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Genomics of speciation and adaptton Polyploid
speciation
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Where are we today?

The gray zone of speciation The black-and-white zone of speciation
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gene flow
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Big question in polyploidy

What is the role of whole genome duplication (WGD) in speciation?

o Driver of diversification or evolutionary dead-end?
o Importance outside plants?

Sympatric speciation

Role of WGD per se vs. later selection/drift
o Consequences of WGD per se (also prezygotic barriers)?
o Reinforcement?

o Does ploidy change population genomics of selection?

Inter-ploidy gene flow — how strong? Consequences?



Polyploidy

e the possession of more than two chromosome sets




Polyploidy
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Polyploidy

Primula floribunda X Primula verticillata

2n = 18,9 bivalents l 2n = 18,9 bivalents :f’f "
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Fy hybrid N _J- ’e )‘j W %
2n = 18:18 univalents - J ( 2 ” *
chromosome o oy == ; \\
doubling 2 &

2n = 36,18 bivalents
(P. kewensis)
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Polyploidy - mechanisms

» autopolyploids — intraspecific polyploids
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« allopolyploids — polyploid hybrids
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Polyploidy - mechanisms

» autopolyploids — intraspecific polyploids * allopolyploids — polyploid hybrids
» random segregation — polysomic inheritance » preferential pairing — disomic inheritance
Meiosis | pairing Gametes P
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Polyploidy - example

» allopolyploids — polyploid hybrids

A. suecica (4x) A. kamchatica (4x)

* autopolyploids — intraspecific polyploids E :
A. arenosa (2x, 4x) A. lyrata (2x, 4x)



WGD in tree of life

What is a diplo

Gar Tetraodon Banana Poplar A. thaliana B. napus Paramecium

K. lactis S. cerev. Bdelloid Bulinus Horseshoe Scorpion Spider Nadis M.incognita Lancelet Lamprey H. sapiens X. tropicalis
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WGD in animals

Fishes > amphibians > reptiles > (birds, mammals)

¥

v

Saga pedo © Petr !\/Iuc:ksteini

www.muckstein.com

Tympanoctomys barrerae 2n =
4x = 102

H. versicolor

Cobitis taenia

Xenopus

H. cinerea




WGD in tree of life

What is a diploid?

Estimated divergence time (Myr ago)

450 350 250 150 50 0
[TTTT RETTT R

f Arabidopsis thaliana
1B « _ o
(e Carica papaya s
*  Populus trichocarpa 3
‘ Y Cucumis sativus =
Vitis vinifera z
: [}
B Oryza sativa 3
o p s Sorghum bicolor (8:,
AfEesinl Aristolochia fimbriata ) @
anglosperm || ?
WGD . ®  Liriodendron tulipifera | >
[ . Nuphar advena ‘§.
e 2]
e Amborella trichopoda -8;
=
5| Gymnosperms ®

Selaginella moellendorffii

Physcomitrella patens

Seed plants (Jiao et al 2011 Nature)

N of genes
Duplicated genes (e.g. HOX)

Vertebrates

Homo sapiens 32-38 000
Mus musculus 30 000+
\Vertebrates /—\ Fugu rubripes 31 000

Cephalochordates

Urochordates ‘CIOHE} intestinalis 16 000

I Hemichordates

- Echinoderms

—— Lophotrochozoa
Eod Drosophila melanogaster 13 600
cdysozoa Caenorhabditis elegans 19 000
Ctenophorans
——— Cnidarians
Poriferans

. /\ ‘Sacchrom yces cerevisae 7 000
Fungi




What is a diploid?

e cotton

» 30-36
duplications of
ancestral
angiosperm
genome

e A: old world
e D: new world

WGD in tree of life




Pathway to polyploidy

* 2 axes:
* time Parental genome divergence
 parental genome At Allo
divergence polyploida polyploidy
Maternal Paternal
o difference auto vs. allo genome genome
dissolves through time ,,
/0 X | &
Somatic | Homoploid Unilateral  Bilateral g"‘
doubling bridge  pathway  pathway =

|
Diploidization

A
Paleopolyploid @

Tayale & Parisod 2013 CytGen Res



Polyploidy — double-edged sword

e ,machos" ...

