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ABBREVIATIONS

AMH = Anatomically modern human

ASD = Average of the squared distance

CNYV = Copy number variation

kya = Kilo years ago

MP = Maximum parsimony

MRCA = Most recent common ancestor

MSY = Male-specific region of the Y chromosome
mtDNA = Mitochondrial DNA

NGS = Next generation sequencing

PAR = Pseudoautosomal region

SINE = Short interspersed element

SNP = Single nucleotide polymorphism

SNS = Single nucleotide substitution

TMRCA = Time to the most recent common ancestor
YAP =Y Alu polymorphism
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SUMMARY

The analysis, by Next Generation Sequencing, of 1.5 Mb of the
Male-Specific region of the Y chromosome (MSY), in a sample
carefully selected to represent a wide range of diversity and
antiquity among MSY lineages, led to the identification of 2,386
variable positions, 80% of which were novel. Many aspects of this
pool of variants resembled the pattern observed among genome-
wide de novo events, suggesting that in the MSY a large proportion
of newly arisen alleles have survived in the phylogeny. Some
degree of purifying selection emerged in the form of an excess of
private missense variants.

We used these markers to reconstruct a phylogenetic tree, which
showed remarkable differences with the one known in literature,
although recapitulating the previously known topology. The
relative lengths of the tree branches have been notably altered, and
the time estimates associated with the tree nodes have moved
towards more ancient times. Keeping into account the present day
distribution of patrilineages, and the fossil remains of Homo
sapiens found to date, our data enabled us to draw hypotheses on
the evolutionary events that involved the human species, since its
origin, up to its migration out of the African continent.
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INTRODUCTION

The human Y chromosome

Structure of the human Y chromosome

The Y chromosome is one of the smallest chromosomes in the
human genome, measuring about 58 Mb in length (Harris et al.
1986; Morton 1991; Foote et al. 1992; Group NCCM 1992,
International Human Genome Sequencing Consortium 2001;
Skaletsky et al. 2003).

The telomeric portions of the Y chromosome are known as
PseudoAutosomal Regions (PARs), named PAR1 and PAR2 on
the short and on the long arm, respectively. These regions
constitute about the 5% of the length of the chromosome, with 29
genes identified inside them to date, and show a high
recombination rate with the allelic X chromosome regions during
male meiosis (Ross et al. 2005).

The PARs flank a vast region, named as the Male-Specific
region of the Y chromosome (MSY), accounting for 95% of the Y
chromosome length, which follows a male uniparental inheritance
pattern.

The MSY’s euchromatic DNA sequences total roughly 22.5
Mb, including 8 Mb on the short arm (Yp) and 14.5 Mb on the
long arm (Yq) (figure 1).

Three heterochromatic blocks are also found on the Y
chromosome, with the largest (approximately 40 Mb long)
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comprising the bulk of the distal long arm. Another smaller block,
approximately 400 kb long, comprises 3,000 tandem repeats of 125
base pairs (bp), and interrupts the euchromatic sequences of
proximal Yq. A third block may be found in the centromeric region
(a feature of all nuclear chromosome), and is approximately 1 Mb
long (Skaletsky et al. 2003).
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Figure 1: Structure of the MSY. a) Schematic representation of the whole chromosome. b)
Enlarged view of a 24-Mb portion of the MSY, extending from the proximal boundary of the Yp
pseudoautosomal region to the proximal boundary of the large heterochromatic region of Yq. Shown
are three classes of euchromatic sequences, as well as heterochromatic sequences. A 1-Mb bar
indicates the scale of the diagram (modified from Skaletsky et al. 2003).

Three discrete sequence classes can be identified in the MSY
euchromatin: X-transposed, X-degenerate and ampliconic.

The X-transposed sequences are located in two blocks on the
short arm, with a combined length of 3.4 Mb and 99% identity to
DNA sequences in Xq21; they are the product of a massive X-to-Y
transposition event that took place about 3-4 million years ago
(Ross et al. 2005), after the divergence of the human and
chimpanzee lineages, followed by an inversion within the MSY
short arm (Skaletsky et al. 2003).

The X-degenerate sequences are considered as relics of the
autosomes from which the sex chromosomes co-evolved (Lahn and
Page 1999; Lahn et al. 2001; Skaletsky et al. 2003; Ross et al.
2005; Graves et al. 2006), and display between 60% and 96%
nucleotide sequence identity to their X-linked paralogous regions.
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The third class, the ampliconic sequences, are composed largely
of sequences that exhibit marked similarity — as much as 99.9%
identity over tens or hundreds of kilobases — to other regions in the
MSY, and are located in seven segments whose combined length is
10.2 Mb.

Variation in the human Y chromosome

Biallelic polymorphisms

Biallelic polymorphisms are markers that only have two states,
one being the ancestral and the other the derived. While the first
MSY polymorphism in this class was discovered almost thirty
years ago (Casanova et al. 1985), only few of such markers,
including Single Nucleotide Polymorphisms (SNPs), deletions, and
Alu insertions, were discovered until 1996 (Hammer 1994;
Seielstad et al. 1994; Whitfield et al. 1995; Jobling et al. 1996).
The introduction of DHPLC (Denaturing High Performance Liquid
Chromatography) and improvements in the sequencing techniques
led to the discovery, in the subsequent years, of over 600 new
MSY biallelic polymorphisms (Underhill et al. 1997, 2000, 2001;
Shen et al. 2000, 2004; Hammer et al. 2001, 2003; Hammer and
Zegura 2002; Cruciani et al. 2002, 2004, 2006, 2007, 2008, 2010a,
2011a; Y Chromosome Consortium 2002; Kayser et al. 2006;
Mohyuddin et al. 2006; Underhill and Kivisild 2007; Karafet et al.
2008; Chiaroni et al. 2009; Scozzari et al. 2012; Mendez et al.
2013). Then, in recent years, the advent of Next Generation
Sequencing (NGS) technologies brought new life to the search of
variants in the MSY, leading to the discovery of thousands of new
polymorphisms (Xue et al. 2009; The 1000 Genome Project
Consortium 2010; Francalacci et al. 2013; Poznik et al. 2013; Wei
etal. 2013).
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Several studies highlighted the lower genetic variation of the
MSY when compared to the autosomes, the X chromosome, or the
mtDNA (International SNP Map Working Group 2001). This can
be explained by two factors at least:

1. The smaller MSY effective population size (Hammer 1995;
Underhill et al. 1996) when compared to the rest of the genome,
an effect enhanced by male mortality (due to wars, hunting,
etc.) or cultural phenomena like polygyny. This exposes the
MSY to a stronger effect of genetic drift, which leads to faster
fixation of alleles and loss of diversity;

2. The lack of recombination, which might have led to the fixation
of alleles associated to positively selected variants, a
phenomenon known as hitchhiking (Rice 1987; Whitfield et al.
1995).

The MSY biallelic polymorphisms are usually regarded as
“stable” in an evolutionary perspective. Their mutation rate,
recently estimated at less than 10” events/position/year (Mendez et
al. 2013), is remarkably lower than the mtDNA mutation rate, and
makes it very unlikely that any site is hit by repeated mutations
more than once in recent evolution (Jobling et al. 2013). This
means that different chromosomes displaying the same derived
state at a site probably descend from a common ancestor.
Chromosomes sharing the derived state at one or more sites are
thus gathered in haplogroups, which constitute a univocal
phylogeny (Karafet et al. 2008).

Other than Single Nucleotide Substitutions (SNSs), Alu
insertions represent another important class. Alu elements,
approximately 300 bp long, are retrotransposons of the SINE
(Short INterspersed Element) class, and are named after a
restriction site for the A/ul enzyme within them (Houck et al.
1979). They show higher average nucleotide diversity when
compared to the rest of the genome, due to the presence of
abundant CpG sites (Batzer and Deininger 2002). Their
transposition features the retrotranscription of an RNA intermediate,

10
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although only few “master” copies in the genome are competent
for retrotransposition. As variant alleles in any of these “master”
elements are passed to all of its copies, they identify different A/u
families and subfamilies. The expansion of A/u elements is a recent
event, with some of them being polymorphic for presence/absence.
Only one such polymorphism has been so far identified in the
MSY (Hammer and Horai 1995).

Multiallelic polymorphisms

Several classes of multiallelic polymorphisms are present in the
Y chromosome, with microsatellites being the most widely
employed in research.

Microsatellites are tandem repeats of 1-6 bp stretches, and most
of them are polymorphic for the number of repeats, with a number
of alleles usually greater than two (Jobling et al. 2013). Their
mutation rate (approximately 2 x 107) is several orders of
magnitude higher when compared to the SNPs mutation rate, and
this impairs the use of microsatellites in the reconstruction of
phylogenetic relations, as identity by state (equal number of
repeats) does not necessarily correspond to identity by descent.
Nevertheless, microsatellites are employed in the analysis and
dating of recent microevolutionary events (Jobling et al. 2013).

Microsatellites usually mutate through the gain or loss of a
single repeat (Weber and Wong 1993; Di Rienzo et al. 1994;
Kayser et al. 2000, 2004; Gusmao et al. 2005), following a
stepwise model described by Ohta and Kimura (1973), with the
possibility of rare, large variation of the number of repeats (Di
Rienzo et al. 1994, Malaspina et al. 1998, 2000). On molecular
grounds, the “slipped strand mispairing” model (Levinson and
Gutman 1987) explains the alteration of the number of repeats with
the slippage of one of the two DNA strands during replication.

11
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Copy number variations

Comprising both biallelic and multiallelic markers, the Copy
Number Variations (CNVs) are a comprehensive class of variants,
featuring different number of copies of sequences longer than 1 kb
(Feuk et al. 2006). Reduction or increment of copy number may be
the result of different mechanisms, which may involve large
homologous sequences (mainly segmental duplications, regions
more than 1 kb long and displaying identity over 90%), as well as
sequences with short (2-15 bp) homologous regions. Some of these
mechanisms are physiological responses to single or double strand
breaks, but are also capable of leading to chromosomal aberrations
and copy number variations.

Haploidy has led to the accumulation of a large number of
segmental duplications on the Y chromosome. This, in turn,
created the ideal landscape for the accumulation of CNVs. The Y
chromosome also allows the application of the phylogenetic
approach to the study of CNV, if their search is conducted in
individuals for whom the phylogenetic relations are known. A
robust phylogenetic contest allows the identification of CNVs
alleles shared by descent, making it possible to count the minimum
number of mutational events for a given CNV. The rate of CNV
generation could then be deduced if the numbers of generations

encompassed by the sampled chromosomes are known (Jobling
2008).

12
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Uniparental markers and phylogenetic trees

The largest part of our diploid genome is evenly inherited from
both parents. Each of them passes us a whole haploid genome, with
a set of alleles (haplotypes) linked to each chromosome.
Haplotypes are then reshuffled by recombination during meiosis.
The mitochondrial DNA (mtDNA) and the MSY, being
uniparentally inherited and not affected by meiotic recombination,
represent the exceptions to these rules.

In the MSY, sequential accumulation of mutational events is the
only source of intrapopulation genetic diversity (Rozen et al. 2003;
Skaletsky et al. 2003). Derived alleles generated by mutational
events are passed on along the male lineages. This process creates
monophyletic entities, known as ‘“haplogroups”, which show a
strong geographic differentiation due to molecular divergence
during the dispersal of mankind over the continents (Jobling and
Tyler-Smith 2003). The phylogeographic approach keeps into
account the phylogenetic relations among haplogroups and their
ethno-geographic distribution, and it has allowed investigators to
understand some demographic processes behind the origin of
Homo sapiens and the dispersal of human populations (Chiaroni et
al. 2009).

Haplogroups are stable entities, as they are defined by markers
(usually SNPs) with a low mutation rate; they can thus be arranged
in an unambiguous maximum parsimony phylogenetic tree. The
most recent high-resolution tree to encompass all haplogroups
(Figure 2) contains 20 main clades, indicated with letters from A to
T (Karafet et al. 2008).

As new lineages are discovered, and larger amounts of sequence
are surveyed, the structure of the MSY phylogenetic tree is
perpetually adjusted to accommodate the new findings. In recent
years, the deepest portion of the phylogeny was remarkably
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susceptible to such changes. The deepest split, separating
haplogroup A from the rest of the phylogeny (Karafet et al. 2008),
was challenged by the discovery of a completely different structure
(Cruciani et al. 2011a, Scozzari et al. 2012), which showed the
polyphyletic nature of the lineages formerly grouped into
haplogroup A. As a result, such linages were no more grouped
together in a single clade, and haplogroup Alb (recently renamed
as A0) was identified as the deepest-rooting branch. An even more
recent work (Mendez et al. 2013) discovered a very deep, rare
lineage, named A00, whose split from the rest of the phylogeny
long predates that of Alb. Such radical changes in structure
directly lead to adjustments of time estimates and geographic
inferences associated with the phylogenetic tree; these subjects will
be discussed in detail in the following sections.
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Figure 2: Phylogenetic tree of the human Y chromosome. Haplogroups are indicated with letters
from A to T, shown at the tips. Markers defining branches are indicated above them (from Karafet et
al. 2008).
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Figure 3: Changes in the basal structure of the MSY phylogeny. The basal branches are shown,

as reported in Karafet et al. 2008 (a), Cruciani et al 2011a, as modified in Scozzari et al. 2012 (b),
and Mendez et al. 2013 (c).

Geographic distribution of Y chromosome haplogroups

The geographic distribution of haplogroups, seen in the light of
the phylogenetic relations linking them, provides clues on the
dispersal of human population over the world. In a similar fashion,
the distribution of the deepest branches can be informative on the
evolutionary events that involved the oldest representatives of our
species.

