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Ancient DNA Research
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Ancient Genomics

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

600 mg - 379 bp

16,500
3,000,000,000

From Krings et al. Cel 1999



Ancient Genomics
Really?







N




neient 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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Percentage of endogenous aDNA
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Ancient Genomics

Solution #1: New DNA Reservoirs
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Fold—increase
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Ancient Genomics

Solution #1: New DNA Reservoirs
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Ancient Genomics

Solution #2: Enhanced Sequencing Power
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DNA concentration

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: Develop Ultra-Sensitive Molecular Tools

Hydroxylapatite crystals
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Extraction Procedures Removing Part of the Contaminating Fraction
Der Sarkissian et al. Mol Ecol 2014
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Ancient Genomics

Solution #3: Develop Ultra-Sensitive Molecular Tools
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LYLVILDODILVYIDVLIDIDILYLVYYDIDIDVLIIVLD

o

ATATACGCGATGCTAGCGCGATATTCGCGCTACGTAC

LYLYLOODILYDDVLIDIDDLVLVYYDIODIDVLOOVLD

4

ATATACGCGATGCTAGCGCGATATTCGCGCTACGTACAAAAAAAAAA

YVYVYVYVYVVVVYLYLYLDODIOLYIDVLIODIDILYLYYDIDODVLIIOVLD

v

ATATACGCGATGCTAGCGCGATATTCGCGCTACGTACAAAAAAAAAA
LLLLLLLLLL=

=TTTTTTTTTT
YYVYVVVVYYYLVLVLODDILVYOOVLIDIDILVYLVYYDIODIDVILOOVLD

v

ATATACGCGATGCTAGCGCGATATTCGCGCTACGTACAAAAAAAAAA
LLLLLLLLLL-

-TTTTTTTTTTB
YYVYVYVVVVVYYLYLYLDODILYIDVYLIDIDILYLVYYDIDIDVILIIOVLD

Ancient Genomics

Solution #3: Develop Ultra-Sensitive Molecular Tools
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Orlando et al. Genome Res 2011
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Ancient Genomics

Solution #3;

Jevelop Ultra-Sensitive Molecular Tools
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Ancient Genomics

Solution #3: Develop Ultra-Sensitive Molecular Tools
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Enrich DNA Libraries for Damaged DNA
Orlando et al. Nat Rev Genetics 2015
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Ancient Genomics

High-Throughtput Approaches: Leveraging on Close Relatives

Endogenous fra

=2,
-
-
Y’
m
>
|I :
[(a]
o
=
[*]
(=
w
=
o
(2]
o
5
-
n- ||

!
Biotiny lated W
RNA prob w ™
T!n vitro

o .
T Probe DNA library

Fresh DNA extract

Enrich DNA Libraries for Target DNA
Orlando et al. Nat Rev Genetics 2015

27



Genomes ,1
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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
Log,y(Native Molgcules )

«Aqueous solution
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Eurasia Africa
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sapiens
Denisogé?i '
erectus
heidelbergensis
MIDDLE PLEISTOCENE
antecessor
erectus

Stringer Nature 2012




From the Anthropocene to the Middle Pleistocene

0sseous Horse and Hominin Material

660-780 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

T T TTTTTTTTTTTTTTTTTTTTTTTTT T
AAAGTCACAGTCGCGAATGCGCATAGCGAT

Lol LOVD LOLOVIOIDOLLVYOIDOIDLVYLOIDILY
S A Attt s s S s s S S S



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

b e e e e i al e

CAGTCGCGAATGCGCATAGCGAT
OLLYODODLY.LODDLY
O R S R R A S S S R S R A



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

b o ol i al e e a

UAGTCGCGAATGCGCATAGCGAT
OLLYODODLY.LODDLY
O R S R R A S S S R S R A




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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[he First Genome From the.karly Middle Pleistocens
Post:Mortem DNA damage
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The First Genome From the Early Middle Pleistocens

1.00

0.75

Freguency
o
o

0.25

0.00

Cytosine Deamination Levels

=Mitochondrial Late Pleistocene (Age, BC)

TC
horse

P i o s s e v~ B s T i e e B~ s e i v s e v i e s s s e e T i

S N N N N N N N N N N S N N N N N N N N N o e N N N N S~ = =

ﬁlmlII“I“III“II“““ihiI

42




0K but come on, really?
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The First Genome From the Early Middle Pleistocens
Phylogenetic Evidence: mtDNA -

