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Abstract

The honeybee (Apis mellifera) has been threatened by multiple factors including pests and pathogens, pesticides

and loss of locally adapted gene complexes due to replacement and introgression. In western Europe, the genetic

integrity of the native A. m. mellifera (M-lineage) is endangered due to trading and intensive queen breeding with

commercial subspecies of eastern European ancestry (C-lineage). Effective conservation actions require reliable

molecular tools to identify pure-bred A. m. mellifera colonies. Microsatellites have been preferred for identification

of A. m. mellifera stocks across conservation centres. However, owing to high throughput, easy transferability

between laboratories and low genotyping error, SNPs promise to become popular. Here, we compared the resolving

power of a widely utilized microsatellite set to detect structure and introgression with that of different sets that com-

bine a variable number of SNPs selected for their information content and genomic proximity to the microsatellite

loci. Contrary to every SNP data set, microsatellites did not discriminate between the two lineages in the PCA space.

Mean introgression proportions were identical across the two marker types, although at the individual level,

microsatellites’ performance was relatively poor at the upper range of Q-values, a result reflected by their lower pre-

cision. Our results suggest that SNPs are more accurate and powerful than microsatellites for identification of A. m.

mellifera colonies, especially when they are selected by information content.
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Introduction

The western honeybee, Apis mellifera L., is currently dis-

tributed worldwide. However, prior to the human-

assisted global expansion, this species was confined to

western Asia, Middle East, Africa and Europe (Ruttner

1988; Chen et al. 2016). In such an environmentally

heterogeneous range, the honeybee has differentiated

into 31 currently recognized subspecies (Ruttner 1988;

Sheppard & Meixner 2003; Meixner et al. 2011; Chen

et al. 2016), which have been grouped into four main

evolutionary lineages: M (western European), C (eastern

European), O (Middle Eastern) and A (African) (Ruttner

1988). This vast diversity has been increasingly

threatened by major factors including habitat loss and

fragmentation, pesticides and spread of pests and patho-

gens (Potts et al. 2010; Van Engelsdorp & Meixner 2010).

An additional, but less publicized, threat comes from

honeybee queen (legal or illegal) trade and intensive

queen breeding. Large-scale movements of commercial

queen strains, usually of the beekeepers-favoured C-line-

age ancestry, represent a risk for local populations, not

only because they may bring new parasites and patho-

gens or more virulent strains of established parasites and

pathogens (Mutinelli 2011; Mu~noz et al. 2014a; McMahon

et al. 2016), but also because of introgressive hybridiza-

tion (Jensen et al. 2005; Soland-Reckeweg et al. 2009;

Mu~noz et al. 2014b; Pinto et al. 2014).

There are growing concerns that intensified queen

breeding and trade may promote gene flow between
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native and commercial strains leading to an irremediable

loss of diversity adapted to local conditions (De la R�ua

et al. 2009; 2013; B€uchler et al. 2014). This is the case for

the M-lineage A. m. mellifera (the dark European honey-

bee), which in a substantial portion of its native range in

western Europe is gravely threatened by C-derived

(mainly A. m. ligustica and A. m. carnica) introgression

(Jensen et al. 2005; Soland-Reckeweg et al. 2009; De la

R�ua et al. 2009; Nedi�c et al. 2014; Pinto et al. 2014). In an

attempt to reverse this threat, several conservation pro-

grammes have been implemented across Europe (De la

R�ua et al. 2009; Mu~noz et al. 2015). An efficient manage-

ment of these programmes requires, however, molecular

tools capable of reliably identifying pure-bred A. m. mel-

lifera colonies in a cost- and time-effective manner.

While a variety of molecular markers, including

RFLPs (Hall 1990), AFLPs (Suazo & Hall 1999), RAPDs

(Hunt & Page 1995) and STSs (Arechavaleta-Velasco

et al. 2003), have been employed in honeybee research,

microsatellites (aka short tandem repeats, STRs) have

indisputably been the marker of choice over the last

15–20 years (reviewed by Meixner et al. 2013). Numer-

ous studies have demonstrated their usefulness in

unravelling the signatures of historical and contempo-

rary human-driven events in the native (Franck et al.

1998, 2001; Garnery et al. 1998; De la R�ua et al. 2001,

2003, 2006; Su�snik et al. 2004; Bodur & Kence 2007;

Dall’Olio et al. 2007; Miguel et al. 2007; Mu~noz et al.

2009; C�anovas et al. 2011; Coroian et al. 2014; Francis

et al. 2014; Nedi�c et al. 2014; Uzunov et al. 2014; P�entek-

Zakar et al. 2015) and introduced (Clarke et al. 2002;

Pinto et al. 2005; Galindo-Cardona et al. 2013; Rangel

et al. 2016) distributional range of the honeybee.

