Next-generation sequencing
(NGS)

High-throughput sequencing
(HTS)



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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Moore’s Law — The number of transistors on integrated circuit chips (1971-2018)

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.

OurWorld
in Data

This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

linked to Moore's law.
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Data source: Wikipedia (https://en.wikipedia.org/wiki/Transistor_count)
The data visualization is available at QurWorldinData.org. There you find more visualizations and research on this topic.

Licensed under CC-BY-SA by the author Max Roser.



Lidsky genom = 3 Gb

cca 5000 lidskych genom/run

NovaSeq X Series specifidations

QOutput Range ~1 65 Gb

singlereads perrun 1.6 billion - 52 billion

Read length 2 X 150 bp

Run time ~15 hr - 48 hr

Ta
View All NovaSeq X Specs «ry View AR




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
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Ale jen nekte




Dnes dostupné NGS platformy

Roche 454

Illumina (MiSeq, NextSeq, HiSeq,
NovaSeq)

ABI SOL1D
IonTorrent (Life Technologies)
SMRT (Pacific Biosciences)

Oxford Nannopore




Illumina HiSeq/MiSeq

- v soucasne dobé nejrozsirenejSi typ (cca 70%) na trhu
- v horizontu nasleduijicich let jeji pouzivani spiS poroste
- NextSeq, NovaSeq, etc.

Benchtop Sequencers
|
L

iSeq 100 MiniSeq MiSeq Series © NextSeq 550 Series@  NextSeq 1000 & 2000

Production-Scale Sequencers

NextSeq 1000 & 2000 NovaSeq 6000 Series © NovaSeq X Series



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
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Bridge Amplification

3 Bridge amplification

Aadd unlabeled
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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
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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

= one ,,read"

1 2 38 4 5 67 8 /
dHWI-ST226:253|{D14wrACXX: 2[{1101]:[2743):[2981 4] [1]fnd: 0
TGCGGAAGGATCATTGTGGAATTC TCGGGTGCCAAGGAACTCCAGTCACATCACGATC TCGTATGCCGTCTTCTGCTT
GCAARRAAADAADRABARALATTA
+
BRCFFFFFHHFFHJITGHIHIJJIJIIJIGDCHITIJIIIIJIJIGIGIHHEHR) =FREIGHHEHFFFFDCRRBD : RCCRC
- <CDDDDS0559<B# 44447+

unique instrument ID and run ID

Flow cell ID and lane

tile number within the flow cell lane

'"%'-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

o o P R S [ (T IS

Index sequence



All this generates a lot of Datal
up to  TBdata/run

16
« 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



Data analysis in Geneious

_ _ consensus
reference (in resequencing)
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Data analysis in Geneious

reference (in resequencing) consensus

#dentity

FLUDAUUSQ? 34 4 : A2
FUD ADD327:34 HG23NDSXC4:2111:14443:23...

FUD AQD327:34 HG23NDEX{2:1239:17056:31 ..
FUD AQD327:34 HG23NDSKK4:2324:28782:26...
FUL ADD327:34 HG23NDSXX: 4:2324:29568:28...
FUD ADD327:34 HG23NDSKXK 4:2612:22688:81...
FUD AQD327:34: HG23INDEKK3:2366:12454:28 .
FUD AQD327:34 HG23NDEX4:1406:21703:27 ..
FIDAQD327:34 HG23NDEX{2:1239:16694:28.
FEVAQDD327:34 HG23NDSX2:1348:3857:197 ..
REV ADD327:34 HG23NDSXX3:2202:25202:145...
REV ADD327:34 HG23INDSXK2:1454:1787:205...
FID AQD327:34: HG23NDEKK:2:2159:3378:145
REVAQD327: 34 HG2INDE}{(4:1527:11171:20...
REVAQDD327: 34 HG23NDEX{3:2330:20302:34 .
FEVADD327:34 HG23ND5X4:1135:14886:21...
FUL ADD327:34 HG23INDSXX: 4:2645:21820:99...
FUL ADD327:34 HG23NDSKK2:2476:4318:724...
FUD AQD327:34: HG23NDSK{4:1670:13702:27 ..
FUD AQD327:34 HG23INDE}(4:1527:11171:20...
FUD AQD327:34 HG23NDSKK4:1135:14886:21 ..
FUL ADD327:34 HG23NDSXX3:2330:20302:34 ..
FUD ADD327:34 HG23INDSXX4:1324:14705:13..
FUL ADD327:34 HG23NDSKK2:2436:9733:216...
FID AQD327:34: HG23NDEK3:2570:30174:15..
REVAQND327: 34 HG23NDEX{4:1418:13575:33..
FUD AQD327:34 HG23NDSKK4:1325:26982:13...
FUL ADD327:34 HG23NDSX4:1621:5502:147 ..
FUD ADD327:34 HG23INDSXX4:1473:27806:22...
FUD ADD327:34 HG23NDSXK:3:1350:32208:18...
FUD AQD327:34: HG23INDEK3:2371:14371:92..
FUD AQD327:34 HG23NDEX{3:2135:117128:26...
FUD AQD327:34 HG23NDSX4:1106:31810:12...
FUL ADD327:34 HG23NDSXH2:2527:32262:35...
v REV ADD327:34 HG23INDSXX:2:2304:19153:34 .
FUD ADD327:34 HG23NDSXK2:2551:16966:23..
FUD AQD327:34 HG23INDEXH4:2258:7437:716...
FUD AQD327: 34 HG23NDSX{(4:1307:17526:16...

