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Abstract – The genetic diversity of the honey bee (Apis mellifera ) remains undescribed in some parts of its natural
distribution range, concretely in those subspecies inhabiting central and southeastern Europe: the globally distributed
A. m. ligustica and A. m. carnica , and A. m. cecropia and A. m. macedonica . In this study, we add further
information about their genetic variation, differentiation, and admixture using maternal and codominant
(microsatellites) molecular markers. The phylogeographic analysis demonstrated the distinct distribution of mito-
chondrial haplotypes across the sampled geographic range. Cluster analysis detected two main groups of colonies
while further discriminant analysis of the principal components supported the existence of ecotypes within A. m
carnica and A. m. macedonica , and admixture of them. The extent of introgression and the presence of foreign
haplotypes in some of these populations suggested that introductions of non-native subspecies represent a serious
threat to the genetic integrity of native honey bee populations due to the creation of hybrid populations.
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1. INTRODUCTION

The conservation of the honey bee (Apis
mellifera L.) subspecies has long been ignored
because it is compromised by the activity of bee-
keepers. Practices such as commercial honey bee
breeding, the intensification of queen importation,
and transhumance movements change the distri-
bution and diversity of native honey bee popula-
tions and ecotypes (De la Rúa et al. 2009), thereby
threatening the local populations (De la Rúa et al.
2013). Furthermore, recent dramatic losses in
honey bee colonies jeopardize the ecosystem ser-
vices provided by this key pollinator (Jaffé et al.

2009). Thus, the conservation status of honey bees
within their original distribution areas needs to be
reconsidered.

The natural distribution range of the honey bee
includes Africa, Europe, and Western Asia, but
today this species is found worldwide due to
multiple migrations and introductions (Moritz
et al. 2005; Whitfield et al. 2006). Honey bee
populations exhibit differences in morphological
(Ruttner 1988), behavioral (Uzunov et al. 2014),
and colony development (Dražić et al. 2014;
Hatjina et al. 2014) characters due to historical
patterns of population isolation and adaptation to
the extensive habitat variation found in its natural
distribution range. About 30 subspecies of
A. mellifera are recognized based on morphomet-
ric characters (Ruttner 1988, 1992; Sheppard et al.
1997; Engel 1999; Sheppard and Meixner 2003;
Meixner et al. 2011; Chen et al. 2016) of which
ten are native to Europe and Mediterranean
islands (De la Rúa et al. 2009). These subspecies,
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which are also described as “geographic races”
(Ruttner 1988), have been grouped into four main
evolutionary branches by morphometric methods
and there is a strong correlation with discrete
geographical areas: Near East (O), tropical Africa
(A), and Mediterranean/European (M and C)
branches (Ruttner 1988). This grouping was con-
firmed using molecular tools (Cornuet and
Garnery 1991; Franck et al. 2000a; Wallberg
et al. 2014), increased (Y lineage; Franck et al.
2001; Cridland et al. 2017), and modified in rela-
tion to the composition of subspecies (Smith et al.
1997; Sinacori et al. 1998; Kandemir et al. 2006).

Introgression and displacement can occur very
fast in honey bee populations, as in contrast to
other managed animals, mating is extremely dif-
ficult to control in honey bees (Neumann et al.
1999; Palmer and Oldroyd 2000). Therefore gene
flow is frequent between neighboring honey bees
subspecies and local populations (Franck et al.
1998; Garnery et al. 1998a, b; Sheppard et al.
1991a, b; Jensen et al. 2005). In Europe, apart
from the intentional replacement of A. m.
mellifera by A. m. carnica in Germany and
neighboring countries (Dreher 1946; Maul and
Hähnle 1994), the importations and spread of
A. m. carnica , A. m. ligustica , and some hybrid
strains are mostly known from other regions
(Garnery et al. 1998a, b; Ivanova et al. 2007;
Jensen et al. 2005; Strange et al. 2008; Bertrand
et al. 2015; Henriques et al. 2018). In this sense,
the introduction of foreign subspecies into habi-
tats already occupied by native bees exposes the
native populations to introgressive hybridization,
which can modify the genetic pool of local honey
bee populations and drive the loss of their genetic
diversity, since particularly rare alleles are lost in a
reduced gene pool (De la Rúa et al. 2009; Muñoz
et al. 2012a).

Central and southeast European honey bee C-
subspecies (A. m. carnica , A. m. ligustica , A. m.
macedonica , and A. m. cecropia ) are naturally
distributed in the Balkan region, the plains of the
Danube, and diverse areas in the Apennine
Peninsula and Ukraine. Ruttner (1992) found
morphometric differences among C-subspecies,
but also found local variation within subspecies
related to climatic and geographical zones. He
described three ecotypes of A. m. carnica

morphologically: Alpine (in Austria and northern
mountainous Slovenia), Pannonian (in Hungary,
Romania to the Carpathians, south Slovenia, Cro-
atia, Serbia, Bosnia and Herzegovina, Montene-
gro, and Albania), and Dalmatian (in the Adriatic
coast), and two ecotypes of A. m. macedonica :
Carpathian (in Ukraine and the Romanian plains
of the lower Danube River and east of the
Carpathian mountains) and Pontic (in Bulgaria,
the Former Yugoslav Republic of Macedonia
(FYROM) and northern Greece). The natural dis-
tribution of A. m. carnica and A. m. macedonica
has been shown to bemore correlated with climate
than with geography, at least in Romania (Coroian
et al. 2014).

