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[bookmark: ProjectSummary]Project Summary

The primary objective of this project is to improve the productive efficiency of dairy animals for traits of economic interest through genetic evaluation and management characterization so that the United States and other countries can meet the dietary needs of their populations. Collecting and combining information from phenotypes, genotypes, and pedigrees into more accurate evaluations for breeders to use in selection decisions will aid in improving the production efficiency of future dairy animals. Statistical methods will be derived and advanced and efficient computer programs will be developed to process the rapidly growing database of international genomic information and to remove bias caused by genomic preselection. Evaluations for additional traits will be developed if their estimated economic values and heritabilities are sufficiently high to justify selection. All traits will be combined into updated genetic-economic indexes to guide breeders with selection goals. Methods to combine genotypes from all breeds and crossbreds in the same model will be further developed and tested. Profits from alternative breeding programs and potential investments in data will be compared using simulations and deterministic models. Cooperation with other scientists in ARS, universities, and industry will result in more cost-effective genotyping tools and will maximize benefits from the data collected. Phenotypic effects of management practices and interactions of genotype with environment will also be documented using the national database. Higher density genotyping and full or targeted sequencing may lead to discovering causative mutations that affect important traits and to including quantitative trait loci (QTLs) in predictions instead of only markers. Other species may also be improved by using the genomic selection methods developed in this research as an example. 
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Objectives

The primary objective is to improve the productive efficiency of dairy animals for traits of economic interest through genetic evaluation and management characterization so that the United States and other countries can meet the dietary needs of their populations. Specific objectives include:

Objective 1. 	Expand national and international collection of phenotypic and genotypic data through collaboration with the Council on Dairy Cattle Breeding and the Bovine Functional Genomics Laboratory (BFGL).

Objective 2. 	Develop a more accurate genomic evaluation system with advanced, efficient methods to combine pedigrees, genotypes, and phenotypes for all animals.

Objective 3. 	Use economic analysis to maximize genetic progress and financial benefits from collected data focused on herd management practices, optimal systems for genetic improvement, quantification of economic values for potential new traits such as feed efficiency, economic values of individual traits, and methods to select healthy, fertile animals with high lifetime production.

For Objective 1, the goal is to expand USDA’s national dairy database to include a) additional traits (health, persistency, and management variables such as housing, feeding, etc.) to identify robust animals with genes that interact well with specific environments and changing climates (e.g., low input grazing systems); b) higher density genotypes up to full DNA sequence, with direct selection on quantitative trait loci (QTLs) possible using genotyping BeadChips with targeted content such as nonsense mutations or splice variants instead of just markers; c) lower density, more affordable genotypes for more animals by including data from a variety of technologies, companies, or laboratories; d) genotypes from additional countries beyond the North American partnership (including Italy, Great Britain, Denmark, and others); e) more complete and consistent pedigrees using single-nucleotide polymorphism (SNP) genotypes, with the possibility to also include multiallelic genotypes from previous parentage microsatellites; and f) data and resources from researchers who are studying novel genes, pathways, and phenotypes (such as feed efficiency) on smaller scales that need to leverage national data for imputation. For Objective 2, research on evaluation methodology will include a) single-step (instead of multistep) methods to account for genomic preselection and allow more flexible modeling; b) multitrait (instead of single-trait) models to include correlated traits and genetic-environmental interactions; c) all-breed (instead of single-breed) genomic equations to include more information in marker effect estimates; d) inclusion of genotypes from crossbred animals and differing but correlated marker effects across breeds; e) improved genotype imputation methods and software able to process very large data sets with a wide range of marker densities; f) cooperation with other research groups to locate causative genes, QTLs, and gene interactions associated with largest marker effects; and g) detection of animals that carry lethal recessive alleles by inheritance of haplotypes. For Objective 3, genetic progress and financial benefit will be maximized through a) characterizing effects of herd management practices on cow and herd profitability; b) optimizing experimental designs (such as numbers of animals to genotype and phenotype, density of genotyping, and systems of selection and mating for long-term progress); c) quantifying economic values of potential new traits (such as feed efficiency); d) monitoring and updating economic values of individual traits that contribute to genetic-economic selection indexes; and e) designing methods to select healthy, fertile animals with high lifetime production of affordable milk. The flow chart below describes the interrelationships of the objectives, approaches, and anticipated results with data available from the dairy industry and other collaborators.
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The objectives support the goal of improving economic efficiency of the U.S. dairy population by collecting more phenotypic and genetic data, improving statistical models and computational procedures used to calculate genetic evaluations, exploiting genotypic data to reduce generation interval and cost of selecting superior bulls, combining evaluations into appropriate selection indexes, and providing results for determining relative profitability of various management options. Genotypic data increase the value of additional traits; those data particularly enable genetic gain for traits with low heritability. Genotypic information also facilitates the verification of pedigree data, a known source of error in current evaluations. With additional traits, their appropriate weights in an overall selection index must be determined; economic indexes may also need to be tailored to specific management systems or environmental conditions.
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Predictions of genetic merit of traits that are economically important to the dairy industry have improved rapidly and will continue to improve production efficiency significantly. The accelerating increase in the availability and application of genomic tools and technologies underscores the value of recent work as well as the need for expanded research in this area. Extremely large numbers of both phenotypes and genotypes are needed for accurate genomic selection. Continued expansion of the U.S. databases would benefit by including international partners, which can provide data on animals related to the U.S. population and increase accuracy of genetic evaluations. Tools and costs for reading and analyzing DNA are evolving rapidly, presenting timely opportunities for expanding research on genomic data. To address those challenges, the national database will be expanded in collaboration with the Council on Dairy Cattle Breeding to include additional economically valuable traits for health, lactation persistency, and adaptation to climate change. Technology developed will include high-density genotypes and lower density, more affordable genotypes that result in genotyping more animals. Additional genotypes will be obtained from countries outside North America, including Italy, Great Britain, Denmark, and others.
Additional priority is needed to develop a more accurate genomic evaluation system that combines pedigree, genotypic, and phenotypic information simultaneously for all animals instead of separately for genotyped animals. When phenotypes are added primarily from animals that were preselected based on genomic merit, traditional genetic evaluations that use only phenotypes and pedigrees are biased. Current genomic evaluations are a post-processing step that uses traditional evaluations as input data. Those programs must be revised to account for all three data types (pedigree, phenotype, and genotype) simultaneously. Research is needed to 1) develop single- rather than multiple-step methods to account for genomic preselection, 2) develop multiple- rather than single-trait models to allow inclusion of correlated data, 3) develop all-breed instead of single-breed genomic equations to improve marker effect estimates and improve evaluations on crossbred animals, 4) improve genotype imputation methods, and 5) discover the location of causative genes as well as improve detection methods for lethal recessive alleles through the study of haplotype inheritance.
Data for several traits affecting profit have not been available historically because of cost but are now collected by on-farm management software. The problem is to define traits uniformly and provide incentives for transferring data to the national database. Before investing in data collection, industry partners need much better estimates of how much each potential trait and data source (more genotypes or more phenotypes) will improve overall accuracy and genetic progress.  Income and cost factors continue to change, making economic analysis and selection goals ongoing needs. To support the ultimate impact of research, an economic analysis is needed to optimize genetic progress and maximize financial benefits from collected data and analyses conducted, including characterization of the effects of herd management practices on profitability, determination of optimal systems for genetic improvement, quantification of economic values for potential new traits such as feed efficiency, monitoring and update of economic values of individual traits, and design of methods to select healthy, fertile animals with high lifetime production of affordable milk.
The research addresses the following research components in the 2013–2018 Food Animal Production National Program (NP 101) Action Plan: Components 1 (Improving Production and Production Efficiencies and Enhancing Animal Well-Being and Adaptation in Diverse Food Animal Production Systems) and 2 (Understanding, Improving, and Effectively Using Animal Genetic and Genomic Resources). Specific problem statements addressed are 1A (Improving the Efficiency of Growth and Nutrient Utilization) – Objective 3; 1B (Reducing Reproductive Losses) – Objective 3; 1C (Enhancing Animal Well-Being and Reducing Stress) – Objective 3; 2A (Developing Bioinformatic and Quantitative Genomic Capacity and Infrastructure for Research in Genomics and Metagenomics) – Objectives 1 and 3; 2B (Identifying Functional Genomic Pathways and their Interactions) – Objectives 1, 2, and 3; and 2D (Developing and Implementing Genome-Enabled Genetic Improvement Programs) – Objectives 1, 2, and 3.
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Collaboration with the Dairy Industry

For over 100 years, USDA has collaborated with the U.S. dairy industry [(Dairy Herd Improvement (DHI) groups and their data processing centers, artificial-insemination (AI) organizations, and breed associations] to collect data on economically important traits of dairy cattle and use those data for genetic improvement (HVanRaden and Miller, 2008H). The national database of phenotypic and pedigree information that began in 1908 was converted to computer processing around 1960. Bull evaluations for milk and fat yields have been calculated and provided to breeders since 1926. Since then, data have been collected and genetic evaluations developed and released to the industry for additional traits: protein (1977), type (1978), somatic cell score and productive life (1994), calving ease (2002), daughter pregnancy rate (2003), stillbirth (2006), and cow and heifer conception rates (2010).
In 2007, the first genotypic data were received through collaboration with an international consortium of government, university, and industry cooperators, and genetic evaluations that include genomic information became official in 2009 (HWiggans et al., 2011H). The current flow of data between USDA’s Animal Improvement Programs Laboratory and the dairy industry shown below is sustained through a Memorandum of Understanding (MOU) with the Council on Dairy Cattle Breeding (see HAppendix AH) for both traditional and genomic data.
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Because the organizations that supply each type of data to the Laboratory for research may be deriving revenue from providing original data to various cooperators, attention must be given to respect the supplying organization's interests when determining who is allowed to access the information provided by the supplier. A mechanism for sharing of data with the Laboratory has been developed by ARS (see HAppendix BH) and will include protocols for data exchange of phenotypes, genotypes, pedigree, and genetic evaluations within the United States and internationally. After implementation of a nonfunded cooperative agreement with ARS, the U.S. dairy industry will take responsibility for maintenance of the database of production, reproduction, type, calving, genotype, and pedigree information and calculate genetic evaluations from it. The clear industry control over collection of and access to the data may facilitate collection of data on additional traits because the industry will be able to provide incentives for data contributions based on collection of revenue related to value added. The data also will no longer be subject to freedom-of-information queries, a concern that has slowed collection of data for some traits in the past. Development of statistical methods and computer programs for genetic evaluations and data analysis will remain a collaborative effort between the Laboratory and the dairy industry.

Data Collection

Additional phenotypes and genotypes on reference animals benefit all breeders nearly equally, whereas in the past most benefits from recording phenotypes on cows or daughters of bulls went directly to the animal’s owner. Thus, genomic selection has changed the incentives for data collection away from individual breeders and towards breeders in general, and the new incentive structure for genomic selection makes experimental design and economic analysis at the population level much more important. For example, investments to obtain more traits or reference genotypes now require formal international agreements and are replacing previous decisions regarding within-company progeny test programs. Most costs of phenotyping traditionally were paid by herd owners for use in herd management, whereas costs of genotyping must be recovered entirely from genetic progress because genotypes are not yet used in herd management.
Public access to genotype or sequence databases and universal sharing may sound ideal but provide no incentive for continued data collection. Genomic evaluations for a fee instead of for free can generate revenue that can be used to invest in additional data or services. Scientific analyses can directly guide industry business decisions. Recent examples are predicting reliability gains from international genotype trades H(Olson et al., 2011aH) and from higher density genotyping chips (HVanRaden et al., 2011aH). Most emphasis has been on adding genotypes, and once those are available new traits can be added without extra genotyping cost. Availability of low-cost genotyping chips has resulted in an increased number of genotyped animals (HWiggans et al., 2011H). However, phenotypes could become the limiting factor due to the myriad of factors discussed above.

