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TECHNICAL NOTE

Primers for novel microsatellite markers in “fire-specialist”
lizards (Amphibolurus norrisi, Ctenotus atlas and Nephrurus
stellatus) and their performance across multiple populations

Annabel L. Smith - Michael G. Gardner -
C. Michael Bull - Don A. Driscoll

Received: 16 November 2010/ Accepted: 25 November 2010/ Published online: 16 December 2010

© Springer Science+Business Media B.V. 2010

Abstract We developed 45 microsatellite markers for
three lizard species with fire-related distributions: Am-
phibolurus norrisi, Ctenotus atlas and Nephrurus stellatus
(17, 12 and 16 markers respectively). To isolate micro-
satellites we used an enrichment technique for N. stellatus
and next-generation sequencing for A. norrisi and C. atlas.
Fluorescent tags were attached to primers during PCR for
flexible genotyping. All loci were polymorphic with 2-24
alleles and expected heterozygosities of 0.043-0.927.
These markers will facilitate studies of post-fire dispersal
and recolonisation.

Keywords Dispersal - Fire ecology - Gene flow -
Population genetics - Reptiles

Fire related distributions in many species are well docu-
mented but the processes behind these patterns are not,
hindering predictions of the impact of fire regimes on
biodiversity (Whelan et al. 2002). Fire-specialists (i.e.
species which specialise on a specific post-fire stage) may
become threatened if fire is not managed at appropriate
scales. Dispersal affects post-fire recolonisation (Clarke
2008), and may critically influence how species respond to
different fire regimes. Driscoll and Henderson (2008)
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identified a number fire-specialist Australian woodland
reptiles including: Nephrurus stellatus, a burrowing gecko
with an early successional response; Ctentous atlas, a
spinifex specialist skink with a mid to late successional
response; and the semi-arboreal agamid Amphibolurus
norrisi whose fire response varied with location. We
developed 45 novel microsatellite markers to study post-
fire dispersal through analysis of gene flow in these three
species.

A microsatellite library was constructed for N. stellatus
using an enrichment technique on genomic DNA from liver
tissue of two individuals (Australian Biological Tissue
Collection, South Australian Museum (ABTC): 40819,
80029). We followed the protocol of Gardner et al. (2008)
but hybridised the DNA with 3’ Biotinylated oligos for AC
and AAC microsatellite motifs (Murphy et al. 2009). We
screened 128 insert positive clones (64 per motif) for
microsatellites using the three primer PCR method of
Gardner et al. (1999). We sequenced 64 clones (32 per
motif) potentially containing microsatellites. MICRO-
FAMILY 1.2 (Meglécz 2007) was used to remove redun-
dant sequences and primers were designed for 32
microsatellites with suitable flanking regions.

Microsatellite libraries were compiled for A. norrisi and
C. atlas using next-generation sequencing. Genomic DNA
was extracted from liver tissue of two individuals of each
species (ABTC: 80032, 53146 (A. norrisi) and 88779,
53770 (C. atlas)) and sequenced on a Roche 454 GS-FLX
system at AGRF (www.agrf.org.au) with each sample
occupying 12% of a plate. The run produced 98,407 and
90,498 individual sequences of which 4.2 and 3.6% con-
tained microsatellites for A. norrisi and C. atlas, respec-
tively. We used the program iQDD 0.9 (Meglécz et al.
2010) to identify sequences with a minimum of eight di-,
tetra- or penta-base repeats, remove redundant sequences,
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Table 2 Population statistics for microsatellite markers in the lizards Amphibolurus norrisi, Ctenotus atlas, and Nephrurus stellatus

Target sample site Comparison sample sites
Locus name No. alleles Ho Hg P Freq. null % sites with HW % sites with
alleles disequilibrium null allele

Amphibolurus norrisi (target site N = 23, no. comparison sites = 6)

AmNo02 10 0.476 0.771 < 0.001* 0.194" 17 33
AmNo04 6 0.826 0.808 0.945 —0.009 0 0
AmNo05 8 0.826 0.821 0.501 —0.009 0 0
AmNol1 12 0.682 0.781 0.096 0.073 0 0
AmNol2 6 0.600 0.666 0.092 0.039 0 33
AmNol18 11 0.652 0.836 0.036 0.113F 0 50
AmNo20 7 0.609 0.664 0.209 0.048 0 0
AmNo24 18 0.739 0913 0.043 0.096" 83 83
AmNo25 5 0.545 0.655 0.062 0.096 17 0
AmNo26 6 0.818 0.693 0.634 —0.123 0 0
AmNo29 17 0.850 0.915 0.006 0.033 17 0
AmNo30 18 0.783 0.925 <0.001* 0.079" 0 0
AmNo31 14 0.643 0.885 0.001* 0.140° 50 67
AmNo33 2 0.043 0.043 0.915 —0.022 17 17
AmNo36 17 0.783 0.926 0.004 0.077 0 17
AmNo37 15 0.864 0.916 0.566 0.030 17 33
AmNo39 15 0.909 0.895 0.591 —0.008 0 0
Ctenotus atlas (target site N = 54, no. comparison sites = 6)

