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Alternative hypotheses on the
evolutionary fate of (allo)polyploids

A Drivers of diversity and evolution

(recurrent polyploidization has led to allopolyploid species
showing higher genetic variation from multiple populations of

diploid progenitors and highly dynamic genomes generating
novel genetic variation)

A Evolutionary dead-ends

(blind alleys unable to accumulate new variation or to give rise
to newly divergent lineages)

Test case study: the model grass genus
Brachypodium



Brachypodium: ~20 world distributed wild
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Brachypodium~ 20 taxa

[3spp_ annuals ] |17 spp. perennials
B.distachyoncomplex @.pinnatum—4x B.glaucovirens
([ B.stacei|—, 7 B.pinnatum:2x-A B.genuense
! B.hybridum. B.pinnatum2x-B B.rupestre4x
' _ ' | B.phoenicoides B.rupestre2x
' | B.distachyon ) B retusum B arbuscula
B.boissieri B.flexum
B.bolusii B.madagascariense
B.mexicanum B.kawakamil
\ B.sylvaticun
Model plant for
temperate cereals @
and biofuel
grasses Model complex Model species

for polyploidy for perenniality



DIVERSITY AND EVOLUTIOBRACHYPODIUM

CurrentBrachypodiuntree: ~half of the species2x andhalf px (allopolyploids)
(plastidndhF trnLFandclonednuclear ETS, ITS, Gigantea genes)

Diploid genomes Bgen2x

@ ANCESTRAL(x=10) Bdis 2x
@ STACEI (x=10)
@ DISTACHYON (x=5)
ARBUSCULA(x=9) Bhyb 4x
@ SYLVATICUM (x=9)
© PINNATUM (x=9, 8) Brup 2x

Bsyl 2x

Bgla2x

Bsta2x

B

\.— Bpin2x
\

< / Bpho 4x

Barb 2x

Bmex 4x

Bboi 6x

Bbol 4x

Bfle 6x

A largelydysploidgenus Bret 6 Bmad 4x
(descendantdysploidy, heterodysploidallopolyploids)

Catalaret al. (2016),
DiazPérez et al. (2018)



HYPOTHESES

A TheWYdzt GALI S 2 NRAIAY A alopslgbbitisdzi A 2
evolution repeats itself both in natural and in synthetic plamtsiot?

A Thediversityandstructuralgenomicchangesobservedn
allopolyploidshavebeeninheritedfrom their parentsor havebeen
acquiredafter polyploidizatior?

A SeveraBrachypodiunperennial species contain differeaytotypes
Do we have more speciesBrachypodiurfd Which are their origins?

HYPOTHESIS TESTING METHODS

A Comparativegenomicsand phylogenomicscomparativefunctional
genomicsepigenomics
A Cytogeneticphenotypic metabolomicstudies
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Brachypodium annual species:
the B. distachyon complex
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Bsylvaticum
Bpinnatum

Bphoenicoides
Bretusum
Barbuscula

Bdistachyon
BhybridumBd
BhybridumBs
Bstacei
Bmexicanum
Bboissieri
Lolium

Festuca
Hordeum
Triticum

Oryza

(Talavera 1975; Hasterok et al. 2004, 2006; Catalanet al. 2012, 2014; LopezAlvarezet al. 2017)



A polyplmd model system

\4_
B.distachyon % B.stacei
Ref.genomeBd21 X / - Ref.genomeABR114
\

(ZHZZX:].O) (2n 2X—20)

: B.hybridum
Ref.genomeABR113
(2n=4x=30)

Thistrio of species is an excellent model to stugylyploid
genomeevolution andregulation:
9 possessmall and compacgenomes

(Bdis Bsta Bhyl 0.6 0.5, 1.209/2C;272, 234 andb09Mbp
9 haverapid generation times,
O are seltfertile but can be crossed
9 can be easily growiand efficiently transformed

(1B 2010; Gordon et al. 2017, 2020)



A model for allopolyploidy

B. hybridunD vs.B. distachyon

\ | Y

O. sativa <=
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B. distachyon

B. hybridum, D génome

Syntenybetweenchromosomes:

- B.staceichromosomes are similar ©Oryzachromosomes involving few chromosomal fusion

- B. distachyonchromosomesawvere derivedfrom an ancestosimilarto B. staceithrough a series
of nestedchromosome fusions intoentromeric regions

- B.hybridumS and D chromosomes (line ABR113)are highly collinear with, respectively,
B.stacei(line ABR114) anB.distachyon(line Bd21) chromosomes

Scholthokt al. (2018), Gordon et al. (2020)



Large sampling of native Mediterranean accession
B. distachyon2x, B. stacei2x, two plastotypesof B. hybridum4x (D, S)

L1
*e

SUE | ©° ] .
® 0‘. .:.o&. ‘ . o o @ o @ ~.
2 *
B. distachyon 5. stocei, B hybﬁdum S-plastotype, B. hybﬁdum D-plastotype.