Microsatellites have been particularly useful for identi-

fying introgression of C-derived genes into gene pools

of native honeybees and monitoring conservation pro-

grammes of A. m. mellifera in the Danish island of Læsø

(Jensen et al. 2005), in the French region of Landes

(Strange et al. 2008), in the eastern part of Switzerland

(Soland-Reckeweg et al. 2009) and in the north-eastern

part of Poland (Oleksa et al. 2011), of A. m. carnica in

Slovenia (Su�snik et al. 2004), of A. m. iberiensis in the

Canary islands (Mu~noz et al. 2012) and of A. m. siciliana

in the Filicudi and Vulcano islands (Mu~noz et al.

2014c).

Single-nucleotide polymorphisms (SNPs) represent

the most recent addition to the molecular toolkit for

honeybee genetic analysis and are rapidly becoming

popular among honeybee scientists. SNPs have been

used to scrutinize the evolutionary history of the honey-

bee (Whitfield et al. 2006; Wallberg et al. 2014; Chen et al.

2016), to search for footprints of selection (Zayed & Whit-

field 2008; Sp€otter et al. 2012; Ch�avez-Galarza et al. 2013;

Harpur et al. 2014; Wallberg et al. 2014; Fuller et al. 2015;

Chen et al. 2016; Wragg et al. 2016), to dissect the evolu-

tionary complexities of the Iberian honeybee hybrid zone

(Ch�avez-Galarza et al. 2015) and to examine genomewide

recombination patterns (Wallberg et al. 2015). At a more

practical level, the potential of SNPs for identifying Afri-

can-derived genes in the European stock of North Amer-

ica (Chapman et al. 2015) and C-derived genes in A. m.

mellifera in western Europe for commercial and conserva-

tion purposes has also been investigated (Pinto et al.

2014; Mu~noz et al. 2015). However, whether SNPs can

replace microsatellites for identifying genetic stocks

needs to be addressed. While as a usually biallelic mar-

ker, the per locus information content of a SNP is lower

than that of a multiallelic microsatellite, this drawback

can be offset by employing large numbers of SNPs,

whose identification is greatly facilitated in the genomics

era. The average number of random SNPs required to

equal the information content of random microsatellites

has been estimated to be two to 10 times, depending lar-

gely on the question under scrutiny (Kalinowski 2002;

Thalamuthu et al. 2004; Herr�aez et al. 2005; Liu et al.

2005; Schopen et al. 2008; G€arke et al. 2012). The ratio

can, however, be lowered if informative SNPs selected

from a larger panel are employed instead of randomly

selected SNPs (Glover et al. 2010; G€arke et al. 2012;

Ozerov et al. 2013).

Given the high number of SNPs available for the

honeybee (Whitfield et al. 2006; Sp€otter et al. 2012; Pinto

et al. 2014; Chapman et al. 2015), the challenge is to

identify the most informative. Several approaches can

be implemented to measure the contribution of single

SNPs, which can then be ranked by information con-

tent (Mu~noz et al. 2015). In this context, a subset of

SNPs, the so-called ancestry informative markers

(AIMs), displays large allele frequency differences

between populations. Ranking the most informative

SNPs allows one to design reduced SNP panels that

correctly assign individuals to ancestry origin. Reduced

SNP panels have been used by others to delineate the

genetic structure of honeybee populations in Canada

(Harpur et al. 2015) and identify Africanized honeybees

in North America (Chapman et al. 2015), and by us to

estimate introgression in A. m. mellifera populations in

Europe (Mu~noz et al. 2015). Building from this previous

study, here we compared the resolving power of a

widely utilized 11-microsatellite set to detect structure

and introgression with that of reduced SNP sets that

were selected from a genomewide data set using two

criteria: (i) the ranking in terms of information content

and (ii) genomic proximity to the 11 microsatellites.

Using these criteria, five reduced SNP sets (48, 96 and

144 top-ranked AIMs previously identified by Mu~noz

et al. 2015; and the closest five and 10 SNPs to each of

the 11 microsatellites) were built and compared with

© 2016 John Wiley & Sons Ltd
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the 11-microsatellite set using principal component

analysis (PCA) and a model-based clustering algorithm

implemented in STRUCTURE (Pritchard et al. 2000).

The ultimate goal of this study was to appraise the fea-

sibility of a SNP-based alternative to microsatellites that

can be used for identifying pure-bred A. m. mellifera

genetic stock for breeding and for assisting manage-

ment of conservation centres across Europe.

Methods

Samples

A total of 113 haploid males representing single colonies

of three subspecies (A. m. mellifera, A. m. ligustica and A.

m. carnica) was collected across Europe in 2010 and 2011.

Seventy-seven were collected from the native range of

the M-lineage subspecies A. m. mellifera in England,

France, Belgium, Denmark, the Netherlands, Switzer-

land, Scotland and Norway, of which 64 originated from

protected conservation areas and 13 from unprotected

areas. The remainder made up a reference collection of

36 haploid males representing C-lineage diversity sam-

pled in the native range of A. m. ligustica (N = 17) in Italy

and A. m. carnica (N = 19) in Serbia and Croatia. Further

details of sampling and DNA extraction procedures are

provided in the study by Pinto et al. (2014) and Mu~noz

et al. (2015).