Genomic Evaluation

The accuracy of genomic evaluations is largely determined by both the number of predictor animals used to estimate SNP effects and the reliability of phenotypic data. For Holsteins, >17,000 bulls and a similar number of cows have both traditional evaluations and genotypes. That large data set has resulted in genomic evaluations with reliabilities of >70% (HWiggans et al., 2011H); however, progeny-tested bulls provide greater power to estimate SNP effects than do cows (HCalus et al., 2011H; HVeerkamp et al. 2011H). Genomic evaluations for Jerseys and Brown Swiss, which have much smaller predictor populations, have lower reliabilities. Other breeds currently do not have enough predictor animals to calculate genomic evaluations. Even for Holsteins, the reliability of genomic evaluations can be increased by increasing the number of predictor animals as the power to detect QTLs of smaller effect size is increased. Genotype exchanges with Italy and the United Kingdom have added Holstein genotypes, and exchanges with Germany, Switzerland, and Austria have added Brown Swiss genotypes, which led to increased accuracy of genetic evaluations (HOlson et al., 2011bH). 
The adoption of genomic evaluation is affected by the cost of genotyping. In September 2010, the low-cost Bovine3K Genotyping BeadChip with 2,900 SNPs was released (HIllumina, 2011cH). That chip had been designed to power imputation to BovineSNP50 genotypes and was used to genotype >50,000 females, dramatically extending the application of genomic evaluation (HWiggans et al., 2012H). However, the Bovine3K BeadChip has already been replaced with the recently released BovineLD Genotyping BeadChip with 6,909 SNPs (HIllumina, 2011aH; HBoichard et al., 2012H), which provides increased accuracy at the same cost.
In addition to adding predictor animals, accuracy can be improved by increasing the number of SNP markers. Currently, two high-density (HD) genotyping chips are available for cattle (HRincon et al., 2011H): the BovineHD Genotyping BeadChip with 777,962 SNP markers (HIllumina, 2010H) and the Axiom Genome-Wide BOS 1 Array Plate (HAffymetrix, 2011H) with 648,875 SNP markers. About 1,700 Illumina HD genotypes are in the national dairy database, and the dairy industry has agreements to more than double the number of HD genotypes.
Dense genotypes allow confirmation and discovery of parents and more remote ancestors such as grandparents and great-grandparents (HGusev et al., 2009H; HKirkpatrick et al., 2011H). Missing ancestors of many dairy animals can now be discovered and their pedigrees constructed using DNA because recent sires and many important ancestor sires have been genotyped with 50,000 or more SNPs.
The ultimate genomic information is the full sequence (HElsik et al., 2009H). Individual bull sequences also are becoming available, and thousands of animals are expected to have full sequence information within the next few years. Access to those data would improve genomic selection by enabling discovery of better SNPs (HBovine HapMap Consortium, 2009H) and pinpointing DNA sequences for deleterious recessives (HVanRaden et al., 2011cH). Whole-genome sequencing in humans in the H1000 GenomesH project has powered discovery of genetic variation both within and across populations and provided reference haplotype panels (40 million SNPs as of October 2011) for imputation in studies worldwide. Targeted content such as copy number variations (HHou et al., 2011H), nonsense mutations, or splice variants would be available in addition to markers to drive the next-generation of focused-content chips. A few known QTLs cannot be placed on genotyping chips because of patent protection. A common database under international sponsorship might be developed to facilitate sharing of full-sequence data (HWiggans and Miller, 2011H).
As genotype density increases, SNP markers become closer to QTLs. However, missing alleles must then be imputed for animals genotyped at less than highest density. To reduce costs and improve reliability, observed and imputed markers from multiple chips are combined in a single genomic evaluation. Imputation has rapidly become a very important part of genomic selection because it allows predictions for all animals to use the highest marker density even though many animals are genotyped at lower density or with a different chip to reduce cost (HDruet et al., 2010H; HWeigel et al., 2010H). 
Much of the software developed previously for human genetic studies does not adapt well to livestock because of differing pedigree structures and excessive computation when applied to larger populations (HChen et al., 2011H). Beagle, the best available imputation software package from human genetics (HBrowning and Browning, 2007H) was recently compared by HJohnston et al. (2011)H to software developed by animal breeders in North America (HSargolzaei et al., 2011H; HVanRaden et al., 2011bH), Europe (HDruet et al., 2010H), and Australia (HDaetwyler et al., 2011H; HHickey et al., 2011H). Algorithms developed in the United States and Canada were much faster than the best human genetics software and imputed the missing genotypes as accurately or more accurately.
Within-breed simulation studies have forecast that increasing densities much greater than 50,000 markers (50K) will give either no gains in reliability (HHarris and Johnson, 2010bH), very small gains (HVanRaden et al., 2011bH), or large gains (HMeuwissen and Goddard, 2010H). However, imputation accuracy can affect reliability if insufficient animals have HD genotypes. For example, reliability increased 1.6% if all animals had HD genotypes but only 0.9% when 1,406 animals had HD and 32,008 others were imputed from 50K genotypes (HVanRaden et al., 2011bH). Few or no studies have investigated the accuracy and ability to impute from very low to very high density genotypes. Before investing in data collection, realistic simulations are useful in optimizing designs and developing efficient methods of analysis.
Early results with Illumina HD genotypes in other populations have indicated small or no advantages in reliability as compared with 50K genotypes. An across-breed evaluation in New Zealand found that the number of markers could be reduced to 329,329 by eliminating redundant markers and showed no benefit from HD over 50K genotypes in a combined evaluation of Holsteins and Jerseys (HHarris and Johnson, 2010aH). Reliability in the genomic evaluation of Denmark, Finland, and Sweden improved by a mean of 0.5% using 557 Holstein HD genotypes and by 1.0% using 706 Red Dairy Cattle HD genotypes in separate within-breed analyses (HSu et al., 2011H). Use of HD genotypes for 384 Norwegian Red bulls increased correlations with future data for milk, protein, and one mastitis trait by 7 to 9% but showed little or no increase for four other traits (HSolberg et al., 2011H). A preliminary study of U.S. data with only 342 HD genotypes gave a mean decrease in reliability of 0.5%, presumably because of reduced imputation accuracy (HVanRaden et al., 2011aH). However, a subsequent study of the same data using 1,074 HD genotypes resulted in a 0.4% increase in reliability (P. VanRaden, unpublished data).

Combining Traditional and Genomic Predictions of Genetic Merit

Predictions that combine all available data sources simultaneously can be more accurate but also more difficult to solve. Traditional models that do not account for genomic selection may become severely biased (HVitezica et al., 2010H; HPatry and Ducrocq, 2011H). Maximum accuracy for combining information from pedigrees and phenotypes was obtained for several decades using mixed model equations for normally distributed traits and in recent decades using Bayesian methods for nonnormal phenotypes. Genotypes as an additional data source can greatly improve accuracy and timeliness of selection, but optimal methods have not been fully developed yet. The single-step method can be applied to large national datasets (HAguilar et al., 2010H), but computations quickly become limiting as numbers of genotyped animals increase. Multitrait evaluations were affordable for a type data set with 16,900 genotyped and 6 million phenotyped animals (HTsuruta et al., 2011H), but U.S. yield evaluations already include over 100,000 genotyped and nearly 30 million phenotyped animals. Matrix inversion costs are cubic with number of genotyped animals and already are not feasible.
A mathematically equivalent but less costly approach was proposed by HLegarra et al. (2011)H. Their algorithm appends extra equations that include the genomic relationship matrix instead of its inverse and the pedigree relationship matrix for genotyped animals instead of its inverse to the mixed model equations. Although the calculations appear to be appropriate, the equations are not positive definite, and the iterative strategy has not been applied to real data sets yet. An alternative approach includes genomic information as a separate correlated trait as proposed by HMäntysaari and Strandén (2010)H and HStoop et al. (2011) for dairy cattle data and MacNeil et al. (2010) for beef cattle data. The genomic calculations are also separate, which makes this alternative approach less appealing in theory but perhaps more practical than the single-step algorithms.
Traditional genetic evaluations of U.S. yield traits have been computed by a single-trait animal model since 1989 using programs originally designed to minimize memory requirements for very large data sets because of hardware limitations (HWiggans et al., 1988H). Those programs were revised to evaluate the additional traits productive life and somatic cell score in 1994 and daughter pregnancy rate in 2003 and to adjust for heterogeneous variance (HWiggans and VanRaden, 1991H), inbreeding (HVanRaden, 2005H), and heterosis (HVanRaden et al., 2007H), but much of the original programming code remains. Traditional evaluations are the first step in multistep genomic evaluation, where pedigrees and phenotypes are combined first and genotypes are added later.
Multitrait processing and incorporating genotypes required a complete revision of the computer software for calculating national genetic evaluations. The main benefits of multitrait processing are to account for missing traits or selection on a correlated trait (such as milk) when evaluating another trait (e.g., fertility; Hde Jong, 2005H). Some U.S. trait evaluations are exact multitrait models and others (such as productive life) use approximate multitrait postprocessing methods. A unified multitrait analysis of all traits is still probably not possible because of the use of several different models and the mixture of normal and nonnormal traits.

Genetic Evaluation Across Breeds

Across-breed genomic evaluation was tested using U.S. data, but the three methods tested did not improve reliability much above official within-breed results (HOlson et al., 2012H). Other researchers reached similar conclusions. An across-breed genomic evaluation is used in New Zealand (HHarris and Johnson, 2010aH); pure Holsteins, Holstein-Friesians, Jerseys, and crossbreds are combined to model the admixture in the training data set, and then the SNP estimates are applied to the validation data set regardless of breed of origin. HHayes et al. (2009)H reported results of two different methods applied to Australian Jersey and Holstein data. Official U.S. genomic evaluations are currently computed only within breed, whereas U.S. traditional evaluations of yield, health, and calving traits include purebreds of all breeds and crossbreds in the same model (HCole et al., 2005H; HVanRaden et al., 2007H).
Simulation studies have indicated that denser markers are needed before across breed genomics is used on a wider scale (Hde Roos et al., 2008H; HToosi et al., 2010H; HKizilkaya et al., 2010H). Early results from a high density (~700,000 SNPs) study in New Zealand indicated no increase in the accuracy of all-breed genomic prediction when the high-density chip was used; however, numbers of high density genotypes for Jerseys were limited, and the rest were imputed (HHarris et al., 2011H). Those studies all investigated using single-trait methodology, where SNP effects were assumed to be the same in every breed. HMakgahlela et al. (2011)H investigated multitrait genomic prediction for Nordic Red cattle by fitting an interaction of SNP effects with breed. They found little advantage to that method but suggested that the low accuracies may have resulted from the similarity in lines that were tested. Studies that applied multitrait methodology to genomic evaluations across breeds were not found.

