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Ancient Genomics

>[00 Ancient Genomes Have Now Been Characterized
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Ancient Genomics
Really?

600 mg - 379 bp
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From Krings et al. Cell 1999
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ncient Genomics
Post-Mortem DNA decay
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Ancient Genomics
Low-Throughtput Approaches
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Ancient Genomics
High-Throughtput Approaches
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Ancient Genomics

Solution #1: New DNA Reservoirs
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Ancient Genomics

Solution #1: New DNA Reservoirs
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Ancient Genomics

Solution #1: New DNA Reservoirs
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Ancient Genomics

Solution #1: New DNA Reservoirs

Samples 1-14

Tooth Cementum
Pinhasi et al. PLoS One 2015
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Ancient Genomics

Solution #2: Enhanced Sequencing Power
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Ancient Genomics

Solution #3: Develop Ultra-Sensitive Molecular Tools
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Orlando L. Bioessays 2014
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Ancient Genomics

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

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

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

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

Solution #3;
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Ancient Genomics

Solution #3: Develop Ultra-Sensitive Molecular Tools

Enrich DNA Libraries for Damaged DNA
Orlando et al. Nat Rev Genetics 2015
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Ancient Genomics

iched fraction

Enrich DNA Libraries for Target DNA

Orlando et al. Nat Rev Genetics 2016
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Mr Big-Shot-n-The-Field (2005)
00, barring some unimaginable technical advance, diachronical studies

of DNA sequences are confined to the past one million years, and more
nrobably to the past 100,000 years.”




Ancient Genomics

DNA decay
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Eurasia

MIDDLE PLEISTOCENE

Stringer Nature 2012




From the Anthropocene to the Middle Pleistocene

Osseous Horse and Hominin Material

560-780 kyBP 400 kyBP
Permafrost Temperate Cave
X Nuclear Genome Complete mtONA



0K but come on, really?




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
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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
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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

P(CrefeTread) 0.15 —

AAGTCGCGAATGCGCATAGCGAT

e o o o o o i e o e
AAGTUGCGAATGCGUATAGCGAT

OLLVYOIDOIDLY.LODDLY
e




The First Genome From the.karly Middle Pleistocens
Post:Mortem DNA damage
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Sa,i ~ Mul(Dy,(1,0,0,0) - O(u, p) - Pgam(8a, 65, A, v, i)

Jonsson et al. Bioinformatics 2013
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The First Genome From the Early Middle Pleistocens
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0K but come on, really?
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The First Genome From the Early Middle Pleistocens
Phylogenetic Evidence: mtDNA I

29 novel ancient complete
mitochondrial genomes



The First Genome From the Early Middle Pleistocens
Phylogenetic Evidence: nucONA
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Ancient Genomes Help Refining Our Origing

The First Ancient Human Genome
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Ancient Genomes Help Refining Our Origing
The Peopling of the New World Arctic

Rasmussen et al. Nature 2010
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Anment benomes Help Refining Archagological Models
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Bronze Age Genomics

>[00 Ancient Human Genomes

B Remedello, CA ¢ Bell Beaker, CA- ® Middle BA
4 Stalingrad quarry, EBA § Karasuk, LBA

3400 BC 2600 ec 1800 BC 1000 ec 200 BC 600 AD

Allentoft et al. Nature 2015
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Bronze Age Genomics

>[00 Ancient Human Genomes
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Archaic hominins

Neandertal Genomics
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Archaic hominins

Neandertal Genomics
-Statistics
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Archalc hominins

Neandertals, Denisovans, Ghosts
Admixture

Denisovans
Modern humans Neanderthals

D.l. Denisova
2 20,50, Altai
Asia __4- 4__- y Vindija
Mezmaiskaya
N.L

Potential
unknown
hominin

From Prufer et al. Nature 2014
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Archalc hominins

Neandertals, Denisovans, Ghosts
Admixture
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From Durand et al. Mol Biol Evol 201 -



