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Glossary and abbreviations: 

aa: Amino acid 

ABC7: Human ABC transporter protein 

AD: Alzheimer's disease 

ADP: Adenosine diphosphate 

adPEO: Autosomal dominant progressive ophthalmoplegia 

(C)PEO: (chronic) progressive external ophthalmoplegia 

AMH: Anatomically modern human 

ANT: Adenine nucleotide translocator 

ANTl: Human muscle adenine nucleotide translocator gene 

bp/kbp/Mbp: Base pair I thousand(kilo) base pairs/ million base pairs 

(Y)BP: {Years) before present 

(Y}BP: (Years) before present 

cAMP: Cyclic adenosine monophosphate 

CIA: Complex I intermediate-associated protein 

CoA: Coenzyme A 

CoQ: Coenzyme QlO 

COX: Cytochrome c oxidase 

CPEO: Chronic progressive ophthalmoplegia 

CR: Control region 

CRS: Cambridge reference sequence 

rCRS: revised Cambridge reference sequence 

CSB: Conserved sequence block 

CSGE: Conformation sensitive gel electrophoresis 

CSGE: Conformation sensitive gel electrophoresis 

cyt c: Cytochrome c 

DHPLC: Denaturing high performance liquid chromatography 

D-Loop: Displacement loop (Control region) of mtDNA 

DNA: Deoxyribonucleic acid 
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ETC: Electron transfer chain 

ETC: Electron transfer chain 

FADH: Flavin adenine dinucleotide (reduced) 

FMN: Flavine mononucleotide 

Frda: Friedreich's ataxia 

HD: Huntington's disease 

hg(s): Haplogroup(s) 

(sub-) hg: (sub-) haplogroup 

HSP: Heavy strand promoter 

HSP: Hereditary spastic paraplegia 

HVS: The hypervariable segment of mitochondrial genome 

HVSI: The first hypen'ariabie segment of the control """'""."'" 

of the mitochondrial genome 

HVSII: The second hypervariable segment of the control region 

of the mitochondrial genome 

IR: Inverted repeat 

KCN: Voltage-gated K+ channels 

kDA: KiloDalton 

KSS: Kearns-Sayre syndrome 

Kya: Thousand (kilo-) years ago 

LAG: Longevity-assurance gene 

LD: Linkage disequilibrium 

LGM: The late glacial maximum 

LHON: Leber's hereditary optic neuropathy 

LHON: Leber's hereditary optic neuropathy 

Long-PCR: A modified PCR protocol allowing long fragments to be amplified. 

LS: Leigh's syndrome 

LSP: light strand promoter 

Mdmlp: Intermediate filament-like protein 

MELAS: Mitochondrial encephalomyopathy, lactic acidosis 

MELAS: Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes 
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MERRF: Myoclonus epilepsy with ragged red fibres 

MERRF: Myoclonus epilepsy with ragged-red fibers 

MILS: Maternally inherited Leigh syndrome 

MILS: Maternally inherited Leigh syndrome 

MNGIE: Myoneurogastrointestinal encephalopathy 

MP: Maximum parsimony 

MRCA: Most recent common ancestor 

MSY: Male specific Y 

mtDNA: Mitochondrial DNA 

mTERF: Mitochondrial transcription-termination complex 

mTERF: Transcription termination factor 

M 

Mya: 1\1iHion (mega-) years ago 

MYOX: Myosin encoding genes 

NADH: Nicotinamide adenine dinucleotide (reduced) 

NARP: Neurogenic weakness, ataxia and retinitis pigmentosa 

nDNA: Nuclear DNA 

np(s): Nucleotide position(s) 

NRF: Nuclear respiratory factor 

NRPY: Non recombining portion ofY chromosome 

NRY: Non recombining region ofY chromosome 

nt: N udeotide 

OH: Origin of replication ofthe heavy strand ofmtDNA 

OL: Origin of replication of the light strand of mtDNA 

OXPHOS: Oxidative phosphorylation 

PAR: Pseudoautosomal region 

PCG: Peroxisome proliferator-activated receptor coactivator 

PCR: Polymerase chain reaction 

PD: Parkinson's disease 

PH mtDNA: Transcription initiation site in the heavy strand 

Pi: Inorganic phosphate 
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PL mtDNA: Transcription initiation site in the light strand 

POLG: Human mitochondrial DNA polymerase gamma gene 

RAPD: Random amplified polymorphic DNA 

RC: Respiratory chain 

RFLP: Restriction fragment length polymorphism 

rhoO: Osteosarcoma cells depleted of their mitochondria 

RNA: Ribonucleic acid 

ROS: Reactive oxygen species 

RRF: Ragged red-fibers 

RRF: Ragged-red fiber 

rRNA: ribosomal Ribonucleic acid 

RT: Reverse 

SCO: Cytochrome c oxidase assembly gene 

SCR: Southern coastal route 

SD: Standard deviation 

SDH: Succinate dehydrogenase 

SDHX: Succinate dehydrogenase subunits 

SDS: Sodium dodecyl sulphate 

SNHI: Sensorineural hearing impairment 

SNP: Single nucleotide polymorphism 

SOD: Superoxide dismutase 

SRY: Sex determining region ofY chromosome 

STR: Short tandem repeat 

SURFl: Mitochondrial protein necessary for the maintenance of COX activity and 

respiration 

TAS: Termination associated sequences 

TCA: Tricarboxylic acid 

tko: Technical knockout 

TMRCA: Time to most recent common ancestor 

tRNA: transfer Ribonucleic acid 

UTHl: Mitochondrial membrane protein involved in aging 
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UTR: Untranslated region 

VNTRs: Variable number of tandem repeats 

XAR: X added region 

XCR: X conserved region 

YAP: ALU polymorphism in Y chromosome 

YCATS: Y chromosome conserved anchored tagged sequence 

YCC: Y chromosome constriction 

Yp: Short arm ofY chromosome 

Yq: Long arm ofY chromosome 

a: Alfa 

Beta 

y: Gamma 

,_.: myy 

p: roo 

<l>: Theta 

jJ: pi 
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Definition of basic terms used in the thesis: 

Haplotype: The combination of allelic states of a set of polymorphic markers lying on 

the same DNA molecule, e.g a chromosome or region of a chromosome. 

Haplogroup: Usually applied to a set of mtDNA or Y-chromosomal haplotypes that is 

defined by relatively slowly mutationmarkers, and that has more phylogenetic stability 

than other 'haplotypes'. For the Y-chromosome, haplogroups are defined by binary 

markers such as SNPs, while 'haplotypes' are usually defined by microsatellites. 

Founder haplotype: Haplotype to which all sequences under concern coalesce to 

Phylogeny: A tree- like structure that represents evolutionary relationships among a set 

of taxa. 

Phylogeography~ Analysis 

phylogeny. 

geographical distributions different 

Star like phylogeny: A special topology of a phylogeny in which each extant taxon is 

derived independently from the common ancestor of all taxa or A set of sequences is said 

to have a pattern of star-like phylogeny if most (ideally all of them) coalesce to one and 

the same haplotype (that has not necessarily been observed in the sample). 

Clade: Monophyletic unit or an evolutionary branch 

Cladogram: An evolutionary tree that encapsulates the relative ancestries of different 

taxa. 

Cluster: A more relaxed term for clad. 

Coalescent time: The time taken (going backwards in time) for two or more lineages to 

coalesce Goin) into their ancestral lineage. 

Time depth (=age): Time calculated to the MRCA of a group of sequences. 

Expansion time: Time calculated to the founder that displays star-like phylogeny. 

Lineage: A group of taxa sharing a common ancestor to the exclusion of other taxa or in 

other words any array of characters/mutations shared by more than one haplotype. 

Nomenclature: A naming system used to classify diversity for facilitating 

communication. 

Race: A local geographic or global human population distinguished as a more or less 

distinct group by genetically transmitted physical characteristics. 
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Caucasian/Caucasoids: An old racial definition based on a skull from the Cacasus 

Mountain, and including the peoples of Western Europe. Commonly used to mean 

European, or European descent. 

Mongoloids: One of the morphological types of human identified by early 

Anthropologists, typified by population of East Asia. 

Adivasi: Adivasis, literally "original inhabitants", compnse a substantial indigenous 

minority of the population oflndia. 

Ethnic group/population: An ethnic group is a human population whose members 

identity with each other, usually on the basis of a presumed common genealogy or 

ancestry. Ethnic groups are also usually united by common cultural, behavioral, linguistic, 

or religious practices. 

a common 

customs and traditions, adherence to the same etc. The 

term is often loosely used to refer to any non-Western or indigenous society. Many 

anthropologists use the term to refer to societies organized largely on the basis of kinship, 

especially corporate descent groups 

Caste population: Any of the hereditary, endogamous social classes or subclasses of 

traditional Hindu society, stratified according to Hindu ritual purity, especially the 

Brahman, Kshatriya, Vaisya, and Sudra castes. 

Indigenous peoples or Autochthonous peoples: The term indigenous peoples or 

autochthonous peoples can be used to describe any ethnic group who inhabit the 

geographic region with which they have the earliest historical connection. 

Ethnicity: Identity with or membership in a particular racial, national, or cultural group 

and observance of that group's customs, beliefs, and language. 

Ethnogenesis: Ethnogenesis is the process by which a group of human beings comes to 

be understood or to understand themselves as ethnically distinct from the wider social 

landscape from which their grouping emerges. 

xvii 



Geological Time-scale 

Time Span Geologic Time Period Major Biological Event(s) 

5.7-4.5 BYA* Origin of the Earth 

[Precambriaru Origin of life on Earth 

3.5-1.5 BYA Archaean Era "Ancient" Era 

Origin of photosynthesis-oxygen in the 
atmosphere-followed by the first and 

About 3 BYA possibly greatest extinction period as 
anaerobic life forms succumbed to the 
poisonous effects of molecular oxygen. 

About 2 BYA First eukaryotic organisms 

1 .. 5-.57 BYA .. :~ Er.a I "First Animal" Era I 
•<•~ ... -- "' ,~---- ·-·-"·-- ·-···. 

About 1 BYA First multicellular organisms 
.. 

700-570 MYA** The Ediacaran Fauna 

570-225 MYA Paleoz~ic; Era I "Ancient Animal" Era 

Cambrian explosion; origin of many kinds of 
marine invertebrates, including Trilobites. All 

570-500 MYA Cambrian Period modern phyla of invertebrates appeared, along 
with a number of phyla which are no longer 
found on Earth. --

500-425 MYA Ordovician Period 
First vertebrates (all aquatic); First life on 
land (plants). 

425-405 MYA Silurian Period 
Rise of fish; Agnatha (jaw less fish) and 
Placodermi (armored fish) 

Often called the Age of Fishes. Modern 
classes of fish appear (Osteichthes and 

405-345 MYA Devonian Period 
Chondrichthes), First movement of animals 
onto land (Arthropods). Insects appear by 400 
MYA. First Amphibia appear late in the 

1--
Devonian. 
Often called the Age of Amphibia. Amphibia 
diversify on land; first reptiles appear. Also 
often called the Age of Ferns. The dominant 

345-280 MYA Carboniferous Period plant forms were the Lycopods, members of 
the Fern Allies. These plants formed the 
Earth's first forests, and their remains 
produced major deposits of fossil fuels. 
Amphibia decline, reptiles increase. Mammal-

280-225 MYA Permian Period like reptiles appear. Ancient continents 
coalesce to form the super-continent Pangaea. 
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Permian Extinction: During this period of 
time, 50'Yo of all families of life on Earth 

225 MYA became extinct. It is estimated that this 
meant the extinction of up to 96'Yo of all 
species. 

225-65 MYA MesozQi' Era "Middle Animal" Era; The Age of t>inosaurs 

225-197 MYA Triassic Period 
First dinosaurs, protomammals give rise to 
first true mammals. 

197-135 MYA Jurassic Period 
Dinosaurs at height. First placental mammals. 
First birds . . 
Dinosaurs still predominant; mammals 

135-65 MYA 

I 
Cretaceous Period 

abundant, but tiny and nocturnal insectivores. 
Flowering plants appear, leading to great 
adaptive radiation among insects. 

-·~ ~~ -

II 

1-· 

--

1---

Cretaceous/Paleocene t>iscontinuity (K-T 
Boundary): 70% of all animal species become 

i 
extinct, including most of the dinosaurs. All 

I · kinds of living things were affected by this ' 
65 MYA I extinction, including plants. A large mass 

I 
percentage of the plant species on Earth 
became extinct, including the dominant group 
of phytoplankton. 

65-0 MYA CenozQic Era "Recent Animal" Era; The Age of Mammals 

65-2 MYA I Tertiary _:eriod ::-1 ::hl Beginning of dominance of mammals: P'imitive 
65-54 Paleocene Epoch primates appear. Grasses and early grazers 

I appear ------ --------

54-35 MYA Eocene Epoch 

35-23 MYA Oligocene Epoch 

23-6 MYA Miocene Epoch 

6-2 MYA Pliocene Epoch 

2-0 MYA Quaternary Period 

2-.Ql MYA Pleistocene Epoch 

10-0 TYA*** Holocene Epoch 

*BYA = Billion Years Ago 
**MYA =Million Years Ago 
***TYA =Thousand Years Ago 

xix 

All modern mammalian orders exist; early 
Cetaceans ae_pear. -------
All modern mammalian families exist; first 
modern birds and apes apf'_ear. 

Whales appear. 

Large extinction of early mammals; probable 
separation of hominid line from other 
hominoids. 

Age of Hominids (Man and close ancestors) 

Early human evolution; appearance of Homo 
sapiens. 

Rise of human civilization/ 



Abstract: 

In recent yeas the new genomics has begun to play an increasing role in the molecular 

human evolutionary studies. The advancement of the molecular genetics has allowed 

studying the genetic variation from the phenotypic traits to the genotypic polymorphisms. 

In particular, matrilineal (mtDNA) and paternally inherited(Y chromosome) molecular 

marker drew the attention of researchers for studying the phylogeography and the 

population genetics of modern human. Thus genetic markers within mitochondrial DNA 

(mtDNA) and Y chromosome, \Vhose transmission is uniparental and not recombinant 

a 

Mitochondrial 

useful phylogenetic and phylogeographic studies. 

offers the possibility to individuate regions where even sequences of 

moderate length are evolutionar; informative. The Non Recombinant Region of Y 

chromosome (NRY) contains, together with several short tandem repeated (STRs), more 

than 500 single nuclear polymorphisms (SNPs) characterized by low mutation rates, that 

may be analysed to infer on the molecular phylogeny of populations. This study 

conducted within and between ethnically and linguistically different sub- Himalayan 

populations (India, Nepal, Bhutan and Bangladesh). In this present investigation, 

uniparental mtDNA and Y chromosome SNPs marker were employed to study the genetic 

diversity of some sub-Himalayan human populations, their evolutionary significance and 

disease susceptibility. Complete genomic information of such uniparental genetic system 

of these groups will also provide valuable data for the understanding of various diseases 

and a!so will be a great resource for forensic applications. Finally such studies may add 

more momentum for using such genetic markers in so-called personalized genetic 

histories and in the investigation of individual genealogies on global basis. 
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Introduction: 

South Asia, constituting mainly the Indian sub-continent, is a panorama of social 

diversities, racial differences and rich cultural heritage. However many facets of history, 

race and culture ofthis area are still relatively unexplored (Bhasin, 2006). 

Genomic reconstruction of migration trails of modern humans indicates that south Asia has 

served as a major corridor for the geographic dispersal of humans from out-of- Africa. The 

extant population of south Asia comprises a large number of isolated groups of varying 

sizes. This, coupled with the facts that Indian populations have had early contacts with 

populations outside of the region and that there have been many invasions of India, has 

resulted in a high degree of genetic diversity in this region (Majumder, 2008). 

The populations of India and other South Asian countries offer great opportunities to study 

in the world people in a small 

geographic area are distributed as such a large number of ethnic, castes, religious and 

linguistic groups as India and other South Asian countries. All these groups are not 

entirely independent; people belong concurrently to two or more of these groups. People of 

different groups living side by side for hundreds or even thousands of years try to retain 

their separate entities by practicing endogamy. 

The intriguing aspect of the Indian populations is the immense cultural and biological 

diversity of the various castes, tribes and other ethnic groups (e.g. religious communities). 

Comprehending the possible reasons for this extensive diversity and tracing the history of 

the populations, viz., the origin, migration and settlement, has been the focus of study for 

archeologists, historians, linguists, anthropologists and of late for molecular geneticists. 

Archeological and genetic studies have revealed that India occupies an important 

geographical location and has served as a major corridor for the dispersal of modern 

humans (Cavalli-Sforza et al, 1994; Majumder, 1998; Cann, 2001). From the available 

prehistoric, ethno-historic, linguistic and biological evidences, it appears that the Indian 

subcontinent was probably first peopled approximately 60,000 years BP (Misra, 1992; 

Kivisild et al, 2003). Though the entire Indian subcontinent shows diverse ethnic 

composition, Eastern and North eastern part of India covering the sub-Himalayan 

terrain has been a hotspot for linguistic (Ruhlen, 1991) and population diversity and 

thought to have witnessed and retained the signature many ancient and contemporary 



genetic event of population migration and settlement The north-eastern and 

sub-Himalayan region of India is predominantly occupied by speakers of the 

Tibeto-Burman languages (of the Sino-Tibetan family) along with· Austro-Asiatic (AA) 

and Indo European (IE) speakers along with sporadic presence of Dravidian group. There 

are two contrasting and competing models based on the mtDNA and Y-chromosome 

studies in the NE populations regarding the possible role of NE India in the population 

migration as well as in settlement. One group based on their mitochondrial DNA 

(mtDNA) andY-chromosome studies inferred that Northeast India might have acted as a 

batTier rather than the facilitator of the movement of populations both into and out of 

India (Courdax et al, 2004) where as the same view has summarily been rejected in a 

recent study by Reddy et al, 2007 who confirms that Northeast India has acted as a 

corridor for initial movement ofpopulations. 

nmv that '-''"'"IJ'''"' belonging to the Indo-European, Dravidian, and 

Tibeto-Burman groups represent both caste and tribes, but the Austro-Asiatic speakers are 

tribaL Though the tribal populations of India possess higher genetic diversity 

than caste populations and are considered as the possible original inhabitants of India 

(Thapar 1966; Basu et al, 2003, The Indian Genome variation Consortium, 2008), but 

their evolutionary histories with respect to settlement, biological origin and relationships 

with caste populations have been debated comprehensivel and remained as an enigma till 

to date. The phylogenetic relationship between tribe and castes have been shown quite 

explicitly in the Southern part of India (Kivisiid et al, 2003, Cordaux et al, 2004) 

however, the tribe-caste relationship with respect to uniparental markers have not yet 

been studied in Eastern and North Eastern India which is the site where TB and AA 

speakers are abundant and thought to have made an important contribution in the 

sub-Himalayan gene pooL Therefore, it is crucial to carry out such genetic investigations 

in culturally and linguistically disparate and ethnically well-defined populations 

inhabiting the Eastern and North Eastern periphery of sub-Himalayan region. 

Reconstruction of the process of peopling is problematic using unlinked autosomal 

(biparental) markers. Mitochondrial DNA (mtDNA) and Y-chromosomal markers have 

proved to be very useful in reconstructing patterns and tracing trails of human migration, in 

spite of the limitation that these genomic regions do not undergo recombination and hence 
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are essentially transmitted as single markers. Another limitation of inferences based on 

mtDNA andY-chromosomal studies is that since these are uniparental markers, the impact 

of genetic drift on these marker systems is greater because of reduced effective population 

size compared to biparental (autosomal) markers. In spite ofthese limitations, uniparental 

markers have provided considerable information for tracing trails of human migration 

(Majumder, 2008). 

However, a far better and vivid picture is expected to emerge by a stratified sampling 

strategy so as to represent large set of well-defined ethnic groups from wider geographical 

regions. increased molecular resolution by employment of large set of markers and 

application of appropriate statistical tools for analysis of the results would assist in 

resolving the persisting enigma regarding populations of Indian sub-continent. In addition, 

the population based molecular genetic studies will also enhance our understanding of the 

aspect and castt~s in to 

region and population specific diseases. 

The present investigation has been carried out in sub-Himalayan populations from 

East/North East India, Nepal and Bhutan belonging to different linguistic affiliations, 

ethnicity and religious group to further u.nderstand i) the role of North East Indian 

passage way in population migration, ii) to delineate to relationships between caste and 

tribes in sub-Himalayan and iii) to address issues ofpopulation stratification and genetic 

susceptibility to diseases and the influence of geographic, linguistic and religious factors 

on population diversity in this region , iv) to understand the genomic diversity amongst 

various groups in North east India and their relation with other Indian as well as Asian 

populations by employing high resolution phylogeny and phylogeography analysis of 

mitochondrial genome and SNP markers ofNRY region ofY-chromosome. 
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Literature overview: 

Part-1: 

1. Mitochondria 

The mitochondrion is an organelle located in the cytoplasm of the cell and is thought to 

have originated from endosymbiosis of a proteobacteria into a primitive eukaryotic cell. 

Mitochondria are the cell's power producers. They convert energy into forms that are 

usable by the cell. They are the sites of cellular respiration which ultimately generates 

fuel for the cell's activities. 

1.1. Evolutionary origin of mitochondria 

Unlike any other organelle, except for chloroplasts, mitochondria appear to originate only 

from other mitochondria. They contain their own DNA, which is circular as is true with 

own 

ribosomes and transfer RNA molecules are similar to those of bacteria, as are omponents 

of their membrane. These and related observations led Dr. Lynn Margulis, in the 1970s, 

to propose an extracellular origin for mitochondria. Some species of present day protists 

contain living organisms within their cytoplasm. For example, Paramecium bursaria are 

hosts for zoochlorellae, photosynthetic protists that reside within the cytoplasm. The 

relationship appears to be symbiotic. The endosymbiont gains protection and possibly 

some essential nutrients from the host cytoplasm. The host has a readily available food 

source when its usual food source is depleted. If you have the opportunity to observe P. 

bursaria, note that the endosymbionts are not incorporated into food vacuoles. They are 

residents within the cytoplasm itself, and either is descended from organisms that 

survived endocytosis or have some mechanism for escaping food vacuoles once they are 

ingested. Protists are eukaryotes, of course, meaning that their genetic material is 

organized into a compartment, the nucleus, that is surrounded by membrane, and that 

they have membrane-delineated organelles. In the warm seas of the ancient earth, the first 

living things would have been prokaryotes. The endosymbiotic hypothesis for the origin 

of mitochondria (and chloroplasts) suggests that mitochondria are descended from 

specialized bacteria (probably purple nonsulfur bacteria) that somehow survived 

endocytosis by another species of prokaryote or some other cell type, and became 

incorporated into the cytoplasm. The ability of symbiont bacteria to conduct cellular 
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respiration in host cells that relied on glycosis and fermentation would have provided a 

considerable evolutionary advantage. Similarly, host cells with symbiont bacteria capable 

of photosynthesis would also have an advantage. In both cases, the number of 

environments in which the cells could survive would have been greatly expanded. 

Mitochondria do not contain anywhere near the amount of DNA needed to code for all 

mitochondria-specific proteins, however, a billion or so years of evolution could account 

for a progressive loss of independence. The endosymbiotic hypothesis might be called a 

theory, but experimental evidence can't be provided to test it. Only circumstantial 

evidence is available in support of the proposal, which is the most likely explanation for 

the origin of mitochondria. The evidence needed to change the model from hypothesis to 

theory is likely forever lost in antiquity. 

1.2. Structure of mitochondria 

MtDNA is an extranuclear genome of eukaryotic cells. Each mitochondrion contains 

usually 5-10 mtDNAs in its matrix. The number of mtDNAs in the somatic cell is about 

l ,000-10,000 (Lightowlers et aL 1997). Human mtDNA is a circular double-stranded 

molecule with a size of approximately 16.6 kbp (Andrews et al. 1999). It codes for 22 

distinct transfer RNAs, two ribosomal RNAs and for 13 protein genes, which are mostly 

involved the electron transport and oxidative phosphorylation (OXPHOS) pathway

the energy producing system ofthe cell located within the mitochondrial inner membrane. 

This system is made up and controlled both by the products of genes, encoded in nuclear 

DNA and mtDNA. The majority of proteins ofOXPHOS enzyme complexes are encoded 

in the cell nucleus and transported to mitochondria from cytosoL Most of the genes are 

transcribed from guanine-rich heavy (H) strand of mtDNA, only the sixth subunit of 

complex I and eight tRNAs are transcribed from cytosine-rich light (L) strand (Wallace et 

al. 1999). 

1.3. Energy production by mitochondria 

Only a small fraction of the total free energy potentially available from glucose is 

released in glycolysis. The metabolism of carbohydrates is completed in the mitochondria 

when pyruvate is imported and oxidized by molecular oxygen (02) to C02 and water. 

The energy released is harnessed so efficiently that about 30 molecules of ATP are 
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produced for each molecule of glucose oxidized, whereas only 2 molecules of ATP are 

produced by glycolysis alone. Oxidative metabolism in mitochondria is fuelled not only 

by pyruvate produced from carbohydrates by glycolysis in the cytosol but also by fatty 

acids. Pyruvate and fatty acids (from triglycerides) are selectively transported from the 

cytosol into the mitochondrial matrix, where they are broken down into the two-carbon 

acetyl group on acetyl coenzyme A (acetyl CoA) by the pyruvate dehydrogenase complex 

and the ®-oxidation pathway, respectively. The acetyl group is then fed into the 

tricarboxylic acid cycle for further degradation, and the process ends with the passage of 

acetyl-derived high-energy electrons along the respiratory chain. 

The proteins involved in OXPHOS are located within the mitochondrial inner membrane 

and include the electron transport chain (ETC) components (complexes I to IV), FOFl 

ATP the nucleotide translocator (ANT). Highenergy electrons from 

are combined with molecular oxygen by means ofthe·ETC to generate water. These 

electrons, borne on NADH (nicotinamide adenine dinucleotide), are transferred to 

respiratory complex l (NADH dehydrogenase) and then to coenzyme QlO (CoQ), while 

the electrons from succinate are transferred to complex II (succinate dehydrogenase, SOH) 

and CoQ. From CoQ, they are passed to complex III, and then to cytochrome c (cyt c), 

complex IV (cytochrome c oxidase, COX) and finally to Y:z 02 to give H20. The energy 

released is used to pump protons (H+) out of the mitochondrial matrix, creating an 

electrochemical gradient across the inner membrane that is positive and acidic on the 

outside and negative and alkaline on the mitochondrial matrix side. This gradient creates 

a capacitor that can be depolarized by the transport of protons back into the matrix 

through a proton channel in the FO membrane component of ATP synthase. This proton 

flux drives the condensation of adenosine diphosphate (ADP) and inorganic phosphate 

(Pi) to make ATP, which is then exported to the cytosol in exchange for ADP by the ANT 

(Figure 1). In this way oxygen consumption by the ETC is coupled to ADP 

phosphorylation by ATP synthase through the electrochemical gradient (DiMauro & Bonilla 

1997, Wallace 1997). 

6 



1.4. Inheritance of mitochondria and mtDNA 

Female inheritance: 

In sexually reproducing organisms, mitochondria are normally inherited exclusively from 

the mother. The mitochondria in mammalian sperm are usually destroyed by the egg cell 

after fertilization. Also, most mitochondria are present at the base of the sperm's tail, 

which is used for propelling the sperm cells. Sometimes the tail is lost during 

fertilization.The fact that mitochondrial DNA is maternally inherited enables researchers 

to trace maternal lineage far back in time. (Y chromosomal DNA, paternally inherited, is 

used in an analogous way to trace the agnate lineage.) This is accomplished in humans by 

sequencing one or more of the hypervariable control regions (HVRl or HVR2) of the 

mitochondrial DNA HVRl consists of ahout 440 hase pairs. These 440 base pairs are 

then compared to the control regions of other individuals (either specific people or 

subjects a database) to determine maternal lineage. Most often, the comparison is made 

to the revised. Vila et al have published studies tracing the matrilineal descent of 

domestic dogs to wolves. The concept of the Mitochondrial Eve is based on the same 

type of analysis, attempting to discover the origin of humanity by tracking the lineage 

back in time. Because mtDNA is not highly conserved and has a rapid mutation rate, it is 

useful for studying the evolutionary relationships - phylogenv - of organisms. Biologists 

can determine and then compare mtDNA sequences among different species and use the 

comparisons to build an evolutionary tree for the species examined. 

Male inheritance: 

It has been reported that mitochondria can occasionally be inherited from the father in 

some species such as mussels. Paternally inherited mitochondria have also been reported 

in some insects such as the fruit fly and the ha,neybee. Evidence supports rare instances of 

male mitochondrial inheritance in some mammals as well. While many of these cases 

involve cloned embryos or subsequent rejection of the paternal mitochondria, others 

document in vivo inheritance and persistence under lab conditions (Hoeh et al. 1991 ). 
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2. Biology of mtDNA 

mtDNA encodes polypeptides involved in electron transport (Attardi and Schatz, 1988) 

and is. maternally inherited. Unlike nuclear DNA, in which there are only two copies of 

each gene per cell, thousands of copies of mtDNA are present in every nucleated cell. 

Normal individuals are homoplasmic (that is, virtually all of their mtDNAs are identical). 

Heteroplasmy (the presence of both normal and mutant mtDNA in a single individual) is 

present in most mtDNA diseases, so that the proportion of mutant mtDNA in any cell or 

tissue may range from 0% to 100%.The polypeptides encoded by mtDNA are all subunits 

of the mitochondrial respiratory chain. This is a highly complex array of multimeric 

enzymes that generate ATP. Most of these are encoded in the nucleus, as are many 

mitochondrial proteins. 

2. 1. The mitochondrial genome 

Mitochondria have been essential for the evolution of animals. It is generally beiieved 

that the energy-converting organelles of eucaryotes evolved from procaryotes that were 

engulfed by primitive eucaryotic cells and developed a symbiotic relationship with them 

about 1.5 x 109 years ago. This would explain why mitochondria have their own DNA 

(mtDNA), which codes for some of their proteins. Since their initial uptake by a host cell, 

these organelles have lost much of their own genome and have become heavily dependent 

on genes in the nucleus.Extant mammalian mtDNAs have retained only 13 polypeptide 

genes, all of which encode essential components of OXPHOS. MtDNA also encodes the 

12S and 16S rRNA genes and the 22 tRNA genes required for mitochondrial protein 

synthesis. The remaining mitochondrial OXPHOS proteins, the metabolic enzymes, the 

DNA and RNA polymerases, the ribosomal proteins and the mtDNA regulatory factors 

are all encoded by nuclear genes, synthesized in the cytosol and then imported into the 

organelle (Shoffner & Wallace 1995, Wallace et al. 1997a). The transfer of mtDNA 

sequences to the nucleus is a continuous process (Wallace 1997, Hirano et a!. 1997), but 

not all of the mtDNA genes transferred to the nucleus are functional. The presence of 

hundreds of mtDNA-like sequences or pseudogenes in the human nuclear genome has 

been well documented (Shay & Werbin 1992). Furthermore, the genetic code in human 

mitochondria has come to differ from that used in the nucleus, and thus mtDNA genes are 

no longer intelligible to the nucleocytosolic system (Wallace 1982). UGA is read as 
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tryptophan rather than 'stop', AGA and AGG as 'stop' rather than arginine, AUA as 

methionine rather than isoleucine, and AUA or AUU is sometimes used as an initiation 

codon instead of AUG (Anderson et al. 1981, Montoya et al. 1981). 

2.1.1. Organization of the human mitochondrial genome 

The human mitochondrial genome is 16,569 base pairs (bp) in length (Anderson et al. 

1981), a closed, circular molecule located within the mitochondrial matrix and present in 

thousands ofcopies per cell. Mitochondrial DNA has two strands, a guaninerich heavy (H) 

strand and a cytosine-rich light (L) strand. The heavy strand contains 12 of the 13 

polypeptide-encoding genes, 14 ofthe 22 tRNA-encoding genes and both rRNAencoding 

genes. lntrons are absent in mtDNA, and all of the coding sequences are contiguous 

(Anderson et al. 1981, Wallace et al. 1992, Zeviani et al. 1998). The only non-coding 

mtDNA is the displacement loop (D-loop). a region 1 hp that contains 

the origin replication 

transcription. The mtDNA 

is replicated from two 

origins. DNA replication 

is initiated at OH using an 

RNA primer generated 

from the L-strand 

transcript. H-strand 

synthesis proceeds 

two-thirds of the way 

around the mtDNA, 

displacing the parental 

the H--strand (OH) and the promoters for L and H-strand 

Complex I genes 
(NADH 
dehydrogenase) 

~ Complex IV genes 
!}~ (cytochrome c 

oxidase) 

mllilllllllllll Complex Ill genes 
li!BIIIlllllll (ubiquinol : 

cytochrome c 
oxidoreductase) 

1*~~;1 Complex V genes 
(A TP synthase) 

0 Transfer RNA 
genes 

c:::::J Ribosomal RNA 

·-········ -·--- ···-~·T· .. ···-··-"······-· __ genes 
Fig !Human mtDNA genomic map (modified from www.mitomap.org). 

Hstrand until it reaches the L-strand origin (OL ), situated in a cluster of five tRNA genes. 

Once exposed on the displaced H-strand, OL folds a stem-loop structure and L-strand 17 

synthesis is initiated and proceeds back along the H-strand template. Consequently, 

mtDNA replication is bidirectional but asynchronous (Clayton 1982). MtDNA 

transcription is initiated from two promoters in the D-loop, PL and PH. Transcription 

from both promoters proceeds around the mtDNA circle, creating a polycistronic RNA. 

The tRNA genes which punctuate the larger rRNA and mRNA sequences then fold within 
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the transcript and are cleaved out. The mRNAs and rRNAs liberated are 

posttranscriptionally polyadenylated and the tRNAs are modified and the 3' terminal 

CCAadded (Attardi & Montoya 1983, Clayton 1984, Wallace 1993, Taanman 1999). 

2.2. Special features of mitochondrial genetics 

The cytoplasmic location of mtDNA and the high copy number contribute to certain 

unique features of mitochondrial genetics. First, mtDNA is maternally inherited. Second, 

mtDNA genes have a much higher mutation rate than nuclear DNA genes. Third, 

mitochondria undergo replicative segregation at cell division. Fourth, many of the 

pathogenic mtDNA mutations are heteroplasmic. For expression of a disease it is required 

that a certain threshold level of mutant mtDNA should be exceeded. Fifth, somatic 

mtDNA mutations accumulate in post-mitotic tissues with age, reducing the ATP 

2.2.1. Maternal inheritance and the lack of recombination; mtDNA as a single locus 

MtDNA is maternally inherited. The mammalian egg contains about 100,000 molecules 

ofmtDNA, while the sperm contains ofthe order of 100-1500 mtDNAs (Manfredi et al. 

1997). Sperm mitochondria enter the egg during fertilization but they appear to be lost 

early in embryogenesis, soon after fertilization, between the twocell and four-cell stages 

(Manfredi et al. 1997). Paternal mtDNA could not be detected in human neonates born 

after in vitro fertilization by intracytoplasmic sperm injection (Danan et al. 1999). This 

could be due either to destruction of sperm mitochondria or to impaired replication of 

sperm mtDNA in the cells (Manfredi et al. 1997). However, the presence of paternal 

mtDNA has been shown at the blastocyst stage in some abnormal (polyploid) human 

embryos generated by in vitro fertilization and intracytoplasmic sperm injection 

techniques (St John et al. 2000). Due to the lack of recombination, mtDNA acts as a 

single locus. The effective population size of the mitochondrial genome is only one 

fourth that of the autosomal loci. The influence of genetic drift thus makes the 

mitochondrial genome more sensitive to random fluctuations of allele frequencies than that 

for the autosomal loci. 

2.2.2. Homoplasmy and heteroplasmy 

Various tissues of the same individual usually share only one type of mtDNA - this 

condition is referred to as homoplasmy. When a mutation arises, there may be complete 
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switching to the new mtDNA variant within a single generation (Poulton et al. 1998). If 

the switching is incomplete then two or more types of mtDNA can be observed in a cell. 

This state is called heteroplasmy. Homoplasmy· is thought to be important for the 

maintenance of the normal mitochondrial function through the coordinated expression of 

the mitochondrial and nuclear genes (Hirata et al. 2002) and is believed to be preserved 

by the genetic bottleneck mechanism in the oogenesis, most likely in the stage of 

primordial germ cells. There is no strict definition for the mtDNA bottleneck - it has 

been described as an event or series of events at one or several stages of oogenesis, which 

leads to a reduction in the number of mtDNAs, followed by a rapid increase in mature 

oocytes (Thorburn and Dahl 2001). Different numbers (from 1 to 200) of segregating 

mtDNA units have been suggested for mammals (Koehler et al. 1991; Marchington et al. 

1998: Pouiton et al ] 998) 

2.2.3. Mutation rate in human mtDNA 

On average, mtDNA accumulates mutations more than 1 0 times faster than does the 

nuclear genome (Brown et al. 1979; Ingman and Gyllensten 2001). This phenomenon 

leads to high level of within-population polymorphisms. A high mutation rate of mtDNA 

is associated with several properties of mtDNA, different from those of nuclear genome, 

and with the peculiarities of processes taking place in the mitochondrial OXPHOS 

pathway. Firstly, mtDNA lacks protective proteins like histons. Secondly, mtDNA is 

exposed to oxidative damage by reactive oxygen radicals - by-products of OXPHOS. 

Thirdly, it has been suggested that the reparation system of mtDNA is not as effective as 

that in the nucleus (Bogenhagen 1999), although many elements of the mtDNA repair 

system have been shown to exist in animal mitochondria (Mason and Lightowlers 2003). 

The fast evolving mtDNA provides more information about recent events in evolution 

fhan does a strech of DNA of an equal length in the nuclear genome. At the same time, 

the high mutation rate creates possibilities for homoplasy - the same mutation could 

arise in different branches of the mtDNA phylogenetic tree, thus blurring the possibility 

to establish an unambiguous (more precisely - the most parsimonious) order of 

evolutionary events. The mutation rate is different both for mtDNA regions and nps 

within a region. Pesole et al. (1999) showed that: 1) nonsynonymous nps, D-loop central 

domain, tRNA and rRNA genes evolve at about a five to ten times lower rate than 
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synonymous nps and two peripheral domains of D-loop; 2) the rate of synonymous sites 

is quite uniform· over the genome, whereas the rate of nonsynonymous sites differs 

considerably between genes; 3) nonsynonymous sites show comparable rates in mtDNA 

and nuclear genome, synonymous sites and rRNA evolve ca 20 times ancNRNAs ca 100 

times more rapidly in mammalian mitochondria. Additionally, transitions have been 

shown to occur ca 12 to 37 times more often than transversions (Meyer et al. 1999). The 

considerable rate variation has also been observed between different Dloop nps 

(Macaulay et a!. 1997; Finnila et a!. 2001 ). For example, the transitions at nps 16093, 

16129, 16189, 16311 and 16362 in HVS-I and 73, 146, 150, 152, 195 in HVS-II are 

considered as mutational "hotspots" and are often observed in different phylogenetic 

branches of mtDNA. It also raises a possibility that, in "hotspots", potential recurrent 

mutations may be missed or overiooked in phylogenetic reconstmctions. In phylogenetic 

tree-building, differences in mutation rates can be normalized by assigning different 

weights to the nps with known rate variation (Richards et al. 1998). However, "hidden" 

and/or parallel mutations do not likely harm the outcome in any profound way, provided 

the level of resolution between the branches of an mtDNA phylogenetic tree is sufficient, 

i.e. the information of basal nodes of the tree is available. Then, the fast evolving 

positions may, theoretically, blur only the terminal tips of the tree, not distorting its basic 

topology. The combined usage of information both from fast evolving control region 

sequences and diagnostic coding region sites has justified itself in many mtDNA 

population genetic studies (Torroni et al. 1996; Richards et al. 1998; 2000; Macaulay et 

al. 1999b;Kivisild et al 2002). 

2.2.4. Replicative segregation 

Each cell has hundreds of mitochondria, each containing 2 to 10 copies of mtDNA 

molecules. Normally all mtDNAs in a cell are identical, a condition known as 

homoplasmy. At cell division, the mitochondria and their genomes are randomly 

distributed to the daughter cells, a process known as replicative segregation. When a 

mutation arises in mtDNA, it creates an intracellular mixture of mutant and normal 

molecules, a condition known as heteroplasmy. Despite the high mtDNA copy number in 

mature oocytes and the relatively small number of cell divisions in the female germline, 

mtDNA sequence variants segregate rapidly between generations (Poulton et al. 1998). 
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This has been attributed to a genetic bottleneck. A major component of the mtDNA 

bottleneck occurs by the time that oocytes are mature (Jenuth et al. 1996, Marchington et 

a!. 1998). Jenuth et al. (1996) have estimated that in oogenesis the effective number of 

segregating units for mtDNA is approximately 200 in mice. The model used by Jenuth et 

al. (1996) assumes that the variance in genotypic ratios of the progeny or developing 

oocytes is caused by an identical randomsampling event that occurs during each of the 15 

or so cell divisions during the later stages of oogenesis (i.e. repeated selection), in 

contrast to a more dramatic reduction in segregating units during a briefer period (i.e. 

single selection). On the basis of single selection model it is estimated that the most 

probable bottleneck size is 1-31 segregating units in humans (Marchington et al. 1998). 

Both estimations of the number of segregating units are far below the number of mtDNA 

a that there is a restriction in the quantity of mtDNA to 

be transmitted, followed by amplification, and thereby constituting a genetic bottleneck 

(Poulton et al. 1998). 

2.2.5. Neutrality 

Neutrality of the markers being used is a necessary precondition for many methods in 

phylogenetic analysis. Several tests of neutrality have been performed, measuring the 

difference between the fixation of non-synonymous and synonymous mutations in 

mtDNA at intra- and interspecies level (Excoffier 1990; Graven et al. 1995; Nachman 

1998; Nielsen and Weinreich 1999; Whittam et al. 1986). Torroni et al. (1994) showed 

that mtDNA mutations are unlikely to be related to the Tibetans' adaptation to living in 

high altitudes. Those nonsynonymous substitutions that are known to be under selection 

are normally excluded from phylogenetic analyses. Several substitutions have been found 

in association with the inheritance of diseases (Wallace et al. 1999). Mildly deleterious 

substitutions under selection should get eliminated in long run. However, when a mildly 

deleterious substitution occurs in a small expanding population, it can, on the contrary, be 

maintained(Excoffier.1990). A good example for the latter case could be haplogroup J in 

Europe. Several mutations specific for haplogroup J, which has probably expanded in 

Europe together with the Neolithic spread of farmers (Richards et al. 1996), have been 

suggested to play a background role in LHON expression (Torroni et al. 1997). 

Otherwise, the frequency of neutral substitutions when linked with a substitution under 
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selection can be shifted up or down by hitch-hiking (Smith and Haigh 1974), as far as 

mtDNA is a single locus. Yet, being as well the subject of the cumulative chance fixation 

of mildly deleterious mutations (because of the lack of recombination and clonal 

inheritance), mitochondria are likely to be led to Muller's ratchet (Lynch 1996). The 

properties of mtDNA mentioned above, with the given restrictions, allow one to 

reconstruct genealogies of individuals through maternal descent. This option for 'trees of 

individuals' makes mitochondria different from markers whose variation is expressed 

only in allele frequencies and/or evolve too slowly for revealing genealogies through 

their mutational pattern. 

2.2.6. The role of natural selection in the evolution of human mtDNA 

The assumption of the neutrality of a genetic marker is one of the cornerstones of many 

rnethods that are The theory of neutral evoiution was first 

introduced by Kimura (1968). According to this theory, mutations occur stochastically 

and their fixation is the result of random drift rather than of natural selection. Occurring 

deleterious mutations are removed by purifying selection; positive selection does not play 

any significant role. This means, theoretically, that the·rate of evolution solely depends on 

the mutation rate. Correspondingly, the simplest model for explaining the present mtDNA 

vari~tion is the following: mutations have accumulated sequentially along radiating 

female lineages and have reached to polymorphic frequencies only because of random 

genetic drift in its various manifestations, whereas the influence of (positive) natural 

selection has been negligible. The demographic history of a population, or more precisely 

--of carriers of particular variants- has likely played a decisive role. According to the 

"near-to-neutral'' theory of evolution there may also be, among the mutations of recent 

origin in the evolutionary time scale, slightly deleterious ones that are not yet removed by 

purifying selection (Hasegawa et al. 1998; Nachman 1998; Gerber et al. 2001). The lack 

of recombination in human mtDNA makes it a subject of "Muller's rachet" - of a 

genetic mechanism that predicts an accumulation of slightly deleterious mutations. Many 

authors have tested the neutrality of mtDNA evolution, primarily by estimating the 

differences between the fixation of nonsynonymous and synonymous substitutions in the 

mtDNA of different species. They have observed that there is an excess of 

nonsynonymous mtDNA polymorphisms relative to fixed sequence change (Graven et al. 
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1995; Nachman 1998; Excoffier and Yang 1999). It has been also shown that the "older" 

branches of the human mtDNA tree contain relatively less nonsynonymous substitutions 

than the "younger" ones, which can be interpreted by inferring the action of purifying 

selection on the mtDNA (Elson et a/.2004; Ruiz-Pesini et a!. 2004). Recent studies of 

human populations have compared the ratios of nonsynonymous and synonymous 

substitutions in different lineages of complete mtDNA sequences from Africa, Asia and 

Europe (Mishmar eta!. 2003; Elson eta!. 2004; Ruiz-Pesini eta!. 2004). Mishmar eta!. 

(2003) and Ruiz-Pesini et a!. (2004) interpreted the differences between the results of 

different haplogroups spread in tropical, temperate ·and arctic zones as evidence for 

climatic adaptations, and noted that the present continental distribution of mtDNA 

haplogroups might be non-random, shaped by positive selection. The analysis, however, 

not that analogous differences might also exist between 

lineages that have not been selected according to their geographical origin, as it has been 

demonstrated (Excoffier I 990; Ton·oni et a!. 2001; Moilanen and Majamaa 2003; Elson 

et al. 2004). It has to be noted that the neighbour-joining tree used by Ruiz-Pezini and 

coauthors was incorrect since the branching order of its clusters did not correspond to the 

established phylogenetic relationships between the clades of mtDNA. Due to these 

special properties, mtDNA offers an opportunity to reconstruct the maternal genealogies, 

unhindered by the genetic fog of recombination and to detect the differences even among 

closely related groups that have diverged within a relatively short time scale. Thus, the 

genealogy of maternal lineages provides a link between observable sequence variation 

and evolutionary events that have shaped this diversity. However, one should not forget 

that in order to draw conclusions about the demographic history of a population the data 

of different genetic systems (Y chromosome, autosomes) must be analysed and combined 

with those obtained from maternally inherited mtDNA. 

2.2. 7. Threshold effect 

Many but not all pathogenic mtDNA mutations are heteroplasmic. The phenotype is 

normal until a critical proportion of mutant mtDNA is present within the tissue and the 

threshold for genotype expression is exceeded (Wallace et a!. 1997a). This threshold 

varies for different types of mtDNA mutation and is about 60% for deleted mtDNA 

(Hayashi et a!. 1991 ). For the mutation 8344A>G, which causes the syndrome of 
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myoclonic epilepsy and ragged-red fibers, the threshold level is about 85% mutated DNA 

(Chomyn 1998). Once this is exceeded, large changes in the phenotype can be observed 

with minor increases in the proportion of the mutant mtDNA. Different phenotypes 

associated with the same genotype are determined mainly by the localized concentration 

and distribution of the mutation in affected tissues (Petruzzella et al. 1994 ). Furthermore, 

different tissues have different dependences on oxidative phosphorylation for normal 

function. Organs with the highest ATP requirements and the lowest regenerative 

capacities, such as the brain, heart and skeletal muscle, are the most sensitive to the 

effects of pathogenic mtDNA mutations (Wallace 1994, 1995). 

2.2.8. mtDNA genetic bottleneck 

The research has proven that there is a "mitochondrial genetic bottleneck", where only a 

mother are on to the next generation. 

All and animal cells contain many mitochondria, responsible for energy 

production the body. These mitochondria have their own genetic information, known 

as mitochondrial DNA, or mtDNA, which is inherited. Although, a child inherits one 

copy of DNA from each parent, a child may inherit many copies of mtDNA, which are 

only passed down from the mother.Mutations in mtDNA can affect energy production 

within cells and thus causes the disease. Though, mitochondrial diseases differ both in 

location and severity depending on where and at what levels the mutations are distributed, 

defective mitochondria leads to maximum damage in muscles, nerves and the brain, as 

these are the parts of the body consuming most of the energy 

(http://www.medindia.net/news/).Rapid intergenerational changes m mitochondrial 

genotype were first observed in Holstein cows transmitting mtDNA polymorphisms 

(Upholt and Dawid 1977; Hauswirth and Laipis 1982; Olivo et al. 1983). Similar results 

were subsequently described in many mammalian species, including humans transmitting 

pathogenic mtDNA mutations (Holt et al. 1 989; Vilkki et al. 1990; Larsson et al. 1992). 

These observations led to the suggestion that only a small number of mtDNA molecules 

were passed on from mother to offspring-the mitochondrial 'genetic bottleneck' 

(Hauswirth and Laipis 1982). 

2.2.9. Age-related somatic mtDNA mutations 

Oxygen free radicals damage mtDNA, causing oxidative modifications of DNA bases, 
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base substitutions and rearrangements. The cumulative accumulation of these somatic 

mutations during life may cause a bioenergetic deficit leading to cell death, or apoptosis, 

and normal ageing (Ozawa 1995). In addition to the ageing or senescence process 

somatic mtDNA mutations may be important for determining the onset and progression 

of mtDNA diseases. Most inherited mutations are insufficient to suppress mitochondrial 

OXPHOS below the expression threshold and thus it is the accumulation of somatic 

mutations in postmitotic tissues that exacerbates the inherited OXPHOS defect and 

uitimately leads to phenotypic expression (Wallace 1995). Oxidative stress has been 

implicated in the pathogenesis ofneurodegenerative diseases such as Alzheimer's disease 

and Parkinson's disease. There is much evidence of increased oxidative stress and free 

radical damage the substantia nigra in patients with Parkinson's disease, and there is 

a defect in mitochondrial energy production, 

complex I activity, in the substantia nigra (Schapira 1990). 

2.2.10. mtDNA mutation and adaptation 

especially reduced 

The potential for temperature to influence the evolution of mtDNA was the focus of much 

attention a decade ago (Martin & Palumbi 1993, Randl994). Differences in mtDNA 

substitution rates suggest that the thermal environment may influence rates of evolution 

and indicate that it is inappropriate to use a calibration for one group to estimate 

divergence times or demographic parameters for another group. It has also been argued 

that thermal adaptation may occur within humans. Ruiz-Pesini et al. (2004) conducted a 

phylogenetic study including 1125 globally distributed human mtDNA sequences and 

observed that the relative frequency and amino acid conservation ·of internal branch 

amino acid mutations increased from tropical Africa to temperate Europe to arctic 

northeastern Siberia. Highly conserved amino acid changes were found at the roots of 

multiple mtDNA lineages from higher latitudes prompting the authors to suggest that 

specific mtDNA nonsynonymous mutations permitted our ancestors to adapt to more 

northern climates because their mitochondria produced more heat. However, Elson et al. 

(2004) analyzed complete mtDNA coding-region sequences for 560 maternally unrelated 

individuals of European, African, and Asian descent and were not able to replicate the 

results of Ruiz-Pesini et al. (2004). One clear alternative is that the mtDNA is under 

strong thermal selection associated with the different temperature between Atlantic and 



Gulf waters. However, in no case was the disjunction in the same geographic region as 

that observed for the mtDNA. Ropson et al. consider a variety of alternatives "in the 

absence of selection" but never fully explore the possibility that selection may operate on 

the mtDNA itself. 

2.2.11. The role of natural selection in the evolution of human mtDNA 

The assumption of the neutrality of a genetic marker is one of the cornerstones of many 

methods that are used in phylogenetic analysis. The theory of neutral evolution was first 

introduced by Kimura (1968). According to this theory, mutations occur stochastically 

and their fixation is the result of random drift rather than of natural selection. Occurring 

deleterious mutations are removed by purifying selection; positive selection does not play 

any signitkant role. This means, theoretically, that the rate of evolution solely depends on 

the mutation rate. Correspondingly, the simplest model for explaining the present mtDNA 

variation is the following: mutations have accumulated sequentially along radiating 

female lineages and have reached to polymorphic frequencies only because of random 

genetic drift in its various manifestations, whereas the influence of (positive) natural 

selection has been negligible. The demographic history of a population, or more precisely 

- of carriers of particular variants has likely played a decisive role. According to the 

"near-to-neutral" theory of evolution there may also be, among the mutations of recent 

origin in the evolutionary time scale, slightly deleterious ones that are not yet removed by 

purifying selection (Hasegawa et al. 1998; Nachman 1998; Gerber et al. 2001 ). The lack 

of recombination in human mtDNA makes it a subject of "Muller's rachet" - of a 

genetic mechanism that predicts an accumulation of slightly deleterious mutations. Many 

authors have tested the neutrality of mtDNA evolution, primarily by estimating the 

differences between the fixation of nonsynonymous and synonymous substitutions in the 

mtDNA of different species. They have observed that there is an excess of 

nonsynonymous mtDNA polymorphisms relative to fixed sequence change (Graven et al. 

1995; Nachman 1998; Excoffier and Yang 1999). It has been also shown that the "older" 

branches of the human mtDNA tree contain relatively less nonsynonymous substitutions 

than the "younger" ones, which can be interpreted by inferring the action of purifying 

selection on the mtDNA (Elson et al.2004; Ruiz-Pesini et al. 2004). Recent studies of 

18 



human populations have compared the ratios of nonsynonymous and synonymous 

substitutions in different lineages of complete mtDNA sequences from Africa, Asia and 

Europe (Mishmar et al. 2003; Elson et al. 2004; Ruiz-Pesini et al. 2004). Mishmar et al. 

