon 4

R: TTCCGACTGTTGTTGCTGTT
229

F:TGCAAACGAACGGTGTAAGA
Exon 5

R:TTCCGAAGAATTAGAAATCGACA
240
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Table 4.2: continued

11
Mushroom body

large-type
Kenyon cell-

specific
protein 1-like
(Mblk1-like)

Exon 1
F:TCGCATTCCAGAGGTGATGA

217
R:CGCCTCTTCCTCGATGTTTG

F: TGAATTTCCGCGACGTGATC
Exon 2

R: TCGGTTTGTTCGCTTCTTGG
231

F: AGATTCCGTCCTACAAGCCC
Exon 3

R: GATCACGTCGCGGAAATTCA
212

F:ACCGGCATTTTACACACCAC
Exon 4

R:AGTCGTGCATGAATTTCCGG
211

12
Neural/

ectodermal
development

factor
(IMP-L2-like)

Exon 1
F:GCCCCATATTCCGACAATGG

195
R:CGCCTCTTCCTCGATGTTTG

F: CCAGTACGCATTCTTTGTACGA
Exon 2

R: TGTTAACCAGCAGCACCG
171

F: GCAGAGCAAGTGGAAAACCA
Exon 3

R: GGGTAGAGGAACGTGCTGAT
205

F:CGAAAAGGAAGTGGCTCGAA
Exon 4

R:GCGTTGTTGATTCTTAAACGCA
230

Note: F = forward primer, R = reverse primer. Exons where polymorphism was observed
are marked in red.

The annealing temperatures used for Ecdysone 20-monooxygenase-like, Mblk1-like
and IMPL2-like are 56.5oC, 59.5oC and 58.1oC respectively while the extension
temperature used was 72oC for all three genes.

Prior to SSCP analysis, each PCR product (10µl) was checked on a 3% agarose
gel and visualized according to section 2.4. If the correct size for the amplicon was
obtained, then the rest of the sample (15µl) was used to proceed SSCP to find out
the maternal and paternal allelic variations in that gene.

4.2.5 SSCP analysis

SSCP analysis was carried out according to Gasser et al. 2007 using GMA wide mini
S-2x25 gels (Elchrom scientific), which have a resolution of 1 bp. Sample denaturing
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solution was prepared by mixing 990µl of 95% formamide with 10µl of 1 M NaOH
just prior to use. 4µl of the PCR product was denatured with 7µl of denaturing
mixture, incubating in a thermocycler at 94oC for 10 minutes and immediately
chilling on ice for 5 minutes.

The temperature of the running buffer (1x TAE) in the Origins gel tank was cooled
to 9oC before the GMA gel was placed in the apparatus. 7µl of the denatured PCR
product was mixed with 2µl of Elchrom loading dye and loaded in to a well on a
25 well GMA gel. Then the gels were subjected to electrophoresis at 72V and at a
constant temperature of 9oC through a power pack. The cooling pump was switched
off during sample loading and it was activated with a delay of 12 minutes allowing
the samples to run a few distance front leaving the wells. Inside the tank, the gels
were held in place by a catamaran frame. The electrophoretic running times were
varied depending on the fragment size; 10 hours for 150 - 200bp fragment length,
12 hours for 200 - 250bp fragment length, 15 hours for 250 - 350bp fragment length
and 17 hours for 350 - 450bp fragment length.

Following electrophoresis, the gels were stained for 30 minutes with SybrGold (invit-
rogen) (1:10000 diluted in TAE) on a rocking platform in dark and destained with
100ml of 1x TAE buffer for another 30 minutes. Then the plastic backing of the gels
was removed and visualized under the UV light.

If any variation or polymorphic banding pattern among the queen and her 5 workers
was observed during SSCP, another SSCP run was conducted to confirm the repro-
ducibility of those results. Then genomic DNA of those queen and worker bees were
amplified with their respective primers (Table 4.2) and PCR products were sent for
commercial clean up and sequencing. Additionally, queen and worker DNA samples
of a locus with no variation were also sequenced as a control to the above sequencing
results.

All sequencing results were blasted against NCBI, Bombus terrestris nucleotide li-
brary to verify if the correct sequence was amplified. Then they were analysed using
Geneious version 7.3.0 and a heterozygote analysis was performed to identify SNPs
that distinguish the queen from her 5 workers in each colony.

After confirming the presence of clear SNPs in the sequences, allele specific PCR
was conducted to identify the correct primers for gene expression analysis.
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4.2.6 Allele specific PCR (ASP)

Allele specific primers were designed using Batch primer 3 program (http://

probes.pw.usda.gov/batchprimer3/) to cover the SNPs identified in section 4.2.5.
Two forward primers specific to maternal (F1) and paternal (F2) allele SNPs and a
common reverse primer were designed. Genomic DNA of the queen and 5 heterozy-
gous workers in each colony, were PCR amplified with these allele specific primers
(Table 4.3). The PCR program used was as per section 4.2.4 and PCR products
were checked on a 3% agarose gel. With allele specific primers, only the allele which
includes the relevant SNP is amplified. Therefore amplification of genomic DNA
with allele specific primers further confirms the maternal and paternal alleles identi-
fied during heterozygote analysis in section 4.2.5. Primers which amplified the SNP
region successfully were used for qPCR analysis.

Amplification with allele specific primers was unsuccessful for Mblk1-like. Thus a
GMA gel expression analysis was conducted with the cDNA synthesised from workers
which showed allelic polymorphisms during SSCP for Mblk1-like (Figure 4.6c). If
either the maternal or the paternal allele is not-expressed in Mblk1-like, it should be
shown in the gel results (Figure 4.7).

4.2.7 Differential expression of maternal and paternal alleles

After confirming maternal and paternal alleles by ASP, RNA was extracted from
those bees (queen and 5 heterozygous workers in colony 5, see Table 4.3) and cDNA
was synthesized, to test these alleles further for their monoallelic gene expression.
The remaining bee samples stored at -80oC (section 4.2.3) were used for RNA ex-
tractions.

4.2.7.1 RNA extraction

RNA extractions were performed with QIAGEN RNeasy Mini Kit.

A 30mg sample of frozen tissue from -80oC was ground with a motor and pestle
on dry ice. The ground tissue was transferred into a RNase free eppendorf and

http://probes.pw.usda.gov/batchprimer3/
http://probes.pw.usda.gov/batchprimer3/
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Table 4.3: Allele specific primers used for gene expression analysis.

Gene
Colony number

(variation seen)

SNP position in

chromatogram
Primer sequence (5’-3’)

TA

(oC)

Product

size (bp)

F1: GCGAGGCCGTAAAGTGTATC

F2: GCGAGGCCGTAAAGTGTATT3 (Figure 4.5a)
Figure 4.5c

at 48bp
R: ACCCAAATGTCGACCCAAGA

59.3 96

F1: GCGGAAGCCGTCAGG

F2: TTAGCGGAAGCCGTCAGA
Figure 4.5c

at 48bp
R1: CGAATACTGGCGCGAGATG

60.7 190

F1: GCGGAAGCCGTCAGG

F2: TTAGCGGAAGCCGTCAGA

Ecdysone 20-
monooxygenase-like

5 (Figure 4.5b)
Figure 4.5c

at 48bp
R2: GCGAGGCCGTAAAGTGTAT

58 34

F: GATTTAGCGGAAGCCGTCAGEcdysone internal
reference primers R: GCGAGGCCGTAAAGTGTAT

59 36

F1: ACTTGCCAAGCCAAGTCTG

F2: CACTTGCCAAGCCAAGTCTAIMPL2-like 5 (Figure 4.6a)
Figure 4.6b

at 253bp
R: TTCGAGCCACTTCCTTTTCG

59.5 205

F: CTACACTTGCCAAGCCAAGTCTIMPL2-like internal
reference primers R: TTCGAGCCACTTCCTTTTCG

59.5 207

F1: TCTCTCTCTCTCTTTCTCCCTCTG

F2: TCTCTCTCTCTCTTTCTCCCTCTC
Figure 4.6d

at 49bp
R1: GTGTACATGCTTGAACCGAAA

58 45

F1: TCTCTCTCTCTCTTTCTCCCTCTGTT

F2: TCTCTCTCTCTCTTTCTCCCTCTGTA
Figure 4.6d

at 51bp
R1: GTGTACATGCTTGAACCGAAA

58.2 47

F1: TCTCTCTCTCTCTTTCTCCCTCTG

F2: TCTCTCTCTCTCTTTCTCCCTCTC
Figure 4.6d

at 49bp
R2: CGCGTTCGCTTTCATAGTCG

59.6 171

F1: TCTCTCTCTCTCTTTCTCCCTCTGTT

F2: CTCTCTCTTTCTCCCTCTCTA

Mblk1-like 7 (Figure 4.6c)

Figure 4.6d
at 51bp

R: CGCGTTCGCTTTCATAGTCG

58.4 169

Note: F1= Forward primer 1, F2= Forward primer 2, R= Common reverse primer. The
SNP present is marked in red and is located at the 3’ end of each forward primer. Primers
which amplified the SNP region successfully (marked in blue) were used for qPCR analysis.
TA = Annealing temperature.

600µl of pre-made β-Mercaptoethanol (10µl) and Buffer RLT (1ml) mixture was
added to that. Samples were homogenized by passing the lysate about 5 times
through a blunt 20-gauge needle fitted to an RNase-free syringe. Then the lysate
was centrifuged for 3 minutes at 20,000g and the supernatant was transferred in to
a new microcentrifuge tube.

An equal volume of 70% ethanol was added to that and 700µl of this mixture was
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transferred in to an RNeasy spin column placed in a 2ml collection tube. The spin
column assembly was centrifuged for 15s at 8000g. Sample volumes that exceeded
700µl were centrifuged in the same RNeasy spin column and the flow-through after
each centrifugation was discarded. Followed by another two centrifugation steps (15s
at 8000g) with Buffer RW1 (700µl) and Buffer RPE (500µl), the column was spun
for 2 minutes at 8000g. Next, it was placed in a new collection tube and centrifuged
at 20,000g for 1 minute to evaporate all residual ethanol. The old collection tube
with the flow-through was discarded and the column was transferred into a new
eppendorf tube. Fifty microlitres of RNase-free water was added to the column
membrane and centrifuged for 1 minute at 8000g to elute RNA. This last step was
repeated to maximize the yield of total RNA in the final volume.

4.2.7.2 DNase I treatment and cDNA synthesis

Any DNA contamination present in the above RNA extractions were eliminated
according to Amplification Grade DNase I Kit protocol (Sigma-Aldrich), prior to
synthesize cDNA.

Eight microliters of RNA sample was mixed with 1µl of 10X reaction buffer and 1µl
of DNase I (1 unit/µl) in a RNase free PCR tube and incubated at room temperature
for 15 minutes. Then 1µl of stop solution was added to that to inactivate the DNase
I. Finally, the samples were incubated at 70oC for 10 minutes and chilled on ice.
The remaining RNA samples were stored at -80oC to avoid degradation. Duplicate
samples were made to use for both +RT and -RT reactions (with and without
Reverse Transcriptase respectively).

After measuring the concentrations of DNase treated RNA by NanoDrop Spec-
trophotometer, they were used to synthesize cDNA, using the Tetro cDNA synthesis
Kit (Bioline). The priming premix was prepared on ice in a RNase-free reaction tube
according to Table 4.4.

After mixing the components gently by pipetting, they were incubated at 45oC for
30 minutes. The reaction was terminated by incubating at 85oC for 5 minutes and
immediately chilling on ice. Synthesized cDNA was stored at -80oC.
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Table 4.4: Components and volumes of PCR priming mix.

Component Volume (µl)
DNase treated RNA (1µg) n

Primer: Oligo (dT)18 1
10mM dNTP mix 1

5x RT Buffer 4
Ribosafe RNase Inhibitor 1

Tetro Reverse Transcriptase (200units/µl) 1
DEPC-treated water Up to a final volume of 20µl

Note: n = Volume of RNA extraction required to synthesis 1µg of total cDNA. DEPC
treated water was substituted for reverse transcriptase in -RT reactions.

4.2.7.3 Allele specific quantitative PCR

Reference primers were designed according to Gineikiene et al. 2009. A common
forward primer was designed to the same target SNP sequence, a few bases upstream
excluding the SNP position, leaving the same common reverse primer previously used
with SNP primers (see reference sequences in Table 4.3). The reference primers
measure the total expression of the gene, whereas the target SNP primers measure
the amount of allele expression due to the SNP. Thus the expression difference
between the reference and SNP primers would be the relative expression due to the
SNP.

Each heterozygous locus was composed of 3 different reactions; maternal (F1), pa-
ternal (F2) and reference (Table 4.3). Three replicate samples were run for each
reaction. -RT reactions and water negative controls were also set up for each re-
action to test for genomic contaminations and primer dimer formation respectively.
Altogether 60 reactions were prepared for each gene from the 5 workers. i.e. for each
worker 12 +RT reactions (3 x F1-reverse, 3 x F2-reverse, 3 x Reference-reverse) and
3 -RT reactions (1 x F1-reverse, 1 x F2-reverse, 1 x Reference-reverse). All reac-
tions were prepared by a Corbett robotics machine, in 96 well qPCR plates (Thermo
Scientific, UK). Q-PCR reaction mix (20µl) was composed of 1µl of diluted cDNA
(50ng/µl), 1µl of forward and reverse primer (5µM/µl each, Table 4.3), 10µl 2X
SYBR Green JumpStart Taq ReadyMix (Sigma Aldrich, UK) and 7µl ddH20.
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Then, the qPCR plates were removed from the Corbett robotics machine, covered
with PCR caps and placed in a PTC-200 MJ thermocycler, set up on Opticon
software (v4.7.97.A) for Windows 2000 Professional. The qPCR profile used was
comprised of; 4 minutes at 95oC denaturation followed by 40 cycles of; 30 s at 95oC,
30 s at the relevant annealing temperature (Table 4.3) and 30 s at 72oC and a final
extension of 5 minutes at 72oC.

4.2.7.4 Data analysis

SYBR Green is a fluorescent dye that binds to double stranded DNA. Fluorescence
emitted during qPCR is proportional to the amount of double stranded DNA present
in the reaction. The point at which the reaction shows a detectable increase in
fluorescence due to the formation of PCR products is defined as the cycle threshold
(Ct), i.e. the greater the PCR product available in the reaction, the smaller the
number of cycles (Ct value) required for the fluorescent signal to cross the threshold.

Relative quantification of the amount of a target template with that of a reference
template in the sample helps to calculate the amount of expression due to the SNP.
Mean value for each triplicate set (maternal, paternal and reference reactions) were
calculated by the Opticon software. Mean expression (-delta Ct) values for each
parental allele in each worker bee was calculated as follows:

-delta Ct(maternal) = Mean reference Ct value - Mean maternal allele Ct value

-delta Ct(paternal) = Mean reference Ct value - Mean paternal allele Ct value

-Delta Ct ratios for the maternal allele of the 5 workers were grouped together and
compared to the corresponding -delta Ct ratios for the paternal allele in each gene to
check whether the overall expression difference between parental alleles is significant.

The Shapiro-Wilk normality test was used to check if the data was normally dis-
tributed. P values that were equal to or greater than p=0.05 indicated as a normal
distribution and allows parametric assumptions for data analysis. A matched paired
t-test was performed to check if the allele specific expression values were significantly
different among the two parental alleles.
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4.3 Results

4.3.1 SSCP analysis

Exon coverage for each gene is given in Table 4.5. The number of genes analysed
was given priority over the percentage of a gene covered.

Table 4.5: SSCP exon coverage.

Gene name
Exon

coverage (%)
Presence /absence of

variation
Chymotrypsin-1-like 92 Absent
Upstream-binding protein 1-like 93 Absent
Zinc finger protein 691-like 70 Absent
Vitellogenin receptor-like 30 Absent
Epidermal growth factor receptor like 21 Absent
60S Ribosomal Protein L26 like 32 Absent
Or2 odorant receptor 2 25 Absent
D2 like dopamine receptor 54 Absent
Megator TPR like nucleoprotein 17 Absent
Ecdysone 20-monooxygenase-like
(Edy20-like)

37 Present

Mushroom body large-type
Kenyon cell-specific protein 1-like

35 Present

Neural/ectodermal development
factor IMP-L2-like

47 Present

Note: Percentage exon coverage for each gene was calculated as, the sum of all tested
amplicon lengths as a fraction of the total length of mRNA.

Variation was not present in 9 genes out of the 12 candidate genes (Table 4.5) tested,
i.e. the queen and her workers shared the same banding pattern (homozygous),
since there was no difference in sequences between the maternal and paternal alleles
(Figures 4.3 and 4.4). Except for 3 exons which showed a heterozygous banding
pattern among queen and workers, the rest of all exons tested using SSCP (Table
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4.2) showed a homozygous banding pattern. Thus only a single gel picture from
each gene is represented in Figures 4.3 and 4.4.

Exon 3 in Odorant receptor 2 was used as a control to compare with heterozygous
sequences. An identical banding pattern between the queen and her workers was
observed in the control reaction (Figure 4.4i) indicating that these workers are ho-
mozygous at that locus. Their sequencing results further confirms this fact showing
no sequence variation between the queen and worker chromatograms (Figure 4.4j).

Compared with the queen, workers in colony 3, 5 and 7 showed a heterozygous band-
ing pattern in 3 genes. i.e they show both polymorphic paternal bands (present only
in workers) and monomorphic maternal bands (shared between the queen and her
workers); Ecdysone 20-monooxygenase-like (Edy20-like), IMPL2-like (Figure 4.6a)
and Mblk1-like (Figure 4.6c). For Edy20-like the same heterozygous banding pat-
tern was observed in two tested colonies; colony 3 (Figure 4.5a) and colony 5 (Figure
4.5b).

