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Abstract

Microsatellite genotyping errors will be present in all but the smallest data sets and have
the potential to undermine the conclusions of most downstream analyses. Despite this,
little rigorous effort has been made to quantify the size of the problem and to identify
the commonest sources of error. Here, we use a large data set comprising almost 2000
Antarctic fur seals 

 

Arctocephalus gazella

 

 genotyped at nine hypervariable microsatellite
loci to explore error detection methods, common sources of error and the consequences of
errors on paternal exclusion. We found good concordance among a range of contrasting
approaches to error-rate estimation, our range being 0.0013 to 0.0074 per single locus PCR
(polymerase chain reaction). The best approach probably involves blind repeat-genotyping,
but this is also the most labour-intensive. We show that several other approaches are also
effective at detecting errors, although the most convenient alternative, namely mother–
offspring comparisons, yielded the lowest estimate of the error rate. In total, we found 75
errors, emphasizing their ubiquitous presence. The most common errors involved the mis-
interpretation of allele banding patterns (

 

n

 

 = 60, 80%) and of these, over a third (

 

n

 

 = 22, 36.7%)
were due to confusion between homozygote and adjacent allele heterozygote genotypes. A
specific test for whether a data set contains the expected number of adjacent allele hetero-
zygotes could provide a useful tool with which workers can assess the likely size of the
problem. Error rates are also positively correlated with both locus polymorphism and
product size, again indicating aspects where extra effort at error reduction should be
directed. Finally, we conducted simulations to explore the potential impact of genotyping
errors on paternity exclusion. Error rates as low as 0.01 per allele resulted in a rate of false
paternity exclusion exceeding 20%. Errors also led to reduced estimates of male reproduc-
tive skew and increases in the numbers of pups that matched more than one candidate
male. Because even modest error rates can be strongly influential, we recommend that error
rates should be routinely published and that researchers make an attempt to calculate how
robust their analyses are to errors.
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Introduction

 

Microsatellite markers are a prominent tool in ecological,
medical and forensic genetics (Queller 

 

et al

 

. 1993; Jarne &
Lagoda 1996; Luikart & England 1999). However, micro-
satellite genotyping can be error-prone and consequently
few data sets, especially those typical of large-scale studies

of natural populations, are likely to be perfect (Marshall

 

et al

 

. 1998). With a number of recent studies showing that
even modest error rates can seriously perturb estimates of
genetic diversity, population size and structure, migration
rates, kinship and parentage (Marshall 

 

et al

 

. 1998; Taberlet

 

et al

 

. 1999; Creel 

 

et al

 

. 2003; Piggott & Taylor 2003; Waits
& Leberg 2003), the importance of genotyping errors has
become increasingly recognized. Despite this, we know of
very few studies that have looked systematically at the
origin and frequency of genotyping errors.
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Microsatellite genotyping errors may arise in a number
of ways. When the template DNA is of low quantity and/
or quality, as is typical of studies employing noninvasive
tissue-sampling, PCR (polymerase chain reaction) ampli-
fication can become unreliable (Gerloff 

 

et al

 

. 1995; Taberlet

 

et al

 

. 1996; Gagneux 

 

et al

 

. 1997a). Here, a common problem
is the stochastic failure of one allele to amplify, leading to
heterozygotes appearing to carry only one allele, referred
to as ‘allelic dropout’ (Navidi 

 

et al

 

. 1992; Walsh 

 

et al

 

. 1992;
Gerloff 

 

et al

 

. 1995; Taberlet 

 

et al

 

. 1996; Gagneux 

 

et al

 

. 1997a).
Another source of artefact is ‘misprinting’, in which ampli-
fication products are generated that can be misinterpreted
as true alleles (Taberlet 

 

et al

 

. 1996; Goossens 

 

et al

 

. 1998;
Bradley & Vigilant 2002). The frequency of such errors
can exceed 0.25 per reaction (Taberlet 

 

et al

 

. 1996; Gagneux

 

et al

 

. 1997a; Morin 

 

et al

 

. 2001; Frantz 

 

et al

 

. 2003 although
see also Wasser 

 

et al

 

. 1997; Kohn 

 

et al

 

. 1999; Ernest 

 

et al

 

. 2000;
Sloane 

 

et al

 

. 2000; Parsons 2001; Segelbacher 2002; Fernando

 

et al

 

. 2003). Consequently, numerous quality control proto-
cols have been developed, including the adoption of mul-
tiple tube approaches where DNA samples are amplified
independently several times (Navidi 

 

et al

 

. 1992; Taberlet

 

et al

 

. 1996; Frantz 

 

et al

 

. 2003), comparison of genotypes
obtained with those from matched blood or tissue (Wasser

 

et al

 

. 1997; Kohn 

 

et al

 

. 1999; Ernest 

 

et al

 

. 2000; Sloane 

 

et al

 

.
2000; Parsons 2001; Fernando 

 

et al

 

. 2003), strategic re-
amplification at loci likely to harbour errors (Miller 

 

et al

 

.
2002), prescreening of samples for DNA quantity (Morin

 

et al

 

. 2001; Segelbacher 2002) and the use of pilot studies
(Taberlet & Luikart 1999) and simulations (Taberlet 

 

et al

 

.
1996; Valiere 

 

et al

 

. 2002).
Even when large quantities of high-quality DNA are

extracted from blood or tissue, genotyping errors still
occur. These include allele non-amplification resulting from
primer binding site mutation (‘null alleles’ Callen 

 

et al

 

.
1993; Pemberton 

 

et al

 

. 1995; Dakin & Avise 2004), errors
due to electrophoresis artefacts (Fernando 

 

et al

 

. 2001;
Davidson & Chiba 2003), mis-scoring of allele banding
patterns, and data entry and other clerical errors. Of these,
the most important source of error is probably the incorrect
calling of alleles on autoradiographs or fluorescent pro-
files. In particular, the presence of ‘stutter bands’, gener-
ated by slippage of 

 

Taq

 

 polymerase during PCR, can make
it difficult to score alleles reliably (Litt 

 

et al

 

. 1993; Ginot

 

et al

 

. 1996; Harker 2001; Johansson 

 

et al

 

