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Repetitive DNA

Genes

Non genes

Arrangements
Flavell, 1980

Tandem
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NOR
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Microsatellites a8 i bibidial
Zietkiewicz et al, 1993 L0 LTIy g

Original gel image of 24 soybean genotypes with 5
fluorescent-labeled SSR loci. Akkaya et al., 1992
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Minisatellites
Schmidt et al., 2000

) ACGEC GCGT

Reverse or inverted s T
ACGC

Interspersed C , ,
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Mltochondrlal DNA

Lough et al, 2008 (Birchler lab)

Arrowheads indicated mitochondrial DNA that has been integrated into the genome.

Chloroplast DNA
Roark et al, 2010 (Birchler lab)

YYYYY y yyy

[++]
w
~

YYYY ywy

Huang et al, 2003; 2004; Sheppard et al, 2008
6 to 22 kb fragments
o 1event per 16,000 pollen grains
KanR+ transgene in chloroplast with
nuclear promoter
o 1per11,231 plants via male
gametes
GUS transgene
o Somatic transfer 1 per 18,000 leaf
cells
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Pararetroviruses
Staginnus & Richert-Poggeler, 2006

Speciation Plant genome hybridization
“ = = = 8B =0
Ancestor plant [2> = = §>}
= = ks
o = R ﬁ@;
® ©f

= = & = | —
= = o= TR
t QO
Key
%?:;izzﬁigls T Loss of EPRV b Episomal virus @
plant genome

Stagginus et al, 2007; Liu et al, 2012
https://www.le.ac.uk/biology/phh4/prv.htm#eprvs

Recombination EPRV— O
Activatable EPRV ~ —  EPRV amplification 0 episomal PRV genome =7

Degenerated EPRV ---  EPRV activation \ :&sr"r:‘:‘l:,:g:aﬁ i @

TRENDS in Plant Science

Transient integration

Stable integration

Rice, Indica (93-11)

Rice, Japonica (Nipponbare)

88

Viral insert Virus
number
74

rice tungro
bacilliform

rice tungro
bacilliform

Tomato
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COMMUNICATIONS

Home About the journal Authors and referees Browse archive | Search
Take part in Nature Publishing Group's annual reader survey here for the chance to win a Macbook Air

nature.com » journal home » archive by date » november » full text

NATURE COMMUNICATIONS | ARTICLE OPEN o =

Banana Streak Virus Endogenous florendoviruses are major compor!ents
of plant genomes and hallmarks of virus evolution

Andrew D. W. Geering, Florian Maumus, Dario Copetti, Nathalie Choisne, Derrick J. Zwickl,

Geerl ng et al, 20 14 Matthias Zytnicki, Alistair R. McTaggart, Simone Scalabrin, Silvia Vezzulli, Rod A. Wing,

Hadi Quesneville & Pierre-Yves Teycheney

Affiliations ' Contributions | Corresponding author

Nature Communications &, Article number: 5269 | doi:10.1038/ncomms6269
10 July 2014 p 15 Sep 2014 | Published 10 November 2014

Other genes from horizontal transfer
Kyndt et al, 2015 Stavnstrup et al, 2020

Natural GMO? Sweet Potato Genetically Modified
8,000 Years Ago

h starn

Wang et al, 2020

A Epichloé fungus Th. elongatum Fhb7(+) Wheat Fhb7(-) Wheat

PAOGODPORA POORROODd POCRORRd PODODDDa PO\ \\
Fhb7 . ____” ~ FIGHTlm‘

Fungus-plant X o
horizontal gene transfer Distant hybridization
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El Baidouri et al, 2014 (Jackson lab)

Hibdige et al, 2021

2 million gene
HOME | ABOUT | ARCHIVE | suBMIT | suBsd] tranSfers
Institution: Ge between plants

Widespread and frequent horizontal
transfers of transposable elements in
plants

Moaine El Baidouri!»2, Marie-Christine Carpentier!, Richard Cooke!,
Dongying Gao?, Eric Lasserre!, Christel Llauro!, Marie Mirouze3,

Nathalie Picault!, Scott A. Jackson? and Olivier Panaud !4

Mo. of LGT per
1000 genes
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Summarizing the various sources of horizontal gene transfer