Discovery of Causal Genotypes

Causal QTLs can be located more easily using denser genotypes and sequence data for more animals. HGeorges et al. (2010)H and HVanRaden et al. (2011c)H discovered one and five new lethal haplotypes, respectively, with recessive effects on fertility. The causal mutations within two of those haplotypes have already been found, in one case because the source ancestor and several sons were already fully sequenced (HAdams et al., 2012H). High-quality full sequences are still expensive to obtain for large families, but targeted resequencing is affordable when search areas are sufficiently narrow. Many more QTLs could be found during the next 5 years and could either become free for use or patented and protected depending on who finds them and any changes in laws regarding ownership of naturally occurring genetic variation.
Nonadditive genetic effects were not easy to predict from pedigree relationships within breeds because of the need to estimate a separate effect for each sire-by-dam subclass (full sibs) or each sire-by-maternal grandsire subclass (three-quarter sibs). Usually only a linear regression on inbreeding or the effects of heterosis between breeds were included in evaluation models (HVanRaden, 2006bH). Selection that included genomic estimates of dominance effects for each marker was shown by simulation to increase total response by 2 to 16% as compared with selection on only additive effects (HVarona and Toro, 2011H). Epistasis is sometimes detected using inbred lines of laboratory animals as well as F2 and other crosses of livestock populations (HCarlborg et al., 2003H; HDuthie et al., 2010H) or from bioinformatic analysis of promising QTLs in humans. However, large populations are needed and false positives are a problem because of the huge number of potential gene-by-gene interactions (HCarlborg and Haley, 2004H). Few genomic analyses of nonadditive inheritance have been reported in outbred livestock populations such as dairy cattle. A preliminary report using 1,654 Holstein cows indicated large epistatic effects (HMa et al., 2010H), and >10 times as many cows are now genotyped for further study.
Imprinting causes expression of the alleles inherited from one parent but not the other. A few major genes with imprinted expression have been detected in livestock such as the callipyge gene in sheep (HCockett et al., 1996H). Genes in this same imprinted region were also shown to have effects on dairy cattle traits (HMagee et al., 2010H). Recently several genes were shown to have imprinted effects on growth traits of cattle (HImumorin et al., 2011H), but few studies have been done with dairy cattle because most phenotypes are measured on females whereas most genotypes are from males. Thus, only the effects from male origin are normally examined.

Factors in Genetic Progress

Use of genetic markers in breeding programs had limited success before denser genomic markers became available (Dekkers, 2004). A main goal for past researchers was to isolate and discover causative mutations with large effects, but current research with many species now uses dense, evenly spaced markers to compute predictions because only small effects usually are associated with candidate genes (Maki-Tanila, 2010; Jannink et al., 2011). With large-scale genomic selection, breeders and breeding companies have less individual incentive to collect additional phenotypes and genotypes for the reference population and instead need to work cooperatively. Breeding programs must be revised to take full advantage of the shorter generation intervals and nearly equal accuracy for males and females now possible with genomics.
Recent research consistently indicates that genetic progress should be maximized by dramatically increasing the use of young bulls and heifers to shorten generation intervals. Most simulation studies account for the reduced genetic variance caused by multiple selection steps, but that reduction was not accounted for in the deterministic analysis of HSchaeffer (2006)H. Models must specify the numbers of males and females genotyped and phenotyped, the fractions chosen, accuracies of selection, and generation intervals expected. Optimum values for any of those may depend on the relative costs of AI, embryo transfer, and trait recording. Recent work by HDe Vries et al. (2011)H examined strategies for use of Bovine3K BeadChip genotyping and found that the increased genetic value of tested calves was greater than the cost of genotyping. Simulations should also model the long-term consequences from inbreeding along with the short-term gains from faster selection. 
Design of dairy cattle breeding programs is an area of active research (Schrooten et al., 2005; Konig et al., 2009; Pryce and Daetwyler, 2011). Those studies concluded that rates of genetic progress should increase by 50 to 100% above traditional selection. Simulations predict that rate of inbreeding will decrease slightly per generation but increase per unit of time because of the rapid generation turnover (Daetwyler et al., 2007; Pedersen et al., 2010). Increasingly, breeders want advice on how many and which animals to genotype, interactions of those costs and benefits with other factors such as embryo transfer and sexed semen, the relative values of genotyping with different chips, and other questions about genomic selection for which no published answers exist. Fortunately, many of these questions can be answered using normal distribution theory and standard math because the small effects from many genes cause genetic merit to be normally distributed for most traits.

Selection Indexes

Selection indexes must be periodically revised to ensure that economic assumptions are consistent with current industry conditions as well as to incorporate new traits (HVanRaden, 2004H; HShook, 2006H). The first USDA national index implemented in 1971 included only milk and fat yields and was expanded to include protein yield in 1977. To address the needs of dairy producers that market milk based on fluid milk and cheese pricing, fluid and cheese indexes also were implemented in 1983. The net merit index introduced in 1994 included productive life to measure longevity and somatic cell score to indicate mastitis resistance. Additional traits added to the USDA indexes include conformation traits in 2000, daughter pregnancy rate and calving ease in 2003, and stillbirth rate and a new measure of productive life in 2006. Relative emphasis on genetic merit for traits in the current 2010 revision of the net merit index is 19% for fat yield, 16% for protein yield, 22% for productive life, 10% on somatic cell score, 7% on udder conformation, 4% on feet and legs conformation, 6% on body size traits, 11% on daughter pregnancy rate, and 5% on calving traits (HCole et al., 2009aH). Economic values of all traits were updated with each USDA index revision.
Fertility traits were ignored in most selection programs until the last decade (HMiglior et al., 2005H; HShook, 2006H). Evaluations are currently provided to the U.S. industry for heifer conception rate, cow conception rate, and daughter pregnancy rate, which cover four of the five fertility traits exchanged by Interbull (Uppsala, Sweden). Interbull’s additional trait “interval from calving to first insemination” is not easy to evaluate in the United States because so many herds use timed insemination (HMiller et al., 2007H), but this trait is widely used internationally (HVanRaden, 2006aH). The net merit index has included only daughter pregnancy rate as a fertility trait because historical records are available, whereas only recent records are available for conception rate traits. As additional records are received, the newer traits may deserve direct emphasis.
 Interest has been growing in including traits such as feed efficiency in selection indexes, particularly as the cost of commodities used for feed continues to rise. However, those phenotypes may be correlated with traits already in the index, and the gain in selection intensity from addition of those phenotypes to the index may not offset the cost of their collection. That relationship and the value of the additional information has yet to be determined. In addition to new traits, interest has been growing in additional selection indexes to reflect alternative production systems, particularly pasture-based dairying (HNorman et al., 2006H). Research on topics related to selection indexes is conducted in collaboration with Multi-State Project S-1040, Genetic Selection and Crossbreeding to Enhance Reproduction and Survival of Dairy Cattle. 

Effect of Sexed Semen

As industry practices and herd management change, existing genetic evaluations need to be monitored to ensure that those changes are not introducing bias into the system. For example, sexed semen is now widely used (HNorman et al., 2010H), and the industry is concerned that miscoding of semen type or the use of sexed semen could be introducing bias into genetic evaluations for dystocia and stillbirth by altering the sex ratio dramatically in favor of females.
Phenotypic evaluations for sire conception rate have not been expanded to include information from breedings with sexed semen because commercial use of the technology only began in 2006. HNorman et al. (2011)H calculated evaluations for Holstein and Jersey service-sire conception rate based on cow or heifer inseminations with conventional or sexed semen. They found little relationship between conventional and sexed-semen evaluations based on either cow or heifer inseminations. However, cow and heifer evaluations were highly related when sire conception rate was based on either conventional or sexed semen. Service-sire conception rates appeared to be more accurate across time when cow and heifer inseminations were combined, and separate evaluations for conventional and sexed semen were recommended.


[bookmark: RelatedResearch]Related Research

An NIFA-CRIS search of research on December 14, 2011, revealed 52,052 projects generally associated with terms related to genetic evaluation or the dairy industry. After narrowing the search to exclude plants and species not of interest, 365 projects remained, of which 30 appeared to have a possible connection to this project. Examination of those projects revealed only one project that was ongoing and of direct relevance:

· Skew Normal Modelling of Haplotype Environment Interactions (MO-HSSL0847)
University of Missouri (N. Flournoy, C. Spinka, and S. Holan)
Terminates May 2012

An NIFA-CRIS search of investigators on December 14, 2011, revealed 607 projects. Of those, 87 appeared to have a possible connection to this project. Examination of those projects revealed 27 that were ongoing and of direct relevance:

· National Animal Genome Research Project (CA-D*-ASC-5929-RR)
Animal Science, University of California (J.F. Medrano)
Terminates September 2013

· National Animal Genome Research Program (IOW03231)
Animal Science, Iowa State University (M.F. Rothschild, J.M. Reecy, S.J. Lamont, C.K. Tuggle, D.J. Garrick, and D. Spurlock)
Terminates September 2013

· National Animal Genome Research Program (TEX02008)
Animal Science, Texas A&M University (C.A. Gill, J.E. Womack, B. Chowdhary, H. Zhou, P.K. Riggs, T. Raudsepp, and L. Skow)
Terminates September 2013

· Bovine Genome Database: A Community Informatics Resource (DCR-2008-05019)
Georgetown University (C.G. Elsik, S.C. Fahrenkrug, and B. Dalrymple)
Terminates January 2012

· The Next Generation Bovine Genome Database (DCR-2009-03303)
Georgetown University (C.G. Elsik)
Terminates January 2013

· National Beef Cattle Evaluation Consortium (NYC-127563)
Animal Science, Cornell University (I.G. Imumorin, D. Crews, M. Enns, K. Bertrand, I. Misztal, D. Garrick, and D. Bullock)
Terminates June 2012

· Genetic Aspects of Growth, Development, Body Composition, Feed Intake, and Feed Utilization in Beef Cattle (TEX08937)
Animal Science, Texas A&M University (A.D. Herring and C.A. Gill)
Terminates September 2012

· Identification of QTL Influencing Feed Efficiency, Product Yield and Meat Quality Traits in Beef Cattle (ILLU-538-554)
Animal Sciences, University of Illinois (J.E. Beever, L.L. Berger, D.B. Faulkner, J. Killefer, D.F. Parret, and S.L. Rodriiguez-Zas)
Terminates March 2012

· National Program for Genetic Improvement of Feed Efficiency in Beef Cattle (MO-ASCG1170)
Animal Sciences, University of Missouri (J.F. Taylor, J.E. Beever, D.B. Faulkner, S.C. Fahrenkrug, H.L. Neibergs, K.A. Johnson, C.M. Seabury, D.J. Garrick, D.D. Loy, S.L. Hansen, H.C. Freetly, and M.L. Spangler)
Terminates March 2013

· Exploitation of the Bovine Genome for Selective Improvement of Beef Cattle (TEX09377)
Animal Science, Texas A&M University (D.G. Riley and C.A. Gill)
Terminates April 2015

· Use of High-Density SNP Genotyping for Genetic Improvement of Livestock (IOW05245)
Animal Science, Iowa State University (J.C. Dekkers, R.L. Fernando, D.J. Garrick, and S.J. Lamont)
Terminates December 2012

· Implementation of Whole Genome Selection in the US Dairy and Beef Cattle Industries (MDR-2009-02028)
BFGL, ARS (C.P. Van Tassell, J.F. Taylor, and E.J. Pollak)
Terminates August 2012

