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ABSTRACT
Honeybees (Apis mellifera) are remarkable creatures with a complex eusocial hive
structure. There are two female honeybee castes within a hive; a single queen and
thousands of workers. The only reproductively active female is the queen. However,
should the hive lose its queen (removing the pheromone she produces, queen mandibular
pheromone, which keeps the workers in a reproductively inactive state), the ovaries of
worker honeybees differentiate from the quiescent state they are normally in and begin to
produce eggs.
This remarkable remodelling of adult tissue in response to a changing environment occurs
rapidly (within ten days) and is accompanied by changes in the expression of thousands
of genes. It was hypothesised that this rapid response may be facilitated by the genome
being organised into functional domains, known as gene complexes, containing a number
of neighbouring genes which were all upregulated or repressed together to produce the
rapid morphological and functional changes observed within the worker honeybee ovary.
This study began by investigating whether one of the three known honeybee gene
complexes was involved in worker ovary activation. The Enhancer of Split Complex
[E(Spl)-C] is expressed in response to Notch signalling and as Notch signalling plays a
role in Drosophila oogenesis this complex was chosen for investigation by RT-qPCR.
This study found that the canonical E(Spl)-C genes were regulated in the same manner as
each other during worker ovary activation, although the Tubulin-Tyrosine Kinase-like
gene which is inserted within the canonical E(Spl)-C and which is co-ordinately regulated
with these genes in development), is expressed in an opposite manner to the rest of this
genomic region during worker ovary activation. The identification of a CCCTC-binding
factor (CTCF)

binding site within this region implies that changes in the three

dimensional structure of the DNA may be responsible for the Tubulin-Tyrosine Kinase
evading the co-ordinate gene regulation in this region.
To test whether there were other, previously uncharacterised, gene complexes involved in
worker ovary activation an RNA-Seq data set which compared the expression of all
known honeybee genes between queen ovary, quiescent worker ovary and active worker
ovary was analysed using the existing programme REEF (REgionally Enriched Features
of genomes). When REEF was found to be limited in its approach, a new programme
was written (using the C++ programming language) to identify novel gene complexes
expressed within the honeybee ovary. Overall, there was less evidence of association
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between gene activation and genomic co-localisation than would be expected by chance,
however there were some regions identified as having coordinate regulation.
Both REEF and the programme written for this project identified a region on
chromosome 2 which had seven neighbouring genes all identified as homologues of
Drosophila Lethal (2) – Essential For Life [l(2)efl] which were co-ordinately regulated
with respect to ovary activation. This Lethal Complex and the neighbouring genes were
investigated using RT-qPCR and the experimental findings confirmed that all genes in
this region are regulated in the same way with highest expression being in the ovaries of
worker bees. Phylogenetic and bioinformatic analysis identified that this grouping of
l(2)efl genes is also present in a number of other hymenoptheran species. Nothing is
known about the molecular functions of l(2)efl, yet their duplication and presence in a
range of species suggests they are functionally important. This is a region of the genome
worthy of further, functional investigation.
One additional region of the honeybee genome was chosen for analysis as it held a group
of genes which had highest expression in queen ovary (according to the RNA-Seq data
set) and contained a number of genes involved in cell cycle regulation. Many of the
Drosophila homologues of these genes are involved in oogenesis or female meiosis. The
Cell Cycle group was also analysed using RT-qPCR, the findings of which were
consistent with the RNA-Seq data set.
Overall, the honeybee genome is randomly arranged with respect to ovary activation.
This makes regions with conserved, coordinated gene expression particularly interesting
due to their rarity. Further investigation is required to determine how these coordinated
regions are regulated.
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CHAPTER ONE
INTRODUCTION
1.1 Developmental/Phenotypic Plasticity
Phenotypic plasticity is the ability of an organism to alter its phenotype in response to its
environment without altering its genotype (Bateson et al., 2004; West-Eberhard, 1989).
The terms “developmental plasticity” and “phenotypic plasticity” are largely used
interchangeably as most of the examples of such plasticity happen during the early stages
of an organism’s development. An example of “developmental plasticity” is that the diet
received by a female honeybee (Apis mellifera) larva determines whether it becomes a
queen or a worker. In other cases, when the changes occur in the adult organism (such as
when worker honeybees remodel and activate their ovaries in response to losing the
queen from the hive), the term “phenotypic plasticity” is more appropriate.
Phenotypic plasticity is exhibited by many diverse species (West-Eberhard, 1989). If a
pregnant Daphnia is exposed to a predator-dense environment her offspring will develop
and emerge from their larval stage with a helmet (John Langdon, 1965). This helmet,
although useful in protection against predators can make eating more difficult. Therefore,
this plasticity can be detrimental to the organism if the environment it is born into is
predator-free. There is also mounting evidence that phenotypic plasticity is involved in
mammalian (including human) development. Parental and even grand-parental diet in
humans can change an individual's propensity towards diabetes and heart disease in later
life (Kaati et al., 2002; Kaati et al., 2007; Pembrey et al., 2006). For humans, these data
are predominantly derived from epidemiological studies, as mechanistic studies in
humans and other mammals are difficult or complicated by the subtle and complex nature
of phenotypic plasticity. One difficulty in studying phenotypic plasticity at the molecular
level is that, generally, a complex set of variables in the organism's environment influence
the plasticity. To determine the effect of a single variable, all of the other variables
would need to be standardised and this would be nearly impossible in most experimental
settings. Particularly in mammals, investigating phenotypic plasticity is very challenging,
and depending on the variables involved it may be either impossible or immoral. For
example, in obesity studies, children born to severely malnourished mothers, and those
born to over-weight mothers, will both have a higher chance of being obese if raised in a
nutrient-rich environment (Barker, 1997; Barker, 2001; Bradley, 1991; Mossberg, 1989).
Although there is evidence that there are transgenerational effects on obesity, and
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evidence these transgenerational effects may be maintained through epigenetic
modifications, obesity is not solely a genetic disorder. There are a large number of
behavioural factors which influence whether or not an individual will become obese.
Honeybees (Apis mellifera) offer a unique opportunity to study the molecular basis of
phenotypic plasticity as they exhibit two well characterised plastic events in response to
very limited environmental change (Thompson et al., 2007). This enables experimental
manipulation of the environment and investigation of the resulting changes.

1.1.1 Phenotypic plasticity in honeybees
Honeybees (Apis mellifera) have two different female castes, queen bees and worker bees
(Townsend and Lucas, 1940). Both have the same genetic complement and yet their
phenotypes are very different, not only externally (queen bees are larger, darker in colour
and lack bristles on their forelegs, Figure 1.1: A and B) but also with respect to their
internal structures, especially their ovaries (Figure 1.1: C and E) (Kucharski et al., 2008;
Page and Erickson, 1988; Wilson, 1979). This difference in the phenotype between
queen and worker bees is an example of phenotypic plasticity, as it results from
environmental influences. Whether a female bee becomes a queen or a worker is entirely
due to what the bee is fed during its larval stages (Kucharski et al., 2008). If the bee larva
is fed exclusively on a diet of royal jelly it will become a queen, whereas workers are fed
a diet rich in honey and pollen (Townsend and Lucas, 1940).
Another example of phenotypic plasticity seen in honeybees happens in the worker bee
ovaries. When workers are in a hive with a queen they are known as ‘queen-right
workers’ (referred to herein as ‘workers’). Workers have small quiescent (reproductively
inactive) ovaries.

When the queen is removed from the hive, also removing the

pheromone she produces, queen mandibular pheromone (QMP) and leading to lower
numbers of eggs, resulting in a loss in brood pheromone, the queen-less workers
recognise this loss (through a mechanism that is as yet unknown), activate their ovaries
and begin to produce haploid (unfertilised) eggs (Figure 1.1: D) (Groot and Voogd, 1954;
Thompson et al., 2007). These eggs, if nurtured, will develop into male honeybees
(drones) due to honeybees having haplodiploid sex determination. For more information
on honeybee sex determination and reproduction see Section 1.2 below.
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Figure 1.1: Female honeybee castes and ovaries: A: Queen honeybee; B: Worker honeybee; C: Queen honeybee
ovary; D: Worker honeybee ovary; E: Active worker honeybee ovary; Scale bars = 500µm; Images provided by Dr.
Elizabeth Duncan

The term ‘active worker’ will be used in this document when referring to queen-less
workers, independent of whether or not they have morphologically activated ovaries, as
unpublished data from the Laboratory for Evolution and Development has shown that
ovaries from queen-less workers undergo gene expression changes (when compared to
queen-right workers) prior to any visible changes in ovarian morphology (Duncan,
unpublished data).

1.2 Reproduction in honeybees
Honeybees have a haploid/diploid method of sex determination. Haploid individuals are
male and diploid individuals are female (Beye et al., 1996). Female honeybees can be
either workers or queens (Tautz, 2008).
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In a normal honeybee hive the queen is the only reproductively active female individual.
She leaves the hive only once in her life and mates with many drones before returning to
the hive (Tautz, 2008). The sperm from these matings is stored in an organ known as a
spermatheca (Page Jr and Peng, 2001). This sperm is then used throughout the queen’s
lifetime, which in rare cases can be up to 8 years duration, but is more commonly
between 2 and 3 years (Page Jr and Peng, 2001). Queens can lay up to 2000 eggs a day
during the summer months (Townsend and Lucas, 1940). This is far in excess of the
queen’s body weight and is only possible because of the care provided to the queen by the
worker honeybees.
Worker honeybees live for a maximum of 2 to 3 months in summer months (Sakagami
and Fukuda, 1968). During its lifetime, a worker honeybee will have many roles within
the hive. Those roles include caring for the brood and the queen, maintaining physical
structures and sanitation within the hive, foraging and defending the hive (Tautz, 2008).
Male honeybees; drones, are bigger than their female counterparts and are at peak sexual
age from approximately two weeks of age (Page Jr and Peng, 2001). Drones serve only
to leave the hive and mate with queens from other hives.
Honeybees mate in flight (referred to as mating ‘on the wing’) and sexual reproduction is
fatal for the drone (Page Jr and Peng, 2001).

1.2.1 Oogenesis in Honeybees
Normally, the queen is the only egg-producing honeybee within a hive. She has large
ovaries comprising up to two hundred ovarioles per ovary (Figure 1.1: A). Each ovariole
is structured, from anterior to posterior, with a terminal filament containing germ cells,
and clusters of nurse cells alternating with developing oocytes (Figure 1.2) (Dearden,
2006). The entire ovariole is covered in a single layer of follicle cells and a membranous
intima (not shown in Figure 1.2).

Figure 1.2: Structure of the ovariole: Structural arrangement of tissue differentiation along the length of the
honeybee ovariole. Figure adapted from Dearden (2006).
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The developing oocytes mature as they move posteriorly through the ovariole towards the
oviduct. Mature oocytes pass through the oviduct and are either fertilised or not and
deposited in appropriate cells within the hive’s wax comb. Drones and future queens are
deposited in cells larger than those for workers.

See Figure 1.3.

Drone cells (the

recipients of unfertilised eggs) are the largest at the time when the egg is deposited. If the
egg is to be deposited in a queen or worker cell, it will be fertilised with sperm from the
spermatheca (Page Jr and Peng, 2001).

Figure 1.3: Structure of the honeybee comb: The three different types of cell are shown in this image. x
indicates the large queen cell, # indicates one of the larger drone cells (there are three drone cells visible in
this image); * indicates one of the worker cells (there are four ‘capped’ worker cells visible in this image).
Image reproduced with permission from photographer Michael Shealy (2006).

Worker honeybees have inactive ovaries if the queen is present in the hive. Worker
ovaries contain up to 10 ovarioles per ovary and show little cellular differentiation across
the length of the ovarioles (Figure 1.1: D). Worker ovarioles, like queen ovarioles, are
surrounded by a membranous intima.
As mentioned previously, with regards to honeybee plasticity, queen-less workers (those
from a hive with no queen and thus no QMP) undergo remodelling of their ovary tissue to
allow production of eggs (Groot and Voogd, 1954). Ovary remodelling results in queenless worker honeybees having ovaries with the same general structures and cellular
differentiation visible in queen ovaries (as described above), however activated worker
5
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ovaries are smaller and have less ovarioles than queen ovaries.

Queen-less workers do

not have spermatheca, nor the physiology required to mate. Therefore, active workers lay
haploid eggs which mature into drone bees (Groot and Voogd, 1954).
Ovary activation can occur very rapidly. In some species, complete ovary activation is
seen within a week of losing the queen from the hive (Page and Erickson, 1988).
Queen-less workers produce eggs ensuring the continuation of that hive’s genetic line as,
if the workers did not produce any eggs upon the loss of the queen, the hive would die
within a few months (the lifespan of a worker honeybee). By producing haploid eggs,
which develop into drones, there is a chance those drones may mate with a queen from
another hive, thereby preserving the genetic material from the original hive.
In most Apis mellifera subspecies, if a rogue worker bee in a queen-right hive begins
producing eggs, those eggs are destroyed by the other worker bees through a process
known as ‘worker policing’, and the laying worker may be ejected from the hive
(Wenseleers et al., 2004a; Wenseleers et al., 2004b; Wenseleers and Ratnieks, 2006).
There are rare circumstances where workers produce eggs in the presence of a queen and
these eggs are raised without worker policing. These bees are known as anarchistic
honeybees and have been found in Australia and the UK (Châline et al., 2002). This is a
rare phenomenon and appears to occur due to specific genetic variations as most
anarchistic bees within a hive come from the same paternal lineage (Backx et al., 2012).

1.2.2 Oogenesis in other hymenopteran species
In all hymenopteran species sex determination is established through haplodiploidy (with
males being haploid and females diploid).

In hymenopteran species other than the

honeybee, such as wasps, ants and other bee species, there is less strict reproductive
division between female castes, including less stringent division of the reproductive tasks
within a hive. Along with the queen, some workers will also produce eggs either sexually
(diploid) or asexually (haploid) and, unlike in honeybees, this often occurs without the
other workers destroying these eggs or harming the laying insect.
1.2.2.1 Reproduction in Bumble bees, Bombus terrestris
Bombus terrestris also has a haploid/diploid method of sex determination but their hives
experience two reproductive phases. The initial reproductive phase is similar to the
reproductive phase in Apis mellifera hives in that the queen is the only egg producer in
6
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the hive, producing both female and male offspring. This phase lasts for approximately 6
weeks after which time some worker bumble bees begin to produce male offspring (Honk
and Hogeweg, 1981). During the reproductive phase where the queen is the only egg
producer, removal of the queen results in rapid ovary activation of workers. Workers
who have been raised away from the queen will develop fully active ovaries however,
without exposure to the queen they seem unable to deposit their eggs into the hive
structure (Amsalem et al., 2009).
1.2.2.2 Reproduction in wasps
Wasps exhibit a wide variety of caste development and reproductive strategies across, and
within, different wasp species. Some species have phenotypically distinct queens and
workers, others show no phenotypic differentiation to identify the division of
reproductive activity. Still other species have queens, workers and females that are
phenotypically somewhere in-between these two castes (Oliveira et al., 2007).

In

addition to these various caste development strategies, some species of wasps have hives
that are polygyne (meaning they have more than one queen active in the hive) and others
are monogyne (like honeybee hives with a single active queen). Unlike the honeybee, all
female Polistes wasps are capable of mating and beginning their own colony, and it is not
uncommon for a subordinate female to overthrow the queen and take over the queen
duties within the hive (Strassmann, 1981).
1.2.2.3 Reproduction in ants
Ants also have differences between species regarding whether hives are polygynous or
monogynous and some rare but conserved instances (within less than 100 species) where
the queen caste is no longer present and it is a mated worker or a number of mated
workers who produce diploid offspring within the hive (Peeters, 1991).

1.3 Epigenetic Modifications
Although the difference between female and male hymenopterans is due to a change in
genetic make-up (a double versus single copy of the genome respectively) the differences
between female castes are created at a different genomic level. Essentially the female
castes all have the same genetic complement, but their phenotypes are very different.
Evidence is mounting that this difference is due to epigenetic differences (Kucharski et
al., 2008): changes in the structures surrounding, or attached to, DNA that lead to an
alteration of gene expression between the castes.
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There are many different types of epigenetic modifications possible, including CpG island
methylation, modification of histones and binding of non-coding RNA molecules.

1.3.1 DNA Methylation
DNA methylation, which has been shown to alter gene expression in some organisms,
occurs at CpG islands. These are DNA sequences which include a cytosine followed by a
guanine when read in a 3’ to 5’ direction, i.e. where the cytosine residue is bound to the
guanine residue through a phosphodiester bond between the phosphate group on the
cytosine nucleotide and the hydroxyl group at the 5th carbon of the deoxyribose sugar on
the guanine nucleotide.
In this conformation the 5th carbon on the cytosine base’s aromatic ring is able to be
methylated. Methylation involves replacing a hydrogen molecule with a methyl group (a
carbon bound to three hydrogen molecules). See Figure 1.4.
A.

B.

Figure 1.4: A. Unmethylated cytosine attached to a guanine via a phosphodiester bond. B. Methylated
cytosine bound to a guanine via a phosphodiester bond. Methyl group has been circled in red.

DNA Methylation occurs through the action of a group of enzymes called DNA
methyltransferases (Dnmts) (Suzuki and Bird, 2008). There are three known Dnmts in
mammalian systems. Other organisms sometimes have less, however honeybees have
homologues of all three mammalian Dnmts (Weinstock et al., 2006).
Methylation has been shown to occur throughout gene bodies and in the promoter region
of genes and although promoter CpG methylation is seen as an inhibitor of gene
expression in vertebrates, gene body CpG methylation appears to occur most often in
actively transcribed genes of all organisms (Suzuki and Bird, 2008).
In honeybees, methylation occurs predominantly in the coding regions of genes and
differential methylation had been proposed as a method of directing alternate splicing of
genes in brains of queen versus worker honeybees (Foret et al., 2012). CpG methylation
in honeybee brains has also been shown to differ between nurse bees and foragers. This
8
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difference is reversible as removal of all the nurses from the hive leads to foragers
reverting to nurse behaviour, and this reversal of behaviour is accompanied by a reversal
of the changed methylation state in the brain (Herb et al., 2012).
DNA methylation has also been implicated as having a role in honeybee caste
development. If Dnmt3 is silenced through RNA interference (with injections occurring
immediately after larvae hatch) most female bees will develop into queen-like bees rather
than workers (Kucharski et al., 2008).

This implies that DNA methylation occurs

differently between workers and queens.

1.3.2 Histone Modifications
Histones are proteins that make up nucleosomes. Nucleosomes are protein structures
around which DNA is wrapped when condensed in the nucleus of the cell. There are four
mains types of histones, H2A, H2B, H3 and H4 and one histone linker H1. Each
nucleosome is comprised of a histone octamer made up of two H2A-H2B dimers and one
H3-H4 tetramer (Figure 1.5).
Histone modifications can prevent, or enable, unwinding of the specific region of DNA
surrounding the nucleosome containing those modifications, which in turn alters gene
expression of genes within that region (Figure 1.6).

Figure 1.5: Single plane view of histone octamer. Black line is DNA double helix. Image modified from
Marks et al. (2001).

Figure 1.6: Alterations in histone modifications lead to changes in chromatin
conformation, which in turn lead to activation or repression of gene expression in
the genomic regions modified. Image modified from Komili and Silver (2008)
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The most common modifications are methylation, ubiquitination, acetylation or
phosphorylation (Figure 1.7). Acetlyation occurs at lysine residues, methylation occurs at
arginine or lysine residues (and these can be a singly or multiply methylated).
Phosphorylation occurs at serine or threonine residues. These modifications are carried
out, and reversed, by a range of protein complexes such as the COMPASS and polycomb
complexes, both of which result in trimethylation of separate, specific histone residues.

Figure 1.7: Possible histone modifications and the amino acid residues at which these different
modifications can occur. Image modified from Latham et al. (2007).

Most histone modifications that alter gene expression involve Histone H3. Histone H3
modifications which are associated with a decrease in gene expression in the surrounding
region of DNA include trimethylation of H3 lysine 27 (H3K27Me3), and di and trimethylation of H3 lysine 9 (H3K9Me2/3). Histone H3 modifications that are associated
with increased gene expression in the surrounding region of DNA include trimethylation
of H3 lysine 4 (H3K4Me3) and trimethylation of H3 lysine 36 (H3K36Me3) (Figure 1.8).