(2003) and Ruiz-Pesini et al. (2004) interpreted the differences between the results of 

different haplogroups spread in tropical, temperate and arctic zones as evidence for 

climatic adaptations, and noted that the present continental distribution of mtDNA 

haplogroups might be non-random, shaped by positive selection. The analysis, however, 

did not consider the possibility that analogous differences might also exist between 

lineages that have not been selected according to their geographical origin, as it has been 

demonstrated (Excoffier 1990; Torroni et al. 2001; Moilanen and Majamaa 2003; Elson 

eta!. 2004). It has to be noted that the neighbour-joining tree used by Ruiz-Pezini and 

coauthors was incorrect since the branching order of its clusters did not correspond to the 

established phylogenetic relationships between the clades of mtDNA. Due to these 

special properties, mtDNA offers an opportunity to reconstruct the matemal genealogies, 

unhindered by the genetic fog of recombination and to detect the differences even among 

closely related groups that have diverged within a relatively short time scale. Thus, the 

genealogy of maternal lineages provides a link between observable sequence variation 

and evolutionary events that have shaped this diversity. However, one should not forget 

that in order to draw conclusions about the demographic history of a population the data 

of different genetic systems (Ychromosome, autosomes) must be analysed and combined 

with those obtained from matemally inherited mtDNA. 

2.2.12. mtDNA and speciation 

Many researchers have assumed explicitly or implicitly that differentiation within a 

character system is indicative of organismal differentiation or history. From the 

standpoint of mtDNA, attention has been focused on whether mtDNA differentiation is 

indicative of species trees or gene trees. A genealogical species is defined as a basal 

group of organisms whose members are all more closely related to each other than they 

are to any organisms outside the group and which contains no exclusive group within it 

(Baum & Shaw 1995; Cracraft 1983). In practice, a pair of species is so defined when 

phylogenies of alleles from a sample of loci show them to be reciprocally monophyletic 

at all, or monyphyletic for some specified fraction ofthe loci (though not all genealogical 
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species concepts require reciprocal monophyly). Hudson & Coyne (2002) investigated 

the length of time it takes to attain reciprocal monophyly when an ancestral population 

divides into two descendant populations of equal size with no gene exchange and when 

genetic drift and mutation are the only operating evolutionary forces. Funk & Omland 

(2003) also argue that data from mtDNA may not provide an accurate measure of species 

status. To evaluate the importance of species-level polyphyly, Funk & Omland (2003) 

conducted an intense survey of studies that evaluate mtDNA variation in a phylogenetic 

context and observed that the mtDNA monophyly of many biological species is not well 

supported. Funk & Omland (2003) detected species-level mtDNA paraphyly or polyphyly 

in 23% of 2319 assayed species, demonstrating that this problem is statistically supported, 

taxonomically widespread, and far more common than previously recognized. These 

patterns could be due to (a) sporadic hybridization among divergent lineages, (b) 

incomplete lineage sorting of mtDNA gene trees relative to organismallineages, and/or (c) 

selection on mtDNA that might retain certain haplotypes within diverging lineages. 

Moreover, mtDNA has great potential for becoming monophyletic by selective sweeps. 

This can decrease the time to monophyly of a clade and not be reflective of the 

genealogical processes in the nuclear genome. Advantageous mutations occurring on 

mtDNA will cause the entire organelle genome to become monophyletic because such 

genomes have little or no recombination. Although selective sweeps will also occur in 

nuclear DNA, causing monophyly for regions linked to the selected locus, recombination 

will whittle away the section of genome that becomes monophyletic through linkage. 

Finally, when there is gene flow between diverging populations, one may encounter the 

opposite problem: mtDNA may be homogenized between the populations more readily 

than is nuclear DNA, so that mtDNA may appear paraphyletic when nuclear genes may 

be monophyletic. In fish, mice, and crickets, for example, mtDNA flows between taxa 

much more readily than does nuclear DNA (Shaw 2002, Taylor & McPhail 2000). In 

some cases, the mtDNA from one taxon completely replaces that in another, without any 

evidence ofnuclear introgression or morphological signal. 

3. Mitochondrial DNA sequence variation in human populations 

The average number of base pair differences between two human mitochondrial genomes 

is estimated to be from 9.5 to 66 (Zeviani et al. 1998). The high mutation rate has 
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resulted in the accumulation of a wide range of neutral, population-specific base 

substitutions in mtDNA. These have accumulated sequentially along radiating maternal 

lineages that have diverged approximately on the same time scale as human populations 

have colonized different geographical regions of the world. Thus the women that 

migrated out of Africa into the different continents about 130,000 years before present 

(YBP) harboured mtDNA mutations which today are seen as high-frequency, 

populationspecific mtDNA p:blymorphisms creating groups of related mtDNA haplotypes, 

or haplogroups (TorrQ>;;t & Wallace 1994, Wallace 1995). 

4. Mitochoi,J%rial DNA baplogroups 

MtDN~"'(haplogroups determined by polymorphisms that occurred tens of thousands of 

~]ears ago are today high-prevalence population-specific substitutions. Haplotypes are 

subclustcrs determine them are less 

prevalent and have occurred more recently. Most of the polymorphisms determinmg 

haplogroups- are continent-specific (Wallace 1994 ). The classification of mtDNA 

haplogroups is based on information gained from RFLP analysis ofthe coding region and 

from the nucleotide (nt) sequences of the hypervariable segments (HVS) in the control 

region. Haplogroups are coded with capital letters and subclusters with a running number 

(Schurr et al. 1990, Ballinger et al. 1992a, Torroni et al. 1996, Richards et al. 1998.) 

MtDNA has been used for a couple of decades as a molecular marker in population 

genetics. The earliest work began with digestion of the molecule, either with a single 

restriction enzyme in a large number of samples (Denaro et al. 1981 ), or with many 

enzymes in a few samples (Brown 1980), and subsequent studies tended to use five or six 

enzymes on fairly large sample sets . 'High-resolution' restriction analysis with 14 

enzymes enabled a much more detailed mtDNA phylogeny to be obtained (Cann et al. 

1987). Analysis using 14 restriction endonucleases allowed screening of 15-20% of the 

mtDNA sequence for variations (Chen et al. 1995b), and a further improvement in 

resolution was obtained when information on the control region sequence was included 

with the RFLP data (Macaulay et al. 1999). The best resolution that can be obtained is 

gained by analysing complete mtDNA sequences which have begun to emerge (Richards 

& Macaylay 2001). 
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4.1. How to classify mtDNA haplogroups 

All humans living today can be classified into a specific mtDNA haplogroup in the 

mtDNA Tree based on SNP markers found in their mtDNA. The mtDNA consists of 3 

main regions, namely HVR-1, HVR-2 and Coding region. SNP markers can be found in 

all 3 regions of the mtDNA. Testing SNPs the HVR-1 and HVR-2 regions of the mtDNA 

allows scientists to predict an individual's haplogroup. However, testing all 3 regions of 

the mtDNA is usually required in order to confirm an individual's haplogroup and 

subclade. Human mtDNA haplogroups are named using the letters of the alphabet, A to Z. 

Each mtDNA haplogroup can be further subclassified into finer branches called subclades. 

Subclades are named using numbers and lower case letters. For example, Hla is a 

subclade of mtDNA haplogroup H. Mitochondrial Eve is the name given by researchers 

to the woman who is the most recent common matrilineal ancestor of all living humans 

and at the root of the mtDNA phylogenetic tree. (http://www.dnahaplogroups.org/) 

4.2. Mitochondrial DNA haplogroups on different continents 

Human mtDNA haplogroups are lettered: A, B, C, CZ, D, _E, _E, G, H, pre-HV, HV, I, 1, 

pre-JT, JT, K, LO, Ll, L~, L3, L4, L5, L6, L7, M, N, £., Q, R, S, I, U, UK, V, W, X, Y, 

and z.. The letter names of the haplogroups run from A to Z. As haplogroups were named 

in the order of their discovery, they do not reflect the actual genetic relationships. 

The common divisions for mtDNA haplogroups: 

• Sub-Saharan African: LO, Ll, L2, L3, L4, L5, L6, L7 

• West Eurasian: l:L U, V, X, K. I, 1, W (all listed West Eurasian haplogroups are 

derived from macro-haplogroup N) 

• East Eurasian: A, B, C, _Q, f, G, Y (note: C, D, E, and G belong to 

macro-haplogroup M) 

• Native American: B, C, D, X 

• Australo-Melanesian: £, Q, S 

The mitochondrial haplogroups are divided into 3 main groups, which are designated by 

the 3 sequential letters L, M, N. Humanity first split within the L group between LO and 

Ll. Ll gave rise to other L groups, one of which, L3, split into theM and N group. The 
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M group comprises the first wave of human migration out of Africa, following an 

eastward route along southern coastal areas. Descendent populations belonging to 

haplogroup M are found throughout East Africa, Asia, the Americas, and Melanesia, · 

though almost none have been found in Europe. The N group may represent another 

migration out of Africa, heading northward instead of eastward. Shortly after the 

migration, the large R group split off from the N. Haplogroup R consists of two 

subgroups defined on the basis of their geographical distributions, one found in 

southeastern Asia and Oceania and the other containing almost all of the modern 

European populations. Haplogroup N (xR), i.e. mtDNA that belongs to the N group but 

not to its R subgroup, is typical of Australian aboriginal populations, while also being 

present at low frequencies among many populations of Eurasia and the Americas. 

The L type consists of Africans, and especially Sub-Saharan Africans. 

The M type consists of: 

Ml- Ethiopian, Somali and Indian populations. Likely due to much gene flow between 

the Hom of Africa and Arabian Peninsula (Saudi Arabia, Yemen, Oman), separated 

only by a narrow strait between the Red Sea and the Gulf of Aden. 

CZ- Many Siberians; branch C- Some Amerindian; branch Z- Many Saami, some Korean, 

some North Chinese, some Central Asian populations. 

0- Some Amerindians, many Siberians and northern East Asians 

E- Malay, Borneo, Philippines, Taiwan aborigines, Papua New Guinea 

G- Many Northeast Sib~~rians, northem East Asians, and Central Asians 

Q- Melanesian, Polynesian, New Guinean populations 

The N type consists of: 

A- Found in son1e Amerindians, Japanese, and Koreans 

I- 10% frequency in North em, Eastern Europe 

S- Some Australian aborigines 
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W- Some Eastern Europeans, South Asians, and southern East Asians 

X- Some Amerindians, Southern Siberians, Southwest Asians, and Southern Europeans 

Y- Ainus and Nivkhs; 1% in Southern Siberia 

R- Large group found within the N type.Populations contained therein can be divided 

geographically into West Eurasia and East Eurasia. Almost all European populations and 

a large number of Middle-Eastern populations today are contained within this branch. A 

smaller percentage is eontained in other N type groups (See above). Below are subclades 

ofR: 

B- Some Chinese, Tibetans, Mongolians, Central Asians, Koreans, Amerindians, South 

Siberians, Japanese, Austronesians 

F- Mainly found in southeastern Asia, especially Vietnam; 8.3% m Hvar Island m 

Croatia. 

RO- Found in Arabia and among Ethiopians and Somalis; branch HV (branch H; branch 

V)- Europe, Western Asia, North Africa; 

Pre-JT- Arose in the Levant (modern Lebanon area), found in 25% frequency in Bedouin 

poupulations; branch (branch J; branch T) - North, Eastern Europe, Indus, 

Mediterranean 

U- High frequency in Scandinavia, Baltic countries, Mediterranean 

(http://en.wikipedia.orgl) 

5. Mutations in mtDNA as causes of diseases 

The biochemical and genetic complexity of the respiratory chain accounts for the 

extraordinarily wide range of clinical presentations of mitochondrial disorders. ln general, 

the organs with the highest aerobic demand and the lowest regenerative capacity, such as 

the brain, heart and skeletal muscle, are the ones that are most severely involved, but 

virtually any organ or tissue in the body can be affected, including the gastrointestinal 

tract (Bardosi et al. 1987 liver (Mazziotta et al. 1992), kidney (Manouvrier et al. 1995) 
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and the endocrine systems (Shoffner et al. 1995a, Manouvrier et al. 1995). Each tissue 

can be affected alone, e.g. pure mitochondrial myopathy, encephalopathy or 

cardiomyopathy, or more often in combination, e.g. mitochondrial encephalomyopathy. The 

two main biochemical features in most mitochondrial diseases are respiratory chain 

deficiency and lactic acidosis. Morphologically, patients often display ragged-red fibers 

(RRF) in the muscle due to the accumulation of structurally abnormal subsarcolemmal 

mitochondria (Rowland et al. 1991 ). Some mitochondrial syndromes are well established, 

having a certain molecular genetic background and are nosologically defined entities. 

There are many disorders, however, that are defined on the basis of morphological or 

biochemical findings and still rack a molecular genetic definition. In addition, overlap 

syndromes and non-specific phenotypes mean that clinical data are not sufficient to 

provide a systematic classification of mitochondrial diseases (Zeviani et al. 1996). 

Genetically, mitochondrial diseases can be divided into three groups: those characterized 

by the presence of sporadic or maternally inherited mtDNA mutations, those 

characterized by the association ofmtDNA abnormalities with mendelian transmission of 

the trait, i.e. disorders believed to be due to mutations in nuclear genes that control 

mitochondrial biogenesis, and those that lack a mtDNA defect but are thought on the 

basis of biochemical findings to be caused by mutations in nuclear genes. 

5.1. Point mutations 

Many but not all pathogenic mtDNA point mutations are heteroplasmic. When the 

proportion of the mutant genome exceeds a certain threshold, the deleterious effects of 

the mutation will no lOnger be complemented by the coexisting wild-type mtDNA and 

will be expressed phenotypically as a cellular dysfunction leading to disease (Wallace et 

a!. 1997a). Phenotypic (~xpression will depend on. the nature of the mutation, its tissue 

distribution and the relative reliance of each organ system on the mitochondrial energy 

supply (Schon et al. 1997). The influence of nuclear genes, coexisting mitochondrial 

polymorphisms, the age and sex of the individual and environmental factors may also 

play an important, although poorly understood, role in the phenotypic expression of 

mtDNA point mutations.: (Wallace et al. 1997a). Mitochondrial DNA point mutations are 

maternally inherited and can occur in rRNA or tRNA genes, or in genes coding for 

proteins of respiratory complexes. Although more than 50 deleterious point 
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mutations have been identit1ed to date, four mutations are by far the most frequent 

(Wallace et al. 1997a). These are the 243A>G 'MELAS', the 8344A>G 'MERRF', the 

8993T>G 'NARP' and the 11778G>A 'LHON' mutations. Others are found less often, 

while still others have been described only in single individuals or families. The 

investigation of pathogenic mitochondrial DNA mutations has revealed a complex 

relation between patient genotype and phenotype (Schon et al. 1997). For unknown 

reasons, some mtDNA mutations lead to specific clinical manifestations, an example 

being 3243A>G, causing the MELAS syndrome, one of the classic mitochondrial 

syndromes. Moreover, the MELAS syndrome has a high prevalence in the adult 

population, suggesting that mitochondrial disorders constitute one of the largest 

diagnostic categories of neurogenetic diseases (Majamaa et al. 1998). 

5.2. Large-scale rearrangements of rntDNA 

Large-scale rearrangements of mtDNA can be either mtDNA deletions or, more rarely, 

duplications. Both types of mutation are heteroplasmic, and they can occasionally exist 

simultaneously in patient tissues (Ballinger et al. 1992). More than 120 mtDNA deletions 

have been identified, most within direct repeats of 3-13 nucleotides in length (Kogelnik 

et al. 1998). The most common large-scale deletions are between a 13~base pair direct 

repeat from nt 8470 to nt 8482 in the ATPase8 gene and from nt 13447 to nt 13459 in the 

ND5 gene (Moraes et al. 1989). The resulting 4997 bp deletion (the common deletion) 

has occurred independently over 200 times and accounts for perhaps 50% of ocular 

myopathy patients (Kogelnik et al. 1998). Because virtually all deletions eliminate at 

least one tRNA, it is likely that they result in a generalized translational defect. Deletions 

are usually sporadic, non-transmittable mutagenic events (Brown & Wallace 1994). The 

three main clinical phenotypes associated with large~scale mtDNA deletions are the 

Keams-Sayre syndrome, .chronic progressive external ophthalmoplegia (CPEO) and the 

Pearson syndrome (Moraes et al. 1989, Poulton eta!. 1989, Rotig eta!. 1990, McShane 

et al. 1991). The Kearns-Sayre syndrome is characterized by an invariant triad of PEO, 

pigmentary retinopathy and onset before 20 years of age. Frequent additional. symptoms 

are a progressive cerebellar syndrome, heart block and increased protein content in the 

cerebrospinal fluid. CPEO is characterized by bilateral ptosis and ophtalmoplegia, 

frequently associated with variable degrees of proximal muscle weakness and wasting, 
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and exercise intolerance. The Pearson bone marrow-pancreas syndrome is a rare disorder 

of early infancy characterized by sideroblastic anaemia with pancytopaenia and exocrine 

pancreatic insufficiency. Infants surviving into childhood may develop the clinical 

features of Kearns-Sayre syndrome (McShane et al. 1991, Rotig et al. 1990). Partial 

duplications of mtDNA has been detected in ocular myopathy and Pearson's syndrome 

patients, although duplications are much rarer in these patients than deletions. 

Duplications can be sporadic (Poulton et al. 1991) or maternally transmitted (Rotig et al. 

1992). 

5.3. MtDNA genotypes conferring increased risk of disease 

The high mutation rate resulted in the accumulation of a wide range of 

populationspecific base substitutions in mtDNA. While most of these variants are neutral, 

some are mildly deleterious. The latter, although they do not significantly reduce fitness, 

may interact with nuclear and environmental factors, predisposing individuals to an 

increased risk of developing neurodegenerative diseases late in life (Wallace 1994). 

Moreover, mildly deleterious polymorphisms may synergistically compromise 

mitochondrial function contribute to the pathogenesis of a mitochondrial disorder 

(Lertrit et al. 1994). It has been shown that the expression of some pathogenic mtDNA 

mutations depends on the mtDNA background against which they occur. The risk of 

expression of LHON in presence of the primary mutation 14484T>C is eight-fold 

higher when this mutation occurs in the specifically European haplogroup J (Torroni et al. 

1996b). The I1778G>A mutation was observed in a widerange of mtDNA haplogroups 

but has shown an almost six-fold preferential association for haplogroup J(Torroni et al. 

1997). The mutation 4336T>C is associated with late-onset Alzheimer disease (Hutchin 

& Cortopassi 1995), has arisen as a single mutational event in the European 

haplogroup H (Torroni et 1994). The association of a particular mtDNA sequence 

variant with a particular disease is not an unambiguous indicator of aetiological 

significance (Chinnery el al. I 999), however, as the mtDNA sequence may act as a 

surrogate marker for a nuclear gene defect, particularly in isolated populations that have 

experienced a marked founder effect (Heyer 1995, Jorde et al. 1995). Similarly, a 

particular mtDNA haplotype may signal, through a founder effect, a population subgroup 

that has inherited a group of detrimental or protective nuclear genes. 
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5.4. Defects in nucleo-mitochondrial signalling and nuclear gene defects 

Most of the genes involved in mitochondrial functions reside in the nucleus. These 

include the majority of genes encoding polypeptides for respiratory chain complexes arid 

ATP synthase, and the genes that control the biogenesis of the mitochondrial genome and 

mitochondrial metabolism. Mitochondrial disorders that still lack molecular genetic 

characterizations but are defined biochemically as defects of the respiratory chain 

complexes or are inherited as mendelian traits indicate the existence of mutations in 

nuclear genes or faulty interactions between nuclear and mitochondrial genes. Virtually 

any nuclear mutation that alters a pathway in intermediate metabolism, which interfaces 

with the mitochondria could also interact with OXPHOS gene polymorphisms and lead to 

disease (DiMauro 1999). The Leigh syndrome is the most common mitochondrial 

encephalomyopathy of infancy or childhood (Rahman et al. 1996), with the characteristic 

neuropathology of focal, bilaterally symmetrical spongiform lesions, especially in the 

thalamus and brain stem regions (Dahl 1998). It is much more commonly transmitted as 

an autosomal recessive trait than as a maternally inherited trait, and is occasionally 

transmitted as an autosomal dominant or X-linked trait. The Leigh syndrome is one of the 

most commonly recognized disorders of mitochondrial energy production and can be 

regarded as one part of the spectrum of these disorders. For example, some mutations in 

mtDNA, such as 8993T>G or 8993T>C, when present in high proportions in affected 

tissues, will cause Leigh syndrome, whereas lower levels of mutant mtDNA will cause 

milder phenotypes (Santorelli et al. 1993 ). In a similar manner, mutations in some nuclear 

genes appear to result in Leigh syndrome, but functionally less severe mutations. in the 

same genes give rise to different clinical presentations (Dahl 1998). The first pathogenic 

mutation in nuclear genes was found in two sisters with Leigh syndrome and complex II 

deficiency (Bourgeron et 1995). Complex II is entirely encoded by nuclear DNA, and 

the mutation was detected the gene encoding the flavoprotein subunit. A few mutations 

have also been found in nuclear DNA encoding complex I subunits in patients with Leigh 

syndrome (van den Heuvel et al. 1998, Triepels et al. 1999), and some have been 

identified in a nuclear SURF 1 gene encoding a protein needed for proper COX assembly 

(Tiranti et al. 1998). Ct::rtain abnormalities of mtDNA have been shown to be secondary 

to nuclear mutations. Autosomal dominant chronic progressive external ophthalmoplegia 
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is a genetically heterogeneous disorder, with at least three distinct genomic loci causing 

very similar phenotypes (Kaukonen et al. 1996, 1999). All affected patients have multiple 

mtDNA deletions (Kaukonen et al. 1999). Furthermore, two other autosomally inherited 

diseases with multiple mtDNA deletions, Wolfram syndrome and a recessively inherited 

mitochondrial neurogastrointestinal encephalomyopathy, have been mapped to distinct 

nuclear regions (Nishino et al. 1999). Friedreich's ataxia and autosomal recessive 

hereditary spastic paraplegia (HSP) are good examples of diseases of secondary 

OXPHOS deficiency. HSP is characterized by progressive weakness and spasticity of the 

lower limbs due to degeneration of the corticospinal axons. HSP patients have two major 

morphological hallmarks of mitochondrial myopathy, RRF and COX-negative fibers 

(Casari et al. 1998). HSP is a genetically heterogeneous group of neurodegenerative 

disorders. An autosomal recessive form is associated with mutations in the gene encoding 

paraplegin, a novel mitochondrial protein highly homologous to the yeast mitochondrial 

ATPases AFG3, RCAI and YMEl, which have both proteolytic and chaperone-like 

activities at the inner mitochondrial membrane (Banfi et al. 1999). Friedreich's ataxia is 

an adolescent autosomal recessive disorder, the main clinical features of which include 

progressive ataxia, dysarthria, skeletal deformities, hyporeflexia, pyramidal features and 

hypertrophic cardiomyopathy (Schapira 1999a). Muscle biopsies from patients with 

Friedreich's ataxia also typical mitochondrial changes. Genetic analysis has 

revealed an expanded intronic GAA repeat in the gene encoding frataxin (Koutnikova et 

al. 1997, Rotig et al. 1997). This frataxin deficiency results in mitochondrial iron 

accumulation, which probably results in. oxidative stress and damage, which in tum may 

cause a decrease in mtDNA levels and severe deficiencies in the activities of complexes 

I-III (Schapira 1999b ). Wilson's disease is an inherited disorder of copper homeostasis 

characterized by an abnormal accumulation of copper in several tissues, particularly the 

liver, brain and kidney. The disease-associated gene encodes a copper-transporting P-type 

ATPase located in the mitochondria (Lutsenko & Cooper 1998). Mitochondrial function 

has not been investigated in Wilson's disease but one would predictthat an accumulation 

of copper may promote oxidative damage and result in an OXPHOS defect 

predominantly affecting complex IV (Lutsenko & Cooper 1998). 
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5.5. Disease associated with haplogroups 

MtDNA is exposed to a higher mutation rate compared to nuclear DNA as it is not 

protected by histones. Fmthermore, the repair mechanisms in mitochondria are not as 

efficient as those in the nucleus. Among the numerous mutations that have accumulated in 

mtDNA during evolution there are several ethnic specific single nucleotide 

polymorphisms (SNPs) that enable the definition of discrete and region specific 

subdivisions of the human population called mitochondrial haplogroups (mtHgs). 

Specific mtHgs might reflect functional differences in energy metabolism and were 

therefore linked with human diseases like neurodegenerative disorders or cancer. 

Polymorphisms in mtDNA might also represent modifier factors as has been shown in 

Leber's hereditary optic m~uropathy (LHON) where mtHgs contribute to the phenotypic 

expression ofmtDNA mutations (Carelli eta!. 2006; Pello et al. 2008;Pierron et al. 2008) 

5.6. List of mtDNA mutations and diseases 
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6. Mitochondrial DNA as a genetic marker 

In humans, the mtDNA is a double-stranded, circular, covalent closed molecule of 16.5 

kb. The mtDNA is inherited as a haploid from the mother and heteroplasmy has been 

found rarely. The human mitochondrial DNA (mtDNA) genome was sequenced and 

enumerated over twenty years ago (Anderson et al., 1981). The approximately 16,569 

base pair genome encodes 13 polypeptides, 22 tRNAs, and 2 rRNA subunits. This closed, 

double-stranded, circular genome can be classified according to function: the coding 

region (about 15.5 kb of the genome) and the non-coding control region (about 1.1 kb of 

the genome). All of the genes in the coding region are highly concatenated and only 

occasionally have non-coding "spacer" sequences separating the genes. The control 

region has an important regulatory function for the mitochondria and contains sequences 

to initiate both transcription and DNA replication of the heavy strand. M~my laboratories 

have focused on sequences within the non-coding control region of the mtDNA genome 

(mtGenome), specifically hypervariable regions 1 and II (HVl and HV2), they span 

roughly positions 16024-16383 and 57-372, respectively (numbered correspondingly to 

the reference sequence, Anderson et al., 1981 ). Although the boundaries of HV 1 and HV2 

are not rigidly defined, the dense array ofpolymorphisms within HV1/HV2 has made this 

region an attractive target for sequencing studies of mtDNA variation. From a 

populational perspective, it could be considered as a system of small, sexually isolated 

demes, or clonal lineages, with an evolutionary rate 5 to 10 times faster than the nuclear 

genome. All these characteristics make this molecule ideal for evolutionary studies. 

Mitochondrial DNA sequence variation can be used to construct phylogenetic networks 

that enable more detailed analyses of evolution and population history. A phylog~netic 

network allows the relationships between individual sequences to be displayed and a time 

scale between sequences to be determined. The analysis of mtDNA has become an 

important tool .for studying human population structure and history (Stoneking et al. 

1993). Most phylogenetic analyses of mtDNA have been based on sequence variation in 

the first hypervadable segment of the control region (HVS-I), which is the most variable 

part o£ mtDNA. RFLP studies of the mtDNA coding region have been used to classify 

mtDNA haplogroups .. Phylogenetic analyses that have been based on either RFLP data or 

32 



sequences from the HVS-I almost invariably fail to form nested sets ofhaplotypes, due to 

poor resolution (Bandelt et al. 1995). These RFLP data have subsequently been expanded, 

and the most accurate phylogenetic networks for European mtDNA have been 

constructed by using sequence data from HVS-I (Macaulay ~t al. 1999) or HVS-II 

sequences (Helgason et 2000) augmented with data from RFLP analyses of the coding 

region. Complete sequences, which have now begun to emerge, represent the best 

resolution that it is possible to obtain in phylogenetic analyses when analysing mtDNA 

evolution (Richards & Macaulay 2001 ). The analyses are complicated, however, by the 

presence of homoplas:ies, parallel mutation events or reversals. Homoplasies are 

substitutions occurring at an identical position but caused by separate mutational events. 

A network constructed by means of a median algorithm has been suggested as the best 

method to analyse mtDNAs. A median network generated using a table of binary data 

contains the same information as originally, but in a more illustrative way, so that all the 

data can be arranged in a novel network portraying mtDNA relationships. Labelled 

appropriately, the network can predict haplotypes, tell us where homoplasy is located, 

which sites are frequently subject to mutations, where a consensus sequence is and 

whether recombination is likely to have occurred. (Bandelt et al. 1995 .) Since the median 

network harbours all the most parsimonious trees for the input data, it yields a concise 

picture of the data. 

6.1. RFLP and Control Region Analyses 

Early studies of mtDNA identified mitochondrial mutations based on Restriction 

Fragment Length Polymorphism (RFLP) data, pioneered by Wesley Brown and Doug 

WaHace (Denaro et al. 1981 ). The use of "low resolution" restriction analysis (using 5-6 

restriction enzymes) revealed a phylogeny that was "star-like", with a central 

mitochondrial type shared among diverse populations throughout the world (Johnson et 

a!. 1983). Using "high resolution" restriction analysis (12 restriction enzymes), an 

analysis by Cann et al. (1987) revealed a more highly resolved phylogenetic tree of 

mtDNA. In the late 1980s .early 1990s, as DNA sequencing became cheaper, easier, 

and faster to perform, mtDNA sequencing of the control region became an additional 

method utilized for genetic studies of human mtDNA evolution. The analysis of RFLP 

variation in global populations 'permitted the identification of a number of monophyletic 



clades in which all mtDNAs could be classified. These clades, or haplogroups, were 

distinguished by ancient mutations that occurred thousands of years ago. 

6.2. Molecular evolution studies using mtDNA 

Analysis of mtDNA is commonly performed to investigate relationships between 

populations for determination of ancestry. The non-recombining property of mtDNA 

makes it a powerful tool for generating support of when and where the human species 

(Homo sapiens) originated. It has been shown by DNA analysis that the first modem 

humans evolved in Africa (mtDNA haplogroup L) 100,000 to 200,000 years ago. 

Furthermore, Homo sapienshave been estimated to spread from Africa, commonly 

described as the Out of Africa model, approximately 50,000 years ago(± 20,000 years). 

In addition, analysis of mitochondrial as well as nuclear DNA obtained from the extinct 

species Neanderthal, dated to approximately 38,000 years before present, provides 

aluable information concerning evolution and the origin of modern humans. The time 

since Neanderthals and humans diverged is estimated to be about 500,000 years ago. It is 

also suggested that Neanderthals did not contribute any mtDNA to present humans 

(Ingman et al. 2000; Green et al. 2006; Noonan·et al. 2006). 

6.3. Entire mtGenome sequencing 

The emergence of "mitogenomics" began with the landmark publication of 53 complete 

human mtGenomes from diverse global populations in late 2000 by lngman and 

colleagues. The .robust phylogenetic tree from this global sample confirn1ed previous 

research ( Cann et al., 1987; Vigilant et a!., 1991) that humans migrated out of Africa to 

populate the world. Soon afterwarp, Finnila et al. (2000) used Conformation-Sensitive 

Gel Electrophoresis (CSGE) for analysis of coding region sequences of 22 Finnish 

individuals belonging to haplogroup U. Finnila et al. (2001) followed up this effort with a 

phylogenetic analysis of 192 mtGenomes from Finnish samples spanning all European 

Caucasian haplogroups. The maximal information afforded by complete mtGenomes has 

allowed a. "coming of age" for mitochondrial gene trees (Richards and Macaulay, 2001 ). 

As more laboratories generate entire mtGenomes, the fruits of mitogenomics are coming 

to bear in a number of areas. In addition to the confirmation of the out of African 

hypothesis (Ingman et al., 2000 and Maca-Meyer et al., 2001), the lack of recombination 

in mtDNA has been rigorously confirmed (Ingman et 2000) - despite a flurry of 
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debate to the contrary (Innan and Nordborg, 2002; Hagelberg, 2003). Entire mtGenomes 

have been used to discover novel polymorphisms associated with haplogroups 

(Hermstadt et al., 2002). Tbrroni et al. (2001) observed differences in the mutation rate of 

African haplogroup L2 subtypes. Mishmar et al. (2003) proposed that selection plays a 

role in the mtGenome variation among different haplogroups, and Meyer and von 

Haeseler (2003) have studied site-specific substitution rates in the entire mtGenome. 

6.4. Mutation rate variatiion in the coding region-

6.4.1. Characterization of the relative mutation rates in HV1/HV2 

One salient characteristic of human mtDNA evolution is extreme substitution rate 

heterogeneity from site to site (Wakeley, 1993). Several studies have sought to 

characterize the relative mutation rates of sites in the two HV regions (Wakeley, 1993; 

Malyarchuck et al., 2002). The mutation rate spectrum in HV 1 and HV2 is best described 

by a gamma distribution, with an "L-shaped" curve (Figure 2). In such a distribution, a 

few sites exhibit very high mutation rates (so called, "hotspots") while most sites have a 

range of low substitution rates (or are practically invariant). The shape parameter (a) of 

the gamma distribution is used as a measure of the amount of rate variation (reviewed in 

Yang 1996). The a parameter is inversely related to the extent of rate variation: low 

values of a (::::._1) produce an ·'L-shaped" distribution while increased values of a(> 1) are 

indicative of intermediate rates (i.e. few sites are either invariant or fast). As a approaches 

infinity, all sites have the same rate 

Differential substitution rates have 

been shown to create artifacts in 

phylogenetic reconstruction 

(Tateno et al. 1994; Yang 1995) if 

not properly accounted for. 

Mutation rate heterogeneity can 

mimic population expansion 

(Aris-Brosou and Excoffier 1996) 

and bias estimations of population 0.5 1 1.5 2 2.5 3 
Substitu!ioo rate {r} 

genetic parameters as Figure 2. The Gamma Distribution of Substitution Rates. 

estim<1tion of effective population size (Fu, 1994) and calibration of the molecular clock 
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(Yang, 1996). Wakeley (1994) demonstrated that ignoring the mutation rate variation 

could greatly underestimate the transition: transversion ratio. 

The density function (proportion of sites) is graphed against the substitution rates at sites. 

The gamma distribution has a shape parameter, a, which is inversely related to the degree 

of rate variation. Low values of a (::=:1) the gamma curve is "L-shaped", meaning that 

most sites are invariable, while a few sites have a fast mutation rate. As a becomes larger 

(> 1), the curve becomes "bell-shaped", meaning that nearly all sites have an intermediate 

rate with a few sites invariant and a few sites fast. Figure adapted from Yang, 1996. 

6.4.2. Methods to determine mutation rate variation 

Several methods have been used to determine the mutation rate variation within the 

mtDNA control region. These techniques include accessing the relative mutation rates 

from phylogenetic trees evaluated using parsimony (Wakeley 1993; Hasegawa et al. 

1993), maximum likelihood (Excoffier and Yang 1999; Meyer et al. 1999), and pair wise 

distance methods (Pesole and Saccone 2001). The determination of relative mutation 

rates using phylogenetic trees inferred by using parsimony has been shown to 

underestimate the true mutation rate by overestimating a (Yang, 1996). Maximum 

likelihood (ML) methods utilize an evolutionary model to estimate DNA substitutions 

and have been shown to perform better than parsimony-based methods to determine 

unbiased measures of a (Yang 1994). One disadvantage of the ML method is the intense 

computational requirements for analysis, limiting the number of sequences that can be 

evaluated at one time. A pair wise distance method has also been 'used to determine 

relative mutation rates (Van de Peer et al. 1993). This method is based on the idea that in 

comparing two sequences, probability of observing a difference at a particular site 

depends on the site-specific mutation rate and the evolutionary distance between the two 

sequences. Thus, when comparing two very closely related sequences, there is a much 

higher probability that any observed nucleotide differences between the two sequences 

are a result of changes at evolving sites (Van de Peer et al., 1993; Meyer and von 

Haeseler, 2003). Since. this method simply compares sequences and calculates the 

"disparity index" (Van de Peer et al., 1993),. a much larger number of sequences can be 

analyzed without having to rely on phylogenetic tree building methods (Van de Peer and 

De Wachter 1993; Pesole and. Saccone 2001). 
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6.4.3. Assumptions of the rate variation in the coding Region 

Characterization of the site-by-site spectrum of relative mutation rates in the coding 

region is now feasible with the recent, growing number of published mtGenome 

sequences. Until very recently, the assumption that the slower evolving coding region has 

a relatively homogeneous mutation rate appears to have been the rule. By assuming, 

"there is no evidence of variation in the mutation rate", this group concluded that the 

appearance of excessive homoplasy in the mtDNA coding region was due to 

recombination. Criticisms of the data used in that study (Macaulay et al. 1999b; Kivisild 

and Villems 2000), the methods used (Jorde and Bamshad 2000; Kumar et al. 2000), and 

recent analyses of entire mtGenomes (Ingman et al. 2000; Elson et al. 2001; and 

Hermstadt et al. 2002) have abrogated the controversy of recombination in mtGenome 

(Innan and Nordborg 2002). There appears to be inconsistency in the literature as to the 

relative amount of homoplasy in the coding region. For example, Herrnstadt et al. (2002) 

notes the "relatively large number of sites" showing the "extensive" amount of homoplasy 

in their data set of 560 coding region mtGenomes. On the other hand, another group (Yao 

et al. 2003) examines the same data and notes that, "Homoplasy in the coding region is 

much less than in the control region and may have only a few hot spots." Meyer and von 

Haeseler (2003), using pmr distance comparison method between pairs of 

sequences (Van de Peer et al. 1993), identified site-specific mutation rates and estimated 

the parameter for the m1tGenome. In the pair wise method, Van de Peer et al. (1993) first 

estimated genetic distances between pairs of sequences to identify sites that have 

undergone multiple mutations. Then, Van de Peer et al. (1993) used probabilistic analysis 

to determine the site-specific rates at each position. Meyer and von Haeseler (2003) 

determined that the statistical basis used by Van de Peer et al. (1993) was not well 

established. Meyer and von Haeseler (2003) used the pair wise distance method as in Van 

de Peer et al. (1993) followed by a maximum likelihood model to estimate the 

site-specific rates in the mtGenome. 

7. Phylogenetic tree building methods 

Different tree.:building methods exist for the study of phylogenetic relatedness between 

DNA samples (Li 1997). Most generally the algorithms can be divided into groups: those 

relying either on (i) distance, neighbor joining (NJ), or on (ii) character state, e.g. 

37 



maximum parsimony (MP) and maximum likelihood (ML ), analyses. 

7.1. Neighbor joining method 

· NJ tree construction (Saitou and Nei 1987) starts with a starlike tree and a distance matrix 

inferred from pairwise comparison of all sequences. Sequentially, the search for the 

closest neighbors in the matrix defines additional interior branches in the tree, 

minimizing its total length. 

7 .2. Parsimony method 

MP methods (Fitch 1977; Swofford 1993) search for tree(s) that require the smallest 

number of substitutions. Tree construction employs only informative sites - substitutions 

that favor certain branching order; and from the set of all possible or heuristically chosen 

samples of trees the one(s) with the smallest number of substitutions {character state 

changes) are chosen. 

7.3. Maximum likelihood method 

ML methods (Felsenstein 1988) assign likelihood values to trees or subsets of a tree to 

choose the best tree the value. The likelihood estimate's are derived from a 

probabilistic model that is specified for character state changes. Such models take into 

account substitution rate from one character state to another. The rates can be taken as 

unifonn for ali substitution types (Jukes and Cantor's 1-parameter model), or different 

values can be given transitions and transversions (Kimura's 2-parameter model). 

Rates can be further refined by different substitution types and GC content Unlike MP 

method ML analysis makes use of all sites available in the sequences. 

8. Phylogenetic networks 

Multiple hits are a common problem in all phylogenetic analyses as they cause 

incompatible character states. The higher the number of pairwise incompatible 

(homoplasious) sites the higher is the number of trees with equal length that can be drawn 

from the data set. One particular tree from such a forest of MP trees alone, thus, can be 

misleading as far as character conflicts are resolved arbitrarily. At the cost of lower 

resolution the given homoplasies can be expressed by alternative pathways in a form of 

networks. Fast algorithms of network construction have been developed, relying either on 

sequential split decomposition of each informative character in the sequence matrix 

(Bandelt 1994; Bandelt et 1995), ending up with a (reduced) median network 
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containing (almost) all NrP trees, or on sequential introduction of inner branches between 

components of shortly connected nodes (Bandelt et al. 1999). 

9. Rooting of phylogendic trees 

Any tree construction produces unrooted trees which do not define directions of 

evolutionary relationships nor make any assumptions about the common ancestor of the 

group. The tree can be rooted if additional knowledge is supplied from an outgroup. The 

latter is usually chosen from another group that is externally known to have separated 

from the common phylogenetic lineage before the existence of the most recent common 

ancestor of the group under study. If such infonnation is not available, an alternative, yet 

not so powerful, way of rooting a tree is to specify a node in the tree from which the 

distance to all terminal nodes is minimal as the midpoint root. Insertion of parts of 

mtDNA into the more conservative nuclear genome can serve as a special case of 

outgroup - a recent insertion of a D-loop segment into chromosome 11 has been proved 

very useful for rooting human mtDNA tree (Zischler et al. 1995). 

10. Mutation rate calibration 

One of the crucial points in mtDNA based population genetics is the calibration of the 

molecular clock. Since timing is decisive for the interpretation of the demographic 

history of populations, a reliable relation between sequence diversity and the time scale is 

needed. Several approaches have been taken, all based on assumptions that can be 

quantitatively checked, like (i) constant rate in different lineages, (ii) neutrality of the 

mutations being used. Two of them rely on 'outside' infonnation, like fossils or historical 

records, which have to be taken as they are. 

1. One way of clock calibration is to consider variation in populations from specific 

geographical regions with a well-known time of colonization;The extent of differentiation 

within clusters specific to New Guinea, Australia and the New World have been used to 

estimate the mean rate mtDNA divergence within humans. It has been found that the 

divergence rate (twice the substitution rate), averaged over the whole mtDNA molecule, 

lies between 2-4% et a!. ] 987; Torroni et al. 1994c; Wilson et al. 1985) and for 

transitions in a HVS-1 segment(] 6,090-16365) is about 36% per million years (Forster et 

al. 1996). 

2. An out-group or interspecies calibration method considers differentiation within one 
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species compared to the distance from the MRCA with another related species. The date 

for the split of these species is taken from paleontological evidence and related with the 

sequence diversity. Horai (Horai et· al. 1995), for example, considered the divergence 

time of African apes from fossil record as being 13 million years and estimated from that 

figure that the human/chimpanzee split occurred 4.9 million years ago. This calibration 

gave the substitution rate at synonymous sites and in the D-loop region as 3.89 and 7.00 x 

1 0-8/site/year, respectively. From these estimates the age of the last common ancestor of 

the human mtDNAs was inferred as 143,000 ± 18,000 years. Similarly, the distance 

between humans and chimpanzees was used to calibrate the rate of most widely used 360 

bp segment ofHVS-I (Ward et al. 1991), yielding the divergence rate of33% per million 

years. For the whole control region, with a total of 751 nps, 23% per million years of 

divergence has been estimated (Stoneking et al. 1992). 

3. Pedigree calibrations try to estimate the mutation rate directly from samples of known 

genealogy. Fast rates (260% divergence per million years) obtained from the first few 

pedigree studies (Parsons et 1997) were taken as being in conflict with those 

calculated phylogenetically. It was atgued (Paabo 1996) that the pedigree rate could be 

more appropriate to use in studies focused on events in a timescale of hundreds or 

thousands of years. Now, when more data have became available. (Bendall et al. 1996; 

Jazin et al. 1998; Soodyall et a!. 1997) the pedigree estimates have become close to the 

conventional ones and an improved understanding of the differences between the 

mutation and fixation rates, and differences in rates between sites in control region, 

suggests that there is no need to revise the mutation rate estimates (Macaulay et al. 1997). 

11. Calibration of the mtDNA molecular clock 

The molecular clock hypothesis holds that for any given DNA sequence, the rate of 

evolution is approximately constant over all evolutionary lineages. This regularity of 

molecular evolution would stand in direct contrast to the non-uniform change of 

morphological evolution. In principle, this hypothesis could be tested using known 

calibration points of dated lineage divergen~es. This requires accurate, independent 

dating of the lineages being investigated by other disciplines, most notably palaeontology. 

Mutation rate calibration can either be performed directly on individual meioses, or 

indirectly through the observation of a certain amount of divergence across a known time 
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span. The latter approach often uses divergence between species whose divergence is well 

dated in the fossil records. 

One of the approaches is to estimate the mean rate of mtDNA divergence in different 

geographical regions for which approximate time of colonization is available from 

historical sources. The exte:nt of differentiation within clusters specific to New Guinea, 

Australia and the Americas has been used and the divergence time (twice the substitution 

rate) estimate between 2-4% per million years has been calculated for whole human 

mtDNA molecule (Cann et 1987; Torroni et al., 1994a). The same value fro 

transitions of D-loop HVS-I region (between nps 16090 to 16365) was found to be 36% 

per million years (Forster et al., 1996). 

The other opportunity is to use the outgroup method, which compares the average amount 

of sequence variation between two species considering their distance from the MRCA. 

The time of their split is taken from paleontological evidences. Recently, Kivisild et al., 

(2006) have perfom1ed calibration using nuclear inserts of mtDNA and the chimpanzee 

consensus sequence as outgroups appeared between haplogroup LO and the rest of the 

phylogeny. Extensive interspecies homoplasy and mutational saturation was highlighted 

by the fact that for more than one-third (417/1292) of the variable sites, regardless of 

their phylogenetic position on the tree, the derived allele among humans corresponded to 

the chimpanzee allele. In agreement with noncoding region information (Aquadro and 

Greenberg, 1983), a high ratio (21.5 on average, 34.8 in synonymous positions) of 

transitions to transversions was observed in the coding region (577-16023). Interspecies 

calibration of the molecular dock over the complete mtDNA sequence (Ingn1an et al., 

2000; Mishmar et al., 2003) is problematic because of saturation of transitions at silent 

positions and the effect of selection on the fixation rate of amino acid replacement 

mutations. Assuming 6 million years for the human-chimpanzee species split (Goodman 

et al., 1998) and 6.5 million .years for the most recent common ancestor of their mtDNA 

lineages (Mishmar e,t al., 2003), Kivisild et al., (2006) estimated the average transversion 
-9 -10 

rate at synonymous and rRNA positions as lxl 0 and 4.lxl 0 I year/position, 

respectively. Using, the observed relative rates of different substitution types in humans, 
-8 

the average transition rate at 4212 synonymous positions is 3.5xl0 (SD 
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O.lxlO )/year/position. Over all genes in mtDNA this would be equivalent to 

accumulation of one synonymous transition/6764 (SD 140) years on average. The 

coalescent date of the human mitochondrial DNA tree using this rate is 160,000 (SD 

22,000) years. This coalescent date is broadly consistent with the dates of the Homo 

sapiens fossils recognized so far from Ethiopia (Clark et al., 2003; White et al., 2003; 

McDougall et al., 2005). The TMRCA of all the Eurasian, American, Australian, Papua 

New Guinean, and African lineages in clade L3 dates to 65,000 ± 8000 years while the 

average coalescent time of the three basic non-African founding haplogroups M, N, and 

R is 45,000 years (Kivisild et al., 2006). These estimates, bracketing the time period for 

the recent out-of-Africa migration (Stringer and Andrews, 1988), are younger than those 

based on calibrations involving all coding region sites (Ingman et al., 2000; Mishmar et 

al., 2003) but are still in agreement with the earliest archaeological signs of anatomically 

modern humans outside Africa (Mellars, 2004). The differences between the date 

estimates of previous studies are most likely due to the overrepresentation of possibly 

slightly deleterious nonsynonymous mutations in the younger branches of the tree (Elson 

et al., 2004) that introduces a bias to the coalescent approach if all the sites of the coding 

region are used. 

12. Pitfall of Age estimation 

For a single locus, there has been a quite spectacular breadth of age estimates for the 

TMRCA of mtDNA. In some cases, the explanation for these divergent estimates is easy 

to spot. There has been an almost perennial confusion between substitution rates and 

divergence rates that seems to remain no matter how many times it is pointed out. The 

former measures the rate of change from an ancestral sequence to a contemporary 

descendant sequence, whereas the latter measures the rate of change between two 

sequences that diverged from a common ancestor. So, reading the substitution rate as a 

divergence rate would slow down the evolution by a factor of a half, whereas the other 

way round the evolutionary rate would get doubled. This can cause particular confusion 

when it arises in a work that aims to compare different estimates of the mutation rate in 

the control region (Santos et al. 2005). Perhaps the overestimates have caused the 

greatest difficulties. brave multiregionalist, confronted with the shallow coalescence 

time usually estimated for human mtDNA, is easily tempted to refer to some of the more 
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extreme age estimates yielding up to half a million years or so, obtained in the mid-1990s 

and based on meagre data and dubious methods. Such outlier estimates are then labelled 

'conservative' and are still being woven into multiregional models to this day (Eswaran et 

al. 2005). There are, however, more recent and younger age estimates which equally lack 

any solid basis. 

13. Weekness of mtDNA analysis 

Whilst the knowledge that can be gained from mtDNA analyses is significant, the 

possible drawbacks associated with basing scientific conclusion on the analysis of such a 

genetic marker must not be overlooked. mtDNA represents only one locus within the 

genome (Ingman et al 2000), and provides information relating to the maternal line of 

descent only (Salas et a! 2005). In addition, interpretation of mtDNA is 'notoriously 

difficult' (Bandelt et al 1995), not least due to the abundance of homoplasy within the 

data (Brandstatter et al 2004); also known as parallel mutation or reversal, this is rife 

throughout mtDNA sequences, especially within the control region (Eyre-Walker & 

Awadalla 2001), with Howell and colleagues (2004) describing the high number of 

control region sites displaying apparent homoplasy as 'the most striking result' of their 

study. Homoplasy results either from recombination, or via the same site acquiring the 

same mutation in different parts of the tre.e (Eyre-Walker & Awadalla 2001); with the 

occurrence of the former already shown unlikely, it has been argued that the high rates of 

homoplasy within mtDNA prqvide evidence for significant variation in the mutation rate 

within the mitochondrial geniome (Eyre-Walker & Awadalla 2001, and references therein). 

In addition, when focussed specifically 011 human origins or the earliest of human 

dispersals, these analyses further complicated by the greater time-depth of African 

lineages, compared to that of others around the globe (Salas et al 2002); modern humans 

are believed to have evohled Africa around 200,000 years ago (Cann et al 1987), 

before radiating out and replacing archaic human forms in Europe and Asia, with the L3 

haplogr.oup giving rise to the widespread M and N mtDNA lineages (Macaulay et al 

2005). Despite the frequency with which intraspecific mtDNA variation analysis is now 

used as an investigatory tool, the interpretation of such data is far from error-:free. Often 

as a result of homoplasy, reticulations can also frequently find their way into networks 

via reference base error and base-shift error (Bandelt et al 1995). In some cases, errors 
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such as these can be classed as 'phantom mutations'- unfortunately highly widespread 

mutations generated via the sequencing process, frequently due to misreading (Bandelt et 

al 2002) or post-transcriptional error (Brandstatter et al 2004). Such errors can have a 

significant detrimental effect on the accuracy of any results gained from data under 

consideration. 

14. Recombination within mtDNA genome? 

The mtDNA genome is frequently reported as a non-recombining genetic marker 

(Herrnstadt et al2002). However, as our knowledge of the mtDNA region has grown, this 

understanding has been questioned. Eyre-Walker and Awadella (200 1) propose three 

possible routes via which recombination within the mtDNA genome could take place; 

each case challenges the consensus that as mtDNA is inherited maternally, it is therefore 

clonal. Of the three. patlnvays - recombination via heteroplasmy, nuclear pseudogenes 

and paternal leakage - the authors conclude the latter to be the most likely, stating that 

whilst evidence is limited, enzymes required for homologous recombination are encoded 

within the mitochondria, and even extremely sporadic recombinational events would 

have a 'significant and detectable effect in terms of evolution'. However, the authors 

have been criticised for the methodologies employed, with limited samples in three of 

their data sets (Jorde &. Bamshad 2000), and a measure (r2) prone to producing 

misleading results (Kmnar et a! 2000). Overall, a general consensus would view mtDNA 

recombination as non-existent (Ingman et a/2000). 

15. Homoplaseis and multiple hits 

In 1983 Aquadro and Greenberg (Aquadro and Greenberg 1983) found that the sequence 

diversity in the D-loop region of mti)NA is several fold higher than in the coding parts 

and that there exists a 32-:fold bias of transitions over transversions. Wherefore transitions, 

in a relatively long run, tend to get 'saturated' and are about to undergo multiple hits, 

which means that one site may have gone through many substitutions and yet be at the 

same state. Multiple hit corrections therefore are to be made whenever attempting to draw 

phylogenetically reasonable conclusions, especi~lly those concerning time estimates. One 

way of solving this problem for transiti9ns is compare the observed difference between 

two species with the one expected f1:om transversion a! distance under a model of known 

ratio of transitions and transversions (Vigilant etal. 1991 ). Another way to cope with the 

44 



high levels of homoplasy in HVS-I haplotypes, caused by either 'visible' parallelisms or 

'hidden' multiple hits, is a combined application of both RFLP and HVS-I data 

(Starikovskaya et al. 1998; ToiToni et al. 1996). 

16. Rate variation 

Besides 20-30 fold transitional bias it has been noted that the rate variation between sites 

from the control region is also significantly high (Ohno et al. 1991; Wakeley 1993). 

Transitions at sites like 16093, 16129, 16209, 16311 and 16362 from HVS-I and 00146, 

00150, 00152 and 00195 from HVS-II occur in many different lineages and these sites 

can be considered as mutational hotspots. The heterogeneity is higher in HVS-II 

(Aris-Brosou and Excoffier 1996) that contains a handful of extremely fast evolving sites 

and a long list of those that rarely undergo any mutation. Rate variation can be taken into 

account in phylogenetic homoplasy solving by giving different weights to sites according 

to known rate variation (Helgason et al. 2000). 

17. Mismatch distributions and demographic expansions 

Pairwise comparison of sequence types gives a frequency distribution of distances 

("mismatch distributions", Harpending et 1993) between all possible pairs of 

sequences in the sample. When a population goes through a rapid expansion then most of 

the variation within that population is preserved and new mutations get fixed with higher 

probability. Given the random nature of mutation cumulation, the frequency distribution 

of pairwise distances is thus expected to be unimodal and fit the Poisson process. 

