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"he parents look similar, sharing many genes

Total genomic DNA as a probe labels the parental
genomes differentially



The parents look similar, sharing many genes

Total genomic DNA as a probe labels the parental
genomes differentially
Farah Badakshi, John Bailey, Trude Schwarzacher, Marian Orgaard
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In many metaphase | cells of this triploid, we see four bivalents from pairing of the four
pairs of C. flavus (2n=2x=8)-origin chromosomes, with the six chromosomes from C.

angustifolius (2n=2x=12) present as univalents.
Alternative meiotic configurations were also identified: eg 3 bivalents and 8 univalents.
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Metaphase | cells of this triploid (2n=3x=24)

showed as few as 8 structures, a mixture of
trivalents, quadrivalents and univalents.
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S readling
base-by-base

HIV type 1 Virus 2hr 40 min
Bacteria (E. col)) 53 days
Yeast 138 days
Genlisea 2 years
Arabidopsis 5 years
Man 100 years
Wheat 5 centuries

Paris 4 millennia
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The Economist ﬁ]ﬁ}ﬂﬁf E‘E Q, Enter topic to look up

A special report on feeding the worlc
The 9 billion-people question

The world’s population will grow from almost 7 billion how to over 9 billior
in 2050. John Parker asks if there will be enough food to go round

Feb 24th 2011 | from the print edition Global food demand, 1961=100

600

= Meat
Dairy 500

w (ereals

s Starchy 400

roots
/ 200
' 100

FORECAST

196170 80 90 2000 10 20 30 40 50



Part Il

Molecular Cytogenetics

Chromosomes

Genomes and their sizes

DNA components of a chromosome
Retroelements

Chromosomes and sources of genetic markers

Chromosome and genome painting
Polyploids and cereal chromosome evolution
Plant breeding and aliens
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Explain major structures and features of the DNA In
genomes

Understand the structure of chromosomes and
genomes

Explain the nature and origin of molecular markers

Understand key events in evolution and generation of
diversity including induced mutations
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Understand how genomes and diversity can be
manipulated and exploited

Relate genome information and models to the
applications in the genome of particular species

Decide which molecular markers are appropriate for
various applications

Introduce the concept of superdomestication into
breeding programmes and consider solutions to major
problems facing breeders and farmers

Use the literature relating to genomics, genetics and
plant breeding and communicate it in writing



Molecular Cytogenetics

Lecture
10.05-11.00
11.10-12.00

Microscopy (Adrian 264 near computer room)
Threeslots: 3.00 - 3.30 - 4.00






Nothing in Biology
Makes Sense
Except In the
Light of Evolution

Theodosius Dobzhansky (1900-1975)

The American Biology Teacher, March 1973
(35:125-129).
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many plants of many kinds ... and to
reflect that  these elaborately

constructed forms, so different from
each other ...




Darvwn Thé final péragiaph:

of “The Owigin” & %

It IS Interesting to contemplate ... many plants of many
kinds ... and to reflect that these elaborately
constructed forms, so different from each other ...

have all been produced by laws
acting around us ... from so simple
a beginning endless forms most
beautiful and most wonderful have
been, and are being evolved.
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Chromosome

Basic 'unit' of DNA in a cell

Basic unit of heredity — Thomas Hunt Morgan
1911

Macromolecule of DNA

very long, continuous
Contains genes, regulatory elements, other sequences

Structural components

A broader definition of "chromosome*
Includes the DNA-bound proteins which serve to
package and manage the DNA.
The word chromosome comes from the Greek
xpwua (chroma, colour) and owwa (soma, body)
due to its capacity to be stained very strongly
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The DNA is organized in multiple chromosomes
Each Is a single, linear DNA molecule
The DNA is packaged around proteins (histones)

The nuclear chromosome has special sequences at
Its ends

There are separate genomes in the plastids and
mitochondria

There can be viral and bacteria-like genomes in the
nucleus and cytoplasm
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Species Repetitive DNA Genome size
Arabidopsis thaliana >25% 145 Mbp
Sugar beet Beta vulgaris 63% 758 Mbp
Broad bean vicia faba 85% 12000 Mbp
Rye secale cereale 92% 8800 Mbp
Onion Allium cepa 95% 15100 Mbp

These species are all diploid — 2x

Human Homo sapiens 35% 3000 I\/Ibp



Genome

Genes and regulatory sequences make up a
small proportion of the genome

The majority of DNA sequences in all higher
eukaryotic genomes are repetitive sequences
(50-90%)

JUNK — no?; FUNCTION - largely unknown



What Is the rest of the genome?

Repetitive DNA

Repeated genes
« rDNA (45S and 5S)

Sequence motifs from 2 to 20,000 bp long ...
« Repeated thousands of times in the genome



Aegilops umbellulata

DAPI
18S-25S rDNA
5S rDNA

Xana Castilho & Pat Heslop-Harrison
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Fluorescence microscope filter properties
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Fluorescent banding

DAPI: AT-rich
ChromomycinA3: GC-rich
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What are the most important
things you have learned so far?



What are the most important
things you have learned so far?

My answer: CONTACTS

... lecturers and other students.
SOURCES OF INFORMATION

... solving the overload



> C M © www.google.com/ig

@ BEC - Homepage EJP AcB

Web Images Videos

+ Home

+ Webmaster T...

Updates
Friends

= Chat

Search contacts. .

@ Pat Heslop-Harriso
available Y

» David Ray

Dptions ¥ Add Contact

% AoB Blog « [ Postto CitelUllike THE Times Higher Educatio...

Maps News Shopping Gmail more -

[ Import to Mendeley [P Blackboard [ ) Share on FriendFeed [ 7] www.hpa.org.uk/ 8. Amazon.com: Custom...,

1Google |

AcB BElog

[+ Mechanical perturbation of Arabidopsis
[+ Darwin reviews reviewed
[+ Disproving a C4 reversion in Eraqgrostis

Google Reader: Starred items ]

|Starred items j refresh mark all as read

¢ annbot: Link: Feeding the World — who pays?
Twitter [ annbot

¢ A fast-neutron induced chromosome fragment
Chromosome Research (Online First™)

¢ Comparing chromosomal and mitochondrial
Chromosome Research (Online First™)

