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i Abstract 

Mutations are the fundamental source of biological variation. The Y chromosome is 

mostly haploid and as such it evolves mainly through accumulation of mutations. It is therefore 

useful in population genetics as well as in forensics, medicine and evolutionary biology. It is 

often used as a molecular clock and as such it needs calibration. Here we try to calibrate that 

clock by presenting the point mutation rate for the human Y chromosome. We used 753 whole-

genome sequenced males grouped into 274 patrilines to estimate the point mutation rate for the 

male specific region of the Y chromosome, taking into account that the Y chromosome is a 

mosaic of different sequence classes. Most striking was the difference between the palindromic 

regions and other regions of the male specific Y chromosome. The mutation rate for regions 

excluding palindromes was 8.71 × 10-10 (95% CI = 8.03 × 10−10 to 9.43 × 10−10) per position 

per year but in palindromes it was 7.37 × 10-10 (6.41 × 10−10 to 8.48 × 10−10) per position per 

year. We propose that this difference is due to gene conversion that is able to repair damaged 

nucleotides that would otherwise give rise to mutations in the palindromes but not in other parts 

of the Y chromosome. 
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ii Preface 

 

This thesis outlines the results of a research-based Master’s project in biological 

anthropology conducted at the University of Iceland and deCODE Genetics in the years 2010-

2013. The study was supervised by Dr. Agnar Helgason (deCODE Genetics and the University 

of Iceland). The project and the thesis accounted for 90 ECTS of 120 ECTS units required to 

obtain an MA degree in Anthropology from the University of Iceland. 
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1 Introduction 

Although the human sex determining Y chromosome has been known for some time, it 

has for most of that time been considered a genetic wasteland. Compared to its homologue the 

X, it is small and contains few genes. The view dramatically changed when Skaletsky et al. 

(2003) published the complete sequence of the human Y chromosome, e.g. the non-

recombining region (NRY) became known as the male-specific (MSY), containing genes 

needed for male reproductive fitness. (Hughes & Rozen, 2012). Y chromosome variation has 

been extensively studied by evolutionary biologists and anthropologists to shed light on human 

migration history and by researchers in medical genetics with a focus on reproductive health 

(Jobling & Tyler-Smith, 2003; Stahl & Schlegel, 2012). The Y chromosome has at least two 

properties that make it an extremely useful tool in the investigation of human evolution. First, 

it is inherited only through the male line and thus provides direct information about the 

patrilineal ancestry of individuals and populations. Second, the inference of phylogenetic or 

genealogical trees is simplified by the fact that most of the Y chromosome is haploid and does 

not undergo recombination in meiosis with a homologous chromosome, but rather evolves 

solely through the accumulation of mutations. This makes it an ideal for tracing population 

migration history through the male line, as mitochondrial DNA (mtDNA) is for the female line. 

The Y chromosome has been linked to diseases, most often in relation to sperm count and 

infertility, as it carries many testis-expressed genes (Stahl & Schlegel, 2012). It has also been 

linked to other diseases, e.g. primary biliary cirrhosis, coronary artery disease, blood pressure 

and even CNS disorders as addiction and ADHD (Charchar et al., 2012; Hughes & Rozen, 

2012; Kopsida, Stergiakouli, Lynn, Wilkinson, & Davies, 2009; Lleo et al., 2013; Quinn, 

Hitchcott, Umeda, Arnold, & Taylor, 2007; Shankar et al., 2007).  

Not much work has been done on the Y chromosome based on whole genome 

sequencing (WGS), as it has been viewed as not readily amenable to genetic and genomic 

studies because of its repetitive structure. (Hughes & Rozen, 2012; Kopsida et al., 2009). It is 

our hope that an analysis of the Y chromosome based on WGS data in the context of large 

patrilineal genealogies will contribute towards the resolution of some of these problems. In 

particular, the calibration of the Y chromosome molecular clock will help population 

geneticists, who rely on the mutation rate to determine e.g. the age of mutations and 

demographic events. Recent papers have tried to estimate the age of Y chromosome Adam, i.e. 

the most recent common ancestor (MRCA) of all living human Y chromosomes (Francalacci et 

al., 2013; Mendez et al., 2013; Poznik et al., 2013). This has spurred some debate (Elhaik, 
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Tatarinova, Klyosov, & Graur, 2014; Wilson Sayres, 2013) showing that the field is lively and 

active but in need of a solid mutation rate. Reliable estimates of mutation rates are also likely 

to be of use to scientists involved in paternity testing, forensics, and medical research.  

The structure of this thesis is as follows. In the first chapter, we discuss the structure, 

evolution and mutation rate of the Y chromosome and review the current state of knowledge in 

these fields. In chapter two, we describe the methods used in this study. The results are 

presented in the third chapter and the discussion in the fourth chapter.  Our aim was to calculate 

the Y chromosome mutation rate using WGS data in genealogies. 
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2 Background 

2.1 Sex chromosomes 

Sexual reproduction results in progeny with combinations of paternal and maternal 

genetic material. Although it is still debated how and why sexual reproduction is advantageous 

relative to asexual reproduction, it is commonly accepted that sex increases genetic variation 

and the efficiency of evolution through adaptation. Without sex the world would be duller as 

intersexual selection increases diversity (e.g. the peacock’s tail) (Hoekstra, 2005). Two distinct 

strategies are used by vertebrates to determine sex phenotypes, genetic and environmental. In 

many reptile species, sex determination depends on the temperature of eggs at incubation, 

through an unknown mechanism (Marshall Graves, 2008). In animal species with genetically 

determined sexes, many have sex chromosomes although some rely on the allelic variation at a 

sex-determining locus. When the area surrounding a sex determining allele on a chromosome 

stops recombining with its homologue, it is called a sex chromosome. Birds and snakes have 

the ZW sex chromosome system, where males are homogametic (have two Z chromosomes) 

and females are heterogametic (ZW) (Marshall Graves, 2008).  Humans and most other 

mammals, have the XY sex chromosome system, where males are heterogametic (XY) and 

females homogametic (XX). The two systems share many characteristics, for instance the Y 

and W chromosomes are usually smaller than their X and Z counterparts, have fewer functional 

genes and are less strictly conserved between species. It has even been argued that the XY 

arrangement was transitioned (by an inverted W chromosome becoming Y) from the ZW, as 

has been observed in Rana rugosa where both ZW and XY systems are found geographically 

separated populations (Marshall Graves, 2008). Based on the sequence similarity of X 

chromosomes in therian mammals, and the fact its closest homolog in the Platypus genome is 

autosomal, it has been estimated that the mammalian XY system is at most 210 million years 

(Myr) old (Ellegren, 2011; Marshall Graves, 2008). Sex chromosomes are also known in plants 

and insects (Charlesworth, 2002; Sanchez, 2008). 

2.2 Evolution of mammalian sex chromosomes 

It is thought that mammalian sex chromosomes were originally regular autosomes with 

a sex determining locus that became associated with increasingly suppressed recombination, 

likely as a result of chromosomal rearrangements that were positively selected to minimize the 

burden of linked sexually antagonistic genes (Hughes & Rozen, 2012). Antagonistic genes are 
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beneficial for one sex, but deleterious for the other. Linkage between the sex determining gene 

and sexually antagonistic genes is advantageous, such that both sexes avoid their deleterious 

effects. Such linkage can be achieved by means of an intra-chromosomal inversion, which 

would suppress recombination, and could then be positively selected to fixation in the 

population or species – resulting in a non-recombining pair of homologous chromosomes that 

could thereafter evolve independently to the further benefit of both sexes. Recombination 

remains at small regions near the tips of the human Y chromosome, the so-called 

pseudoautosomal regions (PAR), which ensures the correct pairing with and segregation from 

the X chromosome in sperm producing meiotic cell division in males. The parts of the sex 

chromosomes that do not recombine have deviated from their orthologs by means of mutation 

over time since recombination ceased. When a region stops recombining in a homologous pair 

of chromosomes, a so-called stratum is formed, i.e. an area that deviates from the proto pairing 

autosome. When another area stops recombining, a newer stratum is formed that deviates less 

than the first one since mutations accumulate over time. The human Y chromosome is thought 

to be composed of five discrete regions. Similar, stratum forming, evolutionary processes have 

been observed in other species (Ellegren, 2011; Hughes & Rozen, 2012; Skaletsky et al., 2003). 

Homologous pairing between human X and Y chromosomes is now restricted to two PAR 

regions, which are located at their tips. In contrast, chimpanzees (Pan troglodytes) and rhesus 

macaques (Macaca mulatta) only have one PAR region, corresponding to the one on the human 

short arm (petit). In some mammalian species the sex chromosomes do not pair at all, while in 

others the Y chromosome has been lost entirely, leading some to predict that the human Y 

chromosome may eventually disappear (Hughes et al., 2012; Marshall Graves, 2008). The 

primary cause of decay in the non-recombining part of the Y chromosome is thought to be the 

reduced capacity to sort out advantageous from deleterious mutations (Bachtrog, 2013).  

Only about 50 of the more than 1000 genes present on the X chromosome have 

functional homologues on the Y chromosome (Ross et al., 2005). The MSY contains only 19 

genes that can be traced to the proto sex chromosomes (Hughes et al., 2012). Similar extensive 

gene loss has been seen in independently evolved sex chromosomes in other taxa, which tend 

to have ≤20 functional genes from the original proto sex chromosomes (Betran, Demuth, & 

Williford, 2012). If MSY degeneration were linear in all mammalian taxa, then there would be 

no Y chromosome left in humans considering that some rodents have lost their sex specific 

chromosome, which derived from the same proto sex chromosomes (Hughes et al., 2012). 

Rhesus macaques and humans diverged approximately 25 Myr ago and these two species share 

almost identical sets of genes on their Y chromosome implying that degeneration must have 
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slowed down during this period. The more divergent chimpanzee Y chromosome may be a 

consequence of promiscuous mating behavior and concomitant sperm competition in this 

species (Hughes et al., 2010). Since many genes on the Y chromosome express testis related 

functions, mating behavior may have an important effect on the evolution of the Y chromosome. 

Thus, it has been suggested that the chimpanzee high testis-body size ratio is a result of sperm 

competition (Hughes et al., 2012; Hughes et al., 2010). There exist rodent species where the Y 

chromosome has degraded to extinction leaving its functions to unknown genes (Marshall 

Graves, 2008). One argument for why this has not happened in humans will be discussed in the 

section 2.4 Palindromes but the debate among scholars is ongoing (Griffin, 2012).  

2.3 The structure of the human Y chromosome 

 

The human Y chromosome is composed of five different types of regions: 

heterochromatic, pseudoautosomal, X-degenerate (XDG), X-transposed (XTR) and ampliconic 

(AMP) (Skaletsky et al., 2003) (see Figure 2.1) The heterochromatic regions are ignored in this 

thesis as they have yet to be reliably mapped and sequenced and are only represented in the 

current Y chromosome human reference sequence as contiguous Ns. However, it is worth 

noting that in addition to the standard centromeric heterochromatin, the Y chromosome contains 

a large 31 mega-base (Mb) chunk of heterochromatin on its q-arm, which is more than half of 

its overall length (Skaletsky et al., 2003). The other four types of regions are all euchromatic, 

as opposed to heterochromatic (Hughes & Rozen, 2012; Skaletsky et al., 2003). The two 

pseudoautosomal regions serve the purpose of enabling the X and Y chromosomes to pair and 

segregate correctly in meiotic cell division that produces sperm. The XDG regions derive from 

the original autosomal pair that gave rise to the mammalian sex chromosomes and cover 8.6Mb 

(~15%) of the human Y chromosome. The 16 genes in XDG regions have homologues on the 

X chromosome with high sequence identity, making them the most conserved parts of the proto 

sex chromosomes. In addition, the XDG region contains 27 pseudogenes that have accumulated 

loss of function mutations and are thus truly degenerate. Most of the functioning XDG genes 

are ubiquitously expressed (i.e. in most cells) and serve cell housekeeping functions. Nucleotide 

identity between the XDG regions and their homologues on the X chromosome are between 

60% and 96% (Hughes & Rozen, 2012; Skaletsky et al., 2003).         

