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Abstract

Well-resolved molecular gene trees illustrate the concept of descent
with modification and exhibit the opposing processes of drift and
migration, both of which influence population structure. Phyloge-
nies of the maternally inherited mtDNA genome and the paternally
inherited portion of the nonrecombining Y chromosome retain se-
quential records of the accumulation of genetic diversity. Although
knowledge regarding the diversity of the entire human genome will
be needed to completely characterize human genetic evolution, these
uniparentally inherited loci are unique indicators of gender in mod-
ulating the extant population structure. We compare and contrast
these loci for patterns of continuity and discreteness and discuss how
their phylogenetic diversity and progression provide means to dis-
entangle ancient colonization events by pioneering migrants from
subsequent overlying migrations. We introduce new results con-
cerning Y chromosome founder haplogroups C, DE, and F that
resolve their previous trifurcation and improve the harmony with
the mtDNA recapitulation of the out-of-Africa migration.
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FRAMEWORK OF HUMAN
GENETIC DIFFERENCES

mtDNA: Homo sapiens can be described as a cosmopoli-
mitochondrial DNA  tan species. Despite the wide range of our
NRY: habitat occupation we are characterized by

nonrecombining low intraspecies genetic variation. As our
region of the Y

genome shows 1.23% average difference in
chromosome

its nucleotide variation from our closest liv-
ing sibling species—the chimpanzee (18), the
average genomic differences between a pair
of humans taken across the world can be
one difference per 1000 base pairs or even
less, depending on the genetic locus and the
particular population we are dealing with.
Even though the interpopulation differences
are minor compared with within-population
differences, it is nevertheless possible, using
only a small number of genetic traits, to dis-
tinguish, with certain likelihood, individuals
of different continental affiliation, and per-
haps even to define through genetic markers
the actual populations themselves rather than
assume their existence (14, 35). Still under
debate is how much discontinuity would be
observed in genetic patterning between con-
tinental population groups (Figure 1) were
the sampling of populations sufficiently dense
and unbiased (87, 88, 94). Whether the con-
tinuum of genetic differences between human
populations is smooth or bumpy, geography
rather than ethnicity seems to be the driving
factor in such patterning (65, 78). Some of

Europe
East Asia

»)

Americas
O ' \
East Africa South Asia

Australia
and Oceania

Figure 1

Clusters or clines of genetic diversity? Genetic structure of human
populations could well be compatible with both concepts as clines would
not be detected if there was no genetic patterning. Circles indicate
theoretical sampling points, each with particular allelic frequency pattern.
Blended colors between the circles denote the clines.
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these differences may have arisen as a con-
sequence of neutral evolution due to random
genetic drift, and some others due to selection,
the effect of which complicates the task of in-
ferring from the dynamics of genetic pattern-
ing in time (90). Nonetheless, if we are able to
discern genetic differences between the pop-
ulations, we may ask the challenging ques-
tions of how and when they have arisen. Does
the architecture of human genetic differences
over vast geographic ranges stem from a long-
term segregation of continental gene pools,
as suggested by the modern draughtsmen of
the multiregional model [e.g., (103)] or has
it arisen from small founder demes during
the past 100,000 years, as suggested by the
replacement theory (11, 101)? Are these dif-
ferences due to selection of a small number of
physically or chemically expressed traits? Or is
their existence mainly a natural consequence
of stochastic drift that shaped our common
ancestral populations in the context of their
geographic appellation?

Over the past 20 years or more, ap-
proaches to answer these questions in
regard to prehistorical range expansions, de-
mographic events, reciprocal gene flows, and
contemporary population substructure have
been mainly through two uniparentally inher-
ited marker systems—mtDNA (mitochon-
drial DNA) and the Y chromosome (10, 11,
36, 46, 49, 67, 113). Even though whole-
genomic approaches (19, 42, 60, 88, 118)
are Now opening up new avenues to an-
swer these questions related to the origin and
diversification of our species, mtDNA and
the Y chromosome, with their unique pat-
terns of inheritance, continue to be impor-
tant sources of information. The past five
years have seen significant progress in recon-
structing the detailed genealogical branch-
ing order of the tree topologies for both
mtDNA (Figure 2) and the nonrecombin-
ing portion of the Y chromosome (NRY)
(Figure 3). These phylogenies provide em-
blematic representations of both the clinality
and discreteness embodied by human genetic
variation.
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CONTINUITY AND
DISCRETENESS OF HUMAN
GENETIC DIVERSITY

Population structure, historically a basic con-
cept in population genetics (124), can be in-
ferred from the distribution of allelic variants
in and between populations. By phylogenetic
analysis of any particular locus, it is possible
to define the hierarchic descent order of the
genetic variants and from the tree to infer the
level of structure among assessed populations,
and, importantly, to infer the order and time of
their descent. For example, non-African pop-
ulations are nested within the African varia-
tion both in trees drawn from mtDNA and Y
chromosome data, in coherence with the hy-
pothesis of recent African descent of all non-
African genetic variation. Down the line of de-
scent, both mtDNA and Y chromosome trees
support the distinction of continental gene
pools through the low frequency of locally
born genetic variants that have been detected
through extensive sequencing of worldwide
samples (Figures 2, 3). Similarly, the phylo-
genetic approach to determine evolutionary
history of certain genes has been applied in
the study of our nuclear genome. Phyloge-
netic analyses of the X chromosome, for ex-
ample, have consistently (13 genes out of 16)
provided support to the general tree topology
of mtDNA and Y chromosome, with Africans
showing an older, most recent common an-
cestry than the rest of the world (37, 96).
The few exceptions to the pattern could be
explained simply by insufficient sampling of
Africans in the original screening sets rather
than by more dramatic introgression scenar-
ios (31, 96). However, as discussed in more de-
tail below, the sequence lengths examined to
date in nuclear genes generally lack sufficient
resolution and power to be informative about
further population structure and genetic pat-
terning within and between continents. Al-
ternative approaches to determine population
structure include the identification of ances-
try informative markers and clustering algo-
rithms applied to a large number of indepen-

