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Abstract

The phylogeography of the paternally-inherited MSY has been the subject of intense research.
However, sequence diversity and the ages of the deepest nodes of the phylogeny remain largely
unexplored due to the severely biased collection of SNPs available for study. We characterized 68
worldwide Y chromosomes by high-coverage next generation sequencing, including 18 deep-
rooting ones, and identified 2,386 SNPs, 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 alarge 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. Our MSY tree
recapitul ated the previously known topology, but the relative lengths of major branches were
drastically modified and the associated node ages were remarkably older. We found significantly
different branch lengths when comparing the rare deep-rooted A1b African lineage with the rest of
the tree. Our dating results and phylogeography led to the following main conclusions: 1) patrilineal
lineages with ages approaching those of early AMH fossis survive today only in central-western
Africa; 2) only afew evolutionarily successful MSY lineages survived between 160 and 115 kya; 3)
an early exit out of Africa (before 70 kya), which fits recent western Asian archaeological evidence,
should be considered. Our experimental design produced an unbiased resource of new MSY
markers informative for the initial formation of the anatomically modern human gene poal, i.e. a
period of our evolution which had been previously considered to be poorly accessible with

paternally-inherited markers.
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I ntroduction

Analyses of genetic diversity at non-recombining uniparental loci [mitochondrial DNA
(mtDNA) and the male-specific portion of the Y chromosome (MSY)] have provided important
clues regarding human evolutionary events (Underhill and Kivisild 2007). Although mtDNA and
the MSY each represent only a single realization of the evolutionary path, they share three crucia
advantages in order to obtain a full phylogeographic analysis. All three factors are linked to their
lack of inter-allelic recombination and haploidy: (1) their evolution can be described through an
unequivocal phylogenetic tree, i.e. a cladistic description of the affinities among extant molecular
types which might also accommaodate extinct ones obtained from ancient DNA (aDNA), (2) the
pattern of their geographic diversity can be described in terms of the spread of monophyletic
lineages, and (3) the antiquity of their lineages can be estimated assuming that mutations at a
variety of loci, evolving in different modes and at different rates, are sequentially accumulated.

The phylogeography of the MSY in all continents has been the subject of intense research [for
areview see (Chiaroni et al. 2009)]. However, based on dating estimates obtained from
microsatellite and single nucleotide variation (Pritchard et a. 1999; Thomson et a. 2000; Wilder et
al. 2004; Shi et a. 2010), the entire phylogeny of the MSY, to date, has been considered to be rather
young and of null or limited informativeness for a time horizon comparable to the age of
anatomically modern humans (AMH) in Africaor findings of early AMH outside Africa. However,
recent updates to the MSY tree topology and new figures for the substitution rate have led to much
older dates than previously thought for the root of the MSY tree (Cruciani et a. 2011b; Mendez et
al. 2013) and nodes immediately downstream (Francalacci et al. 2013; Poznik et a. 2013).

A comprehensive description of the features of the MSY phylogeny requires an unbiased
search across lineages, considering widely divergent lineages and reaching alow error ratein
variant calling. Under these conditions all nodes can be appropriately dated, heterogeneity among
branch lengths can be tested, and evidence for purifying selection can be evaluated. Single

nucleotide substitutions (SNSs) and little indels have often been the markers chosen to define the
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branches of the MSY tree (Underhill et al. 2000; Karafet et al. 2008), due to their evolutionary
stability and low rates of recurrent mutations. The possibility of revealing numerous SNSs by
resequencing large portions of the genome using next-generation technology has also led to the re-
evaluation of SNSs as the optimal tool for age estimation. Recently, low-depth whole-genome
seguencing studies produced thousands of single nucleotide polymorphisms (SNPs) of the MSY
from a large set of males (The 1000 Genomes Project Consortium 2010, 2012). A refinement of the
phylogenetic relationshipsin aportion of the MSY tree with these SNPs has been attempted, but
due to the likely abundance of false negatives and biases resulting from low-depth sequencing, not
all of these SNPs could be used to confidently reconstruct and date the MSY phylogeny (Rocca et
a. 2012). High-depth whole genome sequences have been generated and made publicly available
by Complete Genomics. Wei et a. (2013) used thisinformation to extract the MSY genotypes of 35
males which were analyzed together with asingle haplogroup A3 subject as an outgroup in order to
obtain atime-calibrated phylogeny of the MSY based on 6,662 high-confidence variants. However,
due to the ancestry of malesin the above studies, deep branches of the MSY tree were
underrepresented or not represented at all.

