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Sequence data



Sanger sequencing

chromatogram

>sekvencel
manual editing CGGCAGTGCAAGCTTGCATGCATGCCTGCAGGTCGACTCTAG
(e.g. program Geious) AGGATCCCGGGTACGAGCTCGAATTCGTAATCATGTCATAGC
TGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACA
ACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCT
GCCTAATGAGTGAGCTAACTCACATTATTGCGTTGCGTTAGT

Fasta format



Sanger sequencing

chromatogram IUPAC nucleotides codes
Symbol Meaning Description Origin
G G Guanine
A A Adenine
ir T Thymine
C C Cytosine
R Gor A puRine
Y TorC pYrimidine
‘ M AorC aMino
':*:‘ 3 K GorT Ketone
‘ . ‘ ‘ S GorC Strong interaction
MﬂM |J){} MM\ [ j\,wv \ " (I WA v I "’ w AorT Weak interaction
‘%%;c L IO SR I gé T H AorCorT H follows G in alphabet
TN :
" " IJ\ Mﬂ\f ﬂ { w*U | W " L B GorTorC B follows A in alphabet
A W A b e : v G or C or A V follows U in alphabet
T L T s
D GorAorT D follows C in alphabet
N GorAorTorC aNy
>sekvencel
manual editing CGGCAGTGCAWGCTTGCATGCATGCSTGCAGGTCGACTCTAG

AGGATCCCGGGTACGAGCTCGAAYTCGTAATRATGTCATAGC
TGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACA
ACATANNNNCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCT
GCCTAATGAGTGAGCTAACTCACATTATTGCGTTGCGTTAGT

(e.g. program Geious)

Fasta format



Phasing of diploid sequences

= determination of haplotypes corresponding to
sequences of each chromosomes.

* molecular approach: DNA cloning

« statistical approach: inference from population

data

>sekvencel

(program PHASE)

>sekvencel

DNA CLONING ey

\ Cloning Eukaryotic
/ vector Chromosome
Plasmid)
\
N $ DNA fragment of
interest is obtained
‘ _Q__E_ by cleaving

chromosome with

- — resirictions

Cleaved with
restriction
endonuclease DNA

O=:
—~&~

Recombiant
vector DNA is
introduced into

the host cell

endonuclease

DNA fragments are
ligated to the prepared
cloning vector

//
/
©c®
ﬁ;fEJi;ﬁﬁiﬁﬂiﬁifﬁhA
P
W %\ KO //
\\O b))

CGGCAGTGCAAGCTTGCATGCATGCGTGCAGGTCG
ACTCTAGAGGATCCCGGGTACGAGCTCGAATTCGT
AATAATGTCATAGCTGTTTCCTGTGTGAAATTGTT

CGRCAGTGCAWGCTTGCATGCATGCSTGCAGGTCG
ACTCTAGAGGATCCCGGGTACGAGCTCGAAYTCGT
AATRATGTCATAGCTGYTTCCTGTGTGAAATTGTT

>sekvencel

CGACAGTGCATGCTTGCATGCATGCCTGCAGGTCG
ACTCTAGAGGATCCCGGGTACGAGCTCGAACTCGT
AATGATGTCATAGCTGCTTCCTGTGTGAAATTGTT



Next generation sequencing

NGS T =

reads
~ 100bp long



Fastaq format

@SEQ ID
GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCCATTTGTTCAACTCACAGTTT

PYYR((((F**4) ) S53+H+) (5%55%) 1Lx¥**=+%" 1)) **55CCE>>>>>>CCCCCCCo5

line 1: @ sequence name
line 2: sequence
line 3: + additional information about the sequence.

line 4: Phred Quality Scores.



Fastaq format

@SEQ ID

GATTTGGGGTTCAAAGCAGTATCGATCAAATAGTAAATCCATTTGTTCAACTCACAGTTT

_I_

PRr 0o

KHEFL) ) SSSH+) ($5%%) L1 *x*x* —4* " 1) ) **55CCEF>>>>>>CCCCCCCo65

Phred Quality Scores (Q) Q= —10 logy P

l

Q P fhmbabi"t-y fhat Probability that the base is
e base is correct

10 0.1 90% determined incorrectly.

