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Highlights
Both the age of the father and the

age of the mother are positively

correlated with the number of de

novo mutations (DNMs) in offspring,

with the effect size of paternal age

being larger.

DNMs associated with paternal and

maternal aging each have unique

mutational signatures based on

their nucleotide substitution spec-

trum and genomic locations.

DNM clusters have characteristics

distinct from nonclustered DNMs,

suggesting different underlying

mutational causes.

Post-zygotic mutations arising during

early embryonic development are a

frequent phenomenon and differ

from nonmosaic germline DNMs in

their mutational spectrum.

A subset of presumed DNMs can

be traced back as low-level mosaic
Human germline de novo mutations (DNMs) are both a driver of evolution and an important

cause of genetic diseases. In the past few years, whole-genome sequencing (WGS) of parent–

offspring trios has facilitated the large-scale detection and study of human DNMs, which has

led to exciting discoveries. The overarching theme of all of these studies is that the DNMs of

an individual are a complex mixture of mutations that arise through different biological pro-

cesses acting at different times during human development and life.

De novo mutations

Human de novo mutations (DNMs, see Glossary) are germline mutations that newly occurred within

one generation. While the vast majority of the genome has been inherited from earlier generations,

DNMs provide new genetic variation. The consequences of the new genetic mutation can vary widely.

While neutral or advantageous mutations might become established in the genome of our species

and thereby contribute to human evolution, changes to crucial genetic sequences can also result

in misfunctioning of biological systems, resulting in severe disease. One of the earliest known exam-

ples of this was Down syndrome, which is caused by a de novo trisomy of chromosome 21 [1–3]. In

recent years DNMs have been found to be a prominent cause of neurodevelopmental diseases,

including intellectual disability, autism, and schizophrenia [4,5]. The unbiased study of de novo point

mutations in humans was for many years hampered by the lack of techniques to scan the entire

genome in a cost-effective way. The introduction of next-generation sequencing (NGS) technologies

has spurred investigations of DNMs in humans [6]. DNMs can refer to a variety of different mutation

types, such as single-nucleotide substitutions, insertions, deletions, and copy-number variants

(CNVs). In this review we focus on single-nucleotide mutations and review the progress made in

this field since the introduction of WGS, exploring their biology and possible underlying mechanisms

(Figure 1, Key Figure), but not the potential pathological consequences.
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mutations in the somatic tissue of

a parent. These mutations have

a distinct mutation spectrum and

can recur in future offspring.
The Paternal Age Effect

One of the most prominent findings concerning germline DNMs is the fact that their number increases

steadily with the age of the father at conception. The concept of mutations being associated with age

was first described by the human geneticist Wilhelm Weinberg in 1912, who observed that sporadic

achondroplasia is more common in last-born children than in first-born children [8]. For several sporadic

genetic diseases, the association with paternal age is stronger than the association with maternal age

[9]. It has been hypothesized that the underlying cause of these associations could be unprecise

genome copying during the large number of cell divisions required for continuous sperm cell produc-

tion in males [8–10]. The first direct observation of DNM rates being higher for offspring of fathers of

advanced age was made by WGS of 78 Icelandic parent–offspring trios [11]. This study described

that the number of DNMs in the offspring is dependent on the age of the father, with a slope of two

additional DNMs per year of life of the father at the time of conception. This association of increased

paternal age with increased numbers of DNMs in offspring is generally called the paternal age effect.

The main hypothesis of the underlying cause for the paternal age effect is that mutations arise from

incidental copying errors during genome replications [8–11]. Genome replications are frequent in

the male germline to ensure continuous generation of sperm cells. The stem cells for sperm produc-

tion are spermatogonia, located in the seminiferous epithelium. Spermatogonia divide to renew

themselves and give rise to spermatocytes, which will eventually differentiate into sperm cells

[12]. During aging, the mean number of divisions per spermatogonium continues to increase,

with each replication potentially introducing new mutations due to copying errors. Due to this,
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Key Figure

Overview of Distinct Classes of GermlineDeNovoMutations (DNMs)

(A)

(B) (C)

Figure 1. (A) Schematic depiction of the biological niches where DNMs arise. The earliest DNMs of an individual

arise during the embryonic development of both parents, starting with the specification of primordial germline

cells during gastrulation (top schemes; green bolts). During aging of the father, DNMs arise in spermatogonial

cells, which replicate continuously to produce sperm (mid-left scheme; blue bolts). Aging of the oocytes in the

mother is not accompanied by genome replications, but mutations still arise (mid-right; red bolt). Finally, post-

zygotic mutations during early embryonic development of the offspring can affect a large fraction of the

offspring’s cells (bottom scheme; orange bolt). (B) While aging-associated mutations are more predominant in

offspring from parents of advanced age, the number of embryonic DNMs is independent of parental age.