Figure 1.8: Locations of potential histone modifications across histones. Modifications
known to affect gene expression changes are most common along Histone H3 (see blue box).
Modifications associated with increased gene expression are methylation of lysine 4 and
lysine 36 (see green circles). Modifications associated with decreased gene expression are
methylation of lysine 9 and lysine 27 (see red circles). Image taken from larger image in
Latham et al (2007).
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1.4 Gene Complexes
One potential benefit of histone modifications may be the ability for a single change to
alter expression within a whole region of DNA, rather than other epigenetic modifications
which appear to alter expression of individual genes. With alterations in histone marks,
these regions of altered expression may contain gene complexes. Gene complexes have
been defined in a number of ways. One common definition of a gene complex (also
referred to as a gene cluster) is a grouping of genes on a chromosome with similar
functions, or a grouping of genes involved in a conserved biological process (Duncan et
al., 2008; Harding et al., 1985). Another definition better relates to this thesis. That
definition is a grouping of genes on a chromosome where all those genes are expressed in
a co-ordinated manner independent of gene function (Al-Shahrour et al., 2010).
One gene homology study found that in some species up to 12.8% of the genome is
arranged in ‘functional neighbourhoods’, groupings of like-genes (Al-Shahrour et al.,
2010). This analysis was completed for nine species (including Homo sapiens, Gallus
gallus, Danio rerio, Drosophila melanogaster, Caenorhabditis elegans and even
Arabidopsis thaliana), however the study only looked for genes annotated as having the
same gene ontology descriptions as their neighbours. Groupings were identified within a
sliding window framework across the chromosomes to identify regions where genes with
similar gene ontology definitions grouped together. The study did not investigate the
expression patterns or regulation of such regions.
A 2004 review summarised findings of gene groupings across many species and stated
that in Drosophila melanogaster 20% of the genome is identified through microarray
analysis to be grouped functionally across chromosomes, and in all eight species
summarised there was evidence of chromosomal groupings for genes involved in specific
cellular processes (Hurst et al., 2004). Not all of these gene clusters were a result of
ancestral gene duplications but all were found to be under conserved regulatory pathways
through expression and knockdown analyses.
Gene complexes are more highly conserved within vertebrate genomes than invertebrate
genomes. Due to the rarity of conserved gene complexes in invertebrates, it is assumed
that those regions which have been conserved are involved in very important
developmental or biochemical processes.
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1.4.1 Gene Complexes in Insects
Blanco et al. found that in Drosophila melanogaster the trithorax and polycomb group
proteins alter expression of genes which are clustered together, in functional groups,
along chromosomes.

Trithorax and Polycomb group proteins are both involved in

regulating developmental genes through chromatin conformation changes.

The

combination of chromosomal groupings of effector genes and the chromatin altering
nature of these proteins indicates that one signal can affect a whole group of genes on a
chromosome (Blanco et al., 2008).
One of the best studied gene complexes is the Homeobox (Hox) complex. The Hox
complex is involved in anterior-posterior patterning in nearly all bilaterian animals
studied (Garcia-Fernandez, 2005) and has been largely conserved throughout evolution as
a chromosomally co-localised and co-ordinated gene complex. The number of Hox genes
varies between species, although the primary function of Hox genes in axis specification
remains constant.

In mammals (due to whole genome duplications in vertebrate

evolution) there are 39 Hox genes held within 4 complexes throughout the genome
(Garcia-Fernandez, 2005; Harding et al., 1985). In Drosophila the complex has been split
into two groups, the Antennapedia complex and the Bithorax complex and in most other
invertebrates (including Apis mellifera) the Hox complex occupies a single region of
DNA.

Hox proteins are transcription factor proteins which bind DNA through a

homeobox domain (Garcia-Fernandez, 2005). In Drosophila, for most Hox proteins, the
resulting gene expression changes lead to development of specific features that define the
different body segments (e.g. wings and legs coming from the thorax, antennae coming
from the head), and mutations in the Hox genes leads to changes in the organism’s
morphology, with structures (such as antennae or legs) being absent, or being present in
the wrong body segment (Pearson et al., 2005). Although most Hox genes are involved in
body segment specification there are two Hox genes in Drosophila which have nonhomeobox functions.
embryos.

Zen is expressed in the extraembryonic membrane of early

Fushi tarazu is involved patterning at an earlier stage (during segment

formation) and is also involved in nervous system differentiation. Despite their different
functions, these two Hox genes are located within the chromosomal region of the other
Hox genes (Pearson et al., 2005).
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1.4.2 Gene Complexes in honeybees
There are three known, conserved developmental gene complexes in the honeybee
genome. Hox, Runt (Duncan et al., 2008) and Enhancer of Split [E(Spl)-C] (Duncan and
Dearden, 2010).
1.4.2.1 Hox
As in other insects, described above, the Hox complex in honeybees is involved in
anterior-posterior patterning during development and acts to specify the precursor cells
for segment-specific morphologies. The honeybee Hox complex contains all 10 Hox
genes and occupies a single, large region of chromosome 16, as opposed to the separate
Antennapedia and Bithorax complexes in Drosophila. Another way the honeybee Hox
genes differ to the previously described Drosophila function is in the function of zen,
which in honeybees is also involved in neural patterning (Dearden et al., 2006).
1.4.2.2 Runt
In the honeybee, the Runt complex comprises 4 genes: GB15836, GB19482, GB11654
and GB16431. These genes are grouped closely on chromosome 14. Similar to the Hox
genes, Runt genes are conserved throughout evolutionary time and are involved in body
patterning of bilaterian animals. In contrast to the Hox complex however, Runt genes are
not co-ordinately regulated during embryogenesis.

The honeybee gene GB11654 is

orthologous to the Drosophila runt gene and is expressed in a pattern which implies it
acts as pair-rule gene during development (Duncan et al., 2008). Pair rule genes set up
anterior-posterior patterning within the segments of the developing embryo. GB16431 is
orthologous to the Drosophila lozenge gene and is first expressed in the anterior of the
embryo. Later GB16431 is expressed throughout the entire embryo (Duncan et al., 2008).
Despite the differences in temporal expression during development, these genes are said
to be in a gene complex as they all code for proteins which contain a Runt-domain.
Proteins with Runt-domains act as transcription factors and can either increase or
decrease gene expression depending on the cell. Runt is also believed to be involved in
sex determination in the honeybee (as it is in Drosophila) (Beye et al., 1996; Dearden et
al., 2006).
1.4.2.3 Enhancer of Split
Enhancer of Split genes are expressed in response to Notch signalling and act as an
antagonist to Notch, driving developing tissue towards an epithelial fate rather than the
neural fate which results from the regular Notch pathway in honeybee development (Lai,
13
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2004). The Enhancer of Split Complex in honeybees is made up of the 4 canonical
Enhancer of Split genes and has a Tubulin-Tyrosine Kinase-like gene (GB14765) inserted
within the complex. The 4 canonical Enhancer of Split genes include 3 basic HelixLoop-Helix genes (bHLH-1, bHLH-2 and a relative of hairy-E(Spl)-related, Her) and one
bearded-class gene (mα) (Duncan and Dearden, 2010). During development the inserted
gene (GB14765) is expressed in a manner consistent with co-ordinated gene expression
across the entire region of DNA containing Enhancer of Split genes (Duncan and
Dearden, 2010).
1.4.2.4 Unidentified gene complexes
Very little work has been done to date looking into chromosomal arrangement of genes
within the honeybee genome. We hypothesise that the speed of ovary activation (refer to
Section 1.2.1: full ovary activation can take as little as one week) may be the result of
conserved regulation of specific genes arranged in groups on the honeybee chromosomes,
allowing for a large number of genes to be turned on or off quickly in response to the loss
of QMP. Therefore the focus of this project will be to try and identify gene complexes
within the honeybee genome that are co-ordinately regulated during worker ovary
activation.

1.5 RNA Sequencing
In order to identify gene complexes a data set of comparative gene expression between
each type of honeybee ovary was needed.

The Laboratory for Evolution and

Development had a data set generated by RNA-Sequencing (RNA-Seq).

RNA-Seq

involves total or fractionated RNA extracted from either entire organisms or specific cell
populations (such as from separate tissue types or separate organs). RNA samples are
fragmented directly using RNA hydrolysis or nebulisation and then cDNA generated by
reverse transcription; alternatively the sample is fragmented by sonication or through the
use of DNAse I after the Reverse Transcriptase step. Adaptors specific to the sequencing
method which will be used are then added to the cDNA fragments to gives a cDNA
library which can then be sequenced. See Figure 1.9 (Wang et al., 2009)
Each cDNA fragment in the cDNA library is then sequenced using any of the current high
throughput sequencing techniques (i.e. most commonly one of Illumina Sequencing,
Applied Biosystems SOLiD Sequencing or Roche 454 Life Science Sequencing) (Wang
et al., 2009).
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Figure 1.9: Steps taken during RNA-Sequencing. Whole RNA extracted from
tissue is fragmented before or after reverse transcription to form a pool of cDNA
fragments. Adaptors are added to cDNA fragments to for a cDNA library. cDNA
library fragments are sequenced then sequences are mapped back to a reference
genome or specific reference sequences. Image taken from Wang et al. (2009).

Once sequences have been obtained for the cDNA library these are then mapped back to a
reference genome, or smaller reference sequences (Wang et al., 2009).
A benefit of RNA-Seq is its quantitative nature. As all fragments are sequenced, mapping
these fragments back to the reference genome (or reference gene sequences) gives a
quantitative value regarding the original amount of each transcript in the initial sample.
By comparing the amount of a specific transcript present in different tissue samples it is
possible to compare relative gene expression between those tissue types (Wang et al.,
2009).
The RNA-Seq data set generated within the Lab for Evolution and Development was
generated using total RNA extracted from ovary tissue of queen, worker and active
worker honeybees.

This RNA was fragmented prior to Reverse Transcription and

sequenced using an Illumina HiSeq system.
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1.6 Aims and Hypothesis
This project aimed to use RNA extracted from honeybee ovary tissue to determine
whether any known honeybee developmental gene complex is involved in the process of
honeybee worker ovary activation.
Another aim of this project was to use the RNA-Seq data held by the laboratory to
identify any putative new gene complexes which may be involved in the process of
honeybee ovary activation, and to investigate some putative complexes using Reverse
Transcription quantitative Polymerase Chain Reaction (RT-qPCR) experiments.
We hypothesised that ovary activation involves large regions of DNA being turned on or
off together, through the use of gene complexes, to allow major remodelling of the ovary
tissue within a short amount of time.
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MATERIALS AND METHODS
2.1

Tissue collection

Honey bees were dissected in phosphate buffer solution (PBS) under a Leica dissecting
microscope using Dumont biologie no. 55 tweezers and ovary tissue was collected in
sterile microcentrifuge tubes on dry ice.
During dissection, the ovaries of workers from queenless hives were categorised and
separated based on a modification of a previously established classification system. The
previous ovary classification system by Koywiwattraku et al. (2005) was modified so the
distinction between Stage 1 and Stage 2 was clarified as the absence or presence of yolk
in the ova (respectively). In these experiments the ovaries were classified as shown in
Figure 2.1.
Ovaries showing no signs of activation were classed as “Stage
0”

Ovaries showing some activation (indicated here by arrows),
but without yellow yolk visible were classified as “Stage 1”

Ovaries showing some activation, with some oocytes (indicated
here by an asterisk) and yellow yolk visible, but without
elongated oocytes present were classified as “Stage 2”

Ovaries containing elongated “mature” oocytes (indicated here
by an asterisk) were classified as “Stage 3”

Figure 2.1: Examples of the progression of ovary activation in the ovaries of worker bees from queenless
hives; Images provided by Dr. Elizabeth Duncan; Scale Bars = 500µm.

Ovaries were stored at -80 °C until required.
Only ovaries classified as “Stage 3” were used for RNA extraction for active worker
samples during this project.
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2.2

Nuclease-free water preparation

Milli-Q water was passed through a sterile 0.20 m hydrophilic cellulose acetate
disposable syringe filter attached to a sterile 20 mL syringe and collected in a sterile
50 mL falcon tube. The falcon tube was then placed in the UVP UV3 HEPA PCR
workstation and exposed to UV light for 30 minutes.

2.3

RNA extraction

RNA extraction was performed using a TRIzol® (Invitrogen) extraction followed by
purification using a Qiagen RNeasy® column as follows:
Between 50 and 100 mg of tissue was placed in a micro-centrifuge tube (this equates to
approximately 40 bees’ ovaries for active worker ovaries and approximately 60 bees’
ovaries for worker ovaries). The tissue was homogenised in 300 μL of TRIzol® reagent
either using a pestle and mortar made with a melted and reshaped 1 mL pipette tip (for
active worker ovaries) or by passing through a 25 gauge needle (for worker ovaries). A
further 700 μL of TRIzol® reagent was added to the microcentrifuge tube posthomogenisation and the sample centrifuged at 12,000 rpm for 10 minutes at 4 °C.
TRIzol® was used as it is designed to lyse cells while keeping RNA intact for subsequent
purification. Approximately 900 μL of supernatant was removed and placed in a fresh
micro-centrifuge tube. This was incubated for 5 minutes at room temperature (to ensure
complete lysis of the cells) before 200 μL of chloroform was added and the
microcentrifuge tube vortexed for 15 seconds. The cloudy solution was then incubated at
room temperature for 5 minutes to allow dissociation of the ribonucleoprotein complexes
prior to being centrifuged at 12,000 rpm for 15 minutes at 4 °C to ensure complete
dissociation of the resulting phases. Approximately 450 μL of the clear upper phase was
removed (being careful not to touch the interphase or lower phase as those phases contain
the DNA and protein from the lysed cells). The RNA enriched upper phase was placed in
a sterile microcentrifuge tube and an equal volume of 70% ethanol was added and mixed
by pipetting.
The sample was then loaded onto a Qiagen RNeasy® column and centrifuged at 12,000 x
g for 15 seconds to allow the RNA to bind to the column’s silica-based membrane. The
flow-through was discarded, and the column returned to the same collection tube. 350 μL
of Qiagen Buffer RW1 was added to the column to wash away contaminants of the
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solution which had not bound to the column and it was centrifuged at 12,000 x g for 15
seconds. 10 μL of DNAse I stock solution was mixed gently by pipetting with 70 μL of
Qiagen Buffer RDD and the entire 80 μL of this enzyme mixture was transferred onto the
centre of the RNeasy® silica membrane.

The column was then incubated at room

temperature for 15 minutes to ensure any contaminating DNA was degraded. After
washing the column with 350 μL of Buffer RW1 and discarding both the flow-through
and the collection tube (to ensure all degraded contaminating DNA was removed from the
experimental system), the column was placed into a new 2 mL collection tube. 500 μL of
Qiagen Buffer RPE was pipetted onto the RNeasy® column and the column was
centrifuged at 12,000 x g for 15 seconds to wash the column membrane. The flowthrough was discarded and the Buffer RPE step repeated. After discarding the flowthrough the column was again centrifuged at 12,000 x g for two minutes to ensure all
Buffer RPE, and other contaminants, were removed from the column before the column
was transferred to a new 1.5 mL collection tube. 30 μL of nuclease-free water was
pipetted onto the centre of the column membrane, and the column was centrifuged at
12,000 x g for one minute to elute the RNA. An aliquot of RNA was removed to check
the concentration using a Nanodrop, and to check the integrity of the RNA by running it
on a 1% agarose gel. The remaining RNA was stored immediately at -80 °C.

2.4

Reverse Transcription

Invitrogen VILO™ kits were used to obtain single stranded complementary DNA
(cDNA) for use in amplification experiments. The Invitrogen VILO™ kit uses random
oligonucleotides to prime the cDNA synthesis.
For each reaction the following components were combined in a sterile PCR tube on ice,
4 μL of 5x VILO™ Reaction Mix, 2 μL of SuperScript® Enzyme Mix, 1 μg of RNA
(calculated using nanodrop measurement as estimated concentration of purified RNA
extract). Nuclease-free water was then added to get a total volume per reaction of 20 μL.
A reverse transcriptase-free control was set up for each RNA extract by excluding the
SuperScript® Enzyme Mix and replacing its volume with nuclease-free water. This
control was included to check whether any genomic DNA (gDNA) remained present in
the purified RNA sample. If gDNA is present there will be PCR amplification of the
Reverse Transcriptase-free (-RT) control.
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The tubes were gently mixed by pipetting or flicking, and then spun gently to pool liquid
in the base of PCR tube.
A Bio-Rad C1000TM Thermal Cycler was used to run the following incubation and
termination steps:


incubate for 10 minutes at 25 °C



incubate for 60 minutes at 42 °C



terminate the reaction at 85 °C for 5 minutes

Resulting cDNA was then stored at -20 °C or -80 °C.

2.5

Primer Design

Quantitative PCR (qPCR) primers were designed for each gene using the following series
of steps.
The messenger RNA (mRNA) and gDNA sequences of the gene were obtained from
either the BeeBase website (http://hymenopteragenome.org/beebase) or the National
Centre for Biotechnology Information (NCBI) website (http://www.ncbi.nlm.nih.gov/).
To show differences between amplification from genomic DNA and cDNA RT-qPCR
primers are preferentially designed such that they span an intron-exon boundary:
amplification from gDNA will produce a product larger than amplification from cDNA.
The gDNA product will be the size of the intron, spanned by the primers, larger than the
product amplified from cDNA.
To determine intron-exon boundaries the mRNA and gDNA sequences were aligned
using the NCBI Spidey website (http://www.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey/)
which highlights the presence and, if relevant, the location of introns within the gene.
The design of oligonucleotide primers was carried out using Primer3 Plus website
(http://frodo.wi.mit.edu/primer3/input.htm).
The Primer3 website was set to return 50 primer pairs per mRNA sequence using the
following parameters:


Product length – between 70 and 140 bp



Primer length – between 18 and 30 bp with an optimal size 20 bp



Melt temperature (TM) – between 56 °C and 64 °C with an optimal TM of 60 °C
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GC content – between 40% and 60% with an optimal GC content of 50%



Primer target (where relevant and possible) – to include the border between exons.

Beacon Designer (http://www.premierbiosoft.com/qOligo/Oligo.jsp?PID=1) was then
used to test whether the primers selected by Primer3 were likely to form dimers with
themselves or with the other primer in the pair. Based on existing laboratory members’
experience of primer design, dimer ratings less than -3.0 kcal/mol were considered highly
likely to form stable dimers which would inhibit the primer availability for PCR and as
such, where possible, no primer combinations were chosen if they returned self-dimer,
cross-dimer or hairpin-dimer assessments of less than -3.0 kcal/mol.
Specificity of primers was checked using the NCBI primer designing tool, PrimerBLAST® (http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome).
Testing against the NCBI RefSeq database for honey bees, primers were only selected if
they had either a) no expected product other than the one for the gene in question or b)
had other expected products that were greater than 2 kb in length (as the PCR protocol to
be used included too short of an extension step to allow for products of such size to be
amplified). Where possible, only primers with no mismatching products were selected,
independent of mismatched product size.
Primers were ordered from Invitrogen.
See Appendix A for list of primers used in qPCR analysis for this project.

2.5.1 List of websites used in primer design
BeeBase:

http://hymenopteragenome.org/beebase

NCBI:

http://www.ncbi.nlm.nih.gov/

Spidey:

http://www.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spidey/

Primer3 Plus:

http://frodo.wi.mit.edu/primer3/input.htm

Beacon:

http://www.premierbiosoft.com/qOligo/Oligo.jsp?PID=1

Primer-BLAST®: http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHom

2.6

Primer preparation

Primers were diluted in the UVP UV3 HEPA PCR Workstation with nuclease-free water,
to a stock solution with 1 nmol/L concentration. Following this a 10 pmol/L working
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solution was prepared by adding 1 L of stock solution to 99 L of nuclease-free water.
10 pmol/L working solutions were used in all PCR and qPCR experiments. Stock and
working solutions of primers were stored at -20 °C. Fresh primer dilutions were prepared
when the working stock was running low, or if the working solution had been stored for
many months prior to the date of the experiment.

2.7

Standard PCR to test primers

To check that primers amplified a product of the expected size from the cDNA the
primers were run using a standard PCR protocol. Reverse Transcriptase-free controls
were run for each primer pair (amplification of gene products from these controls would
indicate gDNA contamination of the sample). To check there was no environmental
contamination of the reactions water only controls were also run for each primer pair.
A Taq Polymerase PCR master mix was created, on ice, for each primer pair such that the
master mix included 2 μL of Buffer 2 (Roche ELT system) and final concentrations of
500 μM per dNTP, 300 nM of Forward Primer, 300 nM of Reverse Primer and 1 unit of
Taq in a total volume of 19 μL per cDNA sample to be amplified, plus 10% on all the
above volumes to allow for pipetting error. The Taq was added last to the master mix,
after nuclease-free water is added, so that it could be kept at -20 °C for as long as possible
to preserve its enzymatic activity.
Alternatively, when no Buffer 2 was available it was replaced with 2 μL of Buffer 1
(Roche ELT system) and 0.4 μL of 50 mM MgCl2 was supplemented to reach a final
MgCl2 concentration of 2.75 mM (to ensure reaction efficiency given the concentration of
dNTPs present during the reaction) and the nuclease-free water volume was reduced to
ensure a total master-mix volume of 19 μL per reaction plus 10%.
1 μL of cDNA, reverse transcriptase-free control or nuclease-free water was added to
each dry, autoclaved PCR tube and 19 μL of the master mix was added to each tube. The
PCR tubes were then spun gently to ensure all of the reagents were at the base of the
tubes and the following PCR protocol was used on a Bio-Rad C1000TM Thermal Cycler to
amplify the cDNA.
Starting with
94 °C for 3 minutes (initial long denaturation step)
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followed by 35 cycles of:
94 °C for 30 seconds (denaturation step)
58 °C for 30 seconds (annealing)
72 °C for 20 seconds (extending)
and ending with
72 °C for 7 minutes (final extension step)
before being cooled to 4 °C until it was removed from the Thermo Cycler.
10 μL of each PCR product was electrophoresed on a 2% agarose gel (weight per volume)
made with and run immersed in 1x Sodium Borate (SB) gel running buffer (20x SB
buffer made using 0.8% NaOH (w/v), 4.5% boric acid (w/v) diluted to 1x with distilled
water and 0.5µg/mL ethidium bromide). PCR products were run alongside Invitrogen 1
kb+ ladder. The PCR samples were loaded using xylene cyanol loading dye to prevent
loading dye obscuring the PCR product as xylene cyanol runs at a larger molecular
weight than the small qPCR fragments being amplified.
The resulting band was analysed to see if it was the size expected for the cDNA fragment
being amplified. If there was more than one amplification product for a primer pair those
primers were discarded.
The Reverse Transcriptase-free and nuclease-free water controls were checked to ensure
no bands were present. Where the controls were not clear, the PCR was re-run under the
same conditions as above after thoroughly cleaning the workspace where the PCR was
prepared and paying particular attention to eliminating any contamination that may occur
in the experimental set up.

