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Abstract 

Victoria Buswell 

A phenotypic and genomic investigation of the identity of Apis mellifera mellifera 

Apis mellifera (the Western honey bee) is a predominantly human managed pollinator 

consisting of different evolutionary lineages each containing a number of subspecies. 

Apis mellifera is threatened by various factors for example, parasites, viruses and 

pesticide use. The native subspecies of the British Isles Apis mellifera mellifera is 

additionally threatened by introgression resulting from the importation of foreign 

subspecies perceived to have more desirable characteristics. This thesis investigates 

the integrity of Apis mellifera mellifera in the UK and how that can be assessed. 

Initially, introgression levels over time in a conservation program were assessed. This 

revealed temporal decreases in introgression, indicating that some bee keeping 

management strategies can be effective in the conservation of this subspecies. Next, 

an assessment of different methods for measuring introgression in a social insects 

such as honey bees revealed that pooled colony approaches can be a powerful tool 

in the assessment of colony level introgression. Following this, an assessment of the 

status of Apis mellifera mellifera in the wider British Isles was performed using whole 

genome data. This revealed a largely introgressed population across the British Isles 

with the exception of a few key locations: Ireland, the South West of England, the 

Inner Hebrides, Northern Scotland, the Isle of Man, and Jersey. Finally, an 

examination of the ‘purity’ of subspecies in a phenotypic monitoring project and an 

assessment the genomic differences between subspecies highlights the importance 

of genetic assessment in scientific studies and indicates regions of high 

differentiation between subspecies. This work has implications for introgression 
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assessment in social insects and future directions for A. m. mellifera conservation in 

the British Isles and further afield.  
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1.  General introduction 

 Background 

Three topics that still evoke debate in evolution and ecology are introgression, local 

adaptation, and the concept of ‘species’. Introgression is the transfer of alleles 

between genetically distinct lineages via hybridisation and repeated backcrossing 

(Anderson 1949). Hybridisation is the production of offspring via the interbreeding of 

genetically distinct lineages and backcrossing is mating back into either parental 

lineage or species (Anderson 1949; Futuyma and Kirkpatrick, 2017). Introgression is 

known to have important consequences for species and populations in terms of long 

term viability (Rhymer and Simberloff, 1996; Winger, 2017; Burgarella, et al., 2019). 

It may promote adaptive potential through augmenting genetic diversity (Hedrick, 

2013; Suarez-Gonzalez, et al., 2018; Barbato, et al., 2020), but, conversely, it can 

disrupt adaptation via the breaking up of co-adapted gene complexes (Rhymer and 

Simberloff, 1996; Lawson, et al., 2017). Local adaptation can be simply defined as a 

population having a higher fitness at its native site than any other population of the 

same species introduced to that site (Williams, 1966). How local adaptation is 

measured and defined in different biological systems, under what circumstances it 

arises, and the interplay of the different evolutionary forces involved are widely 

debated in the current literature (Blanquart, et al., 2013; Kawecki and Ebert, 2004; 

Tigano and Friesen, 2016). Finally, discussions regarding species concepts have 

been ongoing for centuries (Mayer 1982; Phillimore and Owens 2006). Specifically 

relevant to this work is how subspecies are defined and how that definition sits 
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alongside other terms such as evolutionary significant units (ESU), ecotypes or 

geographical races (Patten 2009; Ebach and Williams 2009). 

These three topics are central to this thesis and are clearly inter-related. For example, 

at what level of introgression is local adaptation affected? When does introgression 

benefit populations and individuals through increasing genetic diversity? Do we 

define subspecies based on the occurrence of locally adaptive traits or are those 

ecotypes? 

 Introgression 

Introgression has two contrasting consequences for the species or lineages involved. 

On the one hand, introgression could be damaging to a lineage or species as it may 

disrupt local adaptation via the breaking up of co-adapted gene complexes that have 

been built up over time through the action of natural selection (Mallet, 2005; Currat 

et al., 2008). Additionally hybridisation and introgression can lead to genomic 

extinction, when hybrids or introgressed individuals replace both or one of the 

parental lineages and the intact parental genome no longer exists (Allendorf and 

Luikart., 2009; Epifanio and Philipp, 2000). Introgression and hybridisation also have 

the potential to lead to outbreeding depression (Edmands, 2007; Frankham et al., 

2011). Outbreeding depression occurs when genetically distinct lineages or species 

interbreed and the fitness of their offspring is lower than those of either parent 

(Freeland, et al., 2011). On the other hand, introgression could increase the 

persistence of populations as it increases genetic diversity via the introduction of new 

alleles, and therefore boosts the adaptive potential of the population or individual 

(Hendrick 2013; Burgarella et al., 2019).  
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1.2.1 Introgression as a disruptive force 

The negative impact of introgression has been documented in several cases. Red-

legged partridge, Alectoris rufa, are a good example as populations across the Iberian 

Peninsula and throughout France and Italy have experienced introgression from the 

previously imported Chukar partridge, Alectoris chukar, (Madge and McGowan 2002, 

Barbanera et al., 2005; Barilani et al., 2007). Hybrid partridges, (F1) individuals, are 

easily identified using morphological characteristics (Wilkinson, 1987; Wilkinson, 

1991) and have been confirmed using molecular data (Barbanera, et al., 2005). 

Introgressed individuals that are the result of backcrossing, were identified using 

molecular methods, specifically using random amplified polymorphic DNA (RAPD) 

markers (Barbanera et al., 2005; Negro, et al., 2001). Non-introgressed red-legged 

partridge were no longer thought to exist in Italy and were thought to be at a high risk 

of extinction (Barbanera, et al., 2013) until a remnant population was found in 

northwest Italy (Tizzani et al., 2013). The loss of ‘pure’ individuals in the population 

means that the intact genome of this species in this location no longer exists. Even 

though the species may exist elsewhere, this population likely no longer contains any 

individuals with a genome that possess the full suite of co-adapted gene complexes 

developed under the local environmental conditions. This loss of local adapted gene 

suites jeopardises the survival of this local population and if there are no ‘pure’ 

individuals left, this is potentially an example of genomic extinction. Fitness, survival 

rate and breeding performance were compared in ‘pure’ A. rufa partridges and A. rufa 

partridges that show introgression with A. chukar (Casas, et al., 2012). Introgressed 

partridges have lower overall survival rate than red-legged partridge (Casas, et al., 

2012). This lower adult survival rate is largely due to higher predation rates, though 
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the exact reasons for the increased vulnerability to predation remains unknown 

(Dávila, et al., 2019). Conversely, despite this lower adult survival rate the 

introgressed population persists due to a constant influx of introgressed partridges 

that are released every year from game farms (Blanco-Aguiar, et al., 2008) and 

potentially because introgressed individuals on average lay eggs in larger clutch sizes 

(Casas et al., 2012).  

Another documented case of disruptive introgression is that of the wildcat, Felis 

silvestris.  Felis silvestris, the only remaining native felid in Great Britain, was once 

widespread but is now restricted to Scotland where it exists as an isolated population 

(Sainsbury et al., 2019). These Scottish wild cats have introgressed with domestic 

cats, Felis catus (Macdonald et al., 2004; Macdonald et al., 2010). In the current 

wildcat population introgression is ubiquitous (Senn et al., 2018) and no individuals 

without any hybridisation or introgression have been found (Sainsbury et al., 2019; 

McCombe et al., 2021). A continuum of genetic backgrounds shows that repeated 

hybridisation and backcrossing have taken place (McCombe, et al., 2021). Although 

no studies have been able to assess the implications for the fitness of individuals, 

estimates predict that at the current rate of introgression, via the continued crossing 

with domestic cats, this species is now at risk of complete extinction (McCombe, et 

al., 2021; Breitenmoser, et al., 2019). 

 

1.2.2 Introgression as a driver of diversity and adaptation 

Adaptive introgression is when the transfer of alleles from one lineage or species to 

another results in increased fitness for the recipient and the transferred alleles are 

maintained by selection (Burgarella, et al., 2019; Suarez-Gonzalez, et al., 2018). 
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There are examples of adaptive introgression in the wild from naturally occurring 

hybrid zones: locations where genetically distinct populations of the same species or 

divergent lineages make contact and interbreed (Barton and Hewitt, 1989). For 

example, the saltmarsh sparrow (Ammospiza caudacuta) and Nelson’s sparrow 

(Ammospiza nelson) both occur in tidal marshes along the north east coast of North 

America and Canada (Walsh et al., 2018). The saltmarsh sparrow is a marsh 

specialist, while the Nelson’s sparrow occupies a broader ecological niche that 

includes grasslands and brackish marshes as well as tidal marshes (Greenlaw, 

1993). Walsh et al. (2018) examined both species in allopatric and sympatric 

populations using whole genome sequencing. Introgression was found in the 

sympatric sparrows, but not in the allopatric populations. Introgressed gene regions 

were linked to adaptive traits to tidal marsh environments such as osmotic regulation, 

responses to salt stress and responses to water deprivation (Walsh et al., 2018). This 

study highlights the transfer of adaptive variation via introgression between two 

ecologically divergent species.  

Another good example comes from Heliconius butterflies, a genus of neotropical 

pollinators that have been the focus of many studies because of their adaptive wing 

patterns and toxic chemical defences (e. g Turner, 1981; Jiggins, 2017). Sympatric 

species of these butterflies often possess similar wing patterns and are Müllerian 

mimics of one another; similar wing patterns have evolved as shared warning 

markings and individuals with similar patterns therefore benefit from greater 

predator protection. Adaptive introgression has played a crucial role in wing 

patterning in Heliconius butterflies, particularly between Heliconious melpomene and 

Heliconious timareta. The alleles transferred via introgression and hybridisation have 
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a fitness advantage in the form of protective wing colour patterning (Dasmahapatra, 

et al., 2012; Pardo-Diaz, et al., 2012).   

 Local adaptation 

1.3.1 The occurrence of local adaptation  

Local adaptation occurs when a population evolves genotypes that are selected for 

by the regional prevailing conditions, providing an advantage for those individuals 

with those genotypes in their specific habitat (Blanquart, et al., 2013).  Initially, for 

local adaptation to arise the existence of a spatially varied environment is required 

that creates a differing selective pressure, resulting in ‘genotype × environment 

interactions’ (Kawecki and Ebert, 2004). An important aspect of these interactions is 

that the same alleles have different effects on fitness in different environments and, 

as a consequence, no individual genotype is superior in all environments (Blanquart, 

et al., 2013; Kawecki and Ebert, 2004; Yeaman and Otto, 2011). This adaptation to 

different environments leads to trade-offs. Effectively, natural selection exerted by 

the local habitat acting upon genotypes is the primary evolutionary force shaping local 

adaptation although there are other evolutionary forces that also have an impact as 

discussed further below. Importantly, natural selection affects allele frequencies, and 

consequently genetic variation, in different ways (Li, 1997). Stabilising selection, 

when natural selection favours the average phenotype, selects against phenotypic 

extremes and results in a decrease in genetic variation. Directional selection, when 

natural selection favours a particular genotype, simultaneously selects against other 

genotypes and reduces genetic variation. Diversifying selection is when two or more 

genotypes are favoured and this usually increases genetic variation (Freeland, Kirk 
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and Peterson, 2011; Futuyma and Kirkpatrick, 2017). Local adaptation can occur in 

different scenarios and as a consequence can have different effects on genetic 

diversity. 

1.3.2 Local adaptation, gene flow and genetic drift 

Gene flow affects the extent of local adaptation (Blanquart, et al., 2013; Kawecki and 

Ebert, 2004) because restricted gene flow into the local population allows 

advantageous genotypes to be maintained (thus enabling local adaptation). In 

contrast, high gene flow can disrupt local adaptation, as external genotypes enter the 

local population and break up combinations of alleles favourable in the local habitat. 

Local adaptation can be maintained in the presence of gene flow but it is inevitably 

dependent on the relative strength of selection and extent of gene flow (Tigano and 

Friesen, 2016; Yeaman and Otto, 2011). 

A good example of how gene flow can break down or interfere with local adaptation 

comes from farmed salmon (Salmo salar) (Karlsson et al., 2016). Farmed salmon 

have been subject to strong artificial selection for traits that are commercially 

important, such as growth. Consequently, farmed salmon are both genetically and 

phenotypically different to wild salmon (Christie, et al., 2016). When farmed salmon 

are released or escape they interbreed with the local population and there are now 

well-documented instances where this has caused a loss of local adaptation in local 

wild salmon populations (Bourret, et al., 2011; Bolstad, et al., 2017). For example, 

Bourret et al (2011), sampled wild and farmed salmon captured in the Magaguadavic 

River (New Brunswick, Canada) between 1980 and 2005. A comparison of genetic 

differences using FST  genome scans revealed that the number of divergent loci 

reduced over time. There has been additional evidence of changes in size and age at 
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maturation in wild populations that have introgressed with farmed salmon (Bolstad, 

et al., 2017).  

 Evidence for reduced local adaptation in the face of gene-flow has also been 

observed in Roesel’s bush crickets (Metrioptera roeselii). Larger body size in 

ectothermic organisms confers a higher fitness in colder climates (Crushman, et al., 

1993; Van der Have, 1996). Populations in the Baltic Sea coastal area were 

examined using latitude-matched paired sites. Isolated populations were found to 

have larger body size in higher latitude, as predicted. However, those populations 

with high gene flow to lower latitude populations showed no such adaptation (Cassel‐

Lundhagen, et al., 2011).  

Equally, there are examples of adaptation occurring despite gene flow being present. 

A study examining selection pressure on the common frog (Rana temporaria) is a 

good illustration of how strong selective pressure can still result in local adaptation 

despite high gene flow (Muir, et al., 2014). R. temporaria shows local adaptation to 

altitude in larval fitness traits the form of larval period (the number of days spent as 

a tadpole, from hatching of the egg to metamorphosis) and growth rate (Laugen, et 

al., 2003; Palo, et al., 2003). In Scotland R. temporaria is found from zero to over 

one thousand meters above sea level and has a continuous habitat and distribution. 

This provides a good study system to investigate adaptation with gene flow (Muir, et 

al., 2014). The highest sites (≥900 m) had a significantly shorter larval period and 

higher growth rate, allowing individuals to grow more quickly without having to 

undergo metamorphosis at a smaller size. This larger metamorphic weight leads to 

increased adult survival (Altwegg and Reyer 2003). Differing summer and winter 

temperature parameters associated with altitude were observed to exert such a 
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strong selection pressure on the larval stage that adaptation occurs even in the face 

of gene flow (Muir, et al., 2014).  

An additional example of adaptation with gene flow is in deer mice (Peromyscus 

maniculatus) in Nebraska, USA (Pfeifer, et al., 2018). In response to predation from 

avian species, mice in the Sand Hills area have evolved a light colour coat that 

matches the lighter soil in that habitat when compared to the surrounding areas 

(Linnen, et al., 2013). Gene flow between the lighter and darker coated mice is high 

but the strong selection pressure of predation maintains this colour morph in the local 

Nebraska habitat (Pfeifer, et al., 2018). This is an example of diversifying selection, 

where more than one genotype is being selected for and generally leads to an 

increase in genetic variation (across the area). In contrast, when local adaptation 

happens in isolation by directional selection, this would generally reduce diversity at 

loci.  

Understanding gene flow in the study of local adaptation of A. mellifera is essential 

for two reasons. Firstly, in honey bees virgin queens mate with multiple drones from 

the surrounding area at drone congregation sites. Drones have been seen to fly an 

average of 3.75km to mate (Utaipanon, et al., 2019), additionally, queens will also 

fly to mate with drones and it is thought that 7km from the colony would be the 

average distance of mating, if queens are assumed to have a mating flight distance 

similar to drones (Utaipanon, et al., 2019). This creates gene flow between apiaries 

and more broadly across populations. Secondly, common UK bee keeping practice is 

to import and export honey bees, resulting in honey bees commonly being 

transported across and between countries as bee keepers have a preference for 

certain subspecies with perceived more desirable traits. This trade means colonies 

and queens from foreign subspecies are traded across large geographical scales, 
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creating gene flow between imported and native subspecies (De La Rua, et al., 2009). 

An added complication is that bee keepers have different preferences for the 

characteristics of their bees, some place more emphasis on increased honey or 

pollen yield, others on disease resistance. These different requirements create 

different regimes of artificial selection even within the same locality, which interferes 

with natural selection and potentially also on local adaptation.    

Another important factor affecting local adaptation is genetic drift (Blanquart, et al., 

2013; Yeaman and Otto, 2011). Genetic drift has different effects on local adaptation 

depending on the population size. Since drift can overcome selection when 

population size is very small, it can reduce the potential for the maintenance of local 

adaptation by reducing combinations of alleles with additive effects (Yeaman and 

Otto, 2011). As alleles with large effects on fitness are less likely to be lost by drift 

(Tigano and Friesen, 2016) loci with large effects on fitness should have a greater 

contribution to local adaptation (Kawecki and Ebert, 2004; Tigano and Friesen, 

2016). In other words, in a small population, traits that are underpinned by many 

alleles of small effect are potentially more likely to be lost by drift when compared to 

a trait that is underpinned by a single allele of large effect.  

Rather than selection acting on different genetic variants leading to different 

genotype frequencies in different locations (local adaptation), phenotypic plasticity 

can be another evolved response. Phenotypic plasticity is the ability of one genotype 

to produce different phenotypes under different environmental conditions.  Both local 

adaptation and phenotypic plasticity can occur in combination and disentangling 

these effects has become ever more important to help us understand how species 

adapt to environmental change (Gao et al., 2018). In common frogs, Muir et al. 

(2014) not only investigated local adaptation, but tested these population for 
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phenotypic plasticity by performing a common garden experiment. Eggs were 

collected from the populations at different altitudes and placed in a range of air 

temperatures. All populations showed phenotypic plasticity, however, high altitude 

individuals greater plasticity than the lower altitude individuals. 

1.3.3 Local adaptation and genetic variation 

While these evolutionary forces dictate the extent of local adaptation, adaptive 

potential – including the potential for local adaptation – requires available sources 

of genetic variation (Barrett and Schluter 2008; Hedrick, 2013). The original de novo 

source of all adaptive genetic variation is mutation; however, adaptive potential can 

also rest on standing genetic variation or adaptive introgression. Standing genetic 

variation simply refers to pre-existing alleles present in the population and reflects 

the population’s previous effective population size. Local adaptation resulting from 

standing variation is predicted to be quicker as selection is acting upon alleles 

already present in the population due to the higher initial frequencies of the alleles 

(Hedrick, 2013; Hermisson & Pennings, 2005). Gene flow can also enhance standing 

genetic variation (Tigano and Friesen, 2016). New mutations are the original source 

genetic variation (Tigano and Friesen, 2016) and can be in the form of point 

mutations (single nucleotide polymorphisms, SNPs) or larger scale changes such as 

inversions or gene duplications (Stapley, et al., 2010). Adaptive introgression (when 

the transfer of alleles from one lineage or species to another results in increased 

fitness for the recipient) is increasingly recognised as an important factor during 

evolutionary change, and is discussed in more detail below.  
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1.3.3.1. Adaptive introgression 

Introgression, as discussed in section 1.1.2, is also a source of genetic variation that 

can drive adaptation. Adaptive introgression was first acknowledged in plants when 

Anderson (1949) recognised that the genetic variation resulting from hybridisation 

and subsequent introgression would exceed genetic variation created by new 

mutations. There are many examples of adaptive introgression from crop studies. For 

example, hybridisation and subsequent introgression between sunflower species 

Helianthus annuus and Helianthus debilis is thought to have enabled adaptation of  

herbivore resistance traits (Whitney et al., 2006) and abiotic tolerance traits (Whitney 

et al., 2010). Adaptive introgression has also been documented between iris species 

(Iris fulva and Iris breviculis) in traits relating to flood tolerance (Martin et al., 2006). 

There is also evidence of adaptive introgression from cultivated crop to wild relatives, 

For example, alleles from maize (Zea mays) cultivars have transferred to a wild 

relative, annual teosintes, in Spain and France. Le Corre et al (2020) used genome 

wide SNPs to investigate the extent of admixture between cultivated maize and 

teosintes and tested whether local maize varieties have contributed to teosintes 

adaptation in Europe. They reported that introgression in the genomic region that 

contains the gene ZCN8, which is responsible for flowering time, had opened a new 

niche for the weeds in Europe and, as a result of adaptive introgression, caused a 

new agricultural weed to emerge (Le Corre, et al., 2020). They also noted that 

hybridisation is still ongoing between the two as hybrid-like plants are still regularly 

observed in France and Spain.  

Examples of adaptive introgression in plants and crops can provide a good analogy 

for honey bees. Plants have undergone the process of domestication where humans 

have selected for traits for their own benefit, converting wild species into crop plants 
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(Olsen et al., 2013). Despite this domestication, these domesticated lines can still 

exchange genetic material with their wild counterparts. Honey bees are referred to as 

semi-domesticated or domesticated (Aizen and Harder 2009; Grupe and Quandt 

2020) and undergo strong trait selection by beekeepers (Ibrahim 2007; Morfin et al., 

2020; Wragg et al., 2016) while still being able to mate with feral or wild populations 

around them. An important difference, however, is that mating in honey bees is 

difficult to fully control compared to the situation with fully domesticated animals 

such as cattle where breeding is wholly managed.  

 Domestication 

Domestication is not purely the realm of human activities and has evolved in the 

natural world more than once, for example the cultivation of fungal species by ants, 

ambrosia beetles and termites (Mueller et al., 2005), but by far the most frequent 

domesticator is humans. Humans have domesticated animals and plants for food, 

materials, to perform tasks (e.g. guide dogs, cart horses or carrier pigeons) and for 

companionship (Meyer and Purugganan, 2013). But how does domestication affect 

adaptability, traits, and genetic diversity?  

All species domesticated by humans are the result of selection, conscious or 

unconscious, from wild ancestors (El-Kassaby, 1992; Olsen and Wendel, 2013). 

Between fully domesticated species and their wild relatives there is a domestic 

classification referred to as landraces (LRs) (Frankel, 1970; Zeven, 1998). LRs are 

the result of primitive domestication where wild species have been selected for 

tolerance to the environment or pest and pathogen resistance, not for productivity. 

Varieties of plants can also be LRs. Varieties are locally adapted populations while 

cultivars are artificially bred. LRs provide a reservoir of genetic resources that can be 
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actively managed to improve the domestic traits that are desirable and adapt the 

cultivars as needed (Notter 1999; Toro et al., 2009). Centuries of local selection in 

different environments has led to the evolution of an enormous diversity of gene 

complexes in LRs and was regarded as an outstanding characteristic of these 

varieties (Frankel and Soulé, 1981). 

Not only are varietal populations and land races an important genetic resource for 

crop plants, but this is the case for animals, too. Despite this, the selection of highly 

productive crop cultivars and animal breeds can either present a threat to these 

historic genetic resources or the local varieties can be used to improve standard 

breeds. For example, Holstein-Friesian cattle are highly productive dairy cattle 

originally from Europe. Because of their high productivity, improved transport systems 

and easy distribution of genetic resources via artificial insemination, such breeds 

have replaced the use of local breeds (Groeneveld, et al., 2010) and Holstein-Friesian 

cows are now globally distributed, including in East Africa (Food and Agriculture 

Organisation., 2007). When these cows were imported to Kenya they were 

unaccustomed to the heat, local forage and diseases (Bohmanova et al., 2007). To 

address these issues Kenyan farmers bred the imported Holstein-Friesian cattle with 

cattle from the local area (Kim and Rothschild, 2014). The farmers used the locally 

adapted population to improve the cattle that have a desirable trait of high milk yield. 

This example perfectly highlights the importance of conserving locally adapted breeds 

and wild non-domesticated relatives. 

Domestication generally reduces genetic diversity as traits targeted by breeders are 

selected for and the genetic regions determining those traits, thus become less 

diverse reducing variation across the genome as a whole (Flint-Garcia, 2013). The 

domesticated cultivar or breed becomes more popular as its productivity aspects 
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outperforms the LRs, so it begins to replace them (Frankel, 1970). This can result in 

the loss of some LRs (e.g. Wade 2012, McLean-Rodríguez, et al., 2019) further 

reducing genetic diversity and in turn jeopardising the future adaptive potential of the 

domestic breed or cultivar.  

There is a parallel here to honey bee subspecies since replacement of one honey bee 

subspecies with another due to more desirable or commercial traits is well 

documented (Nielsdatter, et al., 2021). In two German provinces, for example, the 

local honey bee subspecies Apis mellifera mellifera was completely replaced by 

another subspecies Apis mellifera carnica due to the preferred traits of Apis mellifera 

canica (Kauhausen-Keller and Keller, 1994; Maul and Hähnle, 1994). 

 Classifications and definitions of evolutionary and conservation 

units  

Central to the topic of the evolution of local varieties is the designation and 

classification of varieties, races, subspecies and species. Debate over the definitions 

of these has been, and remains, ongoing (Hey, 2001; Lowry, 2012). Starting at the 

species level, the species concept is a prime example of these debates with 

approximately 24 definitions and no universal consensus (Hey, 2001). For example, 

the Biological Species Concept, which currently defines species as groups which 

interbreed in natural populations and are reproductively isolated from other such 

groups (Mayr 2000). This definition has been adjusted over the years (Mayr, 1942, 

1982, 1996), cannot be applied to some situations where its main criteria of 

reproductive isolation cannot be tested (fossils, or asexual organisms). But while the 

species concept is still being wrestled with, additional issues arise when we attempt 
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to classify variation within species. This issue of within-species variation is of 

particular relevance in conservation biology: when is a population or taxon sufficiently 

distinct to warrant conservation in its own right? And how do we conserve enough 

diversity to allow evolution to occur unconstrained? Many terms have arisen in an 

attempt to classify the variation below the level of species, for example, subspecies, 

evolutionary significant units, management units, ecotypes, or geographical races 

(Mayr, 1942; Mortiz 1994; Lowry, 2012). Debate has been ongoing around the 

definitions and usefulness of terms, partly because they can have significant 

implications that go beyond just taxonomic classifications (e.g informing conservation 

strategies). While a consensus on the definitions and uses of terms has not been 

reached in the literature, and resolving these definitions is beyond the scope of this 

thesis, relevant terms for the study system at hand and how they are used are 

reviewed below. 

1.5.1 Lineages 

A lineage has been defined as a series of entities descended from a single ancestor 

over time (Simpson, 1961; Hull, 1980). A lineage can represent entities at many 

levels, for example: genes, organelles, cells, organisms, or populations can all have 

lineages (de Queiroz, 1998; Hull 1980). Most commonly, a lineage represents the 

evolutionary history of an organism and these are usually represented in phylogenetic 

trees (de Queiroz, 1998, 1999, 2007). A clade or monophyletic group consists of 

several lineages (Figure 1.1). These are sometimes used interchangeably in the 

literature. Lineages have been linked to a related species concept and while species 

concepts are complicated and unresolved, here it will be briefly touched upon.  
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Figure 1.1 Lineages (bold lines) within clades displayed on a phylogenetic tree. 

Lineage is an ancestral descendant population.  

 

The lineage species concept states that species are ancestral descendant population 

separated from other such groups (de Queiroz 1998; Henning, 1950; Ridley 1989; 

Simpson, 1951). When speciation occurs over time a species diverges into to two 

separate lineages producing two descendant species (Henning, 1950; Ridley 1989). 

Proponents of this species concept propose that a species is a single unbranched 

population sequence of ancestor-descendants through time (de Queiroz, 1998). The 

problem with this hypothesis is that the current method to build phylogenetic trees is 

often solely via DNA analysis of contemporaneous individuals, therefore we need to 

sample all potential species to confirm lineages, which is not always possible (for 

example with fossils or rare species). Additionally, if hybridisation or interbreeding 

occurs between branches there could potentially be a lack of clear branching. Finally 
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like many concepts it is not applicable to all study systems. The discussion from here 

on will focus on definitions and concepts regarding variation within species and 

subsequent discussion will focus on this theme. 

1.5.2 Subspecies 

The subspecies concept arose in the early 19th century to document varieties, races 

or forms of a species based on morphological differences (Braby, et al, 2012). Mayr 

(1942, 1963) described subspecies as conspecific populations that differ 

morphologically, are geographically isolated, and represent incipient species. 

However, Mayr also stated that if the subspecies are part of a continuous population 

lacking a geographical barrier the subspecies classification is purely a taxonomic 

device (Mayr, 1942, 1963). Essentially, Mayr’s definition is that true species and 

subspecies would develop in allopatry (Mayr, 1996).  

Criticism of the subspecies concept emerged on the basis that the classification was 

often poorly applied and geographical boundaries can be difficult to define, 

particularly in parapatric populations (Wilson and Brown, 1953; Gillham, 1956). 

Additionally, allocating subspecies can be subjective, arbitrary, and based on too few 

morphological features (Mayr, 1982). Critics argued that the subspecies 

classification was more useful as a taxonomic sorting method rather than as a useful 

evolutionary unit (Mallet, 2007).  

The advent of genetic methods enabled the re-examination of subspecies classified 

using the traditional morphological method. Often, results from genetic analysis 

differed from the previously classified subspecies (Burbrink, Lawson, Slowinski, 

2000; Zink 2004). For example, the subspecies concept was first applied in 

ornithology (Winker, 2010) in an attempt to classify the variation seen within avian 
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species. As an example, this approach had classified the cactus wren 

(Campylorhynchus brunneicapillus) into six subspecies. Phylogenetic analysis using 

mitochondrial DNA (mtDNA) haplotypes revealed just two groups and these groups 

were inconsistent with modern subspecies boundaries (Zink, 2004). These 

inconsistencies between genetic analysis and the morphologically defined 

subspecies were also revealed in the North American rat snake (Elaphe obsolete). 

Originally this species was divided into eight subspecies based on colour patterning 

in adult snakes (Burbrink, et al., 2000). Individuals were sampled from across the 

species range in the United States, and examined using two mtDNA genes. Four 

lineages were identified, three containing seven subspecies, and one subspecies (E. 

o. bairdi) forming its own lineage. The lineages corresponded to geographical 

locations occupied by the snakes (Burbrink, et al., 2000). Further work, using 67 

morphological measurements (Burbrink, 2001) and nuclear markers (Burbrink, 

Crother and Lawson 2007) eventually recognized the lineages as four separate 

species (Burbrink, et al., 2021). This is a good example of how categorising 

subspecies based on one or a few morphological characteristics can lead to poor 

categorisation of species and subspecies. 

1.5.3 Evolutionary significant units 

The evolutionary significant unit (ESU) was conceived in an attempt to conserve 

evolutionary potential and genetic resources within species (Ryder 1986; Avise 

1989). The term was first used by Ryder (1986) who defined the ESU as “a subset of 

the more inclusive entity species, which possess genetic attributes significant for 

present and future generations of the species in question”. Ryder (1986) offered no 

advice on how to assess the criteria he had set out, leaving the concept without a 

fully demonstrable concept. How to assess criteria for ESU designation is important 
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because different data can yield different results as evident in the above section 

(1.5.2, where snake colour led scientists to one conclusion and mtDNA to another). 

The concept was later developed to contain an adaptive element. In particular, 

Waples (1991) redefined an ESU as a population that is “substantially reproductively 

isolated from other conspecific populations’ while it ‘represents an important 

component in the evolutionary legacy of a species’. Again, the issues surrounding 

how to identify populations that meet the criteria for this definition was left wanting. 

However, Mortiz (1994) offered a testable definition for the ESU stating that ESU’s 

are populations that “are reciprocally monophyletic for mtDNA alleles and 

demonstrate significant divergence of allele frequencies at nuclear loci”. While this 

definition offered methods to test the definition it was not without criticism. Critics 

asserted that there is not one method best for phylogenetic tree construction and, no 

method allows for the most likely phylogeny in every situation (Waples, 1995). Also, 

critics highlighted that the criteria of reciprocal mtDNA could be too stringent: while 

it accounts for historical restrictions to gene flow (Crandall, et al., 2000; Kizirian and 

Donnelly, 2004), it does not account for ecological differences. Crandall et al. (2000) 

illustrated the issue using spiders (Nesticus sp.) from the southern Appalachian 

Mountains, USA. These spiders previously had a continuous distribution at lower 

elevation, but changes in climate since the Pleistocene era resulted in a change in 

the spiders’ distribution. Some spiders shifted to a higher altitude, surviving on north 

facing boulder fields and rocky gorges (Gertsch 1984; Coyle and McGarity 1991), 

resulting in a distribution on the tops of mountains (Nesticus mimus) with no gene 

flow between these mountain top populations. Other spiders survived by entering 

caves and are now cave-dwelling species (Nesticus carolinensis). The cave spiders 

have adaptations consistent with cave-dwelling, such as increased leg length, a 

reduction in pigmentation and eye size (Crandall, et al., 2000; Hedin, 1997). The cave 
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dwelling spider is only present in a small area and the populations were the result of 

colonisation from nearby the mountain top spiders (figure 1.2). The result of this is a 

paraphyletic relationship of the cave spiders to the mountain top spiders (figure 1.2). 

Even though the cave spiders are morphometrically and ecologically different to the 

mountain top spiders they would not meet the criteria of reciprocal monophyly and 

would not be classified as an ESU, despite the adaptations they possess (Crandall, et 

al., 2000; Hedin, 1997). 

Effectively this definition places an emphasis on historical demographic processes 

and could potentially ignore adaptive differences. Though there still remains no 

consensus on how to define an ESU, one thing that can be agreed on is that the 

overall goal of identifying an ESU is to maintain and protect evolutionary potential. 

Fortunately, the advent of next generation sequencing and genome wide methods 

can now access large numbers of both neutral and adaptive loci (Coates et al., 2018).  

Assessment of both neutral and adaptive markers allows for the capture of 

demographic and functional information to be taken into account when making 

conservation decisions (Funk, et al., 2012). 

Figure 1.2 Crandall et al (2000) and Hedin (1997) mountain top and cave spiders 
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1.5.4 Ecotypes  

The term ecotype was first used in relation to heritable traits in plants when Turesson 

(1922) investigated plants collected from inland and coastal habitats grown under 

the same set of conditions. The aim was to compare the effects of environmental 

factors on the genotype of the populations of the same species, where those 

populations originated from different habitats. The experiments revealed that plants 

from different habitats varied from each other in multiple traits (Turesson, 1922). To 

refer to the plant populations that exhibited these trait differences the word ecotype 

was used and was defined as ecologically distinct populations (Turesson, 1922). 

Ecotypes were seen to be the result of natural selection and evidence of adaptation 

to local environments (Turesson, 1925). Some researchers saw this difference 

between populations as demonstrating the importance of barriers to gene flow in the 

process of speciation, as the populations were far enough apart not to interbreed, 

and a new definition emerged. Later, Gregor et al. (1936) provided a definition that 

specifically mentions reproductive isolation, asserting that an ecotype is ‘a population 

distinguished by morphological and physiological characteristics, most frequently of 

a quantitative nature’ and ‘interfertile with other ecotypes and ecospecies, but 

prevented from exchanging genes by ecological barriers’ (Lowry, 2012). This 

definition meant that while reproductive isolation was important, there is a 

prerequisite that they can but do not exchange genetic material. Clausen et al (1951) 

expanded on plant ecotype experiments confirming ecotypes in many species and 

the term ‘ecological races’ was first coined (Clausen, 1951). As the evidence of 

ecotypes and ecological races emerged further, evolutionary biologists began to 

factor it into their discussions around the process of speciation. Dobzhansky saw 

these ecological races as ‘populations of a species, which differ in the frequencies of 
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one or more genetic variants, alleles, or chromosomal structure’ (Dobzhansky, 1937). 

He also acknowledged these ecological races were the same as the previously 

discussed ecotypes and described them as a fundamental stage of speciation (Lowry, 

2012; Dobzhansky, 1940). Mayr, however, initially thought the discussions around 

ecotypes and ecological races had become taxonomic and too typological (Mayr, 

1958). Mayr’s opinions changed over time and he refered to species as consisting of 

geographical races and that ‘all geographic races are also ecological races’ and vice-

versa (Mayr, 1947; Lowry 2012). The current definition of ecotypes offered by Lowry 

(2012) is that ‘ecotypes, also known as ecological races or geographical races, are 

populations (or subspecies) that are adapted to an environment via variation in 

multiple traits and allele frequencies across loci’ (Lowry, 2012). These discussions 

cemented the idea of ecological race and its potential role in ecological speciation in 

the literature (Lowry, 2012; Clausen 1951; Ortiz, 2020).  

An example of ecotypes outside of the plant science discipline is the shore gastropod, 

the rough periwinkle (Littorina saxatilis) (Reid 1996). This ovoviviparous species has 

no pelagic larval distribution (Reid 1996; Rolan-Alvarez, et al., 1998) and this limits 

gene flow between populations along coastlines. There are two recognised ecotypes 

of this species, a small shell phenotype adapted to withstand high wave exposure 

and a larger ridged shelled phenotype adapted to withstand crab predation 

(Johannesson, et al 2010). These two ecotypes occur in different habitats, either 

exposed or sheltered rocky beaches. Both ecotypes interact in areas where the 

habitats overlap, and have been genetically assessed in a number of studies (Butlin, 

et al., 2014; Westram, et al., 2014; Ravinet, et al., 2016). This is a well-studied 

example of ecotypes and the forces that have limited gene flow between the two. 

Forces such as divergent selection (Johannesson, et al 2010), assortative mating 
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(Perini, et al., 2020) and environmental selection (Rolan-Alvarez, et al., 1998; Janson, 

et al., 1983) are the barriers to gene flow between the two ecotypes where the 

habitats cross over. These ecotypes are phenotypically distinct, have barriers to gene 

flow and occupy distinctly different environments. So, what makes these periwinkle 

ecotypes ‘ecotypes’ and not subspecies or species, and would they qualify as an ESU? 

How is the rough periwinkle example different from the example of the cave spiders? 

Defining the real difference between a subspecies, an ecotype or an ESU is no easy 

task. Issues surrounding how units of the evolutionary process are defined will not be 

resolved in this thesis, but defining the key terms in the study system at hand is 

important for clarity. 

1.5.5 Apis mellifera lineages, subspecies, ecotypes and ESUs  

The honey bee, Apis mellifera has a large natural range spanning Africa and Eurasia. 

