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Adaptive Radiation of Heliconiini (Family: Nymphalidae)

Photo credit: @mena_sebas

- 87 Species

- ~440 sub-species

Flelicomus numaia Heliconius erato Heliconius melpomene

Helicenius charithormna

Dione juno Dione moneta Dryas julia Heliconius doris
Host Plant: Host Plant: Host Plant: Host Plant:
Distephana, Tacsonia, Granadilla and Astrophea and Polyantheq, Granadilla
Grandilla and Plectostema Plectostemma Tryphostemmatoides and *POLYMORPHIC*
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Heliconius wallacei

flavescens

Host Plant:
Distephana
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Heliconius heurippa®™
H. timareta®

H. pachinus*

H. cydno

H. melpomene
H. elevarus®

H. p. sergestus®
H. arthis*®

H. hecale®

H. ethilla®

H. numata®

H. izsmenius®

H. besckei®

H. nattereri

H. wallacei®

H. burneyi®

H. egeria*®

H. xanthocles*
H. doris*

H. hierax*®

H. hecuba flava*®
H. aoede®

H. sapho*

H. hewitsoni*®
H. congener®

H. eleuchia®

H. antiochus*®
H. sara

H. leucadia®

H. ricini*

H. demeter®

H. eratosignis®
H. peruvianus®
H. charitonia
H. himera

H. erato lativitta
H. e. etylus*

H. e. demophoon
H. e. petiverana®
H. hermathena
H. hecalesia®

H. hortense®

H. clysonymus®
H. telesiphe®

E. tales®

E. lybia*

E. aliphera®

E. vibilia*

E. lampeto*®

E. isabella

A v. maculosa®
A v. incarnata®
Dione juno® 3
Podothricha telesiphe®
Dryas iulia ]
Dryadula phaetusa®
Philaethria dido*

Junonia coenia
Melitaea cinxia
Bicyclus anynana
Danaus plexippus
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Speyeria mormonia® ~

» Pollen-feeding

Photo credit: @mena_sebas
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Allocentric trap-lining in home ranges up to 1 km?

Moura et al.. 2021. Functional Ecoloav.
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Interspecific variation: X,=76.2, p < 0.001
Small vs. big MBs: Xy = 182.8, p < 0.001
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225,350 nuclei of H. melpomene brains
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» But how do you tackle these problems? »

» How do we make sense of how evolution works? »



» But how do you tackle these problems? »

» How do we make sense of how evolution works? »

» Comparing “things”! »



NHGRI FACT SHEETS

genome.gov

Comparative Genomics
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Researchers choose the appropriate time-scale of evolutionary
conservation for the question being addressed.

Common features of different organisms such as
humans and fish are often encoded within the DNA
evolutionarily conserved between them.
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Looking at closely related species such as humans and
chimpanzees shows which genomic elements are

unique to each.
A

4“" ‘lhsd"' "";A“' ‘"‘sd\
WAL ANVWA AN
AV DAV AV OV N 14

T U \
A\ ',‘L A“ "ls A\ "‘5 Al N I H National Human Genome
: : : : Research Institute

Genetic differences within one species such as our
own can reveal variants with a role in disease.
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» ... Some definitions ... »
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725

» Homology/Orthology definition »

Homology: it describes descent from a common evolutionary
origin: two loci (genes) are homologous if they derive from the
same ancestral locus (gene).

Orthologs, Paralogs, and Evolutionary Genomics | https:/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725

» Homology/Orthology definition »

Orthology: it describes a relationship due to a speciation event:
two loci (genes) are orthologous if they derive from speciation.

Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725

X1 Orthologous Group X
Xy

Y1 Orthologous Group Y
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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All Homologous!!!
All Single-copy!!!
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725

» Gene loss »
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725

Paralogy: it describes a relationship that involve a duplication:
if a locus (gene) is generated by an event of tandem duplication.

