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ORIGINAL RESEARCH ARTICLE
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The natural range of the dark European honey bee, Apis mellifera mellifera has been significantly reduced in recent years
as a result of importation and replacement of queens with those of other Apis subspecies. Previous studies have indi-
cated that a substantial amount of A. m. mellifera populations throughout Europe are heavily hybridized but that pockets
of pure populations do still exist and need to be protected as this subspecies is a highly valuable gene pool and is of
considerable conservational interest. Small numbers of Irish bees have been included in previous studies, but scientific
information is limited and questions remain about the genetic diversity of bees in Ireland and the extent of introgres-
sion into apparent black bees from introduced races and hybrids. The objective of this study was to investigate the
genetic composition of the A. m. mellifera population on the island of Ireland with both nuclear (microsatellites) and
mitochondrial markers. Molecular data was generated from 412 bees sampled from 24 counties across the island.
Mitochondrial data identified 34 different haplotypes, with 63% of bees having sequences identical to three European
haplotypes but all other haplotypes being novel. Population structure analysis using microsatellite markers indicates that
the Irish population is genetically diverse and that 97.8% of sampled bees were determined to be pure A. m. mellifera.
Results from cluster analysis using a Bayesian model approach, and the presence of novel alleles, shows evidence of
distinctiveness within the Irish population.

Poblaciones significativamente puras de la abeja melı́fera europea negra (Apis mellifera mellifera)

permanecen en Irlanda

El área de distribución natural de la abeja melı́fera europea negra, Apis mellifera mellifera, se ha reducido significativa-
mente en los últimos años como resultado de la importación y sustitución de reinas por reinas de otras subespecies
de Apis. Estudios previos indicaron que una cantidad sustancial de poblaciones de A. m. mellifera en toda Europa están
fuertemente hibridadas, pero que todavı́a existen bolsas de poblaciones puras que necesitan ser protegidas, ya que esta
subespecie es una reserva genética muy valiosa y de considerable interés conservacionista. En estudios anteriores se
incluyó un pequeño número de abejas irlandesas, pero la información cientı́fica es limitada y sigue habiendo dudas
sobre la diversidad genética de las abejas en Irlanda y el grado de introgresión en las abejas aparentemente negras con
razas e hı́bridos introducidos. El objetivo de este estudio fue investigar la composición genética de la población de
A. m. mellifera en la isla de Irlanda con marcadores nucleares (microsatélites) y mitocondriales. Se generaron datos
moleculares de 412 abejas de 24 condados de la isla. Los datos mitocondriales identificaron 34 haplotipos diferentes,
siendo el 63% de las abejas con secuencias idénticas a tres haplotipos europeos, pero todos los demás haplotipos nue-
vos. El análisis de la estructura de la población utilizando marcadores microsatélites indica que la población irlandesa es
genéticamente diversa y se determinó que el 97,8% de las abejas muestreadas eran A. m. mellifera pura. Los resultados
del análisis de clusters utilizando un enfoque de modelo bayesiano, y la presencia de nuevos alelos, muestran evidencia
del carácter distintivo dentro de la población irlandesa.

Keywords: Apis mellifera; mitochondrial DNA; microsatellites; conservation; population genetics

Introduction

Following the last glacial period, from approximately

110,000–11,000 years BCE, honey bees (Apis mellifera)

retreated to the relative safety of the Iberian Peninsula

and the Balkan Peninsula. Once the European glaciers

had retreated, A. mellifera was free to re-colonize Eur-

ope with the C Lineages (A. m. ligustica, A. m. carnica, A.

m. cecropia and others) in central Europe and the M lin-

eages (including A. m. mellifera and A. m. iberiensis)

becoming established in north and west Europe. Geo-

graphical barriers such as the Alps, Pyrenees and Balkan

mountains, plus divergent ecological factors, have aided

isolation of these lineages leading to the different sub-

species and races known today (Han, Wallberg, & Web-

ster, 2012; Hewitt, 1999; Jensen, Palmer, Boomsma, &

Pedersen, 2005; Jensen & Pedersen, 2005; Miguel,

Iriondo, Garnery, Sheppard, & Estonba, 2007; Miguel

et al., 2011; Ruttner, 1988).
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During the northward migration of A. m. mellifera, it

crossed the land bridge across the Dover Strait into Bri-

tain and Ireland (Carreck, 2008; Pritchard, 2009). Follow-

ing the collapse of the land bridge, the Irish population

began what was approximately 6,500 years of isolation.

Given the propensity for divergence into different sub-

species and races in honey bees, the substantial period

of isolation of Irish bees from the rest of mainland Eur-

ope could have resulted in the evolution of unique

genetic variants. Anecdotally, the ‘Irish’ bee is described

as having a distinct morphology which assists them in

surviving in the damp cool climate found on the island.

Reports also include peculiarities in foraging and brood

rearing behavior in the Irish honey bee. Whether these

features are “Irish” or characteristic of all north-western

honey bee populations has not been determined.

However human impact on A. mellifera has acceler-

ated in the last century to such an extent that the geo-

graphic boundaries of sub-species, once regarded as

clearly defined, have been radically altered (De la Rúa,

Jaffé, Dall’Olio, & Muñoz, 2009). The picture is compli-

cated with gene flow between honey bee sub-species

now common within a geographic area due to the

importation of non-native subspecies and hybrids and

the subsequent difficulty in controlling mating in com-

parison to other domesticated animals (Franck, Garnery,

Solignac, & Cornuet, 2000; Oleksa, Chybicki, Tofilski, &

Burczyk, 2011; Oleksa, Wilde, Tofilski, & Chybicki,

2013; Soland-Reckeweg, Heckel, Neumann, Fluri, &

Excoffier, 2009). Because of free trade between

European countries and thus “artificial” movement of

bees according to commercial beekeepers’ preferences,

a radically different picture of the honey bee population

can exist compared to what might be expected via evo-

lutionary forces across natural boundaries and buffer

zones. It is likely that a substantial amount of the A. m.

mellifera population throughout Europe is now heavily

hybridized causing concern due to the loss of biological

diversity and the possible extinction of the subspecies in

past strongholds (Meixner et al., 2010; Pinto et al.,

2014; Soland-Reckeweg et al., 2009).

