Paleo)Polyploidy - When Things Get Bigger




Whole-genome duplications

Genome B -— Unreduced  Autotriploid Autotetraploid

K

dcublmg gamete
k"‘"‘ =0

| AUTOPOLYPLOIDY |

Diploid A--:I id @ t_:i/\ /"\

Introgression

Dlplﬂlds

| ALLOPOLYPLOIDY |

A B AIIotetraplold
= = i — ( =
i

( Inviable __
F hybrid Allotetraploid

\/

\
L%

llll:D i

AU

Introgression

D|p|0|d

Y

Genome

bl

P

. Allohexaploid
Autotetraploid
C D E
Fusion of unreduced
/—; gametes or somatic Diploid Unreduced
e S -
e — /e genome amea—" camete .
e N — doubling -~ T
- /_ — in zygote /—_ B e ——
e <o X —d
X — | coom X — | e
\— - = \—/
-—-\ — //i-j — —l_\ —
c—- | Allotetraploid \—— Allotetraploid | ——— Allotetraploid
e —
{-— Diploids -_
Autotetgploids Autoletraplmd

Current Biology

Hegarty and Hiscock 2008,

Current Biology 18



Examples of allopolyploid speciation

A
Arabidopsis
thaliana Unreduced
2n=2x=10 wmete
A. arenosa
2n=4x=32
C
Senecio
squalidus
2n=2x=20
S. x baxteri
X —— 2n=3x=30 —
S. vulgaris (Sterile)  Genome
2n=4x=40 doubling

Hegarty and Hiscock 2008,
Current Biology 18

B
Spartina maritima
An=pre2l S. x townsendii S. anglica
A. suecica X— 2ns=tGX_I=61 s 2n=F12x_I=122
2n=4x=26 S. altemiflora (Sterile) Genome ertile
i 2n=6x=62 doubling
D
Gossypium
herbaceum
S. cambrensis ool
2n=6x=60 S Diploid G. hirsutum
i hybrid 2n=4x=52
Fertile G. raimondii Genome
2n=2x=26 doubling

Current Biology



Evolutionary significance of polyploidy
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Whole-genome duplications of different age

neopolyploidy

mesopolyploidy

paleopolyploidy
time >




Allopolyploidy, diversification, and the Miocene grassland

expansion
g
] 11 Chrysopogon
e e « Most of the allopolyploidization events identified here
; : : i :
j occurred in the Late Miocene, simultaneous with or
) 13 Apocopis
34 Miscanthus
/ e Msantssicdon following the well documented expansion of the C4
/ a6  Polytrias l d
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N\ | o Hyparhenis e The dominant species of modern C4 grasslands are members
\\ "‘ 310 Hyparrhenia
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Estep et al., PNAS (2014)
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Model of the phylogenetic history of bread wheat (Triticum
aestivum; AABBDD). Three rounds of
hybridization/polyploidy.
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Marcussen et al. (2014), Science AABBDD T. aestivum



Whole-genome duplications in protozoa

e Aury et al. (2006) analyzed the unicellular eukaryote
Paramecium tetraurelia

e most of 40,000 genes arose through at least 3

i 1 H o vacuoles
successive whole-genome duplications (WGDs) y e "
: " groove™.
A .
e most recent duplication most likely caused an explosion : \\mcmm
of speciation events that gave rise to the £ gurelia ] 3) 8- Wacronucieus
complex (15 sibling species) k A

i o vacuole

e some genes have been lost, some retained

e many retained (duplicated) genes do not generate
functional innovations but are important because of the
gene dosage effect



Whole-genome duplications in yeast

e genome comparison between two yeast species, Saccharomyces cerevisiae
(n=16) and Kluyveromyces waltii (n=8)

» each region of K. waltii corresponding to two regions of S. cerevisiae

 the S. cerevisiae genome underwent a WGD after the two yeast species

diverged

« in nearly every case (95%), accelerated evolution was confined to only one of
the two paralogues (= one of the paralogues retained an ancestral function, the
other was free to evolve more rapidly and acquired a derived function)

Kellis et al. 2004, Nature 428



Whole-genome duplications in yeast

Common ancestor
[1 2 34 586 7 8 9 10 1 1213141515]

Saccharomyces lineage \ Kiuyveromyces lineage
1 2 34 56 7 B8 9 10 11 1213141516] (123456? 8 9 10 1 1213141516)
a/ 1 2 34 56 7 B8 9 10 11 12 13 14 15 16
— R o R
1 2 34 56 7 B8 9 10 11 12 13 14 15 16
Ke”ls et a/ 2004/ b/ 1 2 34 58 7 a 9 0 11 12 13 14 15
Nature 428 o
arure S,
12345>5<? 89101111311516
e/ 1 34 6 g 10 12 13 14 16}
— N = <l <1 »
23 5 7 8 i B3 15 )