Bock 2009

TRENDS in Plant Science
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Transposable Elements

Kazazian, 2004

DNA transposons

Retrotransposons

Wessler et al., 1995; Brandes et al., 1997; Kumar & Bennetzen, 1999; Moore,
2000; Bennetzen, 2000; Kazazian, 2004; Orozco-Arias et al, 2019

Internal Domain
5'LTR 5" UTR gag ap int rt-rh 3'UTR 3'LTR
PBS, DIS, PSI PPT
Coding Region
Internal Domain
5'LTR 5'UTR gag ap  rt-rh int  3'UTR 3 LTR
PBS, DIS, PSI PPT

Coding Region

Copia Family

Gypsy Family

Genes contained: gag- for
intracellular packaging of the
RNA,; encode for viral particle
coat; RH = ribonuclease H; RT =
reverse transcriptase; int =
integrase (to provide enzymatic
activities for making cDNA from
RNA and inserting it into the
genome); PR = protease; EN =
endonuclease
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D'Hont et al, 2012

Chrd Chrs

NG

v,

. Genes (exons)
- Genes (introns) Gypsy

. Copia

Chré Chr7 Chr8 Chr9 Chr10 Chr11
< - ¥ <

Location and importance in the genome

) ~0 Mb
7 f ¥
:
$ ¥
10 Mb
$ < =20 Mb
1 ¢
1 )
3 .
kS
% ¢ i
! { 130 Mb
S 4 =
&
L 40 Mb

Differences in retrotransposon patterns in different inbreds of maize

Wang and Dooner, 2006
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LINE 5 —— Gag—} Pol { 3

P | SUTR e EN| RT | RNASE H FNA=3 UTRAATAT....(A), . | [

Wenke et al, 2011
SINE g 3

— [ [T | |4

Number of retrotransposons in a plant genome
Joseph et al, 1990 DOI:10.1007/BF02099941

Del 1 in Lilium spp

Leeton and Smyth,1993 DOI: 10.1007/BF00282789

Del 2 in Lilium speciosum

Manninen & Schulman, 1993 DOI: 10.1007/BF00027369
BARE1 in Barley

Moore et al, 1991 DOI: 10.1016/0888-7543(91)90334-B

Bis-1 in wheat
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Relative abundance in genomes

Bennetzen & Park, 2018

VVvvvy

Maize Cotton

Vitte et al., 2014

[l DNA Subclass I

[l DNA Subclass I

Il DNAMITE

B DNA Unclassified

B Retro LTR Copia

B Retro LTR Gypsy

[ Retro LTR Other

B Retro non LTR

I Retro Unclassified
TE Unclassified

Retrogenes

Qil palm

</ Genome size
- Retroelements

W DNA elements

vV

Soybean Tomato Apple Banana  Grape Arabidopsis
Poplar
Papaya 35.0 Soybean
519 i 503
Rapeseed y R
(B Meln
A
Orange ¥ Strawberry

" ‘
Grapevine
215 y
Potato 7 l
s G A
4
fomato ;
632
(]
Olive :
512 ‘v’
4
Sunﬂov\cr‘ % X ra ‘
81 o g )
*ow!® @
Barley P . ¥

Norway
| spruce
a 70.0
!! !" Date palm

384

~ Banana
821 ‘ 437
Wheat e ‘ Foxtail millet
819 . 46.4
Rice Maize
395 Sorghum 842
60.2

Wang et al., 2006; Elroubi and Bureau, 2010

0
I
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Zabala and Vodkin, 2005; 2007

W

1987 lllinois — Wp mutation

Tgm insertion

5722 bp
Intron | 1383 bp .
e iiemzmeemmsos[ iR 718bp
ATG I i el
wp allele 9219 bp
flavanone-3-hydroxylase =~ PNA 1425bp
Genomlc sequence Ac#: U64200
<* 1697 bp
TCA ey S — — - P TGA
2 A 5722 bp
o / : v !
CDC2 FPKFB2 MDH (o
Clone ID: Gm-c1028-3313 Gm-c1035-5619 Gm-c1061-4468 Gm-c1052-4277
GenBank Ac #: AW704002 BM307914 BM731251
mRNA: M93140

BQ253507

by
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Transposable elements & mutations
Kazazian, 2004

