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Abstract: Microsatellite loci are widely used in ecological and evolutionary studies to assess 19 

inbreeding, genetic parentage and population structure. Such loci are often species-specific and 20 

optimised in multiplexes to allow for economical and efficient use. Here, we tested 11 microsatellite 21 

loci designed for use in European bee-eaters (Merops apiaster), along with 31 loci designed in other 22 

species, for their utility in European bee-eaters sampled on Susak Island, Croatia. Of these 42 loci, 20 23 

were polymorphic in 38 individuals. These polymorphic loci were further assessed in a sub-set of 23 24 

adults, excluding close relatives, which exhibited between three and 13 alleles each. All loci were 25 

autosomal, as indicated by the presence of heterozygotes in both males and females. One of the 26 

polymorphic loci exhibited low heterozygosity, three loci deviated from Hardy-Weinberg equilibrium 27 

and three pairs of loci displayed linkage disequilibrium. The remaining selected eight cross-species 28 

loci and seven loci isolated in European bee-eaters were combined with two sex-typing markers and 29 

optimised in five multiplexes. A combination of 17 loci of varying degrees of polymorphism makes 30 

this multiplex set particularly suitable for both parentage and spatial genetic analyses. This multiplex 31 

set therefore provides a useful toolkit for studying kin selection and population genetics in the 32 

cooperatively breeding European bee-eater and, potentially, in other closely related species. 33 
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 41 

European bee-eaters (Merops apiaster) are a migratory bird species in the Meropidae family (order 42 

Coraciiformes). They breed in Southern Europe and the North of Africa and migrate to Southern 43 

Africa during winter (Fry 1984). Unlike many cooperatively breeding birds, European bee-eaters are a 44 

colonial species (Lessells et al. 1994). Colonies vary in size and can range from two up to several 45 

hundred breeding pairs (Fry 1984). Approximately 20% of broods in this species obtain help from 46 

other individuals that have failed in their breeding attempts (Lessells 1990). Females have greater 47 

natal dispersal distances than males, although breeding-site fidelity is very common (Lessells 1994). 48 

However, less is known about inter-colony dispersal (Dasmahapatra et al. 2004) and associated fine-49 

scale genetic structure, features that may be important if we are to understand the evolution of various 50 

life-history traits such as cooperative breeding, coloniality and dispersal. Here, we characterize a set 51 

of polymorphic microsatellite loci, obtained via cross-species amplification, and combine these with 52 

existing European bee-eater loci (Dasmahapatra et al. 2004) and sexing markers (Dawson 2007) to 53 

create a powerful multiplex set. This multiplex set will facilitate the study of dispersal, parentage and 54 

kin selection in the European bee-eater and could potentially be of use in similar studies of closely 55 

related species.   56 

 57 

A total of 42 microsatellite loci were tested for their utility in European bee-eaters, sampled on Susak 58 

Island, Croatia (45° 29′ 26″ N, 14° 19′ 46″ E). Eleven of these loci were previously developed for the 59 

European bee-eater (Dasmahapatra et al. 2004) and we assessed these loci for their utility in our study 60 

population. The remaining 31 loci were selected based on their high utility in multiple other species 61 

(Dawson et al. 2010, 2013), their utility in species belonging to the same order as European bee-eaters 62 

(N = 7–23; Online Resource 1) or both. Five of these loci were originally isolated from the closely-63 

related Rainbow bee-eater (Merops ornatus; Adcock et al. 2006) and 26 were of high cross-species 64 

utility, including 24 that were previously characterized in a related but more distant Coraciiform 65 

species, the European roller (Coracias garrulous; Martín-Gálvez et al. 2014).  66 

 67 

Blood samples (ca 50 µl) were collected by puncturing the brachial vein of 38 European bee-eaters 68 

from 15 colonies on Susak Island in 2014. These samples were stored in 1 ml of 96% ethanol in 69 

rubber-sealed screw-topped microfuge tubes. We extracted genomic DNA via an ammonium acetate 70 

precipitation method (Nicholls et al. 2000) and performed PCR amplification in a 2-µl volume. Each 71 

PCR reaction contained approximately 15 ng of genomic DNA, 0.2 µM of each primer (except for 72 

Be2.52 [0.6 µM], Be3.9 [1.0 µM], CAM-15 [0.4 µM], Mor14 [0.6 µM] and TG13-017 [0.6 µM]), 73 

HotStar Taq DNA polymerase, MgCl2 and dNTPs supplied at the concentrations stated in the 74 

manufacturer’s buffer (QIAGEN Multiplex PCR Master Mix). Forward primers were fluorescently 75 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