Areas of hybridization have been detected in C-
honey bee populations: in Albania between A. m.
carnica and A. m. macedonica (Dedej et al.
1996); in FYROM by the interaction of native
A. m. macedonica with A. m. ligustica and
A. m. carnica , due to the traditional and long-
term intensive importation of A. m. carnica and
uncontrolled importation of A. m. ligustica
queens (Uzunov et al. 2009); in Bulgaria, where
A. m. ligustica , A. m. carnica , and A. m.
caucasica have commonly been reared for more
than three decades, and strongly hybridized with
the native A. m. macedonica (Ivanova et al.
2007); in central Greece, commercial queen
breeding and migratory beekeeping have contrib-
uted to the almost complete hybridization (Bouga
et al. 2005) of the four native subspecies originally
described by Ruttner (1988). In addition, mito-
chondrial haplotypes characteristic of A. m.
ligustica were detected in the Carniolan honey
bee populations from Slovenia (Sušnik et al.
2004), Croatia (Muñoz et al. 2009), and Serbia
(see Figure 1 in Nedić et al. 2014 for an
overview).

To develop measures for the conservation of C-
subspecies and ecotypes, it is necessary to char-
acterize the genetic diversity status of at-risk nat-
ural populations. Thus, the first goal of the present
study was to describe the current genetic diversity
of central and southeast European honey bee pop-
ulations by analyzing mitochondrial andmicrosat-
ellite markers. Second, we quantified the amount
of introgression and hybridization among the pop-
ulations. Finally, we emphasize the usefulness of
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molecular tools for strategic conservation prac-
tices and new sustainable breeding designs for
commercial beekeeping.

2. MATERIAL AND METHODS

2.1. Honey bee samples

Honey bee samples were collected through-
out the C-subspecies distribution in central and
southeastern Europe during 2007–2012
(Figures 1 and S5). Honey bee samples were
grouped into four datasets related to their

geographical distribution: ligustica (honey
bee samples from Italy), carnica (samples
from Austria, Slovenia, Hungary, Croatia,
Bosnia, Montenegro, Albania, Serbia, and Ro-
mania), macedonica (samples from southeast
Serbia, southeast Romania, FYROM, Bulgaria,
and north Greece), and cecropia (samples
from the Greek islands and Peloponnese).
Adult honey bee workers were sampled from
564 colonies and preserved in absolute ethanol
at − 20 °C. Total DNA was extracted from a
pair of legs using the Chelex® method (Evans
et al. 2013).

Figure 1. Natural distribution area of A. mellifera subspecies and ecotypes belonging to the east European
evolutionary lineage C (adapted and modified from De la Rua et al. 2009). Number of colonies and details by
country are shown in Supplementary Information.
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2.2. Mitochondrial DNA analysis

The method used to identify the maternal
origin of the honey bee colonies and to allo-
cate them to different evolutionary lineages
was based on the variation in the mitochon-
drial intergenic region located between the
tRNAleu and cox2 genes (Garnery et al.
1993). Mitochondrial markers can be used
to investigate the ancestry of individual col-
onies (which is inherited directly from the
queen). Two types of sequences are present
in this region: P and Q. The intergenic re-
gion of honey bees from the C-lineage con-
tains a single copy of the Q sequence
(Garnery et al. 1993). The combined length
and sequence variation detected in each
worker honey bee with a restriction fragment
length polymorphism or RFLP approach, de-
termined different C-haplotypes (C1 in A. m.
ligustica , C2 and C3 in other C-subspecies).
Further sequencing of the intergenic region
allowed more C-haplotypes (or variants) to
be discriminated (named with a lower-case
letter following Rortais et al. 2011).

One worker bee per colony was used for
mitochondrial DNA (mtDNA) identification.
The intergenic tRNAleu-cox2 region was
PCR-amplified using a thermocycler PTC
100 (MJ Research) in a total volume of 25
μL with KapaTaq DNA Polymerase (KAPA
BIOSYSTEMS), which contained 4 μL of
DNA template, 200 μM total dNTP, 1× Re-
action Buffer, 0.5 U/rxn KapaTaq DNA Po-
lymerase, 1.5 mM MgCl2, and 0.4 μM of
each primer (E2: 5′-GGCAGAATAAGTGC
ATTG-3 ′ and H2: 5 ′ -CAATATCATT
GATGACC-3′, Garnery et al. 1993). The
thermocycler program was as follows: 94
°C (5 min); 35 cycles of a 45-s denaturation
at 94 °C, a 45-s elongation at 48 °C, a 60-s
extension at 62 °C; and a final extension step
at 65 °C for 20 min. Amplicons of each
sample were purified with isopropanol and
5 M ammonium acetate and submitted for
sequencing (Secugen S.L., Madrid, Spain)
using an ABI® PRISM 310 sequencer (Ap-
plied Biosystems, Foster City, CA, USA)
with E2 and H2 primers.