20 0,001 99%

30 0,0001 99.9%

40 0,000001 99.99%

ASCII characters and corresponding Phred quality scores:

P"#S%e" () *+,-./0123456789:;<=>?@ABCDEFGHIJ
000000000011111111112222222222333333333344
012345678901234567890123456789012345678901




Phased sequencing

» NGS provides haploid sequences (ij. sequences of individual chromosomes).
» Especially the long reads (Nanopore, Pac Bio) allow to reconstruct the

haplotypes.

1. Extract Donor Genome DNA

2. Break into fragments

7

3. Sequence fragments

[GAAGGT TT TAGTTAAG

4. Map against reference genome

AGCACTTTGGGAGGC CAAGGT GGGGGGAGGAAATTGCTTAAGL CCAGGAGT

CAMATTGOBTA|
[CTBTGGEAGG )< TTGABTAAGC]
TTT6GGAGGC < ATTGOl
{BTAAGCCCAG)
< GCCCADGAGT|

GGGGGAGGAA :

—GA_CA__GT TC_CA CT_GA_
KW,
(A Xc 6 |
[A ¢ Xs |
Lc s Xc |
[T >X¥ A |
[ T XA ¢ |
[cXe 71|
LA o A
e e =




Assembly

Assembly of the short reads to long sequences corresponding to transcripts

(transcriptome sequencing) or chromosomes (genome sequencing)
Needs sufficient coverage

Easier with longer reads

Large DNA
molecule

Fragmentation

L L
Sequenced e —
L

Assembly of
overlapping

CATACACGTAGCTATACG
* GTTACAGTGCTGCATA
DNA sequencing GCTATCAGGCTACGTTA

Aszs(i"zﬁi ‘f GCTATCAGGCTACGTTACAGTGCTGCATACACGTAGCTATACG




Coverage

 How many times is the particular base sequenced.

« High coverage (>10x) allows to distinguish sequencing errors from
polymorphisms.
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Annotation

 ldentification of functional elements in the genome (protein coding and
non-coding genes, promotors, repetitive sequences etc.).

« Based on homology to known genes/proteins, RNA data, predictions etc.
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What can we sequence

Genome sequencing

RNA sequencing

Exome sequencing

Targeted sequencing

Restriction site associated DNA (RAD) sequencing
Metagenomics and DNA barcoding




(A)

(B)

(€)

(D)

(E)

Genome sequencing and assembly

C—— = reads
> > —p — contigs
LT L7 Iy
; P — —
- > scaffolds
- \
:f"/\./ / !
< > chromosome

TRENDS in Ecology & Evolution



Genome assembly is facilitated by long reads (Pac Bio, Nanopore). Relatively
large number of errors rate can be “corrected” by short lllumina reads.

Pacific Biosciences/Nanopore lllumina

]
St

: - Long reads
L— with low
error rate.

E

Hi-Fi

st

]
St




single-end
VS.
pair-end and mate-pair sequencing

Sequencing of both ends of the fragments

cca 400 bp cca 10 000 bp

Short-insert paired-end reads Long-insert paired-end reads
(Mate pair)

Read 1; Read 1 ——
- Read 2 -« Read 2

l

P essssssssss———
\ De novo sequencing /

=i
- ==l
Bessssssssssss—— |

Psssee——
I sssssss————————



Linked read sequencing

10X Genomics
TELL-Seq

Reads from the same DNA molecule are labelled by the same barcode
sequence.




Whole genome assembly
Luscinia megarhynchos

LM30 assemblyver.1 LM30 assembly ver.2 LM30 assembly ver. 3

Number of scaffolds 2 505 3944 3727
Total sequence length 1 098 533 284 1 098 533 284 1 098 533 284
Largest scaffold (bp) 77 026 980 76 959 640 95 377 781
Scaffold N50 (bp) 14 623 571 13 437 235 23710019
Nanopore Nanopore+ Nanopore+
lllumina lllumina+

10XGenomics



N50 size

Def: 50% of the genome is in contigs as large as the N50 value

Example: | Mbp genome 50%

N50 size = 30 kbp
(300k+ 100k+45k+45k+30k = 520k >= 500kbp)




Chromosomal-level assembly can be created

using known genetic map

Can be created using laboratory crosses or known pedigrees
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0 GM833
4 GM314
7 GMo41
11 GM148 UNH985
14 UNH931
18 UNH213
24 GM201
28 UNH148
35 UNH995
36 UNH104
40 UNHB68
46 GM258
47 UNH719
49 GM459
GM010 GM105
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3
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Chromosome conformation capture
Hi-C (Omni-C) sequencing

|dentifies sequences that interacts with each other (are close to each
other) in the nucleus. Such sequences are usually from the same
chromosome.