B ARASAT A4 S AP E s A IE A e A A

TACAACTC

coverage
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Dalsi NGS technologie

454 pyrosequencing lllumina
(Roche)



Ion Torrent technology

Featured NGS Instruments

| S ——
lon GeneStudio S5 System lon Torrent Genexus System
Scalable targeted NG S to support small and large Specimen to report in a single day with a hands-off,
projects automated workflow™
The lon GeneStudio 55 system is a scalable, targeted- The Genexus System is the first turnkey NGS solution that
NGS workhorse with wide application breadth and automates the specimen-to-report workflow and delivers
throughput capability. results in a single day with just two user touchpoints_*

lon sequencing: ThermoFisher Scientific



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




DNBSEQ technology

,DNA Nanoballs (DNB)“ - MGl

B G l Sequencing Services Mass Spec Services Diagnostics & Precision Medicine Resources Company

Unique DNBSEQ™ Sequencing
Technology

BGI's Metagenomic Sequencing services are typically executed with proprietary DNBSEQ™
sequencing technology platforms, for great sequencing data at some of the lowest costs in the
industry. DNBSEQ™ is a proprietary sequencing technology:. first developed by BGI's Complete
Genomics subsidiary in Silicon Valley and offers advantages in terms of lower amplification
error rates and much lower duplication rates in WGS/WES applications. In addition, studies

have shown the index hopping rate in DNBSEQ™ platforms to be much lower when compared

to that of other platforms.

https://www.youtube.com/watch?v=xUVdJNOmM38c
https://en.mgi-tech.com/products/



3rd generation of sequencing
(TGS)

Dlouhd délka ¢ teni, bez amplifikace

Primé ¢teni oblasti genomu, které je sloZité analyzovat
metodami s krdtkymi ready

Rovnomérné pokryti genomu - nejsou sensitivni na obsah GC (na
rozdil od platform s kratkymi ready)

(1) PacBio
(2) Oxford Nanopore



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

dlouhé ¢teni (15 kb), hodné chyb


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

HiFi long-read sequencing

Start with high-quality Circularized DNA
double stranded DNA is sequenced in

repeated passes

h‘::s*‘..nf‘“
Prepare SMRTbell libraries & ™. T .
R The polymerase reads B mm——
are trimmed of adapters e =
H (L TTEEEPEEEErs LEEEr) » - mereny
to yield subreads %
W _ne‘

Consensus and
Anneal primersand 4 .. R — } methylation status are
bind DNA polymerase -& called from subreads

HiFi read
(99.9% accuracy)

cBi®

dlouhé &teni, velmi presné



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



https://www.youtube.com/watch?v=CGWZvHIi3i0

Sekvenovani primo v terénu (?)

Ebola outbreak Quick et al., Nature 2016






Traditional Sequencing vs. Next Generation Sequencing: Data Throughput

1 x llumina GAlI

Vs.

Days vs. Years

. |The Sequencing Landscape is Changing | .




