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This paper characterizes eight pairs of PCR primers that
amplify microsatellite loci in green-rumped parrotlets, Forpus
passerinus, Psittacidae. We examined polymorphism of these
loci in this species and in five other parrot species.

The green-rumped parrotlet is a neotropical member of
one of the worldÕs most endangered bird families, the par-
rots, Psittacidae (Bennett & Owens 1997; Collar & Juniper
1992). Parrots are particularly worthy of attention as they are
among the best flagship species in South America for stimu-
lating conservation efforts. For this reason, and to investigate
the population biology of F. passerinus, we developed
microsatellite loci. High heterozygosity, neutrality, and ease
of assay make microsatellite loci ideal tools for studies of
behavioural ecology and population genetics (Queller et al.
1993).

As primers developed in one species may amplify loci in
related species, we investigated the utility of our loci for
some other neotropical parrots (Primmer et al. 1996; Hughes
et al. 1998). Loci could provide species and population identi-
fication, confirming that birds purported to come from cap-
tive breeding or sustainably harvested populations did
originate from such environments (Beissinger & Bucher 1992;
Derrickson & Snyder 1992). Such distinctions are critical to
enforcement of the Exotic Wild Bird Conservation Act of
1992.

Three partial genomic libraries were made in Lambda Zap
Express (Stratagene, La Jolla, CA) (Hughes & Moralez
Deloach 1997). We screened approximately 300 000 clones,
sequenced several hundred positives, and developed
primers for clones containing ³8 uninterrupted repeats of the
sequence AAT. Most positive clones contained loci with
seven or fewer AAT repeats. Libraries were also screened for
other trinucleotide, and dinucleotide, repeats, with less
success.

DNA amplification reactions (5 or 10 µl) contained about
10 ng of DNA, 50 mM KCl, 10 mM Tris-Cl pH 8.3, 1.5 mM
MgCl2, 0.1% NP40, 250 µM each dNTP, and 500 nM each
primer. Using the Ôtube controlÕ function of a Hybaid thermal
cycler (where a thermistor monitors temperature in a dummy

tube), reactions were cycled: 90 s at 92 ¡C, then 0 s at 92 ¡C, 5 s
at 55 ¡C, 5 s at 72 ¡C, 30 times, and finally 90 s at 72 ¡C. When
genotyping, 0.05 µl of 3.3 µM, 35S-labelled, dATP was
included per reaction.

We found microsatellite loci unusually difficult to develop
in this species. It took three iterations of cloning and sequenc-
ing to find eight polymorphic loci (GenBank Accession nos
AF035366ÐAF035373, Table 1). Five loci that contained six or
seven AAT repeats in original clones were monomorphic; no
other primer pairs were bought for loci containing fewer than
eight repeats. Bird genomes are apparently under selection to
be small (Hughes & Hughes 1995), and this may partly
explain why microsatellite loci containing longer runs of
repeats (those most likely to be polymorphic) are rare.
However, the extreme paucity of these loci in F. passerinus is
remarkable.

We found that these loci are unexpectedly monomorphic in
other species (Table 2). We attempted PCR amplification of
these loci in five other species, using annealing temperatures
5 ¡C lower than in Table 1. Work in passerines suggests that
about 50% of primers that amplify an appropriately sized
product will be polymorphic (Primmer et al. 1996). Assuming
that mutation rates are similar in psittacines as passerines,
this result is consistent with small effective population size in
the species tested.
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The Eurasian otter, Lutra lutra, displays great differences in
density, habitat and behaviour throughout its range (Kruuk
1995), and is a focus of conservation effort following rapid
population declines in the mid-1950s (Strachan & Jefferies
1996). Similarly, most otter species are of biological interest
and are important targets for conservation (Foster-Turley

et al. 1990). However, even basic information such as num-
bers present is difficult to obtain because otters are rarely
observed, and are very difficult to trap, mark and recapture.
As an alternative, we are developing methods for individual
identification using DNA profiles derived from otter scats.
Here, we describe primers for 13 highly polymorphic
microsatellites in L. lutra. These markers are also polymor-
phic in between one and six other otter species, but not in
other carnivore species, and are not detectable in two com-
mon prey species.

Four genomic libraries of one male L. lutra were con-
structed using standard (Sambrook et al. 1989) or enrichment
(Armour et al. 1994) methods: (i) 400Ð600 bp Sau3A frag-
ments/λ ZAP Express (11 200 clones); (ii) 400Ð600 bp Sau3A
fragments enriched for GATA microsatellites/pUC18 (7500
clones); (iii) 10Ð12 kb BamHI fragments/λ ZAP Express
(17 400 clones); and (iv) BamHI fragments not selected for
size/λ EMBL 3 (21 500 clones). Libraries were screened with
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Table 1 Polymorphic microsatellite loci in Forpus passerinus. Length, and number of AAT repeats were determined from the original
clone. The number of alleles was counted in 10 unrelated birds sampled from a population at Hato Masaguaral in the llanos of Venezuela.

No. of No. of
Name Primer sequences (5′-3′) T anneal Length repeats alleles 

FpAAT5 GAGACTTGCCTCCCATAATA 50 112 17 4
CAGAAATCCTGGAAATTACTC

FpAAT7 CTGCAACTTTACACCCAGCTACTC 50 223 9 7
TGCCAGAATTTTAACGTCTTGTAC

FPAAT54 GTAAATCCCACAGGTTGAAATA 60 72 7 7
TCCCCTCGTTGTTCCTATTA

FpAAT91 TGTGGAAAGTCCCTGGATTAT 50 86 10 9
TGTCCCATAAAAGAGCAAAATA

FpAAT93 ATGGGGAAGAGAATAAAAGAACATA 60 165 8 3*
GCAGGTGATGAGCGGTTGTAT

FpAAT98 CCACATTCAGAGGAAGGGAAGT 60 108 11 7*
CCTGCTCGAAGGTGACCAACT

FpAAT189 ATGAGGCCACAAAGCATAG 60 153 14 4
ATCTGGCTGTCACATCTCTA

FpAAT198 TGGCAATGAGCAGTTGTATT 60 137 7+4 6*
ACTCCCATGGATTGAGATAAT

*Alleles more readily scored when TaqStart (Clontech, Palo Alto, CA) was used.

Table 2 Heterospecific amplification with the polymorphic loci.

Primer pair

Species 5 7 54 91 93 98 189 198

Brotogeris jugularis M M M M P P M M
Aratinga pertinax M M M M M M M M
Aratinga canicularis M M M M M M M M
Amazona auropalliata M M M M M ¯ M M
Amazona albifrons M M M M M ¯ M M

M, monomorphic; P, polymorphic; ¯, no amplification.



(CA)n obtained commercially (Pharmacia), and (CAAA)n,
(GAAA)n, (GATA)n, (TAA)n, (TAG)n and (TAAA)n polymer-
ized by PCR from complementary partially overlapping
oligonucleotides, e.g. (GATA)10 plus (TATC)8. Probes were
labelled with [α32P]-dATP using random priming, but with-
out random primers present. Positive clones were detected
for CA, TAG and GATA, but not for CAAA, GAAA, TAA and
TAAA. The TAG probe detected fragments having a common
AluI length of 380 bp; therefore these were abandoned.

