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Abstract The origin and dispersal of Y-Chromosomal haplogroup O2a1-M95, distributed across the Austro Asiatic
speaking belt of East and South Asia, are yet to be fully understood. Various studies have suggested either an East
Indian or Southeast Asian origin of O2a1-M95. We addressed the issue of antiquity and dispersal of O2a1-M95 by
sampling 8748men from India, Laos, and China and compared them to 3307 samples from other intervening regions
taken from the literature. Analyses of haplogroup frequency and Y-STR data on a total 2413 O2a1-M95 chromosomes
revealed that the Laos samples possessed the highest frequencies of O2a1-M95 (74% with >0.5) and its ancestral
haplogroups (O2*-P31, O*-M175) aswell as a higher proportion of samples with 14STR-median haplotype (17 samples
in 14 populations), deep coalescence time (5.7�0.3 Kya) and consorted O2a1-M95 expansion evidenced from STR
evolution. All these suggested Laos to carry a deep antiquity of O2a1-M95 among the study regions. A serial
decrease in expansion time from east towest: 5.7� 0.3 Kya in Laos, 5.2� 0.6 in Northeast India, and 4.3� 0.2 in East
India, suggested a late Neolithic east to west spread of the lineage O2a1-M95 from Laos.

Key words: Laos, migration, Neolithic, NRY, O2a1-M95.

Non recombinant Y-chromosomal (NRY) DNA markers,
inherited through paternal lineage, provide a robust tool to
decipher male mediated migration, expansion, and dispersal.
The origin and dispersal of NRY haplogroup O2a1-M95, seen in

�58% of Southeast Asian males, has been a subject of intense
debate (Karafet et al., 2010; Cai et al., 2011; Zhang et al., 2014).
In India, 15% of NRY variation has been attributed to the
haplogroup O2a1-M95 (Trivedi et al., 2008). The highest
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frequencies of this haplogroup in India is found among the
Austro Asiatic (Munda branch) speakers, who are geographi-
cally restricted to Eastern and to parts of Central India (Sahoo
et al., 2006; Sengupta et al., 2006). The origins of Indian
Austro Asiatic speakers had earlier been correlated to the
origin of O2a1-M95 (Kumar et al., 2007).

There are different schools of thoughts on the origin of
Indian O2a1-M95. One proposal argues for an origin within
India during the mid-Pleistocene (�65 kya), followed by
spread to East and South East (SE) Asia via the North East (NE)
Indian corridor (Kumar et al., 2007; Reddy et al., 2007).
Another proposal based on both Y-Chromosomal and
autosomal markers has proposed an origin in SE. Asia and a
recent late Pleistocene spread (�15 Kya) to India (Chaubey
et al., 2011). Since expansion of Austro Asiatic speakers has
been interpreted to be congruent with O2a1-M95 lineage,
Y-chromosomal analysis coupledwith linguistic evidencesmay
help decipher the mechanism of the spread of Austro Asiatic
languages.

Linguists however differ in their opinion on the origin of
Austro Asiatic language family. Studies based on linguistic
cognates and archaeological evidences have suggested an
origin of Austro Asiatic languages in the mid-Yangtze river
basin of Southern China (Sichuan state) followed by a spread
to India along the banks of the river Brahmaputra (Higham,
2002; Sidwell, 2009; Peiros, 2011). On the other hand,
lexicostatistical analysis suggested an origin in the Mekong
river valley that spreads across Thailand, Vietnam, Lao,
Cambodia (Sidwell, 2010).

In the present study we investigated the antiquity and
expansion of NRY haplogroup O2a1-M95, by studying the
distribution and diversity of 2413 O2a1-M95 chromosomes
covering the expanse from India to China and Southeast Asia.
The analysis supports a deep ancestry of this clade in Laos and
its late Neolithic spread to India.

Material and Methods
Samples and methods
A total of 8748 samples from 104 populations were collected
from India (4092 samples/54 populations) and China (4656/
50), between 2006 and 2010. Of these, 1633 were O2a1-M95
(Table 1) and to this we included data on 780 O2a1-M95
chromosomes from 27 populations available in literature
encompassing geographic regions not covered by The Geno-
graphic Project (Table 1) (Kantang et al., 2010; Karafet et al.,
2010; Siriboonpiputtana et al., 2010; Chaubey et al., 2011; Wu
et al., 2011). Populations were categorized based on their
geography. Populations from Guangxi province of China were
categorized separately from other Chinese (referred as China
continental in the manuscript) due to their geographic
proximity to Laos populations (Mekong valley). No sample
or data from Myanmar, either in The Genographic or from
literature was available for inclusion and comparison.