4.3.2 Identifying the SNPs in polymorphic loci

Heterozygous banding patterns were observed in SSCP gels for 3 genes. Clear SNPs
that explain these heterozygosities were identified in their sequencing results; (a) In
Edy20-like the entire queen sequence is homozygous, displaying a single fluorescent
peak at each base position (Figure 4.5c). At the SNP (48th base pair) while the
queen is homozygous showing a guanine (G), all 5 of her workers show double peaks
corresponding to both guanine (G) and adenine (A) bases. This proves that all
workers are heterozygous at that locus and they all have received allele G from their
mother (maternal allele) and allele A from their father (paternal allele). (b) A similar
SSCP banding pattern and a chromatogram was resulted for IMPL2-like (Figure 4.6a
and b). (c) In Mblk1-like, several closely associated SNPs (hyper-variable region)
were observed (Figure 4.6d) and at each of these SNP position the heterozygosity of
all 5 workers remained consistent. Due to the presence of clear, consistent SNPs in
worker sequences allele specific primers were able to be designed for each parental
allele of the above 3 genes for expression analysis.
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Figure 4.3: SSCP gel results of six genes (a - f) with no queen-worker variations (homozygous banding patterns). The queen
(Q) and 5 workers (W1-W5) are represented in each colony.
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represented locus in colony 7, Odorant receptor 2 shows no variation between queen and worker sequences - control (j).
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Figure 4.5: Allelic polymorphisms in Edy20-like; SSCP gel results for colony 3 (a) and
colony 5 (b) show allelic polymorphism between the queen and her workers. i.e. Each
worker in colony 3 and 5 shows a unique band (paternal) that is not present in the queen.
Sequencing results indicate that the queen is homozygous G at the SNP position while the

workers are heterozygous with double peaks for both A and G bases (c).
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Figure 4.6: SSCP gels showing allelic polymorphisms and sequencing results showing heterozygous SNPs for IMPL2-like (a
and b), Mblk1-like (c and d) genes. In IMPL2-like (b), the queen is homozygous G while all 5 of her workers are heterozygous

with both A and G. Mblk1-like (d) shows a hyper variable region with many closely associated repeated SNPs.
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4.3.3 Allele specific PCR

a) Edy20-like and IMPL2-like

Allele specific primers designed for Edy20-like and IMPL2-like worked successfully
with genomic DNA to produce the expected fragment lengths, 34bp and 205bp
respectively (Table 4.3, Figure 4.8a and d). Hence they were used for gene expression
analysis. In addition, allele specific PCR of genomic DNA for Edy20-like (Figure
4.8a) and IMPL2-like (Figure 4.8d) also showed the presence of both maternal (G)
and paternal (A) alleles in all workers. This further confirms the heterozygosity
of workers. Their queen samples show only allele G (maternal band) and lack of
the paternal band (allele A) in queens (Figure 4.8a and d) which also confirms the
specificity of the allele specific primers designed.

As with the genomic DNA, allele specific PCR of cDNA also showed the expression
of both maternal and paternal alleles in these workers (Figures 4.8b and e). Thus it
confirms that monoallelic expression is not present at the tested loci of Edy20-like
and IMPL2-like. Therefore using allele specific qPCR, expression differences of the
two parental alleles were analysed.

-RT reactions of Edy20-like and IMPL2-like used for qPCR analysis were also
checked in an agarose gel. The resulted blank gel (Figures 4.8c and f) confirmed
that there was no genomic contamination present in the cDNA samples prepared.
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b) Mblk1-like

Due to hyper variability of the selected Mblk1-like locus (Figure 4.6d), amplification
using any of the designed allele specific primer sets (see table 4.3) was unsuccessful.
Thus qPCR analysis for Mblk1-like was unable to be conducted. cDNA-SSCP ex-
pression analysis, the alternative method used for qPCR showed the expression of
both maternal and paternal alleles. Thus monoallelic expression is not present at
this selected locus of Mblk1-like (Figure 4.7).

Figure 4.7: SSCP gel showing the expression of parental alleles in Mblk1-like; Genomic
DNA shows the queen is homozygous while all 5 workers are heterozygous. cDNA shows
the expression of both parental alleles. Blank -RT reactions confirm that there was no

genomic DNA contamination in the cDNA samples
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Figure 4.8: Gel results of allele specific PCRs with genomic DNA (a and d) and cDNA (b and e) for IMPL2-like and Edy20-like.
Presence of both maternal and paternal bands with genomic DNA confirms worker heterozygosity (a and d). Presence of both alleles
with cDNA confirms biallelic expression of parental genes (b and e). W = Worker, G = Maternal allele, A = Paternal allele. -RT

results (c and f) confirm that there are no genomic contamination present in the samples.
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4.3.4 Allele specific qPCR

Table 4.6: qPCR data of Edy20-like showing the relative expression of parental genes in
each worker bee.

delta Ct
Sample

Maternal allele Paternal allele
Normaility test

passed?
Matched paired t-test

p value
W1 -6.76 -5.6
W2 -5.76 -5.57
W3 -5.17 -4.77
W4 -6.28 -5.09
W5 -5.87 -5.59

Yes
at p=0.127

0.0378

Compared to the matrigene, patrigene showed an increased expression in Edy20-like.
This pattern was consistent among all 5 workers (Figure 4.9) and the expression
difference between the two parental alleles was statistically significant (t = 2.94, df
= 4, p = 0.0378, Table 4.6).

Figure 4.9: Interaction plot displaying the relative expression (-delta Ct) of matrigene
and patrigene of Edy20-like. Each coloured line represent an individual bee.
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Table 4.7: qPCR data of IMPL2-like showing the relative expression of parental genes
in each worker bee.

delta Ct
Sample

Maternal allele Paternal allele
Normaility test

passed?
Matched paired t-test

p value
W1 -3.03 -1.42
W2 -1.19 -2.01
W3 -2.45 -1.27
W4 -1.83 -1.58
W5 -2.15 -1.43

Yes
at p=0.3403

0.2758

For IMPL2-like, compared to the patrigene, a higher expression of the matrigene
was observed only in worker 2. This pattern was reversed for the rest of the workers
(Figure 4.9). Overall expression difference between the matrigene and patrigene in
IMPL2-like, was not significant (t = 1.40, df = 4, p = 0.2758, Table 4.6).

Figure 4.10: Interaction plot displaying the relative expression (-delta Ct) of matrigene
and patrigene of IMPL2-like. Each coloured line represent an individual bee.
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4.4 Discussion

The overall aim of this chapter, searching for apparent parent-of-origin allele specific
expression in Bombus terrestris worker reproduction loci was successful. The ob-
served expression patterns of parental alleles are exactly the way they should be as
predicted by the theory. For a queen-right monandrous colony, the theory predicts
that at a locus which enhances worker reproduction the matrigene should be silenced
and patrigene should be expressed (Queller, 2003). Instead of a complete silencing
of an allele, I observed for a locus (Edy20-like) that enhances worker reproduction
the matrigene is less expressed compared to the patrigene.

Out of 12 genes examined during this study, allelic polymorphisms were observed
only in 3 genes; Mblk1-like, IMPL2-like and Edy20-like. All three of these genes
belong to the same ecdysteroid regulated gene family. However they are linked
with ovary functions in different ways; Mblk1-like and Edy20-like are involved in
increasing worker reproduction whereas IMPL2-like is involved in regulating worker
sterility. Generally, ecdysteroids have been identified as key regulators of B.terrestris
worker reproduction (Geva et al., 2005).

Mblk1-like is a brain expressed ecdysteroid induced gene which has been implicated
in the detection of queen mandibular pheromone (QMP) in honeybees (Cardoen
et al., 2011). QMP is important for workers to detect the queen-right condition.
Thereby it suppress worker reproduction and enables the maintenance of coopera-
tion among colony members (Although see Yagound et al. 2012, since the reproduc-
tive statuses of workers could be varying in the presence of a foreign colony queen).
Hence in the absence of QMP, workers may upregulate Mblk1-like expression and
enhance their reproduction. Compared to the sterile workers, 27 fold upregulated
expression of Mblk1-like has been observed in reproductive workers (Kocher et al.,
2010). Therefore Mblk1-like expression is positively correlated with worker repro-
duction. In a queen-right colony, if imprinting is present in this gene, it should be in
the maternally derived allele (see section 1.2). However, I was unable to carry out
qPCR analysis to measure the precise expression of each parental allele in Mblk1-
like, as amplification by allele specific primers wasn’t successful. This is because
the locus in which the allelic variations were observed during SSCP (Figure 4.6c) is
a hyper variable region. i.e. a highly polymorphic region with closely associated,
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repeated SNPs (Figure 4.6d). Therefore the designed allele specific primers may not
have been specific enough to bind to the DNA for a successful PCR amplification.
However cDNA analysis on SSCP gel (Figure 4.7), showed the expression of both
parental alleles. The expression difference between maternal and paternal alleles
may be significant. Unfortunately I was unable to measure it during this study.

Edy20-like has a similar function to Mblk1-like. In addition they are also function-
ally linked with each other; Targeted inhibition of Edy20-like decreases the induction
of Mblk1-like expressed proteins (Cardoen et al., 2011). Hence Edy20-like provides
an alternative target to test the same assumptions of the research hypothesis, al-
though obtaining quantitative measurements of allele specific gene expression wasn’t
successful for Mblk1-like.

Sequencing results of Edy20-like (Figure 4.5c) for the queen showed a single peak for
allele G thus the queen is homozygous G. In contrast, all 5 workers were heterozygous
at the same SNP position showing double peaks for alleles A and G. Thus they have
received the allele A from the drone (paternal allele) and allele G from the queen
(maternal allele). Four-fold upregulation of Edy20-like was observed in egg laying
honeybee workers compared to non-reproductive workers (Cardoen et al., 2011).
This indicates a positive correlation between its expression and worker reproduction.
Similar to the predictions made for Mblk1-like, if genomic imprinting is present in
Edy20-like, it is expected to be observed in the maternally derived allele. Thus the
paternally derived allele should be more expressed than the maternally derived allele.
This expression pattern was exactly observed in all 5 workers (Figure 4.9) tested for
exon 3 (Table 4.2) in Edy20-like. Thus monoallelic expression wasn’t discovered in
Edy20-like. Instead allele specific expression, which supports the predictions made
by the theory, was observed.

Ecdysone-inducible gene L2, (B. terrestris, IMPL2-like analogous gene in the hon-
eybee) is linked with reproductive inhibition of workers. It functions similarly to an
insulin like peptide and negatively regulates insulin signaling pathways to repress
ovary activation. Increased expression of this gene has been found in sterile hon-
eybee workers compared to reproductive workers (Cardoen et al., 2011, Grozinger
et al., 2007). All workers tested for IMPL2-like (Figure 4.6b) were heterozygous
with double peaks (A and G) at the SNP position. The queen was homozygous G.
Therefore the maternal and paternal alleles were confirmed as G and A respectively.
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According to Haig’s theory any locus that inhibits worker reproduction should be
imprinted at the paternally derived allele and expressed in the maternally derived al-
lele. This was observed in worker 2 during qPCR analysis, as an increased expression
of the matrigene compared to the patrigene (Figure 4.10, Table 4.7). However, the
expression difference between these two parental alleles was not significant. The rest
of the workers tested for IMPL2-like showed a contrast expression pattern, where
patrigene was more expressed than the matrigene.

Therefore it seems that these results go against the predictions of the Haig’s theory.
IMPL2-like is an ecdysteroid inducible gene which regulates worker reproduction
potential in a synergistic way at the start of a feedback system. Hence its expres-
sion and role in worker reproduction may be more complicated than I suggested
in the previous paragraph. Therefore any prediction for its expression also may be
complicated. Unlike IMPL2-like, ecdysteroids such as Edy20-like play a central role
in B.terrestris reproduction. For example there is a strong association between re-
production, level of juvenile hormone and the level of ecdysteroids in bumblebees.
In addition, ecdysteroids are key compounds involved in ovary activation, regulating
agonistic behaviour and establishing the dominance hierarchy in workers and queens
(Geva et al., 2005). I suggest this makes it a better candidate than IMPL2-like for
this study purpose.

Use of SSCP to find genomic imprinting is challenging. SSCP detects variation up to
500bp fragment size with a high resolution of 1bp. However, the sensitivity of SSCP
decreases when the fragment length exceed 200bp. Thus medium length fragments
around 200bp were used for this analysis (Weber et al., 2005). Therefore covering
the full exome using SSCP is a time consuming and labor intensive process. On the
other hand finding genomic imprinting is extremely rare. Also SNPs in exons are
expected to be rare. Out of 66 loci tested, SNPs were found only in 3 loci (Table
4.2).

One way around the lack of SNPs might be to examine the untranslated regions
(UTRs). Selecting target sites for SSCP analysis in UTRs may increase the potential
of finding SNPs in worker reproduction loci. As the name implies UTRs are not
translated into proteins. This means they are not as visible to selection as the gene
coding exons and indeed many variations have been observed in both 3’ and 5’ UTR
mRNA transcripts (Lytle et al., 2007). Hence variation between the maternally and
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paternally derived alleles will have a greater chance to occur in UTRs. If target sites
for the SSCP analysis were selected in UTRs, then many polymorphic regions could
be found among the queen and workers. Thus the potential number of genes that
could proceed to gene expression analysis would be increased.

Finding monoallelic expression or genomic imprinting is very rare and imprinting
in the human genome only has 1% chance to occur (Luedi et al., 2007). During
this study the number of genes analysed was given more preference over the extent
of the gene covered. However, in certain candidate genes (e.g. Chymotrypsin-1-
like, Upstream-binding protein 1-like, Zinc finger protein 691-like, see Table 4.5),
70-93% of the exome length was checked during the SSCP analysis. However, allelic
polymorphism wasn’t observed in any of these genes. In addition genomic imprinting
could vary among tissues and also even within the same gene it could vary between
different isoforms (Flores et al., 2012). During my analysis whole bodies of the bee
were used for DNA extractions. Hence gene expression patterns observed during this
analysis should represent the overall expression of all body tissues. In B. terrestris
the ovary has been identified as the primary site of ecdysteroid synthesis (Geva et al.,
2005). Therefore ovary might be a better target site where genomic imprinting could
occur in genes such as Edy20-like.

As another future implication, it would be interesting to check the extent of methy-
lation present in each parental allele of Edy20-like (e.g. bisulfite sequencing). Ge-
nomic imprinting in mammals has been linked with DNA methylation (Varriale,
2014). Although genomic imprinting is yet to be discovered, DNA methylation has
been found in social Hymenoptera (Wang et al., 2006). Hence the lower expression
of matrigene observed in Edy20-like may be correlated with DNA methylation. If a
pattern such as monoallelic methylation was observed, it would further support the
role methylation plays in parent-of-origin allele specific expression patterns.

In addition, the expression patterns of parental alleles, in Edy20-like and IMPL2-like
can be checked for honeybees, thereby to test the predictions made by the theory
for a polyandrous mating system.

During this study allele specific expression that is associated with Bombus terrestris
worker reproduction and sterility was found in two genes (Edy20-like and IMPL2-
like). At a reproduction enhancing locus (e.g. Edy20-like), the theory predicts that
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the patrigene should be expressed and matrigene should be silenced. According
to this study in Edy20-like, patrigene has been found expressed more, than the
matrigene. Therefore these results match with the predictions made by the theory for
a queen-right monandrous colony. However, to confirm the allele specific expression
patterns observed in this study are exactly due to parent-of-origin effects, a reciprocal
cross experiment (see section 8.2.1) would need to be carried out.

Clearly the candidate gene approach is limited in its application. Unlike the can-
didate gene approach which uses targeted gene regions, next generation sequencing
technology provides much more sophisticated methods to conduct methylation and
gene expression analysis in genome-wide scale. A next generation approach used
to check allele specific DNA methylation and monoallelic expression of genes in the
Bombus terrestris genome is discussed in the next chapter.



Chapter 5

Monoallelic methylation and allele
specific expression in the
bumblebee, Bombus terrestris:
Next generation sequencing
approach

5.1 Introduction

Most genes in diploid organisms are biallelically expressed. However in some genes,
only a single allele is transcriptionally active. This is known as monoallelic expres-
sion (Eckersley-Maslin and Spector, 2014). The inactivate allele is selected either
randomly (e.g. X-chromosome inactivation and some autosomal genes) or predeter-
mined in a parent-of-origin dependent manner (genomic imprinting, Fedoriw et al.
2012). DNA methylation is a key mechanism which governs monoallelic gene ex-
pression via the regulation of transcription and alteration of chromatin structure
(see section 1.6, Varriale 2014). In humans the two alleles in most imprinted genes
are differentially methylated. Thus in genomic imprinting, DNA methylation serves
as an epigenetic tag defining the parental identity. It has also been found that
most monoallelically expressed genes in mammals are monoallelically methylated
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(Milani et al., 2009). In mammals, at imprinted loci, the transcriptionally silenced
allele is significantly more methylated than the active, expressed allele. For example
in humans at the H19/Igf2 imprinted locus, the paternal allele is silenced and is
hypermethylated compared to the expressed maternal allele (Steyaert, 2014).

Eusocial Hymenoptera are a potential candidate where genomic imprinting could
have evolved (see section 1.5). Yet imprinting in eusocial insects has not been discov-
ered. In recent years, whole-genome sequence data of the honeybee and seven species
of ants have become available (see section 3.1). In addition, genome-wide DNA
methylation maps have been obtained from different castes of 3 ant species; Cam-
ponotus floridanus, Harpegnathos saltator (Bonasio et al., 2012, Simola et al., 2013)
and Solenopsis invicta (Hunt et al., 2013). As a result the presence of monoallelic
methylation and monoallelic expression have been discovered in C.floridanus and
H.saltator (Bonasio et al., 2012). However very little is known about the functional
role of monoallelically expressed genes and genome-wide locations of methylated loci
in eusocial Hymenoptera.

In my previous work, I have observed the phenotypic effects of DNA methylation
on B. terrestris worker reproduction (chapter 3). Then using a candidate gene
approach, I found apparent parent-of-origin allele specific expression in targeted
reproductive genes of B. terrestris (chapter 4). In this chapter my aim was to
conduct a genome-wide survey to find monoallelically methylated and monoallelically
expressed genes that could potentially be imprinted in B. terrestris.

An integrated approach of methylated DNA immunoprecipitation sequencing
(MeDIP-seq), methylation-sensitive restriction enzyme sequencing (MRE-seq) and
ribonucleic acid sequencing (RNA-seq) was used for this purpose. Compared to the
other expensive, genome-wide DNA-methylation profiling methods (e.g. bisulfite
and methylC-seq), this has been recommended as a cost effective method which
also has a high capacity to generate accurate and qualitative data (Harris et al.,
2010, Zhang et al., 2013). The theoretical background of main steps included in this
experiment are given below (Figure 5.1).
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Figure 5.1: A flow diagram illustrating main steps of the next generation sequencing
protocol. MeDIP-seq, MRE-seq and RNA-seq libraries were constructed using DNA and
RNA extracted from a single worker bee. When MeDIP-Seq and MRE-seq reads were
aligned, methylated loci (reads that present only in the MeDIP library), unmethylated loci
(reads that present only in the MRE library) and monoallelically methylated loci (present
in both MeDIP-seq and MRE-seq libraries) can be identified. Monoallelically methylated
loci, could be homozygous (identical alleles of a gene) or heterozygous (different alleles of
a gene). Monoallelic expression could occur at both homozygous and heterozygous loci.
During this study we have focused only on heterozygous loci. Exonic sequences (introns
are not included in the mRNA transcripts) which contain the SNPs that are responsible
for the heterozygosity of alleles were compared with the RNA-seq library. Among the two
heterozygous SNPs/alleles, if only a single allele is present in the RNA-seq library, that
indicates a monoallelic expression. Reciprocal crosses (see section 8.2.1) need to be carried
out on those monoallelically expressed genes to confirm that the observed expression is

exactly due to genomic imprinting.
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MeDIP is a genome enrichment technique that is used to enrich for methylated
DNA sequences. It consists of isolating methylated DNA fragments via an antibody
that specifically recognizes 5-methylcytidine (5mC). First genomic DNA is randomly
sheared in to fragments by sonication. Then they are denatured to produce single-
stranded DNA to enhance the binding affinity of antibodies in subsequent steps.
Next methylated DNA fragments are immunoprecipitated with a monoclonal an-
tibody (Figure 5.1). Following digestion of antibodies with proteinase K, methyl
enriched DNA can be isolated for further analysis. The resulting enrichment of
methylated DNA can be used as an input to high-throughput DNA detection meth-
ods. This produces a genome-wide readout of the methylation status of cytosines
(Mohn et al., 2009).

