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Molecular markers overview

1. proteins —
2. DNA markers

(Restriction Fragment Length Polymorphism)
e PCR based — analysis of DNA fragments

e order of nucleotides —
e ,whole genome” analysis — fragment length polymorphism
(Random Amplified Polymorphic DNA)
(Amplified Fragment Length Polymorphism)
(Inter Simple Sequence Repeats)
e information from specific genome regions
(Polymerase Chain Reaction — RFLP)
(Simple Sequence Repeats — SSRs)
(Single Strain Conformation Polymorphism)...

e whole genome markers — , whole genome sequencing



Utility of markers in different
types of studies

Fragment-based Sequencing NGS
Allo- mtDNA mtDNA
zymes RAPD AFLP  SSR nDNA  cpDNA (plant) (animal) Hyb-Seq RADseq resequencing
Genetic diversity  ++ ++ ++ ++ +++ ++ + ++ +++ +++ +++
Population
. . +++ ++ ++ ++ +++ ++ ++ +++ ++? +++ +++
differentiation
Gene flow ++ (+) (+) +++ +++ ++ (+) ++ ? +++ +++
Polyploidy +++ - (+) + ++ ++ - - +++ ++ +++
Hybridization ++ ++ ++ + ++ ++ + + +++ +++ +++
Phylogeny (+) - ++ (+) +++ +++ (+) +++ +++ ++ +++
Individual
) (+) +++ +++ +++ +++ - - - ? +++ +++
genotyping
Phylogeography  (+) - ++ - (+) +++ (+) +++ (+) +++ +++
Selection (+) (+) (+) + ++ - - - ++ ++ +++
Diversification ? ? (+) - ++ ++ ? ++ +++ +++ +++
+++ excellent (+) has been used
++ good - unlikely to be usefull or useless

n oK 2 uncertain or not used first part based on Lowe et al. 2004



Types of questions

...to be solved with molecular methods

identification of clones

* genetic diversity of clonal plants

reproduction systems
* molecular evidence
* mating system evolution

population genetic structure
* intrapopulation genetic diversity
* Hardy-Weinberg equilibrium testing
* relationship among populations, pattern of genetic variation
 gene flow
plant migration
* phylogeography
* invasions
phylogenetic studies, evolution reconstruction
hybridization/introgression, polyploidization (auto/allo)

selection, adaptation, diversification, trait evolution, molecular dating



|dentification of clones

number of genotypes in population and spatial pattern of
genets and ramets

ratio between vegetative and generative reproduction

intensity of generative reproduction
e RSR - repeated seedling recruitment
e |SR —initial seedling recruitment
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Miwa et al. (2001): Analysis of clonal structure of Melaleuca cajuputi

(Myrtaceae) at a barren sandy site in Thailand using microsatellite

polymorphism. Trees 15:242-248




Clonal structure

MLG.26

MLG.29 MLG.14
2

MLG.39 MLG.25

Blysmus compressus Kobresia alpina

Ning et al. (2018): Contrasting fine-scale genetic structure of > 5,000 S N PS |de nt|f|ed by 2 b‘RAD

two sympatric clonal plants in an alpine swampy meadow
featured by tussocks. PLoS ONE15:242-248




Markers to identify clones

ISOZYymes — sometimes insufficient variation

RAPD
AFLP

microsatellites
RADseq

overestimation of clonal variation
e ramets of the same genet are detected as different genotypes

e methodological artifact — error rate calculation required (repeated
analyses)

e somatic mutations?

underestimation of clonal variation
e genetically independent individuals are detected as a clone
e insufficient variability of marker
e |ow number of markers

e marker strength calculation (probability that two individuals with the
same genotype originated from an independent sexual process)



Number of multi-locus genotypes (MLGs)

Average seed set per capsule

Clones identification vs. number of markers
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: Linaria vulgaris

Number of clones vs. seed production
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Clonal richness [eMLG, i.e., expected MLGs]
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Bartlewicz J. et al. 2015: Population genetic diversity of the clonal self-
incompatible herbaceous plant Linaria vulgaris along an urbanization
gradient. Biol. J. Linn. Soc. 116:603-613.




