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The sources of human germline mutations are poorly understood.
Part of the difficulty is that mutations occur very rarely, and so
direct pedigree-based approaches remain limited in the numbers
that they can examine. To address this problem, we consider the
spectrum of low-frequency variants in a dataset (Genome Aggre-
gation Database, gnomAD) of 13,860 human X chromosomes and
autosomes. X-autosome differences are reflective of germline sex
differences and have been used extensively to learn about male
versus female mutational processes; what is less appreciated is
that they also reflect chromosome-level biochemical features that
differ between the X and autosomes. We tease these components
apart by comparing the mutation spectrum in multiple genomic
compartments on the autosomes and between the X and auto-
somes. In so doing, we are able to ascribe specific mutation
patterns to replication timing and recombination and to identify
differences in the types of mutations that accrue in males and
females. In particular, we identify C > G as a mutagenic signature
of male meiotic double-strand breaks on the X, which may result
from late repair. Our results show how biochemical processes of
damage and repair in the germline interact with sex-specific life
history traits to shape mutation patterns on both the X chromo-
some and autosomes.

germline mutation spectrum | X chromosome vs. autosome | DNA damage
and repair | signatures of replication and recombination | sex differences in
mutation

Germline mutations, the source of all heritable variation,
accrue each generation from accidental changes to the ge-
nome during the development of gametes. These mutations re-
flect a balance of exogenous damage or endogenous processes
that alter DNA in the germline and processes that correctly re-
pair DNA lesions before the next replication (1). The bio-
chemical machinery that underlies germline mutagenesis can be
conceptualized as a set of genetic loci that modulate the net
mutational input in each generation, and variants in these loci as
“modifiers of mutation” (2, 3). Since the activity of distinct
biochemical pathways often leaves different signatures in DNA
(4-10), these modifiers influence the distribution of mutation
types (the “mutation spectrum”), as well as the total number of
mutations inherited by offspring.

The mutational landscape in the germline is also modified by
the sex of the parent: in humans, notably, it has long been known
that males contribute 3 times as many mutations on average as
females per generation (11, 12). As in other mammals, game-
togenesis differs drastically by sex: female germ cells are arrested
in meiosis for much of their development, whereas male germ
cells enter meiosis late in their development (13-15). Male germ
cells undergo many more cell divisions than female germ cells;
they are also methylated earlier and have higher methylation
levels on average throughout ontogenesis (16). Due to differ-
ences in their cellular biochemistry at different developmental
stages, male and female gametes may be subject to different kinds
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of endogenous and environmental insults, or repair different types
of DNA lesions with varying degrees of efficacy. For example,
male gametes may accrue oxidative damage due to lack of base
excision repair in late spermatogenesis (17). Males and females
also differ in life history traits such as the timing of puberty and
age of reproduction (18), which modulate the exposure of the
gamete to the biochemical states associated with particular stages
of development and thus alter their mutagenic impact. In that
sense, the sex of the parent as well as variants in loci associated
with sex-specific biochemistry and life history are also modifiers of
mutation. The germline mutation spectrum in each generation is
therefore a convolution of the signatures left by biochemical ma-
chinery in DNA sequence and the influence of sex on the de-
velopmental trajectories of germ cells.

In principle, it is possible to characterize mutational mecha-
nisms by decomposing the mutation spectrum into its component
signatures. Such an approach has led to a wealth of insight into
the sources of somatic mutations, i.e., mutations that accumulate
in somatic tissues during normal development or aging. Distinct
signatures of processes that generate or repair DNA lesions have
been identified by analyzing millions of somatic mutations in
their immediate sequence context, across tumor samples of di-
verse etiologies (4, 5, 7, 10). A complementary approach, based
on changes in the mutation spectrum with regional variation in
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genomic features, has further illuminated the influence of local
replication timing, transcription, chromatin organization, and
epigenetic modifications on somatic mutagenesis (19-28).

