Next-generation sequencing
(NGS)



Sanger sequencing
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4-kapilarni sekvenator

96 x 500 bp/12 hodin

cca 100 000 bp/den
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Evoluce Sangerova sekvenovani

Pre-1992 1992-1999 1999 2003
‘old fashioned ABI 373/377 ABI 3700 AB| 3730XL

=
=
=

S35 ddNTPs Fluorescent ddNTPs* Fluorescent ddNTPs Fluorescent ddNTPs
Gels Gels Capillaries* Capillaries
Manual loading Manual loading Robotic loading® Robotic loading

Manual base calling  Automated base calling® Automated base calling Aut_:::mated base calling
Breaks down frequently Reliable



96-kapilarni sekvenator

2304 x 500 bp/12 hodin

cca 2 400 000 bp/den
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Next-generation sequencing
(NGS)
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FiGure 1; Evolution of DNA revolution.




Cost per Human Genome

Microprocessor Transistor Counts 1971-2011 & Moore's Law
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$1 M per machine
|1 .8 Tbase per machine per 3 days
1800 human genomes per machine per year



Historie ,Next generation sequencing

1) Randomly fragment many
molecules of target DNA

2) Immoblize individual DNA
molecules on solid support

3) Amplify DNA in clonal
‘polymerase colony’

4) Sequence DNA by adding liquid
reagents to immoblized DNA colonies

5) Interrogate sequence incorporation in situ

after each cycle using fluorescence scanning
or chemiluminescence
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454 pyrosequencing ... prvni
komeréné dostupnd NGS
technologie od srpna 2007

2016 — ohlasené¢ stazeni z trhu
(Roche)



Siroké spektrum technologii

v




Ale jen nekte




Dnes dostupné NGS platformy

Roche 454

Illumina HiSeq a MiSeq

ABI SOL1D

IonTorrent (Life Technologies)
SMRT (Pacific Biosciences)

Oxford Nannopore



454 pyrosequencing

emulzni techniky amplifikace

pikolitrové objemy

simultdnni sekvenovdni
na desticce z optickych vidken
detekce pyrofosfatu uvoliiovanych pri

inkorporaci bazi

Prvni generace 6520

— 200 000 reakci najednou
zhruba 20 miliond b
LX systém — 400 00(

eukaryotni genom za tydenl!l

Délka jednotlivych sekvenci 100 - 400 (800 bp)

DNA polymerase

TGCACCTT TGGCCG---
CGGC---

dNTP, PPi

( ATP-sulfurvlase »

Next base Luciferase i
k Apyrase

<~

(wash)

ATP

Molecular Ecology (2008) 17, 1629-1635

NEWS AND VIEWS

PERSPECTIVE

Sequencing goes 454 and takes large-scale
genomics into the wild

HANS ELLEGREN
Department of Evolutionary Biology, Uppsala University,
Norbyviigen 18D, SE-75236 Uppsala, Stweden

C%O reakci najednou =

1 600 000 well plate




[1] DNA Fragmentation '5| Adaptor Ligation: Library Immobilization: ssDNA Library Isolation:
(Nebulization):
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Adaptor A + Adaptor B

-SlouZi jako vazebné misto primerd pro
ndslednou PCR amplifikaci a sekvenovani

-Slouzi k uchyceni na kuli¢ky (na adaptor
B je pripojen biotin)



(1] DNA Library Capture: (2] Preparation of the 4] emPCR Amplification:

- poméry nastavit tak aby Amplific. Mixes
1kulié¢ka < 1 molekula DNA
(3] Emulsification:

IEISequencing Primer Annealing:




3. Pyrosekvenovani (.sequencing by synthesis")
E Signal image
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Sulfurylase




- postupné se priddvaji nukleotidy v definovaném
poradi: napf. TACG TACG TACG

po pridani kazdého nukleotidu a detekci signdlu se
nukleotid odmyje a prida se dalsi

DNA sekvence: CTC CG

C T CC G

I } Image Files:
12-15 gigabytes
per run
.

T A CG T A C G
Problémllll Homoplymery napr. AAAAAAAAAA



http://www.youtube.com/watch?v=bFNjxKHP8Jc

454 Platform Updates

GS20 * 100bp reads, ~20Mbp / run
GS-FLX * 250bp reads ~100 Mbp / run (7.5 hrs)

GS-FLX Titanium *400bp reads ~400 Mbp / run (10 hrs)
SRR QN RV uREE » 700 bp reads ~700 Mbp/run (18 hrs)

GS Junior * 400 bp reads ~ 35Mbp/run (10 hrs)

Il Samozrejmé nestaci mit kazdou bazi
osekvenovanou 1x !l

- Pospojovani (reads assembly) do souvislé sekvence
- Nepresnosti - pokryti (coverage)
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Kapacita desticky 400 Mb (6S FLX Titanium):

[

max. 192 vzorku

Mus: 2700 Mb — 7 run 1x coverage
Caenorhabditis: 100 Mb — 1 run 4x coverage
E. coli: 5 Mb — 1 run 80x coverage
mitoch. Mus: 0.016 Mb — 1 run 25000x coverage
HIV: 0.01 Mb — 1 run 40000x coverage
hl_'III] _Eecﬂenﬂlgiﬁnir +-5¢qu¢nclng Read _
Horen - nfn?:a H:y n.:Ln Library fragment | PrimerB
A\ -k-dispozici ishych MID
.multiplexing"
= 1. cccceeeececece 16( p ? )
: .gaskets
gl 2. GGGGGGGG6 12 MID
o ﬁ X
— 1 12.CCCCCAAAG 16 gaskets
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V kazdém max. 12 vzorka
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(kazdy oznacen svym MID)




Illumina HiSeq/MiSeq

- v souCasné dobé nejrozSirenéjsSi typ (cca 70%) na trhu
- v horizontu nasleduijicich let jeji pouzivani spiS poroste

[llumina HiSeq [1lumina MiSeq



https://www.youtube.com/watch?annotation_id=annotation_228575861&feature=iv&src_vid=womKfikWlxM&v=fCd6B5HRaZ8
https://www.youtube.com/watch?annotation_id=annotation_228575861&feature=iv&src_vid=womKfikWlxM&v=fCd6B5HRaZ8

lllumina Sequencing pipeline

1. Sample Prep 2. Cluster generation on flow cell
(1-5 days) (1.5 day)

||| '