Microsatellite genotyping

Eleven widely utilized microsatellites were amplified in

two multiplex PCR reactions. Plex-1 consisted of the five

loci recommended in the Coloss Beebook (Dietemann

et al. 2013), which is becoming the standard manual for

honeybee research, namely A7, A113, Ap43, Ap55 and

B124 (Evans et al. 2013). Plex-2 combined A8, A88, Ac11,

Ap224, Ap249 and Ap274, which have been used to

detect structure and introgression in different honeybee

subspecies and populations (Chahbar et al. 2012; Coroian

et al. 2014; Mu~noz et al. 2014b; Nedi�c et al. 2014; Uzunov

et al. 2014). Each reaction (10 lL) contained 1.2 mM

MgCl2, 0.3 mM of each dNTP, 0.4 lM of each forward

and reverse primer, 1.5 U of Taq DNA polymerase (Bio-

tools B&M Labs, Madrid, Spain) and 2 lL of extracted

DNA. PCR amplification was performed at 95 °C for one

5-min cycle followed by 30 cycles at 95 °C for 30 s, either

54 °C (plex-1) or 50 °C (plex-2) for 30 s, 72 °C for 30 s

and a final step at 72 °C for 30 min. PCR products were

analysed on an ABI� 3730 automated DNA sequencer

(Applied Biosystems, Waltham, USA) and sized with an

internal standard. Alleles were subsequently scored

using GENEMAPPER
� v3.7 software (Applied Biosystems,

Foster City, USA).

SNP genotyping

A total of 1536 SNP loci evenly spaced across the 16

honeybee linkage groups were genotyped using Illu-

mina’s BeadArray Technology and the Illumina Gold-

enGate� Assay with a custom Oligo Pool Assay

(Illumina, San Diego, USA) following manufacturer’s

protocols. Upon the filtering process, 353 SNPs were

removed because they did not meet the quality criteria

for analysis (see Ch�avez-Galarza et al. 2013 for details).

Allele frequencies were calculated for the remaining

1183 biallelic SNPs in each population using the program

PLINK (Purcell et al. 2007).

Comparison analysis for the detection of population
structure and introgression

The two types of molecular markers were examined by

comparing the 11 microsatellites with the genomewide

1183 SNPs (hereafter named reference SNP set) and

with five SNP sets. These included three reduced SNP

sets formed by the top-ranked 48, 96 and 144 informa-

tive SNPs (hereafter named 48, 96 and 144 AIMs) iden-

tified by Mu~noz et al. (2015) and two reduced SNP sets

formed by the 55 and 110 SNPs closest to the 11

microsatellites (hereafter named 55 and 110 closest

SNPs). The physical map of these loci shows that the

144 AIMs are distributed across the 16 honeybee link-

age groups providing good genome coverage, in stark

contrast to the 11 microsatellite loci and corresponding

110 closest SNPs, which only mark seven linkage

groups (Fig. 1).

Genetic diversity was assessed for each subspecies

from the microsatellite and the six SNP data sets using

unbiased estimates of gene diversity (Nei 1987) and alle-

lic richness (Petit et al. 1998). The mean number of alleles

(Na), number of effective alleles (Ne) and unbiased

diversity (uh) were computed using GENALEX 6.501 (Pea-

kall & Smouse 2006, 2012), whereas allelic richness (Rs)

was computed after rarefaction using HP-RARE 1.1 (Kali-

nowski 2005). Differentiation was estimated using the

standardized G’ST measure proposed by Hedrick (2005),

which allows comparison between markers with differ-

ent levels of genetic variation. Global and pairwise G’ST
values were estimated across the three subspecies and

seven data sets with GENALEX 6.501.

The resolving power of the microsatellite set and the

five reduced SNP sets to detect population structure and

introgression was compared with the reference SNP set

using both PCA and a model-based clustering approach.

PCA was performed on a normalized matrix of individu-

als’ genotypes to generate two-dimensional PCA and to

visualize the stability of population assignment pro-

duced by all sets. PCA was implemented in the PAST

© 2016 John Wiley & Sons Ltd
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Fig. 1 Physical map of the 16 honeybee linkage groups showing the genomic positions of the 11 microsatellites (coded as AJ509XXX.1)

marked in black, the 55 and 110 closest SNPs (five and 10 flanking each of the 11 microsatellite loci) marked in blue and the top-ranked

