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The fidelity of DNA replication together with repair mechanisms ensure that the genetic material is properly copied from

one generation to another. However, on extremely rare occasions when damages to DNA or replication errors are not re-

paired, germline mutations can be transmitted to the next generation. Because of the rarity of these events, studying the rate

at which new mutations arise across organisms has been a great challenge, especially in multicellular nonmodel organisms

with large genomes. We sequenced the genomes of 11 birds from a three-generation pedigree of the collared flycatcher

(Ficedula albicollis) and used highly stringent bioinformatic criteria for mutation detection and used several procedures to

validate mutations, including following the stable inheritance of new mutations to subsequent generations. We identified

55 de novo mutations with a 10-fold enrichment of mutations at CpG sites and with only a modest male mutation bias.

The estimated rate of mutation per site per generation was 4.6 × 10−9, which corresponds to 2.3 × 10−9 mutations per

site per year. Compared to mammals, this is similar to mouse but about half of that reported for humans, which may be

due to the higher frequency of male mutations in humans. We confirm that mutation rate scales positively with genome

size and that there is a strong negative relationship between mutation rate and effective population size, in line with the

drift-barrier hypothesis. Our study illustrates that it should be feasible to obtain direct estimates of the rate of mutation

in essentially any organism from which family material can be obtained.

[Supplemental material is available for this article.]

The rate of mutation is one of the most central parameters in evo-
lutionary and population genetics (Lynch 2010a) but is notorious-
ly difficult to accurately estimate. The primary difficulty lies in that
mutation rates are extremely low (Drake et al. 1998; Lynch 2010a),
and detectingmutations when they arise has therefore constituted
a formidable task, especially in eukaryotes with large genomes. In
classical genetics, the approach has been to derive locus-specific
rate estimates based on observable phenotypes in crosses or pedi-
grees (Stadler 1930; Schalet 1960; Russell and Russell 1996).
However, unless the question of interest is the rate of mutation
by which penetrant phenotypes arise, a representative estimate
of the per-locus (or per-nucleotide) mutation rate can only be ob-
tained by suchmethods if the strength of selection for recessive or
dominant phenotypes can concurrently be estimated. In practice,
such rate estimates are therefore only gross approximations.
Phenotypic effects have also been exploited for mutation rate esti-
mation in mutation accumulation experiments (the Bateman-
Muller-Mukai method [Muller 1928; Bateman 1959; Mukai 1964]
sensu Drake and colleagues [Drake et al. 1998]), in which pheno-
typic effects are recorded at the end of the experiment after line
propagation.

A shift in the way mutation rate could be estimated came
about with DNA sequencing technology and by the appreciation
that the rate of neutral sequence divergence is equal to the rate
of mutation (Kimura 1968). If orthologous, neutral sequences of
two species are aligned and compared, it is relatively straightfor-
ward in principle to estimate divergence and from there indirectly
estimate the rate of mutation (Kondrashov and Crow 1993;

Nachman and Crowell 2000; Keightley 2012). However, there are
a number of caveats associated with this by now widely used phy-
logenetic approach. Some of these caveats are related tomethodol-
ogy (e.g., sequence alignment, models applied for taking multiple
mutations into account), and others to the underlying assumption
of selective neutrality of the sequences analyzed and to the scaling
parameters needed to convert divergence estimates to mutation
rate estimates (e.g., divergence time and generation time). It has
subsequently turned out that the phylogenetic approach can
give substantially different mutation rate estimates compared
with approaches that rely on more direct ways of detecting muta-
tions (Shendure and Akey 2015).

