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Abstract – The emerging threat of pollinator decline has motivated research on bee conservation biology in
order to both understand the causes of declines and to develop appropriate conservation strategies. The application of genetics to the conservation of diploid animals has proven to be important for both overcoming
genetic threats to population viability and for providing tools to guide conservation programs. However, the
haplodiploid bees have several unusual genetic properties of relevance to their conservation, which warrant
special attention. Here I review how haplodiploidy and complementary sex determination aﬀect genetic
parameters pertinent to the viability and future evolutionary potential of bee populations. I also review how
genetic tools can improve the conservation management of bees. I find that bees are especially prone to
extinction for genetic reasons, and that genetics can provide invaluable tools for managing bee populations
to circumvent pollinator decline.
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1. INTRODUCTION
There are nearly 20,000 known species of
bees worldwide (Michener, 2000), and they
are integral components of terrestrial ecosystems due to their indispensable role as pollinators (Allen-Wardell et al., 1998; Klein
et al., 2007; Kremen et al., 2007). Over the
past decade, multiple lines of evidence have
shown that both native and managed pollinators are experiencing a seemingly world-wide
decline (Biesmeijer et al., 2006; Fitzpatrick
et al., 2006; Kosior et al., 2007; NRC, 2007;
Colla and Packer, 2008; Goulson et al., 2008;
Grixti et al., 2009), fueling both ecological
and economic concerns (Kremen et al., 2002;
Fontaine et al., 2006; Vamosi et al., 2006;
Olesen et al., 2007; Pauw, 2007). This emerging threat has mobilized the academic community through the establishment of international
research initiatives and partnerships with the
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purpose of examining the causes of pollinator
decline and developing appropriate conservation strategies to circumvent it (e.g. Dias et al.,
1999; Kremen et al., 2007; NRC, 2007; Byrne
and Fitzpatrick, 2009).
Several extrinsic factors have been proposed to explain the observed declines in
bee populations: habitat fragmentation and
loss, agricultural intensification, overuse of
pesticides, pathogen spill-over from managed
pollinators, invasive species, and global climate change (Cane, 2001; Cane and Tepedino,
2001; Kremen et al., 2002; Müller et al.,
2006; NRC, 2007; Murray et al., 2009).
Genetic aspects of bee declines were completely neglected in the early syntheses (e.g.
Dias et al., 1999) despite the overwhelming
evidence that genetic factors can play important roles in species extinction (Saccheri
et al., 1998; Frankham et al., 2002; Spielman
et al., 2004; Hanski and Saccheri, 2006).
Several factors likely contributed to the initial oversight of possible genetic aspects of
bee declines, including: (1) Prior theoretical
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arguments suggesting that genetics is relatively unimportant in the conservation biology of haplodiploids (Box I). (2) Diﬃculties in
extrapolating knowledge gained from diploid
organisms to the haplodiploid bees. (3) Lack
of studies examining how specific bee genetic
and life history traits (e.g. haplodiploidy, complementary sex determination, sociality, etc.)
impact population viability. (4) Lack of genetic resources for bees. However, theoretical
and technical advances over the past decade
have overturned longstanding views regarding the immunity of bees to genetic threats in
small populations and prompted research on
their conservation genetics.
Research in conservation genetics can be
conceptually divided into two general types
of inquiry: (1) How does genetics contribute
to population decline and extinction? (2) How
can molecular tools be utilized to learn about
an organism’s characteristics relevant to conservation and management (e.g. taxonomy,
natural history, and demography)? In this review, I summarize and synthesize studies on
how genetics can contribute to bee declines
(Sect. 2), focusing on how haplodiploidy and
genetic sex determination aﬀect parameters
relevant to population viability and evolutionary potential. I also review how genetic and
genomic tools can be used in conservation
and management of bee populations (Sect. 3).
To ensure that my review is accessible to
the largest possible readership, I focus on
presenting general concepts without delving
into detailed mathematical treatments. For the
mathematically inclined, I recommend several
reviews on haplodiploid population genetics
(Crozier, 1977; Hedrick and Parker, 1997), and
conservation genetics (Frankham et al., 2002;
Gaggiotti, 2003; Hedrick, 2004; Frankham,
2005).

2. GENETIC ASPECTS OF BEE
DECLINES
Genetic threats can reduce the viability of
small wildlife populations over the short term
by reducing fitness, as well as over the long
term by limiting evolutionary potential (Box I)
and adaptability. Here I discuss the three most

plausible and best supported genetic threats to
the viability of small bee populations: Complementary sex determination, inbreeding depression, and loss of genetic diversity and consequent evolutionary potential. I do not discuss
the hypothesized eﬀects of the accumulation
of deleterious mutations on population viability (Lynch et al., 1995), given limited
empirical support of ‘mutational meltdowns’
in sexually-reproducing populations (reviewed
by Frankham, 2005). Box I contains a glossary of terms relevant to bee conservation genetics. The terminology relating to inbreeding
is historically a very murky subject (Jacquard,
1975; Templeton and Read, 1994; Keller and
Waller, 2002). Following Glémin (2003) and
Leberg and Firmin (2008), here I use ‘systematic inbreeding’ to describe species with
mating systems characterized by ‘inbreeding’
(Box I). I use inbreeding by drift to describe the increasing probability of relatedness
among mates in small populations (Box I). The
term inbreeding depression (Box I) can also
be ambiguous. Defined broadly, inbreeding depression, or reduced fitness of inbred individuals, can encompass the eﬀects of complementary sex determination that are unique to
some members of the Hymenoptera. However,
inbreeding depression is classically ascribed
to dominance and overdominance (Box I) –
which are common to both diploids and haplodiploids. Here I treat the unique eﬀects of
complementary sex determination on the fitness of haplodiploids as distinct from inbreeding depression caused by dominance and overdominance.

2.1. Complementary sex determination
and bee declines: death by diploidy
Bees belong to the insect order Hymenoptera, a group characterized by haplodiploidy (i.e. Females are diploid while
males are usually haploid; Box I). The presumed ancestral sex determination mechanism
in the Hymenoptera is single locus complementary sex determination (sl-CSD; Box I),
where sex is determined by genotype at a
single gene (Cook, 1993; van Wilgenburg
et al., 2006; Heimpel and de Boer, 2008).
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Figure 1. Diploid male production. A matched mating results when a female mates with a male sharing a sex-determining allele in common (allele E).
Half of the female’s diploid progeny – all intended
to be female – will be homozygous at the sex determination locus and will develop into diploid males
(genotype EE).