Gigabases per run (log)
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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



illumina

Q

ALL SYSTEMS Sequencing Platforms ~

Microarray Scanners ~

Benchtop Sequencers

Popular Applications & Methods

Large Whole-Genome Sequencing
(human, plant, animal)

Small Whole-Genome Secjuencing
(microbe, virus)

Exome & Large Panel Sequencing
(enrichment-based)

Targeted Gene Sequencing (amplicon-
based, gene panel)

Single-Cell Profiling (scRNA-Seq,
scDNA-Seq, oligo tagging assays)

Transcriptome Sequencing (total RNA-
Seq, mRMNA-Seq, gene expression
profiling)

Targeted Gene Expression Profiling

Run Time
Maximum Output
Maximum Reads Per Run

Maximum Read Length

In Vitro Diagnostic (IVD) Instruments

* ®m A

-] NGS PLATFORM SELECTOR @ QUESTIONS

1000 & 2000

= () L
iSeq 100 MiniSeq MiSeq Series @ NextSeq 550 Series@  NextSeq 1000 & 2000
Key Application Key Application Key Application Key Application Key Application
o e e L
o L
o e o L
e L
e o
L ) e e
9.5-19 hrs 4-24 hours 4-55 hours 12-30 hours 11-48 hours
1.2Gb 7.5Gb 15 Gb 120 Gb 330 Gb"
4 million 25 million 25 million * 400 million 1.1 billion”
2 x 150 bp 2 x 150 bp 2 % 300 bp 2 x 150 bp 2 %150 bp
B ‘ ‘ . ‘ ‘ ) ‘ Explore NextSeq
Explore iSeq 100 Explore MiniSeq Compare MiSeq Compare NextSeq 550




Popular Applications & Methods
Large Whole-Genome Sequencing (human, plant, animal)
Small Whole-Genome Sequencing (microbe, virus)
Exome & Large Panel Sequencing (enrichment-based)
Targeted Gene Sequencing (amplicon-based, gene panel)

Single-Cell Profiling (scRNA-Seq, scDNA-Seq, oligo tagging
assays)

Transcriptome Sequencing (total RNA-Seq, mRNA-Seq, gene
expression profiling)

Chromatin Analysis (ATAC-Seq, ChIP-Seq)
Methylation Sequencing

Metagenomic Profiling (shotgun metagenomics,
metatranscriptomics)

Cell-Free Sequencing & Liquid Biopsy Analysis

Run Time

Maximum Output
Maximum Reads Per Run

Maximum Read Length

NextSeq 550 Series @

L

)

NextSeq 1000 & 2000

1
— 1

NovaSeq 6000

Key Application

12-30 hours

120 Gb
400 million

2 % 150 bp

Key Application Key Application

~13 - 38 hours (dual SP flow
cells)
~13=25 hours (dual $1 flow cells)
~16-36 hours (dual 52 flow
cells)
~44 hours (dual 54 flow cells)

11-48 hours

360 Gb” 6000 Gb

1.2 billion” 20 billion

2x150 bp 2 x 250%*

Compare NextSeq 550

) (

Explore NovaSeq 6000 )

Explore NextSeq 1000 &
2000

Request Pricing

Request Pricing Request Pricing



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) nebo adaptorem (u ostatnich genomickych
knihoven), ktera je specificka pro dany vzorek (j. jedince)

Prifazeni identity jednotlych sekvenci k vzorkim probiha bioinformaticky

BARCODE PRIMER

AGCGTAGGTCATTTCGATGCG
TTCGTAGGTCATTTCGATGCG
TGGGTAGGTCATTTCGATGCG
TGCCTAGGTCATTTCGATGCG
TGCGCAGGTCATTTCGATGCG
TGCGTTGGTCATTTCGATGCG

Priklad amplikont



Sekvenacni strategie

AMPLIKONOVE SEKVENOVANI (amplikony kratsi nez délka readu)
SHOT GUN SEKVENOVANI

LONG-RANGE PCR + SHOT GUN (amplikony delSi nez délka readu)




Sekvenacni strategie

AMPLIKONOVE SEKVENOVANI

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

Nasledna sekvenace

#‘I'%
B
Forward Frimer

N\

Sequencing

+

Reverse Frimer

X

*Ampliﬂcatinn \

. , v , , A |
Taxonomickeé slozeni daného vzorku
(,metabarcoding®), variabilita konkrétnich genu
apod.
SHOT GUN SEKVENOVANI ) - —
T =3 ] Cloned genomes
Fragmetace celogenomové DNA (ultrazvukem nebo ':T = [T
enzymaticky = ,fragmentaza®) - = :Fj,:’éi : _'Jm.w
. o . ; 5 J\‘f.'l; = | — F?_Il': 7 mi:ﬂmwwn{w
Ligace sekvenacnich adaptoru o e o W Py i |
* * ¢ j :f:‘:‘h: mmmmmmmm ed
Nasledna sekvenace nahodnych fragmentc T e
= B O R | g the batter the quasty
: rI'_Ii'li_ =1 > € —1_ _!__ e of the lequenting,