. 2003), especially
when there are large signal intensity differences between
alleles and/or the lengths of two alleles in a heterozygous
individual differ by only a few nucleotides. Unfortunately,
these problems remain even when genotyping is automated,
as genotypes are either accepted blind or, more usually,
corrected manually (Ginot 

 

et al

 

. 1996; Ewen 

 

et al

 

. 2000).
Given the considerable scope for errors to arise under

most circumstances, it is perhaps surprising that few
studies beyond those utilizing noninvasive sampling have

sought to determine either the prevalence or sources of
microsatellite genotyping errors. Exceptions come largely
from the field of human medical genetics and include
Brzustowicz 

 

et al

 

. (1993), Ghosh 

 

et al

 

. (1997), Ewen 

 

et al

 

.
(2000), Sobel 

 

et al

 

. (2002) and a small number of among-
lab reproducibility trials (e.g. Jones 

 

et al

 

. 1997; Weeks 

 

et al

 

.
2002). Furthermore, error rates are rarely published and
where they are expressed the terminology varies greatly,
from the proportion of PCR reactions yielding at least one
incorrect allele to the proportion of alleles that are incorrect,
and from the error rate per locus to that across multiple loci
(e.g. Ewen 

 

et al

 

. 2000; Sobel 

 

et al

 

. 2002; Hoffman 

 

et al

 

. 2003).
These and other studies (Brzustowicz 

 

et al

 

. 1993; Ginot

 

et al

 

. 1996; Ghosh 

 

et al

 

. 1997; Palsbøll 

 

et al

 

. 1997; Weeks

 

et al

 

. 2002) report error rates between 0.001 and 0.127 per
reaction.

Modest error rates may seem inconsequential, but are
they? Simple calculations suggest that the problem may be
far from trivial. For example, a 1% error rate in allele calling
would lead to almost a quarter of 12-locus genotypes con-
taining at least one error. Worse, the point of generating
genotypes is usually to compare them with others. With
this error rate, only about 62% of comparisons between the
same individual typed twice would show genotype iden-
tity. With a 2% error rate, the probability of obtaining the
same genotype twice for the same individual falls to below
40%. Similarly, estimates of relatedness, especially parent-
age, can be heavily impacted by errors, especially when
candidate fathers are excluded on the basis of only a single
mismatch (Marshall 

 

et al

 

. 1998; Taberlet 

 

et al

 

. 1999). Con-
sequently, whenever unexpectedly few paternities are
assigned, leading to the inference of extra pair, group or
population matings, it is important that error rates are
determined and modelled so that their impact can be
assessed. Examples of where genotyping errors are thought
to have led to misleading conclusions include a study of
chimpanzees by Gagneux 

 

et al

 

. (1997b) that reported
frequent ‘furtive’ matings by females outside their social
groups, and a study of polygynous Antarctic fur seals

 

Arctocephalus gazella

 

 (Gemmell 

 

et al

 

. 2001) that assigned
paternity to fewer than a quarter of offspring. In both cases,
later studies suggest that these unexpected findings were
likely due, at least in part, to poor quality genotype data
(Constable 

 

et al

 

. 2001; Gagneux 

 

et al

 

. 2001; Vigilant 

 

et al

 

.
2001; Hoffman 

 

et al

 

. 2003).
Fortunately, there are many ways to identify genotyping

errors and estimate their rates. Most obviously, a subset of
individuals can be regenotyped and compared, although
to obtain a sufficiently representative sample this can
involve a large extra experimental effort (Brzustowicz 

 

et al

 

.
1993; Ghosh 

 

et al

 

. 1997; Ewen 

 

et al

 

. 2000). More economical
therefore is to conduct statistical tests on the data that
already exist. One commonly used test is for deviations
from Hardy–Weinberg equilibrium (Gomes 

 

et al

 

. 1999) that
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reveal the homozygous excess resulting from either null
alleles or allelic dropout. Further verification can be
achieved by comparing known mother–offspring pairs
and looking for mismatches (Marshall 

 

et al

 

. 1998), although
this may be complicated by the possibility of fostering or
egg-dumping, particularly if practised by close kin. Where
resampling of animals is common, close but imperfect
matches may be so unlikely that they are best explained as
genotyping errors and hence can be examined to identify
problems (Palsbøll 

 

et al

 

. 1997). Two further approaches are
less often used. First, in the same way that close identity
matches can be rechecked on the original autoradiographs/
traces, so too can paternity matches. Second, because one
of the most likely sources of mis-scoring involves confusion
between homozygotes and heterozygotes where the alleles
differ by a single repeat unit (Fernando 

 

et al

 

. 2003), these
particular genotypes can be scrutinized.

Here we use a large data set comprising almost 2000
Antarctic fur seals genotyped at nine highly variable micro-
satellite loci to explore methods of error detection, identify
common sources of error, and explore the consequences of
errors for paternal exclusion analysis.

 

Materials and methods

 

Study site, animal identification and tissue sampling

 

Tissue samples were collected during the austral summers
of 1994/1995–2000/2001 at a small fur seal breeding beach

located at Bird Island, South Georgia (54

 

°

 

00

 

′

 

-S, 38

 

°

 

02

 

′

 

-W),
where a scaffold walkway (Doidge 

 

et al

 

. 1984) enabled all
animals to be observed and tissue-sampled with minimum
disturbance. Adult females, identified using plastic tags
(Dalton Supplies) placed in the trailing edge of the fore-
flipper, were tissue-sampled from the interdigital margin
of the foreflipper using piglet-ear notching pliers (Majluf &
Goebel 1992). Pups born to tagged females were sampled
in the same way. Adult males occupying territories on the
beach and on the surrounding rocks were too large and
aggressive to be captured, and were instead individually
marked using small patches of gloss paint (Arnould &
Duck 1997) and remotely sampled using a biopsy dart
system (Gemmell & Majluf 1997). All sampling equipment
was sterilized using ethanol between uses. A total of 1763
tissue samples were collected as part of an ongoing study
of paternity, comprising 375 adult females, 718 pups and
670 adult males (Hoffman 

 

et al

 

. 2003). These samples were
stored individually in the preservative buffer 20% dimethyl
sulphoxide (DMSO) saturated with salt (Amos & Hoelzel
1991) and stored at 

 

−

 

20 

 

°

 

C.