29 novel ancient complete
mitochondrial genomes



The First Genome From the Early Middle Pleistocens
Phylogenetic Evidence: nucONA
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Origins Mid-Pleistocene
Migration




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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Ancient Genomes Help Renmng Archagological Models
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Bronze Age Genomics

>[00 Ancient Human Genomes

2600 BC

1800 BC

1000 Bc 200 sC 600 ap

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

Asia afy . ./ Vindija
Mezmaiskaya
N.L

Potential
unknown
hominin

From Prufer et al. Nature 2014
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Archalc hominins

Neandertals, Denisovans, Ghosts

Admixture

A R B

B M A
B NIAL B

Admixture

From Durand et al. Mol Biol Evol 2011
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Archalc hominins

Neandertals, Denisovans, Ghosts
Admixture
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Sankararaman et al. PLo§ Genet 2012
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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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Archaic hominins
Dating the Admixture with Neanderthals
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A Locations of analyzed samples

Forest steppe
Temperate deserts

Upner Paleolithic Humans
Kostenki K14 (£3- and D-statistics)
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Upner Paleolithic Humans
Kostenki K14 (£3- and D-statistics)
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Sequin-Orlando et al. Science 2014
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Bronze Age Genomics

>[00 Ancient Human Genomes
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Bronze Age Genomics

>[00 Ancient Human Genomes
Selection Patterns
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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) i | | 1]

PCR

Ligation

% Background (Microbes, Contaminants, et
& Unidentfied

@ g Species of Interest

Modified from Krause & Stoneking Nat Rev Genet 2011, Fu et al. PNAS 2013
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Historical Bacterial Qutbreaks and Usual Suspects

Y. pestis
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Bos ot al. PNAS 2011, Nature 2011, PLoS One 2012 70
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ATime

radioC dating

Branchi-Shortening based Calibration of Molecular Clocks
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Edit-Distance Distribution
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Nucleotide Mis-incorporation Patterns
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Heterozygosity Profiles (Down-sampling as per the Coverage of Ancient Genomes)

Rasmussen et al. Gell 2015
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The Genetic Makeup of a Deadly Human Pathogen
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culosis, pestis) 4 flea tran.) PPCP1 (loss)
53(-')'00 BC ' Eurasia BA Plagues (2815 -1626 BC) |
‘ ~SI0gEC Branch 0.PE7 (CHN)
l J Branch 0.PE2 (FSU)
pPCP1 | | Branch 0.PE3 (AFR)
MTH1
P o et Branch 0.PE4 (CHN, FSU)
flhD inactivation (immune evasion) -1~1000 BC Branch 0.ANT1 (CHN)
pla 131V (neutral mut.)

Plague of Justinian (GER)
(541-544 AD) (1st Pandemic)
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Rasmussen et al. Gell 2015
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Beyond Genomes, Microbiomes

Frozen Yakutian Tombs

-y . . . G
b TR
W s 2
2 ¥

Classes

M Actinobacteria

[ Alphaproteobacteria
Bacilli
Betaproteobacteria
Clostridia

[ Deltaproteobacteria

|7 Epsilonproteobacteria

[ Erysipelotrichi
Flavobacteria

[ Fusobacteria

B Gammaproteobacteria

M Halobacteria

M Negativicutes

M Sphingobacteria

M Spirochaetes

M Synergistia
Thermomicrobia

leraA
leraB

Yak1
Yak2
CGG10022 ~
CGG10023 ~

TSYa
TSYe
BaARE
BaBRE
OSRE
TaRE
TuRE
TyRE
YaRE

Orlando et al. In prep.
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Frozen Yakutian Tombs

Dimension 3
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Orlando et al. In prep.
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Soil

Mouth

Nose

Skin

Stool

Vagina

Ancient Yakuts
Ancient Yakutia horses
Ancient Taymir horses
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Frozen Yakutian Tombs
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Attached keratinized gingiva
Buccal mucosa

[J Palatine tonsils

[J Saliva
Subgingival plaque

O Supragingival plaque

O Throat

O Tongue dorsum

@O0 @®® Ancient Yakuts
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Ancient EpiGenomics

Ageing Social Environment
Bipolarity
Schizophrenia
Risk-Taking
Risk-Adverse
Learning
Memory

Obesity Risk

Epigenome

Gens Expression

Individual Differences

Revealing Individual Differences Even In The Past
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Ancient EpiGenomics