The deepest-rooting branches of the Y phylogeny, namely A00,
Alb, Ala, A2, A3 and B, are found, with some exceptions, only in
the African continent, though they only represent a small fraction
of the overall genetic variation in the continent (Cruciani et al.
2002, 2011a; Wood et al. 2005; King et al. 2007a; Chiaroni et al.
2009; Batini et al. 2011; Jobling et al. 2013; Mendez et al. 2013).
A00 and A1b have only been reported, at very low frequencies, in
small populations in Central Africa (Cruciani et al. 2011a; Mendez
et al. 2013). Ala has been found at low frequencies too, having
been reported in less than thirty individuals coming from a wide
area spanning from Morocco to Senegal to Niger (with the
exception of three Afro-Americans and an individual from Cape
Verde) (Cruciani et al. 2002; Gongalves et al. 2003; Vallone and
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Butler 2004; Wood et al. 2005; King et al. 2007a; Rosa et al.
2007).

A2 and A3 have recently been identified as sister clades
stemming from a short branch (Batini et al. 2011; Scozzari et al.
2012). A2 is mostly found in Khoisan populations from Southern
Africa; a specific A2 branch has recently been observed in Central
Africa pygmies (Batini et al. 2011). A3 shows a dual distribution
with A3a being found in Eastern Africa only, and its sister clade
A3b displaying a clear differentiation between South Africa
(A3bl) and Central-Eastern Africa (A3b2). The overall A3
distribution suggests that it possibly emerged in Eastern Africa,
and was later brought to the southern part of the continent during
recent migrations.

Haplogroup B is mainly confined to sub-Saharan Africa
(Underhill et al. 2000, 2001; Cruciani et al. 2002; Semino et al.
2002; Y Chromosome Consortium 2002; Butler 2003; Vallone and
Butler 2004; Karafet et al. 2008; Gomes et al. 2010) and is divided
in two main branches; the first, B1, has been so far observed in
four individuals only, from southern Cameroon, Mali and Burkina
Faso; the other, B2, has a wider distribution, being found in
Eastern, Central and Southern Africa, with its sub-haplogroups
reaching frequencies as high as 70% in some ethnic groups (Knight
et al. 2003; Wood et al. 2005; Tishkoff et al. 2007; Berniell-Lee et
al. 2009).

Proceeding further down the tree after haplogroup B, we find
the split between macro-haplogroups DE and CT.

Haplogroup DE is characterized by the derived state of the only
polymorphic A/u insertion in the MSY known to date (YAP, Y Alu
Polymorphism). Haplogroup D is mainly found in Central and
South-East Asia (Karafet et al. 2001), while haplogroup E is the
most common haplogroup in Africa, but is also found in Europe
and Middle East. Within the African continent, different E sub-
haplogroups display a strong differential localization, and peak at
frequencies as high as 80% in some regions or populations

16
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(Scozzari et al. 1999; Underhill et al. 2000; Cruciani et al. 2002,
2004, 2007; Semino et al. 2002, 2004; Knight et al. 2003; Luis et
al. 2004; Beleza et al. 2005; Wood et al. 2005; Rosa et al. 2007;
Henn et al. 2008; Battaglia et al. 2009; Gomes et al. 2010).

Haplogroup CT is split into haplogroup C, found at high
frequency in New Guinea and Australia (Underhill et al. 2001) and
at lower frequency in Southern and Eastern Asia (Zhong et al.
2010), and macro-haplogroup F, which is widely distributed over
the world, although it is rarely found in sub-Saharan Africa. This
macro-haplogroup contains several F branches (F1 to F4) plus
other haplogroups, namely G, H, IJ and macro-haplogroup KT.
Haplogroup G is mainly found in the Mediterranean basin and the
Caucasian region, while H is mostly present in India (Sengupta et
al. 2006). Haplogroup I is distinctive of Europe (Rootsi et al. 2004;
Battaglia et al. 2009), while J is more widely distributed and is
found in Europe, Middle East, India, Central Asia and Northern
Africa (Hammer et al. 2000, Underhill et al. 2001; Di Giacomo et
al. 2004; Chiaroni et al. 2010).

K lineages are present in India (K1), Oceania and Indonesia (K2
to K4) (Underhill et al. 2001; Y Chromosome Consortium 2002;
Karafet et al. 2008). Other main haplogroups within K are also
found in India (L), Indonesia (M, S), and Oceania (O, S), but also
in Northern Eurasia (N), Central Asia (O, T) Africa and Middle
East (T) (Capelli et al. 2001; Karafet et al. 2001; Underhill et al.
2001; Jobling and Tyler-Smith 2003; Sanchez et al. 2005; Kayser
et al. 2006; King et al. 2007b; Mona et al. 2007; Rootsi et al. 2007
Karafet et al. 2008). Haplogroup Q is peculiar of the American
continent (Karafet et al. 2008), while haplogroup R is one of the
most important contributors to the European MSY diversity
(Balaresque et al. 2010; Myres et al. 2010; Underhill et al. 2010),
but is also found at very high frequency in Central-Western Africa
(Cruciani et al. 2010a).
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Figure 4: Distribution of the main MSY haplogroups. The panels show the geographic frequency
distribution maps for the major MSY haplogroups. For each panel, the frequency scale is indicated
on the left. Panel “A” collectively represent the information for haplogroups A00, A1b, Ala, A2 and
A3 (from Chiaroni et al. 2009).
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Time estimates for the MSY phylogeny

Together with the geographic distribution of haplogroups, time
estimates associated with nodes and markers in the phylogeny are
crucial to hypothesize evolutionary events. While a rooted
phylogeny provides a relative chronology by itself, an absolute
chronology is useful to relate the phylogeny to a wider context.

Population splits in a phylogeny can be dated using measures of
genetic distance, such as Fgt, which tend to increase with time.
However, we must assume that no gene flow occurred between
populations after they split. As assumptions made about
evolutionary events can heavily influence the analysis, it is
convenient to model parameters like effective population size
changes or migration rates jointly with the timing of population
splits, comparing different models using likelihood-based
approaches (Gutenkunst et al. 2009; Gronau et al. 2011; Jobling et
al. 2013).

A different approach relies on alleles instead of population
splits. The emergence of a new allele creates a new haplotype,
which later accumulates diversity through mutation. The amount of
diversity can be used to infer the age since that haplotype arouse,
assuming that the mutation rate is known.

Microsatellite markers can be used to this aim, as their high
mutation rate leads to the quick accumulation of diversity. By
assuming that the differences between alleles accumulate one by
one, the number of differences represents simple genetic distance.
A measure of this distance is the Average of the Squared Distance
(ASD) between alleles (Goldstein et al. 1995; Slatkin 1995), which
is linearly related to time (Jobling et al. 2013).

Although they are used for dating, microsatellites have two
main issues: their diversity is confounded by recurrent mutation,
which leads to an wunderestimation of diversity. Moreover,
microsatellite diversity reaches a maximum (Busby et al. 2012),
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making microsatellites unsuitable for the reliable estimation of
ancient events (figure 5). Microsatellites also display a divergence
between the mutation rate obtained by direct pedigree analysis and
the effective mutation rate derived from populations with well-
documented short term histories, with the latter appearing to be
remarkably lower (Zhivotovsky et al. 2004, 2006). This
discrepancy may be partly explained by back-and-forth changes in
repeat unit number being completely observed in pedigree studies,
but not in population studies, where the considerable homoplasy of
alleles can be hidden (Jobling et al. 2013).

By contrast, SNSs mutation rate (Kong et al. 2012; Mendez et
al. 2013) is several orders of magnitude lower than that of
microsatellites, resulting in a low occurrence of recurring mutation
and thus in a univocal phylogeny. As mutation alone drives
diversification, it represents the unique contribution to the
molecular clock, and the average number of nucleotide differences,
described as the Rho (p) statistic (Forster et al. 1996; Saillard et al.
2000), is directly related to time (t) via the mutation rate (n) by the
equation:

p=pt

However, using SNSs for dating purposes is also somewhat
limited by the intrinsic features of single nucleotide variants. A low
mutation rate means that a lower amount of diversity is usually
discovered in a single experiment, when compared with
microsatellites. Inaccuracy in the Rho method, possibly due to the
randomness of the mutational process, has been hypothesized (Cox
2009). As this randomness is averaged over time (Jobling et al.
2013), SNSs represent good markers for older events, but they
behave poorly when used on shorter time scales (figure 5).

Confidence intervals for Rho can be calculated directly (Saillard
et al. 2000). The increase of the number of variants considered can
greatly increase the resolution of the method. In this sense, a great
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impulse was given by the diffusion of NGS techniques, which
vastly increased the amount of sequence surveyed, leading to the
discovery of thousands of new markers (Xue et al. 2009; The 1000
Genome Project Consortium 2010; Francalacci et al. 2013; Poznik
et al. 2013; Wei et al. 2013). This allows investigators to overcome
usual limitations of SNSs markers and use them to confidently
estimate times over shorter and more recent time frames (Figure 5).

SNPs (Sanger) -
Microsatellites -

1 5 10 50 100 150 200 KYA (Kilo Years Ago)

Figure 5: Dating of the MSY phylogeny using different markers. The graphic represents time
intervals (in kiloyears) over which different methods produce accurate estimates. Details are given in
the text.
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The origin of Homo sapiens

The most widely accepted model for the origin of our species
explains it as a recent event, which took place in the African
continent less than 300 kya (Kilo Years Ago), and it is supported
by archaeological, palacoanthropological and genetic data. Homo
sapiens would have emerged in the African continent, leaving it
afterwards and dispersing over the rest of the world; it might have
met archaic Homo species in other continents, either intermixing
with them (Green et al. 2010; Reich et al. 2010) or replacing them
completely.

As an alternative, the multiregional model was proposed
(Wolpoff 1988). This hypothesis holds that a single human species,
encompassing all archaic hominids, emerged in Africa around two
millions years ago, dispersing all over the world in several
migratory waves. These archaic populations would have then
separately evolved into different modern Homo sapiens
populations, through a combination of adaptation within various
regions of the world and gene flow between those regions. Due to
genetic (Takahata et al. 2001) and statistic (Fagundes et al. 2007)
data, this model seems nowadays somewhat improbable.

The main evidences for an African origin of Homo sapiens, the
out of Africa event and the routes that our species followed in its
path over the world will be briefly reviewed in the following
sections.
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Palaeoanthropology and archaeology

When dealing with fossil human remains, the main issue is the
distinction between Anatomically Modern Human (AMH) and his
closest archaic relatives; the differences are often subtle (Jobling et
al. 2013). Two morphological criteria are mainly used in the
classification: facial retraction and neurocranial globularity
(Lieberman et al. 2002); however, the morphological classification
of our species and of its fossil remains is still controversial
(Tattersall and Schwartz 2008; Schwartz and Tattersall 2010).

The oldest representatives of our species have been identified in
the fossil remains of two individuals from the Omo Kibish sites
near the Omo River, in Omo National Park in South-Western
Ethiopia. These remains have been dated at 195 kya (McDougall et
al. 2005; Aubert et al. 2012), pointing to Eastern Africa as the
cradle of modern humans. Although they share the same dating,
the two individuals show slightly different traits, with one
classified as anatomically modern, and the other as “late archaic”.
These differences might reflect ancient intrapopulation diversity
(Trinkaus 2005).

Omo 1 Omo 2

Figure 6: Skulls from Omo Kibish, Ethiopia. (From Day 1969).
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Other remains from Herto (Ethiopia) have been dated slightly
earlier than the Kibish fossils, around 160 kya (White et al. 2003).
The Herto remains belong to three hominids, one immature and
two adults, and display a mosaic of archaic and modern features,
probably representing “...a population that is on the verge of
anatomical modernity but not yet fully modern” (White et al.
2003). Such intermediate features are also seen as a strong
evidence of AMH emergence in Africa. Though they are classified
as Homo sapiens idaltu, they show derived morphological features
that are absent in Homo erectus and in other older fossils (White et
al. 2003).

Figure 7: Fossil adult cranium from Herto, Ethiopia. Top: lateral, frontal and three-quarter
views; bottom: posterior, superior and inferior views. A 1 cm bar indicates the scale of the picture
(from White et al. 2003).

Although the Kibish and Herto remains provide evidence for the
emergence of Homo sapiens in Africa, they show remarkable
morphological variation (Trinkaus et al. 2005) and the persistence
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of archaic traits. Due to the vastness of the African continent, and
the paucity of fossil remains found to date, we can hardly say if the
emergence of AMH was restricted to a limited region, or if it
involved the whole continent, in a sort of “African
multiregionalism” (Stringer 2003).

Considering physiological traits as development, reproduction
and life span, which can sometimes be inferred from fossil
remains, complicates the picture even more. Remains from Jebel
Irhoud (Morocco), dated at 160 kya years ago, appear to be both
anatomically and physiologically modern, while remains from the
same time in Eastern Africa show more primitive traits. Above all,
the teeth of the Moroccan fossils are remarkably more similar to
those of Homo sapiens than to those of other Homo species, a
signal that the population they belonged to already possessed the
social, cultural and biological features related to a slow and
prolonged development as that of modern Homo sapiens (Smith et
al. 2007).

Archaeological remains too point at Eastern Africa as the place
of origin for modern Homo. Remains dating to the Middle Stone
Age (200 to 15 kya) display unique features when compared to
other African archaeological remains, and, above all, they show
both a temporal and a technological continuity, hinting a
continuous occupation of the region by Homo sapiens (Brooks
2005).