· Gordon Research Conference on Quantitative Genetics and Genomics: From Genome To Phenotype (RIR-2010-04544)
Gordon Research Conferences (J.C. Dekkers)
Terminates March 2012

· Bovine Copy Number Variation and Its Implication in Early Embryonic Loss (MDR-2006-04806)
BFGL, ARS (G. Liu and R.W. Li)
Terminates January 2012

· Structural and Functional Impacts of Copy Number Variations on the Cattle Genome (MDR-2010-04524)
BFGL, ARS (G. Liu)
Terminates April 2014

· Integration of Phenotypic, Molecular, and Quantitative Information in Dairy Cattle Improvement Programs (NC02254)
Animal Science, North Carolina State University (C. Maltecca, M. Ashwell, J. Cassady, and J. Clay)
Terminates September 2013

· Single-Step National Evaluation Using Phenotypic, Full Pedigree and Genomic Information (GEO-2009-03290)
Animal & Dairy Science, University of Georgia (I. Misztal, A. Legarra, P. VanRaden, T. Lawlor, R. Rekaya, and S. Tsuruta)
Terminates December 2012

· An Integrated Approach to Improving Dairy Cow Fertility (WIS01484)
Dairy Science, University of Wisconsin (V.E. Cabrera, P.M. Fricke, P.L. Ruegg, R.D. Shaver, K.A. Weigel, and M.C. Wiltbank)
Terminates February 2014

· Genetic Selection and Crossbreeding to Enhance Reproduction and Survival Of Dairy Cattle (S-284) (WIS01595)
Dairy Science, University of Wisconsin (K.A. Weigel and L.E. Armentano)
Terminates September 2013

· Genetic Selection And Crossbreeding to Enhance Reproduction and Survival of Dairy Cattle (PEN04287)
Dairy & Animal Science, Pennsylvania State University (C.D. Dechow)
Terminates September 2013
· Genetic Regulation and Genomic Selection of Energy Balance Traits in Dairy Cattle (IOW05154)
Animal Science, Iowa State University (D.M. Spurlock, J. Dekkers, and R. Fernando)
Terminates February 2012

· Strategies to Improve Reproduction and Milk Production in Dairy Cows (TEX09481)
Animal Science, Texas A&M University (T.R. Bilby and P.J. Hansen)
Terminates June 2016

· Statistical Process Control Use for Management Decision Making to Improve Milk Quality, Dairy Cattle Health and Productivity (MIN-16-023)
Animal Science, University of Minnesota (J.K. Reneau, M.I. Endres, J.G. Linn, and D. Hawkins)
Terminates September 2012

· Develop Appropriate Breeding Goals and Genetic Indexes for Dairy Cattle Improvement (MIN-16-079)
Animal Science, University of Minnesota (A.J. Seykora)
Terminates September 2012

· Regulation Of Metabolism in Dairy Cows (MIN-16-083)
Animal Science, University of Minnesota (B.A. Crooker)
Terminates September 2012

· Management Systems to Improve the Economic and Environmental Sustainability of Dairy Enterprises (FLA-ANS-004888)
Animal Sciences, University of Florida (A. De Vries)
Terminates September 2013

· Across-Breed Comparison of Genomics of Host Susceptibility to Infection by Mycobacterium avium subsp. paratuberculosis (WIS01463)
Animal Sciences, University of Wisconsin (B.W. Kirkpatrick, G.E. Shook, and M. Collins)
Terminates December 2012


[bookmark: Approach]Approach and Research Procedures

[bookmark: Obj1]Objective 1

Expand national and international collection of phenotypic and genotypic data through collaboration with the Council on Dairy Cattle Breeding and the Bovine Functional Genomics Laboratory (BFGL).

Non-Hypotheses:
1A.	Genotypes from genotyping chips with various marker densities will be collected.
1B.	Genotypes from other countries will be obtained through international collaboration.
1C.	Phenotypic data for additional traits of economic importance will be collected.

[bookmark: Obj1ExperimentalDesign]Experimental design. Because of the long-standing close ties between the Laboratory and the dairy industry, the most effective strategy for expanding phenotypic and genotypic data is to work with data that the industry is willing to provide. To date, the Laboratory has only shared data domestically or internationally with the approval of industry contributors. Therefore, no change in the availability of current types of data is anticipated with the implementation of a nonfunded cooperative agreement that provides for industry maintenance of the database as well as calculation and distribution of genetic evaluations (Appendix B). The Laboratory will identify when data exchanges are likely to be beneficial to the dairy industry and seek approval to make such exchanges.
To achieve improved efficiency of food production, the dairy industry must continue to collect and incorporate data on additional phenotypic traits and environmental information into the selection procedure. Therefore, more data collection is required on factors that may affect production efficiency so that they can be evaluated for possible use in genetic selection. Because data sources traditionally are controlled by industry organizations, close collaboration with the dairy industry and participation in multi-institutional research projects will be necessary to obtain data on additional phenotypes. The focus of data collection for new traits will be on information suitable for evaluation and possible inclusion in the national evaluation system if determined to be of sufficient economic worth. Traits such as health and lactation persistency as well as management variables such as housing and feeding will be evaluated to identify robust animals adapted to changing climates and environments, including low-input grazing systems. As promising new traits are identified, a research collaboration will be developed to allow routine acquisition of data. Although the specific traits that will emerge as appropriate and desirable for national evaluation cannot be pre-determined, the data collected can be used to refine the ability to select dairy animals that are profitable because they are efficient converters of feed to milk, are resistant to disease, and have the potential for long life.  
Through the dairy industry and multi-institutional projects, cooperating herds will be identified to provide data on an experimental basis. A common database available to multiple research institutions and modeled after the Canadian Mastitis Research Network and the National Cohort of Dairy Farms (HReyher et al., 2011H) will be beneficial for cost savings and data sharing. For traits where utility is determined, the dairy industry will be responsible for arranging for more widespread collection. Depending on the effort involved in data collection, some herds may specialize in collecting data on some traits. 
Feed efficiency or residual feed intake (RFI) is an example of a trait that currently is expensive to collect for large populations as special feeders are required to record feed consumption. Initial data will be provided by large research projects that primarily use university herds (see Appendix C). The 50K genotypes of cows in those herds will be sent to the Laboratory and edited against the much larger international database to discover parent-progeny conflicts. In addition, 50K genotypes will be imputed to HD genotypes by the Laboratory and provided to the contributing collaborators for more precise location of feed efficiency QTLs (subject to approval of providers of HD genotypes).
Inclusion of feed efficiency evaluations in a selection program may require development of methods that reduce the cost of collecting this information in commercial herds as well as acceptance of the value of a trait with substantially lower reliability than traits measured in large numbers of herds. The benefit of genomic selection in relation to trait cost will be determined. Phenotypes collected by Dr. Erin Connor (BFGL; see HAppendix DH) and others will be used to characterize RFI in lactating dairy cattle (e.g., heritability, repeatability, and effects of selection for RFI on body condition). Genomic data from the BovineSNP50 (HIllumina, 2011bH), BovineLD (HIllumina, 2011aH), and BovineHD (HIllumina, 2010H) BeadChips will also be collected. Imputation will be used to generate genotype calls across mixed-density SNP chips (HVanRaden et al., 2011bH). The genotype data will be a critical resource to evaluate the association between RFI for growth in heifers and subsequent RFI for milk production and genome-wide association analysis of RFI. 
Another trait of potential economic importance is resistance to heat stress. Current information available includes weather station data as described by HBohmanova et al. (2007)H and physical location of the herd. Because farms use various techniques to combat the effects of heat stress, a promising approach to evaluate genetic resistance to heat stress will be to collect relevant temperature and humidity data in facilities where cows are housed. To be successful, attention to quality and placement of the data collectors will be required. This trait may be another example where farms could specialize in collecting these data to determine potential application to the industry as a whole, and farms with more extreme environments would allow wider inference regarding genetic-by-environmental interactions. Body temperature phenotypes for lactating Holstein cattle in Florida and Turkey collected by Dr. Serdal Dikmen (Uludag University) will be combined with preliminary data (Dikmen et al., 2012b) and used to characterize genetic variation underlying body temperature control as well as determine its relationships with other traits. Sire predicted transmitting abilities (PTAs) will be calculated and used to conduct a genomewide association study (e.g., HCole et al., 2011H) to identify genomic regions that may affect body temperature regulation.
Genotypes from breeds that are not currently being evaluated (such as Ayrshire) will be researched with the expectation of producing genomic predictions as either an individual breed or using across-breed methods (HOlson et al., 2012H). With each triannual traditional evaluation, bulls that receive their first progeny-based evaluation at 5 years of age will be added to the predictor population. Another source of genotypes will be the Cooperative Dairy DNA Repository (CDDR; HAshwell and Van Tassell, 1999H), which has semen from >10,000 historical bulls that have not yet been genotyped because of expense. The industry has been reluctant to invest immediately because the price of genotyping is declining rapidly (from $250 per animal in 2008 to <$100 currently). Genotype exchanges with other countries will continue to be a no-cost technique to add to predictor populations. The CDDR participants, which are responsible for negotiating the genotype-exchange agreements, are expected to implement agreements with more countries. Mechanisms for more general sharing are expected to be developed and implemented. Developing protocols for sharing data (including genotypes, pedigrees, and traditional evaluations) with various countries will be an ongoing aspect of extending the database. 
Most genotypic data will be acquired through the Council of Dairy Cattle Breeding MOU now in place (Hsee Appendix AH), the ARS nonfunded cooperative agreement currently being considered by the dairy industry after review (see HAppendix BH), and ongoing collaboration with scientists in BFGL (see HAppendices DH and EH). The expiration of the 5-year exclusive access to male genomic evaluations by AI organizations may allow the development of services that attract bull genotypes from around the world with standardized arrangements for sharing. The dairy industry will be responsible for implementing the actual sharing agreements for any genotypes that are included in national evaluations. 
A Material Transfer Agreement will be developed with the industry to cover genotypes that are generated by BFGL as part of research projects and included in genomic evaluations; that agreement will document how genotypes can be used. In joint projects between the Laboratory and BFGL, BFGL will focus on generating genotypic and sequence data, and the Laboratory will relate the genotypes to phenotypic data in the national database and use the tools of genomic evaluation for detecting haplotypes, determining relationships, and assessing allele substitution effects. 
Additional HD genotypes will be used to support improved accuracy of genomic evaluations, across-breed genomic evaluation, and genomic evaluation of crossbreds. The HD data may also be used to determine which SNPs are most informative so that a lower cost genotyping chip that captures most of the information provided by HD chips can be developed. A chip that contained the most useful SNPs from the HD chip at a much lower cost may enable increased accuracy by better tracking of causative mutations, and industry sponsorship of special-purpose genotyping chips will be pursued. 
The add-on capability of the Illumina BovineLD chip will be used to include newly discovered single-gene tests and more informative SNPs that are likely located in causative mutations and, therefore, not dependent on linkage disequilibrium and useful across breed. The balance between the advantages of new SNPs and inconvenience of frequently changing SNP lists will be addressed to determine optimal implementation strategies for new chips. The BFGL will lead in discovery of single-gene tests and generation of full-sequence data used to discover more informative SNPs. Genotyping companies also will contribute to SNP selection and arrange for chip fabrication.
As full-sequence data become available, the national dairy database will be modified to accommodate the additional information. Full-sequence data will be treated as data from another chip, and only sites with variation will be stored; BFGL will store the full output, resolve which of the variation might actually be SNPs worth storing, and track insertions, deletions, and copy number variation. Although the Laboratory already has the ability to store full-sequence data, the benefit from doing so will start only after BFGL has extracted SNP information suitable for use in SNP selection.
Animal parentage will be validated using approximately 100 SNPs that were recommended by Heaton et al. (2007) and currently are available on all SNP chips and may become available as an individual testing option. As genomic testing replaces current microsatellite testing (HHeyen et al., 1997H), the 100-SNP genotypes will improve the accuracy of pedigree information and provide low-cost identification validation of bulls when acquired even though they are unlikely to provide sufficient information for imputation to higher densities. The recent focus on migrating from microsatellite parentage validation to using SNPs may encourage further exchange of genotypes and development of a low-cost chip. Such a chip would not be a high priority because of the high value of information already available from the Bovine LD chip. However, if the cost is low enough to justify the economics of genotyping an entire herd, the Laboratory will research and assess its possible use for parentage validation and genomic selection. Several methods for ancestor discovery will be investigated: checking for opposite homozygotes one SNP at a time, checking trios when the other parent’s genotype is known to also include heterozygous SNPs, subtracting haplotypes from the known parent to include linkage information across all loci, and detecting unique haplotypes present in each ancestor where crossovers occur.