CtAt01 12 0.510 0.751 <0.001* 0.158" 33 83
CtAt02 6 0.519 0.557 0.036 0.041 0 0
CtAt03 21 0.902 0.905 0.543 0.003 0 0
CtAt04 12 0.522 0.838 <0.001* 0.187" 33 100
CtAt08 9 0.756 0.852 0.035 0.054 0 0
CtAt09 8 0.740 0.734 0.954 —0.004 0 0
CtAtl2 14 0.827 0.885 0.666 0.032 0 0
CtAtl5 24 0.884 0.925 0.052 0.025 0 17
CtAt18 8 0.653 0.742 0.559 0.065 0 0
CtAt20 15 0.647 0.884 <0.001* 0.137° 50 50
CtAt24 12 0.875 0.902 0.716 0.015 0 0
CtAt30 14 0.744 0.883 0.114 0.079" 33 33
Nephrurus stellatus (target site N = 63, no. comparison sites = 7)

NeSt05 11 0.831 0.878 0.440 0.028 29 57
NeSt06 14 0.949 0.878 0.946 —0.043 0 0
NeSt09 14 0.836 0.852 0.214 0.009 0 0
NeSt11 22 0.857 0.880 0.107 0.016 0 0
NeSt16 13 0.839 0.845 0.631 0.006 0 0
NeSt18 15 0.852 0.900 0.407 0.029 14 0
NeSt23 15 0.885 0.875 0.511 —0.007 0 0
NeSt28 13 0.787 0.730 0.923 —0.084 0 14
NeSt31 20 1.000 0.927 0.766 —0.040 0 0
NeSt32 10 0.695 0.773 0.371 0.047 14 43
NeSt33 14 0.885 0.898 0.514 0.007 0 0
NeSt35 15 0.755 0.766 0.738 0.001 0 0
NeSt38 15 0.857 0.887 0.552 0.017 0 0
NeSt43 11 0.870 0.855 0.780 —0.011 0 0
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Table 2 continued

Target sample site

Comparison sample sites

Locus name No. alleles Hp Hg P Freq. null % sites with HW % sites with
alleles disequilibrium null allele

NeSt46 10 0.847 0.782 0.608 —0.042 0 0

NeSt47 15 0.803 0.872 0.083 0.042 0 0

Observed (Hp) and expected (Hg) heterozygosity, probability value from Hardy—Weinberg equilibrium test (P). * significant Hardy—Weinberg

disequilibrium after sequential Bonferroni adjustment,

and design primers for 39 A. norrisi and 32 C. atlas loci
with PCR product lengths of 80-480 base pairs.

Multiplex-ready PCR tags were attached to the forward
(5'-3": ACGACGTTGTAAAA) and reverse (5'-3": CAT-
TAAGTTCCCATTA) primers (Hayden et al. 2008). After
optimising primer concentrations (Table 1) we selected 21
(54% of total screened) A. norrisi, 16 (50%) C. atlas, and
18 (56%) N. stellatus loci for genotyping using the method
of Hayden et al. (2008). We amplified six loci in three
duplex reactions (Table 1) and all other loci individually.
PCR products were combined into two pools per species
and genotyped on an ABI 3730 instrument (Applied Bio-
systems) with the size standard GS500 (-250) LIZ. We
processed a total of 180 A. norrisi, 379 C. atlas, and 840
N. stellatus samples. We genotyped 8% of samples on each
plate twice to calculate scoring error rates per locus
(Table 1) as the number of errors per number of alleles
tested (DeWoody et al. 2006). Mean error rates were 2.1,
2.6 and 1.5% for A. norrisi, C. atlas and N. stellatus
respectively, which should not substantially bias estimates
of population differentiation (Bonin et al. 2004). Two loci
from each species failed to amplify consistently and were
removed from the data set.

To assess the suitability of markers for analysis we used
adult lizard genotype data from a target site within Hincks
Conservation Park, South Australia. N. stellatus samples
(N = 63) were collected from an area that last burnt in
1999 and A. norrisi (N = 23) and C. atlas (N = 54) sam-
ples were collected from an area that last burnt in 1966. For
each locus we calculated the number of alleles, observed
and expected heterozygosity using GENALEX 6.4 (Peakall
and Smouse 2006), and deviation from Hardy—Weinberg
Equilibrium (HWE) using GENEPOP 3.4 (Raymond and
Rousset 1995) (Table 2). P values from HWE tests were
adjusted for multiple tests of significance using the
sequential Bonferroni method (Hochberg 1988) (Table 2).
We used MICROCHECKER 2.2.3 (Van Oosterhout et al.
2004) to check each locus for evidence of null alleles,
scoring error due to stuttering, and large allele drop out. Six
A. norrisi and four C. atlas loci showed significant null
allele frequencies at the target site (Table 2). None of the
loci showed evidence for large allele drop out, but one

presence of a null allele

A. norrisi locus (AmNo02) showed evidence of scoring
error due to stuttering consistent with our calculations
(Table 1). We checked all pairs of loci in each species for
linkage disequilibrium in GENEPOP and none were sig-
nificant after sequential Bonferroni adjustment.

