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Abstract
The mutation rate is a fundamental evolutionary parameter with direct and appreciable effects on the health and
function of individuals. Here, we examine this important parameter in the domestic cat, a beloved companion animal
as well as a valuable biomedical model. We estimate a mutation rate of 0.86× 10−8 per bp per generation for the
domestic cat (at an average parental age of 3.8 years). We find evidence for a significant paternal age effect, with
more mutations transmitted by older sires. Our analyses suggest that the cat and the human have accrued similar
numbers of mutations in the germline before reaching sexual maturity. The per-generation mutation rate in the cat
is 28% lower than what has been observed in humans, but is consistent with the shorter generation time in the cat.
Using a model of reproductive longevity, which takes into account differences in the reproductive age and time to
sexual maturity, we are able to explain much of the difference in per-generation rates between species. We further
apply our reproductive longevity model in a novel analysis of mutation spectra and find that the spectrum for the cat
resembles the humanmutation spectrum at a younger age of reproduction. Together, these results implicate changes
in life-history as a driver of mutation rate evolution between species. As the first direct observation of the paternal
age effect outside of rodents and primates, our results also suggest a phenomenon that may be universal among
mammals.
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Introduction
Mutation is a fundamental force in evolution, the primary
source of genetic novelty, and often a fitness burden to its
bearers in the form of inherited disease. Germline muta-
tions, and the processes that govern the occurrence and
rate of these heritable genetic changes, have long been
of interest to evolutionary biologists (e.g., Muller 1928;
Crow 2000). Approaches for studying the mutation rate
have changed drastically with changes in sequencing tech-
nologies. The oldest estimates of mutation rates predate
the availability of molecular data and were based on the
incidence of rare dominant disease (Haldane 1935; re-
viewed in Nachman 2004). With low-cost whole-genome
sequencing, direct estimates of the mutation rate can
now be made by comparison of parents and offspring.
These estimates of the per-generation mutation rate in a

growing number of species have enabled an increased un-
derstanding of how this fundamental parameter evolves.

A generation is the natural unit for expressing a muta-
tion rate when we measure the number of mutations an
individual inherits from its parents. However, since gener-
ation times vary among species, per-generation estimates
of the mutation rate across species are difficult to com-
pare. Nevertheless, current data suggest at least a 2-fold
range of mutation rates among primates (Chintalapati
and Moorjani 2020). In almost all primate species studied
to date, paternal age has an effect on the number of inher-
ited mutations (Kong et al. 2012; Venn et al. 2014;
Goldmann et al. 2016; Thomas et al. 2018; Besenbacher
et al. 2019; Wang et al. 2020; Bergeron et al. 2021).
Because males transmit so many more mutations to
their offspring than females, the paternal age effect
dominates in comparisons of the total number of inherited
mutations. Together, the paternal age effect and
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male mutation bias obscure the mechanisms driving mu-
tation rate evolution: have per-generation mutation rates
changed due to differences in the quality of DNA repair or
are they due to changes in life-history? Variation in the age
of reproduction across species, coupled with parental age
effects (Rahbari et al. 2016; Jónsson et al. 2017), would sug-
gest that per-generation rates are expected to vary across
species simply because of differences in life-history.

One approach that attempts to appropriately compare
mutation rates between species is to take the calendar age
of the parents at conception into account (e.g.,
Besenbacher et al. 2019). Given a known relationship be-
tween parental age and the number of mutations inher-
ited by offspring, this approach can predict differences in
the mutation rate between species solely due to differ-
ences in the age at reproduction for parents from each spe-
cies. Deviations from this prediction imply changes apart
from life-history, be they cellular, molecular, or environ-
mental. This approach assumes that mutations accumu-
late at a constant rate across the lifespan of an
individual (see also Gao et al. 2019), and is therefore
equivalent to comparing per-year estimates of the muta-
tion rate (Besenbacher et al. 2019; Chintalapati and
Moorjani 2020). However, germline mutations appear to
accumulate at different rates across different life stages
(Rahbari et al. 2016; Scally 2016; Harland et al. 2017;
Jónsson et al. 2018; Sasani et al. 2019; Jonsson et al.
2021). Furthermore, the estimated relationship between
parental age and the number of inherited mutations in-
ferred from trio studies can only be predictive to the age
of puberty: the number of germline mutations cannot be
directly observed via transmission before parents reach re-
productive age. Therefore, a model of “total longevity” (i.e.,
calendar age) in comparisons between species may not
fully account for differences in mutation accumulation
across different life stages. This is especially true when
the age at puberty differs between species.