These methods have proved difficult to apply to the germline,
however, because each offspring inherits only about 70 de novo
mutations on average (29). Thus, the most direct approach to the
study of germline mutations, the resequencing of pedigrees (12,
29-32), remains limited in its ability to identify determinants of
mutation rate variation. For instance, examining 96 possible mu-
tation types considered in a trinucleotide context in ~100,000 de
novo mutations, the biggest study to date found only 3 mutation
types for which the proportion transmitted from mothers and fa-
thers differed significantly (29). Additionally, the mutation pat-
terns from the 3 largest de novo mutation studies combined show
inconsistent patterns of correlation to genomic features, for rea-
sons that remain unclear (33).

One way to overcome the limitation of small samples in studies
of germline mutation is to use polymorphisms as a proxy for de
novo mutations. In large samples, most polymorphisms are rare
and recent enough for effects of direct and indirect selection and
biased gene conversion to be minimal; they should therefore re-
capitulate the de novo mutation spectrum with reasonable fidelity
(31, 34, 35). The much higher density of rare variants across the
genome can then be used to more robustly investigate associations
with genomic features. Using this strategy, a recent study of human
autosomal data identified mutation types and contexts significantly
associated with a variety of genomic features (34). While the au-
thors suggested putative biochemical sources for 3 signatures in
the germline based on their similarity to patterns that have been
reported in tumors, it is unclear to what degree these mechanisms
can be directly extrapolated to the germline (36, 37). Moreover,
sex-specific effects on the mutation spectrum were not considered.

Insight into sex-specific effects can be gained by contrasting
polymorphism levels on the sex chromosomes and autosomes,
since autosomes reflect mutational processes in the male and
female germlines equally, while the X chromosome dispropor-
tionately reflects the female germline, and the Y chromosome
exclusively reflects the male germline. This approach to studying
sex differences has been used extensively; notably, its application
to divergence data provided the first systematic evidence for a
higher contribution of males to mutation in humans and other
mammals (38, 39). Yet no significant influence of sex on the
mutation spectrum was inferred in a recent comparison of
~3,000 rare variants on the X and Y chromosomes (31). Despite
their importance, therefore, the genesis of germline mutations
remains poorly understood to date, and the role of sex-specific
modifiers particularly enigmatic.
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To fill this gap, we consider the spectrum of rare polymor-
phisms across the genome using genome-wide SNPs in the Ge-
nome Aggregation Database (gnomAD) (40, 41). We compare
particular genomic “compartments,” or units of the genome with
unique combinations of biochemical and sex-specific properties,
on the X and autosomes; this approach enables us to tease apart
biochemical and sex-specific influences on the germline mutation
spectrum. With over 120 million SNPs to analyze across the
genome, we can thus detect even subtle differences in mutational
patterns between genomic compartments.

Materials and Methods

We use whole genome SNP data from 15,496 individuals made available by
gnomAD, which includes 9,256 Europeans and 4,368 African or African-
American individuals (40, 41). We limit our analysis to the 6,930 female in-
dividuals in the dataset to sample X chromosomes and autosomes in equal
numbers. We then compare the diversity levels of different mutation types
in pairs of genomic compartments (Fig. 1A). In these data, there are ~120 mil-
lion SNPs, of which 53% of the variants are singletons (i.e., variants seen only
once in the sample, with an allele count of 1), and 11% are doubletons (allele
count = 2) (Fig. 1B). Only about 10% of variants are at frequency 1% or greater;
we retain them, given that their inclusion does not affect our qualitative results
(SI Appendix, Fig. S1).

As in other recent studies, we extract the single base pair flanking se-
quence on each side of the variant position using the hg19 reference to
obtain mutations in their trinucleotide context and combine mutations in
reverse complement classes (for example, the ACG > ATG and CGT > CAT
classes are collapsed into the former) to obtain 96 mutation types. Unless
otherwise noted, we treat the major allele as the ancestral state at a site;
however, we obtain similar results using the ancestral allele and context
from the 1000G reconstruction of the ancestral human genome sequence
(42) (S Appendix, Fig. S2). We include multiallelic sites (~6% of the data) by
counting the multiple derived alleles separately as if they had occurred at
separate biallelic sites with the same major allele (S/ Appendix, Fig. S3). To
obtain the diversity level for each mutation type within a genomic com-
partment, we divide the number of segregating sites of a particular type by
the number of mutational opportunities, i.e., sites where a single change
could have given rise to that mutation type; this approach accounts for base
composition within a compartment.