The inserts of positive plaques were prepared by PCR
using T3 and T7 primers from libraries (i) and (ii), and by the
plate lysate method from libraries (iii) and (iv). In the latter
two cases, microsatellite-containing subfragments of each
clone were identified by digestion with AluI, RsaI or Sau3A,
followed by Southern blotting and filter hybridization with
the appropriate probe. Subfragments were cloned into
pUC18 (Pharmacia), and then inserts were amplified using
vector primers. All PCR fragments were purified using
Qiaquick columns (Qiagen), then sequenced on an Applied
Biosystems 377 automated DNA sequencer.

PCR primers were designed using OLIGO (National
Biosciences, Inc.), then tested for single-fragment detection in
one individual using nonradioactive PCR: 1× NH4 buffer,
1Ð4 mM MgCl2, 0.01 U/µL Taq DNA polymerase (both
BioLine), 2.5 mM MgCl2, 200 µM dATP, dCTP, dGTP, dTTP,
and 0.5 µM of each primer. The PCR program used was:

90 ¡C/2 min, and 20 cycles of 90 ¡C for 30 s, 65 or 60 ¡C minus
0.5 ¡C per cycle for 30 s, and 15 cycles of 90 ¡C for 30 s, 55 or
50 ¡C for 30 s, and finally 72 ¡C/1 min. Primer sets detecting
single fragments were tested for levels of polymorphism in a
panel of L. lutra individuals using radioactive PCR. Forward
primers were end-labelled with [γ32P]-ATP, and the PCR con-
ditions were 0.25 µM both primers, 2.5 mM MgCl2, other
reagents as above. PCR products were resolved on denatur-
ing PAGE gels, then detected by autoradiography at Ð 75 ¡C.

The levels of polymorphism detected for 13 microsatellites
in 32 L. lutra from Scotland, southwest England, Wales,
southwest Ireland and northeast Germany are within the
range found in other mammalian species (Table 1). The alleles
of the GATA loci were well defined whereas those of the CA
loci were more difficult to score as alleles due to stuttering
and background smears. The 13 microsatellites were tested
for polymorphism in six otter species representing all four
otter genera, and in five other carnivore species using the
same PCR program as described above with the lower
annealing temperature (Table 2). All loci were polymorphic
in between one and six other otter species. Again, the GATA
loci were much easier than the CA loci to interpret as alleles
due to the lack of stutter products. Levels of polymorphism
appeared to be much lower in representatives of four other
mustelid genera, and nothing was detected in one represen-
tative carnivore. No PCR products were detected in
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Table 1 Attributes of 13 microsatellites in 32 Lutra lutra from Britain, Ireland, and Germany; EMBL Accession nos are Y16292 to Y16304

Locus Primers: 5' to 3' Repeats HO Alleles Sizes (bp)

Lut435 F TGAAGCCCAGCTTGGTACTTC (CA)29 0.61 10 170Ð200
R ACAGACAGTATCCAAGGGACCTG

Lut453 F AGTGCTTTGTACTTGGTAATGG (CA)26 0.50 8 175Ð203
R AGACTGAAAGCTCTGTGAGGTC

Lut457 F CAGGTTTATGGCTTTATGGCTTTC (CA)26 0.52 9 224Ð252
R CAGGGTTTGATTTCTGGTGAGG

Lut604 F TATGATCCTGGTAGATTAACTTTGTG (CA)26 0.48 5 197Ð211
R TTTCAACAATTCATGCTGGAAC

Lut615 F TGCAAAATTAGGCATTTCATTCC (CA)27 0.65 7 244Ð262
R ATTCTCTTTTGCCCTTTGCTTC

Lut701 F GGAAACTGTTAAAGGAGCTCACC (GATA)11GAA(GATA)2GAA(GATA)4 0.57 5 192Ð208
R CAGTGTTCATAAGGATGCTCCTAC

Lut715 F TTCACAATAGCCAAGATATGGAC (GATA)6GAT(GATA)7GAT(GATA)5 0.52 6 197Ð217
R TGGCATAATATCCTTTCTCATGG

Lut717 F TGTTGCCTTCAGAGTCCTGTG (GATA)12 0.61 6 175Ð203
R GTCAGGCATTGTAACATATTCTCAG

Lut733 F GATCTCATTTTAAATGTTCTTACCAC (GATA)4GAT(GATA)12 0.56 5 164Ð192
R TGGTTCTCTTGCAGGATCTG

Lut782 F GAGATATCACTAAGCAATACACGATG (GATA)6GAT(GATA)10 0.47 6 161Ð197
R ACAAAGACTGAGCAAAACAAGC

Lut818 F AAGGATGTGAAACAGCATTG (GATA)11 0.59 6 150Ð178
R CCATTTTATACACATAAATCGGAT

Lut832 F TGATACTTTCTACCCAGGTGTC (GATA)11 0.44 6 178Ð198
R TCCTTAGCATTATCTTATTTACCAC

Lut833 F CAAATATCCTTTGGACAGTCAG (GATA)15 0.59 8 155Ð183
R GAAGTTATCTAATTTGGCAGTGG

HO, observed heterozygosity.
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European eel or Atlantic salmon, two common prey species
whose DNA is probably copurified with otter DNA from
spraints. These markers should provide useful genetic data
for studies in otter ecology and conservation.
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Penaeus setiferus, native white shrimp, are part of a large com-
mercial and recreational fishery along the western Atlantic
and Gulf of Mexico (P�rez-Farfante 1969), yet little is known
about the population genetics. Previous work with allozymes
suggested limited genetic variability and population differ-
entiation (Lester 1979), but recent studies in other penaeids
with mitochondrial DNA, RAPDÕs, or microsatellites suggest
otherwise (Benzie et al. 1993; Wolfus et al. 1997).

We have developed microsatellite genetic markers from P.
setiferus. Thirty-nine loci containing (GT)n repeats were iden-

tified and the microsatellites classified by length according to
specific guidelines (Weber 1990). Six primer sets were tested
on several penaeid species. P. aztecus, P. duorarum, and P.
setiferus are native to the western Atlantic and Gulf of Mexico.
P. vannamei and P. stylirostris are found in the eastern Pacific
from the Gulf of California to Peru and are important mari-
culture species in the Americas (P�rez-Farfante 1988).

The genomic library was constructed and screened essen-
tially according to Brooker et al. (1994), except genomic DNA
from tail-muscle tissue digested with DpnII was ligated to
BamHI-digested bacterial alkaline phosphatase-treated
pUC18 (Pharmacia) and used to transform DH5α maximum
competent cells (BRL). The resulting colonies were trans-
ferred to nylon filters and screened with a (GT)15 oligonu-
cleotide end-labelled with [γ32P]-ATP. Plasmid DNA from
positive clones was prepared using Wizard Preps (Promega)
and then sequenced using Sequenase 2.0 (Amersham).
Primers identified from flanking regions were synthesized at
the Medical University of South Carolina.

For DNA isolations for amplifications, muscle tissue
(100Ð200 mg) from frozen samples was lysed in 1% sarko-
syl/6 M urea at 60¡ overnight. DNA was isolated according to
Vogelstein & Gillespie (1979). Standard PCR reactions
included 10 ng of template DNA, 0.3 µM forward and reverse
primer, 0.2 mM each dNTP, 3 mM MgSO4, 17 mM (NH4)2SO4,
10 mM β-mercaptoethanol, 67 mM Tris-HCl pH 8.8 and 0.25
units of Taq polymerase (Promega) in 10 µL. One primer was
end-labelled with [γ32P]-ATP at 0.1 µCi/pmole primer.
Cycling parameters were 3 min at 94 ¡C followed by 35 cycles
of 40 s at 94 ¡ C, 40 s at the annealing temperature, and 40 s at
72 ¡ C. Amplifications were performed in Ericomp Delta I
thermal cyclers. Gel electrophoresis was performed as
described (Brooker et al. 1994).