5¢ A Three-Dimensional RNA Motif in Potato
The Plant Cell current issue

¢ Improved reporting shows wider prevalence of
Health Protection Agency

¢ Pathh1: Plant Breeding: It's a Journey, Not a
Twatter ! Pathh

Google Search | I'm Feeling Lucky

MicrobiclogyBytes

[+ New Year resolution failure
[+ There's an awful lot of zombie ant funagi in

Brazil
[+ Innate immune sensing of DNA viruses

Science of the Invisible

[ Cracking the mysteries of R
For the last two years I've been
slowly working my way towards
a new approach to teaching
stafistics. As my teaching load

eases off I've finally...
[+ Face to face #scireadr
[+ A discussion breaks out #oerbital

Nature - Issue - nature.com science feeds

[+ The generation game
[+ Invest to diversify

Patlh

Advanced search
Language tools

Gatsby Plants | Plant News fee

(¥ India needs more plant tax
[+ Agriculture: A bowl half full

[+ Alien plant invaders threat
Parks

BEBC News - Science & Enviro

[+ UK rocket test for 1.000m|
The first full test firing of th
rocket that will power a Bri
to over 1,000mph (1,670k
will take place in the comir

[+ EU 'won't change carbon t
[+ Nasa Glory launch ends in

Weather

Nimes, Languedoc-Roussi

r-_" o Current: ¢
J 14 C Wind: SW

| I [ .



e 29

-TweetDeck 0.37.5 . [+ o

Search: annbot

E%D'G

Link: Feeding the World - who
pays? http://dlvr.it/JQGod

annbat, [+]
Sun 06 Mar 12:52 via dlr.it

B%D’G

Mechanical perturbation of
Arabidopsis http://dlvr.it/JFF1m

annbat, [+]
Fri 04 Mar 13:27 via dlwr.it

B%D’G

Darwin reviews reviewead

http://divr.it/182zM
annbat, [+]
Thu 03 Mar 13:04 via dlwr.it
L | ANNboOtRT

Search: pathh1

i

Pathh1, [+]
Sun 06 Mar 15:16via FriendFeed

! Lots of good points on informal
‘ learming, social networks and
Pathh1, [+]

teaching from steve Wheeler,
Sun 06 Mar 10:50via web

Plymouth. tks @rusource

http://slidesha.re/e4Go8H
Pathhl, [+]

Fri 04 Mar 1542 via TweetDeck
! Read The Annbot Daily -

! Feeding the World - who pays?

‘ Alun Cann's commentary on The

Economist article on the @
billion people question.
http://t.co/VdB3e44

! Plant Breeding: It's a Journey,

Mot a Destination. From US

Natmnal Assn of Plant Breeders.
http://bit.ly/iaoR79

B Search: chromosomes

& Anthony |

@)

e

Photosynthesis, Homologous
Chromosomes, Cellular
Respiration, Oxidative
Phosphorylation, Meiosis,
Deoxyribonucleic Acid. #EML

W5UC, [+]

Maon OF Mar 09:26 via tt

[

Replication des chromosomes et

. lutte contre le #cancer
http://goo.g/NS5W2

#biothérapies

@ PierricChalais, [+]
Man OF Mar 09:11 via web

Holy cow - read a great paper, was
looking up more by same author -
she uses Mendeley - just asked to
connect. Wow. Just wow.

& kerryjoom, (RT by mendeley_com), [+]
Mon OF Mar 1145

- a1l

@Bronxbomber?77 What comes




“ ’ : “

- . el
. - S - & . - 9
- ' - - - . -

NOR: rDNA loci vary in number,
position and size

[ 185 H58S 1+ 26S

Chromosome
Satellite

rDMNA repeats
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IGS ITS1 ITS2

Coding regions (nS) highly conserved, e.g. 18S gene of soybean
shares 75% nucleotide homology with yeast.

Thus can compare over a long evolutionary distance

Can be used as anchors for PCR amplification

Spacer regions highly variable

_ |IGS...InterGenic Spacer or
Species or below

non-transcribed spacer
Genus ITS...Internal Transcribed Spacer

Populations (sometimes)
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rDNA sites in Triticeae Genomes
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What Is the rest of the genome?

Repetitive DNA

Repeated genes
« rDNA (45S and 5S)

Sequence motifs from 2 to 20,000 bp long ...
« Repeated thousands of times in the genome



Where each arrow Is a single unit of a repeat —
- often a multiple of 180 bp but up to 10kb long

Head-to-tail organization
GCGCTAG GCGCTAG GCGCTAG GCGCTAG GCGCTAG GCGCTAG



Tandemly arranged DNA monomers
Repeat monomer: CCTAGCGTAACGGTACGGCTAGC
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Tandem Repeats
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motifs of 2-1000s of bp, repeated 10-10 000x

Tandem repeats
genes: rDNA, histones
long tandem repeats or satellite sequences

simple sequence repeats
« Microsatellites
« Minisatellites

Satellite: shoulder on CsCl gradient centrifuge
or Band In restriction digest



Tandem Repeats
=Pl  =Ppepempenpan)

Where each arrow Is a single unit of a repeat —
often a multiple of 180 bp but up to 10kb long

GAGGCGTC GAGGCG]

GAGGCGTG GAGGCG
GAGGCGTC GAGGCG]

'C GAGGCG?
'C GAGGCGT

'C GAGGCGT

'C GAGGCG?

C GAGGCG]]
C GAGGCG]

C
C
C




A complex sequence organization




DINA packs around nucleosomes
Histone octamer

Wmmw - DNA doublehelix

Linker
(varigble bp)

Two turns = 147 bp + linker to next nucleosome



Nucleosomes
INn Rye

Digest intact chromatin (DNA + histone) with bp
micrococcal nuclease for a few seconds, 680
cutting between the nucleosomes. Then treat 54
with protease and run on agarose gel.

340

Vershinin &
Heslop-Harrison
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In situ hybridization with AtCen

HH, Murata, Motoyoshi, Schwarzacher. Plant Cell
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179 G . .. . . e e e ae...BTAT. _T_..._. Y . T O . - _..T._C..
2L G . e .—... . G...__T_..._. Y | T . S = cocoooooo
ACHPEZZ0/,3 1: R - o P . e .t T R . S T. — e e o -
l1E9: .G ... . _.T.. . . e e .. G ____T_..._. 7S 0| DU S - .. A _A_ .
B | 7S - U | i Ol SN 1| SO | B = cocoocooo
LEE- G . ... A . ... ...G..___T_...._. Y | T . = cocoooooo
B9 G . . ...

