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Homologous recombination has been a focus of basic research for over a hundred years [1-3].
The advent of genomics has allowed fine-scale analyses of recombination, including genome-
wide analysis of global recombination rate [4-6] and hotspot usage (the proportion of recombi-
nation that occurs at hotspots) [4,6]. Recently, PLOS Genetics published the work of Ma et al.
[7] describing a genome-wide association study of global recombination rate in Holstein cattle
using 3,224 males and 53,125 females and hotspot usage using 1,772 males and 12,756 females.
The recombination rate and hotspot usage phenotypes were estimated using 223,364 samples
that belonged to 185,917 three-generation families, which were extracted from the larger pedi-
gree that contained over half a million Holstein cattle when the research was conducted.

Why Genotype Half a Million Cattle?

In 1997 [8] and 2001 [9], researchers proposed methods to predict the genetic merit (i.e., their
value as parents of the next generation) of organisms using dense genotype data; we now refer
to these methods as genomic selection or, perhaps more accurately, as genomic prediction.
Genomic prediction, whether using the estimated effects of variants merged with indepen-
dently estimated merits based on phenotype and pedigree (multi-step) or by supplementing
the pedigree-based expected relationships (average extent of allele sharing based upon pedigree
relationship) with realized relationships estimated from genotype data (single-step), predicts
the expected performance of an individual’s progeny relative to the population average using
that individual’s genotypes at thousands of DNA variants. When genomic prediction was first
proposed, there was not an affordable technology to genotype a sufficient number of variants
in a large number of individuals. But, in 2008, a commercial single nucleotide polymorphism
(SNP) array for cattle was released [10] and, in 2009, genomic prediction was implemented in
United States Holstein dairy cattle. Since that time, genomic prediction has been implemented
in many other livestock and crop populations. Genomic prediction solves the main weakness
of traditional pedigree-based genetic merit predictions, namely that estimates are imprecise for
young animals with little or no data on their progeny. By tracking the inheritance of segments
of chromosomes, either through multi-step or single-step methods, genomic predictions pro-
vide the same amount of information as five to 30 progeny records (the number varies by
breed and trait) [11]. With genomic prediction, the lack of data and predictive reliability for
young animals is alleviated and the rate of genetic progress has increased dramatically. As dem-
onstrated by Ma et al. [7], these genomic data sets not only have commercial applications to
improve agriculture production but can also be used to answer basic biological questions. In
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Fig 1. Number of Holsteins genotyped since 2009. The cumulative numbers of Holsteins genotyped from
January 1, 2009 to July 1, 2015 are plotted. Cumulative genotype counts from April 2010 to July 2015 were
used in a time series ARIMA model (with 1st order autocorrelation, 2 degrees of differencing, and 4th order
moving averages) to predict the number of genotyped animals till March 2021. Dark grey shading
corresponds to 80% confidence interval, and light gray corresponds to 95% confidence interval. Cumulative
number of animals genotyped was downloaded from the Council on Dairy Cattle Breeding website (https://
www.cdcb.us/Genotype/cur_density.html). Data and R code use to generate the plot are available at https:/
missouri.box.com/Fig1-HolsteinPredictions.
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2009, The Bovine Genome Sequencing Consortium stated, “The cattle genome and associated
resources will facilitate the identification of novel functions and regulatory systems of general
importance in mammals. . .” [12]; the work of Ma et al. [7] is one of many fulfillments of that
prediction. Because of the economic impact of genomic prediction, genomic data is being gen-
erated in agricultural species at an unprecedented rate. A time series analysis predicts that
there will be over one million Holstein cattle genotyped by the end of 2015, and, in the next six
years, that number will likely triple (Fig 1). In many cases, these genotype data are not publi-
cally available due to their commercial value, but, typically, breed associations have been will-
ing to execute material transfer agreements with academic scientists for research
complimentary or peripheral to their commercial objectives. Notably, after initial development
of the genomic prediction, the genotyping of these animals is paid for by farmers and incurs lit-
tle cost to the research community. In addition to SNP array data, the 1,000 Bull Genomes
Project has processed whole-genome sequences for over 1,577 cattle, and many individual lab-
oratories have resequenced hundreds of additional animals that are not yet part of the consor-
tium data set. Combining this research-funded genomic sequence data with commercially-
funded genotype array data will only increase the power to answer basic biology questions with
agriculturally important species.
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Recombination Insights

With tens of thousands of cattle with recombination phenotypes, Ma et al. [7] confirmed asso-
ciations between not only PRDM9 paralogs, CPLX1, RECS, and recombination rate but also
showed increased power to detect novel associations, such as NEK9, REC114, MSH4, SMC3,
and CEP55. As a resource to the bovine genomics community, the authors have made their
recombination maps and high-quality crossover data publicly available [7]. Furthermore, the
researchers show that, unlike sex differences observed in humans and mice, bulls (males) have
more recombination than cows (females), perhaps due to stronger selection intensity on artifi-
cial insemination sires compared with females. Further, the authors provide evidence that the
male recombination rate may have decreased in the last 40 years. Comparative studies with
beef cattle or other livestock species may elucidate the demographic forces behind these recom-
bination sex differences and trends over time.