2.3. Microsatellite genotyping

Biparentally inherited nuclear markers provide
powerful information about population events
such as introgressive hybridization via mating
between drones and queens. A total of 12 poly-
morphic microsatellite loci (plex 1: A7, A113,
Ap43, Ap55, and B124 and plex 2: A8, A79,
A88, Ac11, Ap224, Ap249, and Ap274; Estoup
et al. 1995; Garnery et al. 1998b; Solignac et al.
2003) were screened using two different multiplex
PCRs. The PCR reactions were conducted in a 10
μL total volume that contained 1× reaction buffer
(Netline), 1.2 mMMgCl2, 0.3 mM of each dNTP,
0.4 μM of each primer, 3 U Taq polymerase
(Netline), and 2 μL of DNA extract. The amplifi-
cation was performed at 95 °C for one 5-min
cycle, 30 cycles of 95 °C for 30 s, 54 °C (plex 1)
or 50 °C (plex 2) for 30 s, 72 °C for 30 s, and 72
°C for a 30 min cycle. PCR products of each
multiplex were visualized separately by capillary
electrophoresis using an ABI® 3730 DNA ana-
lyzer (Applied Biosystems, Foster City, CA,
USA) and sized with an internal size-standard
(Servei Central de Suport a la Investigació Exper-
imental, University of Valencia, Spain). Alleles
were subsequently scored using GeneMapper®
v3.7 (Applied Biosystems, Foster City, CA,
USA).

2.4. Genetic diversity indexes

Multiple mitochondrial alignments were pro-
duced using the online version of the multiple
alignment program for amino acid or nucleotide
sequences (MAFFT v7, Katoh and Toh 2008).
Sequences of each new and previously published
haplotypes were deposited in GenBank. Individ-
ual rarefaction curves based on haplotype richness
and Shannon H index were generated with the
PAST 4.02 program (Hammer et al. 2001) to
estimate both sampling sufficiency and expected
occurrence of haplotypes for smaller samples. The
average number of haplotypes (Nh), number of
effective haplotypes (Ne), number of private hap-
lotypes (Np), haplotype diversity (D ) and haplo-
type unbiased diversity (uD ) were calculated for
all subspecies using GENALEX v6.5 (Peakall and
Smouse 2006).
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Population genetic parameters based on micro-
satellite variation were also estimated with
GENALEX v6.5 (Peakall and Smouse 2006)
using a single honey bee worker genotype per
colony. Genetic diversity within regions and sub-
species was evaluated by computing the allele
frequencies, observed (Ho) and unbiased expect-
ed heterozygosity (uHe), and allelic richness (Ar)
using rarefaction with the HP-RARE software
(Kalinowski 2005). The Hardy-Weinberg equilib-
rium was tested with Genepop (Raymond and
Rousset 1995).

2.5. Population structure and hybridization
analyses

A haplotype network was constructed using the
median-joining algorithm (Bandelt et al. 1999)
with NETWORK v4.6.1.1 (fluxus-engineering.
com). A Bayesian model-based clustering method
using four sets of samples was performed in an
initial attempt to determine whether the sampling
regions represented genetically distinct subspe-
cies, which estimated the posterior probability
for a given number of genetic populations that
resembled subspecies (K) with STRUCTURE
v2.3.2 (Pritchard et al. 2000). The set of samples
was divided into several data sets so that in three
analyses one honey bee per colony was used and
in a last case from 1 to 5 honey bees per colony
were used, running each one separately in
STRUCTURE. An admixture model was used
that assumed correlated allele frequencies. The
results were based on simulations with 100,000
burn-in steps and 1,000,000 MCMC (Markov
Chain Monte Carlo algorithm) iterations. Five
runs were used for each K value (K = 1–10) to
estimate the most likely value of K . The number
of clusters was defined using the value of ΔK
described in Evanno et al. (2005) using STRUC-
TURE HARVESTER (Earl and vonHoldt 2012)
and the results of the runs were combined with the
software CLUMPP (Jakobsson and Rosenberg
2007). We also used a discriminant analysis of
principal components (DAPCs), a multivariate
method that allows probabilistic assignment of
individuals to each cluster. Unlike STRUCTURE,
DAPCs do not require an a priori population
genetic model to identify clusters and it is

especially suitable for describing clusters of ge-
netically similar individuals (Jombart et al. 2010).
DAPC analysis was performed using the
“adegenet” package (Jombart 2008) in the statis-
tical program R v2.13.1 (R Development Core
Team 2011). The optimal number of DAPC clus-
ters in the data was determined using the
diffNgroup option, which identifies sharp chang-
es in the fit of models (measured using the Bayes-
ian Information Criterion) with different numbers
of clusters. The individual assignment test was
performed using GENALEX to find the propor-
tion of introgressed (hybrid) individuals amongC-
subspecies. This program uses log-likelihood
values to calculate assignments. Also, individual
assignment tests were carried out in the program
GENECLASS v.2.0 (Piry et al. 2004) using Nei’s
standard distance (Nei 1972), a Bayesian method
(Rannala and Mountain 1997) and a Bayesian
MCMC method (Cornuet et al. 1999) as the
criteria for computation. For these analyses, the
purest individuals detected in STRUCTURE (av-
erage membership proportions Q i > 95%) were
selected as reference groups and the assignment of
the remaining samples was evaluated.