Ethical clearances for the study were obtained from the
Institutional Ethical Committees of respective institutions.
Samplings were performed with written (signed or thumb
impression) informed consent. The Indian centre collected
mouthwash, while the Chinese centre used saliva, fingertip, or
venous blood; DNA were then extracted by standard

procedures (Ausubel et al., 2002). Y-Chromosomal SNP
Genotyping was performed by custom made Taqman assays
in ABI 7900HT Real-Time PCR System (Applied Biosystems,
Foster City) in the respective Genographic centres. A set of 17
STRs and 6 Indels were genotyped using the Y-Filer Kit and
Custom made Multiplex-2 kits (Applied Biosystems, Foster
City) (Haber et al., 2011). But we could only compare and
analyse a common set of 14 STRs (DYS458, DYS437, DYS438,
DYS448, DYS-GATAH4, DYS635 plus set of eight STRs
DYS389a, DYS389b, DYS390, DYS19, DYS391, DYS392,
DYS393, and DYS439) available in the literature.

Statistical analyses
O2a1-M95 frequency was estimated by gene counting
method. STR haplotype based Rst distances were calculated
in Arlequin v3.5.1.2 using 1000 bootstraps (Excoffier et al.,
2005), and this was used to compute a Multi Dimensional
Scaling (MDS) plot (Kruskal, 1964) in ``R'' v2.12.1 (R Develop-
ment Core Team, 2010). The phylogenetic relationships of
various haplotypes were determined using the Network
program 4.6.1.2 employing the reduced median algorithm
with a reduction threshold of 1 (Bandelt et al., 1995). Contour
plots of haplogroup frequency and STR variance distributions
were computed using the Kriging algorithm employed and
plotted in ``R'' v2.12.1 (R Development Core Team, 2010).
Shape files for the maps were obtained from www.natural-
earthdata.com. The Average Squared Distance (ASD) and the
Sum of Squared Distance (SSD) were used to estimate the
age and proportion of ancient haplotypes in a population
respectively (Sengupta et al., 2006). Age estimates were
obtained using genealogical mutation rates for 8-STR and
14-STR haplotype (Goedbloed et al., 2009). A generation time
of 25 years was used for age estimates and populations with
five or more samples only were used for STR based analyses.

Results and Discussion
Frequency and variance estimates
The higher frequency of an allele and high STR variance in
majority of populations in a given region may indicate that the
region was the probable place of origin and/or expansion of
the NRY lineage in question (Sengupta et al., 2006; Myres
et al., 2011). The present study revealed higher O2a1-M95
frequencies of >0.6 in 17 of 31 and >0.5 in 23 of 31 Laos
populations with an average of 61.56%, but only in 4 (>0.6)
and 6 (>0.5) of 21 E Indian populations (average of 34.09%)
(Tables 1, 2). Guangxi (southern China, adjoining Mekong
Valley) and China excluding Guangxi province (from now will
be referred as China continental) showed much lower
frequencies (0.03–0.5 and <0.06, respectively) with 1 and 8
of 25 populations showing >0.5 and >0.1 frequency,
respectively, with a mean of 12.92% (Table 1; Fig. 1).

High STR variance at population level may represent long-
standing expansion or sometimes admixture. In 8-STR
variance analysis of various regional populations studied,
the majority (22 of 28) of Laos populations showed higher STR
variance (>0.3; median 8-STR variance of all samples in the
present study¼ 0.3) compared to 8/21 E Indian and 7/13 SE
Asian island populations (Fig. 2; Table S1). Considering 14 STRs,
all the 7 SE Asian island populations studied showed >0.3

Late Neolithic expansion of O2a1-M95 547

www.jse.ac.cn J. Syst. Evol. 53 (6): 546–560, 2015



Ta
bl
e
1
Th

e
lis
t
of

st
ud

y
po

pu
la
ti
on

s
fr
om

va
ri
ou

s
re
gi
on

s
sa
m
pl
ed

,n
um

be
rs

st
ud

ie
d,

la
ng

ua
ge

fa
m
ily

an
d
th
ei
r
N
R
Y
H
G
O
2a
-M

95
fr
eq

ue
nc
y
es
ti
m
at
es

N
o.

