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TECHNICAL NOTE

Characterisation of twenty-one European badger (Meles meles)
microsatellite loci facilitates the discrimination of second-order
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Abstract The European badger (Meles meles) breeds
plurally in lowland England and is important economically
due to its link with bovine tuberculosis (Mycobacterium
bovis) transmission. To understand disease transmission
and facilitate effective management, it is vital to elucidate
the social structure of badger groups. To improve parentage
assignment and the discrimination of relatives, we isolated
and characterised 21 polymorphic microsatellite loci in 24
individuals from Wytham Woods, Oxfordshire, UK. These
21 loci increased the discrimination power between full-
siblings and half-siblings from 71 to 88%, when added to
the existing 31 loci. Similarly, the combined non-exclusion
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probability increased from 3.0 x 107® to 5.8 x 107"
Newly isolated Mel-592 (FR745854) was X-linked, based
on the genotypes of 48 known-sex individuals and will
enhance the genetic sex-typing of badgers.

Keywords European badger - Meles meles - Mustelidae -
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In the UK and Ireland, European badgers (Meles meles) are
a wildlife reservoir for bovine tuberculosis (Mycobacte-
rium bovis), and have been implicated in disease trans-
mission to cattle, with important economic ramifications
(McDonald et al. 2008). Understanding host ecology, such
as the mating system and relatedness structure, is important
so that patterns of disease transmission are elucidated to
enable effective disease management (Pope et al. 2007).
Badgers are nocturnal, breed plurally in lowland England
(Carpenter et al. 2005; Dugdale et al. 2007), and cubs are
raised underground (Dugdale et al. 2010); thus, parentage
cannot be assigned from behavioural traits alone, and
molecular genetic markers are required.

Fifty-seven microsatellites have previously been char-
acterised for badgers (Bijlsma et al. 2000; Carpenter et al.
2003; Domingo-Roura et al. 2003; Huck et al. 2008) and 31
of these are polymorphic in the Wytham Woods population
(Domingo-Roura et al. 2003; Dugdale et al. 2007; Annavi
et al. unpublished data). Blouin et al. (2003) proposed that
around 50 polymorphic microsatellite loci are required to
differentiate second-order relatives from first-order.

As badger groups contain close relatives (Dugdale et al.
2008) we characterised 21 additional microsatellite loci
from three genomic libraries (Table 1 and Supplementary
Table 1). Libraries 1 and 2 were prepared as described in
Carpenter et al. (2003). Library 3 was constructed from one
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female badger (BAP1556) sampled at Wilcot, England
(Ordnance Survey reference: SU141608) using the method
of Armour et al. (1994) and enriched separately for di-and
tetranucleotide microsatellite motifs comprising (GT),,
(CD),, (GTAA),, (CTAA),, (TTTC),, (GATA), and their
complements. These were denatured and bound to mag-
netic beads following Glenn and Schable (2005). Trans-
formant colonies were sequenced in both directions
without pre-screening.

Primer pairs were designed for 35 unique microsatellite
loci using PRIMER3 0.4.0 (Rozen and Skaletsky 2000)
with annealing temperatures in the range of 55-61°C. For
each locus, we genotyped 12 males and 12 females from
Wytham Woods, UK (GPS:51:46:26N;1:19:19W). To
ensure individuals were as unrelated as possible we
selected individuals from disparate social-groups. Genomic
DNA was extracted from blood using a modified Chelex
protocol (Walsh et al. 1991). Polymerase chain reactions
(PCR) were performed in a 384-well Dyad Hybaid
Touchdown™ thermal cycler (Thermo Hybaid, Ashford,
UK). A negative control (ultrapure double-distilled water)
was used to detect contamination and a positive (known
genotype) control to ensure consistent allele-scoring. Each
2 ul Qiagen PCR reaction (Qiagen Inc., Valencia, USA)
contained 1 pl of Qiagen master mix, 1 pl of fluorescently
labelled primer mix (forward and reverse) at 0.2 uM and
50 ng of DNA. The touchdown PCR program was: 95°C
for 15 min, then 30 cycles of 94°C for 30 s, 90 s at

0.04

-0.03
-0.08
-0.05

PHWE F(HUH)

Hg

22 2 036 041 0.62
24 4 075 0.72 0.52
23 3 030 0.27 1.00
24 2 0.00

N A H,
233/233-237 (Female) 24 2 054 0.50 1.00

allele size (bp)
211/203-207
255/233-245
258/246-258
233/233-237 (Male)