Genetic differentiation was assessed using F ST

analysis, which generally performs well when the
divergence among samples is expected to be low
(Balloux and Goudet 2002). The total genetic
differentiation between clusters was assessed
using analysis of molecular variance (AMOVA),
in addition to pairwise F ST estimates (using Weir
and Cockerham estimator) implemented in
ARLEQUIN v.3.1 (Excoffier et al. 2005). The
significance of these estimators was assessed
using a non-parametric permutation approach
(10,000 permutations) and a Bonferroni correc-
tion was applied to significance values.

3. RESULTS

3.1. Genetic diversity

The diversity indices for mtDNA and
microsatellites demonstrated high levels of genet-
ic variation within honey bee C-subspecies
(Tables I and II respectively). The tRNAleu-cox2
intergenic region from 564 honey bee individuals
was characterized by the presence of only one Q
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sequence, which corresponded to the predicted
composition of this region in the C-evolutionary
lineage subspecies. Using the RFLP approach, we
were able to differentiate three different restriction
patterns (with Dra I fragment sizes 47-41-64-420:
C1, 47-40-64-420: C2, and 47-40-63-420: C3),
while the sequence alignment of 578 bp detected
28 polymorphic sites (4.84%) that defined 29
haplotype variants (Table S1). Eighteen of the
29 haplotypes detected were known from previ-
ous studies (Franck et al. 2000a; Sušnik et al.
2004; Özdil et al. 2009; Muñoz et al. 2009,
2012b; Coroian et al. 2014) whereas 11 were
novel. The mean haplotype unbiased diversity
(uD ) varied from 0.000 (ligustica set) to 0.758
(carnica set). The individual rarefaction curves
(Figure S1) of the haplotype diversity indicated
that sampling was representative for the ligustica ,
carnica , and macedonica sets but not for the
cecropia set so this set was used only for refer-
ence purposes.

A total of 558 honey bee individuals provided
reliable genotypes with the 12 microsatellite loci
analyzed. As a first insight into the genetic diver-
sity of central and southeast European honey bees,
we inferred population parameters by grouping
the samples into sets based on the geographic
location of the sampled colonies. All microsatel-
lite loci were highly polymorphic with a total of
186 observed alleles. The overall number of al-
leles ranged from seven (Ap274) to 40 (A7) and
the average number of alleles varied from 4.83
(cecropia set) to 13.83 (carnica set). After rare-
faction, the mean allelic and private allelic rich-
ness were lower in the ligustica set and higher in
the cecropia set. The average genetic diversity,

measured as expected heterozygosity (uHe ),
ranged from 0.612 (carnica ) in the north to
0.734 (cecropia ) in the south of the Balkan Pen-
insula, which again was lower in the ligustica set
(0.519). Carnica and macedonica sets showed
significant deviations from the Hardy-Weinberg
equilibrium. These departures were mostly posi-
tive, as quantified by F IS values, which indicated
an excess of homozygotes at these sites. Signifi-
cant F IS were observed in every C-subspecies set
ranging from 0.06 in carnica to 0.19 in cecropia ,
although the ligustica set had positive values of
F IS.

3.2. Phylogeographic pattern

The most common haplotype was C2d
(38.8%), followed by C2c (23.8%) and C1a
(11.2%). Differences in the haplotype distribution
were observed at subspecies and geographical
levels (Table S2). C2d was very frequent in the
southeast Balkan Peninsula, while C2c was abun-
dant in the north of the study region. C1a was
most common in the Italian Peninsula (ligustica
set).

The haplotype network based on mtDNA se-
quences from 564 samples from four C-
subspecies detected a highly complex distribution
of haplotypes (Figure 2 and Table S2). The C2d
haplotype occupied a central position and haplo-
types such as C2b, C2e, C2i, C2j, C2q, C2u, C2v,
C2w, C2aa, C2ab, C2ad, and C2ag were connect-
ed to C2d by a single mutational change whereas
other haplotypes were connected by three or more
mutational steps. These haplotypes were distrib-
uted in the center and south of the Balkan

Table I. Estimates of genetic variation in European honey bee C-subspecies inferred from tRNAleu-cox2 intergenic
region

Subspecies N Nh Ne Np D uD

A. m. ligustica 20 1 1.000 0.000 0.000 0.000

A. m. carnica 394 21 4.101 12.000 0.756 0.758

A. m. macedonica 145 17 2.729 7.000 0.634 0.638

A. m. cecropia 5 3 2.273 0.000 0.560 0.700

N number of colonies, Nh number of haplotypes, Ne number of effective haplotypes, Np number of private haplotypes, D
haplotype diversity, uD haplotype unbiased diversity
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Peninsula. On the left-hand site, C2c was connect-
ed with C2d by C2v (detected in only one colony
from Romania), while the haplotypes C1a, C2ac,
C2s, C2y, and C2z were connected with C2c by
single mutational steps with a star-like topology.
C2c and the connected haplotypes were distribut-
ed in the north of the Balkan Peninsula. The most
common Italian haplotype C1a was connected
with C3a (detected in only two colonies from
Slovenia) and C2c (distributed in the Italian Pen-
insula and some northern countries in the Balkan
Peninsula) by one mutational change.

