Paleo)Polyploidy - When Things Get Bigger
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Examples of allopolyploid speciation

A
Arabidopsis
thaliana Unreduced
2n=2x=10 wmete
A. arenosa
2n=4x=32
Cc
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=pre=Sl S. x townsendii S. anglica
A. suecica X T 2n8=t6x'|=61 Em— 2.—,:':12;':1 22
2n=4x=26 S. altemiflora (Sterile) Genome ertile
2n=6x=62 doubling
D
Gossypium
herbaceum
S. cambrensis ZiEaan
2n=6x=60 G Diploid G. hirsutum
' 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 >




Multiple Whole-Genome Duplication Events, Diploidization

increasing ploidy levels

and Extant Karyotype Structure

4x 8x

chromosome number decrease
genome diploidization

PALEOpolyploidy

NEOpolyploidy

MESOpolyploidy



Allopolyploidy, diversification, and the Miocene grassland

expansion
N g
11 Chrysopogon
e » Most of the allopolyploidization events identified here

. occurred in the Late Miocene, simultaneous with or
3 pocopis
34  Miscanthus

/ rl—%m Miscanthus/Saccharum following the well documented expansion of the C4
/ %

a6  Polytrias
4 tchoerum grasslands.
33 Dimeria
; : .
\(} 1 o Hyparhenis e The dominant species of modern C4 grasslands are members
| \\g" 210 Hyparrhenia
\ ! %ﬂ;’m"he”“ of Andropogoneae, and most are allopolyploid. Many of
| 12 Hyparrhenia
|| B , . . . e .
\‘} %chﬁgggm;m these ecological dominants whose origin is dated to about
U ore /_ §  ———— 315 Andropogen L .
Andropogoneae’ I 10.5 million years ago (mya) correlates closely with the
D . . . .
ﬁwcymbopogon date when C4 species came to dominate grasslands in Africa

319 Themeda
:]20 Themeda

and Southern Asia (Pakistan), also estimated about 10-11

S N mya; the expansion in North America is dated about 7 mya.
BCD clade ?i E:?r:gl:li?nc':loa
(Fig. 2} othriochlc . . . .
: ?{Bot{‘?@c:h:ma : « Allopolyploidy is thus correlated with ecological success.
27 bothnochloa
L —F
I =
S SR . . 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.

BB

AABB

Marcussen et al. (2014), Science



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
successive whole-genome duplications (WGDs)

e most recent duplication most likely caused an explosion
of speciation events that gave rise to the £ gurelia
complex (15 sibling species)

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
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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
[123456? 391011121314151sj

Saccharomyces lineage \ Kiuyveromyces lineage
1 2 34 56 7 B8 9 10 11 1213141516] (1 2 34 56 7 8 9 10 11 1213141516)

}

3[193455 7 89 10 1 1?13141516]
—aa-an-4h-aa-aE
1 2 34 56 7 89 10 11 12 13 14 15 16
i '
Ke”ls efa/‘ 2004/ b/ 1 >2< 34 586 7 a 9 0 1 12 13 14 15
—E B3
NaTur‘e 428 - 2 34: 5>5< 7 8 g Tl 1 13 1 15 e
¥
e/ 1 34 6 9 10 12 13 14 16}
—— O
2 3 5 78 G % i

[123455 7T 8 8 10 11 12 13 14 15 16
—E4a-e4D 4D dE ) EE D aETaEnaE

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

. > 3 5 - 5 " 3 s 8. 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 5. cerevisiae genome

Chr 1
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Chr3

Chr 4

Chr5

Chr 6

Chr7

Chr8

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
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the A. thaliana genome

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
-~ 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
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Jiao et al. (2011) Nature



Phylogenetic Tree of Sequenced Genomes

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

"The rapid development as far as we can judge of all the higher

Archaefructus liaoningensis
(140 million year old fossil)

The leaf-like structures on the
stem are pods containing the
seeds, a characteristic unique to
flowering plants.