We screened ≈ 4000 clones, sequenced 55 positive clones, and
found 27 clones which contained one or more (GT)n repeats (for
a total of 39 repeats). Classification of the repeats is shown in
Fig. 1. These repeats are, in general, longer than those found in
mammals (Weber 1990; Brooker et al. 1994), and comparable to
those found in P. vannamei and P. monodon (A. Alcivar-Warren,
A. Brooker, personal communication). Eight loci were identi-
fied where the total number of repeats was over 60; however,
the longest uninterrupted repeat was 59 units.
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Fig. 1 Frequency of different types of microsatellite repeats classi-
fied by the number of repeats in the longest uninterrupted array.
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Ten sets of primers were designed; six amplified P. setiferus
DNA, five were polymorphic, and two have been used for
amplification of large sets of samples (Table 1). Four of the six
loci cross-reacted with other species, and two produced
strong products in all species. P. aztecus and P. duorarum are
classified as Farfantepenaeus, while the other three are classi-
fied as Litopenaeus (P�rez-Farfante 1988). However, the cross-
reactivity did not reflect any particular species grouping.

Pse028 and Pse036 were tested more extensively on P.
setiferus (Table 1). No linkage disequilibrium was observed at
these loci (G E N E P O P 3.1, Raymond & Rousset 1995). For
Pse028, observed heterozygosity, 0.67, was significantly dif-
ferent than expected heterozygosity, 0.97, P < 0.001. This
could be due to null alleles, selection, population substruc-
ture, or assortative mating. Using BrookfieldÕs (1996) calcula-
tions when null homozygotes are observed (1 of 90 samples),
the frequency of null alleles was estimated to be 16%. At this
frequency, all apparently homozygous individuals are pre-
dicted to be heterozygous for a visible and a null allele, and
HZ = 0.99. Therefore null alleles cannot be rejected as an
explanation for this observation of heterozygote deficiency.
At locus Pse036, observed heterozygosity, 0.81, was not sig-
nificantly different from the expected heterozygosity, 0.87.

The microsatellites isolated from P. setiferus were typical
except for the extreme length. The cross-reactivity confirms
that primers developed for one penaeid may be useful in oth-
ers. These markers will be useful for population studies and
for broodstock selection programs.
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The highly polymorphic, planktotrophic developing peri-
winkle Littorina striata is an inhabitant of the intertidal rocky
shores of Macaronesia (Azores, Madeira, Canary Islands and
Cape Verde Islands), where its spatiotemporal morphological
and genetic structuring has been analysed with allozyme and
RAPD data (e.g. De Wolf 1997). Both types of marker showed
considerable variation and revealed tendencies towards pop-
ulation genetic substructuring (De Wolf 1997). Microsatellite
markers are expected to provide more sensitive markers to
substantiate or reject these supposed patterns.

Hitherto, no microsatellite amplifying primers were avail-
able for L. striata and only few were available for molluscs in
general (Jarne et al. 1994; Naciri et al. 1995; Shaw 1997). We
developed five specific pairs of primers for microsatellite loci
in L. striata and tested their cross-species amplification in four
other littorinid species (L. arcana, L. saxatilis, L. obtusata and
Nodilittorina punctata).

DNA was extracted (Winnepenninckx et al. 1993) from the
digestive gland of five L. striata individuals, collected on the
island of Faial (Azores, Portugal). A partial genomic library
was constructed by digesting 2.5 µg of DNA with both MboI
and Sau3AI. Fragments of 300Ð500 bp were ligated into the
BamHI site of pUC18 (Pharmacia). Screening ≈ 5000 DH5α
Escherichia coli recombinant clones with [γ32P]-dATP 5′ end-
labelled (CA)15, (GC)15, (AT)15 and (GATA)7 probes yielded
62 positive clones. Plasmids were isolated (Qiagen) and
sequenced in both directions using the Thermosequenase
fluorescent labelled primer cycle sequencing kit
(Amersham) and two universal M13 primers. Sequence
reactions were run on the ALF Express automated
sequencer (Pharmacia). Of all 62 positive clones, 35 con-
tained one or more repeat sequences. These yielded 38
repeat arrays, from which we developed 10 L. striata-spe-
cific primer sets using the program EUGENE 1.0 (Daniben
Systems).
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DNA for genotyping was extracted from the foot muscle of
single individuals (Winnepenninckx et al. 1993). Instead of
crunching tissues under liquid N2, they were minced using a
scalpel. PCR reactions (10 µL) consisted of template DNA,
2.25 pmol forward primer 5′ end-labelled with either [γ32P]-
dATP or CY5 (Pharmacia), 2.25 pmol reversed primer,
0.4 units of Taq polymerase (Boehringer Mannheim), 1× the
supplierÕs PCR buffer (1.5 mM MgCl2 final concentration),
and 1.3 nmol of each dNTP (Pharmacia). An Omn-E thermal
cycler (Hybaid) was used with the following cycle parame-
ters: 1 × 94 ¡C, 3 min; 25 × 94 ¡C, 30 s; 54Ð59 ¡C, 1 min; 72 ¡C,
1 min; 1 × 72 ¡C, 5 min). PCR products were separated by
electrophoresis in 7% denaturing polyacrylamide gels using
either a standard vertical electrophoresis unit (Gibco BRL) or
the ALF Express automated sequencer.

PCR amplification of four loci failed to yield products of
the expected size, even after applying a wide range of condi-
tions. The amplification products of one marker were too
short to allow appropriate scoring. Data on the five loci
which were successfully amplified are listed in Table 1. These
five markers were used to analyse samples from two locali-
ties on S�o Miguel (Azores) and two on the Cape Verde
Islands. Both the [γ32P]-dATP and the CY5 detection system
yielded the same results. The five loci revealed a high amount
of allelic polymorphism (Table 1) (average number of alle-
les/locus = 19.2), suggesting a high degree of genetic vari-
ability, which seems higher than that found for microsatellite
markers in other molluscan species (Jarne et al. 1994; Naciri
et al. 1995; Shaw 1997). For three loci (Lstri1.4, Lstri1.131 and
Lstri1.152), there was a large discrepancy between the
observed and expected heterozygosity (mean value 0.281 and
0.943, respectively). As scoring of the gels was straightfor-
ward, the discrepancies may be explained by the limited
sample size or substructuring of the samples. Yet, as there is
an inconsistency in discrepancy between different loci, the
latter explanation seems rather unlikely. As for several
samples, no amplification products of loci Lstri 1.4, Lstri
1.131 and Lstri 1.152 were observed; the occurrence of null
alleles may be another valid explanation for the heterozygote

deficiency in these loci. However, it seems unlikely that null
alleles would occur in that many loci. Further investigation of
this topic is necessary.