The two XTR regions account for 3.4Mb (6%) of the human Y chromosome and are 

thought to have been transposed as a single contiguous fragment from the X chromosome about 



16 

3-4 Myr ago (Skaletsky et al., 2003). They are still 99% similar to the ancestral sequence on 

the X chromosome, and were later cleaved into two neighbouring fragments by the insertion of 

a short ampliconic region. The XTR regions do not recombine with their X homologues like 

the pseudoautosomal regions despite their similarities. They contain two genes, TGF (beta)-

induced transcription factor 2-like Y, expressed in testis and Protocadherin 11 Y, expressed in 

the brain (Hughes & Rozen, 2012; Skaletsky et al., 2003).  

Contrary to claims that the human Y chromosome is disappearing, recent Drosophila 

studies indicate that genes are not randomly lost from sex chromosomes (Kaiser, Zhou, & 

Bachtrog, 2011). Genes expressed in fewer tissues and with lower transcript levels appear to be 

more likely to become non-functional and a nascent Y chromosome‘s expression becomes 

masculinized by being biased toward male specific tissues (Kaiser et al., 2011; Zhou & 

Bachtrog, 2012). There is little sequence variation in genes in the XDG region of the Y 

chromosome among modern human populations compared to regions elsewhere in the genome 

(Rozen, Marszalek, Alagappan, Skaletsky, & Page, 2009). One study reported the intronic 

nucleotide diversity among the Y chromosomes to be substantially lower than in a sample of 

introns mostly in autosomes (1.2 × 10-4 compared to 10.5 × 10-4, standard deviation 2.7 × 10-

4). (Rozen et al., 2009). Across all Y chromosome genes, synonymous substitutions are 

overrepresented relative to protein altering sequences and intronic nucleotide diversity is even 

lower than in autosomes, implying both positive and negative selection on the Y chromosome 

and refuting neutrality as population studies using SNPs suggested (Rozen et al., 2009). Similar 

findings were reported from several breeds of the domestic chicken W chromosome, with 

researchers concluding that positive selective forces were the only factor that could explain the 

reduced diversity (Berlin & Ellegren, 2004). Interchromosomal gene conversion has been 

proposed as a substitute for recombination where similar segments can transfer sequences 

between each other for the purpose of repair of damaged nucleotides (Trombetta, Cruciani, 

Underhill, Sellitto, & Scozzari, 2010). It has been claimed that conversions between X and Y 

chromosomes happen on certain conversion “hotspots” increasing diversity (Trombetta et al., 

2010). But selection and inter-chromosomal conversion are not the only proposed processes 

that affect Y chromosome diversity. Palindromes have been shown to serve a purpose in the 

genome, such as a repair mechanism, and the Y chromosome may be a good example of that 

(Marais, Campos, & Gordo, 2010). The ampliconic regions of the Y chromosome consist 

largely of palindromes. Their importance warrants special attention as will be explained in the 

next section.  
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Table 1. NCBI build 36 coordinates of the MSY sequence classes used in this study 

Sequence type Starting position End position Region size 

PAR1 1 2709806 2709806 

X-degenerate 2709807 2977723 267917 

X-transposed 2977724 6162644 3184921 

Ampliconic 6162645 6460507 297863 

X-transposed 6460508 6676751 216244 

X-degenerate 6676752 7532224 855473 

Ampliconic 7532225 10517105 2984881 

Centromere 10517106 12380437 1863332 

X-degenerate 12380438 14605180 2224743 

Ampliconic 14605181 14680007 74827 

X-degenerate 14680008 16495867 1815860 

Ampliconic 16495868 16526488 30621 

X-degenerate 16526489 16780667 254179 

Ampliconic 16780668 17047239 266572 

X-degenerate 17047240 18076750 1029511 

Ampliconic 18076751 19491608 1414858 

X-degenerate 19491609 20675546 1183938 

DYZ19_heterochromatin 20675547 20922507 246961 

X-degenerate 20922508 21907049 984542 

Ampliconic 21907050 26867380 4960331 

X-degenerate 26867381 27216146 348766 

Heterochromatin 27216147 57442213 30226067 

PAR2 57442214 57772954 330741 
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Figure 2.1 Sequence classes, genes, and palindromes on the human Y chromosome 

A: Schematic representation of the human Y chromosome. B: A more detailed representation that focuses on the 

euchromatic male specific region (MSY) and excludes the major heterochromatic block on Yq. Palindrome arms 

are shown as pairs of dark blue triangles. Positions of protein-coding genes are indicated directly below the 

chromosome by vertical lines (Image from Hughes and Rozen, 2012). 
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2.4 Palindromes 

Ampliconic sequences are comprised of tandem arrays of repeated sequence motifs as 

well as inverted repeats (palindromes) and account for 45% of the euchromatic portion of the 

MSY (Skaletsky et al., 2003). Palindromes are inverted duplications called arms with 

nonduplicated spacers between them (Betran et al., 2012). The human Y chromosome contains 

eight palindromes comprising 25% of the MSY euchromatin (Skaletsky et al., 2003) (see Figure 

2.2 ). It has been suggested that palindromes have a role in gross chromosomal rearrangement 

as they can form hairpins and cruciforms affecting e.g. replication. Ectopic crossing over (non-

homologous) between sister chromatids can also act as a substitute to the better known process 

of recombination between homologous chromosomes (Smith, 2008). Interestingly, these 

palindromic sequences have a higher density of genes than the XDG and XTR sequences 

(Betran et al., 2012). There are 60 genes in the approximately 10Mb of ampliconic sequence, 

while there are only 16 genes in nearly 9Mb of XDG sequence and 2 in roughly 3Mb of the 

XTR region (Skaletsky et al., 2003).  

Six of the eight palindromes on the Y chromosome predate the split between humans and 

chimpanzees (i.e. are older than 6 million years). Arm to arm divergence in these five 

orthologous palindromes has been shown to be less than 0.1% in both humans and chimpanzees, 

while the divergence of the same arms between humans and chimpanzees (i.e. between 

orthologs) is about 1.5%. By comparison, the human-chimp divergence of the spacer between 

palindrome arms was close to 2.3% (Rozen et al., 2003). This indicates a considerable impact 

of DNA repair through gene-conversion between palindrome arms, a mechanism that can be 

thought of as a haploid substitute for recombination mediated DNA-repair between diploid 

chromosomes. One consequence of this is an expectation of a lower mutation rate in 

palindromes than in other regions of the Y chromosome that are not protected by gene 

conversion. 

Fifteen gene and transcript families have been identified in palindromes and none in the 

spacer sequences between them (2-170kb). All these genes seem to be expressed predominantly 

in testes and are therefore probably crucial for male fitness. The location of these genes in 

palindromes, where their conservation is enhanced by more effective gene conversion mediated 

DNA repair, may be indicative of the importance of these genes (Rozen et al., 2003; Skaletsky 
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et al., 2003). It may therefore also be indicative of the importance of palindromic gene 

conversion to protect important genes. A simulation study has shown positive effects of intra-

Y chromosome gene-conversion through the removal of deleterious mutations and faster 

fixation of beneficial variants (Marais, Campos, & Gordo, 2010). By comparing sequences from 

different haplogroups it has been found that gene-conversions in the palindromes of the human 

Y chromosome are more frequent than in similarly arranged paralogs located elsewhere in the 

genome (Bosch, Hurles, Navarro, & Jobling, 2004). Another study (Marais et al., 2010) found 

that none of the Y chromosome SNPs in the HapMap data were from in the ampliconic regions, 

concluding that polymorphism is significantly reduced in those regions. Assuming a random 

ascertainment of SNPs, this would support the notion of greater levels of selection and/or gene 

conversion in these regions. However, such results could also be partly due to the fact that 

ampliconic regions have often been by-passed in SNP ascertainment because of their repetitive 

nature.  

In short, the Y chromosome palindromes may be viewed as specialized haploid 

structural DNA repair mechanisms for vital testis expressed genes, that have evolved to 

compensate for the lack of a homologous chromosome that is normally be used as a template 

for DNA repair. Seven of the human eight palindromes have been found in chimpanzees and 

bonobo (Pan paniscus) Y chromosomes carry at least six of them, which implies that the origin 

of most of them predates the species split between humans and chimpanzees (Rozen et al., 

2003). Rhesus macaques have only three Y chromosome palindromes, two of which are 

orthologues of human palindromes, indicating they have been maintained for at least 25 Myr 

(Hughes et al., 2012). Chimpanzees on the other hand have 19 palindromes on their MSY, 

probably a result of promiscuous mating behavior as palindromes often include testis expressed 

genes. Elevating the gene copy number of a particular gene can increase the expression of the 

protein that it encodes and thus higher copy number in sperm related genes should be selected 

for in sperm competition (Hughes et al., 2012). All of the 16 human genes in XDG regions are 

present in the gorilla (Gorilla gorilla) XDG region but chimpanzees have lost 4 of them (Goto, 

Peng, & Makova, 2009). In conclusion, the Y chromosome is strictly preserved by inter- and 

intra-chromosomal conversions as well as selective forces described in previous section.  

Due to the large extent of its repetitive sequences (ampliconic and palindromes) on the 

Y chromosome, WGS data has not been considered a good tool for the Y (Hughes & Rozen, 

2012; Paszkiewicz & Studholme, 2010). The reason for this is that mapping of sequence reads 

becomes problematic in repeated sequences such as e.g. palindromes. 
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Figure 2.2 Y chromosome palindromes with their testis specific genes 

((Bachtrog, 2013). 

 

2.5 The human autosomal mutation rate 

Mutations at the level of single nucleotides are mainly caused by two different 

processes, either the misincorporation of bases during replication or DNA damage due to 

chemical or physical substances (Jobling, Hollox, Hurles, Kivisild, & Tyler-Smith, 2014). 

Researchers face many problems when estimating the human mutation rate. One is that it can 

be difficult to distinguish somatic from germline mutations, particularly when DNA samples 

are from cell lines. Two fundamental approaches are used when estimating mutation rate, both 

of which involve counting the number of mutational differences between the chromosomes of 

sampled individuals and estimating the mutation rate by reference to the divergence time of the 

chromosomes. The pedigree-based involves the study of closely related individuals, whose 

chromosomes can be traced back a known number of generations and years to common 

ancestors, and thus provides direct and robust estimates (Kong et al., 2012). The evolutionary 

approach is based on chromosomes from distantly related individuals, where the exact time 

back to common ancestors is unknown, but some independent evidence exists for the duration 

of divergence (for example, evidence based on fossils) (Conrad et al., 2011).  

The accurate counting of mutational differences is crucial and can be particularly tricky 

in the pedigree-based approach, where the mutations are by definition extremely rare.  Attempts 

to filter out false positive mutations from data can remove true de novo variants, but ineffective 

filtering is likely to leave false positives among the list of mutations. The problem is to get the 

right balance (Campbell & Eichler, 2013). Some exclude repetitive regions of the genome, such 

as the ampliconic regions of the Y chromosome (Kong et al., 2012; Mendez et al., 2013; Xue 
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et al., 2009). Most authorities seem to agree that the sex-averaged genome-wide mutation rate 

is around 1.2 × 10-8 substitutions per nucelotide per meiosis (Conrad et al., 2011; Scally & 

Durbin, 2012) (see Table 2).  Others say 61 base substitutions on average per birth per 

autosomal genome, transferred to the Y it would be 0.4 per Y chromosome per birth (Campbell 

& Eichler, 2013). Many older studies of mutation rate were based on disease associated 

mutations (Awadalla et al., 2010; Michaelson et al., 2012; Neale et al., 2012; O'Roak et al., 

2012; Roach et al., 2010; Sanders et al., 2012) which may bias results for the natural process of 

mutation and this may be one of the reasons why exons appear to have a higher mutation rate 

since samples in these studies carry known mutations (Campbell & Eichler, 2013). 