ATAP1] L 1 I N =T | R I | . - R
1: G . e e e e B .. _T_.._. I | T R . S - R
ATAP1Z I - A GT....T..... Y | T . = cocoooooo
ATAR]ZS R & S Y U (U Bl ) - S O | | |- = cocoocooao
ATAR]14 l:- _.C..._. .. _..GT.._...._—..._.....B...T.&z_..._. - R |- I S - _.T_ .. __._.
ATtME I T DN PR - SO A ... .. o - - | - _..T.__._.
ATREAT, 14 o 5 | OV - S O | | |- = cocoocooao
ATEELLI1E Z.T.CG. .. .. .. . ... GO, ... C__R . e e =h coo o TTa.
ATREAS] oG ... ..., T...C. ... G._._.__T_..._. - R T R - J = cocoooooo
ATDELS F o | O-J - S o e e T..... ee..-T. .. A __—-_TT...&A.T.
AESATDHMAZ 1: 1:_ ... _.C. ... G.__._ G&_ _ __ ... .. Bl B = coooooa .
AtSATDMAL 26l: d00: B L .o = cocoooooo

AEHRSZ0/S2 1 AT TeTTCT TG TTC T ARAGE TTT GATGGTT TAG O AT A TA TGA T CT TTGTC TTTGTATC TT CTAAC AAG—CARACA CTAC
bhal? LI A o TT. .. .GTG. . .G oL — oo T. CGGET. .. _GAG. __ ___. LAC A T, ...
L R=Vara =1 I e e - P o R T. CGGT. .. GAG. .. ... e S
harl4 go:-T. ——————_ __C.______ .. ...-TG.TCCCT. __C_____. — oo T. CGGT. .. _GAG. . _—__ _&ACG. A ___ ____._.
habll go:-T. ——————_ ... _.T. . C.-TG._ BA-G.__—-____._. — oo T. CGGET. .. _GAG. __ ___. LCG AA ... =
babrd e0: .G . ... A _ . . -————-——-T. CRACG. . _ —--0G.__—-__..._. e aa - T. CGGT. .. GAG. .. ... I P C.

—— Primer site IIT ——= Eox B

1 1 1 1 1 1 1 1

=) ] 1 = b < 5 5 7
0123456789012 34 5678901234 56728930 12345672301 2345672 901234567 3901234 5673901 23456789 0123455
ACtHPZZ0/Z TTAGGC TT CTAGGAGALCAT TEC GG TTTAAS TTC TTATACTC AL TCA T —CACA TEACA TA AL TCATATTCG—AC TCC AR A—-ACa CTC A
________ B T I I 7 [ I
_____ T .. T. G, _TAL B . o o . e e e e e e mm e e m e e B L T e e T e oL T
ACHP=Z0,/32 S T. B TR . . .. .. i i i i e e e - oo oo o T.C. .C..._ .. ....... oo ooooo o b ocooooo o
________ B T I I O [ I

________ T. .G, _Tan G . __ __ _____.._. ... ..T - .BC.C . LT ioTo
-~ TIa 2 — - - — — -~
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Kamm, HH et al.



Aegilops
ventricosa
45S rDNA
dpTal




Wheat Species Evolution

Common Ancestral species

2N=2x=14
Triticum tauschii Aegilops uniaristata
2n=2x=14 2n=2x=14
DD NN

Hybridization and

doubling of chromosome : :
Aegilops ventricosa

humber 2n=4x=28
DDNN



3 - Wheat Species Evolution

-t
TR o0 tabas # !
Common Ancestral species

leferences between geﬁomes

Triticum - Aegilops uniaristata
2n=2xt=a‘lfcm] £1=2X= 14
DD NN

I\/Iajor dlfferences In the nature and
amount of repetitive DNA: new & old sy

1 2 3 4 5 6 7

c » “ |
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DAPI

FISH

pPSc119.2

pSc200

pSc250

Rye: subtelomereic sequences
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120bp repeat unit
family;

N rteum,
Aegliopsand
Secale:SpPecies

* Sequences
used for /n situ
hybridization

08
S.mo

n42!136

—>* 80-83%

* 87-89%




ancestral

High-copy number High-copy number High-copy number High-copy number

A B C D
New species-
specific variants

Low-copy number Low-copy number
T . =

See Kuhn, HH et
al. 2009. Heredity

Low copy spp: most old variants in low copy number (EF) & 2008. Chr. Res

High copy spp: homogenized old (ABC) or new (D) variants
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Plastid and Mitochondrial Nuclear
Sequences move to nucleus Genome

Virus sequences move 1 1’/
Transgene sequences

Genes and single copy
regulatorv sequences

Repetitive DNA

Unclassified sequences

\

Tandem repeats

Dispersed repeats

—

N\

/

Centromeres.

Transposable
elements — DNA
elements and
retrotransposons

Simple sequence
repeats
microsatellites

telomeres and
other blocks

tDNA
45S tRNA and
5S tRNA genes

Heslop-Harrison & Schmidt 2007. Encyclopedia of Life Sciences




Simple sequence repeats
GGCTACGAGAGAGAGAGAGAGAGAGAGAGAGAGAGA
GAGAGATGGTCGTAATG

Flanked by unique sequences (SSR/microsatellite
markers) or

Part of other repetitive elements

Dispersed OR clustered in genome
SSR markers are dispersed!



Sugar beet:
Characteristic
organization of
each motif

Schmidt, HH et al.



Cy3/Alexa 594




Telomeres

pSc250

45s rDNA
SSRs




45S rDNA
pSc200

pScl119.2
AAC

AAC pScl119.2
pSc200 pTa7l

Forsstrom and Schwarzacher 2000
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¢ Universal in eukaryotes with only a few exceptions

¢ Dynamic

¢ Number of repeats varies: tissue, age and chromosome
¢ Added by telomerase
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." ' ‘ ' 'Tandem repeats '

vl_Termingl repeats lGeneis

o . 5

Retroelements

Simple sequence repeats

~

Schmidt & Heslop-Harrison 1998  « » 5,




Sequences

The majority of the genomic DNA In most
species (95% sometimes)

Tandem Repeats

Simple Sequence Repeats
Dispersed Repeats
~unctional Repeats
Retroelements
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Gypsy elements are present in 25% of all BAC clones

D N e )i

Barley gypsy: Vershinin, Druka, Kleinhofs, HH: PMB 2002; cf Brassica Alix & HH PMB 2005
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Alix et al. 2005



Retrotransposons (=): The transposition cycle
Nucleus with DNA (=)

mRNA used for translation to enzymesi™
including integrase
and reverse transcriptase

