
Genèse des mutations germinales chez l’Homme

Molly Przeworski
Cours #1



http://www.sbs.utexas.edu/levin/bio213/popgen/popgen.html http://www.pnas.org/content/97/13/7016

https://www.rdmag.com/news/2017/02/understanding-genetics-human-height



Mutation neutre

Mutation délétère

Mutation bénéfique

1062 Am. J. Hum. Genet. 75:1059–1069, 2004

Figure 1 Inferred haplotypes at CYP3A4 and CYP3A5. Neither
singleton sites nor multiallelic indels were included. The chimpanzee
sequence was used to infer the ancestral allele at each site. The numbers
on the right indicate the number of haplotypes in each population.
The asterisk (*) indicates the position of CYP3A5*1/*3. Numbers
below the gene names indicate the position of each polymorphic site
relative to the reference sequence for each gene (GenBank accession
numbers AC069294 and AC005020 for CYP3A4 and CYP3A5,
respectively).

tive Tajima’s D values at the CYP3A4 and CYP3A5
genes indicate an excess of rare variants; this, together
with the low polymorphism levels, raises the possibility
of a selective sweep.

An excess of high frequency derived alleles may be
expected soon after a selective sweep is completed or at
some stage during an ongoing sweep and can be assessed
by means of the H test (Fay and Wu 2000). The results
of the H test were significant for CYP3A4 in the Eu-
ropean and Asian samples ( and , re-P p .006 P p .003
spectively). The results for CYP3A5 were not statistically
significant for any population sample; however, the power
of the test may be low because of the small number of
polymorphic sites at this locus. The inferred haplotypes

in figure 1 show that the high-frequency-derived alleles
tend to be in strong LD (see also fig. A2 [online only]).
Two haplotypes, which differ from each other by a single
site, account for 60% and 65% of the European and Han
haplotypes, respectively. These results suggest that the
pattern detected by the H test in the non-African samples
is largely due to the increase in frequency of one hap-
lotype class that contains several derived alleles and that
spans ∼150 kb. We used the haplotype test (Hudson et
al. 1994) to ask if the haplotype structure is indeed in-
consistent with the neutral-equilibrium model. We ran
coalescent simulations to generate 1,000 samples that
contained the same number of polymorphic sites ob-
served in the total surveyed segment (that contained both
CYP3A4 and CYP3A5) in the European and Han sam-
ples, and we calculated the proportion of simulated sam-
ples that contained a subset that accounted for 60% and
65% of the haplotypes, respectively, and contained one
or no polymorphic site (Hudson et al. 1994). This pro-
portion is 0.2% and 2% in Europeans and Han, re-
spectively, and it suggests that the haplotype structure
is indeed unusual.

To assess whether the low polymorphism levels and
the skew toward rare variants is unusual, we compared
our results with the data (referred to as “SeattleSNPs”)
of the University of Washington–Fred Hutchinson Can-
cer Research Center Variation Discovery Resource that
focuses on genes involved in inflammation. Statistical
tests of neutrality, including the H and the haplotype
tests, assume a population at equilibrium. However, hu-
man populations do not fit the equilibrium expectations.
Comparing the CYP3A4 and CYP3A5 genes with an em-
pirical distribution, such as that of the SeattleSNP genes,
circumvents this problem. This comparison was facili-
tated by the fact that the European and African Ameri-
can samples used in our study are the same as those used
in the SeattleSNP project; no Asian data is available in
the SeattleSNP data set. To take into account the strong
evolutionary constraints in the surveyed segments, we
normalized the polymorphism levels according to the
amount of interspecies sequence divergence by taking
the ratio of vW and sequence divergence between human
and chimpanzee; the value obtained for the CYP3A4 and
CYP3A5 genes was compared with the distribution of
the same quantity in the 159 SeattleSNP genes (table 1).
The same comparison was made for the Tajima’s D val-
ues. A summary of the distribution of the SeattleSNP
polymorphism data is given in table 2. Although on the
low end of the distribution for the SeattleSNP genes, the
polymorphism levels normalized for interspecies diver-
gence observed in CYP3A4 are not unusual; a more
marked reduction is seen at CYP3A5, in which the ratio
of vW and interspecies divergence is in the 2.8th per-
centile of the SeattleSNP distribution for both African
Americans and Europeans. Tajima’s D values in the Eu-
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Fig 4. The basic model for non-replicative mutations. (A) The DNA dynamics before and after cell
division. The upper panel shows the DNA states prior to the next cell division, and the lower panel shows the
DNA states of the daughter cells after cell division. (B) The per cell division mutation rate increases with the
time between two consecutive cell divisions and reaches an asymptote when the cell divides sufficiently
slowly. (C) The rate at which non-replicative mutations accumulate per unit time increases with the cell
division rate.

