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Breeders have selected for desired changes to our 
food and companion animal populations



Animal breeders are glorified matchmakers
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Beef Cattle Champions 1950s vs 1980s

1988 Grand Champion Polled Hereford Show

1953. Grand Champion Angus Female 1950. Grand Champion Steer, weighing 1025 lbs

1986. Denver Champion weighing 2529 lbs
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US Cattle Inventory 1961 – 2019
Stocks Down (Million head; blue, left) 

vs. Beef Production Up (Million Tonnes; red, right)
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USDA FAS Beef and Veal Production - Selected Countries Summary -
https://apps.fas.usda.gov/psdonline/app/index.html#/app/downloads
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2019 Global Beef Production Numbers
Cattle numbers (Million Head; blue, left) 

vs. Beef production (Million Tons; red, right)

USDA FAS Beef and Veal Production - Selected Countries Summary -
https://apps.fas.usda.gov/psdonline/app/index.html#/app/downloads

https://apps.fas.usda.gov/psdonline/app/index.html#/app/downloads


The bovine genome is similar in size 
to the genomes of humans, 

with an estimated size of 3 billion base pairs.
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Human &     
cattle 

genomes 
are 83% 
identical



Hayes, B. J. & Daetwyler, H. D. 2018. 1000 Bull Genomes Project to Map Simple and Complex 

Genetic Traits in Cattle: Applications and Outcomes. Annual Review of Animal Biosciences 7:1.

1000 Bull Genomes Project: International consortium sequenced 2703 
cattle to 11x fold coverage

> 86.5 million genomic alterations (SNPs; 
Indels) between different breeds of cattle
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High-throughput genotyping technology enabled the 
development of high density “SNP chips” 
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The 2009 sequencing of the bovine genome allowed for the development of 
a 50,000 SNP chip, also known as the “50K”. Very rapidly adopted by the 

global cattle breeding community



Genomic selection enables an early look at who got 
lucky in the roulette of Mendelian sampling

x

AS AD

Mendelian Sampling

Young sire
Genomic 
Selection
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Wiggans, G. R., Cole, J. B., Hubbard, S. M., & Sonstegard, T. S. (2017). Genomic selection in dairy cattle: 
the USDA experience. Annual review of animal biosciences, 5, 309-327.

The rate of improvement in average net merit has nearly 
doubled for Holstein bulls since the implementation of 

genomic evaluation in 2010.

GENOMIC SELECTION
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Kasinathan, P. et al. 2015. Acceleration of genetic gain in cattle by
reduction of generation interval. Sci. Rep. 5, 8674; DOI:10.1038/srep08674



The rate of genetic gain depends upon the four 
components of the breeders’ equation
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Accuracy = how certain we are about an animal’s true genetic merit
Intensity of selection = fraction of animals selected as parents 
Genetic variation = variation available in the population
Generation interval = time between generations

Genetic change per year =

(Accuracy x Intensity x Genetic Variation)

Generation Interval



Genetic engineering (GE) the manipulation of an organism’s 
genes by introducing, eliminating, or rearranging specific genes 

using the methods of modern molecular biology, particularly 
recombinant deoxyribonucleic acid (rDNA) techniques 
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Staph. aureus mastitis-resistant cows 
(inflammation of mammary gland)
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Nature Biotechnology 23:445-451.  2005
Lysostaphin

from 
Staphylococcus 

simulans

http://www.ars.usda.gov/is/graphics/photos/jan01/k9314-2.htm


Gene editing involves introducing a double-strand break in 
the DNA at a targeted location in the genome

Van Eenennaam 7/21/2020Sander JD, Joung JK. CRISPR-Cas systems for editing, regulating and targeting genomes. Nat Biotech 2014;32:347-355.



Gene editing to produce 
Tuberculosis resistant cattle

Gao et al. 2017. Single Cas9 nickase induced generation of NRAMP1 knockin 
cattle with reduced off-target effects. Genome Biol. Feb 1;18(1):13. 