Differences in the rate of mutation accumulation across
life stages have motivated an alternative model that splits
the process into two regimes: before and after the onset of
sexual maturity (e.g., Thomas and Hahn 2014; Amster and
Sella 2016; Gao et al. 2016). The disproportionate contribu-
tion of mutations from fathers—and the biology of sperm-
atogenesis, which requires continuous division of the male
germline after puberty (Crow 2000)—strongly suggest that
reproductive age marks an important change in the rate of
mutation accumulation. A starting point for comparisons
between species is therefore to take the reproductive age
of parents into account. Like the total longevity model de-
scribed above, this “reproductive longevity” model
(Thomas et al. 2018) assumes a common relationship
among species between parental age and the number of
mutations inherited by offspring. The key distinction for
this model is that age-related mutation accumulation
only begins with the onset of puberty; the number of mu-
tations before sexual maturity is assumed to be a constant,
and independent of the age at which puberty is reached. In
this model, differences in the per-generationmutation rate

between species are best explained by reproductive lon-
gevity: that is, the length of time for mutation accumula-
tion after puberty. Even when the per-generation
mutation rate has evolved between species, this model
can help to delineate the stage(s) at which changes have
occurred (Wang et al. 2020).

To date, most pedigree studies of mutation have been
focused on humans and other primates (e.g., Kong et al.
2012; Venn et al. 2014; Besenbacher et al. 2019, but see
Lindsay et al. 2019 for an estimate in mouse). To better
understand how mutation rates evolve, a broader collec-
tion of species will need to be considered. Distinguishing
between models for the evolution of mutation rates will
also require species with a larger span of generation times
and greater differences in the age of puberty. In this study,
we present a direct estimate of the mutation rate from the
domestic cat (Felis catus). Cats are an important compan-
ion animal for many households and a common target for
interventions by veterinary medicine. Recent studies of
genetic variation in the cat and the development of feline
genomic tools (e.g., Genova et al. 2018; Buckley et al. 2020;
Bredemeyer et al. 2021) have advanced the domestic cat as
a biomedical model. Reliable mutation rates would also
help to accurately estimate the evolutionary history of do-
mesticated and wild cat species (Figueiró et al. 2017; Li
et al. 2019).

In this study, we consider models for the evolution of
mutation rates in the domestic cat. The difference in life-
span between cats and longer-lived primates, like humans,
provides a strong contrast for testing models of mutation
accumulation. In addition to considering a model of muta-
tion rates across species, we perform a novel analysis con-
trasting the mutation spectrum across species. As with the
total number of inherited mutations, the mutation spec-
trum also changes with the age of parents (Jónsson et al.
2017). Therefore, differences in mutation spectrum be-
tween species with very different ages at reproduction
may also be explained by changes in life histories. Our re-
sults suggest that a model of reproductive longevity ex-
plains most of the difference in both the rate and
spectrum of mutations between the cat and the human.

Results
Mutation Rate in the Domestic Cat
We sequenced individuals from 11 domestic cat trios to a
median of 41× coverage using Illumina short-read sequen-
cing. Of the 22 total individuals sequenced, 19 were part of
a larger pedigree, whereas 3 were from a standalone trio
(fig. 1). DNA from this standalone trio was collected
from cultured fibroblasts, whereas all others were col-
lected from blood samples. After filtering sites based on
mapping quality and coverage, we retained an average
1.8 Gb out of the 2.5 Gb reference genome, from which
we identified candidate de novo mutations in each trio.
Briefly, we considered sites on autosomes where both par-
ents were homozygous for the reference allele and the
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offspring was heterozygous for an alternate allele not ob-
served elsewhere in the dataset (see Materials and
Methods). We applied a set of stringent filters to the initial
list of candidates and found 233 single nucleotide de novo
mutations across the 11 trios (supplementary data S1,
Supplementary Material online). The structure of the pedi-
gree allowed us to trace mutations to a third generation in
four grandoffspring, and we found transmission in 40 out
of the 78 potential instances, close to the expected 50%
transmission rate. We combined haplotype-sharing infor-
mation for mutations from these families with read-pair
phasing at all mutations to determine the parent of origin
for 124 mutations. We found 93 mutations were of pater-
nal origin, whereas 31 were of maternal origin, consistent
with a male mutation bias (binomial P= 2.2× 10−8;
Wilson Sayres and Makova 2011; Ségurel et al. 2014). The
proportion of male-biased cat mutations (75%) is consist-
ent with the proportion found in humans (80.4%; Jónsson
et al. 2017) and other mammals (de Manuel et al. 2022).
These phased mutations also show a parental age effect:
more mutations were transmitted from older parents, sig-
nificantly so for older fathers (Poisson regression of read-
phased mutations, paternal P= 0.032; supplementary fig.
S1, Supplementary Material online).

