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New binary polymorphisms reshape and increase
resolution of the human Y chromosomal
haplogroup tree
Tatiana M. Karafet,1 Fernando L. Mendez,1,2 Monica B. Meilerman,1

Peter A. Underhill,3 Stephen L. Zegura,4 and Michael F. Hammer1,2,4,5

1ARL Division of Biotechnology, University of Arizona, Tucson, Arizona 85721, USA; 2Department of Ecology and Evolutionary
Biology, University of Arizona, Tucson, Arizona 85721, USA; 3Department of Genetics, Stanford University, Stanford, California
94305, USA; 4Department of Anthropology, University of Arizona, Tucson, Arizona 85721, USA

Markers on the non-recombining portion of the human Y chromosome continue to have applications in many fields
including evolutionary biology, forensics, medical genetics, and genealogical reconstruction. In 2002, the Y
Chromosome Consortium published a single parsimony tree showing the relationships among 153 haplogroups based
on 243 binary markers and devised a standardized nomenclature system to name lineages nested within this tree.
Here we present an extensively revised Y chromosome tree containing 311 distinct haplogroups, including two new
major haplogroups (S and T), and incorporating approximately 600 binary markers. We describe major changes in
the topology of the parsimony tree and provide names for new and rearranged lineages within the tree following the
rules presented by the Y Chromosome Consortium in 2002. Several changes in the tree topology have important
implications for studies of human ancestry. We also present demography-independent age estimates for 11 of the
major clades in the new Y chromosome tree.

[Supplemental material is available online at www.genome.org.]

In 2002, the Y Chromosome Consortium published a single most
parsimonious phylogeny of 153 binary haplogroups based on
markers genotyped in a globally representative set of samples (Y
Chromosome Consortium 2002). A simple set of rules was devel-
oped to unambiguously label the different clades nested within
this tree. This hierarchical nomenclature system, which has been
widely accepted by the research community, unified all past no-
menclatures and allowed the inclusion of additional mutations
and haplogroups yet to be discovered. Subsequently, Jobling and
Tyler-Smith (2003) published a modified version of the Y Chro-
mosome Consortium (YCC) tree; however, since 2003, there has
been no unified effort to update the Y chromosome binary hap-
logroup tree with the hundreds of polymorphisms that have
been discovered and surveyed in global human populations.
Here, we attempt to bring the Y chromosome tree up to date and
present a modified nomenclature based on the rules put forward
by the Y Chromosome Consortium in 2002.

The original YCC tree was constructed on the basis of 243
unique polymorphisms, representing most of the binary markers
known at the time. Since then, more than 400 binary polymor-
phisms have been discovered. While this has led to increased
phylogeographic resolution for many Y chromosome studies,
without occasional unified efforts to incorporate these markers
into a fully resolved Y chromosome tree, there is once again the
possibility that multifarious and erroneous naming systems will
appear in the literature. As we show, many of the newly discov-
ered polymorphisms require topological changes to the tree, as
well as new nomenclature to define the lineages. As pointed out

by the Y Chromosome Consortium (2002), newly discovered mu-
tations may have the effect of splitting clades or joining previ-
ously separated clades, while new samples may contain interme-
diate haplogroups. The overall goals of this study are to produce
an updated tree showing the evolutionary relationships among
lineages marked by newly discovered and published Y chromo-
some markers, to name these lineages, to make mutation infor-
mation available to the Y chromosome research community, and
to date 11 of the major clades in this tree.

Methods

To bring the Y Chromosome Consortium (2002) tree up to date,
we used three different approaches to map recently discovered
mutations on the Y chromosomal binary haplogroup tree. Many
of these mutations came from the laboratories of Michael Ham-
mer and Peter Underhill (“P” and “M” mutations, respectively).
See Supplemental Table 1 for a list of all markers tested. Markers
numbered P45–P122 were discovered in the course of various
resequencing projects in the Hammer lab (Hammer et al. 2003;
Wilder et al. 2004a,b), while Underhill’s group published markers
in the range of M226–M450 in the past 5 yr (Cruciani et al. 2002;
Semino et al. 2002, 2004; Cinnioglu et al. 2004; Rootsi et al.
2004, 2007; Shi et al. 2005; Kayser et al. 2006; Regueiro et al.
2006; Sengupta et al. 2006; Hudjashov et al. 2007). Other muta-
tions (e.g., most P mutations from 123–297) were mined from
public databases in the following manner. In a recent study
aimed at characterizing patterns of common DNA variation in
three populations (Hinds et al. 2005), 334 Y-linked SNPs were
typed in 33 males (13 European-Americans, 11 African-
Americans, and nine Asian-Americans). The set of typed markers
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included SNPs ascertained during that study, as well as previously
reported SNPs, some of which had been mapped onto the Y chro-
mosome tree (Y Chromosome Consortium 2002). Using informa-
tion from mapped SNPs, we provisionally assigned Y chromo-
some haplogroups for these 33 samples. For example, according
to the state they had for M9 (rs3900:C → G), it was possible to
assign 18 males as belonging and 15 as not belonging to the KT
branch of the Y chromosome tree. To confirm and better resolve
the position of the newly reported SNPs in the tree, we performed
further genotyping (either by direct resequencing or PCR-RFLP).
During the process of mapping, several new SNPs were discov-
ered and also mapped. Mutations that define major haplogroups
are referred to as “defining” mutations, while those that mark
lineages within a major haplogroup are referred to as “internal”
mutations. We also tried to incorporate published markers other
than P and M on the tree. The major challenge here was the
absence of “positive control” samples (i.e., a DNA sample known
to carry the derived state at the polymorphic site), especially for
singletons and very-low-frequency mutations. When more than
one marker mapped on the same branch of the tree, we tried to
identify the order of mutational events by cross-typing positive
control samples for each mutation. Large insertion/deletion or
simple repeat mutations were not included in this study.