Paralogs

Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725

» Homologs ? »

A -
, " \
Gene Duplication @) \

ya \
7\
/ N \

/ / N \
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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» Homologs ? »
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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» Orthologs ? »
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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» Paralogs ? »
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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» Paralogs ? »
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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» Paralogs ? »
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Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725

IN-Paralogy: it describes a relationship that involve a
duplication occurred within a species

Ya3 Yb3

IN-Paralogs

OUT-Paralogy: it describes a relationship that involve a
duplication occurred in_ one of the ancestor

X\
an ﬁ/\- a2

Orthologs, Paralogs, and Evolutionary Genomics | https:/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725

» Horizontal Gene Transfer (HGT ) »

Xenologs: locus acquired through
horizontal gene transfer

species 1 species 2 species 3

Orthologs, Paralogs, and Evolutionary Genomics | https:/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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» Gene Family Tree »
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» Gene Family Trees » -
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» Units of orthology » .

_E Species 1
Species 2

‘ Species 1

Species 4
_i-[ Species 5

Species 3

Species 6

Species 2

Species 1

— —

Species 4

Species 3

Species 6

Species 4

—_—

Species 5

Species 5

Species 6

Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725

Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456
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Drosophila
+ melanogaster

Drosophila
melanogaster

» Real examples » ¢

Drosophila melanogaster

Ciona intestinalis

Danio rerio

Takifugu rubripes

Xenopus tropicalis

Gallus gallus A3

Takifugu rubripes

Danio rerio

Xenopus tropicalis

Transferrin family

Gallus gallus

Monodelphis domestica

Homo sapiens

—— Mus musculus
Lo —— Canis familiaris A2.2
Canis familiaris

Mus musculus

— Homo sapiens A2.1 A2
Canis familiaris

ﬂ-lomo sapiens
Mus musculus Al.1

= —— Monodelphis domestica

Gallus gallus

Xenopus tropicalis

Takifugu rubripes

Danio rerio Al

Orthologs, Paralogs, and Evolutionary Genomics | https,/www.annualreviews.org /content/journals/10.1146/annurev.genet.30.073003.114725
Functional and evolutionary implications of gene orthology | hitps./www.nature.com/articles/nrg3456



https://www.annualreviews.org/content/journals/10.1146/annurev.genet.39.073003.114725

» Real examples »

Gustatory receptors

8,320 tips

16,638 nodes
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» Why this 1s relevant ? »



» Species Tree Estimation »

a Data assembly

b Contaminant identification :
o AR —H— @
¢ Orthology prediction
d Alignment
Orthologue 1 Orthologue 2 Orthologue 3
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Taxon 7  BEETEETRORTORSOONC TIRENGON Taxon 2 CRummmTaeme TR TN T laxon 3 NONGGERNENET - K- - BOTRTRTET
Taxon 3 [axon 3 GENTEETORGTRGGEREETT Taxon 4 EOESGGRGRTET - - - - KT TR
Taxan 4 ETETEET TENEGERGGRGENENGGN Taxon 4 SEENTERTNNE CROREN T Taxon 5 SOEGTENGETEY - T - BETTEGET TS
faxon 5  ETRTRCTEGET TR TREGH T CRGRN Taxon 5 EYETTETETETNOENINNT Taxon 5 EEEGTTRGETEE - -&- SEGNGET G
Taxon§ --------- BT TR T TRGE TGRG TR