MINECO , J&ISP03504 ReferencegenomesB distachyon(Bd21)B. stacei(ABR114)B. hybridum
(ABR113,-8t; Bhyb26, BEpt; +6).Resequencetines B.distachyon(53: pangenome +57 new),
B.stacei(+8 new) B.hybridum(+34 new)

Environmentalnichemodels

B. distachyon (mesic, N Mediterranean)
B. stacei (aridic, S Mediterranean)
B. hybridum (intermediate, more aridic)

LopezAlvarezt al. (2015)



Recreating stable synthetic B. hybridum

allopolypl~:~~ |
pB dly;g:hyon b } S {gﬁf*gg;‘ B.stacei

Bd3-1 Bstab '
parentallines 57, mr parentallines

F1 Interspecific Hybrids
(n=15)

|
Colchicine treatment

\ (Genome doubling)
| Allo21x114 ‘1’ Allo3-1x5

R — Allotetraploids —
(2n=30)

DinhThiet al. (2016)PLOsOn&1:e0167171

- Initial amphihaploidF1 interspecific hybrids were obtained at low
frequenciesvhenB. distachyonwasused as the maternal parent
and were sterile
- No hybrids were obtained from reciprocal crossesnren
autotetraploidsof the parentalspecies were crossed.
- Colchicindreatment was used to double the genometbt F1
amphihaploidines leadingto allotetraploids i nhietal 2016)



Recreating stable synthetic B. hybridum

_QJ_LQ_M_I_\_LQ_I_Q_I_A_D_

40 Percent of fertile florets

JSeed number per inflorescence  120% -
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10
0
D n)g

20% 4
syntheticB. hybridumallotetraploids

- Thegenomedoubled F1 plants produceatlfewSlseedsafter
seltpollination.

- Slplants from one parentatombination (Bd3dlxBstag were fertile
andgave rise to furthegenerationsvhereas thosef anotherparental
combination(Bd21xABR114) wersterile

- Thesyntheticallotetraploidswere stable and resembldtie natural

B. hybridumat the phenotypig cytogenetic and genomic levels.
DinhThiet al. (2016)



The B. distachyon nuclear pan-
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Population phylogeny and structure

Three main genetic groups (EDF+, T+, S+)

Evidences of intergroup introgressions
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B. distachyon plastomes-nucleomes
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Grass plastomes: nested dating
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The B. staceil nuclear RADseq data
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The B. stacel nuclear RADseq data

Coalescence dated tree (SNAPP): Geneticstructure K=5 (individuabdmixture
coefficients,LEA
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Multiple origins of B. hybridum

(referencegenomesandresequencedyenomes
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Gordon et al. (202Gsubmitted



Multiple origins of B. hybridum

Phylogenomicand genomic structure analysis: 2 founder events

Nuclear SNP dated tre&NAPR;0alescence):

(745,858SNPs)
0.19Ma

\

\'g\’leacel .......

11.5Ma

Egk.éz

0.03

Gordon et al. (202Gsubmitted
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0.21 ‘v‘e—’.—?"{shimw-so !

- T+ |

—S+:

B.distachyon +

\ [ B.hybridum-D:

sta, dis

Coalescence cross bracing dating (SNAPP):

B. stacei

B. hybridum

B. distachyon

0.14 Ma (0.11,0.18)
RECENT CLADE

0.096 (0.077,0.12)

1.4 Ma (1.2,1.6)
ANCIENT CLADE

1.4 (1.11,1.6) 1.4 (1.2,1.7)

- Unknown parents oB.hybridumD plastotypes(unsampled extinct)
- Failure of crossing largely divergenthgbridumlines [ABR113 (&) x

Bhyb26 (Dpt)]. Sterility barriers?
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Multiple origins of B. hybridum

Selection analysisdN/ dS: all genes in the BaybridumD and Ssubgenomesre
under the same selection constrains as in the progenitor genomes

dN/dS
|

dN/dS
I I 1

Functional genomics Biybridum (ABR113):
similar levels of gene expression in leaf and
spikelettissues from both D and S
subgenomeg19,805 1:1 higkconfidence
homeologougyene pairg