Most of the SNPs reported by Hinds et al. (2005) were dis-
covered (or rediscovered) in the same set of samples. These SNPs
have a uniform ascertainment scheme, which makes them useful
for estimating the length of particular branches on the tree. How-
ever, the number of mutations may be under-represented on
some lineages, especially on those branches that are present at
low frequency in the ascertainment sample. Because haplogroups
R-M269, E-P1, and I-P30 are found at relatively high frequency in
the European and African populations used in the ascertainment
process (Hinds et al. 2005), we expect the number of SNPs dis-
covered on these lineages to be fairly representative of the rela-
tive length of these branches of the tree.

We used a novel method to estimate the relative ages of
internal nodes of the tree that relies on a uniform probability
distribution for the age of mutations in the ancestry of a lineage.
If time is partitioned into k subintervals and mutational events n
occur at a constant rate, then the number of events in each sub-
interval X1, . . . , Xk follows a multinomial distribution with pa-
rameters p1, . . . , pk, where pi is the length of the subinterval i
relative to the whole interval. To estimate the age of nodes, we
partitioned the time interval between the most recent common
ancestor (MRCA) of all lineages in branches C through T (de-
noted MRCA-CT) and the present into two subintervals: one ex-
tending from the MRCA-CT to the internal node whose age is
estimated, and a second extending from the internal node to the
present. The number of mutations in each subinterval follows a
binomial distribution with parameter pi equal to the relative
length of the subinterval. The relative length of the second sub-
interval is multiplied by the assumed age of the MRCA-CT to
obtain the age in years of the internal node.

To establish confidence intervals, we find the range of rela-
tive ages of the internal node such that the distribution of the
number of mutations in each subinterval is not too extreme (i.e.,
neither too many mutations from the MRCA-CT to the internal
node nor too many from the internal node to the present). We
choose the endpoints of the intervals such that the probability of
the observed or more extreme distributions of the mutations in
the ancestry is equal to or smaller than 0.05. If the total number
of mutations in the lineage (N) equals the observed number of

mutations (n) and the observed number of mutations occurring
between the node and the present is m, we choose pmax and pmin,
the maximum and minimum relative lengths of the recent sub-
interval, respectively, according to:

�P�M � m| N = n, pmax� = 0.05

P�M � m| N = n, pmin� = 0.05

where M is the number of mutations in the more recent subin-
terval. The first equation says that given pmax, it would be very
unlikely to observe a smaller number of mutations in the recent
subinterval, whereas the second equation indicates that given
pmin, it would be very unlikely to observe a larger number of
mutations in the recent interval. To find the confidence interval
for the age of the subintervals, we multiply the pmin and pmax

values by the age of MRCA-CT:

�Tmin = pmin � Age of MRCA − CT

Tmax = pmax � Age of MRCA − CT

See Supplemental material for a worked example, which cal-
culates the time to the most recent common ancestor (TMRCA)
for the F clade.

Results and Discussion

Nomenclature systems

The Y Chromosome Consortium (2002) defined a set of rules to
label the different lineages within the tree of binary haplogroups.
Capital letters (from A to R) were used to identify 18 major clades.
Lineages that were not defined on the basis of a derived character
represented interior nodes of the tree. Because they were poten-
tially paraphyletic, they were called “paragroups” (indicated by
the symbol *). Two complementary nomenclature systems were
proposed. The first system used selected aspects of set theory to
define hierarchical subclades within each major haplogroup us-
ing an alphanumeric system (e.g., E1, E1a, E1a1, etc.). A shorter
alternative mutation-based system named haplogroups by the
terminal mutation that defined them (e.g., E-M81). Here we con-
tinue to follow the rules of these systems, making use of the
flexibility inherent in them when new mutations are mapped on
the tree.