 

DNA extraction and microsatellite amplification

 

Total genomic DNA was extracted using an adapted
Chelex 100 protocol (Walsh 

 

et al

 

. 1991). All samples were
then genotyped using a panel of nine dinucleotide-repeat
microsatellite loci, previously isolated from a variety of
pinniped species (Table 1). These loci were chosen because

Table 1 Summary of microsatellite loci used in this study, including literature sources and polymorphism characteristics for the Antarctic
fur seals genotyped
 

Locus Isolated from species Reference
Number 
of alleles

Size range 
(bp) HE T1 (°C) T2 (°C)

Aa4 South American fur seal (Gemmell et al. 1997) 7 204–220 0.747 46 48
Arctocephalus australis

Hg1.3 Grey seal (Gemmell et al. 1997) 13 234–276 0.868 42 46
Halichoerus grypus

Hg6.3 Grey seal (Allen et al. 1995) 16 213–245 0.858 46 48
Halichoerus grypus

Hg8.10 Grey seal (Allen et al. 1995) 5 162–184 0.450 42 46
Halichoerus grypus

Lw10 Weddell seal (Davis et al. 2002) 18 100–140 0.906 46 48
Leptonychotes weddellii

M11a Southern elephant seal (Hoelzel et al. 1999) 18 148–184 0.921 46 48
Mirounga leonina

Pv9 Grey seal (Allen et al. 1995) 11 162–186 0.771 48 52
Halichoerus grypus

PvcA Harbor seal (Coltman et al. 1996) 9 137–153 0.774 46 48
Phoca vitulina

PvcE Harbor seal (Coltman et al. 1996) 15 94–148 0.872 45 50
Phoca vitulina

Overall 12.4 94–276 0.796 45 50
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they exhibited clear banding patterns, did not deviate
significantly from Hardy–Weinberg equilibrium and were
highly polymorphic, yielding up to 18 alleles per locus.
PCR reactions were carried out in 10 

 

µ

 

L reaction volumes
containing 1 

 

µ

 

L template DNA, 1

 

×

 

 Thermalase buffer
(10 m

 

m Tris-HCl (pH 8.3), 50 mm KCl, 1.5 mm MgCl2, 0.1%
Tween 20, 0.1% gelatine, 0.1% IGEPAL, Sigma, 60 mm tetra-
methylammonium chloride (TMAC), 2.5% formamide,
0.1 mm dGTP, 0.1 mm dATP, 0.1 mm dTTP, 0.02 mm dCTP,
4 pmol of each primer, 0.25 units of Taq polymerase and
0.01 µCi [α32P]-dCTP. Loci were amplified using the following
PCR profile: one cycle of 120 s at 94 °C, 45 s at T1, 50 s at
72 °C; 10 cycles of 30 s at 94 °C, 45 s at T1, 50 s at 72 °C; 25
cycles of 30 s at 89 °C, 45 s at T2, 50 s at 72 °C; and one final
cycle of 5 min at 72 °C (see Table 1 for T1 and T2). To
enable the rapid screening of large numbers of samples,
96-well microtitre plates were used. Each plate contained
88 individual samples, together with a pair of negative
controls (no DNA) and three pairs of positive controls
(standards with alleles of known size). PCR products were
resolved by electrophoresis on standard 6% polyacrylamide
sequencing gels, and detected by autoradiography. Exposed
X-ray films were assessed and if required, a second
exposure was made for an adjusted time period.

Microsatellite scoring

Microsatellites can sometimes be difficult to score because
of the presence of stutter bands (Ginot et al. 1996; Harker
2001). For example, a potentially ambiguous pattern can be
produced when two alleles of a heterozygote differ in size
by one repeat unit, causing the stutter bands to overlap
and produce adjacent bands of similar intensity. Here, we
distinguished these ‘adjacent allele heterozygotes’ from
homozygotes by comparing them with the banding profiles
of known single alleles. Another potential source of error
when scoring autoradiographs is to read them in the wrong
orientation. For example, because autoradiographs are
transparent, it is possible to mistakenly read samples from
right to left instead of left to right. To guard against this,
positive controls were loaded onto gels in asymmetric
locations. Allele sizes were then determined by com-
parison with these standards. Genotypes were entered
manually into a Microsoft Excel spreadsheet and were
systematically double-checked with reference to the original
autoradiographs.

Incorporation of existing data, gap-filling and quality 
control

Data were incorporated from a previous study (animals
sampled during 1994 and 1995, genotyped at loci Aa4,
Hg1.3, Hg8.10, M11a, PvcA and PvcE by Gemmell et al.
2001). For these data, the original autoradiographs were

rescored and whenever an uncertain score was encountered,
the sample was genotyped again at that locus. Approxim-
ately 10 additional reactions from each plate were also
regenotyped in order to determine unambiguously the
orientation and location of samples on autoradiographs.
Then, for the combined data set, any reactions that failed
were repeated up to two times. In addition, all reactions
yielding uncertain genotypes (e.g. with faint or unclear
bands) were repeated. Finally, samples that failed to
amplify at two or more loci (n = four pups and one adult
male) were excluded from the data set. The final frequency
of missing single locus genotypes in the data set was
0.0021.

Identification and quantification of genotyping errors

Repeat-genotyping.
First, we randomly selected approximately 10% of all
samples (n = 204 individuals) and independently repeat-
genotyped these at all nine loci. Unsuccessful reactions
were not regenotyped, and consequently, the average
number of samples that yielded duplicate genotypes was
190. Discrepancies between the two sets of genotypes were
then examined case-by-case, by comparing the two sets of
autoradiographs directly. These were then classified as
follows: (i) ‘adjacent allele heterozygote scoring error’,
resulting from confusion between homozygote and adjacent
allele heterozygote genotypes; (ii) ‘other scoring error’
(the various types found are detailed in the results section);
(iii) ‘data input’, where a mistake was made in transcribing
genotypes into the excel spreadsheet; (iv) ‘allele dropout’,
where a mismatch between the two genotypes was com-
patible with the non-amplification of a single allele; and
(v) ‘unknown’, where the error could not be attributed to any
of the above causes and could, for example, have resulted
from sample mix-up, pipetting mistakes or contamination.