[bookmark: Obj1Contingencies]Contingencies. Development of focused-content genotyping chips (H12-H and H24-month milestones for Non-Hypothesis 1A) depends on collaboration with industry partners to sponsor the chip; however, recruiting sponsors has not been a problem in the past. 
Access to sequence data depends on collaboration and is sensitive. In the past, BFGL has been willing to manage the data and provide needed information (H36-month milestone for Non-Hypothesis 1AH0). If full-sequence data become available from other sources, a database structure to store it could be developed.
If international sharing of genotypes (H60-month milestone for Non-Hypothesis 1BH) and full-sequence data (H36-month milestone for Non-Hypothesis 1A) does not occur, then current bilateral sharing agreements (H12-month milestone for Non-Hypothesis 1BH) and local genotyping and sequencing will be continued.

[bookmark: Obj1Collaborations]Collaborations. Phenotypic and genotypic data will be collected through the Council on Dairy Cattle Breeding MOU (Hsee Appendix AH) and the ARS nonfunded cooperative agreement with the dairy industry after implementation (see HAppendix BH) as well as collaboration with BFGL (see HAppendix EH). Dr. Erin Connor (BFGL) will assist in data collection of RFI phenotype data to evaluate new traits associated with feed efficiency (see HAppendix DH). Drs. Serdal Dikmen (Uludag University, Turkey) and Peter Hansen (University of Florida) will assist in collection and analysis of body temperature data and identification of putative causal genes involved with thermoregulation (see HAppendices FH and GH, respectively). As part of an Agriculture and Food Research Initiative (AFRI), Drs. Yang Da, John Garbe, Marcia Endres, Allen Bridges, Jeffrey Reneau, Brian Crooker, Anthony Seykora, Noah Litherland, and Shengwen Wang (University of Minnesota) and Tad Sonstegard, Curtis Van Tassell, and George Liu (BFGL) will collaborate on collection of phenotypic and genomic data on fertility traits (see HAppendix HH). Dr. Daniel Pomp (GeneSeek) will collaborate on selection of SNPs for inclusion in special-purpose genotyping chips (see HAppendix IH). Several universities under the leadership of Dr. Mike VandeHaar (Michigan State University) are collecting feed efficiency phenotypes and genotyping research herds as part of a $5 million grant (see HAppendix JH). They will do all initial genotyping, edits, data standardization, and analysis.

[bookmark: Obj2]Objective 2
Develop a more accurate genomic evaluation system with advanced, efficient methods to combine pedigrees, genotypes, and phenotypes for all animals.

Hypothesis:
2.	Genomic accuracy can be maximized and bias from preselection avoided only by simultaneous equations that combine information from phenotypes, genotypes, and pedigrees.
 
[bookmark: Obj2ExperimentalDesign]Experimental design. Flexible software will be developed to allow model changes, multitrait processing, and incorporation of genomic data. This software will be made available for further comparisons and use by other researchers and will incorporate new strategies that they develop into evaluations of U.S. national data. Convergence of multitrait methods will be improved by using a strategy to solve block diagonals similar to the strategy of HTsuruta et al. (2011)H. Preconditioned conjugate gradient iteration may improve convergence compared with the Jacobi iteration used previously. Equations then may be limited to linear models where nonlinear models had been used so that modeling can be more general and special coding is not needed for each trait. Simultaneous equations that combine pedigree, phenotypic, and genotypic information will be needed soon to avoid bias from genomic selection.
The U.S. national dataset will be evaluated with two models: 1) an all-breed animal model to match to traditional evaluations and 2) a within-breed animal model to match to current genomic evaluations. For milk yield, the all-breed model includes 70 million lactation records, 50 million estimated breeding values (EBVs), 27 million permanent environmental effects, 7 million herd-management groups, 9 million herd-by-sire interactions, 150 age-parity effects, and 280 unknown-parent groups. With previous software, effects of past inbreeding and heterosis were removed by preadjustment, and future effects were included by postadjustment (HVanRaden, 2005H; HVanRaden et al., 2007H). With the new software, inbreeding and heterosis regressions will not be treated as known but will be estimated within the model. 
The new and previous software will be compared using three tests. The first test will determine if evaluations are the same or similar given the same model, pedigrees, and phenotypes but no genotypes. Genetic trends, correlations, and standard deviations of EBVs will be compared. The second test will determine if multitrait instead of single-trait models are feasible and more accurate with national data. The third test will determine if genotypes can be incorporated using the algorithm of HLegarra et al. (2011)H. That algorithm uses a normal instead of heavy-tailed prior for marker effects (linear model instead of the Bayes A used currently) and does not include the 10% polygenic effect used in current evaluations. To test if genomic EBVs (GEBVs) will be more accurate with the new single-step or previous multistep programs, data from August 2008 will be used to predict deregressed evaluations of bulls from December 2011. Higher correlations, regressions closer to expectation, and Interbull genetic trend validations will measure accuracy of the system.
Several additions to the software will be needed beyond the standard models tested by other researchers. Foreign data could be included using pseudo-records for daughters of foreign bulls. All-breed genomic models are most accurate if genotypes from different breeds are treated as different correlated traits instead of estimating common marker effects across all breeds. The multistep methods of HOlson et al. (2012) will need to be adapted to be solved within a single-step model. Nonnormally distributed traits (such as calving ease and stillbirth) and marker effect priors (such as for major genes) will need to be processed using nonlinear equations and models. Models with more genetic effects such as maturity rate and persistency could be solved now that more flexible programs are available and now that the test-day model patent will expire in 2013. The autoregressive correlations used to predict the first five lactations for U.S. evaluations probably model phenotypes better and capture more information than the random regressions and first three lactations used in other evaluations (Schaeffer et al., 2000), especially since genomic models use all historical data to predict merit of new animals. Including additional genetic effects and genotype-by-environment interactions are not a high priority compared with accounting for genomic preselection.
Algorithms to solve equations for general models with several types of effects (classes, regressions, and random regressions) will be developed. These will allow greater flexibility to model the variety of new traits and are thus a high priority. More efficient algorithms for including higher density genotypes are also needed and may require using eigenvectors and eigenvalues within each chromosome such as done by HMacciotta et al. (2010)H instead of regressing on hundreds of thousands of highly correlated markers. Reliabilities of GEBVs will need to be computed for all of those general models. An efficient strategy may be to compute traditional reliabilities using previous algorithms and then approximate the genomic gain separately. Thus, a two-step process for genomic reliabilities may be needed even with single-step GEBVs. Reasonable approximations must be developed and implemented because more complex or exact methods of other researchers often cannot be applied to the much larger U.S. data set.
Imputation will be improved to process the wider variety of genotyping chips and sequence data expected in the future. The highest priority is to maintain and improve efficiency with very large data sets because of the rapid growth expected in numbers of markers and animals genotyped. An option to reuse the previous haplotype library will reduce the need to reprocess all data when new genotypes arrive. Overlapping segments can help to reduce imputation errors for markers at the edge of segments. Some genotypes may match multiple haplotypes instead of just two, and the most likely pair can be selected instead of the most likely haplotype and its complement. Portability of the software can be improved by allowing more format options and removing the need to sort files. Imputation is needed for many species, and many researchers are developing improved algorithms and programs (Johnston et al., 2011). Some can only be applied to smaller data sets, but others will be tested and used if more efficient.
Nonadditive genetic effects will be investigated but are less urgent because breeders are interested primarily in additive effects. Dominance effects were not estimable from bull EBVs because those contained only additive genetic merit but may become estimable now that more genotypes directly available for cows can be matched to phenotypes. Inclusion of dominance effects would increase the number of effects only by the number of markers (50,000). Individual additive-by-additive (AA) effects cannot be estimated because the number of effects equals the square of the number of markers (50,0002 = 2.5 trillion). However, the interaction of each gene with the sum of all the others is estimable and increases the number of equations by only the number of markers (50,000). With this approach, the only AA effect estimated will be the interaction of each marker with the EBV (not with each other marker), which will provide useful information for predicting if a marker is becoming more or less important as the population’s average genetic merit changes. 
Imprinting effects are also estimable using two haplotypes instead of one genotype for each animal. For each heterozygous animal, the model can include a code of 1 if the first allele is of paternal origin and –1 if of maternal origin. A code of 0 can be used for loci that are homozygous or where origin is not known, and then regressions can be fit using the same methods as for allele effects. A difficulty will be to estimate the variance contributed by imprinted genes and choose a proper shape of the prior distribution (normal or heavy-tailed) because those will affect the size of estimated locus effects. 
Single nucleotide polymorphism effects estimated independently in the Italian and U.S. Brown Swiss cattle populations by Dr. Nicolo Macciotta (University of Sassari, Italy) and the Laboratory, respectively, will be used to develop methods for comparing genetic (co)variance matrices. Statistical methods will be developed using a shared set of simulated data, and the methods will be applied to the respective national data sets. Preliminary results (HMacciotta and Cole, 2011H) suggest that a factor analytic approach may be effective for identifying patterns of correlations among traits that differ across chromosomes. Results will be useful for identifying SNPs that are associated with changes in correlation structures among groups of traits, such as the QTLs on BTA18 in Holsteins that affect conformation and calving traits (HCole et al., 2009bH). High-density and sequence data obtained in cooperation with BFGL will be used by the Laboratory to fine map and detect the causative mutations underlying the largest marker effects.

[bookmark: Obj2Contingencies]Contingencies. New features of the single-step method (such as solving without inverting the genomic relationship matrix, including multiple breeds and crossbreds, or including foreign data) have yet to be tested with very large data sets (H24-month milestone for Hypothesis 2H). A few older features of the previous software such as supplemental evaluations for cows without first-lactation records may need to be discarded to make the new software simpler and easier to maintain. The time and labor required to completely rewrite and test the new code is not known exactly. Although all research milestones may be met, target dates for implementation may be revised if biases from genomic selection or advantages from the new software are larger or smaller than expected. Other research groups may develop alternative solving strategies or software that can be compared or adapted for processing U.S. national data. 