The attempted cross-species amplification of DNA from
the four other littorinid species failed for the five primer sets
of Table 1. This failure seems to support the suggestion that L.
striata is a rather unique species that is only distantly related
to other littorinids and probably reflects the ancient separa-
tion of these taxa (Reid 1996; B. Winnepenninckx, unpub-
lished results). L. striata diverged from the other Littorina
species ≈ 40 Ma (Reid 1996).
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Table 1 Microsatellite loci from the periwinkle Littorina striata. TA is optimal annealing temperature, HO is observed and HE is expected
heterozygosity

EBI
accession Repeat No. of No. of

Locus Primers (5′-3′) TA number sequence alleles specimens HO HE

Lstri1.4 AGCGTTCTCCTTTCCGGC 54 Y14839 (TG)24CG(TG)2CG(TG)13 19 24 0.250 0.946
ACCCAGCCCTGCTCGTTC CG(TG)4CG(TG)2

Lstri1.131 ATGCATAACCATAAGGATGTTTG 59 Y14840 (AC)19(AG)25 15 16 0.188 0.954
GAATTGTTTCGTTACCAAGCC

Lstri1.151 GGAGACGGTTCCAGAGCG 54 Y14842 (CA)3(GACA)4(CA)21 27 35 0.829 0.962
TCAGTTGCTCACGCTGTC

Lstri1.152 AGGTCTTCGAAAGTCTCGGC 59 Y14843 (CA)22 17 32 0.406 0.930
TGAATATTCCAGAGGAGCG

Lstri2.3 AGCGGACACGCGAAGTCAGGG 58 Y14844 (CA)25 18 16 1.000 0.954
CGCTCGCATCAACAAATGCG
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Lessa (1992) introduced intron-targeted PCR, in which a non-
coding intron was amplified using primers designed from
highly conserved exon sequences. Introns appear to harbour
a much greater degree of genetic polymorphism within and
between species than exons. On the other hand, length and
nucleotide sequence of exons, and exonÐintron arrangement
can be highly conserved between considerably distant ani-
mal taxa. These characteristics may allow us to design sets of
primers based on exon sequences to amplify flanking intron
regions. Such sets of primers might function in very distant
species. This study introduces two pairs of primer sets which
were designed for amplifying the 1st and 2nd introns of the
S7 ribosomal protein gene in fish. These primers were
applied to distant fish species in order to determine their uni-
versality, and polymorphism in the amplified fragments was
investigated.

The DNA sequence data of the S7 ribosomal protein gene
of puffer fish (Fugu rubripes), frog (Xenopus laevis) and
human were derived from Cecconi et al. (1996), Mariottini
et al. (1993) and Annilo et al. (1995), respectively. Exons 1, 2
and 3 of these species were aligned to determine conserved
sequence regions. Because exon 1 of humans showed very
poor homology with exon 1 of other species, data from
puffer fish and frog were used for aligning exon 1. By con-
trast, highly conserved regions among these distant species
were observed in exons 2 and 3. Two sets of primers were
designed from the conserved sequence regions. The primer
sequences to amplify the 1st intron (RP1) were 5'-TGGCC-
TCTTCCTTGGCCGTC-3' (S7RPEX1F) and 5'-AACTCGTCT-
GGCTTTTCGCC-3' (S7RPEX2R), and those for the 2nd intron
(RP2) were 5'-AGCGCCAAAATAGTGAAGCC-3' (S7RPEX2F)
and 5'-GCCTTCAGGTCAGAGTTCAT-3' (S7RPEX3R). The
PCR reaction mixture contained 0.2 U of Taq DNA poly-
merase (Perkin Elmer Cetus), 0.2 mM of each dNTP, 1 µL of
the manufacturerÕs supplied 10× buffer, 2 mM MgCl2,
10 pmol of each primer and 10Ð50 ng of template DNA, in a
final volume of 10 µL. Amplification was carried out with an
initial denaturation at 95 ¡C for 1 min, followed by 30 cycles
of amplification (denaturation at 95 ¡C for 30 s, annealing at
60 ¡C for 1 min and extension at 72 ¡C for 2 min, with a final
extension at 72 ¡C for 10 min). PCR products and those
digested by endonuclease were electrophoresed on a 2.5%
agarose gel (Biogel) in TBE buffer (50 mM Tris, 1 mM EDTA,
and 48.5 mM boric acid).

Using the standard phenolÐchloroform method, crude
DNA was extracted from frozen or ethanol-preserved mus-
cles of chum salmon (Onchorhyncus keta), tuna (Thunnus spp.)

and puffer fish (Fugu rubripes), each of which belonged to a
different order. Results from PCR amplifications of RP1 and
RP2 are shown in Fig. 1, where amplification of a single frag-
ment was eminent in all species. Amplified fragments of
salmon, tuna and puffer fish were all different in length with
respect to each other, while no length difference was
observed among eight tuna species (data not shown).

A battery of 4-bp cutter endonucleases was applied to PCR
products of yellowfin tuna (Thunnus albacares) in order to
investigate intraspecific restriction site polymorphism.
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Fig. 1 Result of PCR amplification targeting the 1st (lanes 2Ð4)
and 2nd introns (lanes 5Ð7) of the S7 ribosomal protein gene of
three distant fish species. Lanes: 1 and 8, molecular weight
marker (Gibco BRL 1 kb ladder); 2 and 5, chum salmon
(Onchorhyncus keta); 3 and 6, yellowfin tuna (Thunnus albacares); 4
and 7, puffer fish (Fugu rubripes).

Fig. 2 HhaI restriction profiles observed in the 2nd intron of the
S7 ribosomal protein gene of yellowfin tuna. Lanes 1 and 9,
molecular weight marker (Gibco BRL 1 kb ladder). Deduced
genotypes are: lane 2 AA; lane 3, AB; lane 4, AC; lane 5, AD; lane
6, BB; lane 7, BC; and lane 8, BD.



Restriction site polymorphisms were observed in both RP1
and RP2 fragments, where the total length of restriction frag-
ments in all endonuclease digestions never exceeded twice
the size of the uncut PCR product. Relatively simple restric-
tion patterns obtained by HhaI digestion of the RP2 fragment
are shown in Fig. 2, which allow us to interpret the presence
of four alleles. Observed and expected heterozygosities were
0.213 and 0.239 for a Pacific Ocean sample (n = 38), 0.390 and
0.435 for an Indian Ocean sample (n = 39), and 0.434 and
0.416 for an Atlantic Ocean sample (n = 42), respectively.
These genetic variations were comparable with the results of
allozyme analysis obtained by Ward et al. (1994), and all pop-
ulations analysed in this study were found to be in accor-
dance with the HardyÐWeinberg equilibrium. These results
support the use of polymorphic intron within the S7 riboso-
mal protein gene as Mendelian marker, at least in tunas.
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The scorpionfly Panorpa vulgaris represents an interesting
model for studying sexual selection and life history. The scor-
pionflies mate promiscuously in both sexes (Sauer et al. 1998).
There is evidence that the promiscuous mating behaviour of
the females is forced selectively by their inability to deter-
mine the quality of their potential mates prior to mating
(Sauer et al. 1998). Females appear to discriminate among
males of varying phenotypic quality (nutrition status) only

by mating longer with high-quality males. Similarly, lifetime
mating duration is the decisive proximate determinant of
male fitness. To achieve meaningful interpretations on sexual
selection and lifetime history, genetic relationships must be
determined unambiguously. Multilocus DNA fingerprinting
provides high interindividual resolution power but is not
suitable for population genetic studies in insects where lim-
ited amounts of DNA are obtained. Here we describe three
highly informative microsatellites with individual exclusion
probabilities of > 0.80 for P. vulgaris.