[123456?8910111213141516
—E4a-e4D 4D dE ) EE D aETaEnaE

—f[ : - : 2 o 2 = - S, cere»lrasrae copy%

T > 3 5 - 8 " 3 s S. cerevisiae copy2

a) after divergence from K. waltii, the Saccharomyces lineage underwent a genome duplication
event (2 copies of every gene and chromosome)

b) duplicated genes were mutated and some lost
c) two copies kept for only a small minority of duplicated genes

d) the conserved order of duplicated genes (nos. 3-13) across different chromosomal segments

e) comparison between genomes of S. cerevisiae and K. waltii reveals the duplicated nature of the
S. cerevisiae genome



Duplicated nature of the S. cerevisiae genome
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S. cerevisiae chromosome 4 with
sister regions in other chromosomes

Kellis et al. 2004, Nature 428
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First evidence of a WGD in plants

Analysis of the genome sequence of the
flowering plant Arabidopsis thaliana

The Arabidopsis Genome Initiative® AG| (2000)

What does the duplication in the Arabidopsis
genome tell us about the ancestry of the
species? As the majority of the Arabidopsis
genome is represented in duplicated (but not
triplicated) segments, it appears most likely
that Arabidopsis, like maize, had a tetraploid
ancestor. ...The diploid genetics of
Arabidopsis and the extensive divergence of
the duplicated segments have masked its
evolutionary history.




Arabidopsis Species Are ,Paleotetraploids” with 8 or 5

Chromosomes

AGI (2000) Nature, Hu et al. (2011) Nat Genet
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The grapevine genome sequence suggests ancestral
hexaploidization in major angiosperm phyla

The French-Italian Public Consortium for Grapevine Genome Characterization* Nature 449, 2007
Monocotyledons Dicotyledons
Eurosids | Eurosids Il
0. sativa P. trichocarpa V. vinifera A. thaliana
\ 3 7
-~ d The Y triplication may have been an ancient
B auto-hexaploidy formed from fusions of three

identical genomes, or allo-hexaploidy formed
Eormati from fusions of three somewhat diverged
ormation of the

palaeo-hexaploid genomes.
genome Y

Tang et al. 2008, Genome Research

Flowering plants

The formation of the palaeo-hexaploid
ancestral genome occurred after
divergence from monocots and before
the radiation of the Eurosids. Star = a
WGD (tetraploidization) event.




WGD events in seed plants and angiosperms

Estimated divergence time (Myr ago)

450 350 250 150 50 0
FETEprrrrprern

g« == == Arabidopsis thaliana
| B o

m

Carica papaya s

\ | f~ === Populus trichocarpa &
a ’ »  Cucumis sativus e

f »  Vitis vinifera Z

. -E Oryza sativa %

s E— O

o p Sorghum bicolor =
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Jiao et al. (2011) Nature; Clark and Donoghue (2017) Proc R Soc



Phylogenetic Tree of Sequenced Genomes

with Whole Genome Duplications Marked
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Charles Darwin's abominable mystery solved?

Archaefructus liaoningensis

(140 million year old fossil)

e BN

Afropollis

(245 million year old angiosperm.pollen)
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"The rapid development as far as we can judge of all the higher

plants within recent geological fimes is an abominable mystery."
(Charles Darwin in a letter to Sir Joseph Hooker, 1879)

55 Mya

89.3
335 |_Turonan

12 Albian

99.6 [Senoman lan

125 | Aptian

Cretaceous
145 Mya

Jurasslc

assumed ancient
whole-genome
~ | duplication events

(e.g. y - gamma WGD)

Triasglc

245 Mya
.

Faleozolc

De Bodt et ¢

l. 2005

diversification (26]

7 — 247)

lag 27 — 65 million years

€ (319-297)

—
10 D00 species

Theres is evidence of ancient polyploidy throughout the
major angiosperm lineages. It means that a genome-scale
duplication event probably occurred PRIOR to the rapid
diversification of flowering plants



Plants with double genomes might have had a better
chance to survive the Cretaceous—Tertiary
extinction event

PNAS 106 (2009
Jeffrey A. Fawcett2b1, Steven Maere®? 1, and Yves Van de Peerab-2 ( )

pepartment of Plant Systems Biology, Flanders Institute for Biotechnology, 9052 Gent, Belgium; and PDepartment of Plant Biotechnology and Genetics,
Ghent University, 9052 Gent, Belgium

Could WGD event(s) help plants to survive
the mass extinction (one or more
catastrophic events such as a massive
asteroid impact) at the Cretaceous-
Tertiary boundary ?