Furthermore, coding regions are GC rich which are more mutable than other dinucleotides 

because of their chemical properties (Campbell et al., 2012). In addition, transitions are twice 

as common as transversions (Campbell & Eichler, 2013; Lynch, 2010). Transitions are more 

likely to occur as they are switches of similar nucleobases, compared to transversion where a 

purine is substituted for a pyrimidine or vice versa. To make things even more complicated 

researchers have observed clustering of mutations in some instances, which may be true base 

substitutions or multi-nucleotide mutation events such as gene-conversion events (Schrider, 

Hourmozdi, & Hahn, 2011). Mutation rates have been estimated by observing phenotypes and 

genetic disorders e.g. observing haemophilic offspring in human families in the 1930‘s and 

from that time it has been suspected that most new mutations arose in males (Campbell & 

Eichler, 2013; Haldane, 2004).  

A recent study provided the first detailed quantification of how variation in the number 

of de novo mutations found in individuals varies almost solely as a function of fathers’ age at 

conception, with no impact of mothers’ age. The effect was an increase of two mutations per 

year of father at conception  making it double at 46 year old father from the 30 year old (Kong 

et al., 2012). This means that more de novo mutations derive from the father rather than the 

mother. The most likely explanation for this difference is that the number of mitotic cell 

divisions preceding the meiotic production of sperm is a function of the age of males, whereas 

the eggs of females undergo fewer rounds of mitotic cell divisions that do not increase as a 

function of age. Thus, a sperm from a male at the age of 40 has undergone 25 times as many 

cell divisions as his coetaneous female partner (Crow, 2000). Unlike eggs, the progenitor cells 

of sperm are produced continuously through mitotic cell division throughout life, resulting in 

an accumulation of mutations with increasing age. Recent findings have found that there is 

some maternal age effect on mutation rate though it is mostly male driven (Besenbacher et al., 

2016 and Goldman et al., 2016). 
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Analyses of mutational divergence between species shows that the X chromosome is 

more conserved than the Y chromosome (Marshall Graves, 2008). This is consistent with the 

impact of paternal age on the rate of de novo mutations, and the greater number of mutations 

introduced through the male germ line. Thus, two out of three X chromosomes are transmitted 

through the females, whereas all Y chromosomes are transmitted through males. In addition, 

since the effective population size of the Y chromosome is one fourth of the autosomes, the rate 

of drift to fixation or extinction of alleles is faster.  

 

Table 2 Genome-wide estimates of the human mutation rate 

Refs µ(×10-8) 95% CI 

Roach et al. 2010 1.1 0.68-1.70 

Conrad et al. 2011 1.17 0.88-1.62 

Conrad et al. 2011 0.97 0.67-1.34 

Kong et al. 2012 1.2 - 

Campbell et al. 2012 0.96 0.82-1.09 

Michaelson et al. 2012 1 - 

Awadalla et al. 2010 1.36 0.34-2.70 

O'Roak et al. 2012 2.17 - 

Sanders et al. 2012 1.31 - 

Neale et al. 2012 1.5 - 

Sun et al. 2012 1.82 1.40-2.28 

Campbell et al. 2012 1.2 0.86-1.43 

 

2.6 The human Y chromosome mutation rate 

Knowledge of the Y chromosome mutation rate is fundamental to a comprehensive 

understanding evolutionary history and historical migrations of Homo sapiens. The Y 

chromosome has at least two properties that make it an extremely useful tool in the investigation 

of human history. First, it is inherited only through the male line and thus provides direct 

information about the patrilineal ancestry of individuals and populations. Second, the inference 

of phylogenetic or genealogical trees is simplified by the fact that most of the Y chromosome 

is haploid and does not undergo recombination in meiosis with a homologous chromosome, but 

(with the exception of the palindromes and pseudoautosomal regions) rather evolves solely 

through the accumulation of mutations. This makes it an ideal locus for tracing population 

migration history through the male line, as mitochondrial DNA (mtDNA) is for the female line. 

Most previous studies of the Y chromosome mutation rate have been based on microsatellites 
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(variable numbers of nucleotide repeats 1-6 base pairs in length), because it has been easier and 

cheaper to amplify and analyse (Ballantyne et al., 2010; Burgarella & Navascues, 2011; Ge et 

al., 2009; Gusmao et al., 2005; Hoboff et al., 2007; Luca, Basile, Di Giacomo, & Novelletto, 

2005, Willems et al., 2016; Poznik et al., 2016). Microsatellites have been particularly useful 

in evolutionary studies of closely related populations, due to their high mutation rate. With 

knowledge of the mutation rate of Y chromosome microsatellites comes the ability not only to 

accurately assess the relationships between individuals and populations through the male line, 

but also to estimate the time scale of these relationships through the principle of the molecular 

clock (Jobling & Tyler-Smith, 2003). There have been several previous attempts to estimate the 

mutation rate of Y chromosome microsatellites – either based on determining mutational 

differences across a single generation between fathers and sons (Ballantyne et al., 2010; 

Burgarella & Navascues, 2011; Ge et al., 2009; Gusmao et al., 2005; Hoboff et al., 2007; Luca 

et al., 2005) or multi-generational patrilineal pedigrees (Bonne-Tamir et al., 2003; Heyer, 

Puymirat, Dieltjes, Bakker, & deKnijff, 1997; Pollin et al., 2008). Ballantyne et al. (2010) found 

the Y chromosomal microsatellite mutation rate to be from 3.78 × 10-4 to 7.44 × 10-2 by 

comparing 2000 father son pairs. 

With the advent of massively parallel sequencing technologies, it has become feasible 

not only to estimate the mutation rate for the entire Y chromosome, but also to use all its 

variation for evolutionary and population genetic studies. Although WGS data is piling up, few 

researchers have access to populations with extensive and accurate genealogical databases for 

large-scale mutation rate studies. Data for father-son pairs are most typically available to 

researchers, but multi-generational patrilineal pedigrees with more than two males are more 

efficient and reliable, because they yield a greater number of meioses per individual genotyped 

and provide much more power to distinguish genuine mutations from differences attributable 

to bad sequencing, somatic mutations, sample handling errors or false-paternity events. The 

mutation rate has also been estimated by using WGS data. Only a part of the Y chromosome 

euchromatin (XDG, ca. 10Mb) was analysed in two individuals separated by 13 meioses 

yielding a mutation rate of 3 × 10-8 per bp per meiosis (Xue et al., 2009). To calculate the age 

of the most recent ancestors (MRCA) of all Y chromosomes, Mendez et al. (Mendez et al., 

2013) adjusted the recently estimated mutation rate by Kong et. al. (Kong et al., 2012) for the 

XDG portion of the male specific region of the Y chromosome. They developed a likelihood-

based method that e.g. subtracted maternal effects on the autosomal mutation rate. Their 

estimate was 6.17 × 10-10 at 30 years of paternal age. One criticism of this approach is that 

autosomes are not appropriate surrogates for the Y chromosome (Wilson Sayres, 2013). 
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Francalacci et al. (2013) sequenced 1204 Sardinian males and used an archeological calibration 

point to estimate the mutation rate of the XDG region. Their estimate was 1.59 × 10-8 per bp 

per generation (30 years). Using archaeological calibration points is always potentially 

problematic and might skew the results. Poznik et al. (2013) used a similar approach sequencing 

69 males with the colonization of Americas as calibration point. They analysed a larger part of 

the Y chromosome. Fu et al., (2014) used radiocarbon dating and compared the DNA of a 

45,000 year old fossil to present day males, estimating the Y chromosome mutation rate as 

0.76×10-9 per site per year. Even the chimpanzee Y chromosome sequence has been used to 

shed light on the human mutation rate by assuming 6 Myr divergence and comparing both 

chromosomes proposing 2.25 × 10-8 substitutions per site per generation (Kuroki et al., 2006).  
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3 Methods 

3.1 Whole Genome Sequencing 

The sequence data used in this study derive from an extensive WGS project undertaken 

by deCODE Genetics, which included data from 2,636 individuals at the time of writing, most 

of whom have been sequenced to about 10× or 30× average depth per nucleotide. Paired-end 

libraries for sequencing were prepared according to the manufacturer’s instructions (Illumina, 

TruSeq). In short, approximately 1 µg of genomic DNA, isolated from frozen blood samples, 

was fragmented to a mean target size of 300 bp using a Covaris E210 instrument. The resulting 

fragmented DNA was end repaired using T4 and Klenow polymerases and T4 polynucleotide 

kinase with 10 mM dNTP, and an A base was added at the ends using Klenow exo fragment 

(3′-to-5′ exo minus) and dATP (1 mM). Sequencing adaptors containing T overhangs were 

ligated to the DNA products, and the products were separated by agarose (2%) gel 

electrophoresis. Fragments of about 400–500 bp were isolated from the gels (Qiagen Gel 

Extraction Kit), and the adaptor-modified DNA fragments were PCR enriched for ten cycles 

using Phusion DNA polymerase (Finnzymes Oy) and a PCR primer cocktail (Illumina). 

Enriched libraries were further purified using AMPure XP beads (Beckman Coulter). The 

quality and concentration of the libraries were assessed with the Agilent 2100 Bioanalyzer using 

the DNA 1000 LabChip (Agilent Technologies). Barcoded libraries were stored at −20 °C. All 

steps in the workflow were monitored using an in-house laboratory information management 

system with barcode tracking of all samples and reagents.  

DNA sequencing. Template DNA fragments were hybridized to the surface of flow cells 

(Genome Analyzer Paired-End Cluster Kit (v2) or HiSeq Paired-End Cluster Kits (v2.5 or v3)) 

and amplified to form clusters using the Illumina cBot. In brief, DNA (2.5–12 pM) was 

denatured and hybridized to grafted adaptors on the flow cell. Isothermal bridge amplification 

using Phusion polymerase was then followed by linearization of the bridged DNA, 

denaturation, blocking of the 3′ ends and hybridization with the sequencing primer. Sequencing 

by synthesis (SBS) was performed on Illumina GAIIx and/or HiSeq 2000 instruments. Paired-

end libraries were sequenced for 2 × 101 (HiSeq) or 2 × 120 (GAIIx) cycles of incorporation 

and imaging using the appropriate TruSeq SBS kits. Each library or sample was initially run on 

a single GAIIx lane for quality control validation, and further sequencing was then performed 

on either GAIIx (≥4 lanes) or HiSeq (≥1 lane) instruments with targeted raw cluster densities 

of 500,000–800,000/mm2, depending on the version used for the data imaging and analysis 
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packages (SCS2.6-2-9/RTA1.6- 1.9, HCS1.3.8-1.4.8/RTA1.10.36-1.12.4.2). Real-time 

analysis involved conversion of image data to base calling in real time.  

Reads were aligned to NCBI Build 36 of the human reference sequence using Burrows-

Wheeler Aligner (BWA) 0.5.9 11. Alignments were merged into a single BAM file and marked 

for duplicates using Picard 1.55. Only nonduplicate reads were used for the downstream 

analyses. 

3.2 Genotype calling for the Y chromosome 

Out of the 2653 individuals for whom whole genome sequence data was available at 

deCODE Genetics at the time of this study, 1214 were males. Genotypes for each position on 

the MSY were called simultaneously for all 1214 males using a maximum likelihood approach.  