P. vulgaris specimens were collected in the field near
Freiburg (Germany) or used after breeding. For DNA prepa-
ration, larvae or adult P. vulgaris were grinded with a pestle
in 450 µL of 6% DTAB. A volume of 450 µL of DTAB and 20 µg
of RNase A was added and incubated for 15 min at 68 ¡C.
After chloroform extraction (900 µL) the supernatant
(≈ 500 µL) was poured into a 2 mL Eppendorf tube containing
100 µL of 5% CTAB, 90 µL of H2O. By inversing the tube a
DNA/CTAB precipitate formed. After centrifugation (2 min,
10 000 g) the pellet was dissolved in 300 µL of 1.2 M NaCl and
the DNA precipitated with 750 µL of 99.5% ETOH. After
washing (70% ETOH) the DNA was redissolved in 10 mM

Tris/1 mM EDTA. All other procedures followed the methods
outlined in Sambrook et al. (1989).

For library construction, restriction enzyme-digested DNA
of the selected size was ligated into the vector pBluescript
KS+TM and Escherichia coli SURE cells were transformed.
Individual bacterial colonies were collected and gridded auto-
matically by a BiomekTM workstation (Beckman). A total of
10 464 clones were generated, i.e. > 900 from unfractionated
Sau3AI digests, > 6700 from 200 to 1000 bp long Sau3AI frag-
ments and > 2800 from RsaI fragments of 100Ð1000 bp. A total
of 98% of clones were recombinant as judged from PCR ampli-
fications of inserts. Nylon membranes were screened with 19
simple repetitive oligonucleotides. Thirty-two clones generat-
ing strong hybridization signals revealed simple repeats upon
sequencing, and PCR primers were designed (Table 1).

The PCR reactions (10 µL), containing approximately 50 ng
of template DNA, PCR buffer (10 mM Tris-HCl, pH 8.3; 50 mM

KCl), 1Ð3 mM MgCl2, 200 µM dNTP, 1 µM of each primer, and
0.5 U of Taq polymerase (Beckman), were performed in a
Crocodile IIITM thermocycler (Appligene). The initial denatu-
ration time was 5 min at 95 ¡C, thereafter 30 s. Annealing time
was 60 s with the following temperatures: 2Pv at 60 ¡C, 5Pv at
54 ¡C, 7Pv at 56 ¡C. In the first two cycles the temperature was
raised 6 ¡C and 3 ¡C above the final annealing temperature.
Elongation lasted for 60 s at 72 ¡C and 5 min in the final step.
Fluorochrome- (6-FAM, TET, HEX) labelled fragments were
analysed automatically using an ABI 377 sequencer (GENES-
CAN program).

The highly polymorphic microsatellites 5Pv and 7Pv repre-
sented perfect (AT)n/(TA)n blocks; 2Pv is a cryptic (CT)n

repeat. As the original 2Pv 5′ primer (double underlined in
sequence no. 2, Table 2) did not always amplify both parental
alleles, a null allele was suspected. Therefore new primers
(Table 1) were synthesized and alleles of different lengths
were sequenced (Table 2). Obviously the amplification failure
was due to a 1 bp insertion in sequence no. 1 at the 3′ end of
the primer attachment site. In addition, an 8 bp (GCG-
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CATGC) deletion was observed in the 3′ flanking region. For
PCR fragments from 102 to 143 bp CT dinucleotides are
assembled perfectly in tandem, whereas longer repeat
stretches are composed of [CC(CT)2]m(CT)n units.

The characterization of the microsatellites [(no. of alleles,
expected and observed heterozygosities (HE, HO), and exclu-
sion probabilities (Pe)] are given in Table 1. HE and HO

diverged in 7Pv (P = 0.0141, S.E. = 0.0141; calculated accord-
ing to the Markov Chain method; 10 batches, 1000 permuta-
tions/batch). Population stratification was not obvious in the
frequencies obtained separately for males, females and popu-
lations from different years. However, in offspring of two
verified families, the allele of the presumed homozygous
father was not transmitted, suggesting inheritance of a null
allele. As the cloned microsatellite lacks sufficient single-
copy sequence, primers could not be designed for amplifying
the null allele. The null allele frequency was estimated as
0.153 according to Brookfield (1996).

For 2Pv, an extensive progeny test (608 parent/child trans-
missions) revealed no significant tendency for biased trans-

mission of shorter or longer alleles of heterozygous individu-
als (χ2 = 0.421, P = 0.516). Mutation rates were estimated in
five families with 13Ð65 offspring. Two mutations (paternal
allele, same family) were observed in 430 informative
meioses for 2Pv, while no mutations occurred in 130 and 141
meioses for 5Pv and 7Pv, respectively.

The highly polymorphic microsatellites now comprise a
set of fluorochrome-labelled primers (2Pv5ÐFAM and 2Pv3,
5Pv5ÐHEX and 5Pv3, 7Pv5 and 7Pv3ÐTET) which enable effi-
cient population genetic studies in P. vulgaris.
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Table 1 Primers and characteristics of the microsatellite systems for Panorpa vulgaris

Locus No. of No. of
(AC #) Primer (5′-3′) Core repeat Size (bp) alleles individuals HE HO Pe

2Pv 2Pv5 TCTGCAGATAATGGGAGTGAG – FAM (CT)n[CC(CT)2]m(CT)n 102Ð193 41 267 0.908 0.842 0.8195
(X96508) 2Pv3 CTGACAGTTCGTTACTCGTG [CC(CT)2]m(CT)n

5Pv 5Pv5 GAGAATTAGGAGCCTTGACCA – HEX (AT)30 185Ð281 44 255 0.941 0.867 0.8849
(X96510) 5Pv3 CAATGAGTAAATATACTGAATTTTACC
7Pv 7Pv5 TGTGGTTTATATAATCAAACCACAC (TA)17 153Ð233 35 253 0.947 0.648 0.8937
(X96505) 7Pv3 AACGCTGTATGTATGAACTATGTTA – TET 0.8530*

HE, expected heterozygosity; HO, observed heterozygosity; Pe, exclusion probability (N�rnberg et al. 1998).
*Exclusion probability, considering a frequency of 0.153 for the ÔnullÕ, allele (M. Krawczak, personal communication).

Table 2 Allelic sequences of the polymorphic microsatellite 2Pv from Panorpa vulgaris

The 3' triplets of both primers (2Pv5 and 2Pv3) are double underlined, except for sequence no. 2, where the previously utilized primer is
double underlined in the 5' flanking region. Dinucleotides, which disrupt the perfect (CT)n repetition, are underlined.
Sequence no. 10 is derived from the genomic library; no. 3 is derived from a PCR product sequenced directly. All other sequences are
derived from cloned PCR amplificates.
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The water vole, Arvicola terrestris, has become a species of
particular conservation importance in the UK due to an 80%
reduction in numbers in recent years (Strachan & Jefferies
1993). This decline has been attributed to the loss of its natu-
ral habitat, and to predation by feral American mink, Mustela
vison. Consequently, gaps have appeared in a formerly con-
tiguous distribution, and groups of adjacent water vole
colonies may now function as metapopulations (Lawton &
Woodroffe 1991). The persistence of this species may in future
depend on the balance between local extinction and effective
dispersal (Hastings & Harrison 1994). In this Primer Note, we
describe highly polymorphic tri- and tetranucleotide
microsatellite loci in A. terrestris. These markers will be
invaluable in estimating levels of individual dispersal and
gene flow among populations. A better understanding of
how dispersal underpins metapopulation persistence in this
species will be an essential contribution to a workable conser-
vation strategy.