To compare mutation types across 2 genomic compartments, we normalize
the diversity for each mutation type by the total diversity within each
compartment. In this way, we control for the effect of population genetic
processes that affect diversity across compartments but do so evenly across all
mutation types, and isolate differences in the mutation spectrum; this step is
particularly important for comparisons between the X chromosome and
autosomes. For each of 96 mutation types, we test if the observed relative
diversity in the 2 compartments differs from what would be expected by
chance. To this end, we designate 1 of the 2 compartments as the “test” and
the other as the “reference” compartment. Our null expectation is that
the number of mutations of a particular type in the test compartment is
binomially distributed with a mean value proportional to the observed
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(A) A schematic of genomic compartments on the X chromosome and autosomes. Three compartments on the X chromosome are depicted: the PAR,

regions of the X that escape inactivation (E), and regions of the X that undergo inactivation (I). Also depicted are 2 hypothetical autosomal compartments
with distinct biochemical properties (c1 and c2). Analyses include pairwise comparisons of mutational patterns between autosomal compartments and be-
tween the X chromosome and autosomes. (B) The frequency spectrum of variants (n = 120,521,915) in the 13,860 chromosomes analyzed. Over two-thirds of

mutations are present at 3 copies or less in the sample.
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diversity for that type in the reference compartment, adjusted for overall
differences in diversity between the 2 compartments (S/ Appendix). Muta-
tion types are considered significantly different in their frequencies between
the 2 compartments if the 2-tailed P value from the binomial test is below
the Bonferroni-corrected 5% significance threshold. This approach implicitly
ignores sampling error in the estimate of diversity of the designated refer-
ence compartment; we verify that our results are insensitive to this as-
sumption by using alternative approaches to calculate significances that do
not make this assumption, but have other limitations (Dataset S1). We
consider the effects of highly mutable types on the distribution of other
mutation types (S/ Appendix, Fig. S4); we also consider possible differences
in sequencing error rates between compartments and replicate our findings
in 2 alternate datasets (S/ Appendix, Figs. S5-57).

Results and Discussion

Biochemical properties vary along the genome, both on auto-
somes and the X chromosome. In turn, sex-specific influences
from the germline are the same across autosomes, but differ
between the X chromosome and autosomes. We therefore first
compare autosomal compartments with distinct biochemical
features to illuminate biochemical influences on the mutation
spectrum. Then, by comparing compartments across the X
chromosome and autosomes and accounting for average bio-
chemical differences between them, we disentangle sex-specific
and biochemical influences on the mutation spectrum.

Replication Timing and Its Covariates Influence the Germline
Mutation Spectrum. We consider autosomal compartments that
differ with regard to specific biochemical properties in the
germline. In cases where these data are unavailable for germline
tissue and we are limited to somatic cell lines, we focus on bio-
chemical features that have broadly similar distributions across
tissue types. Replication timing is consistently an important
predictor of local mutation rates (43, 33, 36) in both the soma
and the germline, and broad-scale replication timing maps are
relatively concordant across tissues (44, 45) (SI Appendix, Fig.
S8). The observed mutagenic effect of late replication has been
hypothesized to be due to a decline in the efficacy of mismatch
repair with delayed replication, less time for repair, or the ac-
cumulation of damage-prone single-stranded DNA at stalled
replication forks (26, 43).

To assess if replication timing affects the germline mutation
spectrum, we compare autosomal regions that differ in their
replication timing using available data from LCL and H9-ESC
cell lines (44, 46). As expected, almost all mutation types are
significantly enriched in late replicating regions relative to early
replicating regions (Fig. 24 and SI Appendix, Fig. S94). In par-
ticular, we observe a substantial enrichment of C> Aand T > A
mutations in late replicating regions, a pattern also observed by
ref. 34 in a different sample of rare variants. Moreover, the mean
replication timing in 1-Mb windows across the genome explains
~60% of the variation in C > A and T > A enrichment in those
windows relative to the autosomal average and between 2% and
26% for all other mutation types (P < < 107°), suggesting that
these 2 mutation types are particularly sensitive to replication
timing (Fig. 2B and SI Appendix, Fig. S9B).