RNA
transcription

RNA used as template for
reverse transcription

DNA copy
DNA transposons
Class Il transposable elements
Cut-and-paste
Retrotransposons s —
Class | transposable elements y B o . ,_ ~
RNA intermediate ; T BT, 45’3:-’ o %
=\ N X 4 W %Y
(L )3 — e " ==
Transpasition i g o -
{{(i-_ ....... =l
“‘{}"' T Ny o
: | ‘&\Glr'{u_l‘l:ll'l' ” | m (B) Copy & Paste -
' $_ . —

LI DHA
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B. napu!(AACC Phaax= =38) - hybrldlzed'wuh C- g.om!CAc;l'A%felient red a
B. oleracea (CC, 2n=2x=18) Alix & HH 2008




LTR || gag LTR
LTR || gag LTR
LTR || gag LTR

gag

Common structure of Retroelements

gag - core particle component
en —endonuclease

rt — reverse transcriptase
LTR -long terminal repeat

env - envelope glycoprotein



Tandem epasts with known function

Telbmaric
e Ceanfromerc I 200 nm
B DA

B B Intercalary twndem repeat amillies
W Dispersad mpeats including
retroglemeants and S5H=

[ Genes and regulatory sequences

Schmidt & HH Trends Plant Sci






Bos taurus taurus vs Bos taurus indicus:
2Nn=60, XY
But: B. taurus submetacentric Y

B. Indicus acrocentric Y



Bovidae

f i lelime, n it
k= B i'ir"."'thtﬂi_"' e
ALl

Bavinae (oxen, catile, buflales, eland, kudu, and relatives)
Alcelaphinae (hartebessts, wildebeests, and sassabies)
Hippotraginae (addax, rean antelopes, sable antelopas, oryxes)
Caprinaa (sheep, goats, muskox, chamols, and ralatives)
Pantholops hodgsond  (chiru)

Agpyceros melampus  (Impala)

Cephalophinas (duikers)

Redunclnaes (reedbucks, walarbuck, kab, puku, and lechweas)
Pealsa caprealus (common rhebock)

Antilopinae (gazelles, dik-diks, steanboks, and thair relatives)
MNeotragus  (dwarl antelopas)

Cradimpa aracimgus  {kIipapringen) http://tolweb.org/Bovidae/50878

Misce | laneous fossi| bovids +



Bovidae — Family

Mammals
Order Artiodactyla (=Even-toed ungulates)

3 groups: the Suiformes (pigs, peccaries,
hippopotamuses), Tylopoda (camels, llamas) and
Ruminantia (cattle, goats, sheep, deer,
antelopes, giraffes)

9 families (13 tribes) including Bovidinae
s Family Bovidae
+ C. 137 species
+ Last species (new genus) discovered in 1992



Bovidae family

2n ranges from 30 to 60 In different species

(Galagher & Womak 1992)



iIncluding 4

bi-armed
chromosomes = 58
autosomal
chromosome arms
+X,Y

Syncerus caffer (African Buffalo or Cape Buffalo), a
bovid from the family of the Bovineae



Male Syncerus

caffer QFH band
karyotype (left 2
chrs) with cattle

chrs to right

Gallagher &
Womak 1992




2n=31, X1 X2'Y
26 biarmed
chromosomes, three
acrocentric
chromosomes (inc.
X1), acrocentric X
and a biarmed Y

Tragelaphus strepsiceros or greater kudu



Figare 4. A male Trogelaphus sirepsicerus (greater kudu) QFH-band karyotype (20 = 31) consisting of 26 blarmed autosomes, three acrocentric auloaomes (one *'h'—'*“i
a8 X213, an acrocentric X1_and 2 biarmed Y {the ancestral ¥ is fused 1o cattie equivalent autosome 13). The auiosomal pairs are arranged and nurnl:rcr_t-i {lnrge Iu-u‘u'ltnu'slfiE
according to relative size. The domestic cow equivalent chromosomes are arranged o the right of the greater kudu autosomes and are numbrered {small num'n:_-.r:;rlt
placed toward the telomeric ends of the domestic cow acrocentric autosomes) according to the Reading Conference (1980} standard. The handing pattern o _"i' e
chromosome 25 does not precisely mateh the region of kudu chromosome | to which we believe it is homologous, bul this placement is the only way we lound to ac '-“‘-"a
for cattbes 25 within the kudu karyotype. The greater kudu sex chromosomes and equivalent cattle chromosomes are arranged from lef to right as X1 (greater Kudu ancestr
37, catile X, greater Kudu ¥, greater kudu X2, and cattle autosome 13 White lines are positioned at the centromere of some chromosomes,
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2n=54, XY
three pairs
biarmed
~ Sheep Ovis aries chromosomes
60 autosomal
arms
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Chromosome
homologies and
centromeric
fusions

Paul Popescu



Bovidae Karyotype Evolution

2n ranges from 30 to 60 In different species
BUT:

Almost all have 58 autosomal chromosome
arms and two sex chromosomes

(Galagher & Womak 1992)



Almost all have 58 autosomal chromosome arms
and two sex chromosomes but 2n from 30 to 60

Chromosome arm homologies extensive BUT
nomologous biarmed chromosomes are rare

Reproductive isolation (and speciation) may
nave followed centric fusion

(Galagher & Womak 1992)






Molecul) O WE SE
cytogenetic
analysis and
centromeric
satellite
organization of a
novel 8;11
translocation In
sheep: a possible
Intermediate in
biarmed
chromosome
evolution. 2003.
Chaves, Adega,
Wienberg, Guedes-
Pinto, Heslop-
Harrison







8:11

SATI| &
SAT II| *
SAT |

+ .

SAT |l

chromosomes of
the sheep with
2n = 53, XY.

Chr (8;11), 2, 3,
1 are ordered
from the most
recent to the
postulated
evolutionarily
oldest
chromosome




showed the opposite configuration, not obviously
derived by a simple fusion. Chr 1 has lost the satellite |
hybridization patterns. The novel t(8;11) provides
strong evidence for an intermediate step Iin evolution
of the biarmed chromosomes Iin sheep.

SAT Il \“/ \ I \ I \/
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S the number constant In a speC|eS.