Next-generation sequencing has provided novelmeans for di-
rect detection of germline mutations by allowing for comparisons
of genome sequences between subsequent generations (Scally and
Durbin 2012). One way of benefitting from the power of genomic
resequencing for mutation rate estimation is to employ mutation
accumulation lines (e.g., Ossowski et al. 2010), inwhichmutations
have built up over generations, but this approach is bound to be
limited to organisms in which controlled line propagation in the
laboratory is feasible. Of more general applicability is the possibil-
ity to sequence multiple individuals of pedigreed families, includ-
ing parent–offspring trios or larger two- or three-generation
pedigrees. A suite of such studies has recently been reported for hu-
mans (Awadalla et al. 2010; Roach et al. 2010; Conrad et al. 2011;
Kong et al. 2012; Michaelson et al. 2012; Samocha et al. 2014;
Francioli et al. 2015), revealing an estimated rate of point muta-
tion in human of ≈1 × 10−8 per nucleotide site and generation.
By the identification of large numbers of de novo mutations,
this has also revealed the spectrum of mutations (Lynch 2010b;
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Shendure and Akey 2015). The rate of human mutation is among
the highest observed across the relatively limited number of eu-
karyotic species so far investigated, spanning a range of at least
two orders of magnitude of variation with unicellular organisms
in the lower end (Lynch 2010a).

Pedigree sequencing should in principle be applicable to any
organism (Keightley et al. 2014, 2015; Venn et al. 2014) and thus
has the potential to unveil the rate of mutations in organisms in
which such estimates previously have been out of reach, like
for the vast majority of all vertebrates. Here we estimate the rate
of spontaneously arising mutations in an avian species—the col-
lared flycatcher (Ficedula albicollis)—a small (≈15 g) migratory
songbird breeding in Europe and wintering in sub-Saharan
Africa. This is a short-lived species in which most individuals start
breeding at the age of 1 yr, with ≈50% of breeders in the popula-
tion being 1-yr-old individuals and with a generation time of 2
yr (Brommer et al. 2004). Because mutation rate is hypothesized
to scale with genome size (Lynch 2010a), as well as with the effec-
tive population size (Ne) (Sung et al. 2012a), mutation data from
birds would be valuable for further testing of this hypothesis given
that the size of avian genomes is intermediate (≈1 Gb) to that of
mammals (several Gb) and of other animals and plants for which
mutation rate estimates are available (≈100–200 Mb). Moreover,
alternative means for translating observed sequence divergence
into divergence times would act complementary to calibration
points based on fossil records formolecular dating in phylogenetic
analysis. The collared flycatcher has been subject to detailed
genomic investigation, and there is a 1.123-Gb genome assembly
with a super-scaffoldN50 of 20.2Mb andwith 93.4%of the assem-
bly anchored, ordered, and oriented to chromosomes via a high-
density genetic linkage map (Ellegren et al. 2012; Kawakami
et al. 2014; Smeds et al. 2015). Levels of genetic diversity in this
species are intermediate to that observed in humans and
Drosophila melanogaster, with a mean nucleotide diversity (π) of
≈4 × 10−3 in different populations (Burri et al. 2015). We per-
formed deep resequencing of 11 members of a three-generation
flycatcher pedigree and detected de novo mutations by applying
highly stringent filtering criteria and independent validation by
genotyping and by following the inheritance of mutations in the
pedigree.

Results

Identification of de novo mutations

A complete three-generation pedigree (paternal and maternal
grandparents, father, mother, and five offspring) (Fig. 1) was rese-

quenced at a mean coverage of 42× with Illumina technology and
2 × 100-bp paired-end reads. A total of 11.7million SNPs, before fil-
tering, was detected to segregate in the pedigree, which is in line
with expectations from the level of nucleotide diversity previously
seen in the population (Ellegren et al. 2012).We carefully screened
F1 and F2 individuals for novel sequence variants, applying highly
stringent filtering criteria (coverage, quality, unambiguous pres-
ence/absence of reads across the pedigree), and identified 55 het-
erozygous positions in F1 and/or F2 birds (two to 13 per
individual) that were homozygous for the reference allele in all
grandparents. These positions (reported in Supplemental Table
S1) represent sites of putative de novo mutation events, and
none of the sites had previously been detected as segregating in
the study population, based on resequencing data of more than
100 individuals.