dent genetic markers over the genome (88,
97). Here we review the genetic structure of
human populations as revealed through the
phylogenetic approach applied to uniparental
genomes and compare these findings with
population structure inferred from autosomal

genes (Figure 4).

GEOGRAPHIC STRUCTURE OF
HUMAN mtDNA HAPLOGROUPS

The human mtDNA tree (Figure 2) splits at
its core layers into branches that carry exclu-
sively African sequences and just one, more
peripheral haplogroup L3, that the Africans
share with the rest of the world (11, 15, 45,
110, 119). All non-African mtDNA lineages
derive from just two limbs (M and N) branch-
ing out from the root of haplogroup L3 that
also has given rise to a number of subclades
specific only to African populations (51, 77).
The number of extant non-African founder
haplogroups can, however, be extended to in-
clude a third member, haplogroup R, which is
a daughter-clade of N. The transcontinental
founder status for non-African populations as-
sumes that the root of the ancient haplogroup
considered should also be widely dispersed
in non-African populations. In addition to M
and N haplogroups, this assumption holds
true also for haplogroup R because Europeans
from R-derived haplogroups T and H, for ex-
ample, are as distantly related to each other in
their maternal geneaologies as they are with
any Asian or Oceanian individual from hap-
logroup B or any Papuan/Australian aborigi-
nals from haplogroup P. Haplogroup B, on the
other hand, despite being almost as ancient as
its parental group R, has more localized spread
restricted to the eastern hemisphere, and it is
more plausible to assume that it had not yet
originated in the genetic substrates of the pop-
ulation(s) that left Africa and dispersed world-
wide but, more plausibly, that it arose later
within the East Asian founder population.
The first informative phylogeographic
split in the human mtDNA tree occurs at
the level of L3/M,N,R clades (Figure 2) and

www.annualreviews.org o Use of Y Chromosome and Mitochondrial DNA Population Structure in Tracing Human Migrations
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corresponds thus to the K=2 level of struc-
turing populations sensu Rosenberg et al.
(Figure 4), where K refers to the number
of distinct clusters into which the data set
is partitioned. The next informative split in
the mtDNA tree distinguishes all major con-
tinents (K=15) except the Americas beneath
the M, N, and R founders. The lack of
intermediate-nested K=3 and K=4 struc-
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tures (e.g., into Africans, Southwest Asians,
and the rest) has been explained by the fast
pace colonization model of the world outside
Africa (64, 107). Detection of further regional
differences consumes extensive sequencing
resources. European and Near-Eastern pop-
ulations have gained their maternal pedi-
grees primarily from haplogroups N1, W,

X, JI RO (including ROa, H, and V), and U *Erratum
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Figure 2

General haplogroup structure of mtDNA global phylogeny. Geographic affiliation of the haplogroups is
indicated below the tree by the color bar (33, 43, 53, 56, 64, 69, 74, 102, 105, 110). Structural differences
between human continental population groups that arise in the tree are indicated by horizontal lines and
assisted with the number of clusters (K) that can be distinguished at the respective level of hierarchy.
Each line corresponds to the depth of the tree at which additional region-specific variation can be

*This PDF ammended on (8 Jan. 2008): See explanation at http://arjournals.annualreviews.org/errata/genet
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(Figure 2). The first three of these coalesce
at the root of N, whereas the remaining three
share their most recent common ancestor in
R, the daughter limb of N. There are no sig-
nificant frequency differences of these major
haplogroups between geographically distinct
populations of Europe. Genetic distinction
between the geographic subregions within
Europe becomes clear only at the fine level
of subclades of the high-resolution mtDNA
haplogroup tree based on complete sequence
data (1, 9, 62, 75). Haplogroups H2a and H3,
for example, have contrasting frequency peaks
in East and West Europe, respectively.
Using complete sequence information,
phylogenetic distinction can also be made be-
tween South and East Asian, Malaysian, and
Island Southeast Asian branches of the M,
N, and R founder groups (53, 56, 64, 102).
Similarly, Melanesian, Papuan, and Australian
complete sequences derived from these
founder clades stand out as unique (27, 28,
43,69, 117). Central Asian and Native Amer-
ican haplogroup pools, instead, can be seen
as subsets of the East Asian mtDNA variation

and thus the K =6 line can be dated as fairly
recent (111). Again, as noted for Europe, bet-
ter microgeographic resolution within these
“eastern” lineage groups can be obtained by
focusing on the subclades of each haplogroup
through increasing sequence and sample res-
olution: Haplogroup M7a, for example, is re-
stricted in its spread to Japan and South Korea
(54), and only one specific branch of B4a can
be found in Austronesian-speaking popula-
tions of Taiwan and Polynesia (112).

