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Alternative hypotheses on the 

evolutionary fate of (allo)polyploids 

 ÅDrivers 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)  

ÅEvolutionary 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 

taxa 

B. madagascariense 

2n=? 

B. rupestre 

2n=18,28,38 

B. boissieri 

2n=46 

B. pinnatum 2n=16,18, 28 

B. sylvaticum var. pseudodistachyon 2n=? 

B. sylvaticum 2n=18 

B. kawakamii 

2n=? 

B. mexicanum 

2n=40 
B. arbuscula 

2n=18 

B. flexum 

2n=? 

B. bolusii 

2n=? 

B. glaucovirens 

2n=16 

B. retusum 

2n=36 

B. genuense 

2n=18 B. phoenicoides 

2n=28,36 

B. distachyon 2n=10 

B. hybridum 

2n=30 
B. stacei 

2n=20 

3 annuals 

17 perennials 

Catalan et al. (2016), 
Díaz-Pérez et al. (2018) 



Brachypodium: ~ 20 taxa 

Model plant for  
temperate cereals  

and biofuel  
grasses 

B.distachyon complex B.pinnatum-4x 
B.pinnatum-2x-A 
B.pinnatum-2x-B 
B.phoenicoides 
B.retusum 
B.boissieri 
B.bolusii 
B.mexicanum 

B.glaucovirens 
B.genuense 
B.rupestre-4x 
B.rupestre-2x 
B.arbuscula 
B.flexum 
B.madagascariense 
B.kawakamii 
B.sylvaticum 
 

17 spp. perennials  3 spp. annuals 

B.stacei 

B.distachyon 

B.hybridum 

Model complex 
for polyploidy 

Model species 
for perenniality 



Current Brachypodium tree: ~half of the species 2x and half px (allopolyploids) 

 

 

DIVERSITY AND EVOLUTION OF BRACHYPODIUM 

Catalan et al. (2016), 
Díaz-Pérez et al. (2018) 

(plastid ndhF, trnLF and cloned nuclear ETS, ITS, Gigantea genes) 

Bhyb 4x 

Bdis 2x 
Bsyl 2x 

Bgla 2x 

Brup 2x 

Bpin 2x 

Bpho 4x 

Bgen 2x 

Bret 6x 

Bfle 6x 

Bbol 4x 

Bboi 6x 

Bmex 4x 

Bsta 2x 

Bmad 4x 

Bkaw 6x 

Barb 2x 

Diploid genomes: 

STACEI (x=10) 
 

ANCESTRAL (x=10) 

ARBUSCULA (x=9) 
 SYLVATICUM (x=9) 
 PINNATUM (x= 9, 8) 
 

DISTACHYON (x=5) 
  

A largely dysploid genus 

(descendant dysploidy, heterodysploid allopolyploids) 



Å  The ΨƳǳƭǘƛǇƭŜ ƻǊƛƎƛƴǎΩ ŜǾƻƭǳǘƛƻƴŀǊȅ ǎŎŜƴŀǊƛƻ ƻŦ allopolyploids: 
evolution repeats itself both in natural and in synthetic plants or not? 

ÅThe diversity and structural genomic changes observed in 
allopolyploids have been inherited from their parents or have been 
acquired after polyploidization? 

ÅSeveral Brachypodium perennial species contain different cytotypes: 
Do we have more species in Brachypodium? Which are their origins? 

ÅComparative genomics and phylogenomics, comparative functional 
genomics, epigenomics 

ÅCytogenetic, phenotypic, metabolomic studies 

HYPOTHESES 

HYPOTHESIS TESTING METHODS 



Brachypodium annual species:  

the B. distachyon complex 

(Talavera 1975; Hasterok et al. 2004, 2006; Catalan et al. 2012, 2014; Lopez-Alvarez et al. 2017)  

2n= 10 2n=20 2n=30 

2n=2x=10 (x=5)  
0.631 pg/2C 

2n=2x=20 (x=10)  
0.564 pg/2C 

2n=4x=30 

(x=10+5)  
1.265 pg/2C 

B.distachyon B.stacei B.hybridum 

Molecular phylogenetics 

morphometry 

Bdis 
Bsta 

Bhyb 

metabolomics 

Bdis 

Bsta 

Bhyb 



A polyploid model system 

B.distachyon 
Ref. genome Bd21 

(2n=2x=10) 

B.stacei 
Ref. genome ABR114 

(2n=2x=20) 

B.hybridum 
Ref. genome ABR113 

(2n=4x=30) 

