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Abstract Noninvasive genetic techniques have become
indispensible tools in wildlife conservation and manage-
ment. Here, we report the development of the first set of
microsatellite markers for the Eurasian beaver (Castor
fiber). All 15 loci show considerable variation within the
sampled region in southwestern Germany, with number of
alleles ranging from two to six alleles per locus. A
comparison between tissue and hair samples revealed that
amplification success was only slightly lower for hair
samples, making their use in noninvasive monitoring
feasible. Despite some evidence for false alleles and allelic
dropout, 77% of all loci were genotyped successfully
among all hair samples and loci tested. The developed
markers will be used for subspecies differentiation and
reconstruction of dispersal routes, following reintroductions
in Central Europe.
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Introduction

The Eurasian beaver, Castor fiber Linnaeus 1758, was
reduced to only a few relict populations during the
nineteenth century as a consequence of massive persecution
(Durka et al. 2005). Because of its popularity, and the fact
that beavers are key species in freshwater ecosystems
(Rosell et al. 2005), considerable reintroduction efforts
were started in several regions in the twentieth century
(Nolet and Rosell 1998). In Central Europe, beavers were
repeatedly reintroduced using source populations from
different subspecies. Because of the high morphological
similarity and potential interbreeding among subspecies in
the field, genetic tools are needed in order to reconstruct
range dynamics and long-term colonization success of
reintroduced beaver populations. Mitochondrial DNA
(mtDNA) markers have been shown to provide a possibility
to differentiate among beavers from different subspecies
(Durka et al. 2005; Ducroz et al. 2005). However,
mitochondrial sequence markers provide no information
concerning crossbreeding among different evolutionary
lineages. In addition, published mtDNA markers do not
provide sufficient resolution for safe subspecies discrimi-
nation in Germany (own data). Microsatellite markers, in
contrast, enable high-resolution genetic analysis of popula-
tion substructuring. While two panels of microsatellite
markers exist for the Canadian beaver, Castor canadensis
(Crawford et al. 2008; Pelz-Serrano et al. 2009), no
microsatellites have been developed for C. fiber so far.

The aim of this study was to provide a genetic tool for
the investigation of genetic population structure and
subspecies differentiation in the Eurasian beaver. There-
fore, we developed and tested a panel of variable
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microsatellite markers for this species. In order to
evaluate the possibility of noninvasive sampling strate-
gies for genetic sample collection (Taberlet et al. 1999),
we compared marker performance based on both tissue
and hair samples.

Materials and methods

For the construction of a genomic DNA library, we
extracted DNA from a C. fiber albicus tissue sample from
Hesse (Germany). DNA extraction of tissue samples was
performed with the Qiagen Blood and Tissue Kit,
following the instructions of the manufacturer. After
shearing of the genomic DNA by nebulization, fragments
of two size classes, namely 1.5–2.5 kb and >2.5 kb, were
separated electrophoretically, electroeluted, and purified.
Both groups of fragments were ligated into pUC18 vector
plasmids cut with Sma I and then transformed into DA10B
Escherichia coli host cells via electroporation. To identify
fragments containing typical microsatellite DNA sequence
motifs, 36,000 insert-containing clones were picked on
gridded nitrocellulose filters (Schleicher & Schuell, BA85)
for colony filter hybridization. Clones were screened for
microsatellites, using seven different radioactive labeled
synthetic oligonucleotide probes [(GA)15, (CA)15,
(AAT)10, (GGC)10, (AAG)10, (ATG)10, (GATA)6]. One
hundred ninety-two hybridizing clones were picked at
random, and their inserts were amplified by polymerase
chain reaction (PCR), using standard forward and reverse
vector primers.

Fifty-eight primer pairs were designed manually, or
using Primer 3 (Rozen and Skaletsky 2000) and tested on
eight tissue samples of mixed origin for consistent
amplification success. The 10-μl PCRs included 3.8 μl of
DNA extract, 1.5 mM MgCl2, 0.2 mM dNTPs in equal
ratio, 0.3 μM of each primer, and 0.5 U/μl HotStarTaq-
Polymerase (Qiagen/Hilden). Fragments were amplified for
15 min at 95°C, followed by 45 cycles of 30 s at 94°C, 90 s
annealing at 50°C, 60 s at 72°C, and a final elongation step
of 30 min at 72°C. For all PCRs, positive and negative
controls were included.