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

MOBSSE  GYMNOSpETmS Anglospems

(Cora) Basal
Monacats Eudicots dicats

[+ Zolc IE‘; \
e — . — assumed ancient
““m — — whole-genome
s N ||« | duplication events
e 48 g

Jurassic

208 Mya

Triaselc
245 Mya

Falenzolc

—
10 D00 species

De Bodt et al. 2005

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. Fawcett®b1, Steven Maere®P-1, and Yves Van de Peerab:2 ( )

apepartment 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,'2 Guy Baele,® Steven Maere,"-? and Yves Van de Peer'-?*

Genome Res (2014)




Phylogenetic tree of flowering plants with
assumed WGD events

» WGDs clustered around the Jurassic Cretaceous Tertiary . !
ucumis sativus ) \
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Cretaceous-Tertiary (KT) boundary | [l
————=={—— PYyrus bretschneideri
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_{ Ricinus communis
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Fawcett et al., PNAS (2009), Vanneste et al., Genome Res (2014)




Whole-genome duplication, diploidization, and the consequences

Genome evolution through
cyclic polyploidy
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Adams and Wendel (2005)

Gene duplicate retention after WGD —

. . . al
due to rapid functional evolution :
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Consequences of WGD events: the Solanaceae-specific genome
triplication contributed to the evolution of the fomato fruit

(a) upstream transcriptional regulators (b)
£ XTH3a —— 80
exogenous e enous XTH,"LI —_— 100
‘signals sigal XTH3¢c —— 9
(e.g. light) UU)\/ RIN : lh\l ne) XTH3b —d 67
. i XTH? 100
s \ XTH9
n XTHI0 — We'
I XTHII — 00
. XTHI6
XTHI
PHYBI o PHYB2 AR
XTHS 100
XTH26 ——] &
XTH7 84

phylogeny of xyloglucan
endotransglucosylase/hydrolases (XTHs)

downstream fruit development and ripening traits

- lexture - flavour - pathogen
- aroma - pigmentation Susgcp[ibilily

T Solanaceae-speficific genome triplication

PSYI o PSY2

Y core eudicot shared hexaploidy
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Evolution of the Ancestral Crucifer Genome -

ANCIENT POLYPLOIDS
4X Or 6X SN1 SN2
i descending
1 . dysploidy
whole-genome : 2 ﬁ ¥ / —> n=28
dupllcatlon - H T —> n="7
ﬁ I —>n==6
I I \K_’:’ n=>5 s
X z _ o ™
n=>8 iﬁ ﬁ ﬁ block resfuffli "o L
(=7 ock resfuffling I .

n= (15) 16 or (21) 24

= T=1<4
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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

} E Y N O

I

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

73

) Y e B 19 53

a1

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

BROCCOL)

d flo
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The genome of the mesopolyploid crop species Brassica rapa

The Brassica rapa Genome Sequencing Project Consortium

100 1 mLF
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A. thaliana chromosome (Mb)

The density of orthologous genes in three subgenomes
(LE, MF1 and MF2) of B. rapa compared to A. thaliana.

Wang et al. (2011) Nat Genet



Three B. rapa Subgenomes Contain Genome Block

Associations Unique to the tPCK Ancestral Genome

A01 A02 A03 A04

n= 7 AX7
K25
~ =
-+ AK2/55/
6/8
=
b AK4
AKG%
U B F
B mF1
translocation e
@ Centromere
Proto-Calepineae Karyotype g R
detected .
tPCK S Ancostral 71genomic blocks
not detected ~4
inverted to
ACK
AK2/S5/6/8
=

Cheng et al. (2013) Plant Cell, Mandakova and Lysak (2008) Plant Cell




Whole-Genome Triplication Spurred Genome and

Taxonomic Diversity in Brassica and Tribe Brassiceae
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Cheng et al. (2013) Plant Cell edUCthH mbel‘ n=15



Two Evolutionarily Distinct Classes of Paleopolyploidy

Olivier Garsmeur,”" James C. Schnable,? Ana Almeida,? Cyril Jourda,' Angélique D'Hont,*"" and
Michael FTEEII.ng*’T’z

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 | 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 1.47 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 1l 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 Il
Allopolyploidy Autopolyploidy
Diploid Diploid Diploid
,//»//‘
VLl /
& . i & <4
l A N Y
L

\
|Kn&

Tetraploid

i <&

Tetraploid MBE 31 (2013)



Polyploid Evolution in Australian and
New Zealand Crucifer Genera

Ballantinia
Stenopetalum
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Polyploid Origin of Pachycladon (n=10)
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Mandakova, Heenan and Lysak (2010) BMC Evol Biol
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16 chromosomes ACK, 4x [ ~6 -9 mya ]
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Mandakova et al. (2010) Plant Cell