SYNOPSIS OF THE Y
CHROMOSOME TREE

The Y chromosome contains the largest
nonrecombining block in the human genome
and can be considered one of the most
informative haplotyping systems, with appli-
cations in evolutionary population studies,
forensics, medical genetics, and genealogical
reconstruction. Since the report of the first
Y chromosome polymorphism (13), more
than a decade elapsed before a well-resolved
phylogenetic tree of Y chromosome binary

N
1 1 AT | | |R
i T Sl +
] [] ]
ON§§§§o§§§§688§‘”§§§<§§>§§‘>—<Q§§§_§EEEEE‘_’E§I>_"—3EEE‘:’§E§§§§ CBB@BD
1 I B |
Figure 2 (Continued)

identified. The K =2 line corresponds to the time frame when haplogroups M and N emerge from
haplogroup L3, which thus makes the first distinction between Africans and non-Africans. The next line,
K =35, corresponds to the time frame when non-African cluster diverges into European, South Asian,
East Asian, and Oceanian variants, while K =6 distinguishes Native American sub-clades of haplogroups

A-D from respective East Asian branches of the tree.

*Erratum posted on (8 Jan. 2008): See explanation at http://arjournals.annualreviews.org/errata/genet
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Figure 3

General haplogroup structure of nonrecombining portion of the Y chromosome global phylogeny.
Geographic affiliation of the haplogroups is indicated below the tree by the color bar. Both Y
Chromosome Consortium nomenclature and defining binary markers are specified beneath respective
branches (16, 47, 85, 126, 127). Structural differences between human continental population groups that
arise in the tree are indicated by horizontal lines and assisted with the number of clusters (K) that can be
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markers emerged and became an important
template in human migration studies (39,
116, 125).

By convention, Y chromosomes identified
by binary polymorphisms are designated to
haplogroups or clades; those that are defined
only by short tandem repeats are called hap-
lotypes, and descriptions of data combining
both biallelic markers and Y-STRs are re-
ferred to as lineages (23). In the Y chromo-
some haplogroup tree (Figure 3), the two pri-
mary splits lead to haplogroups, A and B, the
spread of which is restricted to Africa. Both
primary haplogroups are genetically diverse
with subhaplogroups geographically distinct
from one another, a pattern consistent with
population fragmentation, isolation, and sub-

sequent re-expansions in Africa. The remain-
der of the deep structure of the phylogeny
is characterized by three subclusters that co-
alesce at the root of the CR-M168 node,
which represents the majority of African va-
rieties as well as all the non-African hap-
logroups (114). This level of structuring of
continental pools of Y chromosomes (K=
2) includes: (7) the shared presence of hap-
logroup DE chromosomes in Africa and Asia;
(éi) the non-African haplogroup C, which
is widely distributed in East Asia, Ocea-
nia, and North America; and (i) a global
distribution of another non-African clus-
ter, haplogroup F-M89, with its most pro-
lific daughter-group haplogroup K. Consider-
able regionalization of haplogroups is evident

distinguished at the respective level of hierarchy. Each line corresponds to the depth of the tree at which
additional region-specific variation can be identified. The K =2 line corresponds to differentiation of
non-African haplogroups C and F from the African tree. The next line, K=5, focuses on further regional
differentiation of haplogroups M in Oceania, I and R in West, H and L in South, and C, NO, and Q in
East Eurasia. The K =6 line distinguishes Native American sub-clades of haplogroups Q and C from the
respective East Asian branches of the tree.

Figure 3 (Continued)
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Figure 4

The hierarchy of human population structure as determined by (#) 993 autosomal STR markers (87),
(b) mtDNA phylogeny (see Figure 2 for details), and (c) Y chromosome phylogeny (see Figure 3 for
details). K refers to the number of identified clusters. Although linked haploid loci cannot actually be
analyzed by algorithms designed for analysis of independent loci and their frequencies for qualitative
comparisons, we placed three K levels of basic structure to approximate the various main hierarchical

levels in the haploid trees. For mtDNA and Y chromosome see corresponding breaking lines in

Figures 2 and 3, respectively.

in the subclades of F and K (Figure 3,
K=5 and K=6). Haplogroups F* and H
are quite restricted to the Asian subconti-
nent whereas the center of gravity for hap-
logroups I and J is in Europe and the Mid-
dle East, respectively (85, 92). In East Asia,
haplogroups N and O that arise from the
haplogroup K branch are the most frequent.
Other important K-affiliated haplogroups in-
clude Q in Northeast Asia and the Americas as
well as haplogroup R whose phylogeography

Underhill « Kivisild

spans North Africa and West Asia and mani-
fests high frequencies in Europe (116).

CONSISTENCY BETWEEN THE
mtDNA AND Y TREES

Genetic admixture can be sex or gene spe-
cific because different mating and migra-
tion patterns exist in populations and because
different genes are subject to different selec-
tive forces. Therefore, it is not unexpected
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that the two uniparentally inherited marker
systems can occasionally provide evidence
for different evolutionary histories within the
same geographic regions (8, 12, 24, 73). Such
well-explained examples seem rather to be ex-
ceptions, and ordinarily the whole-genomic
composite of independent loci would be ex-
pected to initially carry the signatures of the
same demographic events. It would be im-
plausible, for example, to imagine the suc-
cessful colonization of a vacant territory by
a single gene or just one sex (83). Many of the
statistical tests designed to identify signatures
of selection can be inversely applied to de-
tect demographic changes in populations (72).
Tajima’s D test, one of the most commonly
used, for example, typically yields negative
values among non-African populations, con-
sistent with the recent out-of-Africa model
(30).

