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Summary 

The COLOSS GEI (Genotype-Environment Interactions) Experiment was setup to further our understanding of recent honey bee colony losses. 

The main objective of the GEI experiment was to understand the effects of environmental factors on the vitality of European honey bee genotypes. 

This paper aims to describe the genetic background and population allocation of the bees used in this experiment. Two wing morphometric 

and two genetic methods were employed to discriminate bee populations. Classical morphometry of 11 angles on the wings were carried out 

on 350 bees. Geometric morphometry on 19 wing landmarks was carried out on 381 individuals. DNA microsatellite analysis was carried out 

on 315 individuals using 24 loci. Allozyme analysis was performed on 90 individuals using six enzyme systems. DNA microsatellite markers 

produced the best discrimination between the subspecies (Apis mellifera carnica, A. m. ligustica, A. m. macedonica, A. m. mellifera and A. m. 

siciliana) used in the experiment. Morphometric methods generally showed an intermediate level of discrimination, usually best separating  

A. m. siciliana and A. m. ligustica from the remaining populations. Allozyme markers lack power to discriminate at the level of individual bees, 

and given our sample size, also fail to differentiate subspecies. Based on DNA microsatellites, about 69% of the individuals were assigned to 

the same subspecies as originally declared, and 17% were found to belong to a different subspecies. Fourteen percent of the samples were 

found to be of mixed origin and could not be assigned to any subspecies with certainty. We further discuss the caveats of the methods and 

details of the sampled bees, their origins and breeding programmes in their respective locations. 
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Introduction 
 

The international COLOSS (Prevention of COlony LOSSes) association 

of honey bee scientists was funded by the COST Action FA0803 

(European Science Foundation) between 2008 and 2012 to promote 

collaboration on different aspects of honey bee (Apis mellifera L.) health 

and to investigate colony losses from different angles (Neumann and 

Carreck, 2010; vanEngelsdorp and Meixner, 2010). Within this network, 

Working Group 4 (WG4) focused on genetic diversity and vitality of 

honey bees, based on the hypothesis that colony health may relate to 

the colony genotype and its adaptation to local environmental conditions. 

The environment includes not only the climate and vegetation, but also 

prevailing diseases and beekeepers’ management routines. Thus, in 

addition to and apart from external factors such as pathogens or  

pesticide exposure, one factor contributing to colony losses may be the 

use of honey bee genotypes that either suffer from insufficient vitality 

or are maladapted to particular regional environmental conditions 

(Meixner et al., 2010). 

To explore this hypothesis, a common experiment was carried out 

between the summer of 2009 to the spring of 2012 (Costa et al., 2012a) 

with the aim of understanding genotype-environment effects on survival 

and health status of honey bee colonies headed by queens of different  

European origins, tested in various locations under differing environ-

mental conditions, but using standardised protocols.  

Genotypes in the experiment belonged to five different European 

subspecies, A. m. carnica, A. m. ligustica, A. m. macedonica, A. m. 

mellifera, and A. m. siciliana, representing a total of 16 different  

genetic origins (breeding lines or representatives of local managed 

populations). However, the stocks used originated from rather diverse 

genetic backgrounds (Büchler et al., 2014) with some genotypes coming 

from rigorous breeding programmes based on comparative performance 

testing and strict mating control, while others were derived from  

unselected populations. A detailed description of the methodology of 

the overall experiment and the genotypes used is given in Costa et al. 

(2012a).  

Exploration of our hypothesis that environmental conditions may 

differentially affect performance and health of honey bees of different 

origin can benefit from an understanding of the genetic background 

and population structure of the bees involved in the experiment. Bee-

keeping in general can benefit from an understanding of the inter- 

relationship of genetic background, population structure and adaptation 

to environmental factors, especially when these are connected to 

colony vitality. In our experiment, discrimination of bee populations 

was carried out using classical and geometric morphometry on  

characters of wing venation and two methods of molecular genetics 

(DNA microsatellite markers and allozymes). 

The morphometric method of discrimination involves the measure-

ment of homologous anatomical characters of multiple individuals 

Origen genético de las colonias de la abeja de la miel usadas 

en los experimentos COLOSS de Interacción entre  

Genotipo-Medio ambiente: comparación de métodos 

Resumen 

El experimento COLOSS IGMa (Interacciones Genotipo-Medio ambiente) se realizó para incrementar nuestro conocimiento sobre la reciente 

pérdida de las colmenas de la abeja de la miel. El principal objetivo del experimento IGMa fue comprender los efectos de los factores ambientales 

sobre la vitalidad de los genotipos europeos de la abeja. Este trabajo tiene como objetivo describir los antecedentes genéticos y la distribución 

de las poblaciones de las abejas utilizadas en este experimento. Se emplearon dos métodos de morfometría de las alas y dos métodos genéticos 

para discriminar las poblaciones de abejas. Se llevaron a cabo mediciones de 11 ángulos de las alas con morfometría clásica en 350 abejas, y 

19 puntos de referencia en las alas con morfometría geométrica en 381 individuos. Se analizaron 24 loci de microsatélites en 315 individuos y 

se realizaron análisis de alozimas usando seis sistemas enzimáticos en 90 individuos. Los marcadores de microsatélites mostraron la mejor 

discriminación entre las subespecies (Apis mellifera carnica, A. m. ligustica, A. m. macedonica, A. m. mellifera y A. m. siciliana) usadas en el 

experimento. Los métodos morfométricos presentaron un nivel intermedio de discriminación, dando mejores resultados en la separación de A. m. 

siciliana y A. m. ligustica. Los marcadores de alozimas mostraron una falta de poder de discriminación al nivel individual en las abejas, y dado 

el tamaño muestral, también fallaron en la diferenciación de las subespecies. Según los microsatélites, cerca del 69% de los individuos fueron 

asignados a la subespecie originalmente designada, y el 17% se asignaron a diferentes subespecies. El 14% de los individuos mostraron un 

origen mixto y no pudieron ser asignados a ninguna subespecie con seguridad. Se discutieron además las características de los métodos y 

detalles sobre las abejas muestreadas, sus orígenes y los programas de cría en sus respectivas localidades. 
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Material and method 

Sampling 

The GEI COLOSS experiment consisted of a total of 621 colonies from 

16 genetic lines distributed at 21 locations. For further details including 

experimental setup and colony distribution, see Costa et al. (2012a). 

