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Germline mutations are the raw material for natural selection, driving species evolu-
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can have devastating effects on fitness and population viability. It is therefore one of
the great challenges of molecular ecology to determine the rate and mechanisms by
which these mutations accrue across the tree of life. Advances in high-throughput
sequencing technologies are providing new opportunities for characterizing the rates
and mutational spectra within species and populations thus informing essential evo-
lutionary parameters such as the timing of speciation events, the intricacies of his-
torical demography, and the degree to which lineages are subject to the burdens of
mutational load. Here, we will focus on both the challenge and promise of whole-
genome comparisons among parents and their offspring from known pedigrees for
the detection of germline mutations as they arise in a single generation. The potential
of these studies is high, but the field is still in its infancy and much uncertainty re-
mains. Namely, the technical challenges are daunting given that pedigree-based ge-
nome comparisons are essentially searching for needles in a haystack given the very
low signal to noise ratio. Despite the challenges, we predict that rapidly developing
methods for whole-genome comparisons hold great promise for integrating empiri-
cally derived estimates of de novo mutation rates and mutation spectra across many

molecular ecological applications.
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1 | INTRODUCTION on which to act. The distribution and frequency of DNMs across the
genome contribute to virtually every aspect of an organism's function

"The life of a new mutation is not an easy one." and fitness. Consequently, the mechanisms by which they are gener-
Phillips, 1997 ated and transmitted from one generation to the next is of fundamen-

tal interest to the field of molecular ecology. Accurate mutation rate
Spontaneous de novo mutations (DNMs) in the germline fuel the estimates within species and populations can inform essential evolu-

engine of evolution. Without them, natural selection has no material tionary parameters such as the timing of speciation events and key
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aspects of historical demography such as population growth, decline,
and the timing of population bottlenecks. Indeed, it is difficult to con-
ceive of a biological phenomenon more important to our understand-
ing of speciation, population genetic theory, molecular adaptation,
life history strategy - and ultimately, conservation biology - than the
accurate measurement of the de novo mutation rate per generation
(hereafter referred to as W). Even so, the vast majority of mutations do
not confer a selective advantage and can thus lead to genomes that are
burdened with mutational loads that hamper or prevent opportunities
for adaptation through negative selection at linked sites (Charlesworth
et al., 1993). Indeed, as is becoming increasingly evident via p stud-
ies in humans, both the magnitude of new mutations, as well as their
distribution across the genome, can have profound consequences for
individual health and evolutionary fitness (Coe et al., 2019; Gao et al.,
2020; Goldmann et al., 2019; Mitra et al., 2021; Rahbari et al., 2016).
Thus, the imperative for accurate determination of p extends from
questions of basic evolutionary genetic research to applications for
human health.

In this review, we will focus on new insights into the causes and
consequences of W evolution that are being ushered in by the ever-
expanding innovations in whole-genome sequencing (WGS). With
the advent of massively-parallel sequencing technologies (Rogers &
Venter, 2005), and more recently, with accelerating improvements
to single-molecule long-read technologies (Miga et al., 2020; Nurk
et al., 2020), we are steadily progressing from an era wherein whole-
genome analysis was restricted to genetic model organisms to one
wherein WGS applications can be applied to virtually any organism
for which genomic DNA can be obtained. Here, we focus on whole-
genome comparisons for the detection of germline mutations in a
single generation among closely related individuals in what are typ-
ically described as "trio" analyses (Scally & Durbin, 2012). By se-
guencing and comparing genomes from parents and their offspring,
as well as other relatives (i.e., extended pedigrees), investigators can
ideally count and characterize the mutations that occur within the
transmission of one generation to another. To date, these studies
have nearly exclusively examined the appearance of single base-pair
substitutions, typically referred to as de novo mutations (DNMs) and
this review is focused accordingly. Given that structural variants are
also a component of germline mutations (Besenbacher et al., 2015;
Course et al., 2020; Harris & Pritchard, 2017; Tatsumoto et al., 2017),
we also wish to emphasize that, although not covered here, there
is a pressing need going forward to enlarge the focus of pedigree-
based studies to capture insertion and deletion events, as well as
other structural mutations.

Although estimating p would ideally be accomplished by se-
quencing the germline itself, in practice this is rarely feasible outside
of a model organism such as laboratory mice. Instead, investigators
must take advantage of available tissues such as blood, skin, or in
postmortem cases, organ tissue. For such studies, this has the un-
intended consequence that DNM studies based on these tissues
may be capturing somatic mutations in addition to the heritable
germline variation (Li, 2014). Although our understanding of somatic
and germline mutation rates is still developing (Muyas et al., 2020),

pedigree-based studies have already begun to characterize many
features of the mutational spectrum such as the type of base pair
changes, their frequency, biases in genomic regions, and patterns
specific to parental origin (reviewed in Ségurel et al., 2014). Many of
the insights derived from pedigree-based studies build upon earlier
mutation-accumulation analysis in model organisms (Denver et al.,
2000; Estes et al., 2004; Halligan & Keightley, 2009; Vassilieva &
Lynch, 1999; Zhu et al., 2014) - studies that permit characteriza-
tion of u for organisms where pedigrees are not biologically feasible
or sensible, such as asexual organisms (Krasovec et al., 2019, 2020;
Long et al., 2016). Regardless of the precise study design for esti-
mating W, we predict that with the increasing power of WGS, this
parameter will find increasing uses and conferred power for the field

of molecular ecology.