Parent–offspring trio sequencing experiments do not allow the analysis of mutations arising during childhood;

therefore, uncertainty remains about DNM accrual before the fertile period. (C) Each class of DNM has a distinct

mutational spectrum. All numeric values are based on observations by Sasani et al. [7].

Glossary
Crossover interference: crossover
recombination events formed
during meiosis are not randomly
distributed along chromosome
arms. Usually, only one event oc-
curs per chromosome arm and in
the case of two events there is a
large distance between them. This
phenomenon, that crossovers do
not occur in close proximity, is
termed the ‘interference’ of
crossovers.
De novo mutations (DNMs): while
literally meaning ‘new’ mutations,
most commonly this refers to
germline mutations that are pre-
sent in most cells of an individual
but not present in the majority of
its parents’ cells. Thereby, de novo
mutations are the mutations that
were introduced in the germline
during the course of one
generation.
Double-strand break (DSB): a
DNA lesion that leads to a com-
plete breach of both phosphate
backbones of the DNA molecule.
Germline: the developmental
lineage of cells from which haploid
gametes will be formed. Germline
cells will transmit the genome to
the next generation. All cells that
are not part of the germline are
somatic cells.
Mosaic mutations: mutations that
affect only a subset of the cells of
an individual.
Mutational signature: a typical
‘footprint’ mutational spectrum
that occurs in many samples and
may be associated with a specific
mutational cause.
Mutational spectrum: a summary
statistic of a group of mutations
describing the relative fre-
quencies of nucleotide conver-
sions that resulted from the mu-
tation. Six nucleotide conversions
can be distinguished in
sequencing data (i.e., C/G>A/T,
C/G>G/C, C/G>T/A, T/A>A/T,
T/A>C/G, T/A>T/A>G/C). In
addition, the nucleotide conver-
sions are often stratified by the
nucleotides surrounding the
affected base, resulting in a spec-
trum of 96 mutation types.
Mutation cluster: multiple muta-
tions that affect the same allele of
the same chromosome and occur
in close spatial proximity (with in-
termutational distances smaller
than 10–60 kb).
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Next-generation sequencing
(NGS): a group of technologies
that allow the reading of the DNA
sequence at unprecedented
speed and scale.
Paternal/maternal DNMs: DNMs
that affect the allele of the chro-
mosome inherited from the father/
mother, respectively.
Post-zygotic mutations (PZMs):
mosaic mutations that arose in
early embryonic development.
Primordial germline cell specifi-
cation (PCGS): the induction of
germline cells during early em-
bryonic development.
Read phasing: deduction of the
allele affected by a mutation from
the pattern of sequencing reads.
This deduction allows assessment
of the parental origin of the
affected allele. In addition, it can
be used to identify mosaic
mutations.
Somatic cells: all cells in a human
body that are not part of the
germline.
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spermatogonia are believed to accumulate mutations during aging, thereby explaining the paternal

age effect.

Next to this genome-wide paternal age effect, an additional paternal age effect has been observed

for highly specific mutations. Due to particular activating mutations in specific genes, affected sper-

matogonia lineages can generate more sperm cells than other lineages. As a consequence, the effec-

tive germline mutation rate in these genes is up to four orders of magnitude higher than the genome-

wide rate. This effect has been termed selfish spermatogonial selection (Box 1). The association of

these mutations with paternal age is stronger than the linear genome-wide paternal age effect [13].

Recent studies have confirmed the observation of the general paternal age effect [23–28]. The gen-

eration of large-scale datasets allowed deeper characterization of the DNMs, including the analysis of

mutational spectra andmutational signatures (Box 2). Themutational spectrum of human DNMs has

been found to mainly comprise two mutational signatures that are known from somatic mutations in

cancer [24,29]. These two signatures occur in a wide range of somatic tissues and accumulate muta-

tions in a clock-like manner (i.e., at a constant rate). Therefore, in somatic tissues these signatures are

likely to represent the impact of aging on DNA. In line with the replication-error hypothesis, one of

these signatures is associated with genome replication [29]. Surprisingly, however, the mutational

spectrum of DNMs is not constant and changes with the age of the father at conception. With

advancing paternal age, more T>G substitutions and fewer non-CpG C>T substitutions are found

in the offspring [27,28]. The existence of such differences suggests that, besides the paternal ag-

ing-associated mutations, there is another type of mutation that is independent of paternal age.