The experimental colonies originated from different regional genetic 

lines composed of five subspecies: A. m. carnica, A. m. ligustica, A. m. 

macedonica, A. m. mellifera and A. m. siciliana, abbreviated as Car, Lig, 

Mac, Mel and Sic respectively. The geographic origins of the 16 genetic 

lines were: CarB (Bantin, Germany), CarC (Croatia), CarG (Puławy, 

Poland), CarK (Kirchhain, Germany), CarP (Kortowka, Poland), CarL 

(Lunz, Austria), CarV (Veitshöchheim, Germany), LigF (Finland), LigI 

(Emilia-Romagna, Italy), MacB (Bulgaria), MacG (Greece), MacM 

(Macedonia), MelP (Augustowska, Poland), MelF (Avignon, France), 

MelL (Læsø, Denmark) and Sic (Sicily, Italy) (Fig. 1). In the context of 

the current paper, the term “population” refers to subspecies, while 

the term “subpopulation” refers to genetic lines. Examples of populations 

include subspecies such as A. m. carnica or a hybrid of A. mellifera 

such as “Buckfast” while subpopulations may be CarP (A. m. carnica 

from Poland) or LigF (A. m. ligustica from Finland). 

Honey bee workers, hereafter referred to as samples / individuals, 

of each subpopulation were collected during the spring of 2010 from 

the 21 test apiaries in the experiment (Fig. 1). Only those colonies still 

having the queen originally supplied were selected for sampling. Three 

adult worker bees per colony were sampled from the brood area and 

transferred to the laboratory in absolute ethanol. One worker bee per 

colony was used for microsatellite analysis, and another for both  

morphometric analyses.  For allozyme analysis, a total of 345 individual 

bees were collected from 90 colonies representing all genotypes in the 

experiment. Of this 345, only 90 bees were used in subsequent analyses 

so as to maintain one bee per colony. The final number of samples 

from the GEI experimental colonies analysed for classical morphometry, 

geometric morphometry, DNA microsatellites and allozymes were 350, 

381, 315 and 90 respectively. The sample sizes are variable due to 

reasons such as poor sample quality, errors in data acquisition or 

excessive missing data. Sample numbers used for each method based 

on populations and subpopulations are shown in Table 2. 

 

Morphometric analysis 

Dissection and mounting 

The right forewing of one worker bee per colony was dissected and, 

after consecutive rinsing in 95%, 70%, 50% and 20% ethanol for 

gradual hydration and finally to distilled water, was carefully mounted 

between two microscope slides. Images of the wings were captured 

using a video camera mounted on a microscope with a 1x objective. 

The measurements for both geometric and classical morphometry for 

each wing were then carried out on the same image. 

 

from populations of interest (Daly, 1985). In honey bees, classical 

morphometry (Standard Morphometry) involves comparing measure-

ments of various body features such as body colour (tergite  

pigmentation), hair cover, size (proboscis, femur, tibia, sternite etc.), 

and shapes of the wings (angles, cubital ratio). Morphometrics have 

been widely employed in honey bees (Ruttner, 1988; Kandemir et al., 

2005; Meixner et al., 2007) mostly due to ease of use and simplicity. 

In this study, classical morphometry was carried out only on single 

forewings of individuals by measuring angles at vein junctions of interest. 

Geometric morphometry involves statistical shape analysis on coordinates 

of points called landmarks (Bookstein, 1996). In honey bees, geometric 

morphometry is employed on the forewings of bees and involves 

measurement of coordinates of various vein junctions (Bouga and 

Hatjina, 2005; Francoy et al., 2008; Tofilski, 2008; Rattanawannee et al., 

2010). 

DNA microsatellites are short tandem nucleotide repeats found in 

eukaryotic genomes (Tautz and Renz, 1984; Messier et al., 1996) which 

have been extensively used to elucidate structure of related populations. 

Microsatellite markers were developed for honey bees in the 1990s 

(Estoup et al., 1993; Estoup et al., 1995; Solignac et al., 2003) and 

their usefulness in understanding honey bee populations has been 

firmly established through numerous studies (Garnery et al., 1998; 

Franck et al., 2000; Franck et al., 2001; Muñoz et al., 2009; Miguel et 

al., 2011; Nedić et al., 2014; Uzunov et al., 2014). 

Allelic variation at enzyme loci is referred to as allozymes (Prakash 

et al., 1969), and was first applied to honey bees by Mestriner (1969). 

Allozyme polymorphism data have been useful for the discrimination 

of subspecies, to reveal the existence of hybrid zones and in describing 

several honey bee populations (Sheppard and McPheron, 1986; Badino 

et al., 1988; Badino et al., 2004; Bouga et al., 2005; Ivanova et al., 

2007; Ivanova et al., 2011). 

Geographic and genetic variation of honey bee subspecies in their 

native ranges has attracted considerable scientific interest in the recent 

past (Miguel et al., 2011; Pinto et al., 2011; Chávez-Galarza et al., 2013), 

but in contrast, there are very few publications demonstrating genetic 

variation or coherence among selected breeding lines (Dall’Olio et al., 

2007; Soland-Reckeweg et al., 2009; Oleksa et al., 2011; Costa et al., 

2012b). Especially there is a lack of knowledge for countries where 

replacement breeding has been applied, such as Germany and Denmark. 

The research presented in this paper aimed to verify the declared 

genetic background of bees used in the COLOSS GEI experiment, and 

to compare some of the existing methods of population allocation 

(Meixner et al., 2013). This paper contributes insights into the effect 

of selection, management and breeding programmes of honey bee 

populations in Europe. Therefore, the main objectives of this paper 

are: 1. to identify the genetic background of bee colonies used in the  

COLOSS GEI experiment; 2. discriminate honey bee populations used 

in this study; and 3. to compare different methods of population  

allocation on similar sets of samples. 
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Classical (Standard) morphometry 

The angles at vein intersection points on the wings as described by 

Ruttner (1988) were captured using a video based measuring program 

(Meixner, 1994). The following 11 angles were measured: A4, B4, D7, 

E9, G18, J10, J16, K19, L13, N23, O26. In addition, cubital distances 

a and b were also measured. A total of 350 individual wing measure-

ments were captured and used in further analyses. The wing angles 

along with the cubital index were subjected to Principal Component 

Analysis (PCA) and Linear Discriminant Analysis (LDA) together with 

data of reference samples for the subspecies A. m. mellifera, A. m. 

carnica, A. m. ligustica, A. m. macedonica and A. m. siciliana. A total 

of 67 reference samples (A. m. mellifera: 15; A. m. carnica: 20; A. m. 

macedonica: 10; A. m. ligustica: 12; A. m. siciliana: 10) identified as 

pure representatives of their respective subspecies (Ruttner, 1988) 

were obtained from the database at the Institut für Bienenkunde in 

Oberursel, Germany. 