Contrarily, in populations with constant size the distribution is expected to be a 

multi-modal or "bumpy" one. Thus, the ideal case there is a downright coJTelation 

between the population demographic history and the mismatch distributions. In reality, 

very often, the population history can be a sum of several fusions, splits and multiple 

expansions or bottle-necks. a simplistic analysis of mismatch distributions in a 

whole sample can be misleading. For example, African populations were first interpreted 

(Graven eta!. 1995; Watson et al. 1996) as stationary because of their bumpy mismatch 

distributions. Yet, when phylogenetically properly dissected (Watson et al. 1997) several 

African..:specific lineages clusters were detected that exhibited unimodal mismatch 

frequency pattern . reflecting possible ancient expansions. These separate clusters had 

expanded and were further fused together before the emergence of modern ethnic 
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groups. There is a contributive correlation between the coalescence age estimate of a tree 

and the effective population size for a given population since the coalescence. By theory, 

the smaller the effective population size is the sooner a relevant tree is expected to 

coalesce in the past. For example, human mtDNA diversity compatible with the African 

"Eve's" age of 200,000 years has been argued to infer that the minimal effective number 

of females in the late Middle Pleistocene could have been in the order of only one to ten 

thousands (Harpending et a{ 1993). Further, the peaks of mismatch distributions suggest 

that a major population expansion in human history took place long after that time, 

around 60,000 years ago (Harpending et al. 1993; Mountain et al. 1995; ·Rogers and 

Harpending 1992; Rogers and Jorde 1995; Sherry et al. 1994). 

18~ Early studies of phytogeographic diversity of human .mtDNA 

The first application of mtDNA to elucidate the origin of modem humans took place in the 

late 1970s and early 1980s, vv·hen Brown et al., (1980) discovered the restriction fragment 

pattern of mtDNAs among individuals from diverse ethnic and geographical origin differed 

substantially.. On the basis of an estimated rate for base substitution of 1%/106 year (Brown 

et al., 1979), man could hav1~ speciated or passed through a severe population constriction as 

recently as 1 80,000 years ago. The complete sequence of mitochondrial genome was 

published in 1981 (Anderson et al., 1981) and soon after that many studies of different 

population were undertaken. While Brown et al., (1980) had used 18 restriction 

endonucleases and 21 samples, Denaro et al. (1981) treated a large numberofsamples (235) 

from five ethnic groups with only a single restriction enzyme. They found that the presence 

of Hpal restriction site that corresponds to the transition at np 3954 separates most -of the 

Africans from the Eurasian individuals. Notably, the Africans had a derived sate of this np 

when compared to other primates, whereas the rest of studied population shared an ancestral 

state. Based on these findings was proposed, Asia is possible genetically central to the 

mtDNA radiations that are thought to have given rise to the human ethnic groups. This study 

was supported by the investigation of Blanc et al., (1983) who discovered the frequent 

presence of ancestral state one HincH polymorphism (corresponding to transition in np 

12406) among Asians and was upheld by studies of Nepalese (Brega et al., 1986) and 

Chinese (Yu et al., 1988) populations. Phylogenetic analysis of the Japantise population 

concealed a considerably high degree of mtDNA diversity (Horai et al., 1984). Cann et al., 

(1982) demonstrated that mtDNA diversity among aboriginal Australians is as diverse as in 
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any other populations tested in the Old World. Johnson et al.. (1983) showed that the mtDNA 

diversity is greatest in Africa, and that all mtDNA variants present toady can be seen as 

deriving from a single phylogenetic tree. Although they argued that the highest diversity in 

Africa can be caused by the longer age of African variants as well as by different mutation 

rates in different mtDNA lineages, the mid-point root of their mtDNA tree indicated the 

African origin. Later, Excoffier and Langaney (1989) suggested that the high diversity of 

African could be explained equally well by assuming that selection has played a significant 

role in creating the present mtDNA variation. The possibility to trace the origin and to study 

the demographic history of human populations by the use of mtDNA as a population specific 

marker became highly visible in 1987 (Cann et al., 1987). They used high-resolution 

restriction analysis of 147 mtDNAs from five geographic populations and concluded that the 

root of human mtDNA phylogenetic tree is in Africa as well as all the populations examined 

except the African populations have multiple origins, implying that each area was colonised 

repeatedly. Compared to earlier studies (cited above) that allowed the screening of 2-4% of 

the total mtDNA sequence variation, in this analysis a ten time higher resolution level was 

obtained. 

18.1. Multiregional model of human evolution 

Nearly at the same time when Chris Stringer and Alan Wilson molded the theory of recent 

African origins, Milford Wolpoff, Alan Thome and Wu Xinzhi put forward another 

explanation for the pattern of human evolution (Thorne and Wolpoff 1992). The 

multiregional model of evolution traces all human populations back to a Homo erectus 

ancestor that supposedly left Africa at least 1 million years ago. Further, despite an 

everlastjng network of intercontinental gene flow, each continental group of populations 

developed to sapiens in its own way, retaining in the process distinguishable features (and 

genes) of the particular local pre-sapiens populations. By the use of different analysis 

techniques and extended mtDNAdata sets the theory ofrecent African origins of human 

mtDNA phylogeny has found overwhelming support (Penny et al. 1995; Watson et al. 

1997). Moreover, most nu1;:;lear data sets also back up the theory (Nei and Takezaki 1996; 

Tishkoffei al. 1996) as do the paleoanthropological findings (Foley 1998). The global 

data base of mitochondrial DNA variation allows now to face in more detail the questions 

related to the MRCA, her age and the time and route(s) of expansions and dispersals in 

and out of Africa. 
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18.2. Recent African origin of" Mitochondrial eve" and the anatomically modern 

Humans 

An opposite model to "multiregionalism" is the "recent out-of-Africa" model, known also 

as the Garden of Eden model, according to which AMHs evolved only in Africa and 

replaced all other preexisting archaic hominids. This theory was proposed in its extreme 

form - assuming total replacement of all archaic ancestors - by archaeologists Stringer 

and Andrews (1988) at about the same time when the genetic evidences of recent African 

origin of human mtDNA appeared (Cann et al. 1987). As for today, the recent 

out-of-Africa model has found preponderant support from the mtDNA analysis of large 

datasets analyzed with dif'fi~rent methods (Horai et al. 1995; Ingman et al. 2000) as well 

as from the studies of Y-chromosome (Hammer 1995; Underhill et al. 1997; 2000), 

autosomal loci (Armour et al. 1996; Nei and Takezaki 1996; Jorde et al. 2000) and from 

paleoanthropological findings (Stringer and Andrews 1988; Foley 1998; Stringer 2000; 

2003). However, this model is certainly over-simplified, as it does not account for 

continental subdivisions, environmental changes affecting the demographic history of 

populations, potential sex-linked differences in generation time etc., and lacks a 

mechanism to explain the present diversity of AMH (Excoffier 2002). Phylogenetic 

studies on mtDNA in Europeans (Torroni et al. 1996; Macaulay et al. 1999b), Asians 

(Torroni et al.l993a; 1994b; Schurr et al. 1999; Kivisild et al. 2002; Yao et al. 2002a; 

2002b; Kong et al. 2003a; 2003b), and Papuans (Stoneking et al. 1990; Forster et al. 

2001) and Native Americans (Torroni et al. 1993b; 1994a; 1994c) have confirmed that 

each continent has distinct sets of phylogenetically deep mtDNA branches that speak in 

favourof the so-called weak Garden of Eden model (Harpending et a/.1993). According 

to this model, present genetic variation has not been the result of uninterrupted 

demographic expansion of the out-of-Africa founders but rather by the different 

maturation .and range expansion phases of regional gene pools that followed the initial 

expansion (Forster et al. 2001; 2004). Various alternative modes and pathways of 

dispersal of AMHs, following the northern (over Sinai) and/or southern (over southern 

Arabia) rotites have been put forward, based on paleoanthropological (Lahr and Foley 

1994; 1998.; Stringer 2003) and genetic data (Cavalli-Sforza et al. 1994; Hammer et al. 
' 

1997; 1998; Jin et al. 1999:; Kivisild et al. 1999a; 2000; 2003a; Quintana-Murci et al. 
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1999; Underhill et al. 2000; Cann 2001; Templeton 2002). Thus, modern humans 

originated from a recent single evolutionary event, whereas modern human diversity is 

the result of multiple evolutionary events brought about by multiple geographic 

dispersals. 

19. The pioneer settlement of Modern humans in Asia 

In order to dig more deeply into discussions about pioneer settlement of Asia, it is 

necessary to emphasize here that many recent genetic, archaeological, and 

anthropological studies have started to favour the Southern Coastal Route (SCR) concept 

as the main mechanism of the primary settlement of Asia (Lahr and Foley 1994; 

Quintana-Murci et a!. 1999; Stringer 2000; Kivisild et al. 2003, 2004; Oppenheimer 

2003). 

19.1. Introduction 

The coastal habitat 'as the medium for humans to penetrate from East Africa to Asia and 

Australasia was perhaps first envisaged by the evolutionary geographer Carl Sauer, who 

considered the populations taking this route as adapted to the ecological niche of the 

seashore (Sauer 1962). Afh!r reaching Southwest Asia, modern humans had a choice of 

two potential routes by which to colonize the rest of Asia. These two were separated by 

the world's mightiest mountain system-the Himalayas. The pioneer settlers could 

continue taking the SCR or they could change their habitat and turn instead to the north, 

passing through Central Asia and southern Siberia (or via the route that later became 

. known as the Silk Road). Here, one has to avoid confusion with the 'Northern Route' of 

the out-of-Africa exodus and use the term 'Northern Asian Route' 

19.2. Palaeclimatologial context 

The patterns of colonization of Asia by anatomically modern human (AMH) population(s) 

were undoubtedly highly dependent on the surrounding environment. Our knowledge of 

past climates is frozen in ice sheets: polar ice cores and (ocean) sediments have been 

intensively studied in order to reconstruct the climate of the past. These global changes 

are reflected in the more detailed regional palaeovegetation surveys based, for example, 

on ancient pollen analysis (Adams and Faure 1997; Adams et al. 1999; Ray and Adams 

2001 ). After the Eemian interglacial, some 110 000-130 000 years ago, the global climate 

pooled until the period of the lowest temperatures, during the Last Glacial Maximum 
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(LGM) 15 000-25 000 years ago. This process was not a steady one; instead, there were 

multiple oscillations of warmer and chillier periods. Intense cold and arid, but short-lived, 

Heinrich-type events characterized the otherwise gradually cooling phase between II 0 

000 and 70 000 years ago. This was followed by the stage 4 Glacial Maximum (also 

known as the Early Wisconsin Glacial) extending to about 50 000 years ago with 

conditions rather similar to the LGM (Adams et al. 1999). Warmer but highly variable 

temperatures were characteristic of the period thereafter, extending until the onset of the 

LGM. As much as the changing temperatures, the peopling of Asia by AMHs was 

affected by the accompanying fluctuations in humidity. Lower temperatures generally 

mean less evaporation. The resulting global decrease in rainfall contributed to the 

extension of desert areas, for example, in Central and southwestern Asia. Even around 50 

000 years ago, when a warmer and moister stage opened the green passage between the 

Arabian Sea and the Levant (the Zagros corridor), the deserts in Central Asia and 

northern Africa remained difficult habitats for most of the creatures-including humans 

(Oppenheimer 2003). 

19.3. Archaelogical and palaeontological evidence of the peopling of Asia by AMH 

Any fossil record inevitably, incomplete. Fossilization of skeletal remains is a rare 

event, depending on climate and probably many other factors, whereas their recovery 

depends on the intensity of archaeological investigation of a region. There is a particular 

issue when one considers the course of the likely coastal route out of Africa. If the 

beachcombing modem humans, being dependent on a seashore environment, indeed 

began colonizing Eurasia via the SCR, then many of the potential archaeological sites are 

at present submerged under the sea. An 80-m rise of the sea I eve! (the difference between 

the sea level 70 000 years ago and today) altered the coastline considerably, shifting it 

hundreds of kilometres inland and probably inundating the range of beachcombing 

AMHs. Another important factor that needs to be considered is the tectonics of the 

continental shelves. Furthermore, the accuracy of fossil dating techniques is in constant 

dispute (Ch~n.and Zhang 1991; Klein 1999). Despite these problems, fossils are and will 

probably continue to be the best evidence of the spread of AMHs around th~ globe. 

19.4. How to reconstruct "pioneer settlement" from extant mtDNA diversity 

An obvious starting point for deducing the patterns of the pioneer human settlement from 
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the extant mtDNA diversity is to identify regionally autochthonous haplogroups and 

calculate their coalescence ages. The average over the oldest of these would indicate the 

lower bounds for the start of the colonization. A founder type is identified as an ancestral 

node which is present (or may have been lost but is then phylogenetically reconstructed) 

both in the source and in the destination area (Richards et al. 2000). Ideally, the 

coalescence time of the founder type in the destination area would suggest the time of its 

arrival (Stoneking et al. 1990; Torroni et al. 1993a, b; Sykes et al. 1995; Forster et al. 

1996; Richards et al. 2000). 

19.5. The peopling of Asia as seen through the lens of mtDNA diversity 

Complete and partial mtDNA coding-region sequences have been used to map the 

backbone and determine the fine structure of the mtDNA lineages present in Asia 

(Kivisild et al. 2002; Yao et aL 2002; Kong et al. 2003; Metspalu et al. 2004; 

Palanichamy et al. 2004; Quintana-Murci et al. 2004). The recent analysis of complete 

mtDNA sequences from 672 Japanese individuals has provided a significant refinement 

of the East Asian mtDNA phylogeny (Tanaka et al. 2004). The macrohaplogroups M and 

N effectively cover the whole mtDNA pool in Asia. The start of their dispersal has been 

dated to approximately 60 000-65 000 years ago (Maca-Meyer et al. 2001; Mishmar et al. 

2003; Palanichamy et al. 2004). MacrohaplogroupM is slightly more frequent than N in 

Siberia, northern China, Japan, and South Asia, while in Southeast Asia it is the other 

way around. M is nearly absent from Southwest Asia, where subhaplogroups branching 

from the N (including R) dominate the mtDNA landscape. The N and R subbranches 

in West and East Eurasia do not overlap, and they formtwo distinct mtDNA 'domains'. 

With approximately similar shares, these two make up most of the mtDNA pool of 

Central Asia (Comas eta{ 2004). While the mtDNA makeup oftheAmericas represents 

an offshoot ofthe East Asian domain (Torroni et al. 1993a, b, 19<}4; Forster et al. 1996), 

Sahul (Australia/New Guinea) largely constitutes yet another autochthonous one. 

Stemming front the trunks R and M, haplogroups P and Q, respectively, cover more than 

half of the .extant mtDNA pool sampled in Papua New Guinea (Forster et al. 2001 r From 

the published full sequences (Ingman and Gyllensten 2003), additional Sahul,..specific 

basal branches of M and N-namely S and 0, which were baptized in Palanichamy et al. 

(2004)-are confirmed. Thus, both basal trunks of the Eurasian mtDNA tree show 
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deep-rooting Sahul-specific branches. South Asia, with its own specific branches of M 

and N, represents the third mtDNA domain in Asia. Haplogroups M2 and R5 and sub 

groups U2a, U2b, and U2c of U2 (Kivisild et al. 1999a, 2003; Quintana~Murci et al. 

2004), which make up more than 15% of the South Asian mtDNAs, each show 

coalescence times of over 50 000 years (Metspalu eta/. 2004). These haplogroups form a 

set of the most ancient Indian-specific haplogroups identified so far. A number of novel 

Indian-specific basal N and R lineages (N5, R7, R8, R30, and R31) were recently 

identified from complete sequences (Palanichamy et al. 2004). The phylogeography of 

these in South Asia needs further attention, but, significantly, their autochthonous 

presence in India clearly demonstrates that all the basal trunks-M, N, and R-have 

diversified in situ. The coding-region-based downstream classification of haplogroup M 

lineages in South Asia is on the way (Sun et al. 2006), testifying to considerable basal 

diversity and confirming that the M subhaplogroups of South Asia are different from those of 

East Asia (Kivisild et al. 1999b; Metspalu et al. 2004). Overall, then, the South Asian 

mtDNA pool consists. of autochthonous branches of the global mtDNA tree that stem 

directly from each of basal trunks M, N, and R. Note that the only major 

Indian-specific lineages not stemming directly from the trunk are the Indian 

subhaplogroups of U2, which may have a sister group U2e in West Eurasia (although we 

note that this putative sister relationship hinges upon a single transition, at nucleotide 

position 16051 in the control region, which may not have been a unique event at the base 

of haplogroup U). The divergence time of these U2 daughters reaches 50 000 years 

(Kivisild et al. 999a). Meanwhile, haplogroups R2, U7, and W represent an intriguing 

link between the West arid South Asian mtDNA pools. Their spread and coalescence 

times suggest pre-LGM gene flows in the area spanning from western India and Pakistan 

up to the Near East. As judged from the coalescence times of the region-specific 

subclades ofthese haplogroups, genetic continuum was apparently interrupted by the 

expanding deserts in eastern West Asia during the LGM (Metspalu et al. 2004). Like 

Sahul and South Asia, the East Asian mtDNA pool is made up of autochthonous offshoots 

of M and. N, most of which show coalescence times exceeding 50 000 years (Kivisild et 

al. 2002; Yao et al. 2002), While in South Asia we see a number of basal haplogroups 

branching from trunk R, ·East Asia, only a few haplogroups, B (plus Rll) and R9 
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(including F), spring out from the founder haplotype of haplogroup R . The putative 

monophyly of a supergroup Rll_B is based solely on transitions at unstable nucleotide 

positions 16189 and 16519, which could very well have happened in parallel. 

Furthermore, no more than two East Asian haplogroups, A and N9 (including Y), trace 

back to MRCAs in the N trunk. As in South Asia, the richest trunk in East Asia in terms 

of haplogroups stemming from it is M. Complete mtDNA sequencing has indicated that 

Southeast Asia also harbours some autochthonousM, N, and R lineages apparently not 

found further north, in East Asia (Macaulay et al. 2005; Merriwether et al. 2005). 

19.6. Conclusion 

It appears that Central Asia and southern Siberia were not involved in the initial peopling 

of the continent It is also evident that the initial fast train phase was followed by a 

long-lasting freezing of the major geographic pools of maternal lineages in the south and 

further gene flows northwards from Southeast Asia and subsequently back westwards 

along the Steppe Belt extending from Manchuria to Europe. At present, western Siberia, 

the Urals, and Central Asia form a huge continuous admixture zone encompassing East 

and West Eurasian maternal lineages-a process that has so far had only a minimal 

influence on the essentially distinct autochthonous patterns of mtDNA variation in most 

of South Asia, East Asia, Southeast Asia, and Australasia. 

20. Global mtDNA variation, nomenclature of mtDNA haplogroups 

The first studies of mtDNA variation in human populations used either the RFLP analysis 

or sequencing of the hype:rvariable segments (usually HVS-I) of the control region. A 

more refined picture about the spread of different mtDNA variants started to emerge 

during early 1990s with the application of the highresolution restriction fragment analysis 

to study the mtDNA variation from one continent at a time (Ballinger et al. 1992; Torroni 

et al. 1992; 1993a; 1993b; !994a; 1994b; 1994c; Chen et al. 1995). This series of 

investigations .established ''the backbone" of the human mtDNA phylogenetic tree that 

has largely been in use since then. Meanwhile, an independent classification was 

proposed, based on the phylogenetic analysis of the variation of HVS-I part of mtDNA 

(Richards et al. 1996). Then~after, a new series of studies allowed the combination of the 

control region and ,coding region (RFLP) data (Torroni et al. 1996; Richards et al. 1998; 

Macaulay et al: 1999b; Schurr et aL 1 999). As an outcome, it was established that all 



mtDNA variants, or haplotypes, with characteristic polymorphisms can be divided into a 

number of monophyletic clades, or haplogroups (hgs), defined by single or several 

mtDNA coding region polymorphisms (often defined by a gain or a loss of a restriction 

site), associated with polymorphisms (if any) of the mtDNA control region. The main 

haplogroups are denoted by capital letters and consist of different sub-haplogroups 

defined by characteristic polymorphisms. Most of the haplogroups exhibit restricted 

geographical spread, thus distinguishing populations from different 

continents/geographical regions. The refinement of the mtDNA tree and the nomenclature 

of mtDNA is an ongoing process. In particular, data emerging from complete mtDNA 

sequences (Ingman et al. 2000; Reidla et al. 2003) offer better phylogenetic resolution of 

different variants of maternal lineages. In the next chapters the global mtDNA tree will be 

discussed in greater detail. 

21. Geographic distribution of mtDNA variants 

Owing to the relatively high rate of mutation events within the mtDNA molecule (the 

molecular clock ticks rapidly) many different variants of mtDNA are found in the human 

gene pool. They may vary length, conformation, sequence of the control and coding 

regions or multiple restriction fragment length polymorphism (RFLP) (Wallace et al. 

1995). Tracing migrations Homo sapiens with the help of mtDNA is based on the 

observation that the occurrence of certain haplotypes is often associated with certain 

world regions and the assumption that this is a result of accumulation of various 

mutations in different maternal lineages that occurred as people migrated and inhabited 

new regions. Two main th,eories exist about the origin and migrations of modern humans. 

These are expressed as the "Out of Africa model" (Wilson and Cann 1992, Stringer and 

Mckie 1996) and "Multire:gional continuity model" (Thorne and Wolpoff 1992). The first 

one is .more widely accepted due to strong genetic evidence. 'This theory arose on the 

basis of the degree of genetic variation patterns in modern human populations. In the late 

1980s1 Cann, Stoneking and Wilson (1987) demonstrated that human contemporary 

populations are surprisingly homogeneous, which was later confirmed by Ingman et al. 

(2000). It was in apparent contrast to our closest relatives, the chimpanzees 

(Cavalli-Sforza. 2000)~ Cann et al. (1987) has also showed that the high~st variation of 

mtDNA sequences occ;urs African populations. 
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Africa 

According to the African exodus theory, as confirmed by historical mtDNA sequence 

alterations, our most recent common ancestor (MCRA) arose in central Africa. The time 

at which anatomically modern Homo sapiens diverged from other hominids was most 

probably between 100-200 ka. The first human lineages that dispersed were described as 

Ll, L2 and L3, with the Lla subcluster being the oldest (Watson et al. 1997). The 

subsequent divergences gave rise to groups L 1 b, L 1 c and L2. All of them still dominate 

in sub-Saharan Africa, which is believed to be the aboriginal place of origin of all 

mitochondrial sequences, as it has the highest diversity of mtDNA across the world 

(Jorde et al. 1998). The next recorded divergence in the mtDNA (59-69 ka) led to the 

origin of L3, whose derivatives are now found in nearly all populations in Africa (and 

nowhere else), and in the clades that first migrated out of the continent. 

Asia 

Cavalli-Sforza et al. (1996) suggested two possible ways of the colonization of Asia. Two 

major migrations trom Africa are also marked in the mtDNA (Maca-Meyer et al. 2001 ). 

The expansion ofhaplogroup M (30- 60 ka), which can be traced from Ethiopia through 

the Arabian Peninsula to India and Eastern Asia, may represent the southern route, which 

leads from present- day Ethiopia through the Red Sea to Yemen and then through South 

Asia. It cannot be excluded, however, that the presence of M haplogroup derivatives 

along the route is due to back migration from Central Asia, since the M diversity is 

greater in India (Kivisild et 1999) than in Ethiopia (Quintarna-Murci et al. I 999). The 

northern route, which led through The Middle East, was taken 40-50 ka by a colonizing 

group that split into three main clusters. One of them comprises haplogroups W, I and 

Nlb now found in Europe, Middle East and the Caucasus. I and N 1 b are also present 

in Egypt and on The Arabian Peninsula. The next group divided into haplogroup X, found 
' . : 

mainly in Europe, and A common, in Asia. The third group subdivided into four lineages. 

The first one gave rise to haplotype B, which is now found in East Asia, Japan and the 

southern Pacific Archipelagos. The second formed haplogroups J and T, whereas two 

others, H and V, belong to the third. Their derivatives are now found in Europe, North 

Africa and Central Asia. The fourth cluster - U - migrated into different parts of the Old 

World with the highest frequencies of its sub-haplogroups found in India (U2, U7), North 
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Africa (U6, U3) and Europe (US). Lineages associated with sub-haplogroup U6 are the 

first that migrated back to North Africa, probably during the Upper Paleolithic 

(Maca-Meyer et a/.2003). During the same period, lineage US was the first that migrated 

from the Middle East to Europe, where it had its major expansion. 

Europe 

The present major European lineages are US, H, I, J, K, T, V, W and X (Richards et a!. 

1998). In contrast to data obtained from analysis of nuclear loci, blood groups and protein 

markers, the mitochondrial DNA sequence differences suggest only one major 

colonization and dispersal of human groups in Europe. This conclusion is based on the 

observation that, with one exception, the territory of Sami (Sajantila et al. 1995), the 

mitochondrial gene pool is very similar throughout the continent (Pult et al. 1994) and 

shows almost no structure, even in regions inhabited by isolated populations such as the 

Basques (Bertranpetit et .al. 995). It has therefore been concluded that the present 

population structure reflects the first Paleolithic expansion (Comas et al. 1997) and 

subsequent founder effects, with only minor changes brought by the Neolithic spread of 

agriculture (Richards et a!. Jl996) as evidenced by archeological records. This was further 

confirmed by estimation of the time of emergence of the European haplogroups as 50 ka 

for the U5 and 11-14 ka for V, I, W, K. The latter groups are likely to have diverged 

from U5 when human populations started to disperse from the glacial refugia after the 

last Ice Age. Haplogroup J, dating back to 8.5 ka, and which encompasses about 16% of 

all European mtDNA, is most likely the only one brought to Europe by Neolithic farmers. 

Its subclades Jl b and J] a are clearly distributed along two possible arrival routes: one 

leading through the valleys of central Europe and the other along the coasts of the 

Mediterranean. Sea and the Atlantic Ocean (Sykes I 999). 

The New World 

Although some early studies on mitochondrial DNA suggested more than one wave of 

migration into the Americas (Horai et al. 1993 ), more recent studies indicate only one -

an early entry of a single, ancestral lineage of Asian origin (Silva et al. 2002). The four 

most common. American haplogroups - A, B, C and D, though relatively old (the 

estimated time of divergence is 29-42 ka), are very similar in their nucleotide diversity, 

which suggests their common origin (Silva et al. 2002). Mitochondrial DNA data 
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supports the hypothesis of colonization of Americas through Beringia, where the first 

inhabitants entered the New World. Some of them migrated into the continent through the 

ice-free corridor of Albetta, while the others found themselves isolated from the first 

group afterthe passage became impassable. Research shows that the diversity ofmtDNA 

among the Amerind, Na-Dene and Eskimo populations is very similar, and that they may 

be descendents of this population, while Native Americans appear to relate to the 

Chukchi. Both groups are most likely to have originated from the population that 

migrated out ofBeringia (Bonatta and Salzano 1997). 

22. Application of mtDNA study: 

22.1. mtDNA and evolutionary study 

The reconstruction of evolutionary trees from mitochondrial DNA (mtDNA) data is a 

common tool with which to infer the relationships of living organisms. The wide use of 

mtDNA stems from the ease of getting new sequence data for a set of orthologus genes 

and from the availability of many existing mtDNA sequences for a wide array of species. 

Though much progress has been made in understanding the parameters that shape the 

evolution of mitochondria and mtDNA, many questions still remain, and a better 

understanding of the role this organelle plays in regulating organisrnal fitness is 

becoming increasingly critical for accurate phylogeny reconstruction (Ballard, J.W.O. and 

Rand, D.M. 2005). 

22.2. mtDNA and forensic science 

Mitochondrial DNA typing is a method used by forensics scientists to match DNA from 

an unknown sample to a sample collected .at a crime scene. It is ideally used in special 

cases where the DNA is degraded or the source of the sample doesn't contain enough 

genomic nuclear DNA for analysis. As it is maternally inherited, the DNA from siblings 

and all maternal relatives should be identical (in the absence of spontaneous mutations). 

For this reason, the remains of missing persons can be rapidly identified, by using 

mitochondrial DNA analysis of relatives. Additionally, there is generally a lack of 

recombination, an event that takes place during nuclear DNA cell division in which two 

stands of DNA cross over and exchange information, thereby creating greater sequence 

diversity. Therefore, ev<en matriarchal relatives separated by several generations can serve 
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as reference samples. Nuclear DNA samples cannot provide this function, due to multiple 

recombination events that take place throughout the nuclear DNA genome. 

22.3. Ethical considerations associated with mtGenome sequencing 

There are more than one hundred characterized mtDNA genetic diseases either associated 

or implicated with mtDNA mutations (Kogelnik et al., 1998). The MitoMap web site 

contains an expanding list of disease-associated/implicated mtDNA mutations 

(http://www.mitomap.org/). Given the pivotal role of mtDNA function in basic 

physiology, the sequencing of genes or gene fragments to increase forensic discrimination 

cannot confidently avoid encountering a variant that now, or may in the future, be 

associated with a disease or medically relevant condition. Therefore, unless one focuses 

on non-phenotypic changes in proteins, ribosomes, or tRNAs of the mtGenome, the 

forensic scientist could be faced with moral and ethical issues generally associated with 

clinical genetics and genetic counseling. For example, the group of forensic scientists in 

Eutope focused on sequencing short fragments (50+ nucleotides) of the coding region is 

using the Pyrosequencing system (Pyrosequencing - Uppsala, Sweden) to increase 

forensic discrimination (Andreasson et al. 2002). One fragment in their assay occurs from 

the nucleotides 3216-3403. However, within this fragment resides the 3243A~G mutation, 

a site correlated to three diseases: diabetes mellitus (DM), diabetes mellitus with deafness 

(DMDF), and mitochondrial encephalomyopathy, lactic acidosis and stoke-like episodes 

(MELAS). If, having discovered this mutation as part of a family reference sequence to 

identify a set of skeletal remains, is the for~nsic scientist now obligated to tell the 

individual who gave the reference sample and/or' other maternal relatives? Conversely, is 

there a practical means to ensure that the donor or other parties would not discover this 

information and its medical significance? 
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Part-II: 

1. WhyY? 

We inherit many strange things from our parents, biological, behavioural and material, 

but the males among us inherit from our fathers perhaps the strangest thing of all - a Y 

chromosome. Ninety-eight per cent of our genome is diploid, with the chromosomes 

coming in matching pairs, and these pairs engage in recombination, the reshuffling of 

segments when eggs and sperm are made. The Y chromosome is different: specialised for 

male sex-determination, it stands aloof and haploid, and, for most of its length, 

fastidiously avoids the messy business of recombination. This is why the Y chromosome 

is so widely used in human population studies. As it passes from father to son down 

paternal lineages, the only changes occurring are due to mutation, and the molecular 

record of the past is therefore relatively easy to interpret compared to the recombining X 

chromosome and autosomes. The human Y chromosome determines maleness by causing 

the development of the testis. It is an unusual segment of the human genome since, apart 

from two small regions in which pairing and exchange take place with the X chromosome, 

it is male-specific and haploid, and escapes from recombination. These unique properties 

of the Y have important consequences for its mutation processes, its genes, and its 

population genetics: Y chromosomes pass down from father to son largely unchanged, 

except by the gradual accumulation of mutations. By examining the differences between 

modern Y chromosomes (as DNA polymorphisms) we can attempt to reconstruct a 

history of human paternal lineages (Jobling et al 1995). This complements maternal 

lineage studies using mitochondrial DNA and studies using biparentally inherited 

markers in the rest of the genome. 

1.1. Sex determination 

Sex determination mechanisms have evolved many times among eukaryotes and include 

a variety of environmental and genetic systems. The evolution of sex itself represents one 

of the major questions in evolutionary biology. Advantages include, for example, an 

increased opportunity to adapt to environmental changes due to favorable recombinant 

types. Recombination can also bunch together several deleterious alleles and eliminate 

them simultaneously (Crow 994). Sexual populations can have a more rapid rate of 
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evolution than an equivalent group of asexual organisms (Barton and Charlesworth 1998). 

Asexual reproduction on the other hand produces twice the number of offspring 

compared to a sexually reproducing individual. Hermaphrodites (being both male and 

female at the same time) combine the two systems of asexual and sexual reproduction. 

Organisms with male heterogamety, like mammals, are characterized by XY sex 

chromosomes in males and XX sex chromosomes in females. Sex chromosome 

aneuploidi, in humans and many other mammals, show that the Y chromosome 

determines sex since XXY karyotypes provide male phenotype and XO female phenotype 

(Jacobs and Strongs 1959). The gene that determines sex in most mammals is SRY (sex 

determining region of the 

1.2. Y- chromosome evolution 

The mammalian X and Y chromosomes are thought to have evolved from an ordinary 

pair of autosomes (Graves and Schmidt 1992). Support for this hypothesis, and a 

proposed 300-million-year timeiine for sex chromosome evolution, have emerged from 

studies of modem X-Y gene pairs (Lahn and Page 1999). Lahn and Page (1999) reasoned 

that X-Y differentiation would have begun only after X-Y crossing over ceased and the 

first event, which marked beginnings of X-Y differentiation, occurred about 240 to 

320 million years ago, shortly after divergence of the mammalian and avian lineages. 

Among the 19. X-Y gene studied, age increased in a stepwise fashion along the 

length of the X chromosome, in four 'evolutionary strata'. This suggested that at least 

four events had punctuated sex chromosome evolution, with each event suppressing X-Y 

crossing over in one stratum without grossly disturbing gene order in the X chromosome. 

Compared to previous estimates the results ofSkaletsky eta!. (2003) and Rozen et al. 

(2003} give the time scale that extends from approximately 4 million years for the X

transposed sequences- the. youngest known sequences in the NRY, to approximately 

300 million years for SRY --- the sex determinant and arguably the oldest gene in the 

NRY. All NRY X-degenerate genes and pseudogenes seem to be products of a single 

molecular evolutionary pro,cess: the region-by-region suppression of crossing over in 

ancestral autosomes, with subsequent differentiation of the Y from the X chromosome 

(Lahn and Page 1999).A~ least two of the NRY's ampliconic gene families are thought to 

be also originated in this manner, but subsequently acquired the characteristics of 
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ampliconic sequences. Inversions in the Y chromosome may have suppressed crossing 

over with the X chromosome. The findings about the X-degenerate regions support the 

theory of the genetic benefits of sexual recombination through meiotic crossing over, and 

the deleterious consequences of its absence (Skaletsky et al. 2003). According to this 

theory, most ancestral genes remained functionally intact in the X chromosome, where 

the benefits of crossing over (in females) continued. In the Y chromosome, in contrast, 

the shutting down of X-Y crossing over during evolution triggered a monotonic decline 

in gene function. this light, the protein-coding genes in the modem NRY's 

X-degenerate sequences appear as rare examples of persistence in the absence of sexual 

recombination. The situation is different for ampliconic genes. Despite the wide variety 

of genomic sources and mechanisms that gave rise to the ampliconic genes (Ska- letsky et 

al. 2003), they came to exist in the NRY in multiple, nearly identical copies in 

palindromes. Therefore, the understanding, how the ampliconic genes avoid degradation 

due to mutation in the absence of crossing-over may be an important outcome from the 

sequencing ofNRY. The possible mechanism that preserves the genes in palindromes is 

likely to be gene conversion by which the Y chromosome repairs mutations that occur 

within these genes (Rozen et al. 2003). The occurrence of NRY gene pairs. that are 

subject to frequent gene conversion might provide a mechanism for conserving gene 

functions across evolutionary time in the absence of crossing-over. 

2. Structure ofY-Chromosome 

Humans, as all other mammals, have an XY chromosomal sex determining system, in 

which a small Y chromosome triggers male development, and contains genes required for 

spermatogenesis. Genomic studies have revealed that 95% of Y chromosome.'s length 
. . 

compnses a regiOn no X-Y crossing over in male meiosis. This region has come to 

be named the non-recombining region (NRY) or male-specific region (MSY) (Skaletsky 

et al. 2003). The NRY is flanked on both sides by pseudoautosomal regions, wh~reX-Y 

crossing over is regular event in male meiosis (Cooke et al. 1985; Simmler et al. 1985; 

Skaletsky et al. 2003), indicating that however different the X andY chromosomeS 'are 

today in size and gene content, they were once homologous (Delbridge and Graves. 1999). 

Human Y-chromosorne is about 63 million base pairs long, comprising roughly of 

23 Mb of euchromatic DNA including 8 Mb on the short arm {Yp) and 14.5. Mb on the 

6] 



long arm (Yq) (Figure 3). The heterochromatic region ofY-chromosome consists of three 

heterochromatic blocks. One heterochromatic sequence is situated in the centromeric 

region; second, much longer heterochromatic block spans the bulk of the distal long arm. 

The third block interrupts euchromatic sequence on Yq (Figure 3) (Skaletsky et al. 

2003). NRY contains 156 known transcription units; all of them are located in the 

euchromatic part of the Y-chromosome. 78 transcription units encode at ]east 27 distinct 

proteins or protein families, the remaining 78 lack strong evidence of protein coding. Of 

the NRY's 27 distinct protein-coding genes or gene families identified so tar, 12 are 

expressed throughout the body and 11 are expressed exclusively or predominantly in 

testes (Lahn and Page 1997; Skaletsky et al. 2003). Nearly all euchromatic sequences can 

be divided into three classes: X-transposed, X-degenerate and ampliconic. X-transposed 

sequences are 99% identical to DNA sequences inXq21, their presence in NRY is the 

result of massive X-Y transposition that occurred about 3-4 million years ago (Mumm et 

al. 1997; Schwartz et 1998). Subsequently, an inversion within the NRY short arm 

cleaved the X-transposed block into two non.:contiguous segments with the combined 

length of 3.4 Mb. Numerous interspersed repeat elements and only two genes are 

identified within these segments (Skaletsky et al. 2003). X-degenerate sequences contain 

single-copy gene or pseudogene homologues of 27 different X-linked genes, 16ofwhich 

encode NRY's distinct proteins or protein families. These singe-copy genes or 

pseudogenes display between 60% and 96% nucleotide sequence similarity to their 

X-linked homologues, and they seem to be surviving relics of ancient autosomes from 

which the X and Y chromosomes coevolved. 12 of the 16 ge~es encoded in the 

X-degenerate sequences are expressed throughout the body (Skaletsky et al. 2003). The 

third class of e11chromatic sequences, the ampliconic segments, exhibit as much as 99,9% 

identity over tens or hundreds of kilo bases to other sequences in the NRY. The sequences 

are located .in seven segments that are scattered. across Y-chromosome's long arm and 

short arm, and whose combined length is 10.2 Mb. The most pronounced structural 

features of ampliconic regions are.eight long highly symmetrical palindromes. I,n addition, 

the ampliconic regions contain tive sets of more widely spaced iJ;werted repeats and a 

variety of long tandem arrays. Including both coding and non-coding elements, the 

ampliconic sequences hold 135 of 156 NRY identified transcription units and are 
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predominantly or exclusively expressed in testes (Skaletsky et al. 2003). 
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X-degenerate 

lli AJnplioonic 
L.J Heterochromatic 

Ei Pseudoau1osomal 
DOther-

Figure 3. a) A schematic representation of the whole Y-chromosome. b) Enlarged 
view of a 24-Mb portion of the NRY including all three classes of euchromatic 
sequences. A 1-Mb bar indicates the scale of the diagram (Skaletsky et al. 2003). 

2.1. Genes ofY-chromosome 

Compared to the other human chromosomes, theY chromosome has a limited number of 

genes. The Y gene poverty may have been the result of the known the tendency of Y 

chromosome's genes to degenerate during evolution, being nowadays the relic of an 

ancient common ancestry ·;vith the X chromosome (Graves 1995). Both mammalian X and 

Y chromosomes evolved from ancestral autosomes. The most ancestral gene functions 

were retained on the nascent X chromosome but deteriorated on NRY portion of the 

emerging Y (Bull JJ)g females with two copies but males with only one copy of 

many genes. 

In Y chromosome not including pseudoautosomal genes, genes include: 

• NRY, with corresponding gene on X chromosome 
o AMELY/AMELX (amelogenin) 
o RPS4Yl!RPS4Y2/RPS4X (Ribosomal protein S4) 

• NRY, other 
o AZF 1 (azoospermia factor 1) 
o BPY2 (basic protein on the Y chromosome) 
o DAZl (deleted in azoospermia) 
o DAZ2 
o PRKY (protein kinase, Y-linked) 
o RBMYl.c\1 
o SRY (sex·-determining region) 
o TSPY (testis-specific protein) 
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o USP9Y 
o UTY (ubiquitously transcribed TPR gene on Y chromosome) 
o ZFY (zinc finger protein) 

(http://en.wikipedia.org) 

2.2. Non recombining region of theY- Chromosome (NRY) 

Non recombining region of the Y chromosome splits roughly into two large parts: 

euchro-matic and heterochromatic portions. 

2.2.1. Heterochromatic region ofNRY 

Efforts to gain sequence-based understanding of human chromosomes have largely 

by-passed heterochromatic regions (Venter et al. 2001). In addition to earlier known 

centromeric heterochromatin (Tyler-Smith et al. 1993) and much longer heterochromatic 

block (roughly 40 Mb) that comprises the bulk of the distal long arm, a third 

heterochromatic block - a sharply demarcated island that spans approximately 400 kb, 

comprises 3,000 tandem repeats of 125 base pairs (bp) and interrupts the euchromatic 

sequences of proximal long arm of Y chromosome (Y q) ·- was discovered and 

characterized by Skaletsky et al. (2003), see fig. 1. It was found, that the heterochromatin 

of NR Y encompasses at least six distinct sequence classes, each of which form long, 

homogeneous tandem arrays (Skaletsky et al. 2003). 

2.2.2. Euchromatic region of NRY and its characteristic sequence classes 

The euchromatic DNA sequences total roughly 24 Mb, including 8Mb on the short arm 

(Yp) and 14.5Mb on the long arm (Yq), with two minor gaps (Fig. 3B). Nearly all of 

the euchromatic sequences fal1 into three distinctive classes - X-transposed, 

X-degenerated and ampliconic segments. The presence of X-transposed sequences in the 

human MSY is a result of a massive X-to-Y transposition that occurred about 3-4 million 

years ago, after the divergence of the human and chimpanzee lineages (Rozen et al. 2003) 

and they are 99% identicall to DNA sequences on the long ann of X chromosome (Xq21 ). 

Subsequently, an inversion within the NRY short arm cleaved the X- transposed block 

into two non-contiguous s~egments, as observed in the modem human NRY (fig. lB). The 

X-transposed sequences do not participate in X-Y crossing over during male meiosis, 

distinguishing them from the pseudoauto- somal sequences. Within the X-transposed 

segments, which have a combined length of 3.4Mb, only two genes were identified, both 
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of which have homo- logues on Xq21. Thus, the X-transposed sequences exhibit the 

lowest density of genes among the three sequence classes in the NR Y euchromatin, as 

well as the highest density of interspersed repeat elements (Skaletsky et al. 2003). In 

contrast to X-transposed regions, the X-degenerate segments of the NRY are dotted with 

single-copy gene or pseudogene homologues of 27 different X- linked genes. These 

single-copy NRY genes and pseudogenes display between 60% and 96% nucleotide 

sequence identity to their X-linked homologues, and they seem to be surviving relics of 

ancient autosomes ·from which the X and Y hromosomes co-evolved (Lahn and Page 

1999). In 13 cases, the NR Y homo- logue is a pseudo gene, in the remaining cases, the 

NRY homologue seems to be a transcribed, functional gene, and the X- and Y-linked 

genes encode very similar but non-identical protein isoforms. Notably, all 12 

ubiquitously ex- pressed NRY genes reside in the X-degenerate regions. Conversely, 

among the 11 NRY genes expressed predominantly in testes, only one gene, the sex

determining region (SRY is X-degenerate (Skaletsky et al. 2003). The third class, 

ampliconic segments or segmentally duplicated portion of NRY· name introduced by 

Hurles and Jobling (2003) -- are composed largely of sequences that exhibit marked 

similarity: as much as 99.9% identity to other sequences in the NRY (Skaletsky et al. 

2003). The amplicons are located seven segments that are scattered across the 

euchromatic long arm the proximal part of the short arm .(Fig. 3B) with their 

combined length of 10.2Mb. The ampliconic sequences exhibit the highest density of 

genes among the three sequence classes the NRY euchromatin. Nine distinct 

NRY-specific protein- coding gene families were identified, with copy numbers ranging 

from two to approximately 35. AU protein-coding families in the ampliconic regions are 

expressed predominantly or exclusively in testes. The most pronounced structural 

features of the ampliconic regions are eight massive palindromes, with arm-to-arm 

nucleotide identities of 99.94-99.997%. The eight palindromes collectively comprise 

5.7Mb, or one quarter the J\i'R Y euchromatin. Six of the eight palindromes carry 

recognized protein-coding genes, all of which seem to be expressed specifically in testes 

(Skaletsky et al. 2003). all known cases of genes on NRY palindromes, identical or 

nearly identical gene copies on opposite arms of the palindrome. In addition to the 

palindromes, the amplieonic regions contain five sets of more widely spaced inverted 
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repeats (IRs). Three of these (IRl, IR2 and IR3) exhibit nucleotide identities of 

99.66-99.95%. The ampliconic regions contain also a variety oflong tandem arrays. 

3. Biological functions ofY-chromosome 

Several phenotypes have been associated with the nonrecombining portion of the Y 

chromosome. For obvious reasons, most of these are male-specific and make the Y a 

specialised chromosome during human evolution. The most characterising features of this 

chromosome remain its implication in human sex determination and in male germ cell 

development and maintenance. 

3.1. SRY gene and sex determination 

In 1990, the gene responsible for testicular determination, named SRY (Sex-determining 

Region on theY chromosome), was finally identified (Sinclair et al. 1990). SRY was 

cloned by isolation of small fragments of translocated Yon XX sexreversed patients. This 

gene is located on the short arm of the Y chromosome close to the pseudoautosomal 

boundary. It comprises a single exon encoding a protein of 204 amino acids which 

presents conserved DNA-binding domain (the HMG-box: High Mobility Group), 

suggesting this protein regulates gene expression. This gene has been shown to be 

essential for initiating testis development and the differentiation of the indifferent, 

bipotential, gonad into the testicular pathway. Moreover, SRYhas been proposed to be the 

master gene regulating cascade oftestis determination. Although many genes and loci 

have been proposed to i.nteract with SRY protein, such asWT-1 (Wilm's tumour gene), 

SF-I (Steroidogenic Factor l) and SOX-9, the question of how these genes are regulated, 

if so, by SRY is still unanswered. 

3.2. Anti-Turner syrndrome effect 

Turner syndrome is characterised by a female 45 X karyotype or. monosomy X. The 

principal manifestations of syndrome are growth failure, infertility, anatomic 

abnormalities, and selective cognitive deficits. This human genetic disorder is ascribed to 

haplo-insufficiency of genes of theXchromosome that are common to both X and Y. 

These genesmust escape X-inactivation because otherwise no difference wiH be observed 

between 45, X and XX females. Secondly, in 46, XY these genes must have a male 

counterpart on the Y responsible to simulate the effects of their X homologues. Although 

there is no formal identification of genes involved in Turner syndrome, there appear to be 
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different loci on the X and Y chromosome associated with Turner characteristic features, 

such as SHOXIPHOG (Rao et al. 1997, Ellison et al. 1996), ZFXIZFY (Page et al. 1988), 

GCY and TCY (Barbaux et al. 1995). 

3.3. Oncogenic role of the~ Y chromosome 

The implication of the Y chromosome in cancer remains still speculative. Y chromosome 

loss and rearrangements have been associated with different types of cancer, such as 

bladder cancer (Sauter et al. J 995), male sex cord stroma tumours (de Graaff et a!. 1999), 

lung cancer (Center et al. 1993) and esophageal carcinoma (Hunter et al. 1993). Although 

loss and rearrangements of this chromosome are relatively frequent in different types of 

cancer, there is no direct evidence for a role of Y in tumour progression since no 

proto-oncogenes, tumour suppresser genes or mismatch repair genes have been localised 

to theY chromosome. 

3.4. Genes controlling spermatogenesis 

Many of the AZF genes have been proposed as candidate genes involved in human male 

fertility on the basis of their expression profiles (testis-specific or highly expressed in 

testis) and sterile phenotypes from targeted disruption of their homologues in mice. 

However, no direct relation between a Y chromos0me gene and male infertility has been 

demonstrated. In a recent paper, Page and coworkers (Sun et a/.1999) relate spernatogenic 

failure to a single mutation a Y-Iinked gene in AZFa: the USP9Y ot, also called, 

DFFRY. They found a de novo 4 bp deletion in a splice..:donor site of this gene present in 

a patient with nonobstructive azoospermia but absent iri his fertile brother. This mutation 

causes protein truncation leading to spermatogenic arrest. Such findings suggest Y-linked 

USP9Y gene may has a role human spermatogenesis. 

4. Y- Chromosome diversity 

Intraspecific diversity as Well as interspecific divergence can be estimated by pi (n) or 

theta (9). Theta is the proportion of nucleotide sites that are polymorphic in a sample. Pi 

is the average number of nucleotide differences per site between two randomly chosen 

sequences in the sample. While e is a measure of nucleotide polymorphism in a sample 

and can be cmrected. for by sequence length and sample size, measures the nucleotide 

diversity with regard to frequencies of different alleles. Under neutrality, these estimates 

should be the same but selecti(m and population structure will affect the estimates of n 
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and e in different ways (L · 1997) L l . 1 
· • eve s of genetic variation in the y h d'f£ c romosome may 

I er fro~ that of the rest of the genome for a number of reasons discussed below. 
4.h Effective population size 

In sexual populations, half of the alleles are derived from females and half from mal 

The number of chromoso~e variants maintained in the population is, among other thin;:: 

dependent on the effective oopulation size (Ne) of h h 
· eac c romosome. In an idea] 

population the relationship between Y X and autosomes is N ·3N ·4N · ' e. e. e suggestmg an 
expected 1:3:4 relationship in diversity between the different chromosomes. 

4.1.1. Mating systems 

Different mating systems can cause differences in effective population size. Skewed 

mating systems, for example m polygynous species, where one male mates with many 
I 

females, will affect the relative difference in effective population size between 

chrombsomes. For example: the Y:X:autosome relationship when one male mates with 

two f~males will be 1:5:6. If the ratio of females to males is increased to ten (which is 

common in some species (Roed et al. 2002) the relationship would be 1 :21 :22. 

4.2. Selection 

New mutations can be neurral, advantageous or disadvantageous. The probability of 

fixation or elimination of the mutation in the population depends on the relative fitness of 

the new phenotype. Exceptions occur for balancing selection, over dominance (where 

heterozygotes are favored} and. in limited populations. Negative selection will tend to 

eliminate disadva~tageous mutants or genotypes from the population and is the prevailing 

type of selection since the majority of non-neutral mutations are deleterious or slightly 

deleterious. Positive selection increases the probability for an advantageous mutation to 

become fixed in the population (Li 1997). However, the chance of losing a new 

advantageous mutation from the popjllation by random genetic drift (change in allele 

frequency due to chance) can still be. high (Hartl and Clark 1997). 
' 

Selection at a locus also .affect linked sites. In the absence of recombination, 

selection will. tend to reduce genetic variability at linked sites to the same extent as at the 

locus under selection. With recombi~~ation, the effect becomes gradually sm(tller as the 

rate of recombination between selected locus and linked sites increases. Ih line with 

this thinking, levels neutral variability have been shown to correlate with 
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recombination rate in humans (Nachman 2001), mice (Nachman 1997), plants (Stephan 

and Langley 1998) and fruit flies (Begun and Aquadro 1992). The Y chromosome, which 

lacks recombination (except in the PAR), should be expected to have reduced variation as 

compared to recombining chromosomes. Selective sweeps and background selection may 

have severe affects on the MSY where all sites are linked compared to other genomic 

regwns. 

4.2.1 Selection sweeps 

Selective sweep or the hitchhiking effect is an effect of positive selection where a 

favorable allele drives through the population to fixation together with its' linked loci. 

This will reduce the variation linked to the selected site and decrease the diversity in the 

population (Rice 1987). The impact of a selective sweep depends on the recombination 

rate and selection coefficient, the lewer the recombination rate and/or the higher the 

selection coefficient, the larger is the genomic region affected by the sweep. In the Y 

chromosome where 95% the sites are linked, an advantageous gene regulating a male 

specific trait, like one involved in spermatogenesis, may sweep through the population 

and eliminate all variation in the MSY (Roldan and Gomendio 1999; Wyckoff et al. 

2000). Selective sweeps can bring about fixed Y chromosomes within a species and 

different between species, mutations will only slowly produce new variants in a 

population. In contrast to .the neutralists prediction of a positive correlation of 

intraspecific variation and interspecific divergence, positive selection can lead to 

uncoupling of levels of polymorphism and divergence (Li 1997). 

4.2.2. Background selection 

Background selection is an of negative selection where deleterious mutations will 
I 

be eliminated from the population together with their linked loci. This process, as with 

selective sweeps, will reduce variatiori in the region around the selected site (Figure 1 0). 

Similar to sweeps the impact background selection depends on the recombination rate 

and the selection coefficient Background selection is not thought to alter allele 

frequencies to the same extent as selective sweeps; indicating that the two types of 

selection can be distinguisht::d from each other (Charlesworth et al. 1995). In a 

non-recombining region, mildly deleterious as well as weakly advantageous alleles will 

· \' k d t each other the absence of a strongly advantageous mutation, a survwe m e o · · 
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neutral or weakly selected mutation can only survive on a non-recombining chromosome 

(like Y) if there is no strongly deleterious mutation, otherwise it will be eliminated 

(Charlesworth, 1994). 

4.3. Sex specific mutation rates 

Mutations are generated during DNA replication. The number of germ cell divisions 

differs between spermatogenesis and oogenesis. In oogenesis every mature oocyte has 

gone through a total of 24 cell divisions irrespective of the age of the female. In 

spermatogenesis however cell division is a continuous process, so the older the male the 

more cell divisions his sperms have gone through. For example in a 20 year-old man 

every sperm has gone through about 150 cell divisions and at the age of 40, 610 cell 

divisions (Hurst and Ellegrenl998). The male to female mutation rate ratio, am, is mostly 

dependent on the skewed number of cell division in the germ lines of males and females. 

As am is generally larger than one, meaning that male germ cells mutate more frequently 

than female germ cells, more mutations in the Y chromosome than in other chromosomes 

can be predicted (Miyata et al. 1987). 

4.4. Other factors affecting Y.- diversity 

Differences in migration between males and females can produce variation in the patterns 

of genetic differentiation detected in maternally and paternally inherited systems. In a 

patrilocal species, where female migrate more than males, this will imply less variation in 

the Y chromosome locally. In a global perspective, this will lead to higher differentiation 

in Y chromosome than in the matemally inherited mitochondrial DNA (Seielstad et al. 

1998). Spermatogenesis and sperm mobility are energy demanding processes;therefore, 

the function of the mitochondria is vital for reproductive success. Deleterious mutations 

in the mtDNA that affect the energy production negatively would be expected to lead to 

impaired reproduction and, consequently, reduced effective population size among males. 

This will lower the effective population size of Y chromosomes and reduce its diversity 

(Gemmell and Sin 2002). 