MRE is a complementary technique to MeDIP. It identifies unmethylated CpG sites
via a series of DNA digestions with methyl-sensitive restriction enzymes such as
HpaII (C/CGG), Hin6I (G/CGC) and AciI (C/CGC). As in MeDIP-seq, the isolated
unmethylated DNA can be combined with next generation sequencing methods to
obtain a genome-wide profile of unmethylated cytosines (Maunakea et al., 2010).

When MeDIP-seq (methylated DNA) and MRE-seq (unmethylated DNA) reads are
aligned with each other, any locus which is common to both these reads would
represent monoallelic methylation (Harris et al., 2010). In other words, at that gene
locus one allele is methylated while the other allele is unmethylated. Nucleotide
sequence of alleles at such a locus could be identical (homozygous) or different among
the two alleles (heterozygous) at specific SNPs. See Figure 5.1. Therefore both
homozygous and heterozygous alleles could be monoallelically methylated. During
this study I have focused only on heterozygous alleles.

Exonic sequences with heterozygous SNPs that are corresponding to monoallelic
methylation, were compared with the RNA-seq library. Intronic regions were ex-
cluded because the mature mRNA in eukaryotes is already spliced, thus the cDNA
produced does not include introns. This means any SNP present in introns would not
be included in the RNA-seq library. Among the two alleles (each allele from MeDIP-
seq and MRE-seq library) with heterozygous SNPs, if only one allele is present in the
RNA-seq library that indicates a monoallelic expression of the gene (Harris et al.,
2010). If both the alleles are present in the RNA-seq library that gene is biallelically
expressed.
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Out of the two heterozygous alleles used for RNA-seq analysis, we know which allele
was methylated (present in the MeDIP-seq library) and which was unmethylated
(present in the MRE-seq library). Therefore monoallelic methylation can be related
to monoallelic expression observed in the RNA-seq analysis. If I were able to find
monoallelic methylation and/or monoallelically expressed genes in the B. terrestris
genome, that will not confirm the presence of genomic imprinting in the bumblebee.
To confirm that those monoallelic expressions were exactly due to parent-of-origin
effects (genomic imprinting), a reciprocal cross experiment (see section 8.2.1) will
need to be carried out for those monoallelically expressed loci.

5.2 Methods

5.2.1 Sample preparation

A bumblebee colony was purchased from Koppert Biological Systems, UK and reared
in the laboratory according to section 2.1.

RNA and DNA was extracted from a single, five day old whole bee (female worker).

DNA extraction DNA was extracted using an ethanol precipitation method
as follows. First, DNA extraction buffer was prepared by mixing 20ml 1M TRIS
(pH 7.5), 5ml 0.5M EDTA, 12.5ml 2M NaCl and 57.5ml dH20. Then this solution
mixture was autoclaved and 5ml of 10% SDS was added to that.

Four hundred microlitres of DNA extraction buffer and add 7µl of 20mg/ml pro-
teinase K were added to the tissue in an eppendorf tube, vortexed for 15s and
incubated in dry heat block at 55oC overnight (16 hours approximately). Then the
samples were heated at 92oC for 10 minutes and and vortexed for 10 - 15s. It was
then centrifuged for 2 minutes at full speed. The supernatant (300µl) was pipetted
into a fresh eppi tube and 300µl of isopropanol was added into that. It was mixed
for 3-5 times and placed in the -80oC freezer. After 30 minutes the samples were
taken out of he freezer. Once the samples were defrosted they were centrifuged for
10 minutes at 13000g. Then all the supernatant was discarded until a dry pellet
remained in the tube. 198µl of 70% EtOH was added to the pellet, gently flicked
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the tube and centrifuged for 2 minutes at 13000g. The pellet was dried again by
discarding all the supernatant. The tube was covered with a micropore tape and
left to dry the pellet fully for 2 hour. 100µl of ddH20 was added into the pellet and
left overnight at 4oC to resuspend DNA into the solution.

RNA extraction RNA extraction was performed according to Sigma-Aldrich,
TRI Reagent protocol.

Every 100mg of tissue was homogenized with 1ml of TRI reagent(TRIzol) in a sterile,
RNase free microcentrifuge tube. Then the samples were incubated for 5 minutes
at room temperature followed by centrifugation at 12000g for 10 minutes. The
supernatant was transferred in to a fresh eppendorf tube and 200µl of chloroform
which is not contained any isoamyl alcohol was added to that. The sample tube
was shaken vigorously for 15s and left at room temperature for 15 minutes for phase
separation. It was centrifuged at 12000g for 15 minutes and the sample was separated
into 3 clear phases; a red organic phase (Protein) in the bottom,an inter-phase pellet
(DNA) in the middle and a colourless aqueous phase (RNA) at the top.

RNA isolation The top aqueous phase was transferred into a new eppendorf
tube without any contamination of the inter-phase. This sample was mixed with
500µl of isopropanol and left at room temperature for 10 minutes. It was centrifuged
at 12000g for 10 minutes. RNA was precipitated as a pellet at the bottom of the
tube. Next, all the supernatant was discarded and the RNA pellet was washed
with 1ml of 75% ethanol and vortexing for 15 seconds. It was then centrifuged at
7500g for 5 minutes, all ethanol was discarded and the tube was left inverted for 10
minutes to get the RNA pellet dry. 20µl of RNase free water was added to the pellet
and incubated at 55oC for 10 minutes. RNA samples were immediately stored at
-80oC and all centrifugation steps were performed at 4oC. During the procedure, all
equipment used were treated with Diethylpyrocarbonate (DEPC) treated water.

Determination of concentration and purity of samples DNA concentration
was measured by NanoDrop 1000 Spectrophotometer (Table 5.1). The quality and
the concentration of RNA was assessed by Agilent 2100 Bioanalyzer (Figure 5.2).
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Table 5.1: Quantification of DNA and RNA

Sample Concentration (ng/µl) Volume (µl)
TOTAL amount of nucleic

acid extracted(µg)
DNA 1075 100 96
RNA 3065 20 55

Figure 5.2: Quality and quantity of RNA used for RNA-seq analysis (Bioanalyzer
results).

5.2.2 Next generation sequencing

Three libraries were prepared from this bee. These were MeDIP-seq and MRE-
seq libraries on the DNA sample and one amplified short insert cDNA library with
size of 150-400 bp using RNA. Both the MeDIP-seq and MRE-seq library prepara-
tions are based on previously published protocols (Harris et al., 2010). MeDIP-seq
uses monoclonal antibodies against 5-methylcytosine to enrich for methylated DNA
independent of DNA sequence. MRE-seq enriches for unmethylated cytosines by
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using methylation-sensitive enzymes that cut only restriction sites with unmethy-
lated CpGs. Each library was individually indexed. Sequencing was performed on
an Illumina HiSeq 2000 instrument (Illumina, Inc.) by the manufacturer’s protocol
(Eurofins Medigenomix GmbH, Ebersberg, Germany). Multiplexed 100 base paired-
read runs were carried out yielding 9390 Mbp for the MeDIP-seq library, 11597 Mbp
for the MRE-seq library and 8638 Mbp for the RNA-seq library.

5.2.3 Bioinformatic analysis

Bioinformatic analysis of these data was carried out by Kate Lee, Bioinformatics
and Biostatistics Analysis Support Hub (BBASH), University of Leicester. The
main steps included in the analysis are described below.

Monoallelic methylation and expression We searched for genes that were
monoallelically methylated (present in both methylation libraries), heterozygous and
monoallelically expressed (only one allele present in the RNA-seq library). As we will
also know which allele is methylated (present in MeDIP-seq) and which is unmethy-
lated (present in MRE-seq), we can also relate methylation status to monoallelic
expression.

Alignment and bam refinement mRNA reads were aligned to the Bombus ter-
restris genome assembly (AELG00000000) using Tophat (Kim et al., 2013) and con-
verted to bam files with Samtools (Li et al., 2009). Reads were labelled with the Ad-
dOrReplaceReadGroups.jar utility in Picard (http://picard.sourceforge.net/).
The MRE-seq and MeDIP-seq reads were aligned to the genome using BWA mapper
(http://bio-bwa.sourceforge.net/) (Li and Durbin, 2009). The resultant sam
alignments were soft-clipped with the CleanSam.jar utility in Picard and converted
to bam format with Samtools. The Picard utility AddOrReplaceReadGroups.jar was
used to label the MRE and MeDIP reads which were then locally re-aligned with
GATK (DePristo et al., 2011, McKenna et al., 2010). PCR duplicates for all bams
(mRNA, MeDIP and MRE) were marked with the Picard utility Markduplicates.jar.

(http://picard.sourceforge.net/)
(http://bio-bwa.sourceforge.net/)
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Identifying regions of interest and integrating data Coverage of each data
type was calculated using GATK DepthofCoverage (McKenna et al., 2010). Only
regions with a read depth of at least six in each of the libraries (RNA-seq, MeDIP-seq
and MRE-seq) was used. Heterozygotes were identified using Samtools mpileup and
bcftools on each data set separately (Li and Durbin, 2009) and results were merged
with vcf tools (Danecek et al., 2011). CpG islands were identified using CpG island
searcher (Takai and Jones, 2002). Regions of mRNA with overlaps of MeDIP, MRE,
CpG islands and monoallelic SNPs were identified with custom perl scripts.

5.3 Results

Connection between monoallelic methylation and allele specific expres-
sion

The MRE library yielded 11597 Mbp (57,987,374 reads), the MeDIP library was
9390 Mbp (46,952,052 reads) and the RNA-seq library was 8638 Mbp (43,190,661
reads).

We found 593 loci that were present in both MeDIP-seq and MRE-seq libraries indi-
cating that in these genes only one allele is methylated (monoallelic methylation). Of
these, in 19 genes only one allele was present in the RNA-seq library indicating that
these 19 genes are monoallelically expressed (Table 5.2). Of the nineteen, fourteen
had the MeDIP allele expressed, while five had the MRE-seq allele expressed. These
were blasted against the nr/nt database (blastn). Four returned no hits. Another
four returned non-informative hits (“hypothetical proteins”). The remaining eleven
are discussed in section 5.4.

This includes two genes that are important in worker reproduction: (i) bicaudal D,
a gene which has previously been shown to be differentially methylated in eggs and
sperm of the honeybee (Figure 5.3a). (ii) ecdysone receptor which belong to the
same ecdysteroid family as Ecdysone 20 monooxygenase that has been identified in
chapter 4 as a gene with apparent parent-of-origin allele specific expression (Figure
5.3b). During the current study we found that these two genes are monoallelically
methylated and monoallelically expressed.
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Table 5.2: Monoallelically methylated and monoallelically expressed genes in the Bombus terrestris genome.

Gene
number

Accession number
mRNA(start:end) Sequence description from blast2go Length

(bp)
Allele

expressed
1 AELG01000543.1|2414 |4660| Apis mellifera ecdysone receptor transcript variant misc rna 2246 MRE-seq
2 AELG01001021.1|2595|3944| Apis dorsata protein yippee-like 1 like transcript variant mrna 1349 MeDIP-seq
3 AELG01001021.1|2651|4107| Apis mellifera potassium voltage-gated channel protein shaker 1 like transcript variant mrna 1456 MeDIP-seq
4 AELG01004618.1|50434|51141| Apis mellifera ras GTPase-activating protein nGAP-like transcript variant mrna 707 MeDIP-seq
5 AELG01000977.1|210957|213433| Apis mellifera centrosomal and chromosomal factor-like transcript variant mrna 2477 MeDIP-seq
6 AELG01000623.1|2|3526| Bombus terrestris slit homolog 2 protein-like mrna 3524 MeDIP-seq
7 AELG01000544.1|153356|154477| Bombus terrestris methionine aminopeptidase 1-like mrna 1121 MeDIP-seq
8 AELG01000969.1|141301|142147| Bombus terrestris excitatory amino acid transporter 4-like partial mrna 846 MRE-seq
9 AELG01003672.1|34174|36205| Bombus terrestris calmodulin-lysine N-methyltransferase-like mrna 2031 MRE-seq
10 AELG01004467.1|2976|7852| Bombus terrestris elongation of very long chain fatty acids protein 6-like transcript variant 2 mrna 4876 MeDIP-seq
11 AELG01005399.1|62869|63510| Bombus terrestris bicaudal D-related protein homolog mrna 641 MeDIP-seq
12 AELG01000620.1|45487|46965| PREDICTED:Bombus terrestris hypothetical protein LOC100651168 (LOC100651168) mrna 1478 MeDIP-seq
13 AELG01002224.1|26170|28244| Bombus terrestris hypothetical LOC100650069 miscrna 2074 MeDIP-seq
14 AELG01002224.1|30371|30980| Bombus terrestris hypothetical LOC100650069 miscrna 609 MeDIP-seq
15 AELG01003249.1|27|707| Populus tricocarpa clone pop018-complete sequence 743 MeDIP-seq
16 AELG01001796.1|10244|11803| N/A 1559 MeDIP-seq
17 AELG01002621.1|84719|85551| N/A 832 MRE-seq
18 AELG01004342.1|151574|152335| N/A 761 MeDIP-seq
19 AELG01006475.1|1|1769| N/A 1768 MeDIP-seq

Note: Sequence accession number, sequence name, length of the RNA fragment and the allele expressed in the RNA-seq library
are illustrated in the table. Out of the 19 monoallelically methylated and monoallelically expressed genes found, four were
returned as non-informative hits or “hypothetical proteins” (marked in red). Another four genes were returned as no hits
(N/A; marked in green). The remaining eleven linked with Bombus terrestris physiology and discussed in this chapter are
marked in blue.
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Figure 5.3: Alignment of MeDIP-, MRE- and RNA- sequencing reads for (a) bicaudal D-related protein homolog and (b) ecdysone
receptor transcript variant. Overlaps among MeDIP-seq and MRE-seq indicate monoallelically methylated regions. RNA fragments
which intersect with these monoallelically methylated regions are represented by consensus. Vertical black lines represent the locations

of monoallelic SNPs which also indicate the methylation status of the expressed allele.
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5.4 Discussion

Monoallelically methylated and monoallelically expressed genes discovered in the B.
terrestris genome, excluding those of which returned no or non-informative hits, are
discussed below. See table 5.2.

Ecdysone receptor

Ecdysteroids are involved in metamorphosis and oogenesis in non-social insects
(Takeuchi et al., 2007). In various social insect species they have been shown to be
involved in ovary activation and dominance hierarchy in workers and queens (Geva
et al., 2005). In bumblebees, there is a strong association between behavioural dom-
inance, reproduction and higher levels of juvenile hormone and ecdysteroids (Geva
et al., 2005). We found the MRE-seq allele of Ecdysone receptor (AELG01000543.1)
to be expressed (Figure 5.3b). In Drosophila melanogaster, ecdysone receptor inter-
acts with ecdysone to activate a series of ecdysteroid genes (Takeuchi et al., 2007).
In honeybees, Ecdysone receptor is expressed in the brain mushroom bodies of both
workers and queens and ovaries of queens (Takeuchi et al., 2007).

Bicaudal D-related protein homolog

We found the MeDIP allele of bicaudal D-related protein homolog (AELG01005399.1)
to be expressed in our sample (Figure 5.3a). Bicaudal is involved in embryonic
pattern formation in Drosophila (Markesich et al., 2000). It is thought to be involved
in the differentiation between soldiers and workers in the termite Reticulitermes
flavipes (Scharf et al., 2003). Intriguingly, bicaudal protein D has been shown to be
methylated more in eggs than sperm in a recent paper comparing the methylation
differences between these in honeybees (Drewell et al., 2014).

Yippee-like 1

We found the MeDIP allele of yippee-like 1 (AELG01001021.1) was expressed. Yippie
was first discovered in Drosophilia. It is an intracellular protein with a zinc-finger
like domain. It interacts with hemolin in insects (Roxstrom-Lindquist and Faye,
2001). Hemolin is well known in its antimicrobial role but seems also to be devel-
opmentally regulated (Roxstrom-Lindquist et al., 2005). The steroid hormone 20-
hydroxyecdysone (20E) activates the expression of Hyalophora cecropia Hemolin in
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the fat body of diapausing pupae (Roxstrom-Lindquist et al., 2005). DNA methyla-
tion of a CpG island near the yippie-like 3 promoter in humans represents a possible
epigenetic mechanism leading to decreased gene expression in tumours (Kelley et al.,
2010).

Slit homolog 2 protein-like

The MeDIP allele of slit homolog 2 protein-like (AELG01000623.1) was expressed.
Slit (AELG01000623.1) is produced by midline glia in insects and is involved in cell
projection during development (Rothberg et al., 1990). All three human Slits were
found to be hypermethylated in hepatocellular carcinoma cell lines (Zheng et al.,
2009).

Methionine aminopeptidase 1-like

Methionine aminopeptidases catalyse N-terminal methionine removal, a cellular pro-
cess required for proper biological activity, subcellular localization, and eventual
degradation of many proteins (Leszczyniecka et al., 2006). We found the MeDIP al-
lele of methionine aminopeptidase 1-like (AELG01000544.1) was expressed. MAP1D
in humans was found to be potentially oncogenic (Leszczyniecka et al., 2006).

Shaker

Shaker (MeDIP allele expressed, AELG01001021.1) is involved in the operation of
potassium ion channel. Shaker expression was correlated with foraging experience
in honeybees (Lutz et al., 2012). Shaker expression was upregulated in sterile versus
reproductive honeybee workers (Cardoen et al., 2011). Again, this was thought to
be due to foraging behaviour differences.

Centrosomal and chromosomal factor-like

We found that the MeDIP allele of centrosomal and chromosomal factor-like
(AELG01000977.1) was expressed. The Drosophila homolog CORTO is required
for proper condensation of mitotic chromosomes and progression through mitosis
(Salvaing et al., 2003).
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Excitatory amino acid transporter 4-like

The MRE-seq allele of excitatory amino acid transporter 4-like (AELG01000969.1)
was expressed. Excitatory amino acid transporters are neurotransmitter trans-
porters. In mammals, excitatory amino acid transporters terminate the excitatory
signal by removal of glutamate from the neuronal synaptic cleft. Excitatory amino
acid transporter 3 expression was upregulated in sterile versus reproductive honey-
bee workers (Cardoen et al., 2011). It is thought to be involved in the regulation
of flight muscle contraction. Excitatory amino acid transporter 1 expression differ-
ences was associated with worker - queen differentiation in the paper wasp Polistes
metricus (Toth et al., 2014).

Ras GTPase-activating protein nGAP-like

The MeDIP allele of ras GTPase-activating protein nGAP-like (AELG01004618.1)
was expressed in our sample. Ras GTPase-activating protein 1 was found to be
upregulated in reproductive compared to sterile honeybee workers (Cardoen et al.,
2011). It is involved in oocyte meiosis.