 

Geometric morphometry 

The coordinates of 19 landmarks located at vein intersections were 

recorded and 2D Cartesian coordinates of the identified landmarks 

were digitized using the ‘tpsDig’ software (Rohlf, 2006). The procedure 

was performed twice for each wing and the average was calculated in 

order to reduce the measurement error (Miguel et al., 2010). Samples 

were re-measured if the coefficient of variation exceeded 10%. A total 

of 381 samples were used for further analyses. 

The landmark coordinates obtained from the program ‘tpsDig’ were 

imported into the ‘MorphoJ’ software package (Klingenberg, 2011) and 

transformed by Procrustes superimposition (Rohlf and Slice, 1990) to 

remove sample differences in measurement origin, scaling and rotation. 

Transformed coordinates were imported into ‘R’ software (R Development 

Core Team, 2013) for further analyses such as PCA and LDA. Analyses 

were also carried out in programs ‘MorphoJ’ and ‘Past’ (Hammer et al., 

2001) for comparison. For comparison, the data were also analysed 

Table 1. List of genotyped loci and primers. All standard primers were used as previously published (Estoup et al., 1995; Solignac et al., 2003) 

except locus A014. Each groups indicate primers which were multiplexed together in a single reaction. The fluorescent dye attached to each 

primer is indicated as Label. *denotes loci discarded from the analyses. **denotes use of modified primers. 

No. Locus Label Forward primer (labelled) Reverse Primer 

1 A008 NED GAAGGTAAGGTAAATGGAAC TTGGCGGTTAAAGTTCTGG 

2 A079 FAM GAAGGTTGCGGAGTCCTC GTCGTCGGACCGATGCG 

3 A088 VIC CGAATTAACCGATTTGTCGTG GATCGCAATTATTGAAGGAGTA 

4 AC011 NED TTACGCCAATCTCTCCACG CGGTTAATTTCGTTTCTCGC 

5 AC088 VIC CGAGGCAAGTGTTCGCTG ATCATCATTCCCAAGGTGAC 

6 AP224 FAM AAGCGCACCGGAATGACG TATGTTCGGCCAGGCGGA 

7 AP249 PET TCGCGCGACGACGAAATG TCCTTTGATTCGCGCTACC 

8 AP274 PET ATCCCGGTGGCCACGTC GTCGCCACGCATAACTCG 

9 A113 PET CTCGAATCGTGGCGTCC CTGTATTTTGCAACCTCGC 

10 AC306* FAM GAATATGCCGCTGCCACC TTTTCGTTGCATCCGAGCG 

11 AP090 PET GCGAAAATTGCCGGGTTATA GCAACTTTATCGTTTCGACGT 

12 AP223 PET AATCGTACAACGTCGCGC CCGCTCGCCTGTATCTG 

13 AP226 NED TAACGGTGTTCGCGAAACG AGCCAACTCGTGCGGTCA 

14 Ap288 FAM GTTAGTTCGTCGTCGACCG TCTTAGCTTTATAACGAGCACG 

15 A014** PET ACGCGGCGATCGTAAAA CCACCGTGCGATGACG 

16 A029 NED AAAACAGTACATTTGTGACCC ATCAACTTCAACTGAAATCCG 

17 AC087* FAM TCGAGGCTCGAGGCAAG ACATTGGCCAAGCGAACG 

18 AP085 PET ATCAAACACACAAACGAAAGC ACCGGAAGCCTAATCAAGG 

19 AP273 VIC GATCTTGTGTTAAACAGCCG ATCTCTGGCAGACGAAGAG 

20 AT005* NED ATCCACCGGTATCCACCG TAATCGGTTTCCACTGGCC 

21 AT163 FAM GCATTAGCATATACACGAGG TCGGGTCTCGCAGTAACG 

22 AT188 VIC CGCATTTAGCCAACGATTAC GAACTTTACCTCACGAACACGA 

23 A024 VIC TACACAAGTTCCAACAATGC GCACATTGAGGATGAGCG 

24 A043 FAM CACCGAAACAAGATGCAAG CCGCTCATTAAGATATCCG 

25 AC139 NED CCAGTGTTCACGGTAAACG ATCATAGAGTACGCGCAAAG 

26 AP015 VIC GGGGGTAACGGAGAGAGG TGTACGAGGCACGCAATC 

27 AP068 PET GTCTGCCCTCCTCTCTGTT ACACATCGAGCGAGAAGGC 

28 AP238* NED GTCTCGTGCGTGCGAATG CATCATGTTCTCAAATTTCTTTG 



using the ‘R’ packages ‘geomorph’ (Adams and Otárola-Castillo, 2013) 

and ‘shapes’ (Dryden, 2013). A Generalised Procrustes Analysis (GPA) 

was carried out and centroid sizes were computed for all samples. 

Centroid size is the square root of the sum of squared distances of a 

set of landmarks from their centroid. Differences in centroid size signify 

differences in the wing geometry or, ultimately, the wing shape. 

 

DNA microsatellite analysis 

A total of 315 experimental samples were used for DNA microsatellite 

analysis. The thoracic muscles of each bee were carefully separated 

using clean forceps into 96 well tubes. DNA Extraction was carried out 

using DNeasyTM 96 Blood & Tissue Kit (Qiagen) according to the kit 

instructions. DNA was eluted into 100 μl sterile water and stored at  

-80°C. 

Four separate PCR reactions were carried out with fluorescent-

tagged primer pairs with six to eight primers multiplexed per reaction. 

In total, 28 loci were genotyped using standard primers (Table 1). For 

locus A014, the primer set was redesigned to simplify the scoring, 

thereby reducing the length of the amplicon from 230 bp to 117 bp. 

The new primers used were F: ACG CGG CGA TCG TAA AA and R: 

CCA CCG TGC GAT GAC G. Genotyping was carried out on a 96 capillary 

Francis et al. 

ABI 3730xl Sequencer (Applied Biosystems). Alleles were initially 

scored by ‘GeneMapper’ (Applied Biosystems) software and verified 

twice by eye and corrected manually if required. Only 24 polymorphic 

loci for 315 individuals were used in subsequent analyses after quality 

control. Loci AC306, AP238 and AT005 were removed due to greater 

than 50% missing data. The primer pairs AC087 and AC088 amplify 

the same locus and only the AC088 was included in the analyses. 