4 
 

labelled and PCR products were amplified using a DNA Engine Tetrad PTC-225 Peltier thermal 76 

cycler (MJ Research).  77 

 78 

Loci of high cross-species utility and those tested in the European roller were amplified in 79 

singleplexes across all 38 individuals with the following PCR profile: 95 ºC for 15 min, followed by 80 

35 cycles of 94 ºC for 30 s, 56 ºC for 90 s and 72 ºC for 60 s and a final step of 60 ºC for 30 min. The 81 

Rainbow and European bee-eater loci were initially assessed in multiplex reactions (designed using 82 

Multiplex Manager 1.2) in seven adults that were not close relatives (R ≤ 0.126; GenAlEx 6.41, 83 

Peakall et al. 2006) with the same PCR constituents, including 0.2 µM of each primer (except for 84 

Be2.52 [0.6 µM], Be3.9 [1.0 µM] and Mor14 [0.6 µM]), and the same PCR profile. PCR products 85 

were separated on an ABI 3730 DNA Analyser with an ABI ROX500 size standard and alleles scored 86 

using GENEMAPPER 3.7 (Applied Biosystems). 87 

 88 

We found 20 loci to be polymorphic in seven to 38 individuals. Five loci were monomorphic and 17 89 

failed to amplify a product (Online Resource 1). The five monomorphic loci in this population may be 90 

variable and so of utility in other populations. Locus Be72 is the same as Be3.9, which we tested 91 

under the latter name and found polymorphic (Adcock et al. 2006). Polymorphic loci were amplified 92 

as multiplex PCRs across all 38 individuals using the PCR profile stated above. Each multiplex set 93 

included a marker of known utility for sexing European bee-eaters; Z002B or Z002D (Dawson 2007). 94 

Loci were then characterized across a sub-set of 23 European bee-eaters, by selecting one male and 95 

one female adult from each colony to minimise overlapping generation and social structure effects. 96 

All 20 loci were autosomal as heterozygotes occurred in both sexes (18 males and 20 females 97 

assessed). One autosomal locus (TG01-000) amplified successfully in singleplex but failed to amplify 98 

in multiplex PCR (Online Resource 1). Another locus (Be48) was polymorphic with only three alleles 99 

and little genetic variation in the Susak Island individuals (HO = 0.09, Online Resource 1). Despite the 100 

relatively low variability among Susak Island individuals, this locus may be suitable for population 101 

structure analyses as heterozygosity was higher (HO = 0.29) in a French European bee-eater 102 

population (Dasmahapatra et al. 2004).  103 

  104 

We used data from the 23 adult European bee-eaters to test each locus for deviation from Hardy-105 

Weinberg Equilibrium (HWE) and for linkage disequilibrium among groups of loci (GENEPOP 4.2; 106 

Rousset 2008). Three loci (Be2.16, Mor14 and Mor15) deviated from HWE and were not included in 107 

the final multiplex set (Online Resource 1). Loci Be2.16 and Mor15 also displayed high null allele 108 

frequency estimates (> 0.10; CERVUS 3.0.03, Kalinowski et al. 2007). After correcting for multiple 109 
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testing (Benjamini et al. 1995), three pairs of loci (TG04-061 & CAM-15, Mor10 & Be19.2 and 110 

Mor10 & Bb111-TG) displayed linkage disequilibrium (p < 0.05). We therefore omitted data from 111 

CAM-15 and Mor10 from the analyses of relatedness. The final 15 autosomal loci (eight cross-species 112 

loci combined with seven loci isolated in European bee-eaters) were checked and confirmed unique 113 

using BLAST software (Altschul et al. 1997). These 15 loci, optimised in five multiplexes, will be 114 

useful in future studies, especially when combined with the two sex-typing markers (Table 1). In 115 

particular, the marker set will facilitate both fine-scale and large-scale population genetic structure 116 

analyses, and facilitate parentage assignment and relatedness estimation for kin selection studies. 117 

More specifically, this multiplex set will provide an efficient and economical method for investigating 118 

the social dynamics of European bee-eaters and, potentially, closely related species.  119 

