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Meiotic alterations drive karyotype evolution

Cai & Xu, 2007
Review by Heslop-Harrison and Schwarzacher, 2011
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Species A 1 é

Tang et al, 2008 (Paterson lab) ) A &
Ancestral 1 B

species C o

Species B 1 B

A

COIIInearIty Species A{é

c
Ancestral é

species C A

Species B{ B

c

https://www.integratedbreeding.net/courses/genomics-
and-comparative-
genomics/www.generationcp.org/genomics/index42b0.h
tml?page=1146

Macrosynteny
Bonierbale et al, 1988 (Tanksley lab)

Chromosomes of potato (top) and tomato (bottom)

1 2 3 ] 5 . 7 . » 10 " 2
2 ° 4 % TGS
‘«
12 " " corr  3fIoH
d oz N speoe
H 2 H (C0%A 2 frosrax
25 3¥romrons | Secos  *frax
" § Jyosras M
ro12e cos 13
10 ¥ cnn’ u con?
7 RS, oe v
3 A M 1 cos
2¥rom 3
.
i
1 2 3 4 s . 7 . ’ 10 1" 12
08
r.: o ’.Ms ,k’:‘: sflrars cout oo o0 coz 2 [Jron o122 R coz
0 7
[ tcor o] rorss PR cose 2 " . 1% con
? " JO04s
it @ - - con » raro 2 ¥eon M 2
N 10) R 10 | 108
%0 010 | /o
» P :n (Jeowe | e 2 | 2 Yoo L
16138 ] 128 cos 6103 A 3
. 13 sraes 'c: 10 * feos To%
7 4cons 7 ofeoss Hrax N o ’ pcozie
ror 129 ihrog " 10 U .
‘. corz
. s « s i : 4’9"' cose o 4 W s fcoz
" Lco 10 ot
O . . o
R 1014 1 rorae " Tox £
To% b z Lcow ES $4:4 o1 rarm 08
" P P 8 .<o¢-
oz TG131A 7\ roes o83
= ofeoe oz Ta134 *] ‘:m - 1270
brom . Fcoss O
. CO 1) o198
o con o118 ©0328,c08
" sfroa
Roced
"
» (N
» " ToM
.
7 24
d
12
praz




VII-A - Karyotype evolution Spring 2025 | page 3

Tanksley et al, 1988

Tomato and bell pepper: A case of speciation with major chromosomal changes
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Rice 430 million base pairs (Mbp)
Sorghum 760 Mbp
Maize 2,500 Mbp
Sugarcane 4,000 Mbp
Wheat 15,966 Mbp
Devos, 2005
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Cereal circle based on
ancestral monocot

chromosomes
Bolot et al., 2009

Lovell et al, 2022
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Evolution of chromosome number

Review by Mandakova & Lysak, 2018; Mayrose

& Lyasak 2021 LARGEST CHROMOSOMES SMALLEST CHROMOSOMES
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Dysploidy in the genus Pennisetum. Akiyama et al., 2011
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Trends (and only trends within a genus)
Stebbins

Chromosome number vs linkage
Stucky & Jackson, 1975

Selection
usually
pushes
populations
to the top

n gamete number .

4 256 £

5 1024

6 4096

7 16,384

8 65,536

9 262,144 ;’tizge/}www discovermagazine.com/health/a-

10 1,048,576 thousand-little-adaptive-platoons after Sewall
Wright

e If each Il is heterozygous for 1 locus, then the
number of gametes possible is 2"
e |If 3 1CO/II, then gametic number = 4" (shown in table above)
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Mechanisms of dysploidy

Darlington, 1937

1) Progressive reduction or descending basic aneuploidy
Darlington, 1937

points of breakage & interchange

Orignal  chromosome / \ inert  region
compleinent (two  pairs)
Al A2 81 82
Translocated 5 \
chromosorr.e f \ TN
complement / / \ &

e PSS
v (“_

inert chromosome which
is lost

Schubert et al, 1995

symmetric reciprocal translocation
(‘head to head')

1.
| -

-

N i

('head to tail')

| page 8
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End to end fusions
Mayrose & Lysak, 2021; Lysak, 2022

A = B = = c (] —
’) # v 1 E! |
of 7T LT

# Y L . |

Schubert & Oud, 1997

Example
Lysak et al, 2006 (Shubert Lab)

Arabidopsis ancestor had 2n = 8. Arabidopsis is 2n =5:

| = inversion; Ipa = paracentric inversion; Ipe = pericentric inversion; T = translocation; F = fusion

A. thaliana (n=5) A. lyrata AT
: JF3 A. lyrata
i (n=8)  AK1 AK2 AK3 AK4 AK5 AKBG AK7 AKS

~10 mya
Ancestor (n=8)