2 | THE TECHNICAL CHALLENGE OF
ESTIMATING THE DE NOVO MUTATION
RATE

2.1 | Finding needles in a haystack

An understanding of the per generation de novo mutation rate (p),
both within and among phylogenetic lineages, can inform practical
applications, such as divergence time estimation (Bergeron et al.,
2020; Keightley et al., 2015; Martin & Hohna, 2018; Moorijani et al.,
2016) and the underpinnings of genetic load in threatened species
(Bataillon, 2000; Davenport et al., 2021; Glémin et al., 2003). It can
also illuminate the genetic mechanisms that dictate the character-
istics and distribution of genomic variation (Jonsson et al., 2017,
Rodriguez-Galindo et al., 2020). The potential for deeper insight into
speciation, historical demography, environmental contributions to
mutation, the effects of aging, and disease risk is profound, yet the
cruel reality is that we are looking for needles in a haystack. The
technical challenges are enormous and largely relate to the difficulty
of identifying true mutations against a background of sequencing
errors. Even with the most accurate sequencing platforms and as-
sembly methods available, yielding upwards of 99.999% sequencing
accuracy (QV50) (Nurk et al., 2020), this will result in about 28,000
errors in a typical 2.8 Gb primate genome. Thus, de novo mutation
rates are orders of magnitude lower than the sequencing error rate,
even for the most accurate sequencing methods. Sequencing costs
for high-fidelity platforms, such as PacBio HiFi, are such that they
are also well beyond the reach of the average budget for molecu-
lar ecological studies. Therefore, as the field develops and becomes
more inclusive, it is critical that measurements of p from pedigree-
based studies follow agreed-upon community standards that will
- at a minimum - allow for meaningful comparisons across inde-
pendent studies.

Further, given that confidence in calling mutations is dependent,
at least in part, upon a high-quality reference genome, which were
initially only available for humans and other genetic model organ-
isms such as house mouse, pedigree-based DNM studies are at this
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stage of the field's development correspondingly biased. Thanks in
part to the enormous number of pedigrees made available through
the 1000 Genomes Project (Genomes Project et al., 2015), the pre-
ponderance of our understanding comes from humans, although
with more diverse nonhuman primates and other animal lineages in-
creasingly targeted in recent years (summarized in Table 1). Although
plants have also been investigated for the estimation of p, those
studies are not addressed here due to the biological complexities of
germline segregation in plants versus animals (Wang et al., 2019; Xie
et al., 2016; Yang et al., 2015).

2.2 | Estimating the de novo mutation rate using
pedigree comparisons

From a naive perspective, the measurement of germline mutations
should be straightforward: the investigator sequences parents
and offspring for the species of interest and then simply counts

TABLE 1 Pedigree-based mutation rate

. . Species
estimates for animals

Homo sapiens

Pan troglodytes

Gorilla gorilla

Pongo abelii
Chlorocebus sabaeus
Papio anubis

Macaca mulatta

the number of spontaneous mutations that have appeared in the
offspring during genetic transmission; that is, those variants that
appear in the offspring that are not present in either parent. This
number (the numerator) is then divided by the total genome size
(the denominator) to derive the rate. As the section above has fore-
shadowed, however, the signal to noise ratio of true DNMs versus
sequencing error is daunting. Thus, there are detailed considera-
tions relating to pedigree study design, choice of sequencing plat-
form, depth of sequencing coverage, computational management
and analysis of sequenced genomes, parental biases, as well as ac-
cumulating knowledge regarding the probability of certain types of
mutations versus others (Figure 1). As is becoming the community
standard, each genome in the pedigree is sequenced to approxi-
mately 30X coverage with few benefits found for sequencing at
higher depths. These recommendations are largely based on early
observations from short-read sequencing data from humans gener-
ated for detecting heterozygous variants with reasonable accuracy
and has been a typical benchmark for variant discovery (e.g. Bentley