2.8

PCR product purification and sequencing

To check that primers amplified the correct gene product PCR products were purified
using either gel purification or, if sufficient PCR product remained in the PCR tube, PCR
product purification and then sequenced by the Genetic Analysis Services department
based in the Anatomy Department of the University of Otago.

2.8.1 Gel purification
The band of PCR product was excised from the agarose gel using a new flat razor blade
and visualising bands on a Hoefer Scientific Instruments Mighty Bright UV table. The
excised band of gel placed into a weighed, sterile microcentrifuge tube using clean
23

Chapter Two: Material and Methods

tweezers. The tube was re-weighed to determine the weight of the gel. The Qiagen gel
extraction kit was used to extract the DNA as follows. QG buffer was added, the volume
being three times the weight of the gel (gel weight of 1 g is assumed to be equivalent to
1 L). If the colour of the mixture was orange or violet, as it was on rare occasions, 10
L of 3M Sodium Acetate (pH 5.0) was added and the tube mixed to achieve a yellow
colour, indicating the solution was at the correct pH required to extract the cDNA from
the gel. The tube was placed in an incubator set at 52 °C for 10 minutes and vortexed at
intervals to completely dissolve the gel. The colour of the tube was checked to ensure it
was still yellow (which it always was, however, if it hadn’t been yellow more Sodium
Acetate would have been added as above). One gel volume of isopropanol was added and
the tube mixed by inversion. The total volume of liquid was then added to a QIA quick
spin column which had been placed in a clean 2 mL collection tube. The column was
spun for one minute at 12,000 x g to bind the DNA to the column and the flow-through
was discarded. Because the sample was being sent for direct sequencing, 500 L of
buffer QC was added to the column and the column was spun once more at 12,000 x g for
one minute to ensure removal of all dissolved agarose gel.

The flow-through was

discarded and 750 L of buffer PE was added to the column. The column was once more
spun at 12,000 x g for one minute. The flow-through was discarded and the column spun
for one minute at 17,900 x g to ensure complete removal of all solutions, buffers and
contaminants not bound to the column. The QIA quick spin column was placed in a clean
microcentrifuge tube. The DNA was eluted from the column by adding 30 L of elution
buffer to the column and letting the column stand for one minute before centrifuging the
column at 17,900 x g for one minute. The concentration and purity of the purified
product was measured using a Nanodrop to determine approximate nucleotide
concentration.

2.8.2 PCR product purification

When only 10 L of PCR product had been run on an agarose gel, the remaining 10 L of
PCR product was purified using a Qiagen MiniElute column. Before loading on the
column, 50 L of buffer PB was added to the PCR product and this was mixed by
pipetting. The total 60 L volume was carefully pipetted onto the membrane of a
MiniElute column which had been placed in a clean 2 mL collection tube. The column
was spun at 12,000 x g for one minute to bind the DNA to the column. The flow-through
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was discarded and 700 L of buffer PE added to the column. The column was again
centrifuged for one minute at 12,000 x g and the flow-through discarded. To ensure
complete removal of the buffer PE from the column it was spun again for one minute at
12,000 x g. The flow-through and collection tube were discarded and the column placed
in a clean microcentrifuge tube. 10 L of elution buffer was carefully added to the
membrane of the column. The column was left to stand for one minute before being spun
at 12,000 x g for one minute to elute the DNA. The purified product was measured using
a Nanodrop to determine approximate nucleotide concentration.

2.8.3 Preparation of PCR sample for sequencing
For each PCR product which had been purified, sequencing was run in two separate runs,
using forward primer for one run and reverse primer for the other (see Appendix A for
primer sequences).

Sequencing reactions for PCR products were set up using the

guidelines set by the Genetic Analysis Services department of The University of Otago
for products approximately 100 bp in length. In a sterile PCR tube the following final
concentrations were present in a total volume of 5 L:


0.2 ng/L of DNA



3.2 pmol of primer (separate reactions for forward and reverse primers)

The PCR tubes were taken to the University of Otago Anatomy Department for
sequencing.

2.8.4 Identification of PCR product sequence
Sequences were visualised using Finch TV Version 1.4.0 and undetermined bases were
identified visually from sequences obtained using both the forward and reverse primers.
Corrected sequences were checked to ensure they represented the genes being amplified
by using a nucleotide BLAST® search on the NCBI website. The BLAST® parameters
were limited to comparison with NCBI Reference RNA Sequences.
NCBI nucleotide BLAST®:
http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLAST_PROGRAMS=meg
aBlast&PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=on&LINK_LOC=blasthome
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2.9

Quantitative PCR

All stages of qPCR set up were completed in the UVP UV3 HEPA PCR Workstation
which had been UV treated for 30 minutes between experiments to prevent contamination
of the experiments by foreign RNA or DNA.

2.9.1 qPCR standard curve
Primers were tested for amplification efficiency using a qPCR standard curve. A serial
dilution of cDNA samples was created so that 5 L of cDNA could be pipetted into each
reaction (reducing the inaccuracy that can result from pipetting 1 L quantities).
1:1 dilution (dilute the original cDNA samples 5 fold so that 5 µL quantities could be
pipetted):
Added four times the volume of nuclease-free water to the cDNA (e.g. where the total
volume of cDNA was 20 L, 80 L of nuclease-free water was added) and the diluted
solution mixed by pipetting.
Using an aliquot of the 1:1 dilution, a 10 fold serial dilution was carried out to obtain
cDNA samples in 1:10, 1:100, 1:1,000 and 1:10,000 dilutions.
A 1:1 dilution was also made for the –RT control.
Serial dilutions were separated into 50 L or 100 L aliquots and frozen at -20 °C or -80
°C until required. Freezing in aliquots allowed only part of the dilution to be thawed for
each experiment to preserve the quality of the cDNA.
Each concentration of cDNA was run in triplicate for each primer pair. This was run
alongside one –RT control and one nuclease-free water “no template” control.
To set up the plates for standard curves, a master mix of 10 L Bio-Rad SsoFastTM
EvaGreen® Supermix per reaction well, equal nM concentrations of both forward and
reverse primers and nuclease-free water was made in a total volume of 15 μL per cDNA
sample to be amplified, plus 10% on all the above volumes to allow for pipetting error
resulting from the viscosity of the SsoFastTM Supermix mix. Initially experiments were
set up so there was 500 nM of each primer in the reaction mix as this was the maximum
recommended primer concentration given in the Bio-Rad SsoFastTM EvaGreen®
Supermix documentation. Optimisation of the qPCR reaction led to this concentration
26

Chapter Two: Material and Methods

being reduced to the minimum recommended primer concentration (300 nM of each
primer) in subsequent experiments.

The SsoFastTM Supermix and master mixes

containing SsoFastTM were kept enclosed in tinfoil to prevent light from activating the
fluorescent components of the mixture.
5 L of each dilution and control was pipetted into the base of the well on the 48 or 96
well plate starting with the controls and moving through increasingly more concentrated
samples. 15 L of master mix was then pipetted into each well (again starting with the
controls and moving up in concentration gradient of samples). The plate was then
covered using an adhesive strip on 96 well plates or 8 well-lid strips on 48 well plates.
Once the coverings were firmly adhered the plate was centrifuged to 201 x g to ensure all
reaction components were at the bases of the wells.
The plate was then placed in a Bio-Rad MJ MiniTM Personal Thermal Cycler fitted with a
Bio-Rad MiniOpticonTM Real-Time PCR system for 48 well plates or in a Bio-Rad
C1000TM Thermal Cycler fitted with a Bio-Rad CFX96TM Real-Time System for 96 well
plates and run on the following program using Bio-Rad CFX Manager software:
Starting with
95 °C for 1 minute (initial long denaturation step)
followed by 40 cycles of:
95 °C for 5 seconds (denaturation step)
60 °C for 30 seconds (annealing and extending)
and ending with
95 °C for 10 seconds prior to the melt curve cycle
Melt curve: Starting at 65 °C and raising the temperature 0.5 °C each step until a
temperature of 95 °C was reached, holding at each temperature for 5 seconds.
Triplicate measurements were used to determine errors in pipetting and any wells with
identified errors were excluded from further analysis.
Melt curves were analysed to check whether all peaks in the melt curve fell within
approximately 1 °C of each other. Any wells with melt curve peaks outside that window
for the primer pair in question were excluded from further analysis as anomalous melt
curve peaks indicated contamination within those wells.
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Efficiency is calculated from the slope of the standard curve (E=10[-1/slope]). An efficiency
value of 100% occurs when the amplification product doubles during each round of
amplification. This is the ideal amplification scenario for qPCR assays. Standard Curves
with efficiency values between 90% and 110% are considered to be acceptable assays
(Invitrogen, 2008). Where multiple assays were completed for the same gene using
different primer pairs, the assay closest to 100% efficiency was chosen for use in
subsequent qPCR analyses.

2.9.2 qPCR
cDNA samples were diluted to create 1:1 dilutions as described above.
Multiple biological replicates were created for each of the different honey bee ovary
types. Each biological replicate contained RNA from multiple individuals, and each
biological replicate was independent of the other biological replicates, in that no
individual honeybee was represented in more than one sample: Herein, “Queen” results
refer to the average of the queen ovary samples (5 biological replicates with 3 honeybees’
ovaries per replicate), “Active Worker” results refer to the average of the Stage 3 active
ovary samples from workers (4 biological replicates with between 40 and 50 honeybees’
ovaries per replicate) and “Worker” results refer to the average of the inactive ovary
samples from workers (4 biological replicates with between 55 and 70 honeybees’ ovaries
per replicate).
Each biological replicate was run in technical replicates (duplicates or triplicates), except
–RT controls which were run in a single well per primer pair.
SsoFast master mix was prepared as for standard curves.
Well loading was completed as for standard curves with controls loaded first then
samples to be measured.
Reference gene controls were either run on the same plate (for most Enhancer of Split
genes) or on a separate plate using the same dilutions of cDNA (for Cell Cycle and Lethal
complex genes).
Rpn2 was used as a reference gene in all qPCR experiments.
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mRpL44 was used as an additional reference gene for Cell Cycle complex genes, Lethal
complex genes and some Enhancer of Split complex genes.
Rpn2 and mRpL44 were used as Dr. Elizabeth Duncan had identified them as the most
stably expressed genes throughout the process of honeybee ovary activation.

2.9.3 qPCR analysis
Microsoft Excel 2010 was used to identify qPCR outliers using formulae that
incorporated outlier thresholds detailed in Technometrics paper Extension of Sample Sizes
and Percentage Points for Significance Tests of Outlying Observations by Grubbs and
Beck, 1972. See Appendix B for details of formulae. Once outliers were removed,
Microsoft Excel 2010 was used to graphically represent gene expression changes
determined by qPCR.
Statistical Significance of qPCR results was calculated by One-way Analysis of Variance
(ANOVA) test followed by a Tukey T-Test. This analysis was completed using the
Vassar Statistics ANOVA website (http://vassarstats.net/anova1u.html).

2.9.4 Identification of new complexes
RNA-Sequence (RNA-Seq) data was generated from queen ovary, active worker ovary
and worker ovary tissue by Dr. Elizabeth Duncan. RNA samples from all tissue types
were sent to Beijing Genome Institute (BGI) for sequencing. Dr. Duncan then mapped
the resulting reads back to the honeybee genome using the program CLC Genomics
Workbench, version 4.4 (see Introduction Section 1.5 for a more detailed description of
RNA-Seq). Identification of differentially expressed genes was performed by calculating
the Baggerly test statistic and the associated false discovery rate (FDR) corrected P-value
within CLC Genomics Workbench version [...] from [...vendor...](Benjamini and
Hochberg, 1995). These data were provided by Dr. Duncan in a Microsoft Excel file and
were analysed (as described below) looking for putative new gene complexes.
2.9.4.1
REEF
The REEF program is designed to search for REgionally Enriched Features within a
genome (Coppe et al., 2006). This program was chosen over the program designed to
find chromosomal clusters in eukaryotic genomes (CROC) as CROC appeared to only
consider genes which had similar functions and this project aimed to identify all regions
of co-expression, independent of gene function (Pignatelli et al., 2009).
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2.9.4.1.1
Installing REEF
REEF is a Microsoft Windows-only application and was downloaded from the REEF
website (http://telethon.bio.unipd.it/bioinfo/reef/) and installed by following the online
installation instructions.
2.9.4.1.2
Sourcing and sorting reference data
The
honeybee
reference
gene
set
was
(http://www.ncbi.nlm.nih.gov/).

downloaded

from

NCBI

The reference gene set was formatted such that the

numerical Gene ID was in column 1, the chromosome number the gene occurs on in
column 2, the chromosome start point for the gene in column 3, the chromosome end
point for the gene in column 4 and the gene name in column 5. This was then saved as a
tab delimited text file and all headings and blank lines were removed from this file.
The chromosome summary file was generated using data from the NCBI website. This
file is also a Tab delimited text file and has the organism name on the first line and
subsequent lines hold the chromosome number, formatted as “chrX” where X equals the
number of the chromosome followed by a tab and then the length of the chromosome in
bases. For example, honeybee chromosome 1 is 29893408 bases long, so the first two
lines of the file were:
Honeybee
chr1

29893408

This file was saved with the same name as the reference gene set file and in the same
folder as the reference gene set file but with “.chr” added to the file name after “.txt”.
For the full reference files, please see Appendix C for reference genes file and Appendix
D for chromosome length reference file.
2.9.4.1.3
Formatting RNA-Seq data
The RNA-Seq data was opened in Microsoft Excel and the reference gene set was added
as a separate worksheet within the spreadsheet.
Microsoft Excel Vlookup functions were used to assign each gene in the RNA-Seq
worksheet to the appropriate gene IDs, chromosome number and chromosome locations
as defined by the reference gene set.
Microsoft Excel formulae were used to determine in which ovary-type each gene was
expressed most highly. Data was then sorted so that genes expressed most highly in each
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ovary type were grouped together and formatted the same as the reference gene set file
(i.e. the numerical Gene ID was in column 1, the chromosome number the gene occurs
on in column 2, the chromosome start point for the gene in column 3, the chromosome
end point for the gene in column 4 and the gene name in column 5).
For each ovary type a tab delimited text file was created which contained the gene
information with the genes most highly expressed in that ovary type. These tab delimited
files had no headings and no blank spaces after the data.
Microsoft Excel formulae were also used to limit the data set to only genes where the
expression difference between worker ovary and active worker ovary was greater than 2fold. Limiting the data set was performed after initial data sets, containing all genes from
the RNA-Seq data set, failed to provide results in REEF as it was suggested that the lack
of REEF output may be due to multiple testing within the large data set preventing results
from reaching statistical significance as the program incorporates a calculation for False
Discovery Rate (FDR) into the overall significance value, Q-value. Tab delimited text
files were recreated for each ovary type using this specifically reduced data set and re-run
in REEF.
For the final test files, please see Appendix E for genes most highly expressed in queen
ovary, Appendix F for genes most highly expressed in active worker ovary and Appendix
G for genes most highly expressed in worker ovary.
2.9.4.1.4
Analysing the data using REEF
The tab delimited data files were uploaded into the REEF program and the analysis
criteria set as follows:
Window Width: 200,000 bases
Window Shift: 40,000 bases
Q-value: 0.05
Minimum genes in a cluster: 3
Results were obtained using the reduced data set for genes expressed most highly in
active worker ovary and in worker ovary. These results were exported to plain text files.
2.9.4.2
C++ Program
Due to limitations with the output of the REEF program a new program was written in
C++ specifically for this project to identify groupings of genes in the honeybee genome.
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2.9.4.2.1
Identifying groupings within RNA-Seq data
To identify groupings of genes within RNA-Seq data, first the data set was aligned in
chromosomal order then a specific identifier was assigned to each gene. This specific
identifier was a 3 digit code that indicated the following


the direction of the gene expression differences, for example if expression highest
in queen ovaries, least in inactive worker ovaries and somewhere in between these
two values for active worker ovaries it was given a different code to a gene which
had the same expression in both active and inactive worker ovaries and lower
expression in queen ovaries.



whether expression differences for this gene were listed in the data set as being
significant at a range of different significance levels: p<0.01, p<0.05, p<0.1,
p<0.15 and p<0.20.

See Chapter 4: Program Output; Table 4.1 for the list of specific identifiers.
The chromosomally arranged list of specific identifiers was visually checked to ensure
chromosome boundaries did not contain groupings of similarly expressed genes then
entered into a program which was written in C++ programming language using Microsoft
Visual Basic. This program opened the list of specific identifiers and went through it one
line at a time identifying locations where the same specific identifier, that represented a
significant difference in expression at the given threshold, occurred on three or more
subsequent, neighbouring lines. The summary of groupings was recorded in a comma
separated file and included the length of the grouping and the line number within the
original file where this grouping started. A second comma separated file was also created
which summarised the numbers of groups of any given size (groupings of size 3 through
to size 10 were included) for each significance level.
See Appendix H for C++ code written to analyse the RNA-Seq data.
2.9.4.2.2
Determining significance of findings
To determine whether the groupings found by the C++ program above were significant a
number of large random data sets had to be generated to investigate the probability of
getting these results by chance.
To generate appropriate random files the proportions of each specific identifier at each
significance level in the RNA-Seq data were calculated.

10,000 random files the same

length as the RNA-Seq file were created for each significance level (p<0.01, p<0.05,
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p<0.1, p<0.15 and p<0.20) such that they had the same proportion of specific identifiers
as the original RNA-Seq file. These 10,000 random files were then analysed in the same
way as the RNA-Seq data set.
See Appendix I for C++ code written to create and analyse files with randomly assorted
specific identifiers in proportionally appropriate numbers.
P-values for groupings identified within the RNA-Seq data were determined using
Microsoft Excel to calculate how often groups of the given size were present within the
10,000 iterations of random files. If values the same as or greater than what was seen in
the RNA-Seq data were rare in the random data sets the groupings observed in the RNASeq data were determined to be significant (e.g. fewer than 1 instance per 1000 random
files gave a p-value for that result of p<0.01). Where p<0.05 those groupings are unlikely
to have occurred by chance.

2.9.5 Phylogenetic analysis
Protein sequences for genes of interest were obtained through NCBI website. Similar
protein sequences within hymenopteran and Drosphila species were identified using
NCBI protein BLAST® (BLASTp) search
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&BLAST_PROGRAMS=
blastp&PAGE_TYPE=BlastSearch&SHOW_DEFAULTS=on&LINK_LOC=blasthome).
Protein sequences were aligned using Clustal (Thompson et al., 1994). The Clustal
output file was used as the input file in the G-blocks program to identify regions of
consensus between the aligned sequences. By limiting phylogenetic analysis to G-Blocks
consensus sequences more robust phylogenies are generated (Talavera and Castresana,
2007). G-blocks parameters were set to a minimum block length of 4 and a maximum
block length of 50. The consensus regions of the protein sequences were then used in Mr
Bayes phylogenetic analysis (Huelsenbeck and Ronquist, 2001; Ronquist and
Huelsenbeck, 2003). Mr Bayes was run across the data twice, once using Mixed Model
analysis and again using the Best Model identified during the Mixed Model analysis. If
the Standard Deviation of Split Values at the end of each Mr Bayes Run was greater than
0.01, a further 100,000 samplings were performed.
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Once the Standard Deviation of Split Values reached a value less than 0.01, the first 25%
of runs were discarded as ‘burn in’. The output file from Mr Bayes was saved then
opened using the program dendroscope.
Where multiple genes from the same species came up together in the phylogenetic
analysis, the comparative location of those genes was visually determined by searching
for the gene on the NCBI website (http://www.ncbi.nlm.nih.gov/) to identify whether
those genes neighboured each other in all species with multiple alignments.
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RESULTS – Enhancer of Split Complex
3.1

Enhancer of Split Complex

The Enhancer of Split Complex [E(Spl)-C] was chosen for investigation as, at the
beginning of this project, it was one of only three gene complexes which had been
identified in the honeybee (Duncan and Dearden, 2010). The other two being the Hox
complex (Dearden et al., 2006) and the Runt complex (Duncan et al., 2008). The genes
of the E(Spl)-C are of particular interest as they are activated in response to Notch
signalling (reviewed in Bray 2006). Notch signalling is a pleiotropic cell signalling
pathway that has many roles in development (reviewed in Bray, 2006). In Drosophila,
among other roles, it is involved in oogenesis, including specification and maintenance of
the germ-stem cell niche (Song et al., 2007; Ward et al., 2006). Therefore, it was of
interest to determine whether these genes were differentially regulated during honeybee
worker ovary activation. If these genes were consistently differently expressed between
the different ovary types it would provide evidence for this gene complex being coordinately regulated in different developmental contexts and would also implicate Notch
signalling in the ovary activation process.
This complex had previously been characterised in the honeybee and was shown to
consist of four genes: two basic Helix-Loop-Helix (bHLH) transcription factors, an
ortholog of her and an ortholog of m(Duncan and Dearden, 2010). These genes were
shown to be co-ordinately regulated during embryonic development. It was also noted
that there was an ‘intervening’ gene in the complex (see Figure 3.1), this gene (GB14765)
is an ortholog of a Tubulin-Tyrosine Kinase and in situ hybridization implied that it also
was being co-ordinately regulated during embryonic development.
The aim of this chapter was to determine whether the genes of the E(Spl)-C were being
co-ordinately regulated in a second developmental context, i.e. during activation of the
honeybee worker ovaries.