Genetics

The worldwide distribution of genome diversity provides more
evidence for an African homeland of the human species. Since the
late ‘80s, mtDNA data led to hypothesize a “mitochondrial Eve” in
Africa, around 200 kya (Cann et al. 1987).
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As for uniparental markers, both the mtDNA and the MSY
phylogenies are rooted in Africa (Behar et al. 2008; Cruciani et al.
2011a; Mendez et al. 2013), where they also display the highest
diversity; the deepest branches are found in the African continent
only, while the non-African clades descend from a unique node,
which is in both cases a lot younger than the root (figures 8 and 9).
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Figure 8: mtDNA haplogroups distribution. mtDNA phylogenetic tree (left) and distribution of
the main mtDNA haplogroups in several world regions (right) (from Jobling et al. 2004).
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Figure 9: Y chromosome haplogroups distribution. Y chromosome phylogenetic tree (left) and
distribution of the main Y haplogroups in several world regions (right) (from Jobling et al. 2004).

26




Dottorato di ricerca in Genetica e Biologia Molecolare

Autosomal diversity provides additional support. The
multiregional model implies continuous gene flow among Africa,
Asia and Europe for the last two millions years, resulting in a very
high effective population size. As the effective population size
directly relates to the amount of diversity, the multiregional model
implies that we should observe a much higher diversity than that
really present in human populations (Jobling et al. 2013).

As well as uniparental systems, autosomes show their higher
variation in Africa. An analysis on 1327 nuclear microsatellite and
insertion/deletion markers found the highest levels of within-
population genetic diversity in African and African American
populations (Tishkoff et al. 2009), and genetic diversity declining
with distance from Africa, consistent with proposed serial founder
effects resulting from the migration of modern humans out of
Africa and across the globe (Rosenberg et al. 2002, 2006;
Prugnolle et al. 2005; Ramachandran et al. 2005; Jakobsson et al.
2008). Whole genome data (The 1000 Genome Project Consortium
2010, 2012), also confirm this scenario, with higher variation
being found in Africa. A study on morphometric cranial traits
(Manica et al. 2007) also related the gradual loss of genetic
diversity to the loss of phenotypic variation.

o African o Egropean/ m|ndian OEast Asian  @Oceanian ®Native American
- Middle Eastern

Theta

Populations

Figure 10: Genetic variation over different populations. Comparison of genetic diversity (Theta)
from microsatellite allele size variance, over different populations (X-axis, each bar corresponding to
a different population) (modified from Tishkoff et al. 2009).
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Homo sapiens in the rest of the world: the Out of Africa

With the hypothesis of an African origin well established, it
remains unclear when did the first human migratory waves leave
Africa, and which route did they follow. Two main routes have
been proposed: a northern route through Egypt to the Levant,
(Stringer and Andrews 1988) , and a southern route through the
Bab-el-Mandab strait and the Arabian Peninsula, towards the far
South-Eastern Asia (Stringer 2000).

As for the timing of the exit from the African continent, two
conflicting models have been put forward as well, with the first
arguing that the first migrations took place as early as 120 kya, and
the second supporting a much more recent exit from Africa, later
than 70 kya. The two models are often referred to as “pre-Toba”
and “post-Toba”, respectively, as the event taken as a landmark is
the volcanic “supereruption” of the Mount Toba volcano (Sumatra)
~74,000 years ago (Chesner et al. 1991).

Palacoanthropological and archaeological support to the first
model include anatomically modern fossils dated prior to 100 kya
found in Middle East (Griin et al. 2005) and tools found in Jebel
Faya (Armitage et al. 2011), which dating is as old as 125 kya.

Conversely, supporters of a “late” exit argue that the pre-Toba
colonization model proposes an extremely rapid, in situ, evolution
from assemblages of technologically and typologically
characteristically Middle Paleolithic form to dramatically different
industries within a short time frame, with no convincingly
documented occurrences of technologically intermediate or
transitional industries. On the other hand, striking and detailed
similarities between Asian industries and African findings dated
between 65 and 55 kya are seen as an evidence for the “post-Toba”
model (Mellars et al. 2013).
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Figure 11: Comparison of the two alternative models for the initial modern human
colonization of South Asia. The graphs show the inferred correlations between “archaic” and
“modern” populations and their associations with Middle Paleolithic vs. microlithic technologies in
the two models explained in the text. The date indicated for the initial modern human colonization in
the “pre-Toba” model is a minimum number (~74 kya), with other estimates ranging up to 120 kya
(from Mellars et al. 2013).

Data from the mtDNA diversity support a late, “post-Toba”
exit, along the southern route (Macaulay et al. 2005; Thangaraj et
al. 2005; Soares et al. 2011; Fernandes et al. 2012), not before 70
kya.

From the MSY perspective, Eastern and North-Eastern Africa
are remarkably different. Some Eastern African lineages appear to
be roughly as ancient as the first migrations out of the continent
(haplogroups A-M32 and E-P2). The coalescence of all Eastern
African haplogroups is also very close to that of the whole Y
phylogeny. Lineages from North-Eastern Africa, instead, appear to
be younger, as they share only terminal markers with sub-Saharan
or Eastern lineages. Therefore, the MSY phylogeny is in accord
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with mtDNA in pointing at Eastern Africa as the starting point for
the first human migrations (Underhill and Kivisild 2007). We
cannot exclude, however, that North-Eastern Africa was a corridor
for more recent migrations from and to the Middle East (Underhill
et al. 2001; Arredi et al. 2004; Luis et al. 2004; Semino et al.
2004).

" Bab al-Mandab Strait
o Indian
Ocean

Figure 12: Earliest migrations out of Africa. The proposed routes for the earliest migrations out of
Africa are shown. Earliest modern humans might have entered Arabia from the Sinai peninsula
(green arrow), from East Africa through the Bab-el-Mandeb strait (purple arrow) or from North
Africa (full red arrow), later dispersing over the Arabian peninsula following rivers (dotted red
arrows). The positions of the earliest fossil remains out of Africa, either paleoanthropological (Es
Skhul and Qafzeh) or archaeological (Jebel Faya) are shown (from Petraglia et al. 2011).
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AIM OF THE STUDY

Despite the intense research carried on to date, dating estimates
obtained from microsatellite and single nucleotide variation
(Pritchard et al. 1999; Thomson et al. 2000; Wilder et al. 2004; Shi
et al. 2010) produced a young MSY phylogeny, which provided
limited information on the time horizon embracing the emergence
of AMH in Africa and findings of early AMH outside Africa.

Recent updates to the MSY tree topology and new estimates for
the substitution rate resulted in a much older dating for the root of
the MSY tree (Cruciani et al. 2011a; Mendez et al. 2013) and
nodes immediately downstream (Francalacci et al. 2013; Poznik et
al. 2013). However, an unbiased search across widely divergent
lineages with a low error rate in variant calling is still missing.

SNPs have always been the markers of choice to define the
branches of the MSY tree (Underhill et al. 2000; Karafet et al.
2008), due to their evolutionary stability and low rate of recurrent
mutations; the possibility of discovering a large number of SNPs
employing next-generation sequencing technologies has also led to
their re-evaluation as the optimal tool for age estimation. Recently,
low-depth whole-genome sequencing studies produced thousands
of MSY SNPs from a large set of males (The 1000 Genomes
Project Consortium 2010, 2012). However, due to the likely
abundance of false negatives and biases resulting from low-depth
sequencing, a confident reconstruction and dating of the MSY
phylogeny was difficult (Rocca et al. 2012). High-depth whole
genome sequences have also been generated and made publicly
available by Complete Genomics. MSY genotypes of 35 males
from this dataset (together with a single haplogroup A3 subject as
an outgroup) have been used to obtain a time-calibrated phylogeny
of the MSY based on 6,662 high-confidence variants (Wei et al.
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2013). However, due to the ancestry of males in the above study,
deep branches of the MSY tree were underrepresented or not
represented at all.

Sequencing of an array of lineages wide enough to encompass
the majority of the deep variation of the MSY would allow a
confident reconstruction of the MSY phylogeny. Therefore, we
characterized by next generation sequencing 18 deep-rooting Y
chromosomes, selected among thousands of worldwide Y
chromosomes already genotyped for known markers (Cruciani et
al. 2004, 2007, 2010, 2011a; Trombetta et al. 2011; Scozzari et al.
2012; present study). The 18 chromosomes were framed in a wider
context of 50 more Y chromosomes, representing major branches
of the entire MSY phylogeny. In this way, we were able to
interpret our findings in light of the mutational pattern and branch
divergence observed across the entire tree. All the 68
chromosomes were analysed by high coverage sequencing
(average 50x), to avoid the occurrence of false positives and
negatives, which constitute an intrinsic feature of low coverage
NGS.

In this thesis, we will discuss the reconstructed MSY
phylogeny, the associated time estimates produced, and its
implications with the early evolutionary processes that involved
our species. Causes for heterogeneity among branch lengths and
the possible action of purifying selection will also be covered.

Incidentally, the selection of the 18 chromosomes required an
accurate genotyping work, which independently led to a refinement
of the deepest portion of the phylogeny, with the discovery of new
markers and haplogroups, and the resolution of a deep trifurcation
(Scozzari et al. 2012). These results will also be presented.
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RESULTS

During the first part of the PhD, we focused on selecting the
samples for the NGS experiment. This required a genotyping work,
which also led to redefining the basal portion of the MSY
phylogeny.

We then performed a high-depth resequencing (average 50x) of
about 1.5 Mb of the MSY in 68 unrelated males representing major
Y chromosome haplogroups. Here we will focus on the 18 deep-
rooted lineages analysed in the experiment, limiting the discussion
to the description of the results to single nucleotide substitutions.

Genotyping and phylogenetic mapping

Approximately 10,000 DNA samples already present in our
laboratory collection were initially screened for this work, based
on previous information; we selected 150 of them for further

genotyping.

The Sorenson Molecular Genealogy Foundation database,
containing DNA samples from approximately 40,000 individuals,
was screened based on STR information; 24 samples were selected
and provided to our laboratory to be added to the analysis. We also
received 50 samples from the collection of Prof. Andrea Novelletto
(University of Rome “Tor Vergata™).

To better understand the phylogenetic relations among the
chromosomes, and select a number of them for the following part
of the study, we determined the allelic state at 168 previously
published MSY polymorphisms; in addition, we sequenced about
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90 kb for two chromosomes belonging to haplogroup A3b in order
to clarify the internal structure of this clade.

The phylogenetic relations highlighted by this genotyping work
are represented in Figures 13 and 14. 21 previously unreported
markers, plus another already present in the dbSNP database
(V306, corresponding to the SNP rs113042298), but not mapped in
the phylogeny, where described. They are shown in red in figures
13 and 14 and information about them is given in Table 1.
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SNP Y-POSITION (hg19/GRCh37) MUTATION
V2 6778215 AtoC
V3 6778229 TtoC
V11 6892902 AtoT
V33 6894717 GtoT
V34 6894718 CtoT
V37 6818279 Gto A
V73 16691696 Ato G
V&7 17947454 AtoT

V147 6739492 Gto A

V248 7589991 CtoT

V249 25207704; 26841450; 27120952 T/T/T to G/G/G

V254 6870497 Gto A

V262 6659209 CtoG

V265 661164 Ato G

V303 2798066 - 2798068 Del TTT

V304 2796955 - 2796957 Del GAA

V305 854573 TtoC

V306 7594967 GtoC

V313 7622390 Gto A

V314 7642949 AtoT

V317 2908553 Gto A

V341 4840884 AtoT

Table 1: Previously undescribed mutations. Information about the markers here described or
analysed for the first time. For V249, three positions are indicated as PCR primers amplify three
paralogous regions, with the T to G mutation in each of them.
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V148 V149 V152 V154 V157 V163 V165 V166 V167 V172 V173 V177 V190 V196 V223 V225 V229 V233 V239

M31 P82 V4 V14 V15 V25 V26 V28 V30 V40 V48 V57 V58 V63 V76 V191 V201 V204 V215

V150 V153 V158 V159 V162 V164 V170

V151 V181 V195

V161.2 V168 V171 V174 V203 V238 V241 V250

P108 V221

P3 V50 V60 V61 V70 V72 V79 V80 V81 V82 V97 V180 V188 V192 V198 V200 V224 V228 V242

V249

32 P289 V1 V194 V230

SRY10831.1_ V21 V29 V31 V59 V64 V102 V187 V202 V216 V235

1144 V51 V56 V98 V156 V160

M236 M288

M60 V244

V1182 V85 V90 V94 V220 V234 V237

P71 P102
M51V2 V33 V34 V262 V265 V303 V304 V313 V314
V11 V37
V306
M171
118
13 V10 V66 V89 V155 V193 V243 V305
v3
4
V317
M146
M150 V93
V78
M108.1 <
<
V75 V197

5012(P) M192

P50 V83 V185

M112
P112 V341

M168 V9 V41 V52 V54 V55 V189 V226

A1b*
A1b1*
A1b1a*
A1b1a1
Ala*
Ala1l
A2*
A2a
A2b
A2c*
A2c1
A3a
A3b1*
A3b1a
A3b1b
A3b1c
A3b2*
A3b2a
A3b2b
A3b2c
A3b2d
A3b2e
B1*
B1a

B2a*
B2a1*
B2a1a*
B2a1a1
B2a1a2*
B2a1a2a*
B2a1a2a1
B2a1a2a2*
B2a1a2a2a
B2b1
B2b2

CT (19 lineages)
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(Previous page) Figure 13: Revised topology of the deepest portion of the human MSY tree.
The mutations genotyped are indicated on the branches (green, mutations from Karafet et al. 2008;
black, mutations from Cruciani et al. 2011a; red, previously undescribed mutations, see text). The
internal structure of haplogroups B-M108.1 (2 branches) and B-50f2(P) (8 branches) is not shown
(black triangles). Dashed lines indicate putative branches (no positive control available).
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Figure 14: Structure of the macro-haplogroup CT. For details on mutations colour code see
legend to Figure 13. Dashed lines indicate putative branches (no positive control available). The
position of V248 (haplogroup C2) and V87 (haplogroup C3) compared to mutations that define
internal branches was not determined.