Where genotyping error rates are expressed in the liter-
ature, the terminology varies greatly, from the number of
errors per allele to the number of errors per reaction, and
from the error rate per locus to that across multiple loci. To
enable comparison with other studies, we expressed error
rates wherever possible as both the number of errors per
allele and per reaction, and summarized these for each
locus individually and across all loci. The great majority
of genotyping errors involved scoring or typographical
errors, which after correction yielded the same genotype as
the duplicate. Thus, a specific genotype could usually be
designated ‘correct’ or ‘incorrect’. Consequently, we calcu-
lated error rate per reaction as the number of incorrect
genotypes divided by the total number of reactions used for
comparison. Similarly, error rate per allele was calculated
as the number of incorrect alleles divided by the total
number of alleles. When a discrepancy between two geno-
types was consistent with the dropout of a single allele, we



M I C R O S A T E L L I T E  G E N O T Y P I N G  E R R O R S 603

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 599–612

counted this single allele as being mistyped, and when
no cause could be found for the discrepancy, the number
of discrepant alleles was given as the number that were
mistyped. However, because it is possible that such
comparisons could involve errors at more than one of the
duplicate genotypes, this approach may slightly under-
estimate the true genotyping error rate.

Deliberately resampled individuals We next examined concord-
ance among the genotypes of individuals that were
deliberately resampled. These numbered 40 adult females
that were deliberately resampled because of illegible,
broken or lost flipper tags, and 50 adult males that were
resampled between one and three times each (yielding a
total of 107 samples) to verify identity because of fading
paint marks. In all of these cases, because there was a
strong a priori expectation that duplicate genotypes
represented identical individuals, we were able to identify
not only scoring and typographical errors but also a small
number of cases that could be attributed to allele dropout
or unknown causes.

Unintentionally resampled individuals Following the approach
of Palsbøll et al. (1997), we also examined concordance
among the genotypes of animals that were likely to have
been unintentionally sampled more than once during
the course of the study. Because it is possible for different
individuals to have identical multilocus genotypes if an
insufficient number of loci have been used, we first
calculated the probability of identity (PID, Paetkau &
Strobeck 1994) across all individuals and all loci. This was
very low (1.354 × 10−12), indicating that identical genotypes
almost certainly represented individuals that were resampled.
Because of the possibility of relatives being present in the
population, we also took the conservative measure of
calculating the PID among siblings (PID-Sib, Evett & Weir
1998). This was sufficiently low (1.20 × 10−4) to distinguish
even siblings with high confidence. These probabilities
also remained low when a single locus was removed from
the calculation (PID range = 3.31 × 10−12−1.11 × 10−10, PID-Sib
range = 1.94 × 10−4−4.12 × 10−3) suggesting that very few
genotypes were expected to match by chance at all but one
locus. Consequently, we identified duplicate genotypes,
allowing one mismatch, using the program identity
(Allen et al. 1995). However, in contrast to comparisons
involving deliberately resampled individuals, there was
no a priori expectation that certain individuals had been
resampled. Therefore, we conservatively  counted discrep-
ancies as genotyping errors only when they could be
attributed to scoring or data entry errors, and we did not
include cases that invoked allele dropout or unknown causes.

Mother–offspring pairs Where relationships between indi-
viduals are known from field observational data, it is also

possible to identify genotyping errors from mismatches
(i.e. genotypes that do not share a common allele) between
mothers and their offspring (Marshall et al. 1998). We
checked 718 mother–pup pairs for mismatches using
the program newpat xl (Worthington Wilmer et al. 1999).
As with deliberately resampled animals, because there
was an a priori expectation that mother–offspring pairs
mismatching at only a single locus were genuine,
mismatching duplicate genotypes that could not be clearly
ascribed to scoring or typographical error were assigned to
the ‘allele dropout’ or ‘unknown’ categories. However,
because a further 58 mother–offspring pairs genuinely
mismatched at multiple loci due to the wrong pup being
sampled in the field, these animals were excluded from the
analysis. Defining an error as the replacement of the true
genotype with a genotype selected at random under
Hardy–Weinberg assumptions, the per-reaction error rate
el for locus l can be estimated as follows:

where ml is the number of mother–offspring mismatches,
Ml is the number of mother–offspring pairs compared and Pl
is the exclusion probability at that locus (Marshall et al.
1998). The underlying error rate may then be estimated as
the average across n loci:

To avoid overestimation of the error rate, all mother–
offspring pairs must be independent, and no single
individual should be included both as an offspring and
parent. Therefore, because our data set included a number
of mothers with multiple offspring, we randomly chose a
single pup from each of these individuals so that no mother
was included more than once. To provide different estimates
of the genotyping error rate, we first counted only mother–
offspring pairs that mismatched at up to one locus in the
analysis (n = 258). Then, to determine how the inclusion of
genuinely mismatching mother–offspring pairs influenced
the error rate, we included mother–offspring pairs that
mismatched at multiple loci in the calculation (total
n = 298).

Mismatches between pups and putative fathers In the same
way that mismatches between mothers and their offspring
can be rechecked on autoradiographs/traces, so too can
mismatches between fathers and offspring. Consequently,
we examined instances in which pups and candidate males
mismatched at only one or two loci. The paternity analysis
was conducted as described by Hoffman et al. (2003) using
the program newpat xl (Worthington Wilmer et al. 1999).
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Resulting mismatches were checked by reference to the
original autoradiographs, and those that could be attributed
to scoring or typographical errors were classified as
genotyping errors.