Figure 3.1: 168 kb region of chromosome 14 (from NCBI Apis mellifera Amel_4.5, GenBank Assembly
ID: GCA_000002195.1), containing the four canonical Enhancer of Split genes (in blue) and the inserted
Tubulin-Tyrosine Kinase in yellow.
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3.1.1 Basic Helix-Loop-Helix-2 (bHLH-2/GB17028/LOC724379)
Primers were designed and tested under standard PCR conditions by Dr. Elizabeth
Duncan to check for primer specificity and efficiency. A single product was amplified
under standard PCR conditions with no evidence of a product in the minus RT control.
See Figure 3.2 for the position of the primers within the gene.
The qPCR standard curve had an efficiency of 99.5%. All the melt curve peaks were
between 80.5 °C and 81 °C. See Figure 3.3.
The qPCR results and analysis show that bHLH-2 was expressed most highly in worker
ovary (relative expression 2.39 with a standard deviation of 0.61) and least in queen ovary
(relative expression 0.12 with a standard deviation of 0.03). The relative expression of
bHLH-2 in active worker ovary was 0.19 with a standard deviation of 0.08. See Figure
3.4.
There is a significant difference in expression between queen and worker ovary (p-value
< 0.01) and between active worker and worker ovary (p-value < 0.01), but not between
active worker and queen ovary. See Figure 3.4.

Figure 3.2: Diagram of gene bHLH-2 (GB17028) showing location of primers used for amplification of the
gene.

Figure 3.3: A. qPCR standard curve for bHLH-2 showing a reaction efficiency of 99.5%. B. Melt Peak
curve for bHLH-2 products showing melt peaks for products falling between 80.5 °C and 81 °C.
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Figure 3.4: qPCR results using primers for bHLH-2 (GB17028). Worker ovary tissue has
the highest expression of bHLH-2 with a relative expression of 2.39. Queen ovary has the
lowest expression of bHLH-2 with a relative expression of 0.12. Active worker ovary
relative expression is 0.19. Error bars show Standard Deviation. ** p-value < 0.01.

3.1.2 Tubulin-Tyrosine Kinase (GB14765)
Primers were designed such that they started at mRNA base 524. See Figure 3.5.
The expected gene product was 111 bp. The PCR product ran on a 2% agarose gel at
approximately 110 bp. See Figure 3.6.

Figure 3.5: Diagram of gene GB14765 showing location of primers used for amplification of the gene.

Figure 3.6: PCR amplification product of Tubulin-Tyrosine Kinase run on a 2%
agarose gel. Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from
cDNA. Lane three is the primer set run on the minus Reverse Transcriptase (-RT)
control. Lane four is the gene amplified from gDNA. Lane five is the negative control
(the primer set having been run with nuclease free H2O instead of template). The gene
product amplified from cDNA is expected to be 111 bp in length. This is consistent
with the band on the gel. The gDNA fragment is expected to be the same size as there
were no introns in this gene. This is the case in the amplified product. There is no
amplification in the –RT or H2O control lanes.
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The qPCR standard curve had an efficiency of 104.5%. All the melt curve peaks were
between 82 °C and 82.5 °C. See Figure 3.7.
The qPCR results and analysis show that Tubulin-Tyrosine Kinase was expressed most
highly in queen ovary (relative expression 1.62 with a standard deviation of 1.25) and
least in worker ovary (relative expression 0.76 with a standard deviation of 0.23). The
relative expression of Tubulin-Tyrosine Kinase in active worker ovary was 1.51 with a
standard deviation of 0.43. See Figure 3.8.
There was no statistically significant difference in expression between any of the different
ovarian tissue types investigated.

Figure 3.7: A. qPCR standard curve for Tubulin-Tyrosine Kinase showing a reaction efficiency of 99.5%.
B. Melt Peak curve for Tubulin-Tyrosine Kinase products showing melt peaks for products falling between
80.5 °C and 81 °C.
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Figure 3.8: qPCR results using primers for Tubulin-Tyrosine Kinase (GB14765). Queen
ovary tissue has the highest expression of Tubulin-Tyrosine Kinase with a relative expression
of 1.62. Worker ovary has the lowest expression of Tubulin-Tyrosine Kinase with a relative
expression of 0.76. Active worker ovary relative expression is 1.51. Error bars show
Standard Deviation.
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3.1.3 Her (GB10585/LOC724465)
3.1.3.1 Unexpectedly large amplification fragment
The initial primer sets for Her (GB10585/LOC724465) was designed around the intron in
the GB10585 gene model annotated on BeeBase. See Figure 3.9 for the location of the
second primer set designed for this gene.
The PCR product from both initial sets of primers was larger than the expected 116 bp.
The PCR product was closer to 280 bp in size. See Figure 3.10.
The duplication of the large PCR product with two different sets of primers designed
around the predicted 169 bp intron, with no amplification product in the –RT controls,
implied this gene may not contain an intron, resulting in a 285 bp fragment rather than a
116 bp fragment being amplified.

Figure 3.9: Diagram of gene Her (GB10585) showing location of intron as identified using BeeBase
mRNA and gDNA sequences for this gene. Also shown is the location of the primers used for
amplification of the gene.

Figure 3.10: PCR amplification product of Her run on a 2% agarose gel. Lane one is
Invitrogen 1kb+ ladder. Lane 2 is the gene amplified from cDNA. Lane 3 is the
primer set run on the minus Reverse Transcriptase (-RT) control. Lane 4 is the
negative control (the primer set having been run with nuclease free H 2O instead of
template). The gene product amplified from cDNA is expected to be 116 bp in length.
This is inconsistent with the band on the gel, which is closer to 280 bp in length. The
bands at the bottom of all the lanes are of a size that they are most likely primer dimer.
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Figure 3.11: Chromatogram showing sequencing results from larger than expected cDNA PCR
amplification product for Her.

The PCR product from the second set of primers was purified and sent for sequencing
using the forward primer and using the reverse primer. These sequences were combined
to get a transcribed sequence for the gene. See Figure 3.11. See Appendix J for sequence
in FASTA format.
The transcribed sequence was compared to the reference gDNA sequence for the same
region of the gene and a few base pair differences were noted. To see if these differences
would have an effect on the functional protein the transcribed sequence was converted to
an amino acid sequence using the online ExPASy Translate Tool (http://auexpasy.org.cgibin/dna-aa). The BeeBase gDNA sequence between the primers used for sequencing was
also translated using ExPASy and the protein sequences were compared. There was no
difference in the protein sequence for the sequenced and reference amino acid sequences,
and the amino acid sequence contained no stop codons. It was therefore determined that
there was no intron in Her and primers were redesigned taking this into account. Primer
redesign was completed using the sequence obtained through DNA sequencing rather
than the reference DNA to ensure the most accurate gene sequence for the population of
Apis mellifera being studied.
3.1.3.2 Her without an intron
Primers were designed and tested by Dr. Duncan. The amplification efficiency was
111.4%, and a single product was amplified with no evidence of a product in the minus
RT control. Although this amplification efficiency is slightly higher than the 90-110%
acceptable levels for qPCR, a further five assays gave less desirable efficiencies.

See

Figure 3.12 for the position of the primers within the gene.
The sequence obtained from the PCR product matched the reference sequence for
GB10585. See Figure 3.13. See Appendix J for sequence in FASTA format.

Figure 3.12: Diagram of gene Her (GB10585) showing location of primers used for amplification of the
gene.

Figure 3.13: Chromatogram showing sequencing results from PCR amplification of Her from cDNA.
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The qPCR results and analysis show that Her was expressed most highly in worker ovary
(relative expression 2.67 with a standard deviation of 0.63) and least in queen ovary
(relative expression 0.63 with a standard deviation of 0.18). The relative expression of
Her in active worker ovary was 0.86 with a standard deviation of 0.19. See Figure 3.14.
There is a significant difference in expression between queen and worker ovary (p-value
< 0.01) and between active worker and worker ovary (p-value < 0.01), but not between
active worker and queen ovary. See Figure 3.14.
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Figure 3.14: qPCR results using primers for Her (GB105845). Worker ovary tissue has the highest
expression of Her with a relative expression of 2.67. Queen ovary has the lowest expression of Her with a
relative expression of 0.63. Active worker ovary relative expression is 0.86. Error bars show Standard
Deviation. ** p-value < 0.01.

3.1.4 Mα (GB15235)
Primers were designed and tested by Dr. Duncan to check for primer specificity and
efficiency. The amplification efficiency was 94.5%, and a single product was amplified
with no evidence of a product in the minus RT control. See Figure 3.15 for the position
of primers in the gene.

Figure 3.15: Diagram of gene Mα (GB15253) showing location of primers used for amplification of the
gene.
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Figure 3.16: Chromatogram showing sequencing results from PCR amplification of Mα from cDNA.
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Figure 3.17: qPCR results using primers for Mα (GB15253). Worker ovary tissue has the
highest expression of Mα with a relative expression of 1.77. Queen ovary has the lowest
expression of Mα with a relative expression of 0.74. Active worker ovary relative expression
is 1.38. Error bars show Standard Deviation. Expression differences between types of ovary
were not statistically significant.

The sequence obtained from the PCR product matched the reference sequence for
GB15253. See Figure 3.16. See Appendix J for sequence in FASTA format.
The qPCR results and analysis show that Mα was expressed most highly in worker ovary
(relative expression 1.77 with a standard deviation of 0.62) and least in queen ovary
(relative expression 0.74 with a standard deviation of 0.11). The relative expression of
Mα in active worker ovary was 1.38 with a standard deviation of 1.22. See Figure 3.17.
There was no statistically significant difference in expression between any of the different
ovarian tissue types investigated.

3.1.5 Basic Helix-Loop-Helix-1 (bHLH-1/GB19475)
Primers were designed such that they spanned the first intron of GB19475. See Figure
3.18.

Figure 3.18: Diagram of gene bHLH-1 (GB19475) showing location of intron and location of the primers
used for amplification of the gene.
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Figure 3.19: PCR amplification product of bHLH-1 run on a 2% agarose gel. Lane
one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA. Lane
three is the primer set run on the minus Reverse Transcriptase (-RT) control. Lane
four is the negative control (the primer set having been run with nuclease free H2O
instead of template). The gene product amplified from cDNA is expected to be 100 bp
in length. This is consistent with the band on the gel.

Figure 3.20: Chromatogram showing sequencing results from PCR amplification of bHLH-1 from cDNA.

Figure 3.21: A. qPCR standard curve for bHLH-1 showing a reaction efficiency of 101.2%. B. Melt Peak
curve for bHLH-1 products showing melt peaks for products falling between 79 °C and 79.5 °C

The expected gene product was 99 bp. The PCR product ran on a 2% agarose gel at
approximately 100 bp. See Figure 3.19
The sequence obtained from the PCR product matched the reference sequence for
GB19475. See Figure 3.20. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 101.2%. All the melt curve peaks were
between 79 °C and 79.5 °C. See Figure 3.21.
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The qPCR results and analysis show that bHLH-1 was expressed most highly in active
worker ovary (relative expression 1.19 with a standard deviation of 0.47) and least in
queen ovary (relative expression 0.36 with a standard deviation of 0.25). The relative
expression of bHLH-1 in worker ovary was 1.15 with a standard deviation of 0.20. See
Figure 3.22.
There was no statistically significant difference in expression between any of the different
ovarian tissue types investigated.
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Figure 3.22: qPCR results using primers for bHLH-1 (GB19475). Active worker ovary tissue has
the highest expression of bHLH-1 with a relative expression of 1.19. Queen ovary has the lowest
expression of bHLH-1 with a relative expression of 0.36. Worker ovary relative expression is 1.15.
Error bars show Standard Deviation. Expression differences between types of ovary were not
statistically significant.

3.1.6 Downstream gene (GB19025/ LOC413294)
To investigate the boundaries of the Enhancer of Split complex a downstream gene was
also investigated using qPCR (Figure 3.23). No appropriate primers were found for the
gene immediately downstream of the complex (GB20046), so the next gene downstream
was chosen for investigation.
Primers were designed such that they spanned the second intron of GB19025. See Figure
3.24.
The expected gene product was 102 bp. The PCR product ran on a 2% agarose gel at
approximately 100 bp. See Figure 3.25
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Figure 3.23: 192 kb region of chromosome 14 containing the four canonical Enhancer of Split genes, the
inserted Tubulin-Tyrosine Kinase and the two neighbouring, downstream genes.

Figure 3.24: Diagram of gene GB19025 showing location of introns and location of the primers used for
amplification of the gene.

Figure 3.25: PCR amplification product of GB19025 run on a 2% agarose gel Lane
one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA. Lane
three is the primer set run on the minus Reverse Transcriptase (-RT) control. Lane
four is the negative control (the primer set having been run with nuclease free H2O
instead of template). The gene product amplified from cDNA is expected to be 102 bp
in length. This is consistent with the band on the gel. The band in the no template
control is of a size likely to be primer dimer.

Figure 3.26: Chromatogram showing sequencing results from PCR amplification of GB19025 from cDNA.

Figure 3.27: A. qPCR standard curve for GB19025 showing a reaction efficiency of 99.2%. B. Melt Peak
curve for GB19025 products showing melt peaks for products falling between 74 °C and 74.5 °C

The sequence obtained from the PCR product matched the reference sequence for
GB19025. See Figure 3.26. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 99.2%. All the melt curve peaks were
between 74 °C and 74.5 °C. See Figure 3.27.
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The qPCR results and analysis show that GB19025 was expressed most highly in worker
ovary (relative expression 1.60 with a standard deviation of 0.39) and least in queen ovary
(relative expression 0.39 with a standard deviation of 0.11). The relative expression of
GB19025 in active worker ovary was 1.26 with a standard deviation of 0.38. See Figure
3.28.
There is a significant difference in expression between queen and worker ovary (p-value
< 0.01) and between active worker and queen ovary (p-value < 0.05), but not between
worker and active worker ovary. See Figure 3.28.
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Figure 3.28: qPCR results using primers for GB19025. Worker ovary tissue has the highest expression of
GB19025 with a relative expression of 1.60. Queen ovary has the lowest expression of GB19025 with a
relative expression of 0.39. Active worker ovary relative expression is 1.26. Error bars show Standard
Deviation. * p-value < 0.05; ** p-value < 0.01.

3.2

Enhancer of Split Complex Summary

The Enhancer of Split complex in Apis mellifera is made up of 4 canonical E(Spl)-C
genes and a tubulin-tyrosine ligase. The E(Spl)-C spans just over 168 kb (168053 bp) of
chromosome 14.
Including the downstream gene, the region of honeybee chromosome investigated by
qPCR covers over 192 kb (192175 bp) of chromosome 14. See Figure 3.23.
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During honeybee ovary action most of the canonical E(Spl)-C genes (all those except
bHLH-1) are expressed most highly in worker ovary. Downstream gene, GB19025,
followed the same expression pattern as the E(Spl)-C genes. All genes other than the
Tubulin-Tyrosine Kinase were expressed least in queen ovary. See Figure 3.29.

Figure 3.29: X-axis shows distribution of genes across the chromosome. Data points show qPCR
expression at primer pair loci across the Enhancer of Split region of Honeybee Chromosome 14. Relative
expression is consistent across most of the region with worker ovary having highest expression (yellow
diamonds), queen ovary having least expression (green triangles) and active worker ovary expression being
between these two (blue squares). Exceptions to this are GB19475 where active worker ovary expression is
slightly higher than worker ovary expression and GB14765 where there is a reversal of the expression
pattern such that highest expression is in queen ovary and lowest is in worker ovary (although these
differences are not statistically significant).
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3.3 Enhancer of Split Discussion
During embryonic development, the Tubulin-Tyrosine Kinase is expressed in a
co-ordinated manner with the canonical E(Spl)-C genes (Duncan and Dearden, 2010),
however here, it is expressed in an opposite manner to the rest of the complex. This
result has been replicated by Dr. Duncan, who used a larger number of samples (five
biological replicates, rather than only three, and included queen-less worker ovaries of
stages 0, 1 and 2). Dr. Duncan showed this change with statistically significant increase
in expression in queen-less workers scored as 0 (morphologically indistinguishable from
queen-right workers) and a significant increase in expression in queen-less worker ovaries
scored as 1 (using one way ANOVA with a Fishers LSD post-hoc test < 0.05) (Duncan,
Unpublished data).

This implies a different regulatory mechanism for the Tubulin-

Tyrosine Kinase in embryonic development than in ovarian tissue. Either, this gene is not
responding directly to Notch signalling in embryogenesis (unlike the other genes across
the region of DNA), or another change is occurring in ovarian tissue to prevent the
Tubulin-Tyrosine Kinase from falling under the control of Notch signalling. For example,
perhaps the three dimensional structure of the DNA in this region is altered in worker
ovary tissue (as compared to embryonic tissue) to prevent Notch mediated activation of
this gene (refer to Chapter 7: Discussion; Section 7.1 for more detail regarding the
importance of three dimensional chromosomal arrangement with respect to gene
expression). It would be interesting to see if the non-coordinated expression is present in
other tissue types as well.
Dr. Duncan found that the changes in expression of all the canonical E(Spl)-C genes
happen very early during ovary activation.

In active worker ovaries which are

morphologically indistinguishable from worker ovaries, i.e. stage 0 ovaries, there is a
down regulation of two of the E(Spl)-C genes compared to worker ovaries (Duncan, et
al., In Preparation). This shows that these gene expression changes occur prior to the
ovarian tissue being remodelled into a physiologically active state.
Dr. Duncan has also identified, through the use of DAPT, a Notch inhibitor, that the
Notch pathway appears to be the mechanism through which the worker ovaries respond to
the Queen Mandibular Pheromone to keep their ovaries in a repressed state (Duncan, et
al., In Preparation), i.e. repressing notch signalling is sufficient to activate worker ovaries
even in the presence of QMP.
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More investigation of the interaction between Tubulin-Tyrosine Kinase and Notch is
recommended to identify whether this gene does interact with Notch and if so, to
determine how the mechanism by which it does this is altered between embryonic
development and worker ovary repression.
That the downstream gene, GB19025, is also expressed in a similar manner to the
canonical E(Spl)-C genes is worthy of further investigation. GB19025 is a gene similar to
a testis-specific human gene, in that it encodes a protein with a short calmodulin-binding
motif with conserved Isoleucine (I) and Glutamine (Q) residues known as an IQ-domain
(Yin et al., 2005). Similar genes are present in the genomes of Apis florea, Bombus
impatiens and Bombus terrestris (all have genes with 99% coverage in a BLAST® search
of the GB19025 protein sequence), but there are no similar genes in the Drosophila
genome. The intervening gene, GB20046, should also be investigated through qPCR, and
this followed up with experiments looking for structural changes to this region of DNA,
to see if there may be some kind of coordinate regulation across this entire region of DNA
which the Tubulin-Tyrosine Kinase is somehow able to escape.
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CHAPTER FOUR
RESULTS – Identifying co-ordinately regulated regions
of the honeybee genome
4.1

RNA-Seq Data

A previous study in the lab had used RNA-Seq technology to identify genes that were
differentially regulated during the process of ovary activation in the worker honeybee.
Briefly, RNA-Seq reads (50bp) were mapped back to the honeybee genome. These reads
were converted into a RPKM (reads per kilobase gene model) (Mortazavi et al., 2008)
and differential expression was calculated using the Baggerly test (Duncan and Dearden,
unpublished data). For more detail regarding the RNA-Seq data set, please refer to
Chapter 1: Introduction; Section 1.5 and Chapter 2: Materials and Methods; Section 2.9.4.
This analysis, which had been completed prior to initiating my Masters research, revealed
that there were whole-scale changes in gene expression in the ovaries of worker bees as
they activate their ovaries. The honeybee genome has 16 chromosomes and encodes
10,157 known genes (Weinstock et al., 2006).

31% of these genes have altered

expression in response to the loss of the queen; 1628 genes are down-regulated, and 1871
genes are up-regulated (Duncan and Dearden, personal communication). The aim of this
chapter was to determine if the organisation of the genome is non-random with respect to
these changes in gene expression by using computational methods to identify regions of
the genome that are co-ordinately regulated in response to the absence of the queen.