Archalc hominins

Neandertals, Denisovans, Ghosts
Admixture

(a) Gene flow <100,000 years ago Long-Range LD expectation | Neand_Der

E om
o
0 —
o
e LAl

0z 03
Geneto Diskrco x (M)

os

mShurt—Ranga L0 'expenta'tinn | Ngand_l]er

Human structure Northeast - “om - o 0 0
to Neandertal- Africans retain YR Gl =N . o m——
modern human extra proximity to

divergence Neandertals

Sankararaman et al. PLo§ Genet 2012

59



d

Archalc hominins

Dating the Admixture with Neanderthals

Ancestors of variable ancestry

1}

®
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Sampled admixed individual

(~55 kyr ano)

b Haplotypes from
population 1

Wegmann et al. Nat Genet 2011

Haplotypes from
population 2
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A Locations of analyzed samples

Forest steppe
Temperate deserts
Tropical semi-desert
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Archalc hominins

Dating the Admixture with Neanderthals
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A Locations of analyzed samples

Forest steppe
Temperate deserts

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

f,(Mbuti; K14, X) - worldwide Seguin-Orlando et a1, Science 2014
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Bronze Age Genomics

>[00 Ancient Human Genomes

| actose Tolerance

LACTASE HOTSPOTS
Only one-third of people produce the lactase enzyme
during adulthood, which enables them to drink milk
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LCT (rs4988235)
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Bronze Age Genomics

>[00 Ancient Human Genomes
Selection Patterns

Lactose Tolerance
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Beyond Genomes, Microbiomes

Historical Bacterial Qutbreaks and Usual Suspects

Testaments
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Beyond Genomes, Microbiomes

Historical Bacterial Outbreaks and Usual Suspects m , 1
Novel Target-Enrichment Methods (0.5-IM loci) im | | 1]

PCR
Ligation

4 Snecies of Interest
& Background (Microbes, Contaminants, et
 Unidentified

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

Historical Bacterial Qutbreaks and Usual Suspects
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ATime

radioC dating

Branchi-Shortening based Calibration of Molecular Clocks
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The Genetic Makeup of a Deadly Human Pathogen
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Yak1

Yak2

Frozen Yakutian Tombs
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Orlando et al. In prep.
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Frozen Yakutian Tombs
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Ageing social Environment
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Epigenome

Gene Expression

Individual Differences

Revealing Individual Differences Even In The Past
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EniGenome Genome

Pedersen et al. Genome Res 2014 Rasmussen et al. Nature 2010
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The First Ancient Epigenome

Prediction Summary

Genome-Wide Nucleosome and Methylation Maps
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Orlando et al. Nat Rev Genetics 2016
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Rationale; Cytosine Deamination After Death
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Rationale; Cytosine Deamination After Death
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The First Ancient Epigenome

Cytosine Methylation and Gene Expression

Post-Mortem Cytosine Deamination




The First Ancient Epigenome

Prediction Summary

Genome-Wide Nucleosome and Methylation Maps

Orlando et al. Nat Rev Genetics 2016
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Cytosine Methylation and Gene Expression

Post-Mortem Cytosine Deamination

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC l’ ACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3’
GCTCTTCCGATCT ==AGATCGGAAGAGC
ODVDVYIDILYDY -~ LOL¥DDDLLIOLOD

+€ DLLODLOLLOLODIODLVYLODLIOLY: O¥ILOVOILOVYOLOLOOVOY

OV¥OIOVIOVLIDDLLIOLOVOVLOLYOVYIDIVYIOVIIODDIVILYOLYY G

i DNA Library Building

ACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3
-AGATCGGAAGAGC
LOLYDDDLIOLOD

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC
GCTCTTCCGATCT ---TG-
ODVDVVYIDILYD V===¥D
+€ DLLODLOLLOLODIDLVYLODLIOLY: OYDLOVODLIOVYOLIOLOOVIOVY

OVDIVYIOVLIDDLLLIOLOVIVILIOLYOVODIVIIOVYDIDDIVIVYOLYY ,G

From Brigos et al. Nue Acids Res 2010
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Ancient EpiGenomics

Confronting Nucleosome & Methylation Maps
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Ancient EpiGenomics

Predicting Ancient Gene Expression Levels (Methylation-hased )
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Ancient Methylomes