For each position the following procedure was implemented. First, the count of 

nucleotides mapped to the position for each individual was retrieved using the SAMtools 

mpileup algorithm, with no threshold set for mapping quality. Next, building on a simple 

binomial probability model (Martin et al., 2010) and assuming a fixed genotype error rate, α = 

0.001, for all alleles in the set S = [A, C, G, T, indel], the log(posterior probability) of each 

possible haploid genotype j for each male i was calculated as 

log 𝑝𝑗ℎ𝑎𝑝
[GT𝑖 = 𝑗|𝑛𝑖, 𝑘𝑖𝑗] = log ((

𝑛𝑖

𝑘𝑗𝑖
) 𝛼𝑗

𝑛𝑖−𝑘𝑗𝑖(1 − 𝛼𝑗)
𝑘𝑖𝑗

) + log 𝑞𝑗 

where ni is the total number of valid reads at the position in the ith male, kji is the number 

of reads with the jth allele in the ith male and qj reflects the expected sample frequency of allele 

j in the collection of p males with reads, calculated as 

𝑞𝑗 =  
∑𝑝

𝑖=1
𝑘𝑗𝑖

∑𝑝

𝑖=1𝑛𝑖

 

All other things being equal, the use of the expected sample frequency as a prior results 

in a greater log(posterior probability) value for genotype calls from common alleles relative to 

rare alleles. In our experience, this conservative prior only has a noticeable impact on genotype 

calls in situations where there are very few reads (<4). As our mutation rate estimates are based 

only on patriline branches with an average X-degenreate region (XDG) sequence depth >10×, 

this prior is unlikely to have a large impact on the results.  

The allele j satisfying max
𝑗 ∈ 𝑆

log 𝑃𝑗ℎ𝑎𝑝
was called as the most likely haploid genotype G. 

To contend with mapping ambiguity resulting from the paralogous nature of many MSY 
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positions, the log(posterior probability) of G being pseudo-heterozygous for each male i was 

calculated as 

log 𝑃𝐺𝑝𝑠
= log ((

𝑛𝑖

𝑘𝐺𝑖
) (

1

2
)

𝑛𝑖

) + log(2𝑞𝐺(1 − 𝑞𝐺)) 

If log 𝑃𝐺ℎ𝑎𝑝
> log 𝑃𝐺𝑝𝑠

, then G is a haploid genotype with a log odds ratio of 

log 𝑃𝐺ℎ𝑎𝑝
− log 𝑃𝐺𝑝𝑠

. Otherwise, if log 𝑃𝐺ℎ𝑎𝑝
≤ log 𝑃𝐺𝑝𝑠

, then G is a pseudo-heterozygote 

genotype with a log odds ratio of log 𝑃𝐺𝑝𝑠
− log 𝑃𝐺ℎ𝑎𝑝

 and a second allele identified through 

max
𝑗∈𝑆|𝑗≠𝐺

log 𝑃𝐺ℎ𝑎𝑝
 Note that, although deletions were called in our application, all indels were 

ignored in subsequent analyses, as the mapping and alignment of reads at indels is not currently 

reliable enough to warrant inclusion in this kind of study. 

The predicted functional impact of variants was analyzed using VEP (McLaren et al., 

2010) on the set of Ensembl genes, with the maximum impact reported in cases where there 

were multiple transcripts. 

First, we examined the correspondence between our called genotypes and those 

obtained from Illumina micro-array SNP chips. Many of the Y chromosome chip SNPs are 

poorly called, often represented as heterozygous. To filter out poorly called SNPs, we based 

comparisons only on those present on more than eight chips and excluding combinations with 

more than 90% pseudo-heterozygosity. Of 252,599 genotypes there were 52 missing SNPs 

giving us a mismatch rate of 2.06 x 10-4. This justifies our genotype calling methodology. 

 

 

3.3 Selection of males for mutation rate study 

Of the 1214 males with genomewide sequence data, 1156 were deemed to have 

sufficient average per nucleotide Y chromosome sequencing depth (≥5×) for inclusion in the 

mutation rate study. The sequence depth numbers we used were based on 1kb bins and we 

calculated a weighted average across all bins. The patrilineal ancestry of each of the 1159 males 

was traced using the deCODE genetics encrypted genealogical database in a search for 

patrilines with >1 sequenced male that can be used to detect de novo mutations. This search 

yielded 275 such patrilines, incorporating 873 sequenced males, who were connected through 

a total of 3826 Y chromosome transmission events. 
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The deCODE genealogical database has been shown to be a highly accurate record of 

actual genetic relationships between Icelanders (Sigurdardottir et al., 2000, Sun et al. 2012). 

However, some inconsistencies between the genetic and genealogical data are expected due to 

either false-paternity, genealogical record errors and/or sampling handling errors. Before an 

attempt was made to identify candidate de novo mutations, the patrilines were first examined 

for such inconsistencies and pruned accordingly. First, each male was assigned to one of 941 

haplogroups based on the ISOGG 2013 phylogeny and associated set of 1252 classification 

SNPs. Second, for each patriline, we assessed the number of Y chromosome genotype 

differences between each pair of sequenced males and pruning those who exceeded a threshold 

of E + Nm, where E=5 is the baseline number of differences attributable to noise, N=2 is the 

maximum expected number of real mutational differences expected per transmission event and 

m is the number of transmission events between a pair of sequenced males. Pairs with 

differences lower than the threshold were retained in the same patriline, whereas males who 

exceeded the threshold in all pairs were excluded from further analysis. A total of 129 patrilineal 

errors were detected out of the 3826 transmission events, yielding an error rate of 3.1%. Out of 

the 275 original patrilines, 60 were pruned of ≥1 male and/or split into ≥2 new smaller patrilines 

and 25 were disregarded (as they no longer contained >1 patrilineally related males). The 

remaining 190 patrilines were unchanged. The resulting data set consisted of 753 males grouped 

into 274 patrilines, connected by 739 branches and a total of 2499 Y chromosome transmission 

events amounting to a total of 85,128 years (Supplementary Table 2 of Helgason et al., 2015). 

The average sequence depth in this set was 12.4× (s.d. = 5.3×) across XDG regions. The largest 

patriline, which comprised 86 meiosis traced to a most recent common ancestor (MRCA) born 

in 1537, is shown in Figure 3. The majority of sequenced positions yielded unambiguous 

haploid genotypes that could be used in a relatively straightforward manner to identify de novo 

mutations in the 274 patrilines.  
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Figure 3. Patriline example  

A de novo mutation at MSY position 7,270,276 in the largest patriline used in this study. Each square represents 

a male in the patriline, with vertical position scaled by birth year. Lines between squares represent Y-

chromosome transmission events. The filled squares represent males demarcating the branches to which 

mutations can be assigned in the patriline. Black squares represent males with WGS data and are labeled with 

the counts of alleles mapped to the forward and reverse strands at position 7,270,276. Inside each black square 

is the genotype called on the basis of these alleles. The reference allele at this position is G. All males with 

WGS data who did not belong to this patriline were called with a G genotype. This information, along with the 

distribution of genotypes in the patriline, can be used to infer the genotype of the MRCA. The most 

straightforward interpretation is that the MRCA and each of his four sons carried a G at position 7,270,276. A 

single G > A mutation event is required on the labeled two-generation branch (also indicated by a thicker line) 

to account for the distribution of genotypes in and outside the patriline. 
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Table 3 Vital statistics 

Sample of males 

Number of males Sum 

All GWS 1214 

GWS >5 sequence depth 1159 

Clustering individuals in patrilines 

  N Patrilines Meioses 

Pre corrections 876 275 3831 

Post corrections 738 266 2113 

Singles <10 removed 370 216 1302 

Branches 

Property >1 desc >1 desc + 1 desc>10× 

No. of branches 171 442 

Meioses 714 1302 

Years 25257 45035 

Mean gen interval 35,4 34,6 

Mutations 307 591 

Mean muts per gen 0,43 0,453 

Mean muts per year 0,122 0,0131 
 

3.4 Detecting candidate de novo mutations 

The recombining pseudoautosomal regions were excluded from our analysis, because they are 

not patrilineally transmitted. After omitting these regions, genotype calls for some Y 

chromosome positions remain problematic. Repeated sequences present a key problem in 

calling genotypes on the basis of next generation sequencing data from the Y chromosome. 

Some reads map to more than one location in the genome. When this occurs, mapping 

algorithms are unable to correctly assign the reads covering the paralogous positions to their 

correct locations. Instead, the reads will be randomly assigned to the paralogous locations 

regardless of the allelic state of the mutated position and its non-mutated paralog. Thus, 

positions covered by no mapped reads in more than 10% of all sequenced males were excluded 

from further analysis as were positions inside microsatellites (as identified by RepeatMasker), 

which are poorly mapped and aligned in sequence data based on short reads. We sought to 

identify de novo mutations in all other regions of the Y chromosome (21.3Mb), analysing each 

of the 274 patrilines separately.  
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The average sequence depth of these males across XDG was 12.4× (S.D. 5.3). The largest 

patriline consisted of 11 males with next generation sequencing (NGS) data connected by 86 

transmission events to a most recent common ancestor (MRCA) born in 1537 (see Figure 3), 

whereas the oldest connects five males to an MRCA born in 1375. 

The vast majority of positions from the XDG sequence yielded unambiguous haploid 

genotypes that can be used in a relatively straightforward manner to identify de novo mutations 

in the 274 patrilines. A key methodological strength of the present study is the availability of 

patriline branches with more than one NGS male descendant, as they provide the basis to verify 

the existence of de novo mutations through genotypes from two or more independently 

sequenced males. Branches with just one NGS male descendant are more susceptible to false 

positives through sporadic mapping and alignment errors or somatic mutation. Another factor 

that can influence the accuracy of de novo mutation detection in NGS data is sequence depth, 

particularly for branches with just one descendant. The identification of candidate de novo 

mutations in each patriline proceeded as follows, using stringent filters to minimize the false 

positive rate. First, the subset of positions that showed genotype differences between the 

sequenced males from the patriline was identified. All genotype differences attributable to 

length variation (indels) were discarded. This was because the focus of our study was on single 

nucleotide substitution events and sequence reads containing indels tend to be poorly mapped 

and aligned, making such genotype differences hard to verify. For the remaining candidate de 

novo mutations, the wild-type genotypes for the patriline were determined as those carried by 

the majority of other sequenced males belonging to the same haplogroup. If the number of such 

carriers less the number of carriers of other genotypes did not exceed ten, then the patriline 

wild-type genotype was defined as the one carried by the majority of all sequenced males not 

in the patriline. Given the wild-type genotype and the branching structure connecting the 

sequenced males to the most recent common ancestor of the patriline, we determined the 

minimum number of mutation events necessary to account for the genotypes of the sequenced 

males. Duplications can cause ambiguous wild type on a haploid sequence like the XDG region, 

i.e. there is more than one allele present generating a pseudoheterozygous genotype. When a 

mutation arises in a duplicated sequence of the XDG region we see a non-ambiguous base 

mutate to ambiguous. This is counted as half a mutation since it might be on either sequence. 

If both sequences are on the XDG region it will be a full mutation in our data. If, on the contrary, 

the wild type is ambiguous and mutates to non-ambiguous it is excluded, as the likelihood of a 

base mutating twice is far too small to count in our results. We also exclude such instances 

because we believe that they are more likely to be artifacts than real mutations. Potential 
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mutations were simply detected as the subset of positions that showed genotype differences 

between the sequenced males from each patriline. 

We expect some false positives among these candidate mutations so filtering for true 

mutations followed. We held higher standards to potential mutations than wild type alleles as it 

is harder to believe the alien than the ordinary. To filter out false positives we set rules that 

candidate mutations had to pass. 

3.5 Filtering candidate de novo mutations 

The processing of next generation sequencing data for mutation rate studies presents 

numerous difficulties. A primary challenge is the accurate detection of sequence variation. One 

example of this is when genotype information presented by the forward strand and the reverse 

strand disagree. This phenomenon, known as strand bias, may be the result of strand-specific 

incorrect mapping and alignment of reads. The frequency of the allele in some particular 

position can also be of great help since the likelihood of variation per position in a large 

homogenous genome is small. Another challenge is sequence depth or lack thereof as more 

depth credit the suspected genotype. 

