Use of molecular markers
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s it that simple..?
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---- Asarina procumbens

C. microcalyx subsp. microcalyx 6 [F]

. microcalyx suhsp, microcalyx (subsp. alba) 8 [F]
. microcalys subsp, microcalys 2

C. microcalyx subsp. microcalyx 3[F]

. microcalyx subsp. micracalyx 4[F]

. microcalyx subsp. microcalyx 1[F]

1/74

1,100

Biosystematics

e complex study of taxonomy of organisms

. microcalyx subsp. heterosepale 1 [T]
. microcalyx subsp, heterosepala 2 [C]
. microcalyx subsp. heterosepala 3 |E|
C. microcalyx subsp. heterosepalo 4 [C]

eastern lineage

. spetae 4 [F]

based on comparisons of their ecological,
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. glutinasa subsp, glurinosa 2
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C. pallida 2
L‘\\‘ . pallida 3
- i 0.99/68 - . pallida 1
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* C. muralis subsp. visianii 1
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clade 1y- C. acutiloba subsp. dodekanesi 2 [F]
- o C. acutiloba subsp, dodekanesi 3 [F
0. 9:”?1 1/87 C. acutitoba subsp. dodekanesi 4[H]
T T T T T T C. longipes 1 [EE]
B =2 o 2 4 6 C, longipes 6 [F3
- C. longipes T
PC1 (50%) 0.96/- | 174 L ¢ tongipes 8

A C. acufioba subsp. acufifoba W C. paradoxa
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o C. longipes O C. microcalyx subsp. alba
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Carnicero et al.
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Biosystematics — what for?

* Imagine people or things do not
have names...
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Biosystematics — what for?
e Or a lot of names would be wrong...
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Biosystematics — what for?

e Biosystematics creates "language" and interprets it. Without it, many
other disciplines (such as protection, evolutionary biology etc.) could
not exist... "Oskar” »
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Species...

Uncertain One species

Several species

Systematics

Speciation
genomics

FIGURE 1 Two views on the
continuum of speciation. Left: Species are
defined as groups of organisms resembling
each other according to an arbitrary set
of variables. Right: Species are defined

as entities sufficiently diverged such

that gene flow (arrows) is very rare or
inexistent. Top: unambiguous single-
species situation. Bottom: unambiguous
multiple-species situation. Intermediate:
ambiguous situation. Ambiguous
situations appear when groups can be
identified but intermediate individuals are
common (left) and when gene flow exists
but is limited to a fraction of the genome
(right)

Galtier 2018
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Species...

Species concepts

e biological, morphological, phylogenetic...

e there are many and definitions vary

e the definition is based on breaking the continuum of variation
e the assumption of reproductive isolation

e the species is understood differently - by taxonomists, conservationists, in
different countries, in

e different times, different groups of organisms
* (zoologists/botanists)
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Where to begin?
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* Thorough study of the complex
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e Sampling
* Phylogenetic relationships
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Where to begin?

e Thorough study of the complex
e Sampling

* Phylogenetic relationships

e Ecological relationships
 Morphological analyses

e Taxonomic re-evaluation
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Molecular markers

e information about an organism obtained from the analysis of its
molecules - proteins, DNA, RNA

* marker - character, unit of information - a purposefully or randomly
selected part of the total information

 markers tell about the genetic similarity (relatedness) of individuals,
populations or species

 electrophoresis of macromolecules

1z0 1=0
GAaT TCTGGTCTTATTTCC
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Molecular markers

The nature of molecular data:

provide information about the genotype of an individual

information independent of environmental conditions

assumption of selective neutrality - no effect on fitness

gualitative information - presence of fragment, allele, nucleotide

unique information about the organism - clone identification

changes during generative reproduction — recombination

Storage of genetic information:

* nucleus, plastids, mitochondria
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Molecular markers

Types of questions:

identification of clones
e genetic diversity of clonal plants
genetic structure of populations
* intra-population genetic diversity
e H-W equilibrium test
* relationships between populations, distribution of genetic variability
e gene flow
study of plant migration
e phylogeography
e study of invasions
type of reproductive systém
systematic studies at all levels, reconstruction of phylogeny

hybridization, polyploidization
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Sequencing

e finding the order of nucleotides in a DNA strand
ATATATAGGCAAGGAATCTCTATTATTAAATCATT...