doi:10.1371/journal.pbio.1002355.g004

Interpreting the Time-Dependence of Mutation Rates

PLOS Biology | DOI:10.1371/journal.pbio.1002355 January 13, 2016 10 / 16

Gao et al. 2016 PLoS Biology

Mutations not due to replication errors?

Ziyue Gao
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Parental influence on human germline de novo 
mutations in 1,548 trios from Iceland
Hákon Jónsson1, Patrick Sulem1, Birte Kehr1, Snaedis Kristmundsdottir1, Florian Zink1, Eirikur Hjartarson1, 
Marteinn T. Hardarson1, Kristjan E. Hjorleifsson1, Hannes P. Eggertsson1, Sigurjon Axel Gudjonsson1, Lucas D. Ward1, 
Gudny A. Arnadottir1, Einar A. Helgason1, Hannes Helgason1, Arnaldur Gylfason1, Adalbjorg Jonasdottir1, Aslaug Jonasdottir1, 
Thorunn Rafnar1, Mike Frigge1, Simon N. Stacey1, Olafur Th. Magnusson1, Unnur Thorsteinsdottir1,2, Gisli Masson1, 
Augustine Kong1,3, Bjarni V. Halldorsson1,4, Agnar Helgason1,5, Daniel F. Gudbjartsson1,3 & Kari Stefansson1,2

The characterization of mutational processes that generate sequence 
diversity in the human genome is of paramount importance both to 
medical genetics1,2 and to evolutionary studies3. To understand how 
the age and sex of transmitting parents affect de novo mutations, 
here we sequence 1,548 Icelanders, their parents, and, for a subset 
of 225, at least one child, to 35× genome-wide coverage. We find 
108,778 de novo mutations, both single nucleotide polymorphisms 
and indels, and determine the parent of origin of 42,961. The 
number of de novo mutations from mothers increases by 0.37 per 
year of age (95% CI 0.32–0.43), a quarter of the 1.51 per year from 
fathers (95% CI 1.45–1.57). The number of clustered mutations 
increases faster with the mother’s age than with the father’s, and the 
genomic span of maternal de novo mutation clusters is greater than 
that of paternal ones. The types of de novo mutation from mothers 
change substantially with age, with a 0.26% (95% CI 0.19–0.33%) 
decrease in cytosine–phosphate–guanine to thymine–phosphate–
guanine (CpG>TpG) de novo mutations and a 0.33% (95% CI 0.28–
0.38%) increase in C>G de novo mutations per year, respectively. 
Remarkably, these age-related changes are not distributed uniformly 
across the genome. A striking example is a 20 megabase region on 
chromosome 8p, with a maternal C>G mutation rate that is up 
to 50-fold greater than the rest of the genome. The age-related 
accumulation of maternal non-crossover gene conversions also 
mostly occurs within these regions. Increased sequence diversity and 
linkage disequilibrium of C>G variants within regions affected by 
excess maternal mutations indicate that the underlying mutational 
process has persisted in humans for thousands of years. Moreover, 
the regional excess of C>G variation in humans is largely shared by 
chimpanzees, less by gorillas, and is almost absent from orangutans. 
This demonstrates that sequence diversity in humans results from 
evolving interactions between age, sex, mutation type, and genomic 
location.

In a previous study, we found that the number of de novo muta-
tions (DNMs) transmitted by fathers increases with age, at a rate of  
∼ 2 per year, with no significant effect of the mother’s age4. Recently, 
studies have shown a maternal age effect5–7 of 0.24 DNM per year  
(ref. 6). The greater impact of the father’s age is consistent with repeated 
mitosis of spermatogonia (∼ 23 per year (ref. 8)), whereas ova do not 
divide  postnatally. Moreover, mothers transmit relatively more C> T, 
and fewer T> G and C> A, DNMs than fathers6. Nucleotide type2,9, 
sequence context2,9, replication timing10, functional constraints9,11, 
apolipoprotein B messenger RNA-editing enzyme catalytic (APOBEC) 
polypeptide activity12, and epigenetics13,14 have also been reported to 
affect the mutational landscape. DNM clusters in the human germline 
are characterized by an excess of C> G mutations15,16, are often of 