As mentioned before, the availability of patriline branches with more than one WGS 

male descendant is a key methodological strength, as they provide the basis to verify the 

existence of de novo mutations through genotypes from two or more independently sequenced 

males. Branches with just one WGS male descendant are more susceptible to false positives 

through sporadic mapping and alignment errors or somatic mutation. Another factor that can 

influence the accuracy of de novo mutation detection in WGS data is sequence depth, 

particularly for branches with just one descendant. 

For each of the 274 patrilines, a preliminary list of candidate de novo mutations was 

defined as all positions that yielded genotype differences between its sequenced members. This 

list was then trimmed using several filters to minimize false positives and negatives. Across all 

patrilines, positions with fewer than 1,000 valid genotypes for the full set of 1,214 WGS males. 

The wild-type genotype for the patriline was inferred as that carried by other sequenced 

males belonging to the same haplogroup. If genotypes differed in this group, then the patriline 

wild-type genotype was defined as the one carried by the majority of all sequenced males not 

in the patriline. Given the wild-type genotype and the branching structure connecting the 

sequenced males to the MRCA of the patriline, we determined the minimum number of 

mutation events necessary to account for the genotype of the sequenced males and assigned 
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each putative mutation event to a branch in the patriline. For each putative mutation event, we 

also recorded information about the reads and genotypes of all 1214 GWS males partitioned 

into three groups: patriline members, others assigned to the same MSY haplogroup and others 

assigned to a different haplogroup. The distinction between the latter two groups is important 

because members of the same haplogroup could be patrilineal relatives not recorded in the 

genealogical database that carry de novo mutations discovered in a patriline, whereas this can 

be ruled out for members of other haplogroups. 

 Additional filters were applied to help exclude false positives. First, positions that were 

inferred to have more than one mutation in a patriline were excluded. Second, positions that 

were mutated in more than one patriline were excluded. Third, to avoid misaligned reads we 

filtered away potential mutations if they were not seen at least once on both strands in the 

suspected patriline. Fourth, the sequence-depth of individuals in the patriline not carrying the 

mutation should sum to greater than two. Fifth, as haplogroup sharing patrilines share SNPs it 

is expected that mutations found in a deep patriline might be the wild type in a shallower related 

patriline. These SNPs may descend from a common ancestor in nature but lack the link our 

data. We excluded mutations if the mutated allele was found in the according haplogroup more 

than four times. Sixth, due to expected systematic errors in assembled and mapped data, we 

were sceptical if the potential mutation arises in the reads of unrelated individuals. The 

proportion of reads of the mutated allele in other haplogroups was not allowed to exceed 0.1%. 

Seventh, candidates where the patriline wild-type genotype was pseudo-heterozygote were 

excluded. These criteria yielded a set of 1,456 candidate mutations. 

 The number of positions at which a mutation could be detected for each branch was 

determined using the subset of the aforementioned criteria that could be applied to all positions, 

regardless of whether a mutation was detected (exclusion of positions with fewer than 1000 

valid genotypes and microsatellites). Furthermore, positions were only counted if the WGS 

males descended from a branch yielded at least one independent read from each strand (and 

more than two in total) and the WGS males in the patriline not descended from the branch 

yielded more than two reads. The average valid and omitted positions per branch following 

these criteria was 21,204,045 and 466,712 respectively. 

  



35 

3.6 Identification of de novo mutations in the AMP and XTR regions  

In contrast to the relatively straightforward task of mutation detection in XDG regions, 

the majority of positions in the ampliconic (AMP) and X-transposed (XTR) classes acquire 

sequence reads in WGS data that can map with equal probability to more than one location in 

the genome—i.e., to paralogous positions (Skaletsky et al., 2003). Consider a simple example 

of a de novo mutation at a position that has one paralog with flanking sequence that has 100% 

identity in the reference genome used for mapping sequence reads. In WGS data, both positions 

are expected to receive an equal proportion of reads carrying the mutated allele and reads 

carrying the paralogous non-mutated allele. Thus, both positions will tend to yield pseudo-

heterozygote genotypes, which can be unreliable for the detection of de novo mutations (see 

Figure 4). To obtain reliable genotypes from such positions, we first identified all paralogous 

positions and then combined their reads before performing the calls.  

We used the human reference sequence (NCBI Build 36) in conjunction with LASTZ 

(Harris, 2007) to identify and group all paralogous AMP positions on the MSY and Xq21 

positions for XTR, where the sequence identity in the surrounding 100 bp was >90%. For each 

position with at least one such paralog, genotype calls were performed on the set of alleles 

obtained by combining all the reads mapped to them. For AMP and XTR positions with no 

paralogs, genotype calls were based only on the reads mapped to each position and were 

processed in the same manner as those in the XDG class. A de novo mutation at one of n 

paralogous positions is expected to yield mutant alleles among combined reads at a frequency 

e(p) = 1/n. Combined paralogous positions with an observed frequency of the mutant allele P 

> 0.15 consistently result in pseudo-heterozygote genotypes when processed by the calling 

algorithm used in this study. Each position with n >1 that yielded both pseudo-heterozygote 

and pseudo-homozygote genotypes among the members of a patriline was considered to harbor 

a candidate mutation and was subjected to the set of filters described above.  

In addition, we performed a binomial test to evaluate the probability of observing a sum 

of m or fewer copies of the mutated allele in r reads derived from putative carriers in the 

patriline, given a rate of success of e(p) = 1/n. Candidate mutations for which this probability 

was <0.15 were excluded on the basis of being likely mapping or alignment artifacts or somatic 

mutations. This test was performed for all MSY positions, including those with n = 1, where 

e(p) was set as 0.99.  

Although there are some regions outside the XTR region that show relatively high 

sequence identity between the X and Y chromosomes and there is some indirect evidence for 
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X-Y gene conversion (Trombetta et al., 2010), we did not see much evidence of this having an 

impact on our genotype calls and de novo mutation detection. Thus, regions that undergo gene 

conversion tend to have high sequence identity that leads to mapping ambiguity in WGS data 

and to pseudo-heterozygote genotype calls when there is variation at paralogous positions. In 

the XDG regions, we only observed five candidate mutations with indications of pseudo-

heterozygote genotypes and in each case they could be accounted for by known paralogous 

positions on the Y chromosome. 

3.7 Weighting mutations  

Each candidate mutation that passed all the criteria described in the previous two 

sections was given an overall weight of wm = 1 − (no/(no + nMSY)), where nMSY and no are the 

number of paralogous positions associated with the mutation that are located on the MSY and 

not on the MSY, respectively. Each position on the MSY harboring a candidate mutation was 

given a weight of wp = wm/nMSY. Thus, mutations at MSY positions with no paralogs were 

assigned a weight of 1. Before assigning weights to mutations detected using reads combined 

from more than one paralogous position, further analyses were performed to narrow down their 

location. For each of the nMSY + no paralogous positions underlying a candidate mutation, the r 

originally mapped reads were used to evaluate the probability of observing m mutated alleles 

given an expected success rate of 1/(nMSY + no). Positions with a probability <0.01 were 

excluded from the list of potential positions harboring the mutation, resulting in a reduction of 

nMSY or no. In addition, all XTR candidate mutations with equivalent paralogous Xq21 variants 

observed in the 1,422 WGS females available at deCODE Genetics were excluded. We also 

excluded XTR candidate mutations with equivalent Xq21 variants recorded in dbSNP Build 

138. 
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Figure 4. An example of a de novo mutation at paralogous positions 

We examine a G>A de novo mutation in the largest patriline with 86 meioses (the same patriline shown 

in Figure 3), where sequence reads with the mutation map to three paralogous positions that are flanked by 

identical sequence in the human reference genome (NCBI b36), each shown in a separate depiction of the 

patriline: (a) 23,235,573 (rAMP7), (b) 24,071,677 (PAL1 arm 1), (c) 26,710,008 (PAL1 arm 2) and (d) with all 

reads combined (adjusting for the reverse complement orientation of reads at position 24,071,677 relative to 

positions 23,235,573 and 26,710,008). The allele state of the human reference sequence is indicated after the 

text "ref." Each square represents a male in the patriline, with vertical position scaled by birth year and the lines 

between squares representing Y-chromosome transmission events. The filled squares represent males 

demarcating the branches to which mutations can be assigned. Males with WGS data are indicated underneath 

a subset of filled squares by counts of alleles mapped to forward and reverse strands at the shown position(s) 

and inside each such square is the genotype called on the basis of these alleles. When examined separately, the 

genotypes called for the WGS males at the three positions provide inconsistent results about the branch on 

which the mutation occurred and the number of mutations required to account for the distribution of genotypes 

in the patriline. However, when the genotypes at all three positions are combined (d), it becomes clear that a 

single G>A mutation occurred on the branch labeled with the mutation event. We note, however, that it is not 

possible to resolve at which of the three positions the mutation occurred. Thus, for the purposes of this mutation 

rate study, each of the three paralogous positions was assigned one-third of a mutation, i.e., a weight of 1/3. 
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4 Results 

4.1 Estimating the false negative rate of genotype calls 

Hundreds of Y chromosome SNPs have been identified by previous studies that have 

helped reveal the basic branching structure of the human Y chromosome phylogeny (e.g. 

Francalacci et al., 2013, Scozzari et al., 2014, Cruciani et al., 2011 and Mendez et al., 2013). 

We used these known SNPs to evaluate the accuracy of our genotype calling procedure.  

In order to estimate the rate of genotype error in the WGS data, we obtained genotypes 

for 360 haplogroup informative SNPs using a custom chip from the Illumina Infinium platform 

for 25 of the 1204 males with WGS data. The 25 males represented most of the basal 

haplogroups present in the larger set: I1:8, I2:3, Q1a3a:2, R1a1:4, R1b1a: 8. The average 

sequence depth across the XDG regions for these males was 12.5× with a standard deviation of 

5.3×, a minimum of 5.3× and a maximum of 20.3×. Of the 25 males, 20 belonged to one of the 

274 patrilines. Most (321) of the SNPs derive from XDG regions, with 28 from ampliconic 

excluding palindromes (rAMP), 9 from palindromic (PAL) and 2 from XTR. The chip-based 

assays yielded 8991 valid and 9 missing genotypes. The same numbers for genotypes called on 

the basis of WGS data were 8966 and 34, respectively. Of the latter, 31 missing genotypes were 

attributable to eight males with an average XDG sequence depth lower than 7.5×. Out of the 

8956 genotypes that were valid from both platforms, two exhibited a mismatch, corresponding 

to an error rate of 0.00022 (95% C.I. 0-0.0009). In both cases, the chip genotypes were haploid 

(indicating the presence of only one allele), whereas the WGS genotype was called as pseudo-

heterozygote (indicating the presence of two alleles, including the one called on the chip). Both 

mismatching WGS genotypes were derived from a small number of reads (four and five), where 

all but one carried the allele called as the genotype on the chip. Thus, these mismatches are due 

to an oversensitivity to sequence errors at positions with few mapped reads in the genotyping 

algorithm applied to the WGS data. We note that these two mismatches would not lead to a 

false positive call of mutation in our study design – which requires the mutant allele to be 

present in at least two copies on each strand. Moreover, they are unlikely to give rise to false 

negatives, as pseudo-heterozygote genotypes were considered in our study design to detect de 

novo mutations. These 2 discrepancies in 8,956 instances amount to an error rate of 0.00022 

(95% CI = 0–0.0009) and as neither error generate a false mutation call in our study, we can 

call this a maximal false negative rate (see Supplementary Table 8 of Helgason et al., 2015). 
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4.2 Assessing the false-positive rate of de novo mutation 

The full list of 1,456 candidate mutations identified at 2,050 positions, which yielded a 

combined sum of weights of 1,432.5, is shown in Supplementary Table 4 of Helgason et al., 

(2015) which is too long to include here 

(http://www.nature.com/ng/journal/v47/n5/full/ng.3171.html#supplementary-information). 