With increasing age of the father, the balance of these types of mutation shifts and the mutational

spectrum becomes biased towards more paternal aging-associated mutations.

The Paternal Age Effect and Estimations of the Number of Germline Genome

Replications

According to the genome-replication hypothesis for the paternal age effect, the number of replications

should be directly proportional to the number of DNMs in offspring. The established model for esti-

mating the number of genome replications that occurred during development from zygote to sperm

cell includes the following factors [10,34,35]. First, during very early embryogenesis, about ten cell divi-

sions occur until germline cells are specified and the germline is established. Second, during sex organ

development, the seminiferous ducts become colonized with germ cells, which requires about 24 germ-

line cell divisions after germ cell specification. During the further fetal period and childhood, the semi-

niferous epithelium rests and no cell divisions occur. Starting in puberty, spermatogonia will divide

continuously to generate spermcell precursors. It has been estimated that the average spermatogonium

divides 23 times per year during this period [36]. Finally, an age-independent number of four genome
Box 1. Selfish Spermatogonial Selection

Themutations that accumulate in spermatogonia during paternal aging can also have an effect on the fitness of

the spermatogonia themselves. While mutations in essential genes might lead to the eradication of the sper-

matogonial lineage, other mutations can result in selective advantages and lead to clonal expansion; that is,

the outgrowth of the specific cell lineage, a process often linked to precancerous lesions. Clonal expansions

have been observed in human tissues like bone marrow [14], skin [15], and esophageal epithelium [16], as

well as many others [17]. In the human testis, clonal expansion has been observed to be driven by oncogenic

mutations of growth factor receptors and components of the RAS–MAPK pathway [13,18]. As a consequence of

the expansion of mutated spermatogonia that occurs in the testes of healthy men during aging [19–21], the

number of sperm carrying these mutations grows continuously at rates much higher than the general,

genome-wide paternal age effect. If these mutations are passed on to offspring, they will cause developmental

disorders. One prominent example is achondroplasia, a condition characterized by short stature that is caused

by mutation of the fibroblast growth factor receptor 3 (FGFR3) gene. Achondroplasia occurs more frequently

than expected based on average mutation rates and its occurrence is strongly associated with paternal age

[10,22]. It was shown that these pathogenic mutations are often present as high-level mosaicisms in the testes

of the fathers of achondroplasia patients [20,22].
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Box 2. Mutational Signatures

From the analysis of cancer genomes it is known that exposure to mutagens or failure of DNA repair pathways

can result in mutations with specific patterns. An example is the light-associated skin cancers, in which C>T and

CC>TT nucleotide substitutions are very common [30]. The advent of NGS technologies allowed the system-

atic study of mutational patterns in large collections of well-annotated cancer genomes [31–33]. In these

analyses, the mutational signatures were analyzed by differentiating the six nucleotide substitution types

and stratifying by the nucleotides surrounding the affected base pair, resulting in spectra of 96 mutation types.

By mathematically deconvoluting archetypical patterns in the spectra of cancer mutations, these efforts iden-

tified 49 single-nucleotide-substitution mutational signatures. These signatures are well annotated and a sub-

set could be linked to underlying mutational mechanisms. The mutational signatures are available online

(https://cancer.sanger.ac.uk/cosmic/signatures). Analysis of a mutational spectrum and comparison with the

known signatures can hint at the underlying mutational mechanisms.
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replications is needed to proceed from spermatogonium to sperm cell. To give an example, the number

of genome replications of an average sperm cell of a 30-year-oldmale can be estimated as ten very early

embryonic divisions, plus 24 early embryonic divisions, plus 17 years of sperm production each with 23

divisions (assuming a sperm production onset at the age of 13 years [37]), and finally four replications for

spermatogenesis. This is in total 429 replications. Fathers at the age of 20 and 60 years would generate

sperm after 199 and 1119 replications, respectively.