Local ecotypes are reported to be the best bees to

use in apiculture due to their adaptation to local condi-

tions, adaptations which if lost cannot be replaced (Par-

ejo et al., 2016; Parker et al., 2010; Szabo & Lefkovitch,

1988). Evidence suggests that the use of local honey bee

populations also provides a higher chance of colony sur-

vival, and that the use of maladapted bees attributes to

high colony losses, as recently observed in many regions

(Büchler et al., 2014). Utilizing locally adapted subspecies

and ecotypes to buffer populations against various stres-

sors is thus an essential tool in honey bee management

(Neumann & Carreck, 2010) and protection of honey

bee diversity is therefore crucial as genetic diversity pro-

tects the evolutionary potential of species to adapt by

natural selection in the future (Allendorf, Luikart, & Ait-

ken, 2012; Frankham, Ballou, Jonathan, & Briscoe, 2010;

Mikheyev, Tin, Arora, & Seeley, 2015; Tarpy, 2003).

The influx of non-native bees into the natural range

of A. m. mellifera has been exacerbated in northern Eur-

ope due to long winters and the desire for early queens

which can only be provided in more temperate climates.

Commercial bee breeding has led to significant imports

of exotic subspecies, particularly A. m. ligustica from

Italy, and A. m. carnica from the former Yugoslavia (De

la Rúa et al., 2009; Franck et al., 2000; Meixner et al.,

2010; Pinto et al., 2014; Ruottinen et al., 2014). As a

result, A. m. mellifera is reported as the subspecies likely

to be under most threat, being virtually replaced in Ger-

many by A. m. carnica and largely introgressed by genes

from other subspecies over much of the rest of its

range (Bouga et al., 2011; Pinto et al., 2014). Thus, much

focus has been placed on finding and conserving remain-

ing pure populations of A. m. mellifera, and a European

initiative to contribute to this includes the establishment

of the International Association for the Protection of

the European Dark Bee (SICAMM) for a collaborative

network and biennial international meeting focusing on

the problem of A. m. mellifera conservation.

A. m. mellifera is the subspecies of honey bee that is

native to Ireland. It has been suggested that A. m. mellif-

era was entirely eliminated from Britain and Ireland at

the time of the “Isle of Wight disease” (Adam, 1983).

Importation of non-native bees after this population

crash is reported to also have had a large impact with

the first organized importation of bees recorded in the

Republic of Ireland in 1923, when skeps of Dutch bees

(A. m. mellifera) were brought in large numbers espe-

cially to Co. Wexford. In 1927 under a Department of

Agriculture and technical instruction restocking scheme,

15 County Committees of Agriculture imported Dutch

skeps. The first organized importation of the Italian bee

(A. m. ligustica) probably occurred in 1927, when 27

queens from the USA and four from England were

imported into Wexford (Mac Giolla Coda, 2012). More

recently, official data from the Irish Department of Agri-

culture, Food and the Marine indicate that on average

115 queens have been imported into the Republic of

Ireland each year over the last five years. On the island

of Ireland, there are a number of “Buckfast” breeders

along with some beekeepers who import queens from

across Europe on a regular basis.

This history has led to a widespread opinion

amongst the public as well as a significant proportion of

beekeepers that: (A) Ireland has no native bees; (B) the

A. m. mellifera population that exists is heavily hybri-

dized; and (C) local breeding groups focused on A. m.

mellifera results in inbreeding, further affecting the evolu-

tionary potential of this subspecies in Ireland. These

views hamper conservation initiatives.

However, recent reassessment of available data on

the “Isle of Wight Disease” suggests, that the underlying

cause was unlikely to have been solely Acarapsis woodi,

but rather a combination of mitigating factors including

rural population decline during the war. Further, and

more importantly, the extent of colony losses was

338 J. Hassett et al.



greatly exaggerated by Brother Adam (Cooper, 1986;

Bailey & Ball, 1991; Bailey, 2002; Mac Giolla Coda,

2012). Despite the reports of possible extinction of A.

m. mellifera in Ireland, and the importation of non-native

bees, anecdotal evidence suggests that a considerable

pure population of A. m. mellifera may exist based on

the fact that importation levels have been relatively

minor in relation to the expected population size of res-

ident bees and given a substantial effort from key bee

breeding organizations, led by the Galtee Bee Breeding

Group (GBBG) to protect the black bee in Ireland. In

more recent years the Native Irish Honey Bee Society

(NIHBS), established in 2012, is developing a conserva-

tion program and promoting the conservation of the

native dark bee. Preservation of Apis m. mellifera is also

a constitutional aim of the Federation of Irish Bee Keep-

ing Associations (FIBKA).

A morphometry study by the GBBG on 1040 bees

focusing on cubital index and discoidal shift indicated that

over 46% of all samples analyzed had a purity greater

than 75% with fewer than 5% of samples showing purity

less than 25% (Williams, 2013). Only one study investi-

gating genetic diversity of A. m. mellifera across Europe

included Irish samples (i.e., (Jensen et al., 2005). The

authors found just two mitochondrial variants from an

Irish sample of 48 bees, which grouped with sequences

from the UK and Netherlands. Microsatellite data did

not distinguish the Irish population from the British pop-

ulation but the consensus was that the bees examined

were consistent with A. m. mellifera and had little if any

introgression from the C lineage. The samples, although

spanning two Irish provinces came from the GBBG and

thus may be perceived to be restricted in diversity due

to the elements of controlled breeding introduced to

protect the black bee in that group of breeders. Pro-

tected populations of A. m. mellifera from other places in

Europe (Denmark, Netherlands, Colonsay Island (Scot-

land), France, Belgium, Norway and Switzerland) showed

introgression from the C lineage subspecies (i.e., A. m.

carnica and A. m. ligustica) by mitochondrial and single

nucleotide polymorphism (SNP) data (Pinto et al., 2014).