Chamerion angustifolium

Ecological consequences of polyploidization ‘

‘ Influence on life-history traits ‘

Reproductive constraints
Meiotic abnormalities

Morphology |€

7 +/-

| Increased cell size |

Physiology

Increased heterozygosity
(allopolyploids)
Polymorphic inheritance
(autopolyploids)

Increased genetic diversity

+ > | Self-compativility / Apomixis | ~+—»

Plant size' + <J titive abili ‘ -+
+ ompetitive ability s
. I -
Perennial habit + — + . E
+ Seed longevity —»‘ Seedling vigour ‘ G
- ¢ |
[ see number |~ ¥ Dispersat by | s, | g
: S

. —
] Plant—insect interactions,
Flower shape += » | e.g. pollination, herbivory ;’Lp |
+/- N
- Plant—soil interactions -

+/- ‘ Plant chemistry | +/ > ‘ ‘ + > |V
- Transpiration rate \{J Drought tolerance ‘ + | A
; J— - |'s
B —=__| Photosynthesis = » |
- - __——»| Phenology — |V
‘Auxm concentrations ‘ i > | B
Stress tolerance, e.g. drought —,f’ Niche differentiation / Potential | 4 N
temperature, nutrient, light - for niche shift E
‘ Colonization ability ‘ —+ 5|5
s S

Niche breath/ +

Range size "

- . +
‘ Phenotypic plasticity ‘4,

polyploidy and invasive phenotype (te Beest et al. 2012 Ann Bot)




Polyploidy — road to success?

Diploid Autotetraploid

Aa x Aa AAaa x AAaa
r'n". ."{_\", ,"P.".I II,-"‘-.II
L-’.f.l IHII 1 I= AA  Aa aa AAAA AAAa AAaa Aasaa aaaa
|'|. /‘)5?"[ 120 1 . 8 :18 : 8 : 1
u I| I | | | 34

d|p|0|d h
e new phenotypes

¢ genetic & epigenetic changes
e masking of load

nascent polyploid
e large genetic diversity
e raw material for adaptation
e niche shift & expansion
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established polyploid

diploid tetraploid

1901, diploid

YFP (%)
o
o

00 50 100 150 200 250
Number of generations

empirical rate of adaptation in yeast (Selmecki et al. 2015 Nature)



Polyploidy — double-edged sword

e ... Or ,monsters"

 Individual-level effect
» dosage problems

e cellular mis-management (2x volume vs. 1.6x surface: chromatin nuclear envelope relationship)
* meiosis problems (autopolyploids)
» “hybrid shock” (allopolyploids)

Diversification
Conversion

Chromosomal
rearrangements

natural 4x Genetie

" changes
DNA loss

Activation of
transposable
elements

Epigenetic
changes

Chromatin

synthetic

neo-4x remodelling

meiotic problems in synthetic but not

established autotetraploids,
A. arenosa, Yant et al. 2013 Curr. Biol. Changes after polyploidzation Tayale & Parisod 2013 CytGen Res



Polyploidy — double-edged sword

e ... Or ,monsters"

» Individual-level effect

» dosage problems

e cellular mis-management meiosis
problems (autopolyploids)

» “hybrid shock” (allopolyploids)

natural 4x

synthetic
neo-4x

meiotic problems in synthetic but not
established autotetraploids,
A. arenosa, Yant et al. 2013 Curr. Biol.

* Population-level effect

e competition

» demographic stochasticity

» frequency dependent selection

Minority cytotype exclusion, Levin 1975 Taxon




Polyploidy — double-edged sword

o multifarious challenges and potential advantages

key aspects successful autopolyploids
= increased heterozygosity
= increased mutational input
= reduced linkage
= adaptive gene-flow
niche expansion

m mechanistic
= pop-genetic
ecological

recent autopolyploids aging autopolyploids

physiological tolerance

" big-effect mutation pool (TEs)
phenotypic changes

" |oad masking

accumulating genetic load
slower positive selection
higher mutational and TE load
slower growth rates

neo-autopolyploids
= meiosis challenges

m cellular mis-management
m gene-dosage imbalance
minority cytotype exclusion
= gene mis-dosage >
o
4X =
———————————— + -————————————————.5-‘::;I.----
2X S
WGD
time