To gain insights into the timing of early human evolutionary processes, through high-
coverage next-generation sequencing, we characterized 18 deep-rooting Y chromosomes selected
from thousands of worldwide Y chromosomes already genotyped for known markers (Cruciani et
al. 2004, 2007, 2010, 2011a, 2011b; Trombetta et al. 2011; Scozzari et al. 2012; present study). We
analyzed these chromosomes in the wider context of 68 Y chromosomes which represent major
branches of the entire MSY phylogeny. In this way, we were able to interpret our findings from the
18 deep-rooted chromosomes in light of the mutational pattern and branch divergence observed
across the entire tree. More specifically, in the present study, we discuss our reconstructed
phylogeny and the antiquity of its branches and how they relate to the population genetics of Africa

over atime horizon that begins well before the exit out of the continent.
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Results
A high-depth resequencing (average 50x) of about 1.5 Mb of the MSY was performed in 68
unrelated males representing major Y chromosome haplogroups (Supplemental Table S1). Here we

limit the description of the results to single nucleotide substitutions, focusing on deep-rooted

lineages.

Sngle nucleotide mutational pattern

We identified 2,386 positions which display a nucleotide substitution among the 68 unrelated
males under study (Supplemental Table S2). These do not include 13 invariant positionsin the
entire sample but which are different from the reference sequence (Supplemental Table S3), a
finding that can be interpreted as either reference-specific mutations or sequencing errors. Two of
the 2,386 variant positions were triallelic.

Fig. 1 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). For
example, the region which is most densely populated by SNPs (chrY :8,400,000-8,650,000) is
particularly devoid of repetitive elements. When the occurrence of the 2,386 variants in each of the
5,274 sequenced DNA fragments (see M ethods) 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 (Supplemental Fig. S1). 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 Kong et al. (2012).

Six protein-coding genes (RPAYL, ZFY, USP9Y, DDX3Y, UTY and TMSB4Y) were covered
in our capture design. Nineteen variant positions were located within codons (Supplemental Table

$4). Overadl, the number of variant positions we found in coding regions (19/15,397 bases) was
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proportionally lower than that residing in non-coding regions (2,367/1,480,115), though not
significantly (P = 0.30, Fisher exact test). As negatively selected mutations can be expected to be
younger than neutral non-coding mutations, we only analyzed those mutations that are present in
older branches (i.e. older than 30 kya). No evidence indicating any enrichment of non-coding
variants was obtained. In our data, ten of the substitutions were predicted to produce amino acid
changes, of which eight were private (i.e. found in a subject only) and two were shared between at
least two subjects. This compares with three private and six shared synonymous variants. A similar
imbalance was present after removing four long terminal branches, each represented by a single
individual (S07, S08, S09 and S38, Supplemental Fig. S2) 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 previously unreported missense variants (chrY:14834046 G>A, USP9Y R84Q); chrY:14870505
G>T, USPIY V567L) were predicted to be damaging (PolyPhen-2 scores 0.927 and 0.955,
respectively). Both of these mutations were private and found in conserved positions (PhyloP scores

0.974 and 0.983, respectively) of the USPIY gene, a member of the peptidase C19 family.

MSY phylogeny

We used the 2,386 variable positions to reconstruct a maximum parsimony (M P) 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 eventsin
only four positions, for atotal of 2,392 distinct mutational events (including double hits at the two
triallelic positions). The proportion of recurrent events (4 out of 2,386 positions, 0.2%) was
significantly lower (P = 2.2 x 10™°, Fisher exact test) than that reported by Wei et al. (2013) (172

out of 5,865 mutations, 2.9%), a discordance that can be attributed to differences between the two
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studies in both the regions analyzed and the strategies adopted to infer the ancestral states (see
Methods). 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
a. 2012) with an excess of G>A and C>T compared to the opposite changes (Supplemental Table
S5).