The following notable features are exam-
ples of consistency between the phylogenies
derived from mtDNA and Y chromosome
data sets.

1. Only African populations carry the
derived lineages of both of the pri-
mary branches descending from the
root of the tree. The distribution of
at least the five first branchings in the
mtDNA tree (Figure 2) and the two
firstin Y chromosome-based phylogeny
(Figure 3) support the African root.

2. Only a small subset of both trees is dis-
persed outside Africa. Three Y chro-
mosome founder groups (C, D, and
F) and three mitochondrial groups (M,
N, and R) capture the non-African
variation (52).

3. Geographically peripheral regions such
as Europe and Australia show more lim-
ited founder composition as compared
to Asia where all three founder groups
have been preserved.

4. Certain well-known episodes of recent
gene flow, such as Bantu expansion in
Africa, for example, have left well rec-
ognizable fingerprints in the genetic

composition of both marker systems in
African populations (21, 63, 91)

5. Admixture and clines rather than abrupt
changes over ethnic boundaries can
be observed in regions such as North
Africa, and Central and West Asia,
which lie in between two or more dis-
tinctive pools of mtDNA and Y chro-
mosome varieties (5, 17, 76, 121).

In addition to these general patterns of
consistency between the loci, several minor
regional differences can be noted:

1. In contrast to the overall homogene-
ity of mtDNA haplogroup composition
in Europe, there are remarkable differ-
ences between West and East Europe,
for example, in the frequencies of Y
chromosome haplogroups R1b, I1a, and
I1b (85, 89, 93).

2. East European, and Central and East
Asian populations share common Y
chromosome genetic components, such
as haplogroups N and Rla, which are
not recapitulated in mtDNA phylo-
geography (86).

3. 'Y chromosomes of the Austronesian-
speaking populations do not testify to
a well-pronounced founder effect as ev-
idenced from mtDNA data (44, 112).

4. Asymmetric gene flow is detectable be-
tween hunter-gatherer and agricultural-
ist societies in Africa (24).

5.'Y chromosome data show a signal for
a separate late-Pleistocene migration
from Africa to Europe over Sinai as evi-
denced through the distribution of hap-
logroup E3b lineages (20, 63), which is
not manifested in mtDNA haplogroup
distributions.

SPECIATION AND
OUT-OF-AFRICA
BOTTLENECKS

Palacontological and molecular genetic ev-
idence continues to accumulate indicating
that multiple range expansions by anatom-
ically modern humans leading to Eurasia
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and beyond from an African homeland were
accomplished within a rather rapid interval
followed by subsequent fragmentation and
genetic as well as cultural isolation (43, 59,
64, 68, 100). These independent haploid loci
with their lower effective population size cap-
ture episodes of rapid population divergence
better than the autosomes (48), making them
the systems of choice for tracing recent mi-
gratory events. The variation outside Africa
represents only a small subset of African
variation (Figures 2, 3) consistent with the
out-of-Africa bottleneck hypothesis (25),
which is supported now by a substantial body
of evidence also from the nuclear genome [for
reviews see (30, 66, 109)].

No matter how well resolved the splits
in the Y chromosome or mtDNA tree, both
remain single-locus trees and are thus sub-
ject to large stochastic errors for certain pa-
rameters’ estimations, including the overall
tree depth. Low levels of genetic diversity of
mtDNA and Y chromosome show coalescent
dates 0f 100,000-200,000 years (45, 53, 70, 80,
108). These dates have often been implicated
in favor of a speciation bottleneck coinciding
with the time approximately when anatomi-
cally modern humans start showing up in the
fossil record (122). Sequence data from the
autosomal compartment of the genome have
failed to support such an hourglass model and
instead continue to provide evidence for a
long-lasting low effective population size over
the Pleistocene, or the long-neck model (30,
34, 40). Although mtDNA and Y chromo-
some cannot be considered informative with
regards to the speciation event of modern hu-
mans, they continue to be the most well re-
solved genetic loci for the study of population
histories since the out-of-Africa migration.

STEPPED CLINAL
HAPLOGROUP PROGRESSION

A recent study of L1 and Alu insertion
polymorphisms to analyze human population
structure in geographic space concluded that
human diversity is a combination of clines and

Underhill « Kivisild

clusters and introduced the term “stepped cli-
nal” to describe its composite pattern (123).
The unification of both the relatively remote
and nearby ancestral relationships inherent
in haploid phylogenies resembles the stepped
clinal characterization revealed by these auto-
somal data.