Influence of error rate on paternity assignment

To explore the potential impact of genotyping errors on the
rate of paternity assignment, we conducted simulations
using our data set. All of the errors that we identified in this
study were rectified, effectively reducing the error rate
to a negligible level. The resulting data file comprised 660
matching mother–pup pairs and 415 unique adult male
genotypes, with 388 pups being assigned paternity. Into
these data we then introduced errors by selecting alleles
and replacing them with alleles selected randomly from
the underlying allele frequency distribution. If the replace-
ment allele was by chance the same as the original allele,
further selections were not made. We then conducted a
paternity analysis using newpat xl (Worthington Wilmer
et al. 1999), allowing a maximum of one unscored locus
and no mismatches. For each run, we recorded the number
of mother–offspring pairs that mismatched and the number
of pups assigned a paternity. To determine how errors
influenced our estimate of the variance in male reproductive
success, we also recorded the number of pups assigned to
each male. Error rates ranging from 0.001 to 0.02 per allele
were examined, chosen to reflect values reported in the
literature.

Results

To identify genotyping errors and estimate the underlying
rate of error for our data set, we used the following
methods.

Repeat-genotyping

Approximately 10% of all samples were regenotyped at
all nine loci. Unsuccessful reactions were not repeated,
yielding an average of 190 duplicate genotypes at each
locus. The genotyping error rate combined over all loci
and all samples was low, at 0.0038 per reaction or 0.0022
per allele, the breakdown being 13 reactions mistyped,
accounting for 15 out of 6848 alleles incorrect (Table 2).
Of these errors, seven were found in the original data set
(two adult females, one adult male and four pups), with
the remainder being found among the duplicate genotypes
(three adult females, one adult male and two pups).
Mistyping was largely the result of autoradiograph scoring
and data entry errors (n = five and two cases respectively,
see Table 5). Four additional instances were consistent with
the dropout of a single allele during PCR amplification,
yielding an estimate of the allele dropout rate of 0.0012

per reaction. The remaining two mismatches could not be
explained, and could have arisen, for example, from sample
mix-up, pipetting error or contamination.

Deliberately resampled individuals

We next examined concordance among the genotypes
of individuals that were deliberately sampled more than
once. First, we examined duplicate genotypes belonging to
adult females that were resampled because of illegible,
broken or lost flipper tags (n = 80 samples). Among these
comparisons, we found two mistyped alleles out of 1440,
providing a second estimate of the error rate of 0.0028 per
reaction or 0.0014 per allele (Table 2). Both of these
mistyped alleles were the result of errors made in the
scoring of autoradiographs. A number of adult males
were also deliberately resampled, both within and among
seasons, to verify their identities because of fading paint
marks. Again, we found a small number of mismatches
(four alleles mistyped out of 959, error rate = 0.0042 per
reaction or 0.0021 per allele, Table 2), all of which were due
to scoring error.

Unintentionally resampled individuals

Using the program identity (Allen et al. 1995), we then
identified animals that were likely to have been sampled
more than once during the study. For each genotypic com-
parison, we allowed a mismatch at up to one locus. Of
670 adult male genotypes analysed, in addition to the 57
intentional matches previously described, we identified a
further 198 unintentional resamplings. These involved 147
different individuals that were each resampled between
one and four times, yielding a total of 345 genotypes.
Among these genotypes, we found 23 mistyped alleles,
equivalent to an error rate of 0.0074 per reaction or 0.0037
per allele (Table 2). No duplicates were found among the
genotypes of either pups or adult females.

Parent–offspring error-checking

Next, we examined single-locus mismatches among mother–
offspring pairs. Of 718 putative pairs, 645 matched
perfectly, 15 were putative typing errors that mismatched
at only a single locus (Table 3) and the remainder mismatched
at multiple loci, probably representing cases where the
pup genuinely did not belong to the supposed mother.
On examination of the 15 possible typing errors, 10 were
attributed to scoring error, one to a data entry error and
another four were consistent with the non-amplification of
a single allele (Table 5). In each of these cases, the error was
found in the genotype of the pup.

To estimate the genotyping error rate based upon mis-
matches between known mother–offspring pairs, we used
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the program cervus (Marshall et al. 1998). Because indi-
viduals should not be counted more than once in the analysis,
a single pup was chosen at random from each mother with
multiple offspring. Considering only mother–offspring
pairs that mismatched at one or fewer loci (n = 258), the
error rate was estimated at 0.0013 per reaction (Table 4).
However, by selecting single pups randomly, only three
out of the 15 mismatches previously identified were
included in the analysis. Therefore, to give the upper limit
of the error rate, we included all 15 mismatching pups

in the analysis while counting each mother only once,
providing an estimate of 0.0064 per reaction. Finally, to
investigate how the inclusion of genuinely mismatching
mother–offspring pairs influenced the estimated error rate,
we included mother-offspring pairs that mismatched at
multiple loci in the calculation (total n = 298). The estimated
error rate was this time substantially higher (0.0635 per
reaction, Table 4), indicating that this approach is sensitive
to mistakes made in the identification of mother–offspring
pairs in the field.

Table 2 Locus-specific and overall genotyping error rates estimated from concordance among duplicate genotypes. Owing to small
numbers of missing single-locus genotypes, the number of reactions differs among loci
 

Method Locus
Number of
reactions

Number of
mistyped reactions

Number of
mistyped alleles

Error rate
per reaction

Error rate 
per allele

Repeat-genotyping Aa4 378 1 2 0.0026 0.0026
Hg1.3 370 0 0 0 0
Hg6.3 364 2 2 0.0055 0.0027
Hg8.10 380 0 0 0 0
Lw10 386 1 1 0.0026 0.0013
M11a 382 2 2 0.0052 0.0026
Pv9 400 3 4 0.0075 0.0050
PvcA 380 2 2 0.0053 0.0026
PvcE 384 2 2 0.0052 0.0026
Overall 3424 13 15 0.0038 0.0022

Deliberately 
resampled females

Aa4 80 0 0 0 0
Hg1.3 80 1 1 0.0125 0.0063
Hg6.3 80 0 0 0 0
Hg8.10 80 1 1 0.0125 0.0063
Lw10 80 0 0 0 0
M11a 80 0 0 0 0
Pv9 80 0 0 0 0
PvcA 80 0 0 0 0
PvcE 80 0 0 0 0
Overall 720 2 2 0.0028 0.0014