Allopolyploid origin of the Microlepidieae

Crucihimalayeae X  Smelowskieae
(n=8) (n=6)

¥ \ ancestral /

allopolyploid
genome

(n=147)

\
| \

ndhF phylogeny

Menkea

(n=6)

0.9

Arabidella, Ballantinia, Stenopetalum

Blennodia, Cuphonotus, (n=4,5)

Geococcus, Harmsiodoxa,

094
0.84—— Hedinia_sltaica
1

. i lSmﬂw}H;::;:::Mﬁn Microlepidium,

1

— - - Phlegmatospermum

e (n=5,6,7)

Mandakova et al., unpublished



Reshuffling of 2 x 24 Genomic Blocks in Polyploids of Different Age

ACK-like allotetraploid (n ~ 16)
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Does Ancient Polyploidy Explain the Rapid Species

Radiation in Heliophila ?

c. 90 (-100) endemic spp.

NATIONAL
GEOGRAPHIC"



KM1164
glauca KM1091
scoparia KM1065
cedarbergensis KIM99T7
esterhuyseniae KIM1104
scoparia KM1480
tulbaghensis KM1047
dregeana LM7
dregeana KM982 l—
hurkana KI1014
maraisiana KM1015
juncea KM2144

juncea LM5

Jjuncea KM2170

Jjuncea KM1009

macra KM1088
slongata KIM1097
elongata KI1484
elongata KIM1488
macrosperma KM1087
ephemera KIA1090
monosperma KM1010
polygaloides KI1156
nubigena KM1060
tricuspidata KM1071

of. descurva OSBU9253
acuminata KI1000

KM2169

LM§

LM12

KM1086
olata KM2162

of. efata KM1487 |—
arenaria LM21

cf. arenaria KM1006 }_
arenosa KI2160

of. digitata KM1483
linoides KI2163
bulbostyla LM13

bulbostyla LM24 l—
coronopifolia KM984
coronopifolia OSBU17187
coronopifolia LM2
coronopifolia OSBUB17
africana KM1002

africana LM1

africana LM11

africana LM35

linearis LM3

linearis KM1083 '_
cornuta KM985

KM1061

lsctea LM17
refracta KM2105
pusilla KM1049
pusilla KM1497
subulata KM1078
subulata KIM1505

. pinnata LM4
pinnata KM2143 };
pinnata LM8

gariepina KM1094

gia KM998
amplexicaulis LM33
amplexicaulis KM2174 F_
amplexicaulis LM25
eximia KM1092
rigidiuscula KM1050
carnosa K994
carnosa KM1478
seselifolia LM18
nigeliifolia KN 1499
frifurca OSBU9280
crithmifolia KM1069
crithmifolia KM989
crithmifolia KM2181
crithmifolia LM9
suborbicularis KM2146
latisiliqua KM2127
suborbicularis KM1012
minima KM1057
suavissima KM1073

variabilis KM1046
variabilis LM15 };
variabilis LM31

deserticola KMS77
pectinata KM1062
pubescens KM1053
collina LM20
collina KM 2154
collina KM2154
colling KM999

2n

22

16, 32, 64

20
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20
20
20

20
20

20

20
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18

18, 36
22
22

22

22
22

22,44

Whole-Genome Triplication in the

Southern African Tribe Heliophileae

H. amplexicaulis (n
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Whole-Genome Duplications Drive Genome Diversification

Lineage |
o X
Lineage Ill
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Lineage Il
Lineage Il

Cleomaceae

Aethionemeae
Smelowskieae
Lepidieae
Descurainieae
US Camelineae, Pachycladon
Boechereae Halimolobeae
Physarieae Oreophytoneae
Microlepidieae Alyssopsideae
ardamineae Yinshanieae
Erysimeae
Anchonieae
Euclidieae
Dontostemoneae
Chorisporeae
Hesperideae
Anastaticeae
Buniadeae
Biscutelleae

Cochlearieae
Alysseae
Aphragmeae
Megacarpaeeae
Notothlaspideae
Iberideae
Heliophileae
Noccaeeae
Conringieae
Kernereae
Asteae
Schizopetaleae
Eudemeae
Cremolobeae
Arabideae
Calepineae
Brassiceae
Thelypodieae
Isatideae
Sisymbrieae

Eutremeae
Thlaspideae




‘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