However, these estimates for genome replications are not proportional with the observations on

DNM accrual (Figure 2). While the number of replications increases by a factor of more than five be-

tween the parental ages of 20 and 60 years, the number of DNMs increases by less than a factor of

three, as the estimated numbers would be 40 and 91, respectively [28]. Supporting the observations

on DNMs, the epidemiological risk of giving birth to a child affected by a developmental disorder (of

which a large fraction is caused by DNMs [38]) increases with paternal age only by a factor of less than

two (from 0.24% for fathers andmothers both below 22 years up to 0.47% for fathers andmothers both

above 42 years) [39]. This mismatch of the observations with the genome replication data has been

reported several times and remains unresolved [40–44].
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Figure 2. Estimated Genome Replications in the Male Germline versus Number of De Novo Mutations

(DNMs) in Offspring.

During the reproductive period, the number of genome replications is estimated to grow by a higher factor than

the number of observed DNMs (see text). Black dots indicate observations of DNM numbers in parent–offspring

trios; the black line indicates a linear fit to the data [28]. Green line and green axis indicate the estimated

number of genome replications in the male germline. Dark-gray area, prenatal period; light-gray area, childhood.
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A crucial factor for the genome-replication model is the estimate of the annual post-pubertal sper-

matogonium division rate. This estimate of 23 divisions per year is based on observations in the

1960s by Heller and Clermont [36], who radiolabeled the seminiferous epithelium of the testicular

ducts and showed that one division cycle lasts 16 days, which would extrapolate to 23 divisions per

year. This extrapolation implicitly assumes that there are no interruptions or resting phases between

the divisions. However, more recent studies have observed the nature of spermatogonial self-renewal

to not be a unidirectional process but rather be driven by stochastic cell transitions, including cell

stages without replicative activity [12,45,46]. Such a nonhierarchical model of spermatogonial self-

renewal with stochastic, continuous oscillation between cell stages is supported by recent single-

cell studies in two ways. First, analyses of single spermatogonial transcriptomes have shown that

there is a continuous distribution of cells that do not express replication markers on the one hand

and cells that are expressing markers of both replication and sperm differentiation on the other

hand [47–51]. Second, spermatogonia have been found to be able to adapt their transcriptomes

into both directions, either towards the replication-inactive state or into the amplification and differ-

entiation state [47]. A spermatogonium division model that incorporates such oscillation with

dormant cell stages would imply a slower rate of spermatogonium divisions and would therefore

provide a better fit with the observations on DNM accrual. Such a model has been proposed and

its parameters have been estimated by a fit to DNM accumulation data [43]. Amean spermatogonium

division time parameter of 300 days provided the best concordance with the observations. According

to this model, the yearly increase of spermatogonium divisions would be not 23 divisions per year, but

0.8. Subsequently, the number of germline divisions for sperm of 20-year-olds and 60-year-olds would

be 44 and 76, respectively. This constitutes an increase by a factor of 1.7, which would be similar to the

increase in DNM numbers. In addition, a lower rate of spermatogonium divisions would also imply

that the human spermatogenesis per-replication mutation rate would be more similar to the same

rate in the mouse as well as to the per-replication mutation rates for other phases of human germline

biology [52,53]. Taken together, recent observations of DNM accumulation and single-cell transcrip-

tome analyses of the spermatogenic epithelium suggest that estimated spermatogonium division

rates may have been based on wrong assumptions.
The Maternal Age Effect

Until the advent of WGS, DNMs were mostly studied as one contiguous group. However, in the past

few years several studies have shown that maternal DNMs, although less frequent, contribute a

distinct and characteristic source of germline mutations. By applying sequence-based read phasing,

the parent of origin of the mutated allele can be assessed (Box 3). Studies applying this approach

have found that the fraction of DNMs on the maternal allele is about a quarter to a third [23,24]. It

has been suggested that this fraction is independent of the age of the parents [44], as maternal

DNMs also accumulate during aging, although the rate of accumulation is smaller than for the

paternal allele. The maternal age effect was initially detected by correlation [25] and later confirmed

using maternal DNMs [26,27]. The mechanism underlying the maternal age effect cannot involve

genome replication, as the production of oocytes ceases prenatally and no more genome replica-

tions occur. Therefore, the mechanisms that underlie maternal aging-associated DNMs must differ

fundamentally from those underlying the paternal aging-associated DNMs. In line with this biological

difference, the mutational spectra of maternal and paternal DNMs also differ. Maternal DNMs are

enriched for C>Gmutations and paternal DNMs are enriched for C>T mutations at CpG sites [27,28].