Given the limited scientific information available on Irish

bees, questions remain about the genetic diversity of

bees in Ireland and the extent of introgression into

apparent black bees from introduced races and hybrids.

If the anecdotal information is correct, then the Irish

population may be important for overall conservation

strategy of this subspecies in Europe. Therefore, the

objective of the current study is to investigate the

genetic composition of the A. m. mellifera population on

the island of Ireland utilizing both nuclear (microsatel-

lites) and mitochondrial (sequence data from the COI-

COII region) markers to help determine any evidence

for introgression from non-native honey bee subspecies

and hybrids and explore the relationship of Irish bees to

A. m. mellifera populations in Europe.

Materials and methods

Sampling and DNA extraction

Molecular data was generated from 412 honey bees

from 80 sampling sites spread across 24 counties and all

four provinces of Ireland (Figure 1 and Online Supple-

mentary Material Table S1). All bees were stored at

Figure 1. The current distribution areas of A. m. mellifera across Europe as highlighted by the shaded areas.
Notes: The enlarged image shows the location of the sampling sites for the analysis of the Irish population.
Source: Jensen et al. (2005), Soland-Reckeweg et al. (2009), Il’yasov et al. (2011) and Il’yasov et al. (2015).
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−20 ˚C before being processed further (Jensen et al.,

2005). Where feasible ≥2 bees per colony were

included with total DNA being extracted from the hind

legs of each bee using the E.Z.N.A DNA extraction kit

as per the manufacturers guidelines (Omega bio-tek,

2013).

Mitochondrial DNA

The mtDNA region including the tRNAleu gene, the

COI-COII intergenic region and the 5´ end of the COII

subunit gene were amplified with the primers E2 and

H2 (Garnery, Vautrin, Cornuet, & Solignac, 1991; Meix-

ner et al., 2013) using illustra PuReTaq Ready-To-Go

PCR Beads. The reactions were subjected to an initial

denaturation of 11 min at 95 ˚C, followed by 30 cycles

of 92 ˚C for 1 min, 54 ˚C for 45 sec and 62 ˚C for

2 min, and a final extension of 10 min at 72 ˚C (Soland-

Reckeweg et al., 2009). PCR products were purified

using the GeneJet PCR Purification kit. PCR fragments

were sequenced externally by LGC Genomics or

Ecogeneics via Sanger sequencing. Resulting

chromatographs were assessed manually in MEGA6

before the consensus sequence was imported into a

multiple alignment with all other sequences (Evans et al.,

2013; Tamura, Stecher, Peterson, Filipski, & Kumar,

2013). A subset of sequences was entered into the

BLASTn algorithm in GenBank (https://blast.ncbi.nlm.nih.

gov/Blast.cgi) to confirm identity as being of honey bee

origin using the “somewhat similar sequences” option

due to the large indels present in this region.

A reference alignment containing representative

sequences from the most likely subspecies present in

Ireland was created using sequences available in Gen-

Bank (sequences from A. m. ligustica, A. m. carnica, A. m.

iberiensis, A. m. scutellata). This alignment was used to

screen sequences from Irish bees to determine sub-

species status of their mtDNA. Subsequently all those

identified as A. m. mellifera were aligned to all available

European A. m. mellifera sequences from GenBank,

which were those from Rortais, Arnold, Alburaki, Leg-

out, and Garnery (2011) and Pinto et al. (2014). Unfor-

tunately, sequences from Jensen et al. (2005) were not

available. The multiple alignment was generated manually

due to the variable numbers of Q elements present in

the data-set. Apart from the known Q elements there

were few other indels present and manual alignment

was straightforward. Identical sequences were identified

as were new variants of the region from Irish bees.

Only one representative sequence for each haplotype

was retained in the alignment. Phylogenetic networks

were constructed under statistical parsimony using TCS

1.21 (Posada & Crandall, 2001).

The duplication of the Q elements does generate

large numbers of gaps in the alignment and the

sequences fall naturally into a number of groups, visible

by eye, defined principally by the numbers of Q elements

present. Details of the molecular mechanism for duplica-

tion of the Q elements are unknown leading to uncer-

tainties as to how they should be treated in phylogenetic

analyses, e.g., what weighting they should be afforded.

Multiple substitutions and indels are present in the Q

elements such that the Q elements are no longer identi-

cal across individuals. Furthermore, the duplications are

hypothesized to have occurred since the divergence

between A. m. mellifera (up to four Q elements present)

and A. m. carnica (one Q element present) and are rare

events; not occurring in related bee species or Droso-

phila. Such duplications happening many independent

times in A. m. mellifera throughout its range in the last

200,000 years since the proposed split with A. m. carnica

is not parsimonious. Therefore, populations of bees with

different numbers of Q elements and substitutions/indels

contained within them likely represent evolutionary lin-

eages of bees and represent important synapomorphies.

However, to control for the impact of the Q ele-

ments two alignments were employed in reconstructing

networks of relationships between the sequences. The

first alignment contained all available A. m. mellifera

sequences and all sites of all Q elements (110 taxa and

1400 sites). The first 23 bp were excluded from analysis

due to ambiguities and missing data in some sequences).

When all sites from the Q elements were included sep-

arate networks were formed containing bees with PQ,

PQQ, PQQQ and PQQQQ sequence elements. Eleven

European sequences were found not to be connected

to any network and may represent under sampled lin-

eages. These individual haplotypes were; HQ337436M4,

HQ260378M4c, HQ337442M9, HQ337443M10,

HQ337444M10a, HQ337449M16, HQ337457M35,

HQ260352M41, HQ260373M58. Also, divergent from

the main data-set were HQ260345M18 which was

linked to HQ260346M20.

The second alignment excluded the very divergent A.

m. mellifera European sequences above and also con-

tained only sites in the Q elements that showed varia-

tion. Therefore, the second alignment contained 98 taxa

and 801 sites. Both alignments are available from the

authors on request.