4.5. Mutation and Y-chromosome diversity 

As mutation is the force that acts to diversify Y haplotypes, understanding mutational 

dynamics is important to understanding the origins of haplotype diversity.More generally, 

knowledge of the rates and processes of mutation at different classes of marker is 
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fundamental to evolutionary interpretations of diversity data and to understanding genetic 

disease. In this broader context, studies on the Y chromosome are of particular interest 

because the mutations observed here are the results of exclusively intra-allelic processes. 

Although these processes occur on all chromosomes. the haploid Y provides a model for 

studying them without the complicating factors of inter-allelic events and allelic diversity. 

(Mark A. Jobling and Chris Tyler-Smith 2003) 

5. The development of Y- markers 

Evolutionary or population genetic studies focused at male-specific patterns obviously 

require genetic markers from the Y chromosome. This may be in the form of 

polymorphic sequences intraspecific studies, but may in principle concern any Y 

chromosome specific sequence. In human and mouse the genome projects have been 

advanced producing a lot of Y chromosome sequence for these species (International 

Human Genome Sequencing Consortium 2002; Skaletsky et al. 2003; Waterston et al. 

2002). In the absence of large-scale genome sequence information, alternative approaches 

are needed. The two most popular methods are random amplified polymorphic DNA 

(RAPD) and amplified fragment length polymorphism (AFLP). RAPD is a very fast 

method with low cost (Hadrys et al. 1992) but hard to reproduce since the conditions 

must be exactly the same from time to time. AFLP on the other hand is very consistent 

but time consuming and more expensive than RAPD (Mueller and Wolfenbarger 1999). 

Both methods can be used with an almost unlimited set of primers that will render an 

inexhaustible s~mrce of possibilities to develop Y markers. 

5.1. Random amplified polymorphic DNA (RAPD) 

Random amplified polymorphic DNA-polymerase chain reaction (RAPD-PCR) uses a 

single short primer, which will anneal to various places in the genome and amplify 

fragments of diff~rent length in the PCR (Williams et al. 1990). These fragments can be 

separated on an agarose gel and male- specific bands can be isolated and sequenced to 

develop locus-specific Y-linked markers (Gutierrez-Adan et al. 1997; Olivier and Lust 

1998; Wardell (!tal. 1993). 

5.2. Amplified f~agmen~ length polymorphism (AFLP) 

Double stranded adapters are ligated onto digested DNA. These adapters are 

complementary to the primers used in the next step, which is a preselective amplification 
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step. The complementary primers have an extra base at the 3 'end (P-n), which extends 

into the genomic DNA, amplifying only one fourth of the fragments. After this, a second 

amplification step is performed with primers similar to the preselective one butwith two 

additional bases at the 3' end (P-nnn) amplifying only 1116 of the fragments from the 

preselective PCR. The results can then be displayed on a denaturing acrylamide gel either 

by silver staining or by radioactive labeled primers (Vos et al. 1995). 

5.3. Other techniques 

There are other methods that can be used to get Y specific sequence, for example reduced 

representation shotgun (RRS) (Altshuler et al. 2000) together with flow sorting (Mullikin 

et al. 2000). The most widely used methods for targeted SNP discovery are those 

exploiting the difference between the mismatched heteroduplex DNA from the perfectly 

matched homoduplex DNA (Kwok and Chen 2003). Some methods like Single Strand 

Conformation Polymorphism (SSCP) distinguish between the three dimensional structure 

of single-stranded DNA held in constant environment. Regardless of the mechanism of 

variation scanning, a separation step by gel or capillary electrophoresis or high

performance liquid chromatography is required (Kwok 2001). The most extensively 

employed application for local SNP discovery in case of Y chromosome is denaturing 

high performance liquid chromatography (DHPLC) (Underhill et al. 1997; Underhill et al. 

2000; Thomson et al. 2000; Shen et al. 2000). Recent choice of Y-chromosome analysis 

is by multiplex SNaPshot approach or SNP stream Genotyping System. This provides an 

automated scalable system capable of performing from 4,600 to over 3,000,000 SNP 

genotypes per day. 

6. y. Chromosome as a tool to study human genetic variation and demographic 

history 

Until recently. the Y chromosome seemed to fulfil the role of juvenile delinquent among 

human chromosomes - rich in junk, poor in useful attributes, reluctant to socialize with 

its neighbours and with an inescapable tendency to degenerate. The availability of the 

near-complete chromosonlle sequence, plus many new polymorphisms, a highly resolved 

phylogeny and insights into mutation processes, now provide new avenues for 

inves~igating human evolution (Mark A. Jobling and Chris Tyler-Smith 2003). The Y 

chromosome contains the largest non-recombining block in the human genome. By virtue 
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of its many polymorphisms it is now the most informative haplotyping system, with 

applications in evolutionary studies, forensics, medical genetics, and genealogical 

reconstruction. However, the emergence of several unrelated and non-systematic 

nomenclatures for Y-chromosomal binary haplogroups is an increasing source of 

confusion. 

6.1. Special features ofY-Chromosome 

The unique properties Y-chromosome make it a suitable tool for investigating 

phylogenetics and hum:m evolution (Jobling and Tyler-Smith 2003), DNA forensics 

(Jobling et a!. 1997), medical genetics (Jobling and Tyler- Smith 2000) and for 

genealogical reconstruction (Jobling 2001). Y-chromosome is inherited from father to son 

and as 95% of it does not recombine in male meiosis (Skaletsky et al. 2003), the 

combination ·Of alleles passes intact from one generation to the next, changing only by 

mutation. Because of its haploidity and male specificity, effective population size of the 

Y-chromosome is one-quarter of any autosome and onethird of the X-chromosome, 

assuming equal numbers of males and females in the population. As the result, 

Y-chromosome is more susceptible to genetic drift (Underhill et a!. 200 1). In addition, 

social behavior of men, who are the carriers Of Y-chromosome, affects the geographical 

clustering of Y-chromosome lineages. Since in most societies men tend to live closer to 

their parents than women ... the local clustering and differentiation of Y variants is 

enhanced (Seielstad eta!. 1998). These distinctive features make Y-chromosome a useful 

instrument for studying past migrations and population events. 

6.2. Types of\'-Chromosome markers 

Y chromosome variation consists of large amount of different types of poly- morphisms, 

which are widely used in evolutionary studies. They may roughly be divided into two 

large groups: hi-allelic markers and polymorphisms of tandem repeats or multi-allelic 

markers (Jobling and Tyler-Smith 2000). Biallelic markers include SNPs (Single 

Nucleotide Polymorphisms) and insertions and deletions (indels). SNPs are the most 

common type of poly- morphisins, constituting more than 90% oftotal polymorhpisms of 

DNA (Collin~ et al. 1997). Only these bi-allelic mutations that have occurred, highly 

likely, only once in history of humans and have a detectable frequency in human 

populations are used in phylogenetic studies. Sometimes recurrent mutations are also 
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used (YCC 2002), but then the recurrent mutation has to have occurred in different, 

unambiguously independently distinguishable branches in phylogenetic tree of Y 

chromosome, like SRY 1532 in background of haplogroups A and Rla. SNPs are 

characterized by low mutation rate and are therefore ·suitable for studying early 

demographic events in human history. The mutation rate for SNP markers is considered 

to be an average on the order of 2 x 1 o-8 per base per generation (Nachman and Crowell 

2000). In the case of indels (YAP insertion, 12f2 deletion), their presence or absence 

compared to ancestral state is detected. Large rearrangements, mostly deletions in regions 

ofY-specific genes (AZFa, AZFb, AZFc), have been known as causes for many diseases 

leading to male infertility, causing spermatogenic failure, azoospermia, severe oligo

spermia or otherwise severely impair male reproductive fitness (Fernandes et al. 2002; 

2004; Repping et al. 2003; 2004). Not all indels affect male fertility: they persist over 

generations and are sufficiently common to be considered as polymorphisms. One such 

example is a 2kb deletion in 1 2f2 marker (Casanova et al. 1985), used for defining haplo

group J according to the present nomenclature (YCC 2002). Some indels have arisen 

independently more than once in human history. For example, the deletion or duplication 

of the 50f2/C (DYS7C) region in background of different haplogroups is thought to be 

arisen at least 7-8 times (Jobling et a!. 1996). Another example is the deletion of 

DAZ3/DAZ4 region that has been indicated to occur in haplogroup N individuals 

(Fernandes et al. 2004 ), widely spread in northern Eurasia. These findings show that new 

informative variations in different Y -chromosomal haplogroup backgrounds in phylo

genetic tree may b.e detected also in studies, otherwise focused on medical aspects. 

Another frequent type of polymorphisms, present also in Y chromosome, is tandem 

repeats, mostly in non-coding DNA regions {Chambers and MacA voy 2000). According 

to their length, these repeats are classified as satellite-DNAs (repeat lengths of one to 

several thousand base pairs), rninisatellites or variable number of tandem repeats, 

(VNTRs) ranging from I 0 to 100 bp, and rnicrosatellites or short tandem repeats (STRs), 

with motifs less than ·1 0 bp, mostly 2 to 6 bp long (Chambers and MacA voy 2000). In 

Y-chromosomal studies microsateHites are widely used, while minisatel- lites have been 

used only in some investigations (Jin et al. 2003). Microsatellites are multi-allelic 

markers with different allele numbers ranging from 3 to 49 in locus (de Knijff et al. 1997) 
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and were first taken in use by Litt and Luty (1989). Their mutation rate is much higher 

than that for bi- allelic: markers and, therefore, they are widely used in phylogenetic 

studies to investigate details of demographic events that have occurred in a more recent 

time-scale. In evolutionary studies STRs are valuable in combination with binary 

haplogroup data (de Knijff 2000), as they enable to study diversity within a haplogroup. 

STRs are particularly widely explored in forensic work (Jobling et a!. 1997). So far the 

number of widely used Y -chromosomal STRs has been quite low (about 30) but in a 

recent study by Kayser et al. (2004), 166 new and potentially useful STRs were described. 

Different analyses have shown that the average mutation rate for autosomal 

tetranucleotide repeats is about 2.0 X w-3 per generation (Weber and Wong 1993). 

Similar results (2.0 x 1 o-3 per generation) were obtained also for Y- chromosomal 

tetranucleotide repeats in deep pedigree studies (Heyer et al. 1997) that were in 

concordance with results of Weber and Wong (1993) for autosomal microsatellites. 

Mutation rate was studied in father-son pairs, getting average mutation rate 2.8 x 10 -3 by 

Kayser et al. (2000b), while in Forster et al. (2000), by using the haplotype network of 

Native Americans the average rate was found to be 2.6 x 10 -4 per generation (here: 20 

years) per locus, differing thus about an order of magnitude from results by Heyer et al. 

(1997). In Zhivotovky et al. (2004), mutation rate was estimated, using data on 

microsatellite variation within Y chromosome haplogroups defined by SNPs m 

populations with documented short-term histories (the African Bantu expansion, the 

divergence of Polynesian populations and the origin of Gypsy populations from Bulgaria), 

as well as making usc: comparative .data on worldwide SNP variation, both at 

autosomal and Y chromosome loci. The estimated mutation rate for an average Y 

chromosome short-tandem repeat locus was found to be 6.9 x 1 o-4 per generation {here: 

25 years). 

6.3. Could theY-chromosome recombine? 

There have been controversies over whether mitochondrial DNA (mtDNA) recombines93: 

although theY chromosome (excluding the pseudoautosomal regions) is assum<;d to be 

exempt from recombination, are there circumstances under which it could . occur? 

Recent work (Rozen, S. et (2003) has shown extensive gene conversion between 

paralogues on the Y chromosome and as gene conversion represents a form of recombination, 
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the argument has been tT•ade that the Y chromosome is therefore a recombining 

chromosome.There are ran: instances in which segments ofthe Y chromosome are carried 

on other chromosomes as asymptomatic translocations(Cooke, H. l & Noel, B. 1979; 

Andersson, M. eta!. l988).Recombination (or gene conversion) could occur betw·een a 

segment from one haplogroup and a nom1al Y chromosome from a different 

haplogroup.Typing po1ymorphisms on a resulting recombinant chromosome would show 

a burst of HOMOPLASY in the phylogeny, corresponding to a set of markers located 

together in the recombinant segment.As population sample sizes and numbers of markers 

increase, it seems probable that such rare recombinant chromosomes will eventually be 

discovered. 

6.4. Selection andY-chromosome diversity 

Aside from mutation, selection is a potentially important force in patterning Y-haplotype 

diversity in populations. The Y chromosome is subject to purifying selection. For 

example, absence of the Y chromosome (the X karyotype) leads to Turner syndrome, 

and the loss or inactivation of Y genes can produce an XY female or hermaphrodite 

phenotype (Berta, P. ef 1990), or male infertility (Sun, C. et al. 1999) (for xample, 

USP9YIDFFRY). 

7. Phylogeny ofY-Chromosome haplogroups 

Constant discovery of new markers in the human Y-chromosome led to the emergence of 

several unrelated and nonsystematic nomenclatures for Y-chromosomal haplogroups 

(Jobling and Tyler-Smith 2000; Semino et al. 2000; Underhill et al. 2000; Hammer et al. 

2001). To resolve the is::>ue, theY Chromosome Consortium (YCC) created a single most 

parstmomous Y-chromosomal phylogenetic tree of binary haplogroups (YCC 2002), 

incorporating virtually all previous nomenClatures. The ancestral states of Y

chromosomal binary :markers were determined by comparison of homologous regions of 

the NRY in closely related species like chimpanzees, gorillas and orangutans (Underhill 

et al. 2000; .Hammer et al. 2001 ). A hierarchical nomenclature system and a simple set of 

rules was constructed to unambiguously label the different clades nested within this tree 

(YCC 2002). Recently, a revised version of Y-chromosome haplogroup tree was 

published (Karafet et al. 2008). New markers and haplogroups were introduced and 

previous haplogroups significarytly rearranged following the rules presented in YCC 2002. 
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This most up to date Y-chromosome tree contains 311 distinct haplogroups defined by 

599 mutations (Figure 4) (Karafet et al. 2008). 
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Figure 4. An abbreviated form ofthe Y-chromosome parsimony tree. Mutation names 
are indicated on the branches, haplogroup names at the tips of the tree. The symbol* 
represents potentially paraphyletic lineages called "paragroups" (Karafet et al. 2008). 

8. Major branches ofY- Chromosomal phylogenetic tree 

Groups A and B 

Haplogroups A and Bare only found in sub-Saharan Africa (and in populations extracted 

from there in modem times, primarily via Atlantic slave trade and Arabian slave trade). 

77 



The first to branch off was A, with defining mutation M91. All other haplogroups are 

summarized as BT (also referred to as YxA). 

• Haplogroup A (M91) Found in Africa, especially the Khoisan, Ethiopians 
(especially Beta Israel) and Nilotes 

• BT (M42, M94, M 139, M299) ca. 55 ka BP 
o Haplogroup B (M60) Found in Africa, especially the Pygmies and 

Hadzabe 
o CT (see below) 

Groups with mutation M168 (CT) 

The defining mutations separating CT (all haplogroups exceptingA and B) are Ml68 and 

M294. These mutations predate the "Out of Africa" migration. The defining mutations of 

DE probably occurred in Northeastern Africa some 50,000 years ago.The P143 mutation 

that defines Haplogroup CF may have occurred somewhat earlier, perhaps even as early 

as 55,000 years ago, after the first Out of Africa migration brought Homo sapiens to the 

southern coast of Southw,est Asia. 

• Haplogroup CF (Pl43) Found outside of Africa, throughout Eurasia, Oceania, and 
the Americas 

o Haplogroultl.£ (M130, M216) Found in Asia, Oceania, and North America 
• Haplogroup Cl (M8, Ml05, M131) Found in Japan 
• Haplogroup C2 (M38) Found in Indonesia, New Guinea, 

Melanesia, Micronesia, and Polynesia 
• Haplogroup C3 (M2 l 7, P44) Found throughout Eurasia and North 

Americ(!, but especially among Mongols, Kazakhs, Tungusic 
peoples, Paleosiberians, and Na-Dene-speaking peoples 

• Haplogroup C4 (M347) Found among the indigenous peoples in 
Australia 

• Haplogroup C5 (M356) Found in the Indian subcontinent and the 
Arabian Peninsula 

o Haplogroup F (M89, M213) Found in Southern India, Sri Lanka, Yunnan, 
Korea 

• GT (see below) 
• Haplogroup DE (Ml, l\1145, M203) ca. 65 ka 

o Haplogroup D (Ml74) Found in Tibet, Japan, the Andaman Islands 
• HaplQgroup DI (M15) 
" Haplogroup D2 (M55, M57, M64.1, Ml79, Pl2, P37.1, P41.1 

(M359, 1 ), 12f2.2) 
" .tlaplogroup D3 (P47) 

· o Haplogroup E (M40, M96) 
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.. Haplogroup El (Pl47) 
• Haplogroup Ela (M33, Ml32) Found in Africa; formerly 

El 
~ • HaplogroupElb(Pl77) 

• Haplogroup Elbl (P2, DYS391p); formerly E3 
" Haplogroup Elbla (M2) Found in Africa; 

formerly E3a 
" Haplogroup Elblb (M215) Found in East 

Africa, North Africa, the Middle East, and 
Europe (especially in areas near the 
Mediterranean); formerly E3b 

" Haplogroup E2 (M75) Found in Africa 

Groups descended from Haplogroup F (GT) 

The groups descending from haplogroup F are found in some 90% of the world's 

population, but almost exclusively outside of sub-Saharan Africa. The mutation of IJ 

corresponds to a wave of migration out of the Middle East or Western Asia some 45 ka 

that subsequently spread into Europe (Cro-Magnon). Haplogroup G originated in the 

Middle East or Caucasus, or perhaps fmiher east as far as Pakistan some 30 ka, and 

spread to Europe with the Neolithic Revolution. Haplogroup H probably occurred in 

India some 30-40 ka, and remains prevalent there, spreading. westwards in historical 

times with the Romani migration. Haplogroup K probably originated in southwestern 

Asia and spread widely to Africa, Eurasia, Australia and the South Pacific. 

• Haplogroup G (M20 J ca. 30 ka Found in many ethnic groups in Eurasia; most 
common in the Cauca<>us, the Iranian plateau, and Anatolia; in Europe mainly in 
Greece, Italy, Iberia, the Tyrol, as well as Bohemia, Moravia; less than 2% in 
Britain[ citation needed]' NorwayYl and Swedef!_[2] 

o Haplogroup G I 
o Haplogroup G2 

• Haplogroup G2a 
" Haplogroup G2al 

• Haplogroup G2b 
.. Haplo_group G2c (formerly Haplogroup G5) 

.. Haplogroup G2c 1 
• Haplogroup H (M69) Found mainly in South Asia 

o Haplogroup HJ 
o Haplogroup. H2 

• Haplogroup lJ (Pl23, P P125, P126, Pl27, Pl29, P130) ca. 45 ka 
o Haplogroup I (I\1170, M258) Found in Europe and parts of the Near East 
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• Haplogroup I1 (M253) Found mainly in northern Europe 
" Haplogroup 12 (P215) Found mainly in southeast Europe and 

Sardinia 
o Haplogroup J (M304, S6, S34, S35) 

• Haplogroup J* (minimal distribution) 
.. Haplogroup Jl Associated with Northeast Caucasian peoples in 

D~estan and Semitic peoples in Mesopotamia, the Levant, the 
Arabian Peninsula, Ethiopia, and North Africa 

• }Iaplogroup J2 (Ml72) Found mainly in the Mediterranean basin 
(esp. Turkey, Greece, the Balkans, and Italy), the Caucasus, Jews, 
and the Middle East 

• Haplogroup K (M9) Found in New Guinea, Australia 
o LT (see below) 
o Haplogroup Kl Found in the Solomon Islands and Fiji 
o Ha.plogroup T Found in Africa (mainly Afro-Asiatic-speaking peoples), 

the Middle East, the Mediterranean, South Asia; formerly known as 
Haplogroup K2 

o Haplogroup K3 Found in two individuals in South Asia 
o Haplogrogp_K4 , 
o Haplogroup S Found in New Guinea; formerly known as Haplogroup K5 
o Haplogroup K6 Found in Melanesia 
o ~JP K7 Found in Melanesia 

Groups descended from Haplogroup K (LT) 

Haplogroup L is mainly found in South Asia. Haplogroup M is most prevalent in New 

Guinea and Melanesia. The NO haplogroup appeared ca. 35-40 ka in Central Asia. 

Haplogroup N probably originated in Mongolia and spread both east into Siberia and 

west, being the most common group found in Uralic peoples. Haplogroup 0 is found at 

its highest frequency in East Asia and Southeast Asia, with lower frequencies in the 

South Pacific, Central Asia, and South Asia. Haplogroup P gave rise to groups Q and R, 

and is rarely found in its undifferentiated stage. It probably originated in Central Asia or 

the Altai region. Haplogroup Q also originated in Central Asia, migrating east to Nmth 

America. 

• Haplogroup L (M20) Found in South Asia, Central Asia, Southwest Asia, the 
Mediterranean 

o Haplogroup L I 
o Haplogroup L2 
o Haplogroup L_;l 
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• Haplogroup MNOPS (rs2033003/M526) 
o Haplogroup M (P256) Found in New Guinea and Melanesia 

• Haplogroup Ml 
• Haplogroup M2 
• Haplogroup M3 

o Haplogroup NO (M214) 35-40 kya 
• Haplogroup NO* (minimal distribution) 
• Haplogroup N (M231) Found in northernmost Eurasia, especially 

among the Uralic peoples 
• Haplogroup 0 (Ml75) Found in EastAsia, SoutheastAsia, the 

South Pacific 
o Haplogrc~ (M45) 

• Haplogroup P* (minimal distribution) 
• Haplogroup Q (MEH2, M242, P36) Found in Siberia and the 

Americas 
• Haplogroup R (M207, M306) Found in Europe, West Asia, Central 

Asia, and South Asia 
o Haplogroyp_s_ (formerly Haplogroup K5) Found in the highlands ofNew 

Guinea " 

• Haplogroup T (formerly Haplogroup K2) (Ml84, M70, M193, M272) Found in a 
significant minority of Sciaccensi, Somalis, Eivissencs, Stilfser, Ethiopians, Fulbe, 
Egyptians, and Omanis; also found at low frequency throughout the 
Mediterranean and parts oflndia 

o Haplogrot!QTI (M320) 
o Haplogrou[p_ T2 (P77) 
o Haplogrou.P]'3 (L 131) 

Groups descended from Haplogroup NO (M214) 

The NO haplogroup ~ppeared ca. 35-40 ka in Central Asia. Its predecessor, haplogroup 

MNOPS, is ancestral to a range ofhaplogroups distributed widely across mainly Eurasia, 

Oceania, and the Americas, namely the M, N, 0, Q, R, and S haplogroups. Haplogroup N 

possibly originated in eastern Asia and spread both west into Siberia and north, being the 

most common group found in some Uralic speaking peoples. Haplogroup 0 is found at 

its highest frequency in J~ast Asia and Southeast Asia, with lower frequencies in the 

South Pacific, Central Asil!, and South Asia. 

• Haplogroup NO (M214) 35-40 ka (minimal distribution) 
o Haplogroup N. (M231)Found in northernmost Eurasia, especially among 

the Uralic peoples 
• Hapl_ggroup Nl (LLY22g) 

81 



• Haplogroup Nla 
• Haplogroup Nlb 
,. Haplogroup Nlc 

o Haplogr<ll!Q 0 (Ml75) Found in East Asia, Southeast Asia, the South 
Pacific 

• Haplogroup 01 (MSY2.2) Found in eastern and south em China, 
Iaiwan, and Southeast Asia, especially among Austronesian and 
Kradai peoples 

• Haplogroup 02 (P31, M268) 
" Haplogroup 02a (M95) Found in Japan, southern China, 

Southeast Asia, and the Indian subcontinent, especially 
among Austro-Asiatic peoples, Kradai peoples, Malays, 
and Indonesians 

B Haplogroup 02b (SRY 465, M176) Found in Japan, Korea, 
Manchuria, and Southeast Asia 

• H:mlogroup 03 (Ml22) Found throughout East Asia, Southeast 
Asia, and Austronesia including Polynesia 

Groups descended from Haplogroup P (M45) 

Haplogroup P (M45) has two branches. They are Q-M242 and R-M207, which share the 
common marker M45 in addition to at least 18 other SNPs. 

Haplogroup Q 

Q is defined by the SNP M242. It is believed to have ansen in Central Asia 

approximately 35-40 000 years ago. The subclades of Haplogroup Q with their defining 

mutation(s), according to the 2008 ISOGG tree are provided below. ss4 bp, rs41352448, 

is not represented in the ISOGG 2008 tree because it is a value for an STR. This low 

frequency value been found as a novel Q lineage (Q5) in Indian populations 

The 2008 ISOGG tree 

.. Q (M242) 
0 Q* 
o Ql (P36.2) 

" Ql* 
• Qla (MEH2) 

" Qla* 
" Qlal (M120, M265/N14) Found with low frequency 

among Dungans, Han Chinese, Hazaras, Japanese, Koreans, 
and Tibetans[JJ[4J 
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Haplogroup R 

" Q1a2 (M25, Ml43) Found at low to moderate frequency 
among some populations of Southwest Asia, Central Asia, 
and Siberia 

• Q 1 a3 (M346) 
" Qla3* Found at low frequency in Pakistan, India, 

and Tibet 
• Qla3a (M3) Typical of indigenous peoples ofthe 

Americas 
" Qla3a* 
" Qla3al (M19) Found among some 

indigenous peoples of South America, such 
as the Ticuna and the Wayuu[SJ 

" Qla3a2 (Ml94) 

" Qla4 (P48) 
~ Qla5 (P89) 

Qla3a3 (Ml99, Pl06, P292) 

m Qla6 (M323) Found in a significant minority of Yemeni 
Jews 

• Qlb (M378) Found at low frequency among samples of Hazara 
and .S.indhis 

Haplogroup R is defined by the SNP M207. The bulk of Haplogroup R is represented in 

lineages Rla and Rlb. Rla likely originated in the Eurasian Steppes, and is associated 

with the Kurgan culture and Proto-Indo-European expansion. It is primarily found in 

Central Asia, South Asia, and the Slavic peoples of Eastern Europe. Rl b probably 

originated in Central Asia. It is the dominant haplogroup of Western Europe and also 

found sparsely distributed among various peoples of Asia and Africa. Its subclade 

Rl b 1 b2 (M269) is the haplogroup that is most commonly found among modern European 

populations, especially those of Western Europe. 

• Haplogroup Rl (Ml Found throughout western Eurasia 
o Haplogroup Ria (Ml7) Found in Central Asia, South Asia, and Central, 

Northern and Eastern Europe 
o Haplogroup Rib (M343) Found in Western Europe, West Asia, Central 

Asia, North Africa, and northern Cameroon 
• Haplogroup R2 (Ml24) Found in South Asia, Caucasus, Central Asia, and Eastern 

Europe (http://en.wikipedia.org/) 

9. Distribution of theY-Chromosomal variation in Asia 

Asia is a vast continent where genetic drift has played an important role in shaping the 
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Y-chromosomal variation, affecting more seriously smaller popu- lations. Therefore, the 

mean values of haplogroup distribution over the whole Asia, taken alone, are not 

informative for making conclusions about their phylo-geographic spread: 15 of 18 major 

haplogroups are present in Asia, but their distribution is highly region-specific (Hammer 

and Zegura 2002). Here the attention is focused mainly on Indian Sub-continent regions 

and Y -chromosomal haplogroups that have played a crucial role in modern human 

migration. 

9.1. Colonization of South and East Asia 

There are two major models of migration routes of the initial peopling of East Asia. The 

first one argues that an early southeastern Asian spread via the southern route is a more 

likely scenario, followed a northward migration. Some genetic surveys, such as the 

variation of autosomal microsatellite markers (Chu et a!. 1998) and Y -chromosomal 

binary markers (Su et al. 1999; Jin and Su 2000; Su and Jin 2000) support this model. 

This result is concordant mainly with the distribution of major Asian hg 0 with larger 

diversity in southern versus northern regions and its northern sub-clades being a subset of 

the southern variation (Suet al. 1999). In contrast, the second model suggests a bi- and/or 

multidirectional route: one migration possibly through Central Asia and one through 

Southeast Asia (Ding et at 2000; Karafet et al. ~001; Wells et al. 2001; Tajima et al. 

2002; Jin et al. 2003). In previously named studies the main haplogroups for which the 

possible northern route is discussed are hg C with its very wide overall Asian distribution, 

together with hg D, the latter displaying a very specific and restricted distribution, absent 

or present in marginal frequencies in most populations of Asia, but frequent in Tibetan, 

Andamanese and Japanese populations. 

9.2. Y-Chromosomal haplogroup variation in India 

Several studies have argued that, in contrast to the relative uniformity of mtDNA, the Y 

chromosomes of Indian populations display relatively small genetic distances to those of 

West Eurasians (Bamsad e:t 2001), linking this finding to hypothetical migrations by 

h1do-Aryan speakers. Wells et (Wells et al. 2001) highlighted Ml7 (Rla) as a potential 

marker for one such event,. as it demonstrates decreasing frequencies from Central Asia 

toward South India. Departing from the "one haplogroup equals one migration" scenario, 
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Cordaux et al. (2004) defined, heuristically, a package of haplogroups (12, Rla, R2, and 

L) to be associated with the migration of IE people and the introduction of the caste 

system to India, again from Central Asia, because they had been observed at significantly 

lower proportions in South Indian tribal groups, with the high frequency of Rla among 

Chenchus of Andhra Pradesh (Kivlsild et al. 2003) considered as an aberrant 

phenomenon (Cordex eta!. 2004). Conversely, haplogroups H, F*, and 02a, which were 

observed at significantly higher proportions among tribal groups of South India, led the 

same authors to single them out as having an indigenous Indian origin. Only 03e was 

envisaged as originating (recently) east of India (Cordex et al. 2004), substantiating a 

linguistic correlation with the TB speakers ofSoutheast Asia. 

10. Applications of studying Y-chromosomal Diversity: 

10.1. Anthropology/ Molecular Evolution 

The field of molecular anthropology is predicated on the concept that the genes of 

modern populations encode aspects of human history. By studying the degree of genetic 

molecular variation in modern organisms, one can, in principle, understand past events. 

The Y chromosome is uniquely suited to such studies. The unique nature of 

Y -chromosome diversification provides an elegant record of human population histories 

allowing researchers to reconstruct a global picture, emblematic of modern human origins, 

affinity, differentiation, and demographic history. 

10.2. Genealogical Investigations: 

Y chromosome variation studies are very useful in genealogical reconstruction (verifying 

membership in a particular family's ancestry). Since most of the Y chromosome has the 

special property of not recombining during meiosis, no shuffling of DNA from different 

ancestors occurs. As a consequence, any Y chromosome accumulates all the mutations 

that have occurred during lineal life span and thus preserves the paternal genetic 

legacy that has been transmitted from father to son over the generations. The discovery of 

numerous Y chromosome polymorphisms has allowed us to deduce a reliable genealogy 

composed of numerous distinctive lineages. This concept is analogous to the genealogical 

relationships maintained by the traditional transmission of surnames in some cultures, 

although the gene tree approach provides access to a prehistorically deeper set of paternal 

relationships. In many societies, surnames, like Y chromosomes, are patrilinearly 
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inherited. This has led to considerable interest among amateur genealogists in whether 

branches of a family tree can be reliably connected using DNA evidence (Job ling 2001 ). 

10.3. Forensic work: 

Due to the recent technological advancement in the biological sciences and the 

introduction of commercially available multiplex different genotyping kits, Y 

chromosome is used for identifying male genetic components in material fi·om crime 

scenes, especially from sexual assault and rape cases. They are also applied to paternity 

testing, especially in deficiency cases with a deceased alleged father. 
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Aims and Objectives: 

The specific aims and objectives of this thesis were: 

1. To identify the unique/novel polymorphisms m the mtDNA by complete 

sequencing in selected ethnic groups of sub-Himalayan regions oflndia and a few 

populations of Nepal and Bhutan to compare their mtDNA pool with other ethnic 

groups across India as well as Asia to obtain genealogical information for 

phylogenetic understanding. 

2. To perform SNP genotyping of non-recombining region of the human Y

chromosome (NRY) for inferring genomic diversity, population affinity and 

demographic history of the abovementioned populations. 

3. To understand the pattern of gene flow among the different caste and tribal groups 

inhabiting the north-eastern, eastern and sub-Himalayan regions of India. 

4. To understand the~ pattern of peopling in Asian (South/Southeast) continent with 

the perspectives of sub-Himalayan Indian population. 

5. To decipher the role of Northeast lndian passageway in human migratory events. 

6. To resolve the existing controversy about the origin and settlement of 

Tibeto-Burman and Austro-Asiatic groups in the sub-Himalayan ranges. 

7. To construct a large-scale mtDNA and Y-chromosomal database, which IS 

essential for deciphering critical genetic variation and population heterogeneity 

and to screen the Haplogroup-Specific Mutations for understanding whether the 

observed mutations are disease·· related mutations, or whether they present rare, 

ethnic-specific polymoq)hisms? 

8. To update the phylogeny of mtDNA and Y-chromosome for evaluating the 

pathogenic role of mutations and also for performing reliable association studies 

between these markers and complex diseases. 
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Materials and Methods: 

Subjects/study populations: 

In the present study anthropologically distinct sub-Himalayan Indian populations were 

chosen as they are considered as traditional populations in true sense with little or no 

admixture. Due to strict endogamy and socio-cultural barriers these population might 

have preserved their gene pool. In the present investigation some selected ethnic groups 

of sub-Himalayan regions of India and a few populations of Nepal and Bhutan 

(Mongoloid as well as Non Mongoloid populations) were considered. A total no. of 1960 

samples were collected. 

Subject selection: 

In this present study I intensively considered samples from individuals who inhabit 

sub-Himalayan Indian region, Nepal and Bhutan. A short interview was conducted with 

every donor at the time of sample (blood) collection in this study. A set of questions was 

followed for interview of the donor to ensure whether their family background has link to 

my desired geographical study locations or not. 

Brief introduction of the sampling areas: 

The Himalayan Ranges 

(From south to north the Himalayas are divided into different parallel 
ranges) 

Lower Himalayas Sub Himalayas The Great Himalayas Tibetan Himalayas 

with an with an Oldest range with a The Tibet 
average average height above 6,000 Plateau is 
height of height of 900 m including Mount known as the 
3,700 to1, 200 m. It Everest, K2 and Roof of the 

meters is the Kanchenjunga and World with an 
youngest out nine of the 14 average height 
of the other highest peaks in the of 4,000 to 
ranges world. 4,5900 meters 
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Uaiquess of the Himalayan ranges: 

In terms of its diversity of peoples and language • the 

H_imalayan regiOn is the most complex area of EUrasia 

This rentarkable landscape mcludes the highest land banier 

on the face of the planet and linguistic evidence shows that 

this bas shaped and channelled population movements in 

the past 

History tells us 1hat the original 

inhabitants of tbe Himala s wer 

tlte K:iimats, Kilinds, and Kiratas 

Our 'Hindu epics and Puranas give 

reference of their existence in the 

Himalayan regions. Hist also 

mentions the names of Kbasas and the Darads_ But today 

groups form the Himalayan population. They are the Negroids, Mongoloids and the 

Aryans. There are hundreds of different languages spoken along the length of the 

Himalayas. Most people speak languages belonging either to the Tibeto .. Burman or 

Jndo..Europe:an families, but there are also Auslroasialic, Dravidian, Daic and Altai& 

language communities settled in the mountain tracts, foothills and periphery of the 

H.itnala , and two language isolates, Burushaski and Kusunda. 

II 

........... 

Jamnn.t and Kashmir, Himachal- Pradesh, Uttaranebal, Sikkim, West Bengal hills, The 
North Eastern States ( Seven Sister Megbalaya,Assam, Tripura. Mi1.oram, ~ 
Nagatand, Arunachal Pradesh ) 



GENOMIC VIEW OF ETHNIC INDIA: 

Indian sub-continent is a panorama of social diversities, racial differences and rich 

cultural heritage and highest genomic diversity after Africa. 

Indian population is diverse and heterogeneous and culturally divided into tribals and 

non-tribals. 

Regionally distinct four language families (Bhasin M.K, 2006): 

The Austro-Asiatic Language Family (Nishada) North & North East India 

The Tibeto-Chinese Language Family (Kirata) North East India 

The Dravidian Language Family (Dravida) South India 

Indo-European Language Family (Aryan) Northern India 

India has 22 officially recognized Languages. But around 33 different languages and 

2000dialects have been identified in India. 

A home of 461 tribal communities they constitute 8.08% of the total population and tribal 

are considered to be the original inhabitants of India. 

India has over 2000 castes and belongs to the Hindu religion and is hierarchically 

arranged in four main classes: 

Brahmin- Priestly class> Kshatriya- Warrior class> Vysya- Business class> 

Sudra- Labor class 

Races in India (as per classical pattern, see Appendix for detail classification) According 

to Dr. B. s. Guha. The population of India is derived from 6 main ethnic groups: 

• Negrito, Proto-Australoids or Austrics, Mongoloids, MediteiTanean or Dravidian, 

Western Brachycephals and Nordic Aryans. 
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Dive.nity of Indian Population: 

• 
GENOMIC VIEW OF NEPAL: 

The people of Nepal are a ~mplex mix of raQal 

patterns. Nepal has a population of more than 

25 million consisting of more than 70 ethnic 

groups having different cultures aud spoka 

t.c• ncrs. The distributioD of the diffi:tc:ut 

eUmic groups reflects the geographical divel"sity 

of the coontry. 

The majority of Nepal's population is of 

mdo-Aryan origin .. the remaining are of Tibetan 

and Bbotia,inhabitants of northern Nepal and 

~atien(~) 

lndo-EQ.ropean 

Dravidtan 

abeco--Bunnan 
ustroallatic 

Mongoloid inhabitants of the central belt The major religions. of the people of Nepal are 

HiadWsm and Buddb1sm. Apart trom these two religions the next main religion is ISlam 

in epat 

91 



GENOMIC VIEW OF BHUTAN: 

There are three maiD ethnic, religious and linguistic groups and a dozen smaller groups in 

Bhutan is a nation of immigrants and a 

'niuhi~religious, multi-cultural and 

multi-linguistic society. The three main ethnic 

groups live geographically separated with the 

dominant political group the Ngalong in the 

west, tbe Sar~hops in the east and the southern 
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Ethnographic notes on study population: 

Rajbanshi: 

The Rajbanshis constitute one of the largest schedule castes of West Bengal and are 

widespread throughout North and West Bengal and in Purnea (Bihar) and Goalpara 

(Assam). They are cultivating and land owning community of North Bengal, they are 

also known as Desi or Bahey and Rajbanshi Kshatriya. The history of the origin of the 

Rajbashi is a mystery. It is said that they belong to the great Bodo family that entered 

India in the 1Oth Century B.C. from the east and settled on the banks of Brahmaputra and 

gradually spread over Assam and whole of North and West Bengal. It is generally 

accepted that the bulk of the populations of Eastern Bengal and Assam consisted 

originally ofTibeto-Burman speaking people of Indo-Chinese stock. 

Rabha: 

The Rabhas are one of the plains tribes of Assam. They are mostly concentrated in the 

districts ofKamrup, Goalpara, Dhubri, Kokrajhar, Bongagaon, Darrang and Sonitpur. The 

Rabha have some pocket in Mehgalaya, West Bengal, Nepal and Bangladesh.ln the 

opinion of Grierson the term 'Rabha' is a Hindu name of the Kachari. The Rabha belong 

to the great Bodo group of the Mongoloid race. Major Playfair believes that after 

migration from the Tibetan region they settled in the Garo Hills region, and from there 

they spread over to different regions of Assam. Among the Rabha there are several 

subgroups. The Rabha are exogamous. Cross-cousin marriage is permitted but it is not 

considered to be preferential one. By and large the Rabha are monogamous. The primary 

occupation of the Rabha is agriculture. As per 1971 census, the total number ofRabhas in 

Assam were 1,38,630 out of which 71,497/- persons were male and 67,133 persons were 

females, the sex ration being 933 females per 1000 males. The Rabhas constituted 

10.31% of the total tribal population of Assam, hills and plains combined. 

Toto: 

The Toto, a mongoloid sub-Himalayan tribe possessing a medium to high stature with 

stout body, is living in a partially isolated area known as Totopara, situated under the 

jurisdiction of Alipur Duar subdivision of Jalpaiguri district1 West Bengal. The Toto have 
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flat noses, small eyes, broad cheeks and thick lips. Thirteen exogamous clans are evident 

among the Totos without any further larger division. Monogamy is the common form of 

marriage among the Totos but polygamy is not ruled out. They practice cross-cousin 

marriage. The Toto subsist on agriculture, horticulture, poultry farming, animal 

husbandry and pig rearing. 

Mech: 

Mech has maximum concentration in the sub-hilly terai regions with a population of 

26959 in 1981 census. Their dialect is akin to Bodo. They are bilingual. Monogamy is the 

rule, plural marriage are scarce. In Mech society both sexes enjoy equal status. Among 

patilineal Mech household is nuclear, followed by extended type. It is said that when 

living beyond the pale of Hindu influence, they are omnivorous, but they did not .eat flesh 

of elephant and cow. Though the Mech now inhabit a multi-ethnic are, thgey lead a 

comparatively secluded life with low social status. With the' influx of the refugee, their 

smooth life has been disrupted .. Their literacy rate is 26.97%. The younger generation has 

realized the importance of education and the educated youths are interested more in Jobs 

than in agriculture. 

Lachungpa: 

In Northern Sikkim the majority inhabitants, they are known as the Lachenpas or 

Lachungpas, meaning inhabitants of Lachen or Lachung respectively. Geographical 

denotations in the names of Bhutias' last names is common.The Bhutias are people of 

Tibetan origin, who migrated to Sikkim from various parts of India and Bhutan, some 

time after the 15th century. They may be migrated through the different passes ("La" in 

Tibetan) in the Himalayas. In Northern Sikkim for example, the Bhutias of Sikkim as a 

whole can be denoted as Denzongpa, or inhabitants of Denzong, the Tibetan name for 

Sikkim. The language spoken by the Bhutias in Sikkim is Sikkimese Bhutia language, 

which is 65% intelligible with either Tibetan or Dzongkha, the language of Bhutan, 

although in recent times Nepali is more widely spoken. Most Bhutias practice the 

Nyingmapa school, followed by the Kagyupa school of Tibetan Buddhism. The Bhutias 

are spread out over Nepal, Bhutan, and in the northern West Bengal, especially in the 

towns of Kalimpong and Darjeeling. Bhotey is also often used as a derogatory term, used 
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by people of Nepali heritage to describe people of Tibetan heritage, although most 

Bhutias are better off economically and educationally among the various Himalayan 

communities including the Nepalese. 

In Sikkim, the Bhutias are mostly employed in the Government Sector, in agriculture, and 

increasingly in the business arena as well. In the district ofDarjeeling, Bhutias are mostly 

employed in government offices and many are traders. Bhutias are traditionally rice 

eaters with animal fat fried vegetables or meat usually pork, and beef, and occasionally 

mutton or chicken. Other well known foods are momo- steamed meat dumplings, and the 

Thukpa- noodle in broth. The Losar and Losoong are two among many festivals 

celebrated by the Bhutia community. Almost all Bhutia festivals/holidays hold religious 

Buddhist significance. 

Chhaang or Chyang is the favourite drink of the Bhutias, and increasingly of other 

communities coexisting with the Bhutias as well. It is made of fermented barley, or 

millets, and is served in a bamboo container called.the Tongba. Tea with milk and Sugar, 

and butter tea is also served in religious or social occasions. Bhutias practice 

intermarriage within their clans and follow a very hierarchical system of bride and groom 

selection .. Clan discrimination is widespread and marriage outside the community is 

looked down upon. 

The ruling dynasty in Sikkim before the mid 1970s annexation by India, was a Bhutia and 

was from the Namgyal dynasty. (http://www.sikkimonline.info/) 

Boro: 

Bodos are the true ethnic Tribal Community and considered as the earliest immigrants in 

Assam and are said to be the most cultural community of the north-western parts of 

Assam. 'Bodo' is derived from 'Bod' that connotes Tibet, thus relating most part of the 

Bodos arrived from Bhutan passes. The Bodo tribal community has a belonging to a large 

group of ethnicity, popuUtrly named as the Bodo-Kachari. The 6th Schedule of the 

Constitution of India has conferred the Bodo tribal community the status and prestige of a 

plain tribe. 

Apart from this the Bodo tribes are also found in several places like Assam etc. Special 

information is being thrown about the total population of the Bodo tribal community. 

These Bodo tribes are amongst the primitive settlers of the valley of Assam. Kokrajhar 

95 



town is regarded as the hub of the Bodo tribal community. Other main concentration 

includes the Brahmaputra valleys and also its adjacent areas. Cultural exuberance of the 

whole of the society of the Bodo tribal community incorporates elements like dancing, 

singing, language etc. Also if one studies the society of the Bodo tribal community, one 

can find several surnames like Bargayary, Basumat<l:ry, Bodosa, Boro, Brahma, 

Bwiswmuthiary, Dwimary, Goyary, Jshlary, Ishwary, Khaklary, Mushahary, Narzary, 

Owary, Sargwary, Sibigry and Wary. As far as the languages are concerned, these Bodo 

tribes prefer the beautiful Bodo language, which has been derived from famous 

Tibeto-Burmese language family. For writing, majority of these Bodo tribes of the 

primitive ages make use of the Roman script and Assamese script. As a recent 

phenomenon, this Bodo tribal community has taken up the Nagari script. In the early 

years, this Bodo tribal community has practiced of all types of cultivation and farming. 

Rice farming, tea plantation, pig and poultry farming, and silkworm rearing are quite 

significant amongst them. Weaving is also a popular occupation of the Bodo tribes. All 

the exquisite products that these Bodo tribes have created over the years have been the 

main force of enabling the Bodo tribal community to reach to its zenith. Several Bodo 

families rear their own silkworms, the cocoons of which are then spun into silk. Amongst 

the Bodo tribal females, weaving has gained fame and popularity. 

(http://www.indianetzone.com) 

Mizo: 

The people of Mizoram are known by the generic name of Mizo, which literally means 

people (mi) of the hills (zo). lt is believed that people from far-flung regions made the 

hills of Mizoram made their home and from the hills, they derived their name. There are 

numerous different tribes under the general ethnic broad group of Mizo. The state of 

Mizoram in India is close to both the Indo-Bangladesh border and the Indo-Myanmar 

border. The closeness to the numerous intemational borders has made Mizoram a blend 

of various tribes that migrated from China, Myanmar (the erstwhile Burma), and the 

other parts of the Northeast. Some Mizo tribes may have formed a part ofthe people who 

lived in the Tao valley in northwest China. They slowly proceeded towards the border of 

Tibet and Myanmar and around 1700 AD, these tribes shifted to what is known as 

Mizoram today. The people of the Mizoram region have acquired a multiple-cultural from 
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multiple tribes, who came from different parts of the eastern countries in the past. The 

Chinese, Burmese and Tibetan cultures influenced the people of this region to form their 

own lifestyles and the own craftsmanship. Today, Mizos include following tribes - Ralte, 

Paite, Dulien, Poi, Sukte, Pankhup, Jahao, Fanai (Molienpui), Molbem, Taute, Lakher, 

Dalang, Mar, Khuangli, Falam (Tashous), Leillul and Tangur. The three main sub groups 

in Mizoram are Lushais, Pawis and Lakhers. You can easily find those influences in the 

clothes worn by the women of Mizoram, the patterns and style woven and also in the 

woodcarvings produced in there. The absence of outside influences helped the inhabitants 

of Mizoram to preserve their ancient cultures and traditions of craftsmanship. Thus we 

can find that, the women still carrying on old traditions of weaving and the men, of 

basket weaving. (http://www.indianetzone.com) 

Naga: 

The Nagas belong to the Indo-Mongoloid family. The fourteen major Naga tribes are the 

Angami, Ao, Chakhesang, Chang, Khemungan, Konyak, Lotha, Phom, Pochury, Rengma, 

Sangtam, Serna, Yimchunger and Zeliang. The Chakhesangs were earlier known as 

Eastern Angamis and are a combination of the Chakri, Khezha and 

Sangtam sub-tribes. Now the Chakhesang tribe is spilt further; Pochury's who were 

earlier a part of it now claim a distinct entity. Each tribe has their own languages and 

cultural features. The Naga's have different stories about their origin. The Angamis, 

Semas, Rengams and the Lotha's subscribe to the Kheza-Kenoma legend. It is said that 

the village had a large stone slab having magical properties. Paddy spread on it to be 

dried doubled in quantity by evening. The threesons ofthe couple who owned the stone 

used it by rotation. One day there was a quarrelbetween the sons as to whose turn it was. 

The couple, fearing bloodshed, set fire to the stone which as a result cracked. It is 

believed that the spirit in the stone went to heaven and the stone lost its miraculous 

properties. The three sons thereafter left Kheza-Kenoma, went in different directions and 

became the forefathers of the Angami, Serna andthe Lotha tribes. According to anothe~ 

legend, to which the western Angamis subscribe, the first man evolved from a lake 

called Themiakelku zie n~ar Khonoma. The Rengmas believe that until recently they and 

Lothas formed one tribe. The Aos and the Phomstrace their origin to the Lungterok (six 

stones) on the Chongliemdi hilL Some people believe that these Indo-Mongoloids are 
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'kiratas' frequently mentioned in the old Sanskrit literature of which 'Nagas' were a 

sub-tribe. The hill tribes in the areas now known as Nagaland had no generic term 

applicable to the whole race. The word 'Naga' was given to these hill tribes by the plains 

people. This proved to be a great unifying force to the tribes now classified as Naga. 

Nagas are of sub-medium height, the facial index is very low, the nasal index corresponds 

to a medium nose, the hair is generally straight, and the skin is brownish yellow. The eyes 

significantly do not show Mongolian form. 

Dhimal: 

The Dhimals are a non-Aryan trib~ of Darjeeling district and Nepal Terai. The Dhimals 

living in the areas of Hinduised, non-Aryan tribe and racially they belong to Mongoloid 

group.This primitive community seems to have disappeared from census records, mainly 

after the ~ens us operation of 1931, they are not mentioned distinctively. Dhimal is a little 

known ethnic group found only in the districts of Darjeeling. Although it is stated that in 

earlier times they were distributed in Andaman and Nicobar islands but at present they 

are found only in North Bengal only. Prof Chatterjee and Paul Bane-Doickot include 

Dhimal language as the complex pronominalired of the Tibet-Burma branch and included 

it in the Kirat offshoot. Chenjong (1966) agrees that the "Dhimal" is an offshoot of the 

'Kirat'. It is also mentioned in the census report of 1931 that the Dhimals belonged to the 

Tibeto-Burmese family .in case of language. In this community it is found that the clan 

restrictions are not strictly followed. Both clan-endogamy and exogamy are followed in 

their community. 

Kol: 

The Kols are the earliest inhabitatnts of the central Himalayan region of Garwal, Kumaon 

and Himachal. D.N.Majumdar accredited this race with the development of Neolithic 

culture in India. These people are comparatively dark complexioned. There is no 

unanimity of views among the scholars regarding the existence of these people in hilly 

regions during ancient times.. According to Mian Goverdhan Singh, Kols were the 

descendents of the Neolithic man in Himachal Pradesh. On the fringe of the Indus 

valley culture, the tribes inhabiting the Himalayan foothills were the Kols (Proto 

Australoid). Historical evidence suggests that these people migrated to the hill regions 
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ne Indian plains after their defeat at the hands of the more powerful Dravidian 

Jple. They had to abandon their hearths and take resort to the remote areas and thick 

forests of the Central Himalaya. 

Kharia: 

The primitive aborigines of India contain variety of tribes, which shows its richness. 

Kharia, being an indigenous group falls in "Austroliod" group but distinctly resembles 

Mongoloid. The language spoken by them is also known as 'Kharia'. The arrival of 

Kharias belongs to 'Kolarian tribe'. Their folk songs are fully informative about their past 

dynamic life. Kharias are found in Jharkhand (Ranchi, Gumla, Singhbum and Simdega 

district), Orissa (Birmitrapur, Sundargarh, Puri, Jhunmur, Mayurbhanj), West Bengal 

(Mednipur) and Assam. Rislay divides six types of Kharias but actually it is parted into 

three. Dudh Khairias, Delki Kharias and Pahari Kharias or Hill Kharias. The Patrician 

family system is found among them. The na.me of the family is carried according to 

patrilocal residence and patrilineal descent. Among Dudh Kharias nine clans can be 

found, namely Kerketta, Bilung, Soreng, Toppo, Baa, Kiro, Kullu, Tere and Dungdung. 

The story regarding the origin of Kharia tribe goes like this: God created the earth and 

sky. He also created a hen from which egg came into existence. The white cover of egg 

became first Puran, which is the part of Mayurbhanj Hindus. The yellow part became the 

Royal family of "Bhunj". The first person was known as "Adhi Kharia". "Adhi Singh" 

named the first Ring. This event took place in the district of Panch-Peerin Bihar. Now it 

is known as Adhipur. 

Parhaiya: 

Parhaiya tribe is known for tht~ unique lifestyle and culture. The Parhaiya is one of the 

scheduled tribes of the state Bihar, Jharkhand and some parts of West Bengal. These 

Parhaiya tribes do not have separate villages to live in. Rather they share the space with 

all the other tribes and maintain a cordial relation with all of them. Society of these 

Parhaiya tribes follows the trend of the common tribal community of India. In case of 

marriage, Parhaiya people practice monogamy. Bigamy is also permissible. However 

Levirate marriage and premarital relations within the lineage group are not allowed. 

Marriage might also take place between boys and girls of two lineages but in general it is 

not pennitted. Generally, they pursue village exogamy. General way of getting bride is 
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done in lieu of paying price to the bride and also through the approval of parents of both 

the bride and groom. Also instances of the marriage by exchange, elopement service and 

love may also be cited. Birth is regarded as very joyous occasion in the society of the 

Parhaiya. It makes the couple fertile and washes the strain of barrenness forever. It 

enhances the status of the husband and the wife as father and mother. Just like any other 

tribal communities of Indian Territory the main occupation of these Parahiya tribal 

communities is mainly cultivation, including lac farming. Quite a number of Parhaiya 

tribes are there who survive on the resources that these Parhaiya tribes have gathered 

from the dense forests. People of the Parhaiya tribes, especially the women, carry on the 

practice of weaving beautiful baskets and clothes. That these Parhaiya are very much 

religious minded and this can be revealed from the fact they have developed belief on 

gods and goddesses. Worship of spirits, mainly, the ancestral spirits, are quite popular 

amongst the pious Parhaiya tribes. For better controlling and administration, these 

Parhaiya tribes have adapted the typical system of Panchayat. The head of the village of 

these Parhaiya tribes also is in the top rank in the whole system and is better known as 

'Mahato'. The name of his assistant called Khato and also all the other people of each 

and every people ofParhaiya family are the members. (http://www.indianetzone.com) 

Santhal: 

The Santhals are the third largest tribal community in India after the Gond and the Bhil. 