 120 
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  N is the num
ber of genotyped adult European bee-eater (M

erops apiaster) individuals from
 Susak Island, C

roatia, N
a  is the num

ber of alleles, H
O  is the observed 

heterozygosity, H
E  is the expected heterozygosity and Est. null allele freq. is the estim

ated null allele frequency. 
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Abstract: Microsatellite loci are widely used in ecological and evolutionary studies to assess 19 

inbreeding, genetic parentage and population structure. Such loci are often species-specific and 20 

optimised in multiplexes to allow for economical and efficient use. Here, we tested 11 microsatellite 21 

loci designed for use in European bee-eaters (Merops apiaster), along with 31 loci designed in other 22 

species, for their utility in European bee-eaters sampled on Susak Island, Croatia. Of these 42 loci, 20 23 

were polymorphic in 38 individuals. These polymorphic loci were further assessed in a sub-set of 23 24 

adults, excluding close relatives, which exhibited between three and 13 alleles each. All loci were 25 

autosomal, as indicated by the presence of heterozygotes in both males and females. One of the 26 

polymorphic loci exhibited low heterozygosity, three loci deviated from Hardy-Weinberg equilibrium 27 

and three pairs of loci displayed linkage disequilibrium. The remaining selected eight cross-species 28 

loci and seven loci isolated in European bee-eaters were combined with two sex-typing markers and 29 

optimised in five multiplexes. A combination of 17 loci of varying degrees of polymorphism makes 30 

this multiplex set particularly suitable for both parentage and spatial genetic analyses. This multiplex 31 

set therefore provides a useful toolkit for studying kin selection and population genetics in the 32 

cooperatively breeding European bee-eater and, potentially, in other closely related species. 33 
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 41 

European bee-eaters (Merops apiaster) are a migratory bird species in the Meropidae family (order 42 

Coraciiformes). They breed in Southern Europe and the North of Africa and migrate to Southern 43 

Africa during winter (Fry 1984). Unlike many cooperatively breeding birds, European bee-eaters are a 44 

colonial species (Lessells et al. 1994). Colonies vary in size and can range from two up to several 45 

hundred breeding pairs (Fry 1984). Approximately 20% of broods in this species obtain help from 46 

other individuals that have failed in their breeding attempts (Lessells 1990). Females have greater 47 

natal dispersal distances than males, although breeding-site fidelity is very common (Lessells 1994). 48 

However, less is known about inter-colony dispersal (Dasmahapatra et al. 2004) and associated fine-49 

scale genetic structure, features that may be important if we are to understand the evolution of various 50 

life-history traits such as cooperative breeding, coloniality and dispersal. Here, we characterize a set 51 

of polymorphic microsatellite loci, obtained via cross-species amplification, and combine these with 52 

existing European bee-eater loci (Dasmahapatra et al. 2004) and sexing markers (Dawson 2007) to 53 

create a powerful multiplex set. This multiplex set will facilitate the study of dispersal, parentage and 54 

kin selection in the European bee-eater and could potentially be of use in similar studies of closely 55 

related species.   56 

 57 

A total of 42 microsatellite loci were tested for their utility in European bee-eaters, sampled on Susak 58 

Island, Croatia (45° 29′ 26″ N, 14° 19′ 46″ E). Eleven of these loci were previously developed for the 59 

European bee-eater (Dasmahapatra et al. 2004) and we assessed these loci for their utility in our study 60 

population. The remaining 31 loci were selected based on their high utility in multiple other species 61 

(Dawson et al. 2010, 2013), their utility in species belonging to the same order as European bee-eaters 62 

(N = 7–23; Online Resource 1) or both. Five of these loci were originally isolated from the closely-63 

related Rainbow bee-eater (Merops ornatus; Adcock et al. 2006) and 26 were of high cross-species 64 

utility, including 24 that were previously characterized in a related but more distant Coraciiform 65 

species, the European roller (Coracias garrulous; Martín-Gálvez et al. 2014).  66 

 67 

Blood samples (ca 50 µl) were collected by puncturing the brachial vein of 38 European bee-eaters 68 

from 15 colonies on Susak Island in 2014. These samples were stored in 1 ml of 96% ethanol in 69 

rubber-sealed screw-topped microfuge tubes. We extracted genomic DNA via an ammonium acetate 70 

precipitation method (Nicholls et al. 2000) and performed PCR amplification in a 2-µl volume. Each 71 

PCR reaction contained approximately 15 ng of genomic DNA, 0.2 µM of each primer (except for 72 

Be2.52 [0.6 µM], Be3.9 [1.0 µM], CAM-15 [0.4 µM], Mor14 [0.6 µM] and TG13-017 [0.6 µM]), 73 

