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Ancient DNA Research 
Source Material 
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30 Years of Ancient DNA Research 
The Extinct Quagga Zebra 

Jonsson et al. PNAS 2014 
19,683,412,251bp ~ 7.9X 
19,054,421,191bp ~ 8.1X 

Higuchi et al. Nature 1984 
229bp mtDNA 

5	



Humans 
100+ 

Denisovans 
3 

Equids 
11 

Mammoths 
4 

Polar Bears 
1 

Ancient Genomics 
>100 Ancient Genomes Have Now Been Characterized 

? 
Neanderthals 

3 

Dogs 
1 

Aurochs 
1 

6	



Genomes 
Epigenomes 

Microbiomes 
Pathogens 

Extinction 

Adaptation 

Origins Mid-Pleistocene 

Ecosystems 

Migration 
Admixture 

7	



16,500 

3,000,000,000 

800 mg - 379 bp 

From Krings et al. Cell 1999 

Ancient Genomics 
Really? 
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48m 

Ancient Genomics 
Really? 
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6.6 tons 

Ancient Genomics 
Really? 
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Ancient Genomics 
Post-Mortem DNA decay 
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Ancient Genomics 
Post-Mortem DNA decay 

Orlando et al. Nature Rev Genet 2015 
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Crushing 
INDEPENDENT	PCRs	/	INDEPENDENT	LABS	

CLONING	

SEQUENCING	

IN	SILICO	ANALYSIS	

AGCGC TGATC 
 
..T.. ..... 
..T.. .A... 
..T.. ..... 
..T.. ..... 
 
..... ..... 
..... ....T 
..... ....T 
..... ..... 
 
..... ..... 
.A... ..... 
..... ..... 
..... ..... 

21,500 years 

Ancient Genomics 
Low-Throughtput Approaches 

Decalcification 
Protein Removal 

DNA Concentration 

Pre-Amplification 

CONSENSUS	
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138.6 yrs 
 

Ancient Genomics 
High-Throughtput Approaches 

From Green et al. Nature 2006 
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From Miller et al. Nature 2008 

Ancient Genomics 
Solution #1: New DNA Reservoirs 
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Ancient Genomics 
Solution #1: New DNA Reservoirs 

Petrosal Bones 
Gamba et al. Nat Comm 2014 
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Ancient Genomics 
Solution #1: New DNA Reservoirs 

Pinhasi et al. PLoS One 2015 
Petrosal Bones 
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Ancient Genomics 
Solution #1: New DNA Reservoirs 

Pinhasi et al. PLoS One 2015 
Tooth Cementum 
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454	Roche	GS-FLX	 Illumina	GAIIx	
Illumina	HiSeq2500	

Illumina	Xten	

0.5M	 250M	 4G	 30G	

0.5d	 5d	 3d	5d	

Ancient Genomics 
Solution #2: Enhanced Sequencing Power 
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Ancient Genomics 
Solution #3: Develop Ultra-Sensitive Molecular Tools 

Extraction Methods Tailored to the Ultra-Short 
Orlando L. Bioessays 2014 
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Extraction Methods Tailored to the Ultra-Short 
Gamba et al. Mol Ecol Res 2015 

Ancient Genomics 
Solution #3: Develop Ultra-Sensitive Molecular Tools 
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Extraction Procedures Removing Part of the Contaminating Fraction 

Der Sarkissian et al. Mol Ecol 2014 

1st	extract	

Re-extract	

Exogenous	DNA	

Endogenous	DNA	

Hydroxylapatite crystals 

Ancient Genomics 
Solution #3: Develop Ultra-Sensitive Molecular Tools 
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Der Sarkissian et al. Mol Ecol 2014 Damgaard et al. Sci Rep 2015 