[bookmark: Obj2Collaborations]Collaborations. As part of AFRI Hgrant 2009-03290H (see HAppendix JH), the Animal Improvement Programs Laboratory is cooperating with Drs. Ignacy Misztal, Romdhane Rekaya, and Shogo Tsuruta (University of Georgia); Ignacio Aguilar (Instituto Nacional de Investigación Agropecuaria, Uruguay); Andres Legarra (INRA, France); and Thomas Lawlor (Holstein Association USA, Inc.) on a single-step national evaluation using phenotypic, full pedigree, and genomic information. Dr. Nicolo Macciotta (University of Sassari, Italy) is working on methods for analysis of genetic (co)variance matrices calculated using SNPs under an ARS nonfunded cooperative agreement (see HAppendix KH).


[bookmark: Obj3]Objective 3
Use economic analysis to maximize genetic progress and financial benefits from collected data focused on herd management practices, optimal systems for genetic improvement, quantification of economic values for potential new traits such as feed efficiency, economic values of individual traits, and methods to select healthy, fertile animals with high lifetime production.

Hypotheses:
3A.	Inclusion of novel phenotypes and updated economic values in selection indexes will allow breeding cattle that are biologically more efficient and produce greater lifetime profits than their contemporaries.
3B.	Use of haplotypes in breeding programs will increase rates of genetic progress while constraining inbreeding to manageable levels. 
3C.	Genetic merit for fertility and calving traits can be increased by improving existing methodology and adding evaluations for additional traits related to reproduction.
3D.	Herd management practices can be improved by developing new systems for assessing data quality and quantifying genotype-by-environment interactions.

[bookmark: Obj3ExperimentalDesign]Experimental design. As genetic evaluations for new traits become available, correlations with traits currently in the net merit, cheese merit, and fluid merit indexes as well as associated costs and benefits must be calculated before they can be included in those indexes. Avoiding double-counting of costs that may be associated with multiple traits will be important when calculating economic values, and benefits from improved phenotypes (e.g., reduced incidence of disease) are difficult to quantify. A consensus model that combines economic projections with expert knowledge of farm management practices (HCole et al., 2009aH) will be used to quantify economic values for new traits and properly evaluate their utility in national selection indexes. Periodic updates to national selection indexes will be made in collaboration with participants in Multi-State Project S-1040 (see HAppendix LH) and industry stakeholders.
New traits will be prioritized for inclusion into national selection indexes based on the availability of data for calculation of genetic evaluations and importance to the dairy industry as determined by stakeholder input. Traits such as lactation persistency (Cole and VanRaden, 2006; Cole and Null, 2009), age at first calving (Cole and Null, 2010), and gestation length (Norman et al., 2009) could be included in future revisions of the selection indexes because phenotypes already are available and research on evaluation methods has been conducted. Although interest in health traits is considerable and recent work has shown that on-farm computer systems may be excellent sources of phenotypes (Parker Gaddis et al., 2012), when those data will be routinely available is not clear. Additional potential traits include phenotypes related to heat stress (Dikmen et al., 2012a, b), feed efficiency (Connor et al., 2012), and resistance to specific diseases based on laboratory data (Attalla et al., 2010; Byrem et al., 2011). The feasibility of including traits such as the polled phenotype (Long and Gregory, 1978) or new haplotypes associated with fertility (VanRaden et al., 2011c) also will be investigated.
Potential investments and breeding strategies will be compared using a goal of maximizing producers’ profit rather than maximizing genetic progress. Benefits and costs will be estimated for obtaining additional phenotypes for existing traits, new traits, genotypes for historical domestic bulls, foreign genotypes, genotypes of different breeds and different densities, and sequence data. Long-term profits may be difficult to predict because of rapidly changing technology and decreasing genotyping costs. Therefore, analyses will focus on short-term decisions faced by industry leaders. Economists and industry experts (see Appendices L and N) will be consulted when economic values are derived and selection indexes modified. Deterministic models will be used to estimate gains and profits, and the stochastic model of HDe Vries (2006)H will be used to characterize variations in response at the herd level (see Appendix N).
Many farmers (as well as several AI companies) are interested in development of a grazing merit index (GM$) comparable to lifetime net merit but that accounts for management differences among grazing and confinement dairying (HNorman et al., 2006H). In addition to increasing semen sales in the United States, bulls with a high GM$ will be appealing to farmers in international markets such as New Zealand. Dr. Michael Schutz (Purdue University) currently is developing a GM$ (see Appendix M) using an approach similar to that used for the net merit index (HCole et al., 2009aH). In support of that research, the Laboratory has provided data for calving traits because calf values are different for graziers and conventional dairy producers. Correlations of individual traits with GM$ are being calculated using PTAs from all progeny-tested bulls born from 2000 to 2003, which were supplied by the Laboratory. Initial results suggest that dairy form should be included in GM$ to offset the decrease in strength because of selection against body size composite as well as decreased emphasis in longevity (Gay et al., 2012). Preliminary results will be released to the industry and the Laboratory for review and discussion.
Methods for maximizing selection progress will be developed by extending the analysis of HSchaeffer (2006)H to account for reduction in genetic variance because of multiple selection steps based on the approaches of HDickerson and Hazel (1944), Van Tassell and Van Vleck (1991), and Dekkers (2007). The deterministic model of Dekkers (2007) will be used to provide accurate estimates of predicted response to selection using genotypic data, which can be used to confirm rates of response from individual selection paths. The results will account for the numbers of animals genotyped and phenotyped, the fraction of cows and bulls used to produce the next generation of animals, selection accuracies, and expected generation intervals. 
The work of HDe Vries et al. (2011)H on strategies for use of Bovine3K genotypes at the herd level will be extended to consider different SNP panel densities and a broader range of selection objectives. Several scenarios discussed by HCole and VanRaden (2011)H for use of haplotypes in mating decisions will be combined with the optimal contribution methodology incorporating genomic relationships recently described by Schierenbeck et al. (2011). Kemper et al. (2012) recently have confirmed the results of Cole and VanRaden (2011) that indicate that selection of desirable haplotypes will result in greater genetic gain than selection only on genomic PTA and will be useful as a benchmark. This work will provide a comprehensive framework for using SNP data in conjunction with traditional breeding values to maximize genetic gain.
Fertility evaluations will be improved in several ways. Evaluation methods will be developed for the interval from calving to first insemination. Herds that use mainly timed insemination will be excluded using the approach of HMiller et al. (2007)H, which is based on the maximum percentage of cows inseminated on a particular day of the week, overall chi-squared deviation of observed frequency of first inseminations by day of the week from the expected equal frequency, and standard deviation within herd-year. Traditional evaluations for heifer conception rate and cow conception rate will be replaced by multitrait genomic evaluations (Aguilar et al., 2011) and incorporated into net merit if they are of sufficient economic value. 
To address industry concern about possible bias in genetic evaluations for calving traits because of sexed-semen use, stillbirth evaluations that exclude data from breedings with sexed semen will be computed and compared with current results that do include data from those breedings. Changes in sire evaluations will be calculated and large differences examined carefully to determine if they are the result of the use of sexed semen or other factors. This approach is contingent on the accurate coding of matings using sexed semen; if sexed semen matings are coded as nonsexed semen, then biases associated with sexed semen will not be accurately estimated. The distribution of calf sex within herd-year groupings may be useful for detecting incorrectly coded use of sexed semen, but distinguishing herd-years in which sexed semen was used from those in which the birth of bull calves was not recorded may be difficult or impossible. Collaboration will be necessary with AI firms that have carefully curated data from cooperator herds to obtain estimates of sexed semen effects.
The phenotypic predictor of sire conception rate, which previously has included only conventional insemination data for cows, will also include conventional insemination data for heifers. Cow and heifer matings will be treated as the same effect in a bull's evaluation for sire conception rate because their correlation is close to 1.0. A second evaluation for sire conception rate that reflects fertility for sexed semen also will be provided. Separate evaluations for sexed and conventional semen are needed because the predictions for each have an extremely low genetic correlation (i.e., knowing the service sire fertility for conventional semen is not helpful in predicting fertility for sexed semen) in contrast to the high correlation between predictions from heifers and cows for the same semen type. An autoregressive correlation structure will be tested for yearly differences in sire conception rate similar to the model used for bull fertility in Germany (HLiu et al., 2008H) except that the sire’s main effect will be random instead of fixed. The evaluation changes for sire conception rate will be reviewed by the National Association of Animal Breeders' Dairy Sire Fertility Committee as well as the Council on Dairy Cattle Breeding before implementation. Consultation is needed because use of additional records requires negotiation of financial incentives among industry partners.
The results of Dechow et al. (2008a, b) suggest that within-herd estimates of heritability based on daughter-sire and daughter-dam regression may be useful metrics for the quality of herd management. Heritabilities will be calculated and shared with industry collaborators for the purposes of identifying herds with superior data quality. Those herds may be preferentially used for the collection of novel or expensive phenotypes over herds with poor data quality. Individual traits with lower than expected heritabilities across a substantial portion of the population will be targeted for expanded educational efforts in conjunction with dairy extension specialists at Pennsylvania State University (see Appendix N). Reports to illustrate how daughters of superior bulls rank nationally for traits of interest as well as their performance within an individual producer's own herd will be developed based on the work of Dechow et al. (2011). Top and bottom quartiles of cows will be identified for each herd-year based on sire PTA plus half of maternal grandsire PTA. The performance of the top and bottom quartiles will be compared, and the number of observations needed to demonstrate reliably that genetic selection results in superior performance will be determined.
Interactions between genotypes and descriptors of environmental variation will be examined to quantify genotype-by-environment interaction. Zwald et al. (2003) concluded that a genotype-by-environment interaction attributable to climatic and management factors is evident, whereas Kolmodin et al. (2002) reported significant genetic variation for the slope of the reaction norm but little reranking of sires except between extreme environments. The herd-test-day clustering method of Huquet et al. (2012) will be used to group U.S. dairy herds into related environments, which will be included in a Bayesian analysis of genotype-by-environment interaction as described by Cardoso and Tempelman (2012). One important question is whether or not that method will scale to a population as large as U.S. Holsteins, and collaboration with the Department of Animal Science at Michigan State University will be established to address that investigation.