A condensed version of the MP tree, with a particular emphasis on the deeply rooted African
lineages, isshown in Fig. 2. Firstly, al Y chromosomes in our dataset previously known to belong
to different major haplogroups partitioned into distinct clades in the tree, with the same phyletic
relationships reported in previous studies [for reviews see (Karafet et al. 2008; Batini et a. 2011;
Cruciani et al. 2011b; Scozzari et a. 2012; Francalacci et al. 2013; Poznik et al. 2013)]. Secondly,
new features emerged in the internal topology of some clades. The polyphyletic nature of
"haplogroup” A was confirmed (Cruciani et al. 2011b), with A1b being the most deeply rooted
clade in our set. Furthermore, while the previous topology of haplogroup Alb consisted of asingle
lineage defined by terminal markers plus three paragroups (Scozzari et a. 2012), here we describe
markers for each of four Alb lineages. We confirm that Alais the deepest branch in the clade
which groups all other haplogroups. Within A2-F, amajor bifurcation grouped A2 and A3 together,
which stemmed from a short branch (branch 11 in Supplemental Fig. S2), previously defined by
markers PK1 (Batini et al. 2011) and V249 (Scozzari et al. 2012). Within A3b2, asmall clade
grouped together two A-M 13 European subjects (S10 and TV 20) which differed by 17 mutations,
and separated them from two African A-M 13 chromosomes. Such loose affinity between the two
European A-M13 chromosomes denotes a more remote relatedness than recently reported for seven
A-M 13 chromosomes from Sardinia (Francalacci et al. 2013).

The other samples, belonging to haplogroup B-F, shared a long branch (branch 21), with B as
amonophyletic 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 a. 2012), we found markers for each of the paragroups B1*, B2a*

7


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlip.org on June 1, 2026 . Published by Cold Spring Harbor Laboratory Press

and B2b*. While aremarkable advancement in the phylogenetic structure of haplogroup B2b was
obtained by 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 single mutation (branch 37 in Supplemental Fig. S2),
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 Alb, Alaand B1, respectively), in which the number of mutations
increased by at |east 6 times compared to previous studies (Karafet et a. 2008; Scozzari et al.
2012). A notable increase in length was also observed for branches 21 and 35 (defining B-F and E-
F, respectively). Conversely, branches basal to haplogroup P did not show the same increasein
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 a. 2010; Myreset 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, though not necessarily
phylogenetically assigned. Only 407 of the 2,386 variant positions (17.1%) here detected were
reported in doSNP (Supplemental Table S2 and Supplemental Fig. S2). dobSNP 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, doSNP markers almost saturated branches leading to haplogroups

EandF.
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The above results dramatically modified one mgjor feature of the tree, i.e. the proportions of
mutations which mark the phylogeny for the periods prior to and after the exit out of Africa.
Haplogroup E-F isinformative for this event because it includes, among others, all the lineages
which are found out of Africa (for athorough discussion see Underhill and Kivisild, 2007). The tree
by 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 the same node.

While our results corrected an evident under-detection of variants for deep-rooted branches, a
short length of haplogroups Alb, Alaand 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 finding of Wei et al. (2013), who noticed a short
branch for A3, represented by a single individual in their study. We tested whether 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 favor of rate heterogeneity.
Thus, compared 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, A1b 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. We investigated
whether structural rearrangements could be responsible for the reduction in the number of countable
positions, but on short branches we only detected a 6.2 kb deletion (0.42% of the total sequence

scored), shared by all A1b chromosomes. Additionally, we had no evidence (Supplemental Table
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S6) of an excess of clustering of variants on long branches, where an excess may indicate a

structural rearrangement and alignment of paralogous sequences.