3.3. Population genetic structure

The STRUCTURE simulations with the four
samples sets (Figure S2) showed that the optimal
number of clusters was two after correction based
on Evanno et al. (2005) (for all analyzed honey
bee workers: K = 2, mean LnP(D ) = − 31,455.42,
mean Var[LnP(D )] = 320.15, Figure S2D). At K
= 2, honey bee populations from the Italian Pen-
insula (A. m. ligustica ) and the northern and cen-
tral honey bee populations from the Balkan Pen-
insula (A. m. carnica ) were assigned to cluster 1,
while southern honey bee populations from the
Balkan Peninsula (A. m. macedonica ) and some
from Greek islands (A. m. cecropia ) were includ-
ed in cluster 2. Clear signs of admixture were
observed between these clusters, mostly in Roma-
nia and Serbia. However, from a biogeographical
perspective, the optimal model was rather six
genetic clusters in which a genetic substructure
appeared (Figure 3); therefore, we also analyzed
K = 3–6 with STRUCTURE. This genetic sub-
structure was confirmed by independent runs with
the four sample sets (Figure S3). At K = 3, we
observed three groups, cluster 1 formedmainly by
the samples from Italy corresponding to A. m.
ligustica and the northwest of Balkan Peninsula
(Austria, Slovenia, Hungary, and Croatia), cluster
3 formed by the samples from southern of Balkan
Peninsula (Bulgaria and Greece), and the cluster
2 with admixture formed mainly by honey
bees from the central of the Balkan Peninsu-
la. At K = 4, we found additional substruc-
ture within honey bee populations from the
central of the Balkan Peninsula, with a fourth
cluster formed by the samples from southeastT
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Serbia and FYROM. At K = 5, a new cluster
formed mainly by the samples of bees from
Greece can be observed, and at K = 6

appears another more heterogeneous one
within the samples from the northwest of
the Balkan Peninsula.

Figure 2. Median-joining network based on 578-bp sequences of the tRNAleu-cox2 intergenic region for 564 honey
bee colonies from eastern Europe. The size of the circles is proportional to the number of sequences assigned to that
haplotype. Small black line on link connecting the haplotype indicates one mutational difference. A small black
square represents median vectors.

Figure 3. Results of STRUCTURE analysis based on microsatellite data of all honey bee workers (1–5 individuals
per colony) assuming from K = 2 to K = 6. Each individual is represented by a single vertical line, divided into K
colors. The colored segment shows the individual’s estimated proportion of membership to the genetic cluster. IT,
Italy; AT, Austria; SI, Slovenia; HU, Hungary; HR, Croatia; BA, Bosnia and Herzegovina; ME, Montenegro; RO,
Romania; RS, Serbia; RO-SE, southeast of Romania; RS-SE, southeast of Serbia; AL, Albania; MK, Macedonia;
BU, Bulgaria; EL, Greece.
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These six STRUCTURE clusters were further
corroborated by DAPCs (Figure 4). In the analy-
ses of K = 4, the samples from Bulgaria and
Greece (cluster iv) appeared to be separated from
the other three clusters. The separate examination
with DAPCs using the two main clusters inferred
by STRUCTURE detected three clusters
(Figure 4b) in STRUCTURE-based cluster 1
(honey bee samples from the Italian Peninsula
and the center north Balkan Peninsula) which
corresponded to ligustica (cluster 1: Italian Pen-
insula) and two clusters within carnica subspe-
cies, the carnica -1 (cluster 2) with honey bees
from northwest of Balkan Peninsula (Austria, Slo-
venia, Hungary, Croatia, Bosnia and Herzegovi-
na, Serbia-north and Romania-north) and the
carnica -2 (cluster 3) mainly with honey bees
from central and east of Balkan Peninsula (Mon-
tenegro, Serbia, and Romania). As well as three
different clusters (Figure 4c) in STRUCTURE-

based cluster 2 (southern honey bee populations
from Balkan Peninsula), which corresponded to
two clusters within the macedonica subspecies
(honey bee samples from the southeast of Serbia
and FYROM in cluster 5/macedonica -1, and
samples from Bulgaria and the north of Greece
in cluster 6/macedonica -2), and finally one clus-
ter of cecropia subspecies from the south of
Greece and Greek islands (cluster 4).