e using information to determine the course and rate of evolution

e determining the similarity and relatedness of taxa

e capillary sequencing vs next generation sequencing

CTAG .PCG ATG ATTTPC.PC GCATG TGCTGAABGTTG GC GGTGCCGGA.GTGC GC TCA.CCGC

hl\JlJlUWﬂlhﬂ“ﬂHM il



The evolution of sequencing

Single
molecule?
1,000,000,000
o 100,000,000 Massively parallel
= sequencing
-: ey
S 10,000,000 Short-read
e sequencers
‘g_ 1,000,000
> 100,0000 ‘ : Microwell
g Capillary sequencing ~emye I
|
g 10,0004
= Gel-based systems
® 1,000 Second-generation
E Automated capillary sequencer
’g 1004 slab gel First-generation
x capillary
10-

1980 1985 1990 1995 2000 2005 2010 Future
Year

Stratton et al. , Nature 2009



CCATCACGTATGCTTCCTGGGGACAA

Sanger sequencing

CATCACGTATGCT

@ Reaction mixture N CCATCACATATOE 1 o e TEGEGACAA
» Primer and DNA template > DNA polymerase 9 o 9 (NﬁN
» ddNTPs with flourochromes » dNTPs (dATP, dCTP, dGTP, and dTTP) Hoofroton S

OH
Primer D soxyadenasing viphosptate

S 3 NH,
o o 9 N =
ron {:IKN
HO—P—0—P—0—P—O0. /)
| | | NN
ol o
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Template
Disessyadanssin rprasprats

ddNTPs
ddTTP -@

ddCTP —-@ 0 i
dAATP —o ® Capillary gel electrophoresis

ddGTP - separation of DNA fragments

@ Primer elongation
and chain termination

Capillary gel

S o e A Laser Detector

I o o B e e

T , Disadvantages
AEaRAAA Al — e cloning

5 e —— 3

@ Laser detection of flourochromes

5. 3 and computational sequence analysis L4 IOW pOSSibiIity Of
§ T parallelisation

5 P e ———— 3

Chromatograph




NGS (next generation sequencing

Sanger sequencing Next-generation sequencing
. DNA fragrmemation DNA fragmentation
E_.. B = . % - -
< = B EE N

= = = Massive parallelization

In wive cloning and amplification In vitro adapior ligation

08 -

Cycle sequencing /Mrﬂhn of polony array \ vﬁy"y
GACTAGATACGAGCGTGA & Irnd-u-l
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Powsse_ CTOATCATY FEEREEREE O O§ M e
ANTRs CTGATCTATACTE # o
TR TOLATCTAT G
Labaled daTPs CIRACTRaCTOS Whole genome Whole-exome (1%) PCR amplicon Transcriptome RNA Exon capture transcriptome
Predominant applications: | | Predominant applications: [ Predominant applications: Predominant applications: | | Predominant applications:
Electrophorsesis Cyclic array sequencing * Structural variants = Pointmutations » Point mutations » Gene expression » Gene expression
(] + Point mutations = Copy number variation = Deletions * Gene fusions = Gene fusions
— f "MIHT | [" 0 :;ﬂ.u"'” Gy 3 + Copy number variation l * Splice variants * Splice variants
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,} Simon et al., Nat Rev Drug Discovery 2013
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Methods
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e Whole genome sequencing

e Libraries with reduced representation:
Transcriptomes
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,_ - . mRNA
7 e Restriction-based methods
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e RadSeq, ddRadSeq
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'?, ranscriptomics
] * HybSeq -

- M e . * non-coding RNA
— e Amplicons (PCR of multiple regions) | =
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miRNomics
« expression analysis
+ miRNA identification

» miRNA editing

s

Epigenomics

+ targeted bisulfite
sequencing

*» ChIP-Seq

+ MeDIP-Seq

wu information content

. experimental costs

methylCap-seq

sequencing

+ whole genome bisulfite §

ma

Genomics

« targeted
sequencing

« whole-exome
sequencing

+ whole-genome
sequencing

current clinical utility




e Sanger
* NGS

F

%g’ * Sequencing

e Sampling
* Wet-lab

% ° Data procesing
¥

£



Massive amount
of sequence data
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How to choose a method and procedure?

Gigabses per run (log scale)

1000 -

100 -

10 -

1

0.1 1

0.01 -

0.001

0.0001 -

0.00001

%

Hiseq X

Developments in
High Throughput Sequencing

-

Hiseq
2000/2500

Hiseq 4000

-

/_; Hiseq2500 RR
O NextSeq 500

GS Junior

e

‘Sanger’
Lex Nederbragt (2012-2015) http://dx.doi.org/10.6084/m9.figshare.100940
T T
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100 1,000 10,000

Read length (log scale)
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How to choose a method and procedure?