A total of 904 reference samples from nine populations were included 

for all assignments (100 A. m. macedonica from: Albania (n = 14), 

Bulgaria (n = 24), Greece (n = 12) and Macedonia (n = 50); 126 A. m. 

mellifera from Austria (n = 126); 266 A. m. mellifera from Læsø,  

Denmark (n = 266); 100 A. m. mellifera from: Netherlands (n = 39), 

Norway (n = 18), Poland (n = 9) and Switzerland (n = 34); 24 A. m. 

mellifera  X Buckfast from Denmark (n = 24); 50 A. m. carnica from: 

Croatia (n = 13) and Slovenia (n = 37); 37 A. m. ligustica from Italy 

(n = 37); 84 A. m. anatoliaca from Turkey (n = 84); 117 A. m. siciliana 

from Sicily, Italy (n = 117)). The reference data were obtained as part 

of the honey bee genotyping activities at Ǻrhus University, Denmark 

(Uzunov et al., 2014 and unpublished data ). This dataset consisted of 

minimally admixed individuals from various populations, selected based 

on results from the program ‘Structure’ (Pritchard et al., 2000). 

The ‘GenAlEx 6.5’ (Peakall and Smouse, 2012) add-on was used in 

Microsoft Excel to organise the data, calculate frequency-based statistics, 

population assignment and to export to various data formats. Population  
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 SPop MG MC MS AZ 

1 CarB 20 18 14  

2 CarC 30 30 19 6 

3 CarG 31 28 17 6 

4 CarK 28 28 18 6 

5 CarL 38 34 26 6 

6 CarP 47 41 36 6 

7 CarV 28 27 15 6 

8 LigF 20 20 21 6 

9 LigI 26 23 30 6 

10 MacB 23 19 29 6 

11 MacG 24 22 27 6 

12 MacM 28 26 15 6 

13 MelF 14 12 12 6 

14 MelL 4 4 5 6 

15 MelP 2 2 8 6 

16 Sic 18 16 23 6 

 Tot 381 350 315 90 

      

 Pop MG MC MS AZ 

1 Car 222 206 145 36 

2 Lig 46 43 51 12 

3 Mac 75 67 71 18 

4 Mel 20 18 25 18 

5 Sic 18 16 23 6 

 Tot 381 350 315 90 

Table 2. Number of samples used for each method based on: declared 

subpopulation/genetic line (SPop); and based on declared population 

(Pop). MG: Geometric morphometry, MC: Classical morphometry, MS: 

DNA microsatellites, AZ: Allozymes. 

Fig. 1. Map of Europe showing the 21 test locations selected for the 

COLOSS GEI experiment in 11 countries. Name of the test location is 

shown in the white box. The genetic lines maintained at each location 

are indicated as letters below each name. The legend at top right corner 

links the letters to the genetic lines. The geographical origin of each 

genetic line is indicated as a letter inside a dark circle close to the  

respective location. For more details on description of these genetic 

lines, see Section 2.1. For details regarding colony distribution of 

genetics lines by location, see Costa et al. (2012a). 



500,000 iterations with a 50,000 burn-in period, with the number of 

clusters (K) ranging from 2 to 10 (with admixture). 

 

Statistical Procedures 

Except for the assignment test, most statistical tests and the figures, 

were done using software ‘R’ (R Development Core Team, 2013). The 

forced discriminant analysis of the classical morphometry data was 

carried out with SPSS 20.0. For all the considered discrimination 

methods, statistical tests were performed using declared populations 

(subspecies) as the categorical variable. Assignments were carried out 

using ‘Structure 2.3.3’ (Pritchard et al., 2000) and ‘GeneClass 2.0’  

(Piry et al., 2004). Population statistics were carried out in ‘GenAlex 

6.5’ (Peakall and Smouse, 2012) and ‘GenePop’ (Rousset, 2008).  

Principal Component Analysis (PCA) was used as an exploratory 

tool to visualise multivariate data in reduced dimensions. PCA produces 

synthetic variables called principal components (PC) which represent 

all variation within the dataset in decreasing order. PCA was carried 

out on all datasets in ‘R’ using the packages ‘adegenet’ (Jombart, 2008) 

and ‘ade4’ (Thioulouse and Dray, 2007). The obtained principal  

components were used as variables in further statistical tests. Linear 

Discriminant Analysis (LDA) was also used as an exploratory tool to 

visualise multivariate data in reduced dimensions. LDA produces  

synthetic variables called discriminant functions (DF) which represent 

variation in the dataset. In LDA, the prior grouping of individuals into 

classes is used to maximise discrimination between population classes, 

while in PCA, the discrimination between individuals is maximised. 

Hotelling’s T2 test was used to estimate significance of populations 

clusters in all methods. The Hotelling’s T2 test was carried out using 

the F-distribution on the first six principal components. A Wilcoxon 

test was carried out on centroid sizes to test if they differed significantly 

between populations. 

 

 

Results 

For each method, the level of significance between population pairs is 

tabulated in Table 4. Microsatellites show highly significant differentiation 

between all population pairs. 

 

Classical morphometry 

An initial PCA was carried out with the 350 test samples, including 

reference samples, where the first three principal components explained 

59% of the total variance (PC1: 24%, PC2: 22% and PC3: 13%). The 

clusters on the PCA showed a partial overlap, with the exception of 

samples belonging to A. m. siciliana that were more separated (figure 

not shown). The samples were assigned to their respective declared 

subspecies in a subsequent forced discriminant analysis that included 

the reference data.  In this analysis, the percentage of correct  

classifications was 94% for A. m. siciliana, but remained much lower 

structure was analysed using the ‘Structure 2.3.3’ software (Pritchard 

et al., 2000) which implements a Bayesian method using the Monte 

Carlo Markov Chain (MCMC) approach to cluster individuals. Admixture 

model was used for Ancestry and Frequency model assumed allelic 

frequencies to be correlated among populations. The MCMC was run 

for 500,000 iterations with a 50,000 burn-in period, with the number 

of clusters (K) ranging from 2 to 16 (with admixture). At least five 

repeats were performed to estimate variance and convergence of 

likelihood for each value of K. Five extra longer runs were carried out 

from K = 9 to K = 12 (2,500,000 iterations, 250,000 burn-in). In addition 

to ‘Structure’, the data were analysed using three other assignment 

algorithms (two Bayesian methods, according to (Rannala and Mountain, 

1997) and (Baudouin and Lebrun, 2000), and Nei’s standard distance 

(Nei, 1972), all implemented in ‘GeneClass 2.0’ (Piry et al., 2004) and, 

finally, using the function find.clusters() based on k-means in the ‘R’ 

package ‘adegenet’ (Jombart, 2008). The population assignments 

produced by the five algorithms (three ‘GeneClass’ algorithms, 

‘adegenet’ and ‘Structure’) were combined into a comparison table, 

and a consensus assignment was considered as reached when the 

same result was produced by at least three algorithms. The consensus 

assignment was compared to the original population declaration, and 

the final estimate of matches and mismatches (i.e. misassigned  

individuals) were tabulated. In cases where no consensus assignment 

could be obtained (results from different algorithms remained  

contradictory), the sample remained allocated to its original declared 

population. 