While the precisemechanisms that underlie maternal mutations remain to be understood, some clues

were recently identified. First, there was the observation of genome regions highly enriched for

maternal DNMs (up to eight times compared with paternal DNMs), including stretches of several

million bases on chromosome 8, 9, and 16 [26–28]. The relative frequency of C>G mutations in these

regions is significantly higher than among paternal DNMs and even higher than in the remaining

maternal DNMs. These genomic regions were previously noticed for their peculiar patterns of recom-

bination in the female germline. Meiotic gene conversions are highly enriched in these regions [54]

and meiotic crossovers are less likely to comply with crossover interference [55]. This indicates

that meiotic recombination could play a role in the formation of maternal DNMs. The second clue
832 Trends in Genetics, November, Vol. 35, No. 11



Box 3. Determining the Origin of a Mutated Allele

Whenapplyingparent–offspring trio sequencing to identifyDNMs, the variants are all identified individually such that

the constitution of the alleles is unknown. For a subset of regions it is, however, possible to assemble the two haplo-

type alleles based on the sequencing data. This approach, termed (read) phasing, relies on the fact that two variants

occurring in the same sequencing read must come from the same DNAmolecule and thus from the same allele. This

can be applied toDNMs and nearby heterozygous inherited variants, such that themutated allele can be assigned to

one of the parents. If the nearby variant is present in only one parent, the parent of origin of the mutated allele is

determined in this way.With short-read sequencing technologies that generate reads of up to 150 bp, inherited var-

iantsmust lie relatively close to theDNM tobepresent in the same sequencing read. Because the variantmust also be

uniquely attributable to a single parent to be informative, thismethod successfully determines the parent of origin for

only 15–30% of DNMs. Figure I illustrates this approach.

SNP1 DNM SNP2

Mother
A/C A/AA/A

Father      
A/A C/CA/A

Child
A/C A/CA/C
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Figure I. Sequencing Reads Spanning Two SNP Locations and a De Novo Mutation (DNM) Location on

the Paternal Allele.

The sequencing reads from mother, father, and child are shown. SNP1 is an informative SNP for the maternal

allele; SNP2 is informative for the paternal allele. In the child, the sequencing read that contains the DNM also

contains the SNP indicative of the paternal allele.
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concerns the under-representation of CpG mutations on the maternal allele compared with the

paternal allele. CpG sites in cells of the male germline are methylated at a higher rate than in the fe-

male germline, making the sites more prone to spontaneous deamination and C>T transitions [44,56].

While further research on this will be necessary to verify these hypotheses, these findings demon-

strate how the biology of a cell lineage shapes the mutational spectrum (see Outstanding Questions).
DNM Clusters

In 2012 Michaelson et al. introduced the concept ofmutation clusters; that is, mutations on the same

DNA molecule within short reciprocal distances, usually below several kilobases [57]. Michaelson

et al. suggested that these represent a distinct subset of 2–3% of DNMs arising due to a single muta-

tional event, as the incidence of clusters is too high to be explained by the incidental co-occurrence of

multiple independent sequential DNMs [23,26,57–61]. The initial suggestion that these mutations

represent a distinct subclass has now been substantiated by the finding that clustered DNMs display

a distinct nucleotide substitution spectrum, with a significant enrichment of C>G mutations at non-

CpG sites [23,26,28,58].

Clustered DNMs also differ from other DNMs in their parent-of-origin characteristics and

parental age effects. In sharp contrast to other DNMs, clustered DNMs are equally abundant on

paternal and maternal alleles, and their number is more strongly associated with maternal than

with paternal age [27,28]. The mutational spectra differ significantly between the parental alleles,
Trends in Genetics, November, Vol. 35, No. 11 833
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with the maternal allele being more biased to C>G mutations than the paternal, and the distances

between the DNMs of a maternal cluster are larger than for paternal clusters. Even more strongly

than unclustered maternal DNMs, maternal clustered DNMs are biased to genomic regions prone

to maternal meiotic gene conversions (predominantly, again, on chromosomes 8, 9, and 16). In addi-

tion, these clusters have been observed close to maternal meiotic gene conversions and close to

maternal de novo CNVs [27,28]. Together these observations suggest that at least part of the

maternal clustered DNMs may be introduced by double-strand break (DSB) repair mechanisms

that were active in these regions (see Outstanding Questions).
Embryonic DNMs: Footprints of Germline Development

New mutations not only arise during spermatogenesis and oogenesis, but may occur at any stage of em-

bryonic development. Mutations arising during the embryonal period will be present in only a subset of

cells (i.e., mosaics) and depending on the precise timing during development may be present in some tis-

sues but absent in others. A crucial timepoint for the occurrence of embryonic mutations is primordial

germline cell specification (PCGS) where the germline and somatic tissues are separated. This event

occurs about ten cell divisions after fertilization, in the second or third week of embryonic development.