Baduel et al. 2018 Front Evol Ecol



Records

Haplopappus
gracilis
2n=4

Feto. Jan Thomas Johansson

Q

A

<

©>

xﬂ\‘\
]
%

u‘ob
fa
[e
l\“
s
¢ 5.
3
My

7
't
o%

v
7 %
e
na
i\
%
"]
&

Jo

v
N g0
A
g
o~

w)
o&r
4 ¢
£
< A,
4 0

¥
™
&% A
I
e
. e
e
k.('} ({
) 18
&
~.‘°
£ d
F
v
+

n
o
¥
of
)
e
D
’ g
2y
n’\l
Y
b
L]
£\ b1
* >,
Jff‘
€
A
® 4
K

\,&" - Zos O AN  WmiTec o Ophioglossum reticulatum
hoaps s S &yT A il L
TP D AT Bove 1 2n = 96x = 1440,
3 Khandelwal (1990) Bot J
Linn Soc




Are there limits?

2 £ X

2n 4n 6n 8n

C

Arabidopsis thaliana (Corneille et al. 2019 Plant Physiol)
Slower development, delayed flowering

I Fynbos

B Renoster
s Succulen
Other ve

2x

Oxalis obtusa in Cape (Krejcikova et al 2013 Ann Bot)



Can it go backwards?

e polyhaploids
e rare, usually in apomictic complexes (haploid
parthenogenesis) :
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Trihaploid Hieracium subg. Pilosellla —up to 80% of progeny of hybrids



Can it go backwards?

e Biscutellan =9
e Brassicaceae ancestral karyotype n = 8
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Polyploidy — double-edged sword

o Polyploid “hop”...
e ...and “drop”

key aspects successful autopolyploids
= increased heterozygosity
= increased mutational input
= reduced linkage
|

m mechanistic
= pop-genetic

el adaptive gene-flow
niche expansion
recent autopolyploids aging autopolyploids
AEDiilel SlErne = accumulating genetic load
m big-effect_mutation pool (TEs) - slowerpositigvg selection
. Iphednotypll(c_: changes = higher mutational and TE load
cad masKing m slower growth rates a
- - ,(\O
neo-autopolyploids 6@00

= meiosis challenges

m cellular mis-management establishment
m gene-dosage imbalance )
minority cytotype exclusion polyploid
» gene mis-dosage s drop
o
4% i
———————————— + -———————————-————.5-‘:?.------- o
2X S
WGD
time

Baduel et al. 2018 Front Evol Ecol



o Wondrous cycles

Can it go backwards?

_._: 48 Glycine max
48 Arachis hypogaea

A Drp APPDrp p

[0 sextuplication
[ triplication ——l—— 24 Malus domestica Gene loss Intergenomic
. duplication ; A AT_DTD Sansfer DT
g HEZBB Brassica napus A Ar D
48 Arabidopsis thallana
i / A A D D
12 Theobroma cacao Recombination
—Lom T — perenee
AR _._: 72 Solanum tuberosum
) Null
36 Solanum lycopersicum . . hypothesis . .
~——— 12 Ipomoea batatas ‘ '
- 24 Coffea arabica 4 3 4 ¥
12 Olea europaea . . ‘ '
{1 48 Helianthus annuus 4 ; )
Neofunctionalization Subfunctionalization
64 Zea mays
32 Sorghum bicolor
128 Saccharum officinarum
oy Ty T S Thousands to millions
of years later
_:96 Tniticum aestivum <t 202
32 Hordeum vulgare s
./ WGD
32 Oryza sativa oy AA
64 Musa acuminata Chromosome PO rozo BB
A+B Rearrangement
8 Allium cepa
~— 4 Amborella trichopoda
Gene Loss
2 Pinus taeda AA
Selaginella moellendorffii BB
R AR R L e L | AN RemSE— R RS Biased
150 100 50 o} BB -—o-a-0-o-caa { Fractionation
poname | My AA
ownsizing BB

Wendel 2016 Am J Bot



Impact

e ancient WGDs
e Key innovations (vertebrates, flowering plants, ...)

e recent polyploids:
e 71% crops (84% area), invasions, ...
e 90% of biomass are polyploids