[
o
o

Number of Genes
o
wn
o

—
o
o

501

Gordon et al. (202Gsubmitted
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Multiple origins of B. hybridum: repetitive
Evolution of repetitiveDNAfanIﬂim(@'ﬁe@.@@,Ic)é&iaﬁ differently evolved repeat

classes in the progenitor genomes and in the D amsb8genome®f ancestral and recent

B.hybridumlines

Classl: repeats that expanded after thd3. hybridum D-plastotype
Lines formedout that did not expand in the $lastotypelines

Class5: repeats that proliferated inB.distachyonbut not in B. stacei
beforethe formation of allB. hybridumlines

Soronpe

s &8 8 & 3 3

Clas2: repeats that proliferated inB. staceibut not B. distachyonbefore
the formation of all B. hybridum lines

e

JBLBLd 5 8 8 B 6 iaddaanaid
oay. sevome T T Serome. oo

s 4 2 2 g 1 2 g z 3 g 5 g e 3 & g S aenomesy 2 g 2 g
g ¢ o :og g o: £ "% 5 8 8 3 B 5 B o2 2 § % B ¥ £ : %
S 8 & § 3 8 7 % : =l 58 8 B o8 .

Class: repeats that show differential abundance iB. distachyonand
B. hybridum linessuggestindB. distachyonfounder effects




Multiple origins of B. hybridum: 3 founder
events

8. dstac@i BGRS tralilD i seickwe@cent: S and D2

/1

SE—" —

Oryza

Melica

I/

100

Glyceria

Bsta24_CAN
100

Bsta32_MOR

0.009

96

S

Bsta5_SE
Ll"Bstaas_BAL

\‘ BstaABR114_BAL /

Bdis52_MOR )
Bdis53_MOR
Bhyb30_2_LEPE_SW
Bhyb118_5_SE D1
Bhyb26 CIMB SE
is
BdisBis1_TUR
BdisABR9_SLO
Bhyb54_MOR
BdisArn1_NE
BdisMon3_NE
BdisTek2_MOR
Bdis54_MOR
BdisBd21_IRA
BdisUni2_NE
BdisABR3_NE
BdisBd18_1_TUR
BdisABR4_NE
BdisBd30_1_SE D2
BdisLuc1_NE
BdisJer1_NE
BdisMig3_NE
Bhyb130_1_SE
BdisABR7_NW

Bhyb162_1_SE
BdisMur1_NE
BdisPer1_NE
BdisABR5_NE
BdisRon2_NE

BdisABR6_NE

Bhyb123_1.SE
BdisFoz1_NE/

B.stacei +

B.distachyon +
B.hybridum @
D1 plastotypes

B.distachyon +
B.hybridum ©
D2 plastotypes

Shiposhat al. (2019)



Taxonomy

Brachypodiundistachyon(L.) PBeauy,
EssaAgrost 101, 155, 156. 1812
Bromusdistachyod..,Fl.Palaest 13. 1756.
Diploid, 2n=10 (x=5).

BrachypodiumstaceiCatalanJoch Mull., Mur
& Langdorspnova., Ann Bot. 109: 402. 2012} =
Diploid, 2n=20xX=10.

Brachypodiumhybridum CatalanJoch Mull., |
Hasterok& Jenkins sp nova&nn Bot. 109: 402} |
2012. |
Allotetraploid 2n=30 (x=5 + 10).

(Catalan etal. 2012)




Taxonomy

Basic statistics and analysis of variance detected eight phenotypic charac
[(stomata) leaf guardell length pollen grain length, (plant) height, second |
width, inflorescence length, numbersyikeletgperinflorescence, lemma
length, awn lengthihatsignificantly discriminatednethreespecies

Species LGCL PGL H NNTC SLL SLW 1L NSI SLA SLB NFI UGL LL AL CL

{pm) (um) {cm) (cm) (mm) l;c_m] {cm) {cm) (mm) (mm) {mm) (mm)

B. distachyon

N 227 211 191 190 171 174 184 184 187 183 188 191 188 190 184
Minimum 17 21 5.5 1 1-1 05 0-92 1 092 05 4 2.2 5.2 63 38
Maximum 28 42 56 12 82 35 5 4 24 1-82 13 91 11 15-2 7.2
Mean 225 304°  19-8% 407 3400 1-7% 2.3¢ 21° 1-6° 1-12 79 &0 720 10-7¢ 5.5°
Standard deviation 2-2 3-8 11-9 2.4 1-5 05 0-8 0-8 03 02 2-1 1-5 0-9 1-9 0-7
Variance 540 14-4 141-8 59 2.2 03 0-6 0-7 0-1 0-1 4-4 2.3 0-8 3.7 0-4