Mutations that occur before PCGS may be present as mosaics in all the tissues of an individual. We will

refer to thesemutations aspost-zygoticmutations (PZMs). After this event, the germline is genetically iso-

lated from the soma. Mutations that occur during germline development (after PCGS) will be present only

as mosaics in the germline of that individual, and we will refer to these mutations as germline mosaics.

Alternatively, mutations occurring during soma development are referred to as somatic mosaicisms.
Post-zygotic Mutations

PZMs arise during very early embryogenesis before the specification of the germline. These very first

divisions of embryogenesis are considered exceptionally mutagenic [62]. The paternal DNA of the

zygote has been extremely compacted to fit within the head of the sperm cell, such that it is inacces-

sible to repair enzymes. Any DNA damage that occurred during the sperm DNA packaging or during

the sperm cell’s journey still needs repair [63]. Under these circumstances, the zygotic genome is very

prone to chromosomal instability, resulting in aneuploidy and copy number variation [64]. Similarly, it

is estimated that the per-division single-nucleotide mutation rate before PCGS is roughly twice as

high as the mutation rate after PCGS [53].

Since PZMs occur before germline specification, they can affect both somatic and germline cells, and

they are sometimes referred to as mixed or combined mosaicism. Therefore, the mutations can be

identified in the somatic tissues of that individual (e.g., blood), but may also be transmitted to

offspring. In such a case, the offspring will harbor the mutation in all of its cells whereas the parent

carries the mutation in only part of its cells. Thus, if an offspring’s DNM is present as a low-level

mosaic in the somatic tissues of a parent, it must have occurred before PCGS of the parental embryo

[24,65–67]. Because of this approach to identify PZMs using parent–offspring trios, they are often

referred to as parental mosaicism. Sasani et al. applied this approach to blood-derived genome

sequencing data from a cohort of 35 parent pairs and their offspring, identifying 475 germline–

somatic combined mosaic mutations (mean of seven per individual) [7]. Consistent with an early

embryonic mutation timing, no significant difference was found between the numbers of PZMs on

the paternal allele and the maternal allele, nor did they observe a parental age effect. Contrary to

DNMs, there were also no significant differences in the mutational spectra of the paternal and

maternal alleles. The rate of seven early embryonic mutations per individual is likely to be an under-

estimate, as: first, reliable detection of mosaicism is limited by the sensitivity of detection of signifi-

cant deviations in allele ratios (Box 4); and second, the absence of mosaicism in a sampled tissue does

not exclude the presence of mosaicism in other tissues. Earlier studies applying the same approach

yielded lower estimates of early embryonic mutations [24,66]. Future large-scale studies might pro-

vide more insights into the mutation spectra and biases in the genetic locations of these mutations.
834 Trends in Genetics, November, Vol. 35, No. 11



Box 4. Approaches to Identify Mosaic Mutations

Techniques for detecting subclonal mutations are developing rapidly [68,69]. When sequencing large numbers

of cells with a mosaic mutation, the fraction of sequencing reads with the mutation will deviate from the 50%

that is expected for heterozygote variants affecting all cells. Statistical profiling of the distribution of allele frac-

tions from a large number of variants and detection of outliers is an approach to detect PZMs from early

embryogenesis [66,70]. Nevertheless, this approach is limited by the statistical power to detect significant out-

liers and to differentiate them from incidental sequencing errors. Statistical power can be improved by

sequencing samples at a very high coverage or by applying molecular barcoding [71]. Besides this approach,

monozygotic twins, while sharing the vast majority of their genomes, differ by few variants, which are likely to

have arisen from embryonic PZMs [72]. Other approaches to identify PZMs that have recently been demon-

strated rely on the use of read phasing (Box 3) [73,74], sampling of multiple tissues from the same individual

[75,76], or observations on linkage of the mutation in grand-offspring [62]. Despite all techniques being

capable of detecting clones present at high abundance, as theoretically expected for mutations occurring dur-

ing the very first cell divisions of an embryo, uncertainty about timing of the mutations will remain. Due to loss

of cells during development, clonal dynamics, and unequal distribution of alleles among organs, it is difficult to

draw conclusions about the exact timing of mosaic mutations.