Aotus nancymaae
Microcebus murinus
Mus musculus
Canis lupus

Felic catus

Bos taurus

Ornithorhynchus anatinus

Ficedula albicollis

Clupea harengus

Drosophila melanogaster

Heliconius melopene
Apis mellefiera

Bombus terrestris

3Rates are x1078,

Common name Citation T
Human Roach et al. (2010) 1.1
Kong et al. (2012) 1.2
Besenbacher et al. (2015) 1.29
Rahbari et al. (2016) 1.28
Jonsson et al. (2017) 1.29
Lindsay et al. (2019) 1.22
Chimpanzee Venn et al. (2014) 1.2
Tatsumoto et al. (2017) 1.48
Besenbacher et al. (2019) 1.26
Gorilla Besenbacher et al. (2019) 1.13
Orangutan Besenbacher et al. (2019) 1.66
Green monkey Pfieffer (2017) 0.94
Baboon Wu et al. (2020) 0.57
Rhesus macaque Wang et al. (2020) 0.58
Bergeron et al. (2020) 0.77
Owl monkey Thomas et al. (2018) 0.81
Mouse lemur Campbell et al. (2021) 1.52
House mouse Lindsay et al. (2019) 0.39
Wolf Koch et al. (2019) 0.45
Domestic cat Wang et al. (2021) 0.86
Cow Harland et al. (2017) 1.17
Platypus Martin et al. (2018) 0.7
Collared flycatcher Smeds et al. (2016) 0.46
Atlantic herring Feng et al. (2017) 0.2
Fruit fly Keightly et al. (2014) 0.28
Butterfly Keightly et al. (2015) 0.29
Honeybee Yang et al. (2015) 0.34
Bumblebee Liu et al. (2017) 0.36
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FIGURE 1 Estimating per-generation mutation rates from
pedigrees. (a) Genomes are sequenced to at least 30x for n pedigrees.
At a minimum, both parents and an offspring need to be sequenced,
but pedigrees that include a third generation are the emerging
recommendation. Variants are called jointly across pedigrees.
Because genotyping is often sensitive as to not miss variants a
number of filtering steps are required to identify putative mutations.
(b) DNMs should be heterozygous in the offspring, but homozygous
for the reference allele in both parents as well as all other individuals
available across pedigrees or other population-level data. A mutation
at a site needs to be callable at both parents and the offspring, which
is typically determined by sufficient depth of unambiguously aligned
reads. Variants are also filtered for allele balance, where between
30% and 70% of the reads should have the alternate allele. DNMs
passing these filters are then divided by the number of callable sites
multiplied by the ploidy level to estimate . (c) A number of analyses
can be used to validate a mutation rate estimate. Where third
generation pedigrees are available, approximately 50% of putative
mutations should be observed in the third generation. An over-
representation of mutations in the second generation would suggest
a high number of false positives. Paternal age effects on mutation
rate should also be observable. It is now well established that fathers
contribute more mutations over time, and linear modelling can be
used to estimate the mutation rate before puberty. It is also well-
accepted that certain types of mutations are more common than
others, such C-to-T transitions, and mutation spectra can be useful
for evaluating pipelines used for estimating mutation rates [Colour
figure can be viewed at wileyonlinelibrary.com]

et al., 2008; Gudbjartsson et al.,, 2015). Many nonhuman stud-
ies have also adopted this guidance, subsequently making 30x the
standard read depth with the additional finding that increased depth

of coverage has no beneficial effects for accounting for either false
negative (Koch et al., 2019) or false positive mutations (Wu et al.,
2020). Conversely, however, when sequencing depths are too low,
there can be spurious errors that mischaracterize mutation spectra
(Harris, 2015).

It has also become standard to include a third generation to
track patterns of inheritance across two germline transmissions
(Figure 1a). And with larger studies, joint calling across multiple
pedigrees can identify a large number of variants, although these
must be filtered to accurately identify the small fraction of variants
that are putative DNMs (Figure 1b). According to biological expec-
tations, DNMs should be heterozygous in the offspring, but ho-
mozygous in both parents, as well as in other individuals available
for sequencing across pedigrees or other population-level data.
Because sequencing coverage can be uneven, variants below a
specific read depth are excluded to ensure that putative DNMs are
not due to one or a few reads with sequencing or mapping errors,
while at higher levels of coverage, variants with greater than two
times the average sequencing depth, or some distribution-based
upper threshold (Li, 2014), are removed given that these sites are
likely to be mapping errors from repetitive or duplicated regions
(Besenbacher et al., 2019; Keightley et al., 2014; Li, 2014; Thomas
et al., 2018; Wang et al., 2020). Variants are also filtered for allele
balance, where between 30% and 70% of the reads should have the
alternate allele given that half of the reads are expected to carry
the mutation in a diploid. Although more conservative allele bal-
ance intervals have been used (Thomas et al., 2018), studies that
evaluate sensitivity over a range of filter settings reveal how ex-
ceptionally sensitive the estimation of u can be to filtering options
(e.g., Campbell et al., 2021).

Determining the denominator is an equally critical estimate given
that not all sites in the genome will have sufficient information for
identifying a DNM had one occurred. In other words, not all sites
in the genome are "callable sites." Accordingly, there have been a
number of approaches implemented for estimating the number of
callable sites, with the most straightforward being that each site is
determined as callable or not given the proposed filtering criteria.
For example, a site that is homozygous in the child must also be
homozygous in both parents, and with all three individuals falling
between the desired depth of coverage cutoffs. A probabilistic ap-
proach has also been proposed that weights sites based on all of the
sites at a given depth across pedigrees (Besenbacher et al., 2015). By
estimating the number of putative DNMs and the number of callable
sites, there is enough information to calculate p (Figure 1b). But it is
possible to also account for false positives (sites that are mistakenly
identified as DNMs) as well as false negatives (sites that may contain
true DNMs, but are mistakenly filtered out).

2.3 | False positives
Even though erroneous variant calls due to library preparation, se-

quencing, mapping, and genotyping can largely be mitigated through
filtering (Figure 1b), there may also be somatic mutations that can be
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mistaken for DNMs. This is especially problematic given that somatic
mutations can sometimes generate signal in enough reads to pass fil-
tering thresholds. Simulations based on human genomes suggest that
at least 100x coverage is needed to differentiate DNMs from somatic
mutations when they are present in 10% or more reads for a given
site (Acuna-Hidalgo et al., 2015). Furthermore, somatic mutations
may be more prevalent than previously appreciated. For example, a
recent human transcriptome study across 49 tissue types estimated a
somatic mutation rate of 1.32 x 10’8, which is uncomfortably similar
to germline mutation rate estimates (Muryas et al., 2020).