Across its range A. mellifera exhibits substantial variation and there have been 

lineages, subspecies and ecotypes designated (Meixner, et al., 2013; (De la Rúa, et 

al., 2009). However, with regard to the structure of lineages and subspecies a 

number of issues remain unresolved.  In Apis melifera, taxonomic and evolutionary 

units were originally based largely on work by Ruttner (1988) who employed 36 

morphological measurements to classify the species in Europe. Since then some 

have been confirmed and revised with the addition of genetic data (Franck, et al, 

2000; Dall’Olio, et al., 2007; Rortais, et al., 2011; Pinto, et al., 2014).  

1.5.5.1. Apis mellifera lineages 

Apis mellifera has been split into lineages each containing a number of subspecies 

and within those subspecies some ecotypes have also been defined (Ilyasov, et al 

2020; Meixner, et al 2013; Dall’Olio, et al., 2007). Assigning several subspecies 
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within a lineage strays from the usual pattern of classifications set out in the 

preceding discussion and additionally these evolutionary lineages have not been 

completely resolved.  

Initially, A. mellifera was divided into 3 lineages, A, M and C, using morphological 

measurements, and within these 3 lineages approximately 20 subspecies were 

described (Ruttner, 1978; Moritz, et al., 1986; Garnery et al 1992). Subsequently, 

using a combination of morphological and genetic analysis the species was divided 

into 4 lineages, A, M, C and O, containing approximately 24 subspecies (Figure 1.3) 

(Ruttner, 1988; Arias and Sheppard, 1996; Palmer et al., 2000; Estoup, et al., 1995).  

Currently, there are 5 or 6 lineages, A, M, C, O, Y, along with a sub-lineage Z, with 

more than 30 subspecies divided among them (Lineages Y and Z are located in Africa) 

(Alburaki, et al., 2011; Meixner et al., 2013; Ilyasov, et al 2020; Tihelka, et al., 2020).  

Figure 1.3. Distribution of the A, M, C and O Apis mellifera lineages across Europe 
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The composition of these lineages is still unclear. For example, in Europe there are 

two evolutionary lineages, lineage M and lineage C. The M lineage is generally 

described as containing three subspecies, Apis mellifera mellifera, Apis mellifera 

iberiensis and Apis mellifera sinisxinyuan (Mexiner, et al 2013; Ilyasov, et al 2020). 

In lineage C there are currently 10 subspecies, including two of the most 

commercially important subspecies, Apis meliffera ligustica and Apis mellifera 

carnica (Mexiner, et al 2013; Ilyasov, et al 2020). Tihelka et al (2020) attempted to 

clarify the phylogeny of this species by examining mtDNA from 18 subspecies. This 

resulted in the M lineage containing just two of the three subspecies, the northern 

European A. m. mellifera subspecies and the Chinese subspecies A. m. sinisxinyuan. 

This grouping of A. m. mellifera and A. m. sinisxinyuan is difficult to interpret as A. m. 

sinisxinyuan is found in the north west of China (Chen, et al., 2020). Tihelka et al 

(2020) placed A. m. iberiensis, the Iberian peninsula subspecies, with lineage A. The 

A lineage’s range is across North Africa. This is not unusual, previous studies using 

both nDNA and mtDNA found evidence for lineage A grouped in the southern range 

of this subspecies (Chávez‐Galarza, et al., 2015). An interesting question is whether 

these A lineage haplotypes are the result of natural contact zones, or the result of 

human transhumance; at present we simply do not know. Resolving the structure of 

the lineages will require wider sampling of subspecies from across the geographical 

range and more genetic information from across the genome.  

1.5.5.2. Apis mellifera subspecies 

With over 30 subspecies of Apis mellifera described worldwide, do these subspecies 

fit within the widely used definitions of a subspecies in the literature? 

As discussed, Mayr (1942, 1963) suggested that to be classified as a subspecies 

geographical isolation is required. The distribution of Apis mellifera across Europe is 
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large and continuous, much of which lacks any geographical isolation (with the 

exception of some mountain ranges, for example the Alps). However, geographical 

boundaries change over time and it has been suggested that honey bee populations 

were previously more fragmented. Ruttner (1988) described honey bees retreating 

towards the Iberian Peninsula and the Balkan Peninsula during the last glacial period 

approximately 110,000 years ago, where they remained until approximately 12,000 

ago when the glacial ice receded allowing the bees to recolonise Europe. The Iberian 

bees then recolonised northern and western Europe resulting in lineage M and the 

Balkan bees recolonised eastern and central Europe resulting in lineage C (Ruttner, 

1988; Miguel, et al 2007). This geographical separation explains the formation of the 

lineages and but does not account for the current subspecies within the lineages. The 

geographical barrier criterion is unhelpful in clarifying subspecies delineation here: 

using that criterion few honey bees would be defined as subspecies. Nevertheless, 

subspecies have been assessed using a combination of methods.  

1.5.5.2.1. Morphological categorisation of subspecies 

In honey bee studies there are two broad methods for morphological categorisation. 

One is the method designed by Ruttner (1988) which uses 36 full body 

characteristics, and the other is wing morphology (Miguel, et al., 2011; Tofilski, 2004; 

DuPraw, 1964). Wing morphology is used in a number of different ways. Bee keepers 

often employ two measurements, cubital index and discoidal shift, while researchers 

often use geometric wing morphometry which measures up to 41 wing vein angles 

(Tofilski, 2004; DuPraw, 1964; Miguel, et al., 2011). As seen in the preceding 

discussion the use of too few morphological characteristics has led to subspecies 

being poorly defined. However many of the subspecies defined using Ruttner’s 36 

morphological traits have been confirmed using molecular data (See section 
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1.5.5.2.2). There has also been consistency between the use of the full suite of wing 

morphometry and genetic data (Miguel, et al., 2010). Abdominal colour is sometimes 

used to identify subspecies by bee keepers. In the UK a black phenotype is used to 

identify the M lineage bee, A. m. mellifera, while in the Azores a yellow phenotype is 

used to select for A. m. ligustica. Henriques et al (2020) examined whether colour 

could be used as a proxy for C-lineage introgression in M lineage honey bees. They 

compared abdominal colour phenotypes to introgression values resulting from 

genetic data (SNPs). A. m. mellifera individuals with yellower phenotypes did exhibit 

a higher average level of introgression, however, the two most dissimilar phenotypes 

(black and mostly yellow) had overlapping introgression ranges. There were also 

several occasions where individuals with a black phenotype had higher introgression 

levels than individuals with most yellow phenotypes (Henriques et al 2020). 

Effectively, a phenotypically yellow individual may help identify introgression in A. m. 

mellifera, but a phenotypically black individual does not necessarily indicate that the 

individual has no introgression. This could be due to a number of factors: firstly, while 

colour is a heritable trait there is some evidence that during pupal development 

temperature can play a role in the colour of honey bees, with darker phenotypes 

developing at lower temperatures (DeGrandi-Hoffman, et al 1993; Spivak et al 1992). 

Secondly, there is only one yellow honey bee in Europe (Ruttner, 1988), which is A. 

m. ligustica. This could explain why the black phenotype is not necessarily indicative 

of A.  m. mellifera but yellow tergites are potentially indicative of introgression. A 

phenotypically black honey bee with a high introgression value could be a result of 

introgression from A. m. carnica or another European subspecies that is not yellow 

(Henriques et al 2020). 
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 Additionally some subspecies are based purely on bee keeper descriptions and 

morphological measurements, especially for subspecies outside of Europe. For 

example, many subspecies in Africa and the Middle East rely exclusively on 

morphometric analysis or bee keeper descriptions (Fotso Kenmogne, et al., 2021; 

Khoshraftar, et al., 2021; Hailu, et al., 2021). For confirmation of subspecies 

identified via morphological methods genetic data is used (Miguel, et al., 2010). 

Although genetic analysis also has its limitations regarding genetic marker choice, 

specialist skills are required and higher costs are involved for this kind of work.  

1.5.5.2.2. Genetic categorisation of subspecies 

Many methods have been used to identify subspecies, for example, mtDNA haplotype 

analysis, microsatellite or genome wide SNPs data coupled with Bayesian clustering 

algorithms. These have all allowed researchers to investigate the genetic 

differentiation and population structure exhibited by subspecies (Dall’Olio, et al., 

2007; Munoz, et al., 2015) and subsequently allowed researchers to investigate 

introgression in populations (Ellis, et al., 2018; Oleska, et al., 2011; Franck, et al., 

2000). 

While some subspecies have been genetically identified, for example A. m. ligustica 

(Dall’Olio, et al., 2007), or A. m. mellifera (Pinto, et al., 2014), many have not and 

some methods may not be very helpful in identifying where subspecies remain. Ellis 

et al (2018) examined A. m. mellifera (lineage M) populations in Cornwall, England, 

using mtDNA and microsatellites. Some samples possessed C lineage mtDNA while 

the nuclear DNA grouped with M lineage (above 0.95 probability of belonging to 

lineage M).  This could potentially be due to the human-induced mixing of populations 

and means potentially using mtDNA to identify subspecies could be problematic (as 
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mtDNA is passed down only through the maternal line whereas markers such as 

microsatellites estimate nuclear divergence).  

While genetic studies have begun to identify subspecies, many subspecies have 

never been sampled and the classification of a subspecies is largely unknown. 

Additionally human-mediated movement of honey bees can confuse matters further.  

1.5.5.3. Apis mellifera ecotypes 

While subspecies level traits are the result of adaptation to a general and wide set of 

ecological environments there is also variation within subspecies. For example, Apis 

mellifera mellifera (A. m. m.) has the largest original geographical distribution of any 

European subspecies. The range of A. m. m. stretches from Ireland in the west as far 

as Russia in the east, from Sweden in the north to France in the south.  Across this 

range, there is reported variation within this subspecies where adaptations to local 

environmental conditions occur and this would potentially represent ecotypes 

(Meixner, et al., 2013; De la Rúa, et al., 2009).  There has been one ecotype of A. m. 

m described and reported in the scientific literature. In Landes, France, A. m. m has 

shown an adaptation to local flowering timings in the form of brood cycle timings 

(Louveaux et al., 1966; Strange et al., 2007). However, this is only one example of 

an ecotype within this subspecies and the adaptive characteristics of many honey 

bee subspecies remains poorly understood and largely unstudied. 

Additionally, whether trait variation is due to genetic differences within and between 

ecotypes or the result of plasticity across the range is completely unstudied. Would 

the thirty subspecies across the range be better described as geographical races or 

ecotypes?  
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1.5.5.4. Evolutionary significant units in Apis mellifera 

There has been no substantial discussion in the Apis mellifera conservation literature 

concerning ESUs, but previously described definitions of an ESU are based on three 

main ideas. ESUs are ‘a subset of the more inclusive entity of a species, which 

possess genetic attributes significant for present and future generations of the 

species in question’ (Ryder, 1986) or ‘represents an important component of the 

evolutionary legacy of the species’ (Waples, 1991) and ‘are reciprocal monophyletic 

for mtDNA alleles and demonstrate significant divergence of allele frequencies at 

nuclear loci’ (Mortiz, 1994). These attempted definitions and the wider idea of an 

ESU would fit the descriptions of the variation we see in Apis mellifera and could be 

a good description of what a subspecies in Apis mellifera represents. However, these 

ideas of ESUs did not arrive into the wider biological discussions until around the 

same time Ruttner’s (1988) classifications had already been formed, so while there 

is no discussion of ESU’s in the honey bee literature, the concept is still important 

and may be a relevant way to frame honey bee conservation.  

1.5.6 Classification of Apis mellifera unit for this study 

There are issues in defining subspecies or units for conservation and resolving these 

terms is a difficult task for biologists. It is also evident that there are many 

confounding factors in the study of honey bees regarding the lineages, subspecies, 

and ecotypes. In this study and in an effort to remain in keeping with the current 

literature around Apis mellifera lineage ‘M’ will be referred to as containing 

subspecies  A. m. mellifera, A. m. iberiensis and A. m. sinisxinyuan and lineage ‘C’ 

containing the subspecies A. m. carnica and A. m. ligustica.  
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 An overview of the study system 

This thesis investigates the topics of introgression and adaptation in honey bees (Apis 

mellifera). Honey bees are a predominantly human-managed pollinator that are now 

distributed over every continent, save Antarctica (Requier et al., 2019). Where Apis 

mellifera originated is still debated and has been suggested to be either Asia 

(Wallberg et al., 2014), Africa (Whitfield et al., 2006) or northern Africa and the Middle 

East (Tihelka, et al., 2020). Its native range spans Africa, Europe, Asia, and the Middle 

East (Ruttner, 1988; Requier et al., 2019). A. mellifera is a eusocial insect belonging 

to the order Hymenoptera. A. mellifera are haplodiploid and arrhenotokous, where, 

males (drones) develop from unfertilized haploid eggs and, females (workers) from 

diploid fertilised eggs. A. mellifera live in large colonies of between 10,000 and 

35,000 individuals (Eckert, et al 1994; Palmer and Oldroyd, 2001). This species has 

a matriarchal structure consisting of three bee castes: queens, workers and drones 

(Culliney, 1984). A female diploid queen is the only member of the colony that lays 

eggs (although there are some specific colony breakdown circumstances when 

workers may also do so). During the reproductive phase of the colony drones and new 

queens will be produced. These drones and queens produced by colonies will mate 

with drones and queens from the local area at drone congregation sites and go on to 

produce new colonies (Elekonich and Roberts, 2005). Queens will mate multiple 

times with up to 7-28 different drones from the surrounding area (Estoup, et al., 

1994; Palmer and Oldroyd, 2000). 

A. mellifera has been categorised into different evolutionary lineages (Ruttner 1988; 

Dognatzis and Zayed, 2019; Tihelka, et al., 2020) and each lineage contains a 
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number of subspecies (Ruttner 1988; Franck et al., 1998; Alburaki et al., 2001; 

Chávez-Galarza et al., 2017). In Europe A. mellifera has been grouped in to four 

evolutionary lineages, M, A, C, and O (Figure 1.3). As mentioned in section 1.5.5.2, 

Ruttner (1988) described how the last glacial period resulted in lineage M and 

lineage C. The O lineage is present in the Middle East while the A lineage is present 

in southern Spain and North Africa. Within these lineages are subspecies, for 

example, Apis mellifera mellifera sit within the M lineage, while Apis mellifera 

ligustica and Apis mellifera carnica are in the C lineage (Whitfield et al., 2006; 

Meixner et al., 2013). There have been over 27 honey bee subspecies described 

worldwide (Dogantzis and Zayed 2019).  

 Apis mellifera and its native status in the UK 

Questions have been raised in the literature and the wider media about whether Apis 

mellifera is native to the UK (Goulson 2003; Carreck, 2008; Ollerton 2013). Below 

the history of Apis in Europe and evidence in relation to its native status in the UK is 

reviewed.  

First the question of what ‘native’ means must be addressed, but the scientific 

community has not reached a consensus. Webb (1985) suggested that a native plant 

is one which evolved in Britain or arrived before the Neolithic period independently of 

human activity, suggesting that pre-Neolithic humans were part of nature and the 

effect they had on species dispersal was equivalent to that of other animals. 

However, it is now known that Mesolithic people’s lifestyle did alter the environment, 

e.g. they may have cleared woodland using fire to attract grazing animals for hunting 

(Smout 2014). Other authors have tried to provide further clarity. For example, Usher 

(2000) suggested six categories to classify species (native, formerly native, locally 
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non-native, long established, recently arrived or non-native), while Crees and Turvey 

(2015) suggested a nine category system based on temporal periods and mode of 

colonisation. In short, ascertaining what species are native and is not as simple task. 

Regarding honey bees, the oldest fossils representing the genus Apis were found in 

Europe. Fossils from France, Spain and Germany date back to the Oligocene (33.9 

million years ago to 23 million years ago) and are morphologically similar to Apis 

dorsata (Engel, 1998; Kotthoff et al., 2011; Kotthoff et al., 2013; Nel et al., 1999), 

confirming the presence of the ancestral Apis genus in Europe during this time. There 

are other Apis species fossils from Italy (Handlirsch 1907), Austria (Nel et al., 1999), 

Czechia (Nel 2003), China (Hong 1983; Zhang 1990) and the United States (Engel et 

al., 2009), yet there is only one Apis mellifera fossil. This single fossil dates back to 

the late Pleistocene (approximately 2 million years old) and is preserved in East 

African tree resin (Baker and Chmielewski, 2003; Zeuner and Manning, 1976).  

Information from cave paintings across the world during Mesolithic period suggests 

that people practiced “honey hunting” rather than managing hives (Eva Crane, 2005; 

Garlake, 1995; Pager, 1973; Strickland, 1982; Gordon 1958; Mathpal, 1984). 

Indeed, the historical presence of honey bees in Southern Europe is also documented 

by the Araña cave painting (Bicorp, Spain), which depicts a Mesolithic figure (pre-

Neolithic hunter gatherers) collecting honey from a wild colony (Dams, 1978; Kritsky 

2014) and dates back to approximately 8000 years ago. The Mesolithic use of honey 

bees is interesting in relation to the question of whether honey bees are native to the 

UK because the land strait that connected the UK to mainland Europe, Doggerland, 

was shut off approximately 8000 years ago (Coles, 1998; Walker et al., 2020) and 

we know Doggerland was home to generations of Mesolithic people for thousands of 

years (Gaffney, et al 2009; Amkreutz and Spithoven., 2019).   



35 

 

Carreck (2008) reviewed evidence that demonstrated the presence of honey bees in 

the British Isles for the last 4000 years.  This includes archaeological evidence of 

bees wax inside approximately 4000 year old Neolithic pots located in Berkshire 

(Needham and Evans, 1987; Carreck 2008). Since then evidence of beeswax in 

Neolithic pots has been found in two additional sites in the south of Britain, at Eton 

rowing lake and at Bulford Torstone, dating from approximately 6000 years ago 

(Roffet-Salque, et al., 2015). Clearly, this evidence contradicts arguments for 

introductions later than that date. 

Conversely, an argument for Apis mellifera not being native is their close association 

with humans (Goulson 2003) and that, today, they are not often found living in the 

wild (Ollerton 2013), thus it is likely that honey bees were always an introduced semi-

domesticated species. Humans and honey bees do share a close relationship, but 

does the eventual domestication by Neolithic people mean the honey bee is not 

native to Britain?  

In summary, honey bees could have come over Doggerland, with or without the help 

of pre-Neolithic humans. Honey bees were present in Europe before the land bridge 

shut and there is evidence of the use of bees wax by Neolithic humans in Britain 2000 

years after Britain was cut off. If hunter-gatherers did transport honey bees across 

Doggerland during the thousands of years it was open, these pre-Neolithic people 

could be seen as performing a natural process, similar to Pheidole and Solenopsis 

ants that farm mealybugs, Dysmicoccus, (Beardsley and Gonzalez-Hernandez, 2003) 

or Macrotermitinae termites domesticating fungus (Poulsen 2015).   
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 Locally adapted Apis mellifera  

Recently, bee keepers have become aware of the benefits and importance of locally 

adapted forms and are questioning the use of imported subspecies. It has been 

suggested that A. m. m. bees may possess a number of traits that are of advantage 

in UK conditions (Box 1). This suggestion raises questions not only about whether or 

not A. m. m. is locally adapted, but about how we measure and define local 

adaptation, and subspecies, and whether subspecies are a useful concept in honey 

bee conservation. How does human management or semi-domestication of honey 

bees affect traits or local adaptation? How do we assess introgression and admixture 

in this biological system, and, how do introgression and admixture affect local 

adaptation in honey bee subspecies? 

 Imports to the United Kingdom 

Importation of honey bees is in to the UK is commonplace. This is thought to have 

stemmed from the population crash event that occurred in the 1920s, often referred 

to as ‘the Isle of Wight disease’. The causes of the Isle of Wight disease have been 

attributed to several sources, from Acarapis woodi (Adam, 1968), Nosema apis 

(Fantham and Porter, 1912) or to a combination of many causes (Bailey, 1964). As a 

consequence, there was a need to replenish bee stocks and beekeepers resorted to 

importation from continental Europe, which presented an opportunity to purchase 

bees that possessed perceived desirable characteristics, for example, docility or 

increased honey yield. This importation culture persists today. Over the timeline of 
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this study the number of imports of batched queens, (a queen accompanied by a 

batch of workers) into the UK, has remained at a constant of approximately 15,000 

queens a year (Beebase, 2021, BeeBase 2022). Since Britain’s exit from the EU, 

imports can no longer consist of larger packages, such as nuclei or full colonies 

(DEFRA, 2021; Adam Parker, 2021). Despite this importation still persists and in 

2022 so far 15,457 queens have been imported with high numbers of queens 

originating from Italy and Malta (BeeBase 2022). This support for non-native 

subspecies has led to a continued genetic influx in to local UK populations, which is 

thought to lead to the breakdown of combinations of alleles built up by local 

adaptation (Edmands, et al., 2007; Harper, et al., 2013). Currently, legislation in the 

UK allows for imports from European Union (EU) member states and New Zealand 

(Adam Parker, 2021). Imports from the EU may consist of queens with up to 20 

workers accompanied by a health certificate (DEFRA, 2021). 

A related issue is that the demand for honey bee queens is not met by breeders in 

the UK. When bee keepers need to replace new queens there are not enough honey 

bee queen breeders to meet demand (B4, personal communication). This is 

especially true of A. m. mellifera. Even though there are conservation groups in the 

UK none of these widely supply A. m. mellifera queens for purchase for the general 

public.   

Studies of UK honey bee introgression present an opportunity to inform UK 

government, conservation bodies and beekeeper stakeholders regarding importation 

and breeding policy. 
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Box 1. Traits of A. m. mellifera.  that bee keepers have observed and suggested to be subspecies traits.  

Box 1. 

Apis mellifera mellifera specific traits 

 
There are a number of traits that bee keepers consider to be A. m. m specific based on their experience. They are lacking empirical evidence.  

 

Low tendency to swarm: Reduced swarming is a desirable characteristic for bee keepers. Swarming results in the colony splitting, where the old queen leaves with approximately 

50% of the workers and a new queen stays with the remaining workers. Swarming is costly because possessing limited resources and labour, a swarm must create a new comb, 

build up new food reserves, and begin rearing a work force in order to replace and replenish the old workers. 

Supersedure:  the mating of a new virgin queen who then proceeds to lay eggs in the presence of the old queen, who does not relocate with a portion of the workers (Cooper, 

1986). Essentially, it is the replacement of the queen by one of her daughters without swarming. This can be either the replacement or co-existence.  

Brood cycle: The brood cycle of locally adapted ecotypes of A. m. m. colonies has been observed to be in phenological rhythm with the local flora (Louveaux et al., 1966; Ruttner, 

1988; Strange et al., 2007). It is possible that imported subspecies of honey bee are automatically at a disadvantage as the brood timing and phenology has evolved and adapted 

to another locality. (see section 1.5.5.3) 

Prolificacy: It is believed that some imported queens build brood and expand their colonies rapidly in the good weather and when the nectar is readily available. Conversely, when 

the weather becomes changeable, a frequent occurrence in the UK, in order to sustain worker numbers the imported colony consumes stores heavily leading to heavy loss of 

production and possible starvation. It is believed by A. m. m. bee keepers that as a result of being adapted to the UK’s changeable climate, A. m. m. bees are conservative with 

stores and non-prolific in laying, even going off laying in the poor weather spells. 

Drone brood production and cycles: Drones are produced at times of high resource abundance as drones do not contribute to the colony; they do not go out to forage, contribute 

to nursery duties or guard the colony and are therefore a costly expenditure for the colony to rear. Keepers of A. m. m. claim that these bees have different drone brood timing 

when compared with imported bees in the UK. It is thought that drone timings could be affected by the thrifty and non-prolific nature of native bees. If imported colonies build up 

more rapidly when compared with native colonies then they will reach the strength at which the colony can afford to produce the energy costly drones more quickly than A. m. m. 

Pollen collection and thrifty nature: Bee keepers have reported that A. m. m. stores more pollen and are conservative (bee keepers use the term thrifty) with their pollen stores 

allowing them to survive periods of poor weather. Bees require a varied pollen diet to stave off vitamin, mineral and protein deficiencies (Schmidt et al., 1995), in addition to this, 

poor pollen nutrition can result in a colony becoming more susceptible to disease and pesticide exposure (Fries, 1993; Brodschneider and Crailsheim, 2010; DeGrandi-Hoffman 

et al., 2010; Wu, Anelli and Sheppard, 2011). 

High longevity:  Assertions that A. m. m. workers live longer than imported honey bee workers could be a beneficial trait due to the cost incurred by continually raising workers. 

Increased flight strength in cold weather: Bee keepers have suggested that A. m. m. can forage in cooler climate such as the UK and northern Europe, unlike other subspecies. 

Temperament: A. m. m. is said by some to be more aggressive than other subspecies. Bee keepers prefer honey bees to be calmer for ease of working the colony. Some suggest 

that this aggression arises from introgression between A. m. m. and other subspecies. 

Heightened defensive behaviour:  Wasps and hornets are significant enemies of honey bees and can invade and attack persistently, weakening colonies. A. m. m. is suggested 

to display increased defensive behaviour and so potentially be better equipped to ward off these predators. 

Apiary vicinity mating (AVM): Sometimes referred to as alternate mating behaviour, AVM is often referred to by bee keepers who keep A. m. m. Ordinarily, honey bee queens mate 

at specific drone congregation sites (Koeniger et al., 2005; Brockmann et al., 2006) that form in hot sunny weather (Cooper, 1986; Widdicombe, 2015). AVM is when the queen 

mates with a number of drones that reside in the same apiary rather than  locating a drone congregation area (Cooper, 1986). AVM is thought to be a strategy used by A. m. m. 

to breed in unsettled weather conditions when drone assemblies cannot form and imported queens will fail to mate. 
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  Conservation of UK Apis mellifera mellifera  

There are no formal guidelines regarding the conservation or breeding of A. m. m. in 

England, Wales, and Northern Ireland. In Scotland, A. m. m. is protected by the 

Scottish Parliament solely on the Inner Hebridean islands of Colonsay and Oronsay 

via the Bee Keeping Order 2013 which came into effect on January the 1st 2014 and 

prohibits the keeping of bees other than A. m. m. on the island (The Bee Keeping 

Order, 2013).  

The majority of A. m. m. conservation in the UK is in the hands of a network of 

dedicated hobbyist beekeepers, enthusiasts and a few commercial keepers who 

maintain A. m. m. bee stocks, some of which are lost when bee keepers withdraw 

from the pursuit. In Britain, the Bee Improvement and Bee Breeders Association 

(BIBBA) was founded in 1964 and they state the purpose of the group is conserving, 

restoring, studying, selecting and improving native and near native honey bees in 

Britain. BIBBA publishes guides and runs courses and conferences to inform the 

wider bee keeping community and the public of their mission. In Scotland the Scottish 

Native Honey Bee Society (SNHBS) is a charity encouraging the keeping, 

conservation, reinstatement, and scientific research of the dark honey bee. 

  Genetic studies on Apis mellifera subspecies 

1.11.1 Mitochondrial haplotypes for lineage assignment  

For the purposes of ascertaining honey bee lineage membership mitochondrial DNA 

(mtDNA) has been utilised extensively due to its maternal inheritance and a unique 

non-coding intergenic spacer located between the COI and the COII genes (Crozier, 
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Crozier and Mackinlay, 1989; Cornuet, et al., 1991) that varies within and between 

honey bee subspecies. Also known as the tRNAleu and COII intergenic spacer, this 

intergenic spacer consists of variation in what are termed ‘P’ and ‘Q’ sequences 

(Cornuet, et al., 1991). The P sequence has two forms P and Po and the Q sequence 

is often repeated more than once although haplotypes vary in length (Cornuet, et al., 

1991). The C lineage contains a haplotype lacking the P sequence altogether with a 

single Q sequence (Garnery et al., 1998). Other haplotypes in the M lineage, M4, M4’ 

and M4’’, contain a P followed by differing number of Q sequence repeats (Franck et 

al., 2001). These mtDNA studies on honey bee subspecies often rely on a PCR-RFLP 

method using the restriction enzyme DraI. Known as the ‘DraI test’, the method has 

been successfully used to study genetic diversity within lineages (Garnery et al., 

1998; Franck et al., 2001; Jensen et al., 2005). The DraI test does have its limitations 

as haplotypes can exist across subspecies within the same lineage. For example, the 

C1 haplotype is present in populations of both A. m. carnica and A. m. ligustica 

(Muñoz et al.., 2009; Meixner et al.., 2013). The A1 haplotype has also been shown 

to be present in both A. m. iberiensis and A. m. adansonii (Franck et al., 2001; Ellis 

et al., 2018).  

Full sequencing of these mtDNA haplotypes allows for a more detailed investigation 

of honey bee diversity within lineages (Arias and Sheppard, 1996; Jensen et al., 

2005; Alburaki et al., 2011; Pinto et al., 2014; Ilyasov et al., 2016), revealing 

deletions, insertions and single point mutations. For example, sequencing of the 

haplotype M7 revealed the presence of two separate variants present at different 

frequencies within two different populations (Franck et al., 2000). Rortais et al. 

(2011) reviewed mtDNA haplotypes of A. m. m. populations utilising both the DraI 

test and sequencing, which revealed that the previously published haplotypes M14 

and M26 were actually one haplotype. 
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1.11.2 SNPs for lineage assignment  

Numerous genetic studies of Apis mellifera have been carried out using single 

nucleotide polymorphisms (SNPs) (e.g. Whitfield et al., 2006; Chávez-Galarza et al., 

2013; Harpur et al., 2014), and a number of studies utilizing SNPs have been carried 

out specifically investigating the A. m. m. subspecies in Europe  (Pinto et al., 2014; 

Ilyasov et al., 2016; Parejo et al., 2016). Frequently, these studies focus on the 

introgression and admixture of subspecies revealing the extent of hybridization 

amongst European populations. While the cost is continually decreasing for genome-

wide SNP scans and next generation sequencing, it is still expensive to perform 

routinely. Genome wide SNP discovery has also recently been optimised for sub-

species identification by the use of reduced sets of SNPs that have been shown to be 

the most informative for that purpose. Often referred to as ‘ancestry-informative 

markers’ (AIMs) (Muñoz et al., 2015; Parejo et al., 2016), these allow for accurate 

identification of subspecies and measures of hybridization at a reduced cost. Muñoz 

et al. (2015) used five analytical methods to rank 1183 SNPs to inform the 

combinations of SNPs that would create AIMs panels specifically to investigate 

admixture in A. m. m. from the C lineage honey bees. They then created panels 

consisting of 48, 96, 144, 192 and 384 AIMs, subsequently suggesting that the 

chosen AIMs were sufficient in accurately estimating introgression from the C lineage. 

Parejo et al. (2016) reported that as few as 50 SNPs were sufficient to assign honey 

bees as  A. m. m. or other subspecies. A further investigation of the AIMs SNP panel 

allowed for a cost effective and ready to use assay that was developed on the iPLEX 

MassARRAY system and consists of the 144 SNP AIMs panel (Henriques et al., 2018). 

The aim of this was to open up the platform commercially to bee keepers to help 

preserve genetic resources and safeguarding populations with unique alleles 

(Henriques et al., 2018). 
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1.11.3 Signatures of selection 

SNP based genome scans coupled with FST based outlier tests is one approach used 

to identify areas of the genome exhibiting signatures of selection (Zayed and 

Whitfield, 2008; Chávez-Galarza et al., 2013; Wragg et al., 2016; Parejo et al., 2017). 

Chávez-Galarza et al. (2013) investigated signatures of selection in A. m. iberiensis 

(Iberian honey bee) and detected 69 outlier loci each identified by at least one of the 

four FST based outlier methods and 17 outliers detected by all four methods and were 

deemed the best candidates for loci under selection (Chávez-Galarza et al., 2013). 

Of these 17 loci, 15 were strongly associated with one or more environmental 

variable. Gene ontology allowed some of the outlier’s putative function to be 

investigated. Outliers associated with vision, xenobiotics, and innate immune 

responses were revealed (Chávez-Galarza et al., 2013).  

Parejo et al. (2017) investigated signatures of selection in A. m. m. from France and 

Switzerland, identifying eight genes on five chromosomes that showed evidence of 

selection. The WNT4 gene located on chromosome 1 exhibited a strong selection 

signature, which in Drosophila melanogaster has been associated with wing cross-

vein differentiation and abdominal phenotypes. As bee keepers that keep A. m. m. 

often use both wing morphology (Tofilski, 2004; Oleksa and Tofilski, 2015) and 

abdominal colour as gauges of purity and select to breed from colonies using those 

criteria, the WNT4 allele is a potential candidate of human-mediated selection in 

honey bees (Parejo et al., 2017).  

There has to date been no comparative investigation into signatures of selection 

between different subspecies but it would be expected that their natural distribution 

would subject them to differing selection pressures. This highlights a difficultly in 

studying selection in this particular system. Honey bees are subject to both natural 
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and artificial selection pressures, and teasing the two apart is challenging, requiring 

a truly wild population for comparison (Kim et al., 2016; Li et al., 2016). There are 

records of wild honey bee populations in Poland and Germany, and it is suspected 

that wild honey bees do exist in the Urals, France, Ireland and Italy but empirical data 

are lacking (Requier et al., 2020). Further, if wild honey bees do exist and are within 

breeding range of semi-domesticated colonies it is likely that these signatures would 

still be intertwined.  

1.11.4 Genome-wide association studies 

Genome-wide association studies (GWAS) allow researchers to connect a 

phenotypic trait to its underlying associated genetic determination (if the trait is 

heritable). Such analyses are undertaken to identify alleles involved in traits 

expression or to determine the genomic architecture of the trait. GWAS generally 

work by correlating marker variants, usually SNP markers, with variation in the trait 

of interest (Bush and Moore, 2012).  

GWAS experiments concerning honey bee traits have been used to assess various 

behaviours and phenotypes, such as the loci associated with hygienic behaviour 

linked to V. destructor resistance (Spötter et al., 2016), royal jelly production (Wragg, 

et al., 2016) and altitude adaptation (Wallberg et al., 2017).  Studies that take into 

account the subspecies of the honey bee being examined in the GWAS are less 

common but there has been one that explored calmness and gentleness in A. m. m. 

located in Switzerland (Guichard et al., 2021). A total of 5 loci were identified and 

associations were found with genes LOC409692, the Abscam gene, a gene upstream 

of LOC102655631, with LOC413669 and LOC413416. These genes are mainly 

involved in determining the olfactory and nervous system of honey bees (Guichard et 

al., 2021). 
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 Importantly, the ‘calmness’ study was performed on pooled colonies unlike previous 

studies which used individuals, allowing the variation of the entire colony to be 

captured. Avalos et al. (2020) compared the use of pooled colony versus individual 

sequencing in a GWAS of honey bees and aggression. That study found no significant 

correlation between individual aggression and individual alleles, but strong 

correlations between colony level aggression and colony level allele frequencies. This 

could be explained by indirect genetic effects where an individual’s behaviour is 

influenced by the rest of the colony, and the colony is a product of colony level allele 

frequencies (Avalos et al., 2020; Sokolowski, 2020). Specifically, social interactions 

are when two or more individuals send and receive multisensory cues to one another 

(Moore, Brodie and Wolf, 1997). This is a complex behaviour where by the sender of 

the social cues changes the behaviour of the recipient of the information. In this way, 

the genetics of the sender of the social cue effects the behaviour of the other (Wolf, 

et al., 1998; Schneider, et al., 2017). Therefore, to perform a GWAS on colony level 

phenotypes it is vital to assess the colony level genotype as the colony is subject to 

group genetic effects (Sokolowski, 2020).   
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  Aims  

In light of the preceding discussion this project aims to: 

(1) Assess the effectiveness of an A. m. mellifera breeding program in the south 

west of England.  

(2) Compare three different approaches for methods for measuring introgression. 

Firstly, using an AIMs SNP array designed for assessing an individual honey bee. 

Secondly, using a genome wide SNP discovery method to assess an individual 

honey bee. Lastly, using the genome wide SNP discovery method to assess a pooled 

colony. 

(3) Investigate the current extent of A. m. mellifera across the UK and Ireland 

outside of specific conservation and breeding programs using whole genome data.  

(4) In collaboration with researchers in Scandinavia running a phenotypic 

monitoring experiment, investigate subspecies purity and the underlying genetics 

differences between the subspecies using whole genome data.   



46 

 

2. STRUCTURE analyses and genetic 

assignment tests reveal temporal 

decreases in introgression in an 

Apis mellifera mellifera (L.) 

conservation programme 

 

 Introduction 

Conservation and breeding programmes require the management of wild or captive 

populations. This management is often reliant on information about diversity, origin, 

and kinship of individuals within the population in question (Fienieg and Galbusera, 

2013). Conservation programmes also aim to retain genetic variation in the 

population, avoiding inbreeding and inbreeding depression in subsequent 

generations and outbreeding effects (Fraser, 2008), as well as hybridisation and 

introgression events (Templeton, et al., 1986; Rhymer and Simberloff, 1996).  

Hybridisation is defined here as the interbreeding between members of genetically 

distinct lineages (Futuyma and Kirkpatrick, 2017). In parallel, introgression is defined 

as the transfer of alleles between genetically distinct lineages via hybridisation and 

subsequent backcrossing of the offspring into one, or both, of the parental lineages 

(Anderson, 1949). Hybridisation and introgression can be problematic for 

conservation efforts as they can cause the erosion of genetic integrity and the 

disruption of adaptive traits, including genomic extinction (Allendorf, et al., 2004). 
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Genomic extinction is where hybridised and/or introgressed individuals replace one 

or both parental lineages and the intact parental genomes no longer exist. Although 

individual parental alleles are present in hybrid and introgressed individuals, genomic 

extinction is more than a loss of a unique allele at a single locus. Specifically, it is the 

loss of combinations of alleles and genotypes that have evolved over time and are 

lost due to genetic swamping via hybridisation/introgression with another lineage, 

resulting in the loss of a legacy of an evolutionary lineage (Allendorf and Luikart 

2009).  

The human-mediated movement of species can cause or increase hybridisation and 

introgression, potentially threatening endangered species (Ottenburghs, 2021). This 

process has been observed across many different taxa, for example in the red-legged 

partridge (Alectoria rufa) (Casas, et al., 2012), whitefish (Coregonus spp.) (Dierking, 

et al., 2014), amphibians (Talarico, et al., 2020), wildcats (Felis silvastris) and dingos 

(Canis lupus dingo) (Daniels and Corbett, 2003). Conversely, however, hybridisation 

and introgression can also potentially increase genetic diversity, bringing increased 

adaptive potential, fitness and the possibility for adaptive introgression (Tigano and 

Friesen, 2016; Hendrick, 2013) as well as being significant mechanisms of 

evolutionary divergence (e.g. speciation events) (Rieseberg 2006; Saitoh, Chen, 

Mayden, 2010; Patton et al 2020) (see chapter 1, general introduction, for a fuller 

discussion on these subjects).  