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

LEE R e e v



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. Napr. sekvenace kompletni mitochodralni DNA (3 riizné
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

KOMPLETNI GENOM (nap¥. virovy genom z obohacenych vzork()

REDUKOVANY GENOM
« PCR amplicons

« Knihovny obohacené hybridizaci (development of microsatellite
markers, exom, anchored phylogenomics, UCE = ultraconserved
elements, etc.)

« Knihovny obohacené o restrikéni fragmenty (RAD sequencing)
 RNAseq (transkriptomika — soubor vSech mRNA)




Sekvenacni strategie

os o=

Exon baits V v Exon baits
LA L St AEE
....-1.. ﬂﬂ% '%3 S=s3e

Whole genome Whole-exome (1%) PCR amplicon Transcriptome RNA Exon capture transcriptome
‘Predominant applications: | | Predominant applications: ‘Predominant applications: | Predominant applications: | Predominant applications:
* Structural variants * Paint mutations * Point mutations = Gene expression * Gene expression
= Point mutations » Copy number variation = Deletions = Gene fusions » Gene fusions
~* Copy number variation | | = Splice variants || * Splice variants

Genom Exom Amplicon Transcriptom

Simon 2013



Sekvenacni strategie

exon

:i" . intron

—

A TR TR IS TE T E S wes
e " Targeted
—— T (Re-)sequencing
T Smea & T S === T = %™  TRANSCRIPTOME
—_—— = - semi-targeted
= = - - - - = - - RAD-Seq
. = S— = - -— = non-targeted

Fuentes-Pardo & Ruzzante 2017
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Sekvenacni strategie N\

Discarded
, . Starting DNA 'I,'I'ul ‘ :’:Z::"c‘s
Obohacené knihovny + shot gun X oyl
Separace usekl genomu které nas zajimaji na —'%—'%
zakladeé jejich hybridizace sl NS
elution
Nasledna sekvenace obohacenych knihoven o
(,enrichment by baits®) i
NGS work flow - | “||
Nové markery (mikrosatelity apod.), kodujici oblasti - .O‘-_
genomu (,exom®), ,anchored phylogenomics” apod. Bi NlmhIEGen
* model - ;
Anchored a) o ag Me Species gen?g; b) models gy ‘ ;’ B =
. 1ze
phylogenomics || s10 Ponio > 500 a.
o9 ——-1;.%4——. W= Heterandria 0.9 T "
ehundreds of 255 337 Lj* # Xenopus * 15 ‘2400 - I
conserved loci T[T L2 W psevdacris 43 S|
ehybridization a2 e 2B 5 Homo* 14 O
. 61 o0 - ) —
enrichement 0T Ly Ay s 32 2200
. v s 440 - L0
eu velmi pFibuznych 0| a3 [0 @ g Anolis 22
o , 258 464 ;’ Crotalus 1.7 = 100 F " High
taxonu bude malo sl 0] Low 8 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)
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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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https://www.ultraconserved.org/

What are UCEs?

As their name implies, ultraconserved elements (UCEs) are
highly conserved regions of organismal genomes shared
among evolutionary distant taxa - for instance, birds share
many UCEs with humans. UCEs were first described in a
wonderful manuscript by Gil Bejerano et al. (2004) from
David Haussler's group and subsequently identified in
several classes of organisms outside the group of original
taxa (Siepel et al. 2005) used to identify these genomic
elements. The 27-way vertebrate genome alignment (Miller
et al. 2007) identified additional regions of high
conservation.

Why are UCEs useful?

We have discovered (see Citations) that we can collect
data from UCEs and the DNA adjacent to UCE |ocations
(flanking DNA), and that these data are useful for
reconstructing the evolutionary history and population-level
relationships of many organisms. Because UCEs are
conserved across disparate taxa, UCEs are also universal
genetic markers in the sense that the locations (or loci) that
we can target in humans are identical, in many cases, to
the loci that we can target in ducks or snakes or lizards.

What do UCEs do?