Heterozygotes at the sex-determination locus
develop into diploid females from fertilized
eggs, while hemizygotes develop into haploid males from unfertilized eggs. In cases
where a female mates with a haploid male
that shares a sex-determining allele in common (i.e. matched mating; Box I) half of the
female’s diploid progeny will be homozygous
at the sex-determination locus and will consequently develop into diploid males instead
of females (Fig. 1). Diploid males have been
observed in 4 families and at least 27 species
of both solitary and social bees (Tab. I), and
the sex determination locus has been molecularly identified in the honey bee Apis mellifera (Beye et al., 2003) and genetically mapped
in the bumble bee Bombus terrestris (Gadau
et al., 2001).
The production of diploid males represents
a large genetic cost in bee populations. Diploid
males are mostly either inviable or sterile
(Agoze et al., 1994; Duchateau et al., 1994;
Holloway et al., 1999; Liebert et al., 2004,
2005; Heimpel and de Boer, 2008). Female
Hymenoptera only fertilize their eggs when
attempting to produce daughters. The production of diploid males from fertilized eggs
therefore acts to increase female mortality. A
secondary cost to diploid male production is
also incurred if diploid males are viable and
achieve matings. Viable diploid males produce
diploid sperm and thus females mating with
them produce inviable fertilized eggs or sterile triploid daughters (Krieger et al., 1999;
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Ayabe et al., 2004; Liebert et al., 2004, 2005),
with one rare exception in an aculeate wasp
(Cowan and Stahlhut, 2004). In such cases,
the production of diploid males indirectly increases female mortality by constraining their
mates to the production of haploid males and
triploid daughters. Therefore, diploid male
production increases female mortality over
one or two generations, given inviable or effectively sterile diploid males respectively. Ultimately, increased female mortality caused by
diploid male production will result in reduced
population growth rates in bee populations
(Stouthamer et al., 1992; Pamilo and Crozier,
1997). In social bees, diploid male production
will eﬀectively increase female mortality for
both reproductive and worker castes, and can
thus reduce both population and colony growth
rates (Cook and Crozier, 1995). In cases where
colony survival is a function of the size of the
worker force, diploid male production can significantly increase colony mortality (Plowright
and Pallett, 1979; Ross and Fletcher, 1986).
Diploid male production is thus expected to be
costly in both solitary and social bees.
The number of sex-determining alleles,
which indirectly controls the frequency of
diploid male production, is an increasing function of population size (Fig. 2). Mutation provides a constant but slow (e.g. 10−6 , Kerr,
1997) input of novel sex-determining alleles
into the gene pool, increasing genetic diversity
at the sex-determination locus. Given the fitness costs associated with the production of
homozygotes at the sex-determination locus,
which develop into diploid males, the locus
experiences strong negative frequency dependent selection (Box I): New sex-determining
alleles introduced by mutation will initially
rise in frequency since individuals carrying
them have higher relative fitness (i.e. they
are less likely to participate in matchedmatings). However, as selection increases the
frequency of the new allele, relative to preexisting alleles, the relative fitness of individuals carrying the new allele will diminish
as they participate in more matched-matings.
Negative frequency dependent selection therefore acts to homogenize the frequencies of sexdetermining alleles in a population: The equilibrium allele frequency at the sex-determining
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Table I. Bee species where diploid males have been reported.
Species
Family Andrenidae
Andrena scotica
Family Halictidae
Augochlorella striata
Halictus poeyi
Lasioglossum leucozonium
Lasioglossum zephyrum
Family Megachilidae
Megachile rotundata
Family Apidae
Apis cerana
Apis mellifera
Bombus atratus
Bombus florilegus
Bombus impatiens
Bombus muscorum
Bombus sylvarum
Bombus terrestris
Eufriesea magrettii
Euglossa imperialis
Euglossa mandibularis
Euglossa meriana
Euglossa piliventris
Euglossa sapphirina
Euglossa tridentata
Eulaema cingulata
Melipona compressipes
Melipona scutellaris
Melipona quadrifasciata
Scaptotrigona postica
Trigona carbonaria

locus is 1/k, where k represents the number
of sex-determining alleles in the population
(Adams et al., 1977; Yokoyama and Nei, 1979;
Owen and Packer, 1994). In a random mating population, the frequency of diploids that
are male, measured as the proportion of homozygotes at the sex-determination locus, is
k(1/k)2 (i.e. number of sex-determining alleles multiplied by the expected homozygosity of an allele at equilibrium frequency) =

Reference
(Paxton et al., 2000)
(Packer and Owen, 1990)
(Zayed and Packer, 2001)
(Zayed et al., 2007)
(Kukuk and May, 1990)
(McCorquodale and Owen, 1994)
(Woyke, 1979)
(Adams et al., 1977; and others)
(Plowright and Pallett, 1979)
(Takahashi et al., 2008)
Zayed et al. unpublished
(Darvill et al., 2006)
(Ellis et al., 2006)
(Duchateau et al., 1994)
(Lopez-Uribe et al., 2007)
(Zayed et al., 2004)
(Takahashi et al., 2001)
(Roubik et al., 1996)
(Lopez-Uribe et al., 2007)
(Roubik et al., 1996)
(Roubik et al., 1996)
(Lopez-Uribe et al., 2007)
(Kerr, 1987)
(Carvalho, 2001)
(Camargo, 1979)
(Paxton et al., 2003)
(Green and Oldroyd, 2002)

1/k. The frequency of diploid male production is thus equivalent to the equilibrium frequency of sex-determining alleles,
and thus diploid male production is inversely
proportional to the number of sex-determining
alleles in the population (Fig. 2). Ultimately,
the number of sex-determining alleles in a
population is a function of mutation, negative frequency dependent selection, and genetic drift (Yokoyama and Nei, 1979; Cornuet,
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Figure 2. Smaller populations maintain less alleles at the sex determination locus, and consequently
produce higher frequencies of diploid males, when
compared to larger populations. The graph was obtained assuming a mutation rate of 10−6 using Cornuet’s (1980) mutation-selection-drift equilibrium
model.

1980). Smaller populations are more aﬀected
by drift and are thus expected to maintain
fewer sex-determining alleles, and have higher
frequencies of diploid male production compared to larger populations (Fig. 2).
Complementary sex determination and
diploid male production are expected to have
a negative impact on the population viability of bees. The production of diploid males
is expected to be higher in smaller populations (Fig. 2), and is thus expected to reduce
growth rates in these populations (Stouthamer
et al., 1992; Pamilo and Crozier, 1997). Zayed
and Packer (2005) explored the relationship
between diploid male production and extinction using simulation models of population
viability. Population viability analysis is a
very useful framework to examine how deterministic and stochastic events impact extinction risk (Brook et al., 2002a). Briefly, Zayed
and Packer (2005) modelled hypothetical haplodiploid populations assuming a wide range
of population sizes, and growth rates. First,
simulations were conducted assuming no complementary sex determination to estimate the
risk of extinction due to demographic factors
alone. Then, simulations incorporating complementary sex determination were performed
to examine the eﬀects of diploid male production on extinction risk. Given initially identi-
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cal population sizes and growth rates, the production of diploid males increased the risk of
extinction by more than an order of magnitude
on average (Zayed and Packer, 2005). The production of eﬀectively sterile diploid males increased the extinction risk over that caused by
inviable diploid males, because of the former’s
secondary eﬀects on population growth rates.
In diploid species, inbreeding depression is the
biggest genetic threat to short-term population viability (Brook et al., 2002b; Spielman
et al., 2004). Zayed and Packer (2005) also
compared the probability of extinction caused
by inbreeding depression in diploid populations with that caused by diploid male production in haplodiploid populations. Given identical starting population parameters, the risk of
extinction caused by diploid male production
in haplodiploid populations was an order of
magnitude higher than that caused by inbreeding depression in diploid populations, making complementary sex determination in haplodiploids the largest known genetic threat to
population viability (Zayed and Packer, 2005;
Hedrick et al., 2006).
Zayed and Packer (2005) attributed this increased extinction risk to the eﬀects of the
“Diploid Male Vortex”. The production of
diploid males can initiate a positive feedback cycle that leads to rapid extinction.
This occurs because the production of diploid
males initially reduces population sizes and
growth rates. Demographic and environmental
stochasticity combined with increased genetic
drift in a smaller population further reduce the
number of sex-determining alleles which leads
to higher levels of diploid male production.
This diploid male vortex will continue to reduce the proportion of females in the population, further reducing growth rates. In isolated
populations with small sizes and or low reproductive rates, negative population growth rates
can be rapidly achieved, ultimately leading to
extinction.
Although it is diﬃcult to attribute specific
causes to population declines and extinction in
nature, several lines of evidence suggest that
diploid male production can contribute, and
has contributed, to bee declines:
1. Higher levels of extinction are observed
in laboratory populations of parasitoid wasps
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with versus without complementary sex determination (Stouthamer et al., 1992; Wu et al.,
2003), as expected from Zayed and Packer’s
(2005) simulations. Furthermore, when laboratory populations of parasitoid wasps go extinct, they usually do so with high male-biased
sex ratios (Simmonds, 1947), as predicted by
Zayed and Packer’s (2005) simulations.
2. The simulation models developed by
Zayed and Packer (2005) show that diploid
male production can bring-about extinction
over realistic demographic parameters for
bees. In simulations, the net reproductive output of female bees was an important predictor for their susceptibility to extinction
through the diploid male vortex. Many solitary bee species have very low life-time fecundity (Michener and Rettenmeyer, 1956;
Danks, 1971; Else et al., 1978; Minckley et al.,
1994; Franzén and Larsson, 2007). Franzén
and Larsson (2007) recently summarized the
reproductive output of several Andrena species
which averaged 5.8 eggs per lifetime. At these
levels, the risk of extinction caused by the
diploid male vortex are extremely high for
a small population unless the environment is
conducive to rapid population growth (Zayed
and Packer, 2005).
3. The production of diploid males has been
empirically shown to increase colony mortality for some social Hymenoptera, both in the
laboratory (Plowright and Pallett, 1979) and in
the field (Ross and Fletcher, 1986).
4. Diploid males have been found in
many declining and/or endangered solitary and
social bee species (Carvalho, 2001; Zayed
et al., 2004; Darvill et al., 2006; Ellis et al.,
2006; Takahashi et al., 2008). For example,
diploid males, and triploid queens have been
observed in small populations of the rare
and locally distributed bumble bee Bombus
florilegus (Takahashi et al., 2008). In the
stingless bee Melipona scutellaris, small isolated populations maintain low numbers of
sex-determining alleles and rapidly go extinct
(Carvalho, 2001), presumably due to the effects of the diploid male vortex. However,
these populations can be ‘rescued’ through the
intentional introduction of mated queens from
other populations, which increases the number
of sex-determining alleles (Carvalho, 2001).