Because some loci showed deviation from HWE or null
alleles, we analysed data from a number of additional
sample sites to determine if these patterns were either locus
or population specific. We used data from seven additional
sample sites for N. stellatus (N = 23—48) and six additional
sites for A. norrisi (N = 10-24) and C. atlas (N = 14-35).
For each locus we calculated the percentage of comparison
sites with evidence for a null allele and deviation from
HWE (Table 2). Two loci each from C. atlas and A. norrisi
failed both HWE and null allele tests at all sites and were
removed from the data set leaving a final panel of 45 loci
suitable for further research (Tables 1, 2).

These markers will enhance our ability to understand
dispersal and implement fire management at scales appro-
priate for animals in fire-prone ecosystems.

Acknowledgments This research was supported by funds from the
Australian Research Council and the Government of South Austra-
lia’s Wildlife Conservation Fund. Thanks for technical support go to
Kathy Saint, Alison Fitch, Steve Donnellan and Terry Bertozzi at the
South Australian Museum.

References

Bonin A, Bellemain E, Bronken Eidesen P, Pompanon F, Brochmann C,
Taberlet P (2004) How to track and assess genotyping errors in
population genetics studies. Mol Ecol 13:3261-3273

Clarke MF (2008) Catering for the needs of fauna in fire management:
science or just wishful thinking? Wildl. Res 35:385-394

DeWoody J, Nason JD, Hipkins VD (2006) Mitigating scoring errors
in microsatellite data from wild populations. Mol Ecol Notes
6:951-957

Driscoll DA, Henderson MK (2008) How many common reptile
species are fire specialists? A replicated natural experiment
highlights the predictive weakness of a fire succession model.
Biol Conserv 141:460-471

Gardner MG, Cooper SJB, Bull CM, Grant WN (1999) Isolation of
microsatellite loci from a social lizard, Egernia stokesii, using a
modified enrichment procedure. J Hered 90:301-304

Gardner MG, Sanshez JJ, Dudaniec RY, Rheinberger L, Smith AL,
Saint KM (2008) Tiliqua rugosa microsatellites: isolation via

@ Springer



350

Conservation Genet Resour (2011) 3:345-350

enrichment and characterisation of loci for multiplex PCR in T.
rugosa and the endangered 7. adelaidensis. Conserv Genet
9:233-237

Hayden MJ, Nguyen TM, Waterman A, Chalmers KJ (2008)
Multiplex-Ready PCR: a new method for multiplexed SSR and
SNP genotyping. BMC Genomics 9:80

Hochberg Y (1988) A sharper Bonferroni procedure for multiple tests
of significance. Biometrika 75:800-802

Meglécz E (2007) MICROFAMILY (version 1): a computer program
for detecting flanking-region similarities among different micro-
satellite loci. Mol Ecol Notes 7:18-20

Meglécz E, Costedoat C, Debut V, Gilles A, Malausa T, Pech N,
Martin J-F (2010) QDD: a user-friendly program to select
microsatellite markers and design primers from large sequencing
projects. Bioinformatics 26(3):403-404

Murphy AR, Gardner MG, Fox SF (2009) Isolation of microsatellites
via enrichment and a sequence tagged method in a South
American lizard with suspected parental care, Liolaemus

@ Springer

leopardinus. Conserv Genet Resour 1(1):13-16. doi:10.1007/
$12686-009-9003-1

Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in
Excel. Population genetic software for teaching and research.
Mol Ecol Notes 6:288-295

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

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P (2004)
MICRO-CHECKER: software for identifying and correcting
genotyping errors in microsatellite data. Mol Ecol Notes
4:535-538

Whelan RJ, Rodgerson L, Dickman CR, Sutherland EF (2002)
Critical life cycles of plants and animals: developing a process-
based understanding of population changes in fire-prone land-
scapes. In: Bradstock RA, Williams JE, Gill AM (eds)
Flammable Australia: the fire regimes and biodiversity of a
continent. Cambridge University Press, Cambridge


http://dx.doi.org/10.1007/s12686-009-9003-1
http://dx.doi.org/10.1007/s12686-009-9003-1

	Primers for novel microsatellite markers in ‘‘fire-specialist’’ lizards (Amphibolurus norrisi, Ctenotus atlas and Nephrurus stellatus) and their performance across multiple populations
	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