The properties of robustly resolved phylo-
genies make it possible to track the geographic
progression of haplogroup differentiation, the
polarity of which can be inferred from the se-
ries of increasingly derived character states
over a geographic line (6). The inferences
from such haplogroup progression patterns
are not directly dependent on the frequency
of the haplogroups considered. However, the
spotting of such lineages over space certainly
is frequency dependent inasmuch as genetic
drift affects the fate of any genetic variant and
the inference depends upon many assump-
tions of the demographic history of the region
and levels of gene flow [discussed in detail in
(82)]. Figure 5 illustrates the principle of co-
progression on the example of mtDNA hap-
logroup B4 and Y chromosome haplogroup
Q. As shown in Figures 2 and 3, the ge-
ographic center of gravity of both of these
haplogroups is in East Asia. The progres-
sion of haplogroup diversification for both
haploid genomes is representative of range
expansion events toward different destina-
tions from a region of common provenance
that likely were on a population scale rather
than reflective of a stochastic accident of a sin-
gle gene tree. The biogeography of mtDNA
haplogroup B4 illustrates the principle of vi-
cariance in which stochastic events (drift) fol-
lowed by population fragmentation often re-
sultin the contrasting geographic distribution
of related sub-haplogroups with geography.
Thus both North American and Polynesian
populations trace their descent to molecular
haplogroup B4 ancestors in East Asia. Like-
wise, the progression of Y chromosome hap-
logroup Q reveals the directionality of the
movement of males from East Asia to North
America and subsequently to Central America
consistent with the serial founder effect (78).
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Figure 5

Phylogeographic progression of mtDNA haplogroup B4 and Y chromosome haplogroup Q. The
sequential geographic trajectory of mtDNA and Y chromosome subhaplogroup formation is shown by
horizontal lines indicating the geographic progression of respective founder lineages in space. Vertical
lines denote descent with modification. Mutations occurring in mtDNA are shown with blue and
mutations in Y chromosome with red diamonds. Geography: Asia/Siberia (ye/low); Canada/Americas

(red); Insular southeast Asia/Polynesia (green). The general phylogenetic context of mtDNA haplogroup

B4 and Y chromosome haplogroup Q are given in Figures 2 and 3, respectively.

WHY DO WE NEED MORE
MARKERS?

The specific features of mitochondrial DNA
and Y chromosome are the lack of recombi-
nation and uniparental inheritance (32, 47),
which provide that straightforward genealog-
ical histories can be inferred at maximum
molecular resolution as a function only of
sequence length examined. Variation in nu-
clear genes is reshuffled by recombination and
therefore tree building from long sequence
stretches is complicated. The molecular reso-
lution in the framework of phylogeneticsis the
measure of informative (variable) positions
that can be revealed in contiguous sequence
fragments. The second important measure in
phylogenetics is the robustness of a branch
in a tree, which is a combined measure of
the number of independent characters sup-

porting the branch and the average number
of their recurrent evolution on the tree. In
the nuclear genome, the sequence lengths per
gene that have been examined so far through
an evolutionary framework have been mostly
within the range of 2-10 kb, with the outcome
that less than 10 substitutions, normally, per
lineage per one million years have been at-
tained. Even though the trees can be fairly
robust, provided that mutation and recombi-
nation rates are low, the low molecular reso-
lution of such trees allows for a wide range of
interpretations, including those discussed in
favor of the multiregional model (103). Low
resolution leaves us with poor understanding
of our genetic history during the pivotal past
100,000 years, which is the time window of
interest for most of the human migrations. In
contrast, the nonrecombining parts of the Y
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Minimum evolution tree

Reduced median network

chromosome and the completed 16,569 base
pairs of highly variable mitochondrial genome
have both supplied us with information on
the geneaological accumulation of more than
20 substitutions per lineage during the past
~200,000 years. Much more information is
yet to be revealed for the NRY, since less than
1% of its sequence has been ascertained so far
for the width of global population variation.
The efficacy of increased power of molecular
resolution in phylogenetic inferences is illus-
trated in Figure 6 on the example of mtDNA

mtDNA HVS-I| sequence data

QD8166
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haplogroup M lineages in South and East Asia.
Hypervariable region sequences do not pro-
vide sufficient resolution to distinguish be-
tween Indian and Chinese varieties of hap-
logroup M, and occasionally the phylogenetic
associations the short hypervariable sequence
stretches provide can even be spurious, as,
for example, the link of B156 and QD8166
supported by HVS-I motif of two substitu-
tions. The level of phylogenetic ambiguity
of the HVS-I is expressed in the complex-
ity of resulting networks, whereas by using

mtDNA complete sequence data

d
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Resolving parallel evolution of mtDNA hypervariable characters by using sequence data from the linked
coding regions. Branches defined by conflicting HVS-I characters whose nucleotide position is specified
in panel B are highlighted with color to show their position in the resolved trees based on complete
sequence data (panel 4). Haplogroup affiliations of respective sequences are shown in panel ¢. Sequence
data for samples shown on pink background are taken from Kong et al. (57), sequences shown on red
background from Sun et al. (102), and rCRS shown on blue background refers to the revised Cambridge
Reference Sequence (3). Sequences were processed in phylogenetic packages MEGA
(http://www.megasoftware.net/; panels # and ¢) using Minimum Evolution method with 100 bootstrap
replicas, and in NETWORK (http://www.fluxus-engineering.com/; panels 4 and ) using reduced

median algorithm (7).
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complete sequence information, the network
methods tend to produce more fully resolved
and robust tree-like structures (41). As il-
lustrated in Figure 6 panels ¢ and 4, it ap-
pears less important which phylogenetic tree-
building algorithms are being used when the
tree structure is robustly supported by the
data.