Ancient Genomics 
Solution #3: Develop Ultra-Sensitive Molecular Tools 

 
Extraction Procedures Removing Part of the Contaminating Fraction 

23	



Ancient Genomics 
Solution #3: Develop Ultra-Sensitive Molecular Tools 

Target ssDNA Templates 
Orlando et al. Genome Res 2011 

ATATACGCGATGCTAGCGCGATATTCGCGCTACGTACGTACGTAGCGCGAATATCGCGCTAGCATCGCGTATAT

ATATACGCGATGCTAGCGCGATATTCGCGCTACGTAC

GTACGTAGCGCGAATATCGCGCTAGCATCGCGTATAT

ATATACGCGATGCTAGCGCGATATTCGCGCTACGTACAAAAAAAAAA

GTACGTAGCGCGAATATCGCGCTAGCATCGCGTATATAAAAAAAAAA

ATATACGCGATGCTAGCGCGATATTCGCGCTACGTACAAAAAAAAAA

GTACGTAGCGCGAATATCGCGCTAGCATCGCGTATATAAAAAAAAAA

-TTTTTTTTTT

-TTTTTTTTTT

ATATACGCGATGCTAGCGCGATATTCGCGCTACGTACAAAAAAAAAA

GTACGTAGCGCGAATATCGCGCTAGCATCGCGTATATAAAAAAAAAA-TTTTTTTTTTB

-TTTTTTTTTTB

SEQUENCING 

ATATACGCGATGCTAGCG GATATTCGCGCTACGTACGTACGTAGCGCGAATATCGCGCTAGCATCGCGTATAT

ATATACGCGATGCTAGCG

GTACGTAGCGCGAATATCGCGCTAGCATCGCGTATAT

GATATTCGCGCTACGTAC
	

ATATACGCGATGCTAGCGAAAAAAAAAA

GTACGTAGCGCGAATATCGCGCTAGCATCGCGTATATAAAAAAAAAA

GATATTCGCGCTACGTACAAAAAAAAAA
	

2:3X	
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Ancient Genomics 
Solution #3: Develop Ultra-Sensitive Molecular Tools 

Gansauge & Meyer Nat Protoc 2013 
Target ssDNA Templates 
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Enrich DNA Libraries for Damaged DNA 
Orlando et al. Nat Rev Genetics 2015 

UNG+Endo8 

Ancient Genomics 
Solution #3: Develop Ultra-Sensitive Molecular Tools 
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Ancient Genomics 
High-Throughtput Approaches: Leveraging on Close Relatives 

Enrich DNA Libraries for Target DNA 
Orlando et al. Nat Rev Genetics 2015 27	
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Mr Big-Shot-In-The-Field (2005) 
“So, barring some unimaginable technical advance, diachronical studies 
of DNA sequences are confined to the past one million years, and more 

probably to the past 100,000 years.” 

29	



Log10(Native Molecules) 
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12	

1	

• Aqueous solution 
• Physiological salt concentrations 
• pH=7 
• T =15 °C 

Ancient Genomics 
DNA decay 
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Stringer	Nature	2012	

MIDDLE	PLEISTOCENE	

31	



Ancient Genomics 
From the Anthropocene to the Middle Pleistocene 

 
Osseous Horse and Hominin Material 

560-780 kyBP 
Permafrost 

1.1X Nuclear Genome 

400 kyBP 
Temperate Cave 
Complete mtDNA 
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OK but come on, really? 
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ATGGCTATGCGCATTCGCGACTGT AAAGTCA	GACTTT	  CAGTCGCGAATGCGCATAGCGAT 

The First Genome From the Early Middle Pleistocene 
Post-Mortem DNA damage 
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ATGGCTATGCGCATTCGCGACTGT AAAGTC	GACTTT	  CAGTCGCGAATGCGCATAGCGAT 

The First Genome From the Early Middle Pleistocene 
Post-Mortem DNA damage 
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ATGGCTATGCGCATTC  CAGTCGCGAATGCGCATAGCGAT 

The First Genome From the Early Middle Pleistocene 
Post-Mortem DNA damage 
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ATGGCTATGCGCATTC  UAGTCGCGAATGCGCATAGCGAT 