Analysis of 41 plant genomes supports a wave
of successful genome duplications in association
with the Cretaceous—Paleogene boundary

Kevin Vanneste,'? Guy Baele,® Steven Maere,'"? and Yves Van de Peer'%*

Genome Res (2014)




Possible establishment of polyploid plants following
the K/Pg mass extinction (66 milliony. ago)

> WGDs clustered around the A _
Jurassic Cretaceous Tertiary
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Whole-genome duplication in land plants

Cambrian— Permian Triassic Jurassic Cretaceous Palecgens—
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Cucumiz melo
Cucumis sativus
Citrullus lenatus
Juglans regia
Malus domestica
Pyrus bretschneideri
Prunus persica
Pruhes mums
Fragaria vesca
Glycine max
Cajanwus cajan
Medicago fruncatula
Cicer arfetinum
Lotus japonicus
Ricines commamis
Manihot esculenta
{?‘.‘I'Clpﬁﬂ CUFCis

num usitatissimum
Fopulws trichocarpa
Salix suchowensis
Brassica rapa
Thellungiella parvela
Arabidopsis thaliana
Arabidopsis lyrata
Carica papaya
Theobroma cacao
Gossypium raimaondri
Eucalyptus grandis
Vitis vinifera
Solanumi lycopersicum
Solanum tubsrosuem
Petunia hybrida
Ipomaoea nil
Sesamum indicum
Fravinus excelsior
Olea suropaed
Lactuca sativa
Dawtus carota
Nelumba nucifera
Aquilegia formosa
Brachypodium distachyon
Hordgum vulgare
Oryza sativa
Zeq mays

Sorghum bicolor
Setaria italica
Ananes comosus
Musa acuminata
Phoenix dactylifera
Phaloenopsis equestriz
Dendrobium catenatum
As aragus o icinalls
Spirodela polyrhiza
Zostera maring
Nuphar advena
Amborefla spp.

Pinus spp.

Picea spp.

Larix spg.
Peeudotsuga spp.
Tirus SpE.
Cephalotaxus spp.
Welwitschia spp.
Gnatum spp.
Ephedra spp.

Ginkgo spp.

Cyras spp.
Eguisetum gigantewm
Ceratodon purpurews
Physcomitrella patens

Van de Peer et al.
(2017) Nat Review



Orchids probably share a common WGD driving the early
divergence of the family

Number of gene families 5

1 -
Number of anchor pairs ; Rl D5 Dendrobium catenatum

DA —— Phalaenopsis equestris
0:2?9:3 Hemipilia forrestii ® . 28,000 species
Habenaria delavayi
20 — Paphiopedilum malipoense
D:14,P:8 | _ Cypripedium margaritaceum
127 — Galeola faberi
A76, D:47, PI&? —— Lecanorchis nigricans
. Vanilla shenzhenica
A?go - Neuwiedia malipoensis
A7 —— Apostasia odorata
L Apostasia shenzhenica
& Molineria capitulata
A51,D:19,P:8| L —— Agave deserti

Ly ™

[~ | L Asparagus officinalis
Allium cepa

® largest vascular plant family

® 736 genera

SE9DEPILYOIO

sajebeiedsy

Elaeis guineensis
Phoenix dactylifera
Ananas comosus
Amborella trichopoda

SpiuleLILLIOD

Zhang et al. (2017) Nature



Gnaphalieje
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Multiple WGDs across the Asteraceae family tree
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the second largest family of vascular
plants

some 24,700 species

enormous karyological variation -
>180 different mitotic chromosome
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chromosome numbers from n = 2 to
c.n=216

Huang etal. (2016) MBE



Whole-genome duplications, diploidization, and the consequences

Genome evolution through
cyclic polyploidy

Dipiolgs +

Folypialay l

Dupllcate gensa oS l

Adams and Wendel (2005)

Gene duplicate retention after WGD —

. . . al
due to rapid functional evolution :
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Subfunctionalization
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Meofunctionalization

Non-WGD  WGD  Polyploid

& A B

Semon and Wolfe (2007) al

a:Z

Sub-neofunctionalization




Consequences of WGD events: the Solanaceae-specific genome triplication
(49 million y. ago) contributed to the evolution of the fomato fruit

(a) upstream transcriptional regulators (b)

£ XTH3a —— 80
exogenous U enous XTH3d — 100
..\i;ngls A sig na l] XTH3IC e 92
| uum RIN :\‘R cthylene) XTH3b — 67
S | XTH2 100
2 \ XTH9
: xti0— |G
3 XTHI1 — o0
} XTHI6
XTHI
PH)'B/GHI)B 2 =
XTHS 100
XTH26 —F e
XTH7 84

phylogeny of xyloglucan
endotransglucosylase/hydrolases (XTHs)

downstream fruit development and ripening traits

o4 o9 9D g"‘.“

- lexture - flavour - pathogen
- aroma - pigmentation susccp[ibili[y

T Solanaceae-specific genome triplication

Y core eudicot shared hexaploidy
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Gene and genome duplications, key innovations and coevolution

Arabidopsis sp.