Microsatellites

Twelve microsatellite markers (A007, A28, A29, A43,

A76, A273, Ac306, Ap1, Ap33, Ap226, Ap289, B24)

were selected based on their informative nature for

analysis of A. m. mellifera (Alburaki et al., 2013; Estoup,

Garnery, Solignac, & Cornuet, 1995; Garnery et al.,

1998; Meixner et al., 2013; Soland-Reckeweg et al.,

2009) and amplified in two multiplex PCR reactions

(Soland-Reckeweg, 2006). The PCRs were performed

using the Qiagen multiplex PCR kit and consisted of

10 μl reaction volume containing 0.2 μM of each primer

and 3 mM MgCl2. The PCR conditions consisted of an

initial denaturation for 15 min at 96 ˚C, followed by 32

cycles of 94 ˚C for 30 sec, 60 ˚C for 1.5 min and 72 ˚C

for 1.5 min, and a final extension of 72 ˚C for 10 min
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(Qiagen, 2010). The PCR products were visualized and

sized on an Applied Biosystems 3130 Genetic analyzer

using the LIZ 500 size standard, followed by analysis of

the data with GeneMapper 5 software.

Reference populations used in the analysis of our

population samples included: A. m. mellifera Sweden

(n = 6), A. m. mellifera France (n = 24), A. m. mellifera

Norway (n = 18), A. m. mellifera Switzerland (n = 17), A.

m. ligustica Italy (n = 55), A. m. carnica Austria (n = 62),

A. m. carnica Slovenia (n = 21), A. m. carnica Switzerland

(n = 91).

Expected heterozygosity for each locus in each pop-

ulation and number of alleles were calculated using

ARLEQUIN v3.5.2.2 software. Genetic differentiation

between populations, computed using unbiased esti-

mates of pairwise Fst values, was calculated by ARLE-

QUIN v3.5.2.2 software. Identification of genetically

similar groups of individuals was obtained with the soft-

ware STRUCTURE v2.3.4 (Pritchard, Stephens, & Don-

nelly, 2000). The results were based on simulations of

100000 burn-in steps and MCMC (Markov Chain Monte

Carlo algorithm) iterations. The true number of clusters

(K) was estimated using the value for ΔK. The program

was run for values of K = 1–9, while the most likely

number of clusters K was calculated according to Earl

and vonHoldt (2012) and Evanno, Regnaut, and Goudet

(2005). Microsatellite networks were constructed from

allele sharing minimum spanning trees calculated by use

of EDENetwork software in accordance with Kivelä,

Arnaud-Haond, and Saramäki (2015). Networks consist

of nodes representing individual bees which are linked

by links or edges which represent their relationships

Table 1. Mitochondrial haplotypes sampled from the Irish population of A. m. mellifera.

Name Distinction Number County

PQQ
1 M4e (Ne) Used as base sequence for all comparions below 105 14 counties
2 M4d (Ne) A at 1385 50 ≥10 counties
3 M4a (Fr) deletion 126, A at 46, c at 97, 3 (1,2) Lh
4 16IE146 deletion 28–33, A at 1385 11 (8,9) Mo,Am,Gy,Ty
5 16IE224 T at 474, A at 1385 10 (1,4+) Wd
6 16IE105 deletion 84–93 and at 1229, A at 1385 4 (1,2) Cw
7 16IE145 deletion 126, 5 (3,3) Gy, Mo
8 16IE313 deletion 460–462, A at 46, 2 (1,1) Te
9 15IE335 delection 266–275, T at 254, T at 331, A at 328 2 (1,1) Ck
10 16IE222 A at 46, a at 1385 5 (3,3) Wd, Ty, Gy
11 M4f (Ne) T at 1258, A at 1385 9 (7,7) Ls, Ck, Ty, Gy
12 16IE391 A at 46, A at 245 2 (1,1) Oy
13 16IE356 A at 1236, 1 Gy
14 16IE214 insertion (A) at 206, T at 1258, A at 1385 1 Wd
15 16IE103 deletion 23–32, A at 1385 1 Lk
16 15IE249 T at 108, A at 1385 1 Lh

PQQQ
1 15IE324 Used as base sequence for all comparions below 6 (4,4) Ty, Lk, Gy, Mo
2 16IE375 insertion (A) at 1238, A at 469, CTG at 1224–1226, no deletion at 484–493 6 (1,3) Gy
3 16IE110 insertion at 348 and 553, A at 469, A at 1385, no deletion at 484–493 4 (3,4) Gy, Dn, Rn
4 16IE197 A at 46, A at 469, no deletion at 484–493 5 (3,3) Dn, Ky, Gy
5 16IE159 A at 46, A at 469, T at 118, no deletion at 484–493 4 (2,2) Gy, Oy
6 16IE130 A at 469, T at 1216, insertion at 1228, no deletion at 484–493 2 (1,1) Gy
7 16IE124 A at 46, C at 97, A at 460, deletion at 126, no deletion at 484–493 1 Gy
8 16IE077 A at 46, A at 469, T at 1279, no deletion at 484–493 1 Ck
9 16IE217 A at 46, A at 469, deletion 1229, no deletion at 484–493 1 Wd
10 M4a’ (UK) A at 469, T at 1216, no deletion at 484–493 1 Oy
11 16IE386 A at 469, T at 1344, A at 1385, insertion at 348 and 553, no deletion at 484–493 1 Rn
12 16IE204 A at 1236, no deletion at 484–493 2 (2,2) Cw, Ky

PQQQQ
1 16IE306 Used as base sequence for all comparions below 4 (1,2) Am
2 16IE363 A at 46, A at 666, A at 1367, G at 1386 1 Gy
3 16IE380 A at 46, A at 862, A at 1382 1 Gy
4 16IE361 A at 46, A at 862, A at 1367 1 Gy
5 16IE158 T at 833, C at 834, A at 1367, G at 1378 1 So
6 15IE175 A at 46, T at 319, insertion of T at 348, A at 666 1
34 255

Notes: Name given corresponds to the sample/accession number of the haplotype (sequence of which has been lodged in GenBank or to an already
known haplotype if one has been found). Also included are details of substitutions or indels unique to haplotypes, the number of times the haplotype
occurred in the Irish population sampled, the numbers of colonies/apiaries in question and the numbers of counties in Ireland that the haplotype was
present in. Haplotypes have been divided into PQQ, PQQQ and PQQQQ variant types. Number refers to firstly number of sequences of that haplo-
type detected (number of apiaries, number of colonies). Lh = Louth, Am = Antrim, Gy = Galway, Ty = Tipperary, Wd = Wexford, Te = Tyrone,
Mo = Mayo, Ck = Cork, Ls = Laois, Oy = Offaly, Lk = Limerick, Dn = Dublin, Rn = Roscommon, Ky = Kerry, Cw = Carlow, So = Sligo. Ne = Nether-
lands, Fr = France, UK = United Kingdom.
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and the strength of such relationship or genetic distance

is associated with edge width.