 AAAGTCGCAGTCGCGAATGCGCATAGCGATGCT 
x

Reference	

The First Genome From the Early Middle Pleistocene 
Post-Mortem DNA damage 
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ATGGCTATGCGCATTC  UAGTUGUGAATGCGCATAGCGAT 

 AAAGTCGCAGTCGCGAATGCGCATAGCGATGCT 
x xx

Reference	

The First Genome From the Early Middle Pleistocene 
Post-Mortem DNA damage 
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The First Genome From the Early Middle Pleistocene 
Post-Mortem DNA damage 

 AAGTUGCGAATGCGUATAGCGAT ATGGCTATGCGCATTCGCGACTTT AAAGTC	GACTTT	

 NNNNNNNNNNNNNNNNNNAAGTCGCGAATGCGCATAGCGATNNNNNNNNNNN 

	
P(CrefàTread)	
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λ

δs 

The First Genome From the Early Middle Pleistocene 
Post-Mortem DNA damage 

Jonsson et al. Bioinformatics 2013 



Ural	Mountains	
13,940	BP	
15,200	BP	
20,430	BP	
23,740	BP	
24,200	BP	
28,060	BP	
28.640	BP	
34,800	BP	

	
Lyakhovsky	Island	

2,200	BP	
	

	
New	Siberian	Islands	
16,800	BP	
20,100	BP	
28,800	BP	
34,800	BP	
	
	

	
Yukon	Territory	
Thistle	Creek	
~80,000-120,000	BP	
560,000-780,000	BP	
	

Taymir	Peninsula	
13,389	BP	
19,295	BP	
20,036	BP	
20,366	BP	
22,547	BP	
22,887	BP	
24,149	BP	
24,306	BP	
24,671	BP	
25,019	BP	
25,534	BP	
27,968	BP	
29,643	BP	
35,598	BP	
38,565	BP	
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The First Genome From the Early Middle Pleistocene 
Cytosine Deamination Levels 

42	



OK but come on, really? 
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Ural	Mountains	
13,940	BP	
15,200	BP	
20,430	BP	
23,740	BP	
24,200	BP	
28,060	BP	
28.640	BP	
34,800	BP	

	
Lyakhovsky	Island	

2,200	BP	
	

	
New	Siberian	Islands	
16,800	BP	
20,100	BP	
28,800	BP	
34,800	BP	
	
	

	
Yukon	Territory	
Thistle	Creek	
~80,000-120,000	BP	
560,000-780,000	BP	
	

Taymir	Peninsula	
13,389	BP	
19,295	BP	
20,036	BP	
20,366	BP	
22,547	BP	
22,887	BP	
24,149	BP	
24,306	BP	
24,671	BP	
25,019	BP	
25,534	BP	
27,968	BP	
29,643	BP	
35,598	BP	
38,565	BP	
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29 novel ancient complete 
mitochondrial genomes 

The First Genome From the Early Middle Pleistocene 
Phylogenetic Evidence: mtDNA 
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PRZEWALSKI	 DOMESTIC	BREEDS	DONKEY	 43	KY	BP	

The First Genome From the Early Middle Pleistocene 
Phylogenetic Evidence: nucDNA 
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Really. 
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Rasmussen et al. Nature 2010 

Ancient Genomes Help Refining Our Origins 
The First Ancient Human Genome 
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Rasmussen et al. Nature 2010 

Ancient Genomes Help Refining Our Origins 
The Peopling of the New World Arctic 
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Migration 1 Culture 1 - Saqqaq  Culture 2 - Dorset Culture 3 - Inuit 

Raghavan et al. Science 2014 

Migration 1 Culture 1 - Saqqaq Culture 2 - Dorset 

Culture 3 - Inuit Migration 2 

3000BC Now 800BC 1350AD 

Replacement 

Ancient Genomes Help Refining Archaeological Models 
Complementing Cultural Information 
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Bronze Age Genomics 
>100 Ancient Human Genomes 