Allele creation
Eg, Giroux et al, 1996

Eg, Montgomery et al, 2024

GRso= 2187g GRso=462g f y GRso= 88g " GRso= 138g
GRs=55385g GRso= 5689g 4 4 GRw=451g GRoso= 289g

Dicamba (g/ha)

3 1 }
LA
0 140 280 560 1120 2240 280560 1120 2240

Photo: Wu et al, 2020. Pest Management Science, https://doi.org/10.1002/ps.6080

Gene knockout
Eg, Volimann & Ruckenbauer, 1997
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Kobayashl et al 2004 Review by Llsch 2013

LTR retroelement

Jo & Kim, 2020

B2/bHLH
o il |1>
B2F12 B2 [—”—ID

Chromosomal reconfigurations
Zhang & Peterson, 1999

Change expression patterns
Palaisa et al, 2003 (Rafalsksi lab)

phytoene synthase ’ TN\
Geranylgeranyl pyrophosphate’,L) phytoene Q
\ wl
/’ - I . ..-‘~
\ 4\
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ang et al,

| | | | 1 kb
[— —
| e — \\

N 2000 bp

S 10

-

— 250 bp

100 bp

Granny Whilte

Indo Hanfu
smith pearmal

Orin

Butelli et al., 2012; Review by Lisch, 2013

A B Cc D

o &
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>
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Valencia
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Summary of major changes
Review by Lisch, 2013

New splice sites : 2 AR muu\»u
. b Transposon

termini

NNV VT

New promoter or Hybrid proteins

transcription start site/\ /\

AAAAAA
—
Excision-mediated rearrangement

[N A

LA S P —————

Insertion into repressor

Transposons affect gene expression in the vicinity
Makarevitch et al, 2015

__35 -
§ 25 . Mo17
S 20 0Oh43
E 1.5
_‘2 1.0 -
205 -
=00 -

0.5

Gene 1

TE i + + ++ + + + + + +

presence
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Anderson et aI 2019

Mb

800

600

200
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TE order
2000 LTR
TIR
Helitron
» 1500 LINE &
254 Mb 5 SINE
Mol7 unique S 1000
500
0
Genes in  Genes in
248 Mb Shared TE Variable TE
W22 unique
89 Mb
W22 Mo17
TE within 5Kb upstream
457 Mb 84 Mb TE within 1Kb upstream
Shared with all 873 PH207 TEinoee
83 Mb 30,752 18,699 5,802
B73 W22 PH207 ngg ,MB 230 Mb AllTES  (1g563) (10.232) (4,492)
R h Y bnsvenm
106 Mb 93 Mb ;
Variable 20,554 10,513 3,070
BIANER RelT Ll TEs (12,341) (5,382) (2,133)
All genes
4 3 2 1 (Syntenic genes)
Genotypes with TE
Modified from Biscotti et al, 2015
Organelle sequences |
from chloroplasts or é Nuclear Ger}es, regulatory and non-
mitochondria Genome ’ coding low-copy sequences
Sequences from /
viruses & other
microorganisms
Transposable elements Repetitive DNA sequences 455 and 55
& other genes from rRNA genes | Other genes |

other higher plants

‘ Dispersed repeats ‘

| Transposable elements I

| Retrotransposons | | DNA Transposons |

\

Tandem repeats
Satellite sequences

Simple sequences
repeats or
microsatellites

v

Blocks of tandem

repeats at discrete
chromosomal loci

Autonomous/
non-autonomous

Pseudo genes & dispersed
repeats that we don’t know
about

Repeated genes

Structural
components of
chromosomes

VR

repeats

Subtelomeric

Centromeric Telomeric

repeats repeats
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Movement of DNA in the plant genome

Belyanev et al., 2000

!— Eilﬂkbr X sﬁelt L\
i : .

