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ABSTRACT

The human population has increased greatly in size in the last 100,000 years, but the initial stimuli to
growth, the times when expansion started, and their variation between different parts of the world are
poorly understood. We have investigated male demography in East Asia, applying a Bayesian full-
likelihood analysis to data from 988 men representing 27 populations from China, Mongolia, Korea, and
Japan typed with 45 binary and 16 STR markers from the Y chromosome. According to our analysis, the
northern populations examined all started to expand in number between 34 (18-68) and 22 (12-39)
thousand years ago (KYA), before the last glacial maximum at 21-18 KYA, while the southern populations
all started to expand between 18 (6-47) and 12 (1-45) KYA, but then grew faster. We suggest that the
northern populations expanded earlier because they could exploit the abundant megafauna of the
“Mammoth Steppe,” while the southern populations could increase in number only when a warmer and
more stable climate led to more plentiful plant resources such as tubers.

UMANS have expanded enormously in geograph-

ical range and numbers in the last 100,000 years,
starting as a rare species confined to parts of Africa and
ending with the current population of >6 billion dis-
tributed all over the world, but the details of these changes
are poorly understood (JOBLING et al. 2004). Historical
records document a substantial demographic expan-
sion within historical times, and also the complexity of
the changes that have occurred, but are available only
for the last few thousand years. Before this time, the
archaeological record indicates that humans increased
substantially in number when Neolithic transitions led
to greater and more reliable food production after ~10
thousand years ago (KYA), but provide only limited quan-
titative information. Genetic variation can also provide
insights into past demography. Standard neutral models
of evolution predict the extent and pattern of variation
expected in a constantsized population, but experi-
mental data from the human population are often not
consistent with such a model. For example, an overall
excess of rare variants, reflected by negative values for
Tajima’s D (e.g., AKEY et al. 2004), is commonly inter-
preted as a signal of demographic expansion, although
the details of such an expansion remain unclear (WALL
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and Przeworsk1 2000; Prak and Przeworskr 2002).
Genomewide analyses of short tandem repeats (STRs)
have been interpreted as revealing an early expansion
in Africa 49-640 KYA with no expansion outside Africa
(ReE1cH and GOLDSTEIN 1998), or alternatively a constant
population size in Africa compared with expansions in
Europeans and Africans (KIMMEL et al. 1998). A larger-
scale study using 377 loci in 52 populations suggested
expansion in African farmers starting ~35 KYA, in
Furasians ~25 KYA, and in East Asians ~18 KYA, but
found no significant signal of growth in African hunter-
gatherers or populations from Oceania and America
(ZH1IVOTOVSKY et al. 2003). The conflicting conclusions
may reflect, in part, the complexity of the real events, so
that it may not be useful to compare descriptions of
demographic change summed over large geographical
regions. Instead, studies at higher spatial resolution
may be necessary to understand how the demography
has changed in different ways at local levels.

Single loci can be influenced by stochastic variation
and locus-specific selection, but nevertheless two of
them, mitochondrial DNA (mtDNA) and the Y chro-
mosome, are of particular interest because of the insights
they can provide into female-specific and male-specific
evolutionary patterns, respectively. Mismatch distribu-
tions of mtDNA sequences from populations around the
world have suggested expansion, on average, ~40 KYA
(SHERRY et al. 1994), while a phylogenetic star contraction
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method indicated expansion of the major Asian clades
M and N ~30 KYA (FORSTER et al. 2001). Studies of the
Y chromosome have shown a strong signal of expan-
sion beginning in the Paleolithic ~18 KYA (7-41 KYA,
PRITCHARD et al. 1999) or ~22 KYA (8.5-50 KYA,
MACPHERSON et al. 2004) worldwide, with limited varia-
tion between continents. In contrast, a detailed study of
one country, Armenia, suggested a start of expansion in
the Neolithic ~4.8 KYA (2.0-11.1 KYA, WEALE et al. 2001).

We want to understand the history of East Asia, in-
cluding its male demographic history. Modern humans
were present in Australia at ~50 KYA and, despite a lack
of direct archaeological evidence, may have reached the
southern part of East Asia at about the same time
(JOBLING et al. 2004). Classical marker studies reveal
a genetic distinction between northern and southern
China, with a boundary corresponding approximately
to the Yangtze River (X1a0 et al. 2000). Some authors
have suggested that modern East Asian populations are
derived largely from a northward expansion of southern
populations after the last glacial maximum (LGM)
~18-21 KYA (Jixn and Su 2000), while others have
suggested a significant male contribution from Central
Asia (KARAFET et al. 2001). Despite these and other (Su
et al. 1999; DENG et al. 2004) surveys of Y-chromosomal
haplogroup distributions, we know little about the
detailed demography of the region and how it compares
between north and south. We now show that male
demographic history differs substantially between the
northern and southern parts of East Asia and link this
to ecological differences between the regions in the
Paleolithic period.