To estimate the per-generation mutation rate, we di-
vided the number of mutations identified in each trio by
the observed genome size and corrected for the false-
negative rate from our stringent set of filters. We
estimated this latter value as the “site callability,” by calcu-
lating the fraction of sites that pass our filters from a sam-
ple of sites across the genome in each trio (see Materials
and Methods; Besenbacher et al. 2019; Wang et al. 2020).
This approach produced stable estimates of the mutation
rate as the filter stringency was increased (supplementary
fig. S2, Supplementary Material online), providing confi-
dence in our estimate. We found the mean per-generation
mutation rate in cat to be 0.86× 10−8 (95% CI: 0.75, 0.97)

per bp for parents at an average age of 3.8 years across sexes
(♂: 4.7 years, ♀: 2.9 years), compared with 1.29× 10−8 per
bp in humans with an average age of 30.1 years (Jónsson
et al. 2017); table 1 shows the rate estimated for each cat
trio separately. The mutation rate estimated for the trio
using DNA isolated from cultured fibroblasts was not not-
ably different from those using DNA from blood samples.

Assuming the average parental age in our sample
(3.8 years) is representative of the average age of reproduc-
tion in the cat, we estimate a per-year mutation rate of
2.3× 10−9 (2.0, 2.5) per bp. This is much higher than the
human rate of 0.43× 10−9 per bp per year (Jónsson et al.
2017), or the reported per-year rate from any primate
(Besenbacher et al. 2019; Wang et al. 2020; Wu et al.
2020; Campbell et al. 2021). The higher rate in cats is driven
by the similar number of mutations at puberty, but a much
shorter generation time. We also calculated the per-year
substitution rate from sequence divergence in uncon-
strained regions between F. catus and Panthera tigris
(Zoonomia Consortium 2020), which diverged ∼12 Ma
(Figueiró et al. 2017). This comparison resulted in an esti-
mate of 1.54× 10−9 (1.2, 2.1) per year per bp, where the
lower and upper bounds represent substitution rates cal-
culated using the 95% highest posterior density interval
for divergence times between these two species (Figueiró
et al. 2017). The overlap between pedigree-based and
phylogeny-based mutation estimates (assuming substitu-
tion rates reflect mutation rates), implies that the muta-
tion process has been relatively unchanged over the last
12 My of feline evolution.

The mutation spectrum in the cat largely resembles the
spectrum found in the human and most other primates
(supplementary fig. S3, Supplementary Material online).
The largest difference that is significant was a lower per-
centage of A>G transitions in the cat, 19%, compared
with the 27% found in humans (χ2 test, P< 0.005; human
data from Jónsson et al. 2017). This was offset by a slightly
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FIG. 1. Pedigree of sequenced individuals. The 22 total individuals sequenced form 11 separate trios for mutation analysis. Whole blood was
sampled from the 19 individuals in the larger pedigree, whereas cultured fibroblasts were sampled from the three individuals in the standalone
trio. Dashed lines connect identical individuals in the pedigree.
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higher percentage of C> T transitions, 48% in cat versus
42% in human, leading to an overall transition/transver-
sion ratio of 1.99 in cat. As in humans, C> T transitions
at CpG sites accounted for a substantial fraction of all ob-
served mutations (21%). We estimate the mutation rate at
CpG sites in the cat to be 1.76× 10−7 (1.26, 2.26) per bp per
generation. Note that the median GC content in the refer-
ence genomes for the cat and the human is not substan-
tially different (41.9% cat, 40.4% human; NCBI). We
compared the mutation spectrum in the cat to the spec-
trum calculated from low-frequency variants segregating
in a published cat dataset (Buckley et al. 2020). We found
significant differences in the proportion of A>G and A>
T mutations between the two (supplementary fig. S3,
Supplementary Material online). Interestingly, a similar
comparison of the human mutation and rare variant spec-
trum revealed significant differences as well (see
supplementary results, Supplementary Material online).

Testing the Reproductive Longevity Model of the
Mutation Rate
Direct estimates of the mutation rate have consistently de-
monstrated a strong parental age effect in primates, with
more mutations inherited by the offspring of older par-
ents. To consider whether such an effect exists in the do-
mestic cat, we performed a Poisson regression on the total
number of mutations (adjusted by observable genome
size) with parental age, and found a significant effect of pa-
ternal age on the mutation rate (P= 0.008). Each addition-
al year of paternal age at conception leads to an estimated
3.1 (95% CI: [0.8, 5.4]) total additional mutations in the off-
spring. This estimate for the effect size of paternal age on
the total number of mutations is not significantly different
from those observed in humans (unequal variances t-test
on data from Jónsson et al. 2017, P= 0.22). Using only
the phased mutations, we find a significant paternal age ef-
fect that translates to an estimated 1.7 (0.2, 3.3) additional
paternal mutations per year (cf. 1.51 per year of additional
paternal age in humans; Jónsson et al. 2017). Although we

found no significant effect of maternal age on the muta-
tion rate (supplementary fig. S1, Supplementary Material
online), the effect we estimated was in the positive direc-
tion; much larger sample sizes were also used to detect a
significant maternal age effect in humans (Goldmann
et al. 2016; Jónsson et al. 2017).