Calmodulin-lysine N-methyltransferase-like

Calmodulin-lysine N-methyltransferase catalyses the trimethylation of a lysine
residue of calmodulin. Calmodulin is a ubiquitous, calcium-dependent, eukaryotic
signalling protein with a large number of interactors. The methylation state of
calmodulin causes phenotypic changes in growth and developmental processes (Mag-
nani et al., 2010). The MRE-seq allele of calmodulin-lysine N-methyltransferase-like
(AELG01003672.1) was expressed in our study.

Elongation of very long chain fatty acids protein 6-like

Only the MeDIP allele of elongation of very long chain fatty acids protein 6-like
(AELG01004467.1) was expressed in our sample. Elongation of very long chain
fatty acid proteins are involved in the elongation of fatty acids from the diet into
very long chain fatty acids (Sassa and Kihara, 2014). The timing of the upregulation
of fatty acid metabolism was found to be different in queen and worker honeybees
(Li et al., 2010).



Chapter 5. Next generation sequencing approach 119

When the different functional roles of above eleven genes are considered, they become
ideal examples to support many aspects of genomic imprinting.

Firstly, Haig’s kinship theory predicts that parental alleles could be in conflict during
reproduction. Thus reproductive loci are potential places where imprinting could oc-
cur. We found that bicaudal D-related protein homolog, a gene which is differentially
methylated among the two parental gametes in honeybees (Drewell et al., 2014), is
monoallelically expressed. Thus this is evidence for different parental expression in-
terests during worker reproduction. Drewell et al. 2014 further supports our findings
since it states that during gametogenesis in the honeybee, a substantial proportion
of CpGs are methylated in a paternal specific manner. Including bicaudal protein D
they reported 381 genes that are significantly different in CpG methylation among
egg and sperm in the honeybee.

In addition, several other genes found in our study serve as important candidates of
reproductive division of labour in eusocial insects. For example, Shaker in honeybee
workers is associated with non-reproductive roles such as foraging. Excitatory amino
acid transporter 3 and Ras GTPase-activating protein 1 show an upregulation in
sterile workers compared to the reproductive workers. Ecdysone receptor which
belongs to the ecdysteroid family is a key compound for maintaining reproductive
dominance among the queen and workers.

Secondly, imprinted genes found in mammals are often involved in embryonic growth
and development (Reik and Walter, 2001). Some monoallelically expressed genes
found in this study (e.g. slit homolog 2 protein-like and calmodulin-lysine N-
methyltransferase-like) are linked with embryogenesis and also with differential de-
velopment.

Thirdly, almost all imprinted genes in mammals are associated with differentially
methylated regions or differentially methylated domains (Fedoriw et al., 2012), sug-
gesting a strong correlation between DNA methylation and genomic imprinting. All
monoallelically expressed genes found in this study are monoallelically methylated.
Thus this study also provides evidence for a link between monoallelic methylation
and monoallelic expression.
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Fourthly, loss of imprinting and high promoter methylation are associated with
carcinogenesis (Wang, 2012). Genes such as MAPID and yippee-like 1, found in this
study are related with oncogenesis in humans.

In conclusion, monoallelically methylated and monoallelically expressed loci found in
this study are exactly where they would be predicted to be for imprinted genes. Thus
these results provide evidence for the feasibility of evolution of genomic imprinting in
eusocial hymenopteran societies. By carrying out an analysis on reciprocal colonies
(section 8.2.1) it can be confirmed whether these genes are actually imprinted in B.
terrestris or only that they are expressed monoallelically.

As there are conflicts between maternal and paternal components of an individ-
ual’s genome there are numerous conflicts between individuals who share the same
genome. Colony members of eusocial insects are a remarkable example for the above
phenomenon. Most of these conflicts arise between queen and workers and among
workers during reproduction as a result of favouring their own reproductive fitness.
The final outcome of these conflicts could vary with the biology of each species.

A comparative analysis of two selected sociobiological factors (relatedness and colony
size) on worker male production in 90 eusocial hymenopteran species is discussed in
the next chapter.



Chapter 6

Effects of sociobiological factors on
worker male production in
eusocial Hymenoptera

6.1 Introduction

The origin of eusociality is one of the major transitions in evolution (Maynard-Smith
and Szathmary, 1995). One of the key characteristics of eusociality is reproductive
division of labour where some colony members are involved in reproduction and
others are specialized for non-reproductive tasks such as nest maintenance, brood
caring, foraging and defense (Wilson and Holldobler, 2005). The queen in social
insect colonies usually holds the reproductive dominancy. However, workers are
capable of laying unfertilized eggs which can develop into males if reared. As a
result there are conflicts among colony members for their reproductive fate. Conflicts
such as aggressive behavior, brood destruction or sometimes even matricide could
affect the overall social organization in the colony (Bourke, 1988). Thus avoiding
self reproductive interests of colony members and minimizing costly conflicts among
them is important for a colony to function efficiently and to survive.

Worker policing or mutual prevention of reproduction among colony members is one
mechanism of maintaining this balance. Worker policing is achieved via selective
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removal or oophagy of worker-laid eggs and aggressive behaviour towards reproduc-
tively/ovary activated nest mates which in turn force them to regress their ovary
functions (Ratnieks and Helantera, 2009).

According to the relatedness hypothesis, occurrence of worker policing behavior is
determined by the relative relatedness of workers to worker produced sons versus
workers to queen produced sons. In other words, parentage of males is mainly deter-
mined by the colony kin structure (Hamilton, 1964). A queen is more related to her
sons (r = 0.5) than to grandsons (r = 0.25) thus the queen is selected to carry out
such policing to inhibit worker fertility (Trivers and Hare, 1976). From the workers
perspective, they prefer to produce males themselves because relatedness to their
own sons (r = 0.5) is higher than relatedness to any other male. When the number
of males mated with the queen increases, workers’ relatedness to another work-
ers’/sisters’ son (full- and half-nephews, r < 0.25) decreases, but their relatedness
to their brothers (queen produced sons, r = 0.25) remains unchanged. Therefore
workers are selected to rear brothers over nephews and to police each other’s repro-
duction (Ratnieks, 1988). Thereby the reproductive division of labour in the colony
is forced towards the queen with the majority of males in the colony being queen
produced sons. Policing is best studied in the honeybee (Apis mellifera), where
99% of all worker-laid eggs are policed by other workers and only 0.01 - 0.1% of
the workers try to activate their reproduction in the presence of the queen (Wense-
leers and Ratnieks, 2006a). In contrast in a monandrous mating system, where the
queen mates only to a single drone, workers are more related to their sisters’ sons
(nephews, r = 0.375) than to the queen’s sons (brothers, r = 0.25). Thus rearing a
sister’s son increases their inclusive fitness and theoretically worker policing should
be less prevalent. Supporting this, worker reproduction has been observed to be
more common in monandrous species (e.g. bumblebees and stingless bees) than in
polyandrous species (Crozier and Pamilo, 1996, Ratnieks et al., 2006). However,
behavioural observations suggest that worker policing in monandrous species is not
as rare as expected (van Honk and Hogeweg, 1981). In addition a higher degree of
cooperation among the queen and workers as seen in a polyandrous species (Apis
mellifera) also exists in monandrous species (Ratnieks, 1988) with the parentage of
the majority of males in the colony still being held by the queen.

Hammond and Keller 2004 explained these controversies stating that the male
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parentage and occurrence of worker-policing in social Hymenoptera cannot be sup-
ported by kin relatedness alone. Rather the cost of worker reproduction which affects
the overall colony efficiency also plays an important role in determining the parent-
age of males. For example, aggressive fights for reproduction and laying a higher
number of eggs than that can be reared are a waste of energy and productive time
for other nest tasks. Wenseleers and Ratnieks 2006a, using 90 hymenopteran species
to extend the analysis of male parentage presented by Hammond and Keller 2004,
showed that there is a strong effect of kin relationships on male parentage conflicts
and worker policing. The relatedness difference between workers to workers’ sons
versus queen’s sons (rdiff) can be used as a variable when making predictions about
worker male production based on colony kin interactions (Wenseleers and Ratnieks,
2006a). According to Wenseleers and Ratnieks 2006a study the proportion of worker
produced males was significantly lower (only 0.2% males in 15 species) when workers
were related more to the queen’s sons. This implies strong policing among workers
in reproduction. In 75 species in which workers were related more to workers’ sons,
an average of 14% of the males were workers’ sons.

However, they further state that there are significant unexplained variations in these
results. For example in several species with intraspecific variation (Myrmica tahoen-
sis, Vespula rufa and Leptothorax acervorum, see Appendix table A.8) when workers
were more closely related to the queens sons than to other workers sons (rdiff<0),
a higher percentage of males observed were worker derived offspring. This is the
opposite of what would be predicted by the relatedness hypothesis.

Interestingly, the above contrasting results were observed in these species when their
colonies are polygynous but not when they are monogynous. Thus these variations
could be due to differences in sociobiology of eusocial Hymenoptera. In other words,
the proportion of male production by workers could vary with the colony social
structure comprising of factors such as the number of queens in the colony and rel-
ative relatedness among those queens. For instance, some colonies are founded by a
single queen (monogyny) while there are several nestmate queens in other colonies
(polygyny). Thus the queen number could vary among species and sometimes among
colonies within the same species. Queens in polygynous colony could be closely re-
lated full sisters (e.g Polybioides tabidus, Henshaw et al. 2000 and Polistes fuscatus
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variatus, Metcalf 1980) or may be completely unrelated to each other (colony usurpa-
tion/invasion by foreign queens; e.g. Scaptotrigona postica, Paxton et al. 2003 and
Leptothorax nylanderi, Foitzik and Herbers 2001). Occasionally the existing queen
can be replaced by older workers (queen supersedure). In such cases the new queens
are the daughters of the previous founder queen (e.g. Augochlorella striata, Mueller
et al. 1994 and Lasioglossum zephyrum, Crozier et al. 1987). Likewise differences in
relatedness among nestmate queens could also affect worker reproduction capacity
in the colony. In addition, queen/s can be mated to a single male (monandry) or
several males (polyandry). Therefore, worker reproduction could also depend on
species specific physiological aspects such as the queen mating frequency. Overall,
the different degrees of kin relationships that exist among colony members could be
a collective effect of all above factors.

Overall relatedness difference (rdiff) among members in an eusocial hymenopteran
colony is a cumulative effect of both maternal and paternal components. Factors
such as queen number in the colony and relatedness among those queens represent
the maternal effects on offspring whereas the queen mating frequency which de-
termines the number of fathers contributing to the progeny represents the paternal
component. Wenseleers and Ratnieks 2006a provides a detailed comparative analysis
of the effect of overall relatedness differences among colony members in determin-
ing the proportion of male production by workers. In this chapter my aim was to
analyse how variations in maternally contributed factors and paternally contributed
factors individually affect that relatedness difference and thereby to determine the
proportion of males produced by workers.

A secondary aim was to integrate colony size into this analysis. Reproductive con-
flicts could vary with the colony size. Reproductive dominancy of workers via ag-
gressive behaviours and pheromones may be more effective when the colony size is
small. In contrast, laying eggs and probability of developing those eggs into adult
males is low in a high worker policing environment such as in large colonies. Thus
depending on the colony size the percentage of worker produced males in the colony
could vary (Bourke, 1988). Hence the colony size i.e the number of adult workers
in a matured colony was also used as another variable factor in assessing the male
production of workers. This was initially done by Hammond and Keller 2004 using
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50 species of eusocial Hymenoptera. In this chapter I was aim to repeat their anal-
ysis with 90 species of eusocial Hymenoptera used for the comparative analysis in
Wenseleers and Ratnieks 2006a.

During the analysis, my first expectation was to analyse the correlation between
percentage worker produced males (WPM) and each parental component (maternal
and paternal) of the difference between a worker’s relatedness to a queen’s son and
to another worker’s son (rdiff). Then to assess their partial correlations to find out
the independent effect of each parental component on WPM. For example, the effect
of paternal factors of rdiff on WPM when the maternal effect is excluded etc. The
next aim was to repeat the above analysis for colony size.

6.2 Methods

Ninety eusocial hymenopteran species (Appendix table A.8) given in Wenseleers and
Ratnieks 2006a, Table A2, representing stingless bees, bees, wasps and ants were
used for this analysis. Data analyses were performed with R package version 2.15.

Data on the following factors which affect worker male production were collected
for each species of the 90 Hymenopterans (Appendix table A.8) via an extensive
literature survey; queen number and relatedness among colony queens (maternal
effects), queen mating frequency (paternal effect) and number of adult workers in a
mature colony (colony size). Data on the percentage of worker produced males for
each species were obtained from (Wenseleers and Ratnieks, 2006a), Table A2.

rdiff is the difference in relatedness between workers to worker produced males (rw-
rwm) and workers to queen produced males (rw-rqm). If workers are more related
to the queens sons than to the worker’s sons then rdiff is negative (rdiff<0) and
the majority of males in the colony are produced by the queen. In contrast, when
rdiff is positive (rdiff >0), more males in the colony should be worker produced sons
(Hammond and Keller, 2004). Therefore rdiff provides a good predictor variable
about worker reproduction.
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As a check to the accuracy of my data and calculations, I first plotted rdiff Vs
percentage worker produced males (WPM) using Wenseleers and Ratnieks 2006a,
Table A2 data (Figure 6.2).

According to Pamilo 1991, rdiff is given by, rdiff = (rw-rwm) - (rw-rqm). rw-rwm =
(2+k)/(8kNe) , rw-rqm = [1+G(Ne-1)]/4Ne, where k is the effective queen mating
frequency (paternal effect on WPM), Ne is the effective number of queens and G is
the relatedness among those queens (maternal effect on WPM).

Therefore, rdiff = (2+k)/(8kNe) - [1+G(Ne-1)]/4Ne

Factors responsible for maternal effect and paternal effect on WPM were isolated via
an elaboration of the above equation (Figure 6.1). The maternal and paternal effect
for each species was calculated as 1/4k and (1/8Ne)-[(GNe +G)/4Ne] respectively
(Figure 6.1; Appendix table A.8).

I first carried out three simple pairwise correlations between each independent vari-
able and WPM; Maternal effect Vs WPM, paternal effect Vs WPM and colony size
Vs WPM.

Then partial correlations were calculated for the following variable combinations to
identify the effect of each individual component on WPM:

a) Paternal effect Vs WPM while the maternal effect remained constant. b) Paternal
effect Vs WPM while the colony size remained constant. c) Paternal effect Vs WPM
while both the maternal effect and colony size remained constant. d) Maternal effect
Vs WPM while the paternal effect remained constant. e) Maternal effect Vs WPM
while the colony size remained constant. f) Maternal effect Vs WPM while both
the paternal effect and colony size g) Colony size Vs WPM while the paternal effect
remained constant. h) Colony size Vs WPM while the maternal effect remained
constant. i) Colony size Vs WPM while both the paternal and maternal effects
remained constant.
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Figure 6.1: Contribution of maternal and paternal components on worker reproduction.
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6.3 Results

The graph of rdiff Vs WPM plotted using Wenseleers and Ratnieks 2006a, Table A2
data shows an increased worker male production when rdiff>0. i.e when workers are
related more to worker produced sons. A lower percentage of worker reproduction is
shown when rdiff<0. i.e when workers are related more to the queen produced sons
(Figure 6.2).

Figure 6.2: rdiff Vs WPM in 90 species of eusocial Hymenoptera. Proportion of worker
produced males increases when workers are related more to the worker-produced males

than to the queen-produced males.
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6.3.1 Simple correlations

There was a strong correlation between the paternal effect and percentage male
production of workers; ρ = -0.2659, n = 121, p-value = 0.0031, Spearman’s rho
(Paternal effect Vs WPM). Worker male production decreases with the increase of
k, the queens mating frequency (Figure 6.3a). In other words, Figure 6.3a shows that
the worker reproduction is rare in polyandrous colonies compared to the monandrous
colonies.

There was no clear correlation between the maternal effect and worker male produc-
tion; ρ = 0.0015, n = 121, p-value = 0.9866, Spearman’s rho (Maternal effect Vs
WPM) (Figure 6.3b).

According to Figure 6.3c, an increased worker reproduction was present in small sized
colonies compared to larger colonies. It further shows that worker reproduction is
nearly absent in large colonies and percentage worker reproduction reaches zero when
the number of adult workers in the colony exceeded 2000 approximately. However,
statistically the correlation between the colony size and worker male production
didn’t appear as significant; ρ = -0.1456, n = 121, p-value = 0.1112, Spearman’s
rho (Colony size Vs WPM).
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6.3.2 Partial correlations

When the effect of maternal contribution was held constant, there was a strong nega-
tive correlation between the paternal effect and worker male production; ρ = -0.2712,
n = 121, p-value = 0.0022, Spearman’s rho (Paternal effect Vs WPM)maternal effect.
Factors in subscript were held constant.

When the effect of colony size was held constant, there was a strong correlation
between the paternal effect and worker male production; ρ = 0.2347, n = 121, p-
value = 0.0087, Spearman’s rho (Paternal effect Vs WPM)colony size.

Paternal effect and WPM show a strong correlation between them when both the
maternal effect and colony size were held constant; ρ = 0.2231, df = 115, p-value =
0.0156, Spearman’s rho (Paternal effect Vs WPM)maternal effect and colony size.

There was no significant correlation between the maternal effect and worker male
production either when the paternal effect held constant; ρ = -0.0553, n = 121, p-
value = 0.5467, Spearman’s rho (Maternal effect Vs WPM)paternal effect or colony size
held constant ρ = -0.0254, n = 121, p-value = 0.7819, Spearman’s rho (Maternal
effect Vs WPM)colony size.

Also there was no statistically significant correlation between the maternal ef-
fect and WPM when both the paternal effect and colony size were constant;
ρ = -0.0175, df = 115, p-value = 0.8510, Spearman’s rho (Maternal effect Vs
WPM)paternal effect and colony size.

There was no significant correlation between the colony size and worker male pro-
duction when the paternal effect was held constant; ρ = -0.0689, n = 121, p-value
= 0.4528, Spearman’s rho (Colony size Vs WPM)paternal effect, or maternal effect was
constant; ρ = -0.1477, n = 121, p-value = 0.1045, Spearman’s rho (Colony size
Vs WPM)maternal effect, or when both the maternal and paternal effects were con-
stant; ρ = -0.0417, df = 115, p-value = 0.6547, Spearman’s rho (Colony size Vs
WPM)maternal effect and paternal effect.
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Figure 6.3: Change of percentage worker produced males with paternal effect, maternal effect and colony size.
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Figure 6.4: Percentage male production of workers in 90 hymenopteran species used for
the comparative analysis. Branches marked in red represent rdiff<0 and a strong worker
policing is predicted in these species. Branches marked in black represent rdiff>0 and a
wide range of percentage worker male production is shown in these species depending on
the biology of each species. Phylogenetic tree was adapted from Wenseleers and Ratnieks

2006a.
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6.4 Discussion

The effect of two selected sociobiological factors on worker male production in euso-
cial Hymenoptera was analysed in this chapter. The relatedness difference between
workers to queen’s sons and another worker’s son (rdiff) and colony size were taken
into account. The overall effect of rdiff was assessed as two separate components;
effect on rdiff by maternally contributed factors rdiff (maternal) and paternally con-
tributed factors rdiff (paternal).