Po
pu

la
ti
on

Co
un

tr
y

G
eo

gr
ap

hi
c

re
gi
on

La
ng

ua
ge

fa
m
ily

St
ud

ie
d

nu
m
be

r
O
2a

co
un

t
O
2a

fr
eq

ue
nc
y%

Fi
sh
er
s

P
va
lu
e^

So
ur
ce

1
Va

sa
va

In
di
a

W
In
di
a

In
do

Eu
ro
pe

an
87

3
3.
45

1.
07
E-
05

a
2

Si
dd

i
In
di
a

W
In
di
a

A
fr
oA

si
at
ic
/In

do
Eu

ro
pe

an
50

1
2

2.
87
E-
04

a
3

K
or
ku

In
di
a

W
In
di
a

A
A
-M

un
da

N
or
th

66
31

46
.9
7

1.
10
E-
06

a
4

K
ol
am

In
di
a

W
In
di
a

In
do

Eu
ro
pe

an
37

5
13
.5
1

4.
13
E-
01

a
5

G
on

d
M
ah

In
di
a

W
In
di
a

D
ra
vi
di
an

Ce
nt
ra
l

56
1

1.
79

7.
93
E-
05

a
6

Se
ha

ri
a

In
di
a

W
In
di
a

A
A
-M

un
da

/In
do

Eu
ro
pe

an
96

7
7.
29

7.
88

E-
04

a
7

Ch
ar
an

In
di
a

W
In
di
a

In
do

Eu
ro
pe

an
69

1
1.
45

5.
91
E-
06

a
W

In
di
a
To

ta
l

46
1

49
10
.6
3

8
M
ad

ig
a

In
di
a

S
In
di
a@

D
ra
vi
di
an

So
ut
h

49
2

4.
08

3.
40

E-
03

a
9

Sa
tt
ib
al
ija

In
di
a

S
In
di
a

D
ra
vi
di
an

So
ut
h

10
0

3
3

9.
33
E-
07

a
10

M
al
a

In
di
a

S
In
di
a

D
ra
vi
di
an

So
ut
h

98
2

2.
04

1.
58

E-
07

a
11

K
am

m
a

In
di
a

S
In
di
a

D
ra
vi
di
an

So
ut
h

10
4

1
0.
96

3.
45

E-
09

a
12

K
ap

u
In
di
a

S
In
di
a

D
ra
vi
di
an

So
ut
h

10
4

1
0.
96

3.
45

E-
09

a
13

B
ill
av
a

In
di
a

S
In
di
a

D
ra
vi
di
an

So
ut
h

78
1

1.
28

1.
08

E-
06

a
14

Sa
liy
ar

In
di
a

S
In
di
a

D
ra
vi
di
an

So
ut
h

11
1

9.
09

7.
05

E-
01

a
15

N
am

bo
od

ir
i

In
di
a

S
In
di
a

In
do

Eu
ro
pe

an
51

2
3.
92

2.
27
E-
03

a
16

M
us
lim

In
di
a

S
In
di
a

D
ra
vi
di
an

So
ut
h

75
1

1.
33

1.
60

E-
06

a
17

Th
od

a
In
di
a

S
In
di
a

D
ra
vi
di
an

So
ut
h

27
1

3.
7

2.
95

E-
02

a
18

N
at
tu
ko

tt
ai

Ch
et
ti
ar

In
di
a

S
In
di
a

D
ra
vi
di
an

So
ut
h

17
4

4
2.
3

2.
50

E-
12

a
S
In
di
a
To

ta
l

87
1

19
2.
18

19
K
am

ar
In
di
a

C
In
di
a

In
do

Eu
ro
pe

an
20

10
50

2.
59
E-
03

a
20

M
ar
ia

G
on

d
In
di
a

C
In
di
a

D
ra
vi
di
an

Ce
nt
ra
l

2
1

50
3.
60

E-
01

a
21

G
on

d
M
P

In
di
a

C
In
di
a

D
ra
vi
di
an

Ce
nt
ra
l

40
8

20
1.
00

Eþ
00

a
22

H
al
ba

In
di
a

C
In
di
a

In
do

Eu
ro
pe

an
68

2
2.
94

9.
09

E-
05

a
23

B
ra
hm

in
Sa

ry
up

ar
ee

n
In
di
a

C
In
di
a

In
do

Eu
ro
pe

an
10
6

2
1.
89

2.
85

E-
08

a
C
In
di
a
To

ta
l

23
6

23
9.
75

24
K
on

da
K
am

m
ar
a

In
di
a

E
In
di
a

D
ra
vi
di
an

So
ut
h

51
12

23
.5
3

4.
87

E-
01

a
25

K
on

da
R
ed

dy
In
di
a

E
In
di
a

D
ra
vi
di
an

So
ut
h

49
9

18
.3
7

8.
60

E-
01

a
26

Ja
la
ri

In
di
a

E
In
di
a

D
ra
vi
di
an

So
ut
h

99
8

8.
08

1.
52
E-
03

a
27

R
el
li

In
di
a

E
In
di
a

In
do

Eu
ro
pe

an
10
9

6
5.
5

3.
11
E-
05

a
28

H
o

In
di
a

E
In
di
a

A
A
-M

un
da

N
or
th

11
5

72
62

.6
1

1.
68

E-
23

a
29

M
un

da
In
di
a

E
In
di
a

A
A
-M

un
da

N
or
th

10
4

51
49

.0
4

2.
79
E-
11

a
30

Sa
nt
al

In
di
a

E
In
di
a

A
A
-M

un
da

N
or
th

12
1

52
42
.9
8

7.
52
E-
09

a
31

B
in
jh
al

In
di
a

E
In
di
a

D
ra
vi
di
an

Ce
nt
ra
l

10
9

43
39

.4
5

2.
86

E-
06

a
32

G
on

d
O
ri

In
di
a

E
In
di
a

D
ra
vi
di
an

Ce
nt
ra
l

10
2

27
26

.4
7

1.
06

E-
01

a
33

K
is
an

In
di
a

E
In
di
a

A
A
-M

un
da

/D
ra
vi
di
an

10
5

26
24
.7
6

2.
21
E-
01

a
34

B
ra
hm

in
Jh
ad

ua
In
di
a

E
In
di
a

In
do

Eu
ro
pe

an
23

1
4.
35

6.
69

E-
02

a
35

O
ra
on

In
di
a

E
In
di
a

D
ra
vi
di
an

Ce
nt
ra
l

11
6

41
35
.3
4

1.
00

E-
04

a

Co
nt
in
ue

d

548 Arunkumar et al.

J. Syst. Evol. 53 (6): 546–560, 2015 www.jse.ac.cn



Ta
bl
e
1
Co

nt
in
ue

d

N
o.