Contamination

@ TIT2T37T4
< TS

T4 T5 TS T1 72 T3 T4 75 1 T2 T4 15 T3 Ts

e ldentification of outliers

v

Pa .-.lx_u_“l» ¢

TMm T T2T73

f Alignment/site filtering

Taxon 1 BERTEGTHGN TCRCCGRECARNRGE Taxon | SEETEETGRNEGREAEETET Taxon 1 AERGEGNGRGRTS - - BNGTRGNT R
Faxon 7 BEETEGTEGR TGRGGENG TRRNGEN laxon ?  GORNETEGRS TR TREREGNT faxon 7 NOEGGERORGETS - - - BOTEGRTGN
Taxon 3  EEETEOTETE NGO TN Taxon 3 SEETEETERGTESONNNETT Taxon 3 NONGGGNEART - N - - BTETETAT
Taxon 1 EETEET TR Taxon 4 ST TR TR T Taxon4 NORNRGONURTET - - - - BET TEARN
Taxon 5 BIETRS TSN EG TSNS TORGRN laxon 5 SR TRTGTS RGN T laxon 5 SOEGTERGETET - T - BN TR TS
Ph enetic inference
g Phylog Concatenation
faxon | SERTEGTEGK TCRUOCACONEARGROGE T DR T GRARGAENENT A SERGCECRGEORTRG T BONT OR
Taxon 2 TEST » P ; ¥ T f
Taxon 3 SEETECTRTE TONOC RN THOERGOR T BT S0 T NGO T RS AN TR T TR T —_—
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M1 M2 M3 T1 T? T3 T4 15

Phylogenetic tree building in the genomic age | https:/www.nature.com/articles/s41576-020-0233-0
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ene family reconstruction | expansions/contractions »
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» Gene family reconstruction | expansions/contractions »
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» Selecting pressures:
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» Selecting pressures: Positive/Purifying/Convergence »
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» Selecting pressures: Positive/Purifying/Convergence »
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» Selecting pressures: Positive/Purifying/Convergence »
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» Loss / Gain of function »

Multiple axes of visual system diversity in Ithomiini, an ecologically diverse tribe of mimetic butterflies | https:/journals.biologists.com/jeb/article/226/24/jeb246423/330534
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https://journals.biologists.com/jeb/article/226/24/jeb246423/336534

» Loss of function »
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Multiple axes of visual system diversity in Ithomiini, an ecologically diverse tribe of mimetic butterflies | https:/journals.biologists.com/jeb/article/226/24/jeb246423/330534


https://journals.biologists.com/jeb/article/226/24/jeb246423/336534

» Loss of function »
A
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https://journals.biologists.com/jeb/article/226/24/jeb246423/336534

» (Putative) Gain of function »

Cocoonase: a protease secreted during the emergence of silk moths

Purification and characterization of cocoonase from the silkworm Bombyx mori | https:/academic.oup.com/bbbyarticle/78/2/202/5939508



https://academic.oup.com/bbb/article/78/2/202/5939598
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» (Putative) Gain of function »
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Gene Duplication and Gene Expression Changes Play a Role in the Evolution of Candidate Pollen Feeding Genes in Heliconius Butterflies | https:/academic.oup.com/gbe/article/8/8/2581/2108349
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» (Putative) Gain of function »
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Evolutionary dynamics of genome size and content during the adaptive radiation of Heliconiini butterflies | https:/www.nature.com/articles/s41467-023-41412-§
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» (Putative) Gain of function »
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» Single cell RNA data integration »
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» Questions ? »



» Methods »



» Phylogeny on Homologous loci (Tree-based) »

@X ATGCTTAGGTCAGCTAGATAGTGGCTAATACCTAGCAGTTGAGTAA @XD ATGCTTAGGTCAGCTAGATAGTGGCTAA---TACCTAGCAGTTGAGTAA
Y1 ATGCTTAGGTCAGCATAGTGGCTAATACCTAGCAGTTGAGTAA Y1 ATGCTTAGGTCAGC---ATAGTGGCTAA---TACCTAGCAGTTGAGTAA
@53 ATGCTTAGGTCAGCTAGATAGTGGCTAATACCTAGCAGTTGAGTAA @539 ATGCTTAGGTCAGCTAGATAGTGGCTAA---TACCTAGCAGTTGAGTAA
Y2 ATGCTTAGGTCAGCATAGTGGCTAGTACCTAGCAGTTGAGTAA Y2 ATGCTTAGGTCAGC---ATAGTGGCTAG---TACCTAGCAGTTGAGTAA
Ya3. ATGCTTAGGTCAGCTAGATAGTGGCTAATACCTAGCAGTTGAGTAA Ya3 ATGCTTAGGTCAGCTAGATAGTGGCTAA---TACCTAGCAGTTGAGTAA
Yb3 ATGCTTAGGTCAGCATAGTGGCTAATACCTAGCAGTTGAGTAA Yb3 ATGCTTAGGTCAGC---ATAGTGGCTAA---TACCTAGCAGTTGAGTAA

Q
|

|

Substitution model

- - Y1 Y2 Ya3 Yb3

Phylogenetic tree building in the genomic age | https:/www.nature.com/articles/s41576-020-0233-0
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» Homology based-methods »

BLAST (Basic Local Alignment Search Tool) is a widely used
algorithm for comparing biological sequences.