According to my results, maternal factors have no significant effect on worker male
production; Figure 6.3b. This may be because most (75/90) hymenopteran species
included in this analysis are monogynous (Appendix table A.8). Thus overall varia-
tion in rdiff due to the changes in queen number and queen-queen relatedness is low.
In some polygynous species even though there are several queens occupying a colony,
the majority of offspring usually belong to a single founder queen (e.g. in Polistes
spp. 78% of the brood is produced by the alpha foundress while beta foundresses
contribute only for 22%; Arevalo et al. 1998, Metcalf 1980). Therefore the contri-
bution of maternal factors to the overall relatedness difference in such colonies is
more similar to that of a monogynous colony. In addition, queens in a polygynous
colony may be derived from the same mother or the founding queen thus may share
the same set of maternal genes. For example, in species such as Parachartergus
spp., first the number of queens in the polygynous colony is reduced until a single
queen and then new queens are started to be produced by the alpha queen to re-
store polygyny (Henshaw et al., 2000, Mueller et al., 1994). Thus their relatedness
to each other’s offspring cannot be changed significantly. However if these queens
mated to several different males that would introduce new genes in to the colony
leading to differences in relatedness among different queen derived workers and those
workers to their male offspring. Thus the influence of maternal factors on worker
reproduction may less obvious compared to that of paternal factors.

Variation in paternity frequency showed a significant effect on worker male produc-
tion. Even when the effects of maternal contribution and colony size were removed by
partial correlation, it remained as a strong correlation. As predicted, in a polyan-
drous colony, workers are more closely related to the mother than to each other.
Thus increased worker policing and less worker reproduction is expected to be seen.
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My results support the above fact showing a strong negative correlation between
the queen’s mating frequency (k) and worker male production (Figure 6.3a). This
means that, paternal effect (i.e. 1/4k) is maximum (0.25) when the queen’s mating
frequency is 1 (monandrous). The highest percentage of worker male production
was also observed when the paternal effect is 0.25 (Figure 6.3a).

Monandry is considered to be the ancestral state in the Hymenoptera and has evolved
independently in 8 eusocial insect lineages (Hughes et al., 2008a). Sterile workers
in monandrous species are capable of reversing into reproductives. Thus they can
compete with the queen for reproduction and even replace her position in the colony.
Occurrence of polyandry in eusocial Hymenoptera is not as common as monandry.
Polyandry evolved secondarily after workers lost the ability to mate and reproduce
(reproductive totipotency; Hughes et al. 2008a. As a result of this more cooperation
and less conflict is ensured among colony members during reproduction. Polyandry
could be an added advantage particularly to larger colonies and perennial colonies
since it enhances the genetic heterogeneity among colony members. This can help
the colony to resist diseases and survive (Oldroyd and Fewell, 2007). However, it
could also bring cost effects on the queen such as high risk of predation, parasitism,
energy expense etc.

I found no significant correlation between worker reproduction and colony size. This
may be because the overall number of species which have a higher colony size in the
data set is relatively low (larger colony sizes for example 10,000 ≤ is represented
only by 11 species out of a total of 90 species used for the analysis). However, just
by looking at the figure 6.3c there does appear to be a trend. That is a higher worker
reproduction was observed for species with small colony size. This may be because
due to the small number of workers present in small sized colonies, aggressive fights
and competition for reproduction among workers is relatively low compared to larger
colonies with many individuals. Thus a higher proportion of workers is capable of
achieving their reproductive dominance. In contrast, larger colonies showed little or
nearly absent worker reproduction (Figure 6.3c). Theoretically this can be explained
in several ways: If many of the workers in such a colony started to reproduce it would
be at a cost to other colony tasks. Also, increasing the number of males in the colony
via worker reproduction will disrupt the balance of colony sex ratio (Ratnieks et al.,
2006). A female biased sex ratio or a balance in sex ratio of both females (workers
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produced by the queen) and males (produced by both the queen and workers) is
essential for colony maintenance and survival (Wenseleers et al., 2013). Thus less
worker reproduction is more beneficial for large colonies to function efficiently than
for small colonies.

Due to this preponderance of monogyny in the data, my model with split maternal
and paternal contribution does not improve on Wenseleer’s original model with a
single rdiff. It may be interesting to increase the proportion of polygynous species
in the data set so that the paternal and maternal contribution may be more clearly
separate.

In conclusion, variations in paternity frequency show a significant influence on worker
male production. Effects on relatedness due to maternal factors or colony size are
not statistically significant. However it is important to note that these conclusions
were made based only on the results of partial correlations - the independent effect of
each factor (i.e. either the maternal effect or paternal effect or colony size) excluding
the effects other factors and the effects of phylogenetic relationships of species wasn’t
taken in to account (see Figure 6.4). In other words, variation in percentage worker
male production could not only be due to parental (maternal and paternal) effects
and colony size but also due to the evolutionary relationships that exist between
species (phylogeny). Therefore the phylogenetically independent contrast analysis is
required for a more accurate conclusion. Due to time constraints I did not do this.
When the effect of phylogeny is removed the significant effect of paternity frequency
on worker male production and the non-significant effect of maternal factors and
colony size on worker male production I observed in the current analysis could likely
be changed.

For example queens of the common wasp Vespula vulgaris are multiply mated and
a high worker policing has been observed as expected (Foster and Ratnieks, 2001).
However in Vespa crabro, although the queen shows monandry/facultative polyandry
workers police each other’s reproduction leading the majority of males in the colony
still being queen produced (Foster et al., 2002). Hence relatedness and colony size
alone cannot support these contraries and they may be best explained by a phy-
logenetic point of view. That is closely related taxa (such as the above two wasp
species) which may utilize similar habitats and similar life histories may share similar
patterns of worker male production and policing behaviour.



Chapter 7

Role of DNA methylation in
behavioural phase polyphenism of
the desert locust, Schistocerca
gregaria

7.1 Introduction

Epigenetic modification of DNA by cytosine methylation has emerged as an impor-
tant mechanism for tailoring behavioural phenotypes to the prevailing environmental
conditions (Herb et al., 2012, Lyko et al., 2010). Genome-wide analyses of both ver-
tebrate and invertebrate taxa indicate that the environmentally induced differences
in behaviour correlate with differences in the DNA methylation landscape (Ernst
et al., 2015, Kelly et al., 2012, Kucharski et al., 2008, Srinivasan and Brisson, 2012,
Szyf et al., 2008). However, the place of DNA methylation in the mechanistic chain
of events which leads from environmental signals to changes in the behavioural phe-
notype is not well understood. For example, do changes in the brain methylome
affect behavioural change, or do they instead serve to consolidate changes that first
arose through other mechanisms etc.
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Phenotypic plasticity is particularly common in insects, a fact that has been im-
plicated in their evolutionary success (Simpson et al. 2011; also see section 1.8). A
striking example is provided by phase polyphenism in locusts. Locusts are grasshop-
pers (Acrididae) that respond to changes in population density by transforming be-
tween two extreme phenotypes known as the solitarious and gregarious phase (Pener
and Simpson, 2009, Uvarov, 1966). The two phases differ profoundly in morphol-
ogy and colouration, in endocrine, metabolic and reproductive physiology, and most
importantly, in their behaviour. Solitarious locusts are cryptic and shy, and avoid
other locusts; gregarious locusts are active and mobile and seek out the presence of
conspecifics, causing them to aggregate in swarms that can wreck agriculture on a
continental scale. Several distantly related Acridid species show phase polyphenism,
with migratory locusts (Locusta migratoria) and desert locusts (Schistocerca gre-
garia) being amongst the most extreme and economically relevant. The sole direct
driver of phase change is the presence or absence of conspecifics. Solitarious desert lo-
custs acquire gregarious behaviour within the space of a few hours of forced crowding
(nymphs: Roessingh and Simpson 1994; adults: Bouaichi et al. 1995). The converse
process of solitarisation of long-term gregarious locusts is markedly slower. At least
in desert locusts, phase state reflects both individual history and transgenerational
epigenetic inheritance (Islam et al., 1994). Although the transgenerational effect on
behaviour and colouration is largely reversible within a life time, it takes several
successive generations of crowding or isolation to establish the phase extremes.

In S. gregaria, 1.6-1.9% of all genomic cytosines and over 3% of cytosines in genomic
sequences that map on ESTs are methylated (Boerjan et al., 2011, Falckenhayn et al.,
2013). These values are very high by insect standards - more than ten times higher
than in the honeybee, a species where methylation is implicated in pronounced caste
polyphenism (Herb et al., 2012, Lyko et al., 2010). Unlike some insects such as flies
(Glastad et al., 2014a), L. migratoria and S. gregaria have retained orthologs of DNA
(cytosine-5)-methyltransferase 1 (Dnmt1 ) although Dnmt3 appears absent (Falck-
enhayn et al., 2013). The claim by Wang et al. 2014 that a Dnmt3 ortholog is present
in the L. migratoria genome appears unfounded, since blast-searching the genome
with honeybee Dnmt3 as a query does not find any convincing matches. A reduced
representation bisulfite sequencing (RRBS) analysis by the same authors identified
about 90 genes as differentially methylated between solitarious and gregarious 4th

instar L. migratoria nymphs (Wang et al., 2014). Different numbers are quoted in
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different parts of the paper - over ‘90’ in the main text, ‘89’ in the supplemental text
and ‘90’ in Table S19. These findings clearly suggest some role for DNA methylation
in behavioural phase change.

Locust phase change provides a model for answering fundamental questions about
the functional role of DNA methylation in behavioural plasticity. There are three
distinct but not mutually exclusive scenarios for the role of DNA methylation in be-
havioural phase polyphenism: (a) it may be part of the effector cascade that initiates
behavioural change; (b) it may underpin the consolidation of behavioural state with
prolonged crowding within a locust’s lifetime; (c) it may mediate transgenerational
epigenetic inheritance.

To begin to address these questions, I compared DNA methylation patterns in the
CNS of adult desert locusts (S. gregaria,) with identical parental histories, but differ-
ent individual social histories, using methylation-sensitive amplified fragment length
polymorphisms (MS-AFLP) analysis.

7.2 Methods

7.2.1 Locust rearing

Desert locusts (Schistocerca gregaria Forsk̊al, 1775) were obtained from an estab-
lished colony at the Department of Biology, University of Leicester that had been
maintained under crowded conditions for many generations. Solitarious-phase lo-
custs were produced from this gregarious stock by isolating them immediately upon
hatching and rearing them in individual cages under visual, tactile and olfactory
isolation from conspecifics (Roessingh et al., 1993). All locusts were maintained on
an identical diet of fresh seedling wheat and dry wheat germ under a 12:12 hour
photoperiod.
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7.2.2 Experimental cohorts and treatments

All locusts in this study were sexually mature virgin adults sacrificed 17-21 days
after the final moult. Long-term gregarious (LTG) locusts were removed from the
gregarious colony as final larval instars, sexed, and set up as one all-male and one
all-female cohort of 40 individuals each in separate tanks (length × width × height =
40×30×25 cm3) in the controlled environment room that also housed the solitarious
locusts. All solitarious locusts were sibling offspring from a single gregarious mother
(first-generation solitarious, 1GS). A total of N = 24 locusts were split into three
treatment groups of four males and four females each (n = 8): (i) eight 1GS locusts
that never experienced crowding (solitarious); (ii) eight long-term gregarious locusts;
and (iii) eight behaviourally gregarised 1GS locusts. These behaviourally gregarious
locusts were produced by placing 1GS locusts in the tank that housed the 40 LTG
virgins of the same sex (i.e. four 1GS males with the 40 LTG males; and four
1GS females with the 40 LTG females). Crowding lasted for the final 24 hours
before sacrifice, with unrestrained physical interaction between all locusts in the
crowding tanks. Locusts were sacrificed by decapitation and immediate dissection
under ice-cold saline. The brain (including the optic lobes, but not the retinae) and
the chain of thoracic ganglia (prothoracic, mesothoracic and metathoracic ganglion)
were dissected out and cleaned from contaminant tissue in ice-cold saline and snap-
frozen on dry ice.

All locust tissue samples used for the following methylation analysis were provided
by Dr. Swidbert Ott, Department of Biology, University of Leicester.

7.2.3 Preliminary experiment

To find the optimum amount of material (locust brains) required for MS-AFLP
analysis, a preliminary experiment was conducted. DNA was extracted from brains
of 4 male and 4 female locusts using the DNA Micro kit (section 2.2.2). The testing
libraries were produced as follows; 1 male locust, 1 female locust, 2 pooled males, 2
pooled females and a combined sample of a single male and a single female brains.
The original MS-AFLP protocol (section 2.6) was carried out with the above samples
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for two selected Eco-HpaII/MspI primer combinations; AG-ACT and AC-ATC (see
supplementary table A.1).

According to the preliminary experiment results, pooling of samples was required
to obtain a sufficient amount of DNA for the analysis and pooling of locusts from
both sexes was selected to represent the overall methylation in locusts belong to a
particular phases.

7.2.4 Methylation analysis by MS-AFLP

Differences in DNA methylation patterns were detected by analysis of methylation-
sensitive amplified fragment length polymorphism (MS-AFLP; see section 2.6) in
n = 4 independent samples per treatment group, for a total of N = 12 MS-AFLP
primer combinations (Figure 2.2; Supplementary table A.1). Each sample comprised
the pooled brains and thoracic ganglia from one arbitrarily chosen male and one
arbitrary female within the same treatment group. DNA was extracted with the
QlAamp DNA Micro Kit following the manufacturers instructions (QIAGEN).

7.3 Results

Using MS-AFLP analysis, I compared the methylation differences between solitar-
ious, behaviourally gregarious and gregarious locusts. The four possible banding
patterns and their biological explanations are given in Table 7.1. One hundred
and two unique bands (loci) were scored. Out of these, 99 loci were recorded as
methylation-susceptible. That is they showed different digestion patterns between
the two restriction enzymes, HpaII and MspI. Fifty three of these loci were recorded
as polymorphic, meaning that they showed different banding patterns between in-
dividual samples (See Appendix figure A.1b).

Overall I found significant methylation differences between the treatment groups
(φST = 0.2086, p = 0.01). I then examined the pair-wise differences between groups.
There was a significant difference in methylation between the solitarious and gregar-
ious phases (φST = 0.3952, p = 0.0303). Compared to the solitarious samples (14%
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of loci unmethylated), gregarious samples were much less methylated (33% of loci
unmethylated), see (HPA+/MSP+) in table 7.1.

The gregarious samples were again less methylated than the behaviourally gregarious
form (φST = 0.2084, p = 0.0272) (gregarious 33% of loci unmethylated compared to
behaviourally gregarious 17%), see (HPA+/MSP+) in table 7.1.

The methylation status of the solitarious and behaviourally gregarious phase samples
were very similar, with 14% and 17% of their loci unmethylated respectively (φST

= -0.1135, p = 0.9446) see Table 7.1

Table 7.1: Proportion of each banding type found in locusts of different behavioural
phases.

Banding pattern Methylation status BG Gr So
HPA+/MSP+ Unmethylated 0.1667 0.3283 0.1389
HPA+/MSP- Hemimethylation 0.1364 0.1566 0.1010

HPA-/MSP+ Methylation at
internal cytosine 0.1263 0.1818 0.1288

HPA-/MSP- Full methylation or
absence of target 0.5707 0.3333 0.6313

Note: BG = Behaviourally gregarious, Gr = Gregarious, So = Solitarious. + and -
= Presence of a band and absence of a band in digestion with the restriction enzyme.
For example; HPA+/MSP- denotes the presence of a band in digestion with HpaII but
absent when digested with MspI (See Appendix figure A.1b). HPA-/MSP- was counted
as hypermethylated in MSAP.

The Principal coordinate analysis based on pairwise methylation difference showed
two groupings corresponding to their physical phase polymorphism with be-
haviourally gregarious locusts overlapping the solitarious (Figure 7.1). The first
two axes explain a total of 49.9% of the total variation.

7.4 Discussion

The main aim of this study was to determine if there was a role for DNA methylation
in the behavioural phase change in desert locusts, Schistocerca gregaria. According to
my results, 99 out of the 102 loci found were methylation-susceptible. This indicates



Chapter 7. Role of DNA methylation on locust phase polyphenism 142

Figure 7.1: Principal coordinate analysis based on methylation status of loci for locusts
in different behavioural phases

that, in the CpG sequence context, the S. gregaria methylome is characterized by
high levels of DNA methylation.

In addition, there was a pronounced difference in the global methylation pattern
between the solitarious and the gregarious phase (Figure 7.1). Our solitarious-phase
locusts were the direct offspring of long-term gregarious parents. Therefore, rearing
the offspring of chronically crowded locusts in social isolation leads to pronounced
alterations in the global methylation pattern within an individual’s life-time. We
did not compare the methylation patterns between first and later generations of
isolation, and we therefore cannot rule out that DNA methylation has a role in
trans-generational epigenetic programming of phase state.

The most important finding of this study is that crowding adult locusts for 24
hours, a period that is sufficient for establishing gregarious behaviour (Anstey et al.,
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2009), has no significant effect on their methylome. Figure 7.1 illustrates this non-
significant difference as an overlap between solitarious and behaviourally gregarious
locusts.

Increasing permanence of the gregarious state in locusts depends on the time spent in
crowded condition (Roessingh et al., 1993, Simpson et al., 1999). DNA methylation
is a possible mechanism for this consolidation. The solitarious to fully gregarious
transition is a gradual process which occurs through an intermediate state of be-
haviourally gregarious phase. i.e. after 24 hours of crowding solitarious locusts
turn into fully gregarious, in behaviour. My results indicate that this transition to
fully gregarious behaviour occurs without significant changes in the DNA methyla-
tion landscape of the CNS. The pronounced difference found in the fully established
gregarious phase must therefore occur at a later stage.

In nymphs of S. gregaria, touch by other locusts and the combination of seeing and
smelling other locusts are each sufficient to initiate gregarious behaviour. For touch
stimuli, the hind legs have been identified as the principal sites of gregarising sen-
sory input (Rogers et al., 2003). Once such a stimulus is received, that information
is passed to the CNS by sensory neurons. In desert locusts, serotonin has been
identified as an important chemical of neuronal plasticity which induce behavioral
gregarization (Anstey et al., 2009). Our results show that initiation of gregarious
behaviour does not require epigenetic modification. However, the neural methylome
of locusts in behaviourally gregarious state is subjected to major changes during the
transition into the fully gregarious state. Therefore DNA methylation may provide
a consolidation mechanism by which neurochemically mediated rapid changes in be-
haviour become more stable with time. Thus the overall process of transition among
two contrast phases may occur due a combination of effects of neurochemical and
epigenetic pathways. However, it is interesting to note that the same duration (24
hours) of isolation is not sufficient to cause appreciable solitarisation in chronically
crowded locusts.