The results for all branches and two subsets of branches, those with >1 descendant and those 

with a combined sequence depth >10× (which included all multi-descendant branches), are 

shown in Table 7. False positive variants are twice as likely to be transversions as transitions, 

whereas the expected transition/transversion (TiTv) ratio in the human genome is around 2.1 

(Kong et al., 2012). A low TiTv ratio among a set of de novo candidate mutations might 

therefore indicate an excessive number of false positives. Despite the stringency of the filters 

used to exclude false positives, the candidate mutations identified for all 739 branches yielded 

a suspiciously low TiTv ratio of 1.68. In comparison, the TiTv ratios observed for the 170 multi 

descendant branches and 482 branches with >10× sequencing depth were similar to the genome-

wide expectation, 1.95 and 1.94, respectively. This indicates that the majority of the false 

positives were assigned to branches with one descendant and a sequence depth ≤10×. 

Consequently, all subsequent analyses were based on the 482 branches with >10× sequence 

depth, which comprised 1,365 meioses or 47,123 years. Although XDG regions exhibited a 

lower TiTv ratio than the other MSY regions, 1.74 versus 2.07–2.23 (Table 6), this is consistent 

with a TiTv ratio of 1.72 reported for XDG regions in a recent phylogenetic analysis (Scozzari, 

et al., 2014).  

To directly estimate the false positive rate, we validated a randomly selected subset of 

101 candidate mutations for Sanger sequencing, with a 10% enrichment for mutations on 

branches with only one descendant. Information about which candidate mutations were selected 

for validation is provided in Supplementary Table 4 of Helgason et al., (2015). Where possible, 

we selected two carriers of the derived allele and two carriers of the ancestral allele from the 

relevant patriline. Moreover, when possible (57 of the 101 tested candidate mutations), we 

selected a previously unsequenced son of a derived-allele carrier for Sanger sequencing - i.e. a 

son that did not have WGS data. Table 4 shows the results of verification through Sanger 

sequencing broken down by region and the sequence depth and number of descendants of the 

patriline branches the candidates were assigned to. A total of 13 sequencing assays did not yield 

legible or informative Sanger sequences. Another 13 assays yielded Sanger sequences with 

mismatches to both the human reference sequence and the WGS sequence reads from the same 
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individuals at positions flanking the candidate mutation (whereas the reference sequence and 

the WGS reads did not show such mismatches). These assays were therefore deemed 

uninformative. Out of the remaining 75 informative assays, 72 confirmed the presence of a 

mutation on the Y chromosome, whereas three did not. Two of the three rejected candidates 

were located in the XTR region, attributed to branches with only one descendant with WGS 

data and had been assigned a weight of 0.5 to reflect uncertainty about whether they belonged 

to the XTR region or paralogous positions on the Xq21 region. For both rejected XTR 

candidates, the Sanger sequences confirmed the derived genotypes originally called in the males 

with WGS data. They were therefore not false positives in the strict meaning of the term. 

However, as their additionally sequenced sons did not carry the derived genotypes, it could be 

concluded that the alleles in question belonged to Xq21 rather than to the XTR region. One 

other candidate with only one descendant and a weight of 0.5 was tested and successfully 

verified as belonging to XTR (through the genotyping of a son). Thus, a combined weight of 

1.5 for three XTR candidates was replaced by a weight of 1 for just one XTR mutation. The 

one genuine false positive was located in palindrome 4. It was assigned to a branch with only 

one descendant with WGS data and was based on only three reads that carried the purported 

derived allele. Sanger sequencing did not support this genotype call and neither was it observed 

in the purported carrier's son. Based on the Sanger sequencing, we therefore report a false 

positive rate of 1/75 or 0.013 (95% C.I. 0.0007 - 0.08) for all branches. However, when 

restricted to only the 482 branches with an average XDG sequence depth >10×, that were used 

in this study, the false positive rate becomes 0/43 (95% C.I. 0 - 0.102) (see Table 4). 

In order to validate a subset of the 1456 candidate mutations observed in our original 

study design, we obtained WGS data from three additional males, each sons of individuals 

included in the set of 274 patrilines. These are the sons of the males represented by the following 

branches in the patrilines listed in Supplementary Table 2 of Helgason et al. (2015) ( 

http://www.nature.com/ng/journal/v47/n5/full/ng.3171.html#supplementary-information): 

branch 1 in patriline 36, branch 8 in patriline 168 and branch 4 in patriline 123. All three 

individuals had an XDG sequence depth between 19-20X. These additional data allowed for 

the validation of ancestral genotypes for 26 candidate mutations (from 12 different branches) 

and derived genotypes for 15 candidate mutations (from six different branches). In all cases, 

the reads mapped to the relevant positions in the three additional males confirmed the genotypes 

called in the original set of males from those patrilines. The genotype error rate from this 

experiment is estimated to be 0/41 (95% C.I. 0-0.107) and the false-positive rate for calling 

mutations is estimated to be 0/15 (95% C.I. 0-0.253) (Table 5). 
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The false positive rate for the 482 branches with >10× sequence depth was 0/43 from 

Sanger sequencing and 0/15 from WGS, yielding a combined rate of 0/58 (95% CI = 0–0.077). 

Firm conclusions cannot be drawn from such a small sample since it has low statistical power. 

Nonetheless, reducing our count of mutations by some percentage will not change our outcome 

drastically as the numerator is extremely low compared to the denominator.    

 

Table 4. Validation of 101 candidate mutations through Sanger sequencing 

 Informative assays Failed assays  

No. of 

branch 

descendants  

Average XDG 

sequence depth 

of branch 

Sequence 

Region Verified Rejected 

No 

Sanger 

reads 

Erroneous 

mapping of 

Sanger reads Total 

1 <=10 XDG 13 0 5 1 19 

1 <=10 XTR 2 2 1 0 5 

1 <=10 rAMP 7 0 1 2 10 

1 <=10 PAL 7 1 3 3 14 

1 >10 XDG 5 0 0 1 6 

1 >10 XTR 2 0 0 0 2 

1 >10 rAMP 5 0 0 0 5 

1 >10 PAL 11 0 0 3 14 

>1 >10 XDG 9 0 3 3 15 

>1 >10 XTR 2 0 0 0 2 

>1 >10 rAMP 3 0 0 0 3 

>1 >10 PAL 6 0 0 0 6 

All All All 72 3 13 13 101 
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Table 5. Validation of genotypes called for 41 candidate mutations at 65 positions by 

means of additional WGS data 

Patriline 

number 

Branch 

number 

Number of 

original 

GWS male 

descendants 

Branch 

length 

(gens) 

Branch 

length 

(years) 

Average 

XDG 

sequence 

depth of 

branch 

Number of 

mutations 

Number of 

ancestral 

genotypes 

verified 

Number of 

mutation 

genotypes 

verified 

36 2 1 1 45 16.96 5 5   

123 9 1 8 298 11.08 2 2   

123 7 1 7 265 5.91 2 2   

123 4 1 1 32 9.38 1   1 

123 8 1 8 311 6.72 3 3   

123 2 4 1 45 28.62 2   2 

123 10 1 2 67 7.23 1 1   

123 1 2 1 29 16.99 1 1   

123 6 2 1 36 13.80 1 1   

123 3 3 5 203 23.18 7   7 

168 2 4 5 211 53.61 3   3 

168 7 1 3 99 6.24 1 1   

168 6 1 2 67 7.48 2 2   

168 8 3 6 182 47.68 2   2 

168 1 3 4 150 18.85 2 2   

168 4 1 6 194 5.12 3 3   

168 3 2 4 132 13.72 3 3   
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Table 6. The frequency of different transition and transversion mutations based on 

sequence depth of branches 

   Sequence region 

Average 

XDG  

sequence 

depth of 

branch 

Transition or 

transversion 
Mutation rAMP PAL XDG XTR ALL 

>10X Ti G->A 0.2562 0.1992 0.1890 0.2415 0.2098 

>10X Ti C->T 0.1367 0.2073 0.2029 0.1887 0.1922 

>10X Ti A->G 0.1594 0.1363 0.1251 0.1094 0.1303 

>10X Ti T->C 0.1381 0.1314 0.1181 0.1358 0.1272 

>10X Tv A->C 0.0278 0.0567 0.0584 0.0491 0.0520 

>10X Tv A->T 0.0541 0.0237 0.0334 0 0.0285 

>10X Tv C->A 0.0399 0.0465 0.0556 0.0453 0.0494 

>10X Tv C->G 0.0698 0.0416 0.0556 0.0528 0.0537 

>10X Tv G->C 0.0327 0.0416 0.0417 0.0566 0.0428 

>10X Tv G->T 0.0384 0.0457 0.0389 0.0491 0.0422 

>10X Tv T->A 0 0.0188 0.0361 0.0302 0.0256 

>10X Tv T->G 0.0470 0.0510 0.0452 0.0415 0.0463 

>10X Ti+Tv ALLa 117.08 204.17 359.75 132.5 813.5 

        

<=10X Ti G->A 0.2341 0.2177 0.2059 0.1842 0.2097 

<=10X Ti C->T 0.1907 0.1991 0.1687 0.1316 0.1747 

<=10X Ti A->G 0.1130 0.0716 0.1030 0.1211 0.0980 

<=10X Ti T->C 0.1150 0.0800 0.0991 0.1368 0.1015 

<=10X Tv A->C 0.0363 0.0419 0.0419 0.0368 0.0404 

<=10X Tv A->T 0.0404 0.0447 0.0419 0.0474 0.0433 

<=10X Tv C->A 0.0505 0.0716 0.0953 0.1158 0.0856 

<=10X Tv C->G 0.0283 0.0577 0.0610 0.0684 0.0568 

<=10X Tv G->C 0.0646 0.0447 0.0305 0.0211 0.0377 

<=10X Tv G->T 0.0706 0.0735 0.0648 0.0263 0.0622 

<=10X Tv T->A 0.0283 0.0521 0.0496 0.0842 0.0528 

<=10X Tv T->G 0.0283 0.0456 0.0381 0.0263 0.0372 

<=10X Ti+Tv ALLa 82.58 179.167 262.25 95 619 

aThese lines in the table contain the sum of weights rather than the proportion of the sum of weights contained 

in the other lines. 
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4.3 Mutation rate estimates 

Several recent studies have used WGS data to find de novo mutations through a direct 

comparison of chromosomes from parents and offspring, yielding mutation rate estimates in the 

range of 0.89–1.2 × 10−8 mutations per position per generation (PPPG) (Kong et al., 2012, 

Conrad et al., 2011, Michaelson et al., 2012, Roach et al., 2010). Three studies showed that 

variation in the number of new mutations carried by offspring is primarily determined by the 

age of the father at the time of conception (reflecting the different numbers of mitoses preceding 

the meioses that yield eggs and sperm) (Kong et al., 2012, Michaelson et al., 2012) and that 

fathers contribute around 3–4 times as many mutations to their offspring as mothers do (Kong 

et al., 2012, Michaelson et al., 2012, Campbell et al., 2012). These findings lead to an 

expectation of a relatively high mutation rate in the MSY, which is only carried and transmitted 

by fathers.  