Brassicales
Host-plants

Novel Stuctural
Ill, 4¢” Elaborations
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Core Brassicaceae
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Cleomaceae
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plants - glucosinolates

butterflies - countertactic (detoxification)

repeated escalation of key innovations
(glucosinolate synthesis) — diversification
in Brassicales plants and Pierinae
butterflies over 80 million years

Edger etal. (2015) PNAS



Gene and genome duplications, key innovations and coevolution
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Whole-genome duplication and diploidization



Whole-genome duplication and diploidization
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The WGD Radiation Lag-Time Model
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Cytogenomic features of post-polyploid genome
diploidization
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Cytogenetic evidence for biased subgenome fractionation
during post-polyploid diploidization.
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Two Evolutionarily Distinct Classes of Paleopolyploidy

Olivier Garsmeur, "' James C. Schnable,? Ana Almeida,’ Cyril Jourda,' Angélique D'Hont, *™1 and
Michael Fre\ehng“t2

Table 2. Fractionation Pattern and Genome Dominance in Eight Species.

Spedes WGD |Substitution Bias Ratio Fractionation Pattern Genome Dominance Expression Data from
Class Rate (Ks) between
Duplicate
Regions
Medicago 1 0.87 123 Biased No data
Sorghum I 095 1.24 Biased (Schnable et al. 2012) Yes Dugas et al. (2011)
Arabidopsis | 0.76 117 Biased (Thomas et al. 2006) Yes Gan et al. (2011)
Brassica | 034 147 Biased (Wang et al. 2011) Yes (Cheng et al. 2012)
Maize | 0.17 1.46 Biased (Woodhouse et al. 2010) Yes (Schnable et al. 2011)
Poplar Il 0.23 1.05 Unbiased No data
Soybean Il 0.15 1.03 Unbiased No Schmidt et al. (2011)
Banana Il 0.39 1.06 Unbiased No D'Hont et al. (2012) and
supplementary table 54,
Supplementary Material online
Class | Class I
Allopolyploidy Autopolyploidy
Diploid Diploid iploi

|
|Kn&

Tetraploid

&

W & | ?
llm<&

Tetraploid MBE 31 (2013)




Evolution of the Ancestral Crucifer Genome -

ANCIENT POLYPLOIDS
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Brassicas Are Ancient Hexaploids (Mesopolyploids)

Diplotaxis erucoides Brassica oleracea
2n =14 2n =18

Brassica napus (AACC, n = 19), A genome (N1-N10)

N3

T E [ I [ S

Morisia monanthos Moricandia arvensis
2n =14 2n = 28

3 R ) VD) 1) 5 T 0 50 |

Parkin et al. (2005) Genetics

Lysak et al. (2005) Genome Res, (2007) Plant Physiol



Diploidization in Brassica is marked by the
asymmetrical evolution of polyploid genomes
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The genome of the mesopolyploid crop species Brassica rapa

The Brassica rapa Genome Sequencing Project Consortium
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Three B. rapa Subgenomes Contain Genome Block

Associations Unique to the tPCK Ancestral Genome
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Whole-Genome Triplication Spurred Genome and

Taxonomic Diversity in Brassica and Tribe Brassiceae
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Multispeed genome diploidization and diversification after an
ancient allopolyploidization

Terezie Mandakoval(® | Milan Pouch® | Klara Harmanova® | Shing Hei Zhan? |
ltay Mayrose® | Martin A. Lysak?

Australia: 15 genera, 47 species

New Zealand: Pachycladon, 11 species




The allopolyploid origin evidenced by single-copy nuclear gene

phylogenies
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Polyploid Origin of Pachycladon (n=10)
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- Mesotetraploid Origin, Diploidization and
Descurainieae/
Crucihimalayeae  Smelowskieae Diversification of the Microlepidieae
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Does Ancient Polyploidy Explain the Rapid Species

Radiation in Heliophila ?

c. 90 (-100) endemic spp.
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Lineage-Specific Mesopolyploid WGDs in Brassicaceae
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Existing species and genomic diversity of many Brassicaceae
clades result from post-polyploid diploidizations
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Two hypotetraploid Cardamine species:

recent and starting diploidizations via descending dysploidy

Cardamine two Cardamine spp.

Cardamine pratensis X

i i

Mandakova et al. (2013) Plant Cell Mandakova et al. (2016) Am J Bot

Cardamine cordifolia:
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Speciation and diversification driven by

post-polyploid diploidization 2x »
via descending dysploidy \“/

POST-POLYPLOID DIPLOIDIZATION, DESCENDING DYSPLOIDY
&

) SPECIATION ] .
sympatric parapatric / allopatric



‘Many more, if not all, higher plant species,
considered as diploids because of their genetic
and cytogenetic behaviour, are actually ancient
polyploids’ (Paterson et a/. 2005). Y