Results

Population structure based on mitochondrial data

In total 255 mtDNA sequences were deemed to be of

sufficient quality for inclusion. Seven bees, sampled from

a total of four colonies, were diagnosed as being of the

C lineage as the sequences were missing the P region.

Two putative “Buckfast” bees from one colony had

sequences that were distinct from both the C lineage

sequences and all other Irish A. m. mellifera sequences.

They both contained the same insertion in the P

sequence that is present in M10, M10a, M12, M13 and

M16 from Rortais et al. (2011).

Of the sequences that were characterized as being

of the M lineage (A. m. mellifera) a total of 34 different

mitochondrial haplotypes were found amongst Irish

bees. There were no sequences of the PQ type present

amongst the Irish sequences. There were 16 variants

with PQQ pattern, 12 with PQQQ pattern and 6 with a

PQQQQ pattern. Table 1 contains details of these hap-

lotypes and their frequencies in the Irish bees sampled.

The most common haplotype in the total population

was M4e at 41% followed by haplotype M4d at 20% and

differing by only one substitution. Both haplotypes were

widespread throughout the country being present in

10–14 counties sampled (Table 1).

In total, five European haplotypes were found in the

Irish population including M4d and M4e above, M4a, M4f

and M4a´. The M4d, M4e and M4f sequences were

identical to sequences from the Netherlands and lodged

in GenBank (KF274627, KF274628 and KF274629) by

Pinto et al. (2014), the M4a sequence was that from

France (KF274625) and present in three bees from two

colonies from county Louth while the M4a’ sequence

was from Scotland (KF274638) from the same study and

present in one bee from Co. Offaly. The most common

uniquely Irish haplotype was found in 11 bees (5%)

across nine colonies from four different counties in the

south, west and north of Ireland. All remaining

haplotypes were present in less than 5% of bees

sampled and are listed along with how they were

defined and the counties in which they were sampled in

Table 1.

When all information from the Q elements were

included for analysis, separate networks were generated

for PQ, PQQ and PQQQ and PQQQQ variants. How-

ever, when divergent haplotypes and large sections of

the Q elements were removed from analysis these vari-

ants largely still represented separate lineages. Bees with

sequences only containing one Q element form a small

network as there are few representatives of these bees

sampled and none from Ireland (Figure 2).

The largest number of sequences and haplotypes are

of the PQQ type. The root of the network was

proposed by the TCS program to be a sequence from

the Netherlands which is identical to 50 (20%) of the

Irish sequences sampled (i.e., KF274627M4d from Pinto

et al. (2014). One mutational step away is a haplotype

identical to that found in the Netherlands

(KF274628M4e) and to 105 (40%) of the sequences

sampled from Ireland. A haplotype from France

(KF274625M4a, also from Pinto et al. (2014) is at

the center of a sub cluster of primarily European

sequences though also including 16IE313 from Northern

Ireland.

Another network is entirely comprised of PQQQ

and PQQQQ sequences (Figure 2) and within this the

PQQQQ sequences are largely distinct from the PQQQ

sequences, being linked to the proposed root of the

network and to one other sequence but otherwise at

the edge of the network. Four PQQQ sequences were

not connected to this network due to significant indels

(15IE324 and 16IE204, & M55 and M9 from Rortais

et al., 2011). The haplotype found in Ireland and in Scot-

land was proposed to be the out group for the PQQQ

& PQQQQ lineages (16IE130 – Ireland, this study) and

KF274638M4a (Scotland, Pinto et al., 2014). As indicated

in Figure 2 all the other PQQQ haplotypes from Ireland

are positioned closer to the proposed root than a

group of European sequences mostly from France and

Belgium sequenced by Rortais et al. (2011). 15IE324 and

16IE304 are >10 mutational steps from the root and

some of the European sequences form a separate

cluster.

Population structure based on microsatellite

markers

The number of alleles present at each locus varied

considerably in the Irish population, with some of the

loci being highly variable (A76 = 37 alleles) and others

showing a lack of variability (A273 = 5) (Table 2).

The average number of alleles per locus within the

Irish population was 14.7 compared to 9.3 for

the European A. m. mellifera populations and 18.9 for

the C lineage populations. The high level of alleles per

locus in the C lineage samples can be explained by

the occurrence of two subspecies within the popula-

tion sampled, A. m. carnica and A. m. ligustica. The

average genetic diversity, measured as expected

heterozygosity, in the Irish population was calculated

as 0.558 which is comparable to the expected

heterozygosity value of 0.544 calculated for the refer-

ence A. m. mellifera population (from multiple coun-

tries). There was no significant difference between the

expected and observed heterozygosity of the Irish

population when all loci were analyzed together

(p = 0.58). The numbers of alleles present in the Irish

population for locus Ap 226 was significantly higher

than in the European reference data-set (Table 2).

However, most individuals sampled were homozygous

at this locus involving 2 of the 10 alleles identified
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thus leading to a significantly lower observed

heterozygosity than expected. Across each of the loci

examined a number of alleles were found to be pre-

sent within the Irish population which were not found

in the European A. m. mellifera reference population

(Online Supplementary Material Table S2).