Most of the mutations here analysed belong to the African
portion of the MSY phylogeny, which is comprised of haplogroups
A00 (absent in our study and not yet described at the time), Alb,
Ala, A2, A3 and B. Through phylogenetic mapping it was possible
to identify 15 new African haplogroups and to resolve one basal
trifurcation (Figure 13). A new deep branch within the “out of
Africa” haplogroup C was also identified (Figure 14).
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Haplogroup A1b had already been already identified as one of
the two deepest-rooting branches of the MSY tree (Cruciani et al.
2011a). Internal structure was identified in this clade, with some
chromosomes showing the ancestral allele for marker P114, which
previously identified the entire haplogroup (Karafet et al. 2008).
The splits inside the haplogroup, however, appear to be terminal,
indicating recent differentiation. We identified a third allele (A) for
the V161 polymorphism, which had been previously reported as a
biallelic G>C tranversion on the Alb branch (Cruciani et al.
2011a). The presence of nucleotide A at the orthologous MSY
position in the chimp reference sequence (October 2010 chimp
assembly, UCSC Genome Browser), along with the structure of the
human MSY tree as shown in Figure 13, suggest that this triallelic
polymorphism may have originated from two independent
mutations, A>C (V161.1) within the Alb branch, and A>G
(V161.2) at the root of macro-haplogroup Ala-T (Figure 13).

Haplogroup Ala was represented by two samples, which were
typed for 22 previously described markers (Karafet et al. 2008;
Cruciani et al. 2011a), plus another found in this study (V147).
This analysis led to the splitting of Ala into two branches that
shared the derived state for all but four of the 23 markers analysed
(Figure 13).

Haplogroups A2 and A3 were confirmed to be sister clades, as
previously described (Batini et al. 2011). P3 and 17 more markers
previously defined haplogroup A2 (Karafet et al. 2008), with three
mutations defining three terminal branches (A-M114, A-P28 and
A-P262). Here, 19 mutations that had been identified for
haplogroup A2 (Cruciani et al. 2011a), as well as the markers P3,
M114, P28, P262, were genotyped in three A2 Y chromosomes.
This analysis made it possible to identify a new branch (A-V218)
within haplogroup A-P262. The newly reported V73 mutation was
found to be phylogenetically equivalent to M 114 (Figure 13).

Haplogroup A3 confirmed his previously known structure,
containing the two sister clades A3a and A3b, with A3b further
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subdivided into a Southern African (A3bl or A-M51) and a mainly
Eastern African (A3b2 or A-M13) haplogroup (Underhill et al.
2000; Cruciani et al. 2002; Semino et al. 2002; Wood et al. 2005;
Hassan et al. 2008; Naidoo et al. 2010; Batini et al. 2011). Since
both A3bl and A3b2 are quite common, but are yet poorly
resolved haplogroups, we performed a MSY re-sequencing
analysis of about 90 kb for each of two A3b chromosomes (one A-
MS51* and one A-M13*) to find additional informative markers.
We detected a total of 9 new mutations (V262-V317 in Table 1). A
total of 41 markers (9 new mutations, 7 mutations from our
database, 15 mutations identified in a previous study (Cruciani et
al. 2011a), and 10 mutations defining A3 branches (Karafet et al.
2008) were analyzed in ten subjects. The phylogenetic mapping of
the other mutations led to the identification of five new
haplogroups, doubling the number of both A3bl and A3b2
terminal branches. Finally, the P289 marker (Karafet et al. 2008)
was positioned upstream of both A3a and A3b (Figure 13).

Haplogroup B shows well-defined and restricted geographic and
ethnic distributions, with the exception of the widespread B-M 109
lineage (Cruciani et al. 2002, 2011a; Semino et al. 2002; Mishmar
et al. 2003; Karafet et al. 2008; Gomes et al. 2010; Naidoo et al.
2010; The 1000 Genomes Project Consortium 2010; Batini et al.
2011). Extensive sequencing of one B-M109 chromosome recently
led to the identification of 17 mutations for this haplogroup
(Cruciani et al. 2011a). Here, a total of 33 mutations, 31 of which
previously described (Karafet et al. 2008; Cruciani et al. 2011a),
and 2 (V254 and V341) identified during the mapping process,
were analysed in 13 haplogroup B chromosomes. We substantially
increased the resolution of the B2a clade (B-M150), with five new
branches detected. The previously reported trifurcation
B2a/B2b/B2c within the major clade B2 (Karafet et al. 2008) was
resolved by repositioning the M 112 mutation (Figure 13).

All non African-exclusive Y-clades belong to the macro-
haplogroup C-T, which is defined by mutations M168, M294 and
P9.1 (Underhill et al. 2001; Karafet et al. 2008) and subdivided in

39


Andrea
Dottorato di ricerca in Genetica e Biologia Molecolare


Andrea Massaia

the two main clades D-E and C-F (Underhill and Kivisild 2007;
Karafet et al. 2008). In a previous study, we identified 25 new
mutations in clade C-T, with eleven of them shared by
chromosomes of haplogroups C and R, seven specific to
haplogroup C and seven specific to haplogroup R (Cruciani et al.
2011a). Here, the CR shared mutations were also found to be
present in one D-E sample, and positioned at the root of macro-
haplogroup C-T. The seven C-specific markers were typed, along
with mutations defining branches C1 to C6 (Karafet et al. 2008) in
six haplogroup C chromosomes. Through this analysis we
identified a chromosome from Southern Europe as a new deep
branch within haplogroup C (C-V20 or C7, Figure 14). As
haplogroup C is quite rare in Southern Europe (Semino et al. 2000;
Battaglia et al. 2009), we then surveyed 1,965 European subjects
identifying one additional haplogroup C chromosome from
Southern Europe, which has also been classified as C7 (data not
shown). Further studies are needed to establish whether C7
chromosomes are the relics of an ancient European gene pool or
the signal of a recent geographical spread from Asia. Two
previously undescribed mutations, V248 and V87, were found to
be specific to haplogroups C2 and C3, respectively (Figure S1).

Three of the seven R-specific mutations (V45, V69 and V88)
were previously mapped within haplogroup R (Cruciani et al.
2010a); here, we were able to position at the root of haplogroups F
(V186 and V205), K (V104) and P (V231) (Figure 14) through the
analysis of 12 haplogroup F samples.

Single nucleotide mutational pattern

Based on phylogenetic mapping, we selected 68 unrelated males
(Table 2) for further sequencing. We performed a high-depth (50x%)
resequencing of five blocks, totalling 1,495,512 bases (~1.5 Mb) of
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the MSY, and excluding repetitive elements from the analysis (see
Methods section). We identified 2,386 positions displaying a
nucleotide substitution among the 68 chromosomes under study
(see Appendix 1); two positions were found to be triallelic.

Thirteen positions, which were invariant in the entire sample but
different from the reference sequence, were not considered for
further analyses. These positions can be interpreted as either
reference-specific mutations or sequencing errors.
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Figure 15: Regions of the Y chromosome analyzed and distribution of variants discovered. The
different tracks from top to bottom report the following features: Y chromosome ideogram; Y
chromosome position according to the human Y chromosome reference GRCh37/hgl9; the five
regions targeted for capture (black bars); variant positions discovered (thin marks); UCSC genes.
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Haplogroup

Sample by lineage by mutation Region Country Population Reference
S01 Alb* A-V148* Central America Colombia General population 1
S03 Albl* A-V150* Western Africa Ghana General population 2
S04 Albla* A-V195*%(xP114) Central Africa Cameroon General population 1
S05 Albla* A-V195*%(xP114) Northern America USA General population 1
S07 Ala* A-M31*(xV14) Western Africa Mali General population 1
S08 A2a A-M114 Southern Africa Republic of South Africa Kung 2,3
S09 A3blb A-V1l1 Southern Africa Republic of South Africa Khwe 2,3

TV20 A3b2* A-M13* Europe Greece General population 1
S10 A3b2* A-M13* Europe Italy Sardinian 1
S11 A3b2* A-M13* Eastern Africa Kenya Maasai 1
S12 A3b2c A-V3 Eastern Africa Ethiopia Ethiopian Jews 1,3
S13 BI* B-M236* Central Africa Cameroon Bamileke 3
S14 Bla B-M146 Western Africa Burkina Faso General population 2
S15 B2a* B-M150* Western Africa Mali General population 2
S16 B2ala2a2* B-M109* Central Africa Cameroon Fali 2
S17 B2bl B-P6 Southern Africa Republic of South Africa Kung 1,3
S18 B2b* B-M112*(xP6, P7) Southern Africa Republic of South Africa Kung 1,3
S19 B2b3* B-M30 Central Africa Cameroon Ngambai 3
S38 C7 C-V20 Europe Italy General population 24

18 samples E (includes E1 and E2) E-M40 Africa, Europe, Asia, and America Various countries General population 1,3,5,6,7
3 samples 12a E-P37.2 Europe Various countries General population 1
28 samples P (includes Q and R) P-M45 Africa, Europe, Asia, and America Various countries General population 1,48

Table 2: Subject selected for the NGS analysis. Haplogroup nomenclature according to Scozzari et al. 2012, Batini et al. 2011, and Karafet et al. 2008.
References: (1) present study; (2) Scozzari et al. 2012; (3) Cruciani et al. 2002; (4) Cruciani et al. 2011a; (5) Cruciani et al. 2004; (6) Cruciani et al. 2007;
(7) Trombetta et al. 2011; (8) Cruciani et al. 2010a. All DNA samples are from blood or saliva, except four haplogroup E DNAs and one haplogroup P

DNA, which are from cell culture.
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Figure 15 shows the distribution of the variant positions across
the five selected MSY regions. The apparent uneven density of
variant positions can be explained by the different occurrence of
repetitive elements, which were largely excluded from targeted
sequences (see Methods section). When the occurrence of the
2,386 variants in each of the 5,274 sequenced DNA fragments (see
Methods section) was considered, no evidence of any uneven
distribution was obtained. The linear slope (0.001591) closely
matched the overall rate of occurrence (2,386/1,495,512 =
0.001595) and all points but two fell within the 0.999 confidence
interval estimated according to the Poisson distribution (Figure
16). Of the 2,386 positions, 12.1% were inferred to be located at
ancestral CpG dinucleotides (see Methods), a proportion similar to
that reported by previous studies (Kong et al. 2012).

4 - D " ® ® owee o LR R ¢ sw

Number of variant positions in each fragment
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Captured fragment size (bp)

Figure 16: Scatterplot of number of variable positions as a function of captured fragment
length. Red bars indicate the upper boundary of the 99.9% C.I. for the expected number of
mutations (using Poisson distributions with means equal to the expected number of variants given
the fragments length).
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Six protein-coding genes (RPS4Y1, ZFY, USP9Y, DDX3Y, UTY
and TMSB4Y) were covered in our capture design. 19 variant
positions were located within codons (Table 3). Overall, the
number of variant positions we found in coding regions (19/15,397
bases) was proportionally lower than that residing in non-coding
regions (2,367/1,480,115), though not significantly (P = 0.30,
Fisher exact test).

Mutations in coding regions are more likely to be negatively
selected when compared to neutral non-coding mutations.
Therefore, mutations in coding regions observed today can be
expected to be younger than neutral non-coding mutations. To
prioritize the detection of older mutations, we restricted our
analysis on mutations in older branches, setting a threshold of 30
kya (kilo-years ago). No evidence indicating any enrichment of
non-coding variants was obtained. In our data, 10 of the
substitutions were predicted to produce amino acid changes, of
which 8 were private (i.e. found in a subject only) and 2 were
shared between at least two subjects. This compares with 3 private
and 6 shared synonymous variants. A similar imbalance was
present after removing four long terminal branches, each of them
represented by a single individual (S07, S08, S09 and S38, see
Figure 17), in which some of the private mutations can be
relatively old (7 private vs. 2 shared and 3 private vs. 5 shared for
non-synonymous and synonymous mutations, respectively).
Though these differences were not nominally significant (Fisher
exact test, P =0.07, and P = 0.15, respectively), they suggested that
purifying  selection  might have caused the  slight
underrepresentation of missense variants we observed in shared
lineages. Two  private previously unreported variants
(chrY:14834046 G>A, USP9Y R84Q; chrY:14870505 G>T,
USP9Y V567L) were predicted to be conserved damaging
(PolyPhen2 scores 0.927 and 0.955, respectively), but also
conserved (PhyloP scores 0.974 and 0.983, respectively). Both fall
in the USP9Y gene, a member of the peptidase C19 family.
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MSY phylogeny

We used the 2,386 variable positions to reconstruct a maximum
parsimony tree using two independent methods (see Methods).
These methods yielded trees with identical topologies, with
substitutions at the same positions in each branch, and indicated
recurrent mutational events in four positions, for a total of 2,392
distinct mutational events (including double hits at the two
triallelic positions). The proportion of recurrent events (4/2,386
positions, 0.2%) was significantly lower (P = 2.2 x 10™'°, Fisher
exact test) than that reported in a recent comparable study (Wei et
al. 2013) (172/5,865 mutations, 2.9%), a discordance that can be
attributed to differences between the two studies in both the
regions analysed and in the strategies adopted to infer the ancestral
states (see Methods). We were able to determine ancestral and
derived state for 2,356 mutational events. The overall
transition/transversion ratio (1,513/879 = 1.72) was within the
range of genome-wide estimates for de novo events (Campbell et
al. 2012; Kong et al. 2012; Michaelson et al. 2012) with an excess
of G>A and C>T compared to the opposite changes (Table 4).

