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According to Darwin 

l "... a kind of Selection, .... which 
results from every one trying to 
possess and breed from the best 
individuals…”

• "...in a vast number of cases, we cannot 
recognize ... the wild parent-stocks of the 
plants which have been longest cultivated in 
our flower and kitchen-gardens." 

Origin of Species, 1859

Our current crops and animals are the result of

Comb Farms



Modern ag

Yield

Inputs    

• 250% in output per unit input over the 
past 70 years



Plant breeding removes 
unwanted traits
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Seed color

Linolenic acid
Seed size

l Natural 
mutations

l Mutagenesis
l Engineering
l Genome editing



Mutation breeding
l 3308 known varieties 

developed from mutation 
breeding
l FAO/IAEA database 

(http://www-infocris.iaea.org/MVD/)

Institute of Radiation Breeding
Ibaraki-ken,  JAPAN 
www.irb.affrc.go.jp/

Specialtyproduce.com
Corbis.com

http://www-infocris.iaea.org/MVD/


Mutation breeding
l 4 bp to 8 kb deletions
l Inversions of up to 1.5 kb
l Insertions ~200 bp
l Frame-shift mutations
l Premature stop codons

Chicago Daily Tribune
26 Apr 1961, p 1-9



Sunflower oil goes high oleic

Pervenents mutation.
Duplication cause by DMS mutagenesis (Soldatov, 1976)

Soldatov KI (1976) Chemical mutagenesis in sunflower breeding. In: 
Proceedings of VIIth International Sunflower Conference, Krasnodar, 
pp 352–35potle
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Quality

Pest
resistance

Herbicide 
tolerance

Plant breeding puts many 
traits together

Source:
l Other varieties
l Land races
l Other species
l Transgenes



Allele replacement by backcrossing
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Resistant

Susceptible 

R. Boerma



Allele replacement by backcrossing

Block of genes gets swapped

High protein introgression line

~ 35 million bp = 70% of chromosome

Source: Zenglu Li



Transgenics, 1950’s style

Move a chunk of chromosome 
with hundreds of unknown genes

Photo:  USDA-ARS

Sears, E.R.  1956.  The transfer of leaf-rust resistance form Aegilops umbellulata to wheat.  Genetics in Plant Breeding Brookhaven Symposium #9.
In situ concept: Phil Larkins

Rust disease 
resistance

Wheat



DNA diversity perspective
l Overlooking results from mutagenesis

l Traits came from SNPs

GCCATC ---CGA

GCGATCGGGCGA
SNP

In/Del



SNPs are very abundant
l Maize HapMap.v2 – whole genome

l 103 lines 
l 60 inbreds, 25 landraces, 19 wild relatives

l 55 million SNPs 

l Any corn protein 300-400 aa long 
from two alleles
l Differs by 3.5 aa due to SNPs
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GCCATC ---CGA

GCGATCGGGCGA
SNP

In/Del

l 7 SNPs per billion bp per 
generation
l = ~ 7 SNPs per soybean 

plant per generation

• Ossowski et al (2010) The rate and molecular spectrum of spontaneous mutations in Arabidopsis thaliana. Science 327: 92–94
• Tenaillon  et al (2001) Patterns of DNA sequence polymorphism along chromosome 1 of maize (Zea mays ssp. mays L.). Proc Natl Acad Sci USA 98: 9161–9166



14 days after infestation

Caterpillar resistance in soybean
l 1 SNP in an epigallocatechin glucosyl transferase



SNPs & modern wheat
“You know in the song ‘America the 
Beautiful,’ we talk about amber 
waves of grain? That was not 
written about modern wheat” 

“Rather than sway in the wind, the 
shorter modern wheat stalks only 
nod.”
– Thom Leonard

http://flagpole.com/food/the-
locavore/2016/07/27/local-bakeries-bring-
back-forgotten-grains

Winslow Homer, 1865. Veteran in a new field

http://flagpole.com/food/the-locavore/2016/07/27/local-bakeries-bring-back-forgotten-grains


DNA diversity perspective
l Overlooking results from mutagenesis

l Traits came from SNPs
l There is more than just SNPs



Intragenic structural variation

www.seedquest.com/News/releases/2009/april/25801.htm

Duplication of an ethylene response factor:



Elongated fruit in tomato

Xiao H, Jiang N, Schaffner E, Stockinger EJ, van der Knaap E. 
2008. A retrotransposon-mediated gene duplication underlies 
morphological variation of tomato fruit. Science 319: 1527-1530.

Chr
10
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A tale of two wines

Lisch D  2013  How important 
are transposons for plant 
evolution?  Nature Reviews 
14:49-60

http://earlymountain.com/sites/default/files/cabsauv-grape.png
http://cellarbythequay.co.uk/grape-misconceptions-no-1/

http://earlymountain.com/sites/default/files/cabsauv-grape.png
http://cellarbythequay.co.uk/grape-misconceptions-no-1/


Origin of yellow corn
l A 382-bp Ins2 into 

phytoene synthase

• Palaisa KA, M Morgante, M Williams, A Rafalski  (2003) Contrasting effects
of selection on sequence diversity and linkage disequilibrium at
two phytoene synthase loci. Plant Cell 15: 1795–1806



Diversity perspective
l Overlooking results from mutagenesis

l Traits come from SNPs
l Structural variants are another major source

l Were being missed during genome resequencing/assembly
l Copy number variation is another type of SV