This trio of species is an excellent model to study polyploid  
genome evolution and regulation:  
9possess small and compact genomes  
  (Bdis, Bsta, Bhyb: 0.6, 0.5, 1.2 pg/2C; 272, 234 and 509Mbp)  
9have rapid generation times,  
9are self-fertile but can be crossed  
9can be easily grown and efficiently transformed 
 

X 

WGD 

(IBI 2010; Gordon et al. 2017, 2020)  



A model for allopolyploidy 

Synteny between chromosomes:  
- B. stacei chromosomes are similar to Oryza chromosomes involving few chromosomal fusions 
- B. distachyon chromosomes were derived from an ancestor similar to B. stacei through a series  
  of nested chromosome fusions into centromeric  regions  
- B. hybridum S and D chromosomes (line ABR113)are highly collinear with, respectively,   
  B. stacei (line ABR114) and B. distachyon (line Bd21) chromosomes 

B. hybridum D vs. B. distachyon 

B. hybridum S vs. B. stacei 

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



Large sampling of native Mediterranean accession 
B. distachyon 2x, B. stacei 2x, two plastotypes of B. hybridum 4x (D, S) 

 
 

B. distachyon, B. stacei , B. hybridum S-plastotype, B. hybridum D-plastotype.  

MINECO , JGI-CSP 503504: Reference genomes: B. distachyon (Bd21), B. stacei (ABR114), B. hybridum  
(ABR113, S-pt; Bhyb26, D-pt; +6). Resequenced lines: B. distachyon (53: pangenome, +57 new),  
B. stacei (+8 new), B. hybridum (+34 new) 

Environmental niche models: 

B. distachyon (mesic, N Mediterranean) 

B. stacei          (aridic, S Mediterranean) 

B. hybridum  (intermediate, more aridic) 

Lopez-Alvarez et al. (2015) 



Recreating stable synthetic B. hybridum 

allopolyploids 

- Initial amphihaploid F1 interspecific hybrids were obtained at low  
   frequencies when B. distachyon was used as the maternal parent     
 and were sterile.  
- No hybrids were obtained from reciprocal crosses or when 
 autotetraploids of the parental species were crossed.  
- Colchicine treatment was used to double the genome of the F1 
 amphihaploid lines leading  to allotetraploids.  
 

B. distachyon 
parental lines 

B. stacei 
parental lines 

Dinh Thi et al. (2016) PLOsOne 11: e0167171 

Dinh Thi et al. (2016) 



Recreating stable synthetic B. hybridum 

allopolyploids 

- The genome-doubled F1 plants produced a few S1 seeds after  
  self-pollination.  
- S1 plants from one parental combination (Bd3-1×Bsta5) were fertile   
  and gave rise to further generations whereas those of another parental  
  combination (Bd21×ABR114) were sterile  
- The synthetic allotetraploids were stable and resembled the natural  
   B. hybridum at the phenotypic, cytogenetic and genomic levels. 

Dinh Thi et al. (2016) 

synthetic B. hybridum allotetraploids 

Bd21xABR114 Bd3-1xBsta5 



The B. distachyon nuclear pan-

genome  



Population phylogeny and structure 

EDF+ T+ S+ 

- Three main genetic groups (EDF+, T+, S+) 
- Evidences of intergroup introgressions 

(3,9 million SNPs. ML, SVDquartets) 



B. distachyon plastomes-nucleomes 



Grass plastomes: nested dating 

analysis 



Israel3

Greece2

Menorca1

Iran2

Iran1

Iran3

Iran2

Iran1
Iran1

Iran3
Iran3

Israel1

Alicante1

Jaen1
Almeria1

SicilyVMO1

Israel4

Mallorca1

Circum-MediterraneanGroup EasternGroup
Mixed Group

Greece1

SicilyQVL1

The B. stacei nuclear RADseq data  

57 individuals from 24 circumMediterranen populations 
11,614 SNPs (ipyRAD), PCA (LEA) 

Díaz-Pérez et al., unpub. 



Tunisia1

Canaries2
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Díaz-Pérez et al., unpub. 



B. distachyon, B. stacei , B. hybridum S-plastotype, B. hybridum D-plastotype.  

Multiple origins of B. hybridum 

Gordon et al. (2020, submitted) 

(reference genomes and resequenced genomes) 



Gordon et al. (2020, submitted) 

Phylogenomics and genomic structure analysis: 2 founder events 

Nuclear SNP dated tree (SNAPP, coalescence): 
(745,858 SNPs) 

Multiple origins of B. hybridum 

Coalescence cross bracing dating (SNAPP): 

- Unknown parents of B.hybridum D plastotypes (unsampled, extinct) 
- Failure of crossing largely divergent B. hybridum lines [ABR113 (S pt) x 

Bhyb26 (D pt)]. Sterility barriers? 