The accumulation of mutations with age post-puberty
among species is modeled in both the total longevity
and reproductive longevity models (fig. 2A). The key differ-
ence between the two models is in the number of muta-
tions at sexual maturity. In the total longevity model,
the cat mutation rate at sexual maturity is assumed to
be an extension of the regression fit, extending the paren-
tal age effect found in humans to the age at sexual matur-
ity in the cat. In contrast, the reproductive longevity model
includes a parameter for the number of mutations that oc-
cur before puberty in each species, with the parental age
effect only acting post-puberty (fig. 2A). We compared
the predictions made by these two models to the data
from our cat trios: figure 2B shows the increase in per-
generation mutation rates with years of paternal age after
puberty (assuming a puberty age of 0.5 years in cat, 13 years
in human; Tsutsui et al. 2004; Parent et al. 2003). The re-
productive longevity model provides a significantly better
fit to the mutation rates observed in the cat (t-test of
residuals, P= 0.0002).

Using the regression fit presented in figure 2B, we found
no significant difference between cat and human in per-
generation mutation rates estimated at the age of puberty
(t-test, P= 0.41): we estimate 0.59× 10−8 per bp (95% CI:
[0.39, 0.78]) in cat vs. 0.67× 10−8 per bp (95% CI: [0.65,
0.69]) in human (Jónsson et al. 2017). Although this simple
regression fit may miss biological phenomena in the unob-
served period before sexual reproduction, the consistency
of the estimated rate between species who shared a com-
mon ancestor ∼85 Ma (Tarver et al. 2016) suggests to us a
conserved pre-puberty developmental program among
mammals, as has previously been noted in owl monkeys
(Thomas et al. 2018). Note that the number of pre-puberty
mutations was slightly lower in rhesus macaques (Wang

Table 1. Mutation Counts and the Per-Generation Mutation Rate.

Proband IDa Age at Conception (y) Mutations Mean Depthb Callability Haploid Size (Mb) Rate (×10−8)

Paternal Maternal

679c — — 22 47.8 0.644 1493 1.14
955 3.9 4.4 21 38.8 0.714 1655 0.89
956 3.9 4.4 7 37.0 0.620 1611 0.35
957 12.0 1.4 29 42.7 0.751 1674 1.15
959 4.8 3.3 20 39.5 0.671 1609 0.93
960 4.8 3.3 24 38.2 0.695 1643 1.05
962 3.4 2.1 20 42.0 0.723 1880 0.74
963 2.3 2.8 17 40.6 0.711 1923 0.62
967 1.7 2.7 17 39.4 0.719 2070 0.57
969 3.9 1.6 27 39.7 0.676 1952 1.02
098 6.1 3.1 29 42.5 0.729 2018 0.99

aID of offspring for each independent trio in figure 1.
bMean read depth across individuals of the trio with offspring as proband.
cSequences from this trio were derived from cell culture.
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et al. 2020). These results do not explain how estimates of
male-mutation bias appear to be relatively constant post-
puberty (see Gao et al. 2019), suggesting some additional
process that generates this bias before puberty.

A Reproductive Longevity Model of the Mutation
Spectrum
Parental age affects not only the number of de novo muta-
tions inherited by offspring, but also their composition
(Carlson et al. 2020). In humans, the proportion of C> T
transitions decreases with paternal age while the propor-
tion of C>G transversions increases with maternal age
(Goldmann et al. 2016; Jónsson et al. 2017). The depend-
ence of the mutation spectrum on age suggests multiple
underlying mutation processes whose relationships differ
with age (Goldmann et al. 2019). Since differences in
life history appear to explain much of the variation in per-
generation mutation rates between cat and human, we
were interested in knowing whether a model of reproduct-
ive longevity could be used to explain differences in the
mutation spectrum. That is, does the mutation spectrum
in the cat resemble the mutation spectrum of a human
that has had the same amount of post-pubertal time for
mutation accumulation? Or, alternatively, are there differ-
ent mutational processes in cats that explain the differ-
ence in the mutation spectrum?

To build a reproductive longevity model of the muta-
tion spectrum, we used mutation data from a large human
dataset (Jónsson et al. 2017). We modeled the accumula-
tion of mutations for each mutation class as independent
and fit the number of mutations in each class with a

Poisson regression. From this regression, we predicted
the spectrum for a given age by dividing the predicted
number of mutations in each class by the total number
of mutations predicted across classes. Figure 3A shows
how the predicted mutation spectrum changes with par-
ental age relative to the average spectrum observed in
the human dataset (with an average age of 30.1; Jónsson
et al. 2017). Under this model, the mutation spectrum
for species with different parental ages at conception
can vary dramatically from the one observed in humans
without any change to the mutational process between
species.