Po
pu

la
ti
on

Co
un

tr
y

G
eo

gr
ap

hi
c

re
gi
on

La
ng

ua
ge

fa
m
ily

St
ud

ie
d

nu
m
be

r
O
2a

co
un

t
O
2a

fr
eq

ue
nc
y%

Fi
sh
er
s

P
va
lu
e^

So
ur
ce

36
G
ad

ab
a

In
di
a

E
In
di
a

A
A
-M

un
da

So
ut
h

84
67

79
.7
6

4.
97
E-
32

a
37

La
ng

ia
So

ur
a

In
di
a

E
In
di
a

A
A
-M

un
da

So
ut
h

64
44

68
.7
5

3.
60

E-
17

a
38

D
ho

ng
ri
a
K
on

dh
In
di
a

E
In
di
a

D
ra
vi
di
an

Ce
nt
ra
l

86
53

61
.6
3

3.
28

E-
17

a
39

B
on

do
Lo

w
er

In
di
a

E
In
di
a

A
A
-M

un
da

So
ut
h

28
13

46
.4
3

1.
44

E-
03

a
40

G
ad

ab
a
O
lla
r

In
di
a

E
In
di
a

D
ra
vi
di
an

Ce
nt
ra
l

9
3

33
.3
3

3.
96

E-
01

a
41

B
on

do
In
di
a

E
In
di
a

A
A
-M

un
da

So
ut
h

48
15

31
.2
5

6.
82

E-
02

a
42

K
oy

a
In
di
a

E
In
di
a

D
ra
vi
di
an

Ce
nt
ra
l

10
3

25
24
.2
7

2.
67

E-
01

a
43

K
ha

nd
ay
at

In
di
a

E
In
di
a

In
do

Eu
ro
pe

an
48

2
4.
17

3.
24

E-
03

a
44

B
ra
hm

in
U
tk
al
ya

In
di
a

E
In
di
a

In
do

Eu
ro
pe

an
10
2

1
0.
98

5.
37
E-
09

a
E
In
di
a
To

ta
l

16
75

57
1

34
.0
9

45
G
ar
o

In
di
a

N
E
In
di
a

Ti
be

to
-B
ur
m
an

Sa
l

10
7

22
20

.5
6

9.
03

E-
01

a
46

K
ha

si
In
di
a

N
E
In
di
a

A
A
-M

on
K
hm

er
N
or
th

98
30

30
.6
1

1.
11
E-
02

a
47

A
ho

m
In
di
a

N
E
In
di
a

D
ai
c-
K
am

Ta
i-T
ai
-S
ou

th
w
es
te
rn

36
1

2.
78

5.
63
E-
03

a
48

K
al
it
a

In
di
a

N
E
In
di
a

In
do

Eu
ro
pe

an
11
4

2
1.
75

5.
13
E-
09

a
49

K
ar
bi

In
di
a

N
E
In
di
a

Ti
be

to
-B
ur
m
an

Sa
l

10
9

21
19
.2
7

9.
05

E-
01

a
50

M
ei
te
i

In
di
a

N
E
In
di
a

Ti
be

to
-B
ur
m
an

Sa
l

12
4

4
3.
23

5.
38

E-
08

a
51

K
uk

i
In
di
a

N
E
In
di
a

Ti
be

to
-B
ur
m
an

Sa
l

77
34

44
.1
6

1.
92

E-
06

a
52

N
ag

a
In
di
a

N
E
In
di
a

Ti
be

to
-B
ur
m
an

Sa
l

67
1

1.
49

9.
14
E-
06

a
53

G
al
o

In
di
a

N
E
In
di
a

Ti
be

to
-B
ur
m
an

Ce
nt
ra
l

84
1

1.
19

2.
88

E-
07

a
54

M
is
hi
ng

In
di
a

N
E
In
di
a

Ti
be

to
-B
ur
m
an

Ce
nt
ra
l

33
2

6.
06

4.
81
E-
02

a
N
E
In
di
a
To

ta
l

84
9

11
8

13
.9

In
di
a
To

ta
l

40
92

78
0

19
.0
6

55
Sh

om
pe

n
In
di
a

N
ic
ob

ar
A
A
-M

on
K
hm

er
A
sl
ia
n

12
12

10
0

4.
05

E-
09

c
56

N
ic
ob

ar
es
e

In
di
a

N
ic
ob

ar
A
A
-M

on
K
hm

er
N
ic
ob

ar
11

11
10
0

2.
03

E-
08

c
N
ic
ob

ar
To

ta
l

23
23

10
0

57
B
ra
u

La
os

La