Multiple origins of B. hybridum:  

pangenome of B. distachyon and B. hybridum D 

subgenomes 

Gordon et al. (2020, submitted) 

Shell genes 

Core genes 
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(approximately same number of core and shell genes in Bdis and BhybD) 



Selection analysis (dN/ dS): all genes in the B. hybridum D and S subgenomes are 
under the same selection constrains as in the progenitor genomes 

Multiple origins of B. hybridum 

Functional genomics B. hybridum (ABR113): 
similar levels of gene expression in leaf and 
spikelet tissues from both D and S 
subgenomes (19,805 1:1 high-confidence 
homeologous gene pairs ) 

Gordon et al. (2020, submitted) 
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Class 2: repeats that proliferated in B. stacei but not B. distachyon before 
 the formation of all B. hybridum  lines 
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Class 5: repeats that proliferated in B. distachyon but not in B. stacei  
before the formation of all B. hybridum lines 
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Class 6: repeats that show differential abundance in B. distachyon and  
B. hybridum  lines suggesting B. distachyon founder effects  
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Class 1: repeats that expanded after the B. hybridum D-plastotype  
Lines formed but that did not expand in the S-plastotype lines 
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Multiple origins of B. hybridum: repetitive 

kmer analysis Evolution of repetitive DNA families (k-mers) (polycracker): differently evolved repeat 
classes in the progenitor genomes and in the D and S subgenomes of ancestral and recent 
B.hybridum lines 



Shiposha et al. (2019) 

B. distachyon, B. stacei, B. hybridum ML plastid tree (nhdF, trnLF): 

Multiple origins of B. hybridum: 3 founder 

events 

(ancestral D1 and recent S and D2 

plastotypes) 



Taxonomy 

Brachypodium distachyon (L.) P. Beauv.,  
Essai Agrost. 101, 155, 156. 1812.  
Bromus distachyos L., Fl. Palaest. 13. 1756. 
Diploid, 2n=10 (x=5).  
 
Brachypodium stacei Catalán, Joch. Müll., Mur  
& Langdon sp nova., Ann Bot. 109: 402. 2012. 
Diploid, 2n=20 (x=10).  
 
Brachypodium hybridum Catalán, Joch. Müll.,  
Hasterok & Jenkins sp nova. Ann Bot. 109: 402.  
2012. 
Allotetraploid, 2n=30 (x=5 + 10).  

(Catalán  et al. 2012 )  



Taxonomy 
Basic statistics and analysis of variance detected eight phenotypic characters 

[(stomata) leaf guard cell length, pollen grain length, (plant) height, second leaf 

width, inflorescence length, number of spikelets per inflorescence, lemma 

length, awn length] that significantly discriminated the three species 

(López -Alvarez et al. 2017; Catalan  et al. 2016 )  



Taxonomy 

Some publications that recognize Brachypodium 

distachyon,  

B. stacei and/or B. hybridum: 

 
Bareither N, Scheffel A, Metz J. 2017. Distribution of polyploid plants in the 

common annual Brachypodium distachyon (sl) in Israel is not linearly 

correlated with aridity. Israel Journal of Plant Sciences 64: 83-92. 

 

Martínez LM, Fernández-ocaña A, Rey PJ, Salido T, Amil -ruiz F, Manzaneda 

AJ. 2018. Variation in functional responses to water stress and differentiation 

between natural allopolyploid populations in the Brachypodium distachyon 

species complex. Annals of Botany 121: 1369ï1382. 

 

Stace C. A. 2019. New Flora of the British Isles. 4th Edition. C&M Floristics. 

 



ÅGradual polyploid genome evolution revealed by a pan-genomic 
analysis of B. hybridum and its diploid progenitors 

 
ÅPotencial pre/postpolyploidization expansions of repetitive DNA 

families 
 
ÅMultiple founder events of B. hybridum (3 or more) 

 
ÅSterility barriers between B.hybridum D1 and S plastotypes (1.4Ma) 

 
ÅLarge divergence within the B. distachyon (1.5 Ma) and B. stacei 

(1.3Ma) lineages 
 

ÅMore than a trio of species?  