T2/|pallpe/F2
13/T1/12/F1 i
C.rubella L F3
(n=8) ~5 mya A= Serg 5>
AK1 =
AK2



VII-A - Karyotype evolution

AT2
AT3 AT3 AT3
Ipa Ipe !
T2 F2
= = lﬁ?
!‘ ! AKSEi g i
AK3 B AK3/5
AK5
AT4 AT4 AT5
T1 ! F1
!4—»! => le B[l = ! i !
AK7 AK6/7 AKGIT 11 g
AKB
AKS

AT1 AT2 AT3 AT4 ATS

T2 12

F2>/|pallpe

F3-»f I

Centromere fate
Han et al, 2006;

Spring 2025
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Mandékova et al, 2010
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2) Progressive increase
Darlington, 1937
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Multiple translocations
Schubert et al, 1995

decrease

of chromosome
number (not
directly reversible)

increase

3) Progressive reduction + polyploidy

4) Polyploidy > progressive reduction

5) Robertsonian fusion/fission

Breakage
and
- ® rejoining n
——
Fragment

(usually lost)

Normal, nonhomologous, Robertsonian
acrocentric chromosomes translocation
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6) Number increase via a Breakage-Fusion-Bridge Cycle

Fuchs et al,

7) Chromosomal insertion into centromeres

1995

Luo et al., 2009
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Diploidization
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Dysploidy + Fractionation = diploidization

A

B

Current Opinion in Plant Biology

Figure 2. From Wendel et al, 2018

Figure 3. From Edger et al,
2018

Deb et al, 2023

a) N formed allopolyploid W .
(o) ‘Hawty 5 B P :p Genetic divergence Allopolyploid Diploidization
o T between diploid formation Diversification
x x x X progenitors Prevalent and recurrent b
2n = AABB )-%
l ; & e » € 3¢ L
(b) Homeologous exchanges \ «lﬂ'
Afi J tar # Chromosome rearrangements
ceslol # Loss of duplicated genes and chromatin
species » Gene neo- and sub-functionalization i
_ ® Epigenomic modifications (e.g. small -
2n =BB d RNA, histone modifications) EJEJ N
% Homeolog bias and expression- \
level dominance /
- - _ o
(c) Homeologous exchanges TE divergence!  TE activation ® Lower expression in TE-rich subgenome!
a The centrality of TE proliferation and silencing # Genome dominance
#» Biased fractionation
Mutation, selection and drift
(d) Diploidization Evolutionary time
(8) = Current Opinion in Genetics & Development

g)
Cytological diploidization of allopolyploid with o
Newly formed homoeologous exchange over successive generations Diploidized
AllOPOIYPIOId === == m e e e e e e e e e e e ———— allopolyploid
j AAA J
X X
B
ol |lo | ! |
— —e T T HE I H reermcaaaas —y

\_E.
Sister chromatids

of each homologs

Homoeologous
chromosomes

T_]T
Mosaic homologous
chromosomes

consisting mix of
both homoeologs

Multivalent pairing between homoeologous chromosomes
and inheritance of fixed and de novo homoeologous
exchanges during early generations of evolution

Complete diploidization
including base chromosome
number reduction
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Diploidization is a gradual process
Li etal, 2021 (Barker lab)

Polyploidy (WGD) Diploidization completed
v \"4

Paleopolyploid

Diploid (diploid)

Polyploid state [ ] Diploidized state

Neopolyploid Mesoploid

ol
-
M

Cotton Soybean Tomato

Paleoploid

2n=4x=52o0rn¥% =x=13 2n=4x=400r2n=2x=40 2n=2x=20 2n=2x=24
(40K x 2) genes 55K genes n=x=10 n=x=12
42K genes 31K genes

Evidence of polyploid ancestry in

modern diploids
A diploidized polyploid
Cacao, 2n=2x=20
Argout et al, 2011
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A mesopolyploid (in the process of becoming a diploid)

Soybean 2n = 2x/4x =40
Schmutz et al, 2010

Cycles of whole & sorghum

genome dOUbIIng Saccharum (sugarcane)
Adams & Wendel, 2005

Zea (maize)

Oryza (rice)

Triticum (wheat)

Hordeum (barley)

L ersicon (tomato)
B |_ ycop (
A 4

LO Solanum (potato)

40 Helianthus (sunflower)

_O_ Lactuca (lettuce)
150-170 —@ Glycine (soybean)

Medicago truncatula
—MO—OL"Z Gossypium (cotton)