Major revisions in Y chromosome tree topology

In 2002, 235 mutations mapped to the Y chromosome tree, eight
of which were found to occur on different branches (i.e., repre-
sented recurrent mutations). Thus, the 243 mutational events
gave rise to 153 NRY haplogroups (Table 1). Here, 586 mutations
are incorporated into the overall tree and subtrees shown in the
accompanying poster enclosed in this issue and Supplemental
Figures 1–18, 13 of which are recurrent. These 599 mutational
events resulted in 311 distinct haplogroups. Figure 1 shows the
backbone of the new Y chromosome binary haplogroup tree and
its 20 major clades. Notably, there are several key changes com-
pared with the Y Chromosome Consortium (2002) tree. The
deepest polychotomy in the YCC tree has now been resolved by
virtue of a new binary marker, P143, which unites haplogroups C
and FT (Fig. 1). This supercluster contains lineages that are not
typically found in sub-Saharan Africa, suggesting that the ances-
tral C-FR chromosome may have been carried out of Africa very
early in the modern human diaspora (Hammer et al. 1998; Ke et
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al. 2001; Underhill et al. 2001; Semino et al. 2002; Jobling and
Tyler-Smith 2003; Underhill and Kivisild 2007). Seven mutations
(P123, P124, P125 = M429, P126, P127, 129, and P130) join hap-
logroups I and J into the “IJ” clade. Six polymorphisms (M214,
P188, P192, P193, P194, and P195) merge the N and O lineages
into the “NO” clade. A new marker, P256, merges lineage M with
two K haplogroups: K-M353/M387 (Kayser et al. 2006) and
K-P117/P118 (Scheinfeldt et al. 2006) into the superclade M. Two
K lineages, defined by the M230 and M70 mutations, were newly
labeled as haplogroups S and T, respectively. The following sec-
tions discuss changes within each of the major 20 clades.

Clade A

Clade A is defined by two mutations (M91 and P97) and contains
12 branches marked with 45 (internal) mutations (Supplemental
Fig. 1). This compares with a single defining mutation and a total
of 28 internal mutations associated with this clade on the Y
Chromosome Consortium (2002) tree (Table 1). The newly dis-
covered P97 marker, which defines clade A, is a T → G transver-
sion in the DFFRY AluY50 region. This base substitution is more
robust for designing assays than the length polymorphism at
M91 (i.e., 9T → 8T), which was the only previously known
marker that could be used to define haplogroup A chromosomes.
Although 18 new mutations have been identified, there is no
major rearrangement in the order of branching of lineages within
clade A. This clade, one of the most basal on the entire Y chro-

mosome tree, is almost completely restricted to the African con-
tinent (Hammer et al. 2001; Underhill et al. 2001). Haplogroup A
chromosomes are most frequent in Khoisan, Ethiopian, and Su-
danese populations (Hammer et al. 2001; Underhill et al. 2001;
Semino et al. 2002; Jobling and Tyler-Smith 2003; Wood et al.
2005).

Caveats

Because of the lack of positive control samples, chromosomes
carrying the M28 and M59 mutations have not been typed for
P289. Thus, there is a possibility that the P289 mutation defines
the A3 branch, representing a predecessor of the A-M28 and A-
M59 lineages.

Clade B

Clade B is defined by four mutations (M60, M181, P85, and P90)
and contains 17 branches with 28 internal markers (Supplemen-
tal Fig. 2). This represents an increase of two defining and eight
internal mutations since 2002. Like haplogroup A, the B clade is
almost entirely restricted to sub-Saharan Africa. B chromosomes
are found at their highest frequency among Pygmies, with some
lineages being virtually restricted to these ethnic groups (Ham-
mer et al. 2001; Underhill et al. 2001; Cruciani et al. 2002;
Semino et al. 2002; Jobling and Tyler-Smith 2003; Wood et al.
2005).

Major rearrangements

The P112 mutation defines a new branch called B2c or B-P112
(Supplemental Fig. 2).

Clade C

A total of 30 mutations mark lineages within haplogroup C,
which is defined by five mutations: RPS4Y711, M216, P184, P255,
and P260 (Supplemental Fig. 3). Haplogroup C now contains 19
branches with 29 internal markers. This represents an increase in
16 markers (three defining and 13 internal) associated with this
haplogroup since 2002. Haplogroup C still has not been detected
in sub-Saharan African populations, suggesting an Asian origin
after anatomically modern humans migrated out of Africa. The
ancestral paragroup of haplogroup C, as well as many down-
stream lineages, are commonly found among Asian, Australian,
and Oceanic populations (Capelli et al. 2001; Hammer et al.
2001; Karafet et al. 2001; Ke et al. 2001; Underhill et al. 2001;
Kivisild et al. 2003; Kayser et al. 2006; Scheinfeldt et al. 2006).
Recently, a sublineage of haplogroup C (C3b or C-P39) was found
to be restricted to Native American populations (Zegura et al.
2004), while branch C4 or C-M347 was observed only in Austra-
lia (Hudjashov et al. 2007).

Major rearrangements

While there are no major rearrangements within the C clade,
three new subclades—designated C4, C5, and C6—have been de-
fined. These subclades are geographically restricted to Australia,
South and Central Asia, and New Guinea, respectively.