Conclusions: Annual Brachypodium polyploid model 

complex 



Perennial Brachypodium species: large diversity of species and cytotypes 
 

B. sylvaticum 
2n=2x=18 
0.92 pg/2C 

B. arbuscula 
2n=2x=18 
0.73 pg/2C 

B. mexicanum 
2n=4x=40 
3.77 pg/2C 

B. phoenicoides 
2n=4x=28, 1.46pg/2C 
2n=6x=36, 1.92pg/2C  
2n=6x=36, 2.18pg/2C 

B. phoenicoides 
 

B. rupestre 
2n=2x=18, 0.9 pg/2C 
2n=4x=28 1.51 pg/2C 
2n=6x=38, 2.26 pg/2C 

B. pinnatum 
2n=2x=16, 0.96 pg/2C  
2n=2x=18 , 0.86 pg/2C 
2n=4x=28, 1.48 pg/2C 

B. rupestre 
 

B. pinnatum 
 

B. retusum 
2n=4x=32, 1.71pg/2C 
2n=6x=42, 2.37pg/2C  

B. boissieri 
2n=6x=46 
3.1pg/2C 

B. retusum 
 

B. boissieri 
 

- Chromosome counting, flow cytometry 
- Neglected and new cytotypes 
- Small genome sizes except B. mexicanum and B. boissieri  

MINECO, JGI-CSP 503006: Reference genomes: B. sylvaticum (Ain1, pangenome), B. arbuscula (Barb01),  
B. mexicanum (B347)  



Brachypodium perennial species:  

ancestral, intermediate and recently evolved 

lineages Identification and origins of homeologous subgenomes of allopolyploids: phylogenomics of 11 species 
(5 diploids, 6 allopolyploids) spanning different depths of the Brachypodium tree  



Sancho et al., 2020, submitted 

Consensus diploid skeleton tree 

Nearest diploid species node algorithm 

Brachypodium perennial species:  

Origins of homeologous subgenomes of allopolyploids 



Subgenome assignation algorithm [PCO + minimum spanning tree; bootstrapping (ellipses)]: 

Brachypodium perennial species:  

origins of homeologous subgenomes of allopolyploids 



Brachypodium perennial species:  

origins of homeologous subgenomes of allopolyploids 

άŀƴŎŜǎǘǊŀƭέ 

άintermediateέ 

Core  
perennial 

B.stacei 

B.distachyon 

(X=10) 

(X=10) 

(X=5) 

(X=5) 

(X=9) 



Nuclear subgenome tree 

Sancho et al., 2020, submitted) 

Plastid tree 

Brachypodium perennial species:  

origins of homeologous subgenomes of allopolyploids 

B.mexicanum-4x 

B.retusum-4x 

B.boissieri-6x-8x 

B.rupestre-4x 
B.phoenicoides-4x 

B.hybridum-4x 

2n=40 (x=10+10) 

2n=30 (x=10+5) 

2n=46 (x=10+10+5)* 

2n=32 (x=10+6*) 

2n=28 (x=9+5) 



Brachypodium: Evolution of karyotype  

Lusinska et al. ( 2019) 

άŀƴŎŜǎǘǊŀƭέ 

άintermediateέ 

Core perennial B.stacei 

B.distachyon 

A? 
Bsta? 

(karyotype barcoding) Lusinska et al. (2019) 



Brachypodium: origins of allopolyploids 

όά!έύ 

(A?,B?) 

(D) 

(B) 

(D) 

(H) 

όά9έύ 

B.mexicanum-4x 

B.retusum-4x 

B.boissieri-6x-8x 

B.rupestre-4x 
B.phoenicoides-4x 

B.hybridum-4x 

2n=40 (x=10+10) 

2n=30 (x=10+5) 

2n=46 (x=10+10+5)* 

2n=32 (x=10+6*) 

2n=28 (x=9+5) 



ÅMeso (B.mexicanum), intermediate (B. boissieri, B. retusum), and 
neo (B. phoenicoides, B. rupestre) allopolyploids 

 
Å5ŜǘŜŎǘƛƻƴ ƻŦ ƪƴƻǿƴ ŀƴŘ άƎƘƻǎǘέ ώ! όŀƴŎŜǎǘǊŀƭύΣ 9 όƛƴǘŜǊƳŜŘƛŀǘŜύϐ 

homeologous subgenomes in the allopolyploids using transcriptome 
data, multigene phylogenetic reconstruction and subgenome 
detection algorithms 

 
Å/ƻƴŦƛǊƳŀǘƛƻƴ ƻŦ ǘƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ǘƘŜ άƎƘƻǎǘέ subgenomes (A, E) in 

the allopolyploids through karyotype barcoding 
 

ÅCore perennial clade: cryptic species and compilospecies 
(genetically aggressive species that often incorporate portions of 
the genomes of closely related sympatric species through extensive 
introgression) 

Conclusions: Perennial Brachypodium polyploid 

species 