Diploid Tetraploid Hexaploid
(AA) (AABB/AAGG) (AABBDD/AAAAGG)
T. monococcum T. turgidum
Domesticate Domesticate =3 T, gestivum
Wild —— Wild

T. timopheevii
Domesticate =3 T, zhukovskyi

T. urartu —_—) Wild
Ae. speltoides Ae. tauschii
(SS) (DD)

Matsuoka et al 2011 Triticum



Polyploid speciation

T diehins

. min. 11-
T miriex fdn) times

1
:ll ) j| [t g .]I . J'.'I' .l_l'_l'j. |II-I IIIII %

Kozi brada (Tragopogon) in USA — ca 100 years of evolution



Polyploid speciation

2x

F. vesca

e ’\A
F. moschata
j ssp. bracheata

21\
8x 4x <

TV 8x
1 MyA y _ -
7 F.virginiana F. viridis
2x
F. x ananassa F iinumae

8x

: 2%
F. nipponica

300 yA

F. chiloensis

Spatio-ploidal evolution of strawberry (Fragaria) (Bertioli 2019 Nat. Genet.)



Polyploid speciation

Cobitis taenia (TT) and C. elongatoides (EE) and their hybrids that reproduce further asexually/unisexually, despite they need
males to start the oocyte development (Rab et al. 2003 Ziva)



Autopolyploid speciation

Autopolyploid species complex

MCCXCIV.

Can 2 (46.302

@ A. glutinosa 2x
@ A. rohlenae 4x
@ A lusitanica 4x
-10

1
-12 -8 -6

o1 (53.70%)

E. B. 1508, Alnus glutinosa, ~ Common Alder.

Alnus glutionsa (2%, green), Alnus rohleane (4x, red), Alnus lusitanica (Mandak et al 2016 Ann Bot, Vit et al. 2017 Taxon)



Underestimated diversity?

Autopolyploid

-2006 (chromosome counts): 6x

2007 (flow cytometry 380 samples: 2x, 4x, 5x, 6x, 7x
2010 (flow cytometry of 5033 indivs.: 2x, 3x, 4x, 5%, 6x, 7x, 8X, 9x

Western diploids
Eastern diploids
B Tetraploids
M Hexaploids

Senecio carniolicus complex (2x — 9x) Suda et al. 2017 Am J Bot, Sonnleitner et al. 2011 Ann Bot.



Polyploid speciation

Autopolyploid species complex

Senecio carniolicus complex (2x — 9x) Flatscher et al. 2015, Winkler et al. 2018 Mol Ecol res.



Polyploid speciation

Does evolution repeat itself? A B c D
07259_142403354_5119 15567_808 28476_597

1086/1044
1380/1766
1095/1046
2608-3/2628-1
26009-42/2615-3
S9=1

Diploid
in vitro
‘hybrids’

F,
I. dubius hybrids

5
allopolyploids

Plant groups

Long-liguled

I . natural
I miscellus (4n) allopolyploids

Short-liguled
natural
allopolyploids

Tissues

no data Tp expression only Td expression only

Equal expression of
Tp and Td genes

I. pratensis

Buggs et al 2011 Curr Biol — subfunctionalization in allopolyploidTragopogon



Polyploid speciation

Mixed-ploidy species: Natural laboratories of polyploidy speciation
(16% of species —in those on average 16% mixed pops)

Knautia serpentinicola Hanzl et al 2014 Am J Bot




Polyploid speciation

Barriers

o Prezygotic
o Postzygotic



Postzygotic barriers

Triploid block

« Triploid seed — inviable / reduced viability
Maternal : Paternal ratio in endosperm

2X mom + 2x dad =
4x mom + 4x dad =
2x mom + 4x dad =
4x mom + 2x dad =

\ //‘ : - i\“\
| "o o)
’ @)/
Antipodals | | { t} /)
e g \ \ ’ ¢
m\'\'\xPolar nuclei. .y '
f \:///'/ ) 'i
| s
Egg cell 70 2= )

Synergids ~ - -‘/' Release of sperm

Double fertilization



Postzygotic barriers

Triploid block

Triploid seed — inviable / reduced viability
Maternal : Paternal ratio in endosperm