That's an extremely good question, and one to which we do
not entirely know the answer (Dermitzakis et al. 2005).
UCEs have been associated with gene regulation
(Pennachio et al. 2006) and development (Sandelin et al.
2004, Woolfe et al. 2004) and we generally assume that
UCEs must be important by the very nature of their near-
universal conservation across extremely divergent taxa.
However, gene knockouts of UCE loci in mice resulted in
viable, fertile offspring (Ahituv et al. 2007), suggesting that
their role in the biology of the genome may be cryptic.

Arachnida

Coleoptera

Tetrapod

® 14,799 baits for 1,120 UCEs

® 13,674 baits for 1,172 UCEs

(Arachnida 1.1Kv1) (Colecptera 1.1Kv1)

Described as part of Fairciolh 2017, First use as part of Starrel el al 2017 Described as part of Fair

7 Firsl use as par of Baca el al 2017

Below are several probe designs that we have used 1o study relationships among amniotes/tetrapods (e g. Crawford et al 2012, McConmack et al 2013). We are constantly evaluating
the utiity of given probe sets and probe designs, in addition to expanding the number of UCE loci we are targeting. e have several larger bail sets in the works, and we are also working
o optimzing probe sets based on heir caplure success, phylogenelic ubiity, elc. Piease theck back for updales

YOU €N NoW buy EACN Of IHeSE Prbe SEfS direct fTom Aror BIGSCIENCES N e form f a capture kil AOF BIOSSIENCES Nas even made a discounted "pllot” sized kit avalabie for 1aos
who want to do some test enrichments.

Diptera
@ 31,328 baits for 2,711 UCEs

(Diptera 2.7Kv1)

Hemiptera
® 40,207 baits for 2,731 UCEs

(Hemiptera 2.7Kv1)

Order ennchment kits #om Arbor Biosciences 3

® 2,560 baits for 2,386 UCEs

(Tetrapogs-UCE-2.5Kv1)

® 5,472 baits for 5,060 UCEs

(Tetrapods-UCE-5Kv1)

Described as part of Faiciolh 2017. First use has. nol been published, yet Described as pant of Fair

7. First use has nol been published, yel

Hymenoptera (ver. 1)

® 2,749 baits for 1,510 UCEs
(Hymencptera 1.5Kv1)

Hymenoptera (ver. 2)
@® 31,829 baits for 2,590 UCEs

(Hymenoptera 2.6Kv2)

Descrined as part of Faircioth et al 2015, First used as part of Faircioth et al 201 Described as part of Branstefter e

Anthozoa
@® 16,306 baits for 720 UCEs and 1,071 exons

(Anthozea 1.TKv1)

Described as part of Quatlrin el al 2017, First use as part of Gualirini ef al 2017

tal. 2017 First use as pan of Branstetier et al. 2017

Destrived as part of Faciolh ef al. 2012. First use as part of Faircioth et

100 USD/sample

Beiow are wo bail sel designs that we have used (1) 1o understand relalionships among the early diverging teleasts (Fairciolfy el al. 2013) and (2) 1o study the diversification of
Acanthomorpns (Alaro et al 2018) We are curmently working on Several oller bail set designs. as well as oplinizing existing bait sets Based on Meir CAPIUNe SUCCESS, Phylogenetic iy,
i Pigase CNEck DaCK for Updates.

You can now buy both prabe ses directly from Arbor Biosciences in the form of a capture kit Arbor Biosciences has even made a discounted “pilot sized kit available for [abs who
want o do some fest enrichments

Order enrichment kits §om Arbor B

@® Actinopterygians
2,001 baits for 500 UCEs

(Actinopterygians 0.5Kv1)

@® Acanthomorphs

2,628 baits for 1,314 UCEs
(Acantnomorphs 1Kv1)

Destribed as part of al. 2013. First use as part of Faircioth et

13, First used as part of Me

Destribed as part of



Sekvenacni strategie

Sekvenovani podél restrikénich mist
(Enriched libraries by restriction enzymes)

Fragmetace celogenomové DNA pomoci
restrikEnich enzyma

Ligace sekvenaénich adaptorl na vysledné
fragmenty

Nasledna sekvenace podél restrikénich mist
Celogenomové scany genetické variablility

Hledani SNPs, popula¢ni genomika (napf. RAD-
SEQ) apod.