Because replication timing is correlated with multiple genomic
features, including higher order chromatin structure, epigenetic
modifications, and in particular, DNA methylation at CpG sites,
some of the observed patterns could be reflective of these pro-
cesses rather than replication per se. To assess the marginal
impact of CpG methylation on the effect of replication timing,
we consider early and late replicating regions within and outside
CpG islands, which are regions of CpG hypomethylation across
tissue types (47, 48). We find that at both CpG sites inside and
outside islands, C > A mutations are enriched in late replicating
regions (SI Appendix, Fig. S10), suggesting that this signal is not
due to differences in methylation. Moreover, we also observe this
pattern at non-CpG sites (SI Appendix, Fig. S10).
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Fig. 2. The effect of replication timing on the mutation spectrum at dif-
ferent scales, using replication timing scores from the LCL cell line. (A)
Comparison of the spectrum of 96 mutation types in late replicating
(score < —0.5) autosomal regions relative to early replicating (score > 0.5)
autosomal regions. Positive and negative effects have been separately or-
dered by effect size from left to right; only the top 50 significant positive
and negative effects are shown for legibility. The size of the circle reflects
the number of mutations of that type. (B) For each of 6 mutational classes,
the enrichment in 1-Mb windows relative to all other autosomal windows
combined, ordered by the mean replication timing. Positive replication
timing scores indicate earlier than average replication. Autosomal windows
are shown in solid light gray circles; windows on the X chromosome have
been overlaid in black hollow circles. (C) For each of 6 mutational classes,
enrichment on individual autosomes and X relative to all other autosomes
combined, ordered by the mean replication timing. Positive replication
timing scores indicate earlier than average replication.

The association of C > A and T > A mutations with replica-
tion timing does not necessarily imply that they are “replicative”
in origin, i.e., due to errors directly introduced by the replication
machinery while copying intact DNA, as they could also reflect
greater unrepaired damage in later replicating regions (26). In
particular, since C > A mutations are a known consequence of
oxidative damage in somatic tissues (4, 5, 49-51), it is plausible
that these mutations accumulate in regions of late replication
due to greater damage to exposed single-stranded DNA, or
poorer repair in these regions.

Considering other factors shown to influence mutation pat-
terns, we recover a known signature of CpG methylation: tran-
sitions at CpG sites (C > T mutations in the ACG, CCG, GCG,
and TCG trinucleotide contexts), which are thought to be due to
the spontaneous deamination of methyl-cytosine to thymidine,
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are highly depleted in the hypomethylated CpG islands com-
pared to the rest of the genome (SI Appendix, Fig. S114). Sim-
ilarly, we detect an increase in C > G mutations in a subset of
autosomal regions previously shown to be enriched for clustered
C > G de novo mutations (SI Appendix, Fig. S11B). This C > G
signature is thought to reflect inaccurate repair of spontaneous
damage-induced double-strand breaks (DSBs) in the germline
(29, 52).

Importantly, the impact of these biochemical features on mu-
tation does not average out across chromosomes. Comparing in-
dividual autosomes to all other autosomes reveals ubiquitous
variation in the mutation spectrum at the chromosome level (S
Appendix, Fig. S11C). In particular, individual chromosomes that
replicate later, on average, show greater enrichment of C > A
and T > A mutation types: differences in mean replication timing
for individual autosomes explain ~90% of the variation in C > A
and T > A enrichment at the chromosome level (P < < 107°),
while they explain ~50% or less for other mutation types (Fig.
2C). These results demonstrate that replication timing, and po-
tentially other genomic features such as methylation and pro-
pensity for accidental double-strand break damage, lead to
chromosome-level differences in diversity, hinting at some
plausible sources for observed but unexplained chromosome-
level differences in average divergence (37).

Sex-Specific Influences on the Mutation Spectrum Are Subtle but
Likely Ubiquitous. Next, we assess the impact of sex on the germ-
line mutation spectrum by comparing mutational patterns on the
X chromosome and autosomes. The X chromosome is dispro-
portionately exposed to mutational processes in the female
germline; viewed from a population perspective, there are more X
chromosomes in females than in males, but the same number of
autosomes in both. Thus, mutation types that arise more com-
monly in the female germline are expected to be enriched (and
mutation types that arise more commonly in the male germline
depleted) on the X chromosome relative to autosomes. We ac-
count for population-level properties that may affect the mutation
spectrum differently on the X and autosomes (SI Appendix).
Having done so, we find most mutation types to be differentially
enriched on the X and autosomes (Fig. 34).

