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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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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  
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Mutation rate per « generation »:
~1.3x10-8 at age 30

Þ Mutation rate per year: 
~4.3x10-10



Neutral theory of 
molecular evolution

v Kimura 1968; King and Jukes 1969; Ohta 1973

v Claims:
- Most of the observed molecular polymorphisms and 
substitutions are neutral (does NOT claim that most 
mutations are neutral).
- Adaptation is rare and has negligible effects on 
polymorphism and divergence.
- If mutations are neutral, the fixation (substitution rate) = 
the mutation rate

v Extended to the “nearly neutral theory” by T. Ohta
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Fixation probability = 1/2N, where N number of diploid individuals



Rate of fixation = rate of mutation

Rate of fixation = 2Nu * (1/2N)

Number of 
chromosomes in 
the population

Mutation rate 
per generation

Input of mutation 
each generation

Fixation 
probability of any
given mutation



Neutral	
substitutions

T	=	average	time	
to	most	recent	
common	ancestor	
of	human	and	
chimpanzee

The phylogenetic approach

e.g.                A C C

C>A



The phylogenetic approach

e.g.                A C C

C>A0.625%	of	
sites	have	
changed

0.625%/u = T

=> T = 14.5 My

Most recent
common ancestor

Split time



Suspiciously old estimates
Human-orangutan = 31 Mya

Human-Old World Monkey = 
62 Mya



External	
calibration	points

Neutral	
substitutions

The phylogenetic approach

T fixed, divergence 
observed

=> u

Using T=30 Mya for 
human-rhesus macaques, 
whose divergence is 6.2%, 
u=  10-9 per year
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From Scally & Durbin 2012 NRG



Ancient
sample

Phylogenetic tree of chromosome Y

Fu et al., (2014)

Slide courtesy of Ziyue Gao
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From Sayres et al. 2011 Evolution



v Rodents	have	a	substitution	rate	
2-3	times	higher	than	primates.

v Rodents	have	a	much	shorter	
generation	time	(months)	than	
primates	(decades).

The	“generation	time	effect”

->	more	cell	divisions	per	unit	
time
->	more	replication-driven	
mutations	per	unit	time
->	a	higher	neutral	substitution	
rate	per	unit	time

Wu	and	Li	1984



Moorjani, Amorim et al. 2016 PNAS
See also Hwang and Green 2004 PNAS; Kim et al. 2006 Plos Gen
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x

Human-chimpanzee
ancestor at ~12 My



From Feng et al. 2017 Elife

Owl monkey:
0.8x10-8 per bp per generation
Gen time ~ 6 years
Þ 1.3x10-9 per year, or ~3 higher than in humans… 

Numbers from Thomas et al. 2018 Curr Biol



From Harris 2005 PNAS

Simons Diversity Genome Project (2016 Nature): ~5% longer 
branches in non-African populations



Why do mutation rates evolve?

• Due to changes in generation times and onset of puberty

From Amster and Sella 2016 PNAS



Baboon

Orangutan

Gorilla

Chimpanzee

Split time from humans (MYA)

1 Orrorin 5 Sivapithecus 9   Proconsul 13 CatoPithecus

2 Ardipithecus 6 Proconsul 10 Nsungwepithecus

3 Sahelanthropus 7 Victoriapithecus 11 Propliopithecus

4 Chororapithecus 8 Morotopithecus 12 Oligopithecus

From Amster and Sella 2016 PNAS



Summary
• Mutation rates estimated from pedigrees are only half those that seem to 

be suggested by the fossil record. In other words, current mutation rates 
seem to be suggesting split times between primate species that are too
old.

• One possibility is that mutation rates per year evolve, and have slowed
towards the present. Indeed we know hat yearly mutation rates evolve
across species and even across populations.

• However, the conversion between mutation and divergence is less obvious
than it first seems. It depends on life history traits and in particular male 
to female generation time and the onset of puberty.

• Moving forward, we need direct estimates of mutation rates in multiple 
primates and populations, and more estimates of mutation rates from
« missing divergence » of fossils.



From Scally & Durbin 2012 NRG