Cattle 2n=60

but some Individuals have 2n=58
or 2n=59 because two
chromosomes fuse

Chromosomal evolution Is happening now



The 1:29 fusion In cattle

Found in multiple breeds

Sometimes a founder effect (imported in one
bull — e.g. Brahman to Africa)

But present even in major breeds
Limited effect on fertility

Probably positively selected for a difficult-to-
score trait






Robertsonian Fusion

->

(+ o ?)
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23N an s tatea?. TX an sate 2.
Goat Metaphase

Probed with
Sheep Alpha
Satellite

Raquel Chaves
& HH 1998
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Complex satellite DNA reshuffing in the polymorphic t(1;29) Robertsonian translocation and evolutionarily
derivedchromosomes in cattle R. Chavesl, F. Adegal, J. S. Heslop-Harrison2 et al. 2003
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subfamily subfamily subfamily 1-714-satellite family | —Jm—+ subfamily

Caprinae Alcelaphinae Hippotraginae + Bovinae
. - tribe : " : . . tribe tribe . .
tribe Caprini Aepycerotini tribe Alcelaphini tribe Hippotragini Reduncini| Tragelaphini tribe Bovini
= .
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Hybridization of sheep (clone pOaKB9) and cattle (pBtKB5) DNA satellite |
probes to the X chromosome of most representative species listen in table
1. Bovinae subfamily shows only hybridization with the cattle satellite |
and only in the X chromosome’s centromeric regions of the tribe
Tragelaphini was there signal from the cattle satellite 1. Metaphases of

subfamilies Hippotraginae, Alcelaphinae and Caprinae show positive in situ
hybridization signals with both sheep and cattle satellite | probes.
However, only the X chromosome centromeric regions of the Tribes
Reduncml Hippotragini and Aepycerotini show positive in situ
hybrldlzatlon signals with both satellite probes




Hippotraginae
Alcelaphinae
Caprinae

Bovinae

.. radiation of ..I
+ the modern
r Bovidae tribes

15 mya

40-20 mya

origin of 1.714

origin of 1.715
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Tragelaphus
strepsiceros

radiation of the modern

nasomaculatus

origin of 1.714

Bovidae tribes

origin of 1.715

o,

N

R

Phylogenetic relationships and the primitive X chromosome inferred from chromosomal
and satellite DNA analysis in Bovidae Raquel Chavesl,*, Henrigue Guedes-Pintol and John S.
Heslop-Harrison Proc Roy Soc B 2005
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Bovidae — Family

Mammals
Order Artiodactyla (=Even-toed ungulates)

3 groups: the Suiformes (pigs, peccaries,
hippopotamuses), Tylopoda (camels, llamas) and
Ruminantia (cattle, goats, sheep, deer,
antelopes, giraffes)

9 families (13 tribes) including Bovidinae
s Family Bovidae
+ C. 137 species
+ Last species (new genus) discovered in 1992



High-resolution comparative chromosome painting in the Arizona collared

peccary (Pecari tajacu, Tayassuidae): a comparison with the karyotype

of pig and sheep Filomena Adega, Raquel Chaves, Andrea Kofler, Paul R. Krausman, Julio
Masabanda, Johannes Wienberg & Henrigue Guedes-Pinto. Chromosome Research 2006



Complex
Chaves 2005
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- In the genepool
- Allelic In one species
- In different genomes
- In different species

- From recombination

- From new mutations
- Induced or natural
- DNA sequence or retroelements



* Polyploids have three or more complete sets
of chromosomes

sllhal 9re triploid 2n=3x hexaploid 2n=6x
diploid 2n=2x _ -
’ tetraploid 2n=4x octoploid 2n=8x

* Two types of polyploidy
Autopolyploidy Allopolyploidy

AxA AxB
4 J
AA AB
4 4

AAAA AABB



Triticum uratu Aegilops speltoides

2'N=2x=14 relative
AA 2”'&%'14 Triticum tauschii
(Aegilops squarrosa)
2Nn=2x=14
Triticum dicoccoides DD
2N=4x=28
AABB
Triticum monococcum b :
2n=2x=14 Rye Triticum aestivum
AA Secale cereale 2n=6x=42
2n=2x=14 AABBDD
RR
Triticum turgidum ssp durum xTriticosecale
2N=4x=28 2N=6x=42

AABB AABBRR






L LR

Trlttale

wheat X rye

hybrid {v




AABBDD x RR
ABDR

Double chromosomes
AABBDDRR

Backcross to wheat
Looses the R chromosomes eventually
AABBDD+1R

Induce recombination
AABBDD including 1BL/1RS



e Genomes in Triticum aestivum P a
2n=42+2 v *

sexual hybrlds 1B/1R translocation -s;"‘ 3

n *

T. bessarabicum L S
: addition -, %= ""‘§

e Alien &

chromosome
introgression












Aegilops
ventricosa
45S rDNA
dpTal
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Multiple dpTal variants
of each chromosome

Bardsley, Schwarzacher & HH 2007




Inheritance of Chromosome 5D

Aegilops ventricosa X Triticum persicum Ac.1510
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Proportion of chromosome arms with

identical in situ signal

Correlation between genetic relationships and
similarity of dpTal hybridization

0] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Coefficient of parentage



Proportion of chromosome arms with

identical in situ signal

[ERN

0.8

0.6

0.4

0.2

No correlation between genetic relationships
and similarity of pSc119.2 hybridization

Coefficient of parentage
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Modification of DNA Methylation

Methylation widely implicated in gene expression
control

Treat with 5-azacytidine
N at carbon-5 position not C so —CHs cannot be added

Effect of treatment on Triticale

Ag-NOR method
see methods page


http://www.methods.molcyt.com/�
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 rDNA methylation
Probe

wheat rDNA rye rDNA spacer
Treatment
water AZC water AZC
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Modification of rDNA Methylation

Stability of methylation

Seedling treatment — all 6 active for life

Embryo treatment:
First 7 days — only wheat-origin active
After 7 days — rye and wheat-origin active



r'DNA expression In Triticale

Observation:
Ag-staining showed 6 NORs sometimes

These were In triticale with 12 rye
chromosomes: 2D-2R substitution

Found rather frequently so breeders must
select it



Interactions between rDNA and eontrol loci







Aegilops tauschii (D genome donor) in Iran

TI1i /i AT
f{x‘;‘ / ///

| 0 <ihm -
57 accessions il Caspian/{_> Turkmenistan
collected il
[urkey gl ;// //%
wo i

Ssp. tauschii

« var. meyeri (18) N—/— NE
« var. tauschii (22) \ -\ N ine
« var, anathera (4) [raq U
« var. meyeri (12) i Iran
_///I,-‘.