Carvalho’s (2001) study demonstrates a direct
causal link between diploid male production,
and extinction in bees.
The above lines of evidence suggest that
diploid male production can be, and likely
has been, involved in the global decline of
bees. Habitat loss and fragmentation are expected to reduce levels of genetic variation
in natural populations (Gilpin, 1991; Hedrick
and Gilpin, 1997; Whitlock and Barton,
1997), including allelic variation at the sexdetermination locus, making smaller bee populations more susceptible to extinction through
the diploid male vortex. Furthermore, any
extrinsic factor that acts to reduce bee population growth rates (e.g. overuse of pesticides, pathogen/parasite infections, competition from invasive species) will also, through
the dependence of diploid male production
on population size, initiate the diploid male
vortex (Fig. 3). Bee populations are thus expected to decline faster, and recover slower,
than expected based on ecological predictions
alone due to the synergistic negative eﬀects
of diploid male production on population size
and growth (Fig. 3).
Stochastic models supporting the role of
diploid male production in bee declines have
assumed monandry (i.e. females singly mate),
random mating, and no adaptations to reduce the costs of diploid male production
(Zayed and Packer, 2005). The first two assumptions are well supported by empirical
data (Eickwort and Ginsberg, 1980; Estoup
et al., 1995; Strassmann, 2001; Green and
Oldroyd, 2002; Palmer et al., 2002; Paxton
et al., 2003; Cameron et al., 2004; Paxton,
2005; Beveridge et al., 2006; Kraus et al.,
2008), with some exceptions (e.g. Page, 1980;
Paxton et al., 2000). Polyandry is expected
to reduce between-family variation in the
production of diploid males when compared
to monandry. However, the total frequency
of diploid male production will remain unchanged (Cook and Crozier, 1995). Lower
variance in diploid male frequencies between
families should slightly reduce the eﬀects of
drift (Frankham, 1995a), although similar extinction risks should be experienced under
both polyandry and monandry given equal
population-wide frequencies of diploid male
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Figure 3. Complementary sex determination synergistically interacts with extrinsic factors resulting
in faster decline and slower recovery of bee populations. I stochastically modelled (Zayed and Packer,
2005) a bee population (N = 10 000 bees) experiencing negative growth rates (assumed r = −0.28)
caused by an extrinsic environmental factor. At generation 50, the extrinsic factor was removed allowing the population to recover (assumed r = 0.28).
The population size (a), averaged over 100 simulation iterations, and the probability of extinction (b),
are presented for populations without diploid male
(DM) production, as well as with DM production
assuming inviable or eﬀectively sterile DMs. The
production of diploid males reduced growth rates
below that caused by the extrinsic factor resulting
in faster decline and slower recovery (a).

production. Polyandry in social bees may
serve to reduce the cost of diploid male production on colony mortality, but this largely
depends on the shape of the relationship between colony fitness and diploid male production (Cook and Crozier, 1995). Systematic Inbreeding (Box I) – a rare phenomenon in bees
which have several adaptations that promote
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random mating (Eickwort and Ginsberg, 1980)
– is expected to increase diploid male production and the risk of extinction over the predictions of Zayed and Packer’s (2005) models that assume random mating. For example,
50% of matings between siblings given monandry will be matched even in a population
with a large number of sex-determining alleles. Hymenopteran species with mating systems characterized by systematic inbreeding
tend not to have sl-CSD (van Wilgenburg et al.,
2006; Heimpel and de Boer, 2008), and this
may be also expected of bees with similar mating systems. However, sl-CSD has never been
plausibly rejected in any bee species examined so far (van Wilgenburg et al., 2006), although the available data are somewhat limited in taxonomic scope with a predominance
of studies on the Family Apidae (Tab. I). Frequencies of diploid males estimated from samples of adults in the systematically inbreeding Andrena scotia were lower than expected
given sl-CSD, suggesting that this species may
have multiple-locus CSD or a related adaptation to reduce levels of diploid male production (Paxton et al., 2000). However, a lower
frequency of diploid males, sampled as adults,
does not necessarily rule out sl-CSD given
the potential for high pre-adult mortality of
diploid males (Cook and Crozier, 1995; van
Wilgenburg et al., 2006; Heimpel and de Boer,
2008).
Finally, it has been proposed that hymenopterans with sl-CSD should evolve adaptations to reduce the cost of diploid male production (Cowan and Stahlhut, 2004; Paxton,
2005; van Wilgenburg et al., 2006). Such
adaptations include the evolution of more sex
loci, restored fertility of diploid males, selective fertilization of non-matched sperm in
polyandrous females, avoidance of matched
matings through sex-allele signaling, and others (reviewed by Cook and Crozier, 1995;
van Wilgenburg et al., 2006). Evidence for
most of these hypotheses is either rare (Cowan
and Stahlhut, 2004 report reproductive diploid
males in an aculeate wasp; De Boer et al.,
2007 report multiple locus CSD in a parasitoid
wasp), or completely lacking (Cook and
Crozier, 1995; van Wilgenburg et al., 2006). In
the largely random-mating bees, it is unclear if
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adaptations reducing the cost of diploid male
production would arise in normally large populations where diploid males are rare and the
costs of diploid male production are low. Empirical work is needed to investigate the possibility that bees have adaptations which reduce
the cost of diploid male production, and theoretical work is needed to derive conditions under which such adaptations can arise. The limited evidence suggests that such adaptations do
not exist, or are not widespread.
In summary, there is compelling theoretical and empirical evidence that diploid male
production can substantially reduce the viability of small bee populations. The diploid
male vortex is also expected to synergistically
interact with other deterministic factors causing faster extinction rates than would be expected. Endangered bee species targeted for
conservation should be managed to reduce
frequencies of diploid male production. This
can be achieved by promoting gene flow between populations (Zayed, unpubl. data), and
attempting to maintain a high level of allelic
diversity at the sex determination locus in bee
meta-populations.