Northwest A&F University, Yangling, China
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https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjJq8PslY7SAhWGZiYKHXknBckQjRwIBw&url=https://blogs.ubc.ca/badgered/category/bovine-tuberculosis/&bvm=bv.146786187,d.eWE&psig=AFQjCNHrvZsIp9UH2J2EgwyrdOrT94rODg&ust=1487113000047792


Genetic improvement (permanent, cumulative) 
as a solution to animal disease rather than 

antibiotics/chemicals 



Gene editing to remove the major milk allergen: 
beta-lactoglobulin protein
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Wei, J., Wagner, S., Maclean, P. et 
al. Cattle with a precise, zygote-
mediated deletion safely eliminate 
the major milk allergen beta-
lactoglobulin. Sci Rep 8, 7661 (2018). 
https://doi.org/10.1038/s41598-
018-25654-8

https://doi.org/10.1038/s41598-018-25654-8


How might gene editing be used in cattle 
breeding programs?
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Target Targeted Trait/Goal Reference

Intraspecies POLLED allele substitution No horns/welfare trait Carlson et al., 2016

Intraspecies SLICK allele substitution Heat tolerance Sonstegard et al., 2017

Myostatin (MSTN) gene knockout Increased lean muscle yield Proudfoot et al., 2014

Beta-lactoglobulin gene knockout Elimination of milk allergen Yu et al., 2011

Prion protein (PRNP) knockout Elimination of prion protein Bevacqua et al., 2016

Intraspecies CALPAIN & CAPASTATIN allele substitution Improved meat tenderness Casas et al., 2006 (not reduced to 
practice)

Insertion of lysostaphin/lysozyme transgene Resistance to mastitis Liu et al., 2013 &2014

CD18 gene edit Resistance to bovine respiratory 
disease

Shanthalingam et al., 2016

Insertion of SP110, NRAMP1 Resistance to tuberculosis Wu et al., 2015; Gao et al., 2017

Intraspecies SRY translocation onto X chromosome All male offspring Owen et al., 2018

NANOS gene knockout Infertile males (for gonial cell 
transfer)

Ideta et al., 2016

Updated and modified from Van Eenennaam, A. L. 2017. Current Opinion in Biotechnology. 44:27-34.



Gene editing of myostatin to obtain double 
muscle cattle versus conventional breeding

Proudfoot C, et al. 2015. Genome edited sheep and cattle.  
Transgenic Res. 2015 Feb;24(1):147-53.

Naturally-occurring mutation in Belgian Blue

Is one way of obtaining the same 
mutation better than the other?
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Gene Edited Polled Calves
Naturally-occurring bovine allele at polled locus

Carlson DF, Lancto CA, Zang B, Kim E-S, Walton M, et al. 2016. 
Production of hornless dairy cattle from genome-edited cell lines. 

Nat Biotech 34: 479-81
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Precision breeding offers a new alternative to dehorning 
YouTube: https://youtu.be/-Qks_LMmodw

Van Eenennaam 7/21/2020

https://youtu.be/-Qks_LMmodw


Gene Edited Polled Calves
Naturally-occurring bovine allele at polled gene

10 base pairs (p)

212 base pairs (P)

POLLED GENE
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Even a female cow has to get “made up” 
for a glamor shot!
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Princess gets her 15 minutes of fame



Van Eenennaam 7/21/2020https://www.wired.com/story/crispr-gene-editing-humane-livestock  3/19/2019



Winter is coming



Current polled dairy sires have inferior 
genetic merit

Daughters of polled Holstein sires will earn   

less over their lifetimes

Polled allele frequency  is 0.0071

Adding polled to   selection indices is not 

effective

If used exclusively   polled sires would 

increase inbreeding & decrease genetic gain

Mueller, Maci et al. 2018. Simulation of introgression of the
POLLED allele into the Holstein breed via conventional
breeding versus gene editing. Proc. 11th World Congr.
Genet. Appl. Livest. Prod., Auckland, New Zealand 11:755
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Van Eenennaam, A. L. 2017. Genetic Modification of Food Animals. Current Opinion in Biotechnology. 44:27-34.             



Editing as a Cherry on Top of the Breeding Sundae
It will be able to introduce useful alleles without linkage drag, and 

potentially bring in useful novel genetic variation from other species
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Artificial insemination

Performance recording

Development of breeding goals

Progeny testing

Somatic cell nuclear transfer cloning

Embryo Transfer

Genomic Selection

Genome Editing

Association of like minded breeders 



Be very aware of the trade offs associated with 
saying no to animal breeding innovations
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Can’t Stop the Feeding
YouTube: https://youtu.be/C0MBl0BANHg
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https://youtu.be/C0MBl0BANHg


Questions?

My laboratory receives public funding support from the National Institute 
of Food and Agriculture and the Biotechnology Risk Assessment Grant 
(BRAG) program, U.S. Department of Agriculture, under award numbers 
2017-33522-27097, 2018-67030-28360, and 2020-67015-31536.
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