Fluorescent Expected/observed

label (FP)
HEX
6FAM
6FAM
HEX

F:ACTAGTGGCATGTTCATATAATGG
R:AATTGGTATGTCTTATTAAGGAAGCAG

bp base pairs, N number of badgers genotyped, A number of alleles observed, Hy, observed heterozygosity, Hg expected heterozygosity, Pywg probability of deviation from Hardy—Weinberg

equilibrium, F(null) estimated null allele frequency, (S) clone sequenced at NBAF-Sheffield, all other clones isolated from library 3 were sequenced at NBAF-Edinburgh
4 Mel-191 (FR745453) displayed high sequence similarity to many mammalian X-chromosomes; however, 125/543 male badgers (XY) were heterozygous suggesting it is autosomal in badgers
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\2 5 2 59 % S _g 61-55°C and 72°C for 1 min, followed by a final 30 min at
5 > S E ::ﬂ g O é 60°C. All 24 genotypes (35 loci) were derived from single-
§ E g g9 5 fc g plex PCRs on an ABI 3730 DNA analyser. Alleles were
g SL 23288 § scored using ROX500 size-marker and GENEMAPPER
g 3 SS5EES g 3.7 (Applied Biosystems, California, USA). Loci were
E E 2 E 2 %4)' E E checked for sex linkage by comparing the genotypes of 24
" : . - X females and 24 males.
5 o < < £ 150 We isolated 432 new badger microsatellite sequences:
%= iE § % = g Mel-80-Mel-611 (FR745442-FR745873). Of the 35 loci
®E = — R z tested, 21 were polymorphic (Table 1), 6 were monomor-
§D phic and 8 failed to amplify or amplified non-specific
[sa) (] v
% 2 Z = § 2 products (Supplementary Table 1). Observed and expected
@) a = = = g heterozygosities and estimated null-allele frequencies were
g 2 § calculated using CERVUS 3.0 (Kalinowski et al. 2007).
CO) § - - - - E Means are reported £ standard errors (SE). There were 2—5
° - o < 8 alleles per locus (mean = 3.05 £ 0.21), and expected het-
— S =
0 %® é\': % § S erozygosities ranged from 0.08-0.75 (mean = 0.44 £ 0.03).
E § § § § 3 >; The combined probability of not excluding a single
- - = = - Z =3 randomly-chosen unrelated individual from parentage
o 3 £ increased from 3.0 x 10~ (31 existing loci) t0 5.8 x 10~"3
E é g > (52 loci). Kinlnfor 1.0 (Wang 2006) estimated that 31 loci
§ < i % distinguished full-siblings from half-siblings with 71%
- X %0 e ; 2 accuracy, or 88% with 52 loci. Mel-592 (FR745854) was
j; e ;: ;: l;: l;: g § X-linked; all 24 males (XY) were homozygous, whereas 11
=15 S = = S <. females (XX) were heterozygous and 13 females
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homozygous (Fisher’s Exact Test P < 0.001; 95% confi-
dence interval for the odds ratio = 0.00-0.19). This locus
will enhance the genetic sex-typing of badgers and due to its
small product size (233-237bp) may be particularly useful
for degraded samples such as those collected non-invasively
(see Toouli et al. 2000).

Deviations from Hardy—Weinberg equilibrium (HWE)
and linkage disequilibrium (LD) were tested using
GENEPOP 4.0.10 (Raymond and Rousset 1995). Only
Mel-551 (FR745813) deviated significantly from HWE
(P = 0.0499). Nine pairs of loci were in LD (Mel-232—
Mel-243, Mel-243-Mel-576, Mel-246—Mel-203, Mel-253—
Mel-161, Mel-451-Mel-153, Mel-522—Mel-538, Mel-538—
Mel-554, Mel-538-Mel-186, and Mel-153-Mel-203) but
not after adjusting for multiple testing by FDR control
(m = 210, a = 0.05, adjusted P = 0.001-0.050; Benja-
mini and Hochberg 1995).

These 21 polymorphic microsatellite loci will advance
our capacity to resolve genealogical relationships between
badgers, which will have practical application in disease
management.

Acknowledgments We thank the Wytham Woods badger team,
Andy Krupa, Alain Frantz and Yung Wa Sin for assistance. This
research was supported by the Natural Environment Research Council
Biomolecular Analysis Facility-Sheffield, The Peoples Trust for
Endangered Species (DWM), The Ministry of Higher Education,
Malaysia (GA), and the Netherlands Organisation for Scientific
Research (Rubicon fellowship; HLD). Animal handling licences
were: Natural England 20001537 and Home Office PPL30/1216.