Ligate adapters Clonal Single molecular Array
4. Data Analysis l
(days-months) 3. Sequencing and imaging
(2-3 days)




Attach DNA to flow cell

1 Pn: are genomic DNA sample 2 | Attach DNA to surface
mly fragment genomic DMA and Bind =i stranded fragments
l Enl.e adapters to both ends of the
fragments

rn.ndum to the inside surface of the
flavar call »:I-:,:mneu

Adapter
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Demce lawrm
of primers

o \\ —




Bridge Amplification

3 Bridge amplification

Aadd unlabeled
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terminus
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Cluster Generation

Completion of amplification
5 Denature the double stranded 6 On completion, several milllon dense

molecules

clusters of double stranded DMNA are
generated in each channel of
the How cell

Clusters

Repeat cycles of solid-phase P
bridge amplification

Clonal Single molecular Array



Clonal Single molecule Array

| | ~1000 molecules per ~ 1 um cluster
100um ~20-30,000 clusters per tile
~40 M clusters per flowcell

Random array of clusters



Sequencing By Synthesis (SBS)

3!’ 5!

Cycle 1: Add sequencing reagents
First base incorporated

Remove unincorporated bases

Detect signal

Cycle 2-n: Add sequencing reagents and repeat



Reversible Terminator Chemistry Solexa

All 4 labelled nucleotides in 1 reaction
Higher accuracy

No problems with homopolymer repeats

A
0 ¢ g7 0
o
HN cleavage ; HN
site flucr 5\ )\
o° N DNA O N
F'PF"/PO — \D/I/DJ
. / \ /
\ / /
5 "
R Incorporation OH free 3’ end
Detection
Deblock; fluor removal D/

Next cycle



Base Calling From Images

TTTTTTTGT ...

The identity of each base of a cluster is read off
from sequential images



A flow cell contains eight lanes S,
= :
Lane 8

Each lane/channel contains three columns of tiles

O OO0dooodogooddoooodinodtiinnl | f=——column 1
000000000000000000000000000000 |

Column 3
QD!QDDDDDDDDDDDDDDDDDDDDDDDDDD

Tile | L

™Y

Each column contains 100 tiles

20K-30K
Clusters &2

350 X 350 um


https://www.youtube.com/watch?annotation_id=annotation_228575861&feature=iv&src_vid=womKfikWlxM&v=fCd6B5HRaZ8
https://www.youtube.com/watch?annotation_id=annotation_228575861&feature=iv&src_vid=womKfikWlxM&v=fCd6B5HRaZ8

lllumina Sequencing pipeline

1. Sample Prep 2. Cluster generation on flow cell
(1-5 days) (1.5 day)

||| '

Ligate adapters Clonal Single molecular Array

4. Data Analysis 1
(days-months) 3. Sequencing and imaging
(2-3 days)




Data Analysis Pipeline

' e LY I 1 . e a i :I - . :
SRirecrest - - 0 0.0 Bustard | o0

tiff image files
(345,600)

intensity files

Sequence files

Additional | Eland
Data Analysis ~ Alignment to Genome



Illumina fastq

1 2 3 4 5 67 8
dHWI-ST226:253|{D14wrACXX: 2[{1101]:[2743):[2981 4] [1]fnd: 0
TGCGGAAGGATCATTGTGGAATTC TCGGGTGCCAAGGAACTCCAGTCACATCACGATC TCGTATGCCGTCTTCTGCTT
GCAARRAAADAADRABARALATTA
+

BRCFFFFFHHFFHIIIGHIHIJIIJIIJIGDCHITIJIIIIJIGIGIHHEHR) =FREIGHHEHFFFFDCRRD : RCCAC
+<CDDDDS0SSY<BEH4 444484

unique instrument ID and run ID

Flow cell ID and lane

tile number within the flow cell lane

'x'-coordinate of the cluster within the tile

'v'-coordinate of the cluster within the tile

the member of a pair, /1 or /2 (paired-end or mate-pair reads only)
N if the read passes filter, Y if read fails filter otherwise

Index sequence

o o P R S [ (T IS



All this generates a lot of Data!
1.5 TB data/run

« 1 Gig of Space - 1 TB of space
— 125,000 pages of text — 220 Million pages of text
— 11 CDs of Music — 300 hours of video
— 4000 (1024x768) — 4,000,000 JPEG images
JPEG images — 1,000 copies of the
— 40,000 pages of PDF Encyclopedia Britannica

— 1/10 of the printed
Library of Congress



lllumina sequencers

lllumina MiSeq lllumina GAIlIx lllumina HighSeq
4 millions reads/run 300 millions reads/run 1500 — 3000 millions reads/run
150 bp/read 150 bp/read 100 bp/read

NovaSeq 6000 Sequencing System (2017)

m— ca. 48 human genomes/run
T
NovaSeq 6000 System l
Flow Cell Type s1 52 54
2 x50 bp 134-167 Gb 333-417 Gb NiIA*
2 x 100 bp 266-333 Gb B67-833 Gb MNiA™

2 %150 bp 400-500 Gb 10001250 Gb 2400-3000 Gb

Specifications based on lllumina PhiX control library at supported cluster densities.
* N/A: not applicable


https://emea.illumina.com/systems/sequencing-platforms/comparison-tool.html?langsel=/cz/
https://emea.illumina.com/systems/sequencing-platforms/comparison-tool.html?langsel=/cz/
https://emea.illumina.com/systems/sequencing-platforms/comparison-tool.html?langsel=/cz/
https://emea.illumina.com/systems/sequencing-platforms/comparison-tool.html?langsel=/cz/
https://emea.illumina.com/systems/sequencing-platforms/comparison-tool.html?langsel=/cz/

NGS technologie

454 pyrosequencing lllumina
(Roche)



Ion Torrent technology

S

Microbial Targeted Transcriptome Exome
sequencing sequencing sequencing

sequencing

lon PGM™ Sequencer lon Proton™ Sequencer

lon sequencing: Life Technologies



Vyuziva zmény pH pri syntéze DNA

- lon Semiconductor Sequencing

» Detection of hydrogen ions during
the polymerization DNA

- Sequencing occurs in microwells
with ion sensors

* No modified nucleotides

» No optics




Ion Torrent

» DNA - Ions = Sequence

- Nuclectides flow sequentially over Ion
semiconductor chip

- One sensor per well per sequencing
reaction

- Direct detection of natural DNA extension
- Millions of sequencing reactions per chip
- Fast cycle time, real time detection