It is here that mutation spectra and extended three-generation
pedigrees can be used for diagnosing false positives. Germline mu-
tational spectra are remarkably consistent, at least within species,
and not affected by parent age (Rahbari et al., 2016). Mutation
rates, on the other hand, have been shown to have strong parental
age effects (e.g., Monaghan & Metcalfe, 2019) with the number of
DNMs observed to increase with paternal age in particular (Kong
et al., 2012; Lindsay et al., 2019; Thomas et al., 2018; Wang et al.,
2020). Although a maternal age effect has also been reported, it
is less pronounced (Gao et al., 2019). Somatic mutations, on the
other hand, can be caused by a number of mutational mecha-
nisms for which profiles differ markedly from those of DNMs
(Alexandrov et al., 2015; 2020). Thus, in addition to being a vital
component of DNM analysis, the predictability of age effects and
spectra (Figure 1c) can help evaluate pipelines used to call putative
DNMs. Additional approaches for estimating false positive rates
include estimating error rates from technical replicates (Campbell
et al., 2021; Kessler et al., 2020) or sequencing monozygotic twins
(Kessler et al., 2020). Even so, technical replication may not al-
ways be practical or advantageous compared to sampling three-
generation pedigrees, and we are discovering that there can be
substantial mutational differences between monozygotic twins
due to prezygotic mutations (Jénsson et al., 2021).

The emerging community standard for evaluating the presence
of false positives, therefore, is the "extended pedigree" approach
that uses transmission rates from the second to third generation
to measure the performance of DNM calling pipelines and filtering
criteria (e.g. Besenbacher et al., 2019; Thomas et al., 2018; Wang
et al., 2020; Wu et al., 2020) (Figure 1c). Validation of DNMs can be
further confirmed with targeted Sanger sequencing when there are
few candidate mutations or few pedigrees (Keightley et al., 2014,
2015; Koch et al., 2019). Although validating all detected DNMs
with Sanger sequencing may not be operationally feasible, three-
generation pedigree study design, combined with Sanger validation
of a subset of DNMs (e.g. Bergeron et al., 2020; Jonsson et al., 2017
Wau et al., 2020), is presently the ultimate means for determining the
biological validity of called DNMs.

2.4 | False negatives

Prior to validating a DNM, one has to observe it in the first place.
Because the prevailing emphasis in pedigree-based DNM studies

has been on filtering out false positives, it is possible that u esti-
mates may be overly conservative; that is, some fraction of true
DNMs might be removed by filtering pipelines (Besenbacher et al.,
2015). For example, the allele balance filter is critical for removing
false positives, but can also remove true mutations due to sampling
error among reads (Thomas et al., 2018). Thus, the accurate meas-
urement of u must deal with some probability of false negatives in
addition to false positives (Scally, 2016; Ségurel et al., 2014). DNMs
can be missed for largely technical reasons than can range from poor
mapping to the use of an inappropriate reference genome (Garimella
et al, 2020; Martin et al., 2018), applying filters with too much
vigour (Ségurel et al., 2014), or simply poor sequencing quality at
specific regions of the genome (Keightley et al., 2015; Pfeifer, 2017,
Thomas, 2019).

The false negative rate can be determined empirically from the
data by counting the number of otherwise good variants that are
lost due to increasing stringency of the allele balance filter (Bergeron
et al., 2020; Thomas et al., 2018). Alternatively, false negative rates
can be approximated with simulation methods. One such approach
has been to generate synthetic mutations in the sequencing reads
and then run the genotyping and filtering pipeline to determine the
proportion of synthetic mutations that are recovered (Campbell
et al., 2021; Keightley et al., 2015; Koch et al., 2019; Pfeifer, 2017;
Wau et al., 2020). This simulation procedure can be tedious, how-
ever, as it requires some reasonable understanding of where mu-
tations are likely to occur and in what proportion of reads they will
be recovered. Moreover, the need to re-run the analysis pipeline for
simulation replicates requires both effort and time. As an additional
concern, comparison of a simulation-based false negative rates and
simpler filter-based estimates suggest that the simulation approach
may provide an underestimate (Bergeron et al., 2020). It is debat-
able if u calculations should attempt to correct for false negatives,
since callability calculations already mitigate some of these effects,
especially when using the probability that a site is callable rather
than counting each site categorically as either callable or not callable
(Besenbacher et al., 2019).