Copy number variation
Cyst nematode resistance in soybean

• Cook et al 2012. Copy number variation of 
multiple genes at Rhg1 mediates nematode 
resistance in soybean.  Science 338:1206-
1209

https://cropprotectionnetwork.org/resources/articles/diseases/soybean-cyst-nematode-of-soybean

https://cropprotectionnetwork.org/resources/articles/diseases/soybean-cyst-nematode-of-soybean


Peach types

https://www.rosbreed.org/sites/default/files/peach%20texture.png

Gu et al., 2016. Copy number variation of a gene cluster encoding endopolygalacturonase 
mediates flesh texture and stone adhesion in peach. Journal of Experimental Botany  67(6): 
1993–2005

endoPGM

endoPGMendoPGM

endoPGM

Melting flesh



Diversity perspective
l Overlooking results from mutagenesis

l Traits come from SNPs
l Structural variants are another major source

l Were being missed during genome resequencing/assembly
l Copy number variation is another type of SV
l Presence absence variation



PAV in tomato

l Looked at 725 varieties
l Found 4,873 genes 

present in some but not all
l Mostly disease resistanceGao L, I Gonda, H Sun, Q Ma, K Bao, DM Tieman, EA Burzynksi-

Chang, TL Fish KA Stromberg, GL Sacks, TW Thannhauser, MR 
Foolad, MJ Diez, J Blanca, J Canizares, Y Xu, E van der Knaap, S 
Huang, HJ Klee, JJ. Giovannoni, & Z Fei.  2019.  The tomato pan-
genome uncovers new genes and a rare allele regulating fruit flavor.  
Nature Genetics, 51: 1044-1051.



Presence Absence Variation

l Chinese Spring + 18 cultivars
l Ave genes/cv = 128,656
l Core genome =     81,070 ± 1631
l Pan genome = 140,500 ± 102

The wheat pan genome
Montenegro et al, 2017

Gene categories that differ in the wheat pan genome



Corn

B73

l 6,440 unique genes
l 1,394 unique copy number variants

W22
l 8,372 unique genes
l 1,261 unique copy number variants
l 177,000 transposons

Springer et al., 2018. The maize 
W22 genome provides a foundation 
for functional genomics and 
transposon biology.  Nature 
Genetics 
https://www.nature.com/articles/s41
588-018-0158-0



Transposon content in maize
l 2,380 genes in the B73 genome are 

within variable TEs



Horizontal gene transfer

http://www.npr.org/sections/goatsandsoda/2015/05/05/404198552/natural-
gmo-sweet-potato-genetically-modified-8-000-years-ago

Proc. Natl. Acad Sci USA 112:5844-5849

http://orogoldschool.com/wp-content/uploads/2014/06/tomato-tree.jpg

• Liu et al 2012.  Evolutionary force of AT-rich repeats to trap genomic and episomal 
DNAs into the rice genome: lessons from endogenous pararetrovirus. Plant 
Journal 72:817-828

• Staginnus et al. 2007 Endogenous pararetroviral sequences in tomato (Solanum 
lycopersicum) and related species BMC Plant Biology 2007 7:24

• Geering ADW, F Maumus, D Copetti, N Choisne, DJ Zwicki, M Zytnicki, AR 
McTaggart, S Scalabrin, S Vezzulli, RA Wing, H Quesneville and P-Y Teycheyney.  
2014.  Enodogenous florendoviruses are a major components of plant genomes 
and hallmarks of virus evolution.  Nature Communications 5(5269) 
doi:10.1038/ncomms6269

El Baidouri M, M-C Carpentier, R Cooke, D Gao, E Lasserre, C Llauro, M 
Mirouze, N Picault, SA Jackson and O Panaud.  2014. Widespread and 
frequent horizontal transposable elements in plants.  Genome 
Research 24: 831-838

2 million gene 
transfers 
between plants



FN
M92-220

Mutagenesis vs parent M92-220

Mutagenesis

Measure of structural variation
Comparative chromosome hybridization

6 kb deletion

Minsoy
Wm82

Spontaneous/Conventional

Anderson JE,J-M Michno,TJY Kono,AO Stec,BW Campbell,SJ Curtin, RM Stupar. 2016.Genomic variation and DNA repair associated with
soybean transgenesis: a comparison to cultivars and mutagenized plants. BMC Biotechnology 16:41



Conventional breeding
Traits from wild relatives

Germplasm x Cultivar

Traditional view
- Backcrossing replaces an existing 

allele with a desired allele

Emerging view
- Besides allele replacement, 

- backcrossing can introduce a PAV gene 
- Can also eliminate genes that were there

Desired 
allele

Germplasm x Cultivar



The continuum of genetic diversity

Induced 
mutations

HGT à Natural Transgenics 

Natural 
mutations

Interspecific
crosses

Genome 
editing

Genetic 
engineering

GMO

Synthetic biology

Man-made Transgenics

Intraspecific 
crosses

l SNPs
l Structural 

variants
l Transposons
l Intragenic
l CNV
l PAV





Wild
cabbage

Kale, 500 BC

Kohlrabi
Germany, 100 AD

Cabbage, 100 AD

Cauliflower
1400's

Broccoli
Italy, 1500's

Brussel sprouts
Belgium, 1700's



And the changes continue



And continue

Kalette

Flower sprout



Sources of diversity
l Standing variation
l The realization that the plant breeding process itself is mutagenic & creates new diversity

l Rasmussen, D.C., and R.L. Phillips. 1997. Plant breeding progress and genetic diversity from de novo 
variation and elevated epistasis. Crop Sci. 37:303-310

Corbis



ISU Extension
The Natural History Museum, London

"... breeders could never have 
expected or even have wished to 
have produced the result which 
ensued." 