RAD =  Restriction sites Associated Dna*“

” 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
|
e T |
Barcoded RAD end Sheared end
Single end sequencing/ \ Paired end sequencing
—
— e
—_— -—
e
i Single end assemblies l Paired end assemblies
o I NNNNNN

~100 bp contigs

RAD sequens /

~100 bp + ~400 bp contigs

=== === 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



Postup ddRAD analyzy

1 — St&peni

2 — Size-selekce na magnetickych kuliCkach
3 — Ligace adaptoru

4 — Precisténi na magnetickych kuliCkach

5 — PCR (namnozeni RAD fragmentu, primery
s barcody)

6 — Pooling (ve stejnych koncentracich pro
ruzné vzorky = multiplexovani)

7 — Size-selekce (Pippin prep) a kontrola na
Bioanalyser

8 — gPCR (kvantifikace knihovny)
9 — High-throughput sekvenovani

(podle Adapterama)

a0 )

1. Digest
(two enzymes)

J, 1. Ligate adaptors

3. Multiplex
4, Size select

) S—— -] I

| s.pc

(podle Peterson 2012)



ddRAD library

o tuto sekvenci nam jde!

Complete adapter+insert(EcoRI and MspI) = SEQUENCING LIBRARY : DATA ANALYSIS

5" -AATGATACGGCGACCACCGAGATCTACAC ACACTCTTTCCCTACACGACGCTCTTCCGATC AN

CC. 'CGAGATCGGAAGAGCACACGTCTGAACTCCAGTCAL ATCTCGTATGCCGTCTTCTGCTTG-3"
3’ -TTACTATGCCGETGEETCTAEATGTG TGTGAGAAAGGGATGTGCTGCGAGAAGGCT AG ASREIEE ‘GCTCTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTG TAGAGCATACGGCAGAAGACGAAC-5"
L o ><enunue-  __—"T"  eeaa- >
lllumina adapter \ / N
P5 Index example sekvenacni primery lllumina adapter
P7 Index example
A Inline barcode p i M I
(can be preceeded by 1-2 bp to ingrease complexity) /O Sp
RE overhang GGTCAGAATTCGCTGA..
CG RE Overhang LCCAGTETTAAGCGACT... r r
_____ = R1 Sequence 5. . . C‘C GG . .3
Cemmm=- R2 sequence
..... > I1 Sequence e AATTCGCTGA .. ’ ¥
L I2 sequence .CCAGTETTAA GEEACT. 3 ¢« v GGC C * 2 5
XXXXXX insert - the RE fragment

identifikace vzorku (jedince)



Analyza dat z ddRADseq

DATA ANALYSIS

B) DEFINE LOCI AND FIND VARIABILITY

SOFTWARE AVAILABLE:
Stacks, dDocent, |Pyrad ....

iPyrad denovo assembly workflow (ho reference genome)

done before with skewer

Step 1:

sorting
Raw data

Ind. 2
o

fnd_ i3

s 1

program Skewer

Step @ -
filtering

double digest RADseq
Individual 1 — @ IE'
G ic DNA =& 2 . SE—>
Individual 2 =
Step 3: Step 4 &5: Step 6: Step 7:
clustering consensus Clustering formating
loci1 loci 2 loci1 loci 2
\ loci 1 loci 2

(within samples)

—>

/’ (across samples)

program iPyrad

- stovky az desitky tisic lokusu

output files



Aplikace

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

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



1. Celogenomové sekvenovani de novo

Problém: KRATKY READ LENGTH
- max 300bp u Illumina, 35-75bp Solid
vs 800-1000bp Sanger

- nové technologie (PacBio, Nannopore) uz s tim takovy
problém nemaji -> celé genomy se sekvenuji kombinaci
pristupl s kratkymi a dlouhymi ready

@ 7Y @ o
> > —_—> ———> ——> ——p ——p
> > ——> ——> ——> ——>

— Usporddani (assembly) jesté stdle mize byt
problém z hlediska vypocetni kapacity

GTAAAAAAAAAAAAAAAAAAAAC

— —> —» — — —> —> —>
’ — T — — ’ — —>
’ — 5 —

—

Zvlasté komplexni eukaryotické genomy - Gseky souvislych oblasti prerusenych
mezerami (.contigs")



1. Celogenomové sekvenovani de novo

+ ziskani kompletni usporddané sekvence celych velkych eukaryotnich
genoml pomoci hext-generation sequencing de hovo byl doneddvna
problém (dnes se kombinuji dlouhé a kratké ready)

» viry, prokaryota, mald eukaryota, mitochondrie/plastidy/plasmidy -
rutinni screening (..pathogen hunting")

Genetic Det

New Hemor
Southern Af

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

1 Center for Infection and Immunit
Mational Institute for Communicabl
Rickettslal Diseases, Centers for Diss
America, 5Blotechnology Core Fad

Abstract

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

extracts from serum ar

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

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

ANCIENT (mt) DNA
- rlizné smésné, degradované vzorky, napf. fosilie

A Complete Neandertal Mitochondral
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,! Jefiroy 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,? lvan Guéié,? Marten Wikstrém,? Liisa Laakkonen,® Janet Kelso,! Montgomery Slatkin,2
and Svante Piabo?