Deliberately 
resampled males

Aa4 107 1 1 0.0093 0.0047
Hg1.3 107 1 1 0.0093 0.0047
Hg6.3 105 0 0 0 0
Hg8.10 107 1 1 0.0093 0.0047
Lw10 107 0 0 0 0
M11a 105 1 1 0.0095 0.0048
Pv9 107 0 0 0 0
PvcA 107 0 0 0 0
PvcE 107 0 0 0 0
Overall 959 4 4 0.0042 0.0021

Unintentionally 
resampled males

Aa4 345 2 2 0.0058 0.0029
Hg1.3 345 6 6 0.0174 0.0087
Hg6.3 338 5 5 0.0148 0.0074
Hg8.10 341 2 2 0.0059 0.0029
Lw10 345 3 3 0.0087 0.0043
M11a 343 2 2 0.0058 0.0029
Pv9 345 1 1 0.0029 0.0014
PvcA 345 1 1 0.0029 0.0014
PvcE 345 1 1 0.0029 0.0014
Overall 3092 23 23 0.0074 0.0037
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Next we examined mismatches between pups and their
putative fathers. The paternity analysis (Hoffman et al. 2003)
yielded 369 mismatch-free paternity assignments, plus 19
assignments that invoked genotyping errors (for break-
down, see Table 5). Because there was no a priori expectation
of a given male matching any pup, we only counted instances
where scoring or typographical errors were implicated,
with the exception of a single case previously identified as
a probable instance of allele dropout by repeat-genotyping.
The genotypic mismatches that we identified corresponded
to typing errors in the genotypes of 14 different pups, four
adult males and a single female (allele dropout).

To what extent do different methods identify the same 
errors?

The above methods yielded a total of 75 mistyped reactions
and 78 mistyped alleles. To determine how many of these
errors were detected by more than one of the methods
employed, errors were not initially rectified upon discovery.
Only a single error was found by more than one method
(a probable instance of allele dropout that was revealed by
both repeat-genotyping and paternity mismatching). More
subtly however, errors in the genotypes of adult males
caused the number of unique candidate male genotypes
to be overestimated. This was because, when an individual
was sampled more than once and one of the genotypes
contained an error, two genotypes were generated rather
than one. Consequently, in paternity analysis using error-
prone data where some males have been accidentally
resampled, some pups will match the same male
represented by two different genotypes. In our study, 21
pups (7.5%) matched more than one candidate male, but
more than half of these (n = 13) disappeared following
error rectification. Hence, when the probability of paternal
exclusion is high, it may be worthwhile to inspect cases
where offspring match more than one candidate male for
genotyping errors.

Sources of genotyping error

Sources of genotyping error and their frequencies are
summarized in Table 5. The majority of errors (n = 72, 96%)

Table 3 Locus-specific and overall numbers of single-locus
mismatches among 660 mother–pup pairs
 

Locus
Number of 
reactions

Number of 
mistyped 
reactions

Number of 
mistyped 
alleles

Aa4  1316 1 1
Hg1.3  1316 2 2
Hg6.3  1296 1 1
Hg8.10  1320 0 0
Lw10  1316 2 2
M11a  1318 1 1
Pv9  1318 4 4
PvcA  1318 1 1
PvcE  1318 3 3
Overall 11 836 15 15

 

Locus

Number of
genotypes 
compared

Number 
of alleles
mismatching

Detection
probability

Estimated 
error rate 
per reaction

Mother-offspring 
pairs mismatching 
at one or fewer loci 
(n = 258 pairs)

Aa4 257 0 0.3448 0
Hg1.3 258 0 0.5859 0
Hg6.3 252 0 0.5611 0
Hg8.10 258 0 0.1019 0
Lw10 257 0 0.6782 0
M11a 257 1 0.7254 0.0027
Pv9 257 2 0.4253 0.0091
PvcA 257 0 0.3981 0
PvcE 258 0 0.5896 0
Overall 3 0.0013

All mother-
offspring pairs 
(n = 298 pairs)

Aa4 297 9 0.3448 0.0439
Hg1.3 296 17 0.5859 0.0490
Hg6.3 290 23 0.5611 0.0707
Hg8.10 298 5 0.1019 0.0823
Lw10 297 26 0.6782 0.0645
M11a 296 28 0.7254 0.0652
Pv9 297 18 0.4253 0.0712
PvcA 297 14 0.3981 0.0592
PvcE 297 23 0.5896 0.0657
Overall 163 0.0635

Table 4 Locus-specific and overall geno-
typing error rates estimated from mismatches
between adult females and their putative
offspring using the program cervus. The
upper section of the table shows error rates
estimated from comparisons among 258
mother–pup pairs, which yielded a small
number of genuine scoring errors. For
comparison, the bottom section shows error
rates estimated using 298 putative mother-
offspring pairs, which included genuinely
mismatching pairs
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involved only a single mistyped allele. Eighty percent of
mistyped reactions (n = 60) were due to scoring errors
and of these, over a third (n = 22, 36.7%) were due to
confusion between homozygote and adjacent allele
heterozygote genotypes. Thirteen heterozygotes were
mis-scored as homozygotes (six cases being attributed to
the genotype being overexposed) and nine homozygotes
were scored as heterozygotes (two cases being attributed
to the genotype being underexposed). Causes for the re-
maining scoring errors included nonspecific amplification
products being scored as alleles (n = 4, 6.7%); rare alleles
being sized incorrectly (n = 2, 3.3%), preferential amplifica-
tion of smaller alleles leading to fainter larger alleles being
missed (n = 5, 8.3%), alleles appearing blurry on autoradio-
graphs (n = 1, 1.7%), autoradiograph underexposure (n = 8,
13.3%) and autoradiograph overexposure (n = 1, 1.7%).

Locus-by-locus variation in genotyping errors

Because the likelihood of a multilocus genotype containing
an error increases with the number of loci typed, Waits &
Leberg (2003) proposed genotyping individuals for fewer
but more informative loci as an error-reduction strategy.
While this approach seems intuitive, it could be proble-
matic if error rates are higher for more polymorphic loci.
Therefore, to investigate this possibility, we examined the
relationship between the total number of errors identified
at each locus and a number of polymorphism characteristics.
First, we expressed polymorphism in terms of expected
heterozygosity (HE) and the number of observed alleles.
Then, because stutter bands can influence the reliability
of allele size estimation ( Jones et al. 1997), we also counted
the mode number of stutter bands observed at each locus.