2.2. Haplodiploidy, inbreeding
depression, and bee declines
Inbreeding depression (i.e. reduction in fitness due to inbreeding) is considered the
major threat to the short term viability of
small populations of diploid organisms (Brook
et al., 2002b; Gaggiotti, 2003; Spielman et al.,
2004; Frankham, 2005). In small closed populations, inbreeding by drift is an unavoidable phenomenon as relatedness between individuals is expected to increase over time
(Hedrick, 2000; Frankham et al., 2002). Inbreeding increases the frequency of homozygous genotypes and this is often associated
with a reduction in fitness traits (Hedrick,
2000; Frankham et al., 2002). Inbreeding depression has been observed for a large number
of mostly diploid organisms (Ralls and Ballou,
1983; Ralls et al., 1988; Keller and Waller,
2002; Armbruster and Reed, 2005) where it
has been both theoretically and empirically
shown to increase the risk of extinction in

small populations (Frankham, 1995b, 1998;
Saccheri et al., 1998; Westemeier et al., 1998;
Hedrick and Kalinowski, 2000; Brook et al.,
2002b; Gaggiotti, 2003; Reed and Frankham,
2003; Spielman et al., 2004; Frankham, 2005;
Vilas et al., 2006).
The exact cause of inbreeding depression
is often debated among evolutionary biologists (Charlesworth and Charlesworth, 1999;
Hedrick and Kalinowski, 2000; Crnokrak and
Barrett, 2002; Keller and Waller, 2002; Leberg
and Firmin, 2008). Two major hypotheses can
mechanistically explain inbreeding depression. The dominance hypothesis (Box I) posits
that inbreeding depression is caused by the expression of deleterious recessive alleles normally sheltered in heterozygous individuals.
The overdominance (Box I) hypothesis states
that inbreeding depression is caused by lower
fitness of homozygous versus heterozygous
genotypes. Inbreeding increases the frequency
of homozygous genotypes, and reduced fitness of inbred individuals can be explained
by both the dominance and overdominance
hypotheses. Empirical data support the view
that, generally, inbreeding depression results
mostly from dominance with a minor contribution from overdominance (Charlesworth and
Charlesworth, 1999; Hedrick and Kalinowski,
2000; Keller and Waller, 2002), although
overdominance can be a major component
of inbreeding depression for some traits
(Charlesworth and Charlesworth, 1999).
In haplodiploids, inbreeding depression can
result from dominance, overdominance, and
from increased homozygosity at the sex determination locus (see Sect. 2.1). Here I ignore
complementary sex determination as a source
of inbreeding depression in haplodiploids
since classically, inbreeding depression is defined as reductions in fitness of inbred individuals due to dominance and overdominance only. Several attempts have been made
to theoretically predict the relative extent
of inbreeding depression in haplodiploids
(Crozier, 1976b, 1985; Werren, 1993; Hedrick
and Parker, 1997). In haplodiploids, recessive lethal and mildly deleterious alleles are
constantly exposed to selection and are more
likely to be purged in haploid males, and
the equilibrium frequency of these alleles is
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therefore expected to be lower in haplodiploid
versus diploid populations. If recessive deleterious mutations are the sole cause of inbreeding depression, then males, and females,
in a haplodiploid population should exhibit
higher, and lower, genetic load than either sex
of a diploid population, respectively (Werren,
1993). Assuming the dominance hypothesis
and an equal sex ratio, the genetic load of
haplodiploids should be on average approximately 25% lower than diploid populations,
although exact values depend on levels of
selection against deleterious alleles, degree
of dominance, and whether systematic inbreeding is practiced (Werren, 1993; Hedrick
and Parker, 1997). Deleterious mutations in
genes with eﬀects limited only to females
are not expected to be purged by selection
on haploid males. The genetic load for sexlimited genes should thus be substantial in female haplodiploids (Crozier, 1976b), but will
still be 25% lower than the sex-limited load
of a diploid population (Werren, 1993). Finally, haplodiploidy is not expected to reduce the inbreeding depression caused by
overdominance. The eﬀects of haplodiploidy
on inbreeding depression are clearly dependent on many important, but often unknown,
parameters which include the genetic basis
of inbreeding depression (dominance versus
overdominance), the deleterious eﬀects and
relative dominance of mutations (e.g. lethal
versus mild deleterious, recessive versus partially recessive), and the contribution of sexlimited mutations to the genetic load. Although it seems clear that haplodiploidy can
reduce the genetic load under many circumstances, the magnitude of the expected reductions are small, implying that haplodiploid
populations should still experience significant
inbreeding depression.
Lowered fitness of inbred individuals has
been documented in several social bees
(e.g. Bienefeld et al., 1989; Gerloﬀ and
Schmid-Hempel, 2005). However, most studies of inbreeding depression in bees confound the negative eﬀects of diploid male
production with those caused by dominance
and overdominance, and only the latter two
contribute to inbreeding depression as classically defined. Parasitoid wasps without com-
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plementary sex determination are appropriate
organisms to investigate the consequences of
haplodiploidy on inbreeding depression without the confounding eﬀects of complementary sex determination. Henter (2003) and
Antolin (1999) reviewed estimates of inbreeding depression in Hymenopteran parasitoids for several fitness traits. Both authors
showed that haplodiploids without complementary sex determination experience substantial inbreeding depression, although lower
than that experienced by diploids. Furthermore, even some haplodiploid species with
systematically-inbreeding mating systems still
experience inbreeding depression (Luna and
Hawkins, 2004; Schremph et al., 2006). These
results indicate that haplodiploidy does not offer complete immunity from inbreeding depression, and that both overdominance and
dominance in female-limited genes likely constitute a significant source of inbreeding depression in haplodiploids. Inbred haplodiploid
populations, including those of bees, are thus
expected to suﬀer from reduction in fitness due
to inbreeding depression.
The eﬀects of inbreeding depression were
not incorporated into Zayed and Packer’s
(2005) population viability models, which
showed the potential of high rates of extinction
due to the production of diploid males in small
bee populations. Given the theoretical expectations and empirical evidence, it is likely that
inbreeding depression can interact synergistically with the sex determination load (Box I)
to increase extinction risk over the already
high values predicted by Zayed and Packer’s
(2005) models. Modelling the eﬀects of inbreeding depression on population viability
is possible following methods established for
diploid organisms (Lacy, 1993; Brook et al.,
2002b), although parametrizing such models
would be diﬃcult given lack of empirical data
for bees. Future studies which attempt to quantify inbreeding depression in inbred but not
match-mated bees (i.e. eliminating the confounding eﬀects of the sex-determination load)
will provide important empirical data needed
for a formal examination of the eﬀects of
inbreeding depression on the viability of bee
populations.

246

A. Zayed

2.3. Haplodiploidy, genetic diversity,
and bee declines
Genetic diversity is needed for populations to adapt to their changing environments
(Fisher, 1930; Lynch and Walsh, 1998). The
population’s eﬀective size, Ne (Box I), is an
important determinant of standing levels of
genetic diversity. Populations with small Ne
experience stronger drift, and consequently
maintain less genetic variation than those with
large Ne. As a result, small populations are believed to have limited potential evolutionary
responses to future changes in their environment (e.g. to novel pathogens, pesticides and
contaminants, introduced species, habitat fragmentation, climate change, etc.) thereby increasing their long-term risk of extinction (reviewed by Frankham et al., 2002; Gaggiotti,
2003; Hedrick, 2004; Frankham, 2005). Since
a haplodiploid population will have less gene
copies compared to an equivalent diploid population, the former will have lower Ne (except
when sex ratios are extremely female biased,
see Crozier, 1976a). All other factors being
equal – including mutation rates – a haplodiploid population is therefore expected to
have lower levels of neutral genetic variation
(Box I) than a diploid population. Complementary sex determination further reduces the
already lower Ne of haplodiploids by reducing
the number of females produced every generation (i.e. due to diploid male production),
and biasing the secondary sex ratio in favor
of haploid males when compared to an identical haplodiploid population without sl-CSD
(Zayed, 2004). In addition to haplodiploidy
and complementary sex determination, several other ecological attributes of bees contribute to lower Ne (Packer and Owen, 2001),
of which the best known are eusociality and
oligolecty. In eusocial bees, only a small proportion of the population is actually reproductive (i.e. queens and males) thereby reducing
Ne by orders of magnitude over a comparable
solitary population with the same census size
(Pamilo and Crozier, 1997). Furthermore, the
production of males by workers in some social
species also serves to increase drift and lower
genetic diversity (Owen, 1985). Oligolecty,
or diet-specialization, has also been hypoth-