4.2

REEF Program

This program searches for REgionally Enriched Features in genomes, giving it the name
REEF. RNA-Seq data was analysed using REEF (as described in Materials and Methods
Section 2.9.4.1), looking for regions where multiple genes were expressed most highly in
one type of ovary tissue: queen ovary, active worker ovary or worker ovary. Genes
expressed most highly in each ovary type were analysed separately.
When the full data set was analysed for each ovary type, REEF returned no identified
clusters. As the Q-value on the REEF program was set to a relatively stringent 0.05, and
this value incorporates False Discovery Rate (FDR) testing to account for multiple
testing, it was proposed that the lack of results was due to the large numbers of genes
included in the input files. To overcome this issue, only genes that had a greater than
2-fold expression difference between worker ovary and active worker ovary were used in
subsequent analyses.
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The REEF program identified four clusters in the gene set which had highest expression
in active worker ovary. These clusters were located on chromosomes 1, 12 and 13 with
two clusters being present on chromosome 13. However, none of these clusters involved
all of the genes in the region identified. Comparison of the clusters with the genes in the
RNA-Seq data set showed that, interspersed within these genes, were genes which were
most highly expressed in other ovary types. For example, one of the clusters located on
chromosome 13 contained, according to REEF, four genes. Visual inspection of this
region in the RNA-Seq data (ignoring significance levels or fold-thresholds) showed that
these genes spanned a region containing ten genes, two of which were expressed most
highly in worker ovary and two of which were expressed most highly in queen. See
Figure 4.1.
The REEF program identified a single cluster in the gene set which had highest
expression in worker ovary. This was a cluster of ten genes located on chromosome 2.
Eight of the 10 genes were neighbouring each other on the chromosome. These eight are
shown in Figure 4.2. The two upstream genes identified by REEF have not been shown
as there were four additional genes inserted between them and the group shown. Seven
of the eight neighbouring genes in this region were identified in NCBI as being
homologues of the Drosophila gene Lethal (2) - Essential For Life. The eighth gene was
identified as a homologue of Drosophila crimpled through a flybase BLAST search
(McQuilton et al., 2012).

Figure 4.1: 118kb region of chromosome 13 (from NCBI Apis mellifera Amel_4.5, GenBank Assembly ID:
GCA_000002195.1), identified by REEF as being enriched for genes with highest expression in active
worker ovaries, despite having many genes with highest expression in other ovary types. Green denotes
genes most highly expressed in active worker ovary; Blue denotes genes most highly expressed in worker
ovary; Yellow denoted genes most highly expressed in queen ovary. // denotes length of chromosome
(without genes) removed from figure.

Figure 4.2: 20kb region of chromosome 2 (from NCBI Apis mellifera Amel_4.5, GenBank Assembly ID:
GCA_000002195.1), identified by REEF as being enriched for genes with highest expression in worker
ovaries. Only neighbouring genes have been included in this image.
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The REEF program did not identify any clusters in the gene set that had highest
expression in queen ovary.

4.2.1 Limitations of the REEF program
The utility of the REEF program was limited in the following ways:


REEF was limited by a sliding window approach. Changes in the variable which
determines how far the window shifts each time can greatly influence the number
of regions found. A small window shift value leads to more stringent testing as it
leads to a higher multiple-testing value and this increases the False Discovery
Rate value, which then decreases the statistical significance of the findings. This
in itself may not be an issue, however when using the program I got some
anomalous results upon changing the window sizes and window shift variables. It
was not just that there were less regions identified at the more stringent settings
(as expected due to increased stringency limiting the groupings to only those with
high significance), but regions found to be significant at the high stringency
setting used in the analysis for this project were not identified at less stringent
settings.

I found this concerning as if a grouping was significant at high

stringency it should also be significant at low stringency (data not shown).


REEF identified a very small number of clusters, which suggests that either the
REEF algorithm is not sensitive enough to detect clusters of genes that are coordinately regulated or that the patterns of gene activation are independent of each
gene’s location within the genome.



REEF required a reference set of genes for the whole genome being investigated
and also required a file containing the subset of genes which exhibited whatever
feature you were interested in. Because of this, it could only look for areas
enriched by the user defined file and was unable to analyse the entire genome to
look for differences in expression. This may lead to a result biased by the user’s
input.



REEF was unable to consider comparative gene expression across all ovary types,
without generating separate input files. For example REEF could not distinguish
between a) genes which are expressed most highly in worker ovary and least in
active worker ovary and b) genes which are expressed most highly in worker
ovary and least in queen ovary as both a) and b) have highest expression in worker
ovary and only highest expression used to generate the REEF input files.
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REEF identified regions of the DNA which had mixed gene expression (i.e. not all
up or down in one ovary type). If regions of DNA were being co-ordinately
regulated through some process, such as histone modifications leading to opening
of chromatin to allow gene transcription or closing of chromatin preventing gene
transcription, we would expect that all of the genes in that region were turned on
or off together. Co-ordinate regulation of a region of DNA would lead to similar
expression changes in all genes in that region, not a mixture of some genes having
increased comparative expression and some have decreased comparative
expression across the region (as was seen in the REEF results).

Because of these limitations I decided to write a custom program to analyse the data,
without bias regarding chromosomal distance, which would only consider genes as a
complex if they were expressed in a conserved manner across all tissue-type comparisons.

4.3

A novel approach to gene cluster analysis: development of a
new C++ program.

4.3.1 Analysis of RNA-Seq data using new program
RNA-Seq data was analysed looking for neighbouring groups of genes that are expressed
in the same manner (e.g. highest expression in queen ovary, mid-level expression in
active worker ovary and lowest expression in worker ovary; highest expression in active
worker ovary, mid-level expression in queen ovary and lowest expression in worker
ovary; etc). Each expression pattern was assigned a unique three digit code: The first
digit of the unique code related to queen ovary versus worker ovary expression, the
second digit related to queen ovary versus active worker ovary expression and the third
digit related to the active worker ovary versus worker ovary expression. See Table 4.1
for all possible codes.
Relative
Relative
Relative
Code
Code
Expression
Expression
Expression
111*
Q>A>W
232*
W>Q=A
555
W>A>Q
112*
Q>W>A
444
Q>A>W
556
A=W>Q
121*
A>Q>W
445
Q>W>A
565
W>Q=A
131*
Q=A>W
446
Q>A=W
645
Q=W>A
212*
W>Q>A
454
A>Q>W
654
A>Q=W
221*
A>W>Q
464
Q=A>W
666
Q=W=A
222*
W>A>Q
545
W>Q>A
Table 4.1: Unique codes assigned to genes based on comparative expression. Q = queen ovary expression;
A = active worker ovary expression; W = worker ovary expression. * Denotes codes assigned to genes
which reached the FDR p-value level set for that experiment.
Code
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The absolute level of expression was not considered, only whether the expression was up
or down in the ovary tissue type comparisons and significant at the given False Discovery
Rate (FDR) p-value (obtained from the original RNA-Seq data set).
Given the focus of this project being the changes in gene expression during worker ovary
activation, the unique codes were generated in such a way that it was impossible for a
gene which had equal active worker and worker ovary expression to be categorised as
significant at any given FDR p-value.
The codes were arranged in chromosomal order and investigated using the program
written for this project (refer to Chapter 2: Materials and Methods; Section 2.9.4.2 for
description of program function and Appendix H for C++ code and output files). This
program identified regions of the honeybee genome where at least 3 neighbouring genes
were all expressed in the same manner (i.e. there were three identical expression pattern

# of genes in
group

codes in a row). See Table 4.2 for program output summary.

3 genes
4 genes
5 genes
6 genes
7 genes

FDR p-value maximum in RNA-Seq expression comparison
0.01
0.05
0.1
0.15
0.2
28
52
70
79
89
6
7
11
12
16
1
3
5
6
8
0
0
1
1
1
1
1
1
1
1

Table 4.2: Total numbers of groups of neighbouring genes with similar expression patterns at different
FDR p-value levels

Using a FDR p-value of 0.20, a large number of gene clusters were identified: 89 groups
of three genes, sixteen groups of four genes, eight groups of five genes, one group of six
genes and one group of seven genes.
As the FDR p-value for the analysis was made more stringent there were less genes
identified as having significantly different expression and the number of groups of each
size decreased. This held true for all bar the 7 gene group which was identified at all
FDR p-values analysed.
At all RNA-Seq data FDR p-values investigated, there was not a single instance of a gene
being expressed most highly in queen ovary and least highly in active worker ovaries with
worker ovary expression in the middle of these two.
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At an RNA-Seq data FDR p-value of 0.05 or less, there were no instances of a gene being
expressed most highly in active worker ovary and least highly in queen ovaries with
expression in the middle of these two in worker ovaries.
The previous two points mean that, for all genes which reached the significance
threshold, expression in active worker ovaries is either equal to queen ovary expression or
between queen and worker ovary expression. This expression comparison is independent
of the direction of expression difference (i.e. it holds whether expression is highest in
worker ovaries or highest in queen ovaries).

4.3.2 Determining significance of findings
Consultation with a biostatistician revealed that bootstrapping was an appropriate way to
determine the statistical significance of the gene groups identified using the new C++
program (Dr. Mik Black, personal communication).
10,000 random files the same size as the RNA-Seq data set (11,160 lines per file), with
the correct proportions of each expression code, were created for each RNA-Seq FDR pvalue. These random files were then analysed in the same manner as the RNA-Seq data
to determine whether such groups were likely to have occurred by chance. Both file
generation and analysis was performed by a C++ program written for this project (refer to
Chapter 2: Materials and Methods; Section 2.9.4.2.2 for description of program function
and Appendix I for C++ code and output files).
Proportional distribution of expression codes was determined for each RNA-Seq FDR pvalue by counting the instances of each expression code present in the RNA-Seq data at a
given RNA-Seq FDR p-value and dividing this number by the total number of genes
present in the RNA-Seq data set. These numbers were set up as a cumulative proportion
and, for each of the 10,000 iterations of analysis, a random number set was generated
which had the correct proportions of each code.
The pooled results from all 10,000 iterations were then compared to the actual results
(above). Whenever the number of groups present in the randomised data set was the same
as or more than the number of groups present in the RNA-Seq data set these groups were
counted and divided by 10,000 to give a p-value indicating how likely the groups seen in
the RNA-Seq data set were to have occurred by chance.
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3 genes
4 genes
5 genes
6 genes
7 genes

FDR p-value maximum in RNA-Seq expression comparison
0.01
0.05
0.1
0.15
0.2
28
52
70*
79*
89*
6
7
11
12
16
1
3*
5**
6**
8**
0
0
1
1
1
1**
1*
1*
1*
1*

Table 4.3: Numbers of groups of neighbouring genes with similar expression patterns at different FDR pvalue levels; * indicates significantly more groups than expected by chance at p-value <0.05; ** indicates
significantly more groups than expected by chance at p-value < 0.01.

This process was then repeated for each of the RNA-Seq FDR p-values originally
analysed and significance measures were assigned to the groups accordingly. See Table
4.3 and Figure 4.3 for RNA-Seq data C++ program output with significance indicators.
Where the FDR p-value was 0.20, 0.15 or 0.10, the actual number of groups containing
five genes was found to be significant, with a p-value < 0.01. The actual number of
groups containing either three or seven genes was found to be significant, with a p-value
< 0.05.
As the FDR p-value was decreased, significance for groupings decreased to zero for all
bar the seven gene group. When the FDR p-value was 0.01, the seven gene group was
found to be significant, with a p-value < 0.01.

Figure 4.3: Graphical representation of gene groups within RNA-Seq Data at different FDR p-values;
* indicates significantly more groups than expected by chance at p-value <0.05; ** indicates significantly
more groups than expected by chance at p-value < 0.01.
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4.3.3 Summary of output
Unexpectedly, overall, the number of groups identified using the new C++ program was
less than would be expected by chance. This implies that the honeybee genome is not
structured, in a whole-scale way, into functional complexes with respect to ovary
activation. However, the fact that some novel gene complexes were identified implies
that there may be smaller scale organization of the genome with respect to ovary
activation.
The seven gene complex identified using the new program was made up of the same
seven homologues of the Drosophila gene Lethal (2) - Essential For Life which were
identified using the REEF program (see Figure 4.4). That these genes were identified
using the C++ program shows that not only are they most highly expressed in worker
ovary (as shown by REEF), but they are expressed in a consistent manner across all ovary
types: most in worker ovary, least in queen ovary with active ovary expression being
somewhere between these two.

Figure 4.4: The seven Lethal (2) – Essential For Life homologues as they are arranged along an 18kb
region of honeybee chromosome 2 (from NCBI Apis mellifera Amel_4.5, GenBank Assembly ID:
GCA_000002195.1). All seven have differential expression between the different ovary tissue types with
an FDR p-value < 0.01. This was the only gene group identified by the new C++ program as being a
significant grouping of genes at p-value < 0.01. All are most highly expressed in worker ovary.

Drosophila Lethal (2) - Essential For Life [l(2)efl] is a single gene located on
chromosome 2 which, if knocked out, is lethal to the Drosophila embryo (McQuilton et
al., 2012). L(2)efl is expressed ubiquitously at relatively high levels during Drosophila
embryonic , larval and pupal development (Kurzik-Dumke and Lohmann, 1995). Late in
embryonic development l(2)efl is very highly expressed in the developing muscles Little
is known about its molecular function, although bioinformatic analysis of the Drosophila
genome suggests it may be involved in phosphorylation events by acting as a protein
kinase (Morrison et al., 2000) and possibly regulation of translation initiation (McQuilton
et al., 2012). In the adult Drosophila, relatively low levels of gene expression are
observed in the ovary and testis, and highest levels in the gut (McQuilton et al., 2012).
Gene duplication events have led to the seven neighbouring copies of the l(2)efl gene in
the honeybee genome. The function of these genes in the honeybee is unknown.
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Figure 4.5: 31 kb region of honeybee chromosome 8 (from NCBI Apis mellifera Amel_4.5, GenBank
Assembly ID: GCA_000002195.1). All five genes have differential expression between the different ovary
tissue types with an FDR p-value < 0.05. All five genes are most highly expressed in worker ovary.

Figure 4.6: 53 kb region of honeybee chromosome 8 (from NCBI Apis mellifera Amel_4.5, GenBank
Assembly ID: GCA_000002195.1). All five genes have differential expression between the different ovary
tissue types with an FDR p-value < 0.05. All five genes are most highly expressed in worker ovary. //
denotes length of chromosome removed from figure

At RNA-Seq data FDR p-value < 0.05 the three groupings identified with 5 genes were
also considered significant (See Table 4.3 and Figure 4.3).
The first two of these three grouping are on different regions of chromosome 8 and, like
the l(2)efl group were both most highly expressed in worker ovary. See Figure 4.5 and
Figure 4.6.
The first group on chromosome 8 covers a 31 kilobase region of the chromosome and is
made up of genes which code for two ATP-dependent trans-membrane transporter
proteins (which are involved in transporting nucleotides and amino acids across
intercellular membranes), one phosphatase (which removed phosphate groups from
modified proteins), one phosopholipase (which breaks down phospholipids into their
major subunits) and one glycosyltransferase (which is involved in the formation of
disaccharides, oligosaccharides and polysaccharides). See Figure 4.5.
The second group on chromosome 8 covers a 53 kilobase region of the chromosome 5 to
the previous group and is made up of genes which code for a trafficking protein (which is
involved in intracellular protein movement), a dioxygenase (which adds both oxygen
molecules of a water molecule onto its target protein) and three tetraspanin
transmembrane proteins. See Figure 4.6.
The third grouping is on chromosome 11 and is most highly expressed in queen ovary.
This group covers a 32 kilobase region of the chromosome and is made up of genes which
code for a protein which makes up part of an intra-nuclear protein complex, a protein
involved in transporting molecules to the inner mitochondrial membrane, a protein which
removes ubiquitin, a protein with a leucine-zipper domain (but without the DNA binding
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domain which is usually associated with that zipper domain) and an uncharacterised
protein (the Drosophila homologue of which is also uncharacterised)(McQuilton et al.,
2012). See Figure 4.7.

Figure 4.7: 32 kb region of honeybee chromosome 11 (from NCBI Apis mellifera Amel_4.5, GenBank
Assembly ID: GCA_000002195.1). All five genes have differential expression between the different ovary
tissue types with an FDR p-value < 0.05. All five genes are most highly expressed in queen ovary.

4.4

Discussion and comparison of approaches

The new program identified more groupings than the REEF program (p-value <0.05) as,
unlike the REEF program, all groupings identified by the new program were made up of
regions of neighbouring genes that are expressed in the same manner (considering all
comparisons between the different ovary types).
As the new program only considers whether something is the same as its neighbours, it is
not sensitive to the distance between those genes (an issue that could potentially be seen
using REEF’s sliding window approach). Nor are groups excluded due to multiple testing
calculations as occurs in REEF.
The same seven gene group on chromosome 2 was identified using both the REEF
program and the new C++ program. This group was selected for further analysis by RTqPCR (refer to Chapter 5).
The new C++ program also identified a number of groupings that, although they did not
contain enough genes at the FDR p-value cut off to define them as being arranged
together due to something other than chance, were very interesting due to the genes they
contained. One 22 kb region on chromosome 9 was particularly interesting. It contained
5 genes with the same expression pattern across the different ovary types, 4 genes that
reached the FDR p-value threshold up to p-value < 0.01 and one which did not, see Figure
4.8. This group contained three genes whose Drosophila homologues are involved in
cell-cycle regulation, including roles in meiosis. Genes in this region were most highly
expressed in queen ovary and least in worker ovary. As ovary activation requires egg
production, a meiotic process, and as this group was expressed most highly in queens,
unlike the other gene groups investigated (which were most highly expressed in workers),
this group was also chosen for further investigation by RT-qPCR (refer to Chapter 6).
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For this grouping, only genes with an RNA-Seq FDR p-value < 0.01 were investigated
using qPCR.

Figure 4.8: 22 kb region of honeybee chromosome 9 (from NCBI Apis mellifera Amel_4.5, GenBank
Assembly ID: GCA_000002195.1). The four genes in yellow have differential expression between the
different ovary tissue types with an FDR p-value < 0.01. All five genes are listed in the RNA-Seq data set
as being most highly expressed in queen ovary.
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CHAPTER FIVE
RESULTS – Lethal (2) – Essential For Life Complex
5.1

Lethal (2) - Essential For Life Complex

The Lethal (2) – Essential for Life Complex (Lethal Complex) was chosen for
investigation as it was identified as a significant grouping of similarly expressed genes
using both the REEF complex identification program and the computer program written
for this project (refer to Chapter 4: Program Output; Section 4.3.3).
This complex is comprised of seven homologues of the Drosophila gene, Lethal (2) –
Essential for Life [l(2)efl]. This gene’s molecular functions have not been determined by
experimental analysis, though bioinformatic analysis implies it may act as a protein
kinase (Morrison et al., 2000).
The Lethal Complex is seven genes in length. See Figure 5.1.

Figure 5.1: 18 kb region of chromosome 2 (from NCBI Apis mellifera Amel_4.5, GenBank Assembly ID:
GCA_000002195.1) containing the seven neighbouring homologues of Drosophila l(2)efl. This region was
identified as having co-ordinate expression using both the REEF program and the C++ program written for
this project.

The neighbouring genes (both upstream and downstream) were also investigated using
qPCR to determine the limits of this large gene complex.

5.1.1 LOC724231
As there are no introns in LOC724231, primers were designed to be the optimal primer
pair available for the gene, starting at mRNA base 608. See Figure 5.2.

Figure 5.2: Diagram of gene LOC724231 showing location of primers used for amplification of the gene.
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Figure 5.3: PCR amplification product of gene LOC724231 run on a 2% agarose gel.
Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA.
Lane three is the primer set run on the minus Reverse Transcriptase (-RT) control.
Lane four is the gene amplified from gDNA. Lane five is the negative control (the
primer set having been run with nuclease free H2O instead of template). The gene
product amplified from cDNA is expected to be 134 bp in length. This is consistent
with the band on the gel. The gDNA fragment is expected to be 134 bp as there were
no introns in this gene. This is consistent with the band on the gel for the gDNA
amplified product. There is no amplification in the –RT control nor in the H2O lane.

Figure 5.4: Chromatogram showing sequencing results from PCR amplification of LOC724231 from
cDNA.

Figure 5.5: A. qPCR standard curve for LOC724231 showing a reaction efficiency of 95.8%. B. Melt Peak
curve for LOC724231 products showing melt peaks for products falling between 76.5 °C and 77 °C.

The expected gene product was 134 bp. The PCR product ran on a 2% agarose gel at
approximately 140 bp. See Figure 5.3.
The sequence obtained from the PCR product matched the reference sequence for
LOC724231. See Figure 5.4. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 93.8%. All the melt curve peaks were
between 76.5 °C and 77 °C. See Figure 5.5.
The qPCR results and analysis show that LOC724231 was expressed most highly in
worker ovary (relative expression 2.16 with a standard deviation of 0.48) and least in
active worker ovary (relative expression 1.04 with a standard deviation of 0.35). The
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relative expression of LOC724231 in queen ovary was 0.64 with a standard deviation of
0.44. See Figure 5.6.

LOC724231 - Lethal Group Gene 1
**

Relative gene expression

3

**

2.5
2
1.5
1
0.5
0
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Figure 5.6: qPCR results using primers for LOC724231. Worker ovary tissue has the
highest expression of LOC724231 with a relative expression of 2.16. Active worker ovary
has the lowest expression of LOC724231 with a relative expression of 0.64. Queen ovary
relative expression is 1.04. Error bars show Standard Deviation. ** p-value < 0.01.