Finally, because experience from our laboratory suggests
that larger PCR products can be more difficult to score,
mainly because of the increased difficulty in achieving
adequate separation of alleles on a polyacrylamide sequ-
encing gel, we also correlated the number of errors found
at each locus with mode product size (e.g. size of the
commonest allele). Three of the above characteristics — HE,
the number of alleles and the mode number of stutter bands,
were significantly correlated with one another (Table 6), sug-
gesting that loci with greater numbers of alleles and hetero-
zygosity tended to possess more stutter bands. These three
measures correlated positively with the number of errors
(Fig. 1), revealing a tendency for greater numbers of errors
to be found at more polymorphic loci, although these
correlations were not statistically significant (HE rs = 0.412,
n = 9, P = 0.271; number of alleles rs = 0.460, n = 9, P = 0.213;
mode number of stutter bands rs = 0.581, n = 9, P = 0.101).
Mode product size was more strongly correlated with the
number of errors (rs = 0.739, n = 9, P = 0.023), suggesting
that loci yielding larger products were more error-prone.

Influence of error rate on paternity assignment

Despite the various estimates of the genotyping error rate
for our data set being very low (ranging between 0.0013
and 0.0074 per reaction), in our paternity analysis (Hoffman
et al. 2003) we assigned 19 additional paternities (4.9% of
the total number of paternities) following rectification of
genotyping errors. This finding suggests that even a small
genotyping error rate could lead to a significant rate of
false paternal exclusion. To explore the relationship between
genotyping error rate and paternal exclusion further, we
conducted simulations using our data set. All 75 of the

Table 5 Summary of the frequencies of different types of genotyping error, identified using a variety of error-checking methods (see text
for a description of error types). For each method, the numbers of errors detected are shown together with the percentage of the total number
of errors in parentheses. Genotyping errors attributed to unknown causes or allele dropout could only be ascertained for comparisons
involving individuals whose relationships were known from field records. However in one instance, a genotyping error detected by repeat-
genotyping that could be attributed to allele dropout also yielded a father–offspring mismatch. Consequently, this error is shown twice in
the table, although it is only counted once in the ‘overall’ section
 

Error type

Method 

Repeat-
genotyping

Deliberately
resampled
females

Deliberately
resampled
males

Unintentionally
resampled 
males

Mother–offspring
mismatches

Offspring– 
putative father 
mismatches Overall

Adjacent allele 2 (15.4) 2 (100) 2 (50) 7 (30.4) 5 (33.3) 4 (21.1) 22 (29.3)
heterozygote
scoring error
Other scoring error 3 (23.1) 0 (0) 2 (50) 16 (69.6) 5 (33.3) 12 (63.2) 38 (50.7)
Data input 2 (15.4) 0 (0) 0 (0) 0 (0) 1 (6.7) 2 (10.5) 5 (6.7)
Allele dropout 4 (30.8) 0 (0) 0 (0) — 4 (26.7) 1 (5.3) 8 (10.7)
Unknown 2 (15.4) 0 (0) 0 (0) — — — 2 (2.7)
Overall 13 (100) 2 (100) 4 (100) 23 (100) 15 (100) 19 (100) 75 (100)
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errors that we identified in this study were rectified,
effectively reducing the error rate to a negligible level. We
then re-introduced random errors at several different rates,
each time rerunning the paternity analysis to determine
how many of the paternities that were originally assigned
remained afterwards. Very few of the errors that we intro-
duced yielded mismatches between mothers and offspring
(only eight out of 660 mother–pup pairs mismatched at
the maximum error rate of 0.02 per allele). However, the
genotyping error rate did have a strong influence on the
overall rate of paternity assignment (Fig. 2). Of the 388
paternities that were originally assigned before any errors
were introduced, the percentage of pups assigned paternity

fell to 66.2% with a 0.02 error rate per allele. Interestingly,
genotyping errors also resulted in a lower apparent skew in
male success (Fig. 2). This was because errors seldom create
but often remove paternity assignments. Consequently,
while males who started with only a single pup assigned
are either eliminated or remain unchanged, the most
successful males have their tally progressively reduced.

Discussion

Although it has long been acknowledged that micro-
satellite genotyping can be prone to error, few studies have
examined either the prevalence or consequences of

Table 6 Table showing correlations among four polymorphism characteristics measured for nine microsatellite loci. Spearman rank
correlation coefficients are given in the top half of the matrix, and P-values, following Bonferroni correction for multiple tests, are given in
the bottom half
 

HE Number of alleles
Mode number 
of stutter bands

Mode product 
size

HE * 0.929 0.798 −0.167
Number of alleles 0.002 * 0.864 −0.092
Mode number of stutter bands 0.058 0.016 * 0.177
Mode product size 0.999 0.999 0.998 *

Fig. 1 Plots showing the relationship
between the total number of errors identified
at each locus and (a) expected hetero-
zygosity; (b) the number of alleles observed;
(c) the mode number of stutter bands; and
(d) mode product size. Linear regression
lines are presented for ease of viewing.
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such errors. Here, using a large microsatellite data set, we
explored the utility of different methods for detecting
errors, identified the most common sources of error and
explored the impact of error rates on paternal exclusion.
Our findings lend further support to the notion that errors
are likely to be prevalent even in high quality data sets, and
also enable us to propose a number of strategies for error
reduction.

First, we used a number of different methods to detect
genotyping errors, including repeat-genotyping a randomly
selected subset of samples, comparing the genotypes
of deliberately and accidentally resampled individuals
and checking for mismatches between pups and their
putative parents. We found generally good concordance
among the resulting error rate estimates. The highest and
lowest rates, 0.0074 and 0.0013, differ by a factor of nearly
six, but the numbers involved are small. Testing the four
comparable error rates (i.e. all except mother–offspring
mismatches), we find no evidence of heterogeneity
(χ2 = 5.38, d.f. = 3, ns).