The CNS is the principal site which regulates behaviour in organisms. Another
study found that in desert locusts overall brain size is 30% larger when they are in
gregarious phase than to the solitarious phase. This may be because when foraging
as a swarm gregarious locusts may face a higher intraspecific competition for food,
thus a higher integration between the brain and other sensory organs is essential
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(Ott and Rogers, 2010). Anatomical differences such as the increase of brain size
could be a result of long-term, phase-dependent differential gene expression. My
results suggest that fully established behavioural changes begins without any direct
involvement of methylation in the CNS.

Evidence for the effect of DNA methylation in caste determination has been shown
in the honeybee by knockdown studies, where depletion of Dnmt3 induces the devel-
opment of queen-like phenotypes (Kucharski et al., 2008). In support the majority
of differentially methylated genes in the honeybee brain have been found to be hy-
pomethylated in queens (Foret et al., 2012). Likewise, pharmaceutical compounds
and RNA interference (RNAi) have been successfully used in eusocial insects to ma-
nipulate gene expression (genes to over express, knockdown or express in a tissue
specific manner) and thereby to alter their caste fate and behaviour. This includes
several species of ants (Cerapachys biroi, Monomorium pharaonis, Harpegnathos
saltator); bees (Apis mellifera, Lasioglossum albipes); wasps (Polistes metricus) and
termites (Zootermopsis nevadensis) (Yan et al., 2014).

Phase transition in locusts is a reversible process (Simpson et al., 1999, Wang and
Kang, 2014). This suggests that pharmacology and RNAi knockdown techniques
may be able in locusts to alter the methylation status in one phase that would lead
to an alternative phase. According to my results, locusts in the solitarious phase
show a higher overall methylation level than in the gregarious phase (see Table 7.1).
This means that DNA demethylation by feeding a chemical such as Decitabine or an
RNAi knockdown experiment against Dnmt3 may be able to induce the transition
from solitarious to gregarious phase. On the other hand, feeding of a methyl enriched
diet to gregarious locusts may be able to trigger their transition back to solitarious
phase. Therefore artificial manipulation of methylation levels may be useful to gain
an insight to the exact role of methylation play in behavioural phase polyphenism
of locusts. Also it would generate information useful for locust swarm prevention
and sustainable management.

A set of conserved differentially methylated genes that are responsible for caste
specific gene expression have been found in Formicinae (e.g. C. floridanus) and
Ponerinae (e.g. H. saltator) subfamilies of ants (Bonasio et al., 2012). It would be
interesting to see whether this also applies in grasshoppers: L. migratoria and S.
gregaria that belong to two different subfamilies. In other words, methylation may
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be targeted at a certain set of genes that are differentially expressed or alternatively
spliced to produce distinct phenotypic effects between phases. By an analysis of
the methylome and transcriptome in the migratory locust genome, Wang et al. 2014
revealed that long term phase differences correlate with extensive differences in DNA
methylation, gene expression and alternative splicing in the CNS. They have found
over 90 genes that are differentially methylated between long-term solitarious and
long-term gregarious locusts. In addition they also have found 45 genes in brain
samples that are differentially spliced between the two phases. So in future it would
be interesting to investigate whether the genes identified by Wang et al. 2014 are
also differentially methylated and/or spliced between phases in S. gregaria.

Methodological considerations Consistent with other insect taxa, over 90%
of 5-methylcytosine residues in S. gregaria genome has been found in the CpG din-
ucleotide context (Bonasio et al., 2012, Falckenhayn et al., 2013, Lyko et al., 2010).
Thus MS-AFLP, the methylation profiling technique used in my study should cover
methylation status of the majority of the genome. However, cytosine methylation
that is present in non-CpG sites such as CpA and CpT (Bonasio et al., 2012) is not
detected by MS-AFLP. Thus bisulfite sequencing and pyrosequencing methods that
detect methylated cytosines present in both CpG and non-CpG contexts (Pinney,
2014), may ensure a complete measurement of all methylcytosines present in the
genome. However, the locust genome is large for an insect. The genome size of Lo-
custa migratoria is 6500Mb approximately; i.e twice as long as the human genome
and 36 times as the Drosophila melanogaster genome and 27 times as the Apis mel-
lifera genome. The S. gregaria genome is 8550Mb in size, i.e. it is even 50% larger
than that of L. migratoria (Camacho et al., 2014). Hence, whole-genome bisulfite
sequencing would be a challenging and expensive task. Thus reduced representation
bisulfite sequencing (RRBS) provides a good alternative, since it reduces the amount
of nucleotides needed to be sequenced to 1% of the genome (Meissner et al., 2005)
and allows genome-wide methylation profiling, minimizing the high cost and depth
of sequencing.

In conclusion, this study discovered that the solitarious-gregarious fully established
behavioural phase polyphenism in desert locust is associated with major epigenetic
shifts in their neural methylome.
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General discussion

In humans, genomic imprinting plays a significant role in fetal development and
diseases including several types of common cancers (Bbosa et al., 2013, Haig and
Graham, 1991). However it is extremely rare. So far, out of approximately 25
000 protein encoding genes discovered in the human genome, only about 100 have
been identified as imprinted (Pliushch et al., 2010). This is because the occurrence
of genomic imprinting could be a gene, tissue, individual, caste or an age specific
process. Sometimes even within the same gene it could vary among different iso-
forms (Flores et al., 2012, Li-Byarlay et al., 2013). Along with the small size of
certain insect genomes (e.g. compared to the 3000Mb of human genome, Bombus
terrestris genome size is only 249Mb) with easy manipulation of epigenetic status,
an insect model could become a valuable asset to understand this phenomenon in
mammals. In addition, this phenomenon also serves as the subject of a major pre-
dictive evolutionary theory, the Haig’s kinship theory of genomic imprinting. Thus
better understanding of Haig’s theory would also provide an insight to many other
important aspects of sociobiology such as social evolution and inclusive fitness.

Social insects have been recognized for more than a decade as potential candidates
for the evolution of genomic imprinting. However so far no imprinted genes have
been discovered in any social insect (Drewell et al., 2012) and very little work has
been done on this topic. This may be due to technical limitations, lack of a proper
experimental pipeline and a model organism to test this phenomenon.

146
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The main aim of my PhD was to begin to establish a social insect model to study
genomic imprinting. Although it is still to be confirmed that my experimental ob-
servations were due to genomic imprinting, my research based on the bumblebee,
Bombus terrestris demonstrates the first evidence for the feasibility of genomic im-
printing in the bumblebee.

A summary of the main findings and a brief background of research for each chapter
is given below.

8.1 A summary of the results

Chapter 3: Methylation differences during development and between
worker reproductive castes

Haig’s kinship theory predicts that genomic imprinting in mammals has evolved
during reproduction, and is associated with fetal development, via the regulation
of maternal resource provision to offspring. Thus reproduction loci could be under
imprinted control and also linked with development (Haig, 2000). Therefore the
first aim of this thesis, addressed in chapter 3, was to check for the presence of the
molecular mechanism required for genomic imprinting in Bombus terrestris and also
to confirm that this mechanism is involved in its reproduction and development.

Methylation is common epigenetic mechanism for genomic imprinting in mammals
(Gehring, 2013). It is also a widespread phenomenon in social insects (Kronforst
et al., 2008, Wang et al., 2006). Using a genome-wide methylation profiling method
(MS-AFLP), I found that a functional methylation system which is involved in
reproductive caste formation, development and social behaviour is present in Bom-
bus terrestris (Amarasinghe et al., 2014). The main findings of chapter 3 are as
follows: (i) Under the queenless condition, brain methylomes of reproducing and
non-reproducing worker castes are clearly different. (ii) Alteration of methylation
(by Decitabine) can cause a sterile worker to turn into a reproductive worker with
increased aggressive behaviour and ovary development. (iii) However, comparison
of methylation profiles of bees with experimentally altered methylation (Decitabine
treated) and normal condition (control) were not significantly different from each
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other. This indicates that such a dramatic shift of reproductive status in Decitabine
treated bees may be associated with reduction of methylation only at targeted sites
in specific genes, cells or gene isoforms, but not due to a global reduction of methy-
lation in the bee body. (iv) In a separate sub experiment of this chapter, I found
that during the colony transition from the pre-competition phase to the competition
phase, the brain methylome of bees changed significantly.

After confirming the presence of DNA methylation in Bombus terrestris, I then used
two different technical approaches to identify genes that potentially be imprinted in
the bumblebee genome.

Chapter 4: Allele specific expression in the bumblebee, Bombus ter-
restris: candidate gene approach

Imprinting is the differential expression of alleles based on their parent-of-origin.
Using a combined approach of SSCP-qPCR on targeted candidate genes, I found
differential allele specific expression in B. terrestris worker reproduction loci, that
are apparently due to parent-of-origin of those alleles. Here I say “apparently” since
the reason for the observed allele specific expression, is still left to be confirmed as
genomic imprinting (see section 8.2.1). This is because the same expression pattern
could be due to other genetic phenomena such as dominant-recessive effects. During
this experiment, I further discovered that maternally and paternally derived alleles
of Ecdysone 20- monooxygenase-like, a gene which plays a central role in Bombus ter-
restris reproduction (Geva et al., 2005) shows the exact expression pattern predicted
by Haig’s kinship theory for a monandrous queen-right colony (Queller, 2003).

Chapter 5: Monoallelic methylation and allele specific expression in the
bumblebee, Bombus terrestris: Next generation sequencing approach

Methylation has been found to be associated with monoallelic expression in social
insects (Bonasio et al., 2012). Using a genome-wide next generation sequencing
approach, I found that monoallelic methylation is present in the bumblebee and it
is also associated with monoallelic expression of genes. However, I cannot confirm
whether it was the matrigene or patrigene that was expressed monoallelically, since
I did not know the parental genotypes of the worker bee used for this experiment.
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Overall, the genes that expressed in an allele specific manner in chapter 4 (Edy20-
like, IMPL2-like and Mblk1-like) and the 19 genes that show monoallelic methylation
and monoallelic expression in chapter 5 (see table 5.2) showed the exact predicted
characteristics (functional role, expression pattern, link with methylation etc.; see
section 5.4) of mammalian imprinted genes. Thus they would serve as important
candidates for future research on genomic imprinting in social insects. Then, the
next important step which I couldn’t cover in this thesis is to conduct reciprocal
crosses to confirm the presence of genomic imprinting. A combined approach of
reciprocal crosses with genetically distant bumblebee colonies and RNA-seq analysis,
to measure the expression of the matrigenic and patrigenic alleles in the reciprocally
crossed bees would provide an independent validation method for this purpose (see
section 8.2.1).

Finding genomic imprinting in social insects would be a major advance in evolution-
ary biology for both current and future research. I conclude that Bombus terrestris
is a valuable test model for further research of genomic imprinting due to the fol-
lowing findings of my PhD: (i) Presence of the main molecular mechanism (DNA
methylation) of genomic imprinting; (ii) Presence of monoallelic methylation, the
most common methylation pattern found in mammalian imprinted genes (Steyaert,
2014); (iii) Presence of expected gene expression patterns (monoallelic expression
and apparent parent-of-origin allele specific expression) that are in accordance with
the predictions made by Haig’s kinship theory, for different social contexts (e.g.
queen-right monandrous etc.), in predicted body tissues (e.g. egg and sperm ga-
metes) and physiological processes (e.g. development, reproduction, oncogenesis).
In addition, DNA methylation can be considered as a key component of a complex,
integrated epigenetic network in social insect genomes.

Chapter 6: Effects of sociobiological factors on worker male production
in eusocial Hymenoptera

As described above, the main aim of my PhD was to find the parent-of-origin spe-
cific gene expression in Bombus terrestris, using worker reproduction as a test. In
reproduction, workers are capable of laying unfertilized eggs which can develop into
males if reared (Duchateau and Velthuis, 1988).



Chapter 8. General discussion 150

In previous chapters I studied how reproduction in a worker is controlled by the
maternally and paternally derived components of it’s genome. In this chapter I
addressed what sociobiological factors contribute to those maternally and paternally
derived components and how worker male production is affected by each parental
component individually. Using 90 eusocial hymenopteran species Wenseleers and
Ratnieks 2006a, showed that there is a strong effect of relatedness difference on
male parentage conflicts and worker policing. I analysed the overall relatedness
difference in their analysis as two separate factors; maternal rdiff and paternal rdiff.
As an additional factor colony size was also incorporated in to this study.

My results showed that the relatedness difference derived due to paternity/queen
mating frequency has a significant influence on worker male production. However,
the rdiff derived due to maternal factors (queen number in a colony and relatedness
among them) and the colony size didn’t show any statistically significant effects on
worker male production.

Chapter 7: Role of DNA methylation in behavioural phase polyphenism
of the desert locust, Schistocerca gregaria

Reproductive caste formation and division of labour are among the key character-
istics of eusociality. DNA methylation is a common epigenetic modification which
allows them this phenotypic plasticity. As the extraordinary ecological success of
eusocial Hymenoptera depends on their caste specific reproductive morphs, so too
do locusts use extreme phase dependent phenotypes in order to respond to changing
environmental conditions.

Wang et al. 2014 reports about differentially methylated genes among solitarious
and gregarious phases in the migratory locust, Locusta migratoria.

However the current study is the first evidence that the phase-related behavioural
polyphenism between solitarious and gregarious phases in the desert locust, Schisto-
cerca gregaria are associated with major epigenetic shifts in their neural methylome.
The solitarious to the permanent gregarious transition is a gradual process which
depends on the time spent in crowded condition. I found that the behaviourally
gregarious phase is an intermediate state of solitarious and gregarious phases. i.e.
morphology wise and neural methylome wise they are similar to the solitarious phase
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but behaviourally similar to the gregarious phase. This indicates that the transition
of solitarious to fully gregarious behaviour occurs without significant changes in the
DNA methylation landscape of the CNS. The pronounced differences between the
fully established phases must therefore occur at a later stage.

8.2 Future implications

Overall content discussed in this thesis is comprised of three main subjects areas: ge-
nomic imprinting, DNA methylation, worker reproduction in eusocial Hymenoptera.
Future directions and further work for each area is discussed below.

8.2.1 Further work on genomic imprinting

Reciprocal crosses are recommended as future work to confirm that the gene expres-
sion patterns observed in chapter 4 and 5 were due to genomic imprinting.

Use of reciprocal crosses to differentiate patrigenes and matrigenes

The first step of this experiment is to produce several pairs of reciprocally crossed
colonies. A pair of reciprocal colonies is where a male and a queen from one colony
are mated reciprocally to a queen and a male from another colony to produce a
pair of complementary descendant colonies in which bees have reciprocal matrigenes
and patrigenes. For example a reciprocal cross between strain A queen x strain B
drone versus strain B queen x strain A drone would produce a genetically identical
progeny, AB (Table 8.1). However when the allele-specific gene expression is mea-
sured by RNA-seq, if only a single allele (either allele A or allele B) is expressed
in the resultant F1 progeny that would confirm the parent-of-origin allele specific
expression. In other words, that is genomic imprinting. Likewise Table 8.1 illus-
trates, 6 possible reciprocal crosses based on different genotype combinations that
the parental bees could occupy. However, if the descendants of a reciprocally crossed
colonies are homozygous (e.g. genotype AA), distinguishing maternal and paternal
alleles would be unfeasible. Therefore production of heterozygous reciprocal colonies
is important.
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Table 8.1: Outline of all the possible crosses that may occur at any given locus.

No. Cross type Mother Father Offspring Matrigene Patrigene

1 Different homozygotes (AAxBB) AA B AB A B
BB A BA B A

2 Different heterozygotes (ABxCD) AB C AC or BC A or B C
AB D AD or BD A or B D
CD A CA or DA C or D A
CD B CB or DB C or D B

3 Homozygote x different heterozygote (AAxCD) AA C AC A C
AA D AD A D
CD A CA or DA C or D A

4 Homozygote x same heterozygote (AA x AB) AA A AA A A
AA B AB A B
AB A AA or BA A or B A

5 Same heterozygotes (ABxAB) AB A AA or BA A or B A
AB B AB or BB A or B B

6 Same homozygotes (AAxAA) AA AA AA A A

Note: Where there are multiple rows per cross type, this represents the reciprocal crosses
with the colonies swapping who provides the males or the females. The dark grey boxes
show crosses where there are identical patrigenes and matrigenes so these loci would not be
useful for genomic imprinting analysis. In the light grey crosses the heterozygote offspring
would still be useful as we will know what the patrigene is. All other crosses provide
unambiguous information.

Production of reciprocally crossed colonies As discussed in chapter 5,
using MeDIP-seq and MRE-seq, we found 593 monoallelically methylated sites that
were heterozygous in one randomly selected bee. This suggests that any two colonies
reciprocally mated will produce offspring that are heterozygous at many loci. Selec-
tion of geographically distant colonies to produce virgin queens and drones required
for the reciprocal crosses will further maximize the probability of the parental gener-
ation possessing different alleles at any given locus. Thus it will increase the chance
of any given locus being heterozygous in the descendant colonies as well. Choosing
colonies from disparate locations will also ensure less inbreeding among populations
which lead the colonies to be homozygous.

Removal of the queen from a colony after the start of the third brood (this is roughly
on the eighth day) will stimulate the emergence of new queens from the existing
brood (Pereboom et al., 2005). Similarly housing callow workers together in groups
of 5, in the absence of the queen initiate them laying drone/male destined eggs
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(Amsalem and Hefetz, 2011). These newly emerged queens (8 day old) and drones
(6-9 day old) can be crossed by placing them in a net enclosure (Amin et al., 2012).
Once mated, queens will be placed in hibernation at 4oC for 45 days (Gosterit and
Gurel, 2009). Males will be snap frozen and stored at -80oC to be used for sequencing
later, to confirm the paternal alleles of the F1 progeny. After hibernation, a queen
will be induced to begin a colony by anaesthetizing with carbon dioxide for thirty
minutes and placing in a starting box with a tagged callow worker from a donor
colony. Standard bee rearing conditions as described in section 2.1 will be provided.
Once a colony (i.e. the F1 progeny) is established (>20 workers), five day old workers
will be used for RNA-seq analysis to find out which parental allele is expressed.
Sequencing of the queen’s RNA, will confirm the maternally expressed alleles. Since
we know the genotype of both the queen and drone, at a particular locus, we can
identify which parental allele is expressed in the RNA-seq library.

Several recent papers also describe the application of RNA-seq to search for novel
imprinted genes in mammals (DeVeale et al., 2012, Gregg et al., 2010, Okae et al.,
2012, Wang and Clark, 2014) and flowering plants (Gehring, 2013).

Due to the high cost of sequencing and also as the first attempt of testing our
next generation sequencing experimental setup and bioinformatic pipeline, my thesis
only includes data of whole-genome sequencing of a single worker bee (chapter 5).
However with the above RNA-seq analysis and our bioinformatic pipeline this could
be expanded into several reciprocally crossed bees. Thus apart from understanding
the expression patterns discovered in my thesis, it would also help to find novel
imprinted genes in the B. terrestris genome that may express in an individual specific
manner.