Importantly, however, these X-autosome differences do not
only reflect differences in male and female mutational processes;
given the substantial effect of biochemical features on muta-
tional patterns observed at the chromosomal scale, they also
potentially reflect differences in the distribution of these bio-
chemical features on the X chromosome and autosomes. For
instance, in de novo mutation studies (29, 32), C > A mutations
are found to arise more often in males, suggesting that they
should be depleted on the X. Instead, they are found enriched on
the X chromosome relative to autosomes (Fig. 34). A possible
explanation is that the X accrues excess C > A mutations be-
cause it replicates late in the germline. C > A mutations are
known to be associated with oxidative damage (4, 5, 49-51),
which remains unrepaired in sperm (17), and is likely repaired at
or before the first cell division in the zygote (53-55). Late rep-
lication of the X chromosome at this stage, perhaps due to the
inactive status of the paternally inherited X in female embryos
(56), could then indeed be expected to result in an enrichment of
C > A mutations on the X relative to autosomes, despite a pri-
marily male source of damage. This example underscores that
accounting for the X-specific effects of biochemical features is key
to uncovering true sex differences in X-autosome comparisons.

One well-characterized idiosyncratic property of the X is X
inactivation, which is associated with X-specific changes in meth-
ylation, transcriptional activity, and notably, replication timing:
because the inactive X chromosome exhibits a significant lag in
replication, on average the X replicates later than autosomes (57).
Though X inactivation is a short-lived process in the germline—
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limited to early embryogenesis in females and brief meiotic and
postmeiotic periods in males (58-61)—it could nevertheless lead
to observable differences in the mutation spectrum between dif-
ferent regions of the X. The “active” compartment of the X
chromosome, i.e., the ~15% of the transcribed X that constitu-
tively escapes inactivation across tissues (62, 63) may therefore
differ in its mutation spectrum from the rest of the X. Comparing
autosomes with the inactive and active regions of the X, we find
T > C mutations at GTC sites and C > T types at ACT sites
enriched in both active and inactive regions of the X, relative to
autosomes and T > G mutations at ATG sites depleted both in the
active and inactive regions of the X relative to autosomes (Fig. 3 B
and C and SI Appendix, Fig. S12). Since these cases cannot be
attributed to X inactivation and are enriched (or depleted) con-
cordantly on compartments of the X chromosome that differ in
their replication timing, methylation levels, and other features,
they are strong candidates for true sex differences in mutation.
Given that the genic compartment known to escape inactivation
across tissues is a small fraction of the X chromosome, there are
likely many more subtle ones that we miss.

A complementary approach to minimizing X-specific bio-
chemical influences on the mutation spectrum of the X in X-
autosome comparisons is to consider regions of the X chromosome
that are comparable to autosomes in their average replication
timing. The replication timing on the X chromosome across mul-
tiple human cell lines depends on whether one of the X chromo-
somes is inactivated (SI Appendix, Fig. S8) (15, 44, 45, 64-66). This
observation suggests that controlling for replication timing differ-
ences between the X chromosome and autosomes may also control
for the effects of other correlated features, including those asso-
ciated with X inactivation. Using this approach, all 3 mutation
types that we highlight as putative sex differences based on their
differential enrichment in the active compartment of the X relative
to autosomes are also observed as significant differences between
the X chromosome and autosomes (Fig. 44 and SI Appendix, Fig.
S13). That we find the same types with this complementary ap-
proach provides further evidence that they are true sex differences.

We also detect a number of additional differentially enriched
types between X and autosomes after controlling for replication
timing differences (Fig. 44); many of these types are enriched
concordantly in early and late replicating regions of the X rela-
tive to autosomes (SI Appendix, Fig. S14). Assuming that a ma-
jority of X-specific effects are accounted for when we control for
replication timing, these types can also be considered putative
sex differences. In that respect, it is noteworthy that C > A
mutations are enriched in inactive or late replicating regions of
the X, but depleted in the active or early replicating regions of
the X, when compared to autosomes (SI Appendix, Figs. S12—
S14). This pattern is what we would expect from the combined
influences of a male bias and an effect of replication timing on
C > A mutations, as we suggested earlier.