A total of 625 mutations in 274 patrilineal genealogies with 2449 transmission events 

at, on average, about 20 million valid positions indicate that the mutation rate of the XDG region 

of the Y chromosome is 3.07 × 10-8 (95% CI: 2.76 × 10-8 - 3.4 × 10-8) per position per generation 

(PPPG) and 8.88 × 10-10 (95% CI: 8.0 × 10-10 - 9.86 × 10-10) per position per year (PPPY). Our 

findings yield a mutation rate that is very similar to another genealogical estimate based on only 

13 transmission events (Xue et al., 2009) but with much smaller confidence limits. However 

our findings are also in line with the phylogenetic study of Poznik et al. (2013). They built a 

human Y chromosome phylogeny from 69 male genomes and used the entry to the Americas 

as a calibration point giving them an estimate of 0.82 × 10−9 PPPY (95% CI: 0.72 × 10−9 to 0.92 

× 10−9). They report that this is lower than the mutation rate given by Xue et al. but they are in 

fact well within the wide confidence interval (95% CI: 3.0 × 10−10–2.5 × 10−9). Our results are 

nonetheless outside of the range of two phylogenetic estimates (Francalacci et al., 2013, Kuroki 

et al., 2006). The reasons for discrepancies between the results of these studies are discussed in 

5.1 The mutation rate debate.  

A comparison of the mutation rates of each sequence class with those of the other three 

classes combined using a χ2 test of equal proportions showed a lower rate in PAL sequence 

(two-tailed P = 0.04, mostly driven by PAL versus XDG). We therefore report combined 

mutation rates for the XDG, rAMP and XTR regions of 3.01 × 10−8 (95% CI = 2.77 × 10−8 to 

3.26 × 10−8) PPPG and 8.71 × 10−10 (95% CI = 8.03 × 10−10 to 9.43 × 10−10) PPPY and separately 

for PAL sequence as 2.55 × 10−8 (95% CI = 2.21 × 10−8 to 2.93 × 10−8) PPPG and 7.37 × 10−10 

(6.41 × 10−10 to 8.48 × 10−10) PPPY. 
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As expected, the number of mutations assigned to patriline branches was strongly 

correlated with their length in generations and years (r = 0.783 and 0.789, respectively, both P 

< 10−16) (Figure 6a). In line with other studies (Ballantyne et al., 2010, Kong et al., 2012, 

Michaelson et al., 2012, Sun et al., 2012) a joint analysis showed that only the correlation with 

the number of years was significant (Table 8). We assessed the impact of father’s age at 

conception through the correlation of the mutation rate (in PPPG) and the mean generation 

interval per branch (r = 0.212, P = 1.4 × 10−6). This correlation was weaker than in autosomal 

studies (Kong et al., 2012), partly because the MSY is shorter, such that relatively few de novo 

mutations are observed per generation (an average of 0.59, where 35% of branches had none). 

Also, information is lost through the averaging of generation intervals for branches with 

multiple generations (the 255 single-generation branches yielded r = 0.226, P = 1.8 × 10−4). The 

patriline branches spanned several centuries, with the oldest and youngest from 1375–1476 and 

1980–2002, respectively.  

We observed 28 instances of multiple mutations on the same branch that were clustered 

by physical position (<1,000 bp between positions) (Supplementary Table 10 of Helgason et 

al., 2015). The average distance between all pairs of clustered positions was 59 bp, with 13 

clusters separated by an average distance of <10 bp. The XDG and XTR regions had the highest 

rate of such multi-nucleotide de novo mutations PPPY (8.15 × 10−11 and 7.74 × 10−11, 

respectively, with 3.58 × 10−11 in rAMP and 5.42 × 10−11 in PAL regions). It is unlikely that 

these multi-nucleotide events are due to gene conversion, which is expected to be very rare in 

the XDG class. Some other cause of mutagenesis must be at work as will be discussed in 5.1 

The mutation rate debate and 5.2 Mutation and time. 

Mutation and structure 

There exists some variation in the length and structure of the MSY, particularly in AMP 

regions, that could have some impact on mutation rate estimates, through the numerator (the 

detectability of de novo mutations) and the denominator (counting the number of positions at 

which de novo mutations could have occurred). The ideal solution to this problem would be to 

undertake a de novo MSY assembly based on the sequence reads obtained from each individual. 

Unfortunately, this is a daunting task that is well outside the scope of the current study. For the 

time being, we and others are forced to use a single human reference sequence for read mapping 

and genotype calling. The human reference MSY is a mosaic of two Y chromosomes that 

belong to haplogroups R1b and G (Wei et al., 2013), whereas the Y chromosomes sequenced 
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in our study derive from six basic haplogroups: E1b1, I1, I2, Q1a3a, R1a1 and R1b1a. For the 

purpose of this discussion, we divide structural variation (relative to the reference sequence) 

into five different categories, 1) unique insertions, 2) unique deletions, 3) copy number 

reduction, 4) copy number increase, and 5) inversions. Note that for the purpose of this 

discussion, translocations can be viewed as falling into one of the first four categories. We 

discuss the impact of each category of structural variation in turn, with a focus on variants that 

span a large enough number of nucleotides to affect the mapping of sequence reads to the 

reference genome.  

1) Unique deletions. The MSY from the target genome is missing a uniquely mapped 

fragment that is contained in the reference sequence. In this instance, a part of the reference 

sequence will have no reads mapped from the target genome and therefore these positions in 

the reference sequence will not be counted in the denominator reflecting the number of 

transmitted positions. No mutation events can be detected for these positions (because there are 

no reads) and they will therefore also be excluded from the numerator.  

2) Unique insertions. The MSY from the target genome has a unique additional fragment 

that is not contained in the reference sequence. In this instance, reads belonging to the additional 

fragment will not be mapped and no mutation events can be detected. Therefore, these positions 

will be omitted from both the numerator and denominator of the mutation rate.  

3) Copy number reduction. The MSY from the target genome carries fewer copies (but 

at least one copy) of a fragment that is present at least twice in the reference sequence. The 

reads mapping to this fragment in the reference sequence will be spread thinner – i.e. have a 

lower sequence depth than those mapping to parts of the MSY that have the same copy number 

as the reference sequence. The impact of this is that de novo mutations occurring in one of the 

fragments that do exist in the target MSY will be even easier to detect when paralogous 

positions are combined for genotype calling (see Methods) – as there will be a greater 

proportion of reads with the de novo mutation, as opposed to reads with unmutated paralogs. 

The mutation rate estimate will be biased downwards, as the additional copies of the fragment 

in the reference sequence will make the denominator larger than it should be.  

4) Copy number increase. The target sequence carries more n copies of a fragment that 

is present at least once in the reference sequence. The reads mapping to this fragment in the 

reference sequence will be spread thicker – i.e. have a greater sequence depth than those 

mapping to parts of the MSY that have the same copy number as the reference sequence. de 

novo mutations occurring in one of the fragments from the target genome may be harder to 

detect, because although the expected absolute number of reads with the de novo mutation will 
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be unchanged, there will be a lower proportion of reads with the de novo mutation, as opposed 

to reads with unmutated paralogs. We note that in our study design, most de novo mutations 

will be detectable for n≤2, whereas n>2 is likely to be rare. Assuming all mutations are detected, 

then the mutation rate estimate will be biased upwards, as the additional copies of the fragment 

in the target genome will not be reflected in the denominator – which will therefore be smaller 

than it should be.  

5) Inversions. All other things being equal, inversions are only likely to affect the 

mapping of reads that directly encompass the breakpoints, when the orientation of a fragment 

in the target MSY is different from that of the reference sequence. Inversions are therefore 

expected to have a minimal impact on both the numerator and the denominator for the 

calculation of the mutation rate.  

We explore the possible impact of MSY structural variation on our mutation rate 

estimates in Supplementary Table 9 of Helgason et al., (2015) 

(http://www.nature.com/ng/journal/v47/n5/full/ng.3171.html#supplementary-information) and 

and sequence depth in Figure 5. 

We note that some types of length variation are unlikely to affect our mutation rate 

estimates. For example, insertions or deletions of unique fragments will be omitted from both 

the numerator and denominator in our study design and should therefore not bias mutation rate 

estimates. In some cases, differences in the copy number of sequence regions between the target 

genome and reference sequence could have an impact on the detectability of mutations and 

might result in upward or downward bias of the denominator. However, the number and size of 

such copy number variations would have to be fairly drastic to have a notable impact on our 

mutation rate estimates. The greatest structural differences in our study were expected between 

MSY chromosomes belonging to different haplogroups. We therefore tested for differences in 

mutation rate by sequence regions and haplogroup. To shed light on the extent of MSY 

structural variation in our sample, we also examined the distribution of sequence depth by 

region and haplogroup. 

WGS mapping methods may miss structural variations between different groups such 

as haplogroups. Therefore we wanted to know if there were any differences in mutation rates 

between haplogroups and if that might cause some bias in our results. Despite some evidence 

for structural variation among haplogroups in IR2, rAMP2 and XTR2 sequence (Figure 5 and 

Table 1), this variation did not have a notable impact on our results. Thus, a χ2 test for equality 

of proportions showed a significant difference in mutation rate across haplogroups for only 1 

(XDG9) of 27 sequence regions—accounted for by an unusually high mutation rate for 5 
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branches of a patriline belonging to haplogroup E1b1 (Supplementary Table 9 of Helgason et 

al., 2015) (http://www.nature.com/ng/journal/v47/n5/full/ng.3171.html#supplementary-

information).  



49 

Table 7. Mutation counts and rate by sequence region 

Branches 
Sequence 

class 

Number of transmissions in: 
Sum of weighted 

mutations TiTv 

ratio 

Mutation rate (95% CI) 

Generations Years Total Ti Tv 
PPPG 

(×10−8) 

PPPY 

(×10−10) 

All  

(n = 739) 

rAMP 6,874,385,229 238,741,250,131 199.67 134.75 64.92 2.08 
2.90 

(2.52−3.34) 

8.36 

(7.26−9.63) 

PAL 13,393,136,657 465,132,879,492 383.33 239.17 144.17 1.66 
2.86 

(2.59−3.17) 

8.24 

(7.45−9.12) 

XDG 19,839,248,707 689,006,510,906 622 379.75 242.25 1.57 
3.14 

(2.90−3.39) 

9.03 

(8.34−9.77) 

XTR 7,598,266,520 263,902,578,153 227.5 144 83.5 1.72 
2.99 

(2.62−3.42) 

8.62 

(7.55−9.84) 

ALL 47,705,037,113 1,656,783,218,682 1,432.5 897.67 534.83 1.68 
3.00 

(2.85−3.16) 

8.65 

(8.21−9.11) 

>1 

descendant 

(n = 170) 

rAMP 2,100,028,363 74,200,282,332 64.5 45.67 18.83 2.42 
3.07 

(2.39−3.94) 

8.69 

(6.76−11.16) 

PAL 4,165,585,875 147,208,882,493 110 71.83 38.17 1.88 
2.64 

(2.18−3.20) 

7.47 

(6.17−9.04) 

XDG 6,080,806,070 214,842,865,403 193.5 125.5 68 1.85 
3.18 

(2.76−3.67) 

9.01 

(7.80−10.39) 

XTR 2,327,330,075 82,236,059,838 64 42.5 21.5 1.98 
2.75 

(2.13−3.54) 

7.78 

(6.04−10.01) 

ALL 14,673,750,383 518,488,090,066 432 285.5 146.5 1.95 
2.94 

(2.68−3.24) 

8.33 

(7.57−9.17) 

Sequence 

dep.>10×  

(n = 482) 

rAMP 4,050,198,239 139,807,329,028 117.08 80.83 36.25 2.23 
2.89 

(2.40−3.48) 

8.37 

(6.96−10.07) 

PAL 8,022,126,135 276,927,105,410 204.17 137.67 66.5 2.07 
2.55 

(2.21−2.93) 

7.37 

(6.41−8.48) 

XDG 11,731,325,928 404,947,751,959 359.75 228.5 131.25 1.74 
3.07 

(2.76−3.40) 

8.88 

(8.00−9.86) 

XTR 4,493,981,680 155,134,333,009 132.5 89.5 43 2.08 
2.95 

(2.48−3.51) 

8.54 

(7.18−10.16) 

ALL 28,297,631,982 976,816,519,406 813.5 536.5 277 1.94 
2.87 

(2.68−3.08) 

8.33 

(7.77−8.93) 
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Figure 5. The XDG normalized sequence depth of branches by sequence region and 

haplogroup 

Results are shown for the 482 branches with an average XDG sequence depth >10×. For each branch, the average 

depth in each of 27 regions of the four sequence classes was normalized through division by its average XDG 

sequence depth. This was done because the branches have very different baseline expectations of sequence depth, 

which depend on the number of males that belong to them and the amount of sequencing undertaken for each. 