MATERIALS AND METHODS

Data set: Nine hundred eighty-eight males belonging to 27
populations from China, Mongolia, Korea, and Japan were
included in this analysis. The samples, and their typing with 16
Y-specific binary and 16 short tandem repeat (STR) markers,
have been described previously (ZERJAL et al. 2003; XUE et al.
2005). For this study, we typed hierarchically an additional
29 binary markers (M89, M8, M38, P33, M217, M93, M48, M61,
M76, M147, M27, M214, M5, M128, M178, M119, M101, M50,
M175, P31, M95, M88, M122, M121, M134, M164, M159,
M113, and M7) using multiplexed primer-extension reactions
(PARACCHINT et al. 2002) adapted for the ABI (Columbia, MD)
Prism SNaPshot system (HURLES et al. 2005) according to the
manufacturer’s guidelines. As before, DYSI9was excluded from
most analyses because it is duplicated in some individuals.

Data analyses: Haplotypes for this haploid locus could be
constructed simply from the combination of STRs and/or bi-
nary markers present in the same individual and their frequen-
cies determined by counting. Analysis of molecular variance
(AMOVA) was performed using Arlequin 2.0 (SCHNEIDER
et al. 2000) and spatial AMOVA (SAMOVA) analysis using
SAMOVAL.0 (DuraNLOUP et al. 2002). Spatial autocorrelation
was carried out using autocorrelation index for DNA analysis
(AIDA) (BERTORELLE and BARBUJANI 1995). Inferences about
Y-chromosomal lineage histories and demographies were made
using the Bayesian analysis of trees with internal node gen-

eration program (BATWING) (WILsON et al. 2003). Populations
(represented by 25-65 individuals) were analyzed individually
using weakly informative prior distributions for N, the effective
population size before expansion [gamma(1, 0.0001): mean =
10,000, SD = 10,000]; a, the rate of growth per generation
[gamma(2, 400): mean = 0.005, SD = 0.0035]; and (3, the time
in coalescent units when exponential growth began [gamma
(2,1): mean =2,SD = 1.41] (WiLsoN et al. 2003). A calibrated
“evolutionary” mutation rate for Y-STRs (ZHIVOTOVSKY et al.
2004) was used as the basis for a per-locus mutation rate prior
of gamma(1.47, 2130) (mean = 0.00069, SD = 0.00057) and
was allowed to vary independently for each locus. This muta-
tion rate was calibrated against two historical events (the di-
vergence of the Maoris and Cook Islanders in the Pacific and
the migration of the Bulgarian Roma from India to Europe),
and thus our time estimates are also calibrated against these
events and do not depend on assumptions about generation
time. Binary markers (unique event polymorphisms, UEPs)
were included under option 2, in which they condition only
the tree structures possible. A total of 10" samples of the
program’s output representing 10° Markov chain Monte Carlo
(MCMC) cycles were taken after discarding the first 3 X 10°
samples as “burn-in,” and convergence was confirmed by ex-
amining longer runs of 10> MCMC cycles for four populations
and finding the same posterior distributions. The influence of
population sample size in the range 25-65 was investigated by
randomly subsampling 25, 30, 40, or 50 individuals from the
Outer Mongolian population with size 65 and found to be neg-
ligible. The 0.025, median, and 0.975 percentiles of the output
samples were recorded. Regression analyses were carried out
using SPSS 14; the stepwise criteria in multiple linear re-
gression were the defaults, probability of F to enter =0.05
and probability of F to remove =0.10. A contour plot of ex-
pansion times was drawn using SigmaPlot version 9 with
inverse square smoothing and a sampling proportion 0.5.

“Expansion” always refers to an increase in numbers rather
than area and “expansion time” to the time when the increase
started, unless otherwise stated.

RESULTS

Approximately 1000 males from 27 East Asian pop-
ulations were typed with 61 Y-chromosomal markers,
and we first describe the basic properties of this data set.
The 45 binary markers identified 31 haplogroups (in-
cluding paragroups) in the sample, while the 15 STRs
defined 730 different haplotypes (Figure 1, Table 1; see
also supplemental Table 1 at http:/www.genetics.org/
supplemental/). Population diversities ranged from
0.60 to 0.94 for binary markers and from 0.84 to 1.00
for STRs (Table 2). There was considerable variation in
the distribution of lineages between populations, but
this did not correspond to the major ethnic distinction
in the area, which is between the Han Chinese (>80% of
the combined populations of China, Mongolia, Korea,
and Japan) and the other populations. AMOVA anal-
ysis showed that only 1.8 and 0.5% of variation lay be-
tween Han and non-Han populations using binary and
STR markers, respectively, and neither of these values
was significantly greater than zero. There were, how-
ever, major geographical differences. Figure 2 shows
that, despite the overall predominance of haplogroup
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Ficure 1.—Phylogeny of Y-chromosomal haplogroups de-
tected in this study.