Sixteen mutations were detected in one (but never both) of
the F1 parents, and 15 of these mutations were transmitted to F2
offspring with a distribution of the number of offspring showing
the mutant allele closely following binomial expectations (χ2 =
3.8, d.f. = 5, P = 0.58) (Fig. 2). Note that one mutant out of 16 not
being transmitted to any of five offspring has a probability of 0.5
and is thus entirely plausible. These observations confirm germ-
line origin and stable Mendelian inheritance of newly arisen mu-
tations. The remaining 36 mutation events were detected in
single F2 offspring showing an alternative allele not detected in
the P and F1 generations. The proportions of mutations detected
in the F1 (16/55 = 29.1%) and F2 generations (70.9%) were in per-
fect agreement with the proportions of meiosis scored in the P (4/
14 = 28.6%) and F1 (10/14 = 71.4%) generations.

Validation of de novo mutations

In addition to confirmation by inheritance, we sought to validate
mutations by SNP genotyping. Thirty-two assays met the recom-
mended Illumina GoldenGate assay quality criteria for a high like-
lihood of assay conversion and valid genotyping (design score,
>0.6). After genotyping of the pedigree and 20 unrelated birds
from the population, we obtained unambiguous genotype calls
from 31 assays. All of these confirmed the mutation event: A het-
erozygous genotype was only seen in those individuals from the
pedigree inwhich themutationwas detected by sequencing,while
all other individuals of the pedigree as well as of the population
sample were homozygous for the reference allele. For another 12
mutation events, the assay did notmeet recommended quality cri-
teria (design score, 0–0.6), yet genotyping was attempted and con-
firmed the mutation in 11 cases. In summary, given the multiple
lines of evidence supporting the validity of the detected muta-
tions, we consider the false-positive rate as very low, and the anal-
yses presented below are therefore based on the whole set of
detected mutation events. Given the depth of coverage, we also
consider the rate of false negatives as very low.

Characteristics of de novo mutations

There were 33 mutations in intergenic regions, 21 in introns, and
one in coding sequence. The flycatcher genome consists of 67.5%
intergenic DNA, 30.4% introns, and 2.1% coding sequence. The
distribution of observed mutation events among the three se-
quence categories does not differ from expectation based on the
genomic frequency of the respective categories (χ2 = 1.57, P =
0.45). The single coding sequence mutation was a nonsynony-
mous change in the carbohydrate (N-acetylglucosamine 6-O) sul-
fotransferase 5 gene (CHST5). The distribution of mutations

Figure 1. Collared flycatcher pedigree used for mutation detection by
whole-genome resequencing. The number of de novomutations detected
in each F1 and F2 offspring is shown within individual symbols.
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among chromosomes did not deviate from expectations from the
size distribution of chromosomes (χ2 = 18.7, d.f. = 18, P = 0.41).

The transition/transversion ratio was 2.67 (95% confidence
interval, CI = 1.56–5.44), which is similar to what is typically seen
inmolecular evolutionarydata aswell as in screens for denovomu-
tations in humans (Kong et al. 2012). Sevenmutationswere C>Tor
G>Atransitions atCpGsites. Basedon the frequencyofCpGsites in
the avian genome (Mugal et al. 2015) and assuming a uniform
mutation rate, only0.51CpGmutationswouldhavebeenexpected
(P < 10−6, binomial test), indicating an approximately 10-fold
increase in the rate of mutation at CpG sites due to cytosinemeth-
ylation anddeamination. In total, therewere 17A:T>G:Cand30G:
C>A:T mutations (Table 1), confirming a mutation pressure in
the direction of A+T previously seen in both eukaryotes (Lynch
2010b) and prokaryotes (Hershberg and Petrov 2010).

There was only a modest excess of paternally derived muta-
tionswith 18mutations traceable to originate from themale germ-
line and 15 from the female germline; the parent-of-origin was
determined by reads or read-pairs spanning the mutation and a
nearby heterozygous site unique to one of the parents. This corre-
sponds to a male-to-female mutation rate ratio of 1.20 (95% CI =
0.60–2.51). It should be noted that the sequenced male of the F1
generation (in which most mutations arose) was only 1 yr old, po-
tentially reducing the paternal excess of mutations in this material
because themalemutation rate generally increases with age (Crow
2000). On a related note, it is intriguing that the two female F1 and
F2 offspring both had fewer mutations detected (two and three, re-
spectively) than all five male offspring (7–13). It is difficult to see a
biologically plausible explanation to this observation.