Normalization by average XDG sequence depth, allows meaningful comparison of sequence depth among 
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branches. Moreover, as the XDG region is mostly present in single copy, the normalized value provides some 

information about the relative magnitude of change in copy number. For each sequence region and haplogroup, 

we then calculated and plotted the average XDG normalized sequence depth with 95% confidence intervals. The 

greatest differences are seen for region PAL_IR2. Here we see that males belonging to haplogroup Q1a3a appear 

to have just a single copy of each orientation of IR2 (around 70 and 80 kb in length, respectively), as seen in the 

NCBI build 36 reference sequence, whereas males from the other haplogroups have an excess of 17-30% of reads 

that map to these small sequence regions, indicating a greater copy number of at least part of the IR2 sequence. 

Other regions that exhibit differences between haplogroups are rAMP2, where the XDG normalized sequence 

depth is greater in E1b1 and Q1a3a than in the other haplogroups; and XTR2, where R1b1a and Q1a3a exhibit 

greater XDG normalized sequence depth than the rest. For most other sequence regions, there is little evidence for 

differences in copy number among haplogroups. Based on this evidence, we deem it unlikely that our mutation 

rate estimates are affected by copy number variation of MSY sequence. 
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5 Discussion and further research 

5.1 The mutation rate debate 

The human Y chromosome mutation rate has spurred some debate lately. In particular, 

methods that are not based on discrete Y chromosome transmission events, but inferred 

transmissions across hundreds or thousands of generations have been criticised. This is a grave 

issue for some scientists as it is used to infer about the timing and nature of past events. (Elhaik, 

Tatarinova, Klyosov, & Graur, 2014; Wilson Sayres, 2013). Various attempts have been made 

to get an accurate estimate of the Y chromosome mutation rate but a direct estimate based on a 

large sample size has been missing. Our results are consistent with both the genealogical results 

from Xue et al. (2009) and the phylogenetic study by Poznik et al. (2013). Poznik et al. 

compared 69 males from globally diverse populations and Xue et al. compared only two 

individuals in their genealogical study, finding 4 mutations in 10.15 Mb og XDG sequence data. 

Poznik et al. (2013) did not know the number of Y chromosome transmissions or the generation 

interval in their phylogenetic study (they used a sensible generation interval of 31.5 years). The 

Xue et al. study lacked power, being a study of only two Y chromosomes separated by 14 

generations. As a result, our study should provide a more reliable mutation rate estimate through 

being a direct estimate based on 1302 Y chromosome transmissions. Our mutation rate 

estimates have much tighter confidence intervals than previous ones, providing more accurate 

estimates of the molecular clock for the Y chromosome (95% CI: 2.57 × 10-8-3.13 × 10-8 per 

position per generation and 8.0 × 10-10 - 9.86 × 10-10 per position per year). When applied to 

estimate the TMRCA between two Y chromosomes that encompass the oldest known patrilineal 

bifurcation between any humans (representing haplogroups A00 and A0, that yielded 75 

derived mutational differences in 180kb of XDG sequence) (Mendez et al. 2013), we obtain a 

maximum likelihood estimate (Walsh, 2001) of 239 thousand years ago (kya) and a 95% CI of 

188 – 296 kya. Use of the lower and upper bounds of the 95% CI from our mutation rate 

estimate yields the larger range of 174 – 321 kya. This places the TMRCA for human Y 

chromosomes much closer to that for mtDNA, 170-180 kya, (Behar et al., 2012) than the 

estimate reported by Mendez et al. (2013) of 338 kya, which was based on a questionable 

extrapolation of the genome-wide PPPG mutation rate from Kong et al.(2012). Mendez et al. 

(2013) adjusted the recently estimated autosomal mutation rate by Kong et al. (2012) for the 

XDG portion of the male specific region of the Y chromosome by performing a complex 

calculation to infer the paternal only mutation rate. But as Wilson-Sayres (2013) pointed out, 
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the autosomes are not appropriate surrogates for the XDG Y chromosome as e.g. the latter does 

not recombine. She also points out that the findings are inconsistent with the known human 

fossil record, a simple explanation for their observations is that the mutation rate used to 

estimate the TMRCA for the Y chromosome was simply too low. Recent findings have 

estimated that 3% of human point mutations are clustered mutations, i.e. multiple mutations 

happening at once and thus might question the accuracy of coalescent calculations in population 

genetics that have seen each SNP as isolated events. Alas, we are, strictly speaking, only 

estimating the rate of nucleotide changes, not mutation events. In autosomes, the rate of these 

mutations is greater in late replication regions and near recombination events (Besenbacher et 

al., 2016). 

Our results are nonetheless outside of the range of two phylogenetic estimates 

(Francalacci et al., 2013, Kuroki et al., 2006). Archaeological calibration and miscalculated 

generation intervals in humans and species ancestral to us and chimpanzees are examples of 

difficulties researchers have to consider. This emphasizes the importance of the availability of 

patriline branches with more than one WGS male descendant as a key methodological strength, 

as they provide the basis to verify the existence of de novo mutations through genotypes from 

two or more independently and deeply sequenced males with known generation intervals. 

Francalacci et al. (2013) used a large sample of 1,200 modern Sardinians, finding many 

Sardinian specific SNPs and they could trace their data coalescence to form lineages, clades 

and haplogroups. Their rate was calibrated by the supposed initial expansion of the Sardinian 

population based on archaeological records. As we do not know whether the current Sardinian 

population is descended from that initial expansion or, in part, from more recent gene flow, 

their mutation rate estimate is at best questionable. In general, it is sensible to be sceptical of 

archaeological calibrations for genetic data from modern populations. This is because we know 

there is so much missing information in the archaeological picture of our past. Thus, one should 

be wary of placing too much confidence in calculations based on such knowledge. Particularly, 

if we have access to better material.  
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5.2 Mutation and time 

It is exciting to see if future research can demonstrate a fluctuating mutation rate with 

chronological time. It is interesting to see if modern time is more mutagenic than the past. If 

that is the case, what is it that causes such change; pollution, radiation or psychological stress?  

A test for temporal variation in mutation rate showed that, if such a difference exists, it 

was too small to be detected by our study. Figure 6b and Figure 6c show correlation between 

time and mutation rate and Table 8 shows regression models for years per branch and mutations. 

Although we are sceptical about others studies of the same issue (see 5.1 The mutation rate 

debate), we do realise that our study is not perfect. For one thing, our results are often based on 

mutations assigned to multi-generational patrilineal branches, rather than to specific father-son 

pairs. Thus, the link between age of father at conception of son and the number of mutations 

less accurate than it could be. Direct estimates of the number of years underlying each mutation 

would be preferable. Ideally we could sequence all individuals in a deeply rooted genealogical 

tree. Another key problem is that when compared to the length of the autosomal genome per 

call (2 x 2900 Mb), the mappable Y chromosome is rather short (26 Mb). Thus, there are much 

fewer mutations per Y chromosome transmissionand thus we therefore do not have enough 

statistical power to replicate Kong et al. (2012) findings of correlation between age of father 

and mutation rate. Nonetheless, we see a tendency towards such an association. A more robust 

estimate of this correlation for the Y chromosome may be possible in the future as the data set 

of deCODE and other groups grows larger.  

It is not a new idea that the mutation rate is male-driven. It has even been proposed that 

the scrotum evolved as a cooling system to slow down the paternally driven mutation rate 

(Short, 1997). An increasing mutation rate with chronological time may then not even be 

surprising since the birth of epidemiology of occupational hazards may have started with the 

Londoner Percivall Pott’s linking “cancer scroti“ to chimney sweeping in 1775 and later 

confirmed by Yamagiwa and Ichikawa as due to a carcinogen in coal tar (Brown & Thornton, 

1957; Loeb & Harris, 2008). Future research will tell if our genomes are more mutable today 

than in the past. As we do not include indels we cannot predict the end nor survival of the Y 

chromosome. However, there is good reason to suppose that it is not disappearing, partly 

because the palindromes exist as a repair mechanism to the most important male specific genes. 

It is likely that the palindromes are one reason why the human Y chromosome has not 

disappeared like it has in some rodent species.  
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Figure 6 Number of mutations by branch length and calendar year. 

All panels show results for the 482 branches whose descendants with whole-generation sequencing data 

exceeded an XDG sequence depth of 10×. (a) A scatterplot of the number of mutations per branch per position 

(y axis) against the number of years per branch (x axis). (b) The mutation rate per branch per position per year 

(PPPY) (y axis) plotted against the mid-year (x axis) for each of the 482 branches, where gray circles represent 

branches with >1 descendant and black circles represent branches with 1 descendant. (c) The mutation rate in 

PPPY and its 95% CI grouped into five categories by the mid-year of the branch. 

 

Table 8. Regression models to account for the number of mutations per branch  

Regression 

model 
Branches with sequence depth >10× (n = 482) 

Single-generation 

branches (n = 255) 

Statistic 
Total mutations per branch 

per position 

Total mutations per branch 

PPPG 

Total mutations per 

branch PPPG 

Mean (s.d.) 8.15 × 10−8 (1.01 × 10−7) 2.85 × 10−8 (3.17 × 10−8) 2.87 × 10−8 (4.01 × 10−8) 

Generations 

effect (P value) 
4.25 × 10−9 (0.57) NA NA 

Years effect 

(P value) 
7.24 × 10−10 (0.0005) 1.12 × 10−9 (1.4 × 10−6) 1.29 × 10−9 (1.78 × 10−4) 

Model 

adjusted r2 
0.621 0.045 0.051 

Model P value <2.2 × 10−16 1.4 × 10−6 1.78 × 10−4 
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5.3 Palindrome mutation rate 

We found a lower mutation rate in PAL sequence than in the other MSY sequence classes. 

One possible explanation is a greater false negative rate of mutation calls in PAL sequence, due 

to its paralogous nature, or a greater false positive rate in the rest of the MSY. However, both 

the rAMP and XTR sequence classes are also highly paralogous, but neither exhibited a 

significant deficit of de novo mutations. Moreover, error rates were low in our study (see Table 

4, Table 5 and Supplementary Table 8 of Helgason et al., 2015) and did not vary among the 

MSY regions. Negative selection against mutations in PAL genes that contribute to 

hypofertility is unlikely to account for the difference, as, even in this relatively gene-rich region, 

the proportion of positions with functional impact is very small. For example, a Variant Effect 

Predictor (VEP) analysis of our candidate mutations found none of high impact (Supplementary 

Tables 4 and 11 of Helgason et al., 2015) 

(http://www.nature.com/ng/journal/v47/n5/full/ng.3171.html#supplementary-information). 

Another explanation could be that a subset of damaged nucleotides in PAL sequence are 

corrected back to their ancestral state through gene conversion between paralogous sequences 

of the palindrome arms before they can be transmitted to offspring via sperm as de novo 

mutations (Rozen et al., 2003). Consistent with this interpretation, gene conversion is thought 

to be much less widespread in the XDG, XTR and rAMP sequence classes (Trombetta et al., 

2010). Indeed, as gene conversion is part of the cell’s DNA repair repertoire, such events may 

be biased toward the fraction of de novo mutations that stem from DNA damage. Interestingly, 

the PAL mutation rate was not statistically different from that of paternally transmitted 

autosomal chromosomes at 7.2 × 10−10 PPPY, 95% CI = 6.41 × 10−10 to 8.14 × 10−10 PPPY 

(based on five father-child transmissions, Kong et al., 2012). Both autosomal chromosomes and 

PAL sequence are subject to gene conversion (mostly allelic and non-allelic, respectively), 

whereas most of the remainder of the MSY is not. We therefore speculate that the difference in 

mutation rate between the PAL sequence and non-recombining MSY provides a measure of the 

additional damage-mediated mutation burden that is removed by DNA repair through gene 

conversion. 
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