Wheat graphic from

Movement by transposon capture

Malacarne et al, 2012

Movement during double strand break repair
Freeling et al, 2008;

Gene numbers

mSyntenic  m Non-syntenic

2500

17
in

I
o ™
o ~
&

@
o

2000

Wicker et al., 2010; 2011

1500

1000 -

500 +

Genes sampled in dataset

0_

] 1AS 1BS 1AL 1BL : ]
Wicker et al., 2011. Syntenic & non syntenic genes in

chromosomes 1A, 1B, 1D and 1H

1H

@
c;ﬁ__
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chker et aI., 2010 2011

Mutator Transposable element
H cleaves host DNA for insertion
TGTAGAATAAATAATGT
ACATCTTATTTATTACA
Insertion
TGTAGAATAAAT: GAATA === ATGT .
ACATC---TTTAWCTTATTTATTACA TSD production

Double-strand

gg{u‘cngrrrg PIRAIA ey break occurs
ATTIATTACA  during TSD filling

NVA\YA\V/ANY, VNN 3 overhang

13' SRARTA- > / invades

SAATAAAT ATGT H
31"1‘”!"!‘\3 ArTTATTACA  [oreign dsDNA

4
AATA ATAAATA -« «
sSvrrar| 81924450 fpppprpy —=/

ATAAAT. GR <

First strand synthesis until a motif complementary to the second
3' overhang is found. A foreign gene is included.

TGTAGAATAAR ANTAAATAIR 1024450 |A\TAMATAATGT
ACATCTTATTTAT| CT pess Bd1924450 ITATTTATTACA

Most non-syntenic genes are not expressed; i.e., they 20 -
are pseudo genes X axis is size (kb) of DNA fragments. Y axis represents the number of

fragments in each size class

[t Kiind -y

80% u]
- " |0 Unclear |
B5%
70% T 5% — B4 ] 12
1 e 6%
w 0BT B 10
20
§ 2 50% 1 .
5 ]
"O_E | | 1% 3T% 3%
0540% % 3% [5
B o IR
gﬁﬂﬂﬂ‘r* 4
£ 20%1-
a3 2
10% 1 o : AL n m
- 0N M YT N W~ 000 - 0M T DO~ 00 Q9
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Chromothripsis, chromoanasynthesis & chromoplexy
Guo et al, 2023

AB C @ AB C @ (= °®
‘. - BC @ ¢ b e
e G l
l Ir--H---_.f

- ® L-—-} 4 - L ]
% ! A €

wews IO ® B0 e
Chromothripsis Chromoanasynthesis Chromoplexy

Trends in Genetics

Carbonell-Bejerano et al, 2017

COXCX X

A BC%QX@/

0\ [P] Q
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Repetitive DNA & chromosomal
reconfigurations

Gaut et al., 2007
Translocations
Inversions

—E-Gu-Gu- DD -

¥
-8 -

\} >

Amplification and deamplification of

repetitive DNA I
Unequal crossing over oSS me
Flavell, 1985; Jelesko et al., 1999 I i Aberrant recombination
O— ABC ABC [EL]
O————TE1]

https://eichlerlab.gs.washington.edu/research.html

Unequal crossing over

Allele creation



. VIl-B I-Reeetitlive DNAI Serilngi 20251 PB(13G 8890,1Plant Cytogenetlics 1 Page | g%

E.g., al locus of
If homologous chromosomes
- misalign during crossing over,...

maize
Yandeau-Nelson et al, 2006

Ly
4
( (Y
“ |
Repealq ‘
sequences
‘k} o o
Alignment Misalignment Unequal crossing over Deletion  Insertion
https://www.nature.com/scitable/topicpage/genetic-mutation-441
Patterson et al, 2019 — =
) [ mee
- - 32.7kb repeat
—— I i Merehemaiony
(0:"9“] lG::II
o~
\
~ —] O O-—
Kochia contains ins, alkaloid | and ni that can be toxic to livestock, so it \ .
must be controlled in their diet. | File photo
Kochia is one of the Prairies' more damaging weeds. —
—{ O e
https://www.producer.com/2015/06/weed-of-the-week-kochia/ = o oo
‘
—) I e e T
32.7 kb repeat
et
—_—{l O
—é O
¥
—d O I o ey T o )
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Replication slippage/ stutter

Strand et al, 1993

Intrastrand recombination
Flavell, 1985

Recombination

e

SN ON ON PN VI 0m 0= 0= Cl——
l
— b
B == V= N—
;rc>:> L

—_ -r{)r"\ t:">c—_|'>f:'>(—’\>(—(> N
=
— OO DT —————
Ny

EENDS > /U N NSNS
DD DH———

IQ%_* @ ﬁ \*_' y,_' ,

SIMPLIFIED SCHEME

Cohen et al, 2008
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Cohen et al., 2008; Navratilova et al., 2008