Type of reproduction system

e Hardy-Weinberg equilibrium — assume random mating —
frequently not fulfilled:

H-W equilibrium expectations:
e random mating
e infinite population size (no drift)
e no mutations (no new alleles appear)
® no migration
* no selection

e (diploids, sexual reproduction, non-overlapping
generations)




Type of reproduction system

e Hardy-Weinberg equilibrium — assume random mating —
frequently not fulfilled:

e positive assortative mating
e inbreeding — pollination of plants from neighbourhood
e regular inbreeding — autogamy
e autogamy (selfing)
e |ow variation within population — 2 pure homozygote lineages
e high variation among populations — locally adapted populations
e allogamy (outcrossing)

e high variation within population — continuous formation of
heterozygotes

e |ow variation among populations
e BUT- pattern of variation depends also on gene flow



Mating system

nonrandom association
of alleles of different loci

outcrossing selfing /
® asexual re rOd UCtiOn Bt g ®— | ®—— —7% Effect on linkage disequilibrium (LD)
P B g *— * heterozygosity
o vegetatlve (clonal) l l * breaking up LD (crossing over
. . @ & @ . *— —o- polymorphic sites)
® apomixis *— —— — % | & — —@ . elfing— maintaining LD due to

low heterozygosity level

e sexual reproduction

® OUtCI‘OSSIng -® —0— @ P Effect on diversity
° Selﬁn @ e ®— - ——®— + outcrossing — uncoupling
g l l advantageous mutations from
° mixed SyStem - ——% . | = -y leﬁfndgva;;i:t?gn of linked neutral
— > o—9p O— | 90— 0— )
variation (hitchhiking)
- o * Effect on deleterious mutations
& e —— @& —— -« outcrossing — deleterious
l l mutations eliminated by selection

* selfing — fixation of advantageous
mutation can be linked with
deleterious

@ @ neutral mutations

O advantageous mutations
Wright S. et al. 2008: Genomic consequences of

outcrossing and selfing in plants. Int. J. Pl. Sci.
169:105-118.

o deleterious mutations




Test of reproduction system

inbreeding intensity — inbreeding coefficient
e F.—heterozygote deficiency

comparison of genetic information of mother plant
and its progeny — rate of autogamy

codominant markers
® {sozymes
e microsatellites
e SNPs — contiguous runs of homozygosity (ROH)



Selfing vs. outcrossing

Capsella rubella © j Capsella grandiflora
4
selfer : : : outcrosser
number of segregating (variable) sites 2
less in selfer 0
0 ryr e s rys-
Qo Q X .0
6“1 ST Homozygous .
S, 0] Heterozygous number of heterozygous (light
< 1.
- colors) and homozygous SNP
& =
Z 05 | l calls (dark colors)
@ 0.0 - I|||||||||||||||||||||||||||||||I“"“l““I“Il nearly no heterozygotes in selfer
C. rubella C. grandiflora
0'6: Cr.
| C.9.
20-3‘ average decay of linkage
-1 disequilibrium
i higher LD in selfer
Koenig D. et al. 2019: Long-term balancing 1 1 i o —
selection drives evolution of immunity genes in © N o
Capsella. elife 8:e43606. Distance (kb)




Genetic diversity

heterozygosity

e observed —H,

e expected—H,
e = gene diversity — probability that two randomly chosen alleles are identical

various diversity coefficient, e.g. Shannon
number of alleles
allelic richness

e number of alleles standardized according to sample size
number of rare or private alleles

e DW-index...

molecular diversity

e nucleotide diversity (1) — average number of pair-wise
differences/number of nucleotides + correction for multiple mutations...

e number of polymorfic sites (S)