3.4. Introgression and hybridization

The STRUCTURE analysis indicated a high
proportion of admixture in the honey bee popula-
tions from Romania and Serbia. To obtain further
insights into the level of hybridization in these
European honey bee populations, we conducted
an assignment test in GENALEX using the clus-
ters defined by DAPCs (Table III). The clusters
with the highest percentage of individuals

Figure 4. Inference of genetic clusters using discriminant analysis of PCs (DAPCs) based on microsatellite data for
four clusters with all honey bee samples (a ), the DAPC results for the STRUCTURE-based cluster 1 formed only
with the honey bee samples from ligustica and carnica of the clusters i and ii of panel a (b ), and the DAPC results
for the analysis for the STRUCTURE-based cluster 2 with only the samples from clusters iii and iv of panel a (c ).
The up-left plot shows the Bayesian Information Criterion (BIC) using the diffNgroup option for different numbers
of clusters (K ), with the optimal K for panel a indicated by a red circle.
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assigned to their own population were
macedonica -1 (97.18%), ligustica (93.59%),
and macedonica -2 (89.41%). The populations of
carnica had a higher level of ligustica introgres-
sion (6.11 and 2.16% in carnica -1 and carnica -2
respectively), while the population of cecropia
displayed introgression from carnica (4.65%)
and macedonica -2 (32.56%). The percentages of
introgressed individuals between carnica groups
were greater than those detected between
macedonica groups.

In the assignment test GENECLASS using the
purest individuals detected in STRUCTURE (av-
erage membership proportions Q i > 95%) as ref-
erence groups, we were able to correctly assign
92.91% and 55.35% of all simulated individuals
to their respective reference populations using the
Nei’s standard distance and Rannala and Moun-
tain methods respectively (Figure 5). Comparing
both methods, the Nei’s standard distance (Nei
1972) allowed to assign more individuals than
the Bayesian method (Rannala and Mountain
1997). For both methodologies, the population
of Italy was assigned to the ligustica group, those
of southeast of Serbia and FYROM to the
macedonica -1 group, and those of Bulgaria and
northern Greece to the macedonica -2 group.
However, the assignment of the Austrian individ-
uals was more ambiguous, finding the same prob-
ability of belonging to carnica -1 and carnica -2
groups by both methods. For the remaining
northern and central Balkan populations, the
highest probability value for the Nei method
corresponded to the population assignment of
the Bayes i an method , a s s ign ing the

Hungarian population to the carnica -2 group
and the remaining populations to the
carnica -1 group.

The histogram of the hybrid individuals
detected for each inferred cluster using
DAPCs (Figure S4a) revealed a higher
amount of hybrid individuals in the carnica
clusters (26.52 and 27.08% in carnica -1 and
carnica -2 respectively). The inferred genetic
composition of the hybrid individuals
(Figure S4b) showed that the majority had a
higher proportion of ligustica alleles while
the carnica groups had a considerable hy-
bridization among them. The graphical repre-
sentation of the subspecies and clusters dis-
tribution in the sampled region shows this
complex pattern (Figure S5).

3.5. Genetic diversity within DAPC clusters

The allelic pattern based on the 12 micro-
satellite loci in the six clusters detected
using DAPCs is shown in Figure 6. The
cluster carnica -1 had the highest number of
private alleles. The number of alleles de-
creased from north to south while the mean
values of genetic diversity (uHe) showed the
opposite trend, decreasing from the south of
Greece (A. m. macedonica ) to the north of
the Balkan peninsula (carnica clusters) while
the lowest values were found in the Italian
peninsula. As in the previous analysis at the
subspecies (set) level, the carnica and
macedonica clusters had significant devia-
tions from the Hardy-Weinberg equilibrium.

Table III. Percentage of individuals from each inferred DAPC cluster that were assigned to their own (italic type) or
different cluster in a GENALEX assignments test

ligustica carnica -1 carnica -2 macedonica -1 macedonica -2 cecropia

ligustica 93.59 6.11 2.16 1.41 1.18

carnica -1 3.85 68.22 12.43 3.53 4.65

carnica -2 2.56 17.60 77.84 1.41 1.18 4.65

macedonica -1 5.62 3.78 97.18 1.18

macedonica -2 1.71 3.24 89.41 32.56

cecropia 0.73 0.54 3.53 58.14

% introgression 6.41 31.78 22.16 2.82 10.59 41.86
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The clusters obtained from the DAPC analysis
exhibited significant genetic differentiation according
to the pairwise F ST comparison (Table IV). The F ST

value between carnica clusters (0.054) was lower
than that betweenmacedonica clusters (0.121), while
the ligustica and cecropia clusters had minor signif-
icant F ST values with carnica -1 (0.075) and
macedonica -2 (0.066), respectively. The proportions
of genetic variation associated with the carnica and
macedonica DAPCs clusters were significantly dif-
ferent (Table V) and there was a significant substruc-
ture within carnica (5.28%) and macedonica
(8.81%) subspecies based on the microsatellite data.