os

A
A
-M

on
K
hm

er
Ea

st
32

21
65

.6
3

2.
55
E-
08

b
58

O
y

La
os

La
os

A
A
-M

on
K
hm

er
Ea

st
50

31
62

1.
01
E-
10

b
59

Ta
iM

� en
e

La
os

La
os

D
ai
c-
K
am

Ta
i-T
ai
-N
or
th
er
n

24
20

83
.3
3

4.
60

E-
11

b
60

A
he

u
La
os

La
os

A
A
-M

on
K
hm

er
Vi
et
-M

uo
ng

38
26

68
.4
2

1.
31
E-
10

b
61

B
o

La
os

La
os

A
A
-M

on
K
hm

er
Vi
et
-M

uo
ng

28
19

67
.8
6

5.
30

E-
08

b
62

K
an

g
La
os

La
os

D
ai
c-
K
am

Ta
i-T
ai

12
4

33
.3
3

2.
74

E-
01

b
63

Ta
iD

ea
ng

La
os

La
os

D
ai
c-
K
am

Ta
i-T
ai
-N
or
th
er
n

44
36

81
.8
2

1.
84

E-
18

b
64

Ta
iD

am
La
os

La
os

D
ai
c-
K
am

Ta
i-T
ai
-S
ou

th
w
es
te
rn

50
33

66
1.
95
E-
12

b
65

Sa
ek

La
os

La
os

D
ai
c-
K
am

Ta
i-T
ai
-N
or
th
er
n

30
20

66
.6
7

3.
70
E-
08

b
66

Ph
uT

ha
i

La
os

La
os

D
ai
c-
K
am

Ta
i-T
ai
-S
ou

th
w
es
te
rn

24
13

54
.1
7

2.
15
E-
04

b
67

Sô
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variance while, 19/21 Laos and 2/17 E Indian populations
showed this value. Although the STR variance found in
Guangxi province was the highest, the haplogroup frequency
was not consistently high in many populations from this
region. Moreover, O2a1-M95 variance in China continental
(0.55�0.14) and Guangxi, China (0.57�0.07) were higher
than the overall variance estimate of all O2a1-M95 haplotypes
put together (0.49� 0.01) (Tables 2, S1). A similar picture was
obtained for the SE Asian island region as well. This implied
that high STR variance combined with low frequency of the
haplogroup in these regions were probably not due to long
standing expansion. This may be an effect of drift, repeated
gene flow from different sources or a combination of these
two (Jobling et al., 2004; Tambets et al., 2004). Such a scenario
of high diversity coupledwith low frequencywas identified for
haplogroup E-M123 in Turkey (Semino et al., 2004). An
expanding agricultural population tends to assimilate newer
lineages resulting in convergence of the haplogroup founders
and an increase in diversity (Semino et al., 2004). A similar
mechanism has operated in South Indian agriculturists
(ArunKumar et al., 2012). To test this hypothesis and

understand the observation, a study encompassing other Y-
chromosomal markers in these Chinese and SE Asian island
populations along with samples from Myanmar is required.