144 AIMs (includes the 48 and 96 AIMs) marked in red. The map was depicted from the honeybee genome sequence available at

http://www.ncbi.nlm.nih.gov/projects/mapview using the Map Viewer tool. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2016 John Wiley & Sons Ltd
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software (Hammer et al. 2001). The model-based Baye-

sian clustering algorithm implemented in STRUCTURE 2.3.3

(Pritchard et al. 2000) was employed to infer membership

or introgression proportions (Q-value). The number of

ancestral clusters (K) was estimated using the admixture

ancestry and correlated allele frequency models with the

unsupervised option. The program was set up for

750 000 Markov chain Monte Carlo iterations after an ini-

tial burn-in of 250 000. Over 20 independent runs for

each K (from 1 to 5) were performed to confirm consis-

tency across runs. The output was exported into STRUC-

TURE HARVESTER v0.6.93 (Earl & Von Holdt 2012), and the

estimation of the most probable K was calculated as

described by Evanno et al. (2005). The Greedy algorithm,

implemented in the software CLUMPP 1.1.2 (Jakobsson &

Rosenberg 2007), was used to compute the pairwise

‘symmetric similarity coefficient’ between pairs of runs

and to align the 20 runs for each K. Differences in diver-

sity, FST, and Q-values between data sets and subspecies

were assessed for statistical significance using the Tukey

test implemented in PAST.

The precision of each marker type and set was tested

against the reference SNP set by calculating linear regres-

sion coefficients (r2) and the standard deviations of the

differences between introgression proportions. Finally,

the accuracy of the different sets was estimated via per-

centage of absolute error of introgression estimates in

relation to the reference SNP set.

Results

In this study, the resolving power of microsatellites and

SNPs to detect population structure and introgression

was compared on 113 honeybee individuals representing

three honeybee subspecies (A. m. mellifera, A. m. ligustica

and A. m. carnica) of the two evolutionary lineages (M

and C) native to Europe.

Genetic diversity and differentiation

As expected, the SNP loci were biallelic, whereas the 11

microsatellite loci were multiallelic with the number of

microsatellite alleles per locus ranging from two (Ap274)

to 21 (A7). The mean number of microsatellite alleles per

locus varied with subspecies, being 8.7, 3.6 and 4.7 for A.

m. mellifera, A. m. carnica and A. m. ligustica, respectively.

This wide variation across subspecies may be in part

explained by the variable sample size and geographical

distribution of samples. A summary of diversity mea-

sures (Na, Ne, uh and Rs) inferred from the microsatel-

lite and the six SNP data sets for the three subspecies are

shown in Table S1 (Supporting information). Diversity

varied across subspecies with the highest values

obtained for A. m. mellifera. Diversity measures obtained

with the 11 microsatellites were significantly higher than

those estimated by SNPs (0.0002 ≤ P-value ≤0.0066,
Tukey test; Table S2, Supporting information).

Global and pairwise G’ST values shown in Table 1

revealed variable levels of differentiation across markers

and subspecies. Global G’ST was lower for microsatellites

(0.6371), and corresponding 55 (0.6274) and 110 (0.6172)

flanking SNPs, than for any reduced SNP panel (0.8889,

0.8966 and 0.9044 for 144, 96 and 48 AIMs, respectively).

As expected, pairwise G’ST values showed the lowest dif-

ferentiation for the two C-lineage subspecies A. m. ligus-

tica and A. m. carnica (0.1336 for microsatellites and

0.1008 for the reference SNP data set) and the largest

between the M-lineage A. m. mellifera and the two C-line-

age subspecies (0.8098, 0.8082 for microsatellites and

0.7523, 0.7630 for the reference SNPs).

Table 1 Global and pairwise G’ST values estimated by microsatellites and SNPs for the European honeybee subspecies A. m. mellifera,

A. m. ligustica and A. m. carnica

Set Global G’ST

Pairwise G’ST

A. m. mellifera vs. A. m. ligustica A. m. mellifera vs. A. m. carnica A. m. ligustica vs. A. m. carnica

11 STRs* 0.6371 0.8098 0.8082 0.1336

55 SNPs† 0.6274 0.6874 0.7162 0.1408

110 SNPs‡ 0.6172 0.7008 0.6901 0.1270

48 AIMs§ 0.9044 0.9651 0.9658 0.0242

96 AIMs§ 0.8966 0.9623 0.9641 0.0168

144 AIMs§ 0.8889 0.9581 0.9616 0.0245

1183 SNPs¶ 0.6682 0.7523 0.7630 0.1008

*11 Microsatellite loci.

†55 Closest SNPs to the 11 microsatellites.

‡110 Closest SNPs to the 11 microsatellites.

§Reduced panels of top-ranked 48, 96 and 144 informative SNPs (AIMs—ancestry informative markers) identified by Mu~noz et al.

(2015).

¶Reference SNP data set.

© 2016 John Wiley & Sons Ltd
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Principal component analysis (PCA)

The results of PCA partitioning by the two markers and

the reduced SNP sets are shown in Fig. 2. PCA grouping

obtained with the microsatellites differed considerably

from each of those obtained with the SNPs. The two

main PCA components generated from the 11 microsatel-

lites (Fig. 2a) showed a pronounced overlap of the 113

individuals representing the three A. mellifera subspecies

and did not distinguish the M and C divergent lineages.