According to 1981 census, the population of San thai is 21,54,063 in the state of Bihar. 

They are also distributed in Bangladesh, Bhutan, Nepal and other foreign countries. In 

Bihar, they are mainly concentrated in Chotanagpur plateau, Santhal Parganas, and the 

adjacent districts of West BengaL They migrated to other parts of India mainly as 

unskilled labourers of coal mines, tea gardens, brick fields, in search of their livelihood 

and settled there with their families. North Bengal region of West Bengal is best known 

for tea production. In more than 500 tea gardens, Santhals are the most predomint 

labourers. However, the exact number of Santhals in this area is not known. They 

communicate with family members by Santhali language which belongs to Austro-Asiatic 

family. The Santhals are endogamous and divided into exogamous clans like Soren, 

Hembrom, Tudu, Hansda, Kisku, Murmun, Baske, · Mandi etc. The clans are gain divided 

into subgroups. 
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Oraon: 

The Central and Western parts of the old Ranchi district, now s~lit up into Gumal and 

Lohardaga districts in the Chotonagpur South division of Bihar, is the habitat ofthe bulk 

of the Oraon tribe. These people are scattered in several other districts of this state, 

Madhya Pradesh and West BengaL The Oraon call themselves Kurukh ('Pioughmen') 

which is traced to one of their mythical hero-king called Karakh associated with the 

district of Shahabad a former home of Oraon. Linguistically, the Oraon are Dravidian and 

had affinities with canarese in South India. 

The Oraon have totemism and number of clans. These totems are either not killed, eaten 

or they are not harmed. The exogamous kin ship-group is the foundation of the social 

system of the Oraon. They have classificatory kinship system. The marriage is 

monogamous. The Oraon are mainly settled agriculturist though' hunting, fishing, bird 

catching, cattle rearing and crafts are subsidiary. 

Munda: 

The Munda are dispersed over Bihar, Orrisa, West Bengal, Madhya Pradesh and Tripura. 

The major concentration is however, in the Ranchi district of Bihar. It has more than 

doubled during 70 years between 1901-] 981. They are settled agriculturists and live in 

villages. The Munda don't live: in isolation. According to Munda tradition they migrated 

from the southern part of North India and entered Chotanagpur through modern Rohil 

Khand and Oudh. Schimdt regarded it as part of the Austro-Asiatic languages which is 

itself a stream of Austric language family which extends from Madagascar, India, 

Malaysia, Indonesia, Polynesia and touched the shores of South America. The tribe is 

divided into a number of clans known as Kili which are exogamous. All the members of a 

clan are considered to be descendents a common ancestor. The Munda generally 

practice clan exogamy and tribal endogamy. Monogamy is the usual practice among the 

Munda. Instances of polygamous marriages are also found in some villages. 

Muslim population: 

Islam began in Arabia in the beginning of the 7th century. The founder of this religion 

was Prophet Muhammad who was born in 570 A.D. in a distinguished family of Mecca. 

101 



After Prophet Muhammad's death (A.D. 632) the leadership passed to Calipus or 

Khalifas who were both religious and political heads. Arabs spread Islam from the 

Atlantic to Sind within eighty years of Prophet's death. Though Islam proclaimed· the 

idea of equality, but in India it has been characterized by caste. The true Muslims are 

divided into four large families-Saiyad, Shaikh, Pathan and Moghul. Though they are 

referred as castes in India, they are neither castes nor tribes but are merely names given to 

groups of tribes supposed to be of similar biood (Blunt 1931: p. 189). Muslims are 

divided into two major religious, endogamous sect-Shia and Sunni and several minor 

groups like M·omins, Doman, Khoja, Bohra,l'l1oplahic.ln addition there are interior and 

exterior castes among 1~fuslims- (a) Ashraf or Shartf meaning noble or person of high 

extraction. It includes all undoubted descendants of foreigners and converts from higher 

Hindu castes. (b) "1jlafAlrop ·· meaning ·'wretches'', embraces all other Mohammedans, 

including the functional groups and low ranking converts. Traditional occupation of Saids 

is the priesthood, while the A1oghuls and Pathans correspond to Kshatriyas of the Hindu 

regime. All converts are endogamous groups and many are split into further smaller 

endogamous groups "amongst the Bhands·, Glfj}ars and Rangrej, Sunis and Shias do not 

intermarry ... ; Pathan and Shaikh. Muhammadan Rajputs preserve their Hindu rules 

of hypergamy". "In fact, most of these castes of Hindu converts preserve some trace of 

their former marriage system", (Blunt 1931: pp. 20 1-202). Certain Muslim groups also 

preserve Hindu commensal taboos and religious rites. The Muslims are a predominantly 

rural community with marked concentration in the Kashmir valley and adjacent Kargil 

Tehsil, Mewat, Rohilkhand and upper Doab, Ganga Delta, Malasar and the Lakshadweep. 

The States and Union Territories, where Muslims are predominant, are Lakshadweep 

(94.84 per cent) and Jammu and l(ashmir (64.19 per cen't). The States in which the 

proportion of Muslims exceeds the national average (11.35 per cent) are West Bengal 

(21.51 per cent),Kerala (21.25 per cent), Uttar Pradesh (15.93 per cent) and Bihar (14.13 

per cent). 

Bengali population: 

Bengali is native to the region ofeastem South Asia known as Bengal, which comprises 

present day Bangladesh, the Indian state of West Bengal, southern Assam- also known as 

Barak Valley, and part of Tripura. With nearly 230 million total speakers, Bengali is one 
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of the most spoken languages in the world. Bengali is the primary language spoken in 

Bangladesh and is the second most spoken language in India. Along with Assamese, it is 

geographically the most eastern of the Indo-Iranian languages and the most eastern of the 

Indo-European languages. (http://en.wikipedia.org) 

Bhutanese: 

The people of Bhutan mainly belong to two main ethnic groups the Dukpa who belongs 

to Tibetan and Monpa origin and Lhotsampa. And among others there are native tribal 

groups such as Lepcha, Toktop and Doya. The Bhutanese are Bhutiyas of Mongolian 

origin who refers to themselves as Drukpa-inhabitants of Druk Yul or the 'Land of the 

Thunder Dragon'. Apart from a few obscure areas ofNepal and Ladakh, and Spiti in India, 

the Bhutanese are the only large group to follow traditional Buddhism and, despite the 

building of roads and controlled introduction of tourism, have maintained many aspects 

of the culture. The three main ethnic groups live geographically separated with the 

dominant political group the Ngalong in the west, the Sarchops in the east and the 

southern Bhutanese of Nepali origin (also known as Lhotshampas) in the south._The 

Bhutia, who are also called Ngalops, are the .largest ethnic group and make up as much as 

60 percent of the population. They are the descendants of Tibetan immigrants who came 

south\vard to Bhutan from about the 9th century on·ward. The Bhutia are dominant in 

northern, central, and western Bhutan. They speak a variety of Tibetan dialects, and the 

most common of these, Dzongkha, is Bhutan's official language. The. Bhutia's written 

language is identical \Vith Tibetan, and they adhere to the. Drukpa sect of Tibetan 

Buddhism. 

Nepali: 

The population of Nepal is more than 18 million, which constitutes people belonging to 

different caste and races living in different regions with diverse languages, culture, and 

dialects. The Gurungs and Magars mainly occupy the west part of the country while the 

Rais, Limbus and Sunuwars occupy slopes of the eastern hills. The Sherpas live in the 

Himalayan region. In the capital City of Kathmandu it is the newars who mainly occupy. 

Among the other ethnic groups there are Satar, Rajvanshis, Thatus, Yadavas, and Dhimals. 

The major religions of the people of Nepal are Hinduism and Buddhism. Apart from 
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these two religions the next main religion is Islam in NepaL The people of Nepal are a 

complex mix of racial patterns. The dominant Hindu castes of Brahmin, Thakur and 

Chetri, along with several others speak Nepali. The Gurungs, Magars, Tamaings, Rais 

and Limbus form the Gurkha regiments of the British and Indian armies. These are part 

of the mongoloid, tribally organized groups of hill farmers who dominate the middle hills. 

The Sherpas of the Solo Khumbu region in the northeast of the country are among the 

many Bhutiya groups who speak dialects of Tibetan. 

Methodology: 

Samples Collection: 

Blood samples (5-10 ml by vein puncture) were drawn from unrelated adult volunteers 

from different endogamous ethnic population as well as caste populations from 

east/northeastern parts of India, Nepal and Bhutan with prior informed consent. 

DNA Isolation, quantification and storage: 

DNA was extracted using phenol-chloroform extraction and was stored in 10 mM Tris-1 

mM EDTA (TE) (pH 8 .. 0), as stock solutions, at -20C freezer. DNA was quantified by 

using EppendorfBio Photometer. 

I. Mitochondrial DNA genotyping: 

PCRAmplification of the mtDNA Genome: 

DNA amplification was performed on 1 0-20)-tg of template DNA and was carried out with 

the thermocycler (Gene Amp PCR system 9700, Applied Biosystem) usually in the total 

volume of 50)-tl reaction mixture of the following combination for single reaction. 

Deionized water- 38,.11 
Buffer- 5Jll 
BSA- 2pJ 
dNTPs-2111 
Primers- Forward -1 Jll 
Reverse- I Jll · 
Taq Polymerase- 0.25!ll 
Template DNA- l!Jl 
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these two religions the next main religion is Islam in NepaL The people of Nepal are a 

complex mix of racial patterns. The dominant Hindu castes of Brahmin, Thakur and 

Chetri, along with several others speak Nepali. The Gurungs, Magars, Tamaings, Rais 

and Limbus form the Gurkha regiments of the British and Indian armies. These are part 

of the mongoloid, tribally organized groups of hill farmers who dominate the middle hills. 

The Sherpas of the Solo Khumbu region in the northeast of the country are among the 

many Bhutiya groups who speak dialects of Tibetan. 

Methodology: 

Samples Collection: 

Blood samples (5-10 ml by vein puncture) were drawn from unrelated adult volunteers 

from different endogamous ethnic population as well as caste populations from 

east/northeastern parts of India, Nepal and Bhutan with prior informed consent. 

DNA Isolation, quantification and storage: 

DNA was extracted using phenol-chloroform extraction and was stored in 10 mM Tris-1 

mM EDTA (TE) (pH 8 .. 0), as stock solutions, at -20C freezer. DNA was quantified by 

using EppendorfBio Photometer. 

I. Mitochondrial DNA genotyping: 

PCRAmplification of the mtDNA Genome: 

DNA amplification was performed on 1 0-20)-tg of template DNA and was carried out with 

the thermocycler (Gene Amp PCR system 9700, Applied Biosystem) usually in the total 

volume of 50)-tl reaction mixture of the following combination for single reaction. 

Deionized water- 38,.11 
Buffer- 5Jll 
BSA- 2pJ 
dNTPs-2111 
Primers- Forward -1 Jll 
Reverse- I Jll · 
Taq Polymerase- 0.25!ll 
Template DNA- l!Jl 
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For Long PCR the combination for the single reaction (25 ml reaction volume) is as 
follows: 

Deionized water- 38fll 
Buffer- 5fll 
BSA- 2fll 
dNTPs- 2111 
Primers- Forward-1 fll 
Reverse-1 111 
Long Taq Polymerase- 0.25fll 
Template DNA- lfll 

Amplification cycles for PCR: 

Denaturation: 
Denaturation: 
Primer annealing: 
DNA synsthesis: 
Final synthesis: 

94°C.- 2 min. 
94 °C.- 2 min. 
52°C- lmin. 
72°C- lmin. 
72°C- 5min. 

Amplification Cycles for Long PCR: 

Denaturation: 
Denaturation: 94°C- 30 Sec. 
Primer annealing: 65 .6°C- 6min. 
DNA syns~hesis: 72°C-· lOmin. 

Repeat 40 cycles 

Repeat 40 cycles 

Number of Cycles and annealing temperature depends on primer specificity and mtDNA 

quality (See Appendix for detail primer information). Due to heterogeneous quality of 

the used DNA many different primers were used both for PCR and sequencing to fill the 

gaps in the sequences. 

Amplification check: 

An aliquot of2fll ofPCR product was fractionated by gel electrophoresis in a 2% agarose 

gel containing 0.5Mflg/ml of ethidium bromide to assess the purity and size of the DNA 

fragments. 

Purification of the PCR product: 

All the PCR products were purified with spin columns (Western BioTechnologies). 

105 



mtDNA genotyping: 

After being purified on spin columns the overlapping fragments were sequenced by 

means of PCR primers and different internal primers (Kong et al. 2003) and Big Dye 

Terminator chemistry (Applied Biosystem). 

Genotyping by sequencing: 

DNA sequencing involves determining the linear nucleotide order of a segment of DNA. 

There are several methods of sequencing, but most are based on the Sanger Method. This 

is an enzymatic method that synthesizes DNA in vitro. The synthesized DNA is 

complementary to the template DNA.By determining the nucleotide sequence of the 

synthesized DNA, we can deduce the sequence of the template DNA. 

Reaction Components: 

Template is single-stranded DNA that you want to sequence. It can be a PCR product, 

genomic DNA, or cloned fragment. 

Primer is a short fragment of DNA that binds to one end of the template DNA. The 

primer provides specificity to the sequence reaction and also serves as the anchor to 

which nucleotides are added .. 

Deoxynucleotides (dNTPs) extend the pnmer, forming a DNA chain. All four 

nucleotides (A,T,G,C in deoxynucleotide form) are added to the sequencing reaction. 

Dideoxynucleotides (ddNTPs) are another form of nucleotide that inhibits extension of 

the primer. Once a ddNTP has been incorporated into then DNA chain, no further 

nucleotides can be added. 

DNA polymerase incorporates the nucleotides and dideoxynucleotides into the growing 

DNA chain. 

Buffer is a solutionthat stabilizes the reagents and products in the sequencing reaction. 

Procedure: 

The components of the reaction are combined and allowed to incubate. Many copies of 

the template DNA are made by primer extension (adding nucleotides on to the primer). 

The copies all have the same nucleotide sequence but vary in length because the ddNTPs 
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incorporate randomly and stop extl~US1ton. Products the reactions are then run on a gel 

that separates the DNA fragments 

Autematedsequencmg: 

'fhe reaction in automated sequencing is essentiaUy the same as manual sequencing. 

'fhere ,ar~ two main differences: labeling 300 reading, In automated sequencing, the 

pr~s are· labeled \l'ith a dye rather then a radioactive label "There are futir 

fl~ dyes~ each c~og, ro a ditfereul ddNW~ ddATP is gree~1., ddTtP is~-

ddCTP is blue, and ddGTP each. fragment bas a difl:erent color at its end 

depending on which is the tennmamtg nucleotide (ddNTP). This allows the products of 

~g to he nm on a mther then in four panillellaoos.ln add:itioo, 

sequencing of n~~ computer, mtber tl1en being read 

J»anua!ly by a technician. samples pass through tile gel, a laser excites the 

ft~ ~. A eomputer oouects mid llft~Biyzes 

automated sequeti~CUlt~ is .much faster and more efficiem then ~ 

"fhis image, called an ···~---··« .............. ·----··--------···-·----------~----·-··---·--· ..... ~ ............... _ ...... - ....... , .... _, ...... -----·--~ 

•ttophcrogram. t'!i 

thft ~tter genemted 

output 

seq~g. The peaks ~reseftt 

.priated KfOS.~ the top 

Assay procedure: 

Pu~ mtbe PCR. p~t: 

All fhe fiCR produc::ts were m~n·h~ 

Pftmef· 2._Spi 
1-2ft~ 
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The conditions for sequencing reaction: 

96 °C- 1 0 sec. 
50 °C- 6 sec. 25 cycles 
60 °C- 4min. 
Hold at 4°C when complete 

Purification and precipitation of sequencing PCR product: 

DNA fragments attain during sequencing reaction was precipitated and purified 

according to the following protocol. 

PCR product+ 24!lllsoamyl Alcohol 

+ Shaking at 600 rpm (Left for 30 min.) 

+ Spinning at 3500 rpm for 20 min. . + . 
Decant the supernatant by inverting the plates using the tissue paper 

+ Spinning at 160 rpm about 2 min. 

+ Adding 40!11 Isoamyl alcohol 

+ Spinning at 3500 rpm for 7 min. 

+ Decant the supernatant by inverting the plates using tissue paper 

+ Spinning at 160rpm about 2 min. 

+ Adding of20!ll HPLC grade water 

+ Spinning at 3700 rpm for ] min. 

Analysis of the purified sequencing PCR product: 

Sequencing reaction product was analyzed on a 3700 DNA Analyzer (Applied 

Biosystem). 

Data compilation: 

Sequences were handled with the DNASTAR software and aligned with the revised 

Cambridge Reference Sequence (cCRS [Andrews et al.1999] ). For phylogenetic 

representation of data the nomenclature system of Rechards et al. (1998) would be 
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adopted. The phylogenetic trees of mtDNA would be constructed manually according to 

reduced median and median joining principles (Bandlet et al. 1999). 

II. Y- Chromosome genotyping: 

A total number of 78 binary markers belonging to all the major haplogroups known to be 

present in Indian as well as Asian populations were considered for genotyping (See 

Appendix for detail primer information). The nomenclature followed for the Y-SNP 

haplogroup is as recommended by the Karafet et al, 2008. SNP genotyping was done by 

three different methods: 

A. Genotyping by DHPLC: 

DHPLC identifies mutations and polymorphisms based on detection of heteroduplex 

formation between mismatched nucleotides in double-stranded PCR amplified DNA. 

Sequence variation creates a mixed population of heteroduplexes and homoduplexes 

during reannealing of wild-type and mutant DNA. When this mixed population is 

analysed by DHPLC under partially denaturing temperatures, the heteroduplexes elute 

from the column earlier than the homoduplexes because of their reduced melting 

temperature. Optimization of DHPLC requires the generation of a melting profile for 

each PCR fragment to determine its optimal temperature for analysis. Usually, the lowest 

temperature that shows a change retention time of 1 minute is optimal for identification 

of sequence variation. 

Template concentration: 

In order to achieve consistent WAVE traces, it is strongly recommended that the amount 

of template DNA be limited to 10-100 ng. DNA extracted with some commercial systems 

may contain impurities that negatively influence PCR. Diluting to 10 ng may overcome 

these effects. 

PCR amplification: 

PCR amplification was performed in a 50J1l reaction volume having following 

components: dH20 -39.5J1l, lOX PCR Buffer-5J1l, dNTPs-2J1l, Primers-lJ.ileach, Taq 

Polymerase-0.5J1l, Template DNA (10-20ng)-lJ1L Following PCR conditions were 

applied: Initial Denaturation at 94°C for 3 mins, Denaturation at 94°C for 30sec., 
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Annealing at 52-60°C for 30 sec depending on the Tm of the primers, extension at 72°C 

for 45 sec. This was repeated for 35 cycles and a 5 min hold at noc for final extension 

was g1ven. 

PCR buffer mix: 

The PCR must be oil-free. Certain additives in polymerase buffers can have an adverse 

effect on the perfOimance of the DNASep column. A list of polymerases and buffer. 

systems recommended for the WAVE can be obtained from Transgenomics (Salisbury 

polymerase preferences: Optimase, AmpliTaqGold, HotStarTaq). Users are free to 

validate other butTer systems/ polymerases etc, but should be aware that the column 

warranty relating to the number of injections could be affected. Some groups reported 

spiking Optimase with non-proof reading Taq polymerases can overcome problems of 

optimization e.g~ 0.05 u Platinum/ 1 u Optimase .. 

PCR product check: 

Aplicons were checked by in a 2% Agarose gelbefore DHPLC analysis to have a quality 

check of the amplified product. 

Post PCR processing: 

This should not be necessary prior to dHPLC. 

Heteroduplex formation: 

I. PCR products was denatured for 5 min. at 95°C before being gradually reannealed by 

decreasing temperature from 95 oc to 65 oc over a period of 30 min. to enable the 

formation of heteroduplexes in a Gradient Thermocycler (Mastercycler Gradient, 

Eppendort). 

II. Each amplicot;t was mixed with an equal amount of known homozygous wild-type 

amplicon. The mixed samples were then denatured at 95 oc for 5 min. followed by a 

gradual decrease of temperature by 5 oc till it comes to room temperature over a period 

of 1 hour i.e. 5 min at 90 oc, 5 min at 85 oc, 5 min at 80 oc, 5 min at 75 oc, 5 min at 70 

oc , 5 min at 65 oc , 5 min at 60 , 5 min at 55 oc , 5 min at 50 oc , 3 min at 45 °C , 3 

min at 30 °C and 5 min at 25 °C before DHPLC analysis. 
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Controls: 

Positive controls 

If available, a mutation-positive as well as a confirmed normal DNA control should be 

included for each gene fragment amplified and subsequently screened on the WAVE. 

When a mutation control is unavailable, a confirmed normal control must be included. 

When amplifying large numbers of samples for many different gene fragments with a low 

frequency mutation pickup rate, it is sometimes acceptable to omit a normal control. 

Negative controls 

Negative controls containing no template DNA must be included for each amplicon (one 

per amplicon per plate), to check for contamination. Contamination can be excluded by 

agarose gel electrophoresis or WAVE analysis. It is not necessary to run negative controls 

on the WAVE. Asymmetric positioning of controls can help with plate orientation. 

DiiPLC result analysis: 

It was carried out on a WAVE DNA fragment analysis system (TransgenomicTM, Crew, 

UK) equipped with DNASep® Column (Transgenomic TM, Crew, UK). 

B. Genotyping Direct Sequencing 

Following steps were followed for genotyping ofY-SNPs by genetic analyzer 

I. PCR primers were selected from the published literature (Underhill et al, 200 I; 

Karafet et al, 2008). PCR was performed in 25 lll of reaction volume having 17pJ 

of dH20, 2.5Jll of 1 OX PCR buffer, 2.0111 of 2.5 mM of dNTPs, 0.5Jll of 1 Opm 

each primer, 2111 of BSA, 0.25}!1 of Taq polymerase. The following PCR 

conditions were followed: Initial denaturation at 94°C for 3 mins, denaturation at 

94 o C for 30 sec, annealing at 50:.60 o C (depending on the Tm of different 

primers) for 30 sec and extension at 72 o C for 45 sec. This was repeated for 35 

cycles and followed. by a final extension at o C for 7 mins. 

II. The amplified products were run on ~ % Agarose gel and the bands were cut from 

the gel. 
III. DNA was purified from this gel bands by using Gel Extraction Ace Kit (Watson 
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Biotechnologies, Inc) following manufacturer's recommendation. The purified 

DNA was stored in 10 mM TE and kept in -20 C deep freezer. 

IV. Cycle sequencing PCR was done in a reaction volume of 9f1l having 2fll of dHzO, 

3fll of primer, 2fll of purified DNA and 2f1l of sequencing kit. This was run on 

cycle sequencing PCR (Big Dye programme) and following PCR conditions were 

followed: 96° C for 1lO sec, 50° C for 0.05 sec and then 60° C for 4 min and this 

was repeated for 25 cycles. 

V. After cycle sequencing, the products were purified by employing following steps: 

30fll of 75% Isoamyl alcohol was added to each well of the 96 well plate , 

vortexed and left for 30 mins at room temperature and then centrifuged at 3800 

RPM for .30 mins. After the spin, the supernatant was discarded by centrifuging 

the plate upside down at 200 RPM for 1 min. 70f1l of 75% Isoamyl alcohol was 

added again and left tor 10 mins at RT. The plate was again centrifuged at 3800 

RPM for 10 mins and the supernatant was discarded as mentioned above. The 

plate was then kept in an oven (60° C) for two hours. 

VI. After drying, 20fll of dH20 was added to the wells of the plate and sequencing 

was done by using 3730 ABI Sequencer. 

C. Genotyping by GENOME LAB™SNPstream Genotyping System: 

Single nucleotide polymorphism (SNP) genotyping is playing an increasing role in 

genome mapping, pharmacogenetic studies, and drug discovery. To date, genome-wide 

scans and studies involving thousands of SNPs and samples have been hampered by the 

lack of a system that can perform genotyping with cost-effective throughput, accuracy, 

and reliability. 

The GenomeLab SNPstream Genotyping System provides an automated scalable system 

capable of perfonning from 4,600 to over 3,000,000 SNP genotypes per day. Combined 

with multiplexing capabilities, experimental layouts and operational flexibility, this 

enables you to process a wide range of studies. 

The GenomeLab SNPstream is an automated multiplexed system that can process either 

12 or 48 SNPs in each well of an. arrayed 384-well plate. This system operates at a 
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£ODsistent cost per sample, regardless run throughput, allowing users to 

wst-eftectively zero in on .research targets with low throughput studies as wen as conduct 

hi~ugbput analyses. 

The~ based oo a single-base primer e;nension technology in a tagged fluoresamt 

assay. 

etwam the 

a 12-plex or 48.oplex P<~R amplification is accomplished. The amplioons 

ffitetest. After this multiplex ~treatimt, the PCR ~ts are 

~ enzimatica~Jy ID rtmo"1: unm~ ftUC.ieotides aad primers. bl die~ step 
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P<::Rs. SNPvvare extension primers hybridize to the specific amplicons and the 

e1tt1fmi:lon primers are by the fluor~ ddNTI:>. wbNh complement of the 

The transfer the labeled extensioo primers ro the SNPware plare 

ootli.ZeS a tag-J>robe hybridizmioo step. The extension primers are single strand DNA 

containing template specnw se~uences appended to non-template specific seqU!enCes. 

Duri•g the hybridization step the e,~ ~ are ~y h)'bridized by s~end 
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and not 

~ to 3' 

specific probes. 

The assay 
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Figure 5. Tite steps of primer extension and. hybridization. 

JFigUI'e &. Process of Beckman Coulter SNP:Stream Genotyping Technology. 

The :SNP Core Facility ~- to design the PCR primers. Bd:me 
the fmal SNP set is selected and. nl"1'11''"''r"' are ·designed. several quality control processes 

have be tested .. 

The quality control steps are the fullm~ for the SNPs: 
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• sequen~."'l!$ around 
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After ~bon of SNPs we design mulliplex PeR and eU~msiml primen. 'The'l~ 

and 48plex amplifi\':atrons are atttm~ptished the same fl!8ttioo C{)nditioo .. 



Generally, the PCR-primers are ca. 20bp long and the extension primer is ca. 40bp long. 

Autoprimer software is used for designing of primers (vvww.autoprimer.com). This 

software was developed by Beckman Coulter Inc. 

Assay Procedure: 

A total number of 24 binary markers were typed by using SNPstream method. At the 

beginning few basic steps which are prerequisites for carrying out genotyping by this 

method were performed first. 

These are as follows: 

I. DNA was diluted to 2-1 0 ng/ 11L 

II. PCR as well as extension primers were designed by using Autoprimer software by 

following the instructions of the manufacturer of the software(. Beckman Coulter, USA). 

A 12-PLEX System was used for genotyping. Therefore, 12 set of PCR primers were 

designed for multiplex PCR reaction and 12 extension primers were designed for post 

PCR extension of the product. While designing primers utmost care was taken for repeat 

masking as well as for checking GC content of the sequences. Both the quality checks 

were performed by using online software recommended byBeckman Coulter. Following 

steps were performed with the below mentioned amount of components for typing 96 

samples at a time: 

A. Multiplex PCR Reaction 

Primer Pool (10 urn each) 
dNTPs ( 1 Oum each) 
1 OX PCR Buffer II 
MgClz (25mMstock) 
AmpliTaq Gold (5u/u!) 
ddH20 
Total 

-2.875 !ll 
-4.3125 ~-tl 

-57.5 ~-tl 
-115 !ll 
-11.5 !ll 
-153.81!-!l 
-345 j.ll 

2 111 of the DNA samples was added to each well of 96 Well Plate, followed by the 

addition of 3 111 of Multiplex PCR Master Mix. Plate was centrifuged for l min at 1000 

RPM 
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PCR Conditions: 

Initial Denaturation 
Denaturation 
Annealing 
Extension 

94° C for 1 min 

94° C for 30 sec ~ 
55° C for 30 sec 
72° c for 1 min 

Store at 4 o C forever 

B. Post PCR Purification 

Exo I (1 OU/ul) 
SAP (lu/ul) 
lOX SAP Buffer 
ddHzO 
Total 

-11.5 !11 
-114.5 !ll 

!ll 
-184.5 !11 
-345 !ll 

40 cycles 

3 111 of the purification mix was added to each well of the PCR Plate and centrifuged it 

briefly. 

Purification Conditions: 

3r C for 30 min 
96°C for 10 min 
4° C for fiJrever (optional) 

C. Preparation of Extelllsion Mix 

Extension Dilution Buffer 
Extension Primer Mix 
20XExtension Mix 

-413.7 !11 
-3.3 !11 
-22!11 

DNA Polymerase -2.3 ~t1 
ddHzO . -328.7 !11 
Total -770!-ll 

D. Extension of the Purified Product: 

PCR Conditions: 
96° C for 3 min 
94° C for 20 sec 
40° C for 11 sec ) 46 cycles 
72° c for 1 min 

Store at 4° C forever (optional) 
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E. Pre Hybridization washing of the Hybridization plate 

Dilute 20X SNPware Wash Buffer I 
20X SNPware Wash Buffer I 
ddH20 
Total 

-230.4 ).d 
-4377.6 fll 
-4608 f.!l 

14 f.tl of IX SNPware Wash Buffer I was added to each well ofthe Hybridization Plate. 

The plate was reversed on a clean paper, flung on the sink and centrifuged at 150 RCF for 

I min. This step was repeated twice. 

Preparation of Hybridization Solution 

Hybridization Solution 
Hybridization Additive 
Total 

F. Hybridization: 

-831.6 fll 
-48.4 Ill 
-880 f.ll 

8 f.tl of the Hybridization Solution was added to each weU of the PCR plate and mixed it. 

This was followed by the addition of 15 111 of the mixed solution from PCR plate to the 

Hybridization plate and left the plate in a moist chamber at 42°C for two hours. 

G Post Hybridization Washing of the Hybridization Plate 

Dilute 64X SNPware Wash Buffer II 
20X Wash Buffer II -72 ·Ill 
ddH20 -4536 f.tl 

Total - 4608 11! 

14 11IIX SNPware Wash Buffer II was added to each well ofthe Hybridization Plate. The 

plate was reversed on a clean paper, flung on the sink and centrifuged at 150RCF for 1 

min. This step was repeated for two 

The glass of the SNPware plate was cleaned by using methanol. 

H. Detection 

The SNPstream Imager was developed and optimized for moderate to medium high 

throughput array image analysis. The Imager is based on a two-laser and two-colour 
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approach. Each sample well is illuminated with a 488-nm laser beam and 532-nm laser 

beam. 

I. Data analysis 

The images are automatically processed into genotype calls. The genotype calls are 

determined by the Automated Quality Control Settings. The settings are based on the 

relative fluorescent intensities of two dyes and the rate of intensities. (Figure 7.) 

Figure 7. Automated Quality Control Settings 

118 



The genotype clusters can be visualized in a user-friendly scatterplot by GetGenos 

QCReview platform. Here we can modify the genotype clusters by manually avoiding the 

misclassification of samples (Figure 8.). 

Figure 8. GetGenos QCReview . 

The SNPware plate was inserted into the Genome Lab genotyping system and stepwise 

instructions of the software was followed for gaining the signal as well as for obtaining 

the raw data. At the end of analysis the raw genotype data can be exported in xls file 

format 
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Results and Discussion: 

Part-I: 

According to the maternally inherited mitochondrial DNA (mtDNA) phylogeny, the 

world population is divided into two broad categories - African and non-African (Ingman 

et al. 2000). All non-African lineages derive from just two limbs - M and N branching out 

from the root of African haplogroup L3. The contemporary distribution of non-African 

mtDNA haplogroups M and N, and their chronological and demographic expansion, 

reveal that there was an early single rapid dispersal event from the Horn of Africa via the 

southern coastal route which took to peopling South Asia, East Asia and Southeast 

Asia/Island Southeast Asia (Macaulay et al. 2005; Sun et al. 2006; Hill et al. 2006; Hill et 

al.2007). The exodus of non-African founding group from East Africa occurred after the 

appearance of haplogroup L3 ~ 85 thousand years ago (kya) (Macaulay et al. 2005). 

However, the precise geographic origins of non-African founders M and N are unknown 

and are subject to continuing controversy as to whether they arose in Africa just prior to 

the exodus, just after the dispersal into west Asia, or even further east into South Asia. 

The lack of ancient mtDNA lineages in Arabia and Southwest Asia (Abu-Amero K et al. 

2008), and the highest diversity of basal haplogroups radiating from the root of 

non-African founding groups M and N found in South Asia, suggest that it was the locale 

of the first major expansion outside Africa and perhaps acted as an incubator in the 

genetic differentiation of Eastern Asian gene pools (Kivisild et a/.2003). However, no 

population or geographic region has been identified to. date from South Asia that has 

played an initial role in the genetic differentiation of Eastern Asian mtDNA gene pools. 

In the last 10 years, numerous studies have evaluated the distribution and extent of 

variation of haplogroups in South Asia populations. The evidence of deep-rooting 

macro-haplogroups M and N lineages suggests that South Asians are likely to have been 

settled in this region since the middle Paleolithic period. The progress towards complete 

mtDNA sequences has provided a number of South Asian autochthonous haplogroups 

(Sun C et al. 2006; Palaniehamy et 2004 ; Thangaraj et 2006 ; Reddy et al. 

2007) . These haplogroups: include M2-M6, Ml8, M30-M41, M43, M48-M53, N5, 

U2a-U2c, R5-R8, R30 and R31. Among these, the origin and spatial distribution have 

been described for only five haplogroups thus far - M2, M31, M32, R 7, and R8 (Kumar 
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et a!. 2008 ; Barik et al. 2008; Chaubey et al. 2008 ; Thangaraj et al. 2009). From the 

phylogenetic hierarchical evidence (except Andaman Island specific-M32), haplogroups 

M2, M31, R 7, and R8 were found to have originated from the eastern part of India 

(Kumar et al. 2008; Thangaraj et al. 2009). The remaining South Asian haplogroups 

expansion processes remain poorly understood. 

The mtDNA phylogeny of Southeast/Island Southeast Asia populations shows that most 

of the lineages branched directly from the Eurasian founder haplogroups (viz., M and N) 

~ 60 kya, and are indigenous and unique to this region (Macaulay et al.2005; Hill et al. 

200 6 ; Hill et al. 2007). These findings were interpreted as a very fast southern dispersal 

of modern humans to Asia (Macaulay et a/.2005) . Recently two Southeast/Island 

Southeast Asia indigenous lineages (M2 and M2lc) were identified from the northeast 

region oflndia-Nepal and Myanmar region ( Dancause et al.2009; Fornarino et al. 2009). 

These findings provided the first direct phylogenetic evidence for the common ancestry 

among the Southeast/Island Southeast Asia and northeast Indian populations. The many 

defined autochthonous haplogroups in Southeast/Island Southeast Asians and the lack of 

close matches in the extant South and East Asia populations do not overthrow the 

previous rapid settlement interpretation (Macaulay et al. 2005). However, it should be 

noted that the populations' coverage from northeast India and neighboring regions, and 

the range of phylogenetic mtDNA data obtained so far are insufficient for a definitive 

conclusion. An additional issue is the excessive emphasis placed on searching world 

databases for control region motifs unique to Southeast/Island Southeast Asia populations, 

instead of analyzing information from coding region sequences. 

In this study, intensive efforts had been made to show the evolutionary relationships 

among the South Asia, East Asia and Southeast/Island Southeast Asia lineages. and in 

areas where these Eastern Asian populations were initially differentiated. The complete 

genome-sequencing approach was used, in addition to control-region sequence 

information, to study mtDNA variation a large number of populations representing 

South Asia (India, Nepal, Bhutan, and Bangladesh) and Southeast/Island Southeast Asia 

(Thailand and Malaysia), 
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Results: 

Updating South Asian mtDNA haplogroup M phylogeny 

The phylogenetic analysis of south Asian-specific haplogroup M mtDNAs confirmed 

eighteen previously described independent basal haplogroup branches and a subclade 

(M4'30) that has seven basal haplogroup branches (Sun et al. 2006; Thangaraj et al. 2006; 

Reddy et al. 2007; Fomarino et al. 2009 ; Thangaraj et al. 2008)(Figures S1-S5). We 

have checked the mutations in the control or coding region of several unassigned lineages 

relative to previous Indian mtDNA classification system in our data set, and have 

characterized three new haplogroups M54, M55, and M56 (Figures Sl and S3). 

Haplogroup M54 was characterized by four control (240, 390T, 16051, and 16316) and 

six coding (572, 5493, 5821, 9302, 11167, and 11560) region mutations. Haplogroup 

M55 was characterized by five control region (199, 204, 16086, 16218, and 16362) and. 

six coding region mutations (1313, 10754, 11908, 12366, 14299 and ] 5930). Haplogroup 

M56 was defined by the presence of a 9-bp deletion in the COII/tRNA Lys intergenic 

region with six transitions motifs (4943, 8270, 8623, 14552, 15924, and 16290). 

Results from this study had helped to define several subhaplogroups based on 

information obtained from coding and control region motifs. Subhaplogroups M3b and 

M3c were defined by coding and control region transitions (11827'-16344 and 

195-3394-11167- 11914-15951-16185, respectively) (Figure S2). The definition of 

subhaplogroup M5a was revised here: there are now only two coding region mutations 

(709 and 3921) which define this haplogroup. In addition, subhaplogroup M5b was 

defined by three coding region mutations (4851, 5319, and 6413),while M5c was defined 

by two coding region mutations (8784T and 13368) (Figure Sl). M18b was defined by a 

single control (16325) and four coding region (5153, 8277, 8279, and 14587} mutations 

(Figure Sl). Subhaplogroups M30e and M30fwere characterized by control and control 

region motifs, 15314-16111 and 8405-9053-16293, respectively (Figure S5). Using 

additional sequence information from Southeast Asia, we revised the definition of 

subhaplogroup M33b, which was characterized by a coding and control region mutation, 

3221 and 16324, respectively (Figure Sl). M37b was characterized by a single coding 

region (11050) variant and two control region (16111 and 16189) mutations (Figure Sl). 

Based on data from complet~~ mtDNA sequences, we redefined the haplogroups M2, M6, 
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M34, M35, and M43. Haplogroup M2 was broadened by requiring only five mutations, 

447G, 1780, 11083, 15670, and 16274. M2 could be divided into two major branches, 

M2a and M2b. M2a was characterized by two mutations (8502 and 16319), while M2b 

was characterized by four coding region mutations (1598, 4216, 13212, and 14800). 

Additionally, our phylogenetic analysis confirmed that two major subclades existed 

within · subhaplogroup M2a, which we have designated as M2al and M2a2 

(corresponding to the former haplogroups M2a and M2b), respectively (Sun et a/.2006; 

Kivisild et al.(2003 ; Kumar et al. 2008). Additionally, we demonstrate here a number of 

M2al and M2a2 subclusters (M2ala, M2alb, M2alc, M2a2a, and M2a2b), which are 

illustrated in figure S3. 

Comprehensive analysis of complete mtDNA sequences in this present study from 

different control region motifs ofM6 lineages broadened the definition ofhaplogroup M6. 

The phylogenetic tree pointed to 461, 5301, 10640, 14128, and 16362 as the basal 

mutations for haplogroup M6, whereas 3537,5082, and 16231 were common only to the 

M6a subhaplogroup. Three additional transitions (3486, 9329, and 13966) characterized 

the subgroup M6al, which included previously identified haplogroups M6a and M6b. 

One novel subgroup had been defined, designated M6b, by seven coding region 

mutations (593, 3745,4380,4418,4592,6746, and 13998) (Figure Sl). 

The phylogeny of haplogroup M34 was considerably refined with the aid .of our newly 

collected sequences. This haplogroup could now he defined by a single coding region 

mutation (11101)~ Three previtously reported individuals (C39, C56, and M42) (Sun et al. 

2006; Thangaraj et al. 2006) were placed into a subcluster M34al as defined by four 

transitions at positions 569, 6794, 15865, and 16249. Another newly designated 

subhaplogroup M34b was defined py three coding l"egion mutations (3483, 4020, and 

13651) (Figure Sl). Haplogroup M35 was defined by mutations 199 and 12561 (Sun et 

al. 2006). It was found that a considerable number of samples that possess coding region 

mutation 12561 but do not have a control region mutation 199. This suggested that 12561 

was the only defining mutation for the haplogroup M35. Consequently, a novel lineage 

characterized by five coding and four control regwn mutations 

(2442A-5027-6866-7954G··13500, 16129-16284- 16327-16398) was defined and 

designated as M35c (Figure S2). It was also observed that haplogroup M43 had only four 
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characteristic mutations (709, 10316, 11696, and 12636), and its mam subbranch, 

formerly identified as M43 by Thangaraj et al. 2008, was designated as M43a here 

(Figure S5). Haplogroup M52, which was defined recently by an array of five coding 

region mutations (1462T, 1598, 5460, 6020, and 1 0750; (Fornarino et al. 2009) was 

revised as M52a here. We have found a considerable number of samples that had coding 

region mutations 1462T, 1598, and 5460, but not 6020 and 10750 mutations. This 

suggested that the new M52 was defined by only three mutations (1462T, 1598, and 5460) 

(Figure S2). 

Updating phylogeny of South Asia autochthonous R lineages 

Complete mtDNA sequence analysis of samples from Indian populations indicated the 

existence of seven autochthonous lineages within macrohaplogroup R (Palanichamy et al. 

2004). Recently, Chaubey et al. 2008 has updated the phylogeny of R with additional 

complete mtDNA sequences. Consequently, 10 subhaplogroups (R5al, R5a2, R6a, R6al, 

R7a, R7b, R30a, R30b, R3la and R31 b) were identified within the existing haplogroup R 

(Figures Sl, S3, .and S4). Our extensive typing of coding region and control region 

information and complete sequencing for twelve mtDNAs have allowed us to update the 

definition of previously defined haplogroups and to identify several new haplogroups viz., 

R6b, R6c, R30al, R30c, and R30d. Haplogroup R6 was subdivided into three subclades 

R6a, R6b, and R6c. They were defined by coding and control region variants 

228-11075-14058, 146-459-2386A -3637-9449-10084-11620-14470-16172-16266, and 

246-4991-16179-16227-16245-16278, respectively (Figure S3) .. The addition of a single 

R haplotype sequence to the ,existing R30a haplogroup tree resulted in a deep branching 

point at the ro(Jt by sharing the mutations 3316, 5442, 6764, 9242, 11047 A, and 15055. 

Taking into account these modifications, the previously defined R30a haplogroup was 

revised into R30al, and characterized by four coding region transition (2056, 4232, 9156, 

and 12714) (Chaubey et al. 2008). Subgroup R30c was characterized by five coding 

(2331A, 4025,5074, 8508, and 15924) and HVS I region motifs (16291-16311), while 

R30d'was defined by a single control (16292) and four coding region (6290, 7280, 7843, 

and 13539) mutations (Figur<~ Sl ). 

In this study, we have identified another two novel R haplogroups (R32, and R33) from 
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South Asia. Haplogroup R32 was defined by three coding (8784, 8887, and 157] 2) and 

three control region mutations (16145, 16185, and 16239). Haplogroup R33 was 

characterized by four coding region (1531, 7981, 13557, and 13768A) and one control 

region mutation (16304) (Figure Sl). It should be noted that the previously reported 

haplogroup R31 lineages (samples C 110, Rj25, and Rj48) actually belonged to 

haplogroup R33 (Palanichamy et al. 2004; Chaubey et al. 2008). 

We have similarly updated the Indian U2 haplogroups with the aid of additional complete 

sequences, leading to the identification of many subhaplogroups -U2al, U2a2, U2bl, 

U2b2, U2cla and U2c2. Subhaplogroups, U2al and U2a2, were characterized by control 

and coding region motifs, 8572-16154 and 11383, respectively (Figure S5). Based on 

control region mutations (234 and 16353), subhaplogroup U2b 1 was characterized. Two 

coding region mutations (1888 and 9094) further defined this haplogroup. The second 

subcluster U2b2 was defined by coding region polymorphisms 3915 and 4093 (Figure 

Sl). Subhaplogroup U2cla was determined by three coding region mutations, 

8023-8676-9767. We have also identified a novel deep rooting mtDNA U2c clade, U2c2, 

which was defined by six (19:5, 4062, 4080, 15244, 16129, and 16239) transitions. Based 

on reconstructed phylogeny, the formerly defined U2c was redesignated as U2c 1 here 

(Palanichamy et al. 2004) to avoid confusion (Figure Sl ). 

Major expansions of macrolhaplog:roup M and N-R lineages from Eastern region of 

India 

Using the phylogenetic hierarchical approach, we identified ten macrohaplogroup M 

lineages (M5, M6, M18, M3l, M33, M34, M37, M38, M51, M53, and M55) as having 

originated from the eastern part of India (refer Dataset S 1) and which have contributed to 

approximately half of the observed South Asia M lineages (Figure 1 a and Sl ). Among 

these, six haplogroups (M5., M6, M18, M33, M38, and M53) shared ~40% of M 

haplogroup variations. 

The paragroup M5 included three subclades, M5a, M5b, and M5c. The main subclade, 

M5a, was further divided into two subgroups M5al and M5a2. Subgroup M5a1 was quite 

star-like, with 'a predominantly southern, eastern and northern distribution. In contrast, 

the sister haplogroup M5a2 was restricted to the eastern part of India (Jharkhand, West 

Bengal, and Bihar). Other M5 subclades, M5b and M5c, were found predominantly in the 
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eastern region of India. These data indicated that the eastern part of India might have 

been the center of haplogroup M5 origin. Haplogroup M6 is common (~7-9%) in 

southern and eastern regions of India, but is very rare in northern and western parts of 

India. From the updated phylogenetic branching patterns, M6 haplotypes were classified 

into two major clusters, M6a and M6b. The majority belonged to M6a, which was the 

most frequent and widespread in the Indian subcontinent. There were two M6a clusters -

M6al and M6a2. Both were well represented in the eastern part of India, and appear to 

have an origin in eastern India. The subgroup of M6al (M6ala and M6alb) initiated 

major expansion in the southern part of India. Here, we would emphasize that if it were 

not for the coding region infmmation, subgroup M6b could not have been distinguished. 

This was due to M6b sharing control region variations ( 16223-16362; 

16223-16274-16362) with otht~r Indian M lineages (M30, M35, and M36) as well as East 

Asian haplogroups D and G. It was concentrated in the eastern part oflndia (West Bengal, 

Jharkhand and the geographically adjacent area Adilapad, Andhra Pradesh ( Mittal et al. 

2008)Haplogroups M6a and M6b appeared to be largely confined to eastern and adjacent 

Andhra Pradesh, thereby suggesting an origin of M6 haplogroup in the eastern region of 

India. 

An east India origin of haplogroup Ml8 appeared likely, given that subclades M 18a and 

M18b were common in the eastern region of India (West Bengal, Jharkhand, and Bihar) 

while being virtually absent in northern and western patis of India. Indeed the presence of 

Ml8a lineages in the southern India (Andhra Pradesh and Tamil Nadu) corroborated the 

eastern stream of expansion. The paragroup M33 was subdivided into two main 

subclades: M33a and M33b. Subgroup M33a could not be distinguished from M* without 

analysis of coding region mutations, although some of its subclades (M33al and M33a2) 

had distinctive control region motifs. M33a 1 was frequent in the south eastern region 

(Andhra Pradesh and Tamil Nadu) but only sporadically observed in the eastern region. 

Interestingly, our study revealed a single M33al lineage in Southeast Asia (Thailand) 

population. In contrast, the sister clade M33a2 was ·found at higher frequencies in 

northeastern India (Garo, Nongtrai, and Lyngngam), suggesting a possible founder effect 

in these populations (Reddy et al. 2007). Additionally, the higher variances of M33a as 

well as subclade M33b in west Bengal and Jharkhand, coupled with their absence in 
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northern/western regions, again suggested an eastern stream of expansion of haplogroup 

M33. 

The definitions ofhaplogroup M38 revised by Fornarino et al. 2009, included a subclade 

M38a. It should be noted that M38a was defined by a nucleotide change at 199 and a 

deletion at 522-523 position. In our sample collection, some M38 haplotypes had a 

deletion at 522-523 position but not the control region mutation 199. In addition both the 

sites occurred independently in different M and N-R haplogroup backgrounds. This 

raised a question about M38a classification. In contrast, our earlier published two M38 

sequences shared five mutations (189-1808:-6267 -6899-9966) and pointed towards a new 

definition of subclade M38a to replace the Fornarino et al. (Fornarino et al. 2009) 

definition. Subgroup M38a llineages have been found in northern, eastern, and southern 

regions, but the elevated frequency in the southern Indian tribal groups was most likely 

the result of drift (Cordaux et a/.2003). However, a group of unclassified M38 lineages 

occurred at considerable frequency in west Bengal, Jharkhand, Nepal, and Bihar, with 

some gene flow into the adjacent area of Andhra Pradesh but was virtually absent in 

northern, western, and southern India. This suggested that the origin of haplogroup M38 

could be placed in the eastern region India. Haplogroup M53 was very common and 

spilled over ,~8% of the.· M lineages in the eastern part of India (Orissa, west Bengal, 

Jharkhand, and Bihar), with little dispersal into southern India. 

The distributions of another four haplogroups (M31, M34, M37, M51, and M55) 

completely overlapped with other eastern India origin M haplogroups. On the basis of 

branching patterns of haplogroup M31 tree, the subclade M31al occurred in Andaman 

Islanders, whereas its sister .clade M31 a2 and the deepest branch M31 b were found in the 

eastern/ northeastern regions, which suggested .that haplogroup M31 most likely had an 

eastern India origin (Palanichamy et al. 2004; Reddy et al. 2007; Fornarino et al. 2009). 

Furthermore, the eastern origin of haplogroup M34 was indicated by the distribution of 

its subclades M34al (M34a1a and M34alb), M34a2, and M34b, in west Bengal, Orissa, 

Nepal, Bangladesh, Jharkhand and an adjacent area Uttar Pradesh, but virtual absence in 

southern, western and northern regions. However, M34b lineage was observed in 

southern India and probably derived from the eastern region. We also inferred an eastern 
. . 

odgin of haplogroup M37, as subclades M37b and M37* haplotypes were concentrated 
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in eastern/ northeastern India. In addition, a sister clade M37a was also found in an 

adjacent area Andhra Pradesh but its phylogeographic usefulness was limited due to its 

apparent extreme rarity. Haplogroup M51 occurred at moderate frequency among the 

eastern populations of Nepal, Assam, West Bengal, Jharkhand, Orissa, and extending to 

north Uttar Pradesh, Delhi, Rajasthan, Pakistan, and south regions Andhra Pradesh, Tamil 

Nadu and Sri Lanka. M55 Iineage was very rare, but it occurred in eastern India (west 

Bengal, Meghalaya, Bangladesh); a matching type was found in Andhra Pradesh, thereby 

suggesting gene flow from the eastern region. 

Haplogroups U2b, U2c, R7, R8, R30, R32, and R33, accounted for nearly half ( ~45%) of 

the macrohaplogroup R variations observed in the south Asia populations. On the basis of 

phylogenetic analysis, these haplogroups reflected their ancestral states of lineage 

divergence and expansion taking place in the eastern part of India. The haplogroup 

distribution is presented in the Dataset S 1 and is discussed in detail below. 

Two subclades of haplogroup U2b (U2bl and U2b2) can be defined on the basis of 

complete sequence information. Subclade U2bl further subdivided into two sub-branches 

- U2b 1 a and U2b 1 b, and both had wide geographic distribution. In contrast, sister clade 

U2b2 and its sub lineages - U2b2a and U2b2b, were restricted to the eastern part oflndia. 

This data suggested that both the U2b subgroups arose in the eastern part of India and a 

subset of U2b 1 lineages dispersed other regions of India. Haplogroup U2c is 

subdivided into two major subclades ·- U2c 1 and U2c2. Subclade U2c 1 can be further 

subdivided into two principal subclades, U2c 1 a and U2c 1 b. The main subclade, U2c 1 a, 

was quite star-like having two derived sub-branches, U2clal and U2c1 a2. All were 

predominantly distributed in eastern/ southeastern. India, with only minor occurrences in 

the north and west regions. The second principal subclade, U2c 1 b, was confined to 

eastern regions - west Bengal, Jharkhand, Orissa, an adjacent area Andhra Pradesh, and 

Tamil Nadu. In addition, the deepest branch U2c2 lineages were found in the eastern part 

shared with southern population, and were absent in north and west region; this further 

supported the eastern streatn ofU2c haplogroup expansion. 

Two distinct subclades of R7, R7a and R7b, were observed (Chaubey et al. 2008). The 

first subclade R7a was common in East Indian states (Bihar, Jharkhand, and west Bengal) 

while being almost absent in southern, western, and Northern provinces. In contrast, R7b 
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was principally concentrated in southern regions, in particular Andhra Pradesh ( Kivisild 

et al. 2003 ; Thanseem et al. 2006), which is geographically adjacent to the eastern region, 

although there was extension to Tamil Nadu and Kerala. This suggested that the origin of 

R7 can be placed in eastern India and the subhaplogroup lineages dispersed fairly 

recently to the east and south. Moreover, representatives of R 7b lineages were also 

observed in eastern (Madhya Pradesh, Bihar and Bangladesh), northern (Uttar Pradesh) 

and western (Maharashtra) regions, adding support to this conclusion (Cordaux et al. 

2003; Roychoudhury et al. 2001; Roy et al. 2003; Kumar et al. 2006). 