We compared the fit of the observed cat mutation spec-
trum (at an average parental age of 3.8 years) to the pre-
dicted spectrum under both the total longevity and
reproductive longevity models. The predicted mutation
spectrum for the cat is expected to depart more from
the average human spectrum under the total longevity
model than under the reproductive longevity model be-
cause there is a larger difference in the ages considered
(calendar age vs. reproductive age; fig. 3A). We found
that the predicted spectrum under the reproductive lon-
gevity model provided a better fit to the observed cat mu-
tation spectrum (fig. 3B; root mean square error 3.6% [95%
CI: 3.2, 4.3] vs. 4.5% [1.7, 7.4]). Under the better-fitting re-
productive longevity model, the predicted proportion of
C> T transitions, 45.1%, closely matched the one found
in the cat spectrum, 47.6%. The most notable difference
between this prediction and the observed spectrum was
the proportion of A>G transitions, which accounted for
25.9% of mutations in the prediction, but only 18.8% of ob-
served mutations in the cat. Although the overall fit of the
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FIG. 2. Mutation rates increase with paternal age. (A) The predicted per-generation mutation rate in the domestic cat based on human data
(regression fit) using the reproductive longevity model and the total longevity model. (B) The per-generation mutation rate increases with pa-
ternal age in the domestic cat; each point represents mutation data from one trio. Fit line shows regression under a Poisson model with the 95%
CI shaded. The reproductive longevity model provides a much better fit to the observed pattern with age (t-test of residuals; P= 0.0002).
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spectrum predicted by the total longevity model was
worse, its prediction for the proportion of A>G transi-
tions and A> T transversions was much closer to the ob-
served spectrum in the cat (predicted vs. observed for A>
G and A> T, respectively: 21.7% vs. 18.9% and 9.9% vs.
11.6%). Together, these results suggest that, whereas the
reproductive longevity model captures much of the muta-
tion spectrum’s dependence on age, multiple mutation
processes likely underlie differences in mutation spectra
between species.

Discussion
We find a mutation rate and spectrum for the domestic
cat that is variable throughout its lifespan and consistent
with amodel of reproductive longevity. The estimated per-
generation rate, at 0.86× 10−8 per bp, is lower than that
found in the human but, because of the shorter lifespan
of the cat and similar number of mutations pre-puberty
between species, corresponds to a higher per-year rate.
Our results are among the first to demonstrate the exist-
ence of a paternal age effect from direct estimates outside
of primates (fig. 2B). In conjunction with direct estimates
in mice (Lindsay et al. 2019), our results suggest that the
paternal age effect on mutation rate may be universal to
all mammals. Although power and methods may differ
among studies, a paternal age effect of similar magnitude
has been found in almost every mammalian species exam-
ined (Kong et al. 2012; Venn et al. 2014; Goldmann et al.

2016; Thomas et al. 2018; Besenbacher et al. 2019;
Lindsay et al. 2019; Wang et al. 2020; Bergeron et al.
2021; see Wu et al. 2020 for an exception in the baboon).
Differences in the magnitude of the parental age effect are
not the only way in which the mutation rate could evolve.
Changes to the number of mutations before reaching pu-
berty, as suggested in macaques (Wang et al. 2020), will af-
fect the per-generation rate without any change in the
parental age effect. However, we found no significant dif-
ference in the number of mutations before puberty be-
tween cats and humans (fig. 2B).

Pedigree studies in primates have underscored the dif-
ference between mutation rates measured within species
and substitution rates measured between species
(Chintalapati and Moorjani 2020). In humans, the differ-
ence between these two rates has called into question as-
sumptions about how mutation rates translate into
substitution rates (Scally and Durbin 2012; Ségurel et al.
2014; Thomas and Hahn 2014; Amster and Sella 2016;
Gao et al. 2016). Connecting the two will require a better
understanding of how mutation rates vary across a life-
span, especially pre- and post-puberty. This dichotomy is
the major difference between the total longevity and re-
productive longevity models (fig. 2A). Determining
whether rates of mutation accumulation or the number
of mutations at puberty differ in mammals is difficult, as
most data have come from closely related primates (e.g.,
Besenbacher et al. 2019) that have highly similar ages at
puberty and lifespans. Estimates of the mutation rate in
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(black bars) compared with the predicted frequency of each mutation class under a total longevity model and a reproductive longevity model.
Error bars on the cat spectrum show a binomial 95% CI (Wilson score interval) for their respective classes.
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mice (Lindsay et al. 2019), which have an even shorter gen-
eration time than cats, show a similar contrast to the one
we have presented between cats and humans, and are con-
sistent with the reproductive longevity hypothesis. The
per-generation estimate in mice is lower than in cats
(0.39× 10−8 vs. 0.86× 10−8 per bp), whereas the per-year
estimate is higher (5.3× 10−9 vs. 2.3× 10−9 per bp).
Interestingly, our estimate of the per-year substitution
rate between cats (1.5× 10−9 per bp) has confidence inter-
vals that overlap with our pedigree-based estimate of the
mutation rate, in contrast to the discrepancies observed in
primates. However, our estimate of the per-generation
mutation rate in the cat is nearly double the estimate in
the wolf (Canis lupus), another member of the order
Carnivora, at 0.45× 10−8 per bp (Koch et al. 2019). Given
the relatively similar age at reproduction for the wolves
used in that study (mean: 3.1 years), and the consistency
of our estimates with a reproductive longevity model
and with phylogenetic estimates of the per-year rate, we
cannot say where the discrepancy in these estimates lies.
Nevertheless, distinguishing between modes of evolution
in the mutation rate will require data from more species
with varied life histories. Supplementary figure S4,
Supplementary Material online shows a comparison of
the per-generation mutation rate estimated in the cat rela-
tive to other mammals.