Fig. 2 Principal component analysis (PCA) of (a) 11 microsatellites, (b) 55 closest SNPs, (c) 110 closest SNPs, (d) 48 AIMs, (e) 96 AIMs,

(f) 144 AIMs and (g) reference SNP set (d-g taken from Mu~noz et al. 2015 for comparison purposes). PCAs show the 77 individuals

sampled in the native range of the M-lineage honeybee subspecies A. m. mellifera in western Europe (marked in red), the 36 individuals

sampled in the native range of the C-lineage subspecies A. m. ligustica (marked in yellow) and A. m. carnica (marked in blue) in eastern

Europe. [Colour figure can be viewed at wileyonlinelibrary.com]
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Contrasting with microsatellites, all SNP sets were able

to distinguish individuals of M-lineage ancestry and

C-lineage ancestry, although the degree of overlap var-

ied. A greater overlap was observed for the 55 and 110

closest SNP data sets (Fig. 2b,c) than for the three AIM

sets (Fig. 2d–f), which showed a separation pattern more

similar to that exhibited by the reference SNP data set

(Fig. 2g). The first two PCA components estimated using

the 11 microsatellite, the 55 and the 110 closest SNP data

sets, and the reference SNP data set explained 53.15,

51.70, 49.95 and 49.80% of the total variances, respec-

tively. Higher values were obtained for the 48, 96 and

144 AIM data sets with 77.50, 76.29 and 75.35% of the

total variance explained, respectively.

Clustering analysis with STRUCTURE

Membership proportions (Q) were inferred from

microsatellites and SNPs for the 113 honeybee individ-

uals using STRUCTURE (Fig. S1, Supporting information).

The DK method (Evanno et al. 2005) indicated that

K = 2 was the most likely number of genetic clusters,

for both markers and for all data sets tested (Fig. S2,

Supporting information). The 36 individuals originating

from the C-lineage distributional range in eastern Eur-

ope formed one tight cluster with Q-values estimated

by the reference SNP and the 11 microsatellite sets all

at or above 0.9490 and 0.9217, respectively (Table 2,

Table S3, Supporting information). The other cluster

contained the 77 individuals sampled from protected

and unprotected apiaries across the M-lineage A. m.

mellifera native range in western Europe. Consistent

with a previous report (Pinto et al. 2014), these individ-

uals exhibited a wide array of Q-values denoting vari-

able levels of C-lineage introgression (Fig. S1, Table S3,

Supporting information).

While estimates of introgression proportions (inferred

from Q-values) for the 77 individuals varied across

markers and data sets, differences among them were

more pronounced for the upper than for the lower range

of Q-values (Table S3, Supporting information). For

example, the five uppermost Q-values estimated by the

reference SNP data set (or the AIMs) ranged from 0.3400

to 0.6902, whereas those estimated by microsatellites ran-

ged from 0.7543 to 0.9602. Q-value differences >|0.10|
between these data sets were exhibited by 20 individuals

(9 positive and 11 negative values), of which 14 were

among the 20 most introgressed (Fig. S3, Supporting

information). Nonetheless, when mean introgression

proportions (Table 2) were compared across marker

types and data sets for the 77 individuals, none of the

pairwise comparisons revealed to be significant (P-value

≥ 0.9972, Tukey test; Table S4, Supporting information),

despite the higher dispersion of data points observed for

microsatellites (SD = 0.2222, Table 2).

Precision and accuracy

Membership proportions in the A. m. mellifera cluster

estimated by the different data sets were further exam-

ined using linear regression (Table 3, Fig. S4, Supporting

information). When microsatellites were regressed

against the SNP data sets, the highest regression coeffi-

cient was obtained for the 55 closest SNPs (r2 = 0.6986,

Table 3), which suggests that even though the five flank-

ing SNPs are on average 330425.5 � 263719.9 bp away

from each of the 11 microsatellite loci, and considering

the extremely high recombination rate in honeybees

(Wallberg et al. 2015), they are capturing the same infor-

mation as microsatellites. On the other hand, when

microsatellites and the five reduced SNP data sets were

regressed against the reference SNP data set, which with

its 1183 loci represent the best genome coverage, the low-

est regression coefficient was produced by the

microsatellite data set (r2 = 0.6202, Table 3).