MBD
@) @ @

Seguin-Orlando et al. Sci Rep 2016

102



mﬁ? Microbiomes EECQSyStemS
pigenomes
S ' athogens Adaptation

GENOMES pf ¥

Origins Mid-Pleistocene
Migration

ot ) ,51 mM

Ry



Beyond Genomes, Ecosystems

Mini-metabarcoding
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Mini-metabarcoding

—~—
Ny

- % #
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’ V-"

ONA Extraction

Y

Minibarcode PCR amplification

\

Deep Amplicon-Sequencing

\

Winther-Pedersen et al. Proc B 2015 Molecular Taxonomic Assignment

105



Beyond Genomes, Ecosystems

Mini-metabarcoding

Willersle et al. Nature 2003
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Mini-metabarcoding
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Mini-metabarcoding
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The First Ancient Epigenome

Cytosine Methylation and Gene Expression

Post-Mortem Cytosine Deamination

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC ACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTIG 3

=AGATCGGAAGAGC
- LOLU¥DDDOLLOLOD

GCTCTTCCGATCT -
ODVDVVYIDILYIV:

/€ 9LIOSIOLIOIOOIOIVLOOIILY. OVOLOYOILOVYDLOLIOIYOY OVOOVOVLIDILLLOLOVOVLOLYO¥ODOWOOYDOOIDOVLYDLYY LS

=RGATCGGAAGAGCACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3’
=ILOLVYDIDLIOLODLOLOIVIVILLOVIDLOVOLONNNNNNLYOVODVLYOODOWOVYOYIIUYD ,§

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT---U-
LIVOLVYIOODDIIODLODILILYIVLOLOVIOVYVODOVILOLODLODOVIOVYDDIILYDV===V=

=AGATCGGAAGAGCGTCGTGTAGGGAARAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
== LOL¥DDILLOLIDOVYOIVIVIODDLLLOLOVOVLOLVYOYOIOVIOVOIDDIVIVOLYY ,§

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATC
+€ DIIODIDLLIOLODIDDLVILODIOLY: OVOILOVIDIIOVYOLILODVIVIDVDVYIDOLYOV:

AGATCGGAAGAGCACACGTCAGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG
LOLYODOLLIOLOOIOLODVOVILIOVODLOVOLONNNNNNLYOYIIVLYIDDOVIOVYOVIOVYD .G

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT
LIV¥OLYLODDDDLODLODDLOLYOVIOLOVOVYYOODVIOLODLOIOVOVYODILYOY:

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 37
LOLVYOIILIDLIDIYDIYIVLODDLLLOLOVOVLOLYOYDIOVYOOWDIDDOVILVOLYY , S

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT
4€ DILIDLILIDLOIIDIVLOILILYNNNNNNIVYILIOVIDLIOVYDLILOIDVIOVIOVOVVODDLVIV:

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

LIVOLVIODODOILODLOODLILYOVIOLOVOVYVYIIOVILOLODLODOVOVYODDLVOV===V============, IOI¥DIDIIOIODIOINIVOVILIOVODILOVOIONNNNNNNIVOYOOVIYOODOWOVYOYIOWYD ~ (Ld) TTIID MOTI

¢5

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
LILYDDDLIOLIDIYDIVIVIIIILLLIIOVYIY

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT=
<

>

ACACTCTTTCCCTACACGACGCTCTTCCGATCT=
LLYDLVYLIDDDDDLODLODILIOLYDVLOLOVOVYYOIOVLOLODLODDVIVYDDDLYDV===V=

Orlando-Sequin et al. STAR 2015

==LOIYDIILLIOLODLOLODVOVILLIOVODLOYOLONNNNNNIVOYOOVIYIDDIVOVYOVOOVYD ~ (Ld) TTED MOTL



The First Ancient Epigenome

Cytosine Methylation and Gene Expression

Post-Mortem Cytosine Deamination

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC ACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3
GCTCTTCCGATCT ~~-U-~-~~-~-~-~-~~~ ==AGATCGGAAGAGC