Genetic structure of populations

total
{\OQ
- Q o“%“)opu\a
am

e genetic diversity — index of diversity (H)
e can be correlated with population size, geographic location etc.

e pattern of genetic variability
e within populations
e among populations
e total diversity - H;
e within-population diversity - H
e among-population diversity - Do = Hy - H

H, —Hg coefficient of genetic differentiation —
H; extent of subpopulation differentiation




Gene flow

are populations connected or isolated ?

what is the intensity of gene flow among populations ?
gene flow = intensity of communication, i.e. seed and/or pollen dispersal

how far are seeds dispersed ?
over which distance is pollen transfered ?

spatial autocorrelation analysis
e correlation of genetic and geographic distances

indirect determination of gene flow
e from the pattern of genetic diversity among populations — G¢;/F;

direct
e parentage analysis



Gene flow estimation

* interpretation of G;

e degree of subpopulation differentiation

e 0—no population genetic structure (all populations with the same
allele frequencies)

e 1 — maximum genetic structure (each population fixed for different

allele) ‘ @

e according to population-genetic models equals to
the number of migrants per generation




Interpretation of G

migration among
populations

genetic marker
distribution

Nel

Ne3

finite island model
(Wright 1931)
e migration among n finite-size
populations
e N_— effective size of population
e each population gives N;m
migrants to all other populations

Ne2




Interpretation of G

migration among
populations

distribution

stepping stone model ' «— / \

(Kimura 1953)
e migration among neighbour populations
only
e one- or two-dimensional
e dispersal among non-neighbour
populations is achieved with several steps

genetic marker }




Interpretation of G

migration among
populations

distribution

.,

genetic marker }

population-genetic
model

-
l Gor =

~ estimation of genetic {__
~ population differentiation

which number of migrants
(N,m) caused observed pattern
of genetic diversity




Interpretation of G

migration among
populations

genetic marker
distribution

N,

which number of migrants
(N,m) caused observed pattern
of genetic diversity




Historical and contemporary gene flow

no gene flow gene flow
4+—> A 4+“—r
Time
non-equilibrium equilibrium

long-term population separation
continuous gene flow

recent population separation
no gene flow

it is not easy to distinguish among continuous gene flow from the
similarity due to common origin just from the allelic frequencies

— model-based approach (e.g. using joint site frequency spectrum, jSFS)



Relationship between genetical and
geographical structure

isolation-by-distance

Area 1

15 30 45
Mean distance to other sites (km)

e intense gene flow

Geographic distance




Gene flow = pollen flow + seed flow

® pollen - haploid nuclear DNA

e seeds - diploid nuclear DNA

pollen migration ( F

~y/

seed migration

Silene alba (McCauley 1994

F,=0.14

allozymes




Gene flow = pollen flow + seed flow

PY " : Silene alba (McCauley 1994
polien - haploid nuclear DNA Y 2 @)
‘r'.rr . ' oo, o o Il._:I'-I.llllll.l'l. )
K W @

e seeds - diploid nuclear DNA

1 —1)—2(1—1) = 0.67
pollenmigration ( F; Fe..
seed migration 1
(= -1)
STm
Species Pollen Seed Pollen/seed Reference
dispersal | dispersal ratio

Quercus sp. wind birds 196 (Kremer et al. (1991)
Pinus contorta wind wind 28|Dong and Wagner (1993)
Argania spinosa insects ruminants 2.5|El Mousadik and Petit (1996)
Pinus sylvestris (Scotland) wind wind 18|Sinclair et al. (1998)
Pinus sylvestris (Spain) wind wind 105(Sinclair et al. (1999)




Markers for population studies

e nuclear (ot total) DNA
* jsozymes, microsatellites
e RAPD, AFLP
e sequencing (ITS...), low-copy markers
e genome-wide SNPs (NGS — RADseq, resequencing)

e chloroplast DNA
e RFLP, PCR-RFLP
e cpDNA microsatellites
e sequencing (trnL-trnF...)
e whole plastome