Mutation rate estimates

With 55mutations observed in 14 transmissions, therewas amean
of 3.9 mutation events per meiosis. The amount of sequence avail-
able for screening after filtering ranged between 844.9–852.8 Mb,
with a mean of 848.3 Mb, approximately representing 80% of the
genome (see Methods; parts not included were either repetitive or
did not meet filter criteria for coverage and quality). The rate of
mutation can thus be estimated to be 4.6 × 10−9 (95% CI = 3.4 ×
10−9–5.9 × 10−9, assuming a Poisson distribution) per site per mei-
osis, which is the same as per site per generation or per site per hap-
loid genome. Based on a long-term field study of more than 1400
breeding attempts recorded during 20 yr, Brommer et al. (2004) re-
ported the generation time of the (female) collared flycatcher to be
1.8 yr. This should be adjusted to 2.0 yr by taking differences in re-
productive output among age classes into account. Based on these

data, the estimated rate of mutation per site per year in the fly-
catcher is 2.3 × 10−9 (95% CI = 1.7 × 10−9–3.0 × 10−9).

With a detailed mutation rate estimate available, we can pro-
vide rule of thumb figures for how neutral sequence divergence
scales with divergence time in bird lineages with similar genera-
tion times as in flycatchers. Specifically, with a mutation rate of
2.3 × 10−9 per site per year, 1% sequence divergence at neutral sites
would correspond to a divergence time of 4.3 Myr; 5% divergence,
to 21.7 Myr (without correction for multiple hits).

Discussion

Lynch (2010a) stated “… to be fully reliable, futuremolecular inves-
tigations with a goal of interpreting evolutionary mechanisms
should take advantage of direct estimates of mutation rates.”
Indeed,mutation rate estimates are necessary tomanyapplications
of population genetics, phylogenetics, and molecular evolution
(Lynch 2010a). For example, the population genetic parameter θ
predicts the amount of genetic diversity in a population, and based
onmutation rate data, estimates of θ can be used to infer selection
and demography. In phylogenetics, mutation rate estimates are
required to convert branch lengths into time units (molecular
dating).

The current knowledge on the rate of mutation in the nuclear
genome of birds is limited. The existing rate estimates (e.g.,
Axelsson et al. 2004) have relied on the phylogenetic approach
and have been limited by at least two sources of uncertainty.
First, as is inherent to such analyses, selecting a genomic category
of selectively neutral sequences is nontrivial. For instance, just as
in other organisms (Chamary et al. 2006), there is some evidence
that fourfold degenerate sites—often taken to represent a neutral
reference—may evolve under constraint (Künstner et al. 2011),
and avian intergenic regions and introns contain a wealth of con-
served regulatory elements (Zhang et al. 2014; Lowe et al. 2015).
Inherent problems associated with such analyses also include tak-
ing multiple hits into account and obtaining reliable alignments.
Second, the fossil record of birds is not extensive, and fossil calibra-
tion points are necessary to estimate mutation rates from diver-
gence data.

Based on direct observations of 55mutation events in a three-
generation pedigree of flycatchers, we estimated the spontaneous
rate of germline mutation to be 4.6 × 10−9 (3.4 × 10−9–5.9 × 10−9)
per site per generation or 2.3 × 10−9 (1.7 × 10−9–3.0 × 10−9) per
site per year. This is very similar to a point estimate based on diver-
gence at fourfold degenerate sites in the lineage leading to zebra
finch (2.2 × 10−9 per site per year) (Nam et al. 2010), which like
flycatchers belongs to the order Passeriformes. It is somewhat
higher than point estimates obtained for Galliformes, including
chicken and turkey, based on intronic divergence (1.3 × 10−9)
(Axelsson et al. 2004) and divergence at fourfold degenerate sites

Figure 2. Distribution of the number of F2 offspring to which mutations
originating in the F1 generation were transmitted.