The use of genetic markers has allowed conservation and breeding programs to 

monitor populations in order to avoid inbreeding, hybridisation and introgression, and 

allow for estimates of population differentiation and individual relatedness 

(Frankham., 2010) with the ultimate aim being to maintain genetic integrity and 

diversity within lineages (Schwartz, Luikart and Waples., 2007). Microsatellites are 

single sequence repeats (SSRs) or short tandem repeats located in non-coding 
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regions of the genome and they have been commonly employed in this context 

(Chase, Kesseli and Bawa., 1996; Jehle and Arntzen., 2002; Vashistha, et al., 2020). 

They are highly variable and codominant and thus ideally suited for many 

conservation uses with a focus on understanding demographic changes (Tautz, 

1980; Miesfeld, et al., 1981; Field and Wills, 1996). Microsatellite markers are also 

an excellent choice for monitoring conservation programs since they are often readily 

available and accessible to the conservation group or breeder via commercial 

companies (for example, in this study through the company Apigenix). They are also 

relatively cost effective and straightforward to analyse and interpret in contrast with 

more extensive genomic datasets, which require specialist computational resources, 

large data storage space and specialist skills in bioinformatics to analyse and 

interpret the data. 

Insect pollinators provide a special set of challenges for conservation and breeding 

programs. A growing body of evidence indicates that many insects are in decline (e.g. 

Hallmann, et al., 2017; Goulson, 2019). For pollinator groups such as bumblebees, 

solitary bees, and other insect pollinators, conservation efforts typically concentrate 

on in situ approaches such as the preservation, or creation, of habitats, enhancing 

habitat connectivity, and provision of forage resources (e.g. Redhead, et al., 2016; 

Pywell, et al., 2011; Carvell, et al., 2012). While the majority of insect pollinators are 

naturally distributed and these goals serve to increase range and connectivity, some 

insect pollinators are regarded as semi-domesticated, e.g. the Western honey bee 

(Apis melliferaL.). Concerns over the loss of managed honey bees have been ongoing 

over the last twenty years (vanEngeldrop et al., 2009; Williams et al., 2010). Honey 

bees are under threat from, amongst other factors, parasites (Varroa destructor, 

Nosema spp., Melissococcus plutonius), viruses (Dicistroviruses, for example, bee 

paralysis viruses) (Genersch, 2010; VanEngelsdrop and Meixner, 2010), land use 
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changes (Biesmeijer, et al., 2006; Flynn, et al., 2009), pesticides (Thompson, et al., 

2003) and beekeeping practices (De la Rúa, et al., 2009). Since Apis mellifera reside 

in human-managed colonies at apiary sites, its conservation and management poses 

especial challenges. Especially relevant in the context of introgression is the human-

mediated trade of preferred subspecies (due to perceived more desirable traits or 

increased productivity) within and between countries. This has given rise to concerns 

regarding the loss of locally- adapted ecotypes and subspecies via gene flow due to 

the repeated importation of honey bee subspecies (De La Rúa, et al., 2013). 

In the UK there is a well-established culture of importation of honey bees of different 

subspecies, particularly popular C-lineage honey bees A.  m. carnica and A. m. 

ligustica (in comparison to the UK subspecies A. m. mellifera belonging to the M 

lineage. See chapter 1 for full details). Due to the potential negative impacts of the 

importation of these commercially attractive subspecies, beekeepers are becoming 

increasingly interested in the conservation of local diversity and subspecies. Several 

groups have been set up with this goal such as the Societas Internationalis pro 

Conservatione Apis mellifera mellifera (SICAMM), Save Local Bees, The Native Irish 

Honey bee Society (NIHBS), Fédération Européenne des Conservatoires de l’abeille 

noire (FEDCAN), and in the South West England a Community Interest Company, 

Bringing Back Black Bees (B4). There is thus a growing demand for a cost-effective 

service and a feasible timeline for beekeepers to monitor their managed colonies 

when setting up or maintaining a breeding programme. 

As for many other taxa, genetic approaches have been particularly helpful in the 

investigation of introgression in honey bee subspecies. Mitochondrial haplotypes 

(Rortais, et al., 2011), microsatellites (Solignac, et al., 2003; Oleksa and Tofilski, 

2015; Ellis, et al., 2018) and single nucleotide polymorphisms (SNPs) (Chávez-

Galarza et al., 2013; Harpur, et al., 2014; Pinto, et al., 2014) have all been used to 
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gain insight into the “purity” of colonies and populations. These methods all vary in 

initial investment costs, running costs, precision, and resolution (Mace and Purvis, 

2008). Assignment analysis, which makes use of genetic informationto infer groups 

and assign individuals to those groups is often applied to these genetic data to 

evaluate introgression (Peter, 2016; Lawson, et al., 2018). 

The B4 project was founded by a group of beekeepers whose aim is to conserve, 

protect and increase the population of the honey bee subspecies Apis mellifera 

mellifera in the UK. The project aims to set up reserves with like-minded beekeepers 

and identify the genetic purity of honey bees within the project and establish a 

breeding programme. To achieve this, the project uses isolated mating apiaries and 

drone flooding areas to prevent mating with any imported subspecies present locally 

in combination with genetic testing of the honey bees in the programme.  

Previous work at the University of Plymouth used microsatellite genotyping and 

mtDNA data to assess samples from the B4 project aiming to identify any pure Apis 

mellifera mellifera colonies and assess the state of introgression of bees in the South-

West (Ellis, et al., 2018). The study established that the colonies were generally 

admixed and showed introgression from the subspecies Apis mellifera carnica.  

The aim of this present study is to assess temporal changes in genetic diversity and 

introgression of these same honey bee apiaries, asking whether there have been 

changes in the genetic background of honey bees in the programme and assessing 

the effectiveness of the breeding efforts over time.  
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 Methods 

2.2.1 Sample collection 

Honey bee samples were collected by members of the B4 network from managed 

apiaries in Cornwall in 2015 (n=11) and again in 2018 (n=15). The colonies sampled 

were putative members of the subspecies Apis mellifera mellifera being monitored 

as part of B4’s breeding and conservation effort. A total of 30 drone brood were 

sampled per colony by removal of the right antenna and preserving that in absolute 

ethanol. Genotyping haploid males, instead of worker larvae, allows assessment of 

the genotype of the queen(s) without harming the colony and avoids patrilines 

entering the analysis from the queen(s) mates when workers are accidentally 

processed. Samples of European subspecies obtained by Soland-Reckeweg et al., 

(2009) were included as standards to enable the assessment of admixture and 

introgression of the Cornish samples. The standards were chosen from a wide 

geographic range and from locations where low levels of introgression were known:  

A. m. carnica from Slovenia (n=21) where this subspecies has country-wide legal 

protection, and three populations from Austria (Austria n= 44, Austria Wurm n=36 

and Austria 2015  n=102) that also have legal protection; A. m. mellifera from a 

legally protected conservation area in Norway (n=18), a secluded French (n=24) 

population with no known introductions of foreign subspecies, Sweden (n=10), two 

populations from Switzerland (Glarus n=10, Schistal n=12) and Ireland (n=22); A. m. 

ligustica  from Italy (n=55). 
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2.2.2 DNA extractions and microsatellite PCR 

DNA was extracted using a DNeasy Blood and Tissue kit (Qiagen) following the 

manufacturer’s instructions. All genotyping was performed by Apigenix in Switzerland. 

Amplification of 8 microsatellite loci (A007, A28, Ac306, Ap226, Ap273, Ap289, Ap33 

and B24) (Solignac, et al., 2003) was performed using two multiplex PCR reactions 

(Soland-Reckeweg, et al., 2009). Reactions were carried out in a total volume of 10µl 

containing 2- 10 ng of genomic DNA, 5µl Hot-StarTaq Master Mix, double distilled 

water, and a final concentration of 10µM of each forward and reverse primer. 

 Statistical analysis of microsatellite data 

2.3.1 Quality control and diversity measures 

Microsatellite data were grouped by location and checked for any genotyping errors 

(e.g. stutter effects, null alleles) using Microchecker version 2.2.3 (Van Oosterhout, 

et al., 2004). Data were then explored for departures from Hardy-Weinberg 

equilibrium (HWE) and linkage disequilibrium (LD) in Arlequin version 3.5 (Excoffier, 

et al., 2005). In Arelquin, analyses were run for 1,000,000 Markov chain steps and 

100,000 dememorization steps to estimate HWE and LD (Ellis, et al., 2018; Pfeiler, 

et al., 2017; Seitz, et al., 2021). Arlequin was then used to measure observed and 

expected heterozygosity. Allelic richness was calculated across loci using FSTAT 

(Goudet, 2001), based on a minimum of 10 samples per population. 

 



53 

 

2.3.2 Relatedness between individuals 

The presence of related individuals in the Cornwall 2015 and the Cornwall 2018 

samples was tested using two programs. First, the ML-Relate program (Kalinowski, 

2008) was used, which employs a maximum likelihood approach to estimate 

relatedness. ML-Relate is designed for microsatellite data and can accommodate null 

alleles (Kalinowski, 2008). Second, COANCESTRY (Wang, 2011), which estimates 

relatedness (rxy) using seven relatedness estimators and allows for the selection of 

the most appropriate estimator, was also used. COANCESTRY uses two maximum 

likelihood estimators and five moment estimators along with bootstrapping to obtain 

P-values. The five moment estimators differ in the interpretation and use of 

multilocus genotype information (Queller and Goodnight, 1989; Li, et al., 1993; 

Ritland., 1996; Lynch and Ritland., 1999; Wang., 2002). Unlike the five moment 

estimators the maximum likelihood estimators in both COANCESRTY and ML-relate 

allow for inbred individuals in the dataset. Both packages were used as COANCESTRY 

is recommended as a complementary approach to other programmes (Wang, 2011). 

In order to select the most appropriate estimator in COANCESTRY, a total of 400 

dyads consisting of 100 dyads per relationship were simulated. Relationships 

simulated were parent-offspring or full-sibling (rxy =0.5), half-sibling or grandparent-

grandchild (rxy =0.25) and unrelated (rxy =0).  The program does not distinguish 

between relationships that would produce the same relatedness value, for example, 

parent-offspring and full-sibling, or between half-sibling and grandparent-grandchild. 

Pearson’s correlations were performed between the expected relatedness values of 

the simulated relationships, (for example the expect relationship value for a 

simulated parent-offspring is 0.5) and the relatedness values resulting from the 

estimators. The estimator that had a Pearson’s correlation closest to one was chosen 

as the best. 
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2.3.3 Investigation of population structure and introgression 

To assess subspecies assignment two approaches were used: inference of 

population clusters using STRUCTURE (Pritchard, et al., 2000) and genetic 

assignment analysis using ONCOR (Kalinowski, et al., 2007). STRUCTURE assigns 

samples to the most likely clusters using a fully Bayesian method and utilizes all of 

the samples available (Pritchard, et al., 2000). ONCOR is a genetic assignment tool 

and uses a partially Bayesian method to assign samples to a reference baseline 

(Kalinowski, et al., 2007). While fully Bayesian methods have been suggested to be 

more rigorous than partially Bayesian methods, they rely on the assumption that the 

population of origin was sampled (Manel, et al., 2002). Manel et al., (2002) 

recommend employing a partially Bayesian method (such as ONCOR) alongside a fully 

Bayesian method as implemented in STRUCTURE where this assumption may not be 

fully met. 

Markov chain Monte Carlo (MCMC) estimations were implemented in STRUCTURE to 

estimate the number of genetic clusters (K) and individual membership to each 

cluster (Q) (Pritchard, et al., 2000). Three iterations of K from 2-12 were run with the 

admixture model, without geographical information (no Locprior). The burn-in period 

was 50,000 and 500,000 MCMC replications were used in lines with recommended 

protocols (Janes, et al., 2017). Each iteration of K assigned a membership value (Q) 

for each individual to each cluster, with the mean Q value from all individuals forming 

the overall population level membership Q value to each cluster. To investigate the 

best K value the log probability of the data was used to infer the most probable K 

value via the deltaK value calculated using Structure Harvester (Earl, et al., 2012). 

The degree of introgression was examined at the population and individual levels 
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through mean Q values and standard deviations for K=3 as this proved to be the most 

informative for investigating the structure of populations (see Results).  

 STRUCTURE assumes that loci are independent and related individuals thus have 

the potential to cause the algorithm to perform sub-optimally (Rodríguez-Ramilo, et 

al., 2014). Therefore, the focal samples from each year (Cornwall 2015 and Cornwall 

2018) were examined in separate STRUCTURE analyses.  

In the second approach, control samples for each subspecies (listed above) were 

used to generate baseline populations in ONCOR and both Cornish samples sets were 

assigned. Assignments are based on the probability that the given multilocus 

genotype would be produced by one of the baseline populations. Subsequently the 

ONCOR option ‘Leave One Out’ test was performed on the baseline population to 

evaluate the reproducibility of the baseline population assignments by iteratively 

removing and reassigning one individual per baseline population. Then the samples 

from Cornwall 2015 and Cornwall 2018 were placed through ONCOR’s Mixture 

Analysis to estimate the proportion of the whole population that belongs to each 

baseline population and an assignment test was employed to estimate the origin of 

each individual sample (Kalinowski, et al., 2007). 

 Results 

2.4.1 Genetic Diversity 

No departure from HWE or any linkage between loci was detected. The Cornish 

samples showed similar values of genetic diversity (allelic richness and observed 

heterozygosity) over the two sample periods (Table 2.1). Both Cornish samples 

showed the highest genetic diversity values across all populations analysed. 
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Table 2.1 Genetic diversity of A. mellifera populations (SD = standard deviation). 

Population Subspecies 

Average allelic 

richness Observed Heterozygosity Expected Heterozygosity 

Mean SD Mean SD SE Mean SD SE 

Cornwall 2015 Unknown 5.16 2.80 0.59 0.26 0.09 0.62 0.22 0.08 

Cornwall 2018 Unknown 5.06 2.87 0.61 0.23 0.08 0.62 0.23 0.08 

Italy A. m. ligustica 3.53 2.72 0.35 0.35 0.12 0.38 0.37 0.13 

Austria A. m. carnica 4.41 1.97 0.54 0.24 0.08 0.57 0.20 0.07 

Austria Wurm A. m. carnica 3.93 1.02 0.57 0.15 0.05 0.59 0.12 0.04 

Slovenia A. m. carnica 3.63 1.78 0.45 0.26 0.09 0.44 0.27 0.09 

Sweden A. m. mellifera 3.00 1.41 0.38 0.27 0.10 0.46 0.33 0.12 

France A. m. mellifera 3.92 3.67 0.38 0.30 0.11 0.39 0.34 0.12 

Norway A. m. mellifera 3.59 2.79 0.28 0.31 0.11 0.40 0.35 0.12 

Switzerland Glarus A. m. mellifera 3.88 3.00 0.41 0.34 0.12 0.43 0.33 0.12 

Switzerland Schistal A. m. mellifera 3.62 2.42 0.43 0.33 0.12 0.40 0.32 0.11 

Ireland A. m. mellifera 3.67 2.62 0.36 0.26 0.09 0.39 0.32 0.11 

Austria 2015 A. m. carnica 4.28 1.90 0.50 0.21 0.08 0.52 0.24 0.08 
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2.4.2 Relatedness of individuals 

The COANCESTRY relatedness estimator that was identified as the best was the 

dyadic likelihood estimator (DyadML) (Table 2.2). The remaining six estimators were 

removed from subsequent analysis. Coincidentally, the DyadML estimator is the 

same estimator used by the ML-relate program and ML-relate and COANCESTRY 

produced identical results in all but one pairwise relationship (Table 2.3; 

COANCESTRY detected one relationship that ML-relate did not detect (Illogan 2015 

and Trethill A). There were no parent, offspring or full sibling relationships found, by 

either programme, comparing the Cornwall 2015 and Cornwall 2018 samples; the 

highest relatedness value between the 2015 and 2018 samples was rxy = 0.32. ML-

relate categorised nine half-sibling relationships between Cornwall 2015 and 

Cornwall 2018 (Table 2.3). In total, 32 pairwise relationships between the Cornwall 

2015 and Cornwall 2018 samples were given estimated relatedness values above 

zero by both ML-Relate and COANCESTRY (Table 2.3). Relatedness was detected 

between colonies from the same apiary sampled in different years (Antony, Insworke, 

Trethill, Illogan and Insworke. Table 2.3) as well as between apiaries (Scooner 2015 

and Rosewarne A, Slaters 2015, and Antony B, Illogan 2015 and Trethill B, St. Agnes 

2015 and Maker Cornwall and St Agnes 2015 and Lizard. Table 2.3). 

Table 2.2 Performance of COANCESTRY relatedness estimators from simulation module 
Estimator Pearsons r P-value 

TrioML 0.74 1.15E-71 

Wang 0.73 7.90E-67 

LynchLi 0.70 9.69E-60 

LynchRd 0.73 5.01E-67 

Ritland 0.69 7.46E-58 

QuellerGt 0.69 7.46E-58 

DyadML 0.76 2.57E-77 
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Table 2.3 Estimates of pairwise relatedness and most likely relationships between Cornwall 2015 and Cornwall 2018 produced by ML-

relate and COANCESTRY. LR is the most likely relations produced by ML-Relate, U= Unrelated and HS= Half sibling/Grandparent/Grandchild. 

Rxy are pairwise relatedness produced by ML-Relate and COANCESTRY. *This value was produced only by COANCESTRY 

 

 Cornwall 2015 

Cornwall 
2018 

Antony Insworke 
Maker 

Cornwall Sconner Tregantle Trethill Rosewarne Slaters Illogan St. Agnes Lizard 

LR Rxy LR Rxy LR Rxy LR Rxy LR Rxy LR Rxy LR Rxy LR Rxy LR Rxy LR Rxy LR Rxy 

Insworke A U 0.07 HS 0.25 U 0 U 0 U 0 U 0 U 0 U 0.07 U 0 U 0 U 0 

Insworke B U 0 U 0.1 U 0 U 0 U 0.07 U 0.21 U 0.04 U 0 U 0.02* U 0 U 0 
Maker 
Cornwall U 0 U 0 U 0.1 U 0 U 0.13 U 0 U 0.12 U 0 U 0 HS 0.1 U 0 

Trethill A U 0.12 U 0 U 0 U 0.18 U 0 HS 0.26 U 0 U 0 U 0.3 U 0 U 0 

Trethill B U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 HS 0.3 U 0 U 0 
Slaters 
Falmouth U 0 U 0.07 U 0 U 0 U 0 U 0 U 0 U 0 U 0.2 U 0 U 0 

Tregantle U 0.06 U 0 U 0.07 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 

Sconner U 0 U 0 U 0 U 0 U 0.1 U 0.09 U 0 U 0 U 0 U 0 U 0 

Antony A U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 

Antony B HS 0.18 U 0 U 0 U 0.01 U 0 U 0 U 0 HS 0.25 U 0 U 0 U 0 

Lizard U 0 U 0 U 0.06 U 0 U 0 U 0 U 0 U 0 U 0 HS 0.2 U 0 

Illogan U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 HS 0.3 U 0 U 0 
Rosewarne 
A U 0 U 0 U 0 HS 0.23 U 0 U 0 U 0 U 0 U 0 U 0 U 0 

Rosewarn B U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0 

St Agnes U 0 U 0 U 0 U 0 U 0 U 0 U 0 U 0.06 U 0 U 0 U 0 
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2.4.3 Population structure 

2.4.3.1. STRUCTURE analysis 

The STRUCTURE analysis identified K=3 as the most suitable K value. This is 

unsurprising as it differentiates the subspecies A. m. mellifera, A. m. ligustica and A. 

m. carnica. At K=3 the Cornwall 2018 showed the largest mean membership 

coefficient (Q value 0.82) with the European A. m. mellifera samples (Sweden, 

France, Norway, both Switzerland samples and Ireland, (Figure 2.1 and Table 2.4). 

Cornwall 2018 additionally showed membership to the A. m. carnica cluster (mean 

Q value 0.15). The same pattern was found in the Cornwall 2015 samples, which 

showed the largest mean membership coefficient for European A. m. mellifera (0.71) 

and an additional membership to A. m. carnica (0.27 mean Q values) at K=3 (Figure 

2.2 and Table 2.5). A comparison of mean Q values of apiaries that were sampled in 

2015 and 2018 indicated that four apiaries had a reduction in the mean membership 

to the A. m. mellifera cluster (Insworke B, Maker Cornwall, Slaters and Antony A, Table 

2.6) while eleven apiaries saw an increase in the mean membership to the A. m. 

mellifera cluster (Table 2.6). The largest increases between 2015 and 2018 in mean 

Q value membership to the A. m. mellifera were observed in the Trethill and 

Rosewarne samples (Table 2.6). The largest decrease in A. m. mellifera mean Q value 

membership was seen in the Insworke site (Table 2.6).  The overall change in 

subspecies assignment across the two time periods can be seen by the average 

change in mean Q values between 2015 and 2018. This change is away from A. m. 

carnica cluster (-0.16) towards the A. m. mellifera cluster (+0.16)(Table 2.6). 
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2.4.3.2. ONCOR analysis 

Evaluations of the baseline populations via the Leave One Out test in ONCOR 

reassigned 100% of the A. m. ligustica back to the A. m. ligustica baseline population, 

98.5% of the A. m. carnica individuals back to the A. m. carnica baseline population 

and 100% of the A. m. mellifera individuals back to the A. m. mellifera baseline 

population (Table 2.7). The mixture analysis estimated Cornwall 2015 to belong to 

the A. m. mellifera baseline (0.64) and the to the A. m. carnica baseline (0.36) (Table 

2.8). The mixture analysis estimated the Cornwall 2018 samples to belong to the A. 

m. mellifera baseline (0.86) and A. m. carnica (0.14) (Table 2.8). Individual 

assignment probabilities showed nine apiary sites had an increase in assignment 

probabilities to the A. m. mellifera baseline from the Cornwall 2015 to the Cornwall 

2018 samples (Table 2.9). The ONCOR individual assignments also showed two 

apiary sites had a reduction in assignment to the A. m. mellifera baseline. The largest 

increase in assignment to the A. m. mellifera baseline was seen in the Trethill and 

Rosewarne apiaries (Trethill 0.999 and 1.0, Rosewarne 1.0 and 1.0). The largest 

decrease in A. m. mellifera baseline assignment was seen in the Insworke B apiary 

sample, where the sample was assigned to A. m. carnica (1.0). Overall, four apiaries 

indicated no change in assignment to the A. m. mellifera baseline and seven saw an 

increase in baseline assignment to A. m. mellifera. 

Both STRUCTURE and ONCOR detected the largest increase in A. m. mellifera 

assignment in the Trethill and Rosewarne sites and the largest decreases in the 

Insworke site (Table 2.10). In four sites STRUCTURE presented a different pattern to 

ONCOR. In two instances STRUCTURE detected that a site had had a decrease in 

mean Q value when ONCOR detected no change (Maker Cornwall and Slaters 

Falmouth). Twice STRUCTURE indicated a site increasing in mean Q value while 
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ONCOR, again, detected no change in baseline assignment (Lizard and St Agnes) 

(Table 2.10). 
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Figure 2.1 STRUCTURE analysis of Cornwall 2018 samples. K=3. Population key- 1, Cornwall 2018. 2, Italy, A. m. ligustica. 3, Austria, A. m. carnica. 4, 

Austria Wurm, A. m. carnica. 5, Slovenia, A. m. carnica. 6, Sweden, A. m. mellifera. 7, France, A. m. mellifera. 8, Norway, A. m. mellifera. 9, Switzerland 

Galrus, A. m. mellifera. 10, Switzerland Schistal, A. m. mellifera. 11, Ireland, A. m. mellifera. 12, Austria 2015, A. m. carnica 

Table 2.4. Mean Q values of membership of populations to clusters identified in STRUCTURE at K=3 for the Cornwall 2018 analysis 

Population 

Clusters 

1 2 3 

Average Q  SD Average Q  SD Average Q  SD 

Cornwall 2018  0.82 0.000 0.02 0.000 0.15 0.000 
Italy 0.01 0.000 0.98 0.000 0.01 0.000 
Austria 0.10 0.001 0.01 0.000 0.89 0.000 
Austria Wurm 0.05 0.000 0.01 0.000 0.94 0.000 
Slovenia 0.00 0.001 0.01 0.001 0.98 0.000 
Sweden 0.95 0.000 0.02 0.000 0.03 0.000 
France 0.99 0.000 0.00 0.000 0.00 0.000 
Norway 0.99 0.000 0.00 0.000 0.00 0.000 
Switzerland Glarus 0.94 0.000 0.01 0.000 0.05 0.001 
Switzerland Schistal 0.99 0.000 0.01 0.000 0.01 0.000 
Ireland 0.99 0.000 0.00 0.000 0.01 0.000 
Austria 2015 0.01 0.000 0.01 0.000 0.98 0.000 
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Figure 2.2 STRUCTURE analysis of Cornwall 2015 samples. K=3. Population key- 2, Italy, A. m. ligustica. 3, Austria, A. m. carnica. 4, Austria Wurn, A. 

m. carnica. 5, Slovenia, A. m. carnica. 6, Sweden, A. m. mellifera. 7, France, A. m. mellifera. 8, Norway, A. m. mellifera. 9, Switzerland Galrus, A. m. 

mellifera. 10, Switzerland Schistal, A. m. mellifera. 11, Ireland, A. m. mellifera. 12, Austria 2015, A. m. carnica. 13, Cornwall 2015 

Table 2.5. Mean Q value of membership of populations to clusters identified in STRUCTURE at K=3 for Cornwall 2015 analysis 

Population 

Clusters 

1 2 3 

Average Q  SD Average Q  SD Average Q  SD 

Italy 0.01 0.000 0.01 0.000 0.98 0.000 
Austria 0.10 0.001 0.89 0.000 0.01 0.000 
Austria Wurm 0.05 0.000 0.94 0.000 0.01 0.000 
Slovenia 0.01 0.000 0.98 0.000 0.01 0.000 
Sweden 0.94 0.000 0.03 0.001 0.03 0.001 
France 0.99 0.000 0.00 0.001 0.00 0.000 
Norway 0.99 0.000 0.00 0.000 0.00 0.000 
Switzerland Glarus 0.95 0.000 0.05 0.000 0.01 0.000 
Switzerland Schistal 0.99 0.000 0.01 0.001 0.01 0.000 
Ireland 0.99 0.000 0.01 0.000 0.00 0.000 
Austria 2015 0.01 0.000 0.98 0.000 0.01 0.001 
Cornwall 2015 0.71 0.002 0.28 0.002 0.02 0.000 
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Table 2.6. STRUCTURE membership Q values to cluster produced by K=3 

Sample 

Cluster memberships   
Change in mean Q from 2015 to 2018 

A. m. mellifera A. m. carnica A. m. ligustica  
mean Q SD  mean Q SD  mean Q SD  A. m. mellifera A. m. carnica A. m. ligustica 

Insworke 2015 0.74 0.003 0.24 0.004 0.02 0.001         

Insworke 2018 A 0.94 0.001 0.05 0.000 0.01 0.000  0.20 -0.19 -0.01 

Insworke 2018 B 0.24 0.002 0.75 0.002 0.01 0.000   -0.50 0.51 -0.01 

Maker Cornwall 2015 0.98 0.000 0.01 0.000 0.01 0.000     
Maker Cornwall 2018 0.89 0.001 0.09 0.002 0.02 0.001   -0.09 0.08 0.01 

Trethill 2015 0.27 0.002 0.73 0.001 0.01 0.000     
Trethill 2018 A 0.72 0.001 0.27 0.001 0.01 0.000  0.46 -0.46 0.00 

Trethill 2018 B 0.84 0.001 0.16 0.001 0.01 0.000   0.57 -0.57 0.00 

Slaters Falmouth 2015 0.98 0.000 0.02 0.000 0.01 0.000     
Slaters, Falmouth 2018 0.92 0.001 0.07 0.001 0.01 0.000   -0.06 0.05 0.01 

Tregantle 2015 0.66 0.003 0.33 0.003 0.01 0.001     
Tregantle 2018 0.93 0.001 0.06 0.000 0.01 0.000   0.27 -0.27 0.00 

Sconner 2015 0.44 0.002 0.54 0.003 0.02 0.002     
Sconner 2018 0.59 0.000 0.40 0.000 0.01 0.000   0.15 -0.14 -0.01 

Antony 2015 0.74 0.003 0.25 0.003 0.00 0.001     
Antony 2018 A 0.63 0.000 0.29 0.000 0.09 0.000  -0.12 0.04 0.08 

Antony 2018 B 0.94 0.000 0.05 0.001 0.01 0.000   0.20 -0.20 0.00 

Lizard 2015 0.87 0.002 0.11 0.002 0.02 0.001     
Lizard 2018 0.98 0.001 0.01 0.000 0.01 0.001   0.11 -0.10 -0.01 

Illogan 2015 0.74 0.002 0.23 0.003 0.02 0.001     
Illogan 2018 0.81 0.000 0.06 0.001 0.14 0.001   0.06 -0.18 0.12 

Rosewarne 2015 0.46 0.002 0.52 0.002 0.03 0.001     
Rosewarne 2018 A 0.96 0.001 0.02 0.001 0.02 0.000  0.51 -0.50 -0.01 

Rosewarne 2018 B 0.97 0.000 0.02 0.001 0.01 0.000   0.51 -0.50 -0.02 

St Agnes 2015 0.92 0.002 0.03 0.001 0.05 0.001     
St Agnes 2018 0.99 0.000 0.01 0.000 0.00 0.000   0.07 -0.03 -0.04 

 Average of mean Q values  Average change in mean Q values from 2015 to 2018 

2018 0.82  0.15  0.02   0.16 -0.16 0.01 

2015 0.71  0.27  0.02      
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Table 2.7 Leave One Out baseline test results of subspecies controls from ONCOR 

ONCOR Leave One Out test 

Baseline group Number of samples % correctly reassigned 

A. m. ligustica 50 100.00% 

A. m. carnica 201 98.50% 

A. m. mellifera 93 100.00% 

 

 

Table 2.8 ONCOR mixture analysis of Cornwall 2015 and Cornwall 2018 populations 

ONCOR population mixture analysis 

Baseline population Mixture estimates 2015 Mixture estimates 2018 

A. m. ligustica 0.00 0.00 

A. m. carnica 0.36 0.14 

A. m. mellifera 0.64 0.86 
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Table 2.9 ONCOR probabilities of each sample belonging to each baseline population 

Sample 
Baseline assignment Change in assignment from 2015 to 2018 

A. m. mellifera A. m. carnica A. m. ligustica  A. m. mellifera A. m. carnica A. m. ligustica 

Insworke 2015 0.980 0.020 0         

Insworke 2018 A 1.000 0.000 0  0.020 -0.020 0.000 

Insworke 2018 B 0.000 1.000 0   -0.980 0.980 0.000 

Maker Cornwall 2015 1.000 0.000 0     

Maker Cornwall 2018 1.000 0.000 0   0.000 0.000 0.000 

Trethill 2015 0.000 1.000 0     

Trethill 2018 A 0.999 0.001 0  0.999 -0.999 0.000 

Trethill 2018 B 1.000 0.000 0   1.000 -1.000 0.000 

Slaters Falmouth 2015 1.000 0.000 0     

Slaters, Falmouth 2018 1.000 0.000 0   0.000 0.000 0.000 

Tregantle 2015 0.011 0.989 0     

Tregantle 2018 1.000 0.000 0   0.989 -0.989 0.000 

Sconner 2015 0.021 0.979 0     

Sconner 2018 0.140 0.860 0   0.120 -0.120 0.000 

Antony 2015 0.997 0.003 0     

Antony 2018 A 0.798 0.202 0  -0.199 0.199 0.000 

Antony 2018 B 1.000 0.000 0   0.003 -0.003 0.000 

Lizard 2015 1.000 0.000 0     

Lizard 2018 1.000 0.000 0   0.000 0.000 0.000 

Illogan 2015 0.998 0.002 0     

Illogan 2018 1.000 0.000 0   0.002 -0.002 0.000 

Rosewarne 2015 0.001 0.999 0     

Rosewarne 2018 A 1.000 0.000 0  0.999 -0.999 0.000 

Rosewarne 2018 B 1.000 0.000 0   0.999 -0.999 0.000 

St Agnes 2015 1.000 0.000 0     

St Agnes 2018 1.000 0.000 0   0.000 0.000 0.000 

 Average baseline assignment Average change from 2015 to 2018 

2018 0.81 0.14 0.00  0.26 -0.26 0 

2015 0.64 0.36 0.00     
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Table 2.10. Comparison of STRUCTURE mean Q values and ONCOR baseline assignment results for Cornwall 2015 and Cornwall 2018 

Sample 

A. m. mellifera A. m. carnica A. m. ligustica 

ONCOR STRUCTURE ONCOR STRUCTURE ONCOR STRUCTURE 

Baseline assignment mean Q value Baseline assignment mean Q value Baseline assignment mean Q value 

Insworke 2015 0.980 0.74 0.020 0.24 0 0.02 

Insworke 2018 A 1.000 0.94 0.000 0.05 0 0.01 

Insworke 2018 B 0.000 0.24 1.000 0.75 0 0.01 

Maker Cornwall 2015 1.000 0.98 0.000 0.01 0 0.01 

Maker Cornwall 2018 1.000 0.89 0.000 0.09 0 0.02 

Trethill 2015 0.000 0.27 1.000 0.73 0 0.01 

Trethill 2018 A 0.999 0.72 0.001 0.27 0 0.01 

Trethill 2018 B 1.000 0.84 0.000 0.16 0 0.01 

Slaters Falmouth 2015 1.000 0.98 0.000 0.02 0 0.01 

Slaters, Falmouth 2018 1.000 0.92 0.000 0.07 0 0.01 

Tregantle 2015 0.011 0.66 0.989 0.33 0 0.01 

Tregantle 2018 1.000 0.93 0.000 0.06 0 0.01 

Sconner 2015 0.021 0.44 0.979 0.54 0 0.02 

Sconner 2018 0.140 0.59 0.860 0.40 0 0.01 

Antony 2015 0.997 0.74 0.003 0.25 0 0.00 

Antony 2018 A 0.798 0.63 0.202 0.29 0 0.09 

Antony 2018 B 1.000 0.94 0.000 0.05 0 0.01 

Lizard 2015 1.000 0.87 0.000 0.11 0 0.02 

Lizard 2018 1.000 0.98 0.000 0.01 0 0.01 

Illogan 2015 0.998 0.74 0.002 0.23 0 0.02 

Illogan 2018 1.000 0.81 0.000 0.06 0 0.14 

Rosewarne 2015 0.001 0.46 0.999 0.52 0 0.03 

Rosewarne 2018 A 1.000 0.96 0.000 0.02 0 0.02 

Rosewarne 2018 B 1.000 0.97 0.000 0.02 0 0.01 

St Agnes 2015 1.000 0.92 0.000 0.03 0 0.05 

St Agnes 2018 1.000 0.99 0.000 0.01 0 0.00 
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 Discussion 

This study evaluated the change in introgression, diversity and relatedness over time 

in an A. m. mellifera conservation programme. The levels of introgression reported by 

both analysis approaches, STRUCTURE and ONCOR, were congruent and detected 

introgression with A. m. carnica. However, there was an increase in A. m. mellifera 

assignment at the population level from 2015 and 2018. Although the results should 

be considered with caution due to the small sample size, this study suggests that the 

conservation breeding program is making progress towards increasing the A. m. 

mellifera purity across the studied apiaries.  

Estimates of the magnitude of the shift towards A. m. mellifera varied from 11% 

(STRUCTURE) to 22% (ONCOR). However, at the individual level, while the pattern of 

results for the majority of samples were consistent between the two approaches, four 

samples were reported by ONCOR as having no change in A. m. mellifera assignment 

whereas  STRUCTURE reported them as having an increase (Lizard +0.11 and St. 

Agnes +0.07) or decrease (Maker -0.09 and Slaters Falmouth -0.06). STRUCTURE 

infers the probability of membership to a given K value by directly using all the 

samples and minimizing population genetic parameters such as departure from 

Hardy-Weinberg equilibrium and linkage disequilibrium, therefore Q values can 

change depending on which samples are included. On the other hand, ONCOR allows 

the creation of baseline populations separately and assigns individual samples to the 

baseline of pre-defined clusters. While it remains difficult to place a definitive number 

on the overall increase in A. m. mellifera assignment, these results indicate an 

increase in A. m. mellifera of the honey bee colonies within the breeding programme 

of the B4 initiative, thus the breeding programme appears to be making progress in 

its aims.  
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Beekeepers in the B4 project aim to isolate mating apiaries, practice queen rearing, 

and practice drone flooding (Widdicombe, 2015). Isolated mating sites are used by 

this group as they operate in Cornwall, UK and utilise the peninsulas available, such 

as Rame Head and The Lizard, and often have the advantage of using the coastline 

to further isolate the apiary site. Drone flooding allows the beekeepers to fill an area 

with preferred drones or drones from a previously tested colony, although to be 

successful it may also require the cooperation of neighbouring beekeepers. Finally, 

the group will often rear queens from colonies previously tested to breed from that 

colony.  However, it is important to note that the changes in introgression could be 

attributed to a number of confounding factors. For example, sampling effects, 

demographic variation within the populations or purposeful measures taken by the 

bee keepers could all explain the observed trends.   

The genetic diversity measurements of allelic richness and observed heterozygosity 

suggest that the diversity of the Cornish population over the two sample periods were 

similar. The Cornish populations also possessed the highest diversity measurements 

in both allelic richness (Cornwall 2018, 5.1 and Cornwall 2015, 5.2) and observed 

heterozygosity (Cornwall 2018, 0.61 and Cornwall 2015, 0.59) compared to the 

European populations used in this study for comparison. The higher diversity could 

be a result of continued outbreeding with other subspecies. The Cornwall 2015 and 

2018 populations did show membership to all three clusters in STRUCTURE more so 

than when compared with the European populations, showing the Cornish 

populations both in 2015 and in 2018 are more introgressed than the European 

populations. 