Haplogroup R8 was also very common among the eastern and southeastern 

populations, but was very rare in northern and western populations. It was subdivided 

into two subhaplogroups - R8a and R8b. R8a could be further subdivided into two 

principal subclades - R8al and R8a2. By examining both the control region sequences 

obtained in this study and those published previously, a higher variation of R8a haplotype 

was noted in southern and eastern regions. The sister group R8a2 and the deep rooted 

R8b lineages had been found sporadically in southern, eastern, and the adjacent area of 

Uttar Pradesh, suggesting that the eastern part of India was the likely geographical source 

for the spread of R8 haplogroup. This finding was consistent with the recent work linking 

the Austro-Asiatic (Munda tribe) speaker and expansion of R8 haplogroup in eastern part 

of India (Thangaraj et al. 2009). 

The major branches of R30 haplogroup - R30a, R30b, R30c and R30d, were linked 

together by a single coding region mutation 8584. Our new understanding of the 

phylogenetic structure of haplogroup R30a indicated that it most likely originated in the 

eastern part of India. There were two major subclades of this haplogroup, R30al and 

R30a2. Subclade R30al was further subdivided into two principal subclades R30ala and 

R30alb. There has been considerable drift in R30ala lineage, and its distribution was 

predominantly in the southern region of India. R30alb lineages were found in northern, 

eastern and southern regions, and occasionally the western part of India. However, the 

deepest branch R.30a2 was confined to the eastern region, which suggested that 

haplogroup R30a had an eastern India origin. R30b was found in the northern and eastern 

regions, and rare/absent in southern and western India. Haplogroups R30c and R30d 

which were confined to eastern and southeastern India were extremely rare in northern 
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and western regions of India. Taking into account the R30 subhaplogroup divergence and 

their geographic distribution, eastern India is believed to be the most likely location for 

R30 haplogroup origin. 

The newly defined R32 haplogroup was more frequent m our studied east India 

populations but was rarely, at all, observed in other regional populations. In fact, the 

close match of eastern group R32 haplotypes found in the geographically adjacent 

southern area of Andhra Pradesh suggested that it probably derived from the eastern 

region. We have corrected the phylogenetic position of previously identified R31 

haplogroup lineages (CliO, Palanichamy et al. 2004), Rajput25, and Rajput48 (Chaubey 

et al. (2008) into a newly assigned subhaplogroup of R33 - R33al. This subclade has 

been sporadically found across northern and eastern provinces, pointing to a wider 

distribution in the past. However, the deepest branching lineages - R33a2 and R33b -

found in the eastern parts of India, was sufficient to suggest haplogroup R33 originating 

in east India. It was also fcJund that among the unclassified M* and R * haplotypes, 

two-thirds of the lineages were found to be unique .to the eastern region of India. These 

findings, therefore, supported the proposition that these lineages very likely originated 

from the eastern region of India. 

An eastern India expansion route of M subhaplogroups 

Our improved phylogenetic analysis yielded numerous M subhaplogroups. Among the 

defined M subhaplogroups, M3b, M4c, M35c, M39a3, M40a, and M52a, encompassed 

~ 11% of the south Asian M' lineages. Based on detailed molecular surveys, these 

subhaplogroup lineages showed a clear phylogeographical structure as being expanded 

from the eastern region of India. 

Paraphyletic haplogroup M3 represented ~ 10% of the south Asian M haplogroup and had 

four subgroups - M3a, M3b, and M3c. Amongst them, M3a lineages are widespread in 

the subcontinent and no phytogeographic structure was detected in this subclade. The 

subhaplogroup M3b, in 6ontrast, showed clear phylogeographic structuring in their 

distribution. M3b subgroup could be readily distinguished from other unclassified M3* 

groups, and were confined to the eastern region of India. Paragroup M4 included the 

three major subclades M4a, M4b, and M4c, and aH were distributed widely in south Asia 

populations. There was no. phylogeographic structure evident within the subclades M4a 
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and M4b; both subclade sequence variants were observed in different regional 

populations. The phylogeographic analysis of M4c, however, showed that there was good 

structuring in the distribution of subclade M4c 1 and M4c2 lineages. M4c 1 haplotypes 

were distributed in elevated frequencies in the southern regions of Tamil Nadu and 

Andhra Pradesh, while M4c2 was confined to the eastern regions of West Bengal, 

Jharkhand, and Meghalaya. Indeed, unique M4c 1 haplotypes found in the eastern and 

northern populations combined with the restricted distribution of M4c2 in the eastern 

populations suggested an eastern region expansion ofM4c. 

Paraphyletic haplogroup M35 had three subclades, M35a, M35b, and M35c, among 

which haplogroups M35a and M35b were most commonly found in all populations. 

Furthermore, phytogeographic analysis revealed there was no apparent structure existing 

for these clades. On the other hand, subclade M35c and an unclassified M35* haplotype 

showed clear phylogeography structures --· they were concentrated. in eastern and 

geographically adjacent areas. There was substantial haplotypes variation within the 

haplogroup M39 subclades- M39al, M39a2, and M39a3; this variation, however, did not 

show strong geographical structuring. Generally, all subclade lineages were found 

throughout eastem coastal regional populations. However, representatives of M39a3 

lineage showed some phylogeographic structure; they were confined to the eastern region 

(West Bengal, Jharkhand, Biihar and an adjacent area of Andhra Pradesh), while being 

rare in other regions. 

Haplogroup M40 represents 3% of the south Asian M haplogroup and was represented by 

subgroup M40a, which occurred at high frequency among the eastern populations of West 

Bengal, Jharkhand, Bihar, and Orissa, and occasionally extending to the adjacent 

southern regions of Andhra Pradesh and Tamil Nadu. Additionally, our complete control 

sequence analysis revealed that a higher diversity of M40a lineages was found in the 

eastern regional populations. This suggested that M40a lineages might have expanded 

from the eastern region. Haplogroup M52 was primarily localized to the eastern and an 

adjacent southeastern region; in particular the internal sub-branches of M52a - M52al 

and M52a2 were found in eastern Indian populations. M52a1 lineages were observed in 

southern/western regional populations and shared ancestry with eastern Indian 

populations, thereby suggesting that subclade M52a spread from eastern India. 
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Limited phylogeographic structure in the M and N-R lineages: a possible eastern 

India range of expansion 

M2 was the most frequent comprising one tenth of the South Asian M haplogroup and it · 

had two major subclades, M2a and M2b. Subclade M2a could be further subdivided into 

two principal subclades, M2a 1 and M2a2, which had very distinctive sub-branches -

M2ala, M2alb, M2alc, M2a2a, and M2a2b. Among these sisters groups, M2ala, M2alb, 

and M2a2a constituted 93%) of the south Asian M2 sequences. The number of internal 

branches in subhaplogroup M2ala was significantly higher than in other M2 

sub-branches (Kumar et al. 2008), and was widespread in south Asia. Subhaplogroup 

M2alb was more frequent in southeastern and eastern regions, while being virtually 

absent in western and northern regions oflndia. Like M2alb, subhaplogroup M2a2a and 

its sublineages were found more frequently in eastern and southeastern regions, whereas 

sister haplogroup M2a2b was restricted to the southern states (Andhra Pradesh, Kerala, 

Tamil Nadu, and the neighboring area Sri Lanka): this suggested that southern India 

might be a possible source population for M2a2. The present study showed, for the first 

time, a relatively small number of deep rooted M2b haplotypes in the southern and 

northern Indian caste populations. However, its low haplotype diversity in the southern 

Indian population indicated strong genetic drift and founder event influences. Overall, 

major clades M2al, M2a2, and their subclades had their combined present range 

predominantly in the eastern and southern regions implying that these could have been 

the regions where the M2 clade started diversification (Kumar et al. 2008). Haplogroups 

of M41, M54, and M56, were sporadically spread at low frequency in southern and 

eastern states, and were almost absent northern and western region. 

R5 is the most frequent subclade of R in India and was subdivided into two 

subhaplogroups - R5a and R5b. In comparison with R5b, R5a was well represented 

across the broad range of populations and was further subdivided into two principal 

subhaplogroups- R5al and R5a2, Subhaplogroup R5a2 constituted the majority of R5 in 

the southern and eastern parts of its distribution range. However, the high frequency with 

a low haplotype diversity of R5, R5al and R5a2b, in the north Indian Bhargava 

population was most likely due to genetic drift and founder events. R5a2 was further 

subdivided into three subclades, R5a2a, R5a2b, and R5a2c. Among these subclades, 
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R5a2a and R5a2b contributed towards two-thirds of R5 sequence variation and they 

showed wide geographic distributions. There was no phylogeographic structure evident 

within the R5a2b. On the other hand, shallow phy1ogeographic population structure was 

observed in the sister clade R5a2a- R5a2al; it was mainly found in the eastern regions of 

West Bengal, Jharkhand, Bihar, and adjacent areas of Uttar Pradesh and Andhra Pradesh. 

Furthermore, representatives of R5a2c as well as the higher variation of clade R5al 

lineages in the southern/eastern regions, in concert with the observed limited occurrence 

of R5b in the southeast region, suggested that R5 probably differentiated from the 

southeastem regions. 

Haplogroup R6 is the second most common haplogroup in the macrohaplogroup R clade, 

and it was subdivided into three major well defined subclades - R6a, R6b and R6c. 

Among these subclades, R6a was well represented in eastern and southeastern regions, 

but was absent or rarely observed in western and northern regions suggesting that a 

possible demographical expansion occurred in the eastern region. The occurrence of 

sublineage R6a at its highest frequency in eastern India tribal populations was likely due 

to genetic drift and founder events. Jn addition, we also observed small subclades within 

R6a that exhibit shallow phyiogeographic structures in southern populations. 

Subhaplogroup R6b had. a much more limited geographical distribution, occurring 

sporadically in southern, eastern and northern populations. Subhaplogroup R6c sequences 

had been found exclusively in eastern, southeastern and neighboring areas including 

Bhutan and Nepal, suggesting a possible geographic diffusion of R6c along the eastern 

region of India. Taking into account the overall phylogeographic structure displayed by 

haplogroups M2, M41, M54, M56, R5, and R6 and their subhaplogroups, a progressively 

eastern and southeastern colonization by these haplogroups could be inferred. 

On the basis of the phylogeographic structure of hapiogroups M36, R31, and N5, it was 

concluded that the ancestor of these haplogroups might have emerged from the adjacent 

areas of the eastern region, Andhra Pradesh, and subsequently radiated southwards 

and occasionally to the northern region. It was possible to distinguish several small 

subclades in M30 (M30a-M30f), M43 (M43a and l\143b), and U2a (U2al and U2a2), but 

they were distributed in all major geographic areas and did not represent the distinct 

phylogeographlc structure. 
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The improved structure of aboriginal Southeast/Island Southeast Asian mtDNA 

clades 

Haplogroups M21, M22, M45, M46, M47, N21, N22, R21, R22, R23 and unclassified 

M* IN* haplotypes comprised over 20% of the observed mtDNA variation in aboriginal 

Southeast and Island Southeast Asia populations. Amongst these, haplogroups M45, M46, 

M47, R22 and R23 had been characterized only by control region mutations (Hill et al. 

2007). 

The addition of new complete mtDNA sequences allowed the rev1s1on of the 

phylogenetic tree of previously defined subhaplogroups M21-M2la, M2lb, and M2lc 

(Figure 86). In the reconstructed phylogeny, the M21 b branch showed close affinity with 

haplogroup MB through sharing three coding region mutations (6023, 6253, and 15924). 

Furthermore, it shared six coding (709, 9182, 10172, 11665A, 15468, and 15930) and 

two control region (16263 and 16381) mutations with our new sequence that specifically 

defined the subhaplogroup M2lb. We could not detect the coding region mutation 1.1482 

in either our sample or in counterpart M13 hapl9group sequences, which had defined 

haplogroup M21. We, therefore, replaced the M21 b lineage from the haplogroup M21 

and formed a new cladeM13'M2lb. On the basis ofthe shared mutations in our data and 

the data of Macaulay et al. 2005, the subhaplogroups ofM21-M21a and M21c could now 

be defined. Subhaplogroup M21a was characterized by five coding (709, 3796, 11287, 

11611, and 15924) and three control region (152, 16129, and 16256) mutations, whereas 

subhaplogroup M2 1 c was characterized by only three coding region mutations (3915, 

5108, and 7861 ). It is noteworthy that the subhaplogroup M21 d of Hill et al. 2007 is 

actually a subbranch of M21 c, as demonstrated via complete sequence analysis 

(Dancause et a/.2009). 

To date, only one M22 complete sequence has been reported from the Southeast Asia 

Temuan population. The sequence data has allowed us to identify three coding region 

mutations (710, 4639; and 6776) to characterize this haplogroup M22 (Figure S6). We 

also detected two phylogenetic sub-branches, M22a and M22b, which were characterized 

by control and coding region motifs 6071-93] 6-16290 -16304 and 7 444-13681, 

respectively. 

Haplogroups M45 and M46 have been defined on the basis of control region mutations 
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16209 and 16278, respectively, and their phylogenetic positions have recently been 

confirmed with complete sequences from Cambodian samples (Hartmann et a!. 2009). 

We have added additional complete sequences to each baplogroup, thus allowing us to 

detect the characteristic mutations for M45 and M46. Haplogroup M45 and M46 were 

defined by control and coding region variants (143, 930C, 1598, 12973, 13651, 16209, 

16233, and 16304) and (4697, 4973, 9509, 14687, 15317, and 16278) respectively 

(Figure 86). Furthermore, we have detected several representatives of the previously 

defined M45a (Hill et al. 2007) lineage, which harbored characteristic HVS-I mutations 

16129-16209-16223-16272. In order to confirm the phylogenetic position, we sequenced 

mitochondrial genomes from populations of northeast India and Malays in Singapore. 

The phylogenies of studied individuals fell into a separate clade-M20 (Figure 86). 

To date, there has been only one report of a completely sequenced R21 individual of 

Southeast Asian origin (Macaulay et 2005). In the present study, we added another 

related complete sequence from Malays in Singapore, which allowed us to define the 

diagnostic mutations for .haplogroup R21. The phylogenetic status of a previously 

identified haplogroup R22 based on control region data now receives clear support from 

our complete coding region information: the control (152, 329, 16249, 16288, 16304, and 

16311) and coding region (1040, 6770, 10316, 10609, and 13359) mutations. We have 

also added a single N21 and N22 complete sequence to the existing Southeast Asia 

lineage and identified key characteristic mutations for haplogroups N21 and N22 (337del, 

6752, 8701, 10583, 13437)4560, 16193; 942,7158,9254, 11365, 16168, 16249) (Figure 

86). 

The identification of novel lineages from Southeast/Island Southeast Asia 

A rare haplotype 16223-16324-143-234 was observed in our Malays sample, and 

complete sequence analysis revealed that it had a M33 haplogroup coding region 

mutation 2361 while also sharing mutations 3221 and 16324 with subhaplogroup M33b 

(Figure Sl). This result refined the previously defined M33b, which we have 

re-designated as M33b 1. The new lineage been tentatively assigned as M33b2. Based 

on the control region motif 16278, four Island Southeast Asia haplotypes 

( 16092-16209-] 6223 -16224-16263 -16278 6319' 

16093-16209-16223-16224-16263-16278- 16319, 16093-16209-16223-16224 
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-16263-16265 -16278-16319, and 16093-16209-16223-16224-16263-16274 -16278 

-16319-16356) were grouped into haplogroup M46 ( Hill et al. 2007). However, 

phylogenetic results from our complete sequences showed that the Island Southeast Asia 

haplotype shared coding (7226 andl5663) and control region (16263 and 16319) 

mutations with a recently assigned South Asia haplogroup M50 ( Reddy et al. 2007). 

Within haplogroup M50, a new subclade named M50a, with characteristic seven coding 

region (1383, 3417, 6092, 8802, 12281, 12486, and 15055) and two control region 

(16166C and 16309) mutations had been identified on the basis of shared mutations 

between our data and the data of Reddy et al. 2007. The sister Malay lineage has been 

named as M50b (Figure S~i). Undefined N haplotypes which shared HVS-I motifs 

16263-1627 4-16311 -16343 from northeast India, Thailand and Southeast Asia Malays 

samples were completely sequenced. The phylogenetic analysis showed that they all 

shared the coding region mutations (2760, 3027, 7885, 7961, 8188, 13710 and 15211); 

we have, therefore, proposed a new haplogroup, which we have designated as N23 

(Figure S6). 

A reassessment of unclassified Southeast/Island Southeast Asia lineages 

We have checked the mutations in the control/coding region of several unassigned 

lineages relative to previously reported Southeast/Island Southeast Asia in our current 

data set and their evolutionary relationships were inferred using phylogenetic analysis. 

Five haplotypes having linked .HVS-I polymorphic sites 16223-16234-16290 observed in 

the Island Southeast Asia haplogroup M/R data were found to actually belong to the East 

Asian haplogroup MI2 (Hill et al. 2007). We found a rare haplotypes .bearing the 

mutations 16129-16140 ~ 16223-16271, l6129-16136-16140-16223-16271, and 

16182C-16183C-16189-16223- 16271-16311 from the Malays, northern Thailand and 

Bangladesh populations (Figure S6). We applied this phylogenetic information to the 

unclassified Island Southeast Asia M haplogroup sequences, and we found that seven 

sequences belonged to haplogroup M60. addition, anther rare haplotype observed in 

the Malays had the control region mutation 16167-16223-16246- 16311-16362-195. 

Another unclassified N lineage from the southern parts of East Asia has been recognized 

by control region (HVS-I linked motif 16111-16172-16189-16223- 16311-16362) and 

partial coding region RFLP (Kivisild eta/. 2002). Subsequent complete mtDNA sequence 
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analysis revealed that it shared coding region mutations with previously defined East Asia 

haplogroup NlO (Figure S(i). Similar subhaplogroup sequences were observed in the 

unclassified Island Southeast AsiaN lineage (Hill et al. 2007) and could be assigned into 

haplogroup NlO without ambiguity. 

The aboriginal Southeast/Island Southeast Asians shared a common ancestry with 

mainland Indo-China regional populations 

The haplotypes observed in the northeast India, southern East Asia, Thailand, and Malays 

in Singapore were compared, with the indigenous haplogroups previously reported in the 

Southeast/Island Southeast Asia populations and their evolutionary relationships are 

discussed here. 

In our survey three lineages from northeast India and one lineage from the Malays in 

Singapore harbored haplogroup M21 b mutations. Recently, additional two M21 b lineages 

were reported from Nepal-Tharu population ( Fornarino et al. 2009). Furthermore, these 

lineages shared similar control region motifs and had been reported in northern Thailand 

Yong population, distant southern aboriginal Malays (Semelai and Temuan), Sumatra 

(Madan), and Sulawesi (Manado) populations (Hill et a!. 2006; Hill et al. 2007; 

Kampuansai et al. 2007). Another distinct M21 b lineage was found in northern Semang 

(Jahai and Mendrik), Senoi (Temiar), and far distance Borneo (Banjarmasin) populations 

(Hill et al. 2006; Hill et al. 2007). Conversely M21 b sister clade M 13 lineages have been 

found in northeast India, Tibetan/ southern East Asia, and adjacent northern Thailand 

regions, but were virtually absent in Southeast/Island Southeast Asia (Oota 2001; Yao et 

al. 2002a; Wen et al. (2004a). 

We noted that coding region information is obligatory for identifying the haplogroup 

M21 c. On the basis of control plus complete coding region information, four major 

groups of sequence variants could be discerned for haplogroup M21 c. Group I and II 

related sequences had shared control region motifs 16093-16223-16249-16301-16311 

and 16145~16192-16223- 16291-16304, respectively. Group III and IV have 

16223-16242-16319 and 16042-16070-16183C-16189-16209-16223-16233 HVS-1 motifs, 

respectively: The phylogeographic analysis revealed that Group I sequences were 

restricted to East India populations while Group II sequences have been observed in 

northern Thailand, Korea and extremely distant Island Southeast Asia Bali populations 
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(Hill et al. 2007; Dancause et al.2009 ; Yao eta!. 2002a; Fucharoen 2001; Lee eta!. 

2006). Group III and IV lineages were restricted to Malay populations (Hill et al. 2006; 

Wong et al. 2G07). 

An updated phylogenetic analysis of haplogroup M22 found the subhaplogroup M22a 

lineage to be detected in Thailand and Malay populations (Hill et al. 2006; Fucharoen et 

al. 2001; Wong et al. 2007). As with the new phylogenetic structure, haplogroup M45 

lineages were sporadically distributed in east India, eastern Thailand (Khmer), Cambodia, 

Malays, Sumatra, Alor, and Ambon populations (Hill et al. 2007; Hartmann eta!. 2009; 

Wong et al. 2007; Black et al. 2006; Lertrit et al. 2008). Haplogroup M46 was most 

divergent and frequent in aboriginal Southeast Asia (Thailand, Cambodia, and Malaysia) 

and Island Southeast Asia populations (Hill et al. 2007; Hartmann et al. 2009; 

Fucharoen eta!. 2001; Wong et al. 2007; Lertrit et al. 2008). Nevertheless, while M46 

was restricted' to. Southeast/Island Southeast Asia, it shared a common ancestor with 

southern East Asia specific haplogroup M62 (Kampuansai et al. 2007; Yao et al. 2002a). 

In addition, we found another diverse haplogroup M20 lineage in east/northeast India 

(West Bengal, Bangladesh and .Meghalaya), Southern East Asia (Yunnan and Quangxi), 

Southeast Asia (Thailand and Malaysia), and Island Southeast Asia (Sumatra, Java, 

Borneo, Bali, Sumba, and Sulawesi) populations (Hill et al. 2007; Reddy et al. 2007; 

Oota et al. 2001; Yao et al. 2002a; Wong et al. 2007; Lertrit et al. 2008; Li et al. 2007). 

Furthermore, these clades (M20'46'62) shared a basal coding region mutation 14110, 

which reinforced the common ancestry origin of these lineages. 

The distribution of haplogroups R22 and N2l was also interesting: haplogroup R22 has 

been observed in the northeast India (Assam, Nagaland, Tripura, and Andaman-Nicobar 

island) (Cordaux et al. 2003; Prasad et al. (2001); Thangaraj et al. 2003), Southeast Asia 

(Thailand, Cambodia, and Malaysia) (Yao et al. 2002a; Wong et al. 2007; Black et al. 

2006), and 'Island Southeast Asia (Sumatra, Java, Bali, Borneo, Sumba, Sulawesi, and 

Lombok) (Hill et al. 2007), but was not detected in the southern East Asia populations. 

Haplogroup .N21 was detected in the southern East Asia (Yunnan) (Wen et al. 2004b) 

southern and east India (Tamil Nadu and Bangladesh), Thailand, Cambodia, Malaysia, 

Sumatra, Sulawesi, Bali, and Alor populations (Hill et al. 2006; Hill et al. 2007; 

Kampuansai et al. 2007; Oota et 2001; Yao et al. 2002a; Fucharoen et al. 2001; Wong 
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et al. 2007; Black et al. 2006; Lertrit et al. 2008). Haplogroup N22 distribution in the 

Southeast/Island Southeast Asia region was nonuniform. It was found only in the Malays, 

Temuan, and Island South~;~ast Asia Waingapu populations (Hill et al. 2006; Hill et al. 

2007). However, similar HVS-I control region variants of haplogroup N22 lineage was 

observed in the east India (Orissa-Gope) ( Sahoo et al.2006) and northern Thailand 

(Yuan) populations ( Kampuansai eta!. 2007). 

In addition, our phylogenetic analysis (following the nomenclature of QPK et al. 

submitted a paper) showed that most of the unclassified mtDNA variants found in the 

Southeast/Island Southeast Asia shared their ancestry with the mainland Indo-China and 

adjacent regional populations, e.g., haplogroups M50b, M60, NlOa, and N23. 

Haplogroup M60 was observed in east India (West Bengal and Bangladesh), southern 

East Asia (Yunnan, Quizhou, Quangxi, Hunan, and Hainan) (Yao et al. 2002a; Wen et al. 

2004a; Li et al. 2007; Wen et al. 2004b), northern Thailand (Chiang Mai, Chiang Rai, and 

Mae Hong Son) (Kampuansai et al. 2007; Sahoo et al. 2006), Malaysia: Sumatra, Sumba 

and Philippines populations (Hill et al. 2007; Wong et al. (2007). Haplogroup M50 was 

first identified in northeast India populations (Reddy et al. 2007). Variants of this 

haplogroup, i.e., subgroup M50a, was observed in Khasi populations and a related 

haplotype was found in aboriginal Sakai, Thailand (Fucharoen et al. 2001 ); yet another 

subgroup, M50b, was found in Malays, Sumatra, and Sulawesi populations ( Hill et al. 

2006; Hill et al. 2007; Wong et al. 2007). Subhaplogroup ofNl 0, Nl Oa, occurred in the 

populations of Southem/westem East Asia (Yunnan, Guangxi, Guangdong, Guizhou, 

Tibet, and Uzbek) (Kivisildl et ctl. 2002; Yao et al. 2002a; Li et al. 2007; Wen et al. 2004b; 

Li et al. 2007), northern Thailand, Malaysia, and Borneo (Hill et al. 2007; Fucharoen et 

al. 2001; Worig et al. 2007), but its sister clade N 10b was restri.cted to southern East Asia 

(Hainan, Guangdong,, and Fujian) ( Kivisild et al. 2002; Li et al. 2007) and its nearest 

neighbor region Jiangsu/Shanghai ( Wen et a!. 2004b ). In addition, northern Thailand 

Yuan ethnic group had a single haplotype of this haplogroup (Kivisild et al.2002). 

Haplogroup N23 has been observed in east India (West Bengal), southern East Asia 

(Guangxi) (Yao et al . .2002a),. northern/eastern Thailand, Malaysia, Sumatra and Java 

populations (Hlll et al. 2007; Wong et al. 2007; Lertrit et al. 2008; Besaggio et al. 2007). 

Additionally, we detected a Malay lineage that shared a common root with northeast 
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Indian subhaplogroup M33b. 

East Asian haplogroups in northeast India 

Phylogenetic analysis using control and coding regi0n information clustered the observed 

northeast Indian haplotypes into major East Asian M haplogroups (C, D, G, M7, M9, 

Ml2, Ml3 and Z) and N-R haplogroups (A, B, F, R9, and Rll). 

On the basis of phylogenetic with phylogeographic analysis of the haplogroup M9 

subclades, Soares et al. ( Soares et al. 2008) suggested that Southeast Asia was likely to 

be a geographical source and that the spread of subhaplogroup M9a into East Asia 

mainland occurred after the last glacial maximum. In the present study, we completely 

sequenced three individuals of M9 from populations of northeast India. The phylogenetic 

analysis revealed the presence of subhaplogroup M9, which was phylogenetically most 

related to Southeast Asian pre-M9a. In view of the new sequence information as well as 

chronological criteria, we have replaced the Southeast Asian pre-M9a and pre-pre-M9a 

with new designations, i.e., M9a 1 b and M9a2, respectively. In our survey, M9al b was 

present at high frequency with substantial diversity in northeast India with occasional 

spreading to southern East Asia (Yao et al: 2002a; Wen et al. 2004a; Li et al. 2007; Wen 

et al. 2004b) and Thailand ( Kampuansai et al. 2007; Oota et al. 2001). This pointed 

towards the northeast India area being the most probable site of origin of the M9al b. 

Despite using only the HVS-1 motif: we could identify three M9a2 haplotypes: one each 

from Yunnan, Zhejiang, and Liaoning ofmainland East Asia, and the northern Thailand 

populations (Oota et al. 2001); Wen et ar 2004a; Wen et al. 2004b). In addition, a new 

M9 lineage- M9a3 -was found in Southern East Asia (Yunnan), eastern region of China 

(Henan), and northern Thailand (Khuen) populations (Kampuansai et al. 2007; Li et al. 

2007; Li et al 2007)~ Finally, the deepest branch of M9 '· M9b- found in southern China 

(Li et al. 2007; Wen et al. 2004c; Kong e~ al. 2006).and other unclassified M9* lineages 

in northeast India ( Cordaux et aL 2003, matched with aboriginal Malays, suggesting that 

M9 as a whole was mostlike:ly to have had an origin .in the Indo-China corridor. 
' 'i ' 

We have partially s~quenced rare East Aisi~n Ml2 haplogroup lineages from northeast 

India and Bangladesh. The sequences frol'n northeast India together with two published 

Ml2 sequences from southem China. ,(Guangdong) clustered separately from the 

Bangladesh lineage. This cluster was designated as. M12a (Kong et al. 2003a}. Similar 
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matches to the Bangladesh lineage were found in southern China (Yunnan) ( Wen et al. 

2004a; Li et al. 2007; Wen et al. 2004c) and northern Thailand (Oota et al. 2001; Yao et 

al. 2002a; Fucharoen et al.2001; Wong et al. 2007; Besaggio et al.,2007), which we 

designated as Ml2b (Dataset SlO). Although occurring in only low frequencies, the 

presence of haplogroup M12 in the Southeast/Island Southeast Asia pointed towards a 

genetic continuum between mainland southern East Asia and Southeast Asia (Hill et al. 

2007). 

Haplogroup Ml3 was present at low frequencies in different East Asian and Northern 

Asian populations (.Wen et al. 2004a; Tanaka et al. 2004; Derenko et al. 2007). It 

should be noted that most of the Northern Asian, Japanese, and Koreans, belonged to the 

M13a, a subcluster of Ml3. In this study, we observed an additional M13 lineage in the 

northeast India area people harboring HVS 1 motif (16145-16168-16188-16223-16311, 

and 16145-16168-16188-·16223- 16257 -16311). To assess their phylogenetic position, 

we have compared our complete sequence data with published Ml3 northern Asian and 

Japanese data (Kong et al. 2006; Tanaka et al. 2004). In phylogenetic analysis, this 

lineage did not share any coding region mutations with the reported Ml3a subclade; 

hence, we designated this new lineage as M 13b. This variant of mtDNA haplotypes was 

found in Tibetans/Yunnan (Yao et ar 2002a; Wen et al. 2004a), Thailanders (Oota eta!. 

2001) and northeast Indians, but was extremely rare in other East Asian, i.e., this line(lge 

was overwhelmingly restricted to the Indo-China corridor region. 

Our partial coding region sequence analysis demonstrated that the northeast Indian 

lineages were shared with members of the novel East Asian haplogroups M61, M64, and 

M65. Information on the designated novel East Asian haplogroups (M61, M64, and M65) 

was retrieved from QPK et al. submitted paper. We observed mtDNA types of 

haplogroups M61 and M65 in Uttar Pradesh, West Bengal, Tripura, Orissa, and in south 

Indian statesAndhra Pradesh, Tamil Nadu, and Karnataka. The previously proposed M48 

and M49 lineages from northeast India were actually a subclade of M64 (Reddy et al. 

2007), whic~ was present at high frequencies in the east and northeast India populations. 
i 

Analyses of
1 

the overall distribution of mtDNA haplotypes showed that northeast Indian 

populations yvere closer to the southern East Asians. 

The evidence from the present phylogenetic with phylogeographic study suggested that 
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aboriginal Southeast/Island Southeast Asians likely differentiated in the area around the 

Indo-China corridor, and migrated to the Malaya Peninsula and subsequently dispersed 

into Island Southeast Asia. Furthermore, we found high South Asian M and N-R · 

haplogroups diversity in the samples from the eastern regions of West Bengal, Jharkhand, 

Bihar, Orissa, and the adjacent area Andhra Pradesh; this suggested that South Asian 

lineages might be diverged from the eastern India precursor population(s). 

Coalescence Times 

Table 14 and Table 13 show lineage diversity (pand o) and age estimates for the South, 

Southeast and Island Southeast Asian lineages. Coalescence ages of mtDNA haplogroups 

were calculated by using the coding region mutation rate of one substitution per 5,140 

years (Mishmar et al. 2003), with an estimate of standard enor following Saillard et al. 

( Saillard et a/.2000). This method has been applied to many South, Southeast and Island 

Southeast relic populations mtDNA sequences (Macaulay et al. 2005; Hill et al. 2006; 

Thangaraj et.al. 2009; Thangaraj et al. 2005b ). 

Discussion: 

Mitochondrial DNA surveys in worldwide populations have shown a continent-specific 

distribution of mtDNA lineages. African populations are characterized by the oldest 

superhaplogroups, LO, Ll, L2, L3, L4, L5, and L6, (Behar et al. 2008) but all detected 

non-African lineages belonged to two founder clusters, named M and N, which share a 

common root with African haplogroup L3. It appeared that only African L3 radiated out 

of Africa, mainly in the form of haplogroups M and N, giving rise to the extant 

non-African variation. The geographical distribution and similar founder ages of M and N 

in South
1 

East, and Southeast Asia suggested that this wide geographic colonization could 

have happened in a single African migration within a relatively short time period 

(Macaulay et al. 2005; Sun et al. 2006). 

The single southern coastal route rapid settlement hypothesis assumes that the ancestor to 

non-African haplogroup L3 carried to Arabia ~80,000 years ago, was followed by a 

period of diversification and drift leading to the appearance of haplogroups M and N and 

the loss of the ancestor L3 type ( Richards et al. 2006) . This suggested that non-African 

founding haplogroups M and N originated somewhere between East Africa and the 

Persian Gulf (Torroni et al. 2006). Then both M and N roottype caiTied rapidly along the 
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southern coastal route and the subsequent evolution of Asia region-specific haplogroups 

took place more gradually from the coastal settlement sites ( Richards et al. 2006; 

Metspalu et al. 2006). 

Unfortunately, there is no evidence for the diversification of M and N in the Arabia 

Peninsula; it lacked ancient mtDNA lineages (Abu-Amero et al. 2008). From the present 

study, phylogenetically hierarchical with phylogeographic evidence showed the spread of 

South Asian founding M and N, and N derived R lineages, to have originated from the 

eastern part of India. In addition, Southeast/Island Southeast Asian indigenous mtDNA 

haplogroups shared their ancestry with our Indo-China corridor samples. Those lineages 

were scattered across east/north east India and southern East Asia region including 

southern China and parts of northern Thailand. In addition to .our analysis, the mtDNA 

data presented in literature showed a southern origin (i.e., South China) of East Asians. 

We didn't observe any major ancient lineage originating from the northern/northwestern, 

western and southern regions, other than the eastern region of India. Overall, it appears 

from our study that the north east Indo-China region must be a center for Asian founder 

differentiation. 

The coalescence time of South Asia and shared Southeast/ Island Southeast Asia clades 

varied substantially, ranging from 9 to 69.4 thousand years. Ignoring the younger clades, 

the South, Southeast/Island Southeast Asians appear to have an ancestry in the 

Pleistocene. It seems likely that the precursor of the Asian founders. (mtDNA- L3 lineages) 

left Africa in the last major Pleistocene wet phase somewhere between 82-78 kya to Asia 

(Pope et a/.2008; Oppenheimer, 2009). This was followed by a tight bottleneck in the 

precursor group(s) living in Asia caused by the Toba volcano explosion (74 kya) which 

effectively buried the southern peninsular India with volcanic ash ( Acharya SK and Basu 

PK , 1993), in association with the deteriorating climate in Oxygen isotope stage 4 (OIS 4, 

71-59 kya) ( Pope , 2008). These events are believed to have resulted in both the 

branching off of the founders M and N, and the extinction of ancestor haplogroup L3 in 

Asia. The high rainfall tropical forest area in the northeast Indo..:China region is likely the 

only refugium where the surviving population(s) underwent a bottleneck which might 

have given rise to the founders of Asia (Ambrose, 1998). The distribution of two ancient 

Y-chromosorne haplogroups C and D in Asia also showed evidence of a transition 
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occurring in the northeast Indo-China region ( Underhill and Kivisild, 2007); Shi et al. 

2008), lending further support to this hypothesis. 

The presence oftwo mtDNA haplogroups, the Ml and U6 originated from southwestern 

Asia (Olivieri et al. 2006), and the .coalescence time ~40 to 45 kya suggests that one 

founding group dispersed east to Asia and another group remained in southwestern Asia 

or west of the Indian subcontinent, but after ~5 to 10 kya, its descendant populations 

dramatically expanded to western Eurasia ( Goebel ,2007). However, our phylogeography 

studies and the coalescence time (~45-40 kya) indicated that Indian U lineages were 

differentiated along with M and N-R from the eastern part oflndia (Table 14). In addition, 

the southwestern Asia Ml clade ( Olivieri et al. 2006) shared a common single coding 

region mutation (14110) with our newly defined Eastern Asia clade M20'46'62, 

suggesting a common ancestor. The differentiation of U, M and N founders from the east 

India and Indo-China. region suggested that the southwestern Asia upper Paleolithic Ml 

and U lineages ( Olivieri et al. 2006) may have resulted from the peripheral isolation of 

descendants of the founders from Eastern Asia rather than ancient break-up of the 

precursor founder group in Southwest Asia ( Macaulay et al. 2005; Metspalu et al.2006). 

(Note: See Appendix for Table 9,1 ll, 12) 

Part-II: 

Archeological and genetic studies have revealed that India occup1es an important 

geographical location and has served as a major corridor for the dispersal of modem 

humans (Cavalli-Sforza et al, 1994; Majumder, 1998; Cann, 2001). From the available 

prehistoric, ethno-historic, linguistic and biological evidences, it appears that the Indian 

subcontinent was probably first peopled approximately 60,000 years BP (Misra, 1992; 

Kivisild et al, 2003). Though the entire Indian subcontinent shows diverse ethnic 

composition, Eastern and North eastern part of India covering the sub-Himalayan 

terrain has been a hotspot .for linguistic (Ruhlen, 1991) and population diversity and 

thought to have witnessed and retained the signature many ancient and contemporary 

genetic event of population migration and settlement. The north-eastern and 

sub-Himalayan region of India is predominantly occupied by speakers of the 

Tibeto-Bunnan languages (of Sino-Tibetan family) along with Austro-Asiatic(AA) 

and Indo European( IE) speakers along with sporadic presence of Dra:vidian group. There 
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are two contrasting and competing models based on the mtDNA and Y -chromosome 

studies in the NE populations regarding the possible role of NE India in the population 

migration as well as in settlement. One group based on their mitochondrial DNA 

(mtDNA) and ¥-chromosome studies inferred that Northeast India might have acted as a 

barrier rather than the facilitator of the movement of populations both into and out of 

India (Courdax et al, 2004) where as the same view has summarily been rejected in a 

recent study by Reddy et al, 2007 who confirms that Northeast India has acted as a 

corridor for initial movement of populations. 

It is now well defined that people belonging to the Indo-European, Dravidian, and 

Tibeto-Burman groups represent both caste and tribes, but the Austro-Asiatic speakers 

are exclusively tribal. Though the tribal populations of India possess higher genetic 

diversity than caste populations and are considered as the possible original inhabitants of 

India (Thapar 1966; Basu e.t al, 2003, The Indian Genome variation Consortium, 2008), 

but their evolutionary histories with respect to settlement, biological origin and 

relationships with caste populations have been debated comprehensive! and remained as 

an enigma till to date. The phylogenetic relationship between tribe and castes have been 

shown quite explicitly in the Southern part of India (Kivisild et al, 2003, Cordaux eta!, 

2004) however, the tribe-caste relationship with respect to uniparental 

markers have not yet been studied in Eastern and North Eastern India which is the site 

where TB and AA speakers are abundant and thought to have made an important 

contribution in the sub-Himalayan gene pool. Therefore, it is crucial to carry out such 

genetic investigations in culturally and linguistically disparate and ethnically 

well-defined populations inhabiting the Eastern and North Eastern periphery of 

sub-Himalayan region. 

The present investigation has been carried out in ten sub-Himalayan populations from 

North East India belonging to TB, AA, DR and IE group ,to further understand i) the role 

of North East Indian passage way in population migration, ii) to delineate to 

relationships between caste and tribes in sub-Himalayf}n and iii) to understand the 

genomic diversity amongst various groups in North eas~ India and their relation with 

other Indian as well as Asian populations by employing high resolution SNP markers of 

NRY region of ¥-chromosome. Total no. of 383 males who comprise the caste and 
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tribal populations of Sub-Himalayan range of East India were considered for this present 

study .. Table-1 lists the sample size, geography, and linguistic affiliation of the 

populations examined. All ethical guidelines were followed, as stipulated by the 

institutions involved in the study. A total number of 78 binary markers belonging to all 

the major haplogroups known to be present in Indian as well as Asian populations were 

considered for genotyping (Table-2, see Appendix). The nomenclature followed for the 

Y-SNP haplogroup is as recommended by the Karafet et al, 2008. 

Table 1: Geographical distribution and the Linguistic Affiliations along with sample 
size of the Eight Studied Populations 

Name of the I Sample Size I Social Linguistic Sampling Area 
Po ulation Cate o 

I Dhimal 1136 I Tribe Darjeeling 
District 

Rabha 26 Tribe Jalpaiguri 
District 

Mech 19 Tribe Tibeto-Burman Darjeeling 
District 

Lac hun a Tribe Tibeto-:Burman Sikkim 

Kol ustro-Asiatic arjeeling 
istrict 

Santhal Austro-Asiatic alpaiguri 
istrict 

Kharia 35 Austro-Asiatic Jalpaiguri 
District 

Oraon 34 Dravidian Jalpaiguri 
District 

57 Indo-European Darjeeling 
District 

54 Darjeeling 
District 

Results: 

Altogether, 34 polymorphic. loci in these ten groups define 22 paternal haplogroups(Fig 

Y-1-see Appendix) 

Distribution and frequency ofY-chromosome haplogroups in Austro-Asiatic Group: 

H haplogroup was the most prevalent haplogroup in the three different AA tribes having a 
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combined frequency 43.33% of Hl in Kol, 43.13% in Santhal and 22.85% in Kharia. 

This was followed by the frequency of 02-M95 whose frequency was 38.33% in Kol, 

37.25% in Santhal and 68.51 % in Kharia. Apart from these two haplogroups, J2, 

O-Ml75 and Rl were present but with low frequency. 

Distribution and frequency ofY-chromosome haplogroups Tibeto-Burman Group: 

In the TB populations except Lachungpa the differentiated 03 haplogroup i.e. Ml17 

showed the highest frequency i.e. 41.66% in Dhimal, 57.69% in Rabha and 47.36% in 

Mech. However, the frequency of undifferentiated 03 i.e. 03-Ml22 was highest, 40% 

in Lachungpa. Dhimal had 27.7% of J2-M410 while in other three populations it was 

completely absent. On the other hand, Lachungpa and Mech showed 36.36% and 5.26% 

of D-M174 respectively while none of the individuals from Dhimal and Rabha had this 

marker. The frequency ofHl was 8.33% in Dhimal, 11.53% in Rabha, 10% in Lachungpa 

while it was completely absent in Mech. Apart from these only Dhimal had 8.33% ofRl, 

Lachungpa had 10% ofR-M207 and 10% ofQl-M378 was present in Lachungpa. 

Distribution and frequency ofY..:.cbromosome baplogroups Dravidian Group: 

The only Dravidian tribe i.e. Oraon showed highest frequency of combined Hl, 70.58%. 

Apart from this, the frequency R2 was 20.58%. Apart from these two haplogroups, 

there was no other haplogroups this population. 

Distribution and frequency ofY-chromosome haplogroups Indo-European Group: 

In the IE populations, many haplogroups were detected with low to moderately high 

frequency. Bengali showed 38:88% of Rl while Rajbanshi had 38,59% of differentiated 

03 i.e. 03-M117. Apart from these, other HGs like H, J2, L, C, 02, R2 were also present 

but wit low frequency 
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HG 

Table-3: Some of the major HG Frequencies in Linguistic Subgroups of Sub-Himalayan 
Populations 

Number(%) ofHaplogroups 
Austro-Asiatic Tibeto-Burman Dravidi lndo-European 

an 
Kol \ Santhal Kharia Dhima! Rabha Mech I Lachun Ora on Bengali Raj ban 

N==60 I N=51 N=35 N==36 N=26 N=l9 gpa N=34 N=54 shi 
N=l1 N=57 

·-
C-M216 1(1.85) 

D-Ml74 1(5.26) 4(36.36) 

Hl-M370 19 13(25.4 6(17.14) 12(7.69) 16(47.0 1(1.75) 
(31.66 9) 

3(8.33) +1(3.84) 

I 5) I 
) 

HI-M82 7 9(17.64) 2(5. 71) 1(10.00) 8(23.52) 6( 1!.11) 1 
(11.66) (1. 75) --r----F--l----

J2-M172 
10(27.7 ·• •.. _· -

1 (1.85) 

J2-M410 1 (1.66 5(9.25) 3(5.26) 

) 7) r-J2-Ml2 1 (1.66 I 
) --r--·--+- 4(7.40) 2(3.50) J2-M241 

L-Mll 1(1.75) 
1 ( 1.85) 1(1.75) Ll-M76 

2(5.55) 2(3.70) 1(1.75) O-Ml75 3(5.00 1(2.85) I (3.84) I 

) 

24(68.5 t77l I 
-

4(21.05) 2(3.70) 1 (1. 75) 02-M95 23(38. 19(37.2 

33) I 5) 1) I ----t 2(7.69) 4(40.00) 03-M122 3(15.78) . ____ __J 

4(7.40) 
03-M134 I r 4(15.38) 

_ __, -15(41-.-6-. 15(57.6 I 22(38. 
03-Mll7 

9(47.36) I 
6) 1 9) i I] (1.85) 

59) 

1oo.oo) I I (1.75) 
2 (3.92) 1 (2.85) I. R-M207 

"'(8'1~ 11(2.94) 21(38.88) 9(15.7 
RI-Ml7 2(3.33 1(1 .96) .J "''.J) I 

I 8) I I i ) I 
-1-----

1 7(20.58) 1 ( 1.85) 2(3.50) 
6(11.76) ---j-·-. --t R2-Ml24 1(10.00) 

Ql-M378 
__L___ __ 

148 



Discussion: 

Genetic Diversity: 

Overall, Mech exhibited high homogeneity with only four haplogroups, whereas both the 

Indo-European Castes showed highest heterogeneity with 12 haplogroups, while rest of 

the populations showed moderate heterogeneity with 5-7 haplogroups. Considering our 

results, it can be said that in sub-Himalayan region, caste populations belonging to the 

Indo-European linguistic group shows more diversity at least in Y-haplogroups than the 

tribal populations. Amongst the tribal groups, both the AA and TB exhibited more 

diversity than the DR group. 

We detected two new SNPs one in the H-haplogroup and have named it as M505 whereas 

other one is in the 0 Haplogroup which is a Tdel in P31 of 02 haplogroup. The 

identification of M505 and typing of all markers present in the Haplogroup H has helped 

to revise and update H-haplogroup tree constructed by Karafet et al, 2008. Regarding the 

nomenclature and positioning of Tdel mutation in P31, we need to carry out additional 

works on more samples from various linguistic groups from different regions of India as 

well as Asia. 

Revised Resolution ofHaplogroup-H 

We detected a new mutation, M505, A-G transition at np 146 while typing M89 in 30 

samples; 9 Kols, 2 Kharia, 5 Oraon, 8 Santhals, 3 Dhimals, 1 Rabha, l Lachungpa, 6 

Bengali and 2 Rajbanshis. M505 was detected in 35 H-M82 samples while remainifl.g 2 

were present in M370 samples. However, one of our samples had H2-Apt chromosomes. 

After typing this M505 in all the M69, M52, M370 and M82 chromosomes, we consider 

M505 to be phylogenetically equivalent to M52. Our present findings on the 

H-haplogroups and its. nomenclature also differ from the tree constructed by Karafet et al, 

2008. Therefore, we revise and update the H-haplogroup tree as shown in Fig.Y-2. 

149 



M69 

M52 M505 
Apt 

lM370 
I 

I 
M82 

lj:197 M97 M39 P266 

I 
I I I I 

H* H1* H1a* H1a1* H1a1a H1a1b H1a1c H2* H2a H2b 

Fig-Y-2: Revised phylogenetic relationships and nomenclature of Y-chromosome 
Haplogroup-H 

Previous studies have shown that haplogroup H*-M69 and its subclades Hl-M52 and 

H2-APT has an indigenous Indian origin ( Kivisild et al, 2003, Sengupta et al, 2006, 

Sahoo et al, 2006), however, the distribution and frequency of H-haplogroup in various 

populations across different provinces India has not been investigated systematically. 

Trivedi et a!. 2008 have shown distribution Haplogroup H showed a north·-south 

gradient (24.4% to 27.4% ), however geographically its total frequency was highest 

(44.4%) in populations of westem India). However, our present findings differ from 

Trivedi et al, 2008 as the frequency Hl Oraon population in sub-Himalayan region 

is much more i.e. 70.58% than the frequency reported West Indian populations. The 

present study also support the view of Kivisild et 2003 that in comparison with caste 

groups, tribal populations showed significantly higher frequencies of haplogroup Hl. 

Therefore, it is quite difficult to say at this moment regarding the place of origin of H 

haplogroup in Indian subcontinent however, it can be taken for granted that H haplogroup 
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might have originated in tribal populations as it has uniformly high distribution in the 

tribal populations representing North, West, South, Central, East India with the exception 

ofTB tribes in North east India. 

Role ofNorth eastern region of India in Population migration and settlement: 

Austro-Asiatic group is considered to be the oldest linguistic family in all the linguistic 

families and has three sub-families: Mundari, Mon-Khmer and Khasi-Khmuic (Diffioth, 

2005).Though it has been supported by many genetic studies that Austro-Asiatic groups 

had its origin in India but there are many competing theories on their origin and 

subsequent settlement in India. Our present analysis on three Austro-Asiatic Mundari 

speaking populations has shown that it has combined frequency of 02-M95 i.e.48.3% 

with complete absence of03-M122. We also typed M88, the downstream SNP marker of 

M95 but none of the samples had this marker. The frequency of M95 in other Mundari 

populations representing different of India (East, West and Central) shows a 

combined frequency of 54% (Sengupta et al, 2006; Kumar et al, 2007) and in 

Khasi-Khmuic it is 30.3% (Reddy et al, 2007). Therefore, it can be deduced that 02-M95 

might have originated in Mundari speaking Austro-Asiatic inhabiting either Central or 

East India which shows a gradient of distribution from East (Mundari) i.e. 53.13% 

(Sengupta et al, 2006 to North East (Khasi-Khmuic) 30.3% (Reddy.et al, 2007) India 

and by using North East as a corridor it might have moved out of India to South East Asia. 

Though all the sub families of AA speaking populations might have common paternal 

origin as suggested by Kumar et 2007 but they might have undergone various waves 

of genetic changes in India as as in South East Asia as evidence by the presence of 

03-M122 and its sub clades with relatively higher frequencies in Khasi-Khmuic (Kumar 

et al, 2007) and other South East Asian Austro-Asiatics (Shi et al, 2005). 

Therefore on the basis of Y-ehromosome diversity studies it can be concluded that North 

East has acted as a corridor at least for the back migration of Austro-Asiatics people from 

out oflndia and possibly to the South Asia. 

Caste-tribe relationship in the Sub-Himalayan region: 

The origin of caste system in India is a matter of debate. Previous genetic studies on 

Indian castes and tribes failed to achieve a consensus on their origins and affinities. A 

few studies reported closer affinity of Indian castes with either the Europeans or the 
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Asians. Studies of Bamshad et a!, 2001 and Basu et al, 2003 support the genetic 

differentiation of caste and tribal populations, and the North Indian invasion of 

Indo-European speaking nomads, pushing the Dravidian tribes to southern peninsula. On 

the other hand, Kivisild et al, 2003 suggest that Indian tribal and caste populations 

derived largely from the same genetic heritage of Pleistocene southern and western 

Asians, receiving limited gene flow from external regions since Holocene. Further, 

Cordaux et al, 2004 reports that the paternal lineages of Indian castes are more closely 

related to the Central Asians than to the Indian tribal groups, thereby supporting the view 

that Indian caste groups are primarily the descendents of the Indo-European migrants. 

More studies are required for a better understanding ofthe genetic structure of the diverse 

Indian populations, where many questions remain unanswered. 

The frequency of haplogroup distribution in eight tribal groups and two caste groups has 

been presented in Tabfe.:3. Our results show that almost in all the tribal groups the most 

frequent haplogroups was Hl, 02 and 03 whereas the haplogroup distribution was quite 

different in two different castes. In Bengali, Rl was the most frequent haplogroup 

whereas in Rajbanshi differentiated 03 i.e. 03- M117 had the highest frequency of 

38.59%. The frequency ofRl was much lower i.e. 15.78% than Bengali and other castes 

reported in other studies (Thanseem et al, 2006). The high frequency of 03 in Rajbanshi 

caste raises vital question about the tribe-caste relationships as HG-03 has very low 

frequency amongst the caste populations across India ( Sengupta et al, 2006; Sahoo et al, 

2006). Moreover, this haplogroup has. a very high frequency amongst the Tibeto-Burman 

populations found in North East India as well as in South East Asia. Historical clippings 

have revealed that Rajbanshis have a disputed history and many suggest that Rajbanshis 

had tribal origin. From the resent understanding and on the basis of haplogroup sharing, it 

can be said that Rajbansbis might have a Tibeto-Burman connection regarding its origin 

and therefore tender more supports to the long standing opinion that Indian lower castes 

had tribal origin (Kivsild et al, 2003, Thanseem et al, 2006). 
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Conclusion: 

In conclusion, the present mtDNA phylogeographic study lends support to the late 

Pleistocene genetic differentiation of modern Asia being centered in the northeast 

Indo-China corridor regiion, which played a pivotal role in the differentiation of west and 

east Eurasian gene pools. Our results offer a fresh insight into issues surrounding the 

non-African founder origin and the modern human dispersal to Asia. 

In the light of present understanding of phylogeography of sub-Himalayan populations, 

our results lead to the understanding of a couple of facts. First of all, the role of North 

east India as a corridor for population migration and settlement has attained more support 

based on Y-chromosome studies. There were few studies on the caste-tribe relationship 

from South India; however, such studies were not being done in North East Indian 

populations. From the present findings, relation between caste and tribe has become 

clearer in the sub-Himalayan region of North east India. Thirdly, the typing of more 

number of SNPs and with the identification of two new SNPs, it had been possible to 

revise and update the Y-chromosome phylogenetic tree. Our findings would definitely 

add more value to further understand the role of sub-Himalayan region in population 

dynamics and such studies will be valuable deciphering the route of migration of 

various populations on global basis. 
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Summary: 

The "population genomics" era has emerged as relatively a new enterprise in the research 

of human mtDNA and Y-chromosome to infer the prehistoric dispersal of modern humans. 

After the completion of Human Genome Sequencing Project, the daunting task for the 

Evolutionary Biologist is to map the myriad number of stable and informative uniparental 

markers present on mtDNA and Y-chromosome and to obtain genealogical information 

from different ethnic groups on global basis for evolutionary understanding. 

In this respect, India deserves much attention because it occupies a center stage in human 

evolution and it has served as a major corridor for the dispersal of modern humans that 

started from Africa about 100,000 years ago. 