Caveats

P33 is a T → C transition within one of three paralogous regions
on the Y chromosome mapping to Y chromosome positions
23,397,374 or 25,031,122 or 25,750,056 (Cox et al. 2007). Thus,

Table 1. Numbers of mutations and haplogroups associated with
20 major Y chromosome clades

Y Chromosome
Consortium 2002 This study

Clade Mutationsa Haplogroupsb Mutationsa Haplogroupsb

A 29 9 47 12
BT 4 5
B 22 14 32 17
CT 2 3
C 14 8 30 19
DE 3 8
D 13 5 23 15
E 33 22 101 56
C, FT 1
FT 3 25
F 1 2 6 5
G 5 5 13 10
H 7 5 12 10
IJ 7
I 11 10 35 16
J 14 13 42 34
KT 1 4
K 3 4 5 5
L 6 2 13 7
M 10 5 20 12
NO 6
N 6 6 11 10
O 25 18 48 31
P 5 2 20 1
Q 9 7 18 14
R 17 16 50 28
S 8 6
T 6 3
Total 243c 153 599 311

aDefining and internal mutations.
bIncluding paragroups.
cThe Y Chromosome Consortium (2002) incorrectly reported this num-
ber as 245.

Revised Y chromosome haplogroup tree
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chromosomes carrying the derived state at P33 also carry addi-
tional copies with the ancestral state.

Clade D

In 2002, a single mutation defined haplogroup D and 12 markers
defined lineages nested within this clade. Now there are a total of
23 mutations associated with this clade, two defining (M174 and
JST021355) (Underhill et al. 2001; Nonaka et al. 2007) and 21
that are internal to this clade (Supplemental Fig. 4). Haplogroup
D chromosomes have not been found anywhere outside of Asia,
the likely place of origin of this haplogroup. D lineages are most
commonly found in Central Asia (Tibet) and in Japan, and are
also present at low frequencies in Southeast Asia and among An-
daman Islanders (Su et al. 2000; Karafet et al. 2001; Thangaraj et
al. 2003; Hammer et al. 2006).

Major rearrangements

The newly discovered P99 polymor-
phism that defines the D3 branch occurs
in Mainland Asia, specifically in Tibet,
the Altai, and Mongolia.

Caveats

The N3 mutation (Deng et al. 2004) was
not incorporated into the new tree be-
cause of uncertainty in its phylogenetic
position.

Clade E

Haplogroup E is now defined by 18 mu-
tations (SRY4064, M96, P29, P150, P152,
P154, P155, P156, P162, P168, P169,
P170, P171, P172, P173, P174, P175, and
P176) (Supplemental Fig. 5). There are a
total of 83 polymorphic sites that mark
lineages within this clade, compared
with a total of 30 internal mutations in
2002. This makes haplogroup E by far
the most mutationally diverse of all ma-
jor Y chromosome clades. These poly-
morphisms define 56 distinct hap-
logroups, which can be found at high
frequencies in Africa, at moderate fre-
quencies in the Middle East and south-
ern Europe, and with occasional occur-
rence in Central and South Asia (Ham-
mer et al. 1998; Underhill et al. 2001;
Cruciani et al. 2002; Jobling and Tyler-
Smith 2003; Semino et al. 2004; Sims et
al. 2007).

Major rearrangements

In 2002, haplogroup E was characterized
by three basal branches: E-M33 (E1), E-
M75 (E2), and E-P2 (E3). The newly dis-
covered polymorphism P147 requires
major rearrangements within this clade.
Subclades E-P147 (E1) and E-M75 (E2)
are the most basal haplogroups, with E-
P147 (E1) having two subclades: E-M33
(E1a) and E-P177 (E1b). The new poly-

morphism P177 joins haplogroup E-P2 (E1b1) and recently de-
tected haplogroup E-P75 (E1b2). Haplogroup E-P1 (E1b1a) con-
sists of 19 branches compared with six on the YCC tree.

The most basal paragroup lineage in this clade, E*, was
found in a single Bantu-speaking male from South Africa. Hap-
logroups E-M191 (E1b1a7) and E-U175 (E1b1a8) are widely dis-
tributed in Africa. On the other hand, E-P268 (E1b1a9) was de-
tected in a single Gambian, and chromosomes E-M58 (E1b1a1),
E-M116.2 (E1b1a2), E-M149 (E1b1a3), E-M154 (E1b1a4), E-M155
(E1b1a5), and E-M10 (E1b1a6) are rarely observed in Africa (Un-
derhill et al. 2001; Sims et al. 2007). The M215 polymorphism is
a predecessor of the E-M35 mutation. Haplogroup E-M35 (E1b1b)
contains a lineage undefined by a binary marker, as well as six
derived sub-branches. Three additional haplogroups have also
been added to the tree since 2002: E-M281 (E1b1b1d), E-V6
(E1b1b1e), and E-P72 (E1b1b1f).