3 | THE PROMISE OF THE DE NOVO
MUTATION RATE FOR MOLECULAR
ECOLOGY

3.1 | Reconciling mutation and substitution rates
across organismal scales

Biologists occasionally use the terms "mutation rate" and "substitu-
tion rate" interchangeably. They are, however, distinct phenomena
both in the mode of change represented and in the specified unit
of time. Mutations are the spontaneous result of errors in the DNA
replication machinery (Ohno, 2019; Seoighe & Scally, 2017), appear-
ing abruptly and with an unknown evolutionary fate. They can arise
in any tissue and at any life stage, but it is only the DNMs that occur
in an organism's germline that are inherited by the next generation.
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Because DNMs are observed between parents and their offspring,
mutation rates are typically measured as changes in the genome
per-generation. Substitutions, on the other hand, are the genetic
changes observed in a population after the forces of selection and
drift have purged or fixed de novo mutations within a population
(Haldane, 1927) and are generally estimated as per-site rates with
time-reversible models of sequence evolution (Yang, 1995).

To compare the rates directly it is necessary to scale them ap-
propriately. Phylogenetic branch lengths are usually measured in
substitutions per-site, but with appropriate fossil or other methods
of calibration (Duchene et al., 2014; Heath et al., 2014; Marshall,
2019), they can be scaled to absolute time that measure substitu-
tions as per-site per-year (Zuckerkandl & Pauling, 1965). Similarly, u
can be converted to a per-year measure if the generation times are
known for the targeted species (Angelis & dos Reis, 2015), such that
generation time is the average parent age at the time of conception.
Given that one of the fundamental assertions of the neutral theory
is that substitution rates based on putatively neutral sites such as
third codon positions should be equivalent to the neutral rate of
molecular evolution (Kimura, 1968), and approximately pu, compar-
ison of pedigree-based estimates of u with substitution rates from
phylogenies should theoretically agree. Surprisingly, however, dis-
agreements between the two have been observed, as initially high-
lighted in humans (Scally & Durbin, 2012). Indeed, a recent survey of
pedigree-based W in primates compared with substitution rates from
a phylogenetic relaxed clock analysis from the same species (dos Reis
et al., 2018) has shown that although credible intervals overlapped
between the two in many cases, there were also notable exceptions
(Campbell et al., 2021). We suggest that the investigation of these
discrepancies is critical to the field. By recognizing that p and phy-
logenetic substitution rate estimates potentially disagree, we can
begin to define the organismal level - from individual, to population,
to species - wherein rates can be measured, and accordingly, for
which level of evolutionary analysis they are best suited (Figure 2).

By explicitly considering the underlying processes, one that occurs
nearly instantaneously in an individual, and the other that occurs over
evolutionary time scales in populations and species, we can anticipate
the observation that u can be substantially higher than phylogeneti-
cally derived substitution rates (Denver et al., 2000) - which in cer-
tain cases has been observed to be as much as an order of magnitude
higher (Ho et al., 2011; Howell et al., 2003). General expectations are
that most DNMs will not be fixed in a population due to drift or will be
purged by purifying selection, and thus the expected number of sub-
stitutions observed over a phylogeny should be lower than the number
of DNMs when scaling both to the same per-unit time. It is thus note-
worthy that p is not always observed to be higher than the estimated
substitution rate, such as in humans (Moorjani et al., 2016; Scally &
Durbin, 2012; Ségurel et al., 2014). One explanation for the lower than
expected W in humans is that our de novo rate appears to have slowed
down since humans diverged from chimps (Besenbacher et al., 2019;
Moorjani, Gao, et al., 2016). The differential could also be attributed
to an increase in generation time along the human branch (Amster &
Sella, 2016; Langergraber et al., 2012) although recent comparisons
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FIGURE 2 Applications of mutation rate estimates. (a) When
rate estimates are available for multiple species, the evolution of
the mutation rate itself can be studied. Comparisons between
mutation rates and substitution rates can reveal life-history
changes such as increased generation times, when mutation rates
are much slower than expected from substitution rates. (b) Per-
generation mutation rate estimates have been a powerful tool for
understanding the demographic history of populations and species.
The timing of species divergences and introgression events can

be calibrated to absolute time from coalescent models that jointly
account for incomplete lineage sorting and cross-species gene flow.
Popular methods for studying change in population size over time
such as PSMC require a mutation rate, which is often assumed to
be 1 x 1078 for many animal studies. (c) The mutation spectrum can
also be utilized when studying structured populations to identify
mutational biases between them. There are nine mutational
categories (when considering mutations at CpG and non-CpG) that
can be revealing about changes in methylation over time [Colour
figure can be viewed at wileyonlinelibrary.com]

of baboon and human rates suggest that the slowdown may have oc-
curred much earlier in the anthropoid lineage than has been previously
appreciated (Wu et al., 2020). Although the human example currently
appears exceptional for primates, this apparent deviation may become
less remarkable as we continue to accumulate estimates of u across
the tree of life. An increased focus on large-scale comparisons be-
tween p and phylogenetic substitution rates will help identify cases
where de novo mutation rates have changed along a branch and thus
appear to deviate from neutral expectations (Figure 2a).