Table 1. Direction of 55 de novo mutations in collared flycatcher

From/to A T C G

A – – 2 8
T – – 5 2
C 2 12 – –

G 15 1 – –

To the numbers in the table should be added three A-to-T or T-to-A mu-
tations and five G-to-C or C-to-T mutations.

Avian mutation rate
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(1.9 × 10−9) (Nam et al. 2010). It thus seems that the fossil-calibrat-
ed and sequence divergence–basedmutation rate estimates of birds
agree well with the direct approach applied herein; however, the
fact that these previous estimates were likely associated with large
variances makes inference less conclusive.

The rate of synonymous substitution (dS) has been found to
vary significantly among bird lineages (Galtier et al. 2009;
Lanfear et al. 2010; Nabholz et al. 2011), suggestive of an underly-
ing variation in the rate of mutation. Weber et al. (2014) found a
negative correlation between dS and body size among 48 bird spe-
cies, with body size representing a proxy for generation time (i.e.,
assuming longer generation times in larger birds). Their results
hence support the generation-time hypothesis for rate of molecu-
lar evolution in birds since short-lived species are likely to undergo
more generations per time unit, and thereby be exposed to more
opportunities for germline mutation, than long-lived species.
This assumes that most mutations are arising in replicating DNA.
Wemayexpect the generation time ofmost birds to be in the range
2–10 yr (De Magalhäes and Costa 2009). If the per-generation mu-
tation rate is constant across bird species, this would lead to a pre-
dicted fivefold rate variation per year among avian lineages, with
the estimate in flycatcher (2.3 × 10−9) representing the upper
end. However, the per-generationmutation ratemay not necessar-
ily be constant across species, and additional pedigree-based stud-
ies directly estimating the rate of mutation in different avian
groups will be needed to resolve this matter.

How does our estimate of the mutation rate in flycatchers
(4.6 × 10−9) compare to direct estimates of the rate of mutation
in other organisms? Studies of pedigreed families from different
human populations have reported rates of 1.0 × 10−8–1.4 × 10−8

per site per generation (Awadalla et al. 2010; Roach et al. 2010;
Conrad et al. 2011; Kong et al. 2012). Similarly, a rate of 1.2 ×
10−8 has been obtained for chimpanzee (Venn et al. 2014). The
≈2.5 times higher rate in hominids than in at least one avian taxon
indicates that the fidelity of germline DNA replication and effi-
ciency of repair are lower among the former. However, this may
not necessarily be the case on a per-cell division basis. The rate
of germline mutation in humans and chimpanzee shows a pro-
nounced male bias and is strongly influenced by father’s age
(Kong et al. 2012; Francioli et al. 2015), most likely due to the ac-
cumulating number of mitotic cell divisions inmale germline dur-

ing life. A 20-yr-old man is expected to transmit about 40 new
mutations to each child, whereas the number doubles at the age
of 40 (Kong et al. 2012), approximately corresponding to male-
to-female mutation rate ratios (α) of three and six, respectively.
The male mutation bias in birds is less pronounced (Ellegren
2007), which we confirmed in this study. The higher per-genera-
tion rate of mutation in humans and chimpanzees compared
with the flycatcher may thus at least in part be explained by a larg-
er fraction of paternally derived mutations in the former species.
Specifically, assuming that the human mutation rate of 1.2 ×
10−8 is driven by a mean α of four (cf. Kong et al. 2012), halving
α would give a rate of 6.6 × 10−9, and if there were no male excess,
the rate would only be 4.5 × 10−9, i.e., essentially identical to our
avian estimate. A strong paternal age effect in man may also ex-
plain why the per-generation mutation rate in mice (5.4 × 10−9)
(Uchimura et al. 2015), in which α is about two (Sandstedt and
Tucker 2005), is more similar to our estimate for birds than to
the estimates for humans and chimpanzee. If annual rates are con-
sidered, the estimatewe obtained for flycatchers (2.3 × 10−9 per site
per year) is much higher than that in humans (4.4 × 10−10, assum-
ing a generation time of 25 yr) but much less than in mice (1.1 ×
10−8, conservatively assuming a generation time of 0.5 yr).