However, certain inadequacies in the phy-
logenies may remain, both at internal and ex-
ternal branches, that reflect consequences of
ascertainment as well as experimental effort.
Although complete sequencing of mtDNA
genomes in worldwide populations initiated
by Ingman et al. (45) and expanded upon by
others [reviewed by (110)] has greatly im-
proved the phylogeny, the innately relatively
small size of the mitochondrial genome limits
the capacity for retention of a more complete
record of prehistoric cladistic relationships.
Thus many mtDNA clades are paraphyletic,
in which numerous haplogroups radiate from
a common node and their precise cladis-
tic relationships remain uncertain. Such pa-
raphyletic limitations also characterize the
current state-of-the-art Y chromosome phy-
logeny. However, the much larger physical
size of the NRY genome, although less practi-
cal to survey than mtDNA, offers the poten-
tiality that more ancient drift events will be
recoverable in the form of structurally deep
intermediate binary markers that will unify
some currently paraphyletic clades. These an-
ticipated NRY bifurcations may ultimately il-
luminate a more complete cladistic branch-
ing order and improve the usefulness of this
locus in retrieving signals of genetic affini-
ties. An example of such ancient relationship
is NRY marker M429 (126) that now unifies
haplogroups I and J (Figure 3).

RATES OF MUTATION,
FIXATION, AND HOMOPLASY

Substitution rate in the nuclear genome is
generally low as compared to mtDNA. On
average, the probability of observing a substi-
tution at a nucleotide pair in one generation

is considered to be 3-5 x 107% (18, 108) for
the Y chromosome. The Y chromosome ap-
pears as a striking outlier in comparison with
other chromosomes, showing the highest di-
vergence rate of 1.9% from the chimpanzee
as compared to only 0.94 of X chromosome
(18). The higher male germline mutation rate
mightbe explained by its lower effective popu-
lation size, whereby slightly deleterious muta-
tions would appear as neutral more often than
they would in autosomal genes and thereby
have a higher chance of fixation. Alternatively,
the difference might be due to the fact that
there are 5-6 times more cell divisions in the
male germline and therefore more mutations
resulting from DNA damage such as deamina-
tion of methyl CpG to TpG (61). Compared
to mitochondrial DNA, the still conservative-
enough substitution rate of Y provides that
the trees inferred from Y chromosome SNP
(single nucleotide polymorphism) data are
fairly robust (or “bullet-proof”) and show a
low level of homoplasy (47, 116). Gene con-
version rather than multiple hits at the SNP
position may be the main mechanism of par-
allel mutations within multicopy sequences in
the Y chromosome, as shown for the substitu-
tion P25 (2). Similarly, large-scale insertions
and deletions occur more often recurrently
and cannot thus be used as stable markers for
phylogenetic inferences (80).

Due to its high mutation rate, which can
substantially vary over sites, mtDNA varia-
tion is characterized by excessively high lev-
els of intraspecies homoplasy when compared
to the variation in nuclear genes. The site-
specific mutation rate varies in different mam-
malian groups, so that the same sites might
not be hypermutable in distinct lineages (29).
Homoplasy introduces complications to tree
building and is most problematic in data sets
of hypervariable region sequences, as illus-
trated in Figure 6. A number of coding re-
gion mutational hotspots have been identified
in human populations as well; nevertheless,
the phylogenetic support for the general
architecture and for most of the internal
branches of human mtDNA phylogeny is

www.annualreviews.org o Use of Y Chromosome and Mitochondrial DNA Population Structure in Tracing Human Migrations

551



Annu. Rev. Genet. 2007.41:539-564. Downloaded from www.annualreviews.org
by b-on: Instituto Nacional de Saude Dr.Ricardo Jorge on 02/18/11. For personal use only.

robust when sequence information from the
whole molecule is taken into account (53).

SIGNIFICANCE OF
ASCERTAINMENT

Any description of genetic diversity in popu-
lations is influenced by the ascertainment sta-
tus of the polymorphisms that are being used
(71, 84). Effective population size modulates
levels of genetic variation, genetic drift, and
linkage disequilibrium in populations (104).
The lower effective population size of hap-
loid genomes relative to the other constituents
of the genome accentuates the significance
of ascertainment as haploid genomes show
(e.g., Fst) more rapid between-population di-
vergence rates (48). The sensitivity of diver-
sity within sample ascertainment panels used
to discover haploid polymorphisms therefore
profoundly influences the detection of phy-
logenetically informative markers. Although
the NIH dbSNP database presently catalogs
several thousands of Y chromosome SNPs
contributed by various resequencing projects,
despite some exceptions (80, 95), most were
ascertained in panels only partially reflective
of the known spectrum of haplogroup di-
versity. Also, the bulk of the Y chromosome
SNPs in public databases remains underchar-
acterized with regard to their Y chromosome
specificity, frequency, and phylogenetic rela-
tionships. The significance of ascertainment
is illustrated concerning Y SNPs reported as
part of a genome-SNP discovery effort (42).

Of the 18 major Y chromosome haplogroups
described, the ascertainment panel used was
composed of only haplogroup E, I, J, O, and
R (Figure 74) members composed of 12, 4,
1, 8, and 8 individuals each, respectively. This
partiality in the ascertainment panel resulted
in an abbreviated phylogeny (Figure 7b)
constructed from 295 phylogenetically con-
sistent markers that underrepresented the
known tree structure (Figure 3) while lead-
ing to an excessive number of redundant
characters reinforcing the same branches
(Figure 7b). Nonetheless, beside fractionat-
ing some haplogroups (98), the 26 polymor-
phisms that define the E branch in Figure 65
also provide an opportunity to explore the
primary deep-rooted relationships of hap-
logroups C, DE, and F.