2Xx mom + 2x dad = 2:1
4x mom + 4x dad = 2:1
2Xx mom + 4x dad = 2:2
4x mom + 2x dad = 4:1

x /el o7\
| e o)
’ @)/
Antipodals \ i, t;‘ )
e 4 \ \ J /
\ % Polar nuclei’ "~
/ \".',/,/' ) '1
s
Egg cell T 2% )
e . Ly Release of sperm
Synergids 7

Double fertilization



Postzygotic barriers
Strong triploid block

(@)
()
L

0-

2X2X 2x4x 4x2x 4x4x

Experimental crossings

Senecio carniloicus agg. (Sonnleitner et al 2013 PloS ONE, Huelber et al. 2015 Ecol Evol)



Postzygotic barriers

Triploid block

Triploid seed — inviable / reduced viability
Maternal : Paternal ratio in endosperm

2Xx mom + 2x dad = 2:1
4x mom + 4x dad = 2:1
2Xx mom + 4x dad = 2:2
4x mom + 2x dad = 4:1

4x mom + 6x dad = 4:3
6x mom +4xdad =6:2=3:1



Postzygotic barriers

0 J
2X2x 2x4x 4x2x% 4x4x 2X2x 2X6x B6x2x 6x6x 4x4x 4x6x Bx4x 6x6x

Experimental crossings

T

Senecio carniloicus agg. (Sonnleitner et al 2013 PloS ONE, Huelber et al. 2015 Ecol Evol) Natural population



Postzygotic barriers

Lower triploid fitness

o Rare 3xin field vs. common 3x in experiments
o Cummulative fitness:

1.4 -

W 3x relative fithess
1.24  |@3x cumulative fitness

14
0.8+
0.6 1
0.4 4

L} L]
seed number germination  survival biomass pollen fertility

itness of triploids

F
o
N

Figure 4. Relative fitness (by stage) and cumulative fit-
ness of triploids (2x x 4x crosses) compared with diploids
for five successive life stages in Chamerion angustifolium,
based on a greenhouse study (Burton & Husband, 2000).
Seed number refers to the fertility of the cross, not to seed
number of triploid plants.

Chamerion angustifolium (Husband 2004)



Postzygotic barriers

Reduced triploid fertility

o Problems with chromosome pairing in meiosis



Polyploid speciation

Barriers

o Prezygotic
o Postzygotic



Prezygotic barriers — trigger

RO 2+ ¥
| Bale B B
: w*u - TN w4t
E 71 s oL e < *\
HETLITEEE L PRI
HETIR e >

Minority cytotype exclusion

(drawn bv Martin Certner)



Prezygotic barriers

Barriers

« Prezygotic

o Spatial arrangement

o Flowering time

o Pollen competition

o Repro-system shift
(autogamy, apomixis)

o Niche shift

« Pollinator preference

o Mycorrhizal
association

« Postzygotic

(A)

COMPETITION OF
POLLEN TUBES

SHIFTS IN
PHENOLOGY

-—=_ _ POLLINATOR
N BEHAVIOUR
!

CLONAL SPREAD
AND LONGEVITY
INTER-CYTOTYPE HABITAT
COMPETITION SEGREGATION
—T .. IMMIGRATION
— ] .
3, % B 3%, 3 . 3%, 3,
A A | 3 3 : *
B EEER B | % % 3?;$ oF
1 0
Vo D = ~lr7 _ _4
SPA(I'F'B‘ é\?TLgTSJEES'NG N\ INTERACTIONS WITH OTHER
DISTURBANCE L LLIT T GROUPS OF ORGANISMS

Kolar et al 2017 Trend Plant Sci



Prezygotic barriers

Ecological divergence

a b *k
-10 — 2,000 —
® Diploids ’
® Tetraploids
P Precipitation (mm)
’ \ ~3,500
20 - *e, o o
20 i . = L3000 1,500
(] A - , E
K 2 & 3 . 2,500 E
= : uto
] c
3 45. . 2,000 8
b
o o—
-30 Ky ‘.s *% { P 1,500 ‘S 1,000
Q
:}.: 3‘6 o a‘aog. "o* 1,000 qg_
- g o % b by~
>Nt =2 L 500 5
o .
i L =
40 - 500 —

140 150

Diploids Tetraploids

Neobatrachus (van de Peer et al
2017 Nat Rev Genet)




Prezygotic barriers

Prezygotic barriers?