—> {5t 5S rDNA - Arabidopsis 58 rDNA - B. dichromosomatica
l Opoen circles

2nd

{ s

Linear
dsDNA
Supercoiled

ssENA

+ DNase

+ DNase

Eg, Taketa et al, 2015

sl s2 N ml m2 sl s2 S ml m2

H. jubatum H. suatemalense

Note the 2 extra NOR sites in H. guatemalense relative to H. jubatum.

Concerted evolution

Unequal crossing over
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Gene conversion

Tandem duplications

A C (G

........ i. .E.-.&..........}Donor
[C ] T ] A ]
G A 7] }Aooeptor

Strand invasion and
heteroduplex formation

u Mismatch repair and synthesis

of complementary sequence (—-»)

A C ,\; ------
5T ??j
..... A LC] 1G] R
ﬂd— e e e G G G A —
G\ Aer T
5 cl Gl
o o g 4
http://obiweb.bcgsc.ca/medgen/medgen520/Blocké_files/im
age011.gif
i Melting flesh

& . ‘ endoPGM  endoPGM

Clingstone

Clingstone

Melting flesh

Non-melting
flesh

.Guetal, 2016

P N

“ - ‘ o

v

'
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chiml etal.,

GATCATGTGTTGCCGATCTPTACCGGA. . . CATGTGTGATCTTCTCAGGATCAACACCGAG
CCAGGA
(ARAN

CGTCCTCTAGTACACAACGGCTAGAAATGGCCT. . . GTACACACTAGAAGAGTCCTAGTTGTGGCTCGC

5...
8 \ - »
— Geeeesabsassd B GATCTTTA 1 1T
| LERRN 1 g e
ACACTAGAA 4 .............. —
\ 3 5
5 l
AN L
TCATGTGTTGCCGATCTTTA: GA ATGTGTGATCTTTACCGGA. . .CATGTGTGATCTTCTCAGGATCAACAL NHEJ
AGTACACAACGGCTAGAAATGGCCT. . . GTACACACTAGAAATGGCCT. . .GTACACACTAGAAGAGTCCTAGTTGT(

Genome expansion and contraction

Shirasu et al., 2000
Hawkins et al., 2009

LTR UTL GAG AP IN RT-RH UTR LTR
A
0
| i
B [
C

p -~ | -emp— — -
. A: Structure on an LTR retrotransposon. B: Barley DNA showing LTRs, but not the middle
sequences. C: the retrotransposons that must have been there. D: A proposed mechanism for
the loss of the internal sequences
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SoyWO3 (10)
SoyCO5 (13) Box1 .8 soycot
SoyC06 (11) Syntenic blocks 7 '.
SoyC12 (10) Inversions “
Wang et al, 2021 (Ma lab) s S0t (10 rienivormenl
) ° SoyL07 (10) oqu !
& »  NBSLRR genes
SoyL08 (10)
SoyC07
SoyC14 (10)
PR 53 & BB W b e
_ SoyCO3 (14) ”."-&:i???
s yLO4 (10)
g W05 (10)
ZHIZ (@) M NOPR O P
SoyL02 (7) Box 1 e -
SoyLo1
SoyWoT1 (7)
- PR SoyCo7 (16)
.= S SoyCo1 (17)
= _ = > » SoyC11 (21)
o
3 - SoyC10 (23)
(2] - SoyCo2(12)
—a——a——— B8 Soyl05(7)
—eaaa—»—»»SW026)  Box2
Box 3 Box4 pP=33x10"
-8B — S0)L09(5
3 yLO9 (5) 5 © —
— SoyC09 (10) W05 —m>———— e
. -
> “ - SoyL01 (11)
s SoyC04 (8)
[ Wms82 (8) PI594527 S &
© SoyCo8 (8) TSR Rpst1
SoyC13 (8)
L —e—a——»m® w5003
T T T T T 1
0 200 400 600 800 1,000
Phvsical Distance (kb) - —
3 Wms82 (8) Pisoas27 mm——  F | RS Lo
° - SoyCOB (8) TSR Rpst1 TSR TSR
SoyC13 (8)
L e —a——»me w5003
T T T T T 1
0 200 400 600 800 1,000