Ancient DNA genomika

+ Degradovana DNA > sekvenovani mtDNA

+ ale dnes i jaderna DNA ze subfosilniho materidlu (jeskynni medvédi,
mamuti, heandrtdlci ....)

M«b..'"l High Throughput
g DMA Sequencing

e T “ﬂﬂ

Cave Bear ODNA Extraction
{tooth)

DNA
Comparisons




Genome skimming

(low coverage sekvenovadni kompletni vyizolované DNA)

Nuclear Genome
— — I

Fragmented, incomplete assembly

of the nuclear genome \

Nuclear reads = e = =m = Es oS

Genome Skimming Assembly )
Low pass shotgun sequncing Assembled separately Phylogen l-’-:‘mi'CS
— E— axonomiel?

/

Organellar Genornm e
- S e
- S

- —a S "
= = e = = oo Contiguous, complete assembly of
- S .
- oD En DS . the organellar genome
o on =S
Organellar reads e oo om o En |
— = e =
s B o Em =

e o e Created in BioRender.com bio

Analyza muzejniho materialu (napf. holotypy)



3.Sekvenovadni amplikonl (PCR produkti)

SMESNE VZORKY - paralelni sekvenovéni nahrazuje klonovéni

Metagenomika (= hlavné prokaryota)

-Celé spoledenstvo pudnich, vodnich mikroorganismd,
strevni mikrofléra - mikrobiom

‘PCR genu 16S rRNA
*|ze i kvantifikovat

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

COLI gen, prip. jiny barcodingovy marker



Metabarcoding

Specie(s) identification

o o ]

j Prm s —————
Sequencing

ity [y
mmwmﬁ |

DNA extraction

Sample




/

eDNA Metabarcoding

Appllcatlons

N

-f;/ 1118 %

| Interactions

- -
NG ) AN - - |
Ancient ||  Plant Diet lnvasive Pollution Air Quality
. Pollinator : Species S
Ecosystems Analysis Detection Response Monitoring

eDNA = environmental DNA



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

*Smésny vzorek enviromentdlni DNA

-Amplifikace pomoci primerl specifickych pro cilovou skupinu, pokryvajici taxonomicky
informativni Usek (COI, 16s/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 sloZeni vzorki kde Ize makroskopicky jednotlivé druhy
obtizné odlisit

*Potravni analyza z trusu

-Vzorky pldy

*Mikrobidlni spolecenstva (.mikrobiom" - nejen baktérie, ale i houby, prvoci, fdgy, ...)
‘Permafrost

Exotickd/spatné probddand spolecenstva

*Druhové bohatad spoleCenstva (.insect traps” v tropech)

-Rutinni analyza velkého mnoZstvi vzorkd



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

Anomalopleryx
didiformis

e

Faorest

: Pachyornis
/ elephantopus

didinus

Ecotone

.

Herbfield/Grassland

O @

Cyathaa, Melrosideros, Myrsing,
Neomyrlus, Nothofagus
menziest, Paraxily

Acaana, Anslotala, Coprosma,
Muahlenbackia, Myosotis,
Vironica

Arlhocaros, Brassicaceas,
| Gentiana, Gonecarpus, Gunnera,
Lactuceas, Mantha, Pimeles,
Fianlaga

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:

Anomalopteryx
didiformis

—

Foreélt:;,Z

P

n Herbield

\,

Megalapteryx
didinus

Pachyornis
elephantopus



Genové duplikace

(napr. MHC geny)
Br P TAP B
[ H Hil =
-— > e =
A-adaptor =~ MID  Target specific
—_

454 A-primer (19 bp)

Target specific sequence (ca. 25 bp)