Arabidopsis thaliana
25-40 lj( ; Brassica

Current Opinion in Plant Biology

225-300+
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These WGDs have been

given names

Jiao et al, 2011

Estimated divergence time (Myr ago)
350 250 150

Ancestral
sead plant

Spring 2025 | page 17
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Gymnosperms

A,

]

Selaginella moellendorffii

Putting all the mechanisms into action

2X—12

Diploid 2X= 14
4X= 28
Neopolyploid
Diploid

Paleopolyploid

Polyploid
Neopolyploid

Physcomitrella patens

2X—10 Dysploidy

/ ax= 24\ / 4X=20 Autotetraploidy

4X-26 4X-22
2X-26 2X-20
zx 24 \2x =18
4x_52 4X=48 4x-4o 4 =36
ax= 44

2X-44

Allotetraploidy

Diploidization

Dysploidy

Autotetraploidy

Allotetraploidy
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Wendel, 2015
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Polyploidy in plant lineages

Cheng et al, 2018

——

Spring 2025
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Cucumis melo
Cucumis sativus
Citrulius lanatus
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Malus i
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Prunus murme

Ci
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Glycine max
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Lofus jap
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Manihot I
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Linum usitatissimum

Populus trich
o

pus -
;I:hem.rngv_e{;a parvula

Arabidopsis thaliana
Arabidopsis lyrata
Arabidopsis halleri *
Boechera stricta *
Capsefla grandifiora *
Capsella rubella *
Carica papaya
Theobroma cacao
Gossypium raimandii
Gossypium arboreum *
Gossypium hirsutum *
Cifrus sinensis *
Citrus clementina *

plus grandis
Vitis vinifera

N
Mimulus guitatus *
Beta vulgaris *

Dicots 71

indicurm
Fraxinus excelsior
Olea suropaea
Lactuca sativa
Daucus carota
Nelumbe nucifera

hypochondriacus *
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Agquilegia formosa

il
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gquﬂeqfa cofmfaa g
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Hordeum vulgare n
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Pamtm_w’fr‘?.mm 2
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Musa acuminata
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2! o

I_._Il
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\sparagus o
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Angiosperms

OB——

poly
Zostera marina
Nuphar advena

Gymnosperm:

Sop.
Pinus spp.
Picea spp.
Larix spp.

f spp.
Taxus spp.

Cephs spp.

a p
Gnetum spp.

He

Ephedra spp.
Ginkgo spp.
Cycas spp.

Ci
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Orthologs

ORTHOLOGOUS GENES

Come from an ancestral species

— .
. http://biol.lf1.cuni.cz/ucebnice/en/qlossary.htm

Initial paralog
formation
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Speciation :

Gene A

Genes that started out as paralogs in

an ancestral species remain paralogs.
electronica.org/2000_1/retinal/fig17.htm

Hybridisation :
: Gene A,
& orthol
S rthologs
& Hybrid 8 Orthologs become homoeologs upon
spectes = allopolyploidization
2:: :: j g https://en.wikipedia.org/wiki/Sequence _homology#
§ /media/File:Homoeology.svg

Gene A,

Role of paralogues

Kerwin et

| page 21

al, 2024
SIASAT1-L
B AACS SIAACST SIASAT1 SIAECHT
2 AECH . ( *—é—’w A (0.57 Mb)
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| B (0.08 Mb)
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| B (0.08 Mb)

| A(0.64 Mb)

4 B (0.10 Mb)

| A(2.81 Mb)

2/ B (0.05 Mb)

| A (11.02 Mb)
| B(0.14 Mb)

| A(6.79 Mb)

| B (0.05 Mb)

1) A(0.68 Mb)
| B(0.27 Mb)

-
| A(0.14 Mb)

| B(0.10 Mb)

| A(0.26 Mb)

1/ B (0.09 Mb)

I. trifida

5| AB (0.07 Mb)

c. hora  |w®

S| AB (1.71 Mb)

V. vinifera |- L

5— | AB (0.10 Mb)
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Paleogenomics
Murat et al., 2017; Pont et al., 2019

Ortholog
identification
= pPGs
[Putative protogenes]

¥

Synteny
identification
2>SBs
[Synteny blocks]

Ancestral
chromosome
=» Core-pPGs

[Core protogenes]

Protochromosomes

‘ f \ ! \

Ancestral
genome { ‘
3 0PGs Protogenes _“-l—l-“—l—l Ii“lli

[Ordered protogenes]

Paleo-cent. AEK4 %

Cacac N jca( i | JesC Il cio

Peach [ I JPHl e e | JP2

Grape LI Jce [ NN JGa | | | ]G13
Tel. 4 Tel Tel. +» Tel. Tel. 4—b  Tel

Cent. Cenl. Cenl
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Pontetal., 2019
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