References

Armour JAL, Neumann R, Gobert S, Jeffreys AJ (1994) Isolation of
human simple repeat loci by hybridization selection. Hum Mol
Genet 3:599-605

Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J Roy
Statist Ser B 57:289-300

Bijlsma R, van de Vilet M, Pertoldi C, van Apeldoorn RC, van de
Zande L (2000) Microsatellite primers from the Eurasian badger,
Meles meles. Mol Ecol 9:2216-2217

Blouin MS (2003) DNA-based methods for pedigree reconstruction
and kinship analysis in natural populations. Trends Ecol Evol
18:503-511

Carpenter PJ, Dawson DA, Greig C, Patham A, Cheeseman CL,
Burke T (2003) Isolation of 39 polymorphic microsatellite loci
and the development of a fluorescently labelled marker set for
the Eurasian badger (Meles meles) (Carnivore: Mustelidae). Mol
Ecol Notes 3:610-615

@ Springer

Carpenter PJ, Pope LC, Greig C, Dawson DA, Rogers LM, Erven K,
Wilson GJ, Delahay RJ, Cheeseman CL, Burke T (2005) Mating
system of the European badger, Meles meles, in a high density
population. Mol Ecol 14:273-284

Domingo-Roura X, Macdonald DW, Roy MS, Marmi J, Terradas J,
Rogers LM, Woodroffe R, Burke T, Wayne RK (2003)
Confirmation of low genetic diversity and multiple breeding
females in a social group of Eurasian badgers from microsatellite
and field data. Mol Ecol 12:533-539

Dugdale HL, Macdonald DW, Pope LC, Burke T (2007) Polygyn-
andry, extra-group paternity an multiple-paternity litters in
European badger (Meles meles) social groups. Mol Ecol
16:5294-5306

Dugdale HL, Macdonald DW, Pope LC, Johnson PJ, Burke T (2008)
Reproductive skew and relatedness in social groups of European
badgers, Meles meles. Mol Ecol 16:5294-5306

Dugdale HL, Ellwood SA, Macdonald DW (2010) Alloparental
behaviour and long-term costs of mothers tolerating other
members of the group in a plurally breeding mammal. Anim
Behav 80:719-733

Glenn TC, Schable NA (2005) Isolating microsatellite DNA loci. In:
Zimmer EA, Roalson EH (eds) Methods in enzymology 395,
molecular evolution: producing the biochemical data, Part B.
Elsevier Academic Press Inc, San Diego, pp 202-222

Huck M, Frantz AC, Dawson DA, Burke T, Roper TJ (2008) Low
genetic variability, female biased dispersal and high movement
rates in an urban population of Eurasian badgers (Meles meles).
J Appl Ecol 77:905-915

Kalinowski ST, Taper ML, Marshall TC (2007) Revising how
the computer program CERVUS accommodates genotyping
error increases success in paternity assignment. Mol Ecol 16:
1099-1106

McDonald RA, Delahay RJ, Carter SP, Smith GC, Cheeseman CL
(2008) Perturbing implications of wildlife ecology for disease
control. Trends Ecol Evol 23:53-56

Pope LC, Butlin RK, Wilson GJ, Woodroffe R, Erven K, Conyers
CM, Franklin T, Delahay RJ, Cheeseman CL, Burke T (2007)
Genetic evidence that culling increases badger movement:
implications for the spread of bovine tuberculosis. Mol Ecol
16:4919-4929

Raymond M, Rousset F (1995) GENEPOP (version 1.2): population
genetics software for exact tests and ecumenicism. J Heredity
86:248-249

Rozen S, Skaletsky HJ (2000) PRIMER3 on the WWW for general
users and for biologist programmers. In: Krawetz S, Misener S
(eds) Bioinformatics methods and protocols: methods in molec-
ular biology. Human Press, Totowa, pp 365-386

Toouli CD, Turner DR, Grist SA, Morley AA (2000) The effect of
cycle number and target size on polymerase chain reaction
amplification of polymorphic repetitive sequences. Anal Bio-
chem 280:324-326

Walsh PS, Metzger DA, Higuchi R (1991) Chelex® 100 as a medium
for simple extraction of DNA for PCR-based typing from
forensic material. Biotechniques 10:506-513

Wang J (2006) Informativeness of genetic markers for pair wise
relationship and relatedness inference. Theor Popul Biol
70:300-321



	Characterisation of twenty-one European badger (Meles meles) microsatellite loci facilitates the discrimination of second-order relatives
	Abstract
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