BIFURCATIONS AND
MIGRATION MODELS:
A CASE STUDY

With the exception of African-specific hap-
logroups A and B, all other Y chromosome
haplogroups descend from one ancestral node

of the tree termed CDEF, which is defined *Erratum

by mutations M168 and M294 (Figure 8).
"This previously unresolved trifurcation of this
node into haplogroups C, DE, and F com-
prises the majority of African- and all non-
African-affiliated chromosomes (Figure 8a).
There are three possible solutions to this tri-
partite structure as presented in Figure 85—
d. Using the principle of phylogeographic

Figure 7

Improved resolution of Y chromosome phylogeny in a small ascertainment panel. (#) Established Y
chromosome haplogroup structure as shown in Figure 3. The phylogenetic affiliation of the 33 male

samples used in the ascertainment panel of the study by Hinds et al. (42) is indicated by orange lines. See
text for more details. (b)) The single most parsimonious tree relating 295 Y chromosome markers assessed
in these 33 individuals. The tree is constructed using reduced median algorithm (7). The original data set
(42) including 334 Y chromosome markers was subjected to network analysis. The total of 39 markers
were found to be in character conflict with known Y chromosome markers (identified in this figure in
blue), and as they were ascertained within sequences showing high homology to human X chromosome,
we excluded them from further analyses. The reference sequence (rs#) numbers of the markers defining
the tree structure are shown along the branches. Sample codes are as given in the original study. Samples
of African-American origin are shown on orange, those of Asian origin on pink, and those of
European-American origin on blue background.
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parsimony, which minimizes the number of
inferred migrations and the fact that the deep-
estclades (A and B) occur solely in Africans, an
African origin of haplogroup CDEF-M168,
M294 node was proposed (39, 116) and sup-
ported in a survey of over 12,000 Asian men
(50). Although the initial proposal (38) of
an Asian origin of haplogroup DE was first
neutralized by the recognition of the hap-
logroup D-M174 (115) and further eroded by
the detection of DE* chromosomes in Nigeria
(120), the previous inability to resolve the
earlier tripartite structure left an element of
uncertainty because the Asian origin of hap-
logroup DE could be resurrected using the
same principle of parsimony [e.g., consider
the parallel example of catarrhine evolution
(99)] if the trifurcation were resolved in fa-
vor of a common ancestor of haplogroups DE
and F (Figure 8b). Such an ancestral node
would imply that DE is a subset of Eurasian
variation and therefore the African YAP (Y-
chromosome Alu polymorphism) chromo-
somes could be considered as due to a back-
migration from Asia. Second, if haplogroups
C and F were to share a common recent an-
cestor apart from the DE clade (Figure 84),
the distribution of Y chromosome hap-
logroup D in Asia could be explained by an
evolutionary history separate from that of the
other two clades. Haplogroup D is particu-
larly enigmatic because of its widely separated
disjunctive distribution in Asia suggestive of
an ancient (perhaps independent) range ex-
pansion to Asia followed by fragmentation and
considerable isolation. The absence of hap-
logroup D in Oceania and its relic peripheral
distribution in Asia is in contrast to that ob-
served for haplogroup C and F chromosomes.

We resolved this discrepancy by using im-
proved phylogenetic resolution in the Y chro-

mosome phylogeny. This was achieved by
leveraging knowledge contained in some of
the phylogenetically consistent Y chromo-
some SNPs reported by Hinds et al. (42)
(Figure 7b). By experimentally haplogroup-
ing the same 33 males that were used to as-
certain these Y chromosome polymorphisms,
it was possible to infer that 22 of the SNPs
were derived in all haplogroup E chromo-
somes and 24 in all F chromosomes (125)
when the individuals in the ascertainment
panel were subjected to phylogenetic analy-
sis. Since haplogroup E and F chromosomes
were present in the ascertainment panel but
haplogroup C and D representatives were not,
the possibility existed that some of these 46
SNPs might be positioned upstream of ei-
ther the E or F node in the phylogeny. A to-
tal of 18 of these were designed as success-
ful PCR- (polymerase chain reaction) based
assays and genotyped by DHPLC (dena-
turing high-performance liquid chromatog-
raphy) (113) in samples belonging to hap-
logroups A, B, C-M216, D-M174, E-M96,
and F-M89. The results of these haplogroup-
ing experiments indicated that one (Table 1)
of the 18 SNPs evaluated shared derived al-
leles in haplogroups C and F while being at
an ancestral state in the other haplogroups.
These results hold up the phylogenetic
senario shown in Figure 84, which

is consistent with two independent founder
types, D and CF, evolving outside Africa, and
thus weakens the other two possible interpre-
tations discussed above. However, the com-
mon ancestry of C and F founder types is
supported by a short branch, defined by a
single mutation, implying the diversification
of CF from DE was shortly followed by the
split of C from F. Although extinction events
within Africa offset by haplogroup survival

Table 1 Primers and specifications of haplogroup CF related node Y chromosome marker