4. DISCUSSION

Our results revealed extensive intraspecific hy-
bridization among the four different subspecies of
honey bees belonging to the central and southeast
Europe evolutionary C-lineage. In some popula-
tions, the mtDNA signal of introduced subspecies
was present in one-third of the colonies sampled.
However, signs of natural genetic variation could
still be traced by analyzing codominant markers.
Overall, our results confirmed the hypothesis of
the existence of local ecotypes within this lineage,
so it is reasonable to state that the introductions of

Figure 5. Distribution of highest probability assignments of honey bee individuals from each geographical origin to
belong to the defined subspecies and ecotypes as determined using the resampling procedure in GENECLASS 2.0
(Piry et al. 2004) by Nei’s standard distance (Nei 1972) method (bars), and by Bayesian (Rannala and Mountain
1997) method (points).

Table IV. Differentiation between C-clusters detected with DAPCs by pairwise F ST value based on microsatellite
loci provided by ARLEQUIN 3.1 performing 10,000 permutations

ligustica carnica -1 carnica -2 macedonica -1 macedonica -2 cecropia

ligustica 0.075 0.139 0.166 0.132 0.239

carnica -1 *** 0.054 0.104 0.108 0.216

carnica -2 *** *** 0.103 0.121 0.169

macedonica -1 *** *** *** 0.122 0.202

macedonica -2 *** *** *** *** 0.066

cecropia *** *** *** *** *

Above diagonal, F ST value; below diagonal, significant differences level (P value). ***P < 0.001; **P < 0.01; *P < 0.05; ns non-
significant
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non-native honey bee queens into these regions
represent a serious threat to the genetic integrity of
local populat ions due to introgress ive
hybridization.

4.1. Genetic diversity and differentiation
within subspecies

Compared with other European honey bee pop-
ulations that correspond to other (Jensen et al.

2005; Cánovas et al. 2011; Rortais et al. 2011;
Pinto et al. 2014) or the same (Soland-Reckeweg
et al. 2008; Dall’Olio et al. 2007) evolutionary
lineages, the central and southeastern honey bee
populations had a high level of genetic diversity at
the mitochondrial and nuclear (microsatellite)
levels. The mtDNA data showed that the haplo-
type genetic diversity was higher in the Balkans
than in the Italian Peninsula (Franck et al. 2000b).
In contrast to the West European honey bee, A. m.

Table V. Quantitative estimates and partitioning microsatellite variation in different AMOVA tests designed as
follows: the four subspecies in total and pairwise comparison, and DAPC clusters within A. m. carnica and A. m.
macedonica

Grouping Variation among groups (%) Variation among populations within groups (%)

Four C-subspecies 2.32*** 2.30***

Two C-subspecies

ligustica-carnica 6.90*** 0.62***

ligustica-macedonica 4.17*** 7.65***

ligustica-cecropia 20.54*** 16.71ns

carnica-macedonica 0.58*** 2.34***

carnica-cecropia 19.34*** 0.53***

macedonica-cecropia 6.20*** 6.81***

Two clusters within carnica

carnica 1-carnica 2 5.28*** 0.83***

Two clusters within macedonica

macedonica 1-macedonica 2 8.81*** 1.44ns

***P < 0.001; **P < 0.01; *P < 0.05; ns non-significant

Figure 6. Allelic patterns for microsatellite data in C-subspecies and detected clusters withinA.m. carnica andA.m.
macedonica subspecies with DAPC.
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mellifera (Jensen et al. 2005; Pinto et al. 2014), a
phylogeographic pattern irrespective of introgres-
sion based on the presence of foreign haplotypes
in these populations can still be observed. These
contrasting results may have been due to the lack
of geographic barriers to gene flow in the former
region and the presence of mountain ranges run-
ning from north-west to south-east in the Balkan
Peninsula. Despite this natural pattern, the close
connections among beekeepers were also
reflected in our results because the queen trade is
fairly intensive in this area and introductions of
queens with different origins could be the source
of the extreme haplotype variation detected.

Microsatellite markers were more effective for
detecting genetic diversity changes and subsequent
population structuring. Our results demonstrated
that the southern honey bee populations are more
diverse than the northern ones. This agrees with
studies of Spanish and French populations of the
West European honey bee (Garnery et al. 1998b)
where A. m. mellifera populations exhibited a di-
versity cline from south to north, which suggested
that this subspecies has naturally colonized north-
ern Europe from its southern refuge in Spain
(Chávez-Galarza et al. 2015). The higher level of
genetic diversity detected in this study also sug-
gests that the colonization of east Europe involved
honey bees from the Balkan Peninsula. This colo-
nization pattern has been observed in other species,
where northern Europe has been colonized at least
partially from refugia in the Balkans or areas fur-
ther east (Hewitt 1999, 2000).