5.1.2 LOC724274
As there are no introns in LOC724274, primers were designed to be the optimal primer
pair available for the gene, starting at mRNA base 160. See Figure 5.7.
The expected gene product was 95 bp. The PCR product ran on a 2% agarose gel at
approximately 100 bp. See Figure 5.8.

Figure 5.7: Diagram of gene LOC724274 showing location of primers used for amplification of the gene.
Figure 5.8: PCR amplification product of gene LOC724274 run on a 2% agarose gel.

Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA. Lane
three is the primer set run on the minus Reverse Transcriptase (-RT) control. Lane four is
the gene amplified from gDNA. Lane five is the negative control (the primer set having
been run with nuclease free H2O instead of template). The gene product amplified from
cDNA is expected to be 95 bp in length. This is consistent with the band on the gel. The
gDNA fragment is expected to be 95 bp as there were no introns in this gene. This is
consistent with the band on the gel for the gDNA amplified product. There is no
amplification in the –RT control nor in the H2O lane. The bands across the bottom of the
gel are consistent with primer dimer formation during amplification
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The sequence obtained from the PCR product matched the reference sequence for
LOC724274. See Figure 5.9. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 103.0%. All the melt curve peaks were
between 81.5 °C and 82 °C. See Figure 5.10.
The qPCR results and analysis show that LOC724274 was expressed most highly in
worker ovary (relative expression 1.04 with a standard deviation of 0.59) and least in
active worker ovary (relative expression 0.28 with a standard deviation of 0.09). The
relative expression of LOC724274 in queen ovary was 0.39 with a standard deviation of
0.01. See Figure 5.11.

Figure 5.9: Chromatogram showing sequencing results from PCR amplification of LOC724274 from
cDNA.

Figure 5.10: A. qPCR standard curve for LOC724274 showing a reaction efficiency of 103.0%. B. Melt
Peak curve for LOC724274 products showing melt peaks for products falling between 81.5 °C and 82 °C.
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Figure 5.11: qPCR results using primers for LOC724274. Worker ovary tissue has the highest expression
of LOC724274 with a relative expression of 1.04. Active worker ovary has the lowest expression of
LOC724274 with a relative expression of 0.28. Queen ovary relative expression is 0.39. Error bars show
Standard Deviation. * p-value < 0.05.
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5.1.3 LOC410087
No appropriate primers could be found spanning the intron. Primers were designed for a
region within the first exon of the gene, starting at mRNA base 256. See Figure 5.12.
The expected gene product was 88 bp. The PCR product ran on a 2% agarose gel at
approximately 100 bp. See Figure 5.13.
The sequence obtained from the PCR product matched the reference sequence for
LOC410087. See Figure 5.14. See Appendix J for sequence in FASTA format.

Figure 5.12: Diagram of gene LOC410087 showing location of intron and location of primers used for
amplification of the gene

Figure 5.13: PCR amplification product of gene LOC410087 run on a 2% agarose gel.
Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA.
Lane three is the primer set run on the minus Reverse Transcriptase (-RT) control.
Lane four is the negative control (the primer set having been run with nuclease free
H2O instead of template). The gene product amplified from cDNA is expected to be
134 bp in length. This is consistent with the band on the gel. There is no
amplification in the –RT control nor in the H2O lane.

Figure 5.14: Chromatogram showing sequencing results from PCR amplification of LOC410087 from
cDNA.
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The qPCR standard curve had an efficiency of 95%. All the melt curve peaks were
between 76.5 °C and 77 °C. See Figure 5.15.
The qPCR results and analysis show that LOC410087 was expressed most highly in
worker ovary (relative expression 1.70 with a standard deviation of 0.99) and least in
queen ovary (relative expression 0.09 with a standard deviation of 0.04). The relative
expression of LOC410087 in active worker ovary was 0.43 with a standard deviation of
0.12. See Figure 5.16.

Figure 5.15: A. qPCR standard curve for LOC410087 showing a reaction efficiency of 95.0%. B. Melt
Peak curve for LOC410087 products showing melt peaks for products falling between 76.5 °C and 77 °C.
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Figure 5.16: qPCR results using primers for LOC410087. Worker ovary tissue has the
highest expression of LOC410087 with a relative expression of 1.7. Queen ovary has the
lowest expression of LOC410087with a relative expression of 0.43. Active worker ovary
relative expression is 0.09. Error bars show Standard Deviation. * p-value < 0.05; ** pvalue < 0.01.
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5.1.4 LOC724367
As there are no introns in LOC724367, primers were designed to be the optimal primer
pair available for the gene, starting at mRNA base 500. See Figure 5.17.
The expected gene product was 104 bp. The PCR product ran on a 2% agarose gel at
approximately 110 bp. See Figure 5.18.
The sequence obtained from the PCR product matched the reference sequence for
LOC724367. See Figure 5.19. See Appendix J for sequence in FASTA format.

Figure 5.17: Diagram of gene LOC724367 showing location of primers used for amplification of the gene
Figure 5.18: PCR amplification product of gene LOC724367 run on a 2% agarose gel.

Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA.
Lane three is the primer set run on the minus Reverse Transcriptase (-RT) control.
Lane four is the negative control (the primer set having been run with nuclease free
H2O instead of template). The gene product amplified from cDNA is expected to be
104 bp in length. This is consistent with the band on the gel. There is no
amplification in the –RT control nor in the H2O lane.

Figure 5.19: Chromatogram showing sequencing results from PCR amplification of LOC724367 from
cDNA.
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The qPCR standard curve had an efficiency of 96.3%. All the melt curve peaks were
between 78 °C and 78.5 °C. See Figure 5.20.
The qPCR results and analysis show that LOC724367 was expressed most highly in
worker ovary (relative expression 1.31 with a standard deviation of 0.17) and least in
queen ovary (relative expression 0.08 with a standard deviation of 0.04). The relative
expression of LOC724367 in active worker ovary was 0.41 with a standard deviation of
0.19. See Figure 5.21.

Figure 5.20: A. qPCR standard curve for LOC724367 showing a reaction efficiency of 96.3%. B. Melt
Peak curve for LOC724367 products showing melt peaks for products falling between 78 °C and 78.5 °C.
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Figure 5.21: qPCR results using primers for LOC724367. Worker ovary tissue has the
highest expression of LOC724367 with a relative expression of 1.31. Queen ovary has the
lowest expression of LOC724367 with a relative expression of 0.08. Active worker ovary
relative expression is 0.41. Error bars show Standard Deviation. ** p-value < 0.01.

5.1.5 LOC724405
As there are no introns in LOC724405, primers were designed to be the optimal primer
pair available for the gene, starting at mRNA base 254. See Figure 5.22.

Figure 5.22: Diagram of gene LOC724405 showing location of primers used for amplification of the gene.

70

Chapter Five: Results – Lethal Complex

The expected gene product was 130 bp. The PCR product ran on a 2% agarose gel at
approximately 130 bp. See Figure 5.23.
The sequence obtained from the PCR product matched the reference sequence for
LOC724405. See Figure 5.24. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 102.5%. All the melt curve peaks were
between 81.5 °C and 82 °C. See Figure 5.25.

Figure 5.23: PCR amplification product of gene LOC724405 run on a 2% agarose gel.
Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA.
Lane three is the primer set run on the minus Reverse Transcriptase (-RT) control.
Lane four is the gene amplified from gDNA. Lane five is the negative control (the
primer set having been run with nuclease free H2O instead of template). The gene
product amplified from cDNA is expected to be 130 bp in length. This is consistent
with the band on the gel. The gDNA fragment is expected to be 130 bp as there were
no introns in this gene. This is consistent with the band on the gel for the gDNA
amplified product. There is no amplification in the –RT control nor in the H2O lane.
The bands across the bottom of the gel are consistent with primer dimer formation
during amplification

Figure 5.24: Chromatogram showing sequencing results from PCR amplification of LOC724405 from
cDNA.

Figure 5.25: A. qPCR standard curve for LOC724405 showing a reaction efficiency of 102.5%. B. Melt
Peak curve for LOC724405 products showing melt peaks for products falling between 81.5 °C and 82 °C.
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The qPCR results and analysis show that LOC724405 was expressed most highly in
worker ovary (relative expression 2.85 with a standard deviation of 0.25) and least in
active worker ovary (relative expression 0.06 with a standard deviation of 0.03). The
relative expression of LOC724405 in queen ovary was 0.12 with a standard deviation of
0.05. See Figure 5.26.
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Figure 5.26: qPCR results using primers for LOC724405. Worker ovary tissue has the highest
expression of LOC724405 with a relative expression of 2.85. Active worker ovary has the lowest
expression of LOC724405 with a relative expression of 0.06. Queen ovary relative expression is
0.12. Error bars show Standard Deviation. ** p-value < 0.01.

5.1.6 LOC724449
As there are no introns in LOC724449, primers were designed to be the optimal primer
pair available for the gene, starting at mRNA base 285. See Figure 5.27.
The expected gene product was 136 bp. The PCR product ran on a 2% agarose gel at
approximately 140. See Figure 5.28.
The sequence obtained from the PCR product matched the reference sequence for
LOC724449. See Figure 5.29. See Appendix J for sequence in FASTA format.

Figure 5.27: Diagram of gene LOC724449 showing location of primers used for amplification of the gene.
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The qPCR standard curve had an efficiency of 108.7%. All the melt curve peaks were
between 77 °C and 77.5 °C. See Figure 5.30.

Figure 5.28: PCR amplification product of gene LOC724449 run on a 2% agarose gel.
Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA.
Lane three is the primer set run on the minus Reverse Transcriptase (-RT) control.
Lane four is the negative control (the primer set having been run with nuclease free
H2O instead of template). The gene product amplified from cDNA is expected to be
136 bp in length. This is consistent with the band on the gel. There is no
amplification in the –RT control nor in the H2O lane.

Figure 5.29: Chromatogram showing sequencing results from PCR amplification of LOC724449 from
cDNA.

Figure 5.30: A. qPCR standard curve for LOC724449 showing a reaction efficiency of 108.7%. B. Melt
Peak curve for LOC724449 products showing melt peaks for products falling between 77 °C and 77.5 °C.
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The qPCR results and analysis show that LOC724449 was expressed most highly in
worker ovary (relative expression 2.30 with a standard deviation of 1.20) and least in
active worker ovary (relative expression 0.08 with a standard deviation of 0.04). The
relative expression of LOC724449 in queen ovary was 0.09 with a standard deviation of
0.02. See Figure 5.31.
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Figure 5.31: qPCR results using primers for LOC724449. Worker ovary tissue has the highest
expression of LOC724449 with a relative expression of 2.30. Active worker ovary has the lowest
expression of LOC724449 with a relative expression of 0.08. Queen ovary relative expression is
0.09. Error bars show Standard Deviation. ** p-value < 0.01.

5.1.7 LOC724488
As there are no introns in LOC724488, primers were designed to be the optimal primer
pair available for the gene, starting at mRNA base 328. See Figure 5.32.

Figure 5.32: Diagram of gene LOC724488 showing location of primers used for amplification of the gene.

The expected gene product was 126 bp. The PCR product ran on a 2% agarose gel at
approximately 130 bp. See Figure 5.33.
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The sequence obtained from the PCR product matched the reference sequence for
LOC724488. See Figure 5.34. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 102.2%. All the melt curve peaks were at
78 °C. See Figure 5.35.

Figure 5.33: PCR amplification product of gene LOC724488 run on a 2% agarose gel.
Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA.
Lane three is the primer set run on the minus Reverse Transcriptase (-RT) control.
Lane four is the gene amplified from gDNA. Lane five is the negative control (the
primer set having been run with nuclease free H2O instead of template). The gene
product amplified from cDNA is expected to be 126 bp in length. This is consistent
with the band on the gel. The gDNA fragment is expected to be 126 bp as there were
no introns in this gene. This is consistent with the band on the gel for the gDNA
amplified product. There is no amplification in the –RT control nor in the H2O lane.

Figure 5.34: Chromatogram showing sequencing results from PCR amplification of LOC724488 from
cDNA.

Figure 5.35: A. qPCR standard curve for LOC724488 showing a reaction efficiency of 102.2%. B. Melt
Peak curve for LOC724488 products showing melt peaks for products fell at 78 °C.
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The qPCR results and analysis show that LOC724488 was expressed most highly in
worker ovary (relative expression 1.74 with a standard deviation of 0.44) and least in
queen ovary (relative expression 0.08 with a standard deviation of 0.002). The relative
expression of LOC724488 in active worker ovary was 0.52 with a standard deviation of
0.46. See Figure 5.36.
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Figure 5.36: qPCR results using primers for LOC724488. Worker ovary tissue has the highest
expression of LOC724488 with a relative expression of 1.74. Queen ovary has the lowest expression
of LOC72448 with a relative expression of 0.08. Active worker ovary relative expression is 0.52.
Error bars show Standard Deviation. ** p-value < 0.01.

5.1.8 Upstream Gene: LOC100576174
A flybase protein BLAST® search showed that the closest Drosophila homologue to
LOC100576174 is the gene crimpled (56.8% straight matching of amino acids, or 74.6%
with positive matching of amino acids, meaning that where amino acids in the protein
sequences were not the same they were structurally similar. E value of 1.31801e-35). In
adult Drosophila, crimpled is expressed most highly in salivary glands, but also has
moderately high expression in the hindgut, crop, carcass and both female and male
reproductive organs. Its molecular function is unknown (McQuilton et al., 2012).
Primers were designed such that they spanned the second intron of LOC100576174. See
Figure 5.37.

Figure 5.37: Diagram of gene LOC100576174 showing location of introns and location of primers used for
amplification of the gene.
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The expected gene product was 132 bp. The PCR product ran on a 2% agarose gel at
approximately 130 bp. See Figure 5.38.
The sequence obtained from the PCR product matched the reference sequence for
LOC100576174. See Figure 5.39. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 101.4%. All the melt curve peaks were
within 76 °C and 76.5 °C. See Figure 5.40.

Figure 5.38: PCR amplification product of gene LOC100576174 run on a 2% agarose
gel. Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA.
Lane three is the primer set run on the minus Reverse Transcriptase (-RT) control.
Lane four is the gene amplified from gDNA. Lane five is the negative control (the
primer set having been run with nuclease free H2O instead of template). The gene
product amplified from cDNA is expected to be 130 bp in length. This is consistent
with the band on the gel. The gDNA fragment is expected to be 229 bp as the primers
span the second intron of the gene. This is consistent with the band on the gel for the
gDNA amplified product. There is no amplification in the –RT control nor in the H2O
lane. The bands across the bottom of the gel are consistent with primer dimer
formation during amplification.

Figure 5.39: Chromatogram showing sequencing results from PCR amplification of LOC100576174 from
cDNA.

Figure 5.40: A. qPCR standard curve for LOC100576174 showing a reaction efficiency of 102.1%. B. Melt
Peak curve for LOC100576174 products showing melt peaks for products falling between 76 °C and 76.5
°C.
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The qPCR results and analysis show that LOC100576174 was expressed most highly in
worker ovary (relative expression 2.0 with a standard deviation of 0.79) and least in
queen ovary (relative expression 0.95 with a standard deviation of 0.28). The relative
expression of LOC100576174 in active worker ovary was 1.17 with a standard deviation
of 0.40. See Figure 5.41.
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Figure 5.41: qPCR results using primers for LOC100576174. Worker ovary tissue has the highest
expression of LOC100576174 with a relative expression of 2.0. Queen ovary has the lowest
expression of LOC100576174 with a relative expression of 0.95. Active worker ovary relative
expression is 1.17. Error bars show Standard Deviation. * p-value < 0.05

5.1.9 Downstream Gene: Golgi microtubule-associated protein (Gmap)
A functional protein study performed by Infante et al (1999) showed that the Golgi
microtubule-associated protein (Gmap) binds to the ends of microtubules and anchors the
cis side of the golgi complex to microtubules which terminate at the centrosome (Infante
et al., 1999).
Primers were designed such that they spanned the first intron of Gmap. See Figure 5.42.

Figure 5.42: Diagram of gene Gmap showing location of introns and location of primers used for
amplification of the gene.
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The expected gene product was 140 bp. The PCR product ran on a 2% agarose gel at
approximately 140 bp. See Figure 5.43.
The qPCR standard curve had an efficiency of 101.5%. All the melt curve peaks were
between 79.5 °C and 80 °C. See Figure 5.44.

Figure 5.43: PCR amplification product of gene Gmap run on a 2% agarose gel. Lane
one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA. Lane
three is the primer set run on the minus Reverse Transcriptase (-RT) control. Lane
four is the gene amplified from gDNA. Lane five is the negative control (the primer
set having been run with nuclease free H2O instead of template). The gene product
amplified from cDNA is expected to be 140 bp in length. This is consistent with the
band on the gel. The gDNA fragment is expected to be 357 bp as the primers span the
second intron of the gene. This is consistent with the band on the gel for the gDNA
amplified product. There is no amplification in the –RT control nor in the H2O lane.

Figure 5.44: A. qPCR standard curve for Gmap showing a reaction efficiency of 101.5%. B. Melt Peak
curve for Gmap products showing melt peaks for products falling between 79.5 °C and 80 °C.
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The qPCR results and analysis show that Gmap was expressed most highly in worker
ovary (relative expression 1.59 with a standard deviation of 0.41) and least in queen ovary
(relative expression 0.75 with a standard deviation of 0.17). The relative expression of
Gmap in active worker ovary was 0.89 with a standard deviation of 0.64. See Figure
5.45.
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Figure 5.45: qPCR results using primers for Gmap. Worker ovary tissue has the highest expression of
Gmap with a relative expression of 1.59. Queen ovary has the lowest expression of Gmap with a relative
expression of 0.75. Active worker ovary relative expression is 0.89. Error bars show Standard
Deviation. * p-value < 0.05.

5.2

Lethal Complex Summary

The Lethal Complex in Apis mellifera is made up of seven homologues of the Drosophila
gene Lethal (2) – Essential for Life, an upstream gene with unknown molecular function
whose homologue is crimpled, and a downstream gene which encodes a protein involved
in connecting intracellular structures, Gmap. The Lethal Complex spans just under 79 kb
(78,786 bp) of chromosome 2.
During honeybee ovary activation, expression of all genes in this region was decreased
(there was lower expression in active worker ovary than in worker ovary for all nine
genes). See Figure 5.46.
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Figure 5.46: X-axis shows distribution of genes across the chromosome. Data points show qPCR expression at primer
pair loci across the Lethal Complex region of Honeybee chromosome 2, including genes both upstream and
downstream of the seven Lethal (2) – Essential For Life homologues. Relative expression is consistent across the
whole region in that worker ovary has the highest expression compared with active worker and queen ovary.

5.3

Lethal (2) – Essential For Life in other Hymenopterans

Due to the large number of l(2)efl genes neighbouring each other in the honeybee genome
it was of interest to determine whether this was a recent duplication or if it was a more
ancient duplication within the hymenopteran order. To that end, l(2)efl orthologs were
identified using BLAST® analysis of proteins from key hymenopteran species, and other
holometabolous insects (Altschul et al., 1990).

Identified protein sequences were

extracted and aligned using ClustalX (Thompson et al., 1994). Bayseian phylogenetic
analysis was used to determine the molecular phylogeny of these genes. Drosophila
melanogaster, which has a single copy of this gene, was used as an outgroup for this
analysis.
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All of the neighbouring honeybee l(2)efl genes grouped within one clade on the
phylogeny. See red box in Figure 5.47.
The analysis revealed that there are multiple l(2)efl genes in more species than just the
honeybee.