Arguably, the easiest and most widely accessible form
of error-checking is by inspection of mother–offspring
mismatches. This approach can detect loci with serious
genotyping problems arising from null alleles or artefacts, and
may also help to identify cases where entire autoradiographs
have been misread. However, by their nature, mother–
offspring mismatches only detect a subset of errors. This
expectation is reflected both in the observation that this
class yields the lowest estimated error rate and in our
simulation studies where an error rate of 2% per allele
generates fewer than 10 discernable mother–offspring
mismatches among 660 pairs (1.2% mismatching rate).
Furthermore, our loci are reasonably polymorphic and, as

marker loci become individually less polymorphic, geno-
typing errors become less easy to eliminate through detec-
tion of Mendelian inconsistencies (Göring & Terwilliger
2000). The mother–offspring mismatch approach also
depends critically on how many offspring each mother has,
with more offspring increasing the chance that an error
will be detected. Similarly, confidence must be reasonably
high that mother–offspring pairs identified in the field are
genuine. In some systems, fostering, egg-dumping and
other similar behaviours can result in nonfilial mother–
offspring pairs. Our analysis shows that, as expected,
inclusion of genuinely mismatching pairs leads to a vastly
inflated estimated error rate. Thus, we believe that mother–
offspring mismatches are useful, but are not the best method
available for error rate estimation, and may instead be
best used in conjunction with other approaches. Indeed,
because we found little overlap between the different
methods in terms of the specific errors that were detected
(99% of errors were detected only once), we recommend
that data rectification should employ as many different
methods as are available.

A large literature exists on those genotyping errors that
arise when the template DNA is of low quantity and/or
quality, typically either allele dropout or ‘misprinting’,
but beyond this, few studies have sought to determine the
most likely sources of error under more normal circum-
stances. Here using the total 75 errors that we identified,
we found that scoring errors were by far the most pre-
valent source of genotyping error. Of these, adjacent allele
heterozygotes were the most common form, accounting
for 36.7% of scoring errors (22.9% of all errors). Experience
from our lab suggests that adjacent allele heterozygotes are
problematic to score across a variety of projects involving
different species, and this finding is also consistent with
concerns raised by Litt et al. (1993) and Johansson et al.
(2003). Interestingly, we observed a tendency for hetero-
zygotes to be scored as homozygotes when autoradiographs
were overexposed and for homozygotes to be scored as
heterozygotes when autoradiographs were underexposed.
Together these findings present avenues for improved
error reduction. First, adjacent allele heterozygotes can be
rechecked and regenotyped whenever in doubt, particu-
larly when the exposure is imperfect. Second, the frequen-
cies of particular adjacent allele heterozygotes and of
adjacent allele heterozygotes overall can be compared with
the frequencies expected assuming random assortment of
alleles, and this could be used to provide a diagnostic test.
We have written an Excel macro to do this (please contact
WA).

Even with low genotyping error rates, the problem
becomes worse as the number of loci used increases.
Consequently, Waits & Leberg (2003) have proposed using
fewer, but more informative loci, as an error reduction
strategy. However, this approach could be problematic

Fig. 2 Simulation showing the influence of genotyping error rate
on paternity assignment for our data set (see text for details). The
graph shows error rate per allele vs. the percentage of original
paternities that were assigned (closed circles) and the variance in
the number of paternities assigned to males (open squares).
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if error rates are higher for more polymorphic loci. Here,
using 75 errors detected across a panel of nine loci, we
found that loci with greater numbers of alleles, increased
heterozygosity and greater numbers of stutter bands showed
a weak tendency to exhibit more genotyping errors. In
addition, the number of errors found correlated signific-
antly with mode product size, a finding that is consistent
with another observation by Sefc et al. (2003) that PCR fail-
ure and allele dropout rates increase with product size.
Taken together, these findings suggest that more polymor-
phic loci should be treated with greater caution, and that it
may be worthwhile either avoiding loci yielding larger
product sizes or redesigning primers to amplify smaller
fragments.

Simulations using our data set suggest that an error rate
as low as 1% results in over 20% of paternities being no
longer assigned (Fig. 2). This finding is broadly consistent
with the results of a previous study in which error rates
were investigated within a likelihood framework (Marshall
et al. 1998). Interestingly, we also found that the variance
in the number of paternities assigned to different males
decreased with the error rate, suggesting that the relation-
ship between genotyping error rate and false exclusion
will vary with the degree of reproductive skew. Further-
more, the presence of even a small number of genotyping
errors had a more subtle influence on our paternity analy-
sis. Errors that arise in the genotypes of candidate males
lead to overestimation of the number of unique candidate
male genotypes, and the frequency of pups matching more
than one male increases.

Finally, it is worth asking at what point does it become
more efficient to accept a certain level of error and instead
spend resources on typing additional loci? The answer
is not simple and depends both on how sensitive down-
stream analyses are to the presence of errors and how
much repeat-genotyping has to be carried out for other
reasons. For example, genotyping errors may have little
impact on the measurement of relatedness between
individuals (except where duplicate samples yield differ-
ent genotypes) but allele dropout and null alleles could
present major problems for the estimation of heterozygosity.
With paternity testing, the use of more loci increases the
total number of errors, but this may be more than compen-
sated for if the increase in resolution allows fathers with
single mismatches to be accepted as genuine. Perhaps most
problematic are subtle patterns like low rates of extra
pair paternities in birds, where some or even most of events
could in principle be ascribed to genotyping error. On the
plus side, there is relatively little experimental effort
involved in retyping all critical samples. Given this diversity
of effect, we urge the development of analytical approaches
to detect patterns suggestive of errors, and also programs
to simulate the likely outcome of different error rates on
the analyses being applied.

Conclusion

We explored a variety of different approaches for detecting
genotyping errors and show that these tended to yield
similar estimates of the underlying error rate. Our analyses
also highlight systematic sources of error, such as confusion
between homozygotes and adjacent allele heterozygotes
and variation among loci, which suggest areas where any
given effort in error reduction is best directed. Because we
find very little overlap in the errors detected by different
approaches, in general it is advisable to use all possible
methods of detection in order to drive the overall rate as
low as possible.
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