Figure 1. An abbreviated form of the Y chromosome parsimony tree shown in the accompanying
poster enclosed in this issue. Mutation names are indicated on the branches. The subtrees correspond-
ing to major clades A–T are collapsed in this figure and are shown in Supplemental Figures 1–13,
15–18, and in the accompanying poster enclosed in this issue, wherein the maximum parsimony tree
of 311 Y chromosome haplogroups is shown. Haplogroup names are given at the tips of the tree, and
major clades are labeled with large capital letters and shaded in color (the entire cladogram is desig-
nated “haplogroup Y”). Mutation names are given along the branches; the length of each branch is not
proportional to the number of mutations or the age of the mutation. The order of phylogenetically
equivalent markers shown on each branch is arbitrary.

Karafet et al.
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Caveats

Two pairs of haplogroups, namely, E-V27 (E1b1b1a2a)/E-P65
(E1b1b1a2b) and E-M148 (E1b1b1a3a)/E-V19 (E1b1b1a3b), are
shown as separate branches; however, the positions of these mu-
tations have not been resolved because of a lack of a DNA sample
containing the derived state at V27 and V19.

Clade F

A total of 25 mutations define the lineage leading to the FT clade
(Fig. 1). Four additional subclades: F-P91/P104 (F1), F-M427/
M428 (F2), F-P96 (F3), and F-P254 (F4) were found to have the
derived state at P14 and the ancestral state at mutations that
define the G-T lineages. F-P91/P104 and F-P254 chromosomes
were found in Sri Lanka, F-M427 and M428 chromosomes were
present in East Asia (Sengupta et al. 2006), and a single individual
with the F-P96 chromosome was observed in the Netherlands.
Paragroup F* was observed primarily on the Indian subcontinent
at low or moderate frequency (Kivisild et al. 2003; Karafet et al.
2005; Sengupta et al. 2006; Zerjal et al. 2007).

Caveats

The Apt marker, reported as the F1 haplogroup by the Y Chro-
mosome Consortium (2002), has the derived state at M69 and
belongs to the H lineage (Supplemental Fig. 7).

Clade G

Clade G, defined by two mutations, contains 11 internal muta-
tions that mark 10 lineages (Supplemental Fig. 6). This hap-
logroup is divided into two subclades: G1 is defined by M285 and
M342, while G2 is defined by P287. The G clade is not widely
distributed, being present mostly in the Middle East, the Medi-
terranean, and the Caucasus Mountains (Jobling and Tyler-Smith
2003; Behar et al. 2004; Cinnioglu et al. 2004; Nasidze et al. 2005;
Regueiro et al. 2006; Sengupta et al. 2006). Of the two subclades,
G2 is more diverse and has broader geographic distribution (Cin-
nioglu et al. 2004; Sengupta et al. 2006).

Major rearrangements

The newly discovered polymorphism P287 unites three sub-
clades: G-P15 (G2a), G-M287 (G2b), and G-M377 (G2c) into one
branch G2.

Clade H

Haplogroup H is defined by the derived state at a single marker,
M69 (Supplemental Fig. 7). Within H, there is an unmarked para-
group (H*) and nine additional lineages marked by 11 mutations.
Subclades within H include H-M52 (H1) and H-Apt (H2). The
geographic distribution of haplogroup H is almost entirely re-
stricted to the Indian subcontinent (Jobling and Tyler-Smith
2003; Karafet et al. 2005; Sengupta et al. 2006).

Major rearrangements

In 2002, the H lineage was defined on the basis of the derived
state at M69 and M52. Newly discovered samples demonstrate
that M52 lies downstream from M69. The Apt polymorphism has
the derived state at M69 and defines the H-Apt (H2) branch, not
the F1 branch as previously reported (Jobling and Tyler-Smith
2003).

Clade I

Clade I is now defined by six mutations, four more than in 2002
(Supplemental Fig. 8). A total of 29 polymorphisms define the
topology of the clade compared with a total of nine internal
mutations in the Y Chromosome Consortium (2002) report.
There is an underived lineage (I*) and 15 lineages that are sub-
divided into two major subclades: I1, which is defined by the
derived state at P30, P40, M253, M307, and M450; and I2, which
is defined by P215. The newly discovered polymorphism at P215
joins lineages defined by the P37.2 and M223 mutations into a
higher-order cluster. Clade I represents one of two major Euro-
pean Y chromosome haplogroups (Hammer et al. 2001; Jobling
and Tyler-Smith 2003; Rootsi et al. 2004), with haplogroup R
being the other major group (see below). Unlike R, clade I is
widespread in Europe and is virtually absent elsewhere. Subclade
I1 is found mostly in Northern Europe, while subclade I2 is the
most frequent haplogroup in Eastern Europe and the Balkans
(Rootsi et al. 2004).

Major rearrangements

We found that P38 does not define a separate subclade as previ-
ously reported; rather, it is one of several mutations that define
the I haplogroup. Additionally, we found that the P40 mutation
does not mark chromosomes that are a subset of the P30 muta-
tion; together with M253, M307, M450, and P30, the P40 muta-
tion defines I1.