Table 2 summarizes direct estimates of the rate of mutation
from studies using sequencing of pedigrees ormutation accumula-
tion lines in other organisms. Besides the above-mentioned work
on humans and chimpanzee, the most extensive pedigree se-
quencing study is the report of Yang et al. (2015) on selfing lines
of Arabidopsis thaliana and rice and on honey bee. There are also
two insect studies with a limited number of mutations detected
in D. melanogaster and Heliconius melpomene families (Keightley
et al. 2014, 2015). A positive scaling of mutation rate with genome
size has previously been reported for eukaryotes (Lynch 2010a),
which we confirm based on new data from this and other recent
studies (r = 0.538) (Fig. 3A). This does not necessarily imply a causal
effect of genome size on the rate ofmutation (per nucleotide) since
such effect may come from factors that covary with genome size.
Specifically, it has been suggested that mutation rate evolution
conforms to the drift-barrier hypothesis (Lynch 2010a, 2011;
Sung et al. 2012a), which postulates that at some point the selec-
tive advantage of mutation rate modifiers further reducing the in-
cidence of deleterious mutations becomes smaller than the power

Table 2. Summary of direct estimates of the germline mutation rate in different organisms based on pedigree sequencing (PS) or sequencing of
mutation accumulation lines (MA)

Species Mutation rate Method Genome size (Mb) Reference

Pan troglodytes 1.2 × 10−8 PS 3309 Venn et al. (2014)
Homo sapiens 1.0 × 10−8–1.4 × 10−8 PS 3232 Awadalla et al. (2010); Roach et al. (2010);

Conrad et al. (2011); Kong et al. (2012)
Mus musculus 5.4 × 10−9 MA 2671 Uchimura et al. 2015)
Ficedula albicollis 4.6 × 10−9 PS 1118 This study
Heliconius melpomene 2.9 × 10−9 PS 269 Keightley et al. (2015)
Apis mellifera 6.8 × 10−9 PS 247 Yang et al. (2015)
Drosophila melanogaster 2.8 × 10−9 PS 148 Keightley et al. (2014)
Drosophila melanogaster 5.5 × 10−9 MA 148 Schrider et al. (2013)
Chlamydomonas reinhardtii 9.6 × 10−10 MA 120 Ness et al. (2015)
Caenorhabditis elegans 0.8 × 10−8–2.1 × 10−8 MA 101 Denver et al. (2012)
Arabidopsis thaliana 7.1 × 10−9–7.4 × 10−9 PS+MA 97 Ossowski et al. (2010); Yang et al. (2015)
Paramecium tetraurelia 1.9 × 10−11 MA 36.5 Sung et al. (2012b)
Schizosaccharomyces pombe 2.1 × 10−10 MA 12.6 Farlow et al. (2015)
Saccharomyces cerevisiae 1.7 × 10−10–3.3 × 10−10 MA 12.3 Lynch et al. (2008); Zhu et al. (2014)

For species in which several estimates are available, the range of estimates is given. Species are listed in descending order of mutation rate estimates.
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of genetic drift. The hypothesis leads to the prediction that muta-
tion rate should scale negatively with Ne as the extent of genetic
drift is a direction function ofNe. We used reported levels of nucle-
otide diversity (π) to solveNe from the formula θ = 4Neµ (where µ is
the mutation rate and by replacing θ with π) to analyze the rela-
tionship between mutation rate (again based on direct estimates)
and Ne. There is a strong negative exponential relationship be-
tween the two parameters (µ =Ne

−0.46, r = 0.88), in support of the
drift-barrier hypothesis (Fig. 3B).