[bookmark: Obj3Contingencies]Contingencies. If collaboration on economic value updates and novel traits for inclusion in merit indexes is limited (24-month milestone of Hypothesis 3A), fewer scenarios and traits will be considered for revision of merit indexes (36-month milestone of Hypothesis 3A). If Multi-State Project S-1040 (see Appendix L) undergoes a substantial change in orientation, results of the 24-month milestone may be limited to the new phenotype for which the most data are available, and analyses may be based more on estimated than actual costs. Successful automated collection of economic data (48-month milestone of Hypothesis 3A) will depend substantially on data availability from USDA’s National Agricultural Statistics Service and Economic Research Service, which are facing the prospect of reduced budgets. Reductions in funding could limit the collection of economic information to historical data.
The identification of optimal strategies for use of genomic data in herd genetic management (1H12-month milestone of Hypothesis 3BH) will occur much faster with help from collaborators at the University of Florida (see HAppendix GH) than without. If that assistance is not available, achievement of the milestone will be delayed, and focus will center more on deterministic models than stochastic models because of differences in implementation ease. Fertility haplotypes necessary for the successful completion of the 24-month milestone already are available in the national dairy database, and the number of available haplotypes is expected to increase over time. The new database queries described in the 36-month milestone of Hypothesis 3B are based on requests from industry collaborators, and the Laboratory does not anticipate any obstacles to their implementation.
All of the resources necessary to determine if the use of sexed semen introduces bias in evaluations of calving traits (24-month milestone of Hypothesis 3C) and to implement improved genetic analyses for stillbirth (36-month milestone of Hypothesis 3C) are available inhouse. The phenotypic data necessary to introduce genetic evaluations for age at first calving (48-month milestone of Hypothesis 3C) are available in the national dairy database, but industry approval generally is sought before new traits are introduced. Although unlikely, industry participants might request a delay in the implementation to address modeling or educational concerns.
Much of the preliminary research needed to assess data quality using intraherd heritability (12-month milestone of Hypothesis 3D) already has been completed, but issues related to data sharing across sectors of the industry may remain to be resolved. The Laboratory anticipates that the new industry structure currently under development will lead to the positive resolution of those issues. The reports demonstrating the efficacy of genetic selection (24-month milestone of Hypothesis 3D) are based on close collaboration with scientists and extension specialists at Pennsylvania State University (see Appendix O). If resource constraints at the University result in reduced time for joint projects, the implementation of these reports may be delayed. The work on genotype-by-environment interactions (36-month milestone of Hypothesis 3D) depends on establishing collaboration with the Department of Animal Science at Michigan State University as well as on the ability of its methods to scale to large populations. Problems with scalability could delay these results until the 48-month reporting period.

[bookmark: Obj3Collaborations]Collaborations. The Laboratory cooperates with university researchers who are participating in Multi-State Project S-1040 (see HAppendix LH): Drs. Christian Maltecca and Steve Washburn  (North Carolina State University), Chad Dechow (Pennsylvania State University), Michael Schutz (Purdue University), Albert de Vries (University of Florida), Ignacy Misztal (University of Georgia), Jack McAllister (University of Kentucky), Les Hansen and Anthony Seykora (University of Minnesota), and Kent Weigel (University of Wisconsin). Dr. Albert de Vries also will collaborate and provide software for stochastic modeling of genetic management practices in dairy herds (see HAppendix MH). Dr. Michael Schutz (Purdue University) also will collaborate on development of a selection index to aid pasture-based dairy producers in selection of appropriate genetic resources (see Appendix N). Dr. Chad Dechow (Pennsylvania State University) also is working on tools to demonstrate reliably that genetic selection results in superior performance under an SCA (see HAppendix OH).


[bookmark: PhysicalHumanResources]Physical and Human Resources

[bookmark: PhysicalResources]Physical Resources

The facilities utilized in Building 005, BARC-West, are satisfactory to meet the needs of the Laboratory. Current rented space averages about 200 square feet per employee. More offices are available if needed. The occupied space has suitable environmental control, electrical capacity, and network connectivity. 
Primary computer support has been obtained from an IBM xSeries 3850 server. The server has 64 64-bit Intel processors running at 2.27 GHz and 264 GB of memory. Direct-access storage capacity is approximately 2.7 TB, of which all but 340 GB are managed by a 2-Gb fiber-connected storage area network. A second server, an IBM xSeries 3650, is used as a database (DB2) and SAS server. This server has eight 64-bit Intel processors running at 3.00 GHz and 41 GB of memory. It has an additional 723 GB of direct-access storage capacity. An IBM xSeries 346 server with dual 2.8-GHz processors is used to support a Tivoli Storage Manager (TSM) backup system. There are three other servers: file, web, and web development. The Laboratory has a new storage array, which is based on designs provided freely from Backblaze, an online storage company. That storage device provides the Laboratory with 22 TB of usable disk space and easy future expansion, which currently is planned at an additional 33 TB in early 2012 and another 33 TB or more later. The device is available across the 1 Gb Ethernet network in the Laboratory computer room. A Linear Tape-Open technology library with two generation-three drives and a capacity of 36 tapes is used for data backup and archive. The library has a storage capacity of approximately 28 TB. Twenty-two personal computers are available for employee or server use; 20% of those computers are upgraded each year. Laptops have been provided to employees who telecommute on a regular basis. A 100-Mb local-area network is used to communicate among personal computers and between those computers and the workstations. Local-area network speed has been increased to 1 Gb between servers. A file-transfer protocol web server (personal-computer based) is used for electronic exchange of data. Operating funds are used to pay for computer support and equipment costs, repair, and maintenance; software; office supplies and materials; publication and reproduction costs; travel; etc.

[bookmark: HumanResources]Human Resources 

The Laboratory has a highly coordinated team of researchers, research support personnel, and data processing experts:

	
Personnel1
	Scientist
Years
	Full-time
Equivalents
	Grade
	Service years with Laboratory

	Scientists
	
	
	
	

	VanRaden, P.M.
	1.00
	. . .
	GM-15
	23

	Cole, J.B.
	1.00
	. . .
	GS-13
	  8

	Wiggans, G.R.
	1.00
	. . .
	GS-15
	34

	Research Geneticist (vacant)
	1.00
	. . .
	GS-12
	0

	Total
	4.00
	
	
	

	Support scientists
	. . .
	  6.0
	GS-11 (average)
	14 (average)

	Information technology support
	. . .
	  4.0
	GS-11 (average)
	22 (average)

	Administrative
	. . .
	  1.0
	GS-7
	15

	Total
	
	12.0
	
	


	1As of January 20, 2012.

The Laboratory team has conducted genetic evaluation research for many years and is highly respected nationally and internationally for excellence in dairy genetics research and in computer processing of dairy records. In 1991, two current scientists were part of a team that received the USDA Distinguished Service Award for outstanding effort at ARS, and the Laboratory received an award of special appreciation from the National Dairy Herd Improvement Association. The Laboratory received a Technology Leadership Award in 1998 from Government Executive magazine (an award presented to only 19 units across the entire U.S. Government) and a Vice-Presidential Hammer Award in 2000. Also in 2000, three current employees were members of the Laboratory team that received the ARS Superior Effort Technology Transfer Award for development, implementation, and enhancement of computing and electronic delivery systems that allow more rapid identification of genetically superior dairy animals. In 2010, two current scientists were members of the Cattle Genomics consortium, which received the Secretary’s Honor Award for novel discoveries leading to development of a commercial cattle DNA assay and developing methods for incorporating data into the national dairy cattle genetic evaluation system. In 2011, the Laboratory was selected by the Agriculture, Food, Nutrition and Natural Resources R&D Round Table as an exemplary case for special recognition of collaborative research that has yielded significant impact for taxpayers. 
On an individual basis, Laboratory employees have been recognized outside and within USDA for their research and dairy industry contributions. Two current scientists have received the American Dairy Science Association’s (ADSA’s) J.L. Lush Award in Animal Breeding and Genetics and the National Association of Animal Breeders’ Research Award; one current scientist and one current information technology specialist have won the National Dairy Herd Improvement Association’s Outstanding Service Award. In 2011, one current scientist won ADSA’s new Most Cited Award, which recognizes contributors to the Journal of Dairy Science whose work significantly affects research and the dairy industry. One current scientist received the ARS Outstanding Early Career Scientist of the Year Award.
The Laboratory has a scientist vacancy because of the retirement of the research leader at the end of December 2011. When the current hiring freeze is lifted, the Laboratory will hire an entry-level research geneticist with skills in computation and genetic evaluation to conduct research on the rapidly expanding genotype database. Assigned projects will include algorithm development, genomic analysis of dominant genes, interactions among genes, interactions of genes with environmental factors, and economic analysis of new traits.


[bookmark: ProjectManagementEvaluation]Project Management and Evaluation

The Laboratory Research Leader provides overall technical and administrative supervision for all Laboratory research geneticists and has full responsibility for formulating and executing overall Laboratory research policy and plans, including approving research approaches and ensuring that objectives are followed and milestones are completed. The Research Leader also develops operational and policy matters with cooperating industry organizations and has responsibility for determining applicability of research findings to industry needs and directing program implementation to increase genetic improvement. The Research Leader receives no technical supervision of personal or Laboratory research and provides general supervision to research geneticists, primarily discussion of broad goals and data resources. The Research Leader holds weekly information exchange meetings with all Laboratory employees followed by a 15-minute research update. Characteristics of the Laboratory’s national dairy database may be discussed among team members. Each research geneticist is fully responsible for planning, designing, and executing research related to assigned objective(s), including analyzing, interpreting, and reporting results, and has authority to identify research goals and direction. The Research Leader is kept informed of general plans and results and reviews all manuscripts before submission for Institute approval. Manuscripts are submitted for approval under prescribed ARS procedures but are not challenged for technical soundness because of the complexity of statistical methodology. Review of overall Laboratory research results is primarily through annual progress reports, performance evaluation, and periodic Laboratory review.



[bookmark: MilestonesTable]Milestones Table

	Project Title
	Improving Genetic Predictions in Dairy Animals Using Phenotypic and Genomic Information
	Project No.
	1265-31000-096-00D

	National Program
	101 – Food Animal Production

	Objective
	1 – Expand national and international collection of phenotypic and genotypic data through collaboration with the Council on Dairy Cattle Breeding (CDCB) and the Bovine Functional Genomics Laboratory (BFGL)

	NP Action Plan Component
	2 – Understanding, improving, and effectively using animal genetic and genomic resources

	NP Action Plan Problem Statements
	2.A – Developing bioinformatic and quantitative genomic capacity and infrastructure for research in genomics and metagenomics 
2.D – Developing and implementing genome-enabled genetic improvement programs

	Hypothesis
	SY
Team
	Months
	Milestones
	Progress/
Changes
	Products

	(Non-Hypothesis 1A)
Genotypes from genotyping chips with various marker densities will be collected.
	GRW,
PVR
	[bookmark: MilestoneObj1H1M12]12
	Select single-nucleotide polymorphisms that will be included in a special-purpose chip in collaboration with industry and BFGL.
	
	New genotyping chip; expanded genotype database; manuscript.

	
	GRW,
PVR
	[bookmark: MilestoneObj1H1M24]24
	Select single-nucleotide polymorphisms that will be included in additional special-purpose chip(s) in collaboration with industry and BFGL.
	
	New genotyping chip(s); expanded genotype database; manuscript(s).

	
	GRW,
PVR,
JBC
	[bookmark: MilestoneObj1H1M36]36
	Obtain and manage sequence data in collaboration with BFGL and international research groups.
	
	Genotype database augmented by sequence information.

	
	—
	[bookmark: MilestoneObj1H1M48]48
	—
	
	—

	
	PVR,
GRW,
JBC
	[bookmark: MilestoneObj1H1M60]60
	Fine map causative mutations for some traits in collaboration with BFGL.
	
	Discovery of economically important haplotypes; manuscript(s).

	(Non-Hypothesis 1B)
Genotypes from other countries will be obtained through international collaboration. 
	GRW,
PVR,
Vacant
	[bookmark: MilestoneObj1H2M12]12
	Develop protocols for sharing of genotype and pedigree data with individual countries in collaboration with CDCB.
	
	Expanded database.

	
	GRW,
PVR
	[bookmark: MilestoneObj1H2M24]24
	Determine utility of genotypes from additional countries in collaboration with CDCB.
	
	Manuscript(s).

	
	—
	[bookmark: MilestoneObj1H2M36]36
	—
	
	—

	
	—
	[bookmark: MilestoneObj1H2M48]48
	—
	
	—

	
	GRW,
PVR,
Vacant
	[bookmark: MilestoneObj1H2M60]60
	Develop protocols for efficient global sharing of genotype and pedigree data in collaboration with CDCB.
	