Hojjatollah Saeidi, Mohammad Reza Rahiminejad, Sadeq Vallian, HH
Genetic Resources & Crop Plant Evolution 2006



genome
Microsatellite markers

57 accessions of wild
Aegilops tauschii (2n = 2X
= 14; D genome)

No SSR markers were
characteristic for taxa or
geographical origin

High diversity present

Saeidi, HH et al. Genet Resources & Crop
Evolution 2005
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In situ repetitive DNA MSAbtane
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tauschii

Cross-pollinating

ancestor

Self-pollinating »
ancestor ‘var. tauschii

(Aegilops tauschii)
An evolutionary mode/
supported by molecular
analyses Saeidi, HH et al. 2010
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Different DNA sequences evolve
more-or-less independently

There 1s no ‘molecular clock’ for
many seguence types

Multiple sequence types should be
used to gain a full understanding of
genome evolution



Ae. umbellulata type x T. durum
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Wheat - Aegilops umbellulata
substitution line A94

2n=6x=42 ’ .’~

Genomic DNA from J

Ae. umbellulata

pSc119.2 repeat
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(a) Genetical map of the RFLP probes used. Genetical distances are approximate and based on Gale
et al., 1995 for the wheat 1B chromosome.

The order of the 5S rRNA and Nor-7 markers is reversed on wheat chromosome 1A .

(b) Physical maps of the wheat-Ae. umbellulata lines assigning the RFLP probes on the recombinant
chromosome and on the background wheat

group 1 chromosomes. all lines carry a pair of 1D chromosome.
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Thinopyron s ™Y
bessarabicum -
disomic addition %

to wheat ‘2n=6x+2=441
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CULIIVAK

Registration of ‘Mace’ Hard Red Winter Wheat

R. A. Graybosch,* C. J. Peterson, P. S. Baenziger, D. D. Baltensperger, L. A. Nelson,
Y. Jin, J. Kolmer, B. Seabourn, R. French, G. Hein, T. J. Martin, B. Beecher,

T. Schwarzacher, and P. Heslop-Harrison

ABSTRACT
‘Mace' (Reg. No. CV-1027, Pl 651043) hard red winter wheat (Triticum aestivum L.) was developed by the USDA-ARS and the
Mebraska Agricultural Experiment Station and released in December 2007. Mace was selected from the cross Yuma//FI
372129/3/COB50034/4/4*Yuma/5/(KSP?TH184/Arlin S/KSPTHW29/3/NEBF524). Mace primarily was released for its resistance
to Wheat streak mosaic virus (WSMV) and adaptation to rainfed and irrigated wheat production systems in Nebraska and
adjacent areas in the northern Great Plains. Mace was derived from a head selection made from a heterogeneous, in terms
of field resistance to WSMV, F, line. Resistance to WSMV is conditioned by the Wsm-1 gene, located on an introgressed
chromosome arm from Thinopyrum intermedium (Host) Barkworth & D.R. Dewey [Agropyron intermedium (Horst.) Beauwv ]
present as a 4DL.4AgS chromosomal translocation. Mace was tested under the experimental designation NO2Y511/.

Abbreviations: NRFPN, Northern Regional Performance Mursery; PCR,

polymerase chain reaction; WSBMV, Wheat soilborne mosaic virus;
WSMV, Wheat streak mosaic virus.

Published in the Journal of Plant Registrations 3:51-54 (2009).
doi: 10.3198/jpr2008.06.0345crc

© Crop Science Society of America
&77 5. Segoe Rd., Madison, WI 53711 USA

All rights reserved. No part of this periodical may be reproduced or transmitted
in any form or by any means, electronic or mechanical, including photocopying,
recording, or any information storage and retrieval system, without permission in
writing from the publisher. Permission for printing and for reprinting the material
contained herein has been obtained by the publisher.

such line, subsequently named ‘Mace’ (Reg. No. CV-1027, PI
651043), was deemed suitable for cultivar release. Mace is a
hard red winter wheat cultivar developed cooperatively by
the USDA-ARS and the Nebraska Agricultural Experiment
Station and released in 2007 by the developing institu-
tions. Mace was released primarily for its field resistance to
Wheat streak mosaic virus (WSMV) and adaptation to rain-
fed and irrigated wheat production systems in Nebraska
and adjacent areas in the northern Great Plains. Resistance
to WSMYV is conditioned by the Wsm-1 gene (Seifers et al,,
1995), situated on an introgressed chromosome arm from

Journal of Plant Reaqistrations, Vol. 3, No. 1. January 2009
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Wild banéna species:

Musa acuminata — A genome




1.7 Banana — Triploid Chromosomes

Cavendish : the most common
dessert banana cultivar

2N=3x=33; AAA genomes




Retroelements

Sequences which amplify through an RNA intermediate

30% to 50% of all the DNA!

BAC
MAd-—S6603

Mu=za acuminata clone MRd-S56E03

Gene Husa

MuS&BO3_01 FMUBEBO3_05 FMUS&BO3_09 FMuS&BO3_14 Mu3sBO3_19
o+ ] [ F O 1
unknown protein putative poluprotein putative centrozomin B putative crystallin, gamma B hypothetical protein
MuS&BO3_02 MusaBO3_11 Mu3&BO3_15
+— Oo— +—
putative OMA binding 7 transcription factor hupothetical protein putative OMA binding / transcription factor
MuS&BO3_03 FUSEBO3_07 MuSEaBO3_12
H - —H—4——0
unknown protein unknown protein putative 265 protease regulatory zubunit 4 homolog CTAT-hinding protein homol
FUSEBO3_0d FUSEBO3_13 FMuS&BO3_17
HH-I— | M
putative protein dimerization huypothetical protein putative 265 proteasze regulatory subuni

MuBEBOSE_05

+H——4 01

putative pol poluyprotein
FUSEBO3_08
+0

putative retrotranzposon dell-d6

MuSEB03_16
-

putative 265 protease regulatory zubunit 4 homolog
FuSEBO3_18

u_}

putative SETOEl-aszzociated protei
FUSEBOS_20
HI—

putative gag-pol po
MuSEED3_21
oL
putative copia ¢



Made2C1l0.txt [horizontal) ws. MAQASTLI19.LCHLT ([(wvertical)

III 0000 40000 &ao000
Retroelements
- Homolog _ sequences from Calcutta 4
Homolegous over the full length
— except for a 5kb insert
a Tyl-copia retrpelement



Insertion

LTR Retrotransposon LTR
IRAP - InterRetroelement PCR
LTR Retrotransposon - LTR
—— | TR Refrotransposon LTR t ANl | uosodsubdjodtay  JLl]