Allentoft et al. Nature 2015 52	



Bronze Age Genomics 
>100 Ancient Human Genomes 

Europe 

Allentoft et al. Nature 2015 53	



Genomes 
Epigenomes 

Microbiomes 
Pathogens 

Extinction 

Adaptation 

Origins Mid-Pleistocene 

Ecosystems 

Migration 
Admixture 

54	



MUERII	

OASE	2	

Early Modern Europeans 

Archaic hominins 
Neandertal Genomics 
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B	

A	

B	

A	

A	

B	

B	

A	

B	

A	

B	

A	

A	

B	

B	

A	CHIMP 

NTAL 

AFR 

EUR 

CHIMP 

NTAL 

AFR 

EUR 

Archaic hominins 
Neandertal Genomics 

D-Statistics 

NO Admixture	 Admixture	
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Archaic hominins 
Neandertals, Denisovans, Ghosts 

Admixture 

From Prufer et al. Nature 2014 57	
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Archaic hominins 
Neandertals, Denisovans, Ghosts 

Admixture 

B	

A	

B	

A	

A	

B	

B	

A	 CHIMP 

NTAL 

AFR 

EUR 

Admixture	

NTAL AFR EUR NTAL AFR EUR 

From Durand et al. Mol Biol Evol 2011 
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Archaic hominins 
Neandertals, Denisovans, Ghosts 

Admixture 

Sankararaman et al. PLoS Genet 2012 

Long-Range LD expectation | Neand_Der 

Short-Range LD expectation | Neand_Der 



Archaic hominins 
Dating the Admixture with Neanderthals 

(~55 kyr ago) 

Wegmann et al. Nat Genet 2011 60	



Archaic hominins 
Dating the Admixture with Neanderthals 

Orlando-Seguin et al. Science 2014 

36,200 ya 

HG EF UP 
Time 
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36,200 ya 

Upper Paleolithic Humans 
Kostenki K14 (f3- and D-statistics) 

Seguin-Orlando et al. Science 2014 
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B	

A	

B	

A	

A	

B	

B	

A	 AFRI 

K14 

ASIA 

EUR 

Seguin-Orlando et al. Science 2014 



Upper Paleolithic Humans 
Kostenki K14 (f3- and D-statistics) 

Seguin-Orlando et al. Science 2014 

63	Patterson et al. Genetics 2012 
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Bronze Age Genomics 
>100 Ancient Human Genomes 

Lactose Tolerance 

Allentoft et al. Nature 2015 

f%(LCT) 
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Bronze Age Genomics 
>100 Ancient Human Genomes 

Selection Patterns 

Mathieson et al. Nature 2015 

Decreased Triglyceride Levels Lactose Tolerance 

Light Eye Color Light Skin Pigmentation 

Immunity (Leprosy, TB, etc) 
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Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

68	



Modified from Krause & Stoneking Nat Rev Genet 2011, Fu et al. PNAS 2013 

Species of Interest 
Background (Microbes, Contaminants, etc) 
Unidentified 

PCR 

Ligation 

Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

 
Novel Target-Enrichment Methods (0.5-1M loci) 
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Bos et al. PNAS 2011, Nature 2011, PLoS One 2012 

Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 
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Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

Branch-Shortening based Calibration of Molecular Clocks 

ΔTime	

radioC dating 
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72	

Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

Branch-Shortening based Calibration of Molecular Clocks 



Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

 
Phylogenetic Reconstruction and Tip-Dating 

Rasmussen et al. Cell 2015 



Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

 
Edit-Distance Distribution 

Rasmussen et al. Cell 2015 



Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

 
Nucleotide Mis-incorporation Patterns 

Rasmussen et al. Cell 2015 

CàT	
GàA	



Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

 
Heterozygosity Profiles (Down-sampling as per the Coverage of Ancient Genomes) 

 

Rasmussen et al. Cell 2015 



Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

 
Average coverage at 55 Virulence Genes 

Rasmussen et al. Cell 2015 

Yersinia murine toxin 



Beyond Genomes, Microbiomes 
Historical Bacterial Outbreaks and Usual Suspects 

 
The Genetic Makeup of a Deadly Human Pathogen 

Rasmussen et al. Cell 2015 
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The Dental Plaque Metagenome Is Extremely Rich in Ancient DNA 
Past Diet, Diseases, And Behaviour 

Warriner	et	al.	Nature	Gene\cs	2013	

Beyond Genomes, Epigenomes 
Ancient Microbiomes 
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DNA Extraction 

Orlando et al. In prep. 