Dating and phyl ogeography

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 M SY, as independently worked out by
Mendez et al. (2013) with minor differences (see Methods). The results are shown as boxes in Fig.
2. The two methods produced highly concordant values (Supplemental Fig. S3). 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 intervalsis reported in
Supplemental Fig. S4. The TMRCA of the samples here examined [equivalent to haplogroup AO-T
in the nomenclature of Mendez et a. (2013)] was dated 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 a. 2011b). 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 a. (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 other
node until 115 kya, a date which marks the separation between African-specific and al remaining
haplogroups. 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) (Fig. 3 and Supplemental Table S7). Such an old date could
not be highlighted in recent large-scale resequencing studies (Francalacci et al. 2013; Poznik et al.

2013; Wel et al. 2013), due to the lack of B1 representatives.
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In the time frame between 85.5 and 75.7 kya, four splits were observed: (1) the node within
haplogroup A3b, which separates southern (A3b1) 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 Africawhich 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 a. 2009; Yu et a. 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 (Supplemental Fig. S5) in which, when starting
with an even prior, the posterior probabilities (0.44-0.45) favored a central-western African
placement for the four deepest nodesin the tree, i.e. from 196 to 160 kya. Southern and eastern
African locations were favored for the nodes defining haplogroups A3b and A3b2, respectively.
The emergence of new diversity out of Africawas 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 (Supplemental Fig. S5). Finally, afurther shiftin
location assignments was observed within haplogroup A3b2, from eastern Africato non-sub-
Saharan Africa. Second, we used a maximum parsimony approach (Yu et a. 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 (Supplemental Fig. S6).
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Discussion

In the present study, we applied next generation sequencing coupled with sequence capture to
obtain alarge number of variable positions that represent an independent test for and improvement
of the MSY phylogeny. Two aspects of our experimental design enabled us to obtain high quality
data, i.e. the selection of segments with little or no homology with the X chromosome and a high
depth. The first reduced the rate of errors attributable to the presence of gametologous sequencesin
the captured material, and the second allowed reliable SNP calling also for below-average enriched

segments.

Implications of the new MSY chronology

For along time, the MSY tree has suffered from alower 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 agreater level of resolution as well as to improve age estimates. Because the
accumulation of MSY SNSs 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 reach a maximum (Busby et al. 2012). This
limitstheir use in resolving the phylogeny and has often given rise to unreliable dating results,
especialy for deep-rooted lineages. The accuracy of SNS-based dating methods relies on the
equally efficient discovery of new SNSs across al lineages. Our results show that a single targeted
next-generation run can produce 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 a. 2011; Cruciani et al. 2011b; Scozzari et al. 2012; Mendez et al. 2013). The
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representation of deep lineages at low frequencies and often from small remote populations has also
made their study difficult. Y et, deep-rooted lineages are particularly informative in the
reconstruction of the scenario of an ancient population structuring in Africa. Thisis 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 a. 2012; Scally and Durbin 2012).

The subjects entered in this work were intentionally selected in order to represent a wide
range of diversity and antiquity among MSY lineages 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, afact that has not been
fully acknowledged in previous works.

The first two splitsin our tree, dated at 196 kya and 167 kya, separate branches (A1lb and
A14d) that are currently found at low frequenciesin central-western Africa (Fig. 3 and Supplemental
Table S7), but have not been detected from elsewhere in the African continent. This geographical
confinement of deep lineagesis at odds with the mainly eastern African position of sites providing
fossils of comparable ages (McDougall et al. 2005, but see Tattersall and Schwartz 2008). The
guestion then becomes: when did these lineages reach central-western Africa? Two hypotheses can
be put forward: first, ancient residence of Alb and Alain eastern Africa, followed by relocating to
central-western Africa and extinction in the motherland eastern Africa (possibly together with other
yet unknown deep rooted branches), or second, ancient residence of A1lb and Alain central-western
Africa, with loss of fossil record there. The finding of the oldest lineage recorded so far (AQO, 338
kya) in Cameroon (Mendez et al. 2013), adds to our phylogeographic results in suggesting central-
western Africaas a broad region populated by deep MSY lineages 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 (Supplemental Fig. S5) resulting in decreasing statistical support from
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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; Castafieda et al. 2009), with the potential for generating an
atered 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 (Supplemental Table S7). This calls for a more even sampling coverage of MSY
diversity in Africa, which should be a'so compared with the conclusions of recent autosomal
genetic and craniometric data (Ramachandran et al. 2005; Manica et al. 2007; Tishkoff et al. 20009;
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 if
one considers the previous length of this branch. The current distribution of chromosomes and
dating of the two B subclades (Fig. 3) also testify early dispersals followed by partial isolation. In
particular, haplogroup B2a-M 150, which has been associated with the expansion of Bantu-speakers
(Belezaet al. 2005; Berniell-Lee et al. 2009) and dated at 6.0 kya on the basis of its STR diversity
(Batini et al. 2011) turned out to be avery 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, Tishkoff et al. (2007) reported that south African
Khoe speakers harbor a highly divergent subset of these chromosomes, with a STR-based TMRCA
of 69.9 kya, suggesting that we possibly did not sample the most divergent lineages of this clade.