Sensing Layer
Sensor Plate

-

.'"'t .
To column j: & 3 111 :
I ..:IL'H_ ¥ U.L. i1 __J.J_.JJ_[:.J:U_,LIJ ,,_I_'JLL Ll J

o recaiver i
Silicon Substrate r i




Ion Torrent: System Updates

SRR @([[oJl » 100bp reads ~10 Mb/run (1.5 hrs)

. e 100 bp reads ~100 Mbp / run (2 hrs)
316 Chlp e 200 bp reads ~200 Mbp/run (3 hrs)

SR @ [[o ] - 200 bp reads ~1 Gbp / run (4.5 hrs)

-

400 bp reads




SMRT (.single molecule real-time sequencing”) =
Pacific Biosciences

dlouhé ¢teni (15 kb), hodné chyb


http://www.youtube.com/watch?v=v8p4ph2MAvI

Gigabses per run (log scala)

Developments in High Throughput Sequencing

10000 -
10006
100
10 E
= 65 FLX
- —
._'.'
0.1 -
Paclio RS
b o5 Junilor
0.001
0.0001 ‘E!.
‘Sangar'
0.00001 Lex Mederbragt (2014) "'Ttpi.l".-"d'l-d-a}i.urgl,Jlﬂ.E-ﬂEl,‘nﬂ.ﬁgshare-lmslat-D |
tl 100 1000

Read length (log scale)

10000



3rd generation: Oxford Nannopore

MinlON
012 pores

GridION
o 000 pores



Future Sequencing Technologies

Oxford Nanopore

Nanopore sequencing
up to 50 kb

,,Run until sequencing ...*




Princip technologie



http://www.youtube.com/watch?v=3UHw22hBpAk

Sekvenovani primo v terénu (?)

Ebola outbreak Quick et al., Nature 2016






Prehled souCasnych metod NGS

Platform

454

Hlumina

SOLID

lon Torrent

Pacific
Biosciences

Oxford
Nanopore

Year

2005

2007

2008

2010

2010

2012

Sequencing
Method
Pyro-
sequencing

Synthesis

Ligation

Synthesis

Synthesis

Nanopore

Amplification

Emulsion PCR

Bridge PCR

Emulsion PCR

Emulsion PCR

None = Single
Molecule
None = Single
Molecule

Detection
Light
Light
Light

Hydrogen lon

Light

Electrical
Conductivity

Features

First NGS

90% of Market

Lowest Error Rate

Semiconductor
Chip
Anchored
Polymerases
“Run Until”
Sequencing



Vykonnost jednotlivych metod

Instrument

3730xl (capillary)
PacBio RS

454 GS Jr. Titanium
lon Torrent — 314 chip
454 FLX Titanium

454 FLX+

lon Torrent — 316 chip
Hlumina MiSeq

lon Torrent — 318 chip
lllumina GAIlIx

SOLiD - 5500x!
lllumina HiSeq 1000

lllumina HiSeq 2000

Run time

2 hrs
2 hrs
10 hrs
2.5 hrs

10 hrs
20 hrs

3 hrs
26 hrs
4.5 hrs
14 days
8 days
8.5 days

11.5 days

2012

Millions of
Reads/run

0.000096

0.01

0.1
0.25

1

1

1.6

4

4

300

>1,410¢
<1500

<3000

Bases / read

650

860 — 1,500

400
200

400
650

200
150+150
200
150+150
75+35
100+100

100+100

Yield MB/run

0.06
5-10
50
50

400
650

320
1200
800
96,000
155,100
<300,000

<600,000

. NGS Field Guide {(www.molecularecologist.com)



Chybovost jednotlivych metod

Primary Single-pass Final Error Rate
Platform
Errors Error Rate (%) (%)
3730xl (capillary) Substitution 0.1-1 0.1-1
454 Indel 1 1
: ... ™0.1 (85% of ™0.1(85% of
lllumina Substitution (85% o (85% o
reads) reads)
SOLID A-T bhias ~5 <0.1
lon Torrent Indel ~1 ~1
PacBio RS CG deletions ~15 <15
Oxford Nanopore Deletions 24 4

2012. NG5S Field Guide (www.molecularecologist.com)



Traditional Sequencing vs. Next Generation Sequencing: Data Throughput

1 x llumina GAlI

Vs.

Days vs. Years

. |The Sequencing Landscape is Changing | .




Bioinformatika - nejvétsi brzda
dalsiho rozvoje

Basically, analyzing genomes in interaction with their
environment is now feasible and accessible to anyone




Sekvenacni strategie

e nutno velmi dobre pocitat nez se zacne
sekvenovat

e celkovy vytézek sekvenovani = pocet
yreads” * délka ,reads” * coverage

e zasadne zavisi na konkrétnim cili vyzkumu a
pouzité technologii



Sekvenacni strategie

...JEDEN VZOREK NA RUN JE MALO

Kapilarni sekvenator Sekvenator druhé generace
U kapilarnich sekvenatort neni problém U sekvenatorl druhé generace se
pfifadit sekvenci k jednotlivym vzorkam najednou sekvenuje pool desitek az

na zakladé pozice na platiCku stovek vzorku




Sekvenacni strategie

...JEDEN VZOREK NA RUN JE MALO

Jednotlivé vzorky pro sekvenatory druhé generace se znaci tzv. barcody
(midy, tagy)

Kratka (obvykle 6-12bp) oligonukleotidova sekvence pred primerem (pokud
sekvenujeme PCR amplikon), ktera je specificka pro dany vzorek

Prifazeni identity jednotlych sekvenci k vzorkim probiha bioinformaticky

BARCODE PRIMER

AGCGTAGGTCATTTCGATGCG
TTCGTAGGTCATTTCGATGCG
TGGGTAGGTCATTTCGATGCG
TGCCTAGGTCATTTCGATGCG
TGCGCAGGTCATTTCGATGCG
TGCGTTGGTCATTTCGATGCG



Sekvenacni strategie

AMPLIKONOVE SEKVENOVANI

PCR Amplifikace konkrétniho useku daného
genomu pomoci specifickych primert (se
sekvenacCnimi adaptory)

Nasledna sekvenace

Sequencing

N X

*Ampliﬂcatinn \

Taxonomické slozeni daného vzorku -— —
(,metabarcoding®), variabilita konkrétnich genu
apod.
SHOT GUN SEKVENOVANI ) - =
Fragmetace celogenomové DNA e —

v VR . |-

Ligace sekvenacénich adaptort
Nasledna sekvenace nahodnych fragmentd

De novo assembly, resekvenovani, transkriptomika,
funkéni sloZzeni daného spolec¢enstva