esized to reduce Ne by limiting both the
population density and dispersal opportunities of specialist when compared to generalist
bees (Packer et al., 2005). The hypothesized
lower Ne of haplodiploid versus diploid insects, social versus solitary bees, and specialist versus generalist bees have been supported
by comparative studies of genetic diversity.
Haplodiploid insects – mostly hymenopterans – have less neutral genetic variation when
compared to Drosophila (Hedrick and Parker,
1997) and Lepidopteran insects (Packer and
Owen, 2001), while eusocial bees tend to exhibit lower levels of neutral genetic variation
when compared to solitary bees (Packer and
Owen, 2001). However, both of the previously mentioned meta-analyses do not correct
for phylogeny (e.g. systematic diﬀerences between hymenopterans and lepidopterans, other
than haplodiploidy, may be responsible for the
observed diﬀerences), and their results should
thus be interpreted with caution. Lower levels
of neutral genetic variation in specialist versus
generalist bees have been documented in several studies that correct for the confounding effects of phylogeny (Packer et al., 2005; Zayed
et al., 2005).
Although there is some empirical support
that haplodiploidy, eusociality, and oligolecty
reduce Ne, this does not necessarily imply that
the haplodiploid bees in general, and eusocial or specialist bees in particular, are more
at risk of extinction due to their lowered ability to adapt to their changing environments.
The evolutionary potential of a population is
best predicted by measuring levels of additive
genetic variance (Box I) in quantitative traits
aﬀecting fitness, a very diﬃcult parameter to
quantify in natural populations (Falconer and
Mackay, 1996; Pfrender et al., 2000; Reed and
Frankham, 2001; Gaggiotti, 2003; Hedrick,
2004). Neutral genetic variation often poorly
reflects additive genetic variance mostly due to
the eﬀects of selection and diﬀerences in mutation rates (Pfrender et al., 2000; Reed and
Frankham, 2001; Gaggiotti, 2003; Hedrick,
2004). For example, the mutation input for a
polygenic trait should be larger than that observed at molecular markers. Further, variation
at neutral markers is not expected to reflect
variation in a quantitative trait where selection
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– instead of drift – may be the primary evolutionary force. Therefore, lower neutral genetic
variation in bees should not be taken as evidence that bees are more at risk of extinction
due to reduced evolutionary potential when
compared to other taxa.
Although there is no empirical evidence
suggesting that losses of adaptive genetic diversity are contributing to the observed declines in bee populations, the threat is both
conceivable and warrants further investigation. For example, pathogens and parasites
have been linked to declines of both managed and native bees (Colla et al., 2006; CoxFoster et al., 2007; Otterstatter and Thomson,
2008). In honey bees, there is a clear genetic
basis for resistance to parasites (e.g. for resistance to Varroa mites, Harbo and Harris,
1999; Le Conte et al., 2007). Several quantitative trait loci (QTL) have been found to
control hygienic behavior of worker honey
bees (Lapidge et al., 2002) – a behavioral trait
which limits parasite and pathogen loads in
a colony. Similarly, several QTLs have been
found to aﬀect parasite infection intensity and
general immune response in the bumble bee
Bombus terrestris (Wilfert et al., 2007a, b).
Therefore, it is plausible that loss of genetic
variation at loci aﬀecting pathogen / parasite
resistance and general immune response may
reduce a bee population’s ability to cope with
infections from novel pathogens or parasites.
Future research is clearly needed to estimate
levels of additive genetic variance in fitnessrelated traits and examine its consequences on
population viability in natural bee populations.
Experimental studies which attempt to directly
estimate the eﬀects of reduced adaptive diversity on population viability after controlling
for other confounding factors (e.g. inbreeding depression, and complementary sex determination) are particularly needed (e.g. Vilas
et al., 2006).
3. USE OF GENETICS IN BEE
CONSERVATION MANAGEMENT
The application of molecular and population genetics to the field of conservation biology has provided a wealth of information
on fundamental population parameters and
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species characteristics relevant to wildlife conservation management. In this section, I provide a brief review of how molecular markers
have been utilized to ascertain important population characteristics and processes in bees,
and how conservation genetics can be used to
help overcome pollinator decline.
3.1. Resolving taxonomic uncertainty
In order to implement conservation actions,
knowledge about the taxonomic status of the
targeted species is needed. It is obvious that
taxonomic uncertainty due to the presence of
cryptic species can hinder conservation eﬀorts
(Frankham et al., 2002). Molecular markers
have been previously used to resolve cryptic bee species (e.g. Blanchetot and Packer,
1992; Carman and Packer, 1997; Danforth
et al., 1998; Franck et al., 2004; Kuhlmann
et al., 2007; Tavares et al., 2007; Murray et al.,
2008). This is commonly achieved by observing high DNA sequence divergence, or large
genetic distances (Box I), between species
when contrasted against divergence/distance
measures within species. For example, in a
survey of genetic diversity in the morphologically distinct bee ‘species’ Halictus ligatus from eastern North America, Carman and
Packer (1997) found fixed diﬀerences at more
than 7 out of 34 allozyme loci (Box I) between populations in southern South Carolina
and Florida when compared to all other populations, suggesting the presence of a cryptic
species (H. poeyi). This was later confirmed by
sequencing approximately 800 bp from several
mtDNA genes from a few individuals from
northern (H. ligatus) and southern (H. poeyi)
populations: sequence divergence between H.
ligatus and H. poeyi exceed 4% while intraspecific sequence divergence was very low
(< 0.6%) (Danforth et al., 1998).
The application of molecular markers has
helped in resolving taxonomic uncertainty of
several endangered bees. For example, using a combination of allozymes, microsatellite (Box I) and RAPD markers, Tavares et al.
(2007) found high levels of genetic diﬀerentiation between several geographic populations
of the endangered stingless bee Melipona rufiventris, indicating the presence of a cryptic
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species which should be considered separately for conservation purposes. Similarly,
Quezada-Euán et al. (2007) surveyed genetic
diversity at several microsatellite markers and
678 bp of the mitochondrial gene COI in the
endangered stingless bee Melipona beecheii
and found high levels of genetic diﬀerentiation
between populations in the Yucatan peninsula
and Costa Rica. Quezada-Euán et al. (2007)
recommended that movement of colonies between southern Mexico and Central America
should be reconsidered given that the two regions may harbor two cryptic species.
The discovery of a nearly universal DNA
barcode for animals (Hebert et al., 2003) is expected to greatly improve eﬀorts to conserve
bees. The DNA barcode represents a short
(658 bp) sequence of the mitochondrial gene
COI which shows high divergence between
closely related species of most animal taxa,
allowing for an eﬃcient and nearly universal DNA identification system (Hebert et al.,
2003; but see Moritz and Cicero, 2004). Conservation workers can quickly identify a targeted species by sequencing its DNA barcode
and comparing it to a database of DNA barcodes from known taxa. COI has an established history of delineating closely related
bee species (Danforth et al., 1998; Danforth,
1999; Dick et al., 2004; Quezada-Euán et al.,
2007; Murray et al., 2008), with some rare exceptions (Kuhlmann et al., 2007). The application of DNA barcoding has already proved to
be useful in resolving uncertainty in the taxonomically diﬃcult Lasioglossum subgenus Dialictus (Gibbs, 2009), and a campaign to barcode the bees of the world has been initiated
(see www.bee-bol.org).
3.2. Estimating species characteristics
relevant to conservation
Neutral molecular markers have been utilized to great eﬀect in estimating several
critical and often unknown demographic characteristics of species targeted for conservation
(Frankham et al., 2002; Hedrick, 2004). Because of their high variability, microsatellite
markers (Box I) have high statistical power
to estimate demographic parameters, and have
thus emerged as the gold standard in population genetic surveys (Luikart and England,