850807 SUOWIWOD 8AIea.D) 3|edldde ayy Aq peusenoh ae sapife VO ‘8sn Jo sajn. 10} ArIqiT8uljUO A8|IM UO (SUORIPUOD-PUB-SWLBI L0 A8 | 1M ARIq 1 BuIUO//:SANY) SUOTIPUOD pue SWwia | 8u1 88S *[7202/80/.2] Uo AriqiTauliuo A8 ‘So1keid!T AISRAIUN 8NA AQ Z009T 98W/TTTT 0T/I0p/L0d A8 M Alelq1jeujuo//sdny Wwou) papeojumod ‘€Z ‘TZ0Z ‘Xy62S9ET


www.wileyonlinelibrary.com

YODER anp TILEY

6093
MOLECULAR ECOLOGY V4| LEYJ—

Ultimately, we predict that pedigree-based estimates of u will
free investigators from the constraints of fossil calibrations for diver-
gence time estimation (Tiley et al., 2020), with the caveat that gener-
ation times are known (Langergraber et al., 2012). In such a cases, we
can simply divide u by generation time (defined as the average par-
ent age at the time of conception for the pedigree) to get a per-year
rate that is not dependent on an external calibration (Amster & Sella,
2016). Although simplistic, this approach, may be more appropriate
when estimating divergence times of recent speciation events where
incomplete lineage sorting is a concern, compared to concatenated
fossil-calibrated methods (Amster & Sella, 2016; Angelis & dos Reis,
2015; Martin & Hohna, 2018; Poelstra et al., 2021). In addition to
estimating species divergence times, 1 estimates can be used to
calibrate various demographic analyses (Figure 2b). For example, u
and a generation time is needed to calibrate analyses of population
size change over time with the popular PSMC program (Li & Durbin,
2011) or related methods. The age of introgression events can simi-
larly be dated when using models that jointly account for incomplete
lineage sorting and episodic gene flow (Flouri et al., 2020). The use
of u for calibrating divergence times and demographic change has
been especially important in humans. For example, a pedigree-based
W applied to divergence of Yoruba African and non-African humans
yielded older splits that are much more consistent with archaeolog-
ical evidence from the Arabian Peninsula compared to more recent
dates based on phylogenetic estimates (Scally & Durbin, 2012).

3.2 | Connecting the dots between male bias,
generation time, and rate variation

The section above is meant to emphasize the distinction between
W and substitution rates, although in this section we cover how life-
history traits can correlate with both. Because phylogenetic rates
measured by substitutions-per-site or calibrated to substitutions-
per-site-per-year have been studied for decades, we can build off
of these earlier observations and hypotheses. In a seminal paper
that examined differential rates of mtDNA evolution across both
endotherms and ectotherms, Martin and Palumbi (1993) noted that
substitutions-per-site-per-year correlated with body size, with large
mammals (such as whales) having slow rates, medium-sized mammals
(such as primates) having intermediate rates, and small mammals
(such as rodents) showing the fastest rates. They also noted a poten-
tially confounding pattern wherein ectotherms, with their relatively
slow metabolic rates, tend to have slower rates than similarly sized
endotherms with their higher metabolic rates. They acknowledged,
however, that body size, generation time, and metabolic rate are not
entirely independent traits given that large-bodied organisms tend
to have longer generation times, and often, slower metabolisms.
These life history traits have remained a subject of interest
for explaining substitution rate variation (reviewed in Bromham,
2011) and although some hypotheses such as the metabolic rate
hypothesis have been refuted as a general explanation (Lanfear
et al., 2007; Qiu et al., 2014), generation time has remained a topic

of interest both for animal studies - especially primates where it
has long been observed that great apes have lower substitution
rates than Old-World and New-World monkeys (Goodman, 1985;
Moorjani, Amorim, et al., 2016) - and plant studies where slower-
growing woody species have slower substitution rates than faster-
growing ones (Lanfear et al., 2013; Smith & Donoghue, 2008). Given
that the generation-time hypothesis was originally formulated with
respect to per-year substitution rates, the negative correlation be-
tween generation time and rates of evolution could disappear when
measuring rates of evolution with p. There are several life-history
traits that covary with generation time, however, that also correlate
with variation in substitution rates and in u, both within and among
species. For example, comparison of substitution rates in sex chro-
mosomes and autosomes have shown that males have higher sub-
stitution rates than females (Axelsson et al., 2004; Bartosch-Harlid
et al., 2003), and that there can be a generation-time effect to this
male bias (Amster & Sella, 2016; Ellegren, 2007; Goetting-Minesky
& Makova, 2006). One explanation for the observed male bias is that
there will be more cell divisions during spermatogenesis than in oo-
genesis (Ellegren & Fridolfsson, 1997), and in turn, this will be more
pronounced in longer-lived species with longer generation times
(Amster et al., 2019; Goetting-Minesky & Makova, 2006). Although
most interest has focused on variation in , it is also possible to in-
vestigate trait associations with mutational spectra at the popula-
tion level (Figure 2c). For example, within human populations where
many spectra are available for multiple populations, an excess of
specific mutation types are observable in ancestral Europeans fol-
lowing a known bottleneck (Harris & Pritchard, 2017).

3.3 | Celldivision bias and the paternal age effect

The assumption that the number of cell divisions correlates with
rates of evolution is perhaps most associated with the phenomenon
of male mutation bias. Well before the advent of NGS technologies,
investigators noted the propensity for mutation accumulation to be
higher in males than in females (Crow, 2000; Ellegren & Fridolfsson,
1997; Hurst & Ellegren, 1998; Shimmin et al., 1993). The evidence
for this has come both from comparisons of differential mutation
accumulation on sex chromosomes (Axelsson et al., 2004; Bartosch-
Harlid et al., 2003; Ellegren & Fridolfsson, 1997; Haldane, 1947;
Shimmin et al., 1993) as well as from direct measurements of the pa-
ternal contribution of novel mutations in descendent offspring (see
Crow, 2000 for a detailed review relevant to human disease phe-
notypes). It was also noted early on that rates accelerate as males
age, with older fathers contributing more mutations than younger
fathers, a phenomenon with the potential to contribute to disease
risks in humans (Crow, 1997; Kong et al., 2012).