O2a1-M95 STR haplotype estimates
High Y-STR variance compoundedwith samples in consecutive
mutational steps from an identified median haplotype in the
Y-STR network suggested a long standing evolution of
the O2a1-M95 lineages. The 8-STR reduced median network
analysis (Fig. S1) revealed the median haplotype (O2a1-M95:
13, 16, 25, 15, 10, 13, 14, 12) in 74 samples distributed in 33
populations, a majority being from Laos (42.4%), and E India
(27.3%) (Table S2). In the 14-STR network, the median
consisted 45 samples of which 42.2% and 37.7% were from
Laos and E India. In the 8-STR-Rst based MDS plot the Laos
populations clustered tightly in the centre surrounded by
Indian populations while many of the SE Asian island and
Chinese populations were seen in the periphery (Fig. 3).

Assuming that the median haplotype is the founding
haplotype (Sengupta et al., 2006), haplotypes with shortest
SSD from the median may indicate ancient population

Fig. 1. Contour map of O2a1-M95 frequency distribution in the study region. Dots represent areas of sampling. X axis represents
longitude and Y axis represents latitude. The highest frequency of O2a1-M95 in many populations was seen in Laos region. The
frequency decreased as a function of distance in all the directions with Laos as the centroid. Shape file for the map is obtained
from www.naturalearthdata.com.
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expansion in the given region. In this analysis, samples from
Laos and SE Asian islands showed 8-STR SSD ranging from 0 to
16 with samples in every step while the E India showed a
continuous range from 0 to 11 (Table 3). On the contrary, the
Chinese and Nicobarese populations did not possess the
median haplotype and presented a discontinuous distribution.
The 14-STR SSD analysis also gave a similar picture (Table 3).
The observation of 0–19 SSDs (8-STRs) in SE Asian islands
samples (Table 3) proposing SE Asian islands as a candidate of
place of origin, was negated by the observation that the Bali
samples constituted 641/2130 SE Asian island samples with
a O2a1-M95 frequency of 0.65 (367/641) (Table 1). This
population also possessed higher frequencies of samples
with 0–4 SSD amongst the SE Asian island samples.
Additionally, the 8-STR variance of SE Asian island samples
was 0.4� 0.02 (variance� SE) which was marginally lower
compared to the total O2a1-M95 variance (0.48� 0.01) and
the overall O2a1-M95 frequency was lower (26.53%) compared
to their counterparts in Laos (61.56%) or East India (34.09%)
(Table S1). Further, the O2a1-M95 frequency of SE Asian island
samples excluding Bali dropped from 26.53% to 13.30% and the
8-STR variance shot up to 0.59� 0.05, which was significantly
higher compared to the total O2a1-M95 variance (0.48� 0.01).

In all, the observed high frequency of samples in early
mutational steps, considerable O2a1-M95 frequency and
appreciable STR variance of SE Asian island samples were
all contributed by a single population from Bali. The
geographic origin of a paternal lineage has a higher probability
of originating in a region with many populations showing high
frequency and high STR variance of the lineage than a region
with a single population with similar attributes. We do not
negate the possibility of O2a1-M95 origin in Bali population
completely. A study encompassing complete Y-Chromosomal
profile and whole genome markers in this population and a
comparison with Laos populations is required to shed further
insights on the possible origin of O2a1-M95 in Bali. Thus, the
analyses of present dataset exclude the SE Asian islands as the
birthplace of O2a1-M95.

The possibility that the median haplotype may change due
to sampling bias was also explored. The sampling points were
higher in Laos and this could have shifted the median
haplotype towards Laos samples. However, a calculation of
themedian haplotype excluding the Laos samples, showed no
change (Table S1). This suggests that the median haplotype
and other estimates based on it (network, SSD, ASD, etc) were
not biased due to the large number of samples from Laos.

Fig. 2. Contour map of O2a1-M95—8 STR variance distribution in the study region. The contours of O1a1-M95 variance were
similar to the frequency map showing a serial decrease in variance from East toWest, but with populations of Laos and Southern
China showing the highest variances. Shape file for the map is obtained from www.naturalearthdata.com.
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Ancestral haplogroups and origin of O2a1-M95
The place of origin of a haplogroup may also need to harbour
immediate ancestors and subtypes of the given haplogroup
(Sahoo et al., 2006). Samples from Laos harbored the highest
frequency of O2a1-M95, considerable frequencies of ancestral
haplogroups, O*-M175 (2%), O2*-P31 (2%) and the subtype
O2a1a-M88 (6%) (Hai, Pers. Comm.; Cai et al., 2011). These
haplogroups were negligible in China continental and
Guangxi, China (Cai et al., 2011), nil O2*-P31 and negligible
O*-M175 (0.2% in Munda) in E India, and nil O*-M175 and
O2*-P31 in SE Asian islands (Karafet et al., 2010). But the
recently discovered O2*-PK4may need to be genotyped in the
M*-M175 samples. This left Laos as a candidate for deepest
O2a1-M95 antiquity.