1999). Indeed, the availability of microsatellite
data has stimulated the development of novel
statistical methods aimed at characterizing a
species’ demography (e.g. population structure, detection of first generation migrants and
admixed individuals; testing for recent population size changes) (reviewed by Excoﬃer and
Heckel, 2006). The growing availability of microsatellite markers combined with non-lethal
techniques to sample DNA (Holehouse et al.,
2003; Chaline et al., 2004) should open the
door for population genetic studies of common, declining, and even endangered bees.
Population genetic surveys of natural bee
populations have almost always detected
biologically-significant levels of population
structure. Packer and Owen (2001) reviewed
allozyme-based studies and found that bees,
along with other Hymenoptera, tend to have
significantly higher estimates of genetic diﬀerentiation when compared to lepidopteran insects, suggesting that haplodiploidy promotes
genetic diﬀerentiation, possibly though its effect on reducing eﬀective population size.
More recent studies using microsatellites have
corroborated the earlier findings (e.g. Widmer
and Schmid-Hempel, 1999; Danforth et al.,
2003; Herrmann et al., 2007; Stow et al.,
2007; Zayed and Packer, 2007), with some
exceptions (Estoup et al., 1996; Beveridge
and Simmons, 2006). Population genetic studies of endangered bumble bees also discovered significant levels of genetic diﬀerentiation (Darvill et al., 2006; Ellis et al., 2006),
even at small geographic scales (< 10 km).
The available evidence suggests that population genetic structure is a nearly universal feature of bee populations. This may be expected
since nest-building and central place foraging
can promote population subdivision by reducing gene flow.
Molecular markers have also been used
to estimate colony densities, foraging ranges,
and eﬀective population sizes for several
bee species. In a monoandrous haplodiploid
species, sisters are expected to be 75% related
to each other. If female bees are sampled as
they forage, it is possible to detect full sisters
based on their high degree of relatedness as
inferred from genotyping a large number of
hypervariable markers such as microsatellites
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(Chapman et al., 2003). By estimating the
number of colonies contributing foragers (i.e.
sisters) at any particular site, and by making
some assumptions regarding the number of
colonies not observed, it is possible to estimate
the number and density of nests at the sampled
sites (Darvill et al., 2004). Also, the foraging
range of a species can be estimated by examining the geographic distances separating foragers from the same colony (Chapman et al.,
2003; Darvill et al., 2004). The above methods have been used to great eﬀect in estimating
nest densities and foraging ranges for common
bumble bees (Chapman et al., 2003; Darvill
et al., 2004; Knight et al., 2005). Sistershipbased methods, as outlined above, can also be
used to estimate the eﬀective number of breeding individuals in a population (equals 1.5X
the number of nests assuming monandry; Ellis
et al., 2006).
Although more data are clearly needed, estimates of eﬀective population sizes of bees
tend to be surprisingly low. Zayed and Packer
(2007), using changes in microsatellite allele
frequencies over time (Wang, 2005), estimated
current Ne to range from 200 to 1000 for
several populations of the solitary sweat bee
Lasioglossum (Sphecodogastra) oenotherae,
a specialist on evening primroses. Using a
sistership-based method, Ellis et al. (2006)
estimated the breeding population size (i.e.
which provides an upper limit for Ne) of the
endangered bumble bee Bombus sylvarum to
range 21 to 72. Low historical Ne, inferred
from allozymes, have also been observed for
the common sweat bee Halictus poeyi (Zayed
and Packer, 2001), and the declining orchid
bee Euglossa imperialis (Zayed et al., 2004).
More estimates of Ne for solitary and social
bees are badly needed before any broad conclusions can be made, but the available data
seem to suggest that bees persist in somewhat
isolated populations with comparatively small
eﬀective sizes. Low Ne and limited gene flow
can exacerbate both genetic and demographic
threats to population viability (see Sect. 2),
and conservation actions developed for bees
must be mindful of these characteristics.
Although population genetic surveys are
very insightful on their own, they become extremely illuminating when combined
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with ecological studies, as the recent work
by Herrmann et al. (2007) demonstrates.
Herrmann et al. (2007) sampled workers of
the common bumble bee Bombus pascuorum
from 13 sites that diﬀered in land-use types
in an agricultural landscape in Germany, and
the sampled workers were genotyped at 8 microsatellite loci. Hermann et al. (2007) were
able to estimate important demographic and
genetic parameters for each site (e.g. number of colonies, colony density, relative colony
size, estimates of genetic diﬀerentiation, and
inbreeding coeﬃcients). The authors then used
generalized linear models to examine the relationship between demographic parameters,
genetic parameters, and land-use characteristics. Herrmann et al. (2007) found that
the proportion of mass flowering crops positively aﬀected bumble bee abundance, and that
positive inbreeding coeﬃcients (i.e. higher frequency of homozygotes than expected assuming Hardy-Weinberg equilibrium) had a negative eﬀect on colony size. The latter result
represents strong evidence that increased homozygosity adversely aﬀects fitness of bee
populations, and this eﬀect is most likely mediated through the production of diploid males
(Sect. 2.1) and possibly inbreeding depression (Sect. 2.2). Herrmann et al.’s (2007) work
clearly demonstrates that the integration of
population genetic and ecological studies is
likely to yield findings of great significance
for examining the ecological and genetic processes which underpin declines in bee populations.

3.3. Detecting declining bee species
using genetic methods
The first step to conserving a species involves demonstrating that it is on the decline. Biodiversity data (presence/absence of
species, or population census data) have been
mostly used for detecting declines in bee populations (Roubik, 2001; Williams et al., 2001;
Biesmeijer et al., 2006; Grixti and Packer,
2006; Colla and Packer, 2008; Grixti et al.,
2009). However, natural variation in the abundance of bees over space and time complicates
the detection of population decline (Roubik,
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2001; Williams et al., 2001). Population genetic data, on the other hand, reflect both the
current state of the population as well as its
history, making such data more resistant to
the temporal and spatial variation found in
ecological datasets. There are several genetic
approaches to detecting recent reductions in
eﬀective population sizes. One approach involves detecting population bottlenecks. Bottleneck tests rely on the fact that reductions in
population size create some disparity among
the diﬀerent ways of quantifying genetic diversity (Cornuet and Luikart, 1996; Excoﬃer and
Heckel, 2006). For example, following a bottleneck, allelic richness is reduced faster when
compared to heterozygosity: An elevated heterozygosity compared to that expected based
on allelic richness can indicate recent reductions in population size (Cornuet and Luikart,
1996). Applying this method to microsatellite data, bottlenecks were detected in several populations of two endangered and declining bumble bee species (Darvill et al., 2006;
Ellis et al., 2006). Using simulation-based approaches, it is also possible to estimate past
population sizes, the magnitude of change in
population size, and the relative timing of bottlenecks (Excoﬃer and Heckel, 2006), providing potential clues regarding the causes of the
declines.
Another method of detecting declines of
bee populations involves using frequencies of
diploid males (Zayed et al., 2004). The frequency of diploid males is a negative function
of eﬀective population size (Fig. 2; Sect. 2.1),
and declining populations are expected to
produce higher frequencies of diploid males.
Therefore, increased levels of diploid male
production can theoretically indicate bee population declines (Zayed et al., 2004). Genetic monitoring of bee populations can be
undertaken by first establishing baseline data
of diploid male production in populations
of interest, followed by routine sampling of
males – preferably through non-lethal DNA
extraction protocols – to measure changes in
that parameter over time. This, of course, assumes that bees are not able to adaptively
avoid producing diploid males as the number of sex determining alleles declines (see
Sect. 2.1). Also, to ensure that frequencies of

diploid male production estimated from sampling adults are unbiased, preliminary studies
of diploid male survival will be needed before
field monitoring programs are established.
The recent characterization of the sexdetermination locus in the honey bee (Beye
et al., 2003; Hasselmann et al., 2008) can also
aid in developing ways to directly assess the
number of sex-determining alleles in a population. In principal, PCR can be used to amplify the sex-determination locus in samples
of bees, followed by cloning and sequencing
of the amplified PCR products to examine sequence diversity at that locus. This approach
has one major advantage over detecting population declines through frequencies of diploid
males, since the latter requires that diploid
males be sampled in an unbiased way, which
may be diﬃcult if they have low survivorship.
However, it remains to be demonstrated that
the sex-determination gene characterized in
the honey bee is suﬃciently well-conserved to
allow for constructing universal PCR primers
for routine amplification of the locus in other
bee taxa. We also still lack knowledge on how
alleles are ‘functionally’ encoded at the sexdetermination locus, and thus the use of sequence diversity as a surrogate for allelic diversity at the sex determination locus may not
be appropriate. Further studies are needed to
examine the utility of using PCR-based methods to quantify allelic diversity at the sex determining gene, and its potential use in detecting declines in bee populations.
The above approaches for genetically detecting population declines can prove very useful in bee conservation management, however,
they can sometimes be undermined by demographic history. For example, if a population
experienced a drastic bottleneck in the past,
but has rapidly recovered since, both of the
proposed methods would suggest that the population is in decline. For example, the solitary sweat bee Lasioglossum leucozonium and
the bumble bee Bombus terrestris exhibit significant signs of recent bottlenecks and high
frequencies of diploid male production even
though they are actually increasing in their invasive ranges in North America (Zayed et al.,
2007) and Tasmania (Schmid-Hempel et al.,
2007) respectively. However, in both cases,
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the genetic data also indicated that the studied populations were invasive. The risk of misdiagnosis can further be reduced if the genetic
data are interpreted in light of the ecology and
natural history of the species in question.
Finally, the above mentioned approaches
can be greatly leveraged by genetic analyses
of ‘historic’ specimens from museum collections. Population genetic studies using specimens from museum collections can be used
to contrast historical levels of genetic diversity and diﬀerentiation with present-day levels (Wandeler et al., 2007). A recent study
has demonstrated that old bumble bee specimens (as old as 100 years) can be genotyped
at microsatellite loci using PCR (Strange et al.,
2009). Population genetic analyses of museum
specimens have also proved useful in quantifying demographic changes in several common
and declining Midwestern bumble bee species
(Lozier and Cameron, 2009).