The sample size of the study was small (Cornwall 2015, n=11 and Cornwall 2018, 

n=15) as these samples were specifically chosen by beekeepers for monitoring an 

ongoing conservation programme. It is important to note that this is not reflective of 
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the entire Cornish population which, at the time of sampling, would have consisted 

of >5500 colonies (Ellis, et al., 2018). 

One of the concerns in conservation is that of a small population size (Ouborg, 2010). 

Small populations are more susceptible to the loss of genetic diversity in the form of 

genetic drift and inbreeding, which in turn reduces the potential for adaptive 

responses to, for example, environmental change, demographic effects or disease 

(Frankham, 2005), as well as typically increasing genetic load. Care should be taken 

to ensure that the populations in this conservation program have adequate 

population sizes to prevent the loss of diversity while at the same time attempting to 

reduce introgression. There was a considerable amount of relatedness between sites 

and within the same sites in different years. This presents a challenge to beekeepers 

as they will want to avoid inbreeding and reducing the diversity in the A. m. mellifera 

stock. Conversely, the degree of relatedness within the honey bees of the B4 project 

was not associated with reductions in genetic diversity when compared to the 

European populations, at least at the current time. The extent of relatedness between 

apiaries is not surprising given that beekeepers from this conservation group often 

practice queen trading and transhumance of colonies between apiaries. The highest 

relatedness estimation value between the 2015 apiaries and the 2018 apiaries was 

rxy = 0.26, suggesting that some apiaries were founded by half-siblings or 

grandparents to those sampled in 2018. Beekeepers often assert that queens live 

up to two years (B4, personal communication) and studies have shown that the 

lifespan of a sexually reproductive queen is a mean length of one year (Page and 

Peng, 2001). The study periods were four years apart and the relationships 

calculated are potentially more likely to be that of a grandparent to grandchild than 

half-siblings. 
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For the majority of breeding and conservation programmes to be successful, the end 

goal is for the target species to become self-sustaining in the long term (Frankham, 

et al., 2010). However, in this instance, this end goal has never been the objective as 

honey bees are semi-domesticated. This will inevitably continue as honey bees are 

managed for their honey production and farmed on larger scales for crop pollination. 

Instead, the end goal here is to increase the population of A. m. mellifera in the South 

West of England, and to prevent the loss of this subspecies along with their locally 

adapted traits. However, further work is needed to establish whether A. m. mellifera 

is better adapted than the long established locally bred honey bees may or may not 

have high levels of introgression. It has been suggested that a large proportion of 

honey bee colonies (those that are not protected or in a conservation programme) 

are now considerably artificially hybridized because of human-mediated queen 

transport (Pinto et al., 2014). Cornwall and the B4 project are geographically located 

not far from a famous human-led hybridization project that was a purposeful attempt 

to create a bee that was resilient to disease and possessed an increased honey yield, 

the ‘Buckfast Bee TM’. This hybridization is a result of the cultural practices of 

beekeeping in the UK, where importation is commonplace (see section 1.9). 

For breeding programs and interest groups to succeed in protecting populations of A. 

m. mellifera and expanding their range, continued genetic monitoring is required. 

While microsatellite analysis is of great use, recently an iPLEX SNP panel of ancestry 

informative markers (AIMs) has been created for accurate and cost-effective 

detection of introgression from C lineage honey bees in A. m. mellifera bees (Muñoz, 

et al., 2015; Henriques et al., 2018). Microsatellites are highly polymorphic markers 

distributed throughout the genome in non-coding regions (Tautz, 1980; Miesfeld, et 

al., 1981; Field and Wills, 1996). As microsatellites appear in these non-coding 

regions across the genome they represent demographic information, rather than any 
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information about functional differences between the honey bee subspecies. SNPs, 

like microsatellites, are distributed across the genome but can be representative of 

both demographic and functional processes (Allendorf, 2017; Morin, et al., 2004). 

The SNPs on the iPLEX panel are largely in non-coding regions. Of the 117 SNPs on 

the panel, 90 are situated in non-coding regions and 27 are situated in coding 

regions, and only two of those coding SNPs are non-synonymous significant changes 

(Muñoz, et al., 2015; Henriques, et al., 2018). Studies that wish to uncover any 

functional difference (indicative of functionality) between subspecies and allow 

insights into local adaptation or to investigate functional information in introgressed 

regions, should consider using methods that capture sequences from across the 

genome and contain sufficient functional and demographic information (Zimmerman, 

et al., 2020). The challenge remaining is to decrease turnaround time to facilitate 

breeding programme management in a timely manner and set up a workflow that can 

be readily used as a service.  

Future work is required to conduct a UK survey across a wide geographical scale and 

possibly identify any previously unknown remaining pockets of A. m. mellifera.  
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3.  Assessing introgression in Apis 

mellifera mellifera colonies: pool-

seq analyses outperform individual-

based methods. 

  Introduction 

Introgression can promote adaptive potential by increasing genetic variance or it can 

disrupt adaptation via the breakdown of co-adapted gene complexes (Hedrick, 2013; 

Lawson, et al., 2017). Consequently, assessing and monitoring introgression is an 

important topic in evolutionary and conservation biology (Chapter 1). Before 

questions can be addressed such as ‘when and in which circumstances does 

introgression break down local adaptation?’, determining the best approach to 

measure introgression is necessary. However, there are different genotyping 

approaches available to measure genetic introgression and these approaches vary in 

the information they capture. Careful consideration of appropriate genetic 

approaches to assay introgression is especially relevant when studying eusocial 

organisms such as honey bees where queens are polyandrous and multiple patrilines 

exist (Inbar et al., 2020).  

Currently, there are two broad approaches for assessing introgression: assessing 

introgression at the individual level or by pooling individuals from the same colony 

(‘pool-seq’). The incentive for the use of pools is distinctly different in this context to 

original use of the method. Traditionally, pool-seq has been used to sample a 

population of unrelated individuals and came about to reduce the cost of population 
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genetic studies (Gautier et al., 2013; Rode et al., 2018). But it can also be used to 

represent a colony as a composite genome, which can then go on to be used to 

investigate the collective colony genotype (Inbar et al., 2020). In this method the 

pooled individuals are not independent samples from a population but a group of 

siblings or half-siblings. Pooled colony approaches have been used in studies of both 

honey bees and ants (Alalos et al., 2020; Inbar et al., 2020). In honey bee studies, 

pooled colony methods have been used to examine the genetic basis of traits such 

as aggression and calmness (Alalos et al., 2020; Guichard et al., 2021), and parasite 

defence (Guichard et al., 2021). As well as using pools of workers (Henriques et al., 

2018; Regan et al., 2018; Gmel et al., 2021), studies of introgression in honey bees 

have also been conducted using individual drones (Pinto et al., 2014; Munoz et al., 

2015; Parejo et al., 2016) and individual workers (Jensen et al., 2005; Munoz et al., 

2021)  

A comparison of introgression values resulting from pooled and individual genotyping 

has been performed on a small scale specifically on the MassARRAY platform (Ellis 

et al., 2017; Henriques et al., 2018) during the development of the C-lineage 

introgression SNP array. As described in chapter 1, a SNP array was there developed 

to measure introgression from C-lineage honey bees (A. m. carnica and A. m. 

ligustica) to A. m. mellifera honey bees (Munoz et al., 2015; Henriques et al., 2018). 

SNP arrays are SNP genotyping microchips or microarrays (sometimes called ‘SNP 

chips’ or SNP arrays). These arrays are developed to aid cost-effective sequencing of 

known sets of polymorphic markers (LaFramboise 2009). The development of SNP 

arrays requires large-scale whole-genome genotyping from a diverse number of 

individuals (Peterson et al., 2012). SNP arrays are designed for cost effective 

sequencing and are used in genome wide association studies (Liu et al., 2014; Li et 

al., 2008), introgression (Hernandez et al., 2020; Przewieslik-Allen et al., 2019) and 
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population genetic studies more generally (Zhang et al., 2018; Perry et al., 2020). 

The SNP arrays are largely designed for individual analysis but Henriques et al. (2018) 

examined the effects of pooled data on the SNP array using two methods: testing the 

sensitivity of the MassARRAY system to different pooled samples and by applying the 

SNP array to four colonies in both individual and pooled form. First, pooled samples 

were examined on the MassARRAY system (a SNP array platform). Combinations of 

2, 3, 4, and 8 individuals were pooled and examined using three SNP combination 

(29 SNPs, 62 SNPs, and 117 SNPs). When pools of 8 individuals were tested on the 

SNP array introgression measurements deviated from what was expected (Henriques 

et al., 2018, data from supplementary table 8). Secondly, they applied the SNP array 

to four colonies and four individuals belonging to that colony. Introgression values 

were consistently lower in the colony pool than in the individual (Henriques et al., 

2018 data from supplementary table 10).  

Henriques et al (2018) noted that the finding merits further investigation using a 

larger sample size. So far this has been the only empirical test of introgression level 

differences between pooled colony and individual workers and it was specific to this 

SNP array platform. Regan et al., (2018) also compared ADMIXTURE results from 

pooled whole genome sequencing to simulated individuals and found that up to K=3 

the results were consistent with those compared to the pooled genotypes, while at 

K=4 two samples showed an assignment difference and at K=5 one additional 

sample showed a Q value difference. These results imply that at lower K values 

ADMIXTURE can be used on pooled samples. 

Alongside the choice of how to best sample a colony, the choice of genotyping 

approach is also important. Common genotyping methods for studying introgression 

are mitochondrial sequencing (Bachtrog et al., 2006; McGuire et al., 2007; Darras 

and Aron 2015), microsatellite analysis (Randi and Lucchini 2002, Jug et al., 2005; 
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Hutchinson et al., 2018), restriction site-associated DNA sequencing (RAD-seq) (Kim 

et al., 2018; Beeler et al., 2020; Natola et al., 2021) and whole genome sequencing 

(WGS) (Hanna et al., 2018; Upadhyay et al., 2021; Smeds et al., 2021).  

Microsatellites and mitochondrial DNA (mtDNA) markers are considered to be neutral 

markers and confer no fitness advantage, though microsatellites can be adjacent to 

coding regions and used to infer selection in some cases, and mtDNA codes for 

proteins that facilitate energy transformation (Bogenhagen et al., 2003; Haasl et al., 

2012).  

The mitochondrial genome (mtDNA) is usually maternally inherited in eukaryotic 

organisms (Wallace 2007) (although there are exceptions known, for example in 

chickens, Alexander et al., 2015, and cicada species, Fontaine et al., 2007). 

Microsatellites are polymorphic markers consisting of short sequence repeats 

distributed throughout the nuclear genome. Both mtDNA and microsatellite markers 

can be used to infer demographic processes (e.g. diversity, gene flow, inter 

population genetic relationships) and introgression, although the use of mtDNA in 

introgression studies has been called into question, since comparisons of 

introgression levels examined with the use of nuclear DNA and mtDNA have in some 

cases yielded conflicting results (Bonnet et al., 2017). These discordant results have 

been observed across taxa, in fish (Willis et al., 2014) invertebrates (Gompert et al., 

2008), mammals (Hedrick 2010; Melo-Ferreira et al., 2009; Moa and Rossiter 2020), 

reptiles (Rato et al., 2010; Zieliński et al., 2013), and crustaceans (Lima et al., 2019).  

Conflicting results between nuclear and mtDNA are known to arise especially where 

historical hybridisation and subsequent back crossing into a parental group occur 

(Bonnet et al., 2017) and have been observed in some honey bee studies (Garnery 

et al., 1998; Pinto et al., 2014; Ellis et al., 2018). Regardless of the causes of these 

discrepancies, mtDNA may be an unreliable marker in the study of introgression. This 
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could be especially true in honey bees as this species is not naturally distributed, has 

undergone much human mediated movement, yet breed openly with the population 

around them and many of the natural boundaries have been broken down. Regarding 

microsatellite markers, SNP based methods have been seen to outperform 

microsatellites markers for estimating honey bee introgression (Muñoz et al., 2017; 

Parejo et al., 2018). 

The most accurate method for assessing introgression would be to capture genome 

wide SNP markers. This can be achieved through a number of genotyping methods. 

‘RAD-seq’ is one of a group of methods sometimes referred to as genotype-by-

sequencing or reduced representation methods (these include, among others, exome 

capture or transcriptome sequencing). RAD-seq involves sequencing a subset of the 

genome using restriction enzymes (Peterson et al., 2012). The use of restriction 

enzymes allows for the targeting of the same loci across many individuals or pools 

without prior knowledge of the genome (Peterson et al., 2012). Importantly, as RAD-

seq is sampling a subset of the nuclear genome, 25% to 2% depending on restriction 

enzymes chosen (Lowry et al., 2017), the per-sample cost of sequencing is lower 

compared to WGS. RAD-seq can therefore allow an increased number of samples to 

be sequenced (Peterson et al., 2012). The benefit of this is especially important in 

population genetics as some statistics and comparative analysis rely on a larger 

number of individuals or samples to be sequenced (Peterson et al., 2012; Inbar et 

al., 2020). While WGS costs have fallen greatly in the last 20 years it is still 

prohibitively expensive for most projects to sequence many samples (Inbar et al., 

2020).  

Given the extent of imports of non-native honey bee subspecies (largely A. m. carnica 

and A. m. ligustica) into the UK (BeeBase, 2021) and the possibility of introgression 

and loss of local adaptation in the face of this (Chapter 1), the aim of this study is to 
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compare introgression measurements in colonies in the south west of England across 

three genotyping approaches. Colonies were assessed using an individual and pooled 

method. The same individual was processed twice, in both the SNP array and the 

individual RADseq approach and a pool of 30 workers from the same colony was 

processed in pooled colony RADseq approach. These were then assessed using the 

ADMIXTURE programme and an ABBA BABA approach.  

 Methods 

3.2.1 Sampling 

Honey bees were sampled in the south west of England (Figure 3.1). Bee keepers 

were contacted through a number of special A. m. mellifera interest bee keeping 

groups. The Bee Improvement Programme for Cornwall (BIPCo), the B4 Project and 

the Bee Improvement and Bee Breeders association (BIBBA) were all involved in 

contacting bee keepers. Bee keepers were asked if they suspected they had native 

A. m. mellifera or near native honey bees, and did not import. 

Sampling tubes of 70% ethanol were sent to bee keepers to sample colonies. Bee 

keepers were asked to provide 35 worker honey bees from each colony. Samples 

were then posted back to the University of Plymouth for processing. 
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3.2.2 Overview of sequencing approaches  

This study is comprised of novel data and data downloaded from the sequence read 

archive (SRA; Table 3.1). Novel sequence data (see below) were generated for bees 

sampled from SW England by pooled RAD-Seq, individual RAD-Seq and iPLEX, Data 

downloaded from SRA used other platforms and sampling approaches (Table 3.1). To 

account for this, different bioinformatics workflows were implemented to generate 

the data required for analysis: (1) subspecies standards and SW ddRADSeq data 

using pooled samples (Figure 3.2); (2) subspecies standards and SW ddRADSeq for 

individuals (Figure 3.2); (3) combination of these data with WGS outgroup data (from 

A. cerana; Figure 3.3). An outgroup was necessary for later ABBA BABBA analysis 

(Table 3.1). The subspecies standards, generated using pooled colonies and 

individuals are necessary for assessing introgression in the pooled colony and 

individual South West samples. Throughout this chapter the pooled colony samples 

Figure 3.1. Sampling locations of samples collected across 

the South West of England. 
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are referred to as ‘colony’ samples and the individual worker samples are referred to 

as ‘individual’ samples.  
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Table 3.1 Overview of data sets used in this study. The samples represented three groups. The South West 

represents the putative population of A. m. mellifera in the South West of England. Subspecies standards, 

comprising of three subspecies from across Europe (A. m. carnica, A. m. ligustica and A. m. mellifera) and 

the outgroup representing the phylogenetic outgroup A. cerana. Genotyping methods used were restriction 

site associated DNA sequencing (RADseq), ancestry informative markers in the form of single nucleotide 

polymorphism (AIMs SNPs)(Henriques et al., 2018) and whole genome sequencing (WGS). Sequencing 

platforms used to generate the data were Illumina (Novaseq and HiSeq 2500), a MassARRAY iPLEX , a 

Beijing Genomics Institute (BGI) platform and a SOLiD platform which generates colorspace data. Sampling 

approaches are either pooled colony, where 30 workers from the same colony are pooled for sequencing, 

or individual, where a single worker is sequenced 

Samples representing  
Genotyping 

method 

Sequencing 

platform 

Sampling 

approach 
Data source 

South West RADseq 
Illumina 

(Novaseq) 

Pooled 

colony 
Generated in this study 

South West RADseq 
Illumina 

(Novaseq) 

Individual 

worker 
Generated in this study 

South West AIMs SNPs iPLEX? 
Individual 

worker 
Generated in this study 

Subspecies standards WGS BGISEQ-500 
Pooled 

Colony 
Generated in this study 

Subspecies standards WGS SOLiD 5500xl 
Individual 

worker 
Downloaded (SRA) 

Outgroup WGS 
Illumina(HiSeq 

2500) 

Individual 

worker 
Downloaded (SRA) 
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Figure 3.2 Overview Overview of South West England ddRADseq samples and subspecies standards bioinformatics workflows. 

Samples were processed based on the sampling approach 
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Figure 3.3. Overview of outgroup bioinformatics workflows and merging with ddRADseq and subspecies standards datasets 

previously created in Figure 3.2 
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3.2.3 Restriction site associated DNA methods 

3.2.3.1. Library preparation overview 

Library preparation is the process of preparing DNA sequences to be read by the 

sequencing platform and allow samples to be identified in downstream analysis. 

Library preparation of individual and pooled colony bees sampled from south west 

England was adapted from Peterson et al., (2012). The process for both the individual 

and pooled colony double digest restriction associate DNA sequencing (ddRADseq) 

consisted of DNA extraction, DNA double enzyme digestion, adaptor annealing, 

adaptor ligation, size selection and a PCR library enrichment (Figure 3.4). 

Briefly, genomic DNA is extracted and then digested using two restriction enzymes 

resulting in a DNA fragment with enzyme cut sites at either end (Figure 3.4 A) . Two 

oligos (single strands of synthetic DNA) are annealed together to form an adaptor. 

Two adaptors are constructed, called P1 and P2 (Figure 3.4 B). The adaptors are 

designed to adhere to the enzyme cutting sites. The P1 adaptor contains one of 

twelve unique barcodes and each sample (either DNA from an individual worker bee 

or a pool of workers) receives one of these barcodes. The P2 adaptor is a common 

adaptor (i.e. contains no sequence variation). The adaptors are ligated to the enzyme 

cleaved DNA fragments which adds a barcode to each DNA samples' fragments along 

with a primer binding site (Figure 3.4 C). Multiple DNA samples are placed into 

batches. Each batch consist of twelve samples, every sample in a batch has a unique 

P1 barcode ligated to it (numbered from one to twelve) (Figure 3.4 D). These batches 

are then placed through a size selecting process. This process filters the adaptor 

ligated fragments for a length of base pairs that is appropriate for use with the chosen 

sequencing platform (Figure 3.4 D). The batches then go through a PCR amplification 

(Figure 3.4 E). This is performed to add sequencing platform annealing sequences, 

sequencing platform primers regions and a unique index for each batch (Figure 3.4 
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E). This index in combination with the twelve unique P1 adaptors allows for the 

multiplexing (a large number of samples to be sequenced in one run while allowing 

for the identification of the samples at the end of sequencing) (Figure 3.4 F). The final 

library is ready for equimolar mass pooling, where all samples are combined into one 

final multiplexed library (Figure 3.4 F).  
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Figure 3.4. An overview of library preparation for the RADseq protocol used in the pooled colony and individual samples from the south west 
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3.2.3.2. DNA extraction 

DNA was extracted from a standardised weight of thorax tissue from individual bees 

using an ammonium acetate protocol (Nicholls et al., 2000). For colony extracts every 

thorax was weighed and all honey bees donated an equal amount of tissue to each 

extraction. Five thoraxes were pooled per extraction and six extractions were 

performed per colony. This approach was used due to practicalities in the laboratory. 

The pooled thoraxes were placed in 250µl of digestion buffer Digsol (20ml of 0.5 

EDTA at pH 8.0, 3.425g NaCl, 25ml 1M Tris-HCl at pH 8.0, 430ml pure water and 

25ml 20% SDS), with 25µl of Proteinase K and placed in a 55°C oven overnight. After 

digestion 250µl of ammonium acetate (pH 7.5) was added and mixed by vortexing 

four times over a 25 minute period. The extractions were then centrifuged at 

maximum speed (13,200 rpm) the supernatant was then aspirated into a clean tube 

and the pellet discarded. Two washing steps then followed, first adding  1000µl of 

ice cold 100% ethanol, inverting several times to mix then storing at -20°C for 2 

hours. The extractions were then again centrifuged at 13,200 rpm for ten minutes 

and the supernatant was discarded. For the second wash the same procedure was 

repeated using 70% ethanol and without a freezing period. The pellet was then dried 

on a heat block at 70°C before being resuspended in 20µl molecular grade water, 

incubated at room temperature for 2 hours. All colony extractions were then treated 

with 4µl RNase (New England Biolabs) in each extraction and incubated for 2 hours 

at 37°C. The individual extractions were placed through the same protocol with two 

minor variations. The individual thoraxes were incubated with 12µl of Proteinase K 

and treated with 2 µl of RNase. DNA extractions were quality checked using gel 

electrophoresis. Gels were examined for a high molecular weight band with a low 

smear, indicating largely intact high quality genome extraction.  All DNA extractions 
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were then kept at -20°C for long term storage. DNA extractions for pooled samples 

yielded an average of 1357ng of DNA and Individual extractions yielded an average 

of 124ng of DNA. 

 

3.2.3.3. Double enzyme digest 

DNA extractions were quantified using a Qubit Fluorometer® 2.0. For the colony 

samples the six extraction were equimolarly pooled to create a final DNA pool 

representing 30 workers. Each of the six pooled extractions donated 166.66ng of 

DNA for a total of 1000ng total DNA content representing each colony. The individual 

worker sample extractions donated 10ng of DNA to the digest. In order to remove any 

remaining unwanted contaminants and to obtain the volumes required, all samples 

were cleaned up using High Prep PCR Clean-up System (MAGBIO). Pooled colony DNA 

samples were eluted to a volume of 40 µl and individual DNA samples were eluted 

into a volume of 8µl ready for the double digest. The pooled colony extracts were then 

digested with restriction enzymes at 37°C for 3 hours in a 50µl reaction volume. The 

colony digest contained 1.5µl MluCI and 1.5µl MspI (restriction enzymes), 5µl 

CutSmart Buffer (10x) (New England Biolabs), 2µl of molecular free water and 40µl x 

1000ng pool of DNA. Individuals were similarly digested but in 10µl reaction volumes 

containing 0.5µl MluCl, 0.5µl Mspl, 1µl of cutsmart buffer (10x) (New England 

Biolabs) and the 8µl of 10ng DNA. All samples were then again cleaned using 

HighPrep PCR Clean-up Stystem (MAGBIO) beads at 1.2 x the volume of the sample 

in order to remove any leftover enzymes or salts. Both colony and individual DNA 

samples were eluted off with 25µl of molecular grade H2O. 

3.2.3.4. Adaptor annealing 

Each of the 12 different P1 adaptors was produced by annealing the complimentary 

1.1 and 1.2 oligos together. The P2 adaptor was also annealed by combining its 2.1 
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and 2.2 oligos together (3.3 B). Annealing was performed to a final concentration of 

40mM. Adaptor annealing was performed in a reaction volume of 100µl, each 

containing 40µl of adaptor P1.1 (100mM), 40µl of adaptor P1.2 (100mM), 10µl of 

annealing buffer (100Mm of Tris HCL pH 8.0, 500mM of NaCl and 10mM of EDTA) 

and 10µl of molecular grade H2O. Reactions incubated at 97°C for 2 minutes 30 

seconds, then cooled at a rate of 1.5°C every 30 seconds until they reached 21°C. 

Ligated adaptors were then held at 4°C and subsequently stored in the fridge. 

3.2.3.5. Adaptor ligation 

All samples had adaptors ligated to the enzyme digested DNA. This was performed in 

batches. Each batch was made up of 12 samples with each being assigned one of 

the 12 uniquely barcoded P1 adaptors. The batches were not mixed in terms of 

extraction approaches, i.e. the batches consisted either solely colony samples or 

solely individual samples. All samples were ligated to the common P2 adaptor.  

The individual DNA samples had adaptors ligated in a 40µl reaction containing 0.4µl 

rATP 100mM (Promega), 1µl assigned P1 adaptor for that sample (4mM), 1µl P2 

(4mM), 0.5 ligase (New England Biolabs), 4µl ligation buffer (New England Biolabs), 

25µl of enzyme digested DNA and 8.1µ molecular grade H2O. The colony samples 

adaptors were ligated 0.4µl rATP 100mM (Promega), 2µl assigned P1 adaptor for that 

sample (4mM), 2µl P2 (4mM), 0.5 ligase (New England Biolabs), 4µl ligation buffer 

(New England Biolabs), 25µl of enzyme digested DNA and 6.1µl molecular grade H2O.  

All reactions were placed into a thermocycler and incubated at 23°C for 30 minutes, 

65°C for 10minutes then decreased in temperature at a rate of 2°C every 1 minute 

30 seconds until reaching 23°C. 
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3.2.3.6. Pooling barcoded samples 

Both the colony batches and the individual batches, consisting of the now barcoded 

samples each are pooled into a single tube, where each sample within is identifiable 

by the P1 barcode. These pooled batches were then cleaned up using High Prep PCR 

Clean-up (MAGBIO) at 1.2x the sample volume in order to effectively remove any 

unligated or adaptor-adaptor ligated products. The pooled batches samples were 

eluted off at a volume of 30µl ready for insertion in to the Pippin Prep for size 

selection. 

3.2.3.7. Fragment size selection 

All batches were taken through a size selection process using a Pippin Prep 

(www.sagescience.com). The Pippin prep machine was set to elute off read lengths 

between 150bp to 500bp. 

3.2.3.8. PCR amplification 

A PCR was performed on each batch separately using a Phusion PCR kit 

(Thermofisher). The purpose of this PCR step to enrich the library sequences, to add 

flowcell annealing sequences, primers regions specific to the Illumina platform, and 

multiplexing indices to all fragments (Figure 3.4 F). A flowcell is a component of the 

Illumina sequencing platform. Flowcells are channels made up of a number of lanes 

(1 to 4 lanes per flowcell) which the library is loaded on to. Each lane has adaptors 

attached to the surface which bind to the complimentary flowcell annealing 

sequence. Primer regions are allow for the amplification of fragments during 

sequencing. Finally, the multiplexing the batches allows the entire librbary to be 

combind by assigning a uniquely indexed reverse primer to each batch to create a 

unique combination of index and P1 combinations. Both individual and colony 

batched PCR reactions were set up in volumes of 25µl each containing 1µl of reverse 

primer, 0.25µl phusion polymerase, 10µl of pooled adaptor ligated size selected DNA, 
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5µl of phusion buffer (5x), 0.5µl dNTPs (10mM), 1µl forward primer, 0.75µl DMSO 

and 6.5µl molecular free H2O. The reactions were then placed into a thermocycler 

for 98°C for 3minutes, then 16 cycles at 98°C for 1 minute, 63.5°C for 1minute 

30seconds and 72°C for 1 minute, the cycles were followed by a final extension of 

72°C for 3 minutes and an infinity hold at 4°C. After PCR the entire library was 

equimolarly pooled and quantified. 

3.2.4 Sequencing and bioinformatics 

3.2.4.1. Sequencing 

A total of 36 pooled colonies and 33 individual samples were processed and sent for 

sequencing. Sequencing of the prepared library was performed in Hong Kong at the 

Beijing Genomic Institute (BGI) on an Illumina Novaseq platform using 150bp paired 

end reads.  

3.2.4.2. Data processing and filtering 

Raw reads were de-multiplexed in stacks with basic quality filters. The demultiplexed 

data consisted of an average of 14 million reads per pooled colony samples and 7 

million reads per individual sample. Using Trimmomatic (version 0.39) (Bolger et al., 

2014), reads were trimmed at the ends if quality dropped below a quality score of 4, 

and a 4 base pair (bp) sliding window trimmed sections if the average quality dropped 

below 15 (Bolger et al., 2014). Unpaired reads were discarded. Paired reads were 

mapped to the Apis mellifera reference genome (Amel_HAv3.1 assembly) using the 

Burrow-Wheeler Aligner (BWA) MEM aligner (version 0.7.17) (Li 2013). Reads were 

discarded if they aligned to more than one position on the reference genome. The 

subsequent alignment files were converted to the bam file format (Li et al., 2009). 

Samtools was then used to filter reads with a mapping quality score >20 and the files 

were sorted (by genomic coordinates, staring with the first position on chromosome 
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one and ending with the last position chromosome 16) and indexed (where 

overlapping reads are placed together for faster accessing of the files information) 

(Li et al., 2009). Each individual or colony sample’s data bam file was edited to create 

one read group per sample (PICARD). The data were then processed using the 

genome analysis tool kit’s (GATK, version 4.1.9.0) best practices pipeline (Van der 

Auwera and O’Connor, 2020). Firstly, Haplotype Caller was used to create the 

genomic variant call format (gvcf) files for every sample (both colony and individual) 

(Poplin et al., 2017). Then GATK’s GenomicsDBImport was used to create two 

intermediate databases, one for colony data samples and one for individual data 

samples.  

This was followed by the creation of a vcf per chromosome, one for colony data 

samples and one for individual data samples, using GATK’s GenotypeGVCFs, then the 

per chromosome vcfs where merged into one vcf containing all samples and all sites 

using GatherVcfs (Poplin et al., 2017). Using GATK’s SelectVariants command, indels 

were removed and only SNP variants were kept. 

Following the data processing a filtering pipeline was implemented. The pipeline 

consisted of initial variant filtration performed using the recommended GATK hard 

filtering thresholds (Table 3.2), then an iterative filtering method was performed in 

vcftools (version 0.1.16) to prevent erroneous SNP calls (O’Leary et al., 2018; 

Danecek et al., 2011). This robust filtering mitigates errors in downstream data 

analysis that can be caused by allelic dropout (O’Leary et al., 2018; Cerca et al., 

2021). As well as quality filtering, SNPs were first filtered for depth and filtered based 

on their proportion of representation across all samples. Samples were filtered based 

on the proportion of all SNPs they contained. SNPs were filtered with the ‘ --max-

missing’ command, and samples were filtered using the ‘--missing-indv’ command in 
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vcftools (Table 3.2). Finally, any monomorphic sites were removed using a custom 

python script. 
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Table 3.2. Data filtering performed in GATK and vcftools. GATK filtering is based on recommended filtering parameters from GATK best 

practices pipeline. vcftools filtering based on O’Leary et al (2018) 

Filter name and programme Filter description Threshold  

QualByDepth (GATK) 
Variant confidence divided by the unfiltered depth. Filtered at GATK 

recommended value. 
< 2 

Quality (GATK) Variant quality confidence. Filtered at GATK recommended value. < 30 

FisherStrand (GATK) 
Phred-scaled probability of strand bias. Filtered at GATK recommended 

value. 
> 60 

StrandOddsRatio (GATK) 
Strand bias test that compensates for where FisherStrand filter penalises 

variants at the end of exons. Filtered at GATK recommended value. 
> 3 

RMSMAppingQuality (GATK) 
Root mean square mapping quality over all reads at each site. Filtered at 

GATK recommended value. 
< 40 

MappingQualityRankSumTest 

(GATK) 

Rank sum test for mapping qualities. This compares mapping qualities of 

the reads supporting the reference allele at the alternate allele. Filtered 

at GATK recommended value. 

< - 12.5 

ReadPosRankSumTest 

(GATK) 

The rank sum test for site position within reads. This compares whether 

positions of the reference and alternate alleles are different within the 

reads. Filtered at GATK recommended value. 

< - 8.0 

--remove-indels (vcftools) Remove any insertions or deletions in the data, leaving only SNPs 
All 

removed 

--maxDP and –minDP 

(vcftools) 

Filters sites based on read depth, removing any below the minimum 

threshold and above the maximum threshold.  

>5 and 

<500 

--minQ (vcftools) Retain sites with quality value above this threshold. >20 

--max-missing (vcftools) SNPs excluded based on a proportion of missingness across all samples >0.5 

--missing-indv (vcftools) Samples excludes based on a proportion of missing SNPs  <0.9 

--max-missing (vcftools) SNPs excluded based on a proportion of missingness across all samples >0.6 
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Table 3.2. Data filtering continued 

Filter name and programme Filter description Threshold  

--missing-indv (vcftools) Samples excludes based on a proportion of missing SNPs  <0.7 

--max-missing (vcftools) SNPs excluded based on a proportion of missingness across all samples >0.7 

Data filtering continued 

--missing-indv (vcftools) Samples excludes based on a proportion of missing SNPs  <0.5 

--missing-indv (vcftools) Samples excludes based on a proportion of missing SNPs  >0.25 

--max-missing (vcftools) SNPs excluded based on a proportion of missingness across all samples <0.95 

Filter_monomorphic.py  Custom python code that removed any monomorphic sites 
All 

removed 
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3.2.5 AIMs SNP Array  

After DNA was extracted to perform the individual RADseq the rest of the honey bee 

tissue was sent to the Roslin Institute. The Roslin institute performed DNA extraction 

and library preparation for the SNP array platform. The SNP array is accompanied 

data was accompanied with standards belonging to the Henriques et al (2018) assay. 

The standards supplied are from across Europe. A. m. mellifera, A. m. carnica and A. 

m. ligustica honey bees.  

3.2.5.1. AIMs SNP Array variant filtering 

SNP array raw data were formatted using a custom python code into plink ped and 

map format for missingness filtering (Purcell et al., 2007). Genotypes were filtered in 

plink (version 1.07) to obtain a genotyping rate of 0.9 using the ‘–geno’ command 

(Parejo et al., 2016; Wragg et al., 2016). Samples were filtered to contain a 

proportion of 0.9 of all SNPs using the ‘–mind’ command. Data were then converted 

to the binary bed format using the ‘–make-bed’ command in plink. 

3.2.6  Processing of subspecies standards and outgroup data 

3.2.6.1. Generation of subspecies standards  

3.2.6.1.1. Individual subspecies standards data 

Publically available data from subspecies standards were obtained for comparison 

with the individual RADseq samples. Whole genome data from Wallberg et al., (2014) 

was downloaded from the Sequence Read Archive (project number PRJNA236426) 

using the sratoolkit (version 2.11.1). The downloaded data were from Apis mellifera 

mellifera (n=20) originating from Sweden and Norway, Apis mellifera ligustica (n=10) 

from Italy and Apis mellifera carnica (n=9) from Austria (Table 3.3). These data were 
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generated using a SOLiD 5500xl platform (Life Technologies), which generates 

colorspace data. Due to the format of the raw data from this sequencing platform a 

different bioinformatics procedure was required. Samples were run across multiple 

lanes and consisted of multiple colorspace fasta files per sample. A colorspace 

reference was constructed from the reference genome Amel_HAv3.1 assembly using 

bowtie’s ‘build’ command (version 1.2.3) (Langmead et al., 2009). The reads were 

then aligned to the colorspace reference using bowtie, generating output in the sam 

format (Li et al., 2009). Samtools (version 1.10) was then used to convert the reads 

to the bam format, merge the multiple bam files into their corresponding biological 

samples, then sort, and index the reads (Li et al., 2009). Read groups were edited 

using PICARD (via GATK 4.2.0.0) and bcftools (version 1.8) resulting in an mpileup 

file, and a vcf file (Danecek, et al., 2021). Vcftools (Danecek, et al., 2011). Colorspace 

data is prone to higher error rates than Illumina platform sequencing. Cridland et al. 

(2017) examined this data set and found that the elevated error rate was associated 

with an excessive number of calls for triallelic sites when compared to background 

rates of triallelic calls in Drosophila genomes. They also found that higher sequence 

coverage was associated with this higher error rate when compared to an Illumina 

dataset. To control for this, triallelic sites were removed by filtering the data to contain 

only biallelic sites and none of the high coverage sequenced samples were used. 

Additionally, data were filtered for genotype missingness (>0.9) and sample 

missingness (>0.9). The vcf was finally filtered to contain only sites that were present 

in the individual RADseq data. Using bcftools the data set was merged with the 

individual RADseq data for ADMIXTURE downstream analysis. 
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Table 3.3. Sample accession numbers for individual worker whole genome samples 

of European subspecies from Wallberg et al., (2014). 

SRA sample accession code Subspecies 

SAMN02596338 A. m. carnica 

SAMN02596340 A. m. carnica 

SAMN02596341 A. m. carnica 

SAMN02596342 A. m. carnica 

SAMN02596343 A. m. carnica 

SAMN02596344 A. m. carnica 

SAMN02596345 A. m. carnica 

SAMN02596346 A. m. carnica 

SAMN02596347 A. m. carnica 

SAMN02596288 A. m. ligustica 

SAMN02596289 A. m. ligustica 

SAMN02596290 A. m. ligustica 

SAMN02596291 A. m. ligustica 

SAMN02596292 A. m. ligustica 

SAMN02596293 A. m. ligustica 

SAMN02596294 A. m. ligustica 

SAMN02596295 A. m. ligustica 

SAMN02596296 A. m. ligustica 

SAMN02596297 A. m. ligustica 

SAMN02596328 A. m. mellifera 

SAMN02596329 A. m. mellifera 

SAMN02596330 A. m. mellifera 

SAMN02596331 A. m. mellifera 

SAMN02596332 A. m. mellifera 

SAMN02596333 A. m. mellifera 

SAMN02596334 A. m. mellifera 

SAMN02596335 A. m. mellifera 

SAMN02596336 A. m. mellifera 

SAMN02596337 A. m. mellifera 

SAMN02596414 A. m. mellifera 

SAMN02596415 A. m. mellifera 

SAMN02596416 A. m. mellifera 

SAMN02596417 A. m. mellifera 

SAMN02596418 A. m. mellifera 

SAMN02596419 A. m. mellifera 

SAMN02596420 A. m. mellifera 

SAMN02596421 A. m. mellifera 

SAMN02596422 A. m. mellifera 

SAMN02596423 A. m. mellifera 
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3.2.6.1.2. Pooled colony subspecies standards data 

Standards required for the analysis of the pooled colony data were obtained from 

whole genome sequencing. This data set consisted of Apis mellifera mellifera (total 

n=28) sampled in Sweden (n=11), Norway (n=10) and Switzerland (n=7), Apis 

mellifera ligustica (total n=15) from Italy (n=5) and Sweden (n=10), and Apis 

mellifera carnica (total n=26) from Germany (n=7), Sweden (n=9) and Norway 

(n=10).   