LTR Retrotransposon LTR t ANl | uosodsupJoJiay I
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ACCCACCTGGCTCTTGTGTCATACCATTGAAAAGCCGATTATATTTGTCCCCATTCATCCAAAAGATCCCTGA
GCAAGGTCTGCCATACCGTACCGTACCGGCGTTTCGACCCGGGCTCGGTACGGTACCGGTGTACCGGGCAG
TACATCAGGGTGTACCGAATGGTACACCCTGATGTACCGAACAATTTTATACTTTTTCATACTGTAGCAGTGCT
ACAGTATAATACTGTAGCACTGTAGCGGTATCGGGCGGTCCGCGTACCGGTAACCTGTCGGACCGGTACATAC
CGCCCGGTATCGGCGGTACGCTTCGGTATGACAGACCTTGTCCCTGAGTATATATCTCTTTTCTAAATTTATG
ACCACTCCAAGGCAACTTGCCAAAGAAAATGAAAAGAAGAAAAAAATTAGGGGAATGAAGATTCTCCACA
ATTCCTTATTCTTTGATTTGAGATAAATAATGTCCATAGTAAAACATATCTTATGATCATCATTGCTGATTAATCA
AAATACCTGATTCTATAGTCTCAAGCTTTAGTGGTCAAAACACATTCGC

a) :
Musa balbisiana \
E
S -\4\.4'.‘“, RS0
TCCCTGAG: 8-bpTSD. \ o
30-bp TIRs

TSD T I R _ F Dotter - Alignment Tool TI R TS D

il 102139042+ 'rcmmccArmmmmccmﬁanmmcumnmmamﬂcm!'r.\m,m!mumﬁmmmcu@wucmccmu 1] 1021359421 TCCTGTGCCATAACATTGARAAGCCGATTATATTTGTCCCCATTC ATCCAMAAGATCCCTGAGTATATATCTCTTTTCTGAATTTATGACCACTCO ARGGCAACTTGCC A AAGARRATGALARGA
911 104284595: TETTGTGTCATACEATTEALAAGECoATTATATTToTECCC AT ATCC LA TECCToAGC ARG5S TTCG0r ATAR SO TACCOTACCGECGTTTCRACECOEGCTGATACE] | 911 104254595 CGGACCOOTACATACCOOCCOGTATCOOCO0TACGCTTEGOTATGACAGACCTTGTCCCTGAGTATATATCTCTTTTCTAMTTTATGACCACTCC ARGGCARCTTCCC AARGARAATGAALAGE

11111 18835

f4795 44745

TevConp: TCTTTTCATTITCTTTCECAACTTECCT ATARATTCACARARGAGATATATACTCAGGCATCTTTICCATCARTCGCCACKAATATARTCCOCTTTTCAATCTT| | RevComp: TCTTTTCATTTTC TTTGGCARGTTGECTTGGAGTGGTCATALATTCAGRAAAGAGATATATAC TCAGGGATCTTTTGGATGALTGGGEAC RAATATAATCGGCTTTTC LATGTTATGGC ACAGGE
1] 104294995: TCTTGTGTCATANCAT TR LR RSCCaATTATATT IO TCCCoATTCATOC ARG ATOCC ToAGE LSS TTCGCE ATACCS TACCSTACO RS0 G TTTGARCOG6GCToGSTAC | | 01 104204805 CoGACCoETACATACCECCoGTATEGE0a6TACECTTCO0TATEACAGACCTTETCCCTCAGTATATATCTCTTTTC TAAATTTATGACCACTCCARGGCAACTTGECAAAGARAATGALARGE

hAT1 in Musa acuminata
F and R primers indicated by blue arrows in sequence

2011/03/17 178
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hAT1 insertion sites in Musa diversity collection
hAT486F and hATO037R

Top bands (560-bp) amplified hAT element and lower bands amplifying the



hAT 002'gl % S pAT
- N » .3 £ 1R
28 . el i

70 TSD TIR 265 bp hAT TIR TSD 340

-

- %

The hAT1 insertion sites in Musa with hAT486F and hAT037R in:  6) acuminata, 8) acuminata,
16) acuminata, 17) AAB, 22)acuminata, 23)AB cv.



Musa (ABB) Musa (ABB)

A-genome specific hAT In
three Musa hybrids
(2n=3x=33)

Musa 'Williams Cavendish’ (AAA)




Banana Streak ParaRetrovirus
(BSV)

Double stranded DNA Is infective
Insect vector

Unexpected epidemiology
» Appearance after cold or tissue culture

Glyn Harper & Roger Hull



Double-stranded DNA
ParaRetrovirus (Badnavirus)

CIM0)



Mr 1 2 3 4 5 6 7

Mr
PCR (kb)
amplification
of BSV - =
from _ §:
genomic  3'()_
DNA of
2.0-
Musa 16
Prfmers.‘—ri — e —— e e G

B e
Musa 0 1 2 3 4 5 6 7
Hormeon & Hull 1000 primer BSV Sequence (kb)
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Malaysian Palm Qil Board
Alex Vershinin, Sybille Kubis,
Maria Madon, Xana Castilho,
Trude Schwarzacher
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Epigenetics

Phenotype appears 5 years after tissue culture




McrBC

unusual restriction enzyme cutting between
methylated cytosine (MC) sites

3/17/2011



McrBC - shows substantial
reduction in methylation In
tissue culture lines

Cuts methylated DNA

Kubis, Castilho, Vershinin, HH 2003

3/17/2011
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McrBC digests probed with
gypsy clones

presentonlyin Nand T
lines

Similar with copia probe

3/17/2011



Copia mMRNA is present
tissue culture

Analysis by RT-PCR

260bp product In
some lines

3/17/2011
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Phenotype Cause
Multiple abnormalities Chromosomal loss, deletion or
translocation

Gene mutation / base pair
changes

Telomere shortening
Retro)transposon insertion
Retrotransposon activation

SSR expansion
Methylation
(Male/Female) Heterochromatinization
Chromatin remodelling
Histone modification

Genetic changes
non-reverting

Changes seen, some reverting

Normal Differentiation



Aegilops
ventricosa
45S rDNA
dpTal
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ranscription
and replication
factories



mailto:hphh4@le.ac.uk�
http://www.molcyt.com/�

g atios: L nited
Millennium Development Goals
Goal 1 — Eradicate extreme poverty and hunger

Goal 3 - Promote gender equity and empower women
Goal 4 - Reduce child mortality

Goal 5 - Improve maternal health

Goal 6- Combat HIV/AIDS, malaria and other diseases

Goal 7 - Ensure environmental sustainability
Goal 8 - Develop a global partnership for development

Convention on Biodiversity (Rio Convention”): iInventory the

worlds diversity

... heeds for agriculture: not the only reasons for genomics
Moral imperative not to destroy that we have in the world









4% AoB Blog = a0obblog.com/2010/11/the-roadside-botanist-bananas-and-cz
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banana genotype was rather .
avourless and starchy (Prata Ana), but | g

vo others emphasized what we in the . % —
emperate countries miss: Garantida II I\ﬂ -
vith citrus flavours overlayving a sweet ﬁ
smooth texture, while Caipira had a more
savoury and vanilla custard taste. But the Banans:
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Conventional Breeding
Cross the best with the best and hope for

something better

Superdomestication

Decide what is wanted and then plan how to get it
- variety crosses
- mutations
- genepool
- genes



FINANCIAL TIMES

From Prof Donald Braben and others.
Sir, We the undersigned scientists
write to draw attention to a neglected
aspect of the current economic crisis.
Robert Solow won the Nobel Prize in

economics in 1987 for his 1950s
discovery that technical change was
the biggest source of growth, a
discovery that seems to have been
forgotten.