 

Allozyme analysis 

A total of 345 individual bees for allozyme analysis were collected from 

90 colonies in several apiaries. All genotypes in the experiment were 

represented in the sampling. The bees were transported to the laboratory 

alive and stored at -20°C. Six enzymatic systems were studied: MDH 

(malate dehydrogenase, EC 1.1.1.37); ME (malic enzyme, EC 1.1.1.40); 

EST (esterase, EC 3.1.1), ALP (alkaline phosphatase, EC 3.1.3.1), PGM 

(Phosphoglucomutase, EC 5.4.2.2) and HK (Hexokinase, EC 2.7.1.1). 

For the analysis of the enzyme systems MDH, ME, EST, PGM and HK, 

the thorax of each bee was homogenised, and for the analysis of ALP, 

the whole bee was homogenised. Homogenisation and polyacrylamide 

gel electrophoresis were performed according to Davis (1964) and 

Ivanova et al. (2007). The buffers and electrophoretic conditions used 

are described in previous studies (Boyer, 1961; Gahne, 1967; Shaw 

and Prasad, 1970). Enzyme activities were visualized by histochemical 

staining (Harris and Hopkinson, 1976) and alleles were numbered 

according to their relative anodal mobility. 

Of the 345 bees measured, 90 bees (one per colony) were randomly 

selected for further analyses due to the requirement of unrelated 

individuals. Basic population statistics was carried out using ‘GenAlex’  

6.5 in Excel. Population structure and assignment of individuals 

were carried out in program ‘Structure 2.3.3’. The MCMC was run for 
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for all other populations: 47% for A. m. carnica, 33% for A. m. ligustica, 

33% for A. m. mellifera, and 60% for A. m. macedonica. Fig. 2A shows 

a scatterplot of the LDA (DF1 vs. DF2) without reference samples. 

 

Geometric morphometry 

PCA and LDA were carried out on 381 test samples using 19 wing 

landmarks. The PCA showed poor discrimination with no obvious 

clustering. The LDA produced a better clustering than the PCA. The 

LDA results were similar to those from classical morphometry such 

that only A. m. siciliana could be visually discriminated from other 

populations. Scatter plot of LDA (DF1 vs. DF2) is shown in Fig. 2B. 

Removing the most discriminated population and rerunning the LDA 

resulted in slightly better clustering and discrimination between  

remaining populations (results not shown). Significantly different 

centroid sizes were found between A. m. siciliana - A. m. carnica (W P 

= 0.007) and A. m. siciliana - A. m. macedonica (W P = 0.01). Further 

detailed results are tabulated and illustrated in the Appendix. 

 

DNA microsatellite analysis 

All 24 loci were found to be polymorphic with 6.2 mean alleles per 

locus ranging from 2 to 21. No significant deviations from expected 

heterozygosities (He) were observed in any population (Exact F-test, 

Genepop). PCA was carried out on 315 samples for 24 loci, both with 

and without reference populations. Scatterplot of the PCA (PC1 vs PC2) 

on DNA microsatellite test data together with reference samples is 

shown in Fig. 3. The ellipses show areas that encompass 67% of data, 

for each reference and each test population. In general, the ellipses of 

the test population are placed close to the respective reference  

population, indicating good agreement between the two datasets. It 

can be generally observed that reference populations are much more 

tightly clustered compared to the test samples. This is because  

individuals with minimal admixture have been preselected as references 

samples. Most test populations show close coherence to the reference 

population. However, some A. m. carnica samples show variability (n 

= 145, Fig. 3A), and A. m. mellifera also showed a large dispersion 

but based on far fewer samples (n = 25, Fig. 3B). 

Population structure was inferred through the Bayesian clustering 

method implemented in the software ‘Structure’. K = 9 was selected 

as the optimal population (Fig. 4) based on clustering of reference 

populations. Under K = 9, A. m. siciliana bees were the most homo-

genous showing minimal hybridization with other populations. Admixed  

individuals were frequently observed in the A. m. carnica (especially 

CarG and CarP) and A. m. mellifera populations. 

Assignment results from ‘adegenet’, ‘GeneClass’ and ‘Structure’ 

were compiled and the combined result was used to predict the best 

population estimate for each individual. Of the 315 samples, 45 samples 

(14% of 315) did not yield a majority with the techniques and hence 

could not be given a consensus estimation, which means these individual 

bees were assigned to no population with more than 50% probability.  

Table 3. Summary of the comparison between declared and estimated 

population assignment based on DNA microsatellites. Estimates are 

based on multiple assignment algorithms including ‘Structure’, 

‘GeneClass’ and ‘Adegenet’. The number of bees declared as a certain 

population (before analysis) is shown as Declared. The assignment of 

these bees into the five populations (after analysis) is shown as Estimate. 

Last row shows the sum. (Pop) shows declared populations (subspecies) 

while (SPop) shows declared subpopulations (genetic lines). 

# Pop Declared 
Consensus Estimate 

Car Lig Mac Mel Sic 

1 Car 145 108 2 32 3 0 

2 Lig 51 0 48 3 0 0 

3 Mac 71 2 0 69 0 0 

4 Mel 25 2 0 5 18 0 

5 Sic 23 0 0 3 0 20 

 Sum 315 112 50 112 21 20 

        

# SPop Declared 
Consensus Estimate 

Car Lig Mac Mel Sic 

1 CarB 14 14 0 0 0 0 

2 CarC 19 14 0 5 0 0 

3 CarG 17 2 0 15 0 0 

4 CarK 18 17 1 0 0 0 

5 CarL 26 25 0 1 0 0 

6 CarP 36 25 1 7 3 0 

7 CarV 15 11 0 4 0 0 

8 LigF 21 0 20 1 0 0 

9 LigI 30 0 28 2 0 0 

10 MacB 29 2 0 27 0 0 

11 MacG 27 0 0 27 0 0 

12 MacM 15 0 0 15 0 0 

13 MelF 12 1 0 2 9 0 

14 MelL 5 0 0 0 5 0 

15 MelP 8 1 0 3 4 0 

16 Sic 23 0 0 3 0 20 

 Sum 315 112 50 112 21 20 

Table 4. Summary of significant differences between population pairs 

based on Hotelling’s T2 (using F-distribution) test carried out on first 

six principal components for each method. Significant differences are 

marked as follows: (P<0.001 ***, P<0.01 **, P<0.05 *, P>0.05 ns). 

MG: Geometric morphometry, MC: Classical morphometry, MS: DNA 

microsatellites, AZ: Allozymes. 