EniGenome Genome

Pedersen et al. Genome Res 2014 Rasmussen et al. Nature 2010
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Rationale; Nucleosome Protection After Death
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Rationale; Nucleosome Protection After Death




The First Ancient Epigenome

Prediction Summary

Genome-Wide Nucleosome and Methylation Maps

® "CpG
@ CpG

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
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The First Ancient Epigenome

Prediction Summary

Genome-Wide Nucleosome and Methylation Maps

Orlando et al. Nat Rev Genetics 2016
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The First Ancient Epigenome

Cytosine Methylation and Gene Expression

Post-Mortem Cytosine Deamination

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

+€ DLLODLOLLOLODIDLVYLODLOLY: O¥ILOVOILOVYOLOLOOVOY

OV¥OIOVIOVLIDDLLIOLOVOVLIOLYOVYODIVIOVIIODDIVILYOLYY G

i DNA Library Building

ACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3
-AGATCGGAAGAGC
LOLYDIDLIOLOD

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

OVDIVYIOVLIDILLLIOLOVIVILOLYOVODIVIIOVYDIDDIVIVOLYY G

From Brigos et al. Nuc Acids Res 2010
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Ancient EpiGenomics
The First Genome-Wide Methylation Map
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Ancient EpiGenomics

Confronting Nucleosome & Methylation Maps
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Predicting Ancient Gene Expression Levels
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Ancient EpiGenomics

Predicting Ancient Gene Exprassion Levels (Methylation-hased )

N
1

desmoplakin
periplakin

Methylation ratio
trlcho!walln e
keratin-71 > &
keratin-85 & — 4 -
plakophilin 1 _8 _.G_)‘
plakophilin 3 (@]
. . m e
plectin O a
keratin-79 0 -

10 0
Expressnon group

Pedersen et al. Genome Res 2014
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\What Ancient EpiGenomics Could Reveal
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Ancient Methylomes

MBD-
@ @ @

Seguin-Orlando et al. Sci Rep 2016
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Beyond Genomes, Ecosystems

Mini-metabarcoding
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Beyond Genomes, Ecosystems

Mini-metabarcoding

R
ONA Extraction

Y

Minibarcode PCR amplification

\

Deep Amplicon-Sequencing

\

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

Mini-metabarcoding

4in
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Siberia, Il]}.le-3 kya

w Zealad, ﬁl]l] a

Willersle et al. Nature 2003

106



Beyond Genomes, Ecosystems

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:

/€ 9LIOSIOLIOIOOIOIVIOOLILY. OVOLOYOILOVYDLOLIOIYOY O¥OOVOVLIDILLLILOVOVLOLYO¥ODOWOOYDOODDOVLYDLYY LS

=RGATCGGAAGAGCACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3’
=LOLVYDIDLIOLODLOLOIVIVILLOVIDLOVOLONNNNNNLYOVODVLYODDIWOVYOYIIVYD G

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT---U-
LIVOLVYIOODDIIODLODILILYIVLOLOVIVYVODOVILOLODLODOVIOVYDDIILYIV===V=

=AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
== LOLY¥DDILLOLIDDVYOIVIVIODDLLLOLOVOVLOLVYOVYOIOVIOVOIDDIVIVOLYY ,§

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATC
+€ DILODIDLIIOLODDDLVLODIOLY: OVDILOVIDIOVYOILILODVIVIIVDVYIDILYOV:

AGATCGGAAGAGCACACGTCAGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG
LOLYODOLIOLOOLOLODVYOVILIOVODLOVOLONNNNNNLEYOVYOIVLYIDDOVIOVYOVIOVYD ,G

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT
LIYILYLODDDDLODIODDLOLYOVIOLOVOVYYOODVIOLODLOIDVOVYODDLYOY:

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 37
LOLYOIILIDLIDIYDIYIVLODDLLLOLOVOVLOLYODYDDDVYOOWDIDIDOVLVOLYY , S

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT
/€ DILIDLILIDLOIDDIVLODLILYNNNNNNIYILOVIDLIOVYDLILIIDVIVIOVOVVODDLVIV:

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

LIVOLVIODDOILODLOOIDLILYOVIOLOVOVYVYIIOVILOLODLIDOVOVYDDDLVOV===V============, IOI¥DIDIIOIODIOINIYOVILIOVODILOVOIONNNNNNNIVOYOOVLIYOODOWOVYOYIOWYD ~ (Ld) TTIHD MOTI