Pairwise Fst values indicate some structure in the

data-set with separation indicated between A. m. mellif-

era populations (both Irish and European) and C lineages

(A. m. carnica and A. m. ligustica) with an Fst value of

>0.4 (Table 3a). A small level of structuring between

Irish and European A. m. mellifera populations is indi-

cated with an Fst value of 0.072. When focus is placed

at investigating structuring between populations from

Ireland and different countries in Europe the lowest Fst

value at 0.07 was obtained for between Ireland and

France with Fst values between Ireland and both

Norway and Switzerland having values close to 0.1

(Table 3b).

When the Irish population was separated into sub-

populations based around centers of significant breeding

focus on the black bee, and F statistics were used to

explore geneflow between them and European popula-

tions, the lowest Fst values were between the GBBG

bees and bee breeders in Louth and Connemara respec-

tively at 0.04 and 0.05 (Table 4). Fst values between

Figure 2. TCS Networks drawn from mitochondrial haplotype sequence data.
Notes: Haplotypes are colored according to geographical location; Green = Irish, Blue = unknown European location (mostly France
and Belgium), Red = UK, Orange = Netherlands, Yellow = ‘A m. ligustica type’ from Pinto et al. (2014) that groups well inside the A.
m. mellifera data-set. The numbers beside the boxes refer to the number of sequences of this haplotype found in the Irish bees sam-
pled for this study. Where there are no numbers this means only one sequence was present. Where two colors are side by side,
this means that the Irish sequences obtained were identical to an already described haplotype; all other green haplotypes are cur-
rently unique to Irish bees. The number of dots represents deletions between connected samples, with the lines representing substi-
tutions.
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Connemara and Louth (0.0883) were equivalent to the

Fst values between GBBG bees and the French A. m.

mellifera (0.0878) and slightly greater than between bees

from Connemara and France (0.0729). Pairwise Fst

between the Irish subpopulations and populations from

Switzerland and Norway were all >0.1. The Louth

Breeding Group bees however showed a closer

relationship to the Norway samples than the French

Table 2. Microsatellite diversity in the Irish population compared with reference populations of A. m. mellifera and European C lin-
eages.

Locus Irish EU mellifera EU C lineage Locus Irish EU mellifera EU C lineage

Ap273 A76
N 317 65 229 N 313 66 168
n 5 3 4 n 37 21 95
He 0.25161 0.26462 0.24392 He 0.92191 0.91156 0.97877
Ho 0.23344 0.21538 0.23581 Ho 0.86262 0.88889 0.83333
A43 A007
N 317 65 228 N 315 65 229
n 6 5 8 n 11 5 20
He 0.29556 0.47124 0.67038 He 0.47709 0.20024 0.80391
Ho 0.28076 0.38462 0.51754 Ho 0.48571 0.20000 0.77293
Ac306 Ap1
N 178 65 228 N 229 56 171
n 6 5 11 n 33 18 20
He 0.58828 0.51030 0.34438 He 0.87749 0.96786 0.55900
Ho 0.48315 0.49231 0.31579 Ho 0.82609 0.86207 0.57310
Ap33 A28
N 313 64 228 N 316 65 228
n 16 14 15 n 5 4 12
He 0.84320 0.88437 0.85465 He 0.06776 0.209822 0.51893
Ho 0.76358 0.50000 0.75439 Ho 0.05696 0.230769 0.22368
B24 Ap289
N 317 65 229 N 315 64 229
n 5 3 5 n 19 15 25
He 0.19756 0.25953 0.59874 He 0.88067 0.89330 0.56910
Ho 0.16719 0.26154 0.58079 Ho 0.84444 0.82813 0.27074
Ap226 A29
N 315 63 226 N 216 84 174
n 10 3 7 n 23 15 25
He 0.43464 0.04710 0.62733 He 0.85615 0.90760 0.91388
Ho 0.06667 0.04762 0.61947 Ho 0.75316 0.83721 0.59770

Notes: N = sample size, n = number of alleles detected, He and Ho = expected and observed heterozygosity.

Table 3a. Divergence matrix for the microsatellite DNA anal-
ysis of the Irish population, the C lineage reference population
and the European A. m. mellifera reference population.

Irish C Lineage EU mellifera

Irish 0.00000
C Lineage 0.44777 0.00000
Eu mellifera 0.07239 0.42487 0.00000

Table 3b. Divergence matrix for the microsatellite DNA analysis of the Irish population, the C reference lineage populations (Italy,
Austria, Slovenia and Swiss carnica) and the European A. m. mellifera reference population (Sweden, France, Norway and Swiss
mellifera).

Ireland Italy Austria Slovenia
Swiss
carnica Sweden France Norway

Swiss
mellifera

Ireland 0.00000
Italy 0.54630 0.00000
Austria 0.49298 0.38101 0.00000
Slovenia 0.55183 0.42570 0.06772 0.00000
Swiss carnica 0.49715 0.38067 0.03904 0.04221 0.00000
Sweden 0.21847 0.55627 0.48337 0.59515 0.49099 0.00000
France 0.07412 0.57152 0.48933 0.60187 0.49481 0.24440 0.00000
Norway 0.10379 0.55116 0.48750 0.59070 0.49649 0.18725 0.10968 0.00000
Swiss

mellifera
0.10621 0.55892 0.46955 0.58134 0.47778 0.24185 0.06331 0.08881 0.00000
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samples even though the Fst value was still >0.1

(Table 4).

Population structure and admixture inferred with

STRUCTURE for a number of k clusters including 2, 4

and 5, are shown in Figure 3. The highest value of ΔK

was detected when a model assuming two populations

was set but minor peaks were also detected at K = 4 and

K = 5 (Online Supplementary Material Figure S1). At a

K = 2, each of the main lineages (M and C) grouped

clearly into two distinct clusters. The majority of the

Table 4. Divergence matrix for the microsatellite DNA analysis of the Irish Breeding groups (Galtee, Connemara and Louth) and
the European A. m. mellifera reference population (Sweden, France, Norway and Swiss mellifera).