DNA extraction was performed using the same protocol as the pooled RADseq data 

(section 2.1.1.1). Library prep and sequencing was performed at BGI. This library prep 

is patent protected (Fang et al., 2018; https://www.protocols.io/view/bgiseq-500-

library-construction-protocol-3byl458ovo5d/v1). In brief, genomic DNA was 

fragmented using a Covaris ultrasonicator (Covaris). Fragment sizes were examined 

by agarose gel electrophoresis or on an Agilent 2100 BioAnalyzer (Agilent). The 

sheared DNA was then cleaned up and size selected using AMpure XP magnetic 

beads (Beckman Coulter). End repair and A-tailing was performed using KAPA 

HyperPrep enzyme mix and buffer (Roche) to produce fragment ends ready for 

adaptor ligation. The adaptors were ligated with specific barcodes using KAPA kits in 

a thermocycler (KAPA biosystems, Roche). The adaptor ligated DNA samples were 

cleaned up using AMpure XP magnetic beads to remove excess adaptors and 

fragments, before a PCR enrichment stage followed by another clean up. The library 

was loaded onto the BGISEQ-500 machine and sequenced at 100bp paired end 

sequencing.  

The raw data were received from BGI in fastq format. Trimmomatic (Bolger et al., 

2014) was used to remove the ends of reads if they dropped below a threshold quality 

of 4. Reads were removed if they were below a length of 50bp or had no paired read. 

A sliding window of 4bp trimmed reads if the average quality of the window dropped 

https://www.protocols.io/view/bgiseq-500-library-construction-protocol-3byl458ovo5d/v1
https://www.protocols.io/view/bgiseq-500-library-construction-protocol-3byl458ovo5d/v1
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below a threshold of a phred score of 20. After trimming the same procedure as the 

RADseq data (section 2.1.2.2) was followed. The vcftools filtering was not performed 

in the same way as for the RADseq data as the iterative filtering system is designed 

to stop erroneous calls in RADseq data, not for whole genome data. Instead, the data 

were first filtered for excessive depth. The mean depth (I.depth) was visualised in R, 

and sites were removed at cut-off point of double the mean depth (minimum depth 

5, maximum depth 65) (Danecek et al., 2011; Purcell et al., 2007). The data were 

then filtered for missingness. SNPs were required to be represented in 0.9 proportion 

of all samples (vctools max-missing) and each sample was required to contain a 

proportion of 0.9 of all SNPs in the data set (vcftools missing-indv)(Danecek et al., 

2011). Finally, the data were filtered for sites that are present in the RADseq data 

and merged using bcftools.  

3.2.6.2. Generation of outgroup data 

The outgroup chosen for the ABBA BABA analysis was Apis cerana, the eastern honey 

bee. This has been used as an outgroup for A. mellifera in previous studies (Cridland 

et al., 2017; Han et al., 2012; Chen et al., 2018). Chen et al (2018) prepared a 

paired-end library of whole genome DNA that was sequenced on an Illumina HiSeq 

2500. Using the sratoolkit, 30 Apis cerana worker bee samples (Table 3.4) were 

downloaded in fastq format (Project accession PRJNA418874). Here, the 

bioinformatics preparation was identical to the pooled colony whole genome data 

(section 2.2.1.2). Importantly, the reads were aligned to the Apis mellifera genome 

for direct comparison of sites, therefore not all reads align and this limited the sites 

represented across the data sets. The resulting vcf file was filtered in the same 

manner as the whole genome data and then filtered to contain the RADseq sites. Two 

files were created, one for individual and one for the pooled data. The vcf file that 

contained the individual RADseq sites was then merged with the individual data. The 
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A. cerana vcf file that contained the pooled colony RADseq sites was not merged with 

the pooled data but used to generate the population allele frequencies for every site 

representing all 30 A. cerana individuals (Danecek et al., 2011).  

 Table 3.4. Accession numbers of A. cerana samples downloaded from the SRA 

archive. 

Biological Samples Downloaded 

(Project accession 

PRJNA418874) 

SRR6301264 

SRR6301265 

SRR6301266 

SRR6301267 

SRR6301268 

SRR6301269 

SRR6301270 

SRR6301271 

SRR6301272 

SRR6301273 

SRR6301274 

SRR6301275 

SRR6301276 

SRR6301277 

SRR6301278 

SRR6301279 

SRR6301280 

SRR6301281 

SRR6301282 

SRR6301283 

SRR6301284 

SRR6301285 

SRR6301286 

SRR6301287 

SRR6301288 

SRR6301289 

SRR6301290 

SRR6301291 

SRR6301292 

SRR6301293 
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 Introgression estimators overview 

Subspecies standards and outgroup data were required to examine introgression in 

the south west samples. Two methods were used to assess introgression: ancestry 

clustering using ADMIXTURE (Alexander, et al., 2009) and a genome wide test for 

introgression based on incomplete lineage sorting using Patterson’s D statistic and f 

statistic, also known as an ABBA BABA test (Green et al,. 2010;Patterson et al., 

2012). 

3.3.1 ADMIXTURE clustering program as an introgression estimator 

ADXMITURE (Alexander et al., 2009 ; version 1.3.0) is a clustering algorithm that uses 

a maximum-likelihood model to estimate sample ancestry. ADMIXTURE estimates 

ancestry membership proportions (Q values) of individuals to clusters that represent 

ancestral populations (K). ADMIXTURE uses a cross-validation (CV) procedure to 

inform the most likely K value for the data. The most likely K value will exhibit a lower 

CV value than other K values (Alexander, Novembre and Lange, 2009). For this 

program to be used for introgression estimation, standards are included in the 

analysis to view the clusters they form and the samples’ membership to these 

clusters. 

ADMIXTURE was run on bed files. For the Individual and pooled colony RADseq bed 

files were created from the vcf files using the vcftools command –plink (Danecek et 

al., 2011) and then the plink command –make-bed (Purcell et al., 2007). The SNP 

Array data raw data was received in an excel format and changed to a .ped and .map 

file using a custom python script. The .ped and .map files were then converted to .bed 

files using the plink command using the plink command –make-bed (Purcell et al., 

2007). All ADMIXTURE runs were performed using default settings. 
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3.3.2 The ABBA BABA approach 

The ABBA BABA approach in contrast involves fitting four populations onto a 

phylogenetic tree and is based on examining derived and ancestral allele patterns 

brought about by incomplete lineage sorting (ILS) versus patterns of gene-flow and 

introgression (Paterson et al., 2012; Durand et al., 2011; Green et al 2010; Reich et 

al., 2010). ILS occurs when species or lineages undergo diversification into separate 

groups but there has been insufficient time for complete genetic differentiation of 

those groups. As a result the gene tree differs from the overarching lineage, species 

tree and as the alleles are not perfectly segregated into those diversified groups. 

(Carstens and Knowles, 2007; Degnan and Rosenberg, 2009).   

ABBA BABA employs two related statistics: Paterson’s D and f. Paterson’s D examines 

deviations from the expected patterns of alleles resulting from ILS. The D statistic 

compares SNPs across the genome between three in-group populations (P1, P2, P3) 

and one outgroup population (Po) that match ABBA and BABA genotype patterns 

(Figure 3.5). An ABBA pattern is where population P1 has the ancestral allele 

(represented by ‘A’), while P2 and P3 share a derived allele (represented by ‘B’) 

(Figure 3.5). A BABA pattern is when P2 has the ancestral allele and P1 and P3 share 

the derived allele. Counting the occurrences of these patterns across all sites allows 

us to investigate if the total number of shared derived alleles between two 

populations is greater than expected by chance. Effectively we are asking if P1 and 

P3 share an excess of derived alleles or if P2 and P3 share an excess of derived 

alleles. 
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Figure 3.5 The principle behind the Paterson D and f statistic. Example of allele 

patterns of derived ('B') and ancestral ('A') alleles across the P1, P2, and P3 groups. 

The ABBA pattern is when P2 and P3 share the derived allele, while P1 has the 

ancestral allele from the outgroup. The BABA pattern is when P1 and P3 share the 

derived allele, while P2 shares the ancestral allele with the outgroup. In this paper 

we will test pooled colonies using A. m. mellifera as P1, south west England as P2, 

and a c-lineage colony in the P3 position 

 

In a scenario where there is no gene flow between the tested populations, ABBA and 

BABA patterns are expected to occur in roughly equal proportions due to ILS 

(Patterson et al., 2012; Durand et al., 2011; Green et al 2010; Reich et al., 2010). 

ABBA and BABA patterns are calculated using allele frequencies at fixed sites in the 

outgroup: 

𝐴𝐵𝐵𝐴 =  (1 − 𝑃1) × 𝑃2 × 𝑃3 × 1 − 𝑃𝑜 

𝐵𝐴𝐵𝐴 = 𝑃1 × (1 − 𝑃2) × 𝑃3 × 1 − 𝑃𝑜 

Paterson’s D is calculated using the sum of ABBA and BABA patterns across all 

SNPs:  
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𝐷 =  
∑(𝐴𝐵𝐵𝐴) − ∑(𝐵𝐴𝐵𝐴)

∑(𝐴𝐵𝐵𝐴) + ∑(𝐵𝐴𝐵𝐴)
 

When D deviates from zero it can be indicative of introgression between populations. 

An excess of ABBA patterns (introgression between P2 and P3) and would result in a 

D value > 1 and an excess of BABA sites (introgression between P1 and P3) will result 

in a D value <1. In this study we are looking for significant positive D values, indicating 

introgression between P2, the south west, to P3, a C lineage honey bee (Figure 3.4). 

To test whether the D statistics significantly varies from zero, Z-scores and P-values 

are calculated (Reich et al., 2009; Durand et al., 2011; Green et al., 2010). Z-scores 

are generated using block jack-knifing, which accounts for the non-independence of 

linked sites. During block jack-knifing data are divided into blocks of a particular 

genomic distance or number of SNPs, and the D-statistic is calculated for each of 

these blocks. Then, the overall D is compared to the standard error of D resulting 

from the blocks, and a Z-score is calculated. Importantly, RADseq data can contain 

linked groups of SNPs and this can confound the standard error of jackknife block. 

Additionally, implementing Z-scores assumes that the data is normally distributed, 

but often, D statistics resulting from jackknife blocks may not be. To obtain an 

approximately normally distributed standard error the variation of D over the blocks 

is calculated, multiplied by the number of blocks and the square root of that number 

is taken (Reich et al., 2009; Durand et al., 2011; Green at al 2010). From this a Z-

score is calculated: 

𝑍 𝑠𝑐𝑜𝑟𝑒 =  
𝐷

𝑛𝑜𝑟𝑚𝑎𝑙𝑙𝑦 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑  𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐸𝑟𝑟𝑜𝑟 𝑜𝑓 𝐷
 

 and then a p-value to estimate significance: 

𝑝 𝑣𝑎𝑙𝑢𝑒 = 2 × 𝐿𝑜𝑔 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑢𝑚𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑠𝑡𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 (−𝑍 𝑠𝑐𝑜𝑟𝑒) 
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The related f statistic estimates the overall proportion of admixture by comparing the 

excess of ABBA over BABA patterns to a scenario of complete admixture. To examine 

complete admixture P3 is split into two groups, P3a and P3b, and P2 is replaced with 

one of these P3 populations and used in the calculation (Figure 3.6). 

 

Figure 3.6 The f statistic compares a complete admixture scenario. Here to simulate 

complete admixture the P2 population has been replaced with another P3 

population, labelled P3a. 

 

The f statistic is calculated as: 

𝑓 =  
∑(𝐴𝐵𝐵𝐴) −  ∑(𝐵𝐴𝐵𝐴)

∑(𝐴𝐵𝐵𝐴) +  ∑(𝐵𝐴𝐵𝐴)
 

Where: 

𝐴𝐵𝐵𝐴𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑜𝑟 =  (1 − 𝑃1) × 𝑃2 × 𝑃3𝑎 

𝐵𝐴𝐵𝐴𝑛𝑢𝑚𝑒𝑟𝑎𝑡𝑜𝑟 =  𝑃1 × (1 − 𝑃2) × 𝑃3𝑎 

𝐴𝐵𝐵𝐴𝐷𝑒𝑛𝑜𝑚𝑖𝑛𝑎𝑡𝑜𝑟 =  (1 − 𝑃1) × 𝑃3𝑏 × 𝑃3𝑎 

𝐵𝐴𝐵𝐴𝐷𝑒𝑛𝑜𝑚𝑖𝑛𝑎𝑡𝑜𝑟 =  𝑃1 × (1 − 𝑃3𝑏) × 𝑃3𝑎 
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The pooled colony RADseq ABBA BABA calculations were performed using a custom 

python code. To calculate the D statistic and f statistic in the pooled data, colony level 

allele frequencies were calculated at each SNP using the AD and DP fields from the 

info column in the vcf file, this is the same method employed for pooled data by 

poolfstat (Gautier et al., 2022). The individual worker RADseq calculations were 

performed in the software package Dsuite (Malinsky et al., 2021). Dsuite performs a 

related f statistic, the f4-ratio (Patterson et al., 2012). The f4-ratio, just like f, 

estimates the proportion of admixture between P2 and P3 but here the result is a 

ratio where  represents the admixture from P2 to P3 and 1-  the admixture from 

P3 to P2 (Figure 3.7). 

 

The admixture ratio () between P2 and P3 is calculated by again splitting P3 into 

two groups, P3a and P3b and replacing P2 with P3b to compare observed ABBA BABA 

Figure 3.7 The f4-ratio calculated by Dsuite. The introgression 

from P2 to P3 is represented by  and the introgression from P3 

to P2 is represented by 1- . 

Figure 3.7. The f4-ratio calculated by Dsuite. The introgression 

from P2 to P3 is represented by α and the introgression from P3 

to P2 is represented by 1-α. 
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patterns to patterns of complete admixture. Specifically, if P3 were to be split into 

P3a and P3b, P3a and P3b represent the same subspecies and the admixture would 

be a proportion of 1.0, total admixture. Dsuite (Malinsky et al., 2021) calculates the 

f4 ratio as: 

𝑓4𝑟𝑎𝑡𝑖𝑜 =  
∑(𝑃3𝑎 − 1) ×  ∑(𝑃2 − 𝑃1)

∑(𝑃3𝑎 − 1) ×  ∑(𝑃3𝑏 − 𝑃1)
 

Dsuite splits P3 by randomly sampling alleles from P3 at each SNP. Dsuite also 

calculates normalised Z scores and P-values.  

 Results 

As the aim here is a comparison of methods the proceeding discussion will 

concentrate on samples that were in across methods, however for full results see 

appendix 1.   

3.4.1 ADMIXTURE 

The SNP array data consisted of 80 SNPs from the original 117SNPs, across a total 

of 197 samples with a genotyping rate of 0.98. ADMIXTURE analysis, identified the 

most likely K value as 2 (CV values, K=1: 0.97, K=2: 0.59, K=3: 0.60, K=4: 0.62, 

K=5: 0.64). This is unsurprising as the ancestry informative SNPs chosen for the SNP 

array are designed to distinguish between the two Apis mellifera lineages, C and M.  

To examine the accuracy of the SNP array Q values, the A. m. m. standards that 

accompany the SNP array were compared back to the original 117 SNP panel Q 

values in Henriques et al. (2018). There was a very strong correlation between the 

K=2 Q value results and the Q values presented in the 117 SNP results in Henriques 

et al (2018) (R2=0.9879, Supplementary table 9). 
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The individual RADseq data consisted of 23,916 SNPs across 61 individuals. 

ADMIXTURE identified the lowest CV value at K=2 for the data identified it as the most 

likely K (CV values, K=1: 0.71, K=2: 0.49, K=3: 0.50, K=4: 0.56; K=5: 0.57; K=6: 

0.69; K=7: 0.67, K=8: 0.76, K=9: 0.85, K=10: 0.86).  

The pooled colony RADseq data consisted of 158,496 SNPS and 103 samples. 

ADMIXTURE analysis showed K=3 was the most likely number of clusters (CV values 

reposted, K=1: 0.34, K=2: 0.26, K=3: 0.26, K=4: 0.27, K=5: 0.27, K=6: 0.28, K=7: 

0.29, K=8: 0.30, K=9: 0.31, K=10: 0.32). These three clusters broadly represent the 

English South West samples, the A. m. m samples and the C-lineage bees, A. m. c 

and A. m. l. The South West of England is unlikely to harbour its own subspecies and 

the K=3 result could be a result of a unique signature of admixture. It is important to 

use biological knowledge of systems when interpreting ADMIXTURE results (Lawson, 

Van Dorp and Falush, 2018) and in order to compare the pooled results to the 

individual RADseq and SNP Array results, here K=2 in the pooled RADseq is 

examined.  

All South West samples in all methods showed some degree of introgression (Figure 

3.8). There were 17 samples common to all three methods (SNP, individual RADseq 

and pooled RADseq, Table 3.5, and Figure 3.8). Across these 17 samples ancestry 

membership Q values for the M lineage range from 0.89 to 0.18 (Table 3.5 and Figure 

3.8 D) and C lineage from 0.82 to 0.11 (Table 3.5). Overall, the individual RADseq 

results and the SNP array results were highly correlated (Figure 3.8 D), although 

pooled colony RADseq produced overall lower values than the SNP array (Figure 3.8 

D, Table 3.5). Sample c22 obtained the highest C lineage Q value in all three methods 

(Table 3.5 and Figure 3.9) and sample c7 had the highest M lineage assignment in 

all three methods (Table 3.5), though in the pooled colony RADseq sample c25 was 

also assigned the same M lineage value (Table 3.5 and Figure 3.9). There were four 
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samples where the individual RADseq and SNP array Q values yielded the same 

results (c8, c17, c23, c21, Table 3.5 and Figure 3.9). Average Q values for each 

ancestry cluster estimated across the 17 samples were the same for both the 

individual RADseq and the SNP array (M lineage 0.70 and C lineage 0.30, Table 3.5). 

The pooled colony RADseq generated a higher average C-lineage Q value assignment 

compared to the individual methods (0.38) and lower Q value assignment to the M 

lineage cluster (0.62) (Table 3.5). The largest sample Q value difference across 

methods was between pooled colony RADseq and the SNP array in samples c11 and 

c13 (Table 3.5 and Figure 3.9). Sample c11 and c13 both had a C-lineage Q value 

difference of 0.21 between the SNP array and the pooled colony RADseq.  
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Figure 3.8. ADMIXTURE analysis of K=2 of honey bees in the south west of England (A) SNP Array,(B) Individual RADseq and (C) Pooled colony RADseq. 

Blue cluster represents the C-lineage honey bees, A. m. carnica and A. m. ligustica, the red cluster represents A. m. mellifera. (D) Comparison of RADseq 

Q values to SNP Array Q values for membership to A. m. mellifera 
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Table 3.5. South west samples Q values of membership to ancestral populations from 

ADMIXTURE at K=2 from SNP array, Individual RADseq and Pooled colony RADseq 

 

 

Colony ID 
ADMIXTURE K=2  

SNP array  Individual RADseq  Colony pooled RADseq 

M C M C M C 

c2 0.80 0.20 0.78 0.22 0.60 0.40 
c5 0.79 0.21 0.86 0.14 0.65 0.35 
c6 0.82 0.18 0.83 0.17 0.74 0.26 
c7 0.87 0.13 0.89 0.11 0.80 0.20 
c8 0.79 0.21 0.79 0.21 0.73 0.27 

c12 0.67 0.33 0.81 0.19 0.70 0.30 
c11 0.83 0.17 0.77 0.23 0.62 0.38 
c13 0.74 0.26 0.73 0.27 0.53 0.47 
c14 0.79 0.21 0.74 0.26 0.72 0.28 
c16 0.47 0.53 0.43 0.57 0.51 0.49 
c17 0.85 0.15 0.85 0.15 0.73 0.27 
c18 0.85 0.15 0.86 0.14 0.76 0.24 
c10 0.35 0.65 0.29 0.71 0.41 0.59 
c23 0.86 0.14 0.86 0.14 0.78 0.22 
c21 0.37 0.63 0.37 0.63 0.36 0.64 
c22 0.21 0.79 0.18 0.82 0.18 0.82 
c25 0.84 0.16 0.88 0.12 0.80 0.20 

Average 0.70 0.30 0.70 0.30 0.62 0.38 

Figure 3.9. C-lineage proportion estimated by ADMIXTURE at K=2 using the SNP array (80SNPs), 

individual RADseq (23,916 SNPs), and pooled colony RADseq (158,496 SNPs) across the 17 samples 

examined in all three methods 



113 

 

3.4.2 ABBA BABA 

The ABBA BABA calculations for the pooled colony RADseq were performed on 

10,505 SNPs (sites at which the A. cerana outgroup is fixed). Each colony was tested 

72 times (36 times each for A. m. ligustica and A. m. carnica introgression), against 

different combinations of standard colonies. In the trios Mel;SW;Car and Mel;SW;Lig,  

a total of 19 out of 28 colonies were significant for positive D values (p-values < 0.05, 

Z-scores >3) across all combinations indicating introgression from either A. m. 

carncia or A. m. ligustica. This indicates that these samples were significant 

regardless of the colonies chosen to represent the standards in the P1 (A. m. 

mellifera) and P3 positions (either A. m. carnica or A. m. ligustica). The highest 

proportion of admixture estimated in both the Mel;SW;Car and the Mel;SW;Lig trios 

was for sample c22, with average admixture proportion of 0.682 and 0.626 

respectively (Figure 3.10). The lowest proportion of admixture observed in sample 

c25 with proportions of 0.06 (Mel;SW;Car) and 0.07 (Mel;SW;Lig) (Figure 3.10). The 

standards deviations of the f statistic were larger in samples that with higher 

introgression values (Figure 3.10). The admixture proportions from the two different 

trios were similar. The largest within sample difference in admixture proportion was 

in the c22 sample (a difference of 0.07). Of the 9 colonies that were not significant 

in all combinations, 4 were not significant for both A. m. ligutsica and A. m. carnica, 

while 5 were not significant only for A. m. carnica introgression. All colonies that were 

not significant for introgression had admixture proportions below 0.1.   

Dsuite compared 4832 SNPs in the individual RADseq data set. D values deviated 

significantly from zero (p-values< 0.05) on all three trios tested (Table 3.6). The 

highest Z-score and smallest p-value was seen in the Car; south west; Mel trio. A. m. 

mellifera proportions (1- ) in the individual RADseq data range from 0.66 to 0.759 

across the three trios.  
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Table 3.6. Dsuite results for the individual RADseq data examined on a population 

level. Populations are represented as A. m. mellifera (Mel), A. m. carnica (Car), A. m. 

ligustica (Lig), south west and C-linage (A. m. ligustica and A. m. carnica combined in 

to one population 

. 

 

Trios D statistic Z-score p-value f4-ratio () 1- 

C-lineage; south west; Mel 0.105 3.47167 0.000517 0.292 0.708 

Lig; south west; Mel 0.0816 2.63019 0.008534 0.241 0.759 

Car; south west; Mel 0.1306 4.374 0.0000122 0.340 0.66 

Figure 3.10. Average f statistics (proportion of admixture) calculated for pooled colonies. Trios tested for 

introgression between the south west and two different C-lineage subspecies. Shown here are trios 

consisting of A. m. mellifera ; south west; A. m. carnica (blue triangle), and A. m. mellifera ; south west; 

A. m. ligustica (Orange circle). A red x donates colonies that had a non-significant result. Error bars 

represent the standard deviation for each south west colonies estimates calculated with every 

combination of A. m. mellifera and A. m. carnica or A. m. ligustica colony 
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 Discussion 

This study compared the introgression results from three methods: the C lineage 

introgession SNP array (Henriques et al., 2018), individual RADseq and pooled colony 

RADseq, using two statistical approaches. Both ADMIXTURE and the ABBA BABA 

approach revealed introgression in the Apis mellifera mellifera population in South 

West England. In ADMIXTURE, the pooled colony samples exhibited, on average, 

higher introgression values than individual RADseq and SNP array results while the 

individual RADseq and SNP array produced similar Q values. This consistent 

ADMIXTURE result between the individual genotyping approaches was expected as 

the SNP array has been rigorously tested to produce results similar to that of whole 

genome data and sequencing only a single individual restricts the number of 

patrilines sampled per colony. The ABBA BABA analysis resulted in lower estimates 

of introgression for the pooled colonies than the colony ADMIXTURE analysis. The 

overall introgression level for the individual RADseq data estimated using the ABBA 

BABA method  (Table 3.7, proportions of 0.7 A. m. mellifera and 0.29 C lineage) was 

the same as the average ADMIXTURE Q value (Table 3.5, average Q value 

membership of 0.7 to A. m. mellifera and 0.30 to C-lineage).   

Some colonies produced disparate values when examined by the ADMIXTURE and 

ABBA BABA approach, for example, for colony c26 ADMIXTURE estimated an 

introgression Q value of 0.32 (SNP array) and 0.29 (pooled colony RAD) while the 

ABBA BABA approach estimated 0.085 for A. m. ligustica introgression and was non-

significant for A. m. carnica introgression. A similar pattern was seen in colony c9 

(ADMIXTURE SNP array Q value 0.22, colony RADseq Q value 0.24, ABBA BABA 

proportion of 0.085, and non significant for A. m. carnica introgression). In both the 

ABBA BABA and the ADMIXTURE analyses colony C22 was observed to have the 
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highest introgression level (colony ADMIXTURE Q value of 0.82, f statistic results from 

A. m. ligustica of 0.62 and A. m. carnica of 0.70). 

ADMIXTURE is designed for unrelated individuals rather than pooled DNA of related 

individuals as it has been used here, although it has been used on pooled data in 

other studies (Gmel et al., preprint; Regan et al., 2018; Henriques et al., 2018). 

Additionally, not all pooled colony samples yielded higher introgression values: in 

three out of the 17 samples (sample c12, c16 and c10) pooled colony Q values were 

lower than an individual analysis results. This suggests that results depend on the 

overall introgression level of the colony and the introgression level of the individual 

chosen for the analysis rather than the higher introgression being a result of pooled 

data being placed into ADMIXTURE program. This result is at odds with Henriques et 

al (2018) who found that using the SNP Array on pools resulted in lower ADMIXTURE 

values than individual samples. However,  the Henriques et al (2018) result was from 

the MassARRAY platform using tissue pools and the approach used in this study was 

different. Firstly, the pooling method was equimolarly pooled DNA (rather than using 

tissue pools) and the sequencing platform and data processing were different. Regan 

et al., (2018) compared pool-seq ADMIXTURE results to data set simulated for 

individuals and found that up to K=3 the results were consistent with those compared 

to the pooled genotypes, while at K=4 two samples two samples showed an 

assignment difference and at K=5 one additional sample showed a Q value 

difference. When ADMIXTURE is used for introgression studies the number and 

quality of standards used will have a potentially significant effect on the results. The 

number of standards used here in the RAD-seq individual analysis was 40, while in 

the pooled analysis 69 standards were used (as many standards that were available 

were used). This is important as ADMIXTURE uses all the samples input to calculate 

the clusters and there are no guidelines to the number of standard samples that one 
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should place into ADMIXTURE to calibrate the analysis. Nevertheless, the SNP array 

and the individual RAD-seq still resulted in largely similar values even though they 

used different standards and a different number of samples was placed into the 

programme.  

Clearly, the two statistical approaches are different: ADMIXTURE is a population 

structure clustering programme while ABBBA BABA tests are based on allele 

frequency patterns. There have been concerns about the use and over-interpretation 

of population clustering program coefficients for estimation of introgression values 

(Anderson and Dunham 2008; Lawson et al., 2018; Kong et al., 2021).  These 

methods are sensitive to the choice of marker, the level of genetic differentiation and 

the amount of data used in the analysis (Vähä and Primmer 2005; Kalinowski 2011). 

Additionally, population clustering programmes do not perform hypothesis testing. 

Although the D statistic has been seen to outperform both ADMIXTURE and 

STRUCTURE for identifying hybrids (Kong et al., 2021), ABBA BABA approaches can 

also result in higher error rates in situations with high ILS (Kong et al., 2021).  

Overall, the differences in the results from individual and pooled approaches was 

expected. Pooled sequencing captures more genotypes from the colony and there is 

an inherent bias in using an individual approach for this reason (i.e. an individual is 

not representative of a colony). But different statistical approaches also resulted in 

different introgression estimates. In previous studies an arbitrary cut off for 

classifying an A. m. mellifera individual as introgressed has been used, for example 

ADMIXTURE Q value >0.05 (Groeneveld et al., 2020), >0.1 (Parejo et al., 2018; 

Hassett et al., 2018) and discussions about what cut-offs are appropriate or what 

their biological significance has been begun in this thesis (see Chapter 6) and 

elsewhere (Ellis et al., 2018). But, if ADMIXTURE results indicate introgression 

estimates of >0.2 while the ABBA BABA approach classes that colony as not being 
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introgressed at all, this raises questions about the field largely relying on one 

approach (clustering programmes) and suggests that sampling one individual my not 

be a robust enough approach to assess introgression in honey bee populations.  
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4.  Assessing the status of Apis 

mellifera mellifera across the UK 

and Ireland 

 

 Introduction 

A. m. mellifera is the native subspecies in the UK and Ireland. However, the picture 

for A. m. mellifera’s distribution across the UK and Ireland remains largely unknown 

and a more comprehensive investigation of the UK and Ireland is overdue. In Europe 

there has been evidence of low introgression and ‘pure’ A. m. mellifera in Norway, 

Sweden, and Finland (Groeneveld et al., 2020) as well as the Netherlands and 

Switzerland (Soland-Reckeweg et al., 2009; Pinto et al., 2014). Studies of the UK and 

Ireland have discovered remnant populations of A. m. mellifera in Ireland (Hasset et 

al., 2018; Browne et al., 2020), the Inner Hebrides (Jensen et al., 2004) and the 

South West England (Ellis et al., 2018) but to-date no wider survey has been carried 

out.  

Monitoring introgression is important as introgression can lead to adaptation or 

conversely genomic extinction (Allendorf and Luikart., 2009; Epifanio and Philipp, 

2000) (see chapter 1 for full discussion). Genomic extinction is a concern in 

conservation, especially when continual imports introgress with native species. This 

is the case with Apis mellifera mellifera. So far, this thesis has assessed A. m. 

mellifera introgression in a conservation program and examined approaches for 

measuring introgression at a colony level. But here while assessing introgression the 
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primary aim is to investigate the UK and Ireland for pockets of remnant A. m. 

mellifera.   

The majority of A. m. mellifera populations discovered across Europe have been 

located in small areas usually built up by conservation bee keeping groups (Pinto et 

al., 2014; Henriques et al., 2018). However, studies in Ireland have revealed that A. 

m. mellifera exists across a wide geographical area in the general population. Hassett 

et al., (2018) sampled 412 honey bees from 80 sites across Ireland and using both 

mtDNA and microsatellite markers qualified over 400 samples as A. m. mellifera with 

a ‘purity’ threshold of >0.95. Browne et al., (2020) examined 76 free-living honey bee 

colonies across Ireland and found that only 2 samples were below 0.9 purity, 

concluding that the free living population consisted of mostly of A. m. mellifera honey 

bees. Ireland is therefore an important reservoir of A. m. mellifera diversity.  

The Inner Hebridean Isle of Colonsay is another stronghold of A. m. mellifera in the 

UK. This population is protected by a Scottish government order and the island is 

largely under the control of one bee keeper (Andrew Abrahams, personal 

communication). This population has been included in many wider European studies 

of A. m. mellifera (Jensen et al., 2005; Munoz et al., 2015, Regan et al., 2018; Pinto 

et al., 2014) and has been observed as consisting of ‘pure’ A. m. mellifera, usually 

exceeding a threshold > 0.99 ‘purity’ when examined in population structure software 

(for example, ADMIXTURE or STRUCTURE) (Alexander et al., 2015; Pritchard et al., 

2010).  

Ellis et al. (2018) investigated honey bee lineages in South West England. The study 

sampled colonies belonging to bee keepers that were part of the B4 conservation 

group and were suspected of being A. m. mellifera. This study found that of 30 

colonies sequenced, 4 to 15 were classified as A. m. mellifera depending on the 

purity thresholds chosen.  
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The question of which thresholds are appropriate for assigning a colony as ‘pure’ is 

still unanswered. Answering this requires understanding of how introgression affects 

an organism. When does introgression result in an interruption of those locally 

adapted allele combinations? What are the consequence of introgression on A. m. 

mellifera traits? In order to investigate what effect introgression has on particular loci 

studies turn to investigating patterns of introgression.  

Studies of the patterns of introgression in model organisms have observed that 

introgression signals are weaker in areas of the genome that have low recombination 

rates or loci with a high density of genes (Sankararaman et al., 2014; Janoušek et 

al., 2015; Martin and Jiggins 2017). The comparatively high recombination rate of 

Apis mellifera may explain why recombination ‘hotspots’ (where recombination 

events cluster in highly localized areas a few kb in length they are referred to as 

hotspots, (Paigen and Petkov et al., 2010). and introgression patterns have been 

difficult to detect. Hotspots have been detected in many organisms e.g. mammals, 

birds, plants, fungi (Singhal et al., 2015; Croll et al., 2015; Latrille et al., 2017) but a 

lack of hotspots have been detected in honey bees (Wallberg et al., 2015; Stapley et 

al., 2017).  Honey bees have a recombination rate between 19 - 37 cM/Mb 

(centimorgans per million base pairs) (Beye et al., 2006; Solignac et al., 2007; Liu et 

al., 2015). This rate of recombination translates to approximately 5 crossover events 

per chromosome during meiosis while the average from a wide range of taxa is about 

1.6 per chromosome (Baker et al., 1976; Beye et al., 2006). In comparison, fungi 

species have been observed to have extreme crossover rates, estimates of 40 

cM/Mb or even greater than 300 cM/Mb (Stukenbrock et al., 2018; Haenel et al., 

2018), while mammals have an average recombination rate of 1cM/Mb, which is 

equivalent to one crossover per chromosome (Dumont et al., 2009). Amongst insects, 

the highest recombination rates are seen in the Hymenoptera 7.12±5.13 cM/Mb, 
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followed by Lepidoptera (average recombination rate of 4.47 cM/Mb), Coleoptera 

(average recombination rate of 2.48 cM/Mb) and Diptera species with the average 

rate of 1.03 cM/Mb (Wilfert et al., 2007). The highest rates are seen in social 

Hymenoptera. The bumblebee Bombus terrestris, has a cross over rate of 4.4 - 

8.7cM/Mb (approximately 1.1 crossover events per chromosome) (Wilfert et al., 

2006; Liu et al., 2017). Bombus terrestis while social, exists in single mated colonies 

and lives in annual colonies of a smaller size compared to Apis mellifera (Baer and 

Schmid-Hempel 1999). In general this higher genomic crossover rate is associated 

with highly social insects. The harvester ant (Pogonomyrmex rugosus) has a 

crossover rate of 14 cM/Mb while the leaf cutter ant (Acromyrmex echinatior) has a 

recombination rate of 6.2 cM/Mb (Sirvio et al., 2006). The effect of this high 

recombination rate on introgression patterns has been studied in honey bees. Wragg 

et al., (2018) investigated patterns of admixture across the genome of honey bees in 

the Reunion Isle. The Reunion Isles native subspecies is Apis mellifera unicolor, a 

member of the A lineage, and the island has seen imports of popular C lineage 

subspecies. One of the aims of their study was to, examine whether there was any 

preferential selection of one lineage or another. Examining the ancestry of haplotype 

blocks along the genome they found that there were a large number of small blocks 

belonging to either A or C lineage backgrounds. This finding is consistent with 

repeated recombination over time and the high recombination rates observed in Apis 

mellifera. However, they also observed 15 regions significantly associated with the 

native A. m. unicolor and preferential selection of these regions.  

This study investigated putative A. m. mellifera across the UK and Ireland using 

pooled colony whole genome data and examined the pattern of introgression across 

the genome, to identify whether consistent regions of introgression could be 

observed. 
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 Methods 

4.2.1 Sample collection  

To collect samples from across the UK and Ireland bee keeping groups that specialise 

in the promotion and care of A. m. mellifera or local honey bee breeds were 

contacted. Societies contacted were the Scottish Native Honey Bee Society, the 

Native Irish Honey Bee Society, and the Bee Improvement and Bee Breeders 

Association. The study was also promoted via social media (Twitter and Facebook). 

For more detailed information on sampled locations see Appendix 2. 

Bee keepers were asked about the importation status of their honey bees and if they 

thought they had A. m. mellifera or honey bees similar to A. m. mellifera. A total of 

113 bee keepers responded to the study’s outreach and 81 bee keepers with 

colonies that met the criteria of no importation chose to continue to participate. 

Sample tubes containing 70% ethanol were sent to bee keepers and the bee keepers 

were asked to collect 40 worker bees per colony.  

For comparison with the UK and Ireland data subspecies standards of A. m. carnica 

and A. m. ligustica, and A .m mellifera were included.  A. m. ligustica (total n=15) was 

sampled from Italy (n=5) and Sweden (n=10), A. m. carnica (total n=26) from 

Germany (n=7), Sweden (n=9) and Norway (n=10), while A. m. mellifera (total n=28) 

was sampled in Sweden (n=11), Norway (n=10) and Switzerland (n=7). These 

samples were obtained from breeding programs (Switzerland and Germany) and 

experimental apiaries (Sweden, Norway and Italy). 
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4.2.2 DNA extraction and pooling 

Each colony was represented by a pool of 30 worker bees (40 bees were requested 

from bee keepers for in order to act as spares as some bees did not yield sufficient 

tissue or DNA). 

These methods are the same as the DNA extraction and pooling methods in Chapter 

3 section 3.2.3.2. A brief description follows: 

For each colony every thorax was weighed and donated an equal amount of tissue, 

and then an equal amount of DNA to the final pool. Five thoraxes were processed in 

each extraction. The extractions were performed using an ammonium acetate 

protocol (Nicholls et al., 2000). Extractions resulted in an average yield of 2110 ng 

of DNA per extraction. 

This created a final pool of 30 workers representing each colony consisting of 1000ng 

of purified DNA.  