We further assess these putative sex-specific signatures by
comparing them to results from the largest human pedigree
study of de novo mutations to date (29). Among the 6 broad
mutational classes, ref. 29 shows C > T mutations significantly
enriched in maternal, and C > A, C > G, and T > G mutations
relatively enriched in paternal de novo mutations. The muta-
tional patterns we observe on the X chromosome and autosomes
after controlling for differences in replication timing are con-
sistent with these effects: we find C > T mutations significantly
enriched and C > A, C > G, and T > G classes significantly
depleted on the X chromosome relative to autosomes (Fig. 4B
and SI Appendix, Fig. S13). Ref. 49 also shows 3 mutation types
in their trinucleotide context (TCC > TTC, ACC > AAC, and
ATT > AGT) as significant sex differences: of these, we find 2 as
significant X-autosome differences. As expected, the mater-
nally enriched TCC > TTC type is relatively enriched on the X
chromosome, and the paternally enriched ACC > AAC type is
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Fig. 3. Comparison of the mutation spectrum on the X chromosome and autosomes. The PAR and CpG sites are excluded from this analysis. Only significant
differences are shown. Positive and negative effects have been separately ordered by effect size from left to right. The size of the circle reflects the number of
mutations of that type. (A) Enrichment of mutation types on the X chromosome relative to autosomes. (B) Enrichment of mutation types in the genic
compartment of the X chromosome that escapes inactivation, relative to genic regions on autosomes. Hollow circles represent mutation types enriched (or
depleted) in both the escaped (i.e., active) and inactive compartments of the X relative to autosomes. (C) Enrichment of mutation types in the genic X
chromosome compartment that undergoes X inactivation, relative to genic regions on autosomes. Hollow circles represent mutation types enriched (or
depleted) in both the escaped (i.e., active) and inactive compartments of the X relative to autosomes. The larger number of significant differences in C
compared to B likely reflects at least in part the approximately 5-fold greater amount of data in the inactive versus the active genic regions of the X

chromosome.

relatively enriched on autosomes (Fig. 44). We do not observe
the third type as differentially enriched on the X and auto-
somes, possibly because there are genomic features specific to
the X that mask its enrichment in females.

In turn, the types that we identify as putative sex differences
from the comparison of X active, X inactive, and autosomes are
not reported as significant sex differences in ref. 29. The reason
may be that most of them reflect subtle X-autosome differences,
with X enrichment or depletion in the range of 5 to 10%.
Translating these enrichments into a difference between males and
females requires a full population genetic model, including as-
sumptions about demography and life history (67). Nonetheless,
such subtle X-autosome differences likely correspond to small sex
differences that current de novo studies are underpowered to detect.

A Subset of Meiotic Double-Strand Breaks Have a Mutagenic Impact
Similar to Accidental Damage. In the preceding section, we sug-
gested a plausible mechanism through which local biochemical
influences and sex-specific properties of the germline jointly in-
fluence the distribution of C > A mutations on the X chromosome
and autosomes. Here we highlight another mutation type, C > G,
which is also distributed in a sex-specific and chromosome-specific
manner, but is largely insensitive to replication timing.

As recently reported, clustered C > G de novo mutations are
concentrated in particular autosomal regions, and the number
of such mutations transmitted in each generation increases
with paternal age and exponentially with maternal age at re-
production (29, 52). Maternal age at reproduction determines
the duration of oocyte arrest, since females are born with their
entire complement of oocytes, which remain in dictyate arrest
until ovulation. Based on the sex-specific patterns of accumula-
tion with age and genomic properties of these mutations, the
authors speculated that the C > G clusters could be due to the
more frequent spontaneous occurrence of damage-induced
DSBs in some genomic regions and an increasing rate of such
damage in older oocytes. In this view, C > G mutations are as-
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sociated with accidental double-strand break damage in both
males and females.