Two main routes for the AMH dispersal out of Africaare still widely debated: the northern
route through Egypt to the Levant, where AMH fossils dated prior to 100 kya have been found
(Grin et al. 2005), and the southern 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) favor this
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latter route, but not before ~70 kya. Our phylogeographic analyses suggest that the nodes basal to
haplogroups E-F and C-F provide information regarding the exit out of Africa. In fact, these are the
oldest nodes for which anon sub-Saharan ancestral state received statistical support, with alevel of
probability which was two times higher than any of the alternatives in the Bayesian analysis
(Supplemental Fig. S5). Three main scenarios are compatible with our phylogeographic analyses
(Supplemental Fig. S5 and S6), dating results (Fig. 2), the known geographic distribution of
patrilineages (Underhill and Kivisild 2007; Chiaroni et al. 2009), and the possibility that lineages
were driven to extinction or to exceedingly low frequencies by drift. In the first one, the exit of
carriers 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.I.s of its defining nodes, see
Supplemental Fig. S2 and $4), 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 by
Hammer et al. (1998). In the second scenario, the node basal to E-F originated in Africa and the exit
of aprecursor 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.1.s of its defining nodes, see Supplementa Fig. S2
and $4), together or separately from E, and followed by the extinction of the early C-F in Africa. 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.

One of the implications of the first scenario isthat 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 mgjor event marking AMH occupation further East, i.e. the Toba eruption

~74 kya (Chesner et a. 1991; Mellars et al. 2013). Moreover, they al open up the possibility of a
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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 a. 2009) and Lebanon (Zalloua et al. 2008).

In summary, inferences regarding the ancestral relationships and timing of movements of
human populations in the exit out of Africabased 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 (Fig. 2). 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
carriersof E*, C* (Wedle et al. 2003; Zalloua et a. 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 two uniparental systemsis
aso linked to the finding of rare old lineages for the mtDNA, as recently suggested (Rose et .
2011). Strong evidence may also derive from aDNA 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 thisis yet to be clarified.
In a genome-wide analysis (Conrad et al. 2011), alower number of de novo mutations was found in
a Y oruban 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 variantsin
Europeans compared to Africans, which is most likely due to the combined effects of along 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 Africa, may have provided enough
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opportunity for deleterious variants to appear and increase in frequency. In this case, the net effect
would be an extraload 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 AOO 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 that incorporates 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 a. 2013;
Mendez et al. 2013; Poznik et al. 2013; Wei et al. 2013 and present work) currently suffer from an
appreciable uncertainty. Mg or 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 asmall portion of the genomein asingle

generation.
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M ethods
Samples

Human Y chromosomes to be sequenced (Supplemental Table S1) were selected on the basis
of their SNP/STR genotype which had been determined in the present or previous studies (Cruciani
et a. 2004, 2007, 2010, 20114, 2011b; Trombetta et al. 2011; Scozzari et a. 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. The study
was approved by the “Policlinico Umberto I, Sapienza Universitadi Roma’ ethical committee

(document number 496/13), and informed consent was obtained from all participants.