3.4. The next frontier of conservation
biology: Genomics and bee
conservation
The emerging field of Genomics has the potential to contribute considerably to the conservation management of wildlife populations.
Three particular developments have clear utility in bee conservation management: (1) New
and cost-eﬀective sequencing technologies;
(2) Global gene expression profiling using microarrays; and (3) Population genomic studies
using Single Nucleotide Polymorphism (SNP)
markers (Box I). New sequencing technologies
(Shendure et al., 2004; Margulies et al., 2005;
Strausberg et al., 2008) can generate large
amounts of data at a fraction of the cost of
traditional Sanger sequencing, although the sequences have shorter read length. These technologies can be used to re-sequence the known
genomes of model organisms, or for de novo
sequencing of the genomes or transcriptomes
of non-model organisms. This is an important first step for the development of platforms for measuring global gene expression,
and for developing high-throughput genotyping platforms for population genomic analysis (see below). New sequencing technologies
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can also be used in ‘forensic’ applications.
For example, Cox-Foster et al. (2007) used
pyrosequencing technology (Margulies et al.,
2005; 454 Life Sciences) to sequence RNA
from honey bees (Apis mellifera) and royal
jelly found in healthy colonies, and colonies
aﬄicted with colony collapse disorder (CCD).
By matching the generated sequences to public sequence databases, the study found that
the presences of several pathogens, including
Israeli acute paralysis virus, were correlated
with CCD. Although Cox-Foster et al.’s (2007)
meta-genomic study is not statistically appropriate for establishing cause and eﬀect, it provides important knowledge which can be used
to develop and test causal hypotheses regarding the role of pathogens in CCD of honey
bees.
Global analysis of gene expression, through
the use of microarrays, has provided invaluable insights into nearly all fields of biology (Schena et al., 1995; Brown and Botstein,
1999; Gibson, 2002; Neumann and Galvez,
2002; Cowell and Hawthorn, 2007; van ’t
Veer and Bernards, 2008), and has great potential for bee conservation management. After a species’ transcriptome is characterized
through complete or partial sequencing, short
DNA probes for the discovered transcripts
can be synthesized on glass slides called microarrays. The relative mRNA abundance for
all genes in the genome – at a specific tissue at a specific time – can thus be measured through hybridization of fluorescentlylabelled transcripts isolated from the tissues of
interest with the probes on the microarray.
Microarray experiments are very eﬀective
in detecting gene expression diﬀerences across
experimental groups (e.g. healthy or diseased
tissue), and are thus naturally suited to forensic and diagnostic applications. For example, microarray experiments on healthy and
cancerous organs have indicated many diﬀerences in gene expression levels between the
two (Cowell and Hawthorn, 2007; Nevins and
Potti, 2007). Knowledge of diﬀerential gene
expression has been used to better understand
the molecular processes underlying cancer by
identifying potentially causal candidate genes,
in addition to enabling more accurate diagnoses through gene expression profiles (e.g.
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over expression of certain genes can be used
to identify cancer) (Wadlow and Ramaswamy,
2005). The same principles can be applied to
the field of wildlife conservation. Microarray
experiments comparing gene expression profiles between individuals from healthy versus
declining populations can be used to predict
the ‘health’ of a population, and to test hypotheses regarding the causes of declines. For
example, diﬀerential expression of genes involved in activating the innate immune system in a declining population may suggest that
pathogen infections and not some other factor (e.g. pesticides) is associated with the decline. Microarrays have been developed for
the honey bee Apis mellifera (Whitfield et al.,
2002), and have recently been used to examine diﬀerences in gene expression associated with Varroa mite parasitism in both susceptible and tolerant colonies (Navajas et al.,
2008). Navajas et al. (2008) found that Varroa parasitism aﬀects the expression of several genes associated with immune function
and neural development. Workers from tolerant colonies showed diﬀerential expression
for several genes aﬀecting neural sensitivity
and olfaction, suggesting that behavior underlies tolerance to Varroa. Navajas et al.’s
(2008) study demonstrates the utility of microarrays in identifying genes associated with
particular parasites/pathogens in bees, which
can then lead to the development of specific
management tools. Although genomic tools
are currently only available for the honey bee
Apis mellifera, there are plans to generate genomic resources for other bees. For example, Dr. Gene Robinson (University of Illinois at Urbana Champaign) is leading eﬀorts
to sequence partial brain transcriptomes of 12
species spanning the entire phylogeny of bees
(G.E. Robinson, unpubl. data). The availability of the honey bee genome sequence (The
Honeybee Genome Sequencing Consortium,
2006), combined with the expected development of genomic resources for other bees, will
lay the ground work for developing microarray
technology that can be used for investigating
the causes of bee declines in both model and
non-model species.
Finally, population genomic studies using
SNP markers can be used for a variety of