Facilitates creation of the chromosome-level assembly.

Crosslink r‘.__ Iﬁ
DNA 4"‘ """"L
Restriction p> )
digest . "< )
Intermolecular f )
litigation = <¢
\ v,
—
Reverse crosslink [ : :
" + )N
/' \ /_ 2nd d1g;% f \
Method Solr - .
specific I @ jarization] | e —
processing ¥ ecr verespcrl y o
U U A T
¥ Y »

Agarose gel Real-time igh-throughtput sequencing  Microarray
Product detection qPCR

quantitation ! g




3D genomics

teraction maps

1n

Hi-

' MNucleus

A/B compartments

TADs

Chromatin loop



Ensembl Genome Browser

http://www.ensembl.org
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Compare genes across
species

e

Retrieve gene sequence

GGGECTTGTGGCCCGAG
GCGCCTCTOCTGCGCT
AGGGGACAGATTTOTG

CACCTCTOOAGCGOCT

._,_,mdon\araﬁ‘vcana ‘

Procavia_capensis .

Erinaceus_europaeus .

Srec aranes [
»

SU5_gry

Find SNPs and other
variants for my gene
GIRTATACATT(
CRTRAAAGTCT'
CTTCTLAATTS'

e ]
= il 4 LA

Find a Data Display

Gene expression in
different tissues

Use my own data in
Ensembl
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Genome resequencing

Read mapping

Short reads are sufficient. Can be mapped to the reference genome.
|dentification of SNP polymorphisms.

: Reference Genome Sequence

-

N
N
N
N
| 35 pg_idenljﬂed| 330 - 430 bp unknown sequence | 35bp identified |




1000 Genomes

A Deep Catalog of Human Genetic Variation

http://www.1000genomes.org

ARTICLE

doi:10.1038/nature11632

An integrated map of genetic variation
from 1,092 human genomes

The 1000 Genomes Project Consortium*

56 | NATURE | VOL 491 | 1 NOVEMBER 2012




Identification of SNP polymorphisms
(SNP calling)

A chi

C

-] ']

Chrll }

Chrlll

AATTTTGCAGGTGACTTAGAGCGCGATATIGACCGEGARACGCEAGCGTGAAGCGE
bar-  Shil
code

B

P

Stack 1

Stack 2 Stack 3 Stack X

Locus 1 Locus 2 Locus 3

TECAGGACACACAGGAGCTGAGCCATTICCTGCGGCTC
TGCAGGACACACAGGAGCTGAGCCATTCCTGCGGCTC
TGCAGGACACACAGGAGCTGAGCCATTCCTGCGGCTC
ITGCAGGACACACAGGAGCTGAGCCATTICCTIGCGGCTC
TGCAGGACACACAGGAGCTGAGCCATTCCTGCGGCTC
TECAGGACACACAGGAGCTGAGCCATTCCTGCGGCTC
TGCAGGACACACAGGAGCTGAGCCATTCCTGCGGCETC
TGCAGGACACACAGGAGCTGAGCCATTCCTGCGGCTC
TGCEBGGACACACAGGAGCTGAGCCATTCCTGCGGCETC
TEGCAGGACACACAGGAGCTGAGCCATTICCTGCGGCTC
TGCAGGACACACAGGAGCAGAGCCATTCCTGCGGCTC
TGCAGGACACACAGGAGCTGAGCCATTCTTGCGGCTC
TGCAGGACAGACAGGAGCTGAGCCATTCCTGCGGETC
TGCAGGACACACAGGAGCTGAGCCATTICCTGCGGCTC

Locus X

N

ACCAARACGTT
ACCAARCGTT
ACCAAACGTT
ACCAAACGTT
ACCARACGTT
ABCCAARACGTT
ACCAAARCGTT
ACCARACGTT
ACCAAACGTTT
ACCAAACGTCTG
ACCAAACGTTTG
ACCAAACGTTTG
ACCAGACGTITG
ACCAARACGTTITG