Derived allele
Ancestral allele Total
A C G T
A 106 329 87 522
C 151 106 384 641
G 450 115 113 678
T 83 328 104 515
Total 684 549 539 584 2356

Table 4: Summary of the 2,356 mutational events for which ancestral/derived alleles were
unequivocally determined.
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Figure 17 shows a condensed version of the maximum
parsimony tree, with emphasis on the deeply rooted African
lineages. Chromosomes previously known to belong to different
major haplogroups partitioned into distinct clades in the tree, with
the same phyletic relationships reported in previous studies
(Karafet et al. 2008; Batini et al. 2011; Cruciani et al. 2011a;
Scozzari et al. 2012; Francalacci et al. 2013; Poznik et al. 2013)
and highlighted during the typing carried on during the sample
selection (see “Genotyping and phylogenetic mapping”
subsection). The polyphyletic nature of “haplogroup” A was
confirmed (Cruciani et al. 2011a), with Alb being the most deeply
rooted clade in our set, followed by Ala. Markers for each of four
Alb lineages were discovered. Within A2-F, a major bifurcation
grouped A2 and A3 together, which stemmed from a short branch
(branch 11 in Figure 18), previously defined by markers PK1
(Batini et al. 2011) and V249 (Scozzari et al. 2012 and
“Genotyping and phylogenetic mapping” subsection). Within
A3b2, a small clade grouped together two European A-MI13*
subjects (S10 and TV20) which differed by 17 mutations, and
separated them from two African sub-haplogroups. Such loose
affinity between the two European A-M13 chromosomes denotes a
more remote relatedness than that recently reported for seven A-
M13 chromosomes from Sardinia (Francalacci et al. 2013).

The other samples, belonging to haplogroup B-F, shared a long
branch (branch 21), with B as a monophyletic clade sister to E-F.
Haplogroup B was confirmed to consist of two deep clades,
corresponding to B1 and B2, with the latter in turn consisting of
B2a and B2b. Compared to the previous topology (Scozzari et al.
2012), we found markers for each of the paragroups B1*, B2a* and
B2b*. While a remarkable advancement in the phylogenetic
structure of haplogroup B2b was obtained by a recent study
(Poznik et al. 2013), we detected a new haplogroup-defining node
for B2a, which is deeper than that reported in previous studies. The
remaining haplogroups (E, C, and F) were arranged according to
the previously known topology (Karafet et al. 2008). In particular a
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single mutation (branch 37 in Figure 18), which is phylogenetically
equivalent to P143, defines a sister clade of E comprising
haplogroups F and C, the latter of which has never been covered in
other large-scale resequencing studies (Francalacci et al. 2013;
Poznik et al. 2013; Wei et al. 2013).

A remarkable aspect of our tree was that the relative lengths of
major branches (in number of mutations) differed greatly from
previously reported values. Some striking examples include
branches 1, 9 and 23 (defining A1lb, Ala and B1, respectively), in
which the number of mutations increased by at least 6 times
compared to previous studies (Karafet et al. 2008; Scozzari et al.
2012). A notable increase in length was also observed for branches
21 and 35 (defining BF and EF, respectively). Conversely, basal
branches of haplogroup P did not show the same increase in length
as compared to previously known markers. This can be partially
attributed to the asymmetry involved when using a sequence that is
mainly derived from haplogroup P DNA as a reference, and to the
intense sequencing and search for mutations carried out on
haplogroup P subjects (Underhill et al. 2010; Myres et al. 2011).

In order to further confirm the increase in branch length
compared to previous studies, we considered dbSNP (build 135) as
an alternative source of variants. Only 407 of the 2,386 variant
positions (17.1%) here detected were reported in dbSNP (see
Appendix 1 and Figure 19). dbSNP polymorphisms were
underrepresented in deep-rooting African-specific branches of the
phylogeny and in haplogroup C. A paucity of known SNPs was
evident for 17 of the 18 terminal branches of African-specific
haplogroups. Conversely, dbSNP markers almost saturated
branches leading to haplogroups E and F.

These results dramatically modified a major feature of the tree,
1.e. the proportions of mutations that mark the phylogeny for the
periods prior to and after the exit out of Africa. Haplogroup E-F is
informative for this event because it includes, among others, all the
lineages found out of Africa (Underhill and Kivisild 2007).
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The previous tree (Karafet et al. 2008) depicted a close
proximity between the root and the MRCA of E-F. Conversely, in
our tree, 128 mutations separated the root from the node defining
E-F, whereas 84.2 mutations per lineage (on average) were
downstream of haplogroup E-F.

While our results corrected an evident under-detection of
variants for deep-rooted branches, a short length of haplogroups
Alb, Ala and A2-A3 (158, 172 and 177 average mutations from
the root, respectively) compared to the rest of the tree (haplogroup
B-F, 211 average mutations from the root) was nevertheless
apparent. This added to the findings of a recent study (Wei et al.
2013) of a short A3 branch. We tested whether mutation rate
heterogeneity among branches of the entire tree could explain the
data better than a strict clock model. We compared the
distributions of tree log(likelihoods) generated by BEAST
(Drummond and Rambaut 2007) under both models and found that
the difference between the harmonic means was 2.3, corresponding
to positive evidence (Nylander et al. 2004) in favour of rate
heterogeneity. Thus, comparing our findings to two recent large
screenings (Francalacci et al. 2013; Poznik et al. 2013), deep
branches of the Y phylogeny reveal an appreciable heterogeneity in
the accumulation of mutations. In particular, in our tree, Alb was
by far the shortest branch (158 average mutations from the root).
When the length of Alb was compared with the rest of the tree
(Ala-F, 207 average mutations from the root), the difference
turned out to be statistically significant (y* = 6.72, P = 0.0095). The
corresponding tests for Ala (vs. A2-F) and A2-A3 (vs. B-F)
produced nominally significant P values, which however did not
resist the Bonferroni correction for multiple tests.

Besides rate heterogeneity, large structural rearrangements
could be responsible for the reduction in the number of countable
positions. We then investigated whether large deletions were
present in our dataset, but on the short branches (Alb, Ala and
A2-A3) we only detected a 6.2 kb deletion (0.42% of the total
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sequence) shared by all Alb chromosomes, unlikely to cause any
imbalance in countable positions.

Another hint of structural rearrangements could be the
clustering of variants, caused by misalignment of the NGS reads
with paralogous sequences. However, when counting the instances
of two variants within 100 bp and the instances of two, three and

four variants within 1000 bp, we had no evidence of excess (Table
5).
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Number Instances of Instances of Instances of Instances of
Tree . . . .
branch of two variants two variants three variants four variants
variants within 100 bp | within 1000 bp | within 1000 bp | within 1000 bp
1 94 2 6 1 0
2 56 1 4 0 0
3 11 0 0 0 0
4 18 0 2 0 0
5 7 0 0 0 0
6 10 0 0 0 0
7 14 0 0 0 0
8 28 0 0 0 0
9 136 2 6 0 0
10 7 0 0 0 0
11 2 0 0 0 0
12 136 2 10 1 0
13 66 1 1 0 0
14 75 1 2 0 0
15 51 0 0 0 0
16 10 0 0 0 0
17 11 0 0 0 0
18 5 0 0 0 0
19 8 0 0 0 0
20 9 0 0 0 0
21 53 0 1 0 0
22 4 0 0 0 0
23 66 0 1 0 0
24 34 0 0 0 0
25 28 0 0 0 0
26 33 0 2 0 0
27 28 0 0 0 0
28 38 1 2 0 0
29 32 0 0 0 0
30 27 0 0 0 0
31 1 0 0 0 0
32 62 0 2 0 0
33 43 0 1 0 0
34 51 0 1 0 0
35 32 0 1 0 0
36 17 0 1 0 0
37 1 0 0 0 0
38 78 1 3 0 0
39 22 0 0 0 0
40 38 0 0 0 0
41 20 0 0 0 0
1/8 36 1 6 0 0
36-internal 542 5 9 2 1
40-internal 48 0 0 0 0
41-internal 304 2 6 0 0
Total 2392 19 67 4 1

Table 5: Clusters of variants observed in the present study. Tree nomenclature as in Figure 18.
Tree branch 1/8 indicates mutations with unknown ancestral state (see Appendix 1 and Tree construction
section in Matherial and Methods).
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Dating and phylogeography

We used sequence data and two independent methods to
estimate the age of the nodes in the tree. In both methods, we used
a substitution rate obtained by adjusting the rate of autosomal de
novo mutations from recent genome-wide screens to the MSY, as
independently worked out in a recent study (Mendez et al. 2013)
with minor differences (see Methods). The results are shown as
boxes in Figure 17. The two methods produced highly concordant
values (Figure 20). Hereafter we refer to the results obtained with
BEAST (Drummond and Rambaut 2007), which averages the
influence of many parameters over the entire tree, also accounting
for rate heterogeneity among branches. The consensus tree
showing the node ages with associated confidence intervals is
reported in Figure 21.

250 q

200

BEAST dating

3
3

50 4

0 50 100 150 200 250

rho dating

Figure 20: Comparison between two dating methods. Scatter plot of ages (kya) for the 20 nodes
shown in Figure 17 estimated with rho (X-axis) and BEAST (Y-axis).
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Figure 21: Y chromosome tree obtained with BEAST. The estimated age of nodes is shown, with branch tips aligned to present day. X-axis reports the
age from present in thousand years (kya). Blue bars indicate the 95% HPD. Note that the software resolves the multifurcation of branches 16-18 (Figure
18) into two consecutive bifurcations.
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The TMRCA of the samples here examined [equivalent to
haplogroup AO-T in the nomenclature of Mendez et al. (2013)] was
estimated at 196 kya (95% C.1. 147-248 kya), in agreement with
the value obtained by Mendez et al. (2013) with a different
method. Our estimate was much older than the previous one based
on a similar topology but a different substitution rate (Cruciani et
al. 2011a). Three nodes basal to Ala-F, A2-F and A2-A3 clustered
in the narrow interval between 167 and 160 kya. The node basal to
A2-F coincides with the MRCA in the datasets by Francalacci et
al. (2013) and Poznik et al. (2013) and our estimated date (162.9
kya; 95% C.I. 125-207 kya) is comparable to both studies (185 and
138 kya, respectively).We observed no more nodes until 115 kya, a
date which marks the separation of African-specific haplogroups
from the rest of the phylogeny. An age of as much as 110 kya was
estimated for haplogroup B, corresponding to the split between
chromosomes currently found only in Central-Western Africa (B1)
and chromosomes spread all over sub-Saharan Africa (B2) (Figure
3 and Table 6). Such an old date could not be highlighted in recent
large-scale resequencing studies (Francalacci et al. 2013; Poznik et
al. 2013; Wei et al. 2013), due to the lack of B1 representatives.

In the time frame between 85.5 and 75.7 kya, four splits were
observed: (1) the node within haplogroup A3b, which separates
southern (A3bl) from eastern (A3b2) African lineages; (2) the
node within haplogroup B2, separating clades B2a and B2b which
are frequently observed among present day African food-producers
and hunter-gatherers, respectively; and (3) two nodes that are
highly informative for the exit out of Africa which are basal to E-F
and C-F, respectively. In fact, haplogroup E has representatives
both within and out of Africa, whereas haplogroup C-F (83.5 kya,
C.I. 64.3-106.6 kya) encompasses chromosomes found virtually
only outside of Africa.

We used two discrete phylogeographic analyses (Lemey et al.
2009; Yu et al. 2010) to associate each node of the tree to each of
four broad geographic regions, with emphasis on sub-Saharan
Africa. First, we used a Bayesian analysis (Figure 22), in which,
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when starting with an even prior, the posterior probabilities (0.44-
0.45) favoured a Central-Western African placement for the four
deepest nodes in the tree, i.e. from 196 to 160 kya. Southern and
eastern African locations were favoured for the nodes defining
haplogroups A3b and A3b2, respectively. The emergence of new
diversity out of Africa was captured in this analysis by a shift in
location assignment along the branch leading to E-F, with all nodes
downstream assigned to non-sub-Saharan African locations with
high confidence (Figure 22). Finally, a further shift in location
assignments was observed within haplogroup A3b2, from Eastern
Africa to non-sub-Saharan Africa. Second, we used a maximum
parsimony approach (Yu et al. 2010), which similarly predicted a
100% probability of a central-western African location for the two
deepest nodes. In this analysis, however, the oldest node
unambiguously assigned to non-sub-Saharan African locations was
the MRCA of haplogroup C-F (Figure 23).
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Figure 23: Results of the phylogeographic analysis using a parsimony-based method (S-DIVA) as implemented in RASP. Pie charts reflect the
probability of the respective geographic areas, as coded in legend, allowing for single or combined distributions.
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Distribution of the main Y haplogroups in Africa

The distribution of the main deep lineages of the Y phylogeny
in 73 populations from different regions of the African continent is
reported in Table 6.

Both A1b and Ala are extremely rare lineages. Haplogroup Alb
was also found in one subject from Ghana (ethnic affiliation and
haplogroup frequency in the population not reported) (Scozzari et
al 2012) and in 1/66 subjects from the Bahamas (Simms et al.
2011).

Haplogroup Ala was originally reported in 1/44 samples of
unspecified ethnic affiliation from Mali (Underhill et al. 2000).
This haplogroup was also found in Guinea Bissau in 8/282 subjects
from seven different ethnic groups (Rosa et al. 2007), in
Senegambia [2/39 Mandenka (Wood et al. 2005)] and Mali [1/55
Dogon (Wood et al. 2005)].

Haplogroup A3a was originally reported in 1/88 subjects of
unspecified ethnic affiliation from Ethiopia (Underhill et al. 2000).
This haplogroup was also found in 1/20 "south Semitic" from
Ethiopia (Wood et al. 2005) and 5/78 Dawro from Ethiopia (Batini
etal. 2011).

Haplogroup Bl was also reported in 1/44 subjects of
unspecified ethnic affiliation from Mali (Underhill et al. 2000,) and
in 2/66 subjects from the Bahamas (Simms et al. 2011).