Historical as well as phylogenomic studies have revealed that India occupies an important 

geographical location and played important role in population migration and settlement. 

Though the entire Indian subcontinent shows diverse ethnic composition, North eastern 

part of India covering the sub-Himalayan terrain including Nepal and Bhutan has been a 

hotspot for linguistic and population diversity. Northeast India, the only region which 

currently forms a land bridge between the Indian subcontinent and Southeast Asia have 

been thought to have witnessed and retained the signature many ancient and 

contemporary genetic event of population migration and settlement. 

India is geographically subdivided into four regions viz. North, South, West and North 

East. However, the compilation of complete phylogenetic information from different 

parts of India has so far not yet been accomplished. Though extensive works based on 

mtDNA and ¥-chromosome has already been carried out in the populations of other three 

parts, however, very meager works have been undertaken in northeastern region. This 

sub-Himalayan region has outstanding phytogeographic importance because a major 

wave of humans entered India through this part. More interestingly, this part harbours 

more than l 00 different ethnic groups and some of which are rare tribes and are 

categorized as primitive. The objectives of the proposed study were to provide a 

comprehensive view of genomic diversity and differentiation and to draw inferences on 

the peopling of sub-Himalayan regions, and the origins of the ethnic populations 

especially in relation to the other continental populations. 
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To meet up the objectives we had genotyped the complete mtDNA genome as well as 78 

Y-chromosome binary markers covering all the haplogroups in selected ethnic groups of 

sub-Himalayan regions (Eastern India, Nepal, Bhutan and Bangladesh) and to compare 

them with other ethnic groups across India as well as Asia. The genotyping has been done 

on individuals from the aforementioned geographic area and ethnic groups by utilizing 

direct sequencing, DHPLC and SNPstream method. 

The present study revealed some interesting aspects. Results of the phylogeography 

analysis suggested that South Asian maternal ancestry diverged from the eastern part of 

India. Furthermore, the Southeast/Island Southeast Asian aboriginal maternal gene pool 

was observed to share their ancestry with our Indo-China corridor samples. Scientific 

literature supporting the southern China origin of East Asians also suggested that all East 

Eurasians were evolved from a common founding group located geographically close to 

the northeast Indo-China corridor region. 

Our results show that sub-Himalayan North Eastern region of India has played important 

role in population migration especially for Austro-Asiatic tribes which might have used 

this part of India as a possible corridor for moving out of India. It has also been revealed 

that caste populations studied here show higher genetic diversity than the tribal groups 

and one of the caste groups bear genetic resemblance to the TB tribe and therefore 

emphasize that some of the caste had tribal origin as proposed by archeological as well as 

cultural findings. More interestingly, we have also detected two new SNPs, one of which 

has been quite informative and the other requires further characterization. The 

incorporation of as many as 78 binary markers and identification of new SNPs have 

helped us to revise and update the existing Y-chromosome phylogenetic tree. 

In conclusion, the present investigation had added more value and information on the 

contemporary knowledge of population genetics in Indian subcontinent as well as in the 

remaining geographical preview of Asia. 
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The future perspective: 

Mitochondrial DNA (mtDNA) and the Y chromosome SNPs have led the way in 

molecular evolutionary studies of human evolution. The present investigation was very 

challenging and aimed to fill up many of the lacunae of previous studies. This study of 

human genomic variation from a broad geographic sample of sub-Himalayan range will 

give direct insight to understand the nature and intensity of actions of various forces that 

have modulated their evolutionary course. In addition to providing insights into human 

evolutionary processes, human genome diversity studies will provide us the clues to 

various central biological questions, and genotype database will provide vital clues to 

scientists of diverse fields. 

Complete sequence infonnation of mtDNA of these groups will also provide valuable 

data for the understanding of various diseases and also will be a great resource for 

forensic applications. Finally such studies may add more momentum for using mtDNA in 

so-called personalized genetic histories and in the investigation of individual genealogies 

on global basis. 

Y-chromosome SNPs would also be valuable markers for quantifying admixture among 

Indian populations. There is extensive knowledge regarding the geographic origins of 

Y-SNPs based on studies of global populations. Because of the high geographic 

specificity Y -SNPs can be used to directly measure admixture among diverse populations 

without resorting to more complex models of admixture. In particular. the Y data may 

shed more light on the path(s) followed by anatomically modem humans after they left 

Africa and settled other continents. The proposed study may also help to construct a 

highly resolved tree of NR Y binary haplogroups on these set of Indian populations and 

may add some novel haplotypes to the existing nomenclature system. 

Following the comprehensive documentation of genetic stratification within south Asia, a 

next logical step would be association mapping to identify genetic variants associated with 

complex multigenic diseases and microbial resistance to pathogens such as malarial 

parasite, viral hepatitis, HIV. or Mycobacterium tuberculosis and Mycobacterium leprae 

that afflict a large section of South Asians. The increase in non-infectious diseases such as 

cardiovascular disease. type 2 diabetes mellitus and metabolic disorder in this region also 

places an enonnous burden on these developing economies and their already stretched 
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health care systems. 

The technological advancements in recent years in the field of biology will soon make such 

· kind of study economically feasible. 

The challenge should be taken to obtain clinically significant results that can translate into 

benefits for the general population leading eventually to early diagnosis, prevention and 

therapeutic intervention. Only then can this quarter of humanity truly benefit from the 

promise of the 'genetic revolution'. 

The complexity of human genetic variation in South Asians and its role in gene regulation, 

expression and influencing disease and non-disease phenotypes in diverse populations 

from this region has yet to be fully unraveled. 
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Appendixes: 

The races of man: 

Biological grouping within human species distinguished or classified according to genetically transmitted 

differences. Depending on morphological characteristics there are three major human racial groups, i.e., 

Caucasoid, Mongoloid and Negriod. 

Table 4. Characteristics of major human races: 

Face 

Hair 

Eye 

Nose 

Head hair: colour, light blonde to 
dark brown;texture, fine to 
medium; fonn, straight to wavy 
Body hair: Moderate to profuse 

Colour: light blue to dark brown; 
lateral eye fold occasional 

Bridge: usually high; 
narrow to medium broad 

fonn: 

to lateral; slender to 

Table 4.1. Human. Races: 

Head hair: colour, brown 
to brown black; texture, 
coarse; fonn, straight 
Body hair: sparse 

Colour: brown to dark Colour: brown to brown 
brown, medial epicanthic black, very vertical eye fold 
fold common common 

Bridge: usually low to 
medium; fonn: medium 
broad 
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Bridge: usually low; fonn: 
medium broad to very 
broad 

""""""""""""""""""""""""""""'=~/ be lateral and 



I Von Eickstedt (1937) 

Biasutti (1959) 

Coon (1962) 

US Office of Management and 
Budget (1997) 

Risch et al. (2002) Fig. 1 

·sch et al. (2002) Table 3 

goloid, Australoid 

ican-American, White, American Indian or Alaska Native, 
ian, Native Hawaiian or Pacific Islander 

frican, Caucasian, Pacific islanders, East Asian, Native 

African Americans, Caucasians, Hispanic Americans, East 
Asians, Native Americans 

Barbujani G, 2005.Human Races: ClassifYing People vs Understanding Diversity. Current Genomics, 2005, 

Vol.6 No.4 

Table 5. Primer pairs for long fragment PCR of human mtDNA: 

Table 5.1. Primer pairs for short fragment PCR of human mtDNA: 
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lf6899 20 

21 

22 

CAAACT CCT GAG CCAACAAC 

ACG AAC AA T GCT ACA GGG ATG 

CTATAACCACCCTAACCCTGACTT 24 

AGGGTGGGGTTATITTCGTT 20 

113612 

lfl4591 

113612 

H15086 

114575 14556-14575 

H16048 16067-16048 

115996 1597 5-I 5996 

H575 598-575 

Table 6. Primers for complete sequencing work of Human mtDNA: 
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GCC ACC TCT AGC CTA GCC GT 
ATG CTG GAG ATT GTA ATG GGT 
CCACTCACCCTAGCATTACTTA 
ACTCAGAAGTGAAAGGGGGCTA 

20 

21 

18 

21 

21 

21 

24 

20 

20 

20 

19 

0 

0 

14035-14054 20 

14610-14591 120 
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Table 7. List of Y SNP markers, primer information, reference SNP ID: 
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224 

183-187 
73 
246 

54 
289 
166 

176 
77 

89 
202 
329 
371 
197 
191 
219 

84-88 
185 
105 
404 

M289 II J2a6 

IM:3oo 11 03as 

ffiTIEj~~~ ~"""2a"""7""""""""""""""" 

198 



PK5 

SRY 
10831.2 

rs13447373 

rs1698061 

rs2267801 

rs9786465 

199 

T->A I[U4 -~ 

I C->I__ ])171 ] 

IG~>c II 379 I 
rc-->A- --· ·~ll4oz--l 
!tC-->G ~···11185- -1 
[Q_;,._A -=---=---- ][234- --~ I C->G-~~[166~--·· -1 
I A->G 1[114-- ~ 

186 

'135 



Table 8. mtDNA Haplogroup Specific Control Region Mutation Motifs: 

A. African Haplogroups: 

523d-524d 

523d-524d 

C-185-189-236-

64, 523d-524d 

16368 

189-16223-16264- I 6270-16278-

523d-524d 

523d-524d 

523d-524d 

200 



16189-16223-16229-16278-16291-16294-16311 I 1639o I 
16114A-16129-16213-l6223-16278 16390 

16114A-(16129)-162!3-16223-16278-16362 16390. 418, 

16114A-16129-16213-16223-16274-16278 16390 

116223-16278 16390, 523d-524d 

L2c* 16223-16278 325 16390, 523d-524d 

L2c2 16223-16264-16278 16390. 523d-524d 

L2d I 16129-16189-16278-163oo-16354 

L2e I 16111A-16145-16184-16223-16239-16278- 16355 

L6 I 16048-16223-16224-16278 

L4a I 16223-16260-16311-16362 

L4bl 16179-16189-16223-16239-16311-16 I 
L4b2 16223-16293T-16311-16355-( 16362) 16399 

L3a 16223-16316 523d-524d. 

L3b 16124-16223-16278-(16362) 523d-524d 

I 16124-16223-16278-16362 I L3b1a 

116124-16223-(16278)-16362 I L3b1b 

523d-524d 

L3b1* 16124-16223-16278-16311-16362 

L3b2 16124-16189-16278-16362 

L3c 16223-16311-16362 

I L3d I 16124-16223 

L3dla 16124-16223-16319 

L3dlc 16124-16166-16223 

L3dld 16124-16223-16256 

L3d3 16111-16124-16223 

L3d3 16124-16189-16223-16278-16304-16311 

L3d4 16124-16223 

L3e1 16223-16327 

L3ela 16185-16223-16327 

L3e1b 16223-16325d-16327 

I L3e1d I 16176-16223-16327 

I L3e2 I 16223-16320 

I L3e2a I 16223-16320 

I L3e2b I 16172-16189-16223-16320 

L3e2b* 16172-16183C-16189-16223-16320 

L3e3 16223-16265T 

16051-16223-16264 

16041-16223 

16223-16153 

16223-16260-16311 

16223 

16169 

201 



494 

516 

16399 

B. West Eurasian Haplogroups: 
--,-,-----~-----------------,----------.....---- -------

liapiogrPHfJ 1 JH\ ~ i li\: 1 lr~ "tt' 
I 

' ---------------- __ ____:_______ 
Oa 16126 16362 64 

HVO 16298 72 

HVI 16067 

HV2 16217 73-152 

HV4a 16221 

HV6 16172-16311 

I HV7 II 16278-16311 

I HV8 1!16311-16354 

I HV9a I 16311 

HV* 16223 

H 

I 

202 



I H2b 1 16311 52 

I H3a 52 

H5 

H36 

46-195 

35 

16294 

152-195 16519 

16519 

I 16519 

16519 

16519 

152 16519 

16126-16!53-16294-( 16296) !50 16519 

16126-16182C-161 :83C-16189-!6294-l6296- 195 16519 
16298 

200 

295 

295 

295 

242-295 

203 



462-489 

462-489 

l§J. 523d-524d 

16519, 471 

16519,508 

16519,499 

499 

499-573. c 

I 15o 116398 

150-(228) 

150 

152 523d-524d 

282 

282 

195 

204 



150-199 

!52 16519 

146-195 16519,524.1 

II 146-152 116519, 498d 

146 16519 

146-152 16519 

146 16519 

295A 16519 

!52 

199-204-250 

!199-204~250 

I! a 16129-16172-16223-16311 199-203-204-250 

I 16129-16223 152-199-204-207-250 

I r4 199-204-250 

IS 199-204-250 

Nla (152)-199-204 

N1d 199-204 

Nib 16390-16519 

N1c 

N2a 189-199 

189-195-204-207 

189-194-195-204-207 

189-194-195-204-207 

146-153 

146-153 

195 

C. South Asian (Indian) Haplogroups: 
---~------------------------, ------,------~ 

Haph•!:ru,•P 1 n·. ' H'l:: H'\ ' en\ 1 
, I 
I ' 

----- ----------------~------t-'--------n~--
M 489 16223 

1M2 I 16223-16274-16319 

I M2a1 I 16223-16270-16319-16352 204 

M2b 16169.1C-16189-16223-16274-16319-16320 152-182-195 

16126-16223 

16145-16223-16261-16311 

16223-16311 

205 



16519, 489 

16519,489 

16519,489 

461-489 

194-246 

189-246 

195-246 

M38de 16223 

M30 !6223 

M30a 16223 

I M30b I 16223 

16223 

188-234-282 

195-207 

150-293 

195 

M33b 

M33d 

M34 

M34a 16223-16249-16359 489-569 

M34b 16051-16223-16249-16250 489-569 

489 

482-489 

489 

16381, 489 

239 489 

15!-152 489 

489 

55.JT-65.1T-66T, 

16463,489 

200 16463,489 

9 

206 



M44 146 489 

M45 2 489 

M48 199 16390,489 

M49 489 

M49ab 489 

M49d 489 

MSO 489 

16390, 489-
523d-524d-573. c 

150 489 

240 390T, 489-572 

M54 16183C-!6189-l6223-16294 152 16519, 
482-489-523d-524d 

16223-1{)311 

16111-16223-1631! 

16223-16311 

!52 16527,489 

146 

195-198 

185-189 

195 16390,456 

16126-16181-16209 1!16519 .I 
207 I 16519 I 
152-299d 16159,373-480 

152-215 16497-16519, 373 

146-338 523d-524d 

207-228-234 

207 



D. East Asian Haplogroups: 
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I G4 

I M7a 

I M7a1 

M7a2 

Cl 

Cia 

I Clb 

C1c 

Cld1 

Cld2 

C5 

pre-Z 

6298-16325-16327-16356 

16051-16188-16204-16223-@1 6298-16325-
16327-16362 

16051-(16223)-( 16298)-16325-16327 

16223-16288-16298-16327 

16223-16260-16298 

16185-16223-16260"16298 

16185-16223-16260-16294-16298 

16223-16234-16362 

16223-16234-16316-16362 

16158-16223-16234-16362 

209 

191.1A 

146 

150-199 

150-199 

150-199 

199 

199 

146-199 

(146)-199 

146A-199 

93-249d-290d-291d 

1249d-290d-29ld 

249d-290d-291d 

249d-290d-291d 

194-249d-290d-291 d 

249d 

152-249d 

152-249d(or 247d) 

489 

489-121-523d-524d 

16519. 
489-{ii),523d- 524d 

16519, 
489-523d-524d 

16519. 
489-523d-524d 



F1a3 

Fie 

Flbde 

Fld 

Fle 

F2* 

~16129-16172-16284-16304-16311 

16111-16129-16304 

(16183C)-16189-16304 

I (16!82C)-16183C-16189-16232A-l 
~ 16311 

16189-16304 

16189-16304-16355 

16304 

I 16291-16304 

!53 

215-318-326 

249d 

146-249d 

249d 

185-189 

146 

210 

16519, 523d-524d 

165] 9, 523d-524d 

(16519), 523d-524d 

16465-16519, 
523d-524d 

16390-16519, 
523d-524d 

]6519, 523d-524d 

16519, 523d-524d 

(16519), 523d-524d 

16519. 523d-524d 

16519, 523d-524d 

(16519 '523d-524d 

(16519), 523d-524d 

[ (16519). 523d-524d I 
16519, 523d-524d 

16519,499 

16519, 499 

16483-16519, 499 

16519, 499 

16519, 546 



-16217-16235 

-16189-16217-16249-

B5 

B5a 

B5a2 

B5b 

B5b2 16111-16140-16183C-16189-16234-16243 

B5b3 16140-16183C-16189-1624.3-16256 

A 16223-16290-16319 

I A4 I t6223-t629o, 16319-16362 

A2 

N9a2 

N9a2ab 

N9a4 

N9a5 

N9a6 16223-16257 A-1626!-16292 

N9b 16183C-16189-16223 

N9blb 16129-16!83C-16189-16223 

N9b1c 1.6183C-16189-16223 

N9b2 16183C-161 119-16223-16294-16309 

150-195-214 

200 

1 03-189-199-203-204 

200-235 

151-235 

235 

150 

94 

146 

2ll 

16390 

165]9, 523d-524d 

16519, 523d-524d 

16519, 523d-524d 

16519, 523d-524d 
(or 513d-514d) 

(16463)-16519, 
523d-524d 

16519, 523d-524d 

64, 523d-524d 

16519 

482 



E. Southeast Asian Haplogroups: 
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R22 16249-16288-16304 

R23 16256-16290 

I R24 16051-16185-16189-16324 

R* 

N21 

N22 

N-4977 16069-16172-(l6223)-16278-16291A-l6298- 150-199 

I 16362 

N-4562 16172-16183C-16189-16223-16362 185-189 (523d-524d) 

N* 16223-16263-16274-16311-16343 

F. South Pacific Haplogroup: 

*For each mtDNA haplogroup, 73, 263, 315.1 and insertions in the HV2 poly-C stretch were ignored; all 

mutations are transitions unless exact nucleotide is brought out, suffix "d" indicates deletion and "." + a 

number (or p) +suffix indicates insertion; mutation sites which have been found in the majority, but not all 

samples from a respective haplogroup are given in parentheses; prefix"@" indicates back mutation; mtDNA 

haplogroups which need mutation motif outside of HVl and HV2 region to estimate their own haplogroups 

are shown in italics (January 6- 9, 2010: http://mtmanager.yonsei.ac.kr). 
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Table 9. The eastern India expansion subliaplogroups: 
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AND 
AND 146 
AND ~~========~~~~1~46~~~~~~~========~! 

146 
!46 

56d-58-153-234 

KAR 

I KAR SI 

IKAR SI 

I KAR SI 126-223 

I KAR Yerava809 Sl 126-223 
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AND 
AND 

I AND 
AND 

PUJ 

WB 

I MEH 

Pardhi1 

I Pardhi19 

Pardhi58 

I Konkanastha 
Brahmin14 

Jl Gujarat16 

PardhanW22 

PP59 

Ben83 

1-152 

126-223 

126-223 

216 



BIH BD14 

PAK 

IPAK 
I Hunza 
• Burusho-HU4 

PAK 
Hunza 
Burusho-HU5 

PAK 
Hunza 
Burusho-HU6 

Scheduled 

KAR 
KAR 
KAR 
WB 

IPAK 

WB 

BAN BNI4/l 

BAN BNlS/2 

BAN BN3112 

UP C67 

Sindhi-SIJ 

I2 

IPAK 

Gujarat12 
GUJ P AK Brahui-BR2 

UP 

RAJ 

M3 

M3 

126-223-368-391 

126-147-223 

126-147-223 

126-147-223 

126-147-223 

42-126-147-150-223-293 

209-223 

126-162-172-223-256-342-
390 

126-154-223-239 

126-154-223-239 
66-126-154-223 

217 

4580 

4580 

150 4580 

150 

150 

146-150 



204 

218 



4580-4703 

UP CIS7 

UP Bhoksal7 

I UP II Uttar Pradesh624 

I UP I Brahmin-UP25 

UP 

52-182-195-214-37 

NW 

N'W 
NI M3al 

NI M3al 

1';1 M3al 

N1 M3al 

EI M3al 123-272 

219 



204 

17 

146-204 

146-204 

UP 

PUJ 

AND 

220 



l46 

146 146-195 

260 

AND 

AND 

MEH 

-207 

126-223-261-344 

126-223-261-344 

221 



126-223-261-344 

126-223-261-31 1 

126-168-223-344 

!46 

199-234 

93-195 

126-223-301-344 

126-223-301-344 

126-223-301-344 

222 



827 

12007 

12007 

223 



PUJ 
Scheduled NI 
castell2 

KAR Gowda-029 SI 

GU WI 

UP Uttar Pradesh426 NI 

UP Al73 NI 

UP B2 M4a 

B120 M4a 

Bl80 M4a 

UP 

I PAK 

I BAN 

AND 

PAK 

BIH 

WB 

BIH SA 50 

JHA Munl92 

JHA Birl97 

II I 
I I 
II I 

AND I sr II :I 
EI 

93-145-2237261-31! 

93-145-223-261-311 

224 



UP Tharul9 

UP Cll7 

UP B45 

UP Cl19 

I UP I cno 
Cl06 

M4a 

I M4a 

SJ M4a 

SI M4a 145-176-223-261-311 

SI M4a 145-176-223-261-311 

225 



NAT37 SI M4a 145-176-223-261-311 

WI M4a 145-176-223-261-311 

U68 

R44 

DG39 

VNIO 

KAS37 

I PUJ 

jAND 

joru 

loru 

I ORI 

~' I KER 

I WB Sc65 El 

WB MX6114 El 145-176-223-261-266-291-
311 

WB MX69/1 El I45-176-223-261-266-291-
3I I 

PUJ PP55 NI 145-1 76-223-26I-266-291 
311 

GUJ Gujarati-GJ5 WI 145-176-223-261-266-29 I 
31 I 

IMAH I Desasth 145-I 76-223-261-266-29 I-
Brahmin45 311 

BAN I BN67/2 

BAN BN67/1 

BAN BN65/3 

MAH MA54 

IPAK KAR64 

I GUJ Gujarat45 Nava 
I45-223-261 -266-291-311-
319 

IMAH Baudh-NBH40 
51-82-110-145-223-261-26 
6-291 

IMAH 
Nava 51-82- I 26-I 45-223-26 I -26 
Baudh-NBH41 6-291-311 

I NAT66 
92-145-176-223-260-261-3 

!52 
II 

EM46 SI 
92-145-176-223-260-261-3 

152 
11 

SI 
92-145-176-223-260-261-3 

152 
ll 

Kapu-KT68 SI 
92A-145-223-227-245-290 
A-291 

MAH Desasth 129-134-145-223-261 
Brahmin48 

AND Lambadi39 75-92-189-223 

I AND II Lambadi59 1 75-92- I89-223 

226 



75-92-157-223 

NW 

SI M4bl 

sr M4bl 

sr 
SI 

SI 

SI 

SI 

SI 

227 



PUJ 

TN 

TN 

TN 

Scheduled 
caste-SCH I 0 

DG43 

N! 

92-223-289-342 

I 92-126-223-289 

185-223-289-362 

185-223-289-362 

185-223-289-362 

185-223-289-362 

185-223-289-362 

I 223-266-289-319 

DEJ 223-266-289-31! 

228 

72iT 

1664-6179-658 
4-8251-11413-1 
592 

2177-6261-132 
93 



I 3398-8865 

229 



1888-4541 

ERJ80 SI M4cl 184-223-31 1 

ODC91 Sl M4cl 184-223-311 

I ODC92 II Sl II M4cl 184-223-311 

I NAT8 ICS[=-:J! M4c1 184-223-311 

230 



Sl M4cl 

Sl M4cl 

SI M4cl 

[~I 
SI 

SI 

176-189-223-249 

93-145-189-223-290-312 

Madiga-M23 
93-145-189-223-290-312-3 
55-381 

IWB OR293 93-145- I 89-223-290-312-3 214 
81 

JwB OR202 
93-145-189-223-290-312-3 

214 
81 

WB MX82/2 
93-145-189-223-290-312-3 

214 
81 

WB MX112/3 93-145-189-223-290-312-3 214 
81 

lAND I Gond 145-183C-189-223-290-31 
2-381 

lAND I Gond 
!45-183C-189-223-290-3! 
2-381 

231 



AND Gond 

TN NGL29 

UP Al78 

UP A164 

IUP 
IVP Nl 5432 

KAR SI 

AND SI 

AND SI 

AND 
AND 

AND 

BIH 
JHA 

BAN 
199 

199 

KER TVM10 

TN TNP33 

.• TN ODC36 



TN 

TN 5426-5432 

TN 12561-15924 

TN 

TN 

I AND 189-223 

KAR 199-223 

AND M35a 69-223-304h 

TN M35a 148-223 

I PAK 
Hunza 
Burusho-HU12 II M35a 148-223 

KAR Havik25 M35a 153-223 

KAR Gowda-G39 M35a 

AND 
WB 

5426-5432 

Sl 

SI M35a 

SI M35a 

E~M35a 

233 



KER 

MAH 

MAH 

MAH 

MAH 

I MAH 

Konkanastha 
Brahmin27 

Konkanastha 
Brahmin32 

I MA68 

146-199 

199 

199 

189-199 

199 

114-146-199 

114-146-199 

1199 

1 199 

234 



5426-5432 

199 

AND 
AND 
DEL II 199 II 
AND II I 

I AND 

199 

188-195-297C 

151-199 

'I 

432 

93-223-293C-296iC 

!223-304 II 
1 223-304 II 

235 



WB Bengal-Brahmin2 
3 

ORI l Khandayat2 199 

jwB I RJIS 

WB RJ21 

BAN BN26/l 

WB MX12/1 

BHU BH19/1 

BHU BH4/1 

236 



MAH 

MAH 

I MAH 

MAH 

MAH 

MAH 

IMAH 

291 

AND Kolam 

PUJ PP91 

I UP I Logadiya21 

IMAH I Desasth 199 
• Brahmm55 

I AND I Kolam I 
TN DG190 199 I 

MAH 
onkanastha 

Brahmin38 

I AND I P052 SI 

237 



140-184-223-304-311 

129-140-184-223-228-256-
264-289-304-322-347-356 

UP C94 223 

WB RJ104 223 

WB Pha228 223 

WB Sci 223 

WB Sc6 223 

238 



M35b 199 

M35b 

M35b 152-199 

I M35b 150-199 

M35b 

199 

139-199 

152 

152 

AND 

I AND 

!UP C165 143 I 

~ 
Gowda-G6 M39al 1153-279 II 

D Koya52 
56 iT -59d-60d-65iT -1 I 53 

I AND I R52 SI M39al 
55iT-59d-60d-65iT-6 
6T-153 

I AND I RllO SI M39a1 
55iT-59d-60d-65iT-6 
6T-153 

I AND I Rl27 M39al 223 
55iT-59d-60d-65iT-6 
6T-153 

TN DG59 Sl M39al 223 
55iT-59d-60d-65iT-I 
53 

TN TH186 SI M39al 223 
55iT-59d-60d-65iT -I 
53 

TN I Sl 223 
56d-58A-66T-66iT-1 
53 

Sl 
56d-58A-66T-66iT-1 
53 

SI 
53 

TN Sl 
56d-58A-66T-66iT-1 
53 

TN 
56d-58A-66T-66iT -I 
53 

TN 
56d-58A-66T-66iT-l 
53-279 

TN 56d-58A-66T -66iT-1 
53 

!TN I CNP18 I M39al 1 223 
56d-58A-66T -66iT-1 
53 

ITN I CNP28 M39al 223 
56d-58A-66T -66iT-1 
53 

!TN I VEM22 M39al 223-304 

AND Tl64 Sl M39al 223-304 

239 



UP Nl 

AND T69 

ITN I Kotal 

I Kotal4 

R147 

E! 

SI 

/2 E! 

91-223-304 

M39al 223-368 

M39al 223-368 

M39al 

240 

55iT-59d-60d-65iT-6 
6T-153 

55iT-59d-60d-65iT-6 
6T-152-153 

55iT-59d-60d-65iT-6 
6T-153 

53 

55 iT -59d-60d-66T 
6iT-153-234 

56d-58A-65iT 

463-485-9374 



UP 

AND 

BIH HoJ75 

BIH Bhumij J33 

jTN 
AND 

OR215 El 

178-223-316T-325 

223-270-325 

223-270-325-482 

223-270-325-482 

209-223-270-325 

223-272-325-342 

157G-223-252-272-325-33 
9A 

166-223-311 

241 

56iT-59d-60d-65iT-6 
6T 

55 iT -59d-60d-65iT-1 
82 

55iT-59d-60d-65i 
6T-!82 

55iT-59d-60d-65iT -6 
6T-182 

204 

204 

55 iT -59d-60d-65iT-2 
07 

55iT-59d-60d-65iT-2 
07 

55iT-
07 

55iT-59d 
07 

55iT-59d-60d-65i 
07 

55iT-59d-60d-65iT-2 
07 



IWB II MX135/2 M39a3 111-353 

IWB II MX17/2 EI M39a3 111-353 

IWB MX74/2 M39a3 I 11-353 

IPAK KAR86 

I JHA OR126 

IWB KLJO 

MX54/1 55iT-59d-60d-65iT-2 
07 

KL69 
55iT-59d-60d-65iT -2 
07 

II 

I SI 
-2 

07 

Sl M39a3 
56 iT -59d-60d-65iT-2 
07 

SI M39a3 
56 iT -59d-60d-65iT-2 
07 

Sl M39a3 
56iT-59d-60d-65iT-2 
07 

M39a3 
56iT-59d-60d-65iT-2 
07 

I 
I 

242 



223-352-353 

I M39a3 

M39a3 

M39a3 223-352-353 

Sl I M39a3 

SI I M39a3 

Chench1.1ll Sl M39a3 223-352-353 

Chenchl.l77 SI M39a3 223-352-353 

AND I M39a3 I 223-352-353 

I M39a3 I 223-352-353 

l M39a3 223-352-353 

I M39a3 223-352-353 

I M39b 223 

I M39b 223 

[MLi(ia::=J 179-223-294 

NI ! M40a 179-223-294 

56iT-59d-60d-65iT 

56iT-59d-60d-65iT-2 
07 

56 iT-
07 

55iT-56d-65iT-66T-l 
46 

55iT-56d-65iT-66T-l 
46 

94-204 

Cochin9 I M40a 179-223-294 B l. M40a 179-223-294 

:;~~~=====c~o~c~hi~n3~9:::::~p[i ~lrM~;4o~a~:::;~~;~7~9~~~2~3~-~29;4::::::::11~;;;;;;;;;;;;1i~:::::::::ij 
Koya51 L:~~~M~40~a~~~~=l~79=-=22=3=-2=9=4====~==~~~9d~1~57