Gymnadenia — 5 ploidies in one population

>

Gymnadenia conopsea agg. (2x,3x,4x,5x,6x),
Travnicek et al. 2011 AnnBot



Prezygotic barriers

Prezygotic barriers? — pollinator shift

floral preference

0.52 0.48
no preference

Gymnadenia conopsea agg.
(Jersékova et al. 2010 Evol Ecol)




Prezygotic barriers

Prezygotic barriers? - mycorrhiza

Gymnadenia conopsea agg. TéSitelova et al.
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fungi OTUs, among pop*cytotypes all sites

@ Diploid Gymnadenia densiflora (n = 6) (®) Diploid Gymnadenia conopsea (n = 17)
OTU 28 (2.9%; n=1)
OTU 21 (5.9%; n=1)

OTU 18 (8.8%; n=2)

OTU 10 (2.9%; n

OTU 17 (5.9%; n=2)
OTU 6 (2.9%; n=1)

otu1 OTU 3 (5.9%; n=1)

(100%; n=6)

otu1
(64.7%; n=12)

(d) Tetraploid Gymnadenia conopsea (n = 16)
OTU 27 (3.1%:; n=1)
OTU 20 (6.2%; n=1)
OTU 19 (6.2%; n=1)

(¢ Triploid (n = 5)

OTU 3 (10%; n=1)

OTU1(3.1%; n=1)

oTu 2
(20%; n=1)

oTU 16
(21.9%; n = 4)

oTu 2
(59.4%; n=11)

mixed ploidy sit



Prezygotic barriers

Cummulative effect
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Chamerion angustifolium (2x,3x,4x), Husband & Sabara 2004 New Phytol
Overall (white), 2x-specific (gray), 4x-specific (black)



Interploidy gene flow

» ploidy — might be a porous barrier

Neobatrachus sutor (2x) mating N.
8 kunapalari (4x) (photo S. Mahony)

DIPLOIDS TETRAPLOIDS

Genome-wide admixture signal
Arabidopsis arenosa (2x, 4x) Monnahan et al. 2019 Nat Ecol Evol

Does cross-ploidy gene flow facilitate or constrain adaptation and speciation?



Interploidy gene flow

e if 3x sterile — there is still a workaround

e unred2x + red 4x -> 4x

1009 o

0.801
5 O4x
@)
g 0.601 W 3x
= O2x
© 0.40-
o

0.20+

000 T T T 1

2X % 2X 2x % 3x 4x % 3X, Ax x 4x

2x x 4x

Figure 5. Proportions of diploid (grey), triploid (black) and
tetraploid (white) offspring produced in five different
between-ploidy crosses. Cross-type with similar offspring
composition are pooled. Redrawn and modified from Burton
& Husband (2001).

Chamerion angustifolium (Husband 2004) Dashed line = unreduced gamete,
solid line = reduced gamete



Interploidy gene flow

o if 3x fertile (©)
* generators of diversity

O 2x

@ 4x

o O 2x+3x

& 4x+6x

@ 2x+3x+4x

[®] 3x+4x+5x

@ 4Ax+5x+6x

A\ 2X+3X+4x+5x

D PL K 2x+3X+4x+5x+6X
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Thick line = unreduced gamete,
km thin line = reduced gamete (Kolar
et al. 2017, Trends Plant Sci)

Pilosella echioides Travnicek et al. 2011 Ann Bot



Polypoloidy & barrier breakdown

Crossess between species: Arabidopsis arenosa vs. Arabidopsis lyrata

2x A. arenosa 2x A. lyrata

2x A. arenosa © -~

2x A. lyrata

®
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TETRAPLOIDS Lafon Placette et al 2017 PNAS




Polyploidy - summary

e key innovarion or dead-end?

 huge variation

» sympatric speciation vs. gene flow




Polyploidy

(6)

tetraploids

| Railways (4)
1- Swabian (6)

Baltic (2)gipioids
S Carp. (3) A. arenosa (2x, 4x)
Dinaric (3)

Pannonian (3) Arabidopsis arenosa
Yant & Bomblies 2017 Curr. Opin. Plant Sci