TO NENIi VSECHNO..............

e - . : Urordered sequenced
ey, S s £ | U
e mmt——— = v =
= “a [— ]
L " = —
Compuitations sutomaied
- = E 7
] == = [ Rewulting overlappng sequente
segments. (The higher the
== ) jo— ] erage the Batter the gual
L] ) £ =l — N of the sequencing
L 1 C | [ pa=-— -}




N\ N

Sekvenacni strategie N\

Discarded
StarlingDNA 'I,'I'ul ‘ :’:Z::"c‘s
Sequence capture + shot gun - . NN
Separace usekl genomu které nas zajimaji na —'%—'%
zakladeé jejich hybridizace sl NS
elution
Nasledna sekvenace obohacenych knihoven o
(,enrichement®) ala
NGS work flow - | “||
Nové markery (mikrosatelity apod.), kodujici oblasti - .O‘-_
genomu (,exom®), ,anchored phylogenomics” apod. Bi NlmhIEGen
* model - ;
Anchored a) o ag Me Species  Genome b) models gy ‘ ;’ B =
H 1ze
phylogenomics || s10 Ponio > 500 a.
o9 ——-1;.%4——. W= Heterandria 0.9 T "
ehundreds of a2k 30 enopust 1S g-mo - |
conserved loci T[T L2 W psevdacris 43 S|
ehybridization a2 e 2B 5 Homo* 14 O
. 61 o0 -1'_, —
enrichement 0T Ly Ay s 32 2200
. v s 440 - L0
eu velmi pFibuznych 0| a3 [0 @ g Anolis 22
o , 258 464 f Crotalus 1.7 = 100 F  High
taxonu bude malo ;E;- ?ﬁgu Low ™5 Sensitivity
Va rla bl I |ty 508 512 Gallus * 12 0 1 1 1 |Seﬂsl-m;'lt‘v 1
Expected Phylogeny| 24| L3908 A \ Chiroxiphia 1.2 0 50 100 150 200 250 300 350
4 Divergence Time (Ma)



CENTER FOR
ANCHORED PHYLOGENOMICS

ACCELERATING THE RESOLUTION OF LIFE™




LETTER

A comprehensive phylogeny of birds (Aves) using
targeted next-generation DNA sequencing

doi:10.1038/nature15697

Richard O. Prum'*, Jacob S. Berv**, Alex Dornburg"**, Daniel J. Field*”, Jeffrey P. Townsend"®,
Emily Moriarty Lemmon’ & Alan R. Lemmon®

Nature Paper Resolves Bird Tree of Life
October 2015

Posted on October 6, 2015 by ameer

198 species
259 nuclear loci (ca 1500 bp each)
> 390 000 bp
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Sekvenacni strategie

Long range PCR + shot gun

Dlouhé PCR produkty, které nejdou vcelku osekvenovat
Jejich fragmentace

Sekvenovani fragmetd

Zpétna rekonstrukce ptvodni sekvence (,assembly®)
Pouzitelné pokud nas zajima variablita v jednolitem tuseku

DNA. Napfr. sekvenace mitochodralni DNA (3 rizné PCR
produkty).

.. Inzert...

. VECIOL 38QUENCE ...

; randomized cleavage (&g partial digestion by a 4-base hitnar)#

subclone fragme s fnto standard weetor with primer sites,
zequence from bothends.
- B — P E—
- e -
e T ————— =
-—— = e — o b S—

{computer-aided sequence assembly is used 1 deduce complete sequence of the original cDIMA)




Sekvenacni strategie

Sekvenovani podél restrikénich mist

Fragmetace gelogenomové DNA po moci
restrikEnich enzymd

Ligace sekvenacénich adaptort na vysledné
fragmenty

Nasledna sekvenace podél restrikénich mist
Celogenomoveé scany genetické variablility

Hledani SNPs, populacni genomika (napf. RAD-
SEQ) apod.

n 0 Restriction enzymes

Restriction enzyme digestion
Ligation of P1 adapters

Illumina Multiplexing Restriction site
adaptor barcode

Pooling of samples
Shearing, Size Selection
Adapter ligation (P2)
PCR enrichement

P2 adapter
||
I e |
Barcoded RAD end Sheared end
Single end sequencing/ \ Paired end sequencing
—
_—
— >
—_— -—
e
i Single end assemblies l Paired end assemblies
o ) I 1NN —
~100 bp contigs ~100 bp + ~400 bp contigs
RAD sequens /
— — ——rove, — . —
— — ) E— === RAD sequences stacks
| — o — — — o —

In comparison: Shotgun Sequencing




Restriction-site Associate DNA Sequencing (RADseq)

Population A Population B
Genomic DNA

d ¢ 1 1 $ & ¢ 1

Restriction Digestion

1 @ § Em BN B |
Size Selection
0 | | [E— [E] i .
Locus 1 Locus 2 Locus 1 Locus 2 '
Filtering '
T Ti— ] [
[0 SNP Site

B Restriction Site T Locus 2



Aplikace

1. Celogenomové sekvenovani de novo
2.Celogenomové resekvenovani
3. Sekvenovani amplikont (PCR produkti)

4.Dalsi aplikace - napr. hleddni klasickych
DNA markerlt (mikrosatelity, SNPs)



genome assembly

metagenomics

-Hinship analysis

-Padigree reconstructon -Functional charactenzaticn

-Qutlier anahysis -Zancme annotation

-Phwlogeogranhy -CITL mapping -{:nmpar.aﬁwe ge.nﬂrnit:s

-Demography -Association sludies -Allemative splicing

-Intragressian -Microarmay dasgn

-Host-parasite cosvolution ,ﬁ.?mm‘lure il -Candidate genes

-GENomic caplure - “Exon capiurne

| | - |
development of molecular markers characterization

5-RAD

............. _| reduced representation
library (RAL)
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gene expression

Applications of next
generation sequencing
in molecular ecology of
non-model organisms,
Heredity, 2011
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1. Celogenomové sekvenovani de novo