B. sracei
N 146 154 86 %) 75 82 88 91 9() 9] 88 o) 9] 88 123
Minimum 16 22 61 1 1-6 -1 23 2 13 0-61 4 2.9 6-1 7.5 5.4
Maximum 36 52 76 9 15-1 5 10 5 33 2.82 14 863 126 18-2 84
Mean 2520 33.09%  43.6° 4.4 7-4" 2.7¢ 5.3¢ 3.3¢ 2.2b 1-6° %-5* 5.8* 0.4 124 6-9°
Standard deviation 4-4 5.9 17-4 1-7 3.3 09 15 0-8 0-4 0-4 23 1-2 1-3 2.7 0-7
Variance 19-5 35.2 017 30 11-0 07 2.2 0-6 0-1 02 5.5 1-4 1-7 7.5 0-5

B. hvbridum
N 497 518 330 340 320 327 347 350 343 340 343 352 349 349 413
Minimum 20 25 35 1 1 07 12 1 1 0-5 233 23 3 f 5
Maximum 37 57 78 11 15-2 43 8 f 41 2.96 16 9.8 12.9 18-9 8.9
Mean 29.3°  38.7° 359" 57 7.5" 2.4° 3.5" 27" 21" 1.5 8-1*  59% g0 16" &7
Standard deviation 3-3 5-6 15-3 2.4 33 07 12 1-1 0-5 0-4 28 1-5 1-8 2.7 0-8
Variance 10-8 312 2353 5.5 11-0 05 1-4 1-2 02 02 7-7 2.2 33 7.4 0-6

¥? 4116 3221 1645 821 2132 1272 2559 863 1946 1322 22.9

F 1-5 0-6 92.3 208-7

P <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0001 <0001 =005 =005 <0001 <0001 <0001

(Loépez -Alvarez etal. 2017; Catalan etal. 2016 )



Taxonomy

Some publications that recognize Brachypodium
distachyon,

B. stacel and/or B. hybridum:

BareitheN, ScheffelA, Metz J. 2017. Distribution gfolyploid plants in the
common annuaBrachypodiundistachyor(sl) in Israel is not linearly
correlatedwith aridity. Israel Journal of Plant Sciencég:. 8392

MartinezLM, FernandezcainaA, Rey PJ, Salido Amil -ruiz F, Manzaneda
AJ. 2018 Variation in functional responses to water stress and differentia
between natural allopolyploid populations in Brachypodiundistachyon
species compleXnnals of Botany 1211369 1382

StaceC. A. 2019. New Flora of the British Isled? Edition. C&M Floristics.



Conclusions: Annual Brachypodium polyploid model

complex

A Gradualpolyploidgenome evolution revealed by a pgenomic
analysis oB. hybridumand its diploidporogenitors

A Potencialpre/postpolyploidizatiorexpansion®f repetitive DNA
families

A Multiple founder eventof B. hybridum(3 ormore)
A Sterility barriers betweeB.hybridumD1 and $lastotypeq1.4Ma)

A Large divergence within th.distachyon(1.5 Ma) andB. stacei
(1.3Ma)lineages

A More than a trio of speciés



PerennialBrachypodiunspeciesiargediversity of speciesand cytotypes
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Brachypodium perennial species:
ancestral, intermediate and recently evolved

|dentification and origins ohomeologou4|ilI@@@%ﬁ@polyploids:phylogenomicsaf 11 species
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Brachypodium perennial species:
Originsof homeologousubgenome®f allopolyploids
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Sancho et al., 2028ubmitted



Brachypodium perennial species:
origins ofhomeologoussubgenome®f allopolyploids
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Brachypodium perennial species:
ngenome®f allopolyploids
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Brachypodium perennial species:
origins ofhomeologoussubgenome®f allopolyploids
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Brachypodium: Evolution of karyotype
(karyotype barcoding) e cos
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Brachypodium: originsof allopolyploids
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Conclusions: Perennial Brachypodium polyploid

. . Species .
A Meso(B.mexicanun intermediate (Bboissierj B.retusum), and

neo (BphoenicoidesB.rupestre) allopolyploids

A5SUSOGA2Y 2F (y26y YR a3IK2a
homeologousubgenome the allopolyploids using transcripton
data, multigene phylogenetic reconstruction asgabgenome
detection algorithms

Al 2YVFANNYIGAZ2Y 2F 0K Subgbiomeégh, E)irO
the allopolyploids through karyotype barcoding

A Core perennial claderyptic species andompilospecies
(genetically aggressive species that often incorporate portions C
the genomes otlosely related sympatric species through extens
Introgression)
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