Parentage analysis

e gene flow in subpopulation

e calculated from distances between parents and seeds
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Parentage analysis with SNPs

Vitis vinifera (wine)
e 18k SNP genotyping array
10,207 SNPs and 783 different genotypes
* 14 SNPs sufficient to identify each genotype
e 118 full parentages and 490 parent-offspring duos |

& N &
N\ R R o v

75 68 51 39 550

Pinotage = Pinot noir x Cinsaut
Chardonnay = Gouais blanc x Pinot noir

Merlot = Cabernet franc x Magdeleine noire des Charentes

Laucou V. et al. 2018: Extended diversity analysis
of cultivated grapevine Vitis vinifera with 10K
genome-wide SNPs. PLOS ONE 8:e43606.




Markers for parentage analysis

e microsatellites T aFT tIETT LSS s
e AFLP

e high variability

e reliability
* SNPs

e high power



Study of migration

e phylogeography — study of postglacial migration
e identification of migration routes
e use of cpDNA

e maternally inherited (i.e., dispersal through seeds in angiosperms)
* haploid
e absence of recombinations

e relationships among species distribution and their
evolution

e recent migration of species in a landscape
e plantinvasions



Phylogeography

influence of historical factors (e.g., glaciation) on
geographic distribution of genealogical lineages

maximum extent of glaciation —
20,000-18,000 BP

maximum (concentrated) variation in
Mediterranean region

3 basic refugia — Iberian Penninsula,
Appenines, the Balkans

only a small part of variability migrated
back to the Central Europe

recolonization started ca. 13,000 BP
molecular methods — use of cpDNA

lineages definition (haplotypes) and
correlation of their genealogy
(relationships) with geographic ’5& permafrost
distribution

CAA maximum extent of glaciation during
L .
“y74last ice age

R1, R2, R3 — basic refugia



Postglacial recolonizace of Europe
traditionally estimated migration routes of trees

WY e

T — ‘




Systematics studies
at all taxonomic levels

evolution of (higher) plants
e group monophyly, relationships among families
e primitive, derived families
relationships among genera within a family, among species within a genus
microspecies identification and their origin
origin and spread of new taxa
relationships among taxa with different ploidy levels, origin of polyploids
hybridization, identification of parental taxa...
introgression
selection
diversification
trait evolution

molecular dating



Markers in systematics

phylogenetic reconstruction

® sequences

e ITS, low-copy, coDNA, mtDNA

e coding x non-coding

* NGS
e whole plastomes
e transcriptomes
e hundreds of orthologous genes (Hyb-Seq)
e SNPs (re-sequencing, RADseq...)

e RFLP of chloroplast DNA

e AFLP —for closely related and recently evolving taxa
e (cpDNA) microsatellites — at the species level

e isozymes — differentiation of very closely related taxa

hybrid detection

e PCR-RFLP —e.g., ITS region

e AFLP — band-sharing analysis, Bayesian-based clustering...
e microsatellites — F1 and advanced hybrids

e SNPs



Sequencing

nuclear
e |TS
e 26S rDNA

1. coding genes (exons) — conserved
e forthe family, genus level (rbcl)
. but some genes quite variable
2. spacers, introns — more variable regions
e for the genus, species and lower levels
(trnL-F, ITS...)
chloroplast
e rbcl
e matK
e trnL-trnF...

orthology x paralogy
gene trees x species tree

e low-copy genes ...
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ITS

Phylogeny ITS vs. AFLP

M. primuloides

T2 = M. rubeilus

100 M. filicaulis

M. bicolor

M. rupestris

M. nelsonii

M. eastwoodiae

M. verbenaceus UT

M. verbenaceus Mexico
M. cardinalis 1
* M. cardinalis 2
M. cardinaliz 3
M. cardinaliv 4
M. cardinaliv 5
M. lewisii Sierran |
M. lewixii Sierran 2
M. lewisii Sierran 3
M, lewisii Sierran 4