Problém: KRATKY READ LENGTH

- 400bp 454 FLX Roche (dnes i Illumina), 35-75bp Solid

vs 800-1000bp Sanger

- nové technologie (PacBio, Nannopore) uz s tim takovy

problém nemaji

» [

— Uspordddni (assembly) jesté stdle mize byt

problém z hlediska vypocetni kapacity

> —_ > ——> ——> —>
> —_ ——> ——> ——> ——>

_— —> —> —_ —> —> —> —>
— —> —

— — —

—_—  —> —> —_—  —>

Zvlasté komplexni eukaryotické genomy - Useky
souvislych oblasti prerusenych mezerami
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1. Celogenomové sekvenovani de novo

+ ziskani kompletni usporddané sekvence celych velkych eukaryotnich
genomi pomoci nhext-generation sequencing de hovo je problém (ale
to je nakonec i u Sangera)

+ viry, prokaryota, mald eukaryota, mitochondrie/plastidy/plasmidy

Genetic Det

New Hemor!
Southern Af

Thomas Briese'™, Jan
Gustavo Palacios’, Ma
Stuart T. Nichol®, W. I

1 Center for Infection and Immunit
Mational Institute for Communicabl
Rickettslal Diseases, Centers for Diss
America, SEBlotechnology Core Fad

Abstract

Lujo virus (LUJV), a new
Old World discovered in
nosocomial transmissior

extracts from serum an

within 72 hours of sam

node of the Old World |

that of other Old Worlc .
novel, genetically distinct, highly pathogenic arenavirus.




2. Celogenomové resekvenovani

- podobné problémy jako u de novo, ale méné (vétsi strukturdlni
prestavby..)

KOMPARATIVNI GENOMIKA
- viry, prokaryota, mald eukaryota
- mitochondrie/plastidy/plasmidy

ANCIENT (mt) DNA
- rlzné smésné, degradované vzorky, napt. fosilie

A Complete Neandertal Mitochondrnal
Genome Sequence Determined
by High-Throughput Sequencing

Richard E Green,'” Anna-Sapfo Malaspinas,® Johannes Krause,' Adrian W. Briggs,! Philip L.F. Johnson,?

Caroline Uhler,® Matthias Meyer," Jeffrey M. Good," Tomislay Maricic,” Udo Stenzel," Kay Prifer,’ Michael Siebauer,’
Hernan A. Burbano,! Michael Ronan,® Jonathan M. Rothberg,® Michael Egholm,® Pavao Rudan,” Dejana Brajkovic,®
Zeljko Kuéan,” Ivan Guéié,” Marten Wikstrém,? Liisa Laakkonen,'? Janet Kelso,! Montgomery Slatkin,2

and Svante Piabo?




Ancient Genomes Resurrected

» Degraded state of the sample = mitDNA sequencing
* Nuclear genomes of ancient remains: cave bear, mommoth, Neanderthal (10° bp )

High Throughput
DMA Sequencing

.--—:luq:.tllh_q

Cave Bear ODNA Extraction
{tooth)

DNA
Comparisons

Problems: contamination modern humans and coisolation bacterial DNA



3.Sekvenovadni amplikonl (PCR produkti)

SMESNE VZORKY - paralelni sekvenovdni nahrazuje klonovdni

Metagenomika (= hlavné prokaryota)

-Celé spoledenstvo pudnich, vodnich mikroorganismi, stfevni
mikroflora - mikrobiom

‘PCR genu 16S rRNA
‘|ze i kvantifikovat

Metabarcoding (= hlavné eukaryota, ale
dnes pouzivdno jako obecny termin)

COI gen, prip. jiny barcodingovy marker

sloZeni potravy, monitoring spoleCenstev



Metabarcoding: Taxonomické sloZeni spole¢enstva v environmentdlni DNA
na zdkladé taxonomicky informativniho dseku DNA (cyt b, COT, ITS, rRNA..)

Princip
*Smésny vzorek enviromentdlni DNA

-Amplifikace pomoci primeri specifickych pro cilovou skupinu, pokryvajici taxonomicky
informativni Usek (COT, 165/18s RNA...)

*Paralelni sekvenovani

*Filtrovani nekvalitnich sekvenci

*Klastrovani na zdkladé sekvenéni podobnosti do OTUs (..operational taxonomic units")
*Jejich taxonomické zarazeni na zdkladé referencnich databdzi

Vyuziti: Analyza druhového vzorkid kde Ize makroskopicky jednotlivé druhy obtizné odlisit
*Potravni analyza z trusu

-Vzorky pldy

*Mikrobidlni spolecenstva

‘Permafrost

Exotickd/spatné probddand spolecenstva

*Druhové bohatad spoleenstva (.insect traps" v tropech)

-Rutinni analyza velkého mnoZstvi vzorkd



Metabarcoding

Taxonomické sloZeni spoleenstva na zdkladé g—— s
taxonomicky informativniho Gseku DNA u e e iian
—~ AL —> | —y  dam———
Alternativy: e © e "
Klonovdni amplikonl a sekvenovdni klon @ v _m\
Specifické elektroforézy - napt. DGGE OF ibrmeercopneniaizmn
- - _i‘__ — _
Vyhody paralelniho sekvenovani : e R
-Cenové i Casove min ndkladné gl g - | -
‘Lépe se zachyti vzdcné taxony (zlomky promile) B ot
v +

Ale:

*Riziko umélého navyseni diversity diky chybdam pri
procesovani dat

Do jaké miry jsou referencni databdze dostatecné
ke klasifikaci vzorku?

‘Lze pouzit tato data kvantitativné a nebo vypovidaji
jen o pritomnosti/nepritomnosti?



Metabarcoding - priklady vyuziti

* Liverwort only vs. Mixed moss/liverwort (50:50)

* Collected at fixed distance from each other

* 3 replicates each

SpoleCenstvo eukaryot ve vrchni vrstvé pudy

Mark Blaxter, Edinburgh Genomics



Metabarcoding - priklady vyuziti

Liverworts

Moss/Liv. Mix

SpoleCenstvo eukaryot ve vrchni vrstvé pudy

Mark Blaxter, Edinburgh Genomics



Metabarcoding - priklady vyuziti

high quality
data

low diversity
PCR products

Eukaryotic nSSU barcoding

6 samples

3 replicates each of two ecosystems
1200 clusters/mm?