(Next pages) Table 6: Absolute frequencies of major MSY haplogroups in 73 African
populations. References: (a) Cruciani et al. 2002; (b) Cruciani et al. 2004; (c) Cruciani et al. 2007;
(d) Cruciani et al. 2010a; (e) Cruciani et al. 201 1a; (f) Cruciani et al. 2011b; (g) Present study.
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Haplogroup

Region/population Country | N References
Alb | Ala | A2 | A3a | A3bl | A3b2 | B1 | B2a | B2b | CDEF
Northern Africa
1 Moroccan Arabs Morocco 55 55 a,b,c.d,e,g
2 Moyen Atlas Berbers Morocco 69 2 67 a,b,c,d,e,g
3 Asni Berbers Morocco 54 54 c,de,g
4 Bohuria Berbers Morocco 67 67 c,deg
5 Marrakech Berbers Morocco 27 27 b,c,d,e,g
6 Souss Berbers Morocco 34 1 33 de,g
7 Ouarzazate Berbers Morocco 31 31 de,g
8 Mozabite Berbers Algeria 67| 1 66 b,c,d,e.g
9 Northern Egyptians Egypt 49 3 46 b,c.d,e.g
10 | Egyptian Berbers from Siwa Egypt 93 26 67 c,deg
11 Egyptians from Baharia Egypt 41 41 c,deg
12 | Egyptians from Gurna Oasis Egypt 34 1 33 c,de,g
13 Southern Egyptians Egypt 69 1 68 b,c,d,e,g
Western Africa
14 Mandenka Senegal 16 16 b
15 Mossi Burkina Faso | 49 1 48 a
16 Rimaibe Burkina Faso | 37 37 a
17| Fulbe from Burkina Faso | Burkina Faso | 21 21 a
Central Africa
18 Songhai Niger 11 1 1 9 b,d,e,g
19 Fulbe from Niger Niger 7 1 6 b,d,e,g
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Haplogroup

Region/population Country N References
Alb | Ala | A2 | A3a | A3bl | A3b2 | B1 | B2a | B2b | CDEF
43 Bamileke Cameroon (South) | 52 2 50 ae.f,g
44 Bakaka Cameroon (South) | 12 12 a
45 Ewondo Cameroon (South) | 32 3 29 a,d,ef,g
46 | Bakola Pygmies | Cameroon (South) [ 36 | 3 nt | nt nt nt e
47 | Biaka Pygmies CAR 33 7 4 22 a,b,de.g
Eastern Africa
48 | Mbuti Pygmies DRC 13 2 4 7 a,b,d,e.g
49 | Twa Pygmies Burundi 7 4 3 de,g
50 Tutsi Burundi 9 9 de,g
51 Hutu Burundi 14 2 12 de,g
52 Cunama Eritrea 20 2 3 15 de,g
53 Nara Eritrea 15 2 1 12 de,g
54 Tigrai Eritrea 28 3 25 de,g
55 Tigre Eritrea 5 5 de,g
56 Afar Djibuti Djibuti 25 25 de,g
57 | Somali Djibuti Djibuti 40 40 de,g
58 | Somali Somalia Somalia 23 23 b,c.d,e,g
59 Tigrai Ethiopia 5 5 b,c,d,e,g
60 Ambhara Ethiopia 83 17 66 b,c.d,e,g
61 Gurage Ethiopia 7 7 b,c.d,e,g
62 | Ethiopian Jews Ethiopia 22 9 13 a
63 Oromo Ethiopia 62 1 12 49 b,c,d,e,g
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Andrea Massaia

DISCUSSION

In the present study, we applied next generation sequencing
coupled with sequence capture to obtain a large number of variable
positions that both test and improve the MSY phylogeny. We
focused on two aspects of the experimental design to obtain high
quality data. First, we selected segments with little or no homology
with the X chromosome, to reduce the rate of alignment and
variant calling errors attributable to the presence of gametologous
sequences in the captured material. Second, we designed a high
depth sequencing experiment, allowing reliable SNP calling also
for below-average enriched segments.

Mautational pattern and evidence for selection

One main question related to our approach is whether the set of
DNA segments subjected to capture faithfully summarized the
pattern and tempo of mutations in the entire MSY. For example,
the exclusion of largely represented paralogous regions prone to
ectopic gene conversion (Rozen et al. 2003; Bosch et al. 2004;
Rosser et al. 2009; Cruciani et al. 2010b; Trombetta et al. 2010)
might have prevented the identification of a non-trivial proportion
of variants. However, excluding paralogous regions likely caused
the remaining amount of DNA (that captured here) to behave in a
more similar manner to the autosomes. Questions raised by recent
studies (Awadalla et al. 2010; Roach et al. 2010; The 1000
Genomes Project Consortium 2010; Campbell et al. 2012; Kong et
al. 2012; Michaelson et al. 2012) challenge the transfer of the de
novo autosomal mutation rate to MSY evolutionary studies.
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However, many aspects of the pool of variants here discovered
resemble the pattern observed among genome-wide de novo
events, including the transition/transversion ratio, the proportion of
mutations at CpG dinucleotides, and the shift from strongly bound
to weakly bound base pairs. This justifies the use of an autosome-
derived de novo mutation rate, also if one considers that
convergence is being observed between evolutionarily derived
estimates and pedigree derived estimates (Scally and Durbin 2012).
In deriving our rate, we took into account the effect of the
transmission through the male germline only, but could not
account for other unknown specificities of the Y chromosome.

We noticed an enrichment of putatively physiologically relevant
mutations along terminal branches. The action of purifying
selection in the MSY was initially suggested based on the non-
synonymous/synonymous diversity in 16 single-copy X-degenerate
genes (Rozen et al. 2009). When performing the same calculations
on our data, we obtained an approximate K,/K; ratio of 0.45, in line
with effective purifying selection. As an alternative approach, we
pooled our results together with those contained in the studies by
Rozen (Rozen et al. 2009) and Wei (Wei et al. 2013) and counted
the number of shared and private mutant alleles across the males
represented in the three studies (Table 7). In this way, we found a
significant excess of private missense variants (P = 0.01, Fisher
exact test).

Among our variants, we found two potentially damaging
mutations in USP9Y, a gene possibly involved in spermatogenesis.
Both of these were found in very young branches (less then 10.5
kya). It should be noted, however, that the complete deletion
(Luddi et al. 2009) and additional missense mutations (Rozen et al.
2009; Wei et al. 2013) in this gene were reported as not only
heritable, but also compatible with the spread to a large number of
males (Rozen et al. 2009), making it unlikely that USP9Y alone
could be a cause of severe infertility (Tyler-Smith and Krausz
2009).
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Y-position Reference|Alternative| Amino acid| PhyloP PolyPhen2
(GR(%)h37/hgl9) Gene allele allele Class change pred}i,ction pre}(,iiction Shared) References
2655180 SRY G A synonymous S1558 yes 3)
2710013 RPS4Y1 A G nonsynonymous|  K10R no 1)
2712132 RPS4Y1 G A synonymous S328 yes 3)
2722727 RPS4Y1 C T synonymous Y149Y no 3)
2734854 RPS4Y1 C T synonymous S237S yes 1).3)
2829444 ZFY A G nonsynonymous| M105V Conserved | Possibly damagin; no 3)
2846005 ZFY A G nonsynonymous| N292S  |[Non-conserved Benign no (2)
6736154 AMELY C T nonsynonymous| R166Q |Non-conserved NA no 3)
6736443 AMELY C T nonsynonymous| V70M _ |[Non-conserved| Possibly damagin no 3)
6736812 AMELY G T synonymous L36L no 3)
6958165 TBLI1Y C A synonymous G494G yes 3)
14832620 USP9Y G T nonsynonymous| E65D Conserved Benign yes (1), (2),(3)
14834046 USP9Y G A nonsynonymous|  R84Q Conserved _|Probably damaging| no 1)
14838700 USP9Y C T nonsynonymous| R211C _ |[Non-conserved Benign yes 2),3)
14851554 USP9Y T C synonymous D471D yes 1),3)
14870505 USP9Y G T nonsynonymous| VS67L Conserved _|Probably damaging| no (1)
14888783 USP9Y A C synonymous L876L yes 1),3)
14889974 USP9Y C T synonymous L887L no 3)
14898163 USP9Y G A nonsynonymous| A1060T Conserved Benign yes 3)
14898546 USP9Y C A nonsynonymous| P1125H Conserved Benign no 1)
14902414 USP9Y G A synonymous E1212E no 3)
14902417 USP9Y C T synonymous | C1213C no (1)
14924869 USP9Y C T synonymous P1497P yes 3)
14952467 USP9Y A G synonymous Q2005Q no [€))
14954280 USP9Y T C synonymous P2109P yes (2).(3)
14959237 USP9Y C G nonsynonymous| S2350C Conserved |Probably damaging| no 2)
14968331 USP9Y G A synonymous S2377S no 3)
15024924 DDX3Y G A nonsynonymous| DI163N _[Non-conserved|Probably damaging| no 3)
15026544 DDX3Y G T nonsynonymous| A64S  |[Non-conserved Benign no (1)
15027863 DDX3Y G A synonymous E227E yes (1)
15028176 DDX3Y G C nonsynonymous| S254T Conserved Benign yes 1),3)
15028931 DDX3Y T C synonymous Y390Y no (1)
15346546 ury C A nonsynonymous| M10561 no 2)
15435237 ury T C nonsynonymous| M762V no (2)
15435514 ury C T nonsynonymous| R451H |Non-conserved Benign no (1)
15467824 ury A G synonymous S114S yes 1),(2),3)
15591193 ury G A nonsynonymous| L53F  |[Non-conserved Benign no (1)
15591445 ury T C nonsynonymous| E34G  |[Non-conserved Benign no (1)
15591537 ury G C synonymous S3S yes (1), (2),(3)
16936081 NLGN4Y C T synonymous T45T no 3)
16942397 NLGN4Y T C synonymous T365T no 3)
21154426 CD24 G A nonsynonymous| A57V. no 2)
21751440  |TXLNG2P| A C nonsynonymous| N106T no 3)
21751449  [TXLNG2P| C T nonsynonymous| S109L yes 3)
21867887 KDMS5D C A nonsynonymous| Q713H _ |[Non-conserved Benign no 2)
21868068 KDMS5D C T nonsynonymous| R653Q |Non-conserved Benign no 3)
21868726 KDMS5D T C synonymous G516G yes 3)
21869264 KDMS5D G A synonymous P431P no 3)
21869923 KDMS5D C T nonsynonymous| S274N__ |Non-conserved Benign no 3)
21869928 KDMS5D T C synonymous S2728 no 3)
21897321 KDMS5D T C nonsynonymous| T239A  |[Non-conserved Benign no (2)
22921768 RPS4Y2 G A synonymous S328 yes 2),(3)
22942897 RPS4Y2 T C synonymous A257A yes 3)

Table 7: Mutations in protein coding regions. We consider a mutation to be “shared” if the alterntive
allele is independently found in different studies, or in different individuals from a single study. PhyloP
and Polyphen2 prediction represent the interpretation of the respective scores (not shown). References:
(1) present study; (2) Wei et al. 2013; (3) Rozen et al. 2009.
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In summary, we cannot exclude a role of purifying selection in
shaping the MSY diversity to some extent, particularly when
considering that the absence of recombination leads to the removal
of all markers on a selected-against MSY haplotype. Nevertheless,
the features of our mutational pattern strongly suggest that in the
MSY a large proportion of newly arisen alleles have survived in
the phylogeny.

Based on all the above arguments and the fact that only 1% of
the sequence here screened is coding, we confidently applied
genetic dating equating the substitution rate to the mutation rate
over all positions, in the same way as other authors (Mendez et al.
2013; Wei et al. 2013).

Implications of the new MSY chronology

For a long time, the MSY tree has suffered from a lower level of
resolution than that of the mtDNA phylogeny. However, with the
advent of new technologies now allowing for high-throughput
identification of Y chromosome SNSs, these markers can now be
used to characterize the MSY tree at a greater level of resolution as
well as to improve age estimates. Because the accumulation of
SNSs in the MSY over the course of human evolutionary history
would not have plateaued, these markers provide a nearly
unlimited resource for refining and dating the phylogeny, given
that an appropriately long sequence is evaluated. By contrast,
diversity at microsatellite loci, not only is confounded by recurrent
mutations, but may also reach a maximum (Busby et al. 2012).
This limits their use in resolving the phylogeny and has often given
rise to unreliable dating results, especially for deep-rooted
lineages. The accuracy of SNS-based dating methods relies on the
equally efficient discovery of new SNSs across all lineages. Our
results show that a single targeted next-generation run can produce
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a highly reliable and informative phylogeny with a uniformly
intense search for markers across all lineages included in the study.

Knowledge of the deepest branches in the MSY tree has long
been incomplete and the phyletic relationships between lineages
have often been reordered, including the placement of the root
(Batini et al. 2011; Cruciani et al. 2011a; Scozzari et al. 2012;
Mendez et al. 2013). The representation of deep lineages at low
frequencies and often from small remote populations has also made
their study difficult. Yet, deep-rooted lineages are particularly
informative in the reconstruction of the scenario of an ancient
population structuring in Africa. This is currently considered to be
the source of global patterns of genome-wide diversity under the
generally held view of an exit out of Africa originating from the
eastern portion of the continent (Campbell and Tishkoff 2010;
Henn et al. 2012; Scally and Durbin 2012).

We will now discuss the implications of the structure and timings
of the MSY phylogeny reconstructed in our experiment. These
considerations are made in light of the present day distribution of
Y chromosome haplogroups in Aftrica, which is depicted in Figure
24.

The subjects analysed in this work were intentionally selected to
represent a wide range of diversity and antiquity among MSY
lineages, in order to resolve and date the deepest branches in
parallel with more widely studied lineages. The resulting tree, with
a TMRCA of 196 kya, displays extraordinary deep ancestry for
most of the early branches within Africa, a fact that has not been
fully acknowledged in previous works.