In the eastern C-lineage, the substructure was
partially in agreement with the original subspecies
and ecotype definitions based on the morphological
and molecular descriptions of Ruttner (1988, 1992)
andMuñoz et al. (2009). For A. m. carnica , Ruttner
(1992) described the presence of two morphologi-
cally distinct ecotypes according to zoogeographical
zones, i.e., the Pannonian and the Alpine ecotypes,
and one variation spread along the Adriatic coast,
the Dalmatian. Our results confirmed the existence
of two groups in A. m. carnica , i.e., carnica -1 and
carnica -2, which may be associated with the
Pannonian and Alpine ecotypes, respectively.
Although significant, the amount of differentiation
between them is small and considerable gene flow
and hybridization between the carnica populations

was detected that led to partial homogenization of
the two carnica ecotypes. For A. m. macedonica ,
Ruttner (1988, 1992) described two morphological
ecotypes: the Carpathian in Ukraine and Romania in
the plains of the lower Danube River and east of the
Carpathian Mountains, and the Pontic ecotype in
Bulgaria, FYROM, and northernGreece.Our results
demonstrated the presence of two clusters within
A. m. macedonica , i.e., macedonica -1 and
macedonica -2, in the distribution area of the Pontic
ecotype. The clustermacedonica -1was found in the
southeast of Serbia and FYROM, whereas the
macedonica -2 group was detected in Bulgaria and
northernGreece. In this case, the genetic divergence,
high percentage of individuals re-assigned to self-
cluster, and the low number of hybrid individuals
suggested restricted gene flow between honey bee
populations belonging to the macedonica ecotypes.
These results are consistent with those obtained by
Nedić et al. (2014) who found that in Serbia, there
was a clinal segregation between A. m. carnica in
the northwest and A. m. macedonica in the
southeast, and also by Uzunov et al. (2014) who
found that the honey bee population from Bulgaria
was different from the other samples analyzed with-
in the A. m. macedonica subspecies.

4.2. Introgression and implications for
conservation

The mtDNA and microsatellite analyses pro-
vided evidence for introgression events from
neighboring A. mellifera subspecies. Mitochon-
drial introgression from Italian A. m. ligustica
(haplotype C1a) was detected in the northern
Balkan Peninsula and the results of the assign-
ment test also indicated nuclear introgression, par-
ticularly in the carnica ecotypes. Italian honey
bee breeders widely export A. m. ligustica queens
inside and outside Italy, and most come from
Emilia-Romagna where the C1a haplotype is very
common (Franck et al. 2000b; Pinto et al. 2014).
This explains the presence of the alien C1a hap-
lotype in many populations from other subspecies
and lineages (De la Rúa et al. 1998, 2006; Ferreira
et al. 2020; Garnery et al. 1998b;Muñoz andDe la
Rúa 2012; Muñoz et al. 2009, 2013). Introgres-
sion was also higher in the honey bee populations
from southern Greece and Greek islands, where
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32.56% of individuals were assigned to the
macedonica -2 group. This introgression could
be a consequence of natural migration or human
activity. In addition, we found support for hybrid-
ization, specifically between carnica ecotypes
and between ligustica and carnica ecotypes.

Hybridization is not reversible and will produce a
complete admixture of ecotypes or subspecies
(Allendorf and Luikart 2007), but high proportions
of pure A. mellifera C-subspecies were still found. In
the case of A. m. ligustica , the occurrence of pure
individuals could be due to the use of ligustica
queens from breeding programs to export Italian
queens around the world (Dall’Olio et al. 2007;
Fontana et al. 2018). High levels of pure individuals
were also observed in two differentiated ecotypes of
A. m. macedonica in southeastern Europe. A. m.
carnica is significantly genetic different from neigh-
boring subspecies, but a considerable number of
hybrid individuals were found. The formation of
hybrid populations could produce the observed ad-
mixture. However, a significant genetic divergence
between the two detected ecotypes could still be
traced despite the intense hybridization process be-
tween them. In the case ofA.m. cecropia , subspecies
introgression from A. m. carnica and A. m.
macedonica has occurred to varying degrees among
subspecies, although this observation should be taken
with caution given the small sample size of individ-
uals of this subspecies analyzed.

To increase the effectiveness of conservation
areas and pure breeding populations or ecotypes,
more information is required about the honey bee
genetic biodiversity of central and southeast of Eu-
rope to avoid the genetic homogenization of honey
bee ecotypes. Topographic structures such as moun-
tains and large water bodies have been proposed to
inhibit the flight paths of drones (De la Rúa et al.
2002) so they could prevent the mating of native
queens with drones from foreign introduced colo-
nies. Moreover, the genetic identification of hybrid
individuals could be a useful tool for excluding
introgressed and hybrid individuals from conserva-
tion breeding programs (Soland-Reckeweg et al.
2008; Muñoz and De la Rúa 2012; Henriques
et al. 2019).

We have confirmed that local ecotypes are
still extant in central and southeast European
honey bee populations. The effect of

intraspecific hybridization may drive the loss
of these ecotypes (Allendorf et al. 2001),
which constitutes a serious threat to the ge-
netic integrity and persistence of populations
that are locally adapted to their environment
conditions (Rhymer and Simberloff 1996).
Therefore, conservation activities should pri-
marily focus on the prevention of further
human-mediated introductions of non-native
honey bee queens.
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L’introgression menace la grande diversité génétique
des abeilles mellifères de l’Ancien Monde.

Apis mellifera / Europe centrale et du sud-est / conser-
vation / écotypes / diversité génétique.

Die hohe genetische Diversität bei Altwelt-Honigbienen
wird durch Introgression bedroht.

Apis mellifera / Zentral- und Südwest-Europa /
Ökotypen / Naturschutz / genetische Diversität.
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