We also observed high frequency but lower STR diversity of
O2a1-M95 chromosomes in Indian Austro Asiatic speakers.
This can be attributed to a more recent founder effect and
expansion in isolation. The mean O2a1-M95 frequency in
Indian Austro Asiatic (Munda) speaking tribes in the present
studywas 44% (range 7.29–79.76%). This estimate is lower than
that of Kumar et al. (2007) (mean¼ 54.04%). In the absence of
samples from Laos region and based on higher O2a1-M95
frequency and STR diversity in Munda speaking populations,
previous studies have suggested the origin of this lineage in E
India (Kumar et al., 2007; Reddy et al., 2007).

A recent study has described very high frequencies of O2a1-
M95 ranging from 51.85% to 100% in North-eastern Cambodia,
although the STR data for these samples were not available
for comparison (Zhang et al., 2014). We note that these
populations are only at a radius of �300 km from the regions
we had sampled in Laos, implying it does not differ from our
conclusion of a deep antiquity of O2a-M95 in the region of
Laos.

We hasten to add that neither The Genographic (we) nor
other researchers have so far extensively sampledMyanmar, a
vast expanse between North-East India and Thailand.
Nonetheless, only 7% of the Myanmarese population speaks
Austro Asiatic languages (Lewis et al., 2014) and hence we
believe that the inclusion of samples from this region would
not have significantly altered the observed picture, unless the
Myanmar region contains appreciable O2a1-M95 in other
language speakers. A study on samples from this interim
region is thus essential before coming to a conclusion on the
deep antiquity of O2a1-M95 in Laos.

O2a1-M95 age estimates
The expansion time of a NRY haplogroup is normally
estimated using Average Squared Distance (ASD) of STRs,
that reflects the STR variance accumulated over a period of
time (Sengupta et al., 2006). We calculated the expansion
time based on genealogical mutation rates on both the 8 and
14-STR datasets (Goedbloed et al., 2009).

An overall O2a1-M95 expansion time of 6.4� 0.1 Kya for
8-STR and 5.6� 0.1 Kya for 14-STR datasets was obtained
(Table 2). Among the various regions studied, samples
from Laos showed a comparable estimate of 5.7�0.3 and
5.4� 0.2 Kya with 8 and 14 STRs, while those of China
continental, Guangxi of China and SE Asian islands showed
much higher estimates of >6.5 and 7.2 Kya with larger
confidence intervals (Table 2). Considering the fact that
ASD age estimates are directly related to STR diversityTa
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(Zhivotovsky et al., 2004) the explanation that the higher
variance in China was not due to long standing concerted
evolution may hold good here. The scenario of drift leading to
such an effect may need to be investigated considering all the
NRY haplogroups present in the Chinese samples.

Further, one may also need to look at the even distribution
of STR alleles in various geographic regions studied. The STRs
of 54 SE Asian island samples from Banjarmasin, Palu,
Kota Kinabalu, Mataran, Pekanbaru, and Toraja populations,
possessed DYS389a allele sizes 9-11, constituting 9.8% of
SE Asian island samples. Interestingly all other O2a1-M95
chromosomes reported here showed a higher allele size
(10–16), with the exception of only 12 non SE Asian island

samples falling within the lower range (Chaubey et al., 2011)
(Table S2). This difference led to the formation of a separate
cluster of the six SE Asian island populations in the MDS plot
attributing these events to a founder and expansion. The
other SE Asian island populations (Sulawesi, Borneo, Java,
Bali, Malay, Sumatra, and Flores) clustered with the major
cluster of other regions, indicating two different migrations of
O2a1-M95 into SE Asian islands.