2% phiX174 spike-in

| 7 million raw pass filter pairs

Mark Blaxter, Edinburgh Genomics



Metabarcoding - priklady vyuziti

Bhylum 20% MOTU  probortion of total reds
Mematoda 2862 A275761886787317
Dikarya 6965 J894664458485315
Cercozoa 4754 085598403024025
Annelida 682 068869 1096605889
null 4867 O579833558234776
Streptophyta 64 0572039901203 119
Oomycetes 487 05695658600 18453
Bacillariophyta [Tt 0250973907279004
Arthropoda 286 0218196255280743
Fungi_incertae_sedis 417 0195828162900598
Tardigrada 158 0169930788889338
Chytridiomycota 473 0138886146448 26
Ciliophora 544 0094289906043 66
Chlnroph}rtz 473 0080418161403385
rophyceas 34 D05969106037372
(_.jm“I 288 D053245951821951
Platyhelmlnthes 94 0051997954895359
Ch mpl:ly::a.e 198 005026302829234
Nuzenrii 6l D04B8583696022456
Tubulinea 194 002543153 1840504
Blasbucladmrn}rcah 76 002 108558862600
A lesca 74 D016743479503615
Drncplmess 12 0003219673339
i e |
Bicr::;.ecith 46 0007 160166698649
Uncultured_banisveld_sularyote 17 0059926857 02805
Mlcromdaana_padcwentmlls 20 DO05377313946375
Codonosigidae 30 0005 | 66438889655
Icht:ﬂhumda 28 0004928725189351
60 00042 13667042472
Fungal endo sp._sull 4 D00343918047051 6
o ph}rte P 7 000259951 4335574
mylce‘l:u 9 D0023B6722232883
w ecidae 13 0002356049497 36
u |5 7 00022621 | 4244821
P%e 14 00018825391 42724
Capsaspora 10 000 1878705050784
Stramenopile_sp._mast-12_kkts d3 |5 000173684364899
mﬂ::. ¥ NI S
Exvircrannl H DAEET 31 BATASOBE
5 DEEARTTS | TATA
frrisier i Dhass
Temaens L DB BTTIITIE
S P R
il e pra o R ey
= ; el
E _arine_clons_mal -4 H Dtnseceiien
Sele : i
) 560 | SAITERD
il — ! i
[T —— i D500 | ¥ FHEST

Eight animal phyla represented
Most frequent are Nematoda

Most frequent “98% MOTU” is
Plectus (cf aquatilis)

Wik Flreiitid - m wmall yel warsty woniiled species

Mark Blaxter, Edinburgh Genomics



Metabarcoding - priklady vyuziti

Monitoring vzacnych, nedavno popsanych druhu savci na zakladé
sekvenovani krve pijavic

Vyrazné vetsi uspésnost prokazani pritomnosti nez za pouziti klasickych technik —
fotopasti, terénni pozorovani apod.

gl Correspondences

1.

Screening mammal
biodiversity using
DNA from leeches

Ida Baerholm Schnell!:21,

Philip Francis Thomsen?T,
Nicholas Wilkinson3,

Morten Rasmussen?,

Lars R.D. Jensen', Eske Willerslev?
Mads F. Bertelsen?,

and M. Thomas P. Gilbert2"
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Figure 1. Monitoring mammals with leeches.

(A) Survival of mtDNA in goat blood ingested by Hirudo medicinalis over time, relative to freshly
drawn sample (100%, ca. 24E+09 mtDNA copies/gram blood). Mitochondrial DNA remainec
detectable in all fed leeches, with a minimum observed level at 1.6E+04 mtDNA/gram blooc
ingested. The line shows a simple exponential decay model, p < 0.001, R? = 0.43 (Supplementa
information). (B) Vietnamese field site location and examples of mammals identified in Hae
madipsa spp. leeches. From left to right: Annamite striped rabbit, small-toothed ferret-badger
Truong Son munjtac (coat coloration and markings remain unknown), serow. Pictures do no
reflect true size proportions. See also Supplemental information.



Metabarcoding - priklady vyuziti

18

Detekce ryb pomoci izolace eDNA z morské vody -
-taky jedna z nejefektivnéjSich metod
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OPEN @ ACCESS Freely available online @ PLOS ‘ ONE

[DNA] (molecules pr 400 ml seawater)

50

Detection of a Diverse Marine Fish Fauna Using
Environmental DNA from Seawater Samples

Philip Francis Thomsen'*®, Jos Kielgast'®, Lars Lansmann Iversen?, Peter Rask Moller®,
Morten Rasmussen’, Eske Willerslev'*

1 Centre for GeoGenetics, Natural History Museum of Denmark, University of Copenhagen, @ster Voldgade Copenhagen, Denmark, 2 Freshwater Biclogy Section,
Department of Biology, University of Copenhagen, Helsingergade, Hillerad, Denmark, 3 Vertebrate Department, Natural History Museum of Denmark, University of time (days)
Copenhagen, Universitetsparken, Copenhagen, Denmark




Metabarcoding - priklady vyuziti

Analyza potravy

Podil hospodarskych zvirat v potravé irbise je minimalni

OPEN @ ACCESS Freely available online @ PLoS one

Prey Preference of Snow Leopard (Panthera uncia) in
South Gobi, Mongolia

Siberian ibex Domestic sheep
Wasim Shehzad', Thomas Michael McCarthy?, Francois Pompanon', Lkhagvajav Purevjav®, Eric (Capra sibirica) (Ovis aries)
Coissac’, Tiayyba Riaz', Pierre Taberlet'*
1 Laboratoire dEcologie Alpine, Centre National de la Recherche Scientifique, Unité Mixte de Recherche 5553, Université Joseph Fourier, Grenoble, France, 2 Snow i
Leopard Program, Panthera, New York, New York, United States of America, 3 Snow Leopard Conservation Fund, Ulsanbaatar, Mongolia Argah sheep Chukar partridge
| (Ovis ammon) (Alectoris chukar)
Domestic goat

(Capra hircus)




Metabarcoding - priklady vyuziti

Analyza slozeni spolec¢enstva na zakladé ancient DNA z koproliti moa (Novy

Zéland)

Umoznuje odhadnout typ prostredi které jednotlivé druhy obyvaly a separaci

ekologickych

nik
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Resolving lost herbivore community structure using

coprolites of four sympatric moa species
(Aves: Dinornithiformes)

¢ Jamie R. Wood™', Janet M. Wilmshurst®, Sarah J. Richardson®, Nicolas J. Rawlence®?, Steven J. Wagstaff?,

‘ Trevor H. Worthy“*, and Alan Cooper®

3 andeare Research lincoln Canterbury 7640 New Zealand: PAustralian Centre for Ancient DNA  Universitv of Adelaide Adslaide SA 5005 Australia:
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Genové duplikace u
B
UCA UDA UEA
mm =

A-adaptor =~ MID  Target specific
—_

Target specific sequence (ca. 25 bp)

454 Aprimer (19 bp) 454 B-primer (19 bp)
TAP1 TAP2 UAA UBA
[ H Hil i =
R - = Seguence gf
1 Locus specific PCE

200— 400 bp

[ — e |
A B
1 emPCR & Sequencing

b T

Oznaci jedince Amplifikuje
vsechny kopie
MHC gent
Potreba k
emPCR,
sekvenovani..