8.2.2 DNA methylome analysis

Although DNA methylation is mitotically heritable and stable over time, patterns of
methylation can change in response to cell differentiation, environmental influences
and disease (Bonasio et al., 2010a). Also depending on the extent of methylation
present, expression of a gene could be in a range between full expression to complete
silence. Therefore accurate mapping of DNA methylation is vital in understanding
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the precise relationship between gene expression and physiological conditions and
thereby for treatments (cancer therapies; ageing Weidner et al. 2014) and further
research (evolutionary biology, epigenetics, ecotoxicological studies Vandegehuchte
and Janssen 2011 etc.) purposes.

During this thesis I have used three basic types of methylation analysis techniques:
bisulfite treatment; methylation sensitive digestion of DNA with restriction en-
zymes (MS-AFLP, MSRE, AIMS); and DNA immunoprecipitation with antibod-
ies (MeDIP) combined with next generation sequencing. Reduced representation
bisulfite sequencing (RRBS) provides a combined approach of all above techniques;
bisulfite treatment, restriction enzymes and next generation sequencing. Thus it is
a more sophisticated genome-wide methylation profiling method compared to MS-
AFLP and also can be used as an alternative to MeDIP/MRE/RNA-seq analysis
discussed in chapter five.

During RRBS, DNA is digested with the restriction enzyme, MspI which cleaves
DNA at CCGG sites, the CpG enriched regions in the genome. The digested DNA
fragments are ligated to specific adapters and DNA libraries with appropriate length
fragments are produced. Then, they are bisulfite treated, amplify with suitable
primers which are complementary to the adapter sequences and sequenced on an
Illumina platform. Thus it is capable of producing a reduced representative sample of
the whole genome that is enriched for CpGs, reducing the complexity of sequencing
results (Gu et al., 2011). Thereby genes that are differentially methylated in a
genome can be identified. These data can also be linked with gene expression data
(RNA-seq) to find out which gene is upregulated or downregulated at specific worker
reproduction loci.

There are many modern techniques which are used to interrogate genomic and epige-
nomic data (Bock et al., 2010, Harris et al., 2010). Among them bisulfite-based
methods are considered the gold standard for a quantitative methylation analy-
sis. However a qualitative analysis about different methylation statuses of each cy-
tosine (mCs/methyl cytosines; hmCs/hydroxymethyl cytosines; and mCG/methyl
cytosine guanine dinucleotides) that a full methylome is comprised of, cannot be
distinguished even by bisulfite based methods (Beck, 2010). This is because after
bisulfite conversion, 5hmC is not deaminated to thymine, but converted to cytosine
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5-methylenesulfonate, which is read as cytosine during sequencing. Thus methy-
lated cytosine and 5-hydroxymethylcytosine cannot be discriminated (Krueger et al.,
2012).

Nanopore (Clarke et al., 2009) and single molecule real-time sequencing (SMRT),
where epigenetic and other base modification data are gathered in the sequencing
process, as an integral part of the sequencing workflow are more promising techniques
for both quantitative and qualitative analyses of full methylomes. These newer NGS
platforms have numerous advantageous including longer read length, less bias during
template preparation, better accuracy and higher speed (Flusberg et al., 2010).

8.2.3 Worker reproduction in eusocial Hymenoptera

Although a higher level of cooperation and less competition are essential compo-
nents of eusociality each individual favours its own reproductive fitness, over the
others. In advanced eusocial Hymenoptera maintaining the cooperation between
colony tasks, is believed to be driven by strict policing among nest mates (Wense-
leers and Ratnieks, 2006b). Another idea is that high relatedness is essential to
begin reproductive behaviours in workers (Hamilton, 1964).

My study was only focused on two potential factors that could affect worker male
production: i.e. the relatedness asymmetries derived due to different maternal and
paternal effects and colony size. However, the sociobiology of Hymenoptera is com-
plex and there are many other factors which would be equally important and inter-
connected with each other in determining the exact proportion of worker produced
males in a colony. For example, queen policing, worker matricide, colony sex ratio
are some of those factors (Ratnieks et al., 2006).

Queen policing is more effective in small colonies such as in bumblebees while it is
less practical to police all worker reproduction in larger colonies (Duchateau, 1989);
Worker matricide, i.e. the killing of the queen by workers towards the end of the
colony life cycle, greatly enhances egg laying of workers. In the bumblebee Bombus
terrestris, the queen removes nearly all worker-laid eggs (Duchateau and Velthuis,
1988). Worker matricide enables all these eggs to be raised to adulthood, increasing
the percentage male number in the colony: Maintaining a balanced colony sex ratio
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is another important factor for a colony to survive. In Vespidae wasps both male and
female offspring are reared in cells Wenseleers and Ratnieks 2006a. Thus eliminating
a worker-laid egg from a cell would increase the chance of a queen’s offspring to rear
in that cell. Likewise worker male production is closely associated with several
other aspects of eusociality. Therefore further work in combining above factors to
the current study is recommended.

8.2.4 Relationship between ploidy level, body size and
mating systems

Haplodiploidy can influence several aspects of male development in eusocial Hy-
menoptera. It leads to numerous kin relationship asymmetries among colony mem-
bers and thereby determines the percentage male production in the colony (Hamil-
ton, 1964). Also there is evidence for the effects of different ploidy levels in deter-
mining drone size in eusocial Hymenoptera. For example in polyandrous species
such as Apis mellifera (Woyke, 1986) and Solenopsis invicta (Ross and Fletcher,
1985), male body size has been observed to increase with increased ploidy level. In
other words, body size of a triploid (3n) male is bigger than that of a diploid (2n)
and a haploid (n) male. According to the Haig’s kinship theory, in a polyandrous
mating system, a patrigene acts more selfishly than the matrigene (because several
patrigenes compete with each other over maternal resources). In triploids with two
sets of patrigenes, this effect is higher than diploids with one set of paternal chro-
mosomes, than haploids with zero paternal contribution. As a result triploid size is
bigger than diploids and haploids.

Conversely in a monandrous mating system the patrigene acts altruistically. Thus
the opposite effect should be observed in a polyandrous mating system. i.e. in-
creased ploidy level should be associated with a decrease in male body size. Bombus
terrestris provides an ideal example for this showing the body size of a triploid (3n)
male is smaller than that of a diploid (2n) and a haploid (n) (Figure 1.2b; Ayabe
et al. 2004). In Bombus atratus diploid males show smaller testes size than haploids
(Kerr, 1974).
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Glastad et al. 2014b strengthened this idea in epigenetic point of view and provide
the first evidence for the relationship between ploidy level and DNA methylation.
They have found similar DNA methylation levels in individuals with similar ploidy
levels and also have found a positive correlation between DNA methylation and gene
expression level. Thus they suggest that DNA methylation may act as a compen-
sation mechanism for the gene expression differences derived due to differing ploidy
levels in individuals. In other words, differences in DNA methylation may help
to maintain the appropriate gene expression patterns in individuals with different
genome copy numbers.

Other research suggests that imprinting could be evolved in males to reduce their
body size and thereby to minimize colony resource intake. This is because they
replace the working caste in the colony but like workers, they don’t contribute to
colony tasks. Therefore they will be a considerable cost to colony productivity.
However much less information is available on this topic and much of it are only
theoretical postulations. Therefore the relationship between ploidy level, mating
system and male body size would also be an interesting topic for future research.

The overall conclusions and contributions that my thesis has made to the field of
insect epigenetics and genomic imprinting are summarized in the next section.



Chapter 9

Conclusions and contributions

My PhD discovered the following as a basis for an insect model of epigenetics and
genomic imprinting.

(a) The presence of monoallelic methylation in the bumblebee, Bombus terrestris.

(b) The link between monoallelic methylation with monoallelic gene expression in
Bombus terrestris.

(c) The presence of apparent parent-of-origin allele specific expression in loci as-
sociated with Bombus terrestris worker reproduction.

(d) The presence of a functional methylation system which is involved in repro-
ductive caste formation and social behaviour in Bombus terrestris.

(e) The occurrence of a clear methylation difference in the brain Bombus ter-
restris workers during the colony transition from pre-competition to competi-
tion phase.

(f) The significant impact of variation in paternity i.e. the variation derived due to
queen mating frequency, on worker male production in eusocial Hymenoptera.

(g) The first evidence that the phase-related behavioural polyphenism in the desert
locust, Schistocerca gregaria is mediated by pronounced differences in the DNA
methylation landscape of their CNS.
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Table A.1: Sequences of ligation adapters, pre and selective amplification primers.

Adapter / Primer Sequence (5’ - 3’)
Ligation

EcoRI-F CTCGTAGACTGCGTACC
EcoRI-R AATTGGTACGCAGTCTAC

HpaII-MspI-F GACGATGAGTCTAGAA
HpaII-MspI-R CGTTCTAGACTCATC

Pre-amplification
EcoRIpre (EcoRI + 0) GACTGCGTACCAATTC

HpaII-MspI pre (HpaII-MspI + A) GATGAGTCTAGAACGGA
Selective amplification

Eco-AA GACTGCGTACCAATTCAA
Eco-AT GACTGCGTACCAATTCAT
Eco-AG GACTGCGTACCAATTCAG
Eco-AC GACTGCGTACCAATTCAC

HpaII-MspI-AAT GATGAGTCTAGAACGGAAT
HpaII-MspI-ACT GATGAGTCTAGAACGGACT
HpaII-MspI-ATC GATGAGTCTAGAACGGATC
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Figure A.1: a) Differential methylation sensitivities of HpaII and MspI at the CCGG target site. Stars indicate methylation at
cytosines. Dash lines represent the cleavage pattern. HpaII cleave at unmethylated sites and hemi-methylated (i.e. only one strand
is methylated) sites. MspI cleaves at unmethylated sites and at internal cytosine methylated sites. Neither of the enzymes cleave
if the restriction site is fully methylated (i.e. both strands are methylated) at both external and internal cytosines. Adapted from
Pérez-Figueroa 2013. b) Comparison of MS-AFLP profiles of two individual samples. Depending on the presence (+) or absence (-) of

a fragment during the gel electrophoresis, AFLP banding patterns can be interpreted as follows;
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A fragment that is present with both restriction enzymes indicates an unmethy-
lated site (HpaII+/MspI+). A fragment that is present with only HpaII indicates a
hemi-methylated site (HpaII+/MspI-). A fragment that is present with only MspI
indicates a site which is methylated at its internal cytosine (HpaII+/MspI-). Ab-
sence of a fragment with both HpaII and MspI indicates (showed by dashed lines) a
fully methylated site or absence of the target site due to a mutation (HpaII-/MspI-).
Certain banding patterns could be arise due to individual polymorphisms. i.e. a
fragment could be present with one enzyme in one individual but with the other
enzyme in the other individual. For example, a banding pattern such as (HpaII-
/MspI+) in individual 1 and (HpaII+/MspI-) in individual 2 indicates that, the
restriction site is methylated in individual 1, but hemi-methylated in individual 2
etc (Pérez-Figueroa, 2013).

Table A.2: Components used to prepare 40x TAE stock solution.

Components Amount used to prepare 1 litre
Trishydroxymethylaminomethane 145.37 g

Na2EDTA.2H20
(Diaminoethanetetra-acetic acid disodium salt)

11.16 g

Glacial acetic acid 34.4 ml
Distilled water 965 ml

Note: 50 ml of 40x TAE was then diluted with 2 liters of dH20 prepare 30mM TAE.
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Table A.3: Results of bee dissections.

Queenless box workers Queen-right colony workers
Measurements

largest oocyte length (mm)
Box number

and
bee number Left ovary Right ovary

Mean oocyte
length (mm)

Wet weight of
both ovaries (g)

Weight of
brood (g)

Bee
number

Presence
of

ovaries
Box1-bee1 - - Bee1 -

Box1-2 - - Bee2 -
Box1-3 - - Bee3 -
Box1-4 0.9 1.0 0.95 0.0075 Bee4 -
Box1-5 - -

2.3037

Bee5 -
Box2-1 1.0 1.0 1.0 0.0225 Bee1 -
Box2-2 - - Bee2 -
Box2-3 - - Bee3 -
Box2-4 0.5 0.4 0.45 0.0016 Bee4 -
Box2-5 - -

1.1460

Bee5 -
Box3-1 - - Bee1 -
Box3-2 - - Bee2 -
Box3-3 0.7 0.9 0.8 0.0450 Bee3 -
Box3-4 - - Bee4 -
Box3-5 - -

1.2732

Bee5 -
Box4-1 1.0 0.9 0.95 0.0056 Bee1 -
Box4-2 1.0 1.2 1.1 0.0440 Bee2 -
Box4-3 1.0 0.8 0.9 0.0100 Bee3 -
Box4-4 1.2 1.1 1.15 0.0326 Bee4 -
Box4-5 1.3 1.2 1.25 0.0173

1.1185

Bee5 -

Note: ‘-’ = no discernible ovaries. Yellow, red, white, and green tags were used to differentiate bees by age. For example; 5 bees in box
1 were similar in age with the yellow colour tagged bees. Box 1,2,3 = collected during the pre competition phase, Box 4 = collected
during the competition phase.
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Table A.4: Comparison of ovary sizes among Decitabine treated and control samples
(Preliminary experiment 1)

Total weight of both ovaries (g)
Bee number

Decitabine treated group Control group
1 0.0815 0.1441
2 0.0691 0.0826
3 0.0327 0.0201
4 0.0449 0.0616
5 0.0954 0.0932
6 0.0208 0.0886
7 0.0698 0.0405
8 0.0235 0.0219
9 No discernible ovaries 0.0388
10 No discernible ovaries No discernible ovaries
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Table A.5: Comparison of ovary development among Decitabine treated and control samples of adult workers
(Preliminary experiment - 2).

Decitabine treated group Control
Largest oocyte
length (mm)

Largest oocyte
length (mm)

Box
no.

Bee
no.

left
ovary

right
ovary

Mean oocyte
length (mm)

Both ovary
weight (g)

Weight of
brood (g)

Box
no.

Bee
no.

left
ovary

right
ovary

Mean oocyte
length (mm)

Both ovary
weight (g)

Weight of
brood (g)

1 - - 1 - -
2 - - 2 - -
3 - - 3 - -
4 - - 4 - -

1

5 1.20 0.70 0.95 0.0144

0.0076 1

5 - -

-

1 - - 1 3.20 2.80 3.00 0.0369
2 - - 2 - -
3 - - 3 - -
4 - - 4 1.80 2.10 1.95 0.0315

2

5 - -

- 2

5 - -

5.2389

1 - - 1 - -
2 0.70 1.00 0.85 0.0467 2 2.30 2.10 2.20 0.0438
3 0.80 0.80 0.80 0.0581 3 - -
4 0.30 0.10 0.20 0.0071 4 - -

3

5 - -

3.5350 3

5 - -

6.2992

1 1.10 1.00 1.05 0.0178 1 2.10 2.00 2.05 0.0930
2 - - 2 - -
3 0.50 0.40 0.45 0.0107 3 - -
4 - - 4 - -

4

5 0.70 0.90 0.80 0.0380

4.1867 4

5 - -

2.2057

Note: ‘ - ’denotes the absence of discernible ovaries.
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Table A.6: Comparison of ovary development among Decitabine treated and control samples of callow workers
(Callow worker experiment).

Decitabine treated group Control
Largest oocyte
length (mm)

Largest oocyte
length (mm)

Box
no.

Bee
no.

left
ovary

right
ovary

Mean oocyte
length (mm)

Both ovary
weight (g)

Weight of
brood (g)

Box
no.

Bee
no.

left
ovary

right
ovary

Mean oocyte
length (mm)

Both ovary
weight (g)

Weight of
brood (g)

1 2.5 2.0 2.25 0.0324 1 - -
2 3.0 - 1.50 0.0423 2 1.2 0.8 1.00 0.0095
3 - - 3 0.2 0.3 0.25 0.0025
4 - - 4 1.3 - 0.65 1.0170

1

5 0.5 0.3 0.40 0.0012

0.5145 1

5 2.3 2.5 2.40 0.0823

3.4062

1 1.8 1.4 1.60 0.0287 1 - -
2 2.1 2.0 2.05 0.0264 2 1.8 2.0 1.90 0.0175
3 1.5 1.7 1.60 0.0103 3 - -
4 1.8 1.0 1.40 0.0081 4 - -

2

5 1.2 1.5 1.35 0.0176

1.9389 2

5 - -

0.9127

1 1.9 1.4 1.65 0.0225 1 2.0 1.8 1.90 0.0136
2 0.4 0.6 0.50 0.0006 2 0.3 0.2 0.25 0.0097
3 1.0 0.9 0.95 0.0077 3 - -
4 1.2 1.0 1.10 0.0262 4 1.0 0.9 0.95 0.0074

3

5 - -

3.2527 3

5 1.9 2.0 1.95 0.0165

0.8886

1 1.2 1.8 1.50 0.0212 1 - -
2 1.3 1.0 1.15 0.0370 2 - -
3 0.3 0.4 0.35 0.0007 3 - -
4 1.0 1.2 1.10 0.0147 4 1 0.9 0.95 0.0116

4

5 1.0 0.7 0.85 0.0120

1.872 4

5 - -

0.1898

Note: ‘ - ’denotes the absence of discernible ovaries.
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Table A.7: Number of methylated CpG sites present in Decitabine treated (Aza) and non-treated control (C) sample clones.