The question is #1

* related species,
population, bulk
segregant analyses,
genomics,
transcriptomics,

phylogeography,...
e Equipment, protocol
availability, data

processing and data
storage...
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genus Arabidopsis

e ca 14 species worldwide — A. thaliana & “wild relatives”

Arabidopsis halleri
distribution of described and
undescribed taxa

Based on Mésicek 1970, Kolnik and Marhold 2006
* phytoremediation

Arabidopsis arenosa complex
distribution and ploidy levels of
described and undescribed taxa

Based on Mésicek 1970
* polyploidy, parallel evolution




Materials and methods

homogeneous sampling across the entire distributional range

flow cytometry
* molecular methods: AFLP, SSR, cpDNA, single copy gene, dd RadSeq, WGS

¥ * multivariate morphometrics

136 sampled populations — A. halleri 496 sampled populations — A. arenosa
I 3 ik

100 0 100 200 300 400 km a




Key results: Arabidopsis halleri

100 0 100 200 300 400 km

Genetic structure:

a geographic distribution
(dotted line denotes
borders of distribution)

b STRUCTURE of Eurasian
dataset

¢ STRUCTURE of European
dataset

d PCoA of Eurasian
dataset

e

: i
apan South-Eastern group Alpine group

]

e northern hemisphere disjunction (Japanese populations)

W =

e three main European lineages — Alpine, North-Western and South-
Eastern

Sramkova-Fuxova, Zaveska et al. 2017



Key results: Arabidopsis halleri

Population-level diversity:

a gene diversity AFLP

b expected heterozygosity
SSR

¢ proportion of rare
fragments AFLP

d allelic richness SSR

e the highest diversity and representation of rare alleles are in
W and SE Carpathians

Sramkova-Fuxova, Zaveska et al. 2017




Key results: Arabidopsis halleri

t "

Environment Genetics

9
(22}
. Geography
[aV =) Residual = 0.57
g
relative contributions of parameters to

morphological variation (variation
partitioning)

PCA of population Genetic divergence is not

wen morphology (brown

'y .
T : n lines = elevation fitted a source Of morphologlcal
PC 1(}35 %) 1 2 onto ordination plot) L.
° variation...

Sramkova-Fuxova, Zaveska et al. 2017



Key results: Arabidopsis halleri
» detailed phylogeographic structure tested for morphological separation

LT )
~ .’.. ‘H' it © .. W Carp.
W Alp . erc.
S o o e
8 % 3 SE gr oup
g o °© o @, E"
DN o o ° @ @ Herc. Mts.
o
%o &SP wcap. @ % i 80. EAIp
SE group. EAlps N
Y ) ‘ WA'P o
T . . T T T
-10 -5 0 5 -10 —5 0
e axis 1(39.93 %) axis 1 (39.93 %)

* five subgroups morphologlcally separated -

taxonomic re-evaluation

Taxonomic reassessment

a subgroups geographic distribution
b STRUCTURE EU dataset

¢ separate STRUCTURE for lineages
d PCoA of AFLP phenotypes

e morphological separation of 5
subgroups (canonical discriminant
analyses)

Sramkova et al. 2019



Key results: Arabidopsis arenosa complex

T

7
ﬂ’\

Distribution and ploidy level

red — diploid

blue — tetraploid

green — mixedploid
asterisk — triploid inds in
population

a Scandinavia

b W Carp cont. zone

¢ Slovenia cont. zone

d SE cont. zone

e 3 different ploidy levels — 2x, 3x 4x

e distinct 2x populations on Baltic Sea coast

Kolar et al. 2016 BiolJLinnSoc + unpub.

e 3 contact zones



Key results: Arabidopsis arenosa 2x

(a)

\\\ -
N b
B By

N e
N,

; ’:
Southern Baltic coast /%

®) , | @
0.98 ® |

w APE

__________________________

it
’
/ .
,Qp Pannonian
;
%

basin

’:_o
. =

Eastern .
Carpathians

(d)

Genetic structure:

a geographic distribution (dotted line denotes
borders of 2x distribution)

b PCoA and species tree (rooted with A.
croatica)

¢ STRUCTURE clustering

Reconstruction of Baltic-Carpathian
relationships:

d PCoA of Baltic and Carpathian individuals
e graph of allele frequency covariance with
admixture (Treemix)

f ABC modelling of Baltic origin

Kolar, Fuxova, Zaveska, et al. 2016 MolEcol

Pannonian bas. Dinaric Alps SE Carpathians W. Carpathians Baltic  sec

e 4 divergent European lineages — Dinaric, Pannonian, W Carpathian, SE Carpathian +
spatially isolated Baltics

e Baltics originated from SE and W Carpathian lineages




Key results: Arabidopsis arenosa 2x

(b) 8

_______________________

Population-level diversity (SSR): a expected heterozygosity b proportion of rare alleles (DW index)

e the highest diversity and representation of rare alleles are in
W Carpathians

Kolar, Fuxova, Zaveska, et al. 2016 MolEcol



Arabidopsis arenosa 4x

Single Formation Multiple Formation

PC2 (6.6%)