The explanation for both phenomena, male bias and the pater-
nal age effect, appeared to be immediately self-evident: because of
the many more cell divisions in spermatogenesis than in oogenesis
- and thus more opportunity for errors in the replication process
-the male germline will accumulate more DNA replication errors
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throughout life (Ellegren, 2007; Goetting-Minesky & Makova,

2006). Despite the fact that spermatogonial stem cells are charac-

terized by highly efficient DNA repair and one of the lowest spon-
taneous mutation rates in the human body (Aitken et al., 2020),
this idea has dominated the mutation rate literature for years.
Pedigree-based studies in humans and nonhuman primates have
confirmed the paternal origin of a majority of DNMs, consistent
with the hypothesis that the number of mutations increase with
the father's age (Bergeron et al., 2020; Jonsson et al., 2017; Lindsay
et al.,, 2019; Rahbari et al., 2016; Venn et al., 2014; Wang et al.,
2020). The paternal mutation bias may be a more general feature of
mammals, as it is also prevalent in domestic cats (Wang et al., 2021)
and mice (Lindsay et al., 2019). Modelling of u given paternal age
has further clarified that it is specifically during the years following
the onset of puberty that contribute new mutations with age (Gao
et al., 2019; Thomas et al., 2018; Wu et al., 2020). This may explain
why paternal biases appear to be less prevalent in quickly repro-
ducing organisms like mice (Lindsay et al., 2019), and that some
mutation types such as CpG to TpG mutations do not increase with
the father's age given that they are not associated with DNA repair
during replication (Gao et al., 2019; Jénsson et al., 2017; Thomas
et al., 2018; Wu et al., 2020). Although mutation rates can also
increase with maternal age, this may not be observable except in
organisms with long generation times. In mammals, oocytes are dif-
ferentiated early in development before birth and do not undergo
additional rounds of replication. Nonetheless, these oocytes may
sustain damage over time requiring double-strand break repair
that can generate C-to-G mutations (Gao et al., 2019; Goldmann
et al., 2016; Jonsson et al., 2017; Wong et al., 2016). It should be
noted, however, that these observations and underlying hypothe-
ses largely derive from studies limited to mammals and thus require
further testing across the tree of life for validation.

As one potential counterexample, a study of mouse lemurs
- a strepsirrhine primate that diverged from humans before the
Cretaceous-Paleogene boundary (dos Reis et al., 2018) - found
a very weak male bias (Campbell et al., 2021). Unfortunately, this
study is limited to a single pedigree and lacks a third generation for
verifying DNM heritability. Also, given that it is the first and only
pedigree-based analysis of a strepsirrhine primate, it cannot yet be
known if the results are representative of the strepsirrhine clade,
or are more likely to be an artefact of study design. A reduced male
mutational bias is plausible in this case; however, given that mouse
lemurs reproduce early in life, coincident with puberty. These results
are similar to those from a pedigree-based analysis of the collard fly-
catcher (Smeds et al., 2016), even though earlier phylogenetic analy-
ses in birds supported a male-bias (Axelsson et al., 2004; Ellegren &
Fridolfsson, 1997). Uncertainties have also been reported for mono-
tremes, with comparative genomic (although not pedigree-based)
studies failing to reveal a strong male mutation bias (Cortez et al.,
2014). Subsequent analysis by the same group of investigators has
reported nuances that could result from the action of purifying se-
lection on the Y-chromosome in monotremes and as well as other
mammals (Link et al., 2017).

Taken together, new research is adding nuance to the simple hy-
pothesis that cell division from spermatogenesis explains parental
variation in W. Hurst and Ellegren (1998) asserted that the germ-line
cell division model "is unlikely to be the whole truth" with regard
to male mutation bias (p. 451). They argued that an array of other
mutagenic mechanisms might apply, including patterns of methyl-
ation, exposure to oxygen free radicals, temperature effects, and
possible metabolites that might act differentially on sperm. New
analyses appear to be bearing them out, with DNA damage due to
the hardships of aging taking on strength as a contributor to the age-
related effects on u (Ohno, 2019). Cellular aging is being examined
from variety of empirical perspectives including cellular function
(Monaghan & Metcalfe, 2019), mutagenesis (Aitken et al., 2020), ma-
ternal aging (Gao et al., 2019), and the timing of puberty (Ségurel
et al., 2014; Thomas et al., 2018; Wang et al., 2020, 2021; Wu et al.,
2020). The full resolution of these conflicts and complexities will
benefit enormously from expanded pedigree-based studies across a
more comprehensive phylogenetic sample with attention given not
only to the parental source of DNMs, but also to their genomic and
developmental context (Goldmann et al., 2016; Jénsson et al., 2017,
Link et al., 2017; Narang & Wilson Sayres, 2016; Wong et al., 2016).