The spectrum of mutations in the cat was remarkably
similar to those found in most primates, with a preponder-
ance of C> T and A>G transitions (Kong et al. 2012; Venn
et al. 2014; Thomas et al. 2018; Besenbacher et al. 2019;
Wang et al. 2020; Wu et al. 2020; Bergeron et al. 2021;
see Campbell et al. 2021 for an exception in the mouse le-
mur). We showed that differences in the mutation spec-
trum between the cat and the human can in large part
be explained by differences in age according to a model
of reproductive longevity. Our results indicate that, like
mutation rate itself, the mutation spectrum should be
treated as a function-valued trait that changes with paren-
tal age. Mutation spectra have typically been reported and
compared with little regard for the reproductive age of in-
dividuals in the sample. But just as in the case for mutation
rates, meaningful comparisons must take reproductive age
and longevity into account. This applies not only to com-
parisons of spectra between species and populations
(Harris and Pritchard 2017), but also to inferences about
spectra from different stages of the germline (Rahbari
et al. 2016; Bae et al. 2018). Distinct spectra from different
developmental stages have been used to imply that a un-
ique set of mutational processes underlie each stage
(Goldmann et al. 2019). However, a single set of processes
pervading all stages is equally capable of producing signifi-
cant differences in spectra. Distinguishing between these
competing hypotheses requires the comparison of models
for mutation spectra that consider reproductive age.

In addition to sequencing blood from individuals in the
larger pedigrees, we sequenced DNA taken from cell lines
developed from a single trio. Researchers routinely se-
quence blood samples for studies of de novo mutations

to avoid sampling a small number of cells from a single clo-
nal lineage that may contain a somatic mutation at high
frequency. Furthermore, cell lines that have been passaged
for a long period can accumulate mutations at a very high
rate: in the 1000 human genomes project (Altshuler et al.
2010), 90–95% of mutations initially detected were
cell line-specific. Notably, the estimate here from a single
trio of cultured fibroblasts was not distinguishable from
the blood-derived estimates. The strategy for identifying
and filtering mutations did not need to be different for
the cell line samples in our analysis, but the collected fibro-
blasts proceeded through only two or three passages be-
fore DNA was collected, which may have mitigated any
error-prone behavior.

Finally, our results have important implications for mul-
tiple aspects of feline evolution and veterinary care.
Accurate estimates of mutation rates are important for re-
constructing the evolutionary history of cats. By combin-
ing genomic data from domesticated cats with data
from the wildcat (Felis silvestris lybica), our mutation
rate estimates will allow for more refined estimates of
the timing of cat domestication (Driscoll et al. 2007;
Ottoni et al. 2017) and felid evolution in general
(Figueiró et al. 2017; Li et al. 2019). Cat breeding, and the
management of captive felids, has altered population dy-
namics over the past few thousand years. In nature, the
normal life expectancy for wild cat species has been re-
ported to be between 2 and 5 years of age (Figueiró
et al. 2017; Li et al. 2019). Both the breeding of domestic
cat breeds and species survival plans of wild felids allow
breeding in older animals, advancing the reproductive
age for these populations. The results presented here sug-
gest that advanced parental age may lead to the produc-
tion of offspring with parental age-related maladies and
diseases, as in humans (Hassold and Hunt 2001;
Malaspina et al. 2002; Kong et al. 2012). Therefore, popula-
tion managers may need to become more vigilant to the
health problems in offspring associated with advanced pa-
ternal age.

Materials and Methods
Samples and Sequencing
Archived whole blood samples were provided from 19 do-
mestic cats in an extended pedigree taken from a cross-
bred colony of cat breeds maintained for biomedical
disease model characterization. The disease models did
not compromise the growth or reproductive maturity of
the cats (Lyons et al. 2004; Lyons et al. 2016; Cogné et al.
2020). All animal care and use was conducted in accord-
ance with policies and guidelines approved by the
IACUC of the University of Missouri, protocol 8313. In add-
ition, cultured fibroblasts from a trio of three domestic
cats were isolated at the National Cancer Institute,
Poolesville animal colony.

Genomic DNA was isolated from samples for whole-
genome sequencing. Standard PCR-free libraries were
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prepared using KAPA Hyper PCR-free library reagents
(KAPA Biosystems). Total genomic DNA was sheared
into fragments of ∼200–600 bp and purified using
AMPure XP beads. Sheared DNAmolecules were subjected
to double size selection with different ratios of AMPure
XP beads. This was followed up with DNA end-repair
and 3′-adenylation before the ligation of barcoded
adapters. Library quality was evaluated by fragment ana-
lysis and qPCR assay. These WGS libraries were sequenced
on an Illumina HiSeq X, producing 150 bp paired-end
reads.