Seven l(2)efl paralogs were identified in both the Jewel Wasp Nasonia

vitripennis and the bumblebee Bombus impatiens. Three l(2)efl paralogs were identified
in Bombus terrestris. However, only single orthologs of the l(2)efl genes were identified
in other hymenopteran species, such as the fire ant species Solenopsis invicta and the
parasitoid wasp species Macrocentrus cingulum, Venturia canescens and Microctonus
hyperodae.
Further investigation revealed that in many species where there are multiple l(2)efl genes,
these duplicated genes are located together on the chromosomes. Some of the species
with neighbouring l(2)efl genes include two bumble bee species (Bombus terrestris which
has two l(2)efl genes together on chromosome 2 and Bombus impatiens, where 5 of the
seven l(2)efl genes are mapped together to one contig of Genome Assembly BIMP_2.0,
although it is unknown which Bombus impatiens chromosome this contig maps to), one
wasp species (Nasonia vitripennis, 6 of the 7 paralogs are together on chromosome 2) and
a beetle species (Tribolium castaneum). The Bombus impatiens l(2)efl genes group in the
phylogeny with the first, second, third, fifth and sixth honeybee l(2)efl genes. The
Nasonia vitripennis l(2)efl genes group in the phylogeny with the second, third, fourth,
sixth and seventh honeybee l(2)efl genes.
The genes from Tribolium castaneum however did not group with the honeybee l(2)efl
genes. Instead they formed their own species-specific clade within the phylogeny. The
grey box on Figure 5.47 shows this Tribolium castaneum-specific clade. Genes within
the grey box form two groupings on chromosome 8: one group of five genes and another
group of two genes approximately 3000 kb away from the first group, and a single gene
on chromosome 3.
Figure 5.47 (on facing page): Phylogeny of Lethal (2) – Essential For Life gene homologues based on
NCBI BLAST-P results searching for l(2)efl homologues in hymenopteran and holometabalous species. .
The first two letters of each sequence code indicate the organism and the remaining information in the code
is the NCBI call number for that protein. Ae=Acromyrmex echinatior (Ant), Am=Apis mellifera
(Honeybee), Ae=Acromyrmex echinatior (Ant), Ap=Acyrthosiphon pisum (Aphid), Bi=Bombus impatiens
(Bumblebee), Bm=Bombyx Mori (Moth), Bt=Bombus terrestris (Bumblebee), Cf=Camponotus floridanus
(Ant), D[x]=Drosophila (Fruitfly), Hs=Harpegnathos saltator (Ant), Nv=Nasonia vitripennis (Wasp),
Si=Solenopsis Invicta (Ant) Tc=Tribolium castaneum (Beetle). Red box shows honeybee l(2)efl genes
identified during this project along with Nv, Bi and Bt homologues. Grey box shows Tc-specific clade
within overall phylogeny.
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5.4

Lethal Complex Discussion

The Lethal Complex is interesting due to the number of duplications of l(2)efl which sit
so close on honeybee chromosome 2. That there are seven similar genes neighbouring
each other is not common and some of those genes appear to have been duplicated
approximately 200 million years ago (as attested to by the presence of these groupings
within the other hymenopteran species). Given the relatively high rate of recombination
in the honeybee genome (Weinstock et al., 2006), this suggests that the organisation of
these genes has some kind of significance. Without providing some form of selective
advantage, this cluster would be unlikely to have been maintained, particularly given the
large evolutionary timeframe, and given the rarity of conserved gene complexes within
insect genomes (Dr. Elizabeth Duncan, personal communication).
What role these genes have in maintaining worker honeybee ovaries (the ovarian tissue in
which they are most highly expressed) is unknown, as the molecular function of l(2)efl
has yet to be determined. Functional analysis in the honeybee, using RNA interference
(RNAi), is possible (Ihle et al., 2010; Marco Antonio et al., 2008; Nunes and Simões,
2009; Schlüns and Crozier, 2007). However, a recent study has shown that abdominal
injection of siRNA or dsRNA designed to silence gene expression accumulates in the fat
body and is not detected in other tissues, including the ovary (Jarosch and Moritz, 2011).
This limits the use of RNAi in determining gene function in the adult honeybee.
Therefore techniques such as transgenesis might be valuable for determining gene
function. However, there are also limitations on the use of transgenic technology; it is
difficult to maintain lines of bees due to their haplo-diploid sex determination system, and
it is difficult to contain transgenic bees which is a problem when seeking regulatory
approval. Therefore, it may only be possible to indirectly infer the function of the
honeybee l(2)efl genes from such experiments as using the UAS:GAL4 system to drive
expression of this gene in the Drosophila ovary and then determining what proteins the
honeybee ortholog interacts with using techniques such as immunoprecipitation.
The co-ordinate regulation of these genes is another area for investigation.

In situ

hybridisation experiments may shed light on whether or not these genes are expressed
within the same cell types within the ovary. As the ovary is a complex tissue type (refer
to Chapter 1: Introduction; Figure 1.2), only genes which are expressed within the same
cell types within the ovary can be said to be co-ordinately expressed.
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immunoprecipitation experiments may highlight whether histone modifications within
this region have a role in the co-ordinate regulation of these genes.
Experimental analysis of the Lethal Complex in developing honeybee embryos and in
other honeybee tissue is recommended to identify whether this complex has roles outside
of maintaining the worker ovary in an inactive state.
Investigating gene expression, localisation and co-ordination in other species which have
Lethal Complexes may also help to shed some light on the function of these genes.

85

Chapter Five: Results – Lethal Complex

Page left blank to preserve formatting with double-sided printing

86

CHAPTER SIX
RESULTS – Cell Cycle Regulation Group
6.1

Cell Cycle Regulation Group

The Cell Cycle Regulation Group (Cell Cycle Group) was chosen for investigation as it
was identified as a grouping of similarly expressed genes using the computer program
written for this project, and its expression was opposite that of the Lethal Complex and
the Enhancer of Split complex, i.e. the Cell Cycle Group is expressed most highly in
queen ovary and least in worker ovary.

It was also selected because Drosophila

homologues of some of these genes are involved in oogenesis and female meiosis
(McQuilton et al., 2012). The RNA-Seq data show that there are five genes expressed in
the same manner in the Cell Cycle Group, although only four of these genes had
expression differences considered to be statistically significant and so only those four
have been investigated further with qPCR. See Figure 6.1. The fifth gene showed little
expression difference between the tissue types (with queen expression being only 4%
higher than worker expression) and RNA-Seq FDR p-values of 0.92 or greater.

Figure 6.1: 22 kb region of honeybee chromosome 9 (from NCBI Apis mellifera Amel_4.5, GenBank
Assembly ID: GCA_000002195.1). The four genes in yellow have differential expression between the
different ovary tissue types with an FDR p-value < 0.01. All five genes are listed in the RNA-Seq data set
as being most highly expressed in queen ovary.

6.1.1 LIX1-like protein-like (LOC551265)
Mutant studies have shown the Drosophila LIX1 homologue, lowfat (lft), to be involved
in imaginal disc-derived wing morphogenesis (McQuilton et al., 2012). Limb expression
1 (LIX1) has been shown to be expressed in the hindlimbs of chickens (Swindell et al.,
2001) and in motor neurons of mammals (Fyfe et al., 2006; Wakeling and Fyfe, 2011).
The molecular functions of LOC551265 homologues are unknown (Fyfe et al., 2006;
McQuilton et al., 2012; Wakeling and Fyfe, 2011).
Primers were designed such that they spanned the third intron. See Figure 6.2.

Figure 6.2: Diagram of gene LOC551265 showing location of introns and location of primers used for
amplification of the gene.
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The expected gene product was 127 bp. The PCR product ran on a 2% agarose gel at
approximately 130 bp. See Figure 6.3.
The sequence obtained from the PCR product matched the reference sequence for the
gene LOC551265. See Figure 6.4. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 95.8%. All the melt curve peaks were
between 76.5 °C and 77 °C. See Figure 6.5.

Figure 6.3: PCR amplification product of gene LOC551265 run on a 2% agarose gel.
Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA.
Lane three is the primer set run on the minus Reverse Transcriptase (-RT) control.
Lane four is the gene amplified from gDNA. Lane five is the negative control (the
primer set having been run with nuclease free H2O instead of template). The gene
product amplified from cDNA is expected to be 127 bp in length. This is consistent
with the band on the gel. The gDNA fragment is expected to be the 205 bp as the
primer pair span the third intron. This is consistent with the band on the gel for the
gDNA amplified product. There is no amplification in the –RT control and the band
in the H2O lane is of a size that it is most likely primer dimer.

Figure 6.4: Chromatogram showing sequencing results from PCR amplification of LOC551265 from
cDNA.

Figure 6.5: A. qPCR standard curve for LOC551265 showing a reaction efficiency of 95.8%. B. Melt Peak
curve for LOC551265 products showing melt peaks for products falling between 76.5 °C and 77 °C.
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The qPCR results and analysis show that LOC551265 was expressed most highly in
queen ovary (relative expression 1.0 with a standard deviation of 0.03) and least in
worker ovary (relative expression 0.31 with a standard deviation of 0.08). The relative
expression of LOC5512565 in active worker ovary was 0.47 with a standard deviation of
0.25. See Figure 6.6.
There is a significant difference in expression between queen and worker ovary (p-value
<0.01) and between queen and active worker ovary (p-value < 0.01), but not between
active worker and worker ovary. See Figure 6.6.
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Figure 6.6: qPCR results using primers for LOC551265. Queen ovary tissue has the
highest expression of LOC551265 with a relative expression of 1.0. Worker ovary has the
lowest expression of LOC551265 with a relative expression of 0.31. Active worker ovary
relative expression is 0.47. Error bars show Standard Deviation. ** p-value < 0.01.

6.1.2 G1/S-specific cyclin-E (CycE)
Cyclin E (CycE) is involved in regulation of the cell cycle by determining whether a cell
is ready to move from G1 Phase to S Phase through binding Cdk2 (Ohtsubo et al., 1995).
In Drosophila it is also responsible for differentiation of various cell types (e.g. sensory
and neuronal cells) (McQuilton et al., 2012), as well as being involved in oogenesis and
expressed in the adult Drosophila ovary (McQuilton et al., 2012).
No appropriate primers could be found spanning the intron. Primers were designed for a
region within the second exon of the gene, starting at mRNA base 344. See Figure 6.7.

Figure 6.7: Diagram of gene CycE showing location of introns and location of primers used for
amplification of the gene.
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The expected gene product was 119 bp. The PCR product ran on a 2% agarose gel at
approximately 120 bp. See Figure 6.8.
The sequence obtained from the PCR product matched the reference sequence for CycE.
See Figure 6.9. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 100.8%. All the melt curve peaks were
between 78 °C and 78.5 °C. See Figure 6.10.

Figure 6.8: PCR amplification product of gene CycE run on a 2% agarose gel. Lane
one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA. Lane
three is the primer set run on the minus Reverse Transcriptase (-RT) control. Lane
four is the gene amplified from gDNA. Lane five is the negative control (the primer
set having been run with nuclease free H2O instead of template). The gene product
amplified from cDNA is expected to be 119bp in length. This is consistent with the
band on the gel. The gDNA fragment is expected to be the same size as the primer
pair does not span the intron. This is the case in the amplified product. There is no
amplification in the –RT control and the bands in the –RT and H2O lanes are of a size
that they are most likely primer dimer.

Figure 6.9: Chromatogram showing sequencing results from PCR amplification of CycE from cDNA.

Figure 6.10: A. qPCR standard curve for CycE showing a reaction efficiency of 100.8%. B. Melt Peak
curve for CycE products showing melt peaks for products falling between 78 °C and 78.5 °C.

90

Chapter Six: Results – Cell Cycle Regulation Group

The qPCR results and analysis show that CycE was expressed most highly in queen ovary
(relative expression 0.73 with a standard deviation of 0.17) and least in worker ovary
(relative expression 0.08 with a standard deviation of 0.03). The relative expression of
CycE in active worker ovary was 0.58 with a standard deviation of 0.12. See Figure 6.11.
There is a significant difference in expression between queen and worker ovary (p-value
<0.01) and between active worker and worker ovary (p-value < 0.01), but not between
active worker and queen ovaries. See Figure 6.11.
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Figure 6.11: qPCR results using primers for CycE. Queen ovary tissue has the highest
expression of CycE with a relative expression of 0.73. Worker ovary has the lowest
expression of CycE with a relative expression of 0.08. Active worker ovary relative
expression is 0.58. Error bars show Standard Deviation. ** p-value < 0.0

6.1.3 Transforming acidic coiled-coil protein (tacc)
Transforming acidic coiled-coil (tacc) proteins are involved in mitosis, protein
localisation and microtubule organisation (Gergely, 2002).

Through their role in

microtubule formation, they are also involved in female meiosis. Female meiosis requires
acentrosomal spindle formation, and tacc proteins form part of the structure of
acentrosomal spindles (Cullen and Ohkura, 2001).
Primers were designed such that they spanned the third intron. See Figure 6.12.

Figure 6.12: Diagram of gene tacc showing location of introns and location of primers used for
amplification of the gene.
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The expected gene product was 139 bp. The PCR product ran on a 2% agarose gel at
approximately 140 bp. See Figure 6.13.
The sequence obtained from the PCR product matched the reference sequence for tacc.
See Figure 6.14. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 104.8%. All the melt curve peaks were
between 74.5 °C and 75 °C. See Figure 6.15.

Figure 6.13: PCR amplification product of gene tacc run on a 2% agarose gel. Lane
one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA. Lane
three is the primer set run on the minus Reverse Transcriptase (-RT) control. Lane
four is the negative control (the primer set having been run with nuclease free H 2O
instead of template). The gene product amplified from cDNA is expected to be 139 bp
in length. This is consistent with the band on the gel. There is no amplification in the
–RT or the H2O control lanes.

Figure 6.14: Chromatogram showing sequencing results from PCR amplification of tacc from cDNA.

Figure 6.15: A. qPCR standard curve for tacc showing a reaction efficiency of 104.8%. B. Melt Peak curve
for tacc products showing melt peaks for products falling between 74.5 °C and 75 °C.
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The qPCR results and analysis show that tacc was expressed most highly in queen ovary
(relative expression 0.55 with a standard deviation of 0.30) and least in worker ovary
(relative expression 0.06 with a standard deviation of 0.03). The relative expression of
tacc in active worker ovary was 0.30 with a standard deviation of 0.15. See Figure 6.16.
There is a significant difference in expression between queen and worker ovary (p-value
<0.01), but no significant difference in expression was seen in the other ovary type
comparisons. See Figure 6.16.
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Figure 6.16: qPCR results using primers for tacc. Queen ovary tissue has the highest
expression of tacc with a relative expression of 0.55. Worker ovary has the lowest
expression of tacc with a relative expression of 0.06. Active worker ovary relative
expression is 0.30. Error bars show Standard Deviation. ** p-value < 0.01

6.1.4 Minus-like hypothetical protein (LOC409010)
The Drosohphila minus gene has been implicated as having a role in transporting
molecules from ovarian nurse cells into developing oocytes (Schupbach and Wieschaus,
1991). It has also been shown to have a role in cell cycle control through mediating the
turnover Cyclin E (Szuplewski et al., 2009). For more information on Cyclin E see
Section 6.1.2.
Primers were designed such that they spanned the third intron. See Figure 6.17.

Figure 6.17: Diagram of gene LOC409010 showing location of introns and location of primers used for
amplification of the gene.
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The expected gene product was 110 bp. The PCR product ran on a 2% agarose gel at
approximately 105 bp. See Figure 6.18.
The sequence obtained from the PCR product matched the NCBI reference sequence for
LOC409010. See Figure 6.19. See Appendix J for sequence in FASTA format.
The qPCR standard curve had an efficiency of 110.9%. All the melt curve peaks were
between 73.5 °C and 74 °C. See Figure 6.20.

Figure 6.18: PCR amplification product of gene LOC409010 run on a 2% agarose gel.
Lane one is Invitrogen 1kb+ ladder. Lane two is the gene amplified from cDNA.
Lane three is the primer set run on the minus Reverse Transcriptase (-RT) control.
Lane four is the gene amplified from gDNA. Lane five is the negative control (the
primer set having been run with nuclease free H2O instead of template). The gene
product amplified from cDNA is expected to be 110bp in length. This is consistent
with the band on the gel. The gDNA fragment is expected to be the 205 bp as the
primer pair span the third intron. This is consistent with the band on the gel. There is
no amplification in the –RT control and the bands in the –RT and H2O lanes are of a
size that they are most likely primer dimer.

Figure 6.19: Chromatogram showing sequencing results from PCR amplification of LOC409010 from
cDNA.

Figure 6.20: A. qPCR standard curve for LOC409010 showing a reaction efficiency of 110.9%. B. Melt
Peak curve for LOC409010 products showing melt peaks for products falling between 73.5 °C and 74 °C.
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The qPCR results and analysis show that LOC409010 was expressed most highly in
queen ovary (relative expression 0.66 with a standard deviation of 0.30) and least in
worker ovary (relative expression 0.15 with a standard deviation of 0.08). The relative
expression of LOC409010 in active worker ovary was 0.32 with a standard deviation of
0.14. See Figure 6.21.
There is a significant difference in expression between queen and worker ovary (p-value
<0.01) and between queen and active worker ovary (p-value < 0.01), but no significant
difference in expression between active worker and worker ovaries. See Figure 6.21.
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Figure 6.21: qPCR results using primers for LOC409010. Queen ovary tissue has the
highest expression of LOC409010 with a relative expression of 0.66. Worker ovary has
the lowest expression of LOC409010 with a relative expression of 0.15. Active worker
ovary relative expression is 0.32. Error bars show Standard Deviation. ** p-value < 0.01
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6.2

Cell Cycle Group Summary

The Apis mellifera Cell Cycle Group of genes is made up of 4 genes. The Cell Cycle
Group spans just over 20 kb (20,289 bp) of chromosome 9. See Figure 6.1.
During honeybee ovary action, genes across this group are activated. Worker ovaries
have the lowest expression of these genes, active worker ovaries have increased
expression over worker ovaries and these genes are most highly expressed in queen
ovaries. See Figure 6.22. This is consistent with the RNA-Seq data.

Figure 6.22: X-axis shows distribution of genes across the chromosome. Data points show qPCR
expression at primer pair loci across the Cell Cycle Group region of Honeybee Chromosome 9. Relative
expression is consistent across the whole region with queen ovary having highest expression (yellow
diamonds), worker ovary having least expression (blue triangle) and active worker ovary expression being
between these two (green squares).

6.3

Cell Cycle Group Discussion

The Drosophila homologues of CycE, tacc and LOC409010 are involved in oogenesis
and female meiosis. That these genes of the cell cycle group are most highly expressed in
queen ovary suggests they may have a similar role in oogenesis in the honeybee.
The potential role of LOC551265 however is a mystery. The wing, limb and neural
expression of its homologues in insects, birds and mammals (respectively) does not give
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clues to why this gene may be most highly expressed in egg-producing honeybee ovaries.
That there is no functional information for the mode of action of the LIX1 homologues in
any of these other organisms does not help shed light on what the role of the increased
expression may be in this tissue. As with the genes of the lethal complex discussed in the
previous chapter there are challenges involved in employing the usual methods of
determining protein function in the honeybee ovary (refer to Chapter 5; Section 5.4).
Therefore, the only way to discover the function of LIX1 may be by driving lowfat
expression in Drosophila ovaries using the UAS:GAL4 system and follow this up with
immunoprecipitation to discover protein-protein interactions.
This grouping of genes has not been referred to as a “complex” because a grouping of
specifically four genes which are similarly expressed (all with RNA-Seq FDR p-value <
0.1) was not identified as ‘significant’ using the program written for this project.
Further investigation regarding the regulation of this region of the honeybee genome may
result in these genes being identified as a complex at a later date, i.e. if the fifth gene in
the region is shown to have a statistically significant similar expression pattern to the
other genes in the region through qPCR analysis and/or if chromatin immunoprecipitation
experiments identify this region as having histone markers consistent with co-ordinated
regulation of the region.
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CHAPTER SEVEN
DISCUSSION
The aim of this project was to determine if the genome of the honeybee is organized nonrandomly with respect to ovary activation. That is, the project aimed to determine
whether genes that were undergoing expression changes in the ovaries of bees (in
response to the loss of the queen), were adjacent to each other on the chromosomes, in
effect modulating gene expression through large numbers of ‘gene complexes’.
This question was investigated through the use of RT-qPCR and through data mining an
RNA-Seq data set which was generated by Dr. Elizabeth Duncan, using RNA extracted
from queen, active worker and worker ovaries. The RNA-Seq data set was created during
the timeframe in which this project was being undertaken.
Overall, my results did not support the hypothesis that genes are predominantly grouped
into functional complexes along chromosomes to facilitate rapid ovary activation.

7.1

Enhancer of Split genes are co-ordinately regulated during ovary
activation

Prior to this project, there were three known honeybee gene complexes which had been
identified through developmental studies. The Enhancer of Split Complex is expressed in
a co-ordinate manner in embryonic development (Duncan and Dearden, 2010) and during
worker ovary activation (with the exception of the Tubulin-Tyrosine Ligase inserted into
this complex which appears to have non-coordinated expression during ovary activation;
refer to Chapter 3). The other two known honeybee developmental gene complexes, the
Hox and Runt complexes were not identified during this project as being co-ordinately
regulated during ovary activation. This implies that during different honeybee processes
(e.g. embryonic development, worker ovary activation, maturation of worker bees
through different hive roles), different gene complexes may be activated or repressed.
That the Tubulin-Tyrosine Ligase is regulated differently when compared to its
neighbouring genes, suggests that while these genes are co-ordinately regulated during
embryonic development, there must be an alternative mechanism of regulation during
ovary activation. It has been shown that the three dimensional (3D) arrangement of DNA
within the nucleus can alter gene expression by recruitment of actively transcribed
regions to ‘transcription factories’ (Sutherland and Bickmore, 2009). Consequently, one
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hypothesis for the Tubulin-Tyrosine Ligase being regulated differently to the
neighbouring genes during different processes is that, in the honeybee ovary, this gene
loops out of the co-ordinately controlled E(Spl)-C region of chromosome 14. However,
during embryonic development, no such loop formation exists, allowing the gene to be
included with the co-ordinate regulation of the neighbouring genes. This hypothesis has
come from the discovery of two CCCTC-binding factor (CTCF) binding domains within
the E(Spl)-C (Dr. Duncan, personal communication).