The coalescence time of O2a1-M95 in the present study
dated to 6.4� 0.4 Kya for the 8-STR dataset (Table 2). This
estimate, based on the variance, describes the time taken for
the population to accumulate variance that is observed today
and not the time of origin of the haplogroup. This time depth

Fig. 3. Multidimensional scaling plot based on 8 STR Rst distance. The MDS was based on 8 STR Rst distance of O2a1-M95
samples studied. Stress value¼ 16.84. Most of the Laos populations clustered tight in themiddle while E Indian populations were
loosely distributed around this. SE Asian island populations formed two distinct clusters one lyingwith Laos and other distantly in
the periphery.
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correlates to the time scale of putative Austro Asiatic
language family chronology postulated by Diffloth (2005)
and Peiros (cross reference Sidwell, 2009) based on historical
linguistics and Glottochronological lexicostatistics, respective-
ly (Diffloth, 2005; Sidwell, 2009; Peiros, 2011). Although the
linguistic tree topology varies in these two studies, there is a
consensus in the time scale of 7 Kya for the branching of
Austro Asiatic languages. These two trees also have shown
Mon-Khmer as an early off-shoot and Munda a relatively
recent one. The coalescent time (ASD) estimates of all Mon-
Khmer and Munda speaking populations in the present study
(5.7�0.3 Kya & 4.3� 0.3 Kya) corroborate these linguistic
tree chronologies (Table 2). This correlation may need to be
validated based on analysis including samples from Myanmar
and other genomic markers.

Migration to India
Contrary to the Laos population, E Indian O2a1-M95 showed
an expansion time of 4.3� 0.2 and 4.1�0.2 Kya (8 and 14-STR,
respectively), less than the NE Indian samples (5.2�0.6 and
5.8� 0.6 Kya), and also much smaller than the Laos samples
(5.7�0.3 and 5.4� 0.2 Kya) (Table 2). This was also reflected
in the decrease of STR variance from Laos to India (Fig. 2). This
decrease in the age and variance from east to west (Laos to
India) suggests a migratory path of O2a1-M95 lineage during
the late Neolithic. Further, the Indian samples did not show a
region specific clustering or a unique founder event in the
reduced median network (Figs. S1, S2). Thus, the origin of
O2a1-M95 lineages in India may not be attributed to a single
founding event, but may be a result of multiple migratory
events as suggested earlier by Chaubey et al. (2011).

Archaeological and Paleobotanical evidences suggest two
Neolithic traditions in E India (Orissa) dating back to 5 Kya in
the river valleys and coastal plains, and in the foothills and
uplands (Harvey et al., 2006). The ``Munda'' branch of Austro
Asiatic language family is spoken in the whole of Orissa, and
the ``Khasi'' branch in isolated pockets of Meghalaya (North
East India). Both the Munda and Khasi speakers are primarily
agriculturists practising seasonal agriculture with less seden-
tary lifestyle (Harvey et al., 2006). Their coalescence time
observed in the present study also dated back to the same
time (4.3�0.2 Kya and 3.3� 0.6 Kya) (Tables 2, S1). In the light
of similar evidences obtained in most of the Munda speakers
from Orissa, it is possible that the O2a1-M95 carrying people
spread to this region from the East, along with agriculture, in
multiple migrations and gave rise to the Munda languages.

We also note that the STR based time calibration was not
affected by the choice of STR. The average STR variance and
the ASD age estimates of the 8-STR and the 14-STR datasets
were similar with overlapping confidence intervals in most of
the cases (Tables 2, S1). In the light of the work by Busby et al.
(2012) this could be attributed to similar average STR linearity
of both the 8 and 14 STR datasets (average range of STR
loci¼6.5 and 6.4 for 8 and 14 STR dataset, respectively)
(Busby et al., 2012).

Conclusion
The present study has provided evidences of high O2a1-M95
frequency, associated STR variance and larger expansion time

estimates in Laos among the sampled regions. This, alongwith
the presence of ancestral haplogroups O*-M175 and O2*-P31
suggests the deep antiquity of this lineage in the Laos region.
Further the serial decrease in the age estimates of O2a1-M95
from Laos to India suggests a late Neolithic east to west
expansion of this lineage. A study on other polymorphisms
and whole genomes scans with the inclusion of samples from
Myanmar and other nearby regions is required to confirm the
present study.
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Supplementary Material

The following supplementary material is available online
for this article at http://onlinelibrary.wiley.com/doi/10.1111/
jse.12147/suppinfo:
Fig. S1. Reduced median network of 8 STR O2a1-M95
haplotypes. Samples are colored based on their geographic
location. The size of the circle is proportional to the
number of samples with the same haplotype. The length of
the branch is proportional to the number of mutational
steps between haplotypes. The network showed clear

expansion of the O2a1-M95 lineage. No region specific
clusters were identified suggesting a recent expansion of
the lineage.
Fig. S2. Reduced median network of 14 STR O2a1-M95
haplotypes. Samples are colored based on their geographic
location. The Chinese and SE Asian Island samples were found
in the periphery of the network.
Table S1. The list of study populations from various regions
and their 8 and 14 STR Variance based Age estimate.
Table S2. List of samples studied by the Genographic centres
of India and China included in the present analysis.
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