Basic Local Alignment Search Tool

BLAST finds regions of similarity between biological sequences. The
program compares nucleotide or protein sequences to sequence
databases and calculates the statistical significance. Learn more

A new feature was added to Primer-BLAST.
N We now offer the ability for user to run primer-blast from
w NCBI assembly page..

| Tue. 23 Feb 2021 12:00:00 EST B More BLAST news...

Web BLAST




» Homology based-methods »

BLAST identifies regions of local similarity between sequences by
breaking the query and database sequences into smaller segments
(called words) and then aligning these segments.

It does not identify ORTHOLOGY per se!!!

[t is a sequence similarity search tool, and while it can help identify genes with similar
sequences, it does not directly determine orthology

:
DISCLAIMER




» Homology based-methods »

You can implement a reciprocal Best Hits (RBH) to identify two genes which are
each other’s best hits across species, but this is an approximation and not proof.

[t can fail in cases like gene duplication, loss, or incomplete genomes.

&6 — @ad

Y1



» Hidden Markov Models (HMMS) »

[t’s a probabilistic model used to describe sequences (DNA, RNA, or proteins) based
on their underlying statistical properties.
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https;/www.ebi.ac.uk/training /online/courses/pfam-creating-protein-families/what-are-profile-hidden-markov-models-hmms/



https://www.ebi.ac.uk/training/online/courses/pfam-creating-protein-families/what-are-profile-hidden-markov-models-hmms/

» Hidden Markov Models (HMMs) »
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Dataset: signature of BUSCO genes
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BUSCO: Assessing Genome Assembly and Annotation Completeness | https:/link.springer.com/protocol/10.1007/978-1-4930-0173-0_14
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» MethOdS | N etW()l‘ k based (with some integration of the phylogeny) »

Yb3

Ya3 d

Pairwise generated metric

E-value: the number of alignments you would expect to find by chance in a database of a given size.
Bitscore: a normalized score that represents the quality of the alignment. It’s independent of the database size.



» MethOdS | N etW()l‘k based (with some integration of the phylogeny) »

https./academic.oup.com/mbe/article/37/11/3389/5865275
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» Methods | Whole-genome alignment based »
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Scales linearly

https./www.science.org /doi/10.1126/science.abn3ioz




Box 3 | Genuine and false implications of orthology and paralogy relationships

* Orthologues form a clade (that is, they are monophyletic) in an accurate phylogenetic tree.
This is a necessary corollary of the orthology definition (BOX 1).

* Orthology does not imply a one-to-one relationship between genes from different organisms.
Lineage-specific gene duplications often lead to one-to-many and many-to-many co-orthology
relationships (BOX 1).

* The molecular clock is not implicit in the definition of orthology: orthologues in different lineages
may evolve at different (in principle, arbitrarily different) rates (BOX 1).

» Conservation of sequence, structure or genomic context is not implicit in the definition of
orthology.

* Given the above, orthology does not necessarily imply that orthologous genes (even in the
absence of lineage-specific duplications) are the most similar sequences or structures in
compared genomes.

* The converse is not necessarily true either: genes that are most similar to each other in compared
genomes (often denoted bidirectional best hits (BBHs)) might not be orthologous. The BBHs may
represent cryptic paralogy after differential loss of ancestral paralogues in compared lineages or
xenologues, whereby one of the genes in a BBH pair was acquired by horizontal gene transfer.

* Orthology does not necessarily imply conservation of gene function.

* The converse is not necessarily true either: genes with equivalent functions are not necessarily
orthologous.