# Pop pairs MC MG MS AZ 

1 Car - Lig * *** *** * 

2 Car - Mac * *** *** ns 

3 Car - Mel ** ** *** *** 

4 Car - Sic *** *** *** *** 

5 Lig - Mac ns *** *** ns 

6 Lig - Mel ns * *** ns 

7 Lig - Sic * *** *** ns 

8 Mac - Mel ns *** *** *** 

9 Mac - Sic *** *** *** ns 

10 Mel - Sic *** * *** ns 



 

The remaining 270 samples (86% of 315) could be allocated a consensus 

estimate. Of these, 218 samples (69% of 315) were estimated to 

originate from the declared population, while 52 samples (17% of 315) 

were estimated to originate from a different population. 

The individuals from a declared population that were, after the 

analyses, estimated to a different population are referred to as  

misassigned individuals. The breakdown of misassigned individuals 

from the declared population (subspecies) or subpopulation (genetic 

lines) to final estimated population (subspecies) is shown in (Table 3). 

The populations with the highest fraction of misassigned individuals 

were Car (25%) and Mel (28%). Of the 145 declared Car, 32 individuals 

(22 %) were allocated to Mac. The lowest number of misassigned 

individuals was observed in Mac where only 2 out of declared 71 bees 

(3%) were allocated to Car. CarG had the highest number of mis-

assigned individuals where 15 out of declared 17 (88%) were allocated 

to A. m. macedonica. 

 

Allozyme analysis  

All six enzyme loci tested in this study were found to be polymorphic. 

The mean number of alleles per locus varied from 2.2 (Sic) to 2.7 (CarP). 

The estimated percentage of polymorphic loci varied from 66.7% to 

100% using the 0.95 criterion. The observed and expected heter-

ozygosities (Ho and He) ranged from 0.155 (MacM) to 0.374 (LigI) and 

from 0.219 (MacG) to 0.439 (LigI), respectively. Genotype frequencies 

did not deviate significantly from Hardy-Weinberg expectations. PCA 

and LDA were carried out on 90 samples for the six enzyme loci. The  
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PCA showed poor discrimination and did not reveal any visible separation 

between populations (results not shown). The LDA yielded a better 

separation than the PCA. Scatter plot of LDA axis DF1 vs DF2 is shown 

in Fig. 5. The program ‘Structure’ failed to reveal any population 

structure in this dataset and all individuals were assigned to all clusters 

with equal probabilities. 

 

 

Discussion 

Four commonly used methods of subspecies discrimination were combined 

and comparatively used on a set of samples that originated from the 

COLOSS GEI Experiment (Costa et al., 2012a). The samples analysed 

represented 16 different subpopulations thought to represent five 

European subspecies A. m. carnica, A. m. ligustica, A. m. macedonica, 

A. m. mellifera and A. m. siciliana.  Beyond substantiating the genetic 

background of the colonies used in the GEI Experiment, our aim was 

to compare the power and resolution of commonly available methods 

of subspecies discrimination in a combined analysis. 

While our results do show marked differences in resolution between 

the methods, as discussed below in more detail, we observed no  

obvious contradictions between the methods. The resolution between 

populations obtained with morphometric methods, both classical and 

geometric, proved rather low at the scale of individual bees. The  

discriminatory power of either method appeared insufficient to fully 

separate samples of the five subspecies in the analysis. Since we had 

Fig. 2. Results of morphometric analyses. A. Scatter plot of the LDA analysis (DF1 vs. DF2) on classical morphometric data. Figure shows 350 

individuals analysed using 11 angles. Sicilian bees can be easily discriminated while other populations are not obviously identifiable. B. Scatter 

plot of LDA analysis (DF1 vs. DF2) on geometric morphometry data. Figure shows 381 individuals analysed using 19 landmarks. Again, the 

Sicilian bees are best discriminated from other populations. The ellipses help to visualise clusters and encompass 67% of the data. 
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Fig. 3. Scatter plots of principal components 1 and 2 from PCA of DNA microsatellite data showing the six declared populations separately (A.-E.) 

in relation to nine reference clusters (background). The PCA has been performed wholly using all samples but plotted separately to better 

visualise the results. Number of individuals in the test population is indicated in parenthesis. Ellipses show 67% of the data distribution.  

Removing outlying population and re-analysis of PCA showed better separation of overlapping clusters. The nine reference clusters are Ref  

A. m. anatoliaca, Ref A. m. macedonica, Ref Buckfast, Ref A. m. carnica, Ref A. m. ligustica, Ref A. m. siciliana, Ref A. m. mellifera (Austria), 

Ref A. m. mellifera and Ref A. m. mellifera (Læsø). 
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Fig. 4. Bayesian assignment barplot (‘Structure’) showing reference populations (top row) (n = 904) and assignment of GEI test populations 

(bottom row) (n = 315) when K = 9. K was set to 9 due to nine distinct reference populations and is shown as nine different colours. Each 

vertical line represents an individual bee, the colours indicate assignment to certain population, while the length of the colour indicates the 

probability with which it belongs to that population. The reference populations from left to right are car (A. m. carnica), lig (A. m. ligustica), 

mac (A. m. macedonica), melA (A. m. mellifera Austria), melL (A. m. mellifera Læsø), mel (A. m. mellifera), sic (A. m. siciliana), ana (A. m. 

anatoliaca) and buk (A. m. mellifera  X Buckfast). The origins of these reference bees are labelled by 2-letter country code (HR-Croatia, SI-

Slovenia, IT-Italy, AL-Albania, BG-Bulgaria, GR-Greece, MK-Macedonia, AT-Austria, DK-Denmark, NL-Netherlands, NO-Norway, PL-Poland, CH-

Switzerland, TR-Turkey). For test bees, subspecies and genetic lines are labelled. For more details on genetics lines see text. 

Fig. 5. Scatter plot of DF 1 and DF 2 from the result of Linear Discriminant Analysis on allozyme data. Figure shows 90 individuals analysed 

for six enzymatic systems. The ellipses help to visualise clusters and encompass 67 % of the data. 



restricted our morphometric analyses to characters of wing venation for 

reasons of labour economy, this now allows us to test the power of 

resolution of these characters for the discrimination of closely related 

subspecies. 

Geometric morphometry has been used successfully to discriminate 

European subspecies, (Kandemir et al., 2000; Bouga and Hatjina, 2005; 

Tofilski, 2008; Kandemir et al., 2011; Miguel et al., 2011) and Africanized 

and non-Africanized bees (Francoy et al., 2008; Francoy et al., 2009). 