Any samples that were supplied without a sufficient number of individuals or did not 

yield enough DNA to contribute to the final pool were removed from the experiment. 

A total of 74 samples were processed along with the subspecies standards.  

4.2.3 Library preparation and sequencing 

All library preparation and whole genome sequencing (WGS) was performed by the 

Beijing Genomic Institute (BGI) in Hong Kong and sequenced on a BGISEQ-500 

producing 100bp paired end reads (Xu et al., 2019).  

4.2.4 Bioinformatics 

The bioinformatics pipeline was the same the pooled data in chapter 3 sections 

3.2.4.2. and 3.2.6.3.  
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Raw data received had an average of 136 million reads per pooled colony sample 

with an average of 96% of reads exceeding a phred score of 20. Raw data were quality 

trimmed and filtered based on quality (Trimmomatic; Bolger et al., 2014). Reads were 

aligned to the honey bee reference genome (Amel_HAv3.1) and filtered for alignment 

quality, and unpaired reads were discarded (BWA MEM aligner and Samtools; Li 

2013; Li et al., 2009). Then the GATK best practices pipeline was implemented (GATK 

version 4.1.9.0.; Van der Auwera and O’Connor, 2020). Final filtering for depth and 

data representation across samples was performed in vcftools (Danecek et al., 

2011). 

4.2.5 Investigation of population structure and introgression via 

ADMIXTURE 

ADMIXTURE (as described in chapter 3, section 3.3.1) estimates membership 

proportions (Q) of individuals to clusters (K) that represent ancestral populations 

(Alexander et al., 2009).  

A high density of SNPs were recovered (~9 million). As ADMIXTURE treats sites as 

independent (i.e. sites not in linkage with one another) it is recommend that data is 

thinned before it is used in ADMIXTURE (Alexander et al., 2015). Data were arbitrarily 

thinned to SNPs 1kb apart (Wragg et al., 2018) using the vcftools command–thin. 

(Danecek et al., 2011). 

ADMIXTURE was run for K=1 to K=10 and CV values were viewed for each K. Results 

were visualised in R using ggplot2, maps and construct (Wickham 2016; Bradburd et 

al., 2018; R Core Team., 2018). The geographical plotting was performed using 

approximate locations given by bee keepers to maintain privacy of apiary locations.  
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4.2.6 Investigation introgression using ABBA BABA statistics. 

ABBA BABA statistics (explained in chapter 3, section 3.3.2) investigates 

introgression using allele frequency patterns.  First, the occurrence of introgression 

was examined for each colony using the D statistic (Figure 4.1), then overall 

proportion of admixture is estimated using the ƒ statistic (Figure 4.2)(Green et al 

2010; Reich et al., 2010; Durand et al., 2011; Paterson et al., 2012). As well as 

overall introgression and admixture proportions, colonies were examined using 

genomic scans to identify introgressed loci. However, the D statistic is known to 

perform poorly over smaller genomic regions, which results in overestimated 

introgression values (values greater than 1), especially when the effective population 

size is low or regions have low diversity (Martin et al., 2014). To correct for this, a new 

statistic, 𝑓𝑑, was proposed (Figure 4.3) for use over smaller regions for detecting 

introgression between P3 to P2 (Martin et al., 2014). This is related to the f statistic 

but corrects for inflated values (Figure 4.3). In the 𝑓𝑑 statistic the denominator is 

maximised to eliminate values greater than one. When both P2 and P3 have the 

derived allele frequency, which ever one has the higher frequency is used in the 

calculation for that site. Specifically, where P1, P2, P3 are the populations being 

tested and PO is the outgroup. The PD population is dynamic and can represent either 

P2 or P3 in the denominator calculations depending on which has the higher allele 

frequency (Figure 4.3) (Martin et al., 2014). 
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Figure 4.1. The calculation of the D statistic for introgression. In our scenario P1 is the A. m. mellifera colony (MEL), P2 is the British Isles 

colony (BI) and P3 is a C lineage colony, which will be represented by either an A. m. ligustica or an A. m. carnica colony. 
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Figure 4.2. The f statistic for calculating the overall admixture proportion for a colony. This is performed by comparing ABBA and BABA patterns 

between colonies to those patterns under complete admixture. This is done by splitting P3 (in this study the C lineage colony, either A. m. ligustica 

or A. m. carnica) 
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Figure 4.3. The 𝑓𝑑 statistic is based on the f statistic but used to calculate introgression over smaller genomic regions. Here, instead of P3 being 

split to calculate the scenario for complete admixture the population with highest allele frequency is used out of P2 or P3. 
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The 𝑓𝑑 statistic was applied in overlapping windows across all SNPs. This approach 

was chosen because windows based on fixed distances of base pairs can contain 

different quantities of SNPs and the overall pattern of the results can be statistically 

noisy as windows with fewer SNPs create more variance for all the calculated 

windows (Malinsky et al., 2021). Genomic scans were performed on window sizes of 

100 SNPs.  

Windows were considered outliers for a colony if they exceeded the 99th percentile 

and were detected in a colony regardless of the reference sample used to represent 

the A. m. mellifera (P1 colony) or C lineage (either A. m. carnica or A. m. ligustica, P3 

colony) (Lopes et al., 2016; Barbato et al., 2017; Ravinet et al., 2021). To ascertain 

whether there were any loci that were consistently introgressed across the UK and 

Irish samples, the outliers from all colonies were compared.  

Alongside this per colony assessment of introgressed loci a whole population 

approach was performed using Dsuite (Malinsky et al., 2021). In this approach all 

colonies that are significant for introgression were grouped together and assessed 

as a population. This approach does not utilise the colony allele frequencies; instead 

each colonies consensus genotype is used and grouped into a population 

representing all the introgressed samples from the UK and Ireland. 

Colony assessments of ABBA BABA statistics were performed using a custom Python 

3 code (Python software foundation available at www.python.org) using Pandas 

(McKinney, 2010). The population assessments were performed using Dsuite 

(Malinsky et al., 2021). Before population introgression windows were calculated any 

colonies that did not show significant introgression were removed. 

 

 

http://www.python.org/
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 Results 

4.3.1 ADMIXTURE 

The data set consisted of a total of 140 samples and 208,587 SNPs. Of 74 samples 

from the UK and Ireland, 70 passed the data filtering process. 

The lowest CV value was for where K=3 (CV values, K=1: 0.201, K=2: 0.167, K=3: 

0.164, K=4: 0.166, K=5: 0.172, K=6: 0.176, K=7: 0.176, K=8: 0.184, K=9: 0.187). 

At K=3 the clusters broadly represent  A. m. mellifera (red), with the blue cluster 

representing the two C lineages, A. m. carnica and A. m. ligustica, and a third yellow 

cluster largely representing the UK and Ireland samples (Figure 4.5). While K=3 was 

the most likely K value, K=2 delineates the C and M lineages (Figure 4.4) and K=4 

begins to define the two C- lineage subspecies (Figure 4.6). Lastly, at K=5 A. m. 

carcnia, A. m. ligustica and A. m. mellifera are divided into three distinct clusters 

(Figure 4.7). 

Most samples from the UK and Ireland are admixed, particularly those located in 

south central England (Figures 4.4 to 4.7 and appendix 2). However, there are UK 

and Irish samples that retain a majority membership to the A. m. mellifera cluster 

(indicated in red throughout Figures 4.4 to 4.7) in all K values presented. These 

samples are located in the Inner Hebrides, Ireland, Inverness, Jersey, North West 

England and the Isle of Man. 
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Figure 4.4. K=2 ADMIXTURE analysis of honey bee colonies from the UK and Ireland along with a map showing the geographical distribution of the 

samples along with the membership values represented by a pie chart. Red represents the A. m. mellifera cluster while blue represents the C 

lineage cluster. 
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Figure 4.5. K=3 ADMIXTURE analysis of honey bee colonies from the UK and Ireland along with a map showing the geographical distribution of the 

samples along with the membership values represented by a pie chart. Red represents the A. m. mellifera cluster while blue represents the C lineage 

cluster and the yellow cluster belongs mainly to the British Isles 
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Figure 4.6 K=4 ADMIXTURE analysis  of honey bee colonies from the UK and Ireland along with a map showing the geographical distribution of the 

samples along with the membership values represented by a pie chart. Red represents the A. m. mellifera cluster, green and yellow represents the C 

lineage clusters and the British Isles has a mixture of signals including blue. 
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Figure 4.7. K=5 ADMIXTURE of honey bee colonies from the UK and Ireland along with a map showing the geographical distribution of the samples along 

with the membership values represented by a pie chart. Red represents the A. m. mellifera cluster, A. m. carnica is represented by a blue cluster, A. m. 

ligustica by a purple cluster and the British Isles has a mixture of signals including yellow 
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4.3.2 ABBA BABA introgression estimates 

A total of 183,943 SNPs were used for the ABBA BABA analysis. A total of 53 samples 

resulted in significant D statistics (indicating introgression). While 17 samples 

resulted in non-significant D statistics (indicating no introgression) (Table 4.1). Of 

these, 12 were not significant for any introgression from C lineage honey bees, while 

5 samples were non-significant for A. m. carnica but significant for A. m. ligustica 

introgression (Table 4.1).  

 

Table 4.1 Colonies in the UK and Ireland that did not produce a significant positive D 

value indicating no introgression with the C lineage 

 

 

UK and Ireland colonies with no introgression 

Location No introgression from 

Tamar Valley, England A. m. ligustica or A. m. carnica 

Jersey, Channel Isles A. m. ligustica or A. m. carnica 

Isle of Man A. m. ligustica or A. m. carnica 

Colonsay, Inner Hebrides A. m. ligustica or A. m. carnica 

Co Wicklow, Ireland A. m. ligustica or A. m. carnica 

Co Monaghan, Ireland A. m. ligustica or A. m. carnica 

Jersey, Channel Isles A. m. ligustica or A. m. carnica 

Dublin, Ireland A. m. ligustica or A. m. carnica 

Belfast, Northern Ireland A. m. ligustica or A. m. carnica 

Inverness, Scotland A. m. ligustica or A. m. carnica 

Co Tipperary, Ireland A. m. ligustica or A. m. carnica 

Co Kildare, Ireland A. m. ligustica or A. m. carnica 

Newcastle upon Tyne, England A. m carnica 

Rame penninsula, Cornwall A. m carnica 

Hereford, England A. m carnica 

Colchester, England A. m carnica 

Cotswolds, England A. m carnica 
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Pure A. m. mellifera in the UK and Ireland were observed in Ireland, Northern Ireland, 

the Inner Hebrides, Northern Scotland, Jersey, The Isle of Man and the South West of 

England (Figure 4.8).  

The windows of introgression derived from the testing of each colony individually then 

comparing outliers amongst all colonies of the UK and Ireland yielded no consistent 

windows of introgression. Colonies did have regions that were introgressed and 

remained outliers regardless of which A. m. mellifera sample or C lineage sample they 

were compared to. However, there were no consistent windows of introgression 

between colonies, indicating that there was no consistent pattern of outliers amongst 

the UK and Irish samples. Additionally, there were no loci that were outliers when the 

Figure 4.8. Locations of A. m. mellifera colonies with no introgression from either  

A. m. carnica or A. m. ligustica as calculated by the D statistic 
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UK and Ireland samples were examined as a population. The 𝑓𝑑 value of introgression 

across all chromosomes can be seen to sit at a level of 0.6 (figure 4.9). Additionally 

there is an absence of low introgression regions in the scan.  

In summary, no consistent introgression outliers were discovered amongst the 

colonies of the UK and Ireland, when tested separately as colonies or when tested as 

a population. 
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Figure 4.9. 𝑓𝑑  sliding window analysis of introgression between British Isles population and C lineage standards performed in Dsuite. 



140 

 

 

 Discussion 

This study investigated the UK and Irish population of putative A. m. mellifera and 

examined introgression signals across the genome. While much of the UK and Ireland 

population is introgressed, new geographical sites of interest to A. m. mellifera 

conservation have been uncovered in Inverness, Jersey and the Isle of Man. 

These results are consistent with the findings from previous studies into A. m. 

mellifera population in Ireland (Hasset et al., 2018; Browne et al., 2020), the Inner 

Hebrides (Jensen et al., 2005; Regan et al., 2018), and South West England (Ellis et 

al., 2018),  

The A. m. mellifera colony found here on the Isle of Man is a notable result as the Isle 

of Man law prohibits the transportation of honey bees on and off the Island 

(Importation of Bees Brder, 1988; Isle of Man Bees Act, 1989). The purpose of the 

act was to prevent bee disease from being introduced, particularly as at the time 

Varroa destructor, the parasitic mite, was spreading through Europe (Büchler et al., 

2010). The Isle of Man is 30km to 50km off the coast of the UK and the maximum 

mating distance ever recorded was 15km (Jensen et al., 2005; Arundel et al., 2012). 

Thus, it is unlikely that honey bees can naturally disperse there from any mainland 

population. However, only one of two colonies showed no introgression. The other 

colony showed introgression and can be seen in the ADMXITURE maps (Figures 4.4 

to 4.7). This suggests that before the Isle of Man ceased imports foreign subspecies 

had been bought to the island.  

In Jersey, both samples were classified as A. m. mellifera. Until now no Apis mellifera 

samples from Jersey have been included in subspecies assignment studies so this is 
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an important and potentially novel discovery. Despite Jersey being part of the British 

Isles it is located close to France and invertebrate species in Jersey face an additional 

threat from the invasive Asian hornet (Vespa velutina nigrithorax) (Jones et al., 2020). 

Honey bees are especially at threat from the Asian hornet as they constitute a large 

part of their diet (Monceau et al., 2014).  

An A. m. mellifera colony was also identified in Inverness in the north of Scotland. 

Regan et al (2018) previously sampled this area. Regan et al. (2018) sampled 19 

locations, 14 in Scotland and 4 in England. Although the primary goal in that study 

was to characterise the metagenome of the UK honey bee genome. Samples were 

also examined in ADMIXTURE alongside two Buckfast, two A. m. carnica samples and 

two samples representing A. m. mellifera from Colonsay. The use of ADMIXTURE in 

the study was to identify population structure, not measure introgression. Few 

standards were used in the study and all standards were from Scotland. In summary, 

this area has been sampled before but not tested specifically for introgression. Here 

we have confirmed that this area does contain A. m. mellifera.  

While these are interesting results, a fine scale analysis to determine the extent of A. 

m. mellifera in these areas would be beneficial. 

This study also examined patterns of introgression across the genome in an attempt 

to discover any consistently introgressed windows between colonies. Various studies 

have used sliding windows analysis to successfully identified regions of introgression. 

For example, introgression from red siskins (Spinus cucullata) into canaries (Serinus 

canaria) (Lopes et al., 2016), between species of Heliconious butterflies (Enciso-

Romero et al., 2017) and from Asian zebu (Bos taurus indicus) into Ethiopian Sheko 

cattle (Bahbahani et al., 2018). Importantly, regions of introgression have been 

observed in previous honey bee studies. Wragg et al. (2018) examined honey bee 

populations in the Reunion Isles and identified 15 regions that were preferentially 
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selected for and significantly associated with the native subspecies and 9 regions 

associated with introgression from C lineage subspecies. However, Wragg et al. 

(2018) used the program PCAdmix (Brisbin et al., 2012) which requires haplotypes 

and a genetic map created using phased data. Phased data consists not only of 

genotype calls but also information on which chromosome contains which allele. 

Phased data allows the building of haplotype blocks which can be used to estimate 

ancestry. Phased data requires individual data as a reference and Wragg et al. (2018) 

used drone haplotypes for this purpose. Essentially, the Wragg et al. (2018) findings 

indicated that regions associated with introgression can be detected in honey bees 

despite the comparatively high recombination rate although the methods used in that 

study could not be implemented here. In this study, no common windows of 

introgression were identified across colonies either when windows were derived from 

each colony separately then compared across samples, or when all colonies were 

grouped into a population. Patterns of introgression were observed throughout the 

genome and in no consistent pattern. The introgression level across the genomes 

was around an 𝑓𝑑  value of 0.6. If introgression was occurring at specific places, 

values should be highly variable (from 0 to 1) with peaks of introgression and peaks 

of non-introgressed regions. This result was not unexpected given the high 

recombination rate combined with uncontrolled breeding with historical and ongoing 

imports (Wragg et al., 2018). It is possible that the 𝑓𝑑 analysis performed in this study 

is not optimal. The criteria of a window being present across all samples could be too 

stringent (for example, examining if a window was introgressed in 90% of samples) 

and there is potential in sliding window analysis for the windows to be too large or too 

variable in size (regarding the location of SNPs along the genome) and further work 

may be needed to clarify these issues.  
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In conclusion, continued imports and high recombination rates in this species have 

resulted in genome wide introgression across UK and Ireland with no particular 

pattern of introgressed loci.  This study relied on samples being sent in by bee 

keepers and while this study has good coverage across the UK and Ireland it is not a 

comprehensive examination of the population and more sampling could further 

inform the picture for the UK and Ireland. Additionally, the new locations of A. m. 

mellifera found here would benefit from finer scale investigation. 
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5.  Genetic assessment and 

comparison of subspecies 

standards 

 Introduction 

In an attempt to understand subspecies trait differences, the INTERREG bee research 

project was funded and set up in Sweden and Norway by the University of Skovde 

with the aim to assess and compare traits of honey bee subspecies. In partnership 

with the INTERREG project this chapter will genetically assess the colonies used in 

the experiment. The INTERREG project is potentially the first experiment aimed at 

disentangling the hardwired subspecies specific differences and environmental 

effects in European honey bee subspecies. 

The INTERREG project established 5 apiaries, 3 in Sweden and 2 in Norway. In 

Sweden each apiary contained 16 colonies consisting of 3 subspecies and one hybrid 

(A. m. mellifera, A. m. ligustica, A. m. carnica, and the Buckfast hybrid). Additionally, 

each subspecies was represented by 4 different breeding lines, 3 from Sweden and 

one imported line (A. m. ligustica from Italy, A. m. carnica from Austria, and A. m. 

mellifera from the south west of England). The two Norwegian apiaries contained 2 

subspecies (A. m. mellifera and A. m. carnica) and the hybrid Buckfast. In the 

Norwegian apiaries no breeding lines were imported. This is due to strict importation 

laws in Norway (perr comms S. Leidenberger 2022) and legal protection for A. m. 

mellifera and A. m. carnica. The Norwegian government also runs conservation 

breeding programmes (Ruottinen et al., 2014; Demant et al., 2019). Therefore, all 
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the samples at the Norwegian apiaries originated from Norwegian breeding lines. The 

experiment was set up to collect data on a large number of phenotypic traits as well 

as a number of environmental parameters over two years from 2019 to 2022 

(Norrström et al., 2021.) (Figure 5.1). 

Table 5.1 Measurements monitored in the INTERREG project. Monitoring was 

performed from 2019 to 2022 across 5 apiaries containing three subspecies and a 

hybrid honey bee 

 INTERREG project 

Category Measurements 

Health 
Varroa counts 

Nosema 

Honey 

Production (amount) 

Quality (Water, pH) 

Pesticides 

Drugs 

Pollen 

Bacteria 

Pollen collection 
Pollen species 

Seasonal differences 

Behaviour 

Swarming 

Foraging 

Fanning 

Defence 

Guarding 

Self-grooming 

Resin-collection 

Start of breeding activities 

Weight 
Collection of honey 

weight loss during winter 

Life history 

age at first flight 

winter survival 

survival (juveniles/adults) 

flight acitivty (per day, season) 

Environmental 

Temperature 

Rain/snow 

Wind speed 

Wind direction 
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light intensity 

 

The ‘purity’ of subspecies in this experiment is important, if the study is attempting 

to investigate behavioural or phenotypic measurements and wishes to differentiate 

between subspecies, it’s imperative that the samples represent the putative 

subspecies they have been classified as. While the project has taken steps to identify 

the subspecies in the project using morphometric and breeding line information, no 

genetic assessment has been performed on the colonies. 

As well genetic analysis to assign subspecies in the INTERREG project, this data set 

allows for the study of the genetic differences between subspecies. Previous chapters 

have concentrated on the introgression levels in population and breeding 

programmes using the subspecies as standards to calibrate the other populations, 

but questions remain around how genomic differences lead to phenotypic 

differences, if any exist, between these subspecies.  The genetic data set resulting 

from the subspecies in the INTERREG experiment allows for a preliminary 

investigation into this question. 

Studies have consistently observed that C lineage and Apis mellifera mellifera 

subspecies group into separate clusters in population structure analysis (Soland-

Reckeweg et al., 2009; Oleksa et al., 2011; Pinto et al., 2014; Muñoz et al., 2015; 

Ellis et al., 2018; Henriques  et al., 2018; Browne et al., 2020). Evaluating the 

genomic location and effect of the SNPs that contribute to population structure can 

be the first step in uncovering the genetic basis of difference between groups (Cavallo 

and Martin, 2005; Miller et al., 2020). The location, inside or outside of a coding 

region, and effect of a SNP, synonymous or non-synonymous, can inform about the 

possible biological impact of the SNPs driving the differentiation between groups 

(Jonbart and Ahmed, 2011; Filippi et al., 2015; Quigley et al., 2020). 
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Alterations in a base pair can result in different outcomes. For example, a non-

synonymous change is where the resulting amino acid produced is different, while 

synonymous changes are referred to as silent, resulting in no change to the 

subsequent amino acid (Futuyma and Kirkpatrick 2017).  These synonymous 

changes are not, however, always truly silent. Synonymous changes have been 

observed to have influences on gene expression, cellular function and protein folding 

(Hunt et al., 2009; Hunt et al., 2014). Therefore synonymous changes might not be 

totally silent (Goymer 2007; Zhou et al., 2012; Lui et al., 2021). 

This chapter aims to assess the subspecies involved in the INTERREG project. 

Samples will be examined for subspecies assignment using a clustering program 

ADMIXTURE, then the genetic variation among individuals will be investigated using 

a PCA and finally the biological roles of SNPs that contribute to the subspecies 

differentiation via a DAPC and SNP annotation programme.  

 Methods 

5.2.1 Sample collection 

A total of 51 colonies were sequenced from the Sweden and Norway experiment 

(putative subspecies assignment of A. m. mellifera (n=21), A. m. carnica (n=19), A. 

m. ligustica (n=11)). For comparison additional European standards were included, 

A. m. mellifera from Switzerland (n=7), A. m. carnica from Germany (n=7) and A. m. 

ligustica from Italy (n=5), resulting in a total of 70 colony samples. Colonies were 

collected by collaborating researcher institutions and placed into 70% ethanol. This 

chapters data was processed and sequenced along with the samples examined in 

chapter 4. 
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5.2.2 DNA extraction 

DNA extraction was performed using the pooled samples method (see chapter 3 

section 3.2.3.2). In summary, each colony sample of 30 worker bees was extracted 

in six batches (5 thoraxes per batch) using an ammonium acetate protocol (Nicholls 

et al., 2000). These batched extractions produced an average yield of 2110 ng of 

DNA per extraction. Each colony was equimolarly pooled into 1000ng pool 

representing 30 worker bees before sending for sequencing. 

5.2.3 Library prep and sequencing 

All library prep was performed by BGI in Hong Kong on the pooled colony samples (Xu 

et al., 2019). 

5.2.4 Bioinformatics 

The bioinformatics pipeline here is the same as described in chapter 3 section 

3.2.4.2. As a brief overview: 

The raw data received from BGI had an average of 136 million reads per sample with 

an average of 96% of reads exceeding a phred score of 20. Reads were filtered for 

quality and trimmed (Trimmomatic, Bolger et al., 2014), paired reads were aligned to 

the genome and filtered for mapping quality and arranged in order (BWA MEM aligner 

version 0.7.17 and Samtools) (Li, 2013; Li et al., 2019). After read group editing 

(PICARD) the GATK best practices pipeline was followed (Van der Auwera et al., 2013; 

Van der Auwera and O'Connor, 2020). Sites and samples were then filtered to reduce 

missing data (vcftools) (Danecek et al., 2011). Finally, to avoid overstratification in 

subsequent analysis (Wragg et al., 2018) arbitrary thinning was applied by removing 

any SNPs closer than 1kb to one another using the ‘–thin’ command in vcftools 

(Danecek et al., 2011). 
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5.2.5 ADMIXTURE 

ADMIXTURE (Alexander, et al., 2009, also used in chapter 3 section 3.3.1 ), is a 

clustering algorithm that estimates ancestral groups from SNP data. The programme 

estimates ancestry membership proportions (Q values) of samples to ancestral 

clusters (K) and uses a cross validation (CV) procedure to estimate the number of 

clusters that best explains the data. 

ADMIXTURE analysis was performed on plink formatted bed files (Purcell et al., 

2007). These were produced using the vcftools command ‘–plink’ (Danecek, et al., 

2011) and then the plink command ‘–make-bed’ (version 1.07). To assess the most 

likely number of clusters CV values were viewed for K1 to K10 at default settings 

(ADMIXTURE version Linux 1.3.0). ADMIXTURE graphs were produced in R (R core 

team., 2018) using ggplot 2 (version 3.3.5) (Wickham, 2016). 

5.2.6 Principal component analysis 

A principal component analysis (PCA) is a multivariate approach that can be used to 

assess the distribution of genetic variation among samples, which is made up of 

within group variation and between group variation. A PCA on genetic data uses 

synthetic variables as linear combinations of alleles (Jombart et al., 2009) and each 

axis is independent of the next (no correlation between them). Effectively, the 

principal component (PC) axes represent variation in allele frequencies and the 

spatial position of the sample is based on a comparison of the total genetic variation 

amongst all the samples. PCAs are not model based and so no pre-analysis 

assumptions (such as number of clusters) need to be made. 

The WGS pooled colony filtered vcf file resulting from the bioinformatics pipeline was 

entered into R to perform the PCA. Specifically, the vcf file was imported to R (R core 
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team., 2018) as a genlight object using vcfR library (version 1.12.0) (Knaus and 

Grünwald., 2017). The PCA was performed using the adegenet (version 2.1.5) 

command glPca (Jombart et al., 2010). Results were visualised using ggplot2 (version 

3.3.5) (Wickham, 2016). 

5.2.7 Discriminant Analysis of Principal Components 

A Discriminant Analysis of Principal Components (DAPC) places emphasis on between 

group variation and minimises the importance of within group variation (Jombart et 

al., 2010). Discriminant functions are synthetic variables made from combinations of 

(here) alleles that explain the variance between groups. However, in order to examine 

the difference between groups, genetic clusters (K) are defined before the analysis 

to maximise the variation between groups (Jombart and Collins, 2015). To infer the 

most appropriate number of clusters (K) the R package adegenet (version 2.1.5) was 

used. This employs a clustering algorithm which allows for the comparison of Baysian 

Information Criterion (BIC) values associated with k values. The most appropriate k 

value is often indicated by an ‘elbow’ in the curve (Jombart and Collins, 2015). As 

well as the most appropriate k value, the optimum number of PCs to calculate 

discriminant functions is also required. This is a trade-off between too few PCs, where 

important information is lost and the results uninformative, and too many PCs, where 

over-fitting of the data can be the result. Over fitting can produce misleading results, 

specifically a large separation between groups. To inform the most useful number of 

PCs adegenet implements the a-score test. The a-score is the result from repeatedly 

performing the DAPC analysis using random groups and computing a score for each 

group. The a-score is the difference between observed discrimination (the proportion 

of successful reassignment) and the random discrimination (values obtained using 

random groups) (Jombart and Collins, 2015). 
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Before this analysis was performed any samples with an introgression Q value of 

>0.05 (Groeneveld et al., 2020; Vaha and Primmer 2005) indicating introgression at 

an arbitrary threshold were removed. This threshold has been used in previous 

studies (Hassett et al., 2018; Groeneveld et al., 2020). This was to help evaluate the 

difference between A. m. mellifera and C lineage (A. m. carnica and A. m. ligustica) 

honey bees. 

The vcf file resulting from the bioinformatic pipeline was imported in to R to perform 

the DAPC. Specifically, the vcf file was imported as a genlight object using the vcfR 

library (version 1.12.0) (Knaus and Grünwald., 2017). To assess the most likely 

number of groups (K) the adegenet command find.clusters (version 2.1.5) was used 

while retaining all PCs (Jombart and Collins, 2015). The Bayesian Information 

Criterion (BIC) values were evaluated to determine the K value that best explains the 

data. The output from find.clusters was used to perform an initial DAPC on the data 

while retaining all PCs. This initial DAPC was examined for a-score using the 

optim.a.score command in adegenet (Jombart and Collins, 2015). This calculated a-

scores to inform the optimum number of PCs. After viewing the a-score results an 

optimised DAPC was performed with the most appropriate number of PCs and cluster 

(k). The DAPC results were then visualised in R using the scatter command from ade4 

(version 1.7-18) (Dray and Dufour, 2007). 

5.2.8 Annotation of SNPs 

To examine SNPs that contribute to the discriminant function the var.contr slot was 

obtained from the optimised DAPC. The var.contr slot contains the variable 

contributions to each discriminant factor in a DAPC object. The top 1% of contributing 

SNPs were output in a list and matched to the chromosome and position information 

using a custom python code. A vcf file was filtered to only contain these top 
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contributing SNPs using the vcftools –positions command. The resulting vcf file was 

then annotated using SnpEff (version 5.0e) and filtered using SnpSift (Cingolani et 

al., 2012). First, the fasta file and the GTF annotation file (annotation release 104) 

for the reference genome Amel_HAv3.1 were downloaded and added to the SnpEff 

database using the build command. The vcf of the top contributing SNPs were then 

annotated and a summary statistic output file and gene count summary file were 

produced. Next, the SnpSift filter command was used to obtain only SNPs that were 

in coding regions. The coding region gene symbols were then examined for gene 

ontology terms by placing the list of gene symbols into the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) (v2022q1) (Huang et al., 2009; 

Sherman et al., 2022) and gene symbols were double checked by manually inputting 

into the NCBI gene search. DAVID tools were used to examine gene ontology further 

and attempt to gain some insight into the types of biological differences between the 

subspecies. The tools used were the gene functional classification tool, the functional 

annotation clustering tool and the gene ontology biological processes tool. The gene 

functional tool groups genes that are functionally similar together while the functional 

annotation tool groups annotation terms together. The biological processes tool 

groups gene ontology terms into similar biological processes. All DAVID tools were run 

using default settings.  
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 Results 

The full data set used in the ADMIXTURE analysis and the PCA consisted of all 

standards represented by 70 colonies and 208,587 SNPs. The second data set 

represented low introgression colonies and was used in the DAPC analysis, this 

consisted of 48 colonies and 208, 587 SNPs. 

5.3.1 ADMIXTURE 

The most likely number of clusters was K=2, while K=3 also presented a similar CV 

value and is also appropriate for describing the data (CV values, K=1: 0.20, K=2: 

0.15, K=3: 0.159, K=4: 0.162, K=5: 0.171, K=6: 0.177, K=7: 0.181, K=8: 0.194, 

K=9: 0.201, K=10: 0.219).  

The A. m. mellifera samples with the highest introgression values were Norway H Mel 

147 with Q value membership to A. m. ligustica, while Norway D Mel 155 and 

Switzerland Mel 17 had Q value membership to A. m. carnica (Figure 5.1, Figure 5.2 

and Table 5.2). There were 11 A. m. mellifera samples that showed no introgression, 

all from Norway and Sweden, while all A. m. mellifera samples from Switzerland 

showed some degree of Q value membership to a cluster other than A. m. mellifera. 

In K=2 (Figure 5.1), one cluster represents both C-lineage honey bees, A. m. ligustica 

and A. m. carnica, and one cluster represents A. m. mellifera. In the K=3 analysis the 

three subspecies separate out into the three clusters (Figure 5.2). In both K=2 and 

K=3 some introgression was found across all subspecies. 

At K=3 five A. m. carnica colonies showed membership to the A. m. ligustica cluster 

that was not detected at K=2. This is because at the K=2 analysis the C-lineage 
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subspecies are clustered together. For example the A. m. carnica sample, Sweden 

NA 29, at K=2 clustered with C-lineage and had an introgression Q value of 0.091 

(Figure 5.2 and Table 5.2,). But at K=3 when the C-lineage are split across two 

clusters Sweden NA 29 showed a Q value membership of 0.89 to A. m. ligustica. A 

similar pattern is seen with Sweden NA 39 (k=2; 0.07 and k=3; 0.48) and Sweden U 

63 (k=2; 0.14 and k=3; 0.55) which showed membership to A. m. ligustica (Figure 

5.2, Figure 5.2 and Table 5.2). 

There were 4 A. m. carnica samples, Norway D Car 139, Germany Car 4, Norway D 

Car 138 and Norway H Car 163, that had membership values to the A. m. mellifera 

cluster (Table 5.2). The A. m. carnica sample with the largest A. m. mellifera 

membership was Norway D 139 with an A. m. mellifera Q value membership of 0.45 

at K=2 and 0.42 at K=3 (Table 5.2). 

A. m. ligustica from Italy had the least introgression with only one sample present 

with any membership values to any other cluster. The A. m. ligustica sample with the 

most introgression at K=3 was Sweden U Lig 22, while at K=2 Sweden NA Lig 43 

showed the highest introgression. Sweden U Lig 22 was the only A. m. ligustica 

sample that showed membership to the A. m. carnica at K=3.



155 

 

 

Figure 5.1 ADMIXTURE analysis. K=2 of 208,587SNPs across 70 colonies. The red cluster representing the A. m. mellifera and 

the blue cluster representing the C lineage honey bees 
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Figure 5.2. ADMIXTURE analysis K=3 of 208,587SNPs across 70 colonies. Here, the blue cluster represents A. m. mellifera, 

the red cluster represents A. m. ligustica and the yellow cluster represents A. m. carnica 
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Table 5.2. ADMIXTURE membership Q values for K=2 and K=3 estimated using 

208,587 SNPs. Results are presented in the same order as the bar plots in Figure 

5.1 and Figure 5.2 

ADMIXTURE 

Colony K=2 K=3 

Location and ID 
Putative 

subspecies 
C-

lineage 
A. m. 

mellifera 
A. m. 

mellifera 
A. m. 

ligustica 
A. m. 

carnica 

Germany Car 1 A. m. carnica 0.971 0.029 0.000 0.000 1.000 

Germany Car 2 A. m. carnica 1.000 0.000 0.000 0.000 1.000 

Germany Car 3 A. m. carnica 1.000 0.000 0.000 0.000 1.000 

Germany Car 4 A. m. carnica 0.618 0.382 0.369 0.000 0.631 

Germany Car 5 A. m. carnica 1.000 0.000 0.000 0.000 1.000 

Germany Car 6 A. m. carnica 0.964 0.036 0.007 0.000 0.993 

Germany Car 7 A. m. carnica 0.977 0.023 0.000 0.000 1.000 

Sweden U Car 23 A. m. carnica 0.898 0.102 0.093 0.270 0.637 

Sweden NA Car 29 A. m. carnica 0.908 0.092 0.105 0.895 0.000 

Sweden NA Car 35 A. m. carnica 0.944 0.056 0.038 0.000 0.962 

Sweden NA Car 39 A. m. carnica 0.921 0.079 0.076 0.480 0.443 

Sweden J Car 46 A. m. carnica 1.000 0.000 0.000 0.000 1.000 

Sweden J Car 48 A. m. carnica 1.000 0.000 0.000 0.144 0.856 

Sweden U Car 60 A. m. carnica 0.955 0.045 0.027 0.000 0.973 

Sweden U Car 62 A. m. carnica 1.000 0.000 0.000 0.000 1.000 

Sweden U Car 63 A. m. carnica 0.859 0.141 0.143 0.550 0.307 

Norway H Car 137 A. m. carnica 0.940 0.060 0.024 0.000 0.975 

Norway D Car 138 A. m. carnica 0.683 0.317 0.298 0.000 0.702 

Norway D Car 139 A. m. carnica 0.545 0.455 0.424 0.000 0.576 

Norway D Car 142 A. m. carnica 0.954 0.046 0.002 0.000 0.998 

Norway H Car 143 A. m. carnica 0.958 0.042 0.000 0.000 1.000 

Norway D Car 151 A. m. carnica 0.947 0.053 0.006 0.000 0.994 

Norway H Car 156 A. m. carnica 1.000 0.000 0.000 0.000 1.000 

Norway H Car 157 A. m. carnica 1.000 0.000 0.000 0.000 1.000 

Norway D Car 158 A. m. carnica 0.965 0.035 0.000 0.000 1.000 

Norway H Car 163 A. m. carnica 0.750 0.250 0.227 0.000 0.773 

Italy Lig 8 A. m. ligustica 0.872 0.128 0.141 0.859 0.000 

Italy Lig 9 A. m. ligustica 1.000 0.000 0.000 1.000 0.000 

Italy Lig 10 A. m. ligustica 1.000 0.000 0.000 1.000 0.000 

Italy Lig 12 A. m. ligustica 1.000 0.000 0.000 1.000 0.000 

Italy Lig 13 A. m. ligustica 1.000 0.000 0.000 1.000 0.000 

Sweden U Lig 21 A. m. ligustica 1.000 0.000 0.000 1.000 0.000 

Sweden U Lig 22 A. m. ligustica 0.817 0.183 0.191 0.662 0.147 

Sweden U Lig 26 A. m. ligustica 0.823 0.177 0.190 0.810 0.000 

Sweden U Lig 27 A. m. ligustica 0.798 0.202 0.211 0.789 0.000 

Sweden NA Lig 34 A. m. ligustica 1.000 0.000 0.000 1.000 0.000 

Sweden NA Lig 41 A. m. ligustica 0.818 0.182 0.194 0.806 0.000 

Sweden NA Lig 43 A. m. ligustica 0.742 0.258 0.269 0.731 0.000 

Sweden J Lig 45 A. m. ligustica 0.896 0.104 0.116 0.884 0.000 
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Sweden J Lig 50 A. m. ligustica 0.855 0.145 0.162 0.838 0.000 

Sweden J Lig 54 A. m. ligustica 0.816 0.184 0.197 0.803 0.000 

Sweden J Lig 58 A. m. ligustica 0.736 0.264 0.275 0.725 0.000 

Switzerland Mel 

14 
A. m. mellifera 0.173 0.827 0.815 0.000 0.185 

Switzerland Mel 

15 
A. m. mellifera 0.214 0.786 0.780 0.000 0.220 

Switzerland Mel 

16 
A. m. mellifera 0.184 0.816 0.810 0.000 0.190 

Switzerland Mel 

17 
A. m. mellifera 0.374 0.626 0.614 0.000 0.386 

Switzerland Mel 

18 
A. m. mellifera 0.197 0.803 0.796 0.000 0.204 

Switzerland Mel 

19 
A. m. mellifera 0.332 0.668 0.661 0.000 0.339 

Switzerland Mel 

20 
A. m. mellifera 0.170 0.830 0.823 0.000 0.177 

Sweden U Mel 24 A. m. mellifera 0.321 0.679 0.684 0.316 0.000 

Sweden U Mel 28 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Sweden U Mel 30 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Sweden NA Mel 37 A. m. mellifera 0.255 0.745 0.746 0.254 0.000 

Sweden NA Mel 38 A. m. mellifera 0.055 0.945 0.943 0.000 0.057 

Sweden U Mel 40 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Sweden NA Mel 42 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Sweden J Mel 47 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Sweden J Mel 52 A. m. mellifera 0.003 0.997 0.994 0.000 0.006 

Sweden J Mel 53 A. m. mellifera 0.274 0.726 0.728 0.260 0.011 

Sweden J Mel 55 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Norway D Mel 136 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Norway H Mel 140 A. m. mellifera 0.144 0.856 0.854 0.019 0.128 

Norway H Mel 144 A. m. mellifera 0.306 0.694 0.689 0.083 0.227 

Norway H Mel 147 A. m. mellifera 0.448 0.552 0.533 0.467 0.000 

Norway D Mel 150 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Norway D Mel 152 A. m. mellifera 0.349 0.651 0.653 0.246 0.102 

Norway H Mel 153 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Norway D Mel 155 A. m. mellifera 0.445 0.555 0.544 0.000 0.456 

Norway H Mel 162 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

Norway D Mel 164 A. m. mellifera 0.000 1.000 1.000 0.000 0.000 

 

5.3.2 Principal component analysis 

The first two PCs explained 45.8% of the variance, with PC1 explaining the majority 

(43.1%).  PC1 on the x axis separates the A. m. mellifera subspecies from the two C-

lineage subspecies, while PC2 on the y axis separates the A. m. carnica and A. m. 
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ligustica samples (Figure 5.3). The samples generally group with their putative 

subspecies with a few exceptions. The A. m. carcnica samples higher on the PC1 axis 

towards the A. m. mellifera group are Norway D Car 139, Germany Car 4, Norway D 

Car 138 and Norway H Car 163 (Figure 5.3) and the Sweden NA car 29 sample is 

paced closer to the A. m. ligustica group. The A. m. ligustica sample that places 

highest on the PC2 axis is Sweden U Lig 22, while the A. m. ligutsica samples that is 

placed highest on the PC1 axis is Sweden J Lig 58 (Figure 5.3). The A. m. mellifera 

samples lowest on the PC1 axis are Norway D Mell 155, Norway H Mel 147 and 

Switzerland Mel 17. These are the same A. m. mellifera samples that had high 

introgression Q values in the ADMIXTURE analysis. 
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Figure 5.3. Principal component analysis from Adegenet. PC1 explains 43.1% of the variance while PC2 explains 2.7% of the variation in the data set. 