M. lewisii Northern |
;{‘ M. lewisii Northern 2
M. lewisii Northern 3
*: M. fewisii Northern 4

- M. parishii

Ervthranthe
(including
M. parishii)

M. cardipalis OR ]
M. cardinalis CA 02
=t
M, cardinalis CA 10

M. cardinalis CA 03
M. cardinalis CA 05
M. cardinalis CA 06
M. cardinalis CA 07
M. eardinaliz CA 13

CA Ll

M. cardinaiis CA 14
M.

M. cardiralis Mx 12
M. cardinalis CA (4
M. cardinalis CA 08|
100 [ M. cardinalis AZ 15
M. cardinalixs AT 16
M, lewisii WA 01 —
83f o0 M, lewisii WA 03
. M. lewisll OR 04.1
100 M, leweisii OR (4.2
M. lewisii MT 06
M. lewisii OR 05
_ﬁ: M. lewisii NCA 07.1
M. lewisii NCA 07.2 ——
M. lewisii NCA 08
M. lewisii CA 010 =
M. lewisii CA 01.2
M, lewisil CA 03

M, tewisii CA 04
M. lewidali CA 05,7
ﬁ M. lewisti CA (15.3
M. lewisii CA 05.2

M. lewixii CA 07

100

1%

7 M. parishii CA 01.]
100 r&E—-—-M ishii CA 02
CA 012

M. lewisii CA 06
M. lewisii CA 02
M. lewisii WA 02

| pu'b:"uhu CA 03
96 ,if"— M. eastwoodie (,Lil) '?'Iru
M, eastwondiae
L M. castwoodiae UT 02

UI |

78

-_— M. rupestris Mx 0
¥—~M ?:utarCArH

M. verbenaceus AZ 0
M. verbenacens UT (4
7 M. verbenacens UT 05
M, verbenacens AL 02
M. verbenaceus AZ 03

M. melsonii Mx 0]

M. rubellus CA 01

M. filicautis €A 01

= 0.01 changes

species complex — Mimulus sect. Erythranthe

M. cardinalis

CA and Baja,
Mexico

M. cardinalis
Southeast AZ

M. lewisii
PNW and Rockies

M. lewisii
Sierra Nevada
M. parishii

M. eastwoodiae

M. verbenaceus

M. nelsonii
M. rupestris

Outgroups

AFLP

Beardsley et al. 2003



Hybridization

Dentaria glandulosa

Dentaria enneaphylos

PCR-RFLP of ITS region

Dentaria x paxiana

Lihova et al. 2007



Hybridization
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Introgression

A S. galapagense 0436 B
[ S. galapagense 3909 m
Ei S. cheesmaniae 0429 @
( S. cheesmaniae 3124 =
I—q S. lycopersicum 3475 3
S. lyco. “Heinz 1706” g
§ _ S. lycopersicum 2933 3
R S. pimpinellifolium 1269
S. pimpinellifolium 1589 1
; S. neorickii 1322 =
—® —— S. neorickii 2133 8
*é — S. arcanum 2172 2
L & S. chmielewskii 1028 E]
— ~— S. chmielewskii 1316
& S. huaylasense 1364
r —— S. peruvianum 2744 o
sect. > &« S. huaylasense 1358 g
Lycopersicon l—\LJ: — S. corneliomulleri 0107 <
— @ —< L, S. corneliomulleri 0444 o
L ————— S. peruvianum 2964 5
” S. chilense 1782
S. chilense 4117A
S. habrochaites 0407 =
- S. habrochaites 1777 2
S. pennellii 0716 c
sect. S. pennellii 3778 3
Lycopersicoides S. lycopersicoides 2951
_//_|:C S iycopersicoides 4126
S. sitiens 4116
I - b T ® T ¥ 1
5 2 1 OMa

A) A whole-transcriptome concatenated molecular clock
phylogeny. Pie charts: majority rule extended bipartition
support scores (out of 100). All nodes have 100 BS, “*”
denotes BS 68.