Beyond Genomes, Microbiomes 
Frozen Yakutian Tombs 

DNA library 

Shotgun Sequencing 

Taxonomy Informative Markers 
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Actinobacteria
Alphaproteobacteria
Bacilli
Betaproteobacteria
Clostridia
Deltaproteobacteria
Epsilonproteobacteria
Erysipelotrichi
Flavobacteria
Fusobacteria
Gammaproteobacteria
Halobacteria
Negativicutes
Sphingobacteria
Spirochaetes
Synergistia
Thermomicrobia

Beyond Genomes, Microbiomes 
Frozen Yakutian Tombs 

Orlando et al. In prep. 82	



Beyond Genomes, Microbiomes 
Frozen Yakutian Tombs 
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Orlando et al. In prep. 83	
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Ancient Yakuts

Yak1
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IeraA
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TSYe

Beyond Genomes, Microbiomes 
Frozen Yakutian Tombs 

Orlando et al. In prep. 84	
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Beyond Genomes, Epigenomes 
Ancient EpiGenomics 

Epigenomes Are The Interface Between Genes And The Environment 
Revealing Individual Differences Even In The Past 

Individual Differences 

Epigenome 

Gene Expression 

Social Environment 
Environmental Conditions 

Ageing 
Bipolarity 

Schizophrenia 
Risk-Taking 

Risk-Adverse 
Learning 
Memory 

Obesity Risk 

86	



EpiGenome Genome 
Pedersen et al. Genome Res 2014 Rasmussen et al. Nature 2010 

Beyond Genomes, Epigenomes 
Ancient EpiGenomics 
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The First Ancient Epigenome 
Rationale: Nucleosome Protection After Death 
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The First Ancient Epigenome 
Rationale: Nucleosome Protection After Death 
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Depth-Of-Coverage	

The First Ancient Epigenome 
Rationale: Nucleosome Protection After Death 
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The First Ancient Epigenome 
Prediction Summary 

 
Genome-Wide Nucleosome and Methylation Maps 

Orlando et al. Nat Rev Genetics 2015 91	



CpG	 mCpG	

The First Ancient Epigenome 
Rationale: Cytosine Deamination After Death 
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UpG	 TpG	

CpG	 mCpG	

The First Ancient Epigenome 
Rationale: Cytosine Deamination After Death 

NH2	 NH2	
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UpG	 TpG	

CpG	 mCpG	
NH2	 NH2	

The First Ancient Epigenome 
Cytosine Methylation and Gene Expression 

 
Post-Mortem Cytosine Deamination 
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The First Ancient Epigenome 
Prediction Summary 

 
Genome-Wide Nucleosome and Methylation Maps 

Orlando et al. Nat Rev Genetics 2015 95	



96	

---U---------- ----------- 

USER 

Post-mortem Damage 

----------U------------------- -------------------G---------- 
---TG--------- ----------- 

USER 

Post-mortem Damage 

---------mCG------------------ -----------------mCG---------- 

The First Ancient Epigenome 
Cytosine Methylation and Gene Expression 

Post-Mortem Cytosine Deamination 

From Briggs et al. Nuc Acids Res 2010 

GCTCTTCCGATCT GATCGGAAGAGC GCTCTTCCGATCT GATCGGAAGAGC ---TG---------==A -----------CA===A 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	

DNA Library Building 

---TG--------- ----------- 

GCTCTTCCGATCT GATCGGAAGAGC GCTCTTCCGATCT GATCGGAAGAGC     ----------==A ------------A    

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	
     --------- ----------- 