-5

-10

PC1 (19.5%) Arnold et al. 2015 Mol Biol Evol

alelles specific to
[ Panonnian 2x
I Dinaric 2x

Il Baltic 2x

& W. Carpathian 2x

' '
: :
3 : :
g 0.2 ! '
=) 1 1
o ' '
£ : !
° ! :
L ' '
© o | LN
14 ' '
' '
Lo
' - '
' '
' '
- :
00 i | — 1 e t— J——————
Ruderal 4x S. Carp. 4x W. Carp. 4x

* single geographic origin of autotetraploid lineages

Monnahan et al. 2018 Nature Ecol Evo




Key results: Arabidopsis arenosa 4x

G T 100 0 100 200 300400 km
b 8 @ wem ®e A
RS .
° @ ©
; ® - o Low : Geographic distribution of genetic structure of
A : » 0 ®® 4x populations
o T ® ‘ i rl
3 = ® @ é .-, a sampled populations
) : ‘ . .‘U:“g» oL b Scandinavia
WP U . A g ., ¢ W Carpathians
| " e O . il d Austrian zone
‘, : S ¢ ,;1‘3}‘\!" e, O e individual STRUCTURE assighment
' F S >}
o 7 il
o ; }3 ey -
ot ‘t
Vi~ |
- ’
A
- e
A
L
A _ | .
S Carpathians W Carpathians C European Alpine Ruderal

* five genetic clusters
* Ruderal lineage — anthropogenic niches, colonized higher latitudes

Padilla-Garcia, Sramkova et al. Submitted J Biogeo




Future prospects

100 0 100200300400 km
[ = mm

@ 2¢SEC ) 4x-SEC

O 2XBAL @ 4xRUD |

@ 2WCA @ 4x-CEU [Siie.
@ 2¢DIN 7 4x-ALP | Lt
© 2x-PAN @ 4x-WCA|..

e taxonomical reassessment of A. arenosa
* analyses of the whole dataset
* morphometrics

* hybridization A. arenosa — A. lyrata

0218

L] 27 i —_

0208

0.208




Good luck...
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A few methods of library preparation...

* SSR-GBS
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” ” Restriction enzymes

Restriction enzyme digestion

Ra d Se q It e _ ,Ligation of P1 adapters

IHumina Multiplexing Restrictior
adaptor barcode
Restriction (enzyme, sonication) Poling of samples
Shearing, Size Selection
Adapter ligation (P2)
PCR enrichement

P2 adapter

Radseq, ddRadseq

N
: . B X :
Single end sequencing \Pasfed end sequencing
. ~
A T — _ -
RAD . X Rare cut site == Genomic interval present in library 2 = -
sequencing > Common cutsite == Sequence reads -

Individual 1~ _ == - = = | Single end assemblies l Paired end assemblies
Genomic DNA ——eie— e & e -'_ I 1

Individual 2 == - e ~100 bp contigs ~100 bp + ~400 bp contigs

\ y y
/
B RAD sequencing\\‘ 4
double digest RADseq = — — - — —
= - — | — - — — |
= — — — — —== RAD sequences stacks
ndividual 1 = [a] = B 2 = = _——— = 9
—
Genomic DMA E = —
= = = In comparison: Shotgun Sequencin
Individual 2 o P & q 8

paonn
I
I




;E“ Genomicka knihovna
:—:# Hybridizace
?‘;‘ Sekvenace obohacenych fragmentt (+

= neobohacenych ¢asti genomu)
i

;
™

GENOMIC SAMPLE
{Set of chromosomes)

Target Enrichment System
Capture Process

PPN
m% Bead capture
UNEOUND FRACTION Wash %eadsl

DISCARDED an
Digest RNA

VV \NS

Sequencing

Figure | Target enrichment system workflow

https://www.ddw-online.com/bringing-cost-and-process-efficiency-to-next-generation-sequencing-731-200908/



Whole Genome Sequencing

 Metodou sluzby
(kity...) WHOLE GENOME SEQUENCING

e Home-made
protokoly

e LITE (Rowan et al. l
Genetics 2019) - [ gmenianscore

Reference Genome Individual Genome

t ra n S p OZO m ey Break individual clone

into small fragments

) e s R e e 3 Align sequence reads nto
; : y— p— i i areference genome
4 Assemble sequence i ! i ot
reads for each clone | =%
Reference genome i L L L" ARSI ] Individual genome

https://sequencing.com/education-center/whole-genome-sequencing
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