* All of the above caveats notwithstanding, the generalized orthology conjecture predicts that,
as a genome-wide statistical trend, orthologues are the most similar genes in different species,
in terms of sequence, structure and function.

* Paralogy applies to genes not only within species (as often assumed) but also between species;
in cases of differential gene loss and complex evolutionary scenarios, distinguishing orthology
and paralogy may be non-trivial (BOX 1).

* Paralogy does not necessarily imply functional divergence (as is often assumed): for
instance, paralogy may contribute to protein dosage modulation.

* Nevertheless, the generalized orthology conjecture implies that, as a general trend, paralogues
are more functionally different than orthologues at the same level of sequence divergence.

L4

L =g

30.073003.11472§

L =g

Orthologs, Paralogs, and Evolutionary Genomics | https:/www.annualreviews.org /content/journals/10.1146/annurev.genet.

Functional and evolutionary implications of gene orthology | https,/www.nature.com/articles/nr,

3456
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» Questions ? / Break ? »



» Whole Genome alignment »

» Conserved non-coding Elements (CNEs) »

» CNEs enrichment (extra) »



» Whole Genome alignment »

» Conserved non-coding Elements (CNEs) »



» Whole Genome alignment »




» Whole Genome alignment »

> Deeper Species-tree inference
> Comparative gene annotation
> Detection of selection / Conservation

- Multi-species map of genomic regions to a corresponding region in each other genome.
- Taking into account complex rearrangements and copy number changes.
Common limitations are ‘reference bias’:

- Constrains a multiple alignment to only regions present in reference genome.
- Restricting the alignment to be ‘single-copy’, determining miss multiple-orthology relationships.

Cactus (ProgressiveCactus) is a “reference free” whole genome aligner.




» Whole Genome alignment »
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Cactus
alignment

CAT (comparative annotation toolkit)

transMap

l

>
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Classification
(Indels, exon-intron
structure, alignment

gaps)

Fiddes et al 2018 Genome Research

—» Consensus finding —»

» Some of the applications (annotation) »
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» Some of the applications (orthology inference) »
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» Phylogeny / Introgression »



» Phylogeny / Introgression »
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» Phylogeny / Introgression »
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» Structural Rearrangements »



» Structural Rearrangements »
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» Conserved non-coding Elements (CNEs) »



» Conserved non-coding Elements (CNEs

> A class of non-protein-coding genomic sequences with elevated degree of conservation.
> CNEs are non-randomly distributed, clustering in the vicinity of genes with regulatory roles.
> Organised into functional ensembles (regulatory blocks), which coordinate the expression of shared target genes.

> The disruption of these elements contribute to diseases linked with development, and cancer.
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» Conserved non-coding Elements (CNEs) »
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» How to identify these regions »

1. A Model of DNA sequence evolution

2. Phylogenetic tree



» How to identify these regions »
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» Let’s start the exercise »

Some tools you probably going to need:

- Cactus

- halSummarizeMutations
- halAlignmentDepth

- wig'ToBigWig

- samtools

- ... and more ...

Don’t forget IGV!



» ATAC-seq (Assay for Transposase-Accessible

Chromatin using sequencing) »
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» ATAC-seq (Assay for Transposase-Accessible

Chromatin using sequencing) »



» ATAC-seq (Assay for Transposase-Accessible

Chromatin using sequencing) »
M A M N T Pl W A

.

Tagmentation
The activity Tng (hyperactive) Transposase that inserts sequencing adapters into open

regions of the genome and cleaves




» ATAC-seq (Assay for Transposase-Accessible

Chromatin using sequencing) »
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» ATAC-seq (Assay for Transposase-Accessible

Chromatin using sequencing) »
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» ATAC-seq (Assay for Transposase-Accessible

Chromatin using sequencing) »
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» Let's continue »



» Notes »

Some UNIX tools you probably going to need:

- “>” Redirect
-“l ” Pipe

- “sed” a stream editor
For the extra task:

- “seq” unix command to generate a sequence of numbers

- For loop



» Test for Acceleration »
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» 'Test for Convergence »
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Acceleration Rate (M1)

» 'Test for Convergence »
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