LOLYDDDOLLOLOD Y-shaped Adapter

Y-shaped Adapter
OVYDIVIVLIDDLILOLOVOVIOLYOVIIIOVIIVIOIODDVIVOLVYY ,§

4€ DILODLILLOLODIDIVIODLILY: OVOLOVIDLIOVYOLILODVIOVY

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT---U AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3

LOLYDIDLLOLODLOLODYOYILLOYIDLOYOLONNNNNNLIYDYOOVLYODDOVOVYOVIOWYD G ] PCR primer

PCR primer [ 5 CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATC
4€ DLLODLOLLOLODIDLVYILODLIOLY: OVDLOVOILOVYOLOLOOVOVIOVDVYODDILYDV:

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
LOLYDIDLLOLODOVOOVOVLIDDLLLOLOVYOVLOLYOVOIDVIOOVOIDDIVIYOLYY G

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATC
DLLODOIOLLOLODIDLYLODLOLYNNNNNNDVOLOVIDLOVYOLOLODYOVIOVOVYIDILYD

GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
OLY9DILILOLODIYDIYIVIODILLLILOVIOVIOLYOVYOIOVOOVDIODOVIYOIVY S ] PCR primer

e}

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

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT=
Sequencing read [ <

GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
DILY¥DIILLILIDIYOIVIVIIDILLLILIOVIY ] Sequencing primer

Orlando-Sequin et al. STAR 2015
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Post-Mortem Cytosine Deamination

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC ACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 37

GCTCTTCCGATCT ---TG--
DOVDVYDDILYD V===V~ ~
+€ DLLIODLOLLOLODIDLVYILODLIOLY: OVYILOVODLOVYOLOLOOVIOVY

=AGATCGGAAGAGC
—LOLYDIDLLIOLOD

OVDIVYOVLIDILLLIOLOVIVILIOLYOVOIOVIIOVDIDDIVIVOLYY G

=AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3’
=IDLVYDIDILIOLIDILOLOIVIVILLOVIDLIOVOLONNNNNNLYOVOOVLYODDIVWOVYOVIOVYD , S

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT- -
LIVOLVIODDDILODLODILILYIVLOLOVIVYVIDOVLOLIDLODDVIVYIDDLVOV==

==AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
~= LOL¥DIDLIIOLODOVOIOVOVLIOODLLIOLOVOVLOLVOVODOVIOVOIDDIVIVOLYY S

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT==
+€ DILIODIDLLOLODDDLVIODLOLY! OVYIIOYIILOVYOLOLODVOVIOVIVYODILYDV=

AGATCGGAAGAGCACACGTCAGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG
LOLVOODLIOLOOLOLOOVOVOLLOVODLIOVOLONNNNNNLYDYIDVLYIDIDVOVYOVYIOVYD S

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT
LILYOLVYILODDDDLODLODILOLYOVILOLOVOVYYOOOVLOLODLODOVIVYOOILYOV:

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 37
LOLYHIDLLOLIDIYDIVIVLODDLLLOLOVOVLOLYOYODOVOOVDIDDIVIVOLYY S

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT
+€ DILLODLOLLILODIDDLYLODLILYNNNNNNIYILOVIDLOVYDLILODVOVYIDVOVYODILYIV:

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

LLVDLVIODDODLODLODDLILYOVIOLOVOVYYOIIDVLOLIDLODOVYIVYIDDLYOV===YD= ==LOLV¥DIDLLIOLIDLOLODVIOVILILOVIODLOVOLONNNNNNNLIYOYIOVLVYODDOVOVYOVIOVYD ~

==AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
=LILYDIILIDLIDDYDIVOVLIDDLLIOLIVOY

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT===TG=
<==YD

ACACTCTTTCCCTACACGACGCTCTTCCGATCT
LIY¥DLYLODIDILODIODDLOLYOVIOLOVOVYYOIDVLOLODLOIDVYOVYODILYOY

Orlando-Sequin et al. STAR 2015

LOLYDDDLIOLODLOLODVOVILLOVODLOVOLONNNNNNLEOYOIVLYODODVOVYOVOIOVYD ~
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