However, no analyses discriminating closely related European populations 

based on geometric morphometry have been published to date. Thus, 

evidence that this method can be successfully utilized for the purpose 

was still lacking (Meixner et al., 2013). Since the wing angles used in 

the classical approach according to Ruttner (1988) are based on the 

same point landmarks as the geometric method, a similar power of 

resolution could be expected. Here we only measured one bee per 

colony instead of the usual ten to fifteen that are recommended to take 

account of intra-colony variation (Radloff et al., 2003). Consequently, 

the usual averaging-out of inter-colony variation does not apply here. 

This fact may have contributed to the fuzzy result. 

When applying morphometric methods to discriminate closely 

related subspecies, it therefore appears advisable to include characters 

of size and pigmentation in addition to wing characters only, and to 

use the mean values of several bees per colony. It has been reported 

that wing measurement alone is insufficient to differentiate certain 

subspecies and other characters may be required (Gerula et al., 2009). 

More accurate measurements can be obtained by reducing the effect 

of outliers through averaging or through increasing image resolution 

with better cameras. This may help to improve the usage of both 

morphometric methods in the future. A higher level of standardisation 

is recommended to improve precision for between-laboratory  

comparisons. 

However, beyond reasons connected with the methods themselves, 

an important cause for the low power of resolution of the morphometric 

methods may be that several bees in the analysis themselves exhibited 

less of a “pure” morphology, but showed signs of hybridisation and 

therefore were difficult to differentiate in the analyses. This is particularly 

true for several of the A. m. carnica origins, especially those from 

Poland, and the A. m. mellifera bees from Poland and France. As the 

genotypes used in the experiment did originate from populations with 

very diverse backgrounds of breeding conditions (Büchler et al., 2014), 

the level of introgression with other populations and subspecies and 

the relatedness of queens within one genotype differed to a large 

extent. In contrast to microsatellite analyses (discussed in detail below) 

which can detect various discrete alleles at a locus and statistically deal 

with allele frequencies in different units of analysis, morphometric 

measurements consist of continuous variables and hybrids may produce 

conflicting results. In addition, due to possible dominance features of the 

traits, hybrids may be similar to one or the other parent, or to neither one. 
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Allozyme analysis of our experimental populations in general yielded 

a rather low level of resolution. Allozymes are markers exhibiting only 

few alleles in honey bees and other Hymenoptera as consequence of 

male haploidy (Pamilo and Crozier, 1981). Within A. mellifera, no fixed 

allelic differences between populations exist; in consequence, variation 

between populations consists exclusively of differences in allele  

frequencies, with a skewed distribution of alleles and mostly one very 

dominant allele (Sheppard and Berlocher, 1989). Although differences 

in allele frequencies have been successfully used to separate honey bee 

subspecies, this differentiation resulted mainly from rare or private 

alleles (Cornuet, 1986). These alleles occur at frequencies too low for 

applying allozymes to the sample size of individual bees, as used in our 

study. While a strong tool in many other orders of insects, in  

Hymenoptera, allozymes are of limited value. 

During the past two decades, one important tool, DNA micro-

satellites, have yielded consistent results in honey bee population 

studies. In particular, the 24 loci used here (based on recommendations 

in Solignac et al., 2003) allow for the separation of all five subspecies 

studied, as well as of several subpopulations within the subspecies. 

Our microsatellite analyses and comparison to reference samples 

demonstrate that the majority of the samples in the experiment could 

be allocated to their declared population. Based on microsatellite  

variation, 69% of all samples (n = 315) were correctly allocated to 

their declared subspecies with agreement among most assignment 

algorithms, while 17% were assigned to a different subspecies. In 14% 

of the cases, the various methods resulted in different assignments 

and the classification remained doubtful. 

The proportion of incorrect or doubtful assignments varied greatly 

across the genetic lines in our experiment. In A. m. siciliana, the  

proportion of classifications in agreement with the declared subspecies 

was highest, followed by the two origins of A. m. ligustica  (LigI and 

LigF), and the three origins of A. m. macedonica (MacB, MacG, MacM). 

This demonstrates high genetic integrity and homogeneity of these 

populations, with negligible introgression from other subspecies. With 

the exception of LigF, each of these genotypes originated from the 

native range of the respective subspecies. 

In Bulgaria, Greece and Macedonia, selection efforts predominantly 

rely on the local population of honey bees and importations are  

discouraged (Uzunov et al., 2009; Bouga et al., 2011) which probably 

contributes to the relatively high degree of homogeneity of these 

populations. In Italy, commercial queen production is highly developed 

with some breeders producing thousands of queens from few queen 

mothers, thus contributing to making the Italian A. m. ligustica  

population fairly homogeneous and lacking a detectable substructure, 

as shown by Dall’Olio et al. (2007). The LigI genotype used in our 

experiment originated from professional queen breeders enrolled in a 

national registry, and routine morphometric analyses are performed 

on their stock. 



The LigF genotype originates from an area well outside the native 

range of A. m. ligustica, but it has been maintained as a breeding line 

for several years. It has been reported previously that Finland originally 

did not have a native honey bee population (Ruttner, 1988), so the 

imported A. m. ligustica could probably be maintained pure with  

comparative ease. In addition, the honey bee density in Finland is  

comparatively low, (De la Rúa et al., 2009) and the current population 

of A. m. mellifera is confined to a few breeders in the East of Finland, 

thereby reducing the risk of hybridisation with other genotypes present 

in the country. A. m. siciliana is a special case, as it is known that this 

subspecies is phylogenetically more distant from the other subspecies 

considered in our study, and closer to the African subspecies (Sinacori 

et al., 1998; Franck et al., 2000). Together with the relatedness within 

the population, this could explain why A. m. siciliana bees were well 

discriminated from the others with most methods. The Sic genotype in 

our study originates from a small conserved population which has been 

maintained in isolation on protected islands for the past 30 years and 

represents the only existing remaining population of A. m. siciliana 

(Dall'Olio et al., 2008). The effectiveness of this conservation effort 

can be seen from our data. 

In contrast, the overall proportion of correct assignments in our 

various A. m. carnica lines was much lower, indicating considerable 

heterogeneity and admixture within the genotypes tested, although 

several of the A. m. carnica origins came from selected lines with strict 

mating control (Costa et al., 2012a; Büchler et al., 2014). A. m. carnica 

is one of the major honey bee subspecies with a large native range 

that reaches from south-eastern Austria and Hungary to Serbia and 

southern Croatia (Ruttner, 1988; Sušnik et al., 2004; De la Rúa et al., 

2009; Munoz et al., 2009; Nedić et al., 2009). The reference samples 

used in this study do not represent this entire geographic range, but 

originate from Slovenia and to a very limited extent from Croatia. 