Two approaches were used to isolate the microsatellites.
First, a 300-800 bp partial genomic library was constructed by
ligating Sau3AI-digested water vole DNA into λ-ZAP
(Stratagene) and screened with the trinucleotide polymer
(TAA/ATT)n. Second, enrichment cloning (Armour et al.
1994) was used to obtain further microsatellites more effi-
ciently. A Sau3AI-digested 300-800 bp fraction of water vole
DNA was enriched for (GATA)n, (GAAA)n, (CAAA)n and
(TAAA)n according to Piertney et al. (1998). The enriched
fragments were ligated into pUC18, transformed into E. coli
InvaFÕ (Invitrogen), then screened with radiolabelled poly-
mer probes. Inserts of positive clones were sequenced using
an ABI 377 automated sequencer. Forty-eight clones were
sequenced, and sixteen primer pairs flanking the microsatel-

lite arrays were designed using the program OLIGO (National
Biosciences Inc., version 4.0). Twelve primer pairs detected
clear highly polymorphic PCR products. Enrichment cloning
proved to be the more effective technique, producing 11 out
of the 12 microsatellite loci.

Non-destructive sampling of live animals was carried out
with the minimum of distress to the individual. Levels of
polymorphism of the 12 loci were estimated using DNA iso-
lated (M�llenbach et al. 1989) from small ear discs taken dur-
ing ear-tagging of 96 water voles from the river Ythan in
northeast Scotland. PCR amplifications were carried out in a
total volume of 10 µL, which contained 20 ng of template
DNA, 75 mM Tris-HCl (pH 9.0), 20 mM (NH4)2SO4, 0.2 mM of
each nucleotide, 5 pmol of each primer (forward primer end-
labelled with [γ32P]-ATP) and 0.5 units of Taq DNA poly-
merase (Bioline). Salt concentrations were optimized for each
primer set resulting in final concentrations of MgCl2 being 2Ð3
mM (see Table 1). The PCR programme was: 2 min at 91 ¡C,
followed by 30 cycles of 30 s at 91 ¡C and 30 s at the annealing
temperature, then a final 2 min at 72 ¡C. PCR fragments were
resolved by electrophoresis in 6% denaturing acrylamide gels.
Allele sizes were determined relative to an M13mp8 DNA
sequencing ladder. 

All 12 of the microsatellite loci were highly polymorphic
(Table 1), a property which makes them highly informative
tools for studies of population genetic structure and related-
ness in A. terrestris. In addition, null alleles for these markers
do not appear to be common. The observed heterozygosity
values are very close to the expected heterozygosity values
within subpopulations, which are generally in Hardy-
Weinberg equilibrium for all 12 microsatellites (data not
shown).

The utility of these microsatellite primers was examined in
four other microtine species: A. richardsoni, Microtus agrestis,
M. epiroticus, and M. oeconomus (Table 2). The PCR conditions
used were the same as those given above. None of the primers
gave a product of the expected size in A. richardsoni, whereas
most of the primers detected a product of or close to the
expected size in M. agrestis and M. epiroticus, but showed low
levels of polymorphism. Although sample numbers were low,
it does not seem that these microsatellites will be useful for
population studies of these microtine species. However, six
out of the 12 primers detected polymorphism (2Ð5 alleles) in
M. oeconomus, suggesting that these primers will be useful for
studying gene flow and population structure in this species.
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Table 1 Characteristics of 12 microsatellites of the water vole

EMBL Observed
Locus Accession Annealing MgCl2 Fragment Allele hetero-
name Repeat motif no. Primer sequences temp ( ¡C) (mM) size (bp) no. zygosity

AV1 (CCTT)17 Y16548 F: ctctgagctgagtatgtgtcc 55 1.5 205 11 74%
R: ggtctacaagagctagttccag

AV3 (TAA)20 Y16555 F: ggatcaaccaggtccagcac 51 2.5 205 13 68%
R: aaagagctagtgggattcctaag

AV4 (GATA)14AGGA(GATA)19 Y16556 F: gaattacacatgggagtctgag 55 2.0 226 11 79%
R: cacagccacaaggtagaaag

AV7 (GATA)12 Y16557 F: agatgataaacacgtagatgc 53 2.5 177 8 65%
R: tatccatctgtccatctgtc

AV8 (GATA)18 Y16558 F: gcaccaaaccatacttccac 58 2.5 330 6 77%
R: aggatgccgagatactccag

AV9 (GATA)15 Y16559 F: tggctcagattcaagactac 52 3.0 240 14 78%
R: ggaaagctaggtcacagtat

AV10 (GATA)16 Y16549 F: gctgagccatctctccagac 59 3.0 350 7 60%
R: cagcatttgtaaggcagagg

AV11 (GATA)13(GATG)3(GATA)10 Y16550 F: tggccttatcaggaaacatac 56 2.5 225 11 75%
R: ctctgtcctccacctctctct

AV12 (GATA)12 Y16551 F: ggcaggaggataacaagattgag 59 2.5 210 8 63%
R: tctccaagatgagttccaaacag

AV13 (GATA)14 Y16552 F: ctggctctatctatctgtctatc 52 2.5 200 11 78%
R: acaattacagcatccagaag

AV14 (GATA)16 Y16553 F: tatgtgatatggcactagcatgt 56 2.5 250 10 77%
R: agcctgtctcagcagaagg

AV15 (GATA)14 Y16554 F: tatatggaaggtcgtagattcag 54 2.5 205 10 72%
R:  attaaagcatttgttgagaaagc

Table 2 Cross-species amplification of 12 microsatellites of the water vole

Species

Microtus agrestis (n = 4) M. epiroticus (n = 5) M. oeconomus (n = 6)
Arvicola richardsoni (n = 1) (field vole) (common vole) (root vole)

AV1 Ð 1 Ð 2
AV3 Ð 1 Ð Ð
AV4 Ð Ð 2 Ð
AV7 Ð 2 Ð 4
AV8 Ð Ð Ð Ð
AV9 1 1 1 1
AV10 Ð 3 Ð 1
AV11 Ð Ð Ð Ð
AV12 Ð 3 Ð 2
AV13 Ð 1 2 4
AV14 Ð 1 Ð 4
AV15 Ð 2 Ð 5

Where amplification was successful the numbers of alleles detected are given; Ð indicates a smear or no amplification.
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Recently, interest has been directed towards the study of the
genetics of natural populations. For this purpose nuclear
SSRs (simple sequence repeats) have been characterized in a
number of tree species (Smith & Devey 1994; Kostia et al.
1995; White & Powell 1997a). A greater increase in SSR isola-
tion efficiency has been achieved since the introduction of
various enrichment procedures (Edwards et al. 1996; Fisher
et al. 1996). SSR enrichment protocols have been successfully
applied in gymnosperms (Echt et al. 1996; Pfeiffer et al. 1997),
but the large genome size and complexity (Kinlaw & Neale
1997) have rendered the identification of single-locus, repro-
ducible markers for conifers a challenging task (Echt et al.
1996; Morgante et al. 1996) and hindered their application in
population studies.