2-=1 7
89~~==~~========~l 

Pradesh 

~~~ M40a 179-223-294 ~~6-152-189-195-24 

Sl M40a 179-223-294 

SI 40a 179-223-294 

SI 

SI 

WI 

WI 

Sl 

SI 

EI 

243 

7 

146-152-189-195-24 
9d 

150-200 



TN 
KAR 

UP 

I AND I Mala-MLl 

Kapu-KT41 
Logadiya34 
Sc87 

NI 

EI 
lEI 
[EI 

EI 

EI 

EI M40a 

EI M40a 

EI M40a 

Fl 

[}r 
El 

150-200 

1146-152 

200 

244 



3542-15954 

200-204 

WB BE98 

ARU A atani330 

BIH AS48 

BIH BM49 

BIH BMOI 

BIH MU26 

BIH MUO! 

I BIH I MU21 

BIH SA24 

M40a 1200-249 

WB 
M40a 200-249 

WB M25/2 EI M40a 

WB MX95/2 EI M40a 
200-204-234-249 

EI M40a 1200-204-234-249 
II 

~I 125-127-200-204-24 I 9 

Xl9/l EI 125-127-200-204-24 
9 

X29/2 EI 125-127-200-204-24 
9 

I MX32/2 EI 125-127-200-204-
9 

I MX121/l EI 9 I SA39 El 179-223-289-292-294-319-
356 

M40a 179-223-289-294-356 

ORI M40a 179-223-319-356 

BAN M40a 179-223-289-294-310-319-
356 

WB Munda7 M40a 92-179-223-289-294-319 

I KHA02 El M40a 
92-179-223-289-294-319-
56 

JHA Bir189 EI M40a 
179 223 289 294 319 35 
463 

UP C19 NI M40a 
179-189-223-289-294-319-
356-463 

ORI Khandayat4 El M40a 
155-179-223-289-294-31 9-
356 

245 



SA206 
179-223-
463 

SA223 
179-223-289-294-319-356-
463 

WB SA241 
179-223-289-294-3!9-356-
463 

JHA Mun59 
179-223-289-294-319-356-
463 

JHA Mun45 
179-223-289-294-319-35 
463 

I JHA I Pha126 
179-223-289-294-319-356-

200-204-249 
463 

I JHA I Mun41 
179-223-289-294-319-356-

200-204-249 
463 

I JHA I Mun60 M40a 
179-223-289-294-319-356-

200-204-249 
463 

I JHA II Munl44 I EI M40a 
179-223-289-294-319-356-

200-204-249 
463 

I JHA II Mun162 ~~~! M40a 200-204-249 

I JHA II Munl93 ~~~ M40a 
179-223-289-294-319-356-

200-204-249 
463 

JHA OR102 E! M40a 
179-223-289-294-319-356-

200-204-249 
463 

JHA Mun160 El 
! 79-223-289-294-319-356-

200-204-249 
463 

JHA Mun53 200-204-249 

Mun69 200-204-249 

Munl29 

Munl6I 

JHA Bir149 
179-223-289-294-3 J 
463 

JHA Mnn47 
I 79-223-289-294-319-35 
463 

JHA Birl52 

JHA Mun17 

JHA Bir74 

JHA Bir73 EI M40a 

I JHA I Mun42 EI M40a 
79-223-289-294-319-356-
63 

I JHA I Bir190 EI M40a 
179-223-289-294-319-356 

200-204-249 
463 

I JHA I Mun30 EI M40a 
179-223-289-294-319-356- 200-204-249-275-31 
463 6 

246 



JHA Bir194 EI M40a 
179-223-289-294-3!9-356-

146-200-204-249 
463 

ORl Khandaya:tl2 EI M4oa: I 79-223-289-294-319-356 200-204-249-274 

WB KLll M40a 179-223-289-294-319-356- 200-204-249-293 
463 

JHA Mun12 M40a J 79-223-289-294-3 J 9-356 
125-127-200-204-24 
9 

125-127-200-204-24 
JHA Mun51 9 

JHA Mun4 -223-289-294-319-

JHA Mun58 M40a 179-223-289-294-319-
00-204-24 

SA3 EI I M40a 

lwB Mun227 El M40a 

IJHA OR123 EI M40a 
179-223-289-294-3 
463 

JHA Pha193 EI 

JHA El 

EI 

WB 2 
El 

l25G-127-200-204-2 
49 

WB MX81/2 EI 19- 125G-l 27-200-204-2 
49 

JHA OR183 125G-127-200-204-2 
49 

OR267 
125G-127-200-204-2 
49 

0Rli2 1250-200-204-249 

JHA Pha97 
125-127-150-200-20 
4-249 

JHA Pha75 

lwB Pha222 

WB Pha239 

JHA EI 
38d-179-223-239-289-294 
319-356-362-463 

AND SI 145-174-223-463 

SI 172-192-223-275 
1462T-1598-54 
60 

M52 

CEC:::JI M52 ) 223-275-327A-390 

247 



RAJ 

AND 

MAH 

MAH 

I GUJ 

PAK 

EI 

EI 

El 

248 

1462T-1598-54 
60 



~ 
II M52al -192-223-286-293-3! I I 50 

M52al -192-223-286-293-3 I 1 150 

WB Kurmi86 a2 -166-189-223-275 

WB Kurmi93 -223-275 

KER TVM8 SI I M52a2 129-189-223-275-438 I 52 

I NEP II Tharu II NEI l M52a2 
I29-!83C-189-I 93iC-223-
275-438 

I BIH II AS13 ll EI I M52a2 129-147-166-I 89-223-275 

JHA Bir63 EI M52a2 
129-147-I66-! 83C-l89-22 

310 
3-275-438 

JHA Bir71 El M52a2 
l29-147-166-183C-! 89-19 

310 
4C-223-275-438 

JHA Munll EI M52a2 
129-147-166-183C-189-22 

310 
3-275-438 

WB OR299 II El 
-183C-I89-223-27 

WB OR269 El - 129- I 66-183C-189-223-27 
5-438 

""' 
·WB OR211 El M52a2 

I29-166-183C-189-223-27 
5-438 

OR212 EI M52a2 
129-166-183C-l89-223-27 
5-438 

WB :g~ JL~ ~52a2 129-166-182C-I 83C-189-2 
23-275-438 

129-l66-I82C-183C-189-2 WB 111/1 EI M52a2 
23-275-438 

WB MX114/l El M52a2 
129-166-182C-183C-189-2 
23-275-438 

WB MX38/2 EI M52a2 129-l66-182C-183C-! 89-2 
23-275-438 

:WB M27/l EI M52a2 129-166-182C-l83C-I89-2 
23-275-438 

B 
MXI29/3 II ET M52a2 129-l66-182C-l83C-189-2 

23-275-438 

MX129/4 I El M52a2 I 29- I 66- I 82C-183C-189-2 
23-275-438 

WB MX137/2 EI M52a2 129-166-182C-183C-189-2 153 
23-275-438 

WB EI M52a2 
.. 

129-!66-182C-I 83C-!89-=:f Jl53 
23-275-438 

WB I MX140/2 EI M52a2 
38 II 

IWB MX130/3 El 153 I I 3-275-438 

WB MX12/2 EI JVJ.).fU 83C-l89 

I II I 
JHA ORI86 El M52a2 

-189-22 
310d 

JHA OR42 El M52 310d 

JHA Mun79 El M52a2 
! 83C-189-223-27 

310d 

AND T116 SI M52a2 
129- I 83C-189-223-275-31 
I 

WB SAJO II EI M52a2 
I29-182C-l83C-189-223-2 
75-311-438 

:,WB SA13 ~~ 
M52a2 

129-182C- I 83C-l89-223-2 
75-31 J -438 I 

w 62 M52a2 I 83C- I 89-2 I2-223-275-30- 269 

249 



jwB 

jBAN 

WB 

II I ~engal-Brahmin2 
I ~engal-Brahminl 

6-148-187-189-203-223-
275-304 

207 

Note: Mutations are scored relative to the rCRS (Andrews et al. 1999). Transversions and length variants 

(d=deletion; i=insertion) are specified. 

•The samples shown in bold Jetter are studied by us. Our new and published complete sequences are shown 

in italics bold and italics bold with underline respectively. 

bLength variation in the 303-309 and 311-315 C-stretch region is ignored. HVS-II variation 73 and 263 are 

mostly applicable to our studied samples. 

Table 10. The eastern/southeastern India expansion haplogroups: 
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KER M2ala 203-204 I I 
KER M2ala -270-274-3 I 9-352 203-204 I I 
KAR M2ala II 

,, 
M2ala I I I M2ala I I 

SI M2ala 

SI M2ala 204 

lAND I[ SI I M2ala II 
lAND I[ SI I M2ala 

I AND I Sl 

I AND I Sl 1203-204 II 
AND SI 223-270-274-319-352 1203-204 II 
TN SI 223-270-274-319-352 1204 II 
AND SI I II 
AND SI I II 
TN TNP15 Sl 1204 II 
TN TNP22 SI 1151-204 II 
TN TNP55 Sl M2ala 1204-207 II 
TN ERIS Sl! M2ala 204 

SI M2ala 204 

sr 1204 I 
1203-204 I 
1204 I 
I II I 

I I 
I I 
I ] 

DG82 SI M2ala I I 
Maratha-MRTI7 WI M2ala I I 

DGI93 

Kolam 

AND Kolam 

1204 

29-223-270-274-319-352 1 
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AND Madiga-MJ6 SI M2ala 172-223-270-274-319-352 

TN ODCJO SI M2ala 1223-224-270-3!9-352 204 

ODC55 223-224-270-319-352 204 

DG104 223-224-270-274-319-352 204 

- 3-224-270-274-319-352 151-204 

223-224-270-274-31 1-3 I 9-
204-236 

352 

223-224-270-274 
352 

178-223-224-270-274-3 I 9-
185 

352 

I29-223-224-270-274-319-
352 

I 72-223-224-270-274-319-
352 

93-172-223-224-270-274-3 
19-352 

185-223-270-274-3 I 9-352 

185-223-270-274-319-352 

I 87-223-270-319 

I 87-223-270-274-319-3 

187-223-270-274-319-3 

187-223-270-274-319-3 

M2ala 

Chenchu56 Sl M2a1a 1 87-223-270-274-3] 9-352 

Chenchu73 187-223-270-274-319-352 

AND Chenchu74 200-204-262 

I AND Chenchu58 I 87-223-270-274-319-35 

AND Chencchu I 87-223-270-274-3 I 9-35 

AND Chencchu I 87-223-270-274-319 

I AND Chencchu 

lAND Chencchu 187-223-270-274-319-352 

AND Chencchu 187-223-270-274-319-352 

AND Chencchu SI M2ala 187-223-270-274-3 I9-352 

AND Chencchu SI M2ala 187-223-270-274-3] 9-352 

I AND Chencchu SI M2a1a 187-223-270-274-319-352 

'AND Chencchu SI M2a1a 187-223-270-274-319-352 

87-223-270-274-319-352 

-223-270-274-319-352 

M2a1a 187-223-270-27 
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AND Chencchu 

AND Chencchu 

ND Chencchu 

AND Chencchu 

I AND Chencchu 

I KAR Havik31 

TN CNP30 

AND Andh52 

MAH Maratha8 M2ala 

BIH Bhumij 137 M2ala 203-204-207 

'AND Lambadi84 M2ala 

I AND Lambadi76 [sr M2ala 

ITN VRU4 SI 

ITN VRU38 ~~~ 
I UP ll~r 

SJ M2ala 

SI M2ala 

SI M2ala 

@ M2ala 

Sl M2ala 

SI M2ala 

Sl 

SI 204-242iTAA 

SI 1204 

SI 

Sl 

Sl 

KAR Muk:ri35 D M2ala 
127-223-243-270-274-319-

204 
352 

TN CNPJS SI M2ala 
223-243-266-270-274-311-

204 
319-352 

5 EI M2alala 3-270-319 204-207 

JHA Mun21 EI M2a1ala 195 

JHA Mun49 E~ M2alala 195-204-207 
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PUJ Lobana94 

PUJ Lobana95 19 

I KAR I Gowda-G8 152 

I AND I Lambadi35 

I KAR I Gowda-G7 204 

ITN I NGL49 

MAR 

MAR 

MP Muria5 ~~ M2alala 

BAN BangS5099 ~==:JI M2alala 1 223-270-319-352 

BAN BangS5107 El M2alala 223-270-319-352 

I BIH II KRA56A EI M2ala1a 223-270-319-352 

WB SclOJ 223-270-319-352 

WB SclOO 223-270-319-352 

WB 223-270-319-352 

WB 

195-204-312 

195-204-312 

195-204-207-227 

195-204-207 

PAK 

PAK M2a1ala 

PAK Sindhi-SI5 M2alala 

PAK Sindhi-Sl6 

I AND Gond 
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SI M2a1ala 223-270-319-352 

Sl M2a1ala 223-270-319-352 

AND 223-270-319-352 

AND 223-270-319-352 146 

AND 223-270-319-352 204 

AND 223-270-319-352 195-204 

AND 2alala 223-270-319-352 204 B AND 223-270-319-352 

AND PardhanW19 SI M2alala 1223-270-319-352 II I 
I AND I PardhanW21 Sl M2a1ala 1223-270-319-352 

I AND I NaikpodZ09 SI M2alala 1223-270-319-352 

AND NaikpodZ13 

Bohra1 WI 

GUJ Gujarati-GJJO WI 

GUJ WI 

TN Sl 

TN Sl 

TN 

ORI 

IKAR Kuruva-KlO 223-270-319-352-355 

ITN TN12 223-270-319-352-390 

BAN BangS5112 

AND Koya45 195-203-204 

I AND Koya61 ] 95-203-204 

AND Koya67 II 195-203-204 

AND Koya78 II 195-203-204 

lAND Koya82 195-203-204 

TN DG55 152-204 

TN DG7 152-204 

TN AMK22 SI 195-204 
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KER TVM49 Sl M2alala 223-270-311-319-352 195 

AND Lambadi6 Sl M2alala 223-270-311-319-352 

I 
1195-199-204 II 

204 I 
1195-204 II 
1195-204 II 

AND SI 

AND SI 93-223-243-270-319-352 

AND Sl 93-223-243-270-319-352 

AND S! M2a1ala 

AND Brahmin-BN31 [sr Jl M2alala 172-223-243-270-319-352 

I AND II Thotil12 IUIM2a1ala 
93-223-230-243-270-319-3 
52 

jwB II SA220 lEI 86-223-230-243-270-319-3 
151-195-199-204 

52 

I AND II Koya40 I 93-22 
195-204 

52 

AN]) Koya50 
93-223-243-248-270-319-3 

195-204 
52 

WB SA!l 75-86 
1914 

AND Kapu-KTK69 75-223-270-274-319-352 

IWB Sc42 75-92-223-270-274-319-35 
204 

2 

!TN VKDl SI 
75-92-223-270-274-278-31 

204 
9-352 

I JHA OR9 El 
75-86-223-270-274-319-35 

183-204 
2 

I JHA OR41 El 
75-86-183C-189-223-242-

204 
270-274-319-352 
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I JHA I OR45 EI M2a1a1b 
75-86-183C-189-223-242-

204 
270-274-319-352 

JHA OR80 El M2a1alb 
7 5-86-183C-189-223-242-

04 
270-274-319-352 

·• 242-270-274-
JHA OR188 El M2a1alb 38d-75-86-183C-189-

352 
204 

jwB I OR270 EI M2alalb 
75-86-183C-189-223-242-

04 
270-274-319-352 

WB MX135/1 II m M2alalb 
75-86-183C-189-223-270-

204 
274-319-352 

WB MX31/3 m M2alalb 
75-86-183C-189-223-270-

204-207 - 274-319-352 

IWB I SA17 . El M2ala1b 
75-86-183C-189-223-270-

204 
274-319-352 

I JHA I OR7 EI M2alalb 
75-86-183C-189-223-270-

183-204 
274-319-352 

I JHA I OR! EI \12alal b 
7 5-86-183C-189-223-27C-

204 
274-319-352 

JHA Mun32 El \12alalb 75-86-183C-189-223-27L.J 204 
319-352 

WB Munda6 

~: 
75-86- I 89-223-270-274-~ 
9-352-362 

WB I u, '" 
75-86-223-242-270-274-31 

i 9-352 

75-86-183C-189-223-242-WB MX\32/4 El M2alalb 
270-274-3 I 9-352 

204 

AND T34 SI M2alalb 
75-86-182C-183C-189-223 
-270-319-352 

JHA Mun95 EI M2alalb 
75-86-182C-183C-189-189 

183-204 I I iC-223-270-274-319-352 

AND KPOS SJ M2a1a2 223-270-274-292-319-3 52 

AND Chenchu82 Sl M2ala2 223-270-274-292-319-352 204 

AND Chenchu28 Sl M2ala2 223-270-274-292-319-352 152-204 

AND Chenchu46 SI M2ala2 223-270-274-292-319-32] 152-204 

AND Chenchu6 -270-274-292-319-3 52 

AND Chenchu27 SI M2ala2 23-270-274-292-319<;52 

AND Chenchu30 ~~ I M2ala2 23-270-274-292-319-352 

AND Chenchu33 ~I I M2ala2 223-270-274-292-319-:152 

AND ambadi53 SI M2ala2 ~274·292·319·152 

AND ;] M2ala2 -274-292-3 I 9-)52 

AND Sl M2ala2 -274-292-319-352 

AND Sl M2a1a2 ~270'274-292·319· 352 

I Sl 11•7 270-274-292-319-352 

lAND Chencchu I Sl I -r-, 1b:' 270-274-292-319-35 

I AND Chencchu l[s1 I M2ala2 223-270-274-

I AND Chencchu 
EIM2'1" 1 223-270-274-- -

I AND Chencchu Sl . I M2ala2 1 223-270-27 

AND I Chencchu Sl M2ala2 1 223-270-274-292-319-352 
' 
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223-270-274-292-319-35::-
9438 

362 

223-270-274-292-3 - ')_ 

AND 
362 

AND 
223-256-270-274-292-31' 
352 

AND 110-223-270-274-292-31 :1 
352 

AND 
180-223-270-
352-362 

Sl 
180-223-270-274-292-31 
352-362 

El M2ala3 86-223-270-274-319-35:< 

EI M2ala3 

EI M2ala3 

M2ala3 86-223-270-274-319-35:~ 

M2aia3 86-223-270-274-319-35:Z 7298-11914 

M2ala3 86-223-270-274-319-352 

186-223-270-274-319-352 

86-223-270-274-319-

86-223-270-274-319-

86-223-270-274-319-352-
55 

86-111-223-270-274-319-3 
52 

1223-274-319 B 1223-274-319 

I I 

Sl 1223-274-319 

KER Cochin48 Sl 1223-274-319 

KER Paniya25 SI 223-274-319 
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fl Yerava43 

II Yerava49 

II Yerava792 I II 
Yerava795 ]I II 
Yerava816 

Yerava908 

146-152 

1!46-152 

1146 5426 

1146 

223-274-301 

223-274-301-319 

223-274-301-319 

223-274-301-319 

223-274-301-319 . 

223-274-3\9-357 

223-274-3 I 9-357 

SI 

El 1146-272-317 

EI 146-238 

Birhor J7 146 

lwB II Kurmi87 1146 

WB Kurmi22 1146-207 

BIH AS19 I 
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BIH BM08 223-265C-274-319 

BIH BM32 223-265C-274-319 

OR253 223-265C-274-319 

OR258 223-265C-274-319 146 

OR271 223-265C-274-319 146 

Pha255 223-265C-274-319 146 

OR171 EI M2alb 223-265C-274-319 146 

HA Mun29 EI M2alb 223-265C-274-319 146 

HA Pha7 EI M2alb 223-265C-274-3!9 146 

HA Mun178 El M2alb 223-265C-274-319 146 

HA OR\58 EI M2alb 223-265C-274-319 146 

HA OR57 EI M2alb 223-265C-274-319 146 

HA Munl99 EI M2alb 223-265C-274-319 146 

HA EI M2alb 223-265C-274-319 146 

JHA EI M2a1b 146 

JHA 146 

JHA 146 

JHA 146 

WB MX\13/2 EI M2a1b 146 

WB MX\15/1 M2alb 1146 

jwB II MX83/2 M2alb 1146 

IWB II MX16/2 146 

WB MX54/2 146 

WB MX78/2 146 

AND Andh4 

AND Andh16 

AND Andh67 

AndhX32 

223-265-274-319 

223-265-274-319 

AND SI 

AND SI 

AND 

AND 

I AND Tl71 146 
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SI M2alb 

SI 

SI 

EI 

EI 

WB OR201 

WB OR213 89-223-261-274-311-3 

lwB OR300 

WB OR225 

WB OR203 189-223-261-274-31 

WB OR249 

WB OR207 189-223-261-274-311-319' 

WB OR294 1!89-223-261-274-311-319 II 
115426-5774 

II 
II 
II 
I 

EI 

EI 

JHA OR24 

JHA OR83 El 

JHA Mun!51 EI 146 

WB Mun212 
189-223-261-274-297-311-

146 
319 

172-189-223-261-274-297-
146 

311-319 

146 

46 

AND 46 

AND 

AND 146 

AND 146 

AND 146 

AND PardhanW40 SI 146 
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AND Brahmin-BV47 I SI ] M2alc 223-240C-274-311-319 

UP A184 I NI J M2alc 223-240C-274-311-3 19 

MAH KBR3 I WI J M2a2a 23-274-319-320 

rahmin-KBR4 I WI ] M2a2a 23-274-319-320 

rahmin-KBR6 WI M2a2a 3-274-319-320 

Brahmin 
I M2a2a 74-319-320 

KAR Oowda-021 SI ') 
-

0 0-3 

MAH Brahmin-KBR2 f WI 189-223-274-319-320 

IMAH II Brahmin-KBR8 I WI M2a2a 189-223-274-319-320 

I UP I Uttar Pradesh Nl M2a2a 189-223-274-

I BIH BM36 ~ 2a2a [ 189-223-274-319-320 II II I 
I AND P022 SI 2a2a 

183C-189-223-274-319-32 I I 0 

I AND Kolam Sl M2a2a 
l83C-189-223-274-300-31 

I 9-320 

I AND Kolam Sl M2a2a ~C-189-223-274-300-31 

JE 
320 

I AND Kolam SI 
3C-189-223-274-300-31 

~ 
. 9-320 

AND ~lam M2a2a 
183C-189-223-274-300-31 
9-320 

182C-183C-189-223"274-3 
AND ~lam Sl M2a2a 

00-319-320 

145-183C-189-223-274-30 
AND Kolam SI M2a2a 

0-319-320 

AND Kolam EJ M2a2a 
141-145-183C-l89-223-27 
4-300-319-320 

D 12T-34T-138-163-164T-1 ~3 AND Ko1am M2a2a OT-189-223-274-300-319-' 
20 

AND Relli-Rl SI 

E: 
189-218-223-274-319-320 

AND Relli-R12 SI 189-218-223-274-319-320 

189-218-223-2280-274-31 
AND Relli-R5 SI M2a2a 

9-320 

I AND I Relli-Rll Sl M2a2a 
189-223-2280-242-274-31 11 I I 9-320-355 

I AND I Madiga-ly! 19 SI 
. ur .. ._J-.<.~o-.:.14-291-319-

I OUJ I Gujarat46 WI M2a2a 4-319-320 

MAH 
Nava 

M2a2a 89-223-274-311-319-320-

&"dh~ 62 

AND Kapu-K l ?a 51-189-223-274-319-320-3 I I 62 

I UP I C45 M2a2a 
169iC-189-223~274~319-3 

152-182-195-325 20 

WB Kurmi75 lEI M2a2a ~-223-274"319-3 l46-1S2-19s 
-'-

~ 
Thoti8 Sl ? ') 9-223-274-319-3 

II 20 

Thotil4 
: 

SJ M" 7 . 11169iC-189-223-274-319-3 
~a.:.a 20 
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Thotil59 SI 

Andh48 

Thotil9 

S! 

S! 

SI 

SI 

TN 

SI M2a2a 

SI 

SI 

SI 52-182-195 

I KAR I MukTi48 SI 52-182-195 

I KAR I MukTiSO 
169iC-172-189-223-274-3 

152-182-195 
19-320 

I KAR I MukTil 
169iC-172-189-223-274-3 
19-320-354 

I KAR I Mukri28 

I KAR I Mukri37 

I JHA I Birl43 

KER Kuruchianl 

KE n3 S! 173-189-223-274-3 

KER Kuruchianl6 SI 

KER Kuruchian17 M2a2a 

Sl M2a2a 

SI M2a2a 

SI 

0 SJ 173-189-223-274-3 

SI 

ian 54 Sl 
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~uruchian57 Sl M2a2a 
169iC-173-189-223-274-3 
19-320 

±t:±§' Sl M2a2a 
169iC-173-189-223-274-3 
19-320 

95 sr M2a2a 
169iC-173-189-223-274-3 
19-320 

R l Kuruchian97 SI M2a2a 
169iC-173-189-223-274-3 
19-320 

SI M2a2a 
169iC-173-189-223-274-3 
19-320 

KER Kuruchian I 05 Sl M2a2a 
169iC-173-189-223-274-3 
19-320 

KER Kuruchian93 SI M2a2a 1173-189-223-274-3!9-320 II I 
KER Kuruchianl16 Sl M2a2a 

169iC-173-189-223-274-3 
I 11-319-320 ·* 

I KER I Kuruchian76B SI M2a2a 
169iC-173-189-223-274-2 
78-319-320 

MAH 
Desasth 152-182-195-198-
Brahmin40 

WI M2a2a 172-223-230-274-319 
79 

H TN TN! 
169iC-183C-I 8'9-223-
319-320 

-J82cJ95 1453 

ITN DG10 
169iC-183C-189-223- - I I 319-320 

182-195 

lwB Sc30 El M2a2a 
169iC-183C-189-223-274-

42iG-l52-!82-195 
I I 319-320 

ITN 
183C-189-223-256-274-3l 

ER1121 SI M2a2a 146-152-182-195 I I 9-320 

lAND Chencchu SI 2a 
183C-!89-223-256-274-3l 

I I 9-320 

I AND Chencchu SI M2a2a 183C-189-223-256-2~ I I 9-320 

ITN 
KAS28 II SI II M2a2a 

l83C-189-223-274-311-
9-320-497 2-182-195 

ITN I NGLI Jl::: SI 
169iC-182C-l83C-189-22 

7r 
3-274-319-320 152-182'195 

ITN TNP17 M2a2a 
169iC-182C-183C-189-22 

152-182-195 
3-274-319-320 

ITN AMK43 SI M2a2a 
169iC-182C-JlHi .lliO.~'l 

3-274-319-320 J~2-182-195 

ITN ER!95 SI M2a2a 
169iC-182C-!83C-189-72 . . · 
3-274-319-320 - !52-182'195 

' 

ITN ODC42 sr ! M2a2a 
169iC-182C-183C-189-22 146-152-182-186 
3-274-319-320 A-195 

ITN ODC43 SI 
169iC-182C-183C-189-22 152-J2'l.IO< 
3-274-319-320 

ITN ODC33 a2a 
169iC-182C-183C-189-22 

0 - 195 
~ 

TN TNP3 S:l 
82C-l 83C-189-22 
19-320 

11 152-182-195 

TN AMK23 ! SI 
82C-l83C-!89-22 

1 152-182-195 II I 19-320 

lwB I MX77/1 PI 2a . 83C-189-223-274-
152-182-195 11-· 95-298-319-320 

WB MX85/2 r El M2a2a 
169iC-183C -189-223-274-
295-298-319-320 

152-182-J 95 

WB MX87/2 El M2a2a 
169iC-183C-189-223-274-
295-298-319-320 

jwB I MX92/I EI M2a2a 169iC-183C-189-2-~-L /4- II 
295-298-319-320 152-182-195 
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169iC-183C-189-223-274- I 295-298-319-320 
152-182-195 

169iC-183C-189-223-274-
152-182-195 I 295-298-319-320 

169iC-183C-189-223-274-
295-298-319-320 

152-182-195 

WB MXJ/2 M2a2a 
169iC-183C-189-223-274-
295-298-319-320 

152-182-195 

TN ARA39 M2a2a 
145-169iC-183C-189-223-
273-274-319-320 

WB Sc41 EI M2a2a 
9-166C-182C-183C-189-
23-274-319-320 

TN DG37 Sl~ M2a2a 53 

ITN II MD125 ~E~ M2a2a 

JHA Mun150 El 

AND Koya26 Sl 

I AND I Koya17 Sl 

ITN I Kurumba6 SI 
!40-183d-189-223-274-29 
5-319-320 

ITN II Kurumba9 II~ 140-183d-189-223-274-29 
5-319-320 

I AND II Gond II~ 183C-189-223-274-295-31 
9-320 

I AND I Ko1am Sl 
182C-183C-189-223-294-3 
19-320 

I AND I Ko1am Sl 

EJ T27 
169iC-182C-183C-189-22 

I I Sl M2a2a 3-234-274-295-311-319-3 
0 

T24 
169iC-182C-183C-189-22 D SI M2a2a 3-234-274-295-311-319-32 152-182-195 
0 

169iC-182C-183C-189-22 
AND T4 SI 3··234-274-295-311-319-32 

0 

169iC-182C-183C-189-2 
AND Tl8 3-234-274-295-311-319-

0 

129-169iC-J82C-!83C-18 
152-182-195 

9-223-274-311-319-320 

129-169iC-182C-l83C-18 
152-182-195 

9-223-274-311-319-320 

152-182-195 

152-195 

AND T5 152-195 

AND 

MAH 
9iC-189-223-256-274-3 
-320 

WB KL7 
169iC-189-223-256-274 
19 

152-182-195-214 
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TN TN3 ~ M2a2al 
169iC-183C-189-209-223- 1 152-182-195 II 274-319-320 

KER Cochin5 SI M2a2al I 
WB KL40 EI 152-182-195-214 I 
WB Mun213 1152-182-195-214 II 
JHA Munl02 1152-182-195-214 I 

I JHA I Munl94 
169iC-189-189iC-223-256 

152-182-195-214 
-274-319-390 

I JHA II Munl97 I~ M2a2al 

I Mun10 I~ M2a2al 
3-256-274-3 

RJ217 EI 

Phal79 EI 

UP 7 NI M2a2a1 

!.AND II T68 Sl M2a2al 
169iC-183C-189-223-256-

5420-6260 
274-278-319-320 

I JHA I 0Rl79 El M2a2a1 
157-!69iC-189-223-256-2 
74-319-320 

jwB MX64/2 EI M2a2al 
169iC-l83C-l89-223-256-
274-290-319-320 

jwB MX136/2 M2a2a1 
169iC-183C-189-223-256-
274-319-320' 

I WB MX!/3 M2a2a1 
169iC-183C-189-223-
274-319-320 

AND VN15 M2a2b 187-223-274-319-320 

ITN DG155 

AND R51 

TN TN2 

SRL 

I ·rn 187-223-234-274-319-320 143-195 

jm CNP4 ! 187-223-234-274-319-320 11 !43-195-337 

KER TVM\5 187-223-274-278-319-320 1 143-195-337 

KER TVM1 

TN ARA8 

TN NGL6 

143-195-337 

TVM57 143-195-337 

GU1 Gujarat54 195-294iC 

4-319-320-

266 



I KER II TVM22 
-320-

143-195-337 

ITN II Tamil Nadu7098 

ITN II AMK4 M2a2b 
129-187-189-223-311-319-

143-195-337 
320-362 

ITN II ODC8 
129-187-189-223-274-319-

143-195-337 
320-362 

ITN II NAT46 
129-187-189-223-274-294 
319-320-362 

I SRL II Sinhalese45 
144-187-223-274-289-319 
320-362 

I KER TVM64 Sl M2a2b 

ITN CNP29 S! M2a2b 
223-274-311-319-320-
362 

ITN AMKI3 I M2b 223-257-274 

I AND Rl62 M2b 93-223-258d-274 

ITN TN13 93-223-258d-274 

DG15 

TN DG77 - 23-258d-274 

TN MD143 S! M2b 93-223-258d-274 

AND Kapu-KT43 Sl M2b 93-223-258C-274 

TN KAM19 SJ M2b 93-223-258d-274 

TN KANJI Sl M2b 146-152 

TN KAN9 Sl M2b 
189-223-243-258C-274-31 

146-152 
9 

TN NAT61 Sl M2b 
1 83C-189-223-258C-263-2 

146 
74 

N1 

-227-258C-263-27 
146-370A 

46-370A 

315d 14800 

315d 

189-223-327-330-359 375 

111-189-223-327-330 

189-193-223-327-330-360 

189-193:::m-330 

183C-189-223-327-330 !u 3-375 , 

SI M41.a 183C-189-223-327-330 1375 
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JAH Kolam7 WI 183C-189-327-330 I II 
AND Brahmin-BN22 

189-197 A-223-287-327-33 I II 0 

Yadava-Y54 I II 
Bhl2 I II 
Sat3 I II 

1153-375 II 
1153-375 II 

I 

AND 

AND 

~I M4lb 

~~ M4lb 

[Sr II M4!b 

Gond SI I M41b 

Kolam SI M4lb 183C-189-223-327-330 

I M41b 1 223-283-311-327-330 

M54a 51-223-316 

M54a 51-223-316-400 

ARA38 51-223-316-400 

KAM2 51-223-316-355-400 

NAT33 51-223-294-316-400 

51-93-223-316 152-240-390T 

51-93-223-316 1390T 

5!-93-223-316 I 
51-93-223~316 240-390T 

I KER M54a 51-93-223-3!6 

I AND M54a 51-93-223-316 
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Cochin18 51-93-189-223-316 I 
Tami1Nadu 51-223-294-316 I 
TVM25 51-223-295-316 ' 

146-189-194-240-
249iA-390T 

TA27 51-223-242-316 

DG63 51-223-242-316 

TNP30 Sl 1 51-223-242-316 

SI isl-223-242-248-316 152-240-390T 

SI 152-240-390T 

SI 152-240-390T 

NGL25 Sl 152-240 

NGL32 

TN CNP27 

TN TNP57 152-240-390T 

AND Rl88 
51-182C-183C-189-223-25 

152-240-390T 
6-258C-316 

WB Munda3 51-189-223-316 

51-189-223-316 

93-240-390T 

93-240-390T 

93-240-390T 

93-240-390T 

OR184 

OR63 

Mun168 

OR141 

JHA OR56 

JHA Mun163 

WB 

JHA 

WB 

WB 1-183C-189-223-3l6-399 225-240-390T 
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w L68 E 

WB KLl 

JHA Munl45 ~==-_] M54b 

WB I MX23/! I~ M54b 

lwB II MXIJS/2 I~ M54b 

jwB MX97/1 1~==-.J M54b 

lwB MX132/3 EI MS4b 

jwB MX74/I EI 
51-183C-189-223-316-3 
A-399 

lwB MX99/l EI 
51-183C-189-223-316-3 
A-399 

lwB MX102/2 EI 
51-l83C-189-223-
A-399 

jwB MX139/I 
51-183C-189-223-3 
A-399 

jwB MX\12/2 
51-J83C-189-223-316-355 
A-399 

jwB MX54/4 
51-183C-189-223-316-355 

IWB MX113/4 

lwB OR241 

II 
1147-153 

225-227-240 

93-176Ad-240 

225-240 

Nl 290 103 

Madia Gond3-ll ~I 126-223-290 

DG162 Sl 126-223-290 

SI 

M56 

M56 

3 

Sl 4943 

I[Er II M56 17-126-274-290 
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Kan33 M56 93-!26-223-290 

JHA Mun26 M56 93-126-223-290 195 

I JHA I Mun48 M56 93-126-223-290 

I JHA II Mun25 M56 93-126-223-290 195 

I JHA II OR85 3-126-223-290 195 

I WB II MXI4/2 93-126-223-290 

lwB II MXII3/3 M56 93-126-223-287-290 1200 II 
lwB II MX114/2 M56 93-126-223-287-290 1200 II 

KER 193-200 II 
LAD I II 
LAD 87-388 I II 
AND 193-146-200 J 

I II 
I II 
I I 
! I 
I I 
I 93-200 

WB 5ala 93-200 

UP R5ala 

UP 

NI 

UP A28 NI 93-200 

IUP I A63 193-200 II 
I UP I A41 193-200 II 
I UP I AS! 193-200 11 

UP 193-200 I 
93-200 

93-200 

93-200 

93-200 

93 
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TN VRU44 Sl 93 

TN AMK31 SI 93 

AND Tl39 ~I 93-200 

TN ODC102 fSr 93-200-258 

GUJ Gujarat387 WI 

TN Sl 

TN SI R5ala 

KER ~I R5ala 

~~ R5ala 

SI R5ala 

7 SI R5ala 

KER Cochin Jews44 ~I R5ala 

AND Mala-ML7 Sl R5ala 

UP UD47 NI R5a1a 

Gujarat44 ~I R5ala 

~fl R5ala 93-200 

~I R5ala 93-95C-l46-200 

EI R5ala 200 

152 

93-228 

93-204 

93 

266-289-304 

266-289-304 

266-289-304 

266-289-304 

129-189-241-266-304 

304-311-356 

304-311-356 152 

!52 

152 

A65 ? 
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UP A77 304-311-356 152 

UP A181 304-31!-356 

I UP A195 304-311-356 

I UP Bl35 248-304-311-356 

I UP B144 248-304-311-356 

I UP Bl51 248-304-311-356 

I UP B34 248-304-311-356 

UP B53 248-304-311-356 

UP B48 248-304-311-356 

TN ERI24 266-304-311 7 

G Naga72 266-304-311-356 

C81 266-304-311-356 

I Rajput2 266-304-311-356 

I Khatri-KHT64 

PUJ 

PAK 

PAK 

PAK 266-304-3 J 1-356 

I KAR Gowda-G24 SJ 266-304-311-356 194 

I AND Sl 

I AND Sl 

SI 

SJI 

Sl 

26 WI 

MAH 
hitpavan 

WI 
rahmin76 

AND ndhSA36 

TN DG116 65-152 

1152 I 
I 
l 

NI R5a2a 

EI R5a2a 

El R5a2a 

El R5a2a 

<'T 
d' R5a2a 
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I KAR Havik50 SI R5a2a 259-266-304-31 I -356 !52 

I AND Pardhi5 

I AND Pardhi22 

I AND Pardhi23 

I AND Pardhanl29 

I AND Pardhanl42 210-266-304-311-356 

I AND Pardhanl43 210-266-304-311-356 

I AND 

AND 

AND 

AND 

I AND I AK15 SI R5a2a 93-266-304-311-356 

I AND 'I NaikpodZ28 SI R5a2a 93-223-(266)-304-524 

I AND I NaikpodNP21 Sl R5a2a 93-223-266-304-524 

WB 
Bengal-Brahmin! 

EI 
9 

R5a2a 48-93-266-304-311-356 152 

WB Kurmi78 EI R5a2a1 (266)-304-311-355-356 152 

WB OR235 El R5a2a1 152 

WB OR288 

0-199 

Nl 152 11293-12561 

NI 266-304-311-319-355-356 152 

NI 266-304-311-319-355-356 152 
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152 

152 

KAR 

UP 

KAR 

R5a2b 

SI R5a2b 

Sl R5a2b 

SI R5a2b 

152 

248-266-304-325-356 
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MAH 
Chitpavan 
Brahmin67 356 

MAH 
Chitpavan 

WI R5a2b 
136-174-248-266-304-325-

Brahmin72 356 

UP NI R5a2b 11293-14990 

MAH WI R5a2b 

TN Sl R5a2b 

RAJ 

KAR 

AND 266-304-309-356 

AND 266-304-309-356 

SRL R5a2b 266-304-309-325-3 56 

WB R5a2.b 

WB EI R5a2b 

EI R5a2b 

@~1Rsa2b 
SI R5a2b 

KAR 

GUJ 

UP NI R5a2b 152 

UP Nl R5a2b 152 

UP Nl R5a2b 266-304-309-325-356 !52 

Nl 5a2b 266-304-309-325-356 

Nl R5a2b 266-304-309-325-356 

UP R5a2b 266-304-309-325-356 

UP 61 

UP A62 

AS! 

A75 

A83 

266-304-309-325-356 !52 

266-304-309-325-356 1152 

266-304-309-325-356 152 

266-304-309-325-356 2 

UP All? 266-304-309-325-356 
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UP R5a2b 266-304-309-325-356 

UP R5a2b 266-304-309-325-356 

UP Al26 266-304-309-325-356 

UP A128 

UP Al34 

UP A140 266-304-309-3 

UP 

266-304-309-325-356 

266-304-309-325-356 

266-304-309-325-356 

1152 

UP 152 

UF 152 

UP NI 152 

UP NI 

UP NI 

Nl 

NI 

UP Nl 

UP Nl 

I uP 1 266-304-309-325 

I UP I 
UP A45 266-304-309-325-3 56 152 

UP A48 b 266-304-309-325-3 56 152 

I UP I A35 NI R5a2b 266-304-309-325-356 152 

UP Al94 Nl R5a2b 266-304-309-325-356 152 

UP Al99 NI R5a2b 266-304-309-325-3 56 152 

UP A118 NI R5a2b 266-304-309-325-356 152 

'UP 152 

.AND 

277 



TN ARAlO 

KER TVM23 

KER TVM37 

KER TVM66 

TN TNP9 

WB Sc73 

WB M\6/1 

AND PardhanD04 

AND Pardhanl08 

AND 

AND 7 R5a2b 266-304-309-325-356-524 

AND Sl R5a2b 266-304-309-325-3 56-524 

I AND II PardhanW06 Sl R5a2b 266-304-309-325-3 56-5 24 

I AND II AndhX21 Sl 

I AND I AndhX\4 Sl 

IWB I M38/2 EI 

I AND 11 Tl19 SI 

ITN II ARA46 SI R5a2b 152 

ITN II ODC81 SI R5a2b 152 

ITN I DG80 Sl R5a2b 152 

IWB I M4/2 R5a2b 

!wB I M32/2 R5a2b 

I BAN I BN72/l R5a2b -152 

TN Irula2 

93-266-304-309-325-356 

Pha243 

Pha133 93 304 

JHA Pha\82 93 304 

JHA Pha91 93 304 

I AND Brahmin-BN26 126-266-304-309-325-356 

KAR Kuruva-K21 51-266-304-309-325-3 56 

TN ERI70 

47-266-304-309-325-356 152 

189-233.-304-325-362 
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I PUJ II Brahmin-PUJ6 I Ni 
!89-266-304-309-325-356-
362 

I AND I PKI8 Sl 189-266-304-309-325-35 

I KER I Cochin47 Sl 
257-266-304-309-325-335-
356 

I KER II TVMI9 SI 266-291-304-309-3 25-3 56 !52 

I KER II Cochin2 SI 266-291-304-309-3 25-3 56 

I KER II Cochin3 R5a2b 266-291-304-309-325-356 

ITN I DG52 Sl R5a2b 
266-294-304-309-322-325-

152 
335-356 

KAR Havikl9 Sl R5a2b 
45-248-266-271-304-309-

!52-271 
25-355-356 

AND Madiga-M7 R5a2b 
45-189-192-266-304-309-
25-356 

TN R5a2b -309-325-356-524-527 !52 111293-14990 

TN R5a2b 

R5a2b 

R5a2b 

WB 

KER 

JHA Mun7 E! R5a2b 
311-325-

146-152 14990 

JHA Mun6 146-152 

JHA OR163 
145-266-304-309-311-325-

152 
356 

I WB I MX78/l 
145-266-304-309-3!! -325-

!52 
356 

jwB I MXll0/2 
145-266-304-309-311-325-

152 
356 

I WB I MX!l3/l 
145-266-304-309-311-325-

152 
356 

WB 
145-266-304-309-311-325-

!52 
356 

WB EI 145-266-304-309-31!-325-
356 

~'B EI 145-266-304-309-311-325-
356 
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EI R5a2b 
145-266-304-309-311-325-

1152 II 356 

w El R5a2b 
145-266-304-309-311-325-

152 I 356 

WB MX78/3 R5a2b 152 I 
WB MX63/3 R5a2c 146-152 

ITN KAM31 52 

AND Mala-ML3 

AND 152 
1095-3894-137 
08 

152 

152 

!52 

R5a2c 

R5a2c 

RSb 

R5b 

R5b 

TN 64 

TN 64 8276+C-8594 

TN Sl 189 
8276+C-8594-1 
3958C 

TN SI 89 

KAR Bhovi-B13 SI 

TN Kurumba12 ~ I 29-250-360 

TN Kurumba8 39C-129 

BIH 
93-129-145-182C-
9-318T 

TN 129-362 

129-362 

129-362 

129-362 

I AND 
I Andhra 
• Pradesh467 

I AND I Thoti99 

UP Bhoksa10 228 

GUJ Gujarat37 129-311-362 

I GUJ Gujarat!O 129-311 
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SI R6a 93-129-362 228 

NI R6a 129-362-365 

129-362-390 

129-320-362 

362-399T 143 12285-14058 

362-399T 143-204 

93-362-399T 

213-286-362-399T 3 

SI 189-243-362-399T 8 

VRU42 Sl 183C-189-243-362-399T 
11075-12285-1 
4058 

MX!O 129-274-278-362 I 
TNP28 I 
ERI73 I 

Sl 195-215-228 I 
s~ 1195-215-228 II 

195-215-228 
11075-12285-I 
4058 

215-228 

J 14A-129-362 

R6al 14A-362 

R6al 14A-129-362 

El R6al 

TN D049 Sl R6a1 152 

PAK KAR73 [NW I R6al 1140-129-362 

TN VEM2 [sr II R6a! 1140-129-362 152 

TN KAM28 [ SI II R6al 1140-129-362 !52 

WB Bengal-Brahmin! [ EI I R6al 129-213-362 

WB Bengal-Brahmin2 I El I R6al 129-213-362 

WB Sc110 129-213-362 195-228 

KAS ashmir5 129-213-362 

PAK KAR52 129-213-362 

TN 

AND 362 

129-213-362 
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TN 115067 

TN I 
TN I 
TN I 
TN CNP36 ·1228 115067 

ITN I NGL36 

I SRL I Sinhalese72 SI 

I SRL ~ Sinhalese76 SI 

lwB II SAJ8 92-213-362 28 I 
I AND Kapu-KT2 129-213-319-362 I 
I AND Yadava-Y7 1129-213-320-362 I! I 
I K.ER Cochin24 129-213-274-319-362 I I 
I RAJ Rajput31 129-213-274-319-362 

AND Tl30 - 19-362-390 195-217-228 

TN DG108 f 152-195 

I UP C75 1152-195 

PAK KAR54 

TN ODC100 195-198 

ITN I Tamil Nadu36a Sl R6al 129-210-213-320-362 I 
ITN I Tamil Nadul55 sr R6al 129-210-213-320-362 II 
!TN I KAS20 SI R6al 129-210-213-320-362 152-195-228 

ITN I ARA34 

JHA 

JHA 

JHA 

Nl 

SI R6a2 

Sl R6a2 
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SI 129-266-318-320-362 28 

129-266-318-320-362 1228 

129-266-318-320-362 1228 

129-266-318-320-362 1228 

129-266-318-320-362 1228 

I 
I 
I 

228 

228-373 

228-373 

1226-373 

1226-373 

150-195-240 

266-290-318-320-362 

266-290-318-320-362 

129-266-290-318-320-362 

BIH BM43 9-266-290-318-320-362 

I BIH MUIO 

I BIH MU16 

BIH SA62 

BIH SA06 

IH SAI4 129-266-290-318-320-362 

WB OR283 129-266-299-318-320 1228-373 

lwB SA215 373 

WB SA216 

WB SA246 373 

WB SA247 

WB KL66 

OR228 EI 

EI 

OR276 EI 
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EI R6a2 

EI R6a2 

WB Pha296 EI R6a2 

JHA OR54 EI 

JHA Birl17 El 

JHA Pha2 El 

JHA Birl30 6a2 

JHA Bir\29 EI R6a2 129-266-290-318-320-362 228-373 I 
JHA Mun175 EI R6a2 129-266-290-318-320-362 1228 I 
JHA Bir38 EI R6a2 129-266-290-318-320-362 1228 

JHA Mun66 EI R6a2 129-266-290-318-320-362 1228-373 

JHA 29-266-290-318-320-362 1228-373 

JHA 1228-373 

JHA 1228-373 

3 

JHA 228-373 

JHA lEI 129-266-290-318-320-362 228-373 

JHA El 129-266-290-318-320-362 228-373 

JHA EI 8-373 

JHA EI 129-266-290-318 ° 

JHA El 129-266-290-318-320-362 228-373 

I JHA I OR194 129-266-290-318-320-362 228-373 

I JHA II PhalO 1129-266-290-318-320-362 11228-373 II 
Pha12 228-373 
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JHA Pha160 EI R6a2 129-266-290-318-320-362 228-373 

JHA Bir72 R6a2 129-266-290-318-320-362 

I JHA I Bir91 El R6a2 

I JHA II Birl10 ]I m II R6a2 

I JHA II Birl32 Jim II R6a2 

I JHA II Munl36 ] EI II R6a2 

I JHA II OR34 ]I El ~ R6a2 

I JHA II Phall4 Jim II R6a2 

I JHA II Pha76 Jim II R6a2 

I JHA II Pha144 Jim II R6a2 

I JHA II Pha35 ] EI II R6a2 

I JHA II Bir141 ] EI II R6a2 

WB MX65/2 El R6a2 129-266-290-318-320-362 

El R6a2 129-266-290-318-320-362 

lEI II R6a2 l 
EI 

lwB 1129-266-290-318-320-362 II 
I UP Uttar Pradesh504 R6a2 1129-266-290-318-320-362 I 
IUP Cl68 R6a2 1129-266-290-318-320-362 I 
I JHA Pha122 R6a2 

129-189-266-290-318-320-
228-373 

362 

JHA Phal69 228-373 

228-373 

228-373 

228-373 

129-148-266-290-318-320-
362 

R6a2 l29-266-290-318T-320-32 
5 

R6a2 129-223-266-299-318-320 228 

EI R6a2 18-320-362 228-373 

El R6a2 129-266-299-318-320-362 228-373 

lm II R6a2 129-266-299-318-320-362 3 

I El II R6a2 129-266-299-318-320-362 
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WB MX8911 I R6a2 

BIH HoJ78 ~I R6a2 
320 

MAH Dhangar29 WJ R6a2 129-224-266-320-362-377 tl95-228 

WB Munda2 EI I R6a2 I 129-266-290-3620-363 

AND AK20 I SI I R6b I 129-172 

BIH AS15 EI I R6b I 129-172-266-274-362 

I UP Al63 NI R6b 
129-l72-216C-266-274-36 

146-195 
2 

ITN II MD140 II~ R6b 
129-172-222-234-266-309-

146-195 
319-362 

ITN II VEM36 IEJIR6b I 129-172-222-234-266-309-
146-195 

319-362 

ITN II NAT52 IEJIR6b I 129-l 72-234-266-309-3 I 1-
146-195 

320-362 

I KAR II Muslim-K40 I[ SI II :R6c I 179-227-245-266-278-362 195-234-246 

I AND II Brahmin-BVJ2 I[ sr I R6c 179-227-245-266-278-362 

GUJ Gujarati-GJ2 I [WI I R6c 179-227-245-266-278-362 

PUJ b404 [Nl I R6c 179-227-245-266-278-362 

OR! ]] El R6c ~ 55-152-195A 

AND 34 II Sl R6c 

AND NaikpodNP08 [sr I R6c -

AND NaikpodNP10 SI R6c 2 

IBHU BH22/1 NEI R6c 93-179-227-245-266- 11195-246 
62 

BH17/2 tt::r 9;-179-227-245-266~[:s-246 

DEL Hindu R6c -179-227-245-266-278-3 146-195 
2 

~EP Tharu NE! I R6c 
93-179-227-245-266-278-3 

195 
62 

Tharu NE! ~6c 
93-179-227-245-266-278-3 

195 
62 

~-227 -245-266-278-3 

I NEP Tharu c 195-246 

NEP N2/2 El 6c 195-246 

NEP 1f= 93-179-227-245-266-278-3 
1195-246 I 1!-362 

II SRL Sinhalese I SI c 93-179-227-266-278-362 I I 
I AND I Koya76 

n 93-179-227-245-266-278-3 
195-246 c 

62 

MAR Kolam5 ~- ,_" -""5-266-278-3 

GUJ Gujarati-GJ20 WI R6c 
93-179-227-245-266-278-3 
62 

AND PardhanDlO R6c 
: 93-179-227-245-266-278-3 

Sl 

E AND PardhanD20 II SI 
-245-266-278-3 
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R6c 
183-189-227-245-266-278-
362 

R6c 
93-!79-227-245-274-278-3 

195-246 
62 

R6c 129-179-227-245-278-362 

AND P063 Sl R6c 

WB Sc34 El 
-227-245-2 

KAR Lingayat-L23 Sl 

TN MDU42 
179-!89-192-227-245-266-
278-362 

AND Kolam 
111-179-227-245-266-278-
362 

AND Kolam 
ll !-179-227-245-266-27 
362 

ND Kolam 
93-179-227-245-266-278-3 

ND Kolam R6c 
93-179-227-245-266-27&-3 I 62 

Kolam R6c 
93-179-227-245-266-278-3 

II ll-362 

Note: Mutations are scored relative to the rCRS (Andrews et a!. 1999). CRS means .identical to the 

Cambridge Reference Sequence; Transversions and length variants (d=deletion; i=insertion) are specified. 

3The samples shown in bold letter are studied by us. Our new and published complete sequences are shown 

in italics bold and italics bold with underline respectively. 

~ength variation in the 303--309 and 311-315 C-stretch region is ignored. HVS-11 variation 73 and 263 are 

mostly applicable to our studied samples. 

Table 11. Distribution of East Asian haplogroup: 
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4048-4071-416 
4-6680-9824-12 
811 



UP 

ASM 

WB 

!wB 

WB Bengal-Brahmin4 
4 

ASM Adi!O 

I ASM I Adi90 

!wB I LA27 150-152-153 12362-15671 

288 



WB ME15 

WB MEl 

289 



MEH KHY8 

MEH KHY53 

MEH KHY67 

lMEH I KHY74 

lMEH I KHY76 

MEH KHY84 

MEH MR23 

MEH MR45F 

MEH PNIOB 

MEH PNll 

MEH PN3 

MEH PN21 

PN24 

WA4 

WA22 

WAS 

El 

I M12a 

jNEl II Ml2a 

290 

4170-5580-120 
30-12358-1237 
2-14569-14727-
15010 



JHA OR3 El Ml2a 

BAN BN73/1 EI Ml2b 

'NE! 

EI 

El 

172-183-189-209-223-234-
248-290 

129-172-223-290 

86-129-209-223-272 

86-129-209-223-272 

86-129-209-223-272 

291 

127-128-146-195 

152-198 

114-152-225-249d 
-316 

4170-5580-113 
59-12030-1237 
2-14569-14727-
15010 



WB 

WB 

WB 

WB 

WB 

WB 
WB 
TRI 

AND 

WB 
WB 

IWB 
IWB 

1:~ 
WB 
WB 
WB 
WB 

M45a 

M45a 

182-209-223-233-
304 

126-187-223 

126-187-223 

292 

195 

195 

195 

143 

143 

143 

143 

143 

15458 

204-249d 

143 3780 

143 

146 3780 

249d 



3780 

3780 

M64 

M64 

M64 

M64 

M64 

NEI M64 

NEI M64 

NEI M64 

NEI 

3780 
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3780 

64-249d 

64-153-249d 

64-153-249d 

294 



3780 

II 

AND SI 

AND 
SI 

WB Mun234 3780 

JHA Mun126 

WB MX32/1 

WB 

jwB 

295 



MAH 
Konkanastha 

93-223-298-325-327-362 
Brahmin36 

MAH 
Konkanastha 

3-223-298-325-327-362 
Brahmin42 

3-223-298-325-327-362 

c 

c 93-223-298-325-327-362 

c 93-212-223-248-298-3 
62 

KAR -G25 c 93-223-29ld-298-3 -
362 

UP 51-223-298-327 

I NAG 51-223-284-298"327 

[ws 152-249d 

TN 249d 15204-15487T 

TN 249d 

249d 

249d 12672 

223-297-298-327-357 

86-223-278-298-327-357 

6026-12672 

NAG 

TRI 

TRI 
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I NEP I Nll/2 

I NEP I Tharu 

I NEP I Tharu 

I NEP J Tharu 

297 

249d 

11 

1715-6026-799 
9-12672-15968 



249d 

4 

152 

146-152 

223-362 1198 
223-362 

223-362 

PUJ 223-362 

PAK 223-362 

I NAG 

NAG 

298 



RI 

152-153-29 

299 



152-200 

MEH MR25 

MEH MR49 

NEP Tharu 

NEP Tharu 

KHA73F 

Nishi52 

Adi35 

TotO 30 10-4883-517 

300 



NEI D4 

El D4 

BIH 

129-145-189-223-256-311-
362 

92A-223-261 -274-311-362 

301 

94-214 



BAN 

302 

152 

267 

267 
267 

3336-3644-504 
8 



Tharu 

SW9 

WB Ra75 

BAN BN68/2 

BAN BN43/2 

BAN BN44!l 

BIH 

PUJ 

NAG 

I NAG 
NAG 
NAG 
MEH 

I BHU 

I BHU 

TRI 

TRI 

TRI 

ARU 
KER 

I BIH 

PAK 

WB 
RVS 

WB RV21 

NEl 

NEI 

NEI 

NEI 

NEI 

El 

EI D5a 

86-171-223-362-4 71 

93-124-223-362 

93-124-1 

124-223-327-362 

124-223-327-362-

172-223-362 

172-223-362 

172-223-362 

172-223-362 

172-223-362 

147-223-362 

147-223-362 

147-223-362 

147-223-362 

147-223-362 

189-223-362 

189-223-299-316 

189-223-3!6-362 

92-164-172-189-223-266-3 
62 

92-164-167-1 82C-183C-18 
9-266-362 

92-164-l72-182C-l83C-l8 
9-223-266-362 

92-164-172-182C-183C-18 
9-223-266-362 

303 

150-194-195 

150-152-195 

150-152-195 



ARU Apatani298 

ARU Apatani392 

MEH Garo 

WB B022/2 

lwB II Sc28 

EJIRJio 

lwB II RV20 

WB RV43 

WB RV8 

lwB 11 Sc36 

I WB II RJ76 

NEP 

NEP 

BHU 

WB 
LA6 

I LAD I Ladakhis-Bud15 

I WB I SWlS 

WB Ra89 

WB RJ61 

WB 

AND 

HP 

ASM 

WB 

WB 

OR! 

OR! 

OR! 

OR! 

WB 

NEI 
92-164-172-189-223-266-3 
62-390 

NEI 92-1 
62-390 

NEI 92-164-172-189-223-266-3 
17-362-390 

El 
92-164-172-182C-183C-18 
9-223-266-362-390 

I El 

IE 
lEI D5a 

92-1 64-172-182C-183C-1 8 
9-223-266-362-390 

El 5a 
92-!64-172-182C-183C-18 

3-266-362-390 

El 
64-172-182C- 1 83C-18 
3-266-362-390 

92-164-172-1 82C-183C-
9-223-266-320-362-390 

304 

150 

64 

j64 

752-1107-5301-
10397-11944-1 
2026 

7867-8200-120 
40-15323-1549 
7 

7600-9377-957 
5-13563 



WB 

G2b 223-269-3 62 
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5601-7600-937 
7-9575-13563-1 
4200 

4853-8877 



172-209-223-274-362 

172-209-223-274-362 

93-223-290 

93-223-290-319 

EI A 
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151-152-235 

151-152-235 

1151-152-235 II 

663-1736-4248-
4824-8794 



' WB 
WB 

jwB 
jwB 
I BHU 

NEP 

WB 
WB 
BHU 

A 

A 189-223-241-290-319 

A 189-223-241-290-319 736-4248-
8794 

A 189-223-241-290-319 

A 189-223-241-290-319 

A !83d-189-223-241-290-31 
9 

l89-223-24l-258C-290-31 
9 

B011/l A 

WB B013/2 A 

WB B026/l A -290-31 64-151-152-235 

WB B038/2 A l-258C-290-3l 64-151-152-235 
9 

WB B022/1 189-223-241 -258C-290-3 1 64-151-152-235 
9 

IWB 

WB Sc29 

WB RJ40 

ASM Adi34 

ASM Adil28 

ASM Adil29 

TRI Nishi50 A 51-129-169-189-223-29 
19 

TRI Nishi119 NEI A 51-129-169-189-223-290-
19 

A i38 NEI A 51-129-189-2l5A-223-290 
-319 
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Adil81 

A2 

A2 

A2 

A2 

I A2 

NEI A2 

NEI 129-223-260-284-29 
362 

NEI I A2 1129-223-260-267-284-290-
361-362 

TRI NET A2 93-129-223-284-290-319-3 
38-362 

NEP NEI J29-223-274-290-319c362 152-235 

El 4-290-300-3 52-235 
362 

WB EI 129-223-274-290-300-319- 152-235 
362 

WB El 152-235 

52-235 

152-235 

152-235 

152-235 

-290-311-319-

46-152-235 13287 

182C-183C-189-217 

lrn J Tamil Nadu229 B4 93-189-214-217-218 

I PAK I Pathan-PTI5 B4 I 86-172-187-189-217-223 
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NEl 

khis-Mus!58 NEl B4a 

LadakhiscMus3 9 NEI B4a 182C-183C-186-189-217-2 
99-311 

Hazara-HZ12 136-183C-189-217 

BN37/1 172-183C-189-217-311 

.II RJ28 182C-183C-189 

I! RJ93 182C-183C-!89 

II BN34/2 

II BN39/2 

BAN BN46/ 

BAN BN46/2 

BAN BNSl/1 

BAN BN7111 

ITN I VKD33 15346 

ITN I VKD36 

I BIH I Sa33 

I BIH I Sa38 

I 8IH Sa24 

I UP Munl6 85 

I UP Mun31 B5 

I UP Mun35 85 

I 8IH 85 

8IH 85 

BIH B5 

KER 85al 

I KER I 85al 

I NIC 

I 
I 
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v'B Ben62 

WB Ben91 

I GUJ I Kol2 

I GUJ I Kol5 

jWB I SellS 210 

EJ 709-3537-6960-
DHl B5al 210 8584-9950-103 

98-15235 

I NIC I Nicobarese55 B5al 

NIC 

NIC 

I UP I Rjl42 

I BHU I BH14/2 

I BIH I BM39 EI B5al 

NEP Tharu NEl B5al 

JHA Pha197 EI B5a1 

EJ 960-
DH16 EI B5a1 103 

B DH26 

B DH35 

I WB I DH41 

WB MX49/2 

BHU BHl/2 29-140-1 82C-183C-189-2 
l-266A 

NEP 
Tharu 

29-140-l82c-183C-189-I 152-210 
3iC-261-266A 

I NEP 
129-1 40-182c-183C-189-1 

152-210 
93iC-261-266A 

I NEP 
129-140-1 82c- I 83C-l89-1 
93iC-261-266A 

B5a1 

B5al 

NEI B5al 

II B5al 

B5b 

B5b 129-140-189-243 

B5b 140-189-243-274-355 

93-140-182C-183C-189-21 
7-274-335 

129-140-189-243-362 146-152-228-234 

146-152-228-234 
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I Tipperah13 

I Gujarat30 

I Gujarat38 I Scheduled 
caste122 

II NEI 

II WI 

II WI 

NI 

Fla 

Fla 

129-189 

ji29-!45-183C-189 II 
II129-145-183C-!89 II 

129-145-183C-189-223 

129-145-183C-189 

129-145-148-189-217 

93-157-304 

II 304 

11189-283 

183C-189-304 

183C-189-304 

IJJG-189-223-304 

189-304-311 

189-304-311 

124-189-304-311 

183d-189-304-311 

1 93-189-309 

1 93-189-309 

93-189-309 

II 
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I NIC 

jTN 
jNAG 

ASM 

I TRI 

I TRI 

NAG 

HP 

TRI 

NIC Nicobarese3 El 

NIC Nicobarese19 lEI 

NIC Nicobaresel7 EI 
108-129-162-172-189-242-
275-287-304-316-321-360-
362 

189-249-304-390 

189-249-304-390 

146-249d 

1150-182-195 

249d 

249d 

l249d 

l249d 

183C-189-232A-249 249d 

189-232A-249-304 

304 

304 

304 

304 

304 

304 

304 152-234-249d 

304 152-234-249d 

312 

I' 

II 
II 



Flcl 

WB SW22 Flc1 

lwB I Ra58 Flcl 

II l-129-304 

111-!29-304 

111-129-304 

111-129-145-304 

111-129-145-304 

313 

1927-6599-696 
2-9053-10454-1 
0609-12406-12 
882-13759 



Fie! II l-129-145-304 152-234-249d 

Fie! 111-129-145-304 152-234-249d 

Flc1 I I 1-129-145-304 

Flc1 111-129-145-304 

Flc1 111-129-145-304 

I 11-129-145-304 

II 1-129-145-304 

I I 1-129-145-304 

I I ll-129-145-304 

I I I-129-I45-304 

I I 1-129-145-304 

II I I I-129-I45-304 

II I I 1-129-145-304 

WB I ll-129-145-304 

WB I I I-129-I45-304 152-234-249d 

lwB l52-234-249d 

jwB EI I I52-234-249d 

WB EI I 52-234-249d 

jEI I 52-234-249d 

EI 

314 



315 

1734-5628-696 
2-7738-10609-1 
2406-12882-15 
402 



TN 

NIC 

NIC 

NIC 

ASM 

ANDA 

ANDA 

NAG 

NAG 

NAG Naga22 

NAG Naga57 

I NAG 

I TRI 

II R2
2 

I R22 
129-145-249-288-301-3 
3!! 

129-145-249-288-301-
311 

151-152-l 84-185-
189-207 

I BAN 150-195-337d 

!TN 

WB DH42 El 15l-l52-189-199 

WB DH45 EI 151-152-189-199 

WB M28/1 E! 
-183C-18 

99 

10031-10398-1 
1061-12950-13 
269--13681 

Note: Mutations are scored relative to the rCRS (Andrews et al. 1999). Transversions and length variants 

( d=deletion; i=insertion) are specified. 

a The samples shown in bold letter are studied by us. Our new and published complete sequences are shown 

in italics bold and italics bold with underline respectively. 

bLength variation in the 303-309 and 311-315 C-stretch region is ignored. HVS-II variation 73 and 263 are 

mostly applicable to our studied samples. 
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Table 12. Distribution of shared relict mtDNA (sub)haplogroups among 
the populations of South Asia, southern East Asia, Southeast and Island 
Southeast Asia: 
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81-93-158-223-234-256-281 Meghalaya 

81-93-158-223-234-362-364 Meghalaya 

81-93-158-223-234-311-362 Meghalaya 

8!-95G-!58-223-234-286 Meghalaya 

93-158-223-362 Meghalaya 

93-158-234-362 Megha1aya 

93-158-223-234-362 Bihar 

1 93-158-223-234-362 Meghalaya 

93-158-223-234-281-311-362 Meghalaya 

93-1 58-223-234-362 Tibet 

93-158-176-223-234-362-398 

103-158-223-234-362 Tibet 

113C-l53-189-223-234-362-38! Northeast India South Asia 

223-234-271-362 I Southern China Southern East Asia 

179-223-234-271-362 Northern China East Asia 

93-192-223-234--271-316- Thailand Southeast Asia 

Taiwan/Mainland Southeast/Island Southeast 
Southeast Asia Asia 

ChiangMai Thailand Southeast Asia 

Henan Eastern Central China East Asia 

Yunnan Southern China 

M9b Southern/Northwest 
China 

M9* 

Nagaland 

126-223-234-290 Tami!Nadu 

119-126-223-234-290 TamilNadu 

86-172-189-223-234-290 

86-223-234-287-290-362 Nan stAsia 

172-189-223-234-290 ia South Asia 

I 172-189-223-234-290 South Asia 

EJ 172-189-209-223-234-290 Assam Northeast India South Asia 

172-183-189-209-223-234-248- I Chhattisgarh ·11 East India II South Asia 290 

I I 172-223-234-290-31 l I Guangdon~ II Southern China II Southern East Asia 
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Ml2b 

Ml3b 

103-104-145-168-188-223-257-
311 

93-145-168-188-223-257-311 

93-145-148-168-188-!89-223-3 
%\ 

( MZ!b I 223-239-263-381 c I 223~239-263-325-381 

ChiangRai 

3\9 

Southeast Asia 

Southeast Asia 

Southern East Asia 

Southern East Asia 

Southern East Asia 

Southern China I Southern East Asia 

I Sumatra II Island Southeast Asia 

Bali Island Southeast Asia 

Sumatra Island Southeast Asia 

Borneo Island Southeast Asia 

Thailand 

I Southern China 

I Southern China 

Malaysia 

Thailand 

Southeast Asia 

Island Southeast Asia 



172-223-239-263-325-381 Southeast 

223-324 

172-223-324 

81-172-223-324 

223-259-324-362 

223-259-324-362 

223-259-319-324-362 

223-234-259-324-362 South Asia 

223-234-259-324-362 South Asia 

South Asia 

=::::J,I South Asia 

South Asia 

South Asia 

!I South Asia 

Southeast Asia 

M45a ::::Jj South Asia 

=:::::J[ Southeast Asia 

==:Ji Southeast Asia 

[ Chanthaburi =:::::JI 
l Sumatra SJa 

A lor d Southeast Asia 
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304 

168-189-209-223-233-304 

209-223-233-29Jc304-3JJ 

M50a 

Sumatra 

M60 Hue Vietnam Southern East Asia 

Philli ines Island Southeast Asia 

Philli ines Island Southeast Asia 

Chian Rai Thailand I Southeast Asia 

Yunnan/Guangxi/ 
Southern China Southern East Asia 

223-271 Hainan 

223-271-31 J Yunnan/Hunan Southern China Southern East Asia 

1223-271-311 
Mae Hong 

Thailand Southeast Asia 
Son/Chiang Mai 

Southern East Asia 

Southeast Asia 

Southeast Asia 

Island Southeast Asia 

South Asia 

Southeast Asia 
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Southern East Asia 

Southeast Asia 

South Asia 

South Asia 

South Asia 

South Asia 

M20'46'62 

M20 

129-209-223-272 

129-209-223-272-362 

M46 I Island Southeast Asia 

1223-256-278 I Southeast Asia 

189-223-256-278 

223-278-294 

223-278-294 

234-278-294 

234-256-278-294 Bali 

223-234-278-294 Cambodia 

223-234-278-294 
Thailand Southeast Asia 



129-223-278-294-304 

93-223-278 

93-223-278-310 

1 93-223-249-259-278-291-362 

M62 

M* 

Chanthaburi 

Nakhom-Ratchasi 
rna 

323 

Southern China Southern East Asia 

Southern China Southern East Asia 



271-

69-172-223-27!-27 4-278-291A-
298-362 

69-172-223-271-274-278-291A-
298-362 

193-223 

193-223-291-319 

1193-223-249-291-3!9 

147-!93-223-291 

94-129-223-263-274-311-343-3 
57 

R22 249-288 

I II 249-288-317C 

tAsia 
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249-270A-288-304-3Jl-319 

249-259-288-301-304-390 

Nakhom-Ratchasi 
rna 

Northeast India 

Northeast India 

Thailand 

Thailand 

South Asia 

Southeast Asia 

Southeast Asia 

Note: Mutations are scored relative to the rCRS (Andrews et al. 1999). Transversions and length variants 

(d=deletion; i=insertion) are specified. 

Table 1.3. Coalescence age for the main clades: 
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M33b 5 9.80 ± 1.93 1 so,4oo ± 9,9oo 

33 16 8.25 ± 1.27 1 42,400 ± 6,5oo 

5 9.20± 1.96 147,300± 10,100 

2 2.50± 1!2 12,900 ± 5,800 

7 45,500 ± 8,600 

2 15,400 ± 6,300 

2 !0300±5,100 

4 18,000 ± 5,400 

2 1 1 s,ooo ± 6,soo 

6 1 Jo,8oo ± s,7oo 

4 l 1,600 ± 3,900 

6 22,300 ± 7,100 

2 10,300 ± 5,100 

8 32,100 ± 7,600 

3 42,800 ± 10,400 

4 29,600 ± 8,800 

5 7.80 ± 1.31 40,100 ± 6,700 

8.89 ± 1.46 

8.80± 1.90 

10.12 ± 2.02 

3.90 ± 1.42 

4.00± !.50 

8.60± 1.89 

15.31±!.78 

10 14±204 

R30c 

R30d 2 

115 
]3 

4 

s 

s 20,600 ± 5,700 

5 22,600 ± 6,300 

2 3.00 ± 1.23 15,400 ± 6,300 

4.85±0.92 

3.67 ± 1.11 

7.43 ± 1.53 

3.00± 1.06 

14 6.93 ± 1.07 

5 2.60± 1.00 

3 5.33 ± 1.33 27,400 ± 6,800 
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3 32,500 ± 8,200 

11 37,800 ± 6,500 

7 23,500 ± 5,800 

8 25,700 ± 5,400 

4 14,100±4,300 

5 

5 

52 

21 

73 

2 

5 9.27± 1.70 

1.75 ± 0.75 

6.00 ± 1.73 

7 3.00 ± 1.23 
~""""""'~~""""""'""""""'== 

6.50 ± 1.46 

4.00 ± 1.41 

4.33 ± 1.45 

3.28 ± 0.80 

R6 

R8 

M36 
Southeastern India expansion 
haplogrou s 

33,400 ± 9,300 

12,900 ± 5,800 

38,600 ± 10,000 l Others 18,500 ± 3,000 

25,700 ± 7,600 

Andaman Island specific 1.75 ± 0.90 

7.00± 1.32 36,000 ± 6,800 

2.00± 1.00 10,300 ± 5,100 

9.00 ± !.67 6,300 ± 8,600 

4 7.00±2.00 36,000 ± 10,300 

Ml3 4 14.25± uo 21,800 ± 6,700 
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M13'M2lb 7 57,200 ± 10,500 

M22 3 46,300 ± 9,600 

M45 3 

M46 4 

M20'46'62 6 

2 

3 

3 

2 

2 1 3.so ± u2 

2 ,4.00± 1.41 

Note: Except M2la, and R21 haplogroups; *time taken from Thangaraj et al. 2009. 

Table 14. Asia region-wise distribution of mtDNA haplogroups with age 
estimates a 

Geographic location n p±o Age±SE 

ndia origin 

R30a 7 10.14 ± 2.04 52,100 ± 10,500 

U2c 10.12 ± 2.02 52,000 ± 10,400 

M6 9.00 ± 1.80 46,300 ± 09,300 

R32 46,300 ± 11 ,500 

U2b 

4 

M55 

M33 

R33 

Eastern/Southeastern India origin M2 

j Southeastern India origin I <40,000 years ago 

N5 

·. ~M36 

R31 

Noltheast Indo-China origin >40,000 years ago 
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I M20'46'62 IQ] 15.oo ± 2.21 1 77,100 ± 11,400 

NlO 2 13.50 ± 2.60 72,000 ± 13,600 

M13'M21b 8 )1.13 ± 2.04 51,200 ± 10,500 

6 9.00 ± 1.67 46,300 ± 08,600 

2 

41,100 ± 07,900 

Note: aThe table lists major South and Southeast/Island Southeast Asian haplogroups with age >40,000 
years old. The entire haplogroups age list is available in the supplementary dataset Sll. Age and standard 
error of mtDNA haplogroups were estimated using previously described methods (Derenko et al. 
2007;Mishmar et al. 2003). 
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Fig.Y.l: The hierarchical phylogenetic relationships of the 22 paternal haplogroups observed in sub-Himalayan North East populations. The 
following biallelic markers were genotyped but were not polymorphic in our populations: M3, M7, Ml5, M39, M55, M56, M67, M68, 
M76,M87,M88,M97,M99,Mlll,Mll9,Ml20,Ml21,Ml37,Ml57,Ml58,Ml59,Ml62,Ml64,Ml88,Ml97,Ml99,M201,M232, 
M242, M267, M269, M289, M300, M318, M319, M321, M343,M346, M356, M357, M419, Pl88, Pk5, P256,APT 
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Table-2: List of Y-chromosome binary markers and their respective haplogroups considered for the present investigation 
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c I M2l6 M356 I 
~ c C5 I I I I ~-E 1 ~:~ ~115 ~:5 - __ +-=-1-=-_- ~---j· ___ ± _ - I ! I -
'" I M89 1 1 -r-- r- , --~ ---~--~""""'-. I - -r----1-----'- I 

I 

U I M20! 

I! 

G 

M69 

ll* 

M304 

J* 

K-R I M9 

L 

M 

1\11! 

L 

P256 

N-0 I M23i 

N Pl88 

0 Ml75 

0* 

P I M74 

Q 

R 

M242 

Q* 

M207 

R 

M52 

I-ll* 

Ml72 

J2 

M76 

L! 

Mll9 

Ola 

Ml20 

Qlal 

Ml73 

Rl 

M370 I M82 Ml97 

Hla* Hlal* I Hlal 

M267 I M410 

J l 

M357 

L3 

P31 

J2a 

M95 

M47 

J2a 

M88 

I 

M97 

Hla2 

M67 

J2a2 

M39 

llla3 

M68 

J2a3 

Apt 

H2 

Ml37 

J2a4 

r ----r-----r ----1 

MI22 

02* 02a* 02al* I 03 

M324 

03 

Ml21 

03al 

M346 I M3 M378 

Qla3 I Qia3a 1 Qib 

SRY Ml7 Ml98 M56 Ml57 M87 

Ria* Rial Rial Rial a Rlalb Rlalc 

Ml58 

J2a5 

Ml64 

03a2 

PK5 

Rlale 

M289 M3i8 

J2a6 J2a7 

I I I I I I ~-----! 

P20l 

03a3 

M343 

Rib* 

Ml59 

03a3a 

M269 

Rlblc 

M319 

J2a8 

M7 

M340 

.l2al0 

Ml88 

M419 Ml2 

J2all J2b 

Ml34 Mll7 

M241 M99 M280 

.12b2 J2b2a I J2b2b 

Ml62 M300 

03a3b* I 03a3bl I 03a3c* I 03a3cl I 03a3cla I 03a5 

Ml24 

R2 

M32l 

J2b2c 