Clade J

Three mutations (12f2a, M304, and P209) define clade J (Supple-
mental Fig. 9). A total of 39 mutations (compared with 13 in
2002) mark 34 lineages nested within this clade. Along with the
A, E, O, and R haplogroups, J is one of five clades with >40
mutations. In addition to the paragroup (J*), there are two major
subclades (J1 and J2), which are defined by mutations M267 and
M172, respectively. Haplogroup J lineages are found at high fre-
quencies in the Middle East, North Africa, Europe, Central Asia,
Pakistan, and India (Hammer et al. 2000, 2001; Underhill et al.
2001; Semino et al. 2002; Behar et al. 2004; Cinnioglu et al. 2004;
Sengupta et al. 2006), with haplogroup J-M172 being the most
common J haplogroup in Europe, while haplogroup J-M267 pre-
dominates in the Middle East, North Africa, and Ethiopia
(Semino et al. 2004).

Major rearrangements

The J2 branch is now split into two subclades. J2a, defined by
J-M410, contains 17 haplogroups, while J2b, defined by M12,
M102, M221, and M314, contains seven haplogroups.

Caveats

The M419 mutation was not tested on P81 and P279 chromo-
somes because of the absence of positive control DNAs. The to-
pology of P58, M365, and M390 markers has not been com-
pletely resolved. The branches defined by mutations M365 and
M390 might descend from P58+ chromosomes.

Clade K

As for haplogroups F and P (see below), lineages within hap-
logroup K are not united by a single mutation. Instead, hap-
logroup K is characterized by the derived state at four sites (M9,
P128, P131, and P132) and the ancestral state at the mutations
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that define the L, M, NO, P, S, and T lineages (Fig. 1). In addition
to paragroup (K*), there are five mutations that define four dif-
ferent K lineages (compared with three mutations and three lin-
eages in 2002). Haplogroup K1 was found at low frequencies in
India/Pakistan (Underhill et al. 2001). Lineages K2, K3, and K4
are found in Oceania, Indonesia, and/or Australia. K2 (Y Chro-
mosome Consortium 2002) was renamed as a new haplogroup, T.

Clade L

Haplogroup L is defined by six mutations (M11, M20, M22, M61,
M185, and M295). There is an unmarked paragroup (L*) and a
total of seven lineages marked by seven mutations (Supplemental
Fig. 10). The majority of L haplogroups are found on the Indian
subcontinent. Haplogroup L chromosomes are also present in the
Middle East, Central Asia, Northern Africa, and Europe along the
Mediterranean coast (Underhill et al. 2001; Cruciani et al. 2002;
Jobling and Tyler-Smith 2003; Behar et al. 2004; Cinnioglu et al.
2004; Karafet et al. 2005; Sengupta et al. 2006).

Clade M

A newly discovered mutation, P256, combined lineage M with
two K haplogroups: K-M353/M387 (Kayser et al. 2006) and
K-P117/P118 (Scheinfeldt et al. 2006) into the superclade M
(Supplemental Fig. 11). The new haplogroup M contains 19 in-
ternal mutations. The lineage M1, previously known as hap-
logroup M (Y Chromosome Consortium 2002), is defined by
seven mutations (M4, M5=P73, M106, M186, M189, M296, and
P35). In addition to paragroup M1* there are seven lineages de-
fined by seven mutations within the M1 branch. The M2 branch
is marked by the presence of mutations M353 and M387. The M3
branch is defined by mutations P117 and P118. The geographic
distribution of haplogroup M is restricted to near and remote
Oceania and Eastern Indonesia. The majority of males from
Papua New Guinea and Melanesia carry haplogroup M chromo-
somes (Su et al. 2000; Capelli et al. 2001; Hammer et al. 2001;
Hurles et al. 2002; Karafet et al. 2005; Kayser et al. 2006; Schein-
feldt et al. 2006).

Major rearrangements

The recently discovered P87 polymorphism is a precursor of the
P22 mutation. The M-P87* (M1b*) branch is almost entirely re-
stricted to Melanesia (Scheinfeldt et al. 2006).

Clade N

Haplogroup N is defined by a newly discovered mutation, M231
(Cinnioglu et al. 2004). In addition to paragroup (N*), 10 muta-
tions define nine N haplogroups (Supplemental Fig. 12). Hap-
logroup N is mainly found in Northern Eurasia and is absent or
only marginally present in other regions of the globe (Karafet et
al. 2001; Rootsi et al. 2007). The LLY22g polymorphism, which is
characterized by a C → A mutation in one of two amplified units,
has the derived state at M231.

Major rearrangements

The Y Chromosome Consortium (2002) reported two markers,
M175 and M214, on the lineage leading to haplogroup O. The
mutation M214 is now known to combine the N and O lineages
into one superclade (NO) (Fig. 1) (Jobling and Tyler-Smith 2003).