Twenty-five primer pairs yielded reproducible amplicons
of the correct size and were, thus, considered for fragment
length analysis. Fragment length at all 25 loci were
determined on a 3730 DNA Analyzer (Applied Biosystems)
for 33 C. fiber individuals (17 ethanol 96% stored tissue
samples from shot beavers, 12 ethanol stored samples of
carcasses found in the field, 1 treated fur, 3 hair samples
stored in paper envelopes at room temperature) from Hesse
(n=2), Rhineland-Palatinate (n=4), and Bavaria (n=27).
We used 3–5 guard hairs or 5–15 wool hairs for hair
extraction with the Investigator Kit (Qiagen), following the

protocol of the manufacturer. We included negative controls
in the hair-extraction process to check for cross contami-
nation during this step. Hair samples were prepared in a
separate laboratory, considering standard routines for
noninvasive sample treatment to avoid cross contamination
(Taberlet et al. 1999).

Genemarker 1.6 software (SoftGenetics) was used to
score fragment length. Mean number of alleles per locus
(A), percentage of polymorphic loci (P), expected (HE,) and
observed (HO) heterozygosity were calculated with GenA-
lex (Peakall and Smouse 2006). Hardy–Weinberg equilib-
rium (HWE) and linkage disequilibrium estimations were
conducted using Genepop (Raymond and Rousset 1995).
The suitability of the marker set for individualization of
samples (Probability of Identity=P(ID)) was calculated for
an outcrossing (P(ID)) or inbred (P(ID)sib) (Paetkau and
Strobeck 1994) population, using Gimlet 1.3.3 (Valiere
2002).

In order to evaluate the feasibility of noninvasive
sampling methods for the beaver, we compared amplifica-
tion success of hair and tissue samples, and checked for
genotyping errors among hair samples. Hair and tissue
samples of the same individual were analyzed from 11 of
the 33 specimens considered in this study. Tissue and
plucked hairs were taken from six freshly shot beavers, four
cadavers, and one treated fur. Samples were genotyped at
the final set of 15 microsatellite loci. Genotyping errors
(allelic dropouts, false alleles) were checked manually by
comparing genetic profiles based on hair samples to the
respective reference genotypes obtained from tissue geno-
typing. For this reason, we did not conduct replicates in the
hair amplification step.

Results

Of the 25 markers tested, 20 were found to be polymorphic
in the test sample. Fifteen markers allowed for safe and
consistent genotyping, and were thus considered for the
final marker set (Table 1). The observed number of alleles
per locus of the final marker set ranged from two to six,
with observed heterozygosity values ranging from 0.24 to
0.77. Significant linkage disequilibrium (Fisher's exact test,
p<0.05) was revealed for nine combinations of loci.
However, none were significant following Bonferroni
correction. A significant heterozygote deficit was observed
for three loci (CF06, CF18, CF49; Exact HW test; Guo and
Thompson 1992). Calculated values for the probability of
identity of the marker set were P(ID)=4.23×10

−9, and P(ID)

sib=1.13×10
−4 for an inbred population.

Amplification success of hair samples was significantly
lower compared to tissue samples (one-tailed paired t-test,
p<0.001). Comparison of amplification success in 11
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samples resulted in 9–11 successfully amplified fragments
per locus for tissue and 5–10 successful PCR reactions
based on hair extractions (Table 2). Genotyping errors in
hair samples were detected at two loci (CF33 and CF48).

Discussion

Here, we provide 15 novel variable markers, which can be
easily multiplexed due to a harmonization of reaction
conditions. Along with moderate HE levels, only few
different alleles were found at most loci. We are not able
to decide here, however, if these rather low levels of genetic
variability are due to genetic homogeneity of the reintro-
duced beaver populations or a characteristic of the marker
system itself. Despite of the moderate diversity levels per
locus, P(ID) and PID(ID)sib values show that even for an
inbred population, the marker system is well suitable for
individual identification with a high statistical confidence.
Due to the fact that our samples were collected from across
Southern Germany, revealed deviations from HWE at three
loci are likely caused by population substructuring.