Mapping and Variant Calling
Sequenced reads were aligned with BWA–MEM
v. 0.7.12-r1039 (Li 2013) to the domestic cat reference gen-
ome Felis_catus_9.0 (Buckley et al. 2020) using the para-
meters “bwa mem -M -t 8” with other parameters being
default. Picard MarkDuplicates v. 1.105 (Broad Institute
2019) was used to identify and mark duplicate reads
from the BAM files. We used GATK version 4.1.2.0
(Van der Auwera et al. 2013) to call variants using
best practices (https://gatk.broadinstitute.org/hc/en-us/
articles/360035535932-Germline-short-variant-discovery-
SNPs-Indels). HaplotypeCaller was used to generate
gVCF (genomic Variant Call Format) files for each sample
using the parameters “gatk HaplotypeCaller -R –emit-
ref-confidence GVCF” with other parameters being de-
fault. GenomicsDBs were generated from the gVCFs
using GenomicsDBImport with default parameters.
Variant discovery was performed jointly across samples
and then genotyped with GenotypeGVCFs using default
parameters. GATK SelectVariants –select-type-to-include
SNP was used to generate the SNP vcf. We applied
GATK hard filters: (SNPs: “QD< 2.0||FS> 60.0||MQ<
40.0|| MQRankSum<–12.5|| ReadPosRankSum< –8.0”)
and removed calls that failed.

Filters for Candidate Mutations
An initial set of candidate mutations was identified as
Mendelian violations in each trio. Specifically, we looked
for violations where both parents were reference homozy-
gous and the offspring was heterozygous for an alternate
allele. As this is themost common type of genotyping error
(Wang et al. 2021), we then applied the following stringent
filters to this initial set of candidates to get a set of high-
confidence candidates:

• Read depth at the candidate site must be between 20
and 60 for every individual in the trio. Sites with too
few reads may be sampling errors, whereas sites
with too many reads may be problematic repetitive
regions (Li 2014).

• High Genotype Quality (GQ) in all individuals, (GQ>
70).

• Candidate mutations must be present on both the
forward and reverse strand in the offspring (Allelic
Depth Forward and Reverse; ADF, ADR> 0).

• Candidate mutation must not be present in any reads
from either parent (Allelic Depth; AD= 0).

• Candidate mutation must not be present in samples
that are not descended from the parents of each trio.

• Candidate mutation must not have low allelic depth
in the offspring (Allelic Balance> 0.35).

We assessed the sensitivity of our mutation rate esti-
mates across a range of stringency criteria and found
them to be in good agreement across reasonable filter lim-
its (see supplementary fig. S2, Supplementary Material on-
line). We applied stringent filters, as listed above, with the
intent of limiting false discoveries.

Estimating the Per-Generation Mutation Rate
To convert the raw number of candidate mutations into
an estimate of the mutation rate, we applied existing strat-
egies that considered differences in coverage and filtering
(see Besenbacher et al. 2019; Wang et al. 2020). In brief, the
number of identified mutations was divided by the total
callable sites: a product of the number of sites covered
by the appropriate sequencing depth and the estimated
probability that a site would be called correctly given
that it was a true de novo mutation. The mutation rate
is then calculated as:

μs,i =
Nmut,i

2∗
∑

x Ci(x)
,

where μs,i is the per-base mutation rate for trio i, Nmut,i is
the number of de novo mutations in trio i, and Ci(x)
is the callability of site x in that trio. This strategy assumes
the ability to call each individual in the trio correctly is in-
dependent, allowing us to estimate Ci(x) as:

Ci(x) = Cc(x)Cp(x)Cm(x)

where Cc, Cp, and Cm are the probability of calling the child,
father, and mother correctly for trio i. These values are es-
timated by applying the same set of stringent filters to
high-confidence calls from each trio. For heterozygous var-
iants in the child,

Cc(x) = Nhet,filtered

Nhet,all

where Nhet,all is the number of variants where one parent is
homozygous reference and the other parent is homozy-
gous alternate, leading to high confidence in the child het-
erozygote call, and Nhet,filtered is the set of such calls that
pass our child-specific candidate mutation filters. The par-
ental callability, Cp(x) and Cm(x), were estimated in a simi-
lar manner, by calculating the proportion of remaining
sites in each after the application of the stringent mutation
filters.