applications with relevance to conservation
management (Morin et al., 2004). Following
the discovery of SNPs through sequencing,
customized SNP chips can be created to genotype hundreds to thousands of SNPs, allowing for the characterization of genetic diversity across the genome in natural populations
(Twyman, 2004; Kim and Misra, 2007). The
data can be used to conduct traditional population genetic analyses (see Sects. 3.1 and 3.2),
as well as to discover areas of the genome
experiencing selection (Morin et al., 2004;
Nielsen, 2005; Biswas and Akey, 2006; Sabeti
et al., 2006; Nielsen et al., 2007). A recent survey of SNP diversity in native and introduced
Apis mellifera populations clearly demonstrates the utility of the approach (Whitfield
et al., 2006; Zayed and Whitfield, 2008; De
la Rúa et al., 2009). Whitfield et al. (2006)
used a panel of ∼1100 SNPs to genotype ∼350
honeybees from across their native and introduced ranges. The results supported earlier
findings of four major geographic populations
of the honey bee, but uncovered that the honey
bee actually originated in Africa, and not Asia
as previously believed. Zayed and Whitfield
(2008) then interrogated the dataset for signatures of selection based on diﬀerences in levels
of genetic diﬀerentiation measured by SNPs
in functional versus nonfunctional and presumably neutral regions of the genome. They
found strong signatures of positive selection
and adaptive evolution associated with the ancient and recent-invasive expansion of honey
bees out of Africa into West Europe and the
New World respectively. The ability of SNP
datasets to both estimate demographic parameters and uncover instances of adaptive evolution will undoubtedly move conservation biology a step closer to understanding the genetic
basis underlying fitness traits in natural populations (Mitchell-Olds et al., 2007; Ellegren
and Sheldon, 2008), and possibly provide the
means to quantify the evolutionary potential
of small endangered populations (Morin et al.,
2004).
4. CONCLUSIONS
Bees are indispensable components of terrestrial ecosystems and their conservation is
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essential for both ecological and economic
reasons. Eﬀorts to conserve declining bee
populations can only be as eﬀective as our
knowledge of their biology, and the causes
contributing to their declines. The application
of genetics to bee conservation biology can be
of great use in aiding bee conservation management, and in identifying genetic threats to
the short term viability of bee populations.
Population genetic surveys can be, and have
indeed been used, to provide knowledge about
several important parameters of relevance to
bee conservation biology, including population structure, gene flow, eﬀective population
sizes, colony densities, and foraging ranges.
Genetic approaches can also be used for rapid
species identification, for resolving taxonomic
conflict, and for indicating bee populations in
decline. They also provide more robust and
timely estimates of population size in comparison to the vagaries of census methods. As
more genetic and genomic resources are developed for bees, it will become progressively
easier and cheaper to gather population genetic data from both common and endangered
bee species for comparative analyses and conservation studies. Integrating population genetic surveys with ecological studies, although
rarely undertaken, can provide greater insight
into bee conservation biology than either approach practiced alone.
The production of inviable or sterile diploid
males, a necessary by-product of complementary sex determination, is a large threat to the
short-term viability of small bee populations,
as indicated both by theory and mostly indirect empirical data. Inbreeding depression,
caused by dominance or overdominance, although expected to be lower in haplodiploids
when compared to diploids, should still contribute to reduced fitness and reduced viability of small bee populations. Inbreeding
depression is expected to interact synergistically with diploid male production causing
greater rates of extinction than the already high
rates caused by the latter. These genetic factors will also interact synergistically with extrinsic factors causing declines in bee populations. The above mentioned genetic threats
to population viability imply that: (1) Bees
are highly susceptible to extinction in small
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and/or isolated populations. (2) When subjected to an extrinsic factor causing decline,
bee populations will do so at a faster rate
than expected based on the direct eﬀect of the
extrinsic factor. (3) Bee populations should recover at a slower rate than expected following
the removal of extrinsic factors causing declines. Bee populations targeted for conservation should be managed to reduce frequencies
of diploid male production, and to a lesser extent, inbreeding depression.
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Génétique des abeilles et conservation des
espèces.
Apoidea / haploidiploïdie / dépression consanguinité / mâle diploïde / extinction / détermination sexe complémentaire / abeille
Zusammenfassung – Bienengenetik und Artenschutz. In dieser Arbeit betrachten wir, welche
Rolle die Genetik im Rückgang der Bienenpopulationen spielt und wie die Werkzeuge der Genetik in
Bienenschutzprojekten eingesetzt werden können.
Genetische Marker haben sich als höchst nützlich
erwiesen in der Bestimmung wichtiger demographischer Parameter von Bienenpopulationen (z.B.
Populationsgrössen, Dichte, Vernetzung, Ausbreitungsraten und Sammelradien), sowie zur Klärung
taxonomischer Probleme und zur Erkennung von
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Rückgängen in Populationen. Neuere Fortschritte
in der Bienengenomik sollten ebenfalls einen Beitrag zur Erleichterung von Untersuchungen über die
Ursachen von Rückgängen in Bienenpopulationen
leisten. Die Integration der Kentnisse zur Genetik
und Genomik der Bienen mit denen ihrer Ökologie
sollte daher deutliche Verbesserungen in Bienenschutzprogrammen zur Folge haben. Ein wichtiger
Faktor, der kleine Bienenpopulationen bedroht, ist
die durch Homozygotie am Geschlechtslokus ausgelöste Produktion nicht lebensfähiger, steriler diploider Männchen anstelle von Weibchen (Abb. 1).
Das Vorkommen diploider Männchen ist für mindesten 27 Arten beschrieben (Tab. I) und die Frequenz
dieser Männchen nimmt in kleinen Populationen
durch Homozygotie am Geschlechtsbestimmungslokus bedingt durch genetische Drift zu (Abb. 2).
Simulationsstudien lassen erwarten, dass die Produktion diploider Männchen die Populationswachstumsraten vor allem bei solitären Bienen reduzieren
kann, die eine niedrige Fekundität in ihrer Gesamtlebenszeit aufweisen. Das Problem der Produktion
diploider Männchen geht so Hand in Hand mit negativen Umweltfaktoren und führt zu einem schnelleren Rückgang und einer langsameren Erhohlung
von Populationen (Abb. 3). Sie spielt damit eine
wichtige Rolle im weltweiten Rückgang von Bienen.
Ausser der Produktion diploider Männchen könnte auch eine Inzuchtdepression das Überleben kleiner Bienenpopulationen gefährden. Obwohl zu erwarten wäre, dass die Haplodoploidie die genetische Bürde bei Bienen reduziert, zeigen sowohl
theoretische Studien als auch empirische Befunde,
dass selbst haplodiploide Organismen eine erhebliche Inzuchtdepression durchlaufen können. Schutzprogramme für gefährdete und zurückgehende Bienenpopulationen sollten daher bestrebt sein, die
Produktion diploider Männchen und Inzucht zu
reduzieren.
Haplodiploidie / Komplementäre Geschlechtsdeterminierung / Inzuchtdepression / diploide
Männchen / Artensterben

BOX I: GLOSSARY OF GENETIC
TERMS
Additive genetic variance: The contribution of genetic variance in a quantitative trait
due to the eﬀects of substituting one allele for
another at a locus.
Allozymes: Alternative forms of a particular protein as visualized on a gel, mostly resulting from genetic variation at non-synonymous
sites in a gene’s protein coding sequence.

Single locus complementary sex determination: Sex is determined by genotype at
a single locus: heterozgyotes, homozygotes
and hemizygotes develop into diploid females,
diploid males, and haploid males respectively.
Diploid species: A species where both
sexes have two copies of each autosomal chromosome.
Eﬀective population size, Ne: The size of
an ‘ideal’ population (a random mating population of constant size with Poisson variation
in family sizes) that would have the same genetic parameters (e.g. genetic drift) as the actual population under study.
Evolutionary potential: The ability of
populations to adapt to future changes in their
environments.
Frequency dependent selection: A form
of natural selection where the relative fitness of genotypes is a function of their frequency. Negative and positive frequency dependent selection denotes higher fitness of,
and selection for, rare or common genotypes
respectively. The sex determination locus in
the Hymenoptera is under negative frequency
dependent selection since the fitness of individuals carrying rare sex-determining alleles is
higher as they are less likely to produce diploid
males.
Genetic distance and diﬀerentiation: Parameters that measure the extent of genetic
diﬀerences between populations, usually over
space. Populations with similar gene pools
(e.g. similar allele frequencies) have smaller
genetic distances and levels of diﬀerentiation
than populations with diﬀerent gene pools.
Genetic drift: Changes in allele frequencies due to the eﬀects of random sampling of
gametes in finite populations. Genetic drift is
stronger in smaller populations, and results in
reduced genetic diversity.
Genetic load: The reduction in fitness of a
population from the maximum possible due to
the deleterious eﬀects (i.e. load) of alleles. The
genetic load can be due to the deleterious effects of mutations (i.e. mutational load) or due
to lower fitness of homozygous genotypes relative to heterozygous genotypes (i.e. balance
load).
Sex determination load: The reduction of
fitness of a haplodiploid population from the
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maximum possible due to the deleterious effects of homozygosity at the hymenopteran
complementary sex determination locus.
Haplodiploid species: A species where females are diploid (i.e. have two copies of each
chromosome), and males are haploid (i.e. have
one copy of each chromosome).
Inbreeding: Several phenomena leading to
mating between individuals related by descent, and resulting in increased homozygosity. Inbreeding in a mating-system sense, know
as systematic inbreeding, results when relatedness between mates are higher than the
average relatedness of mates chosen at random from the same population. Inbreeding
by drift, or panmictic inbreeding, results
from the increasing probability of relatedness
among randomly chosen mates in a finite population over time.
Inbreeding depression: Reduction in the
mean fitness of a trait due to inbreeding. Attributed to the increased expression of recessive or partially recessive deleterious alleles
through increased homozygosity (Dominance
or Partial dominance hypothesis), or to the
reduction in the frequency of fitter heterozygous genotypes (Overdominance hypothesis).
Matched mating: A mating between a
male and female that share a sex-determining
allele in common. Half of the diploid progeny
produced by a matched-mated female will be
homozygous at the sex-determination locus,
and develop into diploid males.
Microsatellite: A sequence of DNA composed of short (2-6 bases) tandem repeats (e.g.
CACACACACA). Mutation at microsatellite
loci results in alleles with diﬀerent repeat
numbers.
Neutral genetic variation: Genetic variation that does not aﬀect fitness.
Single nucleotide polymorphism, SNP: A
specific position in a DNA sequence which
contains alternative bases.
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