maternal origin17, and show strand concordance18. Despite many 
advances, our knowledge on how sex differences in germ cell devel-
opment and maintenance affect their mutability is limited. To assess 
differences in the rate and class of DNMs transmitted by mothers and 
fathers, we analysed whole-genome sequencing (WGS) data from 
14,688 Icelanders with an average of 35×  coverage (Data Descriptor19). 
This set contained 1,548 trios, used to identify 108,778 high-quality 
DNMs (101,377 single nucleotide polymorphisms (SNPs); Methods 
and Fig. 1), resulting in an average of 70.3 DNMs per proband.

1deCODE genetics/Amgen Inc., 101 Reykjavik, Iceland. 2Faculty of Medicine, School of Health Sciences, University of Iceland, 101 Reykjavik, Iceland. 3School of Engineering and Natural  
Sciences, University of Iceland, 101 Reykjavik, Iceland. 4School of Science and Engineering, Reykjavik University, 101 Reykjavik, Iceland. 5Department of Anthropology, University of Iceland,  
101 Reykjavik, Iceland.
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Figure 1 | Family relationships and phasing of DNMs in three-
generation families. a, b, Number of offspring per parent pair and three-
generation family proband. c, Schematic view of the three-generation 
phasing approach. The DNM (star), along with the paternal chromosome 
(blue segment), is transmitted from the proband to an offspring. We 
modelled DNM transmission in three-generation families and used the 
resulting prediction to define high-quality DNMs (Methods). d, Number 
of DNMs per proband. e, Phased DNMs as a function of the parent’s age at 
conception (restricting to 225 three-generation probands). The lines are 
from a Poisson regression. Grey area, 95% CI. Dither was added to the  
ages in e.
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change substantially with age, with a 0.26% (95% CI 0.19–0.33%) 
decrease in cytosine–phosphate–guanine to thymine–phosphate–
guanine (CpG>TpG) de novo mutations and a 0.33% (95% CI 0.28–
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differences in the rate and class of DNMs transmitted by mothers and 
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Figure 1 | Family relationships and phasing of DNMs in three-
generation families. a, b, Number of offspring per parent pair and three-
generation family proband. c, Schematic view of the three-generation 
phasing approach. The DNM (star), along with the paternal chromosome 
(blue segment), is transmitted from the proband to an offspring. We 
modelled DNM transmission in three-generation families and used the 
resulting prediction to define high-quality DNMs (Methods). d, Number 
of DNMs per proband. e, Phased DNMs as a function of the parent’s age at 
conception (restricting to 225 three-generation probands). The lines are 
from a Poisson regression. Grey area, 95% CI. Dither was added to the  
ages in e.
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~0.4 mutations per year
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Linear increase with paternal age
~¾ of mutations inherited from 
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“One plausible explanation for the drastic 
age-related sex differences in transmitted 
DNMs is the relative lack of mitosis in ageing 
oocytes compared with spermatogonia, 
which may enrich for damage-induced 
DNMs.” 
Jónsson et al. 2017 Nature 
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1) le nombre de divisions de cellules
germinales mâles de la
détermination du sexe à la puberté a
été considérablement sous-estimé

2) après la détermination du sexe, les
divisions des cellules germinales
sont beaucoup plus mutagènes chez
les hommes que chez les femmes;

3) Les dommages contribuent de
manière substantielle aux mutations
de la lignée germinale mâle pendant
la puberté.
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Recap

The number of mutations inherited by a child increases with 
paternal and maternal age.

In a typical sample of humans, ¾ of mutations are of paternal origin. 
This number shows little dependence on parental ages.

Some fraction of mutations and possibly most mutations are non-
replicative in origin and poorly repaired.
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Summary

The number of mutations inherited by a child increases with 
paternal and maternal age.

In a typical sample of humans, ¾ of mutations are of paternal origin. 
This number shows little dependence on parental ages.

Some fraction of mutations and possibly most mutations are non-
replicative in origin and poorly repaired.

Mutations arise at all stages of development, from zygote to 
sperm/egg. What fraction arise at each stage is still unknown in any 
mammals, and likely differs among species.