In this study we successfully used an enrichment proce-
dure (White & Powell 1997a) to isolate SSRs in Pinus
sylvestris. We generated two genomic libraries enriched for
SSR repeats and produced a set of markers that identify sin-
gle variable loci. Total genomic DNA was extracted from leaf
and megagametophyte tissue following Wagner et al. (1987).
Two libraries enriched for (AC)n and (AG)n repeats were con-
structed following the procedure described in White &
Powell (1997a). Enrichment of dinucleotide repeats was
achieved through hybridization with (AC)13 or (AG)13 3«-
biotinylated oligonucleotides bound to streptavidin-coated
magnetic beads. The enriched fraction containing small frag-

ments (200-600 bp) was then cloned in λ-Zap phage vector.
Positive recombinant clones were identified through
hybridization with either an end-labelled (AC)13 oligonu-
cleotide probe or a poly(AG) probe by random priming.
Hybridization was carried out in 5× SSC, 5× DenhardtÕs solu-
tion, 0.5% (w/v) SDS at 68 ¡C or 65 ¡C, respectively, for AC
and AG probes. Two washes were performed in 2× SSC, 0.1%
SDS at 65 ¡C followed by one wash in 1× SSC, 0.1% SDS at
68 ¡C or 65 ¡C, respectively. Recombinant clones were
sequenced with an ABI 377 sequencer.

Approximately 15% of the plaques were scored as positive
in the primary screen for both libraries. Assuming the effi-
ciency of recovery for (AC)n repeats in a nonenriched library
to be the same as estimated for Pinus strobus (0.14%; Echt et al.
1996), and the proportion of duplicates is not significant this
procedure achieved an overall 100-fold enrichment. Sixty-
five out of the 90 positive (AC)n clones sequenced contained a
microsatellite repeat. The four repeat types described by
Weber & May (1989) were detected, the compound perfect
(44.6%) and simple perfect types (35.3%) being the most fre-
quent. In 90% of the compound clones (AC)n repeats were
associated to an AT motif; this is consistent with (AT)n being
the most frequent dinucleotide found in plant genomes
(Morgante & Lagercranz et al. 1993; Morgante & Olivieri
1993). In general, compound (AC)n repeats appeared to be
more frequent in Scots pine (55%) in comparison to P. strobus
(24%; Echt et al. 1996) and Norway spruce (15%; Pfeiffer et al.
1997); this could be due to a higher stringency of the enrich-
ment method used here. In the 54 (AG)n microsatellites char-
acterized, the simple perfect type alone accounted for ≈ 54%
of the total repeats. The average length of an uninterrupted
simple dinucleotide stretch was 27.5 and 25.5 units for the AC
and AG library, respectively.

Thirty-seven primer pairs were designed using the soft-
ware package Primer (Version 5.0). PCR reactions were
carried out as described in White & Powell (1997a). Fifty per
cent of the clones produced a multilocus PCR amplification
pattern, 25% a poor or null amplification profile, 5% or a
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Table 1 Primer sequences and diversity values (heterozygosity) of Pinus sylvestris SSRs characterized in the present study

Expected Megagametophytes No. of Accession
Locus Repeat Primer sequence (5′-3′) size (bp) Tm analysed alleles H no.

SPAC 11.4 (AT)5(GT)19 TCACAAAACACGTGATTCACA 150 60 14 8 0.901 AJ223766
GAAAATAGCCCTGTGTGAGACA

SPAC 11.6 (CA)29(TA)7 CTTCACAGGACTGATGTTCA 165 55 11 7 0.927 AJ223767
TTACAGCGGTTGGTAAATG

SPAC 11.8 (TG)16 AGGGAGATCAATAGATCATGG 142 55 13 2 0.538 AJ223770
CAGCCAAGACATCAAAAATG

SPAC 12.5 (GT)20(GA)10 CTTCTTCACTAGTTTCCTTTGG 155 54 10 10 0.924 AJ223772
TTGGTTATAGGCATAGATTGC

SPAG 3.7 (TC)45 GTTAAAGAAAATAATGACGTCTC171 52 12 8 0.924 AJ223769
AATACATTTACCTAGAATACGTCA

SPAG 7.14 (TG)17(AG)21 TTCGTAGGACTAAAAATGTGTG 209 55 14 6 0.868 AJ223771
CAAAGTGGATTTTGACCG

SPAC 11.5 (AT)8(GT)19 Ð (TA)11 TGGAGTGGAAGTTTGAGAAGC 194 60 14 6 0.868 AJ223768
TTGGGTTACGATACAGACGATG



single, monomorphic band while only seven (20%) identi-
fied a single variable locus. The seven primer pairs that iden-
tify functional markers were tested on a panel of 11Ð14 DNA
samples extracted from megagametophyte tissue; between
two and 10 alleles per locus were detected. Genetic diversity
was estimated using unbiased Nei's heterozygosity index
(Nei 1987), expressed as H = (n/n Ð 1) 1 Ð ∑pi

2 (Table 1).
Diversity values ranged between 0.538 and 0.945. The segre-
gation of alleles at three polymorphic SSR loci (SPAC11.6,
SPAC11.5 and SPAG3.7) was examined in a full-sib family
(n = 60). A χ2 test (3 d.f.) was performed: none of the three
SSRs deviated significantly from the expected Mendelian
segregation ratio.

The use of SSRs as codominant markers in plant popula-
tion studies is related to their ability to unambiguously
define genotypes. Only 20% of the primer pairs analysed in
this study resulted in locus-specific amplification of a poly-
morphic locus; the majority of the remaining primer pairs
gave either no amplification or produced multiband patterns.
A similar proportion of functional markers has been reported
in studies of other conifer species (Echt et al. 1996; Morgante
et al. 1996; Pfeiffer et al. 1997), and can be attributed to the
high complexity of conifer genomes. Pfeiffer et al. (1997)
showed that the majority of bands observed in multiple PCR
profiles corresponded to fragments coamplified with the SSR
locus but not containing the microsatellite region. Kinlaw &
Neale (1997) showed that gene duplication is a common pro-
cess in the evolution of gymnosperm genomes. Furthermore,
hybridization of clones with labelled total genomic DNA
showed that 25% of SSRs are located within highly repeated
regions and are therefore likely to produce multiband patters
(Smith & Devey 1994).

The identification of markers suitable for population stud-
ies is therefore a crucial process in conifers. The characteriza-
tion of functional SSRs in conifers is a difficult and costly
task, but the hypervariability typical of these markers is such
that only a limited number are required for population stud-
ies. The possibility of transferring SSR information across
species is currently being investigated (C. S. Echt, personal
communication; White & Powell 1997b). Otherwise, the
development of sequence-tagged sites (STS) and bi-allelic
polymorphisms could provide an attractive alternative to
SSRs.
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The taxonomic status of the Scottish crossbill (Loxia scotica) is
a contentious issue. It is currently designated as BritainÕs
only avian endemic, and one of only three UK bird species of
global conservation concern (Gibbon et al. 1996). However, it
differs only slightly (in call, size, morphology and plumage)
from other European crossbills (L. curvirostra and L. pytyop-
sittacus). Crossbill taxa are ecologically distinct, each
adapted to feed on the seeds of specific conifers (Benkman
1993). L. scotica is adapted to feed on Scots pine but the
reduction in native pineforest, combined with large-scale
planting of exotic conifers and immigration of L. curvirostra
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and L. pytyopsittacus, has resulted in widespread sympatry
in Scotland (Summers et al. 1996) with anecdotal evidence of
interbreeding. With the prospect of species loss, there is an
urgency to quantify the levels of divergence between cross-
bill taxa and the extent of individual hybridization and
genetic introgression.

Here we describe the isolation of several polymorphic
tetranucleotide microsatellite markers that will be invalu-
able in examining population structure within the crossbill
types and the genetic relationships among them. We also
highlight the suitability of these primers in other passerine
species.