Galtee Connemara Louth Sewden France Norway Switzerland

Galtee 0.00000
Connemara 0.05741 0.00000
Louth 0.04060 0.08838 0.00000
Sweden 0.25421 0.21578 0.23591 0.00000
France 0.08781 0.07293 0.13191 0.24440 0.00000
Norway 0.12270 0.11266 0.10709 0.18725 0.10968 0.00000
Switzerland 0.12314 0.10955 0.15387 0.24185 0.06331 0.08881 0.00000

Figure 3. Structure analysis on microsatellite data from Irish and European bees specifying K = 2, K = 4 and K = 5. (A) When
K = 2, differentiation is evident between the M lineage (green) and the C lineage (red). (B) When K = 4, differentiation is evident
between the A. m. ligustica C population (yellow), A. m. carnica C populations (red), the European A. m. mellifera M (blue) and the
Irish M (green). (C) When K = 5, additional differentiation is indicated between two groups of the Irish M population (light green
and dark green).
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Irish bees were grouped into the M lineage along with

the European A. m. mellifera bees with proportional

membership of the Irish bees to this group being 0.992

(α < 0.05). For comparison, the proportional member-

ship of the European bees to this group was lower at

0.959 (α < 0.05) indicating greater levels of introgression

from non-M subtypes in the European bees. On an

individual bee level, the lowest calculated proportional

membership of any single Irish bee to the M cluster

belonged to four bees. Two of these were identified as

“Buckfast” honey bees and were included for reference.

These samples showed proportional membership to A.

m. mellifera at 0.393 (16IE315) and 0.399 (16IE316) while

two bees sampled from Mayo showed values of 0.443

(16IE144) and 0.514 (16IE145). These approximate half

purity values correspond to hybrid status. The “Buckfast”

bees sampled in Donegal are hybrid between A. m. mellif-

era and A. m. carnica. Interestingly, when a thresholded

network analysis was conducted (data not shown), the

“Buckfast” samples grouped completely outside the

remainder of the data-set, indicating their distinctiveness

and hybrid nature. Aside from these hybrids, 97.8% of

Irish samples scored higher than 0.96, i.e., higher than

the 0.900 necessary to be deemed as pure A. m. mellifera

bees (Vähä & Primmer, 2006).

Increasing the K cluster number to 4 corresponds

to the C lineage being divided into A. m. carnica versus

A. m. ligustica and the M lineage divided into Irish versus

European bees (Figure 3) providing evidence of distinc-

tiveness between Irish black bees and European black

bees. The European A. m. mellifera bees contained a mix-

ture of ‘Irish’ and ‘European’ alleles, with an average

proportional membership of 0.595 to EU mellifera and

0.360 to “Irish” mellifera. Some European bees showed a

proportional membership of 0.757 to “Irish” mellifera.

However, the Irish bees show little introgression of

European alleles with an average proportional member-

ship of 0.007.

At K = 5 there is some indication of sub-clustering

within the Irish population (Figure 3). One cluster com-

prised the majority of the bees sampled (238) and the

second cluster comprised 78 bees. This second cluster

showed a certain amount of introgression from the first

Irish cluster, the proportional membership averaging at

approx. 0.251 but this cluster was completely void of

introgression from the European A. m. mellifera cluster.

A network drawn from the distribution of alleles

between Irish and European bees indicate a clear sepa-

ration of bees of M vs. C lineages. Within the M area of

the network (Figure 4) two dense clusters are evident

Figure 4. Allele sharing network constructed using EDENetworks detailing the cluster formation (A–H) of the Irish samples and
the reference M lineage and C lineage populations.
Notes: Nodes indicate individual bee samples with number attached detailing the location of the sample. The denser the line the
closer the relationship between connected nodes.
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with French bees being the central node of both but

both also containing large numbers of Irish bees. Six

smaller clusters were observed with bees from France

forming the central nodes in three of them (C, D and

E) and containing data from bees from an Irish and

European locations. Three clusters however, had Irish

bees as the central nodes. Furthermore, two of the

clusters contained data only from Irish bees, i.e. 16IE212

(cluster F, 14 Irish bees), 15IE302 (cluster G, 14 Irish

plus one Swiss bee) and 15IE281 (cluster H, 10 Irish

bees).

When network clustering analysis was performed on

just the Irish data-set (Online Supplementary Material

Figure S2) two main clusters were evident with 15IE302

(I) (Co. Antrim) and 16IE212 (J) (Co. Wexford) being

the central nodes of the clusters with 42 and 32 linked

nodes respectively. A smaller sub cluster (K) with 11

bees linked to 15IE281 (Co. Louth) is evident connected

to each of the two larger clusters by a number of inter-

mediates. While two main clusters stand out many

other Irish variants are also evident in the data showing

a significant diversity within the population sampled.

Data retrieved from bees sampled from the main breed-

ing centers (Galtee, Louth and Connemara) were inter-

mixed on the network.

Discussion

This study presents the first comprehensive genetic

analysis of the indigenous population of A. m. mellifera

on the island of Ireland. Data from 412 honey bees from

80 sampling sites across 24 counties shows the exis-

tence of a highly pure breeding population throughout

the island. This is evident in that 97.8% of Irish samples

were assigned to the subspecies with a probability of

0.96, when a probability of 0.90 indicates purity. While

historical importations of sub-species other than A. m.

mellifera have been recorded since the 1920s (Watson,

1981) and current legislation also allows for importa-

tion, there appears to have been extremely low levels

of introgression into the naturalized population sampled

here. The possible reasons for this low level of intro-

gression include the island isolation, the comparatively

non-commercial nature of beekeeping in Ireland with

relatively little importation of non-native subspecies,

assortative mating, better survivability under Irish condi-

tions and finally, a preference for localized breeding pro-

grams.

Another key finding of this study was the diverse

nature of the island population. There was no significant

difference between the expected and observed

heterozygosity of the Irish population indicating an

absence of inbreeding. Furthermore, the expected

heterozygosity of the Irish population was greater than

that of the C lineages (containing two subspecies though

low numbers) and also of the European populations

combined (low numbers of individuals but from four

countries). While Jensen et al. (2005) showed just two

mitochondrial lineages from the 48 Irish bees included

and an indistinguishable microsatellite profile compared

to UK bees, here we show clearly that this apparent

limited genetic diversity was probably a sampling effect.