HotStar Taq DNA polymerase, MgCl2 and dNTPs supplied at the concentrations stated in the 74 

manufacturer’s buffer (QIAGEN Multiplex PCR Master Mix). Forward primers were fluorescently 75 
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labelled and PCR products were amplified using a DNA Engine Tetrad PTC-225 Peltier thermal 76 

cycler (MJ Research).  77 

 78 

Loci of high cross-species utility and those tested in the European roller were amplified in 79 

singleplexes across all 38 individuals with the following PCR profile: 95 ºC for 15 min, followed by 80 

35 cycles of 94 ºC for 30 s, 56 ºC for 90 s and 72 ºC for 60 s and a final step of 60 ºC for 30 min. The 81 

Rainbow and European bee-eater loci were initially assessed in multiplex reactions (designed using 82 

Multiplex Manager 1.2) in seven adults that were not close relatives (R ≤ 0.126; GenAlEx 6.41, 83 

Peakall et al. 2006) with the same PCR constituents, including 0.2 µM of each primer (except for 84 

Be2.52 [0.6 µM], Be3.9 [1.0 µM] and Mor14 [0.6 µM]), and the same PCR profile. PCR products 85 

were separated on an ABI 3730 DNA Analyser with an ABI ROX500 size standard and alleles scored 86 

using GENEMAPPER 3.7 (Applied Biosystems). 87 

 88 

We found 20 loci to be polymorphic in seven to 38 individuals. Five loci were monomorphic and 17 89 

failed to amplify a product (Online Resource 1). The five monomorphic loci in this population may be 90 

variable and so of utility in other populations. Locus Be72 is the same as Be3.9, which we tested 91 

under the latter name and found polymorphic (Adcock et al. 2006). Polymorphic loci were amplified 92 

as multiplex PCRs across all 38 individuals using the PCR profile stated above. Each multiplex set 93 

included a marker of known utility for sexing European bee-eaters; Z002B or Z002D (Dawson 2007). 94 

Loci were then characterized across a sub-set of 23 European bee-eaters, by selecting one male and 95 

one female adult from each colony to minimise overlapping generation and social structure effects. 96 

All 20 loci were autosomal as heterozygotes occurred in both sexes (18 males and 20 females 97 

assessed). One autosomal locus (TG01-000) amplified successfully in singleplex but failed to amplify 98 

in multiplex PCR (Online Resource 1). Another locus (Be48) was polymorphic with only three alleles 99 

and little genetic variation in the Susak Island individuals (HO = 0.09, Online Resource 1). Despite the 100 

relatively low variability among Susak Island individuals, this locus may be suitable for population 101 

structure analyses as heterozygosity was higher (HO = 0.29) in a French European bee-eater 102 

population (Dasmahapatra et al. 2004).  103 

  104 

We used data from the 23 adult European bee-eaters to test each locus for deviation from Hardy-105 

Weinberg Equilibrium (HWE) and for linkage disequilibrium among groups of loci (GENEPOP 4.2; 106 

Rousset 2008). Three loci (Be2.16, Mor14 and Mor15) deviated from HWE and were not included in 107 

the final multiplex set (Online Resource 1). Loci Be2.16 and Mor15 also displayed high null allele 108 

frequency estimates (> 0.10; CERVUS 3.0.03, Kalinowski et al. 2007). After correcting for multiple 109 
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testing (Benjamini et al. 1995), three pairs of loci (TG04-061 & CAM-15, Mor10 & Be19.2 and 110 

Mor10 & Bb111-TG) displayed linkage disequilibrium (p < 0.05). We therefore omitted data from 111 

CAM-15 and Mor10 from the analyses of relatedness. The final 15 autosomal loci (eight cross-species 112 

loci combined with seven loci isolated in European bee-eaters) were checked and confirmed unique 113 

using BLAST software (Altschul et al. 1997). These 15 loci, optimised in five multiplexes, will be 114 

useful in future studies, especially when combined with the two sex-typing markers (Table 1). In 115 

particular, the marker set will facilitate both fine-scale and large-scale population genetic structure 116 

analyses, and facilitate parentage assignment and relatedness estimation for kin selection studies. 117 

More specifically, this multiplex set will provide an efficient and economical method for investigating 118 

the social dynamics of European bee-eaters and, potentially, closely related species.  119 
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  N is the num
ber of genotyped adult European bee-eater (M

erops apiaster) individuals from
 Susak Island, C

roatia, N
a  is the num

ber of alleles, H
O  is the observed 

heterozygosity, H
E  is the expected heterozygosity and Est. null allele freq. is the estim

ated null allele frequency. 
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