Acknowledgments

Jesse Hoff provided inspiration for Fig 1, see https://twitter.com/hoffsbeefs/status/
619835415663501312. Jesse Hoff, Lynsey Whitacre, and Jeremy Taylor provided feedback on
earlier versions of this manuscript.

References

1. Morgan TH. An attempt to analyze the constitution of the chromosomes on the basis of sex-limited
inheritance in Drosophila. J Exp Zool 1911; 11:365-413.

2. Morgan TH, Cattell E. Data for the study of sex-linked inheritance in Drosophila. J Exp Zool 1912; 13:
79-101.

3. Morgan TH. The Explanation of a New Sex Ratio in Drosophila. Science 191236(934):718-719.
4. Kong A, Thorleifsson G, Gudbjartsson DF, Masson G, Sigurdsson A, Jonasdottir A, et al. Fine-scale

recombination rate differences between sexes, populations and individuals. Nature 2010; 467:1099—
1108. doi: 10.1038/nature09525 PMID: 20981099

5. BaudatF, Buard J, Grey C, Fledel-Alon A, Ober C, Przeworski M, et al. PRDM3 is a major determinant
of meiotic recombination hotspots in humans and mice. Science 2010; 327(5967):836—40. doi: 10.
1126/science.1183439 PMID: 20044539

6. Parvanov ED, Petkov PM, Paigen K. Prdm9 controls activation of mammalian recombination hotspots.
Science 2010; ( 327(5967):835. doi: 10.1126/science.1181495 PMID: 20044538

7. Mal, O'Connell JR, VanRaden PM, Shen B, Padhi A, Sun C, et al. Cattle Sex-Specific Recombination
and Genetic Control from a Large Pedigree Analysis. PLoS Genet 2015; 11(10): e1005387.

8. Nejati-dJavaremi A, Smith C, Gibson JP. Effect of Total Allelic Relationship on Accuracy of Evaluation
and Response to Selection. J Anim Sci 1997; 75(7):1738-45 PMID: 9222829

9. Meuwissen THE, Hayes BJ, Goddard ME. Prediction of total genetic value using genome-wide dense
marker maps. Genetics 157(4): 1819-1829. PMID: 11290733

10. Matukumalli LK, Lawley CT, Schnabel RD, Taylor JF, Allan MF, Heaton MPet al. Development and
characterization of a high density SNP genotyping assay for cattle. PLoS One 2009; 4(4): €5350. doi:
10.1371/journal.pone.0005350 PMID: 19390634

11. Khatib H. Molecular and Quantitative Animal Genetics. Hoboken, NJ: John Wiley & Sons, Inc; 2015.

12. Bovine Genome Sequencing and Analysis Consortium, Elsik CG, Tellam RL, Worley KC, Gibbs RA,
Muzny DM, et al. The genome sequence of taurine cattle: a window to ruminant biology and evolution.
Science 2009; 324(5926):522—-8. doi: 10.1126/science.1169588 PMID: 19390049

PLOS Genetics | DOI:10.1371/journal.pgen.1005621 November 5, 2015 3/3


https://twitter.com/hoffsbeefs/status/619835415663501312
https://twitter.com/hoffsbeefs/status/619835415663501312
http://dx.doi.org/10.1038/nature09525
http://www.ncbi.nlm.nih.gov/pubmed/20981099
http://dx.doi.org/10.1126/science.1183439
http://dx.doi.org/10.1126/science.1183439
http://www.ncbi.nlm.nih.gov/pubmed/20044539
http://dx.doi.org/10.1126/science.1181495
http://www.ncbi.nlm.nih.gov/pubmed/20044538
http://www.ncbi.nlm.nih.gov/pubmed/9222829
http://www.ncbi.nlm.nih.gov/pubmed/11290733
http://dx.doi.org/10.1371/journal.pone.0005350
http://www.ncbi.nlm.nih.gov/pubmed/19390634
http://dx.doi.org/10.1126/science.1169588
http://www.ncbi.nlm.nih.gov/pubmed/19390049