The first two splits in our tree, dated at 196 kya and 167 kya,
separate branches (Alb and Ala) that are currently found at low
frequency in Central-Western Africa (Figure 24 and Table 6), but
have not been detected from elsewhere in the African continent.
This geographical confinement of deep lineages is at odds with the
mainly Eastern African position of sites providing fossils of
comparable ages (McDougall et al. 2005) [though it must be kept
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into consideration that the assignment of fossils to AMH or to
archaic forms of Homo is still a controversial question (Tattersall
and Schwartz 2008; Schwartz and Tattersall 2010)].

Figure 24: Geographic distribution of deep rooting haplogroups in the African continent. Map
of Africa showing the present-day home ranges of the MSY haplogroups discussed in the text.
Haplogroup A00 (Mendez et al. 2013) is also shown. Colour intensity does not reflect haplogroup
frequencies in the corresponding populations. Haplogroup B2, ubiquitous in sub-Saharan Africa, was
omitted. Redrawn from Chiaroni et al. 2009, with modifications and updates based on haplogroup
frequencies reported in Table 6 and in Mendez et al. 2013.

Two hypotheses can be put forward to attempt a reconciliation
of this geographic discordance between fossils and genetics. First,
Eastern Africa is the original homeland of Alb and Ala, which
might have then relocated to Central-Western Africa, and gone
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extinct (possibly together with other yet unknown deep rooted
branches) in Eastern Africa. Second, Alb and Ala actually
originated in Central-Western Africa, where they are still observed
today, but fossil record of ancient populations there was lost. The
finding of the oldest lineage recorded so far (A00, 338 kya) in
Cameroon (Mendez et al. 2013), adds to our phylogeographic
results in suggesting that deep MSY lineages might have resided in
Central-Western Africa earlier than 160 kya.

In discussing the implications of these findings, we note that the
tens of thousands of years separating some of the consecutive
branching events dramatically reduce the power of the Bayesian
phylogeographic inference (Figure 21), resulting in decreasing
statistical support from the tips towards the root of the tree. It
should also be considered that the demography of past populations,
characterized by small effective sizes with intense drift, and,
possibly, subsequent expansions, may have caused lineages to
wander over vast geographic regions, also in response to climate
pressures (Burroghs 2005; Castaneda et al. 2009), with the
potential for generating an altered phylogeographic signal. Finally,
we note that the sampling scheme here used is geographically
uneven, and is constrained by current knowledge on the
distribution of extremely rare deep lineages (Table 6). This calls
for a more even sampling coverage of MSY diversity in Africa,
which should be also compared with the conclusions of recent
autosomal genetic and craniometric data (Ramachandran et al.
2005; Manica et al. 2007; Tishkoff et al. 2009; Pagani et al. 2012;
Schlebusch et al. 2012).

Our data place the TMRCA of haplogroup B at 110 kya, a date
which is unexpectedly old considering the branch lengths in the
previously known phylogeny (Karafet et al. 2008). The current
distribution of chromosomes and dating of the two B subclades
(Figure 23) also testify early dispersals followed by partial
isolation. In particular, haplogroup B2a-M150 has been associated
with the expansion of Bantu-speakers (Beleza et al. 2005; Berniell-
Lee et al. 2009), and it was previously dated at 6.0 kya on the basis
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of its STR diversity (Batini et al. 2011). In our analysis, it turned
out to be a very ancient lineage (40 kya), long predating the alleged
timing of the Bantu expansion. Beyond the disparity of the
microsatellite- and SNP-derived ages, these data indicate that only
a small subset of the overall B2a diversity became incorporated
into the male gene pool of Bantu speakers. As for B2b, it has been
reported that a highly divergent subset of these chromosomes is
found South African Khoe speakers, with a STR-based TMRCA of
69.9 kya (Tishkoff et al. 2007), suggesting that we possibly did not
sample the most divergent lineages of this clade.

Two main routes for the AMH dispersal out of Africa are still
widely debated: the northern route through Egypt to the Levant,
where AMH fossils dated prior to 100 kya have been found (Griin
et al. 2005), and the outhern route through the Bab-el-Mandab
strait to the Arabian peninsula at 125 kya as argued by Armitage et
al. (2011) based on archaeological records. As far as genetic
evidence is concerned, mtDNA data (Soares et al. 2011; Fernandes
et al. 2012) favors this latter route, but not before ~70 kya.

In our phylogeographic analyses, the nodes basal to
haplogroups E-F and C-F provide information regarding the exit
out of Africa. On purely phylogeographic grounds, as E-F is basal
to chromosomes found both inside and outside Africa (haplogroup
E), while C-F is the ancestor of all non-African haplogroups, the
exit from the continent should have taken place in a time frame
corresponding to the branch connecting these two nodes (segment
37 in Figure 18). Moreover, these are the oldest nodes for which a
non-sub-Saharan ancestral state received statistical support, with a
level of probability two times higher than any of the alternatives in
the Bayesian analysis (Figure 21).

Three scenarios are compatible with our phylogeographic
analyses (Figures 21 and 22), dating results (Figures 17 and 21),
the known geographic distribution of patrilineages (Underhill and
Kivisild 2007; Chiaroni et al. 2009), also keeping into account the
possibility that lineages were driven to extinction or to exceedingly
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low frequencies by drift. In the first one (Figure 25, panel A), the
exit of a precursor of haplogroup E-F occurred anytime between
114.8 and 85.5 kya (overall window 145-65 kya, corresponding to
the length of branch 35 and C.Ls of its defining nodes, see Figures
18 and 21), followed by the diversification of E-F in Eurasia. This
scenario requires the re-entry of a single lineage (haplogroup E) in
Africa, as originally proposed (Hammer et al. 1998). In the second
scenario, the node basal to E-F originated in Africa and the exit of
a precursor of C-F took place between 85.5 and 83.5 kya (overall
window 108-64 kya, corresponding to the length of branch 37 and
C.Ls of its defining nodes, see Figures 18 and 21), together or
separately from E, and followed by the extinction of the early C-F
in Africa (Figure 25, panel B). In the third scenario, three or more
lineages left Africa after 83.5 kya; this would require the not
remote possibility that multiple lineages went extinct or are yet to
be found in Africa (Figure 25, panel C).

One of the implications of the first scenario is that the AMH
occupation of the Middle East and/or the Arabian Peninsula before
100 kya could no longer be regarded as a “temporary excursion”
(Scally and Durbin 2012) but rather the seeding event for the MSY
diversity found today in Eurasia. The dates from the second and
third scenario are similar to estimates from mtDNA variation that
date the exit of matrilineages based on the topology and TMRCA
of haplogroup L3 (Atkinson et al. 2009; Soares et al. 2011; Fu et
al. 2013a). Neither MSY scenario excludes an out-of-Africa exit
before a major event marking AMH occupation further East, i.e.
the Toba eruption ~74 kya (Chesner et al. 1991; Mellars et al.
2013). Moreover, they all open up the possibility of a temporal gap
in which an intermediate bottlenecked population existed in the
Middle East/Arabian peninsula, and whose genetic signature is
now visible in the genome pool of Eurasians. They also fit with the
finding of deep-rooted Eurasian Y haplogroups in the southern
Arabian Peninsula (Abu-Amero et al. 2009) and Lebanon (Zalloua
et al. 2008).

74



Dottorato di ricerca in Genetica e Biologia Molecolare

| 3

Figure 25: Models for the Out of Africa. Models for the earliest migrations of Homo sapiens
out of the African continent. Each panel represents one of the three alternative models proposed in
the text. (modified from Petraglia et al. 2011).
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In summary, inferences regarding the ancestral relationships and
timing of movements of human populations in the exit out of
Africa based on extant MSY diversity remain rather imprecise, due
to the reduced topological structure at branches leading to
haplogroups E-F and C-F through the time window 145-64 kya
(Figure 17). The array of new markers here generated strongly
prompts the typing of haplogroup D (not represented among our
males) as well as rare African and non-African carriers of E*, C*
(Weale et al. 2003; Zalloua et al. 2008; Abu-Amero et al. 2009) or
even older paragroups, in search for lineages that could modify the
topology of the MSY tree with new informative nodes.
Reconciling archaeological and genetic dates for the uniparental
systems is also linked to the finding of rare old lineages for the
mtDNA, as recently suggested (Rose et al. 2011). Strong evidence
may also derive from ancient DNA collected in appropriate
archaeological layers of Eastern Africa and South-Western
Eurasia.

One remarkable aspect of our results regards the statistically
significant low number of mutations on the branch corresponding
to haplogroup Alb. The reason for this is yet to be clarified. In a
genome-wide analysis (Conrad et al. 2011), a fewer de novo
mutations were found in a Yoruban trio compared to a non-African
trio, suggesting the need for more extensive analyses to assess
possible population-specific effects. As far as selection is
concerned, the low number of coding variants here observed
prevented the testing of their differential occurrence across
branches, and we cannot exclude different selective pressures
acting on different lineages. Two studies (Lohmueller et al. 2008;
Fu et al. 2013b) showed a higher number of deleterious variants in
Europeans compared to Africans, which is most likely due to the
combined effects of a long lasting bottleneck and re-expansion of
Europeans. The reduction of the male effective population size,
which is most likely to be associated with the exit out of Aftica,
may have provided enough opportunity for deleterious variants to
appear and increase in frequency. In this case, the net effect would

76



Dottorato di ricerca in Genetica e Biologia Molecolare

be an extra load of mildly deleterious mutations that elongated the
branches that were involved in the bottleneck.

Further developments

Approximately 80% of the markers reported here are novel and
open new perspectives for the refinement of the phylogeny through
the study of additional subjects, including AO00 and possibly
undiscovered deep lineages. In fact, the resolution here attained
will enable a search for highly specific lineages with PCR-based
approaches, which will be eventually also applicable to ancient
DNA and help shed light on the possible historical continuity
between individuals of the past and current populations.

We endorse the need for a reference sequence incorporating
ancestral alleles at all known variable positions (Wei et al. 2013),
which would greatly facilitate further works in this field.

Estimates of the substitution rate for the MSY (Xue et al. 2009;
Francalacci et al. 2013; Mendez et al. 2013; Poznik et al. 2013;
Wei et al. 2013 and present work) currently suffer from an
appreciable uncertainty. Major improvements in dating may derive
from taking into account the complexity of the mutational process
(Michaelson et al. 2012). For example, the possibility that clusters
of mutations may hit the MSY seriously challenges the concept of
linear accumulation with time. We highly recommend that, in
future, mutation rates be worked according to the local features of
the MSY sequences, and that they then be used on appropriately
partitioned datasets as previously suggested (Fu et al. 2013a). We
see deep-rooted pedigrees (Xue et al. 2009) as the material that
should be chosen in order to work out robust estimates of these
rates, given the low chances of observing mutational events in such
a small portion of the genome in a single generation.
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MATERIALS AND METHODS

Samples

Human Y chromosomes to be sequenced were selected on the
basis of their SNP/STR genotype which had been determined in
the present or previous studies (Cruciani et al. 2004, 2007, 2010a,
2011a, 2011b; Trombetta et al. 2011; Scozzari et al. 2012). Most
samples were chosen in order to represent as many deep branches
of the Y phylogeny as possible. In the vast majority of cases, DNA
was prepared from fresh venous blood, with no cell culturing.

Genotyping

To obtain a refined MSY tree, as well as to select the Y
chromosome for the NGS experiment, we determined the allelic
state at 168 markers (22 newly described mutations and 146
previously reported mutations [Cruciani et al. 2011a]) in 224 Y
chromosomes which were representative of different Y
haplogroups. Fifty-nine mutations reported by Karafet (Karafet et
al. 2008) were also analysed (Figures 13 and 14). In order to
identify new mutations, we also analysed by Sanger sequencing
about 90 kb in each of two unrelated Y chromosomes belonging to
haplogroups A3b1 (89.8 kb) and A3b2 (89.3 kb).

We designed polymerase chain reaction (PCR) and sequence
primers on the basis of the Y-chromosome sequence reported in
the February 2009 assembly of the UCSC Genome Browser
(http://genome.ucsc.edu/) using Primer3 software
(http://primer3.ut.ee). Sequencing templates were obtained through
PCR in a 50-ml reaction containing 50 ng of genomic DNA, 200
mM each deoxyribonucleotide (ANTP), 2.5 mM MgCI2, 1 unit of
Taq polymerase, and 10 pmoles of each primer. A touch-down
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PCR program was used with an annealing temperature that
decreased from 62°C to 55°C over 14 cycles, followed by 30
cycles with an annealing temperature of 55°C.

Following DNA amplification, PCR products were purified
using the QIAquick PCR purification kit (Qiagen, Hilden,
Germany). Cycle sequencing was performed using the BigDye
Terminator Cycle Sequencing Kit with Amplitag DNA polymer-
ase (Applied Biosystems, Foster City, CA) and an internal or PCR
primer. Cycle sequencing products were purified by ethanol
precipitation and run on an ABI Prism 3730XL DNA sequencer
(Applied Biosystems). Chromatograms were aligned and analyzed
for mutations using Sequencher 4.8 (Gene Codes Corporation, Ann
Arbor, MI).

DNA library preparation

About 3 ug of genomic DNA was sheared using a Covaris
ultrasonicator to obtain DNA fragments that were mainly
distributed between 200 bp and 300 bp. Purified fragments were
end-repaired and ligated to paired-end sequencing adapters
containing short sample-specific sequence tags to allow multiple
samples to be simultaneously analysed during the sequencing step.
The samples were then amplified by LM-PCR (Ligation-Mediated
PCR) in order to selectively enrich those DNA fragments that have
adapter molecules on both ends.

Selection and targeting of MSY unique regions

We selected five regions (Figure 15 and Table 8) of the X-
degenerate portion of the MSY, which showed a low degree of

similarity with X gametologous sequences, for a total of 3,768,982
bp.