CTCF has important roles in

developing and maintaining the 3D configuration of nuclear DNA and CTCF mediated
looping has been shown to have an effect on gene expression (Phillips and Corces, 2009).
Three dimensional chromosome formations have been shown to allow for interaction
between distant promoter regions and genes while excluding interaction of genes within
looped regions of DNA (Phillips and Corces, 2009). For example in cells where the βglobin locus is active, a 40-60 kb region of the locus is looped to allow for interaction
between the locus control region and the active genes. The genes within the looped DNA
remain in an inactive state. In cells which do not express β-globin, the DNA in this
region remains in a linear conformation (Tolhuis et al., 2002).
Chromatin Conformation Capture (3C) is a method which allows researchers to
investigate 3D chromosomal interactions within the nucleus. It involves cross-linking the
proteins within the nucleus using formaldehyde, digesting the DNA into small fragments,
removing DNA which is not cross-linked, ligating the DNA ends (in a manner which
prefers to ligate ends of cross-linked DNA), reversing the cross-linking step and then
investigating the resulting fragments through, most commonly, Polymerase Chain
Reaction (PCR) techniques to identify if the genes/promoter regions of interest are
present indeed linked physically within the nucleus (Dekker et al., 2002; Simonis et al.,
2007). For quantitative analysis of these interactions, quantitative PCR (qPCR) can be
employed in the analysis step (Hagege et al., 2007).
Using 3C alongside high throughput sequencing technology (Carbon Copy 3C, also
known as 5C) would allow for investigation of whether the 3D co-localisation within the
nucleus translates to co-ordinate expression of three dimensionally co-localised genes,
independent of the linear organisation of genes (Dostie and Dekker, 2007; Simonis et al.,
2007).
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If 5C data were obtained for worker and active worker ovaries, this data could be
arranged into a list of genes which are associated with each other in 3D space. The
program developed for this project would be then able to identify regions where three
dimensionally neighbouring genes are all expressed in a similar manner across the
different types of tissue. The lack of 3D genomic analysis is one limitation which may
have prevented additional gene complexes being identified during the course of this
project.
Using both linear and 3D approaches to identify cluster of genes may make it necessary
to redefine “gene complexes” with respect to the three dimensional organisation of the
DNA, rather than the current definitions, all of which involve linear groupings along a
chromosome (refer to Chapter 1; Section 1.4).

7.2

Random Gene Arrangement

Overall, this project has found that the honeybee genome is not arranged into functional
complexes with respect to ovary activation. Given the current evidence it is impossible to
say whether gene grouping has been selected against in honeybee evolution (perhaps due
to a lack of intracellular regulatory machinery required to manage or maintain those
groupings in functional domains), or if the lack of grouping is merely a result of the rapid
recombination rate within the honeybee genome (Weinstock et al., 2006). Similar studies
within increasingly distantly related species would be required to determine the cause of
the random gene arrangement in honeybees. As this project was designed to look at the
arrangement of genes associated with activation of worker bee ovaries, it is
possible/likely that other gene complexes exist but are activated in other contexts, for
example during embryonic or larval development.

7.3

Some non-random regions

Despite overall genomic randomness (with respect to genes differentially regulated during
ovary activation), three new gene clusters were identified during this project (refer to
Chapter 4; Section 4.3.3). As only three co-ordinately regulated gene complexes which
are conserved between species had been identified in the honeybee prior to this project
(the Hox, Runt and E(Spl) complexes), the identification of three additional complexes, at
least one of which is also conserved between species, is a significant finding and supports
the use of the approaches developed for this project. More work is required to discover
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whether the other complexes identified by the new C++ program are also conserved
between species.
One of the limitations of this study is that, throughout this project, whole ovary tissue has
been used. Yet, as described in the Introduction (refer to Chapter 1; Section 1.2.1), the
honeybee ovary is a complex tissue, made up of many different types of cells. Therefore
it is critical to determine whether the genes of interest are being expressed by the nursecells, the follicle cells or in the germ-line or somatic stem cells. If one gene that has been
identified as being co-ordinately expressed is expressed exclusively in the nurse-cells
whilst another is expressed only in the follicle cells it is unlikely that the expression of
both genes is being controlled by the same regulatory mechanism. Therefore, the first step
in analysing the co-ordinate regulation of these genes would be to identify whether all of
the genes are indeed expressed in the same cell types of the ovary. This could be
accomplished through in situ hybridisation (ISH) experiments, where a gene specific
probe binds to mRNA in the cells where that gene is expressed and that probe is
subsequently stained to allow for viewing using light microscopy or linked to a
fluorescent tag to allow for viewing with fluorescence microscopy (FISH). All of the
genes that have been identified as belonging to a gene complex in this study should be
examined in this way.
Of the three novel complexes identified in this study, the most statistically significant
group of genes identified (and the only group identified using both computer programs,
refer to Chapter 4; Section 4.3.3) was the Lethal Complex (refer to Chapter 5). The
Lethal Complex is an example of a gene complex which appears to be present in not only
the honeybee but also in some other Hymenopteran species (refer to Chapter 5; Section
5.3). Because little is known about the molecular function or regulation for most of the
genes in this complex, it would make this a particularly interesting group of genes to
investigate further.
Should the genes of the Lethal Complex be shown through ISH to be expressed in the
same cells within the ovary, the next stage of investigating this complex would involve
determining how the complex is regulated, possibly using techniques such as chromatin
immunoprecipitation (ChIP). ChIP provides a method of identifying meta-structures
surrounding a region of DNA through cross-linking DNA to the surrounding proteins,
using specific antibodies to select DNA bound to the meta-structures you suspect are
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involved (for example known histone markers for active or inactive chromatin), reversal
of the cross-linking and subsequent PCR analysis looking for the genes of interest. Given
the change in expression between queen and worker ovary it would be expected that
active histone markers (such as Histone 3 with methylation at lysine 4 or lysine 36. Refer
to Chapter 1; Section 1.3.2) would be associated with the Lethal Complex genes in
worker bees, whereas repressive histone markers (such as Histone 3 with methylation at
lysine 9 or lysine 27, particularly tri-methylation of lysine 27) would be associated with
the Lethal Complex in queen ovaries and stage 3 active worker ovaries.
If there are different histone markers present in the differentially activated ovary tissues,
by repeating the experiment using chromatin from differently staged active worker
ovaries (refer to Chapter 2; Section 2.1), it may be possible to investigate the speed at
which these histone markers are altered during the process of ovary activation.
Other epigenetic marks, such as DNA methylation, may also have a role in modulating or
stabilizing gene expression (refer to Chapter 1; Section 1.3.1).

The recommended

technique for discovering which cytosines are methylated is bisulphite sequencing.
Bisulphite sequencing involves treating DNA with sodium bisulphite which results in
unmethylated cytosine bases being converted to uracil bases (Olek et al., 1996).
Bisulphite treated and non-bisulphite treated DNA is then sequenced and those sequences
are compared.

Single nucleotide differences, with a change from a cytosine in the

untreated sample to a thymidine in bisulphite treated sample, indicate that the cytosine in
the untreated sample was methylated in the natural state of the cell (Olek et al., 1996). It
is currently unknown exactly how DNA methylation alters gene expression in the
honeybee, some studies suggest it drives differential splicing (Foret et al., 2012), while
other suggest whole-scale changes between workers exhibiting different behaviours (Herb
et al., 2012) (refer to Chapter 1; Section 1.3.1). However a broader data set, showing the
differences in methylation patterns alongside the differences in gene expression, may
allow for better understanding of this mechanism.
Outside of determining the method by which the Lethal Complex is co-ordinately
regulated, the function of these genes should also be investigated. These genes were
duplicated at least 200 million years ago, yet their physical relationship to each other
within the genome of the honeybee (and other hymenoptera) remains un-perturbed. The
upregulation of so many copies of the Drosophila Lethal (2) – Essential For Life [l(2)efl]
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in honeybee worker ovary suggests one of the following. Firstly, that the gene product is
so important it requires an excessive level of redundancy, secondly, that there is a dosedependent response to the resulting protein with a threshold that can only be reached with
upregulation of multiple copies of this gene or, finally, that the different gene products
function together in some manner.

The first hypothesis is unlikely given the proximity

of the genes to one another on the chromosome. To develop redundancy it would perhaps
be a sounder evolutionary strategy to have the multiple copies spread throughout the
genome so that, if there was a mutation event in one region, the other regions containing
that gene would remain unaltered, as is the case for ribosomal gene copies. The second
hypothesis is also unlikely due to the sheer number of duplications. Dose dependent
responses can occur from only two alleles of a single gene. Having seven copies of this
gene and unknown allelic variation for each gene would appear to be an excessive
response, particularly as in Drosophila a single copy of the gene is sufficient (and
necessary) for life. This leaves the hypothesis that these genes interact in some way, and
although seven of the genes in the Lethal Complex are identified as homologues of the
Drosophila l(2)efl, these genes have sequences varied enough to allow for the genes to be
differentiated using gene specific qPCR and protein sequence based phylogenetic analysis
which leads to the hypothesis that these genes have been sub-functionalized or neofunctionalized following gene duplication. To determine whether they do indeed have
different functions, protein-protein interactions between the different gene products could
be investigated through cross-linking and/or coimmunoprecipitation (Phizicky and Fields,
1995).
Ideally, to identify the biological function of these genes’ products, RNAi would be
employed to look at the phenotype resulting from knocking out these genes in the adult
honeybee ovary. Overexpression through a honeybee system similar to the Drosophila
UAS:GAL4 system would also help to determine the genes’ functions within different
tissue types within the adult organism.
Once the functions of these genes are determined in honeybees, it would be prudent to
investigate their functions in other species, particularly in those with neighbouring l(2)efl
duplications. Of particular interest would be a comparison of the gene function in the
eusocial species: honeybees and bumble bees, compared to reproductively independent
species such as the parasitoid jewel wasp and the red flour beetle.

104

Chapter Seven: Discussion

7.4

Future directions

In addition to further investigation of the gene complexes identified during this project,
there are other plastic processes within the honeybee which should also be analysed with
the aim of discovering novel gene complexes. The first plastic process is the larval dietinduced queen versus worker fate. As discussed in the Introduction (refer to Chapter 1;
Section 1.1.1) whether or not a fertilised larva is fed exclusively with royal jelly
determines whether that larva will develop into a queen or a worker. I recommend
collecting larvae at the critical time points for queen versus worker fate and using both
RNA-Seq and 5C technology to get two data sets representing which genes are physically
neighbouring each other in the nuclei during these stages. Both data sets are required as
5C technology will not provide information on non-looped DNA that is expressed in a
coordinated manner and RNA-Seq does not provide this information for looped DNA.
Therefore, for a complete picture both technologies should be used. These data sets
should then be analysed, separately from each, other using the program developed for this
project to identify putative novel gene complexes. Any potential complexes identified
from either data set should then be confirmed using qPCR and the cellular location of
their expression identified using ISH or FISH. ChIP should be used to identify changes in
histones attached to the gene complexes in the different castes. Bisulphite conversion of
the DNA in these regions of DNA is also recommended to identify changes in DNA
methylation in these regions, particularly as CTCF binding has been shown to change
based on methylation state at key binding sites (Phillips and Corces, 2009). It would be
interesting to discover whether gene complexes identified using 5C technology in one
caste which are absent in another caste are the result of differential methylation patterns
leading to differential CTCF binding and subsequent changes in the 3D nuclear DNA
organisation.
Another area worthy of investigation is the progression of worker honeybees through lifestages and roles within the hives. Differential DNA-methylation patterns have been
identified between foraging worker bees and nurse worker bees (Lockett et al., 2012). It
is possible these differential methylation patterns lead to differential CTCF binding,
resulting in changes in the 3D nuclear DNA organisation. This could then result in
different groups of genes being turned on and off together and may change which genes
are brought together to form complexes in workers with different roles. Comparing the
result of bisulphite sequencing to the results of 5C analysis may shed some light onto
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whether DNA methylation plays a key role in the 3D structure of nuclear DNA in the
honeybee.
Ultimately, it is hoped researchers will be able to discover the molecular process through
which environmental factors lead to a different response in these plastic honeybee
systems: How does the loss of a specific pheromone (QMP) lead to worker ovary
activation? How can the exclusive feeding of royal jelly physically interact with the
genome to result in queen, rather than worker, development? Once these questions are
answered the next step will be to translate these findings into ameliorating or preventing
human diseases born of gene-environment interactions.
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APPENDIX A
Oligonucleotide Primers used for qPCR

A.1

Enhancer of Split Complex Primers

Gene

Forward Primer

Reverse Primer

bHLH-2
(GB17028)

GGGAAGCGGGATCAAGATA

AGTCTGGCCGACGAGATGTA

Tubulin-Tyrosine Ligase
(GB14765)

CAAGCACATGAAGTCGTCGT

GCTCAGATTCACCCATAGGC

Her
(GB10585)

ACCACCACCGTAGCATCATC

ACTTTGGGGAGGCGTGTAA

Mα
(GB15253)

CAGTTGTTCCCGTTGTTCCT

GCTCAGGGTCGTCCAGTAGA

bHLH-1
(GB19475)

GCAGATGCACGAACAGATCA

TTGCGTTCCAACATAGGTTTC

GB19025

TCCTTGCCAGAAAAACGAAT

GAACTCTATGATTGATGACGGTTG

A.2

Cell Cycle Group Primers

Gene

Forward Primer

Reverse Primer

GCTTTGCTAAACCTTCTACAACTTC

CTTCCACGATTACATTCCAACA

CycE

CTTGGGCTGATGGTTCTCAA

TGCTCGCATTCTTGGTTGTA

tacc

ATGACGCAGAAAACGAATG

GCAATACAGTTGTCCGTACTAATTC

GCGAATTTACAAGGATTAGCTC

TTGCCTCGTGGACTTTTACC

LIX1-like protein
(LOC551265)

Minus-like protein
(LOC409010)

A.3

Reference Gene Primers

Gene

Forward Primer

Reverse Primer

Rpn2
(GB10959)

CGCCTGTAATGGAAACTGAAA

ACACGTTCTTGTTGCTCACG

mRpL44
(GB12865)

GCATGGTTGCATATTGGAACA

CGCTCCCACAAGTGCTAGA
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A.4

Lethal Complex Primers

Gene
Crimpled-like
(LOC100576174)
Lethal (2) –
Life
(LOC724231)
Lethal (2) –
Life
(LOC724274)
Lethal (2) –
Life
(LOC410087)
Lethal (2) –
Life
(LOC724367)
Lethal (2) –
Life
(LOC724405)
Lethal (2) –
Life
(LOC724449)
Lethal (2) –
Life
(LOC724488)
Gmap
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Forward Primer

Reverse Primer

TGGCACACTTTTGAATTGG

CTACGAACAGAGCTTAAACAATCAC

AAGACCTCGTCGCTGTTTTC

CTGGAGCAAATTGTTGAACATC

GATTGGTGGGAGACTCTGGA

AATCGGCTCGGTGATAACAA

GGATAGATTGGGAACGAGAGG

TGCTGCACGTCAAGAATCAC

GACGAGCACGGTTTGATCTC

AATATGCCATCGGAGGACAC

TGTACGATTTCCTACCGCAAA

ACACGGAACTGGCTTTTGTC

ATCAACATTTTGGCACAGCA

GCCTTCAAGAATGGATGATGA

ATGAAGGAGGAGGCACATCA

CCTCGACGACAACACACTTG

TGTAAAATGGCGTGGTTCG

TTTGCTTCCTTCAGTGCTTTC

Essential For

Essential For

Essential For

Essential For

Essential For

Essential For

Essential For

Gene

Gene
ID

Gene
ID

Gene
ID

Gene
ID

Gene
ID

1

2

3

4

5

6

A

Value

Value

Value

Value

Ovary Type
and
Biological
Replicate
number

Ovary Type
and
Biological
Replicate
number

Ovary Type
and
Biological
Replicate
number

Ovary Type
and
Biological
Replicate
number

Value

Expression
Value

Sample
Name

Ovary Type
and
Biological
Replicate
number

C

B

Formula
A

Average

D

Formula
B

Standard
Deviation

E

Formula
C

Exclusion
Factor

No. Of
Samples

Count
1

G

F

Formula
D

Formula
D

Formula
D

Formula
D

Formula
E

Formula
E

Formula
E

Formula
E

Formula
E

Variatio
n from
Average

Above
or Below
Average

Formula
D

I

H

Formula
F

Formula
F

Formula
F

Formula
F

Formula
F

Acceptable
Value?

J

Formula
G

Correcte
d
Average

K

Formula
H

Corrected
Standard
Deviation

L

APPENDIX B

Excel Formulae used to determine statistical outliers

Table B.1: Sample Table. For reference throughout this appendix:

117

Appendix B: Excel Formulae for determining statistical outliers

B.1

Formula A

Calculate the average expression value where expression values are held in cells C2
through to C6:
=AVERAGE(C2:C6)

B.2

Formula B

Calculate the standard deviation of the expression values where expression values are
held in cells C2 through to C6:
=STDEV(C2:C6)

B.3

Count 1

Manually count the number of values obtained for that gene within that tissue type.

B.4

Formula C

Calculate the exclusion factor for this tissue type based on exclusion factors listed in
Grubbs and Beck {, 1972 #144} using the values for “Upper 1% Significance Level” and
the number of values calculated above (in cell F2):
=IF(F2=3, 1.155, (IF(F2=4,1.492, (IF(F2=5, 1.749,0)))))
All tissue types analysed in this project had either 3,4 or 5 biological replicates.

B.5

Formula D

Calculate whether the expression value is above or below the average expression value.
Create formula for the first value using $ symbols before the row number for the cell
containing the average value (cell D2, calculated in Formula A above) so the formula can
be copied down the required rows:
=IF((D$2-C2)>0,"Below",(IF(D$2=C2,"Same","Above")))
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B.6

FormulaE

Calculate the variation of the value from the average based on the formula described in
Grubbs and Beck {, 1972 #144} for the first value using $ symbols for average and
standard deviation values (cells D2 and E2 respectively) to allow this formula to be
copied down the rows:
=IF(H2="Below",((D$2-C2)/E$2),IF(H2="Above",((C2-D$2)/E$2),0))

B.7

Formula F

Calculate whether the value is different enough from the other values that it can be
considered an outlier at the Upper 1% Significance Level by comparing this value’s
variation from the average (cell I2, calculated using Formula E above) to the Grubbs and
Beck {, 1972 #144} exclusion factor (cell G2, calculated using Formula C above).
=IF(I2>G$2, "FALSE", "TRUE")
Use conditional formatting on Column F so any cells containing the text “FALSE” are
highlighted in red.

B.8

Formula G

Calculate the new Average, manually excluding any outliers identified.
For example, if the value in C4 is discovered to be an outlier, use the formula:
=AVERAGE(C2:C3, C5:C6)

or

=AVERAGE(C2, C3, C5, C6)

Alternatively, if the value at one end of the range being analysed is an outlier you can
shorten the range by that end, for example if the value in C2 is discovered to be an outlier,
use the formula:
=AVERAGE(C3:C6)
See the example data in
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Table B.2 on the final page of this Appendix for a data set where the first expression
value in the set was excluded as an outlier.

B.9

Formula H

Calculate the new Standard Deviation, manually excluding any outliers identified as for
calculating the corrected Average (above) but using =STDEV( ) rather than
=AVERAGE( )
For example, if the value in C3 is discovered to be an outlier, use the formula:
=STDEV(C2, C4:C6)
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Expression
Value

0.7019067

0.9983786

1.0357647

1.0

0.9609633

Sample
Name

Q1

Q2

Q3

Q4

Q5

Gene

LOC551265

LOC551265

LOC551265

LOC551265

LOC551265

0.939403

Average

0.1353745

Standard
Deviation

5

No. Of
Samples

1.749

Exclusion
Factor

Above

Above

Above

Above

Below

Above or
Below
Average

0.1592667

0.4476274

0.7118183

0.4356500

1.7543625

Variation
from
Average

TRUE

TRUE

TRUE

TRUE

FALSE

Acceptable
Value?

0.99878

Corrected
Average

0.030548

Corrected
Standard
Deviation

Appendix B: Excel Formulae for determining statistical outliers

Table B.2: Example Data: Actual for data obtained for LOC551265 expression in queen ovary samples.

This example data set is also available in an Excel file on the accompanying Appendices
Compact Disc, housed on the inside rear cover of this thesis.
File name: AppendixB-ElectronicFile-StatisticalOutlierIdentification.xlsx
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ELECTRONIC APPENDICES
File names for electronic appendices
Appendix B - Excel formulae for determining statistical outliers
Filename: AppendixB-ElectronicFile-StatisticalOutlierIdentification.xlsx

Appendix C - REEF reference gene file
Filename: REEFReference.txt

Appendix D - REEF chromosome length file
Filename: REEFReference.txt.chr

Appendix E - REEF test file for genes most highly expressed in queen ovary
Filename: REEFDataFile-UpInQueens.txt

Appendix F - REEF test file for genes most highly expressed in active worker
ovary
Filename: REEFDataFile-UpInActives.txt

Appendix G - REEF test file for genes most highly expressed in worker ovary
Filename: REEFDataFile-UpInWorkers.txt

In “Visual Studio Projects” Folder
Appendix H - C++ code for analysing RNA-Seq data set
Folder: FileParserUsingIntArray

Appendix I - C++ code for generating and analysing 10,000 random data sets
Folder: SignificantSpecificRandomFiles
The C++ files require Microsoft Visual Studio Express 2010 to run. This can be
downloaded from:
http://www.microsoft.com/visualstudio/eng/downloads#d-2010-express

Appendix J - FASTA Sequences from PCR amplified products
Filename: SequencingResultsInFASTAFormat.fasta
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