O (56%), specific haplogroups were concentrated in
each geographical region: C and N in the north; P and J
in the west; O2b in the east; and O1*, O2*, and O3d in
the south. We therefore wished to identify the most
important elements of the geographical pattern in an
objective way.

We based the subsequent analyses on the STR data
unless otherwise indicated because of the problems in
interpreting data from preascertained binary markers.
SAMOVA analysis (DuraNLour et al. 2002) identifies,
for a prespecified number of groups of populations, the
geographical groups that are most differentiated from
one another. Application of this method to the East
Asian Y-STR data set using two or three groups distin-
guished small numbers of unusual populations, a find-
ing thatis readily understood from the high frequencies
of the “star cluster” (ZERJAL et al. 2003) and “Manchu

cluster” (XUE et al. 2005) lineages in some northern
populations, and reflects extreme expansions of indi-
vidual patrilines within historical times. The use of four
groups provided the most informative subdivision, with
a cluster of six southern populations distinguished in
addition to some of the northern ones (Figure 3A). This
pattern corresponds well to the north—-south distinction
seen with classical markers and shows that, in this re-
spect, the Y-chromosomal variation is typical of that on
other chromosomes. The division of the sample into more
groups led to further subdivisions in the south (e.g,
Figure 3B). Spatial autocorrelation analysis (BERTORELLE
and BarBuUJANI 1995), based on the binary marker vari-
ation, produced correlograms that indicated significant
clinal patterns or long-distance differentiation (not
shown). The north—south haplogroup structure is there-
fore a continuum rather than a sharp bipartite division.
To understand it further, we have explored the charac-
teristics of the populations in more detail, concentrat-
ing on the 22 non-Han populations because of the
spread of the Han during historical times (WEN et al.
2004).

A simple property of a population is the variation it
contains, and this can be expressed in a number of ways.
Awidely used measure, diversity, is so high when 15 STRs
are used that the differences between populations are
small (Table 2) and difficult to interpret. Reducing the
number of STRs to an arbitrary four or three (Table
2, supplemental Figure 1 at http:/www.genetics.org/
supplemental/) produces a wider range of diversity val-
ues, and these are notably higher in the north than in
the south. An alternative measure of variation within a
population, average squared distance (ASD), shows a
similar pattern. BATWING analysis allows demographic
parameters of the populations to be explored. Using a
model where the population size remains constant for a
period and then begins to expand exponentially, we
estimated, for each population, posterior values of (1)
the effective population size during the constant period,
Nposterior; (2) the time at which growth began; (3) the
rate of growth per generation, o; and (4) the time to the
most recent common ancestor (TMRCA) of the pop-
ulation (Table 2). We again noted substantial variation
with latitude. Median N, ogcrior Was higher in the north,
the expansion began earlier, the rate of growth was
slower, and the TMRCA was longer. Although all of these
variables correlated significantly with latitude when
examined individually in regression analyses (Table 3),
the highest was with expansion time (adjusted R* =
0.68), compared with 0.40 for the next highest, ASD.
Unsurprisingly, a stepwise multiple regression analysis
identified expansion time as the best predictor of
north—south distance, and only a increased this signif-
icantly to reach an adjusted R*-value of 0.75. Thus earlier
expansion time in the north and, to a lesser extent,
more rapid expansion in the south, account best for
the observed north-south differences. We display the
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expansion times as a contour plotin Figure 4, where the
consistent difference between north and south is ap-
parent. Figure 4 suggests, however, that the highest
correlation of population expansion may not be with
distance due north-south, but with distance along an
axis tilted slightly northwest-southeast, and further
examination showed that a tilt of ~10° in fact gave the
highest R*value (0.71 compared with 0.69).

The demographic model used is simple: it assumes
that each population is independent and that a constant
phase is followed by exponential growth. The other
demographic models available in BATWING, constant
population size or continuous expansion, are not in-
formative about the expansion time. To explore one
consequence of departure from the model used, we
investigated artificial population mixtures constructed
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4 groups

F1GURE 3.—SAMOVA analysis illustrating the geographical divisions identified when four (A) or six (B) groups are specified.

from combinations of the populations showing the ear-
liest expansion (Inner Mongolians) and those show-
ing the most recent [Yao (Bama) or Li]. The artificial
population mixtures showed an early expansion time
equivalent to that of the Inner Mongolians (Figure 5),
demonstrating that the signature of early expansion is
not obliterated by admixture.

DISCUSSION

We consider how our findings on East Asian male
variation compare with previous studies and the impli-
cations of our work for the understanding of the demo-
graphic history of the region.