Trends in Genetics
Germline Mosaics

The germline is formally established during PCGS, occurring during the third week of embryonic develop-

ment about ten cell divisions after fertilization, when the embryo is implanted into the uterus wall [12,77]. At

that stage, the embryo is a flat, disk-like structure at the interfaceof two cavities, the amniotic cavity and the

yolk sac. The posterior end of this disk is thought to be the location where several cells develop into pri-

mordial germline cells [12,77]. After the specification, germline cells migrate to the gonadal ridge and

further differentiate, eventually turning into spermatogonia or oogonia.

Embryonic mutations that arise after the germline specification are not expected to affect the somatic

cells of the same individual. Nevertheless, they can be passed on to any offspring and potentially have

implications for their health. Mutations occurring earlier in germline development affect a larger frac-

tion of gametes and therefore the transmission risk is higher. DNMs that recur in several offspring

from a parent but that are not detectable in the somatically derived DNA of that person are therefore

likely to have arisen during early germline development. Two recent large-scale studies identified

such mutations by WGS of large numbers of families [7,78]. Sasani et al. investigated large families

with more than seven offspring and showed that 3% of DNMs are shared between siblings. They

conclude that these mutations stem from parental germline mosaics. These sibling-shared DNMs

have a mutation spectrum distinct from nonshared DNMs, with more CpG>CpT mutations and fewer

T>Cmutations [7,78]. The sibling-shared DNMs were equally divided between paternal andmaternal

alleles and their numbers were constant across different parental ages [78]. In addition, the genomic

regions that are especially vulnerable during maternal aging did not show an excess of sibling-shared

mutations. Nevertheless, in parallel with the sexual dimorphism that is established during this phase

of germline development, the spectra of sibling-shared mutations on maternal and paternal allele

differ. Sibling-shared DNMs on the maternal allele are more likely to be T>C substitutions and less

likely to be non-CpG C>T mutations than the same mutations on the paternal allele [78]. All of this

suggests that DNMs derived from parental germline mosaicism may define yet another distinct sub-

class of DNMs that arise through different mutational mechanisms.
Somatic Mosaics

Whereas germline mosaics affect only the germline of an individual, somatic mosaics also occur after

PCGS and affect only the somatic tissues. Therefore, these mutations are not transmittable to

offspring. Somatic mutations occur constantly during life, with an estimated rate of one mutation

per cell division [52]. Mutations arising after organogenesis are usually restricted to the organs or tis-

sue from which they originate. It is good to note that in traditional trio studies somatic mosaic muta-

tions cannot be distinguished from PZMs. In addition, when a somatic mutation is present in a high

fraction of cells, it may be misclassified as a germline DNM [66].
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Outstanding Questions

The mechanism underlying the

maternal age effect cannot involve

genome replication, as the produc-

tion of oocytes ceases and no more

genome replications occur. What are

the causes that drive the maternal

age effect of DNMs?

What causes particular regions in

the human genome to be up to

eight times enriched for maternal

DNMs?

To date, the largest known driver of

DNMs in the general, healthy popu-

lation is aging. Given that in many

populations the mean age at repro-

duction is increasing and subse-

quently the incidence of de novo

genetic disease is likely to increase, it

is desirable to limit the impact of ag-

ing on the genome. How can the

mutagenicity of aging be limited?

Hazardous environmental and

anthropogenic chemicals like

toxins and drugs have long been

known to cause mutations. Can

such mutations be detected in the

germline of the general, healthy

population?

In germline biology and during the

transmission of the genome, DNA is

in several exceptional states. Besides

the extremely prolongedprophase of

maternal meiosis that lasts for several

decades, the packaging of DNA in

the head of sperm cells goes along

with near-complete stripping of his-

tones and extreme condensation of

the DNA. Can we identify mutations

caused by this process?