Ancient EpiGenomics 
The First Genome-Wide Methylation Map 

Illumina 450K 

97	

Pedersen et al. Genome Res 2014 



Ancient EpiGenomics 
Confronting Nucleosome & Methylation Maps 

98	Pedersen et al. Genome Res 2014 



Ancient EpiGenomics 
Predicting Ancient Gene Expression Levels 

From Ball et al. Nature Biotech 2009 

From Jiang &Pugh Nature Rev Genetics 2009 
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Ancient EpiGenomics 
Predicting Ancient Gene Expression Levels (Methylation-based) 

trichohyalin	
keraQn-71	
keraQn-85	
plakophilin	1	
plakophilin	3	
desmoplakin	
periplakin	
plec\n	
kera\n-79	

100	

Pedersen et al. Genome Res 2014 



Beyond Genomes, Epigenomes 
What Ancient EpiGenomics Could Reveal 

• Extinction 
• Domestication 
• Change in Life Style 101	



Seguin-Orlando et al. Sci Rep 2015 

Beyond Genomes, Epigenomes 
Ancient Methylomes 
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Beyond Genomes, Ecosystems 
Mini-metabarcoding 

104	



Beyond Genomes, Ecosystems 
Mini-metabarcoding 

DNA Extraction 

Minibarcode PCR amplification 

Deep Amplicon-Sequencing 

Molecular Taxonomic Assignment Winther-Pedersen et al. Proc B 2015 
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Beyond Genomes, Ecosystems 
Mini-metabarcoding 

Willerslev et al. Nature 2003 

New Zealand, 600 ya Siberia, 10.4-30 kya 
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Beyond Genomes, Ecosystems 
Mini-metabarcoding 

LGM 

Willerslev et al. Nature 2014 

Holocene 
Late Pleistocene 
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Beyond Genomes, Ecosystems 
Mini-metabarcoding 

Willerslev et al. Nature 2014 

LGM 
Late Pleistocene 
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5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT===T============AGATCGGAAGAGCACACGTCAGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 
 

GCTCTTCCGATCT GATCGGAAGAGC 

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT============A===AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT      
 

GCTCTTCCGATCT GATCGGAAGAGC ---U----------==A -----------=A===A 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT---U----------==AGATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 
 
 

GATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===T============AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT============A==>

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

---U---------- ----------- 

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	

2 

3A 

-----------=A===A 

3B 

5 

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT============A===AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT      
 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT============A===AGATCGGAAGAGCAGACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 
 

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===T============AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

4 

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===T============AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT============A===AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT      
 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT===T===========>

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===T============AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT============A===AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT      
 

1 

----------C------------------- -------------------G---------- 
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GCTCTTCCGATCT GATCGGAAGAGC 

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT============|          
 

GCTCTTCCGATCT GATCGGAAGAGC ---U----------==A -----------=A===A 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT---U----------==AGATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 
 
 

GATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===T============AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT============A==>

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

---U---------- ----------- 

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	

2 

3A 

-----------=A===A 

4 

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===T============AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

5 

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===T============AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

aDNA template 

PCR primer 

Y-shaped Adapter Y-shaped Adapter 

Sequencing primer Sequencing read 

Index 

3B 

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===T============AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT============A===AGATCGGAAGAGCAGACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 
 

PCR primer 

PCR primer 

----------C------------------- -------------------G---------- 

1 
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5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT===TG===========AGATCGGAAGAGCACACGTCAGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 
 

GCTCTTCCGATCT GATCGGAAGAGC 

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT===========CA===AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT      
 

GCTCTTCCGATCT GATCGGAAGAGC ---TG---------==A -----------CA===A 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT---TG---------==AGATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 
 
 

GATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===TG===========AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT===========CA==>

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

---TG--------- ----------- 

ACACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC	

2 

3A 

-----------CA===A 

3B 

5 

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT===========CA===AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT      
 

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT===========CA===AGATCGGAAGAGCAGACGTCTGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG 3’ 
 

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===TG===========AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

4 

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===TG===========AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT===========CA===AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT      
 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT===TG==========>

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===TG===========AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’ 
 

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT===========CA===AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT      
 

1 

---------mCG------------------ -----------------mCG---------- 
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