Accidental damage is not the only source of double-strand
breaks in the germline; however, during meiosis, double-strand
breaks are deliberately induced along the genome, through tar-
geting of PRDM9-binding motifs (68, 69). These DSBs are
repaired through the homologous recombination pathway; a small
minority are resolved through crossovers (COs), which involve
exchanges of large segments between homologous chromosomes,
and the rest are thought to be repaired through noncrossover gene
conversion events (NCOGCs), though another small subset may
involve nonhomologous end joining and other mechanisms (70,
71). Potentially, these meiotic DSBs could have a mutagenic im-
pact similar to that of spontaneous double-strand breaks; however,
a clear mutational pattern common to both has not been seen to
date. For instance, using DMC1 ChIP-Seq data from human
spermatocytes, ref. 72 reported C > G enrichment to a small
degree around male autosomal hotspots (72); but the source of
these types was not discussed further by the authors and is po-
tentially due to overlap with regions of clustered de novo C > G
mutations reported in ref. 29. Another recent study did not find de
novo C > G mutations enriched within autosomal crossover hot-
spots identified in pedigree studies (73). We test if there is indeed
an enrichment of C > G mutations associated with meiotic DSBs
by comparing the mutation spectrum within and outside hotspots
on autosomes; we use DMCI1 hotspots in males and crossover
hotspots in females because we do not have a map of DMC1
binding in female gametes. Our results are consistent with pre-
vious observations: we do not observe C > G enrichment in au-
tosomal hotspots for males or females once we exclude regions
of clustered de novo C > G mutations (SI Appendix, Figs. S11B
and S15 A4 and B).

We next consider the X chromosome, which in females
recombines like an autosome, but in males is in the unusual po-
sition of having no homolog outside the pseudoautosomal region
(PAR). In males as in females, meiotic DSBs are nonetheless
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Fig. 4. The mutation spectrum on the X and autosomes matched for av-
erage replication timing. The PAR and CpG sites are excluded from this
analysis. (A) Comparison of the mutation spectrum on the X chromosome
and autosomes matched for average replication timing. Only significant
differences are shown. Positive and negative effects have been separately
ordered by effect size from left to right. Hollow circles represent mutation
types also enriched (or depleted) in both the active and inactive compart-
ments of the X relative to autosomes (Fig. 3 B and (), and in both early and
late replicating regions of the X relative to autosomes (S/ Appendix, Fig.
S14). Crosses denote mutation types reported as significant sex differences
by ref. 29. (B) The X-autosome spectrum for 6 mutation classes, controlling
for mean replication timing (in red), compared to known male-female dif-
ferences from ref. 29 (in black). Solid points are statistically significant dif-
ferences at the 5% level, accounting for multiple tests.

made both inside and outside the PAR (72, 74-76). Properties
of recombination events on the X and autosomes differ mark-
edly between sexes; notably, the pseudoautosomal region 1
(PARL1), a 2.6-Mb region on the X chromosome, experiences an
obligate crossover in males, but normal levels of recombination
in females (74, 77-79) and in male germ cells, DSBs are
repaired late on the X chromosome relative to autosomes (72,
74-77T). These considerations raise the possibility that mutational
patterns in hotspots on the X chromosome in males may reflect
these sex-specific features of recombination and behave differently
relative to autosomal hotspots in males and relative to both X and
autosomes in females. To explore this hypothesis, we compare
mutation patterns on autosomes to those in PAR1, which is exposed
to the male and female germlines to the same degree as autosomes
(since 2 copies are carried by both males and females), and does not
undergo X inactivation (80). We find that C > G mutation types are
systematically enriched on the PARI1 relative to autosomes (Fig.
5A4), indicating that repair of meiotic double-strand breaks in this
region in males is associated with C > G enrichment.