We judge the false-positive rate in our approach to be very
low. In addition to the use of a stringent bioinformatic pipeline, in-
cluding finalmanual inspection, this conclusionwas supported by
validation by independent genotyping, by the fact that sites of
mutation events were monomorphic in large population samples,
and by the fact that stable inheritance was confirmed for muta-
tions first appearing in the F1 generation. However, measures to
ensure a low false-positive rate may in theory come with the price
of false negatives. Using a very similar bioinformatic pipeline for
mutation detection as in our study, Keightley et al. (2014) ad-
dressed the rate of false negatives by adding “synthetic”mutations
to read data from a D. melanogaster pedigree consisting of 14 indi-
viduals. The pipeline detected 99.4% of all callable synthetic mu-
tations, suggesting that the rate of false negatives was negligible.
We find no reason to expect that the false-negative rate should
be significantly different in our study. One methodological aspect

that is worth acknowledging is that we filtered both sites that were
called heterozygous in the P generation and candidate mutations
in the F1 or F2 generations that corresponded to known segregating
alleles in the population. In theory, heterozygous/segregating sites
could represent mutational hotspots, potentially leading us to un-
derestimate the rate of mutation. However, heterozygosity in col-
lared flycatcher is <0.25% (Burri et al. 2015) so polymorphic sites
only constitute a minor fraction of the genome.

This study focused on the rate of point mutation. There are
obviously several other types of mutations, including short inser-
tions-deletions, larger structural mutations (e.g., inversions and
transpositions), and copy number mutations in tandem repetitive
DNAs, like minisatellites and microsatellites. Of these, the highest
rate is expected for hypermutable tandem repeat sequences. In
birds, tetranucleotide repeat microsatellites with a mutation rate
greater than 1 × 10−2 have been reported (Primmer et al. 1998;
Beck et al. 2003), although loci with such high rates are probably
rare in the genome. An interesting possibility for future research
will be to usewhole-genome sequence information from pedigrees
combined with efficient algorithms for repeat profiling to obtain
genome-wide estimates of microsatellite mutation rates (Gymrek
et al. 2012). Another aspect worth mentioning is that our filtering
criteria would eliminate possible de novo mutations for which the
parent is mosaic.

To summarize, extrapolating from a mean of 3.9 new muta-
tions found in screening ≈80% of the genome, there are about
five new pointmutations in the 1.1 billion-bp genome of every fly-
catcher, clearly indicating the needle-in-the-haystack challenge of
finding de novo mutations. Yet, with careful processing of se-
quence data, our study demonstrates the feasibility of estimating
the spontaneous rate of germline mutation in nonmodel species.
We foresee that the approach taken herein should be applicable
to essentially any species from which DNA samples of families
can be collected and that a suite of direct mutation rate estimates
should thus become available in the near future. This will aid in
further elucidating the determinants and constraints of mutation
rate evolution.

Methods

Samples and sequencing

Blood samples from 11 collared flycatchers from a three-genera-
tion pedigree (Supplemental Table S2) were collected on Öland,
Sweden, as part of a long-term study following the breeding biol-
ogy of the population. DNAwas extracted by a standard proteinase
K digestion/phenol-chloroformpurification protocol, and each in-
dividual was sequenced to ≈40× coverage (Supplemental Table S2)
on an Illumina HiSeq instrument with paired-end 100-bp reads
and an approximate library insert size of 450 bp. The reads were
aligned to the collared flycatcher reference genome FicAlb1.5
(GenBank Accession GCA_000247815.2) with BWA 0.7.5a (Li
and Durbin 2009), deduplicated, recalibrated, and cleaned with
GATK 3.2.2 (DePristo et al. 2011).