3.4 | Effective population size, selection, and
mutator loci

It has been noted largely from mutation accumulation studies of
single-celled organisms as well as with model organisms that p varies
widely across phylogenetic scales and is negatively correlated with
effective population size (N,): when N, is small, u tends to be high
(Sung et al., 2012); when N, is large, u tends to be low (Long et al.,
2016). Further, there appears to be a positive correlation between
genome size and W, such that organisms with large genomes have
higher rates than those with smaller genomes (Smeds et al., 2016).
This relationship was first noted in microbes wherein rates per base
pair were observed to vary by approximately 16,000-fold whereas
rates per genome varied only by 2.5-fold (Drake, 1991). Given the
"largely mysterious" patterns observed on a site-by-site basis, Drake
(1991) supposed that any underlying rules were likely to be observed
in comparisons of the mutation rate per genome per round of DNA
replication, with the further expectation that overall rates must have
evolved under general evolutionary forces.

Here lie the underpinnings of the drift-barrier hypothesis (Lynch,
2010). Although there are various complexities relating to genome
size, and to the differential phylogenetic characteristics of eukary-
otes and prokaryotes (Sung et al., 2012), the drift-barrier hypoth-
esis states that N, can explain variation in p across species due to
selection as it acts more efficiently on DNA replication fidelity in
larger populations. Rather than being a balance between the usually
deleterious effects of mutation and selection to reduce those costs,
the lower limits of the genome-wide de novo mutation rate must
ultimately be set by the barriers imposed by genetic drift, which
is determined by N.. In such a model, the mutation rate will scale
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negatively with N, up to the point where further reductions in rate
cannot overcome the selective disadvantage of even the weakest
"mutator allele."

At a first glance, pedigree-based measurements of u in animals
appear to largely bear out these predictions (Figure 3a; Table S1),
and can also be observed in traits that are autocorrelated with N,
such as body mass (Figure 3b). However, these relationships can ex-
plained by phylogenetic structure alone (Felsenstein, 1985; Whitney
& Garland, 2010). When analysing phylogenetic independent con-
trasts instead of raw values (Supporting Information), the relation-
ship between p and N, (Figure 3c) as well as body mass (Figure 3d)
disappear. Some explanations have been offered as to why a simple
negative correlation between p and N, would not be anticipated.
The relationship between p and N, can change when mutations are
strongly advantageous, and when slightly deleterious mutations are
linked to selected sites. Further, these effects will have differential
impacts across the expanse of a given genome (Lanfear et al., 2014;
Martincorena & Luscombe, 2013). This latter nuance in particular
has been noted to have relevance to endangered species and sub-
sequent conservation strategies given that both N, and u can vary
across the genome (Zeng et al., 2019).

Finally, some causes of variation in i may be better observed
at the population level as opposed to macrospecies phylogenetic
comparisons. As sequencing technologies are becoming ever more
precise, the relationship among lineages, their individual histories,
and the idiosyncratic interactions of genotype and environment
are coming into focus relative to the fixation of various hyper-
mutator (Harris, 2015; Harris & Pritchard, 2017) and antimutator

alleles (Maddamsetti & Grant, 2020; Sasani et al., 2021). Thus, an
exciting frontier is within reach wherein investigators will have
the analytical tools to explore the capacity for adaptive evolution
as it relates to the interaction of mutation rate, genetic diversity,
life history strategies, and environmental conditions (Rousselle
et al., 2020).

4 | THE PATH FORWARD

Among the most pressing needs going forward for pedigree-based
studies is for comparable methods wherein all studies confirm to a
shared set of practices. These include, although are not limited to,
agreed-upon standards for contiguity and phylogenetic proximity
of reference genomes, methodologies for determining false posi-
tive and false negative rates, and a standard set of variant filters.
Comprehensive analyses of multiple species and pedigrees with
different estimators of u may help develop best practices, and em-
phasize the degree to which variation in p is due to methodological
choices rather than biological differences. Even though estimates
of u may still be flawed, they will at least be similarly flawed, and
thus comparable as we seek to discover the connections between
genetic, environmental, and trait variation and the evolution of p.
Thankfully, efforts are being coordinated to this end (Bergeron et al.,
in prep), thus highlighting the future promise of pedigree-based mu-
tation rate studies.

With each new rate estimate, we gain knowledge, particularly

as we expand our inquiry across broader phylogenetic scales.
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Given the rate at which sequencing technologies are improving in
accuracy and contiguity, pedigree-based studies should become
increasingly more discerning. Also, as the associated costs con-
tinuing to drop, study designs of the breadth and depth previously
available only for model organisms will become more common for
non-model species. Here, it is worth noting the perhaps unappre-
ciated value of zoos and other living-stock collections for enabling
these leaps into new organismal systems. These collections offer
precious opportunities for incorporating multigeneration pedi-
grees, as well as comprehensive databases of individual life his-
tory records including age, sex, number of offspring over lifespan,
longitudinal health records, cause of death and other fundamen-
tal aspects of a given organism's biology (McCluskey et al., 2017).
Thus, with a combination of technical, computational, and existing
biological resources, we can be confident that classic hypotheses
of molecular evolution will be increasingly refined with biological
and functional sophistication.
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