Finally, to calculate confidence intervals for reported
mutation rates, we assumed a Poisson variance in the
number of observed mutations.
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Phasing De Novo Mutations
We determined the parent of origin for 45 mutations in
probands 959, 962, and 963 by tracking transmission to a
third generation. We accomplished this by comparing
haplotype blocks in 50 kb regions surrounding each de
novo mutation across individuals in the three-generation
pedigrees. Mutations transmitted to a third generation
were assigned to the parent matching the transmitted
block, whereas mutations that were not transmitted
were inferred to be from the other parent. Haplotype
blocks were established using genotypes at biallelic sites
and the parent of origin was left undetermined if blocks
were distinguished by fewer than two informative sites
or appeared to have been subject to recombination (re-
sulting in multiple genotype mismatches between blocks).

We used read-pair tracing to determine the parent of
origin for 108 mutations across all of our trios. We did
this by applying WhatsHap 1.0 (Patterson et al. 2015) in
read-based phasing mode for each individual separately,
and then matched informative blocks bearing the muta-
tion to their parent of origin according to the rules of
Mendelian inheritance. Ambiguous blocks, including any
that showed genotype inconsistencies between parent
and offspring, were left unphased.We combined the parent
of origin inferred from both approaches, omitting one mu-
tation that was inconsistent between the two methods, to
arrive at the combined set of 124 phased mutations.

Poisson Regression
To estimate the effects of parental age on the mutation
rate, we modeled the number of mutations in a trio, i,
with a Poisson regression as:

Nmut,i ∼ Pois(μg,iNsites,i)

where μg,i is the per-generation mutation rate for trio i and
Nsites,i is the diploid callable genome size for trio i. We begin
with an identity link Poisson regression:

μg,i = β0 + β1Xp,i

where Xp,i is the paternal age for trio i, with β0 and β1 re-
gression coefficients. To adjust for differences in the ob-
servable genome size, we generated a new variable:

Zp,i = Nsites,iX p,i

and fit the Poisson regression on Nsites,i and Zp,i with no
intercept. That is:

μs,i = βNNsites,i + βpZ p,i

where μs,i is the per-site per-generation mutation rate in
trio i.

In this regression model, the product βNNsites,i repre-
sents a per-site version of the original intercept, and the
coefficient βp is the per-site scaled effect of paternal age

on the per-generation mutation rate. We also performed
this regression with an additional maternal age term,
that is, βmZm,iwhere Zm,i=Nsites,iXm,i and Xm, i is the mater-
nal age for trio i, but removed it from the final analysis be-
cause the maternal coefficient was not significant in the
regression. Comparisons to the paternal age effect in hu-
mans applied the above regression framework to the full
set of mutations identified in Jónsson et al. (2017).

For the read-phased de novo mutations featured in
supplementary figure S1, Supplementary Material online,
we performed regressions on the number of male and fe-
male mutations separately with a Poisson model on re-
spective parental age using an identity link function. To
estimate the paternal age effect from these phased muta-
tions, we scaled the paternal regression coefficient by the
fraction of mutations that were successfully read phased.

Reproductive Longevity Model of the Mutation
Spectrum
We assume the relationship between parental age and the
number of mutations in the offspring is independent for
each parent (i.e., no interaction between maternal and pa-
ternal age). Let c be the class for a given mutation, where c
∈ { A>C, A>G, A> T, C>A, C>G, C> T}. Let Nc,i be the
number of mutations of class c in individual i from a given
parent. We model

Nc,i ∼ Poisson(λc,i)

where λc,i is the per-generation rate parameter for class c
mutations in individual i, and is fit to a Poisson regression
using an identity link with

λc,i = βc0 + βc1Xi

where Xi is the age at conception of the given parent for
individual i. Let N′

c(X
′) be the predicted number of muta-

tions of class c at a given parental age X′. The predicted set
of mutations from a parent with age X′ is then

Nparent(X
′) = 〈N′

A>C(X
′), N′

A>G(X
′), N′

A>T(X
′), N′

C>A(X
′),

N′
C>G(X′), N′

C>T(X′) 〉

The spectrum for an individual with parents having ages
X′mother and X′father can then be calculated as

f(X′mother,X
′
father)= Nmother(X′mother)+Nfather(X′father)∑

cNmother(X′mother)+
∑

cNfather(X′father)
.

This model is initially fit with the mutations and parental
ages from a large human dataset (Jónsson et al. 2017).
From this fit, the cat mutation spectrum under the total
longevity model was then predicted at the average
parental age of individuals in our sample; that is, as
f(X′mother=2.92years,X′father=4.68years). Under the re-
productive longevity model, we shifted the average
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parental age in our sample by the time to puberty in hu-
mans (13 years), predicting a cat mutation spectrum for
our sample that resembles a human spectrum at an average
age of 16.8 years (X′mother=15.92,X′father=17.68years). To
compare the two predictions, we calculated the root
mean square error to the observed cat spectrum across
all mutation classes. We calculated confidence intervals
on the root mean square error by bootstrap resampling in-
dividuals from the human dataset. Coefficients in the re-
gression for each mutation type were recalculated and
used to predict spectra in 1,000 resampling replicates.

Supplementary Material
Supplementary data are available atMolecular Biology and
Evolution online.
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