Here putative subspecies is represented by colours and shapes. A. m. carnica is represented by green circles, A. m. ligustica by orange triangles and A. 

m. mellifera by purple squares. Samples are circled with a group ellipse with a confidence level of 0.95. 
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5.3.3 Discriminant Analysis of Principal Components and genetic 

variants contributing to subspecies discrimination 

The most likely number of clusters explained by the data was K=2 (Figure 5.4) and 

one principle component was most useful for describing the data. The samples that 

were grouped into each genetic cluster were consistent with the putative lineage of 

all colonies (Figure 5.5). The patterns of SNP contributions to the discriminant 

function were distributed evenly across the genome, although sections of high 

contributions of alleles can be seen on chromosome 11 (Figure 5.6). This section of 

high contributions of SNPs ran on chromosome 11 ran from base pair 3,793,613 to 

8,241,540 and this region has 1017 genes within it (exon data viewed via the NCBI 

genomic data viewer for the Amel_HAv3.1). 

 Of the top 1% of contributing SNPs examined in SnpEff the majority of the SNPs and 

effects were classed as ‘modifier’ meaning they are non-coding with no evidence of 

an impact or impacts are hard to predict. In there were 27 SNPs estimated by SnpEff 

to have a ‘moderate’ impact and 124 SNPs predicted as having a ‘low’ impact (Figure 

5.3). All moderate changes were classified as non-synonymous changes. Low effects 

varied from synonymous changes, downstream gene variants, upstream gene 

variants, intron variants or changes to start or stop codons. 

Of the 151 Low and Moderate SNPs 139 were identified by DAVID (v2022q1). The 

gene functional classification resulted in 3 groups with the highest enrichment score 

for group 1 (enrichment score 1.37) (Figure 5.4). Group 1 contained the genes 

acitivating signal cointegretor 1 coomplex subunit3 (LOC552814), helicase domino 

(LOC413341), Lymphoid-specific helicase (LOC726235), Helicase SKI2W 

(LOC413690), ATP-dependant DNA helicase Q4 (LOC410301) (Figure 5.4). 
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In the Functional Annotation clustering analysis and biological processes clustering 

were not significant for any groups and had false discovery rates of 1.  
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Figure 5.4 Results from Adegenet find.clusters command performed with all 

principal components. Number of clusters (K) on x axis and Bayesian Information 

Criterion (BIC) values on the y axis 

Figure 5.5. A discriminant analysis of principal components performed on low 

introgression colonies using 208, 587 SNPs using one discriminant factor using two 

genetic clusters. The x axis in the discriminant function and y represents the density 

of samples at the coordinates. C-lineage samples are represented by the red group 

and A. m. mellifera samples are represented by the blue group 
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Figure 5.6 Genome wide visualisation of the contributions of all 208, 587 SNPs to the structure seen in the Discriminant Analysis of principal 

components. The x axis represents the position of each SNP on the chromosomes and the y-axis the loading contribution for each SNP. The 

red line indicates the 99th percentile. 
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Table 5.3 SnpEff summary of SNP impacts from the top 1% of SNPs contributing to 

the discrimination between C lineage and A. m. mellifera honey bees 

SnpEff summary 

SNPs causing 

effects 

Predicted 

impact 

Number of 

effects 

124 Low 354 

27 Moderate 97 

1935 Modifier 8526 

 

Table 5.4 Gene functional classification analysis performed in the DAVID online 

interface from official gene IDs of the top 1% of functional SNPs derived from a DAPC 

and annotated by SnpEff 

Gene Functional Classification Result 

Official Gene Symbol Gene Name 

Gene Group 1 Enrichment Score: 1.37 
LOC552814 activating signal cointegrator 1 complex subunit 3 
LOC413341 helicase domino 
LOC726235 lymphoid-specific helicase 
LOC413690 helicase SKI2W 
LOC410301 ATP-dependent DNA helicase Q4 

Gene Group 2 Enrichment Score: 0.39 
LOC725959 serine/arginine repetitive matrix protein 2 

LOC102654858 zinc finger and BTB domain-containing protein 41 
LOC107964024 hybrid signal transduction histidine kinase L-like 

LOC409268 uncharacterized LOC409268 

LOC410301 ATP-dependent DNA helicase Q4 
LOC725248 dedicator of cytokinesis protein 1 

LOC102654286 trichohyalin-like 
LOC551016 midasin 
LOC410204 titin 
LOC727639 uncharacterized LOC727639 
LOC410953 MLX-interacting protein 
LOC412408 nuclear export mediator factor NEMF homolog 
LOC724622 DNA-binding protein RFX7 
LOC410237 uncharacterized LOC410237 
LOC409665 LIM domain and actin-binding protein 1 
LOC551558 trichohyalin 

LOC551883 voltage-dependent T-type calcium channel subunit alpha-1G 
LOC727052 mucin-17-like 
LOC412665 zinc finger protein Pegasus 
LOC727236 uncharacterized protein CG5098 
LOC412617 lipoma-preferred partner homolog 
LOC411535 rho GTPase-activating protein 44 
LOC410688 RNA-binding protein 5 
LOC725681 uncharacterized 
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Gene Group 3 Enrichment Score: 0.184 
LOC100578352 ionotropic receptor 75a-like 

LOC409931 protein FAM69C 
LOC724831 uncharacterized LOC724831 

LOC100577501 nuclear pore membrane glycoprotein 210 
LOC726562 phosphoinositide 3-kinase regulatory subunit 4 
LOC552002 uncharacterized 
LOC551485 uncharacterized 
LOC724680 uncharacterized 
LOC410719 syntaxin-17 
LOC727639 uncharacterized 
LOC727592 uncharacterized 
LOC412925 D-galactonate transporter 
LOC408646 monocarboxylate transporter 12 

LOC414051 ATP-binding cassette sub-family G member 1 
LOC551618 prostatic acid phosphatase 
LOC412215 chitin synthase chs-2 

Abscam Dscam family member AbsCAM 
LOC412401 lipophorin receptor 
LOC412536 leukocyte elastase inhibitor 
LOC552313 sterol O-acyltransferase 1 
LOC551137 proton-associated sugar transporter A 
LOC412391 transient receptor potential cation channel, subfamily M, member 3 
LOC410134 blood vessel epicardial substance 
LOC726958 tumor necrosis factor receptor superfamily member wengen 
LOC412011 muscarinic acetylcholine receptor gar-2 
LOC551883 voltage-dependent T-type calcium channel subunit alpha-1G 

LOC100577135 protein amnionless 
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 Discussion 

This chapter assessed subspecies for a project aiming to monitor subspecies traits 

differences using genetic assignment methods and examined SNPs responsible of 

subspecies differentiation. 

Some of the subspecies standards used in the INTERREG project are introgressed. 

This is an important factor for the INTERREG project and any future work will be able 

to now account for this when analysing the traits data resulting from these colonies. 

Nordstrom et al., (2021) published a study examining subspecies differences in 

winter weight loss and over winter consumption of stores using the Swedish colonies. 

The study found only a marginal difference between subspecies. The results in this 

chapter show that within the Sweden apiary experiment they have two A. m. carnica 

colonies that have introgression Q values of >0.4 and three A. m. mellifera samples 

with introgression Q values >0.2. This could be an important factor in their results 

and highlights the need for genetic testing in studies where comparing traits between 

distinct groups is the goal. 

The ADMIXTURE and PCA analysis showed corresponding results regarding 

introgressed samples. The A. m. mellifera samples that were identified as having C –

lineage introgression, Norway D Mell 155, Norway H Mel 147 and Switzerland Mel 17 

were all seen to be lower down the PC1 axis. In contrast, the A. m. carnica samples 

that presented with A. m. mellifera introgression in the ADMIXTURE analysis, Norway 

D Car 139, Germany Car 4, Norway D Car 138 and Norway H Car 163, were further 

up the PC1 axis towards the A. m. mellifera group in the PCA. 

The A. m. mellifera introgression in the A. m. carnica samples is an interesting result 

as 3 out of the 4 were from Norway where A. m. mellifera has some protection and 
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there are government breeding programmes for A. m. carcnia and A. m. mellifera. 

This could be of concern to Norway’s conservation programme. Groeneveld et al. 

(2020) examined Nordic honey bee breeding stocks using SNP data and discovered 

that often honey bee breeders falsely categorise colonies as introgressed and 

introgressed colonies as pure when using wing morphometry. This result could be the 

result of miscategorising colonies within breeding programmes. 

The GO analysis results from the SNPs that contribute to the differentiation between 

A. m. mellifera and C lineage honey bees did not yield significant result in clustering 

terms or functions. This could be for a number of reasons. Firstly, the quality of the 

annotation even though the honey bee is a relatively well study organism, protein 

annotations of specific genes still contain many hypothetical protein annotation and 

predicted a protein to be ‘like’ another based on amino acid sequence. Moreover, 

many gene annotations were uncharacterised and are therefore not informative in a 

gene ontology clustering analyses. Secondly, these types of GO analysis are often 

employed in differential gene expression data (Sherman et al., 2022; Huang et al., 

2009), or using many more SNPs, while here it was used on a limited number of SNP 

to obtain some biological insight into the SNP that had the greatest effect on 

population structure analysis. Nonetheless, even though these results are not 

significant, they do merit some discussion. 

The gene functional class in the most enriched group that differentiate the 

subspecies contained helicases and ATP dependant helicases.  

Helicases are proteins that separate nucleic acid strands and are involved in 

replication and translation (Gorbalenya and Koonin 1993). Helicases have previously 

been shown to be enriched in eukaryotes in response to cold stress (Ronges et al., 

2012; Lipaeva et al., 2021). ATPase associated with a diverse range of activities but 

is considered important in cell division and has been seen to be involved in in extreme 
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cold tolerance in fish (Soyano and Mushirobira, 2018) and, salt and cold stress in 

plants (Jou et al., 2006; Wang et al., 2012). 

It is interesting that these proteins all be implicated in types of stress response as A. 

m. mellifera is often stated by beekeepers to be a more “hardy” bee less prone to 

suffer in bad weather, more likely to survive harsher winters. It is important to state 

again that these were not significantly enriched GO terms or functions and that many 

of these are broad terms implicated in a wide range of functions and the best way to 

establish if Apis mellifera mellifera does possess traits such as cold tolerance is to 

perform an experiment measuring those traits. 

Experiments that measure traits are the best way to directly assess species or 

subspecies trait differences, yet if those species or subspecies are difficult to tell 

apart, genetic evaluation is a powerful tool to assure accurate experimental set up. 

Once the INTERREG project has processed and analysed the phenotypic data there 

will be further analysis of this genetic data which will provide insight into the 

functional genetic regions that underlay subspecies phenotypic trait differences.  
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6. General Discussion 

 Introduction 

The integrity and identity of species and/or populations is a complex and important 

issue in evolutionary ecology (Abbott et al., 2016). The integrity of species, 

subspecies or populations can be eroded via hybridisation or introgression (Ortiz-

Barrientos and Baack 2014; Goulet et al., 2017). This can occur when previously 

separate populations come into contact. If one of these populations is locally adapted 

and has unique combinations of alleles, the mating between the two groups will result 

in the loss of those co-adapted allele complexes (Rhymer and Simberloff, 1996; 

Lawson, et al., 2017). Effectively, there may be a loss of the allele combinations that 

made these populations or groups different. Conversely, the maintenance of species 

requires gene flow to distribute genetic diversity among populations (Gailing and 

Curtu 2014; Larson et al., 2014). In this respect gene flow can potentially lead to 

adaptation via the augmented genetic diversity it provides (Hendrick 2013; Barbato 

et al., 2020). The subject of the species or population integrity and identity is 

important when it comes to the management of genetic resources. However, when 

genetic integrity is eroded, at what level is local adaptation broken down? Does the 

integrity of a subspecies, species or population matter if hybridisation and 

introgression increase diversity and subsequently adaptive potential? 

This thesis considers these issues via the investigation of the honey bee subspecies 

Apis mellifera mellifera  across the UK and Ireland.   
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The aims in this thesis were to: 

(1) Assess the effectiveness of an A. m. mellifera breeding program in the south west 

of England.  

(2) Compare three different approaches for methods for measuring introgression.  

(3) Investigate the current extent of A. m. mellifera across UK and Ireland outside of 

specific conservation and breeding programs using whole genome data.  

(4) In collaboration with researchers in Scandinavia running a phenotypic monitoring 

experiment, investigate subspecies purity and the underlying genetics differences 

between the subspecies using whole genome data 

These aims were achieved by: 

(1) Assessing temporal changes in introgression levels in apiaries involved in a 

breeding and conservation program using microsatellite markers in the south 

west of England (Chapter 2).   

(2) Comparing introgression results from individual and colony level approaches. 

Introgression in A. m. mellifera was assessed using the SNP array and a 

reduced representation genome method (RADseq). SNP Array and RADseq 

genotyping was performed on an individual honey bee and RADseq 

genotyping was performed on pooled colonies (Chapter 3).  

(3) Putative A. m. mellifera colonies across the UK and Ireland were examined 

using whole genome data (Chapter 4).  

(4) Subspecies assignment of colonies involved in a phenotypic monitoring 

project were examined using whole genome data as well as an examination 

of subspecies differences (Chapter 5). 
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However, broader questions were posed in the general introduction of this thesis 

about the interaction of local adaptation of introgression and hybridisation. During 

the course of this thesis attempts were made to assess the local adaptation of A. m. 

mellifera. To comprehensively assess local adaptation, genotypic, phenotypic and 

local environmental information from a large number of individuals is required (Sork 

et al., 2013; Garcia-Navas et al., 2014). There were several attempts to gather this 

information from across the UK, unfortunately, none were successful. However, the 

collaboration with INTERREG bee research project (chapter 5) will allow for an 

examination of local adaptation in A. m. mellifera but the timings of the INTERREG 

analysis were out of the control of this project.  

 Key findings  

The key findings of this thesis are: 

(1) Chapter 2 indicates that bee keepers can have a positive impact in reducing 

introgression when working together as part of a conservation and breeding 

programme and using isolated mating locations.  

(2) Chapter 3 suggest that individual introgression estimates can be considerably 

different to colony level introgression estimates.  

(3) Chapter 4 revealed that much of the UK and Ireland is introgressed but a few 

pockets of A. m. mellifera remain.  

(4) Chapter 5 highlighted the need for the assessment of colonies involved in a 

phenotypic monitoring experiment and implicated SNPs involved in 

subspecies differentiation.  
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 Implications of key findings 

The next sections discuss the implications of the key findings to the wider bee 

keeping, apicultural research and policy making communities. 

6.3.1 Conservation and breeding 

The results from chapter 2, showing that introgression can be reduced though honey 

bee conservation programs, are in line with previous studies. It has been observed in 

other conservation programs that the use of isolated mating areas, where selected 

breeding colonies are mated without the presence of C lineage honey bees, results 

in lower introgression levels than those bred in unprotected areas (Pinto et al., 2014). 

There has been particular success using isolated mating apiaries on the Rame 

Peninsula in Cornwall. The Rame Peninsula population has seen little introgression 

in this study and previously (Ellis et al., 2018). However, there are challenges involved 

with getting bee keepers to combine their efforts. Bee keeping groups can be 

fractious when opinions differ on how to proceed. For example, in the South West of 

England there are three A. m. mellifera conservation groups, The Bee Improvement 

Program for Cornwall (BIPCo), the B4 Project and the Cornwall Bee Improvement and 

Bee Breeders Group (CBIBBG). These groups have some members in common and  

have largely the same goal, to breed and preserve A. m. mellifera. However, while 

these groups have engaged in financial collaboration to pay for genetic testing (B4 

personal communication); there has been no protected mating apiary set up for the 

whole group to use (though some individuals do have access to isolated land for 

breeding) and there has been no formal queen rearing program. This lack apparent 

of cooperation between bee keepers impedes conservation goals. The lack of queen 

rearing is a major factor in UK bee keeping (personal communication B4 project), not 

only does it limit breeding programmes, but it is necessitating the continued 
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importation of honey bees in the UK. In recent years there has been an increase in 

the popularity of bee keeping and importation continues as the demand for queens 

out stretches the supply in the UK. Lodesani and Costa (2003) studied queen rearing 

programmes across Europe and found that Austria had 275 registered queen 

breeders, Germany 270 queen breeders, Italy had 24 registered queen breeders 

most of which are large scale professional breeders. However, the UK has no large 

scale queen rearing and at this time consists of approximately 10 bee keepers 

producing 2000 queens a year. Queen production in the UK is not regulated or 

centrally organised and the only monitoring is regarding queen importation (Lodesani 

and Costa 2003). Queen rearing should be a goal of conservation and breeding 

programmes. Moreover, these conservation and breeding programs require an initial 

assessment of stock. However, the genetic methods used to assess that stock may 

require review (chapter 3).  

6.3.2 Genetic approaches 

Chapter 3 indicates that individual introgression estimates can be considerably 

different to introgression estimates conducted using colony level allele frequencies 

(chapter 3) and that the genetic methods being used to assess honey bees requires 

assessment. The SNP array, was designed for use by conservation and breeding 

programs, government agencies, and research facilities (Pinto et al., 2015; Munoz et 

al., 2015; Henriques et al., 2018). Additionally, the SNP array was rigorously tested 

and designed to produce ADMIXTURE results close to that of whole genome for an 

individual honey bee (Henriques et al., 2018; Alexander et al., 2015). Which was 

further confirmed in chapter 3, where the individual RADseq and the SNP array 

results were highly correlated. While this thesis was underway examining differences 

between colony and individual introgression estimates (chapter 3), the SNP array has 

become commercially available to bee keepers (via companies such as Apigenix and 



174 

 

beebytes). The cost of SNP array ranges from approximately £49 to €120 per sample. 

One of these services uses up to 15 drones to assess each colony. Importantly, this 

approach will inform the bee keeper about the queen’s genotype (drones develop 

from unfertilized eggs); and this method is effectively a maternity test. Testing drones 

that are laid by the queen does not carry information about patrilines present within 

the colony. Thus if the queen is A. m. mellifera but has mated with multiple C lineage 

drones, this testing will not reveal that. In this case, test results will inform the bee 

keeper about the alleles that colony will spread in to the surrounding population via 

the drones, but not inform a breeding program about which colonies to breed from. 

Specifically, it does not collect information about the introgression of subsequent 

queens reared from that colony. Bee keepers can make a difference if they work 

together but the genetic testing must be informative for the questions they are asking 

(chapter 3). There is a significant difference between asking “is this queen A. m. 

mellifera?” or “is this colony A. m. mellifera?” and it is important that beekeepers and 

researchers a like understand and acknowledge this difference. Knowing which 

colonies to breed from is important, again, because there are a lack of queens 

available generally but this especially true of A. m. mellifera. 

6.3.3 The effects of importation on UK honey bee populations 

Chapter 4 indicated that much of the British and Irish honey bee population is 

introgressed (chapter 4) and only a few A. m. mellifera colonies remain. The findings 

from this chapter were in line with previous studies indicating that Ireland (Hassett et 

al., 2018; Browne et al., 2020) the inner Hebrides (Jensen et al., 2005; Munoz et al., 

2015, Regan et al., 2018; Pinto et al., 2014) and the South West of England (Ellis et 

al., 2018) contain A. m. mellifera populations. Honey bees, unlike fully domesticated 

livestock, breed openly with the population surrounding them and this largely 

introgressed population is the result of repeated importation. The UK imports on 
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average 15,000 foreign honey bee queens a year (Beebase, 2021, BeeBase 2022). 

Considering this widespread loss of genetic integrity across the UK and Ireland honey 

bee population, it could be argued that there is no reason to cease imports as there 

nothing to save. Furthermore, some bee keepers are in favour of importation so why 

not let them continue the practice (Government Petition, 2021; PA media, 2021). 

There are two reasons that importation is still detrimental even after much of the 

genetic integrity has been eroded. Firstly, high level of ongoing gene flow can disrupt 

local adaptation (Kawecki and Ebert, 2004; Blanquart, et al., 2013) and secondly, 

the threat posed by disease and pests. 

Gene flow disrupts local adaptation unless there is a strong selection pressure 

(Yeaman and Otto, 2011; Tigano and Friesen, 2016). For example, fish stocking 

(where fish are raised in a hatchery and released into the wild) was originally viewed 

as a way to prevent population declines caused by over fishing, habitat loss and 

disease (Waples and Hendry 2008). However, this repeated introduction of farmed 

fish has been seen to hinder not aid the recovery of wild populations (Araki et al., 

2008). Wild populations are different to their farmed counterparts behaviourally, 

morphologically and genetically as a result of the different environments they 

experience (Hindar et al., 1991; Heath et al., 2003; Huntingford 2004). When these 

two different groups interbreed it has resulted in a reduction in genetic differentiation 

between the two groups (Araguas et al., 2004; Hansen et al., 2006; Karaiskou et al., 

2009). Additionally, it can lead to a loss of local adaptation in the wild population via 

the loss of allele combinations that have been selected for by the wild as farmed fish 

are introduced repeatedly (Araki et al., 2008; Hansen et al., 2009; Bourret et al., 

2011). Decades of science have shown that while stocking increases the overall 

numbers, the long term effects of stocking are detrimental to wild populations and 

does not create a self-sustaining population (Claussen and Philipp 2022).  
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The repeated importation of honey bees has parallels with fish stocking. There is a 

perception that honey bee importation will prevent population declines. A petition 

circulated during Brexit by bee keepers that support imports stated “You have the 

chance to stop the losses and allow imports to continue” (Government Petition, 

2021). Additionally, honey bees across Europe are shaped by a different 

environments. Chapter 5 indicated regions of the genome that contribute to the 

differences between subspecies. This finding is in line with previous studies that have 

observed morphological and genetic differences between A. m. ligustica and A. m. 

carnica and A. m. mellifera (Ruttner 1988; Franck et al., 2000; Dall’Olio, et al., 2007; 

Rortais, et al., 2011; Pinto, et al., 2014). The continued influx of alleles from other 

subspecies prevents and interrupts the build-up of allele combinations for local 

adaptation.  

Additionally, importation increases the threat posed by disease and pests. The UK 

has a history of importing taxa that have led to a number of ecological disasters. For 

example, in the 1960s Dutch Elm Disease (Ophiostoma ulmi) was imported to the UK 

(Brasier 1979). The beetle borne fungus is responsible for the extensive loss of elm 

habitat via the death of approximately 30 million elm trees in the UK (Harwood et al., 

2011; Potter et al., 2011). Approximately 40 years later as Ash dieback (Chalara 

fraxinea) spread throughout Europe the UK continued to import Ash (Fraxinus 

species) saplings from Germany and the Netherlands (Woodward and Boa 2013; 

Enderle et al., 2019). Ash dieback arrived in the UK in 2012 and it is estimated that 

it could result in the deaths of approximately 80% of Ash trees (Mitchell et al., 2016; 

Corker et al., 2019). Ash has been described as a keystone species (Pautasso et al., 

2013), a species that maintains the organisation, stability, and function of their 

community and has a disproportionally large impact on their ecosystem (Kotliar 

2000; Delibes-Mateos et al., 2011). As a result, there are concerns about an 
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extinction cascade caused by the large scale losses (Hultberg et al., 2020). Effort to 

stop the spread of these diseases by the Forestry Commission, The UK Ministry of 

Agriculture, Fisheries and Food, and local Councils has been described by scientists 

as ‘too little too late’ (Tomlinson and Potter 2010) as in both cases these threats 

were known about and trade continued regardless. Smith et al (2007) examined 

invertebrate plant pests bought to the UK between 1970 and 2004, a total of 164 

were recorded and 114 of those were the result of human mediated transport (not a 

natural migration). Additionally, this list was seen to be conservative as it didn’t 

include poorly studies groups for example, Nematoda or Acari. Recent arrivals also 

include, the oak processionary moth (Thaumetopoea processionea) which feeds on 

oak trees and again this insect was spreading across Europe (Groenen et al., 2012) 

when it was introduced to the UK via imported of oak trees in 2006 (Townsend 2008). 

The Asian longhorn beetle (Anoplophora glabripennis) a pest of deciduous trees, 

particularly sycamore (Acer pseudoplatanus), was also imported from China into the 

UK in 2012 (Straw et al., 2015).  

The continued importation of honey bees brings with it the risk of unwanted species 

being transported into the UK. Currently there is a new threat posed by Aethina 

tumida, the small hive beetle (Sabella et al., 2022). This parasitic beetle has been 

seen to cause fermentation in the honey via deposited faecal matter and feeds on 

honey, pollen and larvae (Ellis and Hepburn 2006). This parasite has spread to the 

USA, Canada, Australia, and Europe (Animal Health Australia 2003; Dubuc 2013; 

Numa-Vergel et al., 2021). In Europe it is currently present in Portugal and Italy 

(Cepero et al., 2014; Palmeri et al., 2015). Italy is one of the main locations that the 

UK imports from (BeeBase 2021; BeeBase 2022). A response from the UK 

government regarding concerns about small hive beetle was that “This invasive pest 

has only been detected in one part of Europe, namely southern Italy, and exports of 
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bees from the affected region into either Great Britain or Northern Ireland are not 

permitted.” (Government response, 2021). Importantly, V. destructor was bought to 

the UK from Europe in 1992 (De Jong et al., 1982; Büchler et al., 2010). Its arrival in 

the UK, most likely from the importation of infested colonies, occurred while there 

was a ban on the importation from affected regions (The National Bee Unit Managing 

Varroa, 2020). The regulations around importation of species are poor, as is the 

United Kingdom’s track record of preventing ecologically devastating incidents.  

There is a growing movement to limit importations into A. m. mellifera populations. 

The Isle of Colonsay is currently the only legally protected A. m. mellifera population 

in UK or Ireland. However, in Ireland where a substantial population of A. m. mellifera 

resides (Hasset et al., 2018; Browne et al., 2020), steps towards banning importation 

have begun. A bill to ban importation into Ireland has been introduced and debated 

by the Irish senate (Protection of Native Irish Honey Bee Bill, 2021). Limiting 

importation in Ireland will safeguard important genetic resources, while limiting 

importation in the UK will encourage local adaptation and prevent the spread of 

disease and pests.  

6.3.4 Informing introgression thresholds 

Another question raised by this thesis is when does A. m. mellifera stops being A. m. 

mellifera. At what threshold of introgression are traits disrupted? Given that honey 

bees have a high recombination rate it could be hypothesised that the breaking up of 

co-adapted alleles would happen more rapidly than in species with lower 

recombination rates. Studies have observed that introgression rates are affected by 

recombination rates (Janoušek et al., 2015; Martin et al., 2019). But what does that 

mean in terms of introgression proportions in honey bees? If an A. m. mellifera colony 

has an introgression proportion of 0.2, does it have any A. m. mellifera traits? 
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Answering this question requires large scale phenotypic monitoring paired with 

genetic sampling. While chapter 5 beings to assess the colonies in the INTRREG 

project, future work from this collaboration will begin to answer questions 

surrounding introgression thresholds in the future.  

6.3.5 The conservation of honey bees 

Finally there is a topic that is relevant to this body of work, and that is whether 

conservation of honey bees is necessary. Recently, there has been tense debate 

about honey bees and their impact on wild pollinators (Geldmann and González-Varo 

2018; Kleijin et al., 2018; Saunders et al., 2018) and given that there is in excess of 

260,000 colonies in the UK (National Bee Unit Hive count, 2022) is the conservation 

of this species important? Studies have shown that high densities of honey bee 

colonies can generate foraging competition between wild pollinators and honey bees 

(Mallinger et al., 2017; Geslin et al., 2017; Ropars et al., 2019). The general pattern 

found by studies is that high colony densities do have negative impacts on wild bees. 

However, this competition has been observed to cause a reduction of foraging 

success for both wild pollinators and honey bees (Henry and Rodet 2018). 

Essentially, there are no winners in high density bee keeping and it seems logical that 

there is a carrying capacity for pollinators in an area and that limiting the honey bee 

density in areas could be necessary (Alaux et al., 2019; Henry and Rodet 2020). 

However, the definition of high density for different landscapes is difficult to clarify. 

Attempts have been made, and estimates of 3.1 colonies per km2 to 3.5 colonies per 

km2, were suggested from experiments using rosemary and tyme plants in scrubland 

in the Garraf Natural Park in Spain (Torné-Noguera et al., 2016). A study on 

agricultural land in Germany suggested colony densities of 1 colony per 1.5-2km2 

(Steffan-Dewenter and Tscharntke 2000). There has been suggestion that an ‘Apiary 

Influence Range’ could be used to help inform colony densities (Henry and Rodet 
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2020) and aid land managers in assessing the ideal number of colonies per km2 

(Henry and Rodet 2020). The Apiary Influence Range is the distance at which the 

competition induced by an apiary is lessened beyond a certain distance, and has 

been suggested to be 0.6 – 1.1km. However, this experiment was based in France 

and estimates were performed assuming using 30-50 colonies per apiary (Henry and 

Rodet 2020), which might not be applicable to the UK where the majority of bee 

keepers are hobbyists and the average number of colonies per apiary is 4 (National 

Bee Unit Husbandry Survey, 2017). Overall, these estimates have a long way to go in 

terms of building up well informed guidance for bee keepers and land owners. 

Regardless, some conservationists call for the complete ban of honey bees in 

protected areas (Geldmann and González-Varo 2018).  

This debate has seeped into the main stream with multiple articles, for example, 

‘Honey bees are voracious; is it time to put the brakes on the boom in bee keeping’ 

(Turner, 2021), or ‘Conservation of honey bees may lead to food shortages’ (Heap, 

2022). As this debate gathers pace it is already bringing consequences for bee 

keepers. Specifically, those many bee keepers who do not own the land they house 

their bees on can be vulnerable to land management policies dictated by land owners 

and in some cases this has left bee keepers struggling to find suitable locations for 

apiaries (Durant, 2019).  

Honey bees do pose a risk to other pollinators where they have been introduced 

outside of their native range not just via foraging competition but by replacement 

(Russo 2016; Ollerton 2017). This is especially true in Asia where Apis mellifera has 

become more popular than the native Apis cerana (Theisen-Jones and Bienefeld 

2016 ), and in Mexico where honey bees are preferred to the native Melipona beechii 

due to their high productivity (Quezada-Euán 2018).  
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Tensions between wild bee conservationists and Apis mellifera conservationists are 

largely unhelpful. Focusing on only the negative impacts of honey bees could have 

counterproductive consequence for crop production (Kleijin et al., 2018; Potts et al., 

2016) as honey bees an integral part of pollinating services in the UK and Ireland 

(POST, 2010; Breeze et al., 2011;) and globally (Gallai et al., 2009). The best 

approach to reconciling this debate is to use an inclusive approach where 

stakeholders are well informed (Kleijin et al., 2018). Importantly wild pollinators does 

not necessarily exclude honey bees, the extent of wild honey bee colonies in the UK 

remains largely unknown. It is important to note that there are a variety of the issues 

facing wild pollinators some of which can be addressed while data are collected on 

appropriate honey bee colony densities. Impacts such as, on the loss of nesting sites, 

loss of abundance and diversity in floral resources, long term exposure to pesticides, 

pollution, introduction of parasites and pest and climate change (Potts et al., 2016; 

Hallmann et al., 2017; Rhodes 2018).  

 Conclusion and recommendations 

The goal of this thesis was to assess honey bee subspecies diversity and adaptation 

in their natural range in the UK (Requier et al., 2019). The recommendations from 

this work are to prioritise limiting importation, promoting the use of local subspecies 

and to manage honey bees alongside wild pollinators to the benefit of both groups.  
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6.4.1 Applied recommendations 

There are several ways in which the situation for A. m. mellifera and honey bees more 

generally could be improved in the UK.  

(1) Queen rearing programs.  

Queen rearing would not only improve breeding and conservation programs for A. m. 

mellifera but more broadly bee keepers would not have to rely on imports to fulfil 

demand generated by the popularity of bee keeping. 

(2) Isolated mating sites and protected areas for A. m. mellifera. 

In A. m. mellifera breeding programs and refuges; isolated mating apiaries and 

protected areas would benefit breeding and conservation programs and reduce 

introgression from other subspecies.  

(3) The restriction of imports 

The restriction of imports will encourage local adaptation in the UK and reduce the 

risk of disease and pests entering the country. 

(4) Bee keeper synergy 

It would be highly beneficial for bee keeping groups to work together to achieve goals 

such as queen rearing, shared isolated mating apiary sites, and A. m. mellifera 

reservations.   



183 

 

6.4.2 Research recommendations 

The following are suggestions for future research into A. m. mellifera: 

(1) Reassess genetic testing with a view to informing breeding programs 

It is important that genetic testing informs bee keepers about breeding colonies. 

Colony pooling is the most accurate way to assess a colony. Research should use this 

method when assessing breeding colonies. If commercial companies assess one bee 

or only sample drones they need to be clear in their communication to bee keepers 

about what the information tells them.  

(2) Investigate the natural range of A. m. mellifera for remnant populations. 

There are many areas still left unexamined and the wider European picture for A. m. 

mellifera is still largely unknown. Until 2018 there was no empirical evidence that 

Ireland had a large population of A. m. mellifera. Therefore, it is not unfeasible that 

other substantial locations of A. m. mellifera exist. The discovery of new locations is 

required so that protection can be put in place to prevent further loss of genetic 

resources. 

(3) Investigate local adaptation.  

Empirical data is still lacking about the adaptation of A. m. mellifera. While there is 

evidence of morphological and genetic differences, confirmation of their 

differentiating traits are still needed. Future work resulting from this project in 

collaboration with the INTERREG project is a promising starting point.  

(4) Inform purity thresholds for A. m. mellifera 

Research to inform ‘purity’ thresholds is lacking. Work is needed to inform the level 

of introgression at which traits are lost. This work could help inform breeding colony 
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choice. The collaboration with the INTERREG project may be the first steps towards 

informing these thresholds. 
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8. Appendix  

 Appendix 1: Supplementary tables for chapter 3 

Table 8.1. ADMIXTURE results for the Pooled colony ddRADseq at K=2. All samples were 

generated in this study. 