We further characterize the source of the C > G enrichment
using DMC1 ChIP-Seq data from human spermatocytes (72).
The DMCI signal reflects intermediates in the homologous re-
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combination pathway; high levels of DMCI1 binding can reflect
either an increased frequency of double-strand breaks (hotspots
of greater intensity) or a greater duration of intermediates, i.e., a
longer time to repair (72, 74). Using these data, we find that
there is clear C > G enrichment not only in PAR1, but also in
hotspots on the X chromosome outside PAR1; moreover, the
enrichment increases with the strength of the DMCI signal (Fig.
5 B and C and SI Appendix, Fig. S15C). That we observe C > G
enrichment in male hotspots on the X chromosome but not in
male hotspots of similar average intensities on autosomes (Fig. 5
B and C and SI Appendix, Fig. S154) or in female crossover
hotspots on autosomes (SI Appendix, Fig. S15B), leads us to
speculate that the predominant source of this C > G signature is
the delay in repair of DSBs on the X chromosome relative to
autosomes in male meiosis. We note that because hotspots de-
tected in spermatocytes could also be used in female meiosis
(81), without a female-specific map of DMC1 binding, we cannot
exclude the possibility that C > G enrichment is also associated
with recombination on the X in females; however, the observed
C > G enrichment in the strongly male-biased hotspot PAR1
(Fig. 5) supports our conjecture of a male-specific impact of
meiotic DSBs on the X, at least in this region.

One possibility is that the enrichment of C > G mutations
stems from a switch in the repair machinery late in meiosis (82—
84); DSBs still not repaired by this stage may be repaired by a
more mitotic-like repair pathway, which could potentially be
mutagenic (84, 85). Notably, the source of the C > G signature
reported in ref. 29 in specific autosomal regions could also be
late repair; indeed, if these areas reflect damage, as the authors
surmise, they may only undergo repair later in meiosis. Thus, a
shared biochemical pathway may underlie the mutagenic impact
of both spontaneous and a subset of meiotic DSBs. Moreover,
our results illustrate a subtle sex-specific mutagenic effect of
meiotic recombination, whereby the repair of meiotic DSBs on
the X specifically in males gives rise to C > G mutations; in that
sense, components of the recombination machinery that are in-
volved in late repair of double-strand breaks are sex-specific
modifiers of mutation.

Implications

By comparing the mutation spectrum across different compart-
ments of the genome, we identify putative signatures of sex dif-
ferences in the germline and plausible biochemical sources of
mutagenesis. Notably, we show that replication timing affects the
mutation spectrum along the genome and find a mutagenic ef-
fect of meiotic recombination that is both sex specific and X
specific, revealing an appreciable effect of double-strand breaks,
both accidental and deliberate, on the mutation spectrum.

Interestingly, our analysis suggests that signatures of sex dif-
ferences in the germline are likely abundant, but their contri-
butions to the mutation spectrum are subtle, relative to those of
biochemical processes shared in the 2 sexes. This finding is hard
to reconcile with the idea that male mutations are mostly repli-
cation driven, whereas female mutations reflect a large contribu-
tion of spontaneous damage, as then we might expect substantially
different types of mutations inherited from mothers and fathers.
Instead, consistent with a greater role of spontaneous damage and
its repair in both male and female germlines (52), our results are
most readily explained if male and female mutational mechanisms
are overall highly similar, underpinned by the shared mechanisms
associated with replication, transcription, methylation, and re-
combination, and other sources of damage. Subtle differences in
the mutation spectrum between males and females could then be
expected to arise due to sex-specific rates of damage and repair at
different stages in germline development.

These sex differences in germline mutation are modulated by
life history traits of males and females. As one example, the
proportion of C > G mutations transmitted in a single generation
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increases with the age of the mother (29, 52). Indeed, even when
there are no sex differences in the biochemical process itself,
much of the biochemical machinery that influences mutation
must in theory have subtle sex-specific effects, simply because
sex-specific life history traits modulate exposure to biochemical
influences differently in males and females. Changes in life his-
tory traits, or in the frequency of variants associated with sex-
specific life history traits over evolutionary time could then
change the proportion of particular mutation types and thus alter
the mutation spectrum over time. Together with other sex-
specific modifiers of mutation, life history traits likely play a
role in the evolution of the mutation spectrum not only on au-
tosomes, but also on the X chromosome relative to autosomes.

In this respect, we note that a number of recent studies have
shown that the mutation spectrum changes slightly across pop-
ulations (3, 86-88). These findings have largely been attributed
to biochemical modifiers of mutation that alter the relative rates
of different mutation types by influencing the biochemical pro-
cess of error/repair over time. Our results highlight that life
history traits and other sex-specific modifiers could potentially
result in the same kinds of changes in the mutation spectrum and
the mutation rate over time. Moreover, parental ages of re-
production explain a large proportion of the observed mutation
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rate variation among ~1,500 individuals at present (29). Variants
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