Sdlection, targeting and alignment of MSY unique regions

We selected five regions (Fig. 1 and Supplemental Table S8) of the X-degenerate portion of
the MSY which showed alow degree of similarity with X gametologous sequences, for atotal of
3,768,982 bp.

A custom sequence capture array was manufactured by Roche Nimblegen for the target
enrichment of the indexed genomic library. A set of unique and overlapping probes was designed to
capture unique sequences at the five MSY regions under study. Probe uniqueness was assessed
using Sequence Search and Alignment by Hashing Algorithm [SSAHA (Ning et al. 2001)]. Probe
tiling of the target regions excluded most of the repetitive interspersed elements. The capture probe
set covered atotal of 1,495,512 bases of the target region, distributed into 5,274 fragments
(Supplemental Table S9).

The captured library was loaded onto an [llumina HiSeq 2000 platform to produce a 50x

mean depth sequence for the 1.5 Mb targeted region.

NP calling, filtering and annotation
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Candidate variant nucleotide positions (compared to the human reference sequence) were
identified by using the SOAPsnp software (Li et al. 2009), 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
ingpection 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 aread 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 a posteriori (after constructing the tree) the clustering of variants in short stretches of DNA
on each tree branch.

To assess the accuracy of our set of filtered variants, we performed a series of quality controls
using both resequencing and literature data (see Supplemental Text for details).

The program WANNOV AR (Chang and Wang 2012) was used to identify and note exonic
variants found in this and other (Rozen et a. 2009; Wei et al. 2013) works. The program also
returns conservation levels (PhyloP scores) and predicted functional importance (PolyPhen-2

scores). The UCSC known gene and Ensembl gene definitions were used.
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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 (Tamuraet 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, Supplemental Table S2) was re-checked and confirmed in the
origina 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.

Mutation 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 a. 2012; Kong et a. 2012; Michaelson et al.
2012). Remarkable findingsin thisfield include the effect of the sex of the transmitting parent
(summarized by the alpha ratio) and paternal age at conception.

We used the repeatedly confirmed genome-wide value of 1.2 x 10°
8/position/gamete/generation to infer an MSY -specific value of 0.64 x 10 %position/gamete/year

(see Supplemental Text for details).

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
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statistic islinearly related to time and mutation rate (rho = u x t) (Jobling et a. 2004), assuming
constancy of the rate across the tree branches. The statistic and associated confidence interval were
computed with the program Network (Bandelt et al. 1999). The mutation rate was as reported
above, corresponding to asubstitution every 1044 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, arelaxed clock for heterogeneous rates
across the tree branches, and different dynamics of population growth (see Supplemental text for
details). 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 x* test as reported in eg. 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 Africaand rest of the world (comprising northern Africaand 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. The maximum parsimony approach implemented in the program RASP (Yu
et a. 2010) was applied to the maximum parsimony tree of Fig. 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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Data access

Variant positions are deposited in doSNP (handle: HUMGEN, ssid ss778077189-ss778079576) and

are available as supporting information online (www.nchi.nlm.nih.gov/SNF/).
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Figurelegends

Figure 1. 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/hg19.
- The five regions targeted for capture (black bars).

- Variant positions (thin marks).

- UCSC genes.

Figure 2. Maximum parsimony tree obtained with 2,386 variable positions.

The number of mutational events defining each branch is reported above it. For the collapsed
haplogroups E, | and P, the average number of mutations is shown. Dating estimates are reported in
boxes near each node (upper and lower values obtained with BEAST and the rho method,
respectively). Coloured belts indicate major haplogroups according to current nomenclature

(Karafet et al. 2008; Scozzari et al. 2012).

Figure 3. Geographic distribution of deep rooting haplogroups in the African continent.

Map of Africa showing schematically the present-day home ranges of the MSY haplogroups
discussed in the text [redrawn from Chiaroni et al. (2009) with modifications and updates based on
haplogroup frequencies reported in Table S7]. Colors are asin Fig. 2, and their intensity does not
reflect haplogroup frequencies in the corresponding populations. Haplogroup B2, ubiquitous in sub-

Saharan Africa, was omitted.
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