Precision and accuracy in estimating C-derived intro-

gression into A. m. mellifera varied between marker types

and data sets (Fig. 3). The standard deviations of

Table 2 Statistics of Q-values inferred from STRUCTURE for the individuals sampled in the M-lineage A. m. mellifera native range in

western Europe (N = 77) and in the C-lineage A. m. ligustica and A. m. carnica native range in eastern Europe (N = 36)

Set

M-lineage group C-lineage group

Max. Min. Mean � SD Max. Min. Mean � SD

11 STRs 0.9602 0.0090 0.1177 � 0.2222 0.9910 0.9217 0.9762 � 0.0205

55 SNPs 0.8185 0.0050 0.1239 � 0.1921 0.9940 0.8885 0.9727 � 0.0272

110 SNPs 0.7790 0.0030 0.1230 � 0.1825 0.9950 0.8842 0.9768 � 0.0291

48 AIMs 0.6765 0.0040 0.1129 � 0.1573 0.9960 0.9315 0.9822 � 0.0170

96 AIMs 0.6706 0.0020 0.1075 � 0.1531 0.9980 0.9487 0.9763 � 0.0161

144 AIMs 0.6592 0.0020 0.1077 � 0.1462 0.9980 0.9452 0.9746 � 0.0142

1183 SNPs 0.6902 0.0010 0.1131 � 0.1496 0.9990 0.9490 0.9829 � 0.0123
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Q-value differences were higher for microsatellites than

for the five reduced SNP panels (Fig. 3a), which indi-

cates that precision of the microsatellites was the lowest.

When comparing among SNP data sets, the 55 and 110

closest SNPs provided less precise estimates than the

AIMs, despite the identical number of loci included in

the two groups of the reduced panels. Accuracy was

high for the six sets, but the mean accuracy of microsatel-

lites (91.84%) was lower than that provided by SNPs,

which ranged from 95.17%, for the 55 closest SNPs, to

98.23%, for the 144 AIMs. It is noteworthy that at the

individual level, microsatellite accuracy for the upper

range of Q-values was highly variable and below 80%

for 11 individuals, suggesting that mean values should

be interpreted with caution (Fig. 3b). In summary, the

SNP sets provided more accurate introgression estimates

than the microsatellite set, especially when they were

selected by their information content (Mu~noz et al. 2015).

Discussion

Reliable molecular tools for detecting C-lineage intro-

gression and genetic identification of pure-bred A. m.

mellifera colonies are crucial to effectively manage conser-

vation centres not only for restoring and preserving

genetic identity and diversity but also for increasing

adaptively important traits of this endangered honeybee

subspecies. While the PCR-RFLP of the intergenic

tRNAleu-cox2 mitochondrial DNA region has proved to

be a powerful and cost-effective tool for monitoring A.

m. mellifera conservation centres in France (Bertrand et al.

2015), its maternal inheritance precludes identification of

Set Parameter 11 STRs 55 SNPs 110 SNPs 48 AIMs 96 AIMs 144 AIMs

11 STRs Slope a – 0.7225 0.6703 0.5355 0.5190 0.4961

Intercept b – 0.0388 0.0441 0.0498 0.0464 0.0492

r2 – 0.6986 0.6661 0.5723 0.5678 0.5684

1183 SNPs Slope a 0.5301 0.7392 0.7910 0.9259 0.9623 1.0103

Intercept b 0.0507 0.0215 0.0158 0.0086 0.0097 0.0043

r2 0.6202 0.9014 0.9317 0.9484 0.9695 0.9758

Table 3 Parameters and coefficients

obtained by the linear regression analysis

of C-lineage introgression proportions in

A. m. mellifera
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Fig. 3 (a) Precision estimates obtained

from standard deviations (SD) of the dif-

ferences between introgression inferred

from the six sets in relation to the refer-

ence SNP set. The data set included the

microsatellites (11 STRs) and the reduced

SNP panels containing the 5 and 10 flank-

ing SNPs of each microsatellite locus (55

and 110 closest SNPs) and the top-ranked

AIMs (48, 96 and 144 AIMs). (b) Accuracy

of the six data sets for each of the 77 A. m.

mellifera individuals. Individuals are

ordered as in Fig. S1 (Supporting informa-

tion), which shows their introgression

proportions. [Colour figure can be viewed

at wileyonlinelibrary.com]
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male-directed C-lineage introgression. Of the 77 A. m.

mellifera colonies examined in this study, 76 carried hap-

lotypes of M-lineage ancestry and one was a maternal

descendant of a C-lineage colony (Pinto et al. 2014).

However, these colonies exhibited variable levels of

nuclear C-lineage introgression suggesting that a full

identification of pure-bred A. m. mellifera requires bipar-

entally inherited markers.

Microsatellites are still the most popular molecular

tool for monitoring nuclear C-lineage introgression

across A. m. mellifera conservation centres in Europe (L.