Clade O

This highly diverse clade, which is defined by four mutations
(M175, P186, P191, and P196), contains 44 internal mutations
that mark 30 haplogroups, as well as an unmarked paragroup, O*
(Supplemental Fig. 13). This compares with a total of two defin-
ing and 23 internal mutations in 2002. O is the major hap-
logroup in East Asia. Haplogroup O chromosomes are also found
in Central Asia and Oceania at moderate or low frequencies (Su et
al. 1999; Karafet et al. 2001; Underhill et al. 2001; Deng et al.
2004).

Major rearrangements

The MSY2.2 marker is now a predecessor of the M119 mutation.
Two mutations (M122 and P198) now define the large O3 clade,
which is subsequently divided into a major subclade (O3a) that is
defined by five mutations (M324, P93, P197, P199, and P200)
and an underived lineage (O3*), which is found at low frequen-
cies in China, Taiwan, and Indonesia. The L1 retroposon inser-
tion (LINE 1) polymorphism was removed from this tree because
of contradictory results with N7 (Xue et al. 2006) and the newly
discovered polymorphisms, P201 (=IMS-JST021354) and IMS-
JST002611 (Nonaka et al. 2007). This likely reflects multiple de-
letions of this element and homoplasy on the binary haplogroup
tree (Supplemental Fig. 14). P201 joins the O-M159 (O3a3a),
O-M7 (O3a3b), and O-M134 (O3a3c) subclades.

Caveats

Six polymorphisms (N6, N7, N8, N9, N10, and N11) (Deng et al.
2004) were not incorporated into this version of the Y chromo-
some tree because of the absence of positive control DNAs. M164,
M300, and M333 were not tested on P201(+) chromosomes be-
cause of the absence of the positive control DNAs. Thus, the
branches defined by these mutations might descend from P201+
chromosomes. Chromosomes M300(+) and M333(+) were not
typed for the IMS-JST002611 marker.

Clade P

Haplogroup P consists of two widely distributed Q and R lineages
(Fig. 1).

Clade Q

Clade Q is defined by the M242 mutation (Supplemental Fig. 15).
Within this clade, there are 13 haplogroups marked by 17 SNPs,
as well as an unmarked paragroup (Q*). Haplogroup Q is distrib-
uted widely in North Eurasia and is found at high frequencies in
some Siberian groups (Karafet et al. 2002) and at low frequencies
in Europe, East Asia, and the Middle East. It is also the major
lineage among the Native Americans, with Q-M3 (Q1a3a) being
almost completely restricted to the Americas (Zegura et al. 2004).
Undifferentiated paragroup Q* is observed at low frequencies in
India and Pakistan.

Major rearrangements

The M242 mutation is positioned upstream of P36.2. MEH2 was
not typed in a set of our samples; however, there is evidence that
MEH2 is a subset of the Q-P36.2 haplogroup (Peter de Knijff, pers.
comm.).
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Clade R

Haplogroup R is identified by eight mutations: M207, M306,
P224, P227, P229, P232, P280, and P285 (Supplemental Fig. 16).
A total of 42 mutations identify 28 subclades nested in clade R.
This compares with a total of one defining and 16 internal mu-
tations for this clade in 2002. The majority of European Y chro-
mosomes belong to this clade.

Major rearrangements

While the M124 mutation was shown as defining the P1 hap-
logroup in the Y Chromosome Consortium (2002) report, it is
now known to have the derived state downstream from M207 in
clade R (Jobling and Tyler-Smith 2003). The newly discovered
P297 polymorphism combines M73 and M269 into one R1b1b
subcluster. The M269 mutation joins the M37, M65, M153,
SRY2627, M222, P66, U106, and U152 lineages into the R1b1b2
subclade. The recently discovered U152 polymorphism (Sims et
al. 2007) joins the R-M126 and R-M160 lineages, as well as un-
derived U152 chromosomes, into the R1b1b2h subclade.

Caveats

Additional changes in the topology of the R1a1 subclade may
come about as a result of further testing of the M56, M157,
M64.2, and PK5 polymorphisms on the P98(+) background. M18
and M335 were not tested on P297(+) chromosomes because of
the absence of positive control DNAs. Thus, the branches defined
by the M18 and M335 mutations might descend from P297(+)
chromosomes. The P25 marker represents a paralogous sequence
variant (PSV): three copies of the P25 sequence lie within palin-
dromic repeats, with the mutation at P25 on one copy (Adams et
al. 2006). P25 is also known to undergo reversion by gene con-
version. It is recommended that this marker be used in conjunc-
tion with P297.

Clade S

Clade S, previously known as haplogroup K-M230, is identified
by three mutations (M230, P202, and P204) (Supplemental Fig.
17). A total of eight mutations distinguish five haplogroups and
paragroup S*. Haplogroup S chromosomes are predominantly
found in Oceania and Indonesia (Kayser
et al. 2006; Scheinfeldt et al. 2006).

Clade T

Clade T, formerly haplogroup K2 (K-
M70) (Y Chromosome Consortium
2002), is defined by four markers (M70,
M193, M272, and USP9Y + 3178 =
M184) (Supplemental Fig. 18). Six muta-
tions identify two subclades and one
paragroup nested in clade T. Clade T was
observed at low frequencies in the
Middle East, Africa, and Europe (Under-
hill et al. 2001; King et al. 2007).