Methylation status of cytosine at various CpG sites
CpG1 CpG2 CpG3 CpG4 CpG5 CpG6 CpG7 CpG8 CpG9Clone

(4386bp) (4710bp) (4721bp) (4780bp) (4783bp) (4821bp) (4826bp) (4832bp) (4841bp)

Total Number of
Methylated CpG sites

in the insert region
Aza 1.1 M M N U U N U N N 3
Aza 1.2 M M N U U U U U U 2
Aza 1.3 Unsuccessful cloning
Aza 2.1 Unsuccessful cloning
Aza 2.2 M M M U U U U U M 4
Aza 2.3 M M M U U U U U M 4
Aza 3.1 M M M N U U U U U 3
Aza 3.2 N N M N N U U U M 1
Aza 3.3 M M M U M N U N M 5
Aza 4.1 M M M U M N U N M 5
Aza 4.2 M M M U M N U N M 5
Aza 4.3 M M M U M U U U U 4
Aza 5.1 M M M N M U U N M 5
Aza 5.2 M M M U U U U U U 3
Aza 5.3 M M M N N U M U N 4
Aza 6.1 M M M U M N U N N 4
Aza 6.2 M M M U U U M U U 4
Aza 6.3 M M M U U U U U M 4
Aza 7.1 M M M U M U U U M 5
Aza 7.2 M M N U M N U N N 3

Total no. of M C 17 17 15 0 8 0 2 0 9 68
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Table A.7: continued

Methylation status of cytosine at various CpG sites
CpG1 CpG2 CpG3 CpG4 CpG5 CpG6 CpG7 CpG8 CpG9Clone

(4386bp) (4710bp) (4721bp) (4780bp) (4783bp) (4821bp) (4826bp) (4832bp) (4841bp)

Total Number of
Methylated CpG sites

in the insert region
Control 1.1 Unsuccessful cloning

C 1.2 M M N N U N N M U 3
C 1.3 N M M N N U U U U 2
C 2.1 M M M U M N U N M 5
C 2.2 Unsuccessful cloning
C 2.3 M M M N M U U N M 5
C 3.1 M M M U U U U U U 3
C 3.2 M M M U U U U M U 4
C 3.3 N M N U M U N M M 4
C 4.1 U M N U M U U M M 4
C 4.2 M M M U U U U U M 4
C 4.3 M M M U M U U U U 4
C 5.1 M M M U M N U N M 5
C 5.2 M M M U M U U U U 4
C 5.3 M M M U M N U N M 5
C 6.1 M M M U M N U N M 5
C 6.2 M M M U M N U N M 5
C 6.3 M M M N M U U U M 5
C 7.1 M M M U U U U U M 4
C 7.2 M M M U U U U U U 3

Total no. of M C 15 18 15 0 11 0 0 4 11 74

Note: M = Methylated (remained as a cytosine/M C), U=Unmethylated (converted into a Tymine), N=Unidentified / Identified as A or G.
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Table A.8: Colony kin structure, maternal effect, paternal effect and percentage worker produced males of 90 eusocial Hymenoptera

Taxon and species Kin structure Study Ne G k rdiff WPM nw Paternal
effect

Maternal
effect References

SWEET BEES
Augochlorella striata Monogynous 1 0.5 1 0.125 0 7 0.25 -0.375 Mueller et al. 1994
Lasioglossum laevissimum Monogynous 1.25 0.5 1 0.125 52 2.5 0.25 -0.325 Packer and Owen 1994
Lasioglossum malachurum Monogynous 1 0.5 1 0.12 4.7 33 0.25 -0.375 Richards et al. 2005

Lasioglossum zephyrum Monogynous 1 0.5 1 0.125 15 20 0.25 -0.375 Crozier et al. 1987;
Kukuk and May 1991

BUMBLEBEES
Bombus hypnorum Monogynous Study 1 1 1 1.12 0.075 0 28.5 0.2232 -0.625 Paxton et al. 2001b
B. hypnorum Monogynous Study 2 1 1 1.12 0.125 18.5 28.5 0.2232 -0.625 Brown et al. 2003
B. hypnorum Monogynous Study 3 1 1 1.12 0.105 16.4 28.5 0.2232 -0.625
B. hypnorum Monogynous Study 4 1 1 1.12 .010 0 28.5 0.2232 -0.625 Paxton et al. 2001b
B. hypnorum Monogynous All 1 1 1.12 0.095 15.4 28.5 0.2232 -0.625
Bombus melanopygus Monogynous 1 1 1 0.125 19.1 34 0.25 -0.625 Owen and Plowright, 1980, 1982
Bombus terrestris Monogynous Study 1 1 1 1 0.125 3.8 350 0.25 -0.625 Lopez Vaamonde et al. 2004
Bombus terrestris Monogynous Study 2 1 1 1 0.125 4.8 350 0.25 -0.625 Alaux et al. 2004
Bombus terrestris Monogynous Study 3 1 1 1 0.125 2.3 350 0.25 -0.625 Velthuis et al. 2002
Bombus terrestris Monogynous Study 4 1 1 1 0.125 3.4 350 0.25 -0.625
STINGLESS BEES
Austroplebeia australis Monogynous 1 1 1 0.125 7 2000 0.25 -0.625 Drumond et al. 2000
Austroplebeia symei Monogynous 1 1 1.06 0.125 5 2000 0.2358 -0.625 Palmer et al. 2002
Melipona beecheii Monogynous 1 1 1.16 0.125 0 1192 0.2155 -0.625 Paxton et al. 2001a

Melipona favosa Monogynous 1 1 1 0.125 94.5 204 0.25 -0.625 Sommeijer et al. 1999;
Chinh et al. 2003

Melipona marginata Monogynous 1 1 1 0.125 37.1 750 0.25 -0.625 Toth et al. 2002b
Melipona quadrifasciata Monogynous 1 0.5 1 0.125 64.2 750 0.25 -0.375 Toth et al. 2002b
Melipona scutellaris Monogynous 1 0.5 1 0.125 28.3 1000 0.25 -0.375 Toth et al. 2002b
Melipona subnitida Monogynous Study 1 1 1 1 0.125 39.3 450 0.25 -0.625 Contel and Kerr 1976
M. subnitida Monogynous Study 2 1 1 1 0.125 33.6 450 0.25 -0.625 Koedam et al. 1999, 2005
M. subnitida Monogynous Study 3 1 1 1 0.125 36.3 450 0.25 -0.625 Toth et al. 2002a
Paratrigona subnuda Monogynous 1 1 1.02 0.125 64 3750 0.2451 -0.625 Toth et al. 2002a
Plebeia droryana Monogynous Study 1 1 1 1 0.125 0 2700 0.25 -0.625 Toth et al. 2002b
P. droryana Monogynous Study 2 1 1 1 0.125 16.2 2700 0.25 -0.625 Machado et al. 1984
P. droryana Monogynous Study 3 1 1 1 0.125 15.2 2700 0.25 -0.625
Plebeia remota Monogynous 1 1 1 0.125 2.4 2900 0.25 -0.625 Toth et al. 2002b
Plebeia saiqui Monogynous 1 1 1 0.125 0 1500 0.25 -0.625 Toth et al. 2002b
Scaptotrigona postica Monogynous Study 1 1 1 1 0.109 13.1 10375 0.25 -0.625 Paxton et al. 2003
S. postica Monogynous Study 2 1 1 1 0.125 18.5 10375 0.25 -0.625 Toth et al. 2002b
S. postica Monogynous Study 3 1 1 1 0.115 14.7 10375 0.25 -0.625
Schwarziana quadripunctata Monogynous 1 1 1 0.125 0 1650 0.25 -0.625 Toth et al. 2003
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Table A.8: continued

Tetragona clavipes Monogynous 1 1 1.01 0.125 65 6500 0.2475 -0.625 Toth et al. 2002b
Trigona carbonaria Monogynous 1 1 1 0.125 0 10000 0.25 -0.625 Green and Oldroyd 2002
Trigona clypearis Monogynous 1 1 1.04 0.125 0 500 0.2404 -0.625 Palmer et al. 2002
Trigona hockingsi Monogynous 1 1 1.16 0.125 0 6500 0.2155 -0.625 Palmer et al. 2002
Trigona mellipes Monogynous 1 1 0.98 0.125 0 2000 0.2551 -0.625 Palmer et al. 2002

HONEYBEES

Apis cerana Monogynous 1 1 14.1 .075 0 6884 0.0177 -0.625 Palmer and Oldroyd 2000;
Oldroyd et al. 2001

Apis dorsata Monogynous 1 1 44.2 .105 0 36630 0.0057 -0.625
Palmer and Oldroyd 2000;
Wattanachaiyingcharoen
et al. 2002

Apis florea Monogynous 1 1 7.9 .105 0 6271 0.0316 -0.625 Palmer and Oldroyd 2000;
Halling et al. 2001

Apis mellifera Monogynous 1 1 11.6 .105 0.1 80000 0.0216 -0.625
Visscher 1989;
Estoup et al. 1994;
Palmer and Oldroyd 2000

SPHECID WASPS
Microstigmus comes Monogynous 1 0.51 1 0.085 0 18 0.25 -0.38 Ross and Matthews 1989
Brachygastra mellifica Polygynous 398 0.66 1 .135 0 7951 0.25 -0.16573 Hastings et al. 1998
Parachartergus colobopterus Polygynous 46 0.57 1 .155 0 393 0.25 -0.14832 Henshaw et al. 2000a
Polybioides tabidus Polygynous 34 0.5 1 .150 2 4000 0.25 -0.13235 Henshaw et al. 2002
Polistes bellicosus Monogynous 1.6 0.67 1 0.065 1 15.75 0.25 -0.35031 Arevalo et al. 1998

Polistes chinensis Monogynous 1 1 1 0.125 51.1 46 0.25 -0.625 Tsuchida et al. 2003;
Saigo and Tsuchida 2004;

Polistes dorsalis Monogynous 1 1 1 0.125 0 14.5 0.25 -0.625 Arevalo et al. 1998
Polistes fuscatus variatus 1.86 0.5 1.02 0.02 0 76 0.2451 -0.25941 Metcalf 1980
Polistes gallicus Monogynous 1 0.66 1 0.125 0 25 0.25 -0.455 Strassmann et al. 2003
Polistes metricus 1.03 1 1 0.076 1.3 86 0.25 -0.61408 Metcalf 1980

VESPINAE WASPS
Dolichovespula arenaria Monogynous 1 1 1.2 0.104 17 378 0.2083 -0.625 Foster and Ratnieks 2001b
Dolichovespula maculata Monogynous 1 1 1 0.125 20.9 181 0.25 -0.625 Foster et al. 2001
Dolichovespula media Monogynous 1 1 1.08 0.105 7.4 74 0.2315 -0.625 Foster et al. 2001
Dolichovespula norwegica Monogynous 1 1 1.08 0.105 2.6 44 0.2315 -0.625 Foster et al. 2001
Dolichovespula saxonica Monogynous Study 1 1 1 1.35 0.075 40 69 0.1852 -0.625 Foster and Ratnieks 2000
D. saxonica Monogynous Study 2 1 1 1.35 .020 0 69 0.1852 -0.625 Foster and Ratnieks 2000
D. saxonica Monogynous All 1 1 1.35 0.06 36.7 69 0.1852 -0.625 Foster and Ratnieks 2000
Dolichovespula sylvestris Monogynous 1 1 1.15 0.09 9.8 76 0.2174 -0.625 Foster et al. 2001
Vespa crabro flavofasciata Monogynous 1 1 1.13 0.11 0 125 0.2212 -0.625 Takahashi et al. 2004b
Vespa crabo gribodi Monogynous 1 1 1.11 0.085 0 550 0.2252 -0.625 Foster et al. 2000
Vespa ducalis Monogynous 1 1 1 0.125 0 44 0.25 -0.625 Takahashi et al. 2002
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Table A.8: continued

Vespa mandarinia Monogynous 1 1 1.03 0.1 0 221 0.2427 -0.625 Takahashi et al. 2004a
Vespula germanica Monogynous 1 1 2.35 .024 0 1000 0.1064 -0.625 Goodisman et al. 2002
Vespula maculifrons Monogynous 1 1 5.43 .090 0 1000 0.046 -0.625 Ross 1986
Vespula rufa Monogynous Study 1 1 1 1.5 0.056 3.3 57 0.1667 -0.625 Wenseleers et al. 2005a
V. rufa Monogynous Study 2 1 1 1.5 .028 18.5 57 0.1667 -0.625 Wenseleers et al. 2005a
V. rufa Monogynous All 1 1 1.5 0.04 11.1 57 0.1667 -0.625 Wenseleers et al. 2005a
Vespula squamosa Monogynous 1 1 2.13 .050 0 1000 0.1174 -0.625 Ross 1986
Vespula vulgaris Monogynous 1 1 1.9 0.005 0 1000 0.1316 -0.625 Foster and Ratnieks 2001a

ANTS
Acromyrmex echinatior 1.35 1 5.3 .075 0 7000 0.0472 -0.52778 Bekkevold et al. 1999

Acromyrmex octospinosus Monogynous 1 1 3.93 .085 0 60000 0.0636 -0.625 Boomsma et al. 1999;
Villesen et al. 1999

Aphaenogaster carolinensis Monogynous 1 1 1 0.125 0 250 0.25 -0.625 Crozier 1974
Camponotus ocreatus Monogynous 1.06 1 1.25 0.125 0 147 0.2 -0.60377 Goodisman and Hahn 2004
Colobopsis nipponicus Monogynous 1 1 1.03 0.125 0 1000 0.2427 -0.625 Hasegawa 1994
Crematogaster smithi Monogynous 1 1 1.02 0.125 11 165 0.2451 -0.625 Heinze et al. 2000

Cyphomyrmex costatus Monogynous 1 1 1 0.125 0 300 0.25 -0.625 Villesen et al. 2002;
Villesen and Boomsma 2003

Cyphomyrmex longiscapus Monogynous 1 1 1.05 0.125 0 300 0.2381 -0.625 Villesen et al. 2002;
Villesen and Boomsma 2003

Dinoponera quadriceps Monogynous 1 1 1 0.125 8.5 80 0.25 -0.625 Monnin and Peeters 1997
Dorylus molestus Monogynous 1.4 1 15.9 .103 0 100000 0.0157 -0.51786 Kronauer et al. 2006

Epimyrma ravouxi Monogynous/
polygynous 1 1 1 0.125 0 40 0.25 -0.625 Hammond and Keller 2004

Formica exsecta Monogynous/
polygynous Study 1 1 1 1.26 0.125 10 12179 0.1984 -0.625 Pamilo and Rosengren 1983

F. exsecta Monogynous/
polygynous Study 2 1 1 1.26 0.06 0 12179 0.1984 -0.625 Sundstrom et al. 1996;

Walin et al. 1998

F. exsecta Monogynous/
polygynous Study 3 1 1 1.26 0.064 0.5 12179 0.1984 -0.625

F. exsecta Monogynous/
polygynous Study 4 1 1 1.26 .020 0 12179 0.1984 -0.625 Sundstrom et al. 1996;

Walin et al. 1998
F. exsecta Monogynous All 1 1 1.26 0.06 0.4 12179 0.1984 -0.625

Formica fusca Monogynous 3.33 0.53 1.11 .0008 0 1500 0.2252 -0.20983 Helantera and
Sundstrom 2005

Formica rufa Monogynous 1 1 1.47 0.125 5.3 200000 0.1701 -0.625 Walin et al. 1998
F. rufa Monogynous 1 1 1.47 0 3.9 200000 0.1701 -0.625 Walin et al. 1998
F. rufa Polygynous 1 1 1.47 0.045 4.8 200000 0.1701 -0.625 Walin et al. 1998

Formica sanguinea Monogynous/
polygynous 3.25 0.52 1.31 0.03 3.2 10000 0.1908 -0.20846 Pamilo 1982;

Pamilo and Rosengren 1983
Formica truncorum Monogynous 1 1 1.43 0.05 0 10000 0.1748 -0.625 Sundstrom 1994
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Table A.8: continued

Harpagoxenus sublaevis Monogynous/
polygynous 1 1 1.02 0.125 0 83 0.2451 -0.625 Bourke et al. 1988

Iridomyrmex purpureus Monogynous 1.46 1 1 0.125 0 60000 0.25 -0.50685 Halliday 1983
Lasius niger Monogynous Study 1 1 1 1.16 0.07 9.4 24247 0.2155 -0.625 van der Have et al. 1988
L. niger Monogynous Study 2 1 1 1.16 0.095 1.9 24247 0.2155 -0.625 Fjerdingstad et al. 2002, 2003
L. niger Monogynous Study 3 1 1 1.16 0.087 4.4 24247 0.2155 -0.625
L. niger Monogynous Study 4 1 1 1.16 .025 2.1 24247 0.2155 -0.625 Fjerdingstad et al. 2002, 2003

L. niger Monogynous/
polygynous All 1 1 1.16 0.063 3.9 24247 0.2155 -0.625

Leptothorax acervorum Monogynous Study 1 1 1 1.06 0.125 2.3 84.2 0.2358 -0.625 Chan and Bourke 1994
L. acervorum Polygynous Study 2 3.6 0.26 1.06 0.005 4.6 84.2 0.2358 -0.11778 Chan and Bourke 1994

L. acervorum Monogynous/
polygynous All 2.1 0.6 1.06 0.083 2.8 84.2 0.2358 -0.28095 Chan and Bourke 1994

Leptothorax allardycei Monogynous 1 1 1 0.125 35.8 24 0.25 -0.625 Cole 1981

Leptothorax nylanderi Monogynous 1 1 1 0.045 2.5 37 0.25 -0.625 Foitzik 1998;
Foitzik and Heinze 2001

Leptothorax unifasciatus Monogynous 1 1 1 0.125 2.7 116 0.25 -0.625 Hammond and Keller 2004
Myrmica punctiventris Polygynous 1.38 1 1 0.115 58 63.8 0.25 -0.52174 Herbers and Mouser 1998
Myrmica ruginodis Polygynous 2.5 0.5 1.08 0.06 0 600 0.2315 -0.225 Walin et al. 1998
Myrmica tahoensis Monogynous Study 1 1 1 1 0.125 65.1 175 0.25 -0.625 Evans 1998
M. tahoensis Polygynous Study 2 1.7 0.75 1 .025 84.8 175 0.25 -0.37132 Evans 1998

M. tahoensis Monogynous/
polygynous All 1.1 0.78 1 0.098 70.6 175 0.25 -0.48591 Evans 1998

Nothomyrmecia macrops Monogynous 1 1 1.33 0.055 0 60 0.188 -0.625 Sanetra and Crozier 2001
Pogonomyrmex rugosus Monogynous 1 1 4.71 .090 0 6000 0.0531 -0.625 Hammond et al. 2004
Polyergus rufescens Monogynous 1 1 1 0.125 100 2000 0.25 -0.625 Brunner et al. 2005
Protomognathus americanus Monogynous 1 0.57 1.16 0.09 41 6.3 0.2155 -0.41 Foitzik and Herbers 2001
Rhytidoponera chalybaea Monogynous 1 1 1 0.125 0 100 0.25 -0.625 Ward 1983
Rhytidoponera confusa Monogynous 1 1 1 0.125 0 100 0.25 -0.625 Ward 1983

Sericomyrmex amabilis Monogynous 1 1 1.13 0.125 0 1500 0.2212 -0.625 Villesen et al. 2002;
Villesen and Boomsma 2003

Trachymyrmex cornetzi sp.1 Monogynous 1 1 1.21 0.125 0 300 0.2066 -0.625 Villesen et al. 2002;
Villesen and Boomsma 2003

Trachymyrmex cf. zeteki Monogynous 1 1 1.17 0.125 0 300 0.2137 -0.625 Villesen et al. 2002;
Villesen and Boomsma 2003

Note: Ne = number of effective queens per colony, G = relatedness among colony queens, k = queen mating frequency, WPM = percentage of worker produced males, rdiff
= relatedness difference between workers to worker produced sons and queen produced sons, nw = colony size (number of adult workers in a matured colony), Paternal effect
= 1/4k, Maternal effect = -[(1/8Ne)-((GNe +G)/4Ne)]. Data obtained from different sources are colour coded as follows; Ne and k (marked in green) were obtained from
Hughes et al. 2008a,b. Colony size (marked in red) were obtained from Hammond and Keller 2004. Colony size (marked in blue) were obtained from Jaffe et al. 2014. Data
on WPM was obtained from Wenseleers and Ratnieks 2006a. Data on Ne and G were obtained from the references given in the table.
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