The method used to obtain the microsatellites is described
in Piertney et al. (1998). In brief, total genomic DNA was
extracted from an adult Scottish crossbill using standard
proteinase K digestion and phenolÐchloroform procedures
(Sambrook et al. 1989). DNA was digested using Sau3AI
restriction endonuclease, and a 300Ð800 bp fraction isolated.
Fragments were ligated to a SAU linker molecule made by
annealing equimolar amounts of SAU-L-A (5'-GCGGTACC-
CGGGAAGCTTGG-3') and SAU-L-B (5'-GATCC-
CAAGCTTCCCGGGTACCGC-3') oligonucleotides. The
fraction was denatured and hybridized to a 1 cm2 piece of
Hybond N+ membrane saturated with (GAAA)n polymer in
2.5× SSC, 0.1% SDS at 60 ¡C. After three low-stringency
washes of 3× SSC; 0.1% SDS to remove nonrepetitive DNA
from the membrane, the enriched microsatellite fraction was
removed by heating to 95¡ for 5 min in sterile water. The
enriched fraction was precipitated from the wash solution
using isopropanol, and double-stranded conformation
reformed in a PCR reaction (29 cycles with 91¡C denatura-
tion, 55 ¡C annealing and 72 ¡C extension), using the SAU-L-

A linker as a primer. SAU linkers were removed by restric-
tion with Sau3AI, and fragments were ligated into
pUC18/BamHI plasmid vectors (Pharmacia Ltd). Vector
molecules were heat transformed into INVαF' One-Shotª
Escherischia coli, then grown overnight at 37 ¡C on
LuriaÐBertani (LB) medium containing 50 µg/ml ampicillin
and surface-streaked with 40 µL of 40 mg/ml X-gal. White
colonies were streaked onto a second LB plate then regrown.
Plate lifts were made onto Hybond N+ membrane and
hybridized to radiolabelled GAAA polymer using standard
procedures (Sambrook et al. 1989) in 1× SSC, 0.1% SDS, 1×
DenhardtÕs solution at 65 ¡C to detect microsatellite repeats.
Positive clones were sequenced (dye-terminator cycle-
sequencing using an ABI 377 automated sequencer accord-
ing to the manufacturerÕs protocols) and L. scotica-specific
PCR primers designed using the criteria described in
Piertney & Dallas (1997).

DNA was extracted from the blood of 50 unrelated L. scot-
ica individuals (identification being based on bill depth mea-
surement), and from muscle tissue of a variety of other
passerine species (listed in Table 2). Extraction procedures
have been described by Bruford et al. (1992). PCR amplifica-
tions were performed in 10 µL reactions in an MJ Research
PTC-100 thermal cycler. Individual mixes contained 10 ng of
DNA, 0.2 mM of each nucleotide, 5 pmoles of each primer
(forward primer end-labelled with [γ32P]-dATP), 2.5 mM

MgCl2, 0.5 units of Taq polymerase (Bioline Inc) and 1× NH4

buffer. PCR profiles consisted of 30 cycles of 30 s denatura-
tion at 92 ¡C, and 30 s annealing at the temperature specified
for each primer pair in Table 1. No extension step was
included in the reaction, except for a final 5-min step at 72¡
immediately following the 30th cycle.
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Table 1 Description of seven microsatellite loci for Loxia scotica. Sequences are given in the 5'Ð3' orientation together with the expected
PCR fragment length (based on the clone sequence), optimal annealing temperature, array type, number of resolved alleles and heterozy-
gosity. The clone sequences from which the primers were designed have EMBL accession numbers Y16820ÐY16825

Fragment Annealing No. of 
Locus Sequence (5' Ð 3') size (bp) temperature Repeat type alleles HO HE

LOX1 F: ATGATGGTAAGTCTAATGAAAGC 341 54 (CTTT)30 31 0.90 0.97
R: CCACACACATTCACTCTATTG

LOX2 F: CAGGCAGAGTGGACATTTATG 195 57 (CTTT)17 25 0.96 0.96
R: CAGTTTCATGTGGATTTTTAG

LOX3 F: TTCTGTGGTGAAGTTTTCTGGAG 235 61 (CTTT)21 24 0.95 0.96
R: CCAACCCATTCCATGACAAC

LOX4 F: TATGTGCTGAAGTGAACCATCC 172 60 (CTTT)14 11 0.92 0.91
R: TTCCCTCACAATTTTCCGAC

LOX6 F: ACAAATAACATAGGTCAGAAGC 184 54 (CTTT)19 17 0.91 0.94
R: GCTCTATAACTTTGTGATTTTGC

LOX7 F: AACCTAAGCACATTTATTCAGC 151 55 (CTTT)19 15 0.88 0.93
R: AACAAATAACATAGGTCAGAAGC

LOX8 F: TTGTGAAGGTTTGGGACATAAG 282 58 (CTTT)25(CCTT)13 19 0.94 0.95
R: AGTTGAGGCCATTAAAAAGATTC

Mean 20 0.92 0.95



Approximately 1000 clones were screened for the presence
of microsatellite arrays, of which 40 (≈ 4%) gave a signal fol-
lowing hybridization. Twenty of these clones were
sequenced and 10 sets of primers designed. The discarded
clones contained arrays that were either short (< 10 motifs
long) or compound. Seven primer pairs gave well-resolved
microsatellite patterns that were easily scorable with mini-
mal stutter-banding (Table 1). Each locus was highly poly-
morphic with a mean number of alleles per locus of 20 and a
mean observed heterozygosity of 0.92. Alleles were shown to
segregate according to Mendelian expectations, with no evi-
dence of null alleles or linkage disequilibrium.

Table 2 shows the suitability of the primer sets in other
passerine species. In several cases single PCR products of
appropriate size were resolved, suggesting that these mark-
ers may be useful for examining population structure and
gene flow in a range of passerine species.
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Table 2 Cross-species amplification of seven pairs of Loxia scotica microsatellite primers with 14 other passerine bird species. Where a sin-
gle PCR product was obtained, the number of alleles resolved is provided. 

Common name Scientific name LOX1 LOX2 LOX3 LOX4 LOX6 LOX 7 LOX 8

Sand martin (2) Riparia riparia 2 1 3 2 Ð 1 Ð
Grey wagtail (3) Motacilla cinerea 2 2 Ð Ð 2 Ð 1
Wren (2) Troglodytes troglodytes 2 4 Ð 2 Ð Ð Ð
Blackbird (5) Turdus merula 4 Ð Ð 2 3 2 Ð
Long-tailed tit (3) Aegithalos caudatus 4 3 2 Ð 2 2 Ð
Treecreeper (2) Certhia familiaris 3 2 Ð 1 1 1 Ð
House sparrow (5) Passer domesticus 3 Ð Ð 2 2 Ð 4
Chaffinch (4) Fringilla coelebs Ð Ð 1 3 Ð 1 Ð
Bullfinch (3) Pyrrhula pyrrhula 2 Ð 4 Ð Ð Ð Ð
Greenfinch (3) Carduelis chloris 6 4 2 4 Ð Ð 2
Siskin (1) Carduelis spinus 1 2 Ð 1 Ð 1 1
Linnet (1) Carduelis cannabina 2 Ð Ð 2 Ð Ð Ð
Common crossbill (50) Loxia curvirostra 25 20 24 7 18 15 21
Parrot crossbill (50) Loxia pytyopsittacus 23 19 20 5 15 12 19
Corn bunting (2) Miliaria calandra 1 Ð Ð 2 Ð Ð 1
Yellowhammer (3) Emberiza citrinella 2 1 2 Ð 2 Ð 3

Ð, a multiband pattern, a smear, or no PCR product was detected.


