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Abstract

In old days, miners would bring canaries with them in the mines as a way of detecting dangerous levels of gas,
due to birds being hyper-sensitivity to low oxygen levels. Similarly, male honeybees (drones) are likely to be hyper-
sensitive to some types of DNA damaging agents, due to their cells being haploid. Potentially, such hyper-sensitivity,
combined with the queen bee’s mating behavior, could explain the general decrease in the world’s honeybee
populations as well as the enigmatic Honeybee Colony Collapse Disorder.

Introduction
Honeybees (Apis mellifera) belong to the group of species where

their sex is determined by their cells’ chromosome ploidy; queens and
worker bees develop from fertilized diploid eggs (queens develop in
specific cells in the comb, where the diploid larva are being fed Royal
Jelly by the worker bees), while drones develop from unfertilized
haploid eggs (a process called parthenogenesis) [1-4]. The sex is
determined by a locus called csd (complementary sex determiner) that
in diploid cells has to be hetero-zygotic in order to mediate queen/
worker bee development [5-7]. It has been estimated that 116-145
different alleles of csd gene exist in the honeybee populations
worldwide [8]. If a honeybee egg is fertilized by a sperm carrying an
identical allele at the csd locus (through inbreeding), then the fertilized
egg will develop into a diploid male [9]. Such diploid male larvae are
recognized, when they hatch, by the worker bees, which remove them
from the comb and eat them [10]. Thus, only haploid males are
allowed to develop. So how does the queen avoid mating with related
haploid males? This is prevented by the queen’s mating behavior; in her
first spring she will leave the hive for a mating flight whereby she seeks
genetically unrelated drones. During the flight, she can mate with up to
20 drones [11]. She stores the sperm obtained by the matings for up to
three to five years (her lifespan) and will never mate again. The queen
then returns to the hive, and three days later start to lay fertilized
diploid eggs, thus establishing and maintaining the hive’s large worker
population. In the spring and summer months, the average lifespan of
a worker bee is forty days, while workers born in the autumn will
survive the winter and early spring. During the winter, the population
of workers decreases from about approximately 35000 to 50000 per
hive.

The question is what will happen if the queen is un-successful in
accumulating enough good quality viable sperm, either due to fewer
mating-events or due to that the drones she mates with are either
partly or completely infertile? The prediction is that the queen will be
able to lay viable unfertilized eggs (these can only develop into drones),
while the fertilized eggs she lays are likely to be unable to develop or
develop into worker bees with decreased fitness. As a consequence, the
population of the hive’s worker bees will plummet. This could indeed
be what happens during Honeybee Colony Collapse Disorder (CCD);

here, without any visual warning signs or the presences of deceased or
dead bees, the size of the worker bee population suddenly decreases
and the hive collapse [12]. Indeed, queen failure has been proposed as
a particular significant cause of Honeybee decline [13,14] and low
sperm-viability has been proposed as a potential underlying cause
[13,15-17].

Why would haploid drones be more sensitive to certain DNA
damaging agents and why could such sensitivity lead to drone death or
infertility? DNA damaging agents can damage the DNA in many
different ways. Some agents mostly modify the bases or the sugars of
the DNA and damages of these types are mainly repaired by base
excision or nucleotide excision repair. Such repair involves the removal
of the damaged base/nucleotide followed by repair by DNA synthesis
[18-22]. However, other types of DNA damage, such as damage caused
by free radicals, ionizing radiation, in some cases UV light, as well as,
some damage caused by reactive chemical compounds, can in some
cases either directly or indirectly lead to the formation of double-
stranded breaks (DSBs) in the DNA. DSBs can only efficiently be
repaired error-free by a process called DNA recombination that utilizes
a homologues chromosome or a homologues ectopic sequence for the
repair [23]. While diploid cells are, since they possess two homologues
copies of each chromosome, able to mediate homologous
recombination both in G1, S and G2 phases of the cell-cycle, haploid
cells can only mediate homologues recombination in the G2 cell-cycle
phase. The reason being that in the G2 phase DNA synthesis has
completed the synthesis of the two set of homologues sister
chromatids. However, if the DSB is formed in the genome of a haploid
cell in G1 or during S-phase (if the break happens in front of a
replication fork), then the damage, due to the absences of a
homologues chromosome sequence, will lead to genetic instability
through mutations and/or gross chromosomal rearrangements and can
potentially cause cell death. In case of Fission Yeast, another haploid
organism, the haploid cells deals with this problem by having a short
G1, where homologues recombination pathways are repressed and an
error-prone ligase mediated repair pathway called non-homologous
end-joining (NHEJ) is up-regulated, and a long G2 cell-cycle phase,
where homologues recombination pathways are up-regulated and
NHEJ is repressed [24]. Thus, in G2, Fission yeast cells are able to
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efficiently repair DSB by recombination with the homologues sister
chromatid. Honeybee’s drones may or may not have evolved a similar
cell-cycle control as Fission Yeast in order to better survive DNA
damage of the DSB type. But even if drone cells do have a short G1 and
a long G2 cell-cycle phase, DSBs will be detrimental in rapidly diving
haploid drone tissues such as the gonads. This is due to the frequent G1
and S-phases in such tissues and thus DSBs will lead to decrease sperm
viability/quality and potentially infertility of the drone.

So what could the culprits be in the environment that could cause
such DNA damage? Well, the answer would anything thing that
directly or indirectly cause double- or single-stranded breaks in the
DNA (a single-stranded break can be converted into a double-stranded
break during S-phase DNA replication [25]) or that cause a type of
damage that lead to stalled replication forks during S-phase DNA
replication. The latter is because stalled/broken replication forks can
also be repaired by a process that involved recombination with a
homologous chromosome reviewed by [26]. Thus, such environmental
factors could include reactive chemical compounds, as well as, ionizing
radiation and UV light. Recent publications have indeed shown that
some insecticides (Neonicotinoids and Friponil) can cause reduced
sperm viability and quantities for Honeybee drones thus affecting the
reproductive potential of the queens and therefore Honeybee colonies
sustainability [27,28]. Whether or not this is due to DNA damage of
the DSBs or stalled replication-forks caused by these insecticides is still
unknown. Here it should be noted that most biological systems
(mammalian cell cultures) currently being used to detect whether a
compound is mutagenic or not, are likely to be fairly resistant to DNA
damage of the DSB type. This is because mammalian cells are diploid,
and therefore not suitable for predicting whether drones would be
hypersensitive to a compound. It should also be noted, that searches of
PubMed were unable to find any literature addressing the sensitivity of
Honey Bee drones to DNA damaging agents.

Finally, it has alternatively been proposed that Honeybee viruses
and other pathogens are a possible cause of CCD [29,30]. However, if
pathogens are implicated, it is not in conflict with the proposal
presented here. CCD might have more than one cause and several
factors might have a cumulative effect on a hive’s fitness. Thus, my
opinion is that it is highly important to establish whether indeed
Honeybee drones are hyper-sensitive to some types of DNA damage.
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