Caveats

M320 chromosomes were not typed for
the P77 mutation because of the absence
of a positive DNA control for M320.
Therefore, it is possible that T-M320 (T1)
might be a sub-branch of T-P77 (T2).

Age estimates for 11 major clades of the Y chromosome tree

The time to the most recent common ancestral Y chromosome
and the estimated ages of 11 major clades are presented in Table
2. To provide estimates of the age of the nodes, we chose to fix
the time to the most recent common ancestor of CT (defined by
P9.1, M168, and M294) at 70 thousand years ago (Kya), which is
consistent with previous estimates from genetic and archaeologi-
cal data (Lahr and Foley 1998; Hammer and Zegura 2002; Ma-
caulay et al. 2005), and is the chronological approximation given
in Jobling et al. (2004) (p250) for the first major human out-of-
Africa dispersals. We estimated the times for intermediate nodes
by using a linear interpolation. The age estimates in years should
be viewed with caution because we do not know if the calibration
date chosen above is accurate.

A single lineage was used for the estimation of the ages of
the MRCAs of DE, E, and E1b1. Also, the ages of the MRCAs of IJ,
I, K, P, R, and R1 were estimated using a single lineage. The ages
of the MRCAs of lineages in CF and of lineage F were estimated
using the ancestry of R-M269 and the ancestry of I-P30. Each
estimation and confidence interval was obtained independently
for R-M269 and I-P30. For the cases where the age of an internal
node was estimated using different lineages, we report the aver-
age of the estimates and the union of the confidence intervals.
We show the distribution of the number of counts in Supple-
mental Figure 19 and details on the SNPs used in Supplemental
Table 2. We note that although the number of mutations in each
lineage is not the same, the difference is not significant (the
largest �2 for homogeneity is 1.12; P = 0.29), which is consistent
with the assumption of homogeneous ascertainment of muta-
tions in these lineages.

Dating estimates for the majority of lineages show earlier
coalescence times than those in previous studies (Table 2). Many
of the previous estimates were based on a much smaller number
of SNPs and a specific demographic model (Hammer and Zegura
2002). We present estimates that are free from assumptions about
population history and rely only on the assumption of uniform
ascertainment of SNPs. Additional previous estimates were based
on microsatellite variation within clades (Semino et al. 2000,
2004; Rootsi et al. 2004). Limited knowledge of the appropriate
mutation rate and model, as well as demography, makes it diffi-

Table 2. TMRCA of 11 major clades on the Y chromosome haplogroup tree

Clade

TMRCA � SD TMRCA � SD TMRCA (CI)

Hammer and
Zegura 2002

Other
publications This study

CT 68,500 � 6000 70,000
CF 68,900 (64,600–69,900)
DE 38,300 (�7800) 65,000 (59,100–68,300)
E 17,400 (�3200) 37,000 (�9600)a 52,500 (44,600–58,900)
E1b1 27,800 (�10,400)a 47,500 (39,300–54,700)
F 50,300 (�6500) 48,000 (38,700–55,700)
IJ 38,500 (30,500–46,200)

I 5,950 (�2450)
24,000 (�7000)b

∼22,200c 22,200 (15,300–30,000)
K 35,600 (�6000) 47,400 (40,000–53,900)
P 29,900 (�4200) 34,000 (26,600–41,400)
R 16,300 (�4400) 26,800 (19,900–34,300)
R1 18,500 (12,500–25,700)

aSemino et al. 2004.
bRootsi et al. 2004.
cSemino et al. 2000.
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cult to assess the accuracy of these estimates. Importantly, our
model provides an independent method to estimate relative
TMRCAs that does not rely on a specific demographic model
(Tang et al. 2002).

Future directions

With decreasing costs for genome sequencing and SNP typing
(Service 2006), we anticipate the discovery of many more Y chro-
mosome markers in the near future. While we have attempted to
retain previously utilized nomenclature as much as possible,
some of the branch names may change in future iterations of the
tree (Calafell et al. 2002). Indeed, there are known mutations that
are not yet incorporated into this version of the tree. For ex-
ample, a recent survey of sequence variation within an 80-kb
region on 47 Y chromosomes identified 94 SNPs (Repping et al.
2006), some of which have been typed in additional population
samples (Sun et al. 1999; Shen et al. 2000; Underhill et al. 2000,
2001; Cinnioglu et al. 2004). It would be extremely useful to
incorporate this set of SNPs in the next version of the YCC tree.
The Y chromosome research community would also benefit from
a set of publicly accessible cell line DNAs that could be used as
positive controls for all the known markers. While the original
set of 74 Y Chromosome Consortium (2002) cell lines is no
longer available for this purpose, we suggest that typing of the
current markers on the widely available CEPH-HGDP panel
(Cann et al. 2002) would be a highly desirable goal for a future
study.
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