1

TG
TG
TG
TG
TG
TG
TG
TG
]

TGCAGGACACACAGGAGC TGAGCCATTICCTGCGGCTCCHNGACCARAACGTTITG




Vcf file

Hifileformat="CFv4.0

HHFORMAT=<I0=0G0, Mumber=1, Type=Float, Description="Genotype Quality">
HEFORMAT=<ID=0GT, Number=1, Type=5tring, escription="Genotypa" = Heoder
HHINFO=<10=D8, Murmber=0, Type=Flag. Description="dbsNP Memberchip">

HYIMFO=<I0=0P Number=1, Type=integer, Description="Total Depth" >

SCHROM  POS o REF ALT QusL FILTER INFO FORMAT  SAMPLEL  SAMPLE2
1 3 2 ACG A AT : 46.38 AN=2,DP=3; GT:DP 1/2:8 0/0:10
1 2 . Ao 1 2 : 67.23 | G6T:Ga 0| 1:60 2/2:30
1 5 rG A 8 el 56.38 AC=Z:AF=1 GT:GO 1|0;63 1/1:65
1 T8 rsd T < <DEL» S ; 43.78 g Op 1/1:12 0020
Deletion Insertion
' SV
SNF alleles of the
mple 1 and 2
reference : sample 1 and
alternative
sequence

alleles



RNA sequencing

AAARAARR RN
— — =l TTTTTTTT
RMA fragments 1 cDA
EST library
with ar |.|| wors

|

ATCACAGTGGEGACTCCATARATTTIITCT
COAACCACCACCACANACCACACEER
GERCAGRGTCCCCAGUGEECTEARGEGEE
ATGARACATTAAAGTCAAACAATATGAR

« Multiple samples can be
pooled in the same run.

« Can be differentiated by
tags.

short sequencs reads

« Allows to obtain sequence of only
transcribed parts of the genome.

« Coding sequencing, non-coding RNAs

« We need to isolate RNA from the tissue.

RNA-Seq reads
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= O C—IOOo =3 o—o 0
1
Genome
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from spliced alignments
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Y
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| ] Less abundant
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Targeted sequencing
Hybridization-based capture

Based on hybridization to designed probes, we first select sequences
that will be later sequenced.

We can design probes to individual genes, whole chromosome, or
exome (exome sequencing).

1. Add Streptavidin Coated
Magnetic Beads

oh God! ~ Guysl...Guys!

ﬂneﬂ are
tarcjpf,tfnq us

CALIM DOWN!

2. Add Sequencing Sample

3. Apply magnet and wash

+ Target sequences bound to
beads are retained

¢ Unbound sequences are
removed

4. Strip and recover enriched sample

from beads 3
5. Proceed with standard sequencing ‘.&

sample preparation




ChIP (Chromatin Imunoprecipitation) M J Q
i %

sequencing

Cra-ss—l nk protein to DNA

 |dentification of sequences recognized &

by particular DNA biding proteins . ‘ ,41 ﬂ
(transcription factors etc.). & B

brg,l sumcat g

cell I'g.'sate

Add bead-attached antibodies
o immunoprecipitate
target protein

L I_J i T
o “ ~‘ ._-:.-"/_ ! .
e ]
[ precipitate

t@af

‘ unfink protein; purify DNA
\
{' N 7 T -
i ﬂ f :querucirvg + map to genome

ATGCCTRERCOETE



Restriction site associated DNA sekvenovani
(RAD segeuencing)

X Rare cut site == Genomic interval present in library
Common cut site == Sequence reads

double digest RADseq

Individual 1 o |§| E |E| —
i 1 1
Genomic DNAI:.:._A#. x #: * —
Individual 2 = -

St&peni genomové DNA pomoci jednoho & dvou (double-digest) restrik&nich enzymd.
Vybér restrikénich fragmentd jen urcité velikosti

Sekvenovani kratkych usekl vybranych fragmentu.

Umoznuje ziskat stejné sekvence z mnoha jedincu.

Do jednoho runu Ize poolovat stovky az tisice jedincu.