Considerable geographic variation within A. m. carnica has been reported 

previously, both using morphological and genetic methods (Ruttner, 

1988; Sušnik et al., 2004; Muñoz et al., 2009). Using microsatellite 

analysis, Muñoz et al. (2009) observed differentiation between northern 

and southern Croatia, but no samples from Slovenia were included in 

their study. A direct comparison between our results and the data 

published by Muñoz et al. (2009) is not possible, but it is likely that 

some of the misclassifications in the Croatian (CarC) test population 

(25%, n = 145) may be attributed to geographic variation within A. m. 

carnica. Croatia pursues a restricted policy on honey bee importations 

and the use of bees other than A. m carnica has been prohibited (Bouga 

et al., 2011). 

On the other hand, bees of A. m. carnica origin are among the 

most popular breeds used for beekeeping in central Europe, where 

the native A. m. mellifera has been replaced by A. m. carnica in several 

regions (De la Rúa et al., 2009; Meixner et al., 2010; Bouga et al., 2011). 

In our experiment, this applies to the A. m. carnica genotypes from 

Germany (CarB, CarK, CarV), Austria (CarL), and Poland (CarG, CarP). 

Indeed, the majority of the A. m. carnica samples from Germany and 
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Austria show a high prevalence of alleles from Slovenian A. m. carnica, 

thereby demonstrating quite successful selection and mating control 

to keep these breeding populations “pure”.  CarV from Bavaria, albeit 

representing a selected line with carnica-like morphological appearance, 

good production and gentleness records, apparently still retains a minor 

amount of A. m. mellifera  alleles as has been suggested earlier based 

on morphometrics (Moritz, 1991).  

Most introgression was observed in the A. m. carnica genotypes 

from Poland (CarG and CarP), which in both cases may be ascribed to 

insufficient mating control. Open mating of selected queens is the rule 

in Poland, and mating stations are rare and not well isolated. While 

the CarP genotype shows noticeable A. m. mellifera introgression and 

a considerable amount of Buckfast alleles, a high proportion of alleles 

attributed to A. m. macedonica were also observed within CarG. This 

may be due to a true influence of A. m. macedonica, but an equally 

valid explanation would be an A. m. carnica source population that is 

not represented in our reference data set. Alternatively, this observation 

could also result from the use of hybrids between A. m. carnica and  

A. m. caucasica, another subspecies introduced to Poland and widely 

propagated among the beekeepers of this country (Bouga et al., 2011).  

Unfortunately, our reference data set did not include A. m. caucasica 

samples, so that our data do not permit a differentiation between 

these possibilities. 

Three A. m. mellifera genotypes were included in the experiment 

(MelL, MelF, and MelP) originating from Denmark (Læsø), France and 

Poland, respectively. The Danish MelL originated from a small  

population on the island of Læsø and consequently showed a high 

similarity to the respective A. m. mellifera reference population (also 

see Pinto et al., 2014). In the ‘Structure’ plot (Fig. 4), the reference 

samples of A. m. mellifera origin appear in three different clusters. 

This could be an artefact of the sampling method, almost every 

colony of both the Austrian and Læsø A. m. mellifera populations is 

included in the reference samples which may create a monophyletic 

group that ‘Structure’ can detect. Alternatively, these fragmented 

populations could have differentiated due to genetic drift. The bees 

from France were declared as MelF genotype, but mostly consisted of 

highly admixed individuals, even if some bees were classified as nearly 

pure A. m. mellifera. Some of the admixed MelF bees carried alleles 

typical for Buckfast, A. m. carnica, or A. m. ligustica, while others 

had a significant proportion of alleles that could be attributed to the 

Anatolian reference genotype. The MelF queens in the experiment 

did not represent selected stock or originate from a breeding line, 

but were descendants of an A. mellifera population in France surviving 

for two decades now without varroa treatment (Le Conte et al., 2007). 

In addition, the experimental queens of this genotype were not sisters, 

resulting in a low relatedness within this line. 

The MelP genotype from Poland also appears introgressed to a 

considerable extent, with the allelic contributions resembling those of 

the CarG genotype that is being maintained by the same institution. 

The source population of this genotype is “Augustowska” (from Olecko 



near Białystok, Poland), one of the four protected lines of A. m. mellifera 

in Poland (Bouga et al., 2011). It is, however, maintained by open-

mating only. Mating in isolated and protected areas appears rather the 

exception than the rule in Polish bee breeding. In other regions of the 

country, the conservation of the native black bee has been successful 

(Oleksa et al., 2011), hypothesised in part due to assortative mating 

(Oleksa et al., 2013). 

Based on our findings, many genetic lines used in European bee-

keeping today consist of a mixture of different source populations. 

Bees from areas with frequent and recent importations and little or no 

breeding show a high level of admixture and are hardly assignable to 

any subspecies any longer. Bees that are managed outside their native 

range, but subjected to some level of selection and breeding tend to 

show varying levels of admixture, like the popular A. m. carnica and 

A. m. ligustica. The outcome depends strongly on the presence and the 

type of breeding strategy as well as the level of adherence within each 

country’s beekeeping community to common goals. Queen breeders 

use different means of selection and varying degrees of mating control 

(Bouga et al., 2011). When pursuing replacement breeding, it is less 

important for the beekeepers to maintain a bee that is an exact replica 

of the imported source. What is important is to have a bee that is 

gentle and productive and well adapted to locally prevailing conditions. 

In contrast, breeding lines of honey bees that have been selected and 

maintained at their geographic origin mostly still resemble the native 

source populations. We observe this in our samples of native A. m. 

ligustica, A. m. siciliana and the various populations of A. m. macedonica 

and conserved A. m. mellifera. 

Admixed genetic lines are no surprise, since in fact several types 

of management co-exist in Europe, of which a few depend on heterosis 

effect or hybrid vigour (Cornuet et al., 1979; Adam, 1982; Laidlaw and 

Page, 1997). Given the behaviour of honey bees during mating, with 

one queen sampling and storing the semen of often more than 20 drones 

(Estoup et al., 1994), colonies become severely admixed in the following 

generations. In light of our observation that locally adapted bees 

survive longer (Büchler et al., 2014), widespread uncoordinated  

management strategies create grave concern. Any heterosis effect will 

vanish quickly in the following generations, and additionally the bees 

may end up carrying a genetic burden from introgression of maladapted 

genotypes. The positive traits of hybrid bees can only be maintained 

via continued selection and inbreeding, which creates demand for the 

incorporation of new variants to maintain heterosis in subsequent 

generations. Expanding the range occupied by hybridised bees at the 

expense of local bee populations may eventually result in globally 

uniform honey bees and obstruct future selection processes. The 

genetic structure and diversity of honey bees are further influenced by 

management strategies (Harpur et al., 2012; De la Rúa et al., 2013; 

Harpur et al., 2013).  
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