Variant calling

Variants were called with GATKs HaplotypeCaller and
GenotypeGVCFs (version 3.3.0). We did not perform variant qual-
ity recalibration (VQSR) according to the best practices since de
novo mutations, if not transmitted between generations, should
only occur in single individuals and are therefore more likely to
be filtered out as low-quality variants. Instead we applied an

Figure 3. Relationship between mutation rate (per nucleotide and gen-
eration) and genome size (A) and effective population size (Ne) (B).
Mutation rate estimates were taken from Table 2 and the references cited
therein. Genome size is the length of assembled genome sequence as
available at http://www.ncbi.nlm.nih.gov. For B, the species are in order
of increasing Ne: Homo sapiens (π used to estimate Ne from the
International SNP Map Working Group 2001), Pan troglodytes (The
Chimpanzee Sequencing and Analysis Consortium 2005), Caenorhabditis
elegans (Cutter et al. 2009), Ficedula albicollis (Burri et al. 2015), Mus mus-
culus (Lindblad-Toh et al. 2000), Apis mellifera (Wallberg et al. 2014),
Chlamydomonas reinhardtii (Flowers et al. 2015), Drosophila melanogaster
(Andolfatto 2001), and Heliconius melpomene (Keightley et al. 2015).
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extensive set of hard filters to increase the likelihood of only
calling true variants. Repetitive regions weremasked with a combi-
nation of RepeatMasker v3.2.9 (Smit et al. 1996–2010) and a fly-
catcher-specific repeat library (Smeds et al. 2015), Tandem
Repeats Finder v4.07 (Benson 1999), and a custom Perl script to re-
move any homopolymers >10 bp that were not already masked.
Then each site had to pass GATKs CallableLoci level and genotype
quality (GQ) had to be at least 30. Since we only considered single-
nucleotide variants (SNV) in this study, all called insertions and de-
letions (indels) were masked; there were 2.4 million indels segre-
gating in the pedigree.

A hard coverage threshold of 15 was used to minimize false
variant calls due to insufficient read data (89.2%–90.7% of the ge-
nome met this criterion). This represents a very stringent per-site
coverage filter and was considered important as to reduce the ini-
tial frequency of false positives before further quality control as de-
scribed below. After the filtering we were left with 845–853 Mb
sequence per individual (∼80% of the genome and basically the
same 80% among all of the individuals).

Detection of de novo mutations

Screening for newmutations represents a challenging task and has
to be treated with the utmost care (see, e.g., the useful discussion
by Keightley et al. 2014). Roach et al. (2010) noted “…most appar-
ent aberrations in allele inheritancewill be due to errors in the data
and not to mutation.” We applied extremely stringent filtering in
attempts to minimize the false-discovery rate. For each individual
in the F1 and F2 generations, heterozygous positions were extract-
ed from the background and had to meet the following criteria to
be considered as potential de novo mutations:

• No alternative reads in any of the parents (making parental mo-
saicism unlikely),

• No other individuals in the same or the previous generation(s)
are heterozygous or homozygous for the alternative allele,

• At least 25% of the reads support the alternative allele,
• Does not overlap with known SNPs from genomic resequencing
of more than 100 birds from the same population (Burri et al.
2015; Kardos et al. 2016), and

• Both parents are homozygous for the reference allele.

To manually curate potentially mutated positions, we used the
SAMtools mpileup of BAM files and, similar to Keightley et al.
(2014), the Integrated Genomics Viewer (IGV) (Thorvaldsdóttir
et al. 2013). The latter was particularly valuable for detection of
mapping errors and insertions or deletions associated with candi-
date mutations. The type of false positives detected in this way are
well described by the examples shown in the supplemental figures
S1 through S4 by Keightley et al. (2014). In Table 3 the number of
candidate mutations remaining after each filtering step is provid-
ed, and we suggest that reporting this should be standard in this
type of study.

SNP genotyping

We extracted flanking sequences for all mutation events and at-
tempted to convert each event into a single-nucleotide polymor-
phism assay using the Illumina GoldenGate platform. We used
the “design score,” a proprietary algorithm provided by the
manufacturer, to assess the conversion rate. Eleven events failed
assay design. Genotyping was performed at the SNP & SEQ
Technology Platform, Uppsala University (http://molmed.medsci.
uu.se/SNP+SEQ+Technology+Platform/). Genotype data are pro-
vided in Supplemental Table S3.

Data access

Raw sequence reads and all variant data from this study have been
submitted to the European Nucleotide Archive (ENA; http://www.
ebi.ac.uk/ena) under accession numbers ERX1326426 and
ERZ312631, respectively.
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