192 jedincl u 454
pyrosekvenovani



http://images.google.cz/imgres?imgurl=http://www.sweb.cz/poutnik2/foto/ptaci/vrubozobi/kachna-divoka-1.jpg&imgrefurl=http://www.sweb.cz/poutnik2/foto/ptaci/vrubozobi/kachna-divoka-1.html&h=455&w=720&sz=70&hl=cs&start=1&um=1&usg=__SVdJCFB47r7R8igRKF0qyQirRDg=&tbnid=kbAR6SMSZQbHTM:&tbnh=88&tbnw=140&prev=/images%3Fq%3Dkachna%26ndsp%3D18%26um%3D1%26hl%3Dcs%26rlz%3D1T4ADBR_enCZ256CZ256%26sa%3DN

Amplikonové sekvenovani

MHC u hyla rudého

- NGS ma vétsi rozlisovaci schopnost nez SSCP + klonovani

9
S0
L B . = 1
80 N !
w TOT . 454 Hor & O 8 B - 2 3
o LTy o 4
S 6ot CE-SSCP g -
| =X © - e 00 0T84
g 50 2 i 0 7
B T et O s
o 40T ] wﬁﬁ o = O w0
S apt B |
$ ol S0 0 0 o o - O
20 Z O
W0 ar” . o ()
25

3 4 5 & T & © 10 11 12 13 2
No. of alleles

2 3 4 5 & ¥ &8 9 1 11 12 13 14
MNo. of alleles 454

MOLECULAR ECOLOGY
RESOURCES

Molecular Ecology Resources (2012) 12, 285-292 doi: 10.1111 /}.1755-0998.2011.03082.x

Evaluation of two approaches to genotyping major
histocompatibility complex class I in a passerine—
CE-SSCP and 454 pyrosequencing

MARTA PROMEROVA * WIESLAW BABIK.+ JOSEF BRYJA,* TOMAS ALBRECHT.*{ MICHAE STUGLIK*
and JACEK RADWANSg




Mikrosatelity

-sekvenovani obohacenych knihoven

SNPs

kompletni genomické sekvence pro hleddni
diagnostickych SNPs

napr. RAD-sequencing



Hledani novych genetickych markerd - mikrosatelity

Obvykly postup:
-Obohaceni genomické knihovy o mikrosatelitové motivy — sequence capture
-Sekvenovani obohacenych knihoven
-Detekce mikrosatelitd a navrzeni vhodnych primer

L VNN DR LW OLL T T

MOLECULAR ECOLOGY -

RESOURCES
Maolecular Ecology Resources (2011) 11, 638644 doiz 10.11114j.

55-0998.201 1.029¢

HOME » SERVICES » Microsatellite Development

High-throughput microsatellite isolation through 454 GS-FLX
Titanium pyrosequencing of enriched DNA libraries

THIBAUT MALAUSA,* ANDRE GILLES,+ EMESE MEGLECZ,+ HELENE BLANQUART,}
STEPHANIE DUTHOY, CAROLINE COSTEDOAT,+ VINCENT DUBUT,+NICOLAS PECH, t
PHILIPPE CASTAGNONE-SERENO,* CHRISTOPHE DELYE,§ NICOLAS FEAU ,J PASCAL FREY,**
PHILIPPE GAUTHIER,++ THOMAS GUILLEMAUD,* LAURENT HAZARD,  VALERIE LE CORRE,§
BRIGITTE LUNG-ESCARMANT ,{ PIERRE-JEAN G. MALE 5§ STEPHANIE FERREIRA§

and JEAN-FRANCOIS MARTINt+ i H i
*INRA, UMR 1301 IBSV INRA/LUINSA/CNRS, 400 Route des Chappes, BP 167, 06903 Sophin-Antipolis Cedex, France, tAix- We develop microsatellite markers for your S“de SpeCIeS
Marseille Université, CNRS, IRD, UMR 6116 - IMEP, Equipe Evolution Geénome Environnement, Centre Saint-Charles, Case 3¢
3 Place Victor Hugo, 13331 Marseille Cedex 3, France, $Genoscreen, Genomic Platform and R&D, Campus de I'Institut Pasteur,
mue du Professeur Calmette, Batiment Guérin, 59000 Lille, France, SINRA, LIMR 1210 Biologie et Gestion des Adventices, 17 rue
Sully, 21000 Dijon, France, INRA, UMR 1202 BIOGECO, Equipe de Pathologie Forestiére, Domaine de Pierroton, 69 route
d"Arcachon, 33612 Cestas Cedex, France, *INRA, Nancy-Université, UMR 1136, Interactions Arbres — Microorganismes, IFR 1.
54280 Champenoux, France, HUMR CBGP (INRA/IRD/ Cirad/Montpellier SupAgro), Campus International de Baillarguet, C! HOW we Work
30016, 34988 Montferrier-sur-Lez Cedex, France, $$INRA —UMR 1248 AGIR, BP 52627, 31326 Castanet-Tolosan Cedex, Frane

SSUMER Evolution et Diversite Biologique (Lniversité Toulowse III; CNRS), 118 Route de Narbonne, 31062 Toulouse, France
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32 species validation of a new lllumina paired-end
approach for the development of microsatellites

Stacey L. Lance', Cara N. Love’, Schyler O. Nunziata', Jason R. O’Bryhim?, David E. Scott!, R. Wesley
Flynn', Kenneth L. Jones?