Phvsical Distance (kb)

Source of genetic variation
Eg, Rasmussen & Phillips, 1997

“Plant breeding progress and
genetic diversity from de novo
variation and elevated
epistasis”

https://www.flickr.com/photos/53400673@N08/12921979305
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Genomic shock

The significance of responses of the genome to challenge
McClintock, 1984

_ BARBARA McGLINTOGK

GENETICIST
= v o A\ W
e ;. 3 o
o

Activation of retrotransposons &

transposons

Flax genotrophs
Durant, 1962,

Y \
\\
\|

Cullis, 2005 Large and Small genotrophs of flax.

//o(menl

L--controle - - (= === - = — - == .
\ozmen"
]

110

Evans et al, 1966; Cullis, 1974

2
&
T

g

DNA percentage of control

©
@

00
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Chen et al, 2005 Henlkoff 2005
N
content

Ribosomal DNA
content

LIS-1 appears |

Time from germination ==

Effect of Tissue Culture
DePaepe et al., 1982

/’/
A"

1o 7 -
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DNA content of doubled haploids of tobacco

Joachimiak and IInicki, 2003

Grandbastien, 1998



Adverse environments
Ceccarelli et al, 1992
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Polyploidy as a trigger of instability

Amplification of pong elements in
rice C5924 before (L) and after (R)
cell culture. Jiang et al., 2003

Triticum
Bread wheat turgidum oo

Spartina Triticum
‘ timopheevii

[ [ | I | | I | |
0 10 10 103 104 105 106 107 108

Rice
Progenitor of
(thc grass family

Age (yrs) of genome duplication
Grass family includes young and old polyploids. Levy and Feldman,
2002
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DNA plasticity and

species divergence
Kato et al, 2004 (Birchler lab)
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Standing variation
Anderson et al, 2016 (Stupar lab)
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Mutagenesis vs parent M92-220

Shen et al, 2018

= > 250,000 structure variations
1,404 translocations
161 inversions
1,233 translocation & inversions
505,506 indels (1-99 bp)
17,409 insertions (>=100 bp)

Williams 82 l l [ A

* 641 unique
genes

* 1,365 unique genes Zhonghuang 13

* 52.75% of genome is transposable elements
¢ 46.13 Mb > Williams 82
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Ohtsubo et al., 1991

355 bp repeat in rice

Genome Copies/haploid
O. sativa cv. C5924 2000-3000

cv. Sasanishiki 700-900

cv. Koshihikari 3400-4300

cv. Nipponbare 4600-6000

O. glaberrina 540-680
Setaria italica foxtail millet -0-

Cumulative effects of DNA flux leads to large effects

€.g., maize (Rayburn et al., 1989)

Genome size (GS) variability

-red pepper (Mukherjee & Sharma, 1990)
Cultivar  pg DNA/4C nucleous

69/33
K-2553
6C-173358

18.38
19.30
20.58
21.34
22.98

GS ratio B73

Diez et al, 2013. Genome size in Mex'i'égﬁ maizes relative to B73.
Median + 4and -%/s. Yellow = maize; purple = teosinte.

Effect of DNA amplification on chromosome pairing
Reed and Burns, 1989; Reed et al., 1992
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Interpretive drawing of multivalent in photo
A cell with 21 Il and 1 VI in semiclosed configuration.

Inbred pg DNA/4C nucleous h "
Va35, pop. 1 10.31

Va35, pop. 2 10.06 .

Gaspe Flint 10.06

KYS 11.46

Zapolote Chico 14.35

B2

Ls6

Absolute GS value (pg per 2C)
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Role of repetitive DNA in speciation

Repeated DNAs pg DNA % L. hirsutus repeated
hybridized DNA hybridized
together
hirsutus + hirsutus 20.3 100
hirsutus + tingitanus 17.9 50
hirsutus + odoratus 17.2 62
hirsutus + sphaericus 14.2 17
hirsutus + clymenum 13.8 14
hirsutus + articulatus 12.5 44
hirsutus + angulatus 9.2 21
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