The distribution of Y-chromosomal haplogroups in
East Asia has been extensively documented (e.g., JIN and
Su 2000; KARAFET et al. 2001; DENG et al. 2004), but these
observations have raised questions about the relation-
ship of northern and southern populations that remain
unanswered. Su et al. (1999) typed 19 binary markers, 12
of which were chosen because they were already known
to be variable in East Asia, and found higher diversity in

TABLE 3

Regression analysis

Independent variable R*  Adjusted R* Pwvalue

Simple regression (dependent variable: latitude)

the south than in the north and that the northern
lineages were a subset of the southern ones, leading
them to suggest that the northern populations were
derived from the south by northward migrations. In
contrast, KARAFET et al. (2001) used a larger set of 52
binary markers ascertained mainly because of their
variation in worldwide populations and discovered
higher diversity (mean pairwise differences) in the
north and that the northern lineages were not a subset

Latitude (degrees north)

90 100 110 120 130
Longitude (degrees east)

Three STRs 0.41 0.38 0.001
ASD 0.43 0.40 0.001
Nposterior 0.30 0.27 0.008
Expansion time 0.69 0.68 0.000
a 0.24 0.20 0.022
TMRCA 0.33 0.29 0.005
Stepwise multiple regression
Model 1. Expansion time 0.69 0.68 0.000
Model 2. Expansion time + o 0.87 0.75 0.000

- no data
—RE

20
B 25
B

Median start of expansion
(thousands of years ago)

FiGUre 4.—Contour plot showing the distribution of ex-
pansion times. Demographic expansion began earlier in the

north than in the south.
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of the southern ones. They concluded that a contribu-
tion to the northern populations from Central Asia was
likely. The use of preascertained binary markers intro-
duces a bias into estimates of diversity, but STRs are
essentially free of this bias because they are variable in all
populations. In our samples, STR diversity and ASD
measurements were higher in the north than in the
south (Table 2), a finding that is not easily reconciled
with a largely or exclusively southern origin for the
northern populations. It has been suggested that some
populations, such as Hui, Uygurs, and Mongolians, have
recent admixture with Central Asia and so reliance on
them may give a false impression (SH1 et al. 2005), but
our findings are common to most populations from the
north (Table 2).

Our most striking observation was the demographic
contrast between north and south, which was explained
largely by the variation in the start of population expan-
sion (Tables 2 and 3; Figure 4). Despite the simplified
demographic model and wide confidence intervals in
the BATWING estimates (Table 2), the median values
exhibit a simple and striking pattern: all of the northern
estimates lie between 22 and 34 KYA, while all of the
southern estimates are between 12 and 18 KYA. These
suggest that the northern populations started to expand
before the LGM (~18-21 calendar KYA), while the
southern populations started to expand after it. These
time estimates are calibrated against historical events
(ZarvoTovsky et al. 2004) and so do not depend on the
assumption of a particular male generation time, but
nevertheless are uncertain, and so any interpretation
based on them must be regarded with caution. Impor-
tantly, however, they are affected little by extensive ad-
mixture (Figure 5) and in such a case reflect the earlier
expansion time. While extreme northern latitudes were
inhospitable to early humans, Siberia has an extensive
Upper Paleolithic archaeological record (Kuzmin and
Orrova 1998) and a highly productive environment

Y. Xue et al.

stretched across Asia. This showed an abundance of large
animals and has been called the “Mammoth Steppe”
(GuTHRIE 1990). Expansion times calculated in the
same way for the Central Asian populations described by
ZERJAL el al. (2002), excluding those showing recent
severe bottlenecks, lay between 24 (13-45) and 36 (16—
74) KYA, like those of the northern populations from
East Asia. We therefore propose that this cold but rich
environment allowed the demographic expansion of
populations who learned to exploit the profuse animal
resources, and these people contributed in sufficient
numbers to the ancestry of the northern populations
we have tested to leave a signature in their paternal
lineages. In contrast, this environment did not extend
to the southern region, and the populations based there
expanded only after the end of the LGM as the climate
became warmer and more stable. The large-scale use of
underground tubers is thought to have begun in the
south as early as 15 KYA (TonG 2004), and it is notable
that population expansion was subsequently more rapid
there. The survival of this distinct demographic signa-
ture provides further evidence for the genetic differen-
tiation between north and south and lack of extensive
gene flow, leading to a genetic boundary seen initially in
classical marker studies (X1A0 et al. 2000).

Our conclusions, of course, refer only to the time
when expansion began and do not conflict with the
notion that population numbers increased much fur-
ther during Neolithic and historical times. They do,
however, illustrate the value of demographic studies at
high spatial resolution: a similar analysis of a combined
East Asian sample would lead to the conclusion that
population growth began at ~30 KYA [in remarkable
agreement with the mtDNA estimate (FORSTER et al.
2001)] and would miss an important distinction. Fur-
ther detailed genetic studies of demography in other
parts of the world are now needed.
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