Depending on the genetic back-

ground, individuals might vary in

the efficiency of their DNA repair

pathways. While certain kinds of

germline DNA damage are re-

paired efficiently in one individual,

they might have a higher chance of

causing mutations in another. Are

there genetic components that

cause some families to have

offspring with DNM numbers

higher or lower than the mean

trend?

What other biological processes

lead to DNMs in the human

genome?

Trends in Genetics
Concluding Remarks and Future Perspectives

The past few years has seen tremendous progress being made in the study of DNMs and their

biology. The overarching theme of all of these studies is that each individual contains a complex

mixture of DNMs that arise through different biological processes. These processes act differentially

on the genome of paternal and maternal germline cells as well as during the development of an in-

dividual. These differences not only are important for our fundamental understanding of biology and

human evolution, but also have implications for human health and disease.

The fact that aging is a large contributor to germline mutation has several implications for contem-

porary and historic populations. Children from parents of advanced age are more likely to suffer dis-

eases caused by DNMs, such as intellectual disability, developmental disorders, autism, and epilepsy

[4,39,79–81]. In line with this, studies of historic populations indicated that late-born children on

average have lower genetic fitness, as they were less likely to survive infancy and to engage in mar-

riage [82–84]. In contemporary populations, there is a significant trend for potential parents to delay

parenthood [85], increasing the probability of genetic disease. This trend will increase the impact of

de novo genetic diseases on our societies in the future.

For families that gave birth to offspring affected by de novo genetic disease, it is of high practical rele-

vance to estimate the chance that the same DNM could recur in a new pregnancy and subsequently

cause a next child to be affected as well. The chance of a mutation affecting several offspring critically

depends on the type of mutation. Mutations occurring after meiosis are present in only one oocyte or

four sperm and are therefore extremely unlikely to affect several offspring. By contrast, mutations that

occurred in the early germline development of one of the parents are likely to affect many germ cells

and are therefore likely to recur. In addition, the pathological spectrum of diseases caused by embry-

onic mutations may differ from nonembryonic DNMs [86,98]. Some diseases appear to be preferen-

tially caused by mosaic mutations, like Cornelia de Lange syndrome [87,88], Dravet syndrome [89],

and encephalitic epilepsy [90,91]. In other diseases the causative mutations are exclusively found

as mosaics, like for instance Proteus syndrome [92]. Another example is dominant mutations in the

geneMECP2 at the X chromosome that give rise to RETT syndrome in females but causes embryonic

lethality in males. However, when these mutations occur as PZMs, males may be affected with the

same syndrome [93].

For a long time, it has been impossible to deduct the precise timing of a mutation, but with

increasing knowledge of the different types of DNMs and their properties it is now possible to pro-

vide some probabilistic indications. Jonsson et al. implemented an online calculator that is based

on observations in their own dataset to estimate recurrence probabilities [78]. The single most

meaningful criterion for estimating the recurrence risk is whether the mutation is detectable in

any somatic tissues of the parents. In cases of somatic involvement, the mutation predates PCGS

in the parents and is likely to recur (as discussed above). In addition, the recurrence risk depends

on the parental origin of the mutated allele. As there are more aging-associated DNMs in the

male germline, the risk of maternal DNMs arising during embryogenesis and subsequently affecting

a large fraction of germline cells is higher. Consequently, maternal DNMs are more likely to recur

[78]. Future improvements to such recurrence risk assessment, specifically for paternal mutations,

could be to perform semen analysis. This has been demonstrated by Breuss et al., who traced path-

ogenic DNMs from affected offspring back in paternal semen and profiled the fraction of sperm

affected by these mutations [94].

Among the technological developments that will further propel research on DNMs, we want to spe-

cifically highlight three that we believe have most potential. The first is the reduction in cost of

genome sequencing. This makes it feasible to investigate DNMs on an even larger scale andwill even-

tually lead to more classes of DNMs being detected and characterized, including mosaic mutations

(Box 4). The second development is the rise of long-read sequencing that will allow for phasing of a

larger fraction of DNMs and thereby better understanding of the differences between male and fe-

male germlines. In addition, it will allow the identification of mutations in the less-accessible regions
836 Trends in Genetics, November, Vol. 35, No. 11
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of the genome, and reliable identification of more classes of variants, including variations in repeat

regions as well as structural variants across different size ranges [95]. Finally, increased accuracy of

single-cell sequencing will allow the assessment of single gametes for DNMs such that germline

mutations can be studied at unprecedented resolution [96,97].
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