Ecology Laboratory, University of Georgia, Aiken, South Carclina, United States of America, 2 Department of Biochemistry and Molecular
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Hledani novych SNPs - RAD-sequencing
n ” Restriction enzymes

lRestriction enzyme digestion

Sekvenovani podél restrikénich mist

Ligation of P1 adapters

Fragmetace gelogenomové DNA po moci
restrikEnich enzymd

Illumina Multiplexing Restriction site
adaptor barcode
Ligace sekvenagnich adaptort na vysledné Shearing, Size Selection
fragmenty PCR enrichement
P2 adapter
[
Nasledna sekvenace podél restrikénich mist 1 Sveared end
, . , . e Single end sequencing/ \Paired end sequencing
Celogenomoveé scany genetické variablility — —
Hledani SNPs, popula¢ni genomika (napr. RAD- | single end assembiies | Pared end assemblies
SEQ) apod. - — —— NN —
~100 bp contigs ~100 bp + ~400 bp contigs
RAD sequens /
E E E E § RAD sequences stacks

In comparison: Shotgun Sequencing




RAD vs. ddRAD

A
RAD sequencing

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

Individual 1 —

Genomic DNA *##*

Individual2 =T

B
double digest RADseq —
Individual 1 = a E IEI —
Genomic DNA =).§.(=)9(—)( )@( =3 )(—)( == =
Individual 2 = z —

Peterson et al PLOS One 2012



Sekvenovani podél restrikénich mist

Fraction of genome

Sanger Whole genome
sequencing re-sequencing
® RADtaﬁ (Baird 2008) -
ddRAD
Phylogeny Population QTl Pedigree Association Population
— Structure Mapping Mapping Mapping Genomic Scans
— o
. O ofoo ogo
—— % . o0 o©
— 66666 ‘ e e
L
|
Divergence limited Recombination limited Linkage Diseq. limited

Peterson et al PLOS One 2012



Phylogenomics of Lophuromys

e ancestral lineage ,trapped” in
Ethiopian highlands, where
diversified and sourced the
colonization of other mountains
(mostly in Pleistocene)

e Lophuromys flavopunctatus
complex (9 Ethiopian species)




9 endemic species in Ethiopia

BULLETIN DE L'INSTITUT ROYAL DES SCIENCES NATURELLES DE BELGIQUE BIOLOGIE, 77: 77-117, 2007
BULLETIN VAN HET KONINKLIJK BELGISCH INSTITUUT VOOR NATUURWETENSCHAPPEN BIOLOGIE, 77: 77-117, 2007

Morphometric and genetic study of Ethiopian Lophuromys flavopunciaius
THOMAS, 1888 species complex with description of three new 70-chromosomal
species (Muridae, Rodentia)

by Leonid A. LAVRENCHENKO, Walter N. VERHEYEN, Erik VERHEYEN, Jan HULSELMANS &
Herwig LEIRS
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32 Views of skull and mandible of Lophuromys
menageshae nsp. (ZMMU  5-165969,
holotype). Scale bar = 5 mm.



Lophuromys - questions

* Are there really 9 well delimited species?

* Are they easily (genetically) recognizable?
(e.g. mtDNA-barcoding)

* What is their distribution and ecological
requirements? -> IUCN assessment, etc.




Material and Me’rhods

cca 500 specimens from all
major mountain ranges

mtDNA marker (CYTB)

4 nuclear markers (2 introny
+ 2 exony)

genomic approach - ddRAD
sequencing




All loci

No. of individuals:
No. of loci:
No. of informative loci:

213
80570
69724

No. of SNPs / PISs per informative locus:

Min:
25%:
50%:
75%:
Max:
Loci per individual:
Min:

25%:
50%:
75%:
Max:

Individuals per locus:
Min:

25%:
50%:
75%:
Max:
Proportion of missing data:

1/1
5/4
10/9
20/17
60/ 57

5178
9719
12000
14607
23205

4
6

13
37
208
0.85

HQ loci

No. of individuals:
No. of loci:
No. of informative loci:

Retaining well-covered & informative loci

213
15164
15164

No. of SNPs / PISs per informative locus:

Min:
25%:
50%:
75%:
Max:
Loci per individual:
Min:

25%:
50%:
75%:
Max:

Individuals per locus:
Min:

25%:
50%:
75%:
Max:

v

Proportion of missing data:

80 570 loci - filtering - 15 164 loci

1/1

17/14
25/21
32/28
57/ 54

3393
6912
8074
9297
11912

54
74
103
149
208
0.47



ddRADseq: co-ancestry matrix
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100

Maximum likelihood analysis of
concatenated nuclear dataset

Sanger sequencing

97
—4 menageshae

77 .
92 chercherensis

94 pseudosikapusi

94
86

flavopunctatus
88
8 1 | o5 brunneus
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% chrysopus

I menangeshae I

2n=70

I chercherensis I

I pseudosikapusi I

simensis I simensis I

flavopunctatus

2n = 68

brunneus

brevicaudus

2n =60 I melanonyx I

chrysopus

4 nuclear markers (V. Komarova et al.)
(2 604 bp concatenated dataset)

ddRADseq
100
100
100
100
100 |
100

99 100

100
100

menageshae
chercherensis
pseudosikapusi
simensis
flavopunctatus

] brunneus

brevicaudus

100

Q melanonyx
100

Q chrysopus

15 623 informative loci



ddRADseq
menageshae
100
100 ) .
simensis
100
100
100 |
100
99 100 1 brunneus

100 )

brevicaudus
100

And what about mtDNA?

100
melanonyx

100
Q chrysopus

15 623 informative loci

I menangeshae I

Chercherensisl chercherensis I

pseudosikapusil pseudosikapusi I

I simensis I

flavopunctatus I flavopunctatus I
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I brevicaudus I

chrysopus

2n=70
2n = 68
100

I melanonyx |2n=60

MtDNA

96

82

89

100

% runneus

| &<‘ avopunctatus + brunneus I
-
Drevicaudus

‘ glanonyx
Simensis

100

100

97
—T chrysopus

cytochrome b (1140 bp)




And what about mtDNA?

ddRADseq mtDNA
menageshae I menangeshae I
.
100 hercherensis
chercherensis I chercherensis I 96
elanonyx
97
. . . . 93
pseudosikapusi | pseudosikapusi 82 A enageshae+simensisl
100 . . , : - g
simensis simensis imensis
100
100
100 runneus
flavopunctatus I flavopunctatus I
100 ]
- 100
|1avopunctatus + brunneus I
100
99 100 brunneus I brunneus I —_— 88
100 : ) 100 \
brevicaudus I brevicaudus I
100 D

100
Qmelanonyx I melanonyx I

100
chrysopus chrysopus

15 623 informative loci

10

97
—T chrysopus

cytochrome b (1140 bp)

,reticulate evolution*