 
 

Subspecies Sample origin Data generated by Sample ID 

Q value  

C-lineage cluster 
M-lineage 

cluster 
 

Unknown South West This study c1 0.28 0.72  

Unknown South West This study c2 0.40 0.60  

Unknown South West This study c3 0.26 0.74  

Unknown South West This study c4 0.27 0.73  

Unknown South West This study c5 0.35 0.65  

Unknown South West This study c6 0.26 0.74  

Unknown South West This study c7 0.20 0.80  

Unknown South West This study c8 0.27 0.73  

Unknown South West This study c9 0.24 0.76  

Unknown South West This study c10 0.58 0.42  

Unknown South West This study c11 0.38 0.62  

Unknown South West This study c12 0.30 0.70  

Unknown South West This study c13 0.47 0.53  

Unknown South West This study c14 0.28 0.72  

Unknown South West This study c15 0.47 0.53  

Unknown South West This study c16 0.49 0.51  

Unknown South West This study c17 0.27 0.73  

Unknown South West This study c18 0.24 0.76  

Unknown South West This study c19 0.57 0.43  

Unknown South West This study c20 0.52 0.48  

Unknown South West This study c21 0.64 0.36  

Unknown South West This study c22 0.82 0.18  

Unknown South West This study c23 0.20 0.80  

Unknown South West This study c24 0.31 0.69  

Unknown South West This study c25 0.20 0.80  

Unknown South West This study c27 0.35 0.65  

Unknown South West This study c29 0.26 0.74  

Unknown South West This study c30 0.30 0.70  

A. m. carnica Germany This study 6 0.96 0.04  

A. m. carnica Sweden This study 60 0.96 0.04  
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A. m. carnica Sweden This study 62 1.00 0.00  

A. m. carnica Sweden This study 63 0.83 0.17  

A. m. carnica Germany This study 7 0.97 0.03  

A. m. carnica Sweden This study 48 1.00 0.00  

A. m. carnica Germany This study 5 1.00 0.00  

A. m. carnica Germany This study AMC2 0.95 0.05  

A. m. carnica Sweden This study 46 1.00 0.00  

A. m. carnica Sweden This study 39 0.94 0.06  

A. m. carnica Germany This study 4 0.62 0.38  

A. m. carnica Sweden This study 35 0.93 0.07  

A. m. carnica Sweden This study 29 0.86 0.14  

A. m. carnica Germany This study 3 1.00 0.00  

A. m. carnica Sweden This study 23 0.90 0.10  

A. m. carnica Germany This study AMC1 0.98 0.02  

A. m. carnica Germany This study 2 1.00 0.00  

A. m. carnica Norway This study 163 0.83 0.17  

A. m. carnica Norway This study 156 0.99 0.01  

A. m. carnica Norway This study 157 1.00 0.00  

A. m. carnica Norway This study 158 0.99 0.01  

A. m. carnica Norway This study 151 0.98 0.02  

A. m. carnica Germany This study 1 0.99 0.01  

A. m. carnica Norway This study 142 0.96 0.04  

A. m. carnica Norway This study 143 0.98 0.02  

A. m. carnica Norway This study 137 0.97 0.03  

A. m. carnica Norway This study 138 0.72 0.28  

A. m. carnica Norway This study 139 0.59 0.41  

A. m. ligustica Italy This study 10 1.00 0.00  

A. m. ligustica Italy This study 12 1.00 0.00  

A. m. ligustica Italy This study 13 1.00 0.00  

A. m. ligustica Italy This study 8 0.85 0.15  

A. m. ligustica Italy This study 9 1.00 0.00  

A. m. ligustica Italy This study AML_2 1.00 0.00  

A. m. ligustica Italy This study AML2 1.00 0.00  

A. m. ligustica Sweden This study 26 0.81 0.19  

A. m. ligustica Sweden This study 58 0.70 0.30  

A. m. ligustica Sweden This study 54 0.80 0.20  

A. m. ligustica Sweden This study 27 0.78 0.22  

A. m. ligustica Sweden This study 50 0.80 0.20  

A. m. ligustica Sweden This study 43 0.73 0.27  

A. m. ligustica Sweden This study 45 0.89 0.11  

A. m. ligustica Sweden This study 41 0.79 0.21  

A. m. ligustica Sweden This study 34 1.00 0.00  

A. m. ligustica Sweden This study 21 1.00 0.00  

A. m. ligustica Sweden This study 22 0.82 0.18  

A. m. mellifera Norway This study 136 0.00 1.00  
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A. m. mellifera Switzerland This study AMM2 0.00 1.00  

A. m. mellifera Switzerland This study 14 0.21 0.79  

A. m. mellifera Norway This study 140 0.11 0.89  

A. m. mellifera Norway This study 144 0.26 0.74  

A. m. mellifera Switzerland This study 15 0.20 0.80  

A. m. mellifera Norway This study 150 0.00 1.00  

A. m. mellifera Norway This study 152 0.27 0.73  

A. m. mellifera Norway This study 153 0.00 1.00  

A. m. mellifera Switzerland This study 16 0.18 0.82  

A. m. mellifera Norway This study 162 0.00 1.00  

A. m. mellifera Norway This study 164 0.00 1.00  

A. m. mellifera Switzerland This study 18 0.18 0.82  

A. m. mellifera Switzerland This study 20 0.17 0.83  

A. m. mellifera Sweden This study 24 0.34 0.66  

A. m. mellifera Sweden This study 28 0.00 1.00  

A. m. mellifera Sweden This study 30 0.00 1.00  

A. m. mellifera Sweden This study 38 0.03 0.97  

A. m. mellifera Sweden This study 40 0.00 1.00  

A. m. mellifera Switzerland This study AMM1 0.00 1.00  

A. m. mellifera Sweden This study 42 0.00 1.00  

A. m. mellifera Sweden This study 47 0.00 1.00  

A. m. mellifera Sweden This study 52 0.00 1.00  

A. m. mellifera Sweden This study 55 0.00 1.00  

 

 

Table 8.2. ADMIXTURE results for Individual ddRADseq at K=2. The majority of the 

subspecies standards for this data set were originally sequenced by Wallberg et al (2014) 

and were downloaded from the Sequence Read Archive under the project number for these 

data is PRJNA236426 

 
 

Subspecies 
Sample 

origin 

Data generated 

by 
Sample ID 

Q Value  

C-lineage cluster 
M-lineage 

cluster 
 

Unknown South West This study c2 0.22 0.78  

Unknown South West This study c5 0.14 0.86  

Unknown South West This study c6 0.17 0.83  

Unknown South West This study c7 0.11 0.89  

Unknown South West This study c8 0.21 0.79  

Unknown South West This study c10 0.71 0.29  

Unknown South West This study c11 0.23 0.77  

Unknown South West This study c12 0.37 0.63  

Unknown South West This study c13 0.27 0.73  
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Unknown South West This study c14 0.26 0.74  

Unknown South West This study c16 0.57 0.43  

Unknown South West This study c17 0.15 0.85  

Unknown South West This study c18 0.14 0.86  

Unknown South West This study c21 0.63 0.37  

Unknown South West This study c22 0.82 0.18  

Unknown South West This study c25 0.12 0.88  

Unknown South West This study c26 0.19 0.81  

Unknown South West This study c27 0.17 0.83  

Unknown South West This study c28 0.16 0.84  

Unknown South West This study c29 0.17 0.83  

Unknown South West This study c30 0.13 0.87  

A. m. carnica Austria Wallberg et al SAMN02596344 1.00 0.00  

A. m. carnica Austria Wallberg et al SAMN02596341 1.00 0.00  

A. m. carnica Austria Wallberg et al SAMN02596345 1.00 0.00  

A. m. carnica Austria Wallberg et al SAMN02596346 1.00 0.00  

A. m. carnica Austria Wallberg et al SAMN02596342 1.00 0.00  

A. m. carnica Austria Wallberg et al SAMN02596340 1.00 0.00  

A. m. carnica Austria Wallberg et al SAMN02596347 1.00 0.00  

A. m. carnica Austria Wallberg et al SAMN02596338 1.00 0.00  

A. m. carnica Germany This study amc33 0.95 0.05  

A. m. ligustica Italy Wallberg et al SAMN02596289 0.98 0.02  

A. m. ligustica Italy Wallberg et al SAMN02596288 0.95 0.05  

A. m. ligustica Italy Wallberg et al SAMN02596297 1.00 0.00  

A. m. ligustica Italy Wallberg et al SAMN02596295 1.00 0.00  

A. m. ligustica Italy Wallberg et al SAMN02596290 1.00 0.00  

A. m. ligustica Italy Wallberg et al SAMN02596293 1.00 0.00  

A. m. ligustica Italy Wallberg et al SAMN02596294 1.00 0.00  

A. m. ligustica Italy Wallberg et al SAMN02596292 1.00 0.00  

A. m. ligustica Italy Wallberg et al SAMN02596296 1.00 0.00  

A. m. ligustica Italy Wallberg et al SAMN02596291 1.00 0.00  

A. m. ligustica Italy This study aml35 1.00 0.00  

A. m. mellifera Norway Wallberg et al SAMN02596337 0.00 1.00  

A. m. mellifera Sweden Wallberg et al SAMN02596422 0.21 0.79  

A. m. mellifera Sweden Wallberg et al SAMN02596415 0.00 1.00  

A. m. mellifera Sweden Wallberg et al SAMN02596417 0.06 0.94  

A. m. mellifera Norway Wallberg et al SAMN02596330 0.00 1.00  

A. m. mellifera Norway Wallberg et al SAMN02596328 0.00 1.00  

A. m. mellifera Sweden Wallberg et al SAMN02596423 0.00 1.00  

A. m. mellifera Norway Wallberg et al SAMN02596331 0.00 1.00  

A. m. mellifera Norway Wallberg et al SAMN02596332 0.00 1.00  

A. m. mellifera Norway Wallberg et al SAMN02596329 0.00 1.00  

A. m. mellifera Sweden Wallberg et al SAMN02596414 0.00 1.00  

A. m. mellifera Sweden Wallberg et al SAMN02596420 0.00 1.00  

A. m. mellifera Sweden Wallberg et al SAMN02596416 0.00 1.00  
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A. m. mellifera Sweden Wallberg et al SAMN02596418 0.00 1.00  

A. m. mellifera Sweden Wallberg et al SAMN02596421 0.00 1.00  

A. m. mellifera Norway Wallberg et al SAMN02596334 0.00 1.00  

A. m. mellifera Norway Wallberg et al SAMN02596335 0.00 1.00  

A. m. mellifera Sweden Wallberg et al SAMN02596419 0.00 1.00  

A. m. mellifera Norway Wallberg et al SAMN02596333 0.00 1.00  

A. m. mellifera Switzerland This study amm34 0.00 1.00  

 

 

Table 8.3 ADMIXURE for SNP Array results at K=2. The subspecies standards for the SNP 

Array were generated by Pinto et al (2014) and the SNP Aray was developed by Munoz et 

al (2015) and Henriques et al (2018) 

Subspecies Sample Origin Data generated by Sample 

Q Value  

M-lineage cluster 
C-lineage 

cluster 
 

Unknown South West, UK This study c1 0.81 0.19  

Unknown South West, UK This study c2 0.80 0.20  

Unknown South West, UK This study c3 0.86 0.14  

Unknown South West, UK This study c4 0.77 0.23  

Unknown South West, UK This study c5 0.79 0.21  

Unknown South West, UK This study c6 0.82 0.18  

Unknown South West, UK This study c7 0.87 0.13  

Unknown South West, UK This study c8 0.79 0.21  

Unknown South West, UK This study c9 0.78 0.22  

Unknown South West, UK This study c10 0.35 0.65  

Unknown South West, UK This study c11 0.83 0.17  

Unknown South West, UK This study c12 0.67 0.33  

Unknown South West, UK This study c13 0.74 0.26  

Unknown South West, UK This study c14 0.79 0.21  

Unknown South West, UK This study c15 0.81 0.19  

Unknown South West, UK This study c16 0.47 0.53  

Unknown South West, UK This study c17 0.85 0.15  

Unknown South West, UK This study c18 0.85 0.15  

Unknown South West, UK This study c19 0.63 0.37  

Unknown South West, UK This study c20 0.57 0.43  

Unknown South West, UK This study c21 0.37 0.63  

Unknown South West, UK This study c22 0.21 0.79  

Unknown South West, UK This study c23 0.86 0.14  

Unknown South West, UK This study c24 0.74 0.26  

Unknown South West, UK This study c25 0.84 0.16  

Unknown South West, UK This study 1.2 0.74 0.26  

Unknown South West, UK This study 1.6 0.80 0.20  
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Unknown South West, UK This study 1.11 0.83 0.17  

Unknown South West, UK This study 2.1 0.58 0.42  

Unknown South West, UK This study 2.4 0.84 0.16  

Unknown South West, UK This study 2.35 0.90 0.10  

Unknown South West, UK This study 3.2 0.81 0.19  

Unknown South West, UK This study 3.3 0.63 0.37  

Unknown South West, UK This study 3.5 0.77 0.23  

Unknown South West, UK This study 3.6 0.82 0.18  

Unknown South West, UK This study 3.7 0.80 0.20  

Unknown South West, UK This study 4.2 0.55 0.45  

Unknown South West, UK This study 5.1 0.86 0.14  

Unknown South West, UK This study 6.2 0.55 0.45  

Unknown South West, UK This study 7.1 0.46 0.54  

Unknown South West, UK This study 8.2 0.80 0.20  

Unknown South West, UK This study 8.4 0.77 0.23  

Unknown South West, UK This study 10.1 0.71 0.29  

Unknown South West, UK This study 10.3 0.83 0.17  

Unknown South West, UK This study 11.2 0.49 0.51  

Unknown South West, UK This study 11.3 0.49 0.51  

Unknown South West, UK This study 13.2 0.76 0.24  

Unknown South West, UK This study 13.3 0.84 0.16  

Unknown South West, UK This study 13.4 0.84 0.16  

Unknown South West, UK This study 13.7 0.76 0.24  

Unknown South West, UK This study 13.8 0.81 0.19  

Unknown South West, UK This study 13.9 0.83 0.17  

Unknown South West, UK This study 14.1 0.94 0.06  

Unknown South West, UK This study 14.2 0.93 0.07  

Unknown South West, UK This study 14.4 0.87 0.13  

Unknown South West, UK This study 15.1 0.35 0.65  

Unknown South West, UK This study 16.1 0.86 0.14  

Unknown South West, UK This study 16.2 0.50 0.50  

Unknown South West, UK This study 17.2 0.73 0.27  

Unknown South West, UK This study 18.1 0.71 0.29  

Unknown South West, UK This study 18.2 0.62 0.38  

Unknown South West, UK This study 18.3 0.23 0.77  

Unknown South West, UK This study 19.1 0.65 0.35  

Unknown South West, UK This study 19.2 0.47 0.53  

Unknown South West, UK This study 19.4 0.77 0.23  

Unknown South West, UK This study 20.1 0.64 0.36  

Unknown South West, UK This study 20.2 0.83 0.17  

Unknown South West, UK This study 21.2 0.84 0.16  

Unknown South West, UK This study 21.3 0.74 0.26  

Unknown South West, UK This study 21.4 0.83 0.17  

Unknown South West, UK This study 21.6 0.85 0.15  

Unknown South West, UK This study 21.7 0.84 0.16  
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Unknown South West, UK This study 22.2 0.42 0.58  

Unknown South West, UK This study 22.3 0.61 0.39  

Unknown South West, UK This study 22.4 0.69 0.31  

Unknown South West, UK This study 22.5 0.56 0.44  

Unknown South West, UK This study 24.1 0.82 0.18  

Unknown South West, UK This study 24.2 0.79 0.21  

Unknown South West, UK This study 24.5 0.79 0.21  

Unknown South West, UK This study 24.7 0.73 0.27  

Unknown South West, UK This study 24.8 0.65 0.35  

Unknown South West, UK This study 24.16 0.80 0.20  

Unknown South West, UK This study 25.1 0.89 0.11  

Unknown South West, UK This study 25.2 0.78 0.22  

Unknown South West, UK This study 25.3 0.82 0.18  

Unknown South West, UK This study 25.5 0.67 0.33  

Unknown South West, UK This study 25.7 0.78 0.22  

Unknown South West, UK This study 41 0.71 0.29  

Unknown South West, UK This study 42 0.80 0.20  

Unknown South West, UK This study 43 0.81 0.19  

Unknown South West, UK This study 44 0.51 0.49  

Unknown South West, UK This study 45 0.67 0.33  

Unknown South West, UK This study 46 0.77 0.23  

Unknown South West, UK This study 51 0.76 0.24  

Unknown South West, UK This study 53 0.70 0.30  

Unknown South West, UK This study 54 0.83 0.17  

Unknown South West, UK This study 57 0.75 0.25  

Unknown South West, UK This study 58 0.68 0.32  

A. m. ligustica Italy Pinto et al 2681 0.00 1.00  

A. m. ligustica Italy Pinto et al 2682 0.00 1.00  

A. m. ligustica Italy Pinto et al 2683 0.00 1.00  

A. m. ligustica Italy Pinto et al 2684 0.00 1.00  

A. m. ligustica Italy Pinto et al 2686 0.04 0.96  

A. m. ligustica Italy Pinto et al 2687 0.00 1.00  

A. m. ligustica Italy Pinto et al 2688 0.00 1.00  

A. m. ligustica Italy Pinto et al 2692 0.00 1.00  

A. m. ligustica Italy Pinto et al 2695 0.00 1.00  

A. m. ligustica Italy Pinto et al 2696 0.00 1.00  

A. m. mellifera France Pinto et al 2698 0.41 0.59  

A. m. mellifera France Pinto et al 2701 0.43 0.57  

A. m. mellifera France Pinto et al 2702 0.55 0.45  

A. m. mellifera France Pinto et al 2703 0.77 0.23  

A. m. mellifera France Pinto et al 2704 1.00 0.00  

A. m. carnica Croatia Pinto et al 2721 0.00 1.00  

A. m. carnica Croatia Pinto et al 2723 0.00 1.00  

A. m. carnica Croatia Pinto et al 2725 0.00 1.00  

A. m. carnica Croatia Pinto et al 2726 0.00 1.00  
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A. m. carnica Croatia Pinto et al 2730 0.00 1.00  

A. m. carnica Serbia Pinto et al 2735 0.02 0.98  

A. m. carnica Serbia Pinto et al 2736 0.06 0.94  

A. m. carnica Serbia Pinto et al 2738 0.00 1.00  

A. m. carnica Serbia Pinto et al 2739 0.00 1.00  

A. m. carnica Serbia Pinto et al 2740 0.00 1.00  

A. m. mellifera Denmark Pinto et al 2744 0.77 0.23  

A. m. mellifera Denmark Pinto et al 2745 0.70 0.30  

A. m. mellifera Denmark Pinto et al 2746 0.80 0.20  

A. m. mellifera Denmark Pinto et al 2747 0.89 0.11  

A. m. mellifera Denmark Pinto et al 2748 0.95 0.05  

A. m. mellifera Denmark Pinto et al 2756 0.97 0.03  

A. m. mellifera Denmark Pinto et al 2757 0.91 0.09  

A. m. mellifera Denmark Pinto et al 2758 0.85 0.15  

A. m. mellifera Denmark Pinto et al 2760 0.82 0.18  

A. m. mellifera Netherlands Pinto et al 2768 1.00 0.00  

A. m. mellifera Netherlands Pinto et al 2769 1.00 0.00  

A. m. mellifera Netherlands Pinto et al 2770 1.00 0.00  

A. m. mellifera Netherlands Pinto et al 2771 1.00 0.00  

A. m. mellifera Netherlands Pinto et al 2772 1.00 0.00  

A. m. mellifera Switzerland Pinto et al 2773 0.92 0.08  

A. m. mellifera Switzerland Pinto et al 2774 0.86 0.14  

A. m. mellifera Switzerland Pinto et al 2775 0.87 0.13  

A. m. mellifera Switzerland Pinto et al 2776 0.92 0.08  

A. m. mellifera Scotland Pinto et al 2777 1.00 0.00  

A. m. mellifera Scotland Pinto et al 2778 0.96 0.04  

A. m. mellifera Scotland Pinto et al 2779 1.00 0.00  

A. m. mellifera Scotland Pinto et al 2780 1.00 0.00  

A. m. mellifera Norway Pinto et al 2781 1.00 0.00  

A. m. mellifera Norway Pinto et al 2782 1.00 0.00  

A. m. mellifera Norway Pinto et al 2783 1.00 0.00  

A. m. mellifera Norway Pinto et al 2784 1.00 0.00  

A. m. mellifera Norway Pinto et al 2785 1.00 0.00  

A. m. mellifera Netherlands Pinto et al 2794 1.00 0.00  

A. m. mellifera Netherlands Pinto et al 2795 0.92 0.08  

A. m. mellifera Netherlands Pinto et al 2796 1.00 0.00  

A. m. mellifera Switzerland Pinto et al 2797 0.83 0.17  

A. m. mellifera Switzerland Pinto et al 2798 0.95 0.05  

A. m. mellifera Norway Pinto et al 2799 1.00 0.00  

A. m. mellifera Norway Pinto et al 2800 1.00 0.00  

A. m. mellifera Norway Pinto et al 2801 1.00 0.00  

A. m. mellifera Norway Pinto et al 2802 1.00 0.00  

A. m. mellifera Norway Pinto et al 2803 1.00 0.00  

A. m. mellifera Netherlands Pinto et al 2811 1.00 0.00  

A. m. mellifera Netherlands Pinto et al 2812 0.99 0.01  
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A. m. mellifera Netherlands Pinto et al 2813 0.97 0.03  

A. m. mellifera Netherlands Pinto et al 2814 0.93 0.07  

A. m. mellifera Netherlands Pinto et al 2815 0.99 0.01  

A. m. mellifera Netherlands Pinto et al 2816 0.46 0.54  

A. m. mellifera Netherlands Pinto et al 2817 1.00 0.00  

A. m. mellifera Scotland Pinto et al 2820 1.00 0.00  

A. m. mellifera Scotland Pinto et al 2821 1.00 0.00  

A. m. mellifera Scotland Pinto et al 2822 1.00 0.00  

A. m. mellifera Scotland Pinto et al 2823 1.00 0.00  

A. m. mellifera Scotland Pinto et al 2824 1.00 0.00  

A. m. mellifera Scotland Pinto et al 2825 1.00 0.00  

A. m. mellifera France Pinto et al 2826 0.93 0.07  

A. m. mellifera France Pinto et al 2827 1.00 0.00  

A. m. mellifera France Pinto et al 2828 0.62 0.38  

A. m. mellifera France Pinto et al 2829 0.86 0.14  

A. m. mellifera Belgium Pinto et al 2830 0.95 0.05  

A. m. mellifera France Pinto et al 2831 0.68 0.32  

A. m. mellifera Belgium Pinto et al 2832 0.95 0.05  

A. m. mellifera Belgium Pinto et al 2833 0.87 0.13  

A. m. mellifera France Pinto et al 2834 1.00 0.00  

A. m. mellifera France Pinto et al 2835 0.93 0.07  

A. m. mellifera France Pinto et al 2836 0.94 0.06  

A. m. mellifera France Pinto et al 2837 0.97 0.03  

A. m. mellifera France Pinto et al 2838 0.98 0.02  

A. m. mellifera England Pinto et al 2895 0.88 0.12  

A. m. mellifera England Pinto et al 2896 0.76 0.24  

A. m. mellifera England Pinto et al 2897 0.82 0.18  

A. m. mellifera England Pinto et al 2898 0.86 0.14  

A. m. mellifera England Pinto et al 2899 0.86 0.14  

A. m. mellifera England Pinto et al 2900 0.62 0.38  

A. m. mellifera England Pinto et al 2901 0.83 0.17  

A. m. mellifera England Pinto et al 2902 0.87 0.13  
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Table A 1.4. Summary of ABBA BABA statistics for pooled colonies. Average D statistics (an indicator of the 

occurance of introgression) and admixture proportions (f) from 72 tests per colony for introgression from the two 

C lineage groups (36 tests for Mel:SW:Car and 36 tests for Mel:SW:Lig). The astirix represents colonies that were 

significant for all 36 tests for either A. m. carnica (Car) introgresison or A. m. ligutsics (Lig) introgression. 
 

 

 

  
ABBA BABA statistics for pooled colonies  

Colony 

Sample 

Trios  

Mel; South West ; Lig Mel ; South West ; Car  

Average 

D 
SD Average f SD Average D SD Average f SD  

c1 0.195* 0.019 0.149 0.012 0.167* 0.020 0.146 0.014  

c2 0.202* 0.019 0.177 0.012 0.173* 0.019 0.172 0.015  

c3 0.171* 0.019 0.122 0.012 0.147* 0.021 0.122 0.016  

c4 0.119* 0.020 0.089 0.014 0.094 0.020 0.080 0.015  

c5 0.091* 0.018 0.080 0.014 0.070 0.013 0.063 0.016  

c6 0.091 0.016 0.065 0.013 0.077 0.006 0.074 0.016  

c7 0.206* 0.021 0.144 0.012 0.182* 0.022 0.141 0.014  

c8 0.131* 0.019 0.100 0.013 0.100* 0.020 0.087 0.015  

c9 0.115* 0.020 0.084 0.013 0.084 0.160 0.063 0.016  

c10 0.389* 0.015 0.447 0.009 0.352* 0.160 0.467 0.009  

c26 0.107* 0.019 0.085 0.014 0.080 0.012 0.065 0.016  

c11 0.299* 0.016 0.271 0.010 0.258* 0.018 0.264 0.013  

c13 0.263* 0.015 0.247 0.011 0.233* 0.017 0.248 0.012  

c14 0.173* 0.018 0.138 0.013 0.142* 0.019 0.132 0.016  

c15 0.346* 0.014 0.327 0.009 0.315* 0.018 0.340 0.012  

c30 0.188* 0.018 0.144 0.012 0.170* 0.020 0.147 0.014  

c16 0.268* 0.014 0.263 0.010 0.236* 0.017 0.267 0.013  

c27 0.213* 0.020 0.164 0.012 0.191* 0.020 0.173 0.014  

c17 0.182* 0.020 0.133 0.012 0.153* 0.008 0.126 0.015  

c18 0.084 0.019 0.061 0.014 0.066 0.016 0.042 0.016  

c19 0.399* 0.014 0.452 0.008 0.366* 0.018 0.472 0.011  

c20 0.326* 0.015 0.345 0.009 0.289* 0.017 0.351 0.013  

c21 0.394* 0.012 0.478 0.008 0.362* 0.017 0.504 0.013  

c29 0.084 0.014 0.059 0.013 0.062 0.007 0.043 0.016  

c22 0.450* 0.016 0.629 0.009 0.415* 0.016 0.669 0.006  

c23 0.114* 0.019 0.086 0.014 0.084 0.016 0.069 0.015  

c24 0.140* 0.019 0.110 0.013 0.112* 0.019 0.100 0.015  

c25 0.080 0.014 0.051 0.013 0.060 0.005 0.031 0.016  

 



255 

 

 Appendix 2: Supplementary tables for chapter 4 

Table 8.4 ADMIXTURE results for K=2 performed on pooled colony WGS data from 

across UK and Ireland. 

 

Q values Sample information 

A. m. 

mellifera  

C-

lineage 

Sample 

code 

Subspecies 

assignment 

Approximate sample 

location 

0.021 0.979 1 A. m. carnica Germany 

0.050 0.950 137 A. m. carnica Norway 

0.321 0.679 138 A. m. carnica Norway 

0.437 0.563 139 A. m. carnica Norway 

0.045 0.955 142 A. m. carnica Norway 

0.034 0.966 143 A. m. carnica Norway 

0.047 0.953 151 A. m. carnica Norway 

0.000 1.000 156 A. m. carnica Norway 

0.000 1.000 157 A. m. carnica Norway 

0.029 0.971 158 A. m. carnica Norway 

0.235 0.765 163 A. m. carnica Norway 

0.000 1.000 2 A. m. carnica Germany 

0.096 0.904 23 A. m. carnica Sweden 

0.082 0.918 29 A. m. carnica Sweden 

0.000 1.000 3 A. m. carnica Germany 

0.035 0.965 35 A. m. carnica Sweden 

0.069 0.931 39 A. m. carnica Sweden 

0.379 0.621 4 A. m. carnica Germany 

0.000 1.000 46 A. m. carnica Sweden 

0.000 1.000 48 A. m. carnica Sweden 

0.000 1.000 5 A. m. carnica Germany 

0.038 0.962 6 A. m. carnica Sweden 

0.026 0.974 60 A. m. carnica Sweden 

0.000 1.000 62 A. m. carnica Sweden 

0.138 0.862 63 A. m. carnica Sweden 

0.016 0.984 7 A. m. carnica Germany 

0.000 1.000 10 A. m. ligustica Bologna Italy 

0.000 1.000 12 A. m. ligustica Bologna Italy 

0.000 1.000 13 A. m. ligustica Bologna Italy 

0.124 0.876 8 A. m. ligustica Bologna Italy 

0.000 1.000 9 A. m. ligustica Bologna Italy 

0.000 1.000 21 A. m. ligustica Sweden 

0.176 0.824 22 A. m. ligustica Sweden 

0.170 0.830 26 A. m. ligustica Sweden 
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0.194 0.806 27 A. m. ligustica Sweden  

0.000 1.000 34 A. m. ligustica Sweden 
 

0.177 0.823 41 A. m. ligustica Sweden  

0.251 0.749 43 A. m. ligustica Sweden  

0.103 0.897 45 A. m. ligustica Sweden 
 

0.141 0.859 50 A. m. ligustica Sweden  

0.180 0.820 54 A. m. ligustica Sweden  

0.273 0.727 58 A. m. ligustica Sweden 
 

1.000 0.000 136 A. m. mellifera Norway  

0.829 0.171 14 A. m. mellifera Switzerland  

0.863 0.137 140 A. m. mellifera Norway 
 

0.688 0.312 144 A. m. mellifera Norway  

0.540 0.460 147 A. m. mellifera Norway  

0.793 0.207 15 A. m. mellifera Switzerland 
 

1.000 0.000 150 A. m. mellifera Norway  

0.642 0.358 152 A. m. mellifera Norway  

1.000 0.000 153 A. m. mellifera Norway 
 

0.545 0.455 155 A. m. mellifera Norway  

0.819 0.181 16 A. m. mellifera Switzerland  

0.989 0.011 162 A. m. mellifera Norway 
 

1.000 0.000 164 A. m. mellifera Norway  

0.619 0.381 17 A. m. mellifera Switzerland  

0.805 0.195 18 A. m. mellifera Switzerland 
 

0.666 0.334 19 A. m. mellifera Switzerland  

0.836 0.164 20 A. m. mellifera Switzerland  

0.675 0.325 24 A. m. mellifera Sweden 
 

0.977 0.023 28 A. m. mellifera Sweden  

1.000 0.000 30 A. m. mellifera Sweden  

0.746 0.254 37 A. m. mellifera Sweden 
 

0.935 0.065 38 A. m. mellifera Sweden  

1.000 0.000 40 A. m. mellifera Sweden  

1.000 0.000 42 A. m. mellifera Sweden 
 

1.000 0.000 47 A. m. mellifera Sweden  

0.972 0.028 52 A. m. mellifera Sweden  

0.727 0.273 53 A. m. mellifera Sweden 
 

1.000 0.000 55 A. m. mellifera Sweden  

0.502 0.498 100 N/A Dorset  

0.609 0.391 101 N/A Shropshire 
 

0.291 0.709 102 N/A Surrey  

0.380 0.620 103 N/A Linconshire  

0.725 0.275 104 N/A West Cornwall 
 

0.877 0.123 105 N/A Newcastle upon Tyne  

0.751 0.249 106 N/A Rame Penninsular  

0.733 0.267 107 N/A Tamar Valley 
 

0.448 0.552 108 N/A Middlesbrough  
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0.272 0.728 109 N/A Isle of Wight 

0.365 0.635 110 N/A Sheffield 

0.356 0.644 111 N/A North Wales 

0.619 0.381 112 N/A Galway 

0.014 0.986 113 N/A Keswick  

0.596 0.404 114 N/A Norwich 

0.509 0.491 115 N/A Edinburgh 

0.630 0.370 116 N/A Hereford 

0.472 0.528 117 N/A Derby and Nottingham 

0.418 0.582 118 N/A Yeovil 

0.456 0.544 119 N/A Nottingham 

0.471 0.529 120 N/A Canterbury 

0.672 0.328 121 N/A Newcastle upon Tyne 

0.626 0.374 122 N/A Colchester 

0.319 0.681 123 N/A Reading 

0.529 0.471 124 N/A Scottish Boarders 

0.000 1.000 125 N/A Galway 

0.458 0.542 126 N/A Newlyn 

0.627 0.373 127 N/A Alladale 

0.564 0.436 128 N/A Aberdeen 

0.626 0.374 129 N/A Dundee 

0.538 0.462 130 N/A Scottish boarder 

0.586 0.414 131 N/A Bridgewater  

0.558 0.442 132 N/A Belfast 

0.895 0.105 133 N/A Jersey 

0.394 0.606 134 N/A Birmingham 

0.570 0.430 64 N/A Colchester 

0.253 0.747 65 N/A Oxford 

0.528 0.472 66 N/A Liskeard 

0.000 1.000 67 N/A Luton 

0.444 0.556 68 N/A Plymouth 

0.508 0.492 69 N/A Henley on Thames 

0.657 0.343 70 N/A Sheffield 

0.494 0.506 71 N/A Liskeard 

0.395 0.605 72 N/A Horsham  

0.586 0.414 73 N/A Isle of Man 

0.928 0.072 74 N/A Isle of Man 

0.695 0.305 75 N/A Bradford  

0.671 0.329 76 N/A Lizard penninsular 

0.526 0.474 77 N/A Burnley and Blackburn 

1.000 0.000 78 N/A Dublin 

1.000 0.000 79 N/A Colonsay 

0.769 0.231 80 N/A Northumberland  

0.891 0.109 81 N/A Belfast 

0.495 0.505 82 N/A York 
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0.510 0.490 83 N/A Taunton  

0.418 0.582 85 N/A Birmingham 
 

0.958 0.042 86 N/A Co Monaghan  

0.671 0.329 87 N/A Abagaveny  

0.953 0.047 88 N/A Co Kildare  
 

1.000 0.000 89 N/A Inverness  

0.918 0.082 90 N/A Jersey  

0.973 0.027 91 N/A Co Wicklow 
 

0.554 0.446 92 N/A Cotswolds  

0.244 0.756 93 N/A Plymouth  

0.707 0.293 94 N/A Bradford 
 

0.412 0.588 95 N/A Dorcester   

1.000 0.000 96 N/A Co tipperary  

0.611 0.389 97 N/A Snodownia 
 

0.162 0.838 98 N/A Stratford-upon-avon  

0.013 0.987 99 N/A Leeds  

     
 

 

Table 8.5 ABBA BABA results for the UK and Ireland colonies. Average f statistics 

proportion of admixture reported for all colonies. Two trios are presented. The first 

Mel: UK and Ire; Lig, where the f proportion represented A. m. ligustica introgression, 

and Mel: UK or Ire; Car, where the f proportion represents A. m. carnica  

Sample 

approximate 

location 

Colony 

ID 

Trios 

Mel; UK or Ire ; Lig Mel ;  UK or Ire ; Car 

Average f SD Average f SD 

Colchester 64 0.224 0.012 0.238 0.017 

Oxford 65 0.687 0.006 0.805 0.008 

Liskeard 66 0.318 0.010 0.364 0.014 

Luton 67 0.769 0.004 0.943 0.003 

Plymouth 68 0.457 0.008 0.536 0.011 

Henley on Thames 69 0.197 0.014 0.199 0.021 

Sheffield 70 0.155 0.013 0.178 0.017 

Liskeard 71 0.276 0.011 0.298 0.016 

Horsham  72 0.279 0.011 0.293 0.023 

Isle of Man 73 0.187 0.012 0.186 0.022 

Isle of Man 74 -0.003 0.015 -0.010 0.022 

Rame penninsular 75 0.226 0.012 0.266 0.016 

Bradford 76 0.122 0.013 0.139 0.018 

Lizard penninsular 77 0.356 0.010 0.422 0.013 

Burnley  78 -0.130 0.018 -0.174 0.026 

Dublin 79 0.002 0.015 0.003 0.021 

Colonsay 80 0.110 0.013 0.129 0.018 

Belfast 81 -0.041 0.016 -0.065 0.024 

York 82 0.189 0.013 0.188 0.023 

Taunton 83 0.319 0.010 0.370 0.014 
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Birmingham 85 0.251 0.012 0.272 0.017 

Co Monaghan 86 -0.021 0.015 -0.034 0.022 

Nr Abagaveny 87 0.084 0.015 0.066 0.021 

Co Kildare  88 -0.124 0.018 -0.173 0.027 

Inverness 89 -0.160 0.019 -0.221 0.030 

Jersey 90 -0.009 0.015 -0.026 0.022 

Co Wicklow 91 0.012 0.015 0.016 0.021 

Cotswolds 92 0.073 0.015 0.051 0.025 

Plymouth 93 0.576 0.007 0.686 0.009 

Bradford 94 0.097 0.014 0.100 0.020 

Dorcester  95 0.242 0.012 0.257 0.018 

Co tipperary 96 -0.124 0.017 -0.168 0.026 

Snodownia 97 0.143 0.013 0.147 0.020 

Stratford-upon-

avon 98 
0.755 0.008 0.896 0.010 

Leeds 99 0.885 0.005 1.081 0.005 

Sherborne 100 0.364 0.010 0.435 0.013 

Shropshire hills 101 0.260 0.011 0.289 0.018 

Guilford  102 0.500 0.008 0.574 0.013 

North of Lincon 103 0.385 0.009 0.430 0.016 

Treluswell 104 0.082 0.014 0.081 0.020 

Newcastle upon 

Tyne 105 
0.038 0.014 0.038 0.020 

Northumberland  106 0.039 0.015 0.028 0.021 

Tamar Valley 107 -0.002 0.016 -0.037 0.026 

Darlington  108 0.372 0.011 0.441 0.013 

Isle of wight 109 0.501 0.008 0.569 0.011 

Sheffield 110 0.551 0.007 0.655 0.010 

North Wales 111 0.559 0.007 0.676 0.022 

Galway 112 0.091 0.014 0.069 0.022 

Keswick 113 0.932 0.007 1.142 0.007 

Norwich 114 0.153 0.013 0.154 0.019 

Edinburgh 115 0.249 0.011 0.282 0.017 

Hereford 116 0.055 0.016 0.017 0.027 

Derby  117 0.287 0.011 0.295 0.019 

Yeovil 118 0.481 0.008 0.573 0.010 

Nottingham 119 0.443 0.009 0.525 0.012 

Canterbury 120 0.264 0.011 0.299 0.016 

Newcastle upon 

Tyne 121 
0.118 0.013 0.125 0.019 

Colchester 122 0.063 0.015 0.034 0.024 

Reading 123 0.544 0.007 0.642 0.009 

Scottish Boarders 124 0.175 0.012 0.202 0.018 

Galway 125 0.807 0.004 0.996 0.004 

Newlyn 126 0.405 0.009 0.474 0.011 

Alladale 127 0.185 0.012 0.216 0.017 

Aberdeen 128 0.180 0.012 0.198 0.017 

Dundee 129 0.135 0.013 0.140 0.019 

Scottish boarder 130 0.223 0.012 0.265 0.016 

Bridgewater  131 0.291 0.011 0.338 0.015 
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Belfast 132 0.250 0.011 0.311 0.015 

Jersey 133 0.012 0.015 0.005 0.021 

Birmingham 134 0.473 0.008 0.537 0.010 
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