(B) A “cloudogram” of 2,745 trees (grey) inferred from
nonoverlapping 100-kb genomic windows, the consensus
phylogeny is shown in black.

Pease et al. (2013): Phylogenomics reveals three sources of adaptive
variation during a rapid radiation. PLoS Biology 14(2): e1002379.
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where introgression is significantly detected (p < 1.45
x 1074).
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Selection tests
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25, 250 000 25, 800 000 25, 350 000 25, 400 000
Chromosome 1 position

genome-wide association studies (GWAS)
identification of loci associated with, e.g.,
particular phenotype/trait

Long et al. (2013): Massive genomic variation and strong selection in Arabidopsis thaliana lines
from Sweden. Nature Genetics 45(8): 884—891.



Diversification

£ 22
Liverworts '-:f 18
g 14
2
§1 Cambriam Jordovician] Sile | Devonian | Carboniferous] Permian | Triassic | Jurssse | Crctsceous | Tenmgy |
!—_
Lycophytes 500
Gymnosperms
200 |
Ferns 1004
Z 50
:._U
= 55
10 1
Mosses 5
2
I . ;
400 300 200 100 0
[Camb [Ordo [5il [ Devon [Carbon [Perm [ Trias] Jurassic| Cretaceous] Tertiary] Time (myr)
Diversification chronogram with rate shifts Lineage Through Time (LTT) plot for liverworts (blue), mosses
located for different groups of land plants. (green), ferns (purple), gymnosperms (yellow) and
Numbers correspond to the rate shifts. angiosperms (red) with indication of average global
Different colours indicate different net temperature and cool climate modes (blue bars). Triangles
diversification rates found in the tree. pointing up or down indicate diversification rate shifts.

Fiz-Palacios O. et al. (2011): Diversification of land plants: insights from a family-level phylogenetic
analysis. BMC Evol Biol. 11: 341.



Trait evolution
B

Monsonia ?!auga
Monsonia longipes
Monsonia drudeana

Monsonia umbellata
Monsonia luederitziana b
Monsonia parvifolia
Monsonia heliotropioides
Monsonia nivea
Monsonia deserticola
Monsonia ignorata
Monsonia speciosa

Monsonia senegalensis
3 | Monsonia attenuata
Monsonia burkeana
3 | Monsonia angustifolia
: Monsoniabrevirosrmraf
m | Monsonia praemorsa
2 | Monsonia emarginata
3 | Monsonia grandifolia
Monsonia transvaalensis
|_Monsonia natalensis ___|
| Monsoniaherrei |
Monsonia multifida
Monsonia inermis
Monsonia flavescens
Monsonia crassicaule
Monsonia ciliata
Monsonia mossamedensis
0 0.5 1 Monsonia marlothii
— =1 | Monsoniavanderietiae
length=10 monsoniafﬁlmoniﬂom =
P lonsonia Iheritieri
Aridity Index Monsonia patersonii
Monsonia camdeboense | ™

Miocene Pliocene peisocere ~ Time before eisocene Pliocene Miocene

T ' T ’ T v T ; 1 present (Ma) | y T v T y T Y T
200 150 100 50 00 00 50 100 150 200

Mo (oY

(A) Shifts between arid and semiarid-wet habitats inferred using aridity values.
(B) Reconstruction of fruit type evolution.

Garcia-Aloy et al. (2017): Opposite trends in the genus Monsonia (Geraniaceae): specialization in the
African deserts and range expansions throughout eastern Africa. Scientific Reports 7, Article number: 9872.
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Sarraceniaceae

Ellison et al. (2012): Phylogeny and biogeography of the carnivorous plant family Sarraceniaceae. PLoS

ONE7(6): €39291.
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