By increasing numbers of bees and sampling sites we

report the existence of a significant number of unique

alleles and mitochondrial haplotypes, some of which we

accept may be found within unsampled European popu-

lations in the future.

Evidence from both data types also supports sub-

structures within A. m. mellifera as the Irish mellifera

population was reasonably distinct from the European

mellifera. A high level of Irish alleles being present in the

European reference populations may reflect the com-

mon ancestry of these two populations. The very lim-

ited gene flow from the European populations sampled

into the Irish population indicates the isolation of the

Irish population while the presence of unique

microsatellite alleles and mitochondrial haplotypes in the

Irish population probably indicates independent evolu-

tion of the Irish population since its isolation from main-

land Europe. Further structuring was observed (K = 5)

in the Irish A. m. mellifera population pointing to a

cohort of the Irish population that may be segregated in

part from the main population. This cohort showed no

evidence whatsoever of introgression from European

alleles using microsatellites, highlighting the isolation

from the rest of the European population and perhaps

hinting at the existence of a native Irish bee that has

evolved in separation from other populations in Europe

since the closure of the land bridge with Britain.

Some of the historical linkages and the more recent

importation influences of the European mellifera have

been shown in this study. The majority of Irish mito-

chondrial sequences were identical to three haplotypes

that were described from the Netherlands, while one

was identical to a French haplotype and another to one

from Colonsay Island in Scotland (Pinto et al., 2014). Of

the two lineages found by Jensen et al. (2005) from Irish

bees one was related to bees from the UK and the

other related to bees from the Netherlands. The bees

from Jensen et al. (2005) were sampled from GBBG and

corroborated the records maintained by the group in

that they derived from the population existing in Ireland

in the 1920s as well as those imported from the

Netherlands after the Isle of Wight disease (Mac Giolla

Coda, personal communication, 2016). So, the large

numbers of bees similar to the Dutch type detected

here reflect the significant imports by beekeepers from

the Netherlands after the loss of managed colonies dur-

ing Isle of Wight disease. Here mitochondrial data coin-

cides with evidence described in the grey literature and

by word of mouth. Whether the same levels of Dutch

haplotypes will be present in a wider sample of non-

managed colonies remains to be seen. But certainly,

amongst the beekeepers in the NIHBS these are the

predominant type of A. m. mellifera here. Indeed, the

GBBG sent bees to Colonsay and other locations in the
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UK indicating the potential of these types of analyses to

detect relationships.

Networks drawn from microsatellite data showed

that Irish bees appeared more closely related to French

bees than those from Norway or Sweden. For example,

two clusters containing primarily Irish bees each had a

French bee at its center, perhaps indicating the move-

ment of bees from France through Britain and into Ire-

land, or more recent French imports of bees to Ireland.

The relationship with Dutch and UK bees could not be

addressed using microsatellite analysis as regrettably no

bees from the Netherlands or the UK were included

here and no data were available for use. However,

mitochondrial networks also show a relationship

between Irish and French bees.

Smaller exclusively Irish sub-clusters were identified

in both microsatellite and mitochondrial networks, which

may indicate locally adapted ecotypes within the Irish

population. Substructures or ecotypes within A. m. mellif-

era have been previously described, e.g., between Swiss

and French populations even though there was a rela-

tively short ≈40 km between the conservation area in

the French Alps and the Swiss A. m. mellifera population.

This was possible due to genetic drift, differential bee

keeping or local adaptations (Parejo et al., 2016). Within

the French population, adaption to local flora and the

effects of ‘genotype by environment interactions’ have

resulted in locally adapted honey bee populations which

have developed their own resistance mechanisms match-

ing their environment (Meixner, Kryger, & Costa, 2015;

Strange, Garnery, & Sheppard, 2008; Tarpy, 2003). How-

ever, the Irish bees did not separate according to geog-

raphy or local breeding groups suggesting some other

factors as a cause of any substructuring.

The sub-division of the Irish populations into signifi-

cant breeding groups also highlights a number of other

possible connections and relationships between regions.

Low Fst values confirm some geneflow between Ireland

and France. It is however interesting to note that the

Louth region appeared to have higher geneflow with

Norway rather than France. This may reflect the posi-

tion of Louth close to the border between Northern

Ireland and the Irish Republic and a possible movement

of bees from north to south. The source of bees being

imported to Northern Ireland (part of the UK) may be

quite different from those imported to the Republic of

Ireland. While the bees in the Louth breeding group

have been sourced primarily from local swarms, the

addition of queens from the GBBG can be detected

here given that that the Louth and Galtee breeding

groups appeared as being more closely associated.

Lower levels of geneflow are evident between

Connemara and Louth reflecting perhaps the preferred

use of local bees by the Connemara breeding group but

also a possible reduction in geneflow between east and

west.

In conclusion, based on both the mitochondrial and

microsatellite results, Ireland is home to a significant

pure population of A. m. mellifera. This population is

comprised of bees that show clear linkages with Euro-

pean bees, particularly from France the Netherlands and

the UK, and another group of bees that show distinct

“Irish” microsatellite alleles and mitochondrial haplo-

types. Together this data indicates a diverse population

that does not suffer from inbreeding nor does it suffer

from introgression from C lineages despite the contin-

ued imports and breeding of non Irish bees in Ireland.

The presence of such a widespread and pure population

of A. m. mellifera in Ireland is now an incredibly

important resource for the protection of this subspecies

in Europe. Given the devastating impacts of varroa from

introduced bees on this population, particularly on wild

bees, efforts should be increased to prevent any impact

on this subspecies from introductions of pests and

diseases due to the continued imports of non Irish

bees.
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N.L., Cauia, E., … Gregorc, A. (2011). A review of meth-
ods for discrimination of honey bee populations as applied
to European beekeeping. Journal of Apicultural Research, 50
(1), 51–84. doi: 10.3896/IBRA.1.50.1.06
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