Garnery, P. Kryger and G. Soland, pers. comm.). How-

ever, the benefits of using SNPs over microsatellites have

been increasingly reported for many organisms (V€ali

et al. 2008, 2010; Glover et al. 2010; Hauser et al. 2011;

Ra�si�c et al. 2014), and honeybees are no exception. In this

study, comparisons between different marker types and

data sets showed that reduced sets of top-ranked infor-

mative SNPs (Mu~noz et al. 2015) provide higher power

in resolving the two highly divergent western (M) and

eastern (C) European lineages, and are more accurate at

estimating introgression proportions than microsatellites

or their flanking SNPs (55 and 110 closest SNP sets). Our

findings add to an increasing list of studies showing that

SNPs outperform microsatellites in a variety of applica-

tions (Karlsson et al. 2007; Hauser et al. 2011; G€arke et al.

2012; Moore et al. 2014; Ra�si�c et al. 2014; Puckett & Eggert

2016). This suggests that although biallelic SNPs provide

lower information per locus than multiallelic microsatel-

lites, the drawback can be offset by using a dispropor-

tionally larger number of randomly selected SNPs than

microsatellites (Herr�aez et al. 2005; Liu et al. 2005; Narum

et al. 2008; Hauser et al. 2011; Ciani et al. 2013; Ra�si�c et al.

2014) or, instead, by using a reduced number of SNPs

selected by information content (Rosenberg et al. 2003;

Liu et al. 2005; Tokarska et al. 2009; G€arke et al. 2012;

Hess et al. 2011; Oserov et al. 2013; this study).

Diversity estimates were lower for SNPs than for

microsatellites (Table S1, Supporting information), which

is expected given the disparity in the number of alleles

per locus between the two markers (biallelic versus multi-

allelic). Global differentiation values obtained with the

standardized G’ST were identical across the two marker

types (Table 1), although they were considerably higher

for the reduced SNP data sets. This is an expected result

given that the SNP loci of the reduced panels were

selected by their highest resolution power for discrimi-

nating subspecies of the divergent M and C evolutionary

lineages (Mu~noz et al. 2015). The degree of differentia-

tion between M and C lineages was high for both marker

types and in the range reported by other honeybee stud-

ies (Whitfield et al. 2006; Harpur et al. 2012).

The PCA showed that subspecies partitioning differs

substantially between the two markers (Fig. 2).

Specifically, microsatellites exhibited lower clustering in

the PCA space than SNPs, an unexpected result given

their widely claimed higher power in detecting popula-

tion clustering (Herr�aez et al. 2005; Liu et al. 2005; Liv-

ingstone et al. 2011; Ciani et al. 2013; DeFaveri et al. 2013;

Ross et al. 2014). While the number of loci used here is in

the range of other studies (Narum et al. 2008; Schopen

et al. 2008; Glover et al.2010; Hauser et al. 2011; Hess

et al. 2011; Livingstone et al. 2011), it is possible that the

power of microsatellites was limited by the low genome

coverage (only seven of the 16 honeybee chromosomes).

However, the 55 and 110 closest SNP sets, which sample

the same chromosomes, provided a lineage separation in

the PCA space identical to that of the 144 AIMs, which

are spread across the 16 chromosomes (Fig. 1). An alter-

native explanation for the poor lineage separation pro-

vided by microsatellites is homoplasy. Due to allele size

constraints and high mutation rates, homoplasy is

expected to occur relatively often in microsatellites, a

problem that is aggravated with increasing divergence

times (Kimura & Crow 1964; Estoup et al. 2002).

Although geographically close, the two European lin-

eages (M and C) are the most divergent among the four

honeybee lineages (Garnery et al. 1992; Wallberg et al.

2014). Accordingly, it is possible that convergence of

allele size has obscured lineage differentiation. This

hypothesis is supported by a simulation study showing

that for moderate to high levels of divergence, SNPs

have generally greater power than microsatellites in

detecting structure (Haasl & Payseur 2011).

While all reduced SNP data sets were able to separate

the two lineages, A. m. carnica and A. m. ligustica could

only be unambiguously distinguished by the 1183 SNP

data set (Fig. 2g). This is not a surprising result given

that the AIM panels were selected by their high discrimi-

natory power in separating variation between and not

within lineages. Furthermore, in accordance with the

simulations of Haasl & Payseur (2011), as divergence

time decreases, an exponential increase in the number of

SNP loci is required for population separation. On the

other hand, these authors found that in the presence of

low levels of divergence, microsatellites may outperform

SNPs, which was not the case here. It is possible that the

11 microsatellite loci were not sufficient to distinguish A.

m. carnica from A. m. ligustica, as suggested by recent sur-

veys using 25 microsatellite loci that resolved a number

of C-lineage subspecies (Francis et al. 2014; Uzunov et al.

2014).

The results of STRUCTURE provided further insights into

the relative performance of the two marker types.

Although mean introgression proportions (inferred from

Q-values) into A. m. mellifera estimated by microsatellites

and SNPs were identical, at the individual level there

were some major discrepancies, mostly in the upper

© 2016 John Wiley & Sons Ltd
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range of Q-values. The honeybee individuals 8 and 18

are two examples of highly skewed positive and negative

microsatellite introgression estimates, respectively

(Fig. S3, Supporting information). This finding has

important implications for conservation programmes

because decision-making works at the individual colony

level; the decision of whether these two colonies would

be maintained or removed from the protected population

would be determined by the marker used for colony

identification.