454 B primer (19 bp)

- - Seguence gf
F-.p - nterest
1 Locus specific PCE
200— 400 bp
[ — e |
A B

1 emPCR & Sequencing

b T

Oznaci jedince Amplifikuje

vsechny kopie

MHC gent

Potreba k HTS
sekvenovdni
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Amplikonové sekvenovani

MHC u hyla rudého

- HTS ma vétsi rozlisovaci schopnost nez SSCP + klonovani
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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 nebo redukované (.enriched")

genomické sekvence pro hledani diagnostickych
SNPs

napr. RAD-sequencing



Hledani novych genetickych markerd - mikrosatelity

Obvykly postup:
-Obohaceni (,enrichment®) genomické knihovy o mikrosatelitové motivy — sequence capture
-Sekvenovani obohacenych knihoven
-Detekce mikrosatelitd a navrzeni vhodnych primer
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MOLECULAR ECOLOGY -
RESOURCES

Maolecular Ecology Resources (2011) 11, 638644 doiz 10.11114j.
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High-throughput microsatellite isolation through 454 GS-FLX
Titanium pyrosequencing of enriched DNA libraries
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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?
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@allgenetics COMPANY  CONTACT

EXPERTS IN GENOMICS

development service

AllGenetics' microsatellite development service uses high-throughput sequencing to obtain
primer pairs which amplify polymorphic microsatellite loci in your study species. The primers
obtained are multiplexed and tested for polymorphism in a number of individuals from

different populations.

aatgtccgecgecgeggceggeggeggeggtaaaggagt
ccagttcattcattcattcattcattcattcatgtcaggtta
agtctgaggaggaggaggaggaggaggaggaggaggagtataatt
atataacaacaacaacaacaacaacaacaaacaacgtacga

tagtogatcgatcgatcgatcgatcgatcitagagt

atcgaagitcttcttcticticttcttcticttcotiagtiat




Hleddni diagnostickych SNP
(napr. pro studium hybridizace)
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hleddni zafixovanych polymorfismi - bioinformaticky

napr. pro analyzu v hybridnich zéndch - identifikace genomickych
fragmentd, které neprechdzeji hybridni zénu a jsou zodpovédné za
udrzovdni druhovych hranic (pokud mdme referencni genom)



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




Pr.: Fylogenomika hlodavct rodu Lophuromys

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

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.

IIIIIIIIIIIIIII feleid WILEY

Complex reticulate evolution of speckled brush-furred rats
(Lophuromys) in the Ethiopian centre of endemism

Valeria A. Komarova'® | Danila S. Kostin'@ | Josef Bryja?®® | Ondfej Mikula?® |
Anna Bryjova® | Dagmar Cizkova®® | Radim Sumbera®® | Yonas Meheretu’ @ |
Leonid A. Lavrenchenko®




Material and Methods

cca 500 specimens from all
major mountain ranges

mtDNA marker (CYTB)

4 nuclear markers (2 introny
+ 2 exony)

genomic approach - ddRAD
sequencing




Analyza dat z ddRADseq

DATA ANALYSIS

B) DEFINE LOCI AND FIND VARIABILITY

SOFTWARE AVAILABLE:
Stacks, dDocent, |Pyrad ....

iPyrad denovo assembly workflow (ho reference genome)

done before with skewer

Step 1:

sorting
Raw data

Ind. 2
o

fnd_ i3

s 1

program Skewer

Step @ -
filtering

double digest RADseq
Individual 1 — @ IE'
G ic DNA =& 2 . SE—>
Individual 2 =
Step 3: Step 4 &5: Step 6: Step 7:
clustering consensus Clustering formating
loci1 loci 2 loci1 loci 2
\ loci 1 loci 2

(within samples)

—>

/’ (across samples)

program iPyrad

- stovky az desitky tisic lokusu

output files



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

bre\ncaudus

< melanonyx
% 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

I brunneus I

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

100 )

brevicaudus
100

100
Q chrysopus

15 623 informative loci

I menangeshae I

Chercherensisl chercherensis I

pseudosikapusil pseudosikapusi I

I simensis I —

flavopunctatus I flavopunctatus I

I brunneus I

I brevicaudus I

MtDNA

pseudosikapusi
hercherensis

elanonyx

96

97

M enageshae + simensisl

imensis

100
runneus

B 100 |1avopunctatus + brunneus I

100
Qmelanonyx I melanonyx I

chrysopus

100

97
—T chrysopus

cytochrome b (1140 bp)

.reticulate evolution® resulting in mtDNA introgression