A custom sequence capture array, manufactured by Roche
Nimblegen, was used for the target enrichment of the indexed
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genomic library. A set of unique and overlapping probes was
designed to capture unique sequences at the five MSY regions
under study. The Sequence Search and Alignment by Hashing
Algorithm (SSAHA) was used to assess probe uniqueness (Ning et
al. 2001). Probe tiling of the target regions excluded most of the
repetitive interspersed elements. The capture probe set covered a
total of 1,495,512 bases of the target region, distributed into 5,274
fragments.

Region Start position End position Size (bp)
number (GRCh37/hg19) (GRCh37/hg19)
1 2689001 2910620 221620
2 6655519 6673610 18092
3 7540722 8740721 1200000
4 14629842 15962456 1332615
5 18553379 19550033 996655

Table 8: Genomic coordinates for the five X-degenerate regions of the MSY selected for the
present study.

DNA sequencing and alignment

The captured library was loaded onto an Illumina HiSeq 2000
platform to produce a 50x mean depth sequence for the 1.5Mb
targeted region.

The raw sequencing output was processed in order to discard
low quality reads, adapter contamination and repeated reads. Clean
data were then sorted using the subject-specific identifiers (see
previous section). For each subject, the sequencing reads were
aligned to the human Y chromosome reference sequence
(GRCh37/hgl19) using the Burrows-Wheeler Aligner (BWA)
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software (Li and Durbin 2009), to generate an alignment file (.sam,
Sequence Alignment/Map) (Li et al. 2009a). Library preparation,
targeting, sequencing and alignment were performed by BGI-Tech
(Shenzhen, China).

SNP calling and filtering

Candidate variant nucleotide positions (compared to the human
reference sequence) were identified by using the SOAPsnp
software (Li et al. 2009b), with haploid specific parameters for
variant calling. Among the candidate mutations from the SOAPsnp
analysis, we only considered those found in the 1.5 Mb target
region and which fulfilled all of the following criteria: 1) quality
score of consensus (QS) > 90; 2) depth > 4x; 3) difference between
the depth and the total number of reads for the two best bases < 4.
This latter criterion was adopted to identify false SNP calls due to
misalignments in proximity of insertions/deletions. The filtering
was then refined by visual inspection of the .sam files using the
Integrative Genomics Viewer (IGV) software (Thorvaldsdottir et
al. 2013). In particular, we inspected variant calls falling in these
categories: 90 < QS < 98; 4x < depth < 10x; distance from the
closest SNP in the same sample < 20 bases; depth for the second
best base > 3. One well-known complication associated with
estimating sequence divergence is that mapping quality for a read
depends on the number of differences between the read and the
reference. We then inspected the alignments of all subjects, in
sliding windows of 25 kb (using IGV), searching for extreme
variations in sequence coverage among samples, which may be
indicative of structural rearrangements and the inability to detect
variants. We also used GASVPro (Sindi et al. 2012) to identify
structural variants from paired-end mapping data. Since such
rearrangements can also lead to the unscheduled capture of
paralogous divergent sequences, we checked for clustering of
variants in short stretches of DNA on each tree branch after
constructing the tree.
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SNP data quality control

To assess the accuracy of our set of filtered variants, we
performed a series of quality controls using both resequencing and
literature data.

In order to test for false positives, a total of 80 SNPs (here
described for the first time) were tested and confirmed using either
Sanger resequencing or RFLP assays. Also, one individual (S38 in
Table 2) had also been sequenced in a previous study (Cruciani et
al. 2011a), allowing the comparison of 39,859 bp of overlapping
MSY sequence. Neither false positives nor false negatives were
discovered.

We also compared our variants with those reported in a recent
high-coverage resequencing study of the MSY (Wei et al. 2013). In
order to check nucleotide positions with a high probability of
displaying variation in both studies, we selected SNPs reported by
Wei et al. (2013) to define haplogroups DR and DE. Among 53
SNPs falling within the MSY regions here sequenced, a 100%
concordance was observed between the two data sets. Additionally,
we compared the allelic states reported in sample NA21313 (Wei
et al. 2013) with those we observed in sample NA21367 (S11 in
Table 2). Since these two individuals belong to the same
population and share the same terminal MSY haplogroup (A-M13),
we expected them to share most of their alleles at variable
positions. All but one of the 76 alternative alleles in sample
NA21313, which were in regions analysed in the present study,
were also observed in sample NA21367.

Finally we confirmed the allele state at all positions described
by Mendez et al. (2013) that define haplogroups AO-T and A0 and
that reside within the DNA segments captured by our experimental
protocol.
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Reconstruction of ancestral allele states

For each variable position, the filtered data consisted in the
listing of subjects carrying an alternative base, i.e. a base call that
differed from the reference sequence (GRCh37/hgl9). We then
determined the ancestral and derived state at each position in the
entire phylogeny using the following procedure, which takes into
account that A1b (A0) is one of the deepest branches of the MSY
tree (Cruciani et al. 2011a; Scozzari et al. 2012): alternative bases
in one or more (but not all) A1b subjects (SO01, S03, S04, and S05)
were considered derived; alternative bases in one or more (but not
all) of the remaining subjects were considered ancestral if shared
with subject SO1 and derived otherwise; the ancestral state at the
158 positions remaining after these steps was determined by
comparison with the orthologous positions of the chimpanzee
(CSAC 2.14). This led to 94 and 28 mutations that were
unambiguously attributed to branches 1 and 8, respectively (Figure
18); the ancestral state at 36 positions remained undetermined.

We chose this method to avoid uncertainties associated with the
straightforward application of the human-chimp comparison. In
fact, mutations occurring in the chimpanzee lineage may result in
the erroneous assignment of human alleles as derived alleles
(estimated genome-wide rate 0.5%). This problem is particularly
acute for the Y chromosome, for which an enhanced divergence
between the two species has been reported (Chimpanzee
Sequencing and Analysis Consortium 2005).

We alsoused the ancestral allele information to count the
number of mutations occurring at ancestral CpG dinucleotides.

Annotation of variants in coding regions

The program wANNOVAR (Chang and Wang 2012) was used
to identify and note exonic variants found in this and other (Rozen
et al. 2009; Wei et al. 2013) works. The program also returns
conservation levels (PhyloP scores) and predicted functional
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importance (PolyPhen) scores. The UCSC known gene and
Ensembl gene definitions were used.

Tree construction

A contingency table of alternative bases by subject (rows) and
chromosome position (columns) was converted into .rdf and .meg
files, to be handled with the programs Network (Bandelt et al.
1999) and MEGA (Tamura et al. 2011), respectively. Network was
used to obtain a median joining network for rho calculations, a
complete listing of mutated positions along each branch and a
precise count of inferred recurrent mutations at the same position.
This tiny subset of positions (4 recurrent mutations, see Appendix
1) was re-checked and confirmed in the original alignment files.
MEGA was used to obtain a maximum parsimony tree. Note that
both methods ignore the information on the ancestral vs. derived
state for the particular allele observed in each subject, as they only
consider state changes. The position of the root in the MP tree was
determined by partitioning the 36 mutations with unknown
ancestral state (see Appendix 1) proportionally to those that had
been unambiguously assigned to branches 1 and 8, respectively (28
and 8 assigned, respectively).

Moutation rate

In order to model the substitution process at the surveyed
positions, we took into account the careful measurements of the
genome-wide de novo mutation rates recently obtained from
parent-child transmissions and deep-rooted pedigrees (Awadalla et
al. 2010; Roach et al. 2010; The 1000 Genomes Project
Consortium 2010; Campbell et al. 2012; Kong et al. 2012;
Michaelson et al. 2012). Remarkable findings in this field include
the effect of the sex of the transmitting parent (summarized by the
alpha ratio) and paternal age at conception.
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We used the repeatedly confirmed genome-wide value of 1.2 x
10"%/position/gamete/generation to infer an MSY-specific value. To
this aim, we considered a 4:1 alpha ratio (Campbell et al. 2012;
Kong et al. 2012) and the strict patrilineal inheritance of the MSY.
We obtained the value of 0.64 x 10”/position/gamete/year
(assuming 30 years/generation), i.e. a very similar value to that of
Mendez et al. (2013) who incorporated the regression on paternal
age in the estimation. Here we notice that, in the multigenerational
timescale for the MSY, the de novo mutation rate per year is less
sensitive to paternal age compared to the rate per generation. In
fact, fathering at an old age implies a higher mutation rate but also
corresponds to a longer inter-generation interval for the Y
chromosome. Based on the data reported in Figure 2 of Kong et al.
(2012), we were able to calculate that a shift of the average
paternal age from 20 to 30 years corresponds to an increase of 40%
in the rate per generation (44 vs. 64 total mutations under the linear
model) but only a moderate decrease of the rate per year (2.2 vs.
2.13 total mutations). We obtained the 95% C.I. for our mutation
rate (0.47 - 0.82 x 10”) with 10,000 simulations of Poisson-
distributed mutational events in the paternal and maternal gametes,
with averages from Kong et al. (2012). In summary, our rate is
somewhat lower than that calculated by directly examining the
MSY transmission in a single deep-rooted pedigree (Xue et al.
2009), but its estimation is indirectly based on a much larger
number of mutational events. Also, our value is similar to that
obtained in a comparative genomics perspective (about 0.70 x 10™%)
by applying the same calculations to the divergence between
humans and great apes with the alpha ratio reported therein (Scally
et al. 2012). Two recent papers have recalculated an evolutionary
effective rate by calibrating the age of a limited number of nodes
on known MSY founding events. Of the two values, one based on
the Neolithic population expansion in Sardinia [0.65 x 107
(Francalacci et al. 2013)] turned out to be very similar to that used
here, while the one based on the initial colonization of the
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Americas [0.82 x 10” (Poznik et al. 2013)] is at the upper limit of
our C.I.

Time estimates and phylogeographic analyses

We applied two independent methods for dating the tree nodes.
The first is based on the rho statistic, i.e. the average number of
differing sites between a set of sequences and a specified common
ancestor (which needs not be among the sampled sequences)
(Forster et al. 1996). This statistic is linearly related to time and
mutation rate (tho = w x t) (Jobling et al. 2004), assuming
constancy of the rate across the tree branches. The statistic and
associated confidence interval were computed with the software
Network (Bandelt et al. 1999). The mutation rate was as reported
above, corresponding to a substitution every 1,044 years over the
1.5 Mb sequence here scored.

We also applied a Bayesian estimation of node ages, through
BEAST (Drummond and Rambaut 2007) using the entire set of
2,386 variable positions. This makes it possible to consider
complex models, including different substitution matrices, a
relaxed clock for heterogeneous rates across the tree branches, and
different dynamics of population growth. We used a GTR model
for nucleotide substitutions under a lognormal relaxed clock for
rate heterogeneity across branches. The initial tree was that
obtained by maximum parsimony (see above). The prior for the
substitution rate was given a normal distribution centred on the
mutation rate value reported above. An expansion model was used
for the population size in order to appropriately account for the
faster recent growth (Gignoux et al. 2011; Keinan and Clark 2012).
Rather flat priors were used, i.e. lognormal[10,3] for the current
population size, exp[0.2] for the ancestral/current population size
ratio and uniform[0, 0.00133] for the growth rate/year in the
expansion phase, using the upper limit reported in the literature for
pre-agricultural cultures (Ammerman and Cavalli-Sforza 1984;
Boone 2002; Hamilton et al. 2009). We used two runs of 20
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million steps each, sampled every 10,000 steps. The initial 20% of
each run was discarded as burn-in and the outputs combined and
analysed with Tracer.

The heterogeneity of substitution rates in different tree branches
was tested by repeating the same runs under a strict clock model
with identical priors, and comparing the tree likelihoods by means
of Bayes’ factors (Nylander et al. 2004). A test to compare rates
between selected branches of the tree was performed by using a y*
test as reported in eq. 10 in Kumar and Filipski (2001), taking into
account only non-recurrent mutations as recommended.

In order to make inferences on the most likely locations for
ancestors corresponding to nodes in the tree, the 68 subjects were
assigned to four geographic macroregions, i.e. Central-Western
Africa, Southern Africa, Eastern Africa and rest of the world
(comprising Northern Africa and other continents). A discrete
phylogeographic model was examined by both Bayesian search
and maximum parsimony. A run of BEAST using geographic
categories as a discrete trait (Lemey et al. 2009) was performed,
with the same population parameters as above. The maximum
parsimony approach implemented in the program RASP (Yu et al.
2010) was applied to the maximum parsimony tree of Figure 2,
allowing ancestral ranges to include no more than two of the four
geographic macroregions. For each of the two phylogeographic
analyses, the inference on ancestral locations for each node was
represented as a pie chart and overlaid on the BEAST tree.
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Appendices

APPENDIX 1.

List of 2,386 variable positions and inferred mutational events
defining the branches of the tree shown in Figure 17.

The list will be available on the Genome Research website, in the
Advance Online Articles section
(http://genome.cshlp.org/content/early/recent) as Supplemental
Table S2 of the paper “An unbiased resource of novel SNP
markers provides a new chronology for the human Y chromosome
and reveals a deep phylogenetic structure in Africa” by Scozzari et
al., published online as accepted preprint on January 6, 2014.

Variant positions are also deposited in dbSNP (handle: HUMGEN,
ssid ss778077189-ss778079576).

APPENDIX 2.

List and genomic coordinates of the 5,274 fragments of the
capture probe set covering the 5 selected MSY regions.

The list will be available on the Genome Research website,
Advance Online Articles section
(http://genome.cshlp.org/content/early/recent) as Supplemental
Table S9 of the paper “An unbiased resource of novel SNP
markers provides a new chronology for the human Y chromosome
and reveals a deep phylogenetic structure in Africa” by Scozzari et
al., published online as accepted preprint on January 6, 2014.
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