¢5

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
LILYDDDLIOLIDIYDIVIVIIIILLLIIOVYIY

FLOW CELL (P7) - CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT=
<

>

ACACTCTTTCCCTACACGACGCTCTTCCGATCT=

==LOIYDIDLLIOLODLOLODVOVILLIOYODLOYOLONNNNNNIVOYOOVIYIDDIVOVYOVOOVYD ~ (Ld) TTED MOTL

Orlando-Sequin et al. STAR 2015



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
OVYDIVIVILIIDDLILOLOVOVIOLYOVIIIOVIIVIOIODDVIVOLVYY ,§

/€ DILODLILLOLODIDIVIODLILY: OVOLOVIDLIOVYOLILODVIOVY

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT---U AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3

LOLYDIDLLOLODLOLODYOYILLOYIDLOYOLONNNNNNLIYDYOOVLYODDOVOVYOVIOWYD G ] PCR primer

PCR primer [ 5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATC
/€ DLLODLIOLLOLODIDLVILODLIOLY: OVDLOVOILOVYOLOLODVOVIOVDVYODDIILYDV:

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 37
LOLYDIDLLOLODOVOOVOVLIDDLLLOLOVYOVLOLYOVOIDVOOVOIDDIVIYOLYY G

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATC
SLLIDLIOLLILODIDLVYLODLOLYNNNNNNIYOLOVIDLOVYDLILOOVIVIOVIVYODILYD

GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
OLY9DILILOLODIYDIYIVIODILLLILOVIOVIOLYOVYOIOYOOVDIOOOVIVOIVY S ] PCR primer

el

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

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

GATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
DILY¥DIILLILIDIYOIVIVIIDILLLILIOVOY ] Sequencing primer
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Post-Mortem Cytosine Deamination

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGAC ACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3

GCTCTTCCGATCT ---TG--
DOVDVYDDDLYD V===YD~~
+€ DLLODLOLLIOLODIDLVYILODLIOLY: OVYILOVODLOVYOLOLOOVOVY

=AGATCGGAAGAGC
—LOLYDIDLIOLOD

OVDIVYOVLIDILLIOLOVIVILIOLYOVODIOVIIOVDIDDIVIVOLYY G

=AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC ATCTCGTATGCCGTCTTCTGCTTG 3’
=LDLVYDIDILIOLIDILOLOIVIVILLOVIDLIOVOLONNNNNNLYOVOOVLYODDIVWOVYOVIOVYD S

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT- -
LIVOLVIODDDILODLODILILVYOVLOLOVIOVYVIDOVLOLIDLODDVIVYDDDLVOV==

==AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
== LOL¥DIDLIIOLODOVOIOVOVLIOODLLIOLOVOVLOLVOVODOVIOVOIDDIVIVOLYY G

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT==
+€ DILOODIDLLOLODIDDLVIODLOLY! OVYIIOYIILOVYOIOLODVOVIOVIOVYOIDILYDV=

AGATCGGAAGAGCACACGTCAGAACTCCAGTCACNNNNNNATCTCGTATGCCGTCTTCTGCTTG
LOLVOODLIOLOOLOLOOVOVOLLOVODLIOVOLONNNNNNLIYDVIDVLVYIDIDVOVYOVYIOVYD , G

5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT
LIYOLVYILODDDDLODLODILOLYOVIOLOVOVYYOOOVLOLODLODOVIVYOOILYOV:

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 37
LOLYHIDLLOLIDIYDIVOVLODDLLLOLOVOVLOLYOYODOVOOVDIDDDVIVOLYY S

5’ CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTCTGCTCTTCCGATCT
4€ DILLIODLOLLILODIDDLYLODLILYNNNNNNIYILOVIDLOVYDLILODVOVYIDVOVYODILYIV:

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

LLVDLVIODDODLODLODDLIOLYOVIOLOVOVYYIIDVLILODLODOVYIVYIDDLYOV===¥D= ==LIOLV¥DIDLLOLIDLOLIDVIOVILILOVIODLIOVOLONNNNNNNLIYOTIOVLVYODDOVOVYOVOOVYD ~

==AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCATT 3’
=LILYDIILIDLIDIYDIVOVLIDDLLIOLIVOY

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

ACACTCTTTCCCTACACGACGCTCTTCCGATCT
LIY¥ILYIODIDILODIODILILYIVIOLOVOVYYOIDVLOLODLOIDVOVYODILYOY

Orlando-Sequin et al. STAR 2015
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