Nucleotide Amplicon SNP Position Primer Primer
rs No. change size (bp) from 5’ end forward 5’-3’ reverse 5'-3’
4141886 Gt A 344 216 cctgaggagacatagccata | atagctagattctggtceeg
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Improved phylogenetic resolution of the Y chromosome tree. (#) Tripartite structure of the YCC 2003
tree (47), which allows for an interpretation () that one founder haplogroup CDF colonized Eurasia and
DE was brought back to Africa, or (¢) a model of one migration from Africa involving three founder
haplogroups (C, D, and F), or a model (¢) implying that the strictly Asian-specific distribution of
haplogroup D (highlighted in pink) reflects a relic distribution of an early out-of-Africa settlement of
FEurasia that was overwhelmed by a separate, demographically successful migration from Africa marked
by a putative of CF clade, derived lineages of which are now widely spread from Europe to Australia. A
new SNP marker from the study by Hinds et al. (42) (see Figure 7; Table 1) provides a resolved bipartite
structure that supports this scenario and thus weakens interpretations # and ¢. See text for further details.
The structure of the resolved tree, however, is not informative on whether the descendants of C and F
evolved and subsequently went extinct in Africa, or whether the C and FR clades emerged outside Africa.
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of descendents in Asia cannot be empirically
demonstrated, both the refutation of the op-
tion shown in Figure 86 and the apparent ab-
sence of deep-rooted haplogroups for either
CF or D chromosomes in Africa bolsters the
model that haplogroup CF and DE molec-
ular ancestors first evolved inside Africa and
subsequently contributed as Y chromosome
founders to pioneering migrations that suc-
cessfully colonized Asia. While not proof, the
DE and CF bifurcation (Figure 84) is consis-
tent with independent colonization impulses
possibly occurring in a short time interval.
Although haplogroups D and E share com-
mon ancestry, a geographic gap exists between
the frequent occurrence of haplogroup E in
Africa and the relic distribution of D in Asia,
suggestive of long-term isolation and extinc-
tion of descendents in the geographic inter-
mediary zone to Asia. Although itis difficult to
distinguish the influence of positive selection
from demographic expansion, this anomaly in
distribution could also be explained, in part,
by negative selection affecting haplogroup D
carriers. A slightly deleterious mutation may
become fixed in some peripheral populations
after its increase in frequency while surfing
the wave of population advancement (26, 55).
A possible candidate locus to be considered in
the Y chromosome is copy-number variation
in the aZFc gene as a possible haplogroup-
associated risk factor regarding male fertility

SUMMARY POINTS

(47). Although such partial deletions of <2MB
that occur across the spectrum of Y chromo-
some haplogroups (79, 80) are indicative of
parallel mutations, this feature is significantly
common in some Y chromosome haplogroup
backgrounds (4, 127), especially those that
were successful in recent demographic expan-
sions such as haplogroup N (81, 86) in north-
ern Asia. Individuals with haplogroup D affil-
iation have been reported to have such partial
deletions in association with lower sperm con-

centrations in Japan (58). This partial deletion
may in some measure explain the absence of
haplogroup D in India, a zone implicated in
the southern coastal migratory route, whereas
haplogroup D is fixed in some tribal popu-
lations of the Andaman Islands (106). How-
ever, not all haplogroup D carriers have been
reported to have such partial deletions (22).
Nonetheless, the question remains to what ex-
tent, if any, susceptibility to a potential re-
productive liability has influenced the phy-
logeography of D and other haplogroups in
the Y chromosome and mtDNA phylogenies.
Imbalance of the proportions of nonsynony-
mous mutations among and within the old and
young clades of the mtDNA tree (53) further
suggests that the outcome of some puzzling
phenomena in uniparental haplogroup distri-
butions might be the result of intertwining
factors such as drift, selection, founder effect,
and migration.

1. Broad-spectrum features of global population structure as deduced from phyloge-
netic analysis of mtDNA and Y chromosome markers are generally consistent with
inferences based on analyses of multiple independent autosomal loci. In addition, a

phylogenetic approach allows us to get relative estimates of temporality and polarity

for the structural differentiation among the populations.

2. The mtDNA and Y chromosome trees coalesce at shallow time depth and are unin-

formative about the speciation event leading to our species. Instead, at high molecular

resolution, these loci provide detailed information about both the out-of-Africa mi-

gration and further population differentiation, at substantially finer detail than the

recombining domains of our genome.

3. Maternal and paternal phylogenies display signals of both discreteness and continu-

ity in respect to the geographic differentiation and distribution of their hierarchic
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component haplogroups. Three founder haplogroups in both trees describe the non-
African variation as a small subset of African genetic diversity. Discrete subclades of
these founders show frequency patterns characteristic of the regions of their origin,
whereas clinal blending of their frequency occurs across their geographic boundaries.

4. The sample composition of ascertainment panels used to discover haploid polymor-
phisms profoundly influences the detection of phylogenetically informative markers.
Although many thousands of Y chromosome markers have been described to date,
only a fraction appear informative in populations. Different world populations used
for ascertainment are often strongly biased in this respect.

FUTURE ISSUES
1. Identification of additional informative markers by considering ascertainment criteria
is required to improve the haploid phylogenetic structures of human populations.

2. 'To differentiate demographic history from locus-specific natural selection, compar-
isons are needed between the haploid genomes and genetic systems such as the X-
chromosome and autosomes within the same population surveys.

3. Exposure of regional population structure and inference of underlying histories re-
quires more intensive sampling.

4. Improvements in the empirical data sets must be matched with equivalent improve-
ments in modeling demographic histories by analytical methods and computational
simulations.
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