Scientific advances are not
predictable.

JULLVELSILY, INUUEL laultalc
Pat Heslop-Harrison, University of
2 Leicester

s Odnsra ITamxrddla TTrmisroarcitxsr nf






Threats to sustainability:

¢ Habitat destruction == -

¢ Climate change (abidtic stresses)
¢ Diseasés (biotic-stresses)

¢ Changes in what people want

¢ Blindness t0 What Is happening

¢ Unwillingness to change



3.5

2.5

15

0.5

1961

1970

1980

1990

2000

2007

Maize

Human

Rice

Area

Wheat



Rice, paddy
Wheat
Potatoes

Sugar beet

Cassawva

Soybeans

il palm fruit

Barley

Sweet potatoes
Tomatoes
Watermelons

Bananas

Seed cotton

Cabbages and other br:
Grapes

Sorghum

Onions, dry

Apples

Oranges

Coconuts

Yams

Rapeseed

Cucumbers and gherkin
Groundnuts, with shell
Plantains

Mangoes, mangosteens
Eggplants {aubergines)
Millet

year {millions)
2007

G,602
85
G52
607
322
245
2258
216
192
126
126
126

93
21
V3
69
G5
65
G
=t
=t
55
L2
49
45
35
34
33
32
32

All plant crops with >30M tons
annual production

excluding sugar cane and ‘other
vegetables’

People: WHO

Calories are pretty important —

At tharm ant micrcrantitrinnte! 1o



Potatoes

Sugar beet

Cassava

Soybeans

0il palm fruit

Barley

Sweet potatoes
Tomatoes
Watermelons

Bananas

Seed cotton

Cabbages and other br:
Grapes

Sorghum

Onions, dry

Apples

Oranges

Coconuts

Yams

Rapeseed

Cucumbers and gherkin
Groundnuts, with shell
Plantains

Mangoes, mangosteens
Eggplants (aubergines)
Millet

year (millions)
1961
2,090

205
216
222
271
161
71l
27
14
=
93
258
15
21
27
23
43
41
14
17
16
24
=i

4
10
14
13
11
-
26

2007
6,602}

G52
Go7
322
245
228
216
192
1=6
126
126
9=
g1
Va3
(=R
G5
65
=5
=5
=5
5L
52
49
45
35
34
33
32
32



Potatoes

Sugar beet

Cassava

Soybeans

0Oil palm fruit

Barley

Sweet potatoes
Tomatoes
Watermelons

Bananas

Seed cotton

Cabbages and other br:
Grapes

Sorghum

Onions, dry

Apples

Oranges

Coconuts

Yams

Rapeseed

Cucumbers and gherkin
Groundnuts, with shell
Plantains

Mangoes, mangosteens
Eggplants (aubergines)
Millet

year (millions)

1961
2,090
205
216
222
271
161
71
27
14
=
93
258
15
21
27
23
43
41
14
17
16
24
=i
el
10
14
13
11
-
26

2007

6,602
Fa=t="
G52
G607
322
243
228
216
192
1=6
126
126
93
g1
Va
a9
G5
65
=5
=5
=5
5L
52
49
45
35
34
33
32
32

20071961
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year (millions)

item 1961 2007 20071961
0il palm fruit 14 192 12.7
Rapeseed < 40 12.3
Soybeans 27 216 2.0
Yams a2 L2 6.5
Watermelons 12 a3 5.2
Onions, dry 14 e 4.6
Eggplants {(aubergines) T 3z 4.6
Tomatoes 28 126 4.5
Cucumbers and gherkin 10 45 4.5
Oranges 15 S 4.0
Bananas 21 a1 3.9
Maize 205 7ak 3.8
Apples 17 (s 4.8
Cassava Tl 228 3.2
Rice, paddy 216 652 2.0
Cabbages and other br: 23 aa 3.0
Mangoes, mangosteens 11 a3 3.0
Wheat 222 c0vy 2.7
Seed cotton 27 73 2.7
Plantains 12 34 2.6
Groundnuts, with shell 14 25 2.5
Coconuts 24 L= 2.3
People 2,020 b,602 2.1
Barley e 126 1.9
Sorghum 41 G5 1.6
Sugar beet 1561 245 1.5
Grapes 43 GG 1.5
Sweet potatoes o5 126 1.3
Millet 26 3z 1.2
Potatoes 271 322 1.2
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Genomes and genomics
Markers from DNA
Diversity and Its use
Challenges and breeding
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The Linear Chromosome
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CytoGenomics ...

The genepool has the diversity to
address these challenges ...

New methods to exploit and
characterize germplasm let use make
better and sustainable use of the
genepool



Species evolution

Eulyplnidy Dliversity, Genes and Genomics:
t' . .
- omnsame evaltiFOM Models to Application

Shromosome evoluti
senome diversity

Centromeres/mitosis grigins
Nuclear architecture hleQ.E”V
Epigenetics Jiversity |
Chromatin ntrogression
Selection

Meiosis/recombination |
Pre-Breeding

Propagation
Varieties



Plant Molecular Cytogenetics
Pat Heslop-Harrison

User&PW = ‘visitor’

This talk will be linked from homepage
Also:


mailto:phh4@le.ac.uk�
http://www.molcyt.com/�
http://www.sblab.org/�
http://www.crocusbank.org/�
http://www.biobanana.com/�
http://www.musagenomics.org/�
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Do we need change?
Do we need faster change?

Crop varieties

-High yield

-High quality and safe

-Easy to grow agronomically

-Disease resistant

-Insect/nematode resistant

-Efficient water use

-Secure, stable production

-Environmentally friendly
-Not invasive
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