In a cross-species amplification test, Pelz-Serrano et
al. (2009) identified nine microsatellite markers developed
for the Canadian beaver, which showed variation within C.
fiber. Of these markers, however, only four (Cca4, Cca13,
Cca18, Cca92) were variable among our 33 samples (data
not shown). Along with these loci, the presented markers
will be used to differentiate among C. fiber subspecies and
to reconstruct the contribution of different founder
populations to the currently observed recolonization
success in Southern Germany. As amplification failure
and genotyping error for hair samples was rather low, we
recommend the use of beaver hair trapping in order to
allow for increased sample sizes and a standardized
sampling design.

Table 1 Primer sequences and characterization of 15 variable microsatellite loci for the Eurasian beaver, Castor fiber (n=33)

Locus Accession no. Sequence (5′-3′) Motif NA Range (bp) HO/HE

CF05 HQ698339 GGAAATATTTAAAGGGTCGAATG TTGCAGTTTCTTGGAACACG (TG)15 2 213–215 0.33/0.48

CF06 HQ698340 TGTGGCCTGTAATACGAAAAG TCAGATGTTCAAGACCACCAA (GT)14 3 134–141 0.39/0.66**

CF07 HQ698341 CTTTTGCCACACTCAACACAA TTCCTAGGCAGAAATCAGGAA (AC)10 3 92–96 0.35/0.59*

CF17 HQ698342 CCAAGAGGGCTGTCTCATGT CGTTGTGCTTGCTAGGTGAG (GT)13 4 196–219 0.41/0.57*

CF18 HQ698343 TGTCTCCCAAATGGACTTCA CCGTCTTCAAGCCATAAACC (AC)15 4 212–218 0.24/0.45**

CF19 HQ698344 AGTGGGCTGCCATTGTTAAG TCTGCACAGTGTTCATGCTG (CA)16 2 186–188 0.42/0.33

CF21 HQ698345 CATGGGGTGGGGGTATTATC ATCCTTTCTTGGTCCTGCAA (TG)9 3 197–205 0.46/0.51*

CF30 HQ698346 GCCCATGCTCTCAGCATTAT TGCGCACATGTATATGACTCAC (AC)17 4 212–222 0.62/0.48

CF31 HQ698347 TCCCTCAGGCTTTAATTGGA TCTCGAGCCCCTATCTTGAA (GT)22 4 193–203 0.64/0.58*

CF32 HQ698348 CAGTTTTGTTCTCTCTCTCACTATGAA GGCTCAAAAAGTCAAAGGTCA (TG)16 3 130–138 0.60/0.51

CF33 HQ698349 TGCCACCCTAACAAATAGGTG GTTTTGCTCATCAGCCCTGT (TG)20 6 202–222 0.77/0.71

CF41 HQ698350 CAACCACTCCCACCCACTC TGTCTGCCTGGTAAGCATGA (CA)17 3 102–107 0.57/0.64**

CF44 HQ698351 GGGGAAAGGGAGAGGAGTTT TAATCCTATCCCCCAAGTCG (TG)20 4 203–211 0.59/0.66

CF48 HQ698352 AGTGGTTGCCCAAAATGAAC GGAGTGGCTTAAGGTGTTCG (GT)13 3 191–199 0.71/0.48

CF49 HQ698353 GTGCCCAGCATCGAGAAGTA CCCCTCTGCTGTGTGCTAGT (CA)7 3 130–141 0.69/0.53**

NA Number of alleles, HO Observed Heterozygosity, HE Expected Heterozygosity. Significant departures from Hardy–Weinberg equilibrium
(p<0.05) are indicated before (* ) and after (** ) Bonferroni correction

Table 2 Amplification success (defined as presence of scorable
fragments within the expected size range in the fragment length
analysis; +PCR) of 15 microsatellite loci based on hair and tissue
samples from 11 Castor fiber individuals and the number of correct
genotypes obtained from hair samples (+genotype)

Locus +PCR (tissue) +PCR (hairs) +Genotype (hairs)

CF05 9/11 9/11 9/9

CF06 11/11 9/11 9/11

CF07 7/11 7/11 7/7

CF17 11/11 9/11 9/11

CF18 10/11 7/11 7/10

CF19 11/11 8/11 8/11

CF21 10/11 10/11 10/10

CF30 11/11 10/11 10/11

CF31 9/11 7/11 7/9

CF32 11/11 7/11 7/11

CF33 11/11 9/11 5/11ab

CF41 11/11 9/11 9/11

CF44 10/11 5/11 5/10

CF48 11/11 8/11 7/11b

CF49 11/11 9/11 9/11

a false alleles, b allelic drop out
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