Precision and accuracy were lowest for microsatellites

and highest for the SNP panel containing the largest

number of top-ranked AIM loci. When comparing

among SNP sets, both precision and accuracy were low-

est for the two SNP sets flanking microsatellites, which

indicate that SNPs carefully selected by their discrimina-

tory power perform better than equivalent numbers of

unselected SNPs. While mean accuracy was high across

markers and data sets, at the individual level there was a

trend showing lower accuracy at the upper range of Q-

values, especially for microsatellites, suggesting that

mean values can be misleading and are of little help for

monitoring conservation programmes.

In summary, our results showed the superiority of

SNPs in distinguishing the two European evolutionary

lineages and estimating C-lineage introgression, espe-

cially when they are selected by their information con-

tent. These findings, together with high throughput, ease

of analysis, transferability between laboratories, low

genotyping error and low per locus genotyping cost

(Vignal et al. 2002; Brumfield et al. 2003; Morin et al.

2004), make SNP markers more compliant to the test of

tracking introgression, promising to supersede

microsatellites in A. m. mellifera conservation pro-

grammes across Europe.
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Supporting Information

Additional Supporting Information may be found in the online

version of this article:

Table S1 Diversity measures estimated by the 11 microsatellites

and the six different SNP data sets for each of three subspecies

A. m. mellifera, A. m. ligustica and A. m. carnica. Na - mean num-

ber of alleles, Ne - effective number of alleles, uh - unbiased

diversity, and Rs - allelic richness

Table S2 P-values obtained with the Tukey test for the compar-

isons of the diversity measures between marker types and data

sets of the three subspecies A. m. mellifera, A. m. ligustica and A.

m. carnica

Table S3 Membership proportions (Q-values) in the C-lineage

cluster, inferred from STRUCTURE, for the 77 A. m. mellifera

individuals sampled in western Europe (M-lineage) and for the

17 A. m. ligustica and 19 A. m. carnica individuals sampled in

eastern Europe (C-lineage). Sampling locations of A. m. mellifera

marked in bold represent unprotected apiaries; the remaining

sampling locations represent apiaries under conservation man-

agement. The 113 individuals are ordered as in Fig. S1

(Supporting information)

Table S4 P-values obtained with the Tukey test for pairwise

comparisons of C-lineage introgression proportions into A. m.

mellifera

Fig. S1 Clusters identified by the Bayesian-based software

STRUCTURE (Pritchard et al. 2000) for 77 individuals sampled

in the native range of the M-lineage honeybee subspecies A. m.

mellifera in western Europe and the 36 individuals sampled in

the native range of the C-lineage subspecies A. m. ligustica

(N = 17) and A. m. carnica (N = 19) in eastern Europe. Individ-

ual membership proportions (Y-axis) were inferred from (a) 11

microsatellites, (b) 55 closest SNPs, (c) 110 closest SNPs, (d) 48

AIMs, (e) 96 AIMs, (f) 144 AIMs, and (g) reference SNP data set.

Each individual is represented by a bar, which is partitioned

into two coloured segments that represent the individual’s esti-

mated membership proportions in K = 2 optimal number of

clusters, as determined by the DK method (Evanno et al. 2005)

Fig. S2 Determination of the optimal number of genetic clusters

(K) using the DK method (Evanno et al. 2005) for (a) 11

microsatellites, (b) 55 closest SNPs, (c) 110 closest SNPs, (d) 48

AIMs, (e) 96 AIMs, (f) 144 AIMs, and (g) reference SNP sets

Fig. S3 Differences of Q-values inferred from the six data sets in

relation to those of the reference SNP set for each of the 77 indi-

viduals sampled in the native range of the M-lineage honeybee

subspecies A. m. mellifera in western Europe (see Q-values in

Table S3, Supporting information). The six data sets included

the 11 microsatellites (11 STRs) and the reduced SNP panels

containing the 5 and 10 flanking SNPs of each microsatellite

locus (55 and 110 closest SNPs) and the top-ranked informative

SNPs (48, 96, and 144 AIMs). Individuals (ID 1 to 77) are

ordered as in Fig. S1 (Supporting information), which shows

introgression proportions and geographical origin of the 77

individuals

Fig. S4 C-lineage introgression into A. m. mellifera inferred with

STRUCTURE from the 11 microsatellites plotted as linear regres-

sions against the (a) 55 closest SNPs, (b) 110 closest SNPs, (c) 48

AIMs, (d) 96 AIMs, (e) 144 AIMs, and (f) reference SNP sets;

and from the reference SNPs against the (g) 55 closest SNPs, (h)

110 closest SNPs, (i) 48 AIMs, (j) 96 AIMs, (k) and 144 AIMs
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