Vyuziti ddRAD sekvenovani

Fraction of genome

Sanger Whole genome
sequencing re-sequencing
r RADtag (Baird 2008) o
ddRAD h
Phylogeny  Population QTL Pedigree  Association  Population

Structure Mapping Mapping Mapping Genomic Scans
o
0 %0 oY%y
s o 58 0 4%
®
_E O .. ':':’ S,
o %
| | 1 ) | |

Divergence limited Recombination limited Linkage Diseq. limited




10X Genomics Single cell sequencing

A
Live/dead dye . *.
H ted [ or i - A, Library preparation
e FACS ant|bod|es .»f ‘ Enriched target cells Single-cell capture & sequencing
Tissue "
dlssomatlon Q.
e ® g
o]
—
| £
MO,
Lo
®
E; [ 1
Whikuie Captured droplet

molecular i
identifier After reverse transcription
(UMI)

s . 0 . C C 0
% / |
:’i:,.t . g -8
; ®

UMIs oligo-dT cDNA

Bead specific ey
barcode

Poly(A) tail of mRNA
Poly dT ® T

sequence

" Partitioning oil
Barcoded pr—
beads - ™
/ ¥ A
‘f.

Ly } | Dissociated cells
PS . | from skin tissues
A

Zjisténi genové exprese v jednotlivych burikach.
Ziskani sekvenci DNA z jednotlivych bunék.
|dentifikace mutaci v nadorovych burikach.



A Metagenomics

* Identification of organisms in
B various samples (soil, water,
gut samples etc.)

 Enables identification of
species which cannot be
cultivated.

4 « Barcoding. PCR amplification
of specific genes: 16S rRNA,
cytochrome c oxidase | (COl).

L « Comparison of obtained
sequences with available
databases.




Metagenomics

- Craig Venter (2003 - 2010) - Global Ocean Sampling Expedition

== 2003 - 2008 Routes == 2009 - 2010 Route



Original Paper | Published: 16 May 2020

Tracing the early steps of competition-driven eco-

Id € ntlfl Catl O n_ morphological divergence in two sister species of
of prey species passerines

Camille Sottas &, Jifi Reif, Jakub Kreisinger, Lucie Schmiedové, Katerina Sam, Tomasz S. Osiejuk & Radka

Reifova

Evolutionary Ecology 34, 501-524 (2020) ‘ Cite this article

PCR amplification of cytochrome ¢ oxidase | (COI)
Using primers targeting a broad range of invertebrate taxa

. = L.m . = L.m
Ll LI
1 Visual 1 Metabarcoding
Inspection
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. Coleoptera
[ Diplopoda unclassified
. Diptera
. Hemiptera
[ Hymenoptera
I Aranea B 1sopoda
. Coleoptera Julida
. Hymenoptera Lepidoptera

Lepidoptera || Polydesmida



How can be sequence
data used in zoology?



Fylogenomika

* Fylogeneze ptaku
zaloZena na
celogenomovych
sekvencich 48 zastupcu
vSech ptacich radu.

Jarvis et al. Science 2014

Birds of Prey

Waterbirds | e
| Falconiformes (Falcons) HJ 4
Cariamiformes (Seriemas) ) ‘.&_l
l Coraciiformes (Bee-eaters) ﬁ
Piciformes (Woodpeckers) /
Bucerotiformes (Hornbills)
Trogoniformes (Trogons)
Leptosomiformes (Cuckoo-roller) ﬁ
| Coliiformes (Mousebirds) %
| Strigiformes (Owls)
' Accipitriformes (Eagles) m
Accipitriformes (New World Vultures) 'ﬁ'k
Pelecaniformes (Pelicans) &:,
Pelecaniformes (Herons) Al
Pelecaniformes (lbises) 1_;,.-\
Pelecaniformes (Cormorants) h‘
Procellariiformes (Fulmars)
Sphenisciformes (Penguins) 3o
Gaviiformes (Loons) Z‘:-‘
Phaethontiformes (Tropichirds) =
Eurypygiformes (Sunbittern)
Charadriiformes (Plovers) e
Gruiformes (Cranes) )i
Opisthocomiformes (Hoatzin) "
5
Caprimulgiformes (Swifts)
Caprimulgiformes (Nightjars) ’.
NEOAVES Otidiformes (Bustards)
Musophagiformes (Turacos)
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