	Expanded database.




	Objective
	1 – Expand national and international collection of phenotypic and genotypic data through collaboration with the Council on Dairy Cattle Breeding (CDCB) and the Bovine Functional Genomics Laboratory (BFGL)

	Hypothesis
	SY
Team
	Months
	Milestones
	Progress/
Changes
	Products

	(Non-Hypothesis 1C)
Phenotypic data for additional traits of economic importance will be collected.
	PVR,
GRW,
JBC,
Vacant
	[bookmark: MilestoneObj1H3M12]12
	Develop collaborations with BFGL and university researchers on feed efficiency.
	
	Evaluation of availability and quality of feed efficiency data.

	
	JBC,
GRW,
Vacant
	[bookmark: MilestoneObj1H3M24]24
	Obtain and manage health and fertility data through collaboration with CDCB and university researchers.
	
	Database augmented by health and fertility data.

	
	JBC,
PVR,
GRW
	[bookmark: MilestoneObj1H3M36]36
	Obtain and manage data related to resistance to heat stress in collaboration with university researchers.
	
	Database augmented by animal stress information.

	
	—
	[bookmark: MilestoneObj1H3M48]48
	—
	
	—

	
	—
	[bookmark: MilestoneObj1H3M60]60
	—
	
	—

	Objective
	2 – Develop a more accurate genomic evaluation system with advanced, efficient methods to combine pedigrees, genotypes, and phenotypes for all animals

	NP Action Plan Component
	2 – Understanding, improving, and effectively using animal genetic and genomic resources

	NP Action Plan Problem Statements
	2.D – Developing and implementing genome-enabled genetic improvement programs

	Hypothesis
	SY
Team
	Months
	Milestones
	Progress/
Changes
	Products

	(Hypothesis 2)
Genomic accuracy can be maximized and bias from preselection avoided only by simultaneous equations that combine information from phenotypes, genotypes, and pedigrees.
	PVR,
GRW
	[bookmark: MilestoneObj2M12]12
	Compare reliability from higher density genotyping chips.
	
	Refined gene locations; manuscript.

	
	PVR,
JBC,
GRW,
Vacant
	[bookmark: MilestoneObj2M24]24
	Test methods to combine genotypic, phenotypic, and pedigree data.
	
	Single-step software package.

	
	PVR
	[bookmark: MilestoneObj2M36]36
	Improve accuracy of imputing from low- to very high-density genotypes.
	
	Revised findhap software.

	
	Vacant, PVR,
JBC
	[bookmark: MilestoneObj2M48]48
	Include genotype-by- environment interactions in a single-step method.
	
	Enhanced software; manuscript(s).

	
	Vacant, PVR,
JBC
	[bookmark: MilestoneObj2M60]60
	Test dominance, epistasis, and imprinting of marker effects.
	
	More complete genomic model; manuscript(s).




	Objective
	3 – Use economic analysis to maximize genetic progress and financial benefits from collected data focused on herd management practices, optimal systems for genetic improvement, quantification of economic values for potential new traits such as feed efficiency, economic values of individual traits, and methods to select healthy, fertile animals with high lifetime production

	NP Action Plan Components
	1 – Improving production and production efficiencies and enhancing animal well-being and adaptation in diverse food animal production systems
2 – Understanding, improving, and effectively using animal genetic and genomic resources

	NP Action Plan Problem Statements
	1.A – Improving the efficiency of growth and nutrient utilization
1.B – Reducing reproductive losses
1.C – Enhancing animal well-being and reducing stress
2.A – Developing bioinformatic and quantitative genomic capacity and infrastructure for research in genomics and metagenomics 
2.D – Developing and implementing genome-enabled genetic improvement programs

	Hypothesis
	SY
Team
	Months
	Milestones
	Progress/
Changes
	Products

	(Hypothesis 3A)
Inclusion of novel phenotypes and updated economic values in selection indexes will allow breeding cattle that are biologically more efficient and produce greater lifetime profits than their contemporaries.
	JBC,
Vacant
	12
	Develop selection index for grazing merit.
	
	New selection index for industry use; manuscript.

	
	JBC,
PVR,
Vacant
	24
	Calculate economic value of novel phenotypes (such as feed efficiency).
	
	Economic values for use in revision of lifetime net merit, fluid merit, and cheese merit indexes.

	
	JBC,
PVR
	36
	Revise lifetime net merit, fluid merit, and cheese merit indexes to include new traits and reflect input costs and value of marketable products for the next several years.
	
	Updated indexes for industry use.

	
	JBC,
GRW,
PVR
	48
	Develop automated system for collection of economic data.
	
	Expanded database.

	
	JBC,
GRW,
PVR
	60
	Conduct sensitivity analysis to determine effect of changes in economic values on revisions to selection indexes.
	
	Manuscript.

	(Hypothesis 3B)
Use of haplotypes in breeding programs will increase rates of genetic progress while constraining inbreeding to manageable levels.
	JBC,
PVR,
Vacant
	12
	Publish strategies for optimal use of SNP panels in herd genetic management.
	
	New tools for industry; manuscript.

	
	JBC,
GRW,
Vacant
	24
	Publish strategies for precision mating to manage novel haplotypes affecting fertility and other traits of economic importance.
	
	Manuscript.

	
	JBC,
Vacant
	36
	Provide new online queries for breed composition and relationship to each grandparent.
	
	New tools for industry.

	
	—
	48
	—
	
	—

	
	—
	60
	—
	
	—

	Objective
	3 – Use economic analysis to maximize genetic progress and financial benefits from collected data focused on herd management practices, optimal systems for genetic improvement, quantification of economic values for potential new traits such as feed efficiency, economic values of individual traits, and methods to select healthy, fertile animals with high lifetime production

	(Hypothesis 3C)
Genetic merit for fertility and calving traits can be increased by improving existing methodology and adding evaluations for additional traits related to reproduction.

	—
	12
	—
	
	—

	
	JBC,
GRW

	24
	Determine if data from breedings with sexed semen introduce bias into genetic evaluations for stillbirth evaluations.
	
	Report to industry stakeholders.

	
	JBC,
GRW,
PVR
	36
	Implement modified stillbirth evaluation system that excludes data from breedings with sexed semen.
	
	More accurate stillbirth evaluations.

	
	JBC,
Vacant
	48
	Introduce genetic evaluations for age at first calving.
	
	New genetic evaluation for industry; manuscript.

	
	—
	60
	—
	
	—

	(Hypothesis 3D)
Herd management practices can be improved by developing new systems for assessing data quality and quantifying genotype-by-environment interactions.
	JBC,
Vacant
	12
	Develop tool for assessing data quality in individual herds based on intraherd estimates of heritability.
	
	New management tools for industry.

	
	JBC,
Vacant
	24
	Publish reports to illustrate how daughters of superior bulls rank nationally as well as their performance within individual herds.
	
	New management tools for industry.

	
	JBC,
PVR
	36
	Complete analysis of genotype-by-environment effects for traits of economic importance.
	
	Manuscript.

	
	—
	48
	—
	
	—

	
	—
	60
	—
	
	—







[bookmark: AccomplishmentsPrior]Accomplishments from Prior Project Period

Terminating ARS Research Project Number: 1265-31000-096-00D

Title:	Improving genetic predictions for dairy animals using phenotypic and genomic information

Project period: July 24, 2007 – July 23, 2012

Investigators and FTE:	Project start	Project end
	H. Duane Norman, Lead Scientist		1.00		—
	John B. Cole		1.00		1.00
	Melvin T. Kuhn		1.00		—
	Rex L. Powell		1.00		—
	Curtis P. Van Tassell		0.10		—
	Paul M. VanRaden		1.00		1.00
	George R. Wiggans		1.00		1.00
	Research Geneticist (vacant)		—		1.00

Project accomplishments and impacts by objective

Objective 1: 	Collect genotypes, specifically single-nucleotide polymorphisms (SNPs), and new phenotypes to improve accuracy and comprehensiveness of the national dairy database.

Subobjective 1.A: 	Increase the accuracy of pedigree information by using SNP genotypes to verify and to assign parentage.

Subobjective 1.B:	Obtain additional data on health and management traits, and improve consistency of national database.

Summary of most significant accomplishments and their related impact:

Computing software was developed and implemented to impute missing genomic information based on haplotypes and to handle genotypes from detection chips of various marker densities. The first application (April 2010) was to impute genotypes of dams from their genotyped progeny. The new computer programs for haplotyping and imputation allow multiple marker sets to be included in the same genetic evaluation. For young Holsteins genotyped with approximately 3,000 markers, the gain in accuracy of estimated net genetic-economic merit was almost 80% of the gain from genotyping 43,000 markers. Simulations correctly predicted that gains from very dense genotyping were small; imputation of genotypes for 500,000 markers from 50,000 increased accuracy by 1.4%. Including a combination of marker densities for genotypes in genetic evaluations can improve evaluation accuracy at lower costs for dairy producers. The industry has invested $18 million in genotyping animals to realize $100 million of extra genetic progress annually, but most of that benefit is seen by consumers of dairy products because of increased production efficiency. 
Based on genomic testing, a method was developed to discover lethal defects by detecting the absence of haplotypes that had high population frequency but were never homozygous. Haplotype testing revealed that effect on sire conception rate for those 5 new (3 in Holsteins, 1 in Jerseys, and 1 in Brown Swiss) as well as 2 previously known defects were negative and consistent with a lethal recessive. Once animals have been genotyped, dairy farmers could avoid mating carrier animals without further testing expense using the new haplotype test, thereby saving time, increasing profitability, and reducing those defects in the population.
The national dairy database was expanded to include new traits and consistency of information was improved. Fertility records are now provided by all processing centers for use in research and the new evaluations for heifer, cow, and sire conception rates. A test-herd continued to be processed and expanded to ensure that data providers all code data uniformly. To improve consistency, more record fields are checked, and comparisons of values from each data provider for lactation, reproduction, and test-herd records are now provided routinely on the Laboratory web site. The traditional and genomic databases have been connected so that a pedigree or genotype can be changed only if the two databases remain consistent; inconsistent values are returned to providers. Each animal’s genotype is also compared to possible grandsire genotypes so that probable pedigree mistakes, and suggested corrections are reported to breeders. To allow nearly immediate verification or discovery of parentage, automated procedures were developed so that external laboratories could submit genotypes and obtain error reports. Because of the increased accuracy of the national database, U.S. breed associations and the National Association of Animal Breeders agreed in 2011 to use SNPs in the national dairy database instead of microsatellites in separate breed or laboratory databases for parentage determination and discovery. 

Publications:

Cole, J.B., P.M. VanRaden, J.R. O’Connell, C.P. Van Tassell, T.S. Sonstegard, R.D. Schnabel, J.F. Taylor, and G.R. Wiggans. 2009. Distribution and location of genetic effects for dairy traits. HJ. Dairy Sci. 92:2931–2946H. 
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Relationship of objectives and accomplishments to current plan:
 
Enhancement and expansion of the national dairy database will continue through national and international collection of genotypes (proposed objective 1). The software developed will continue to be enhanced to improve imputation and database accuracy. The identification of markers that are associated with specific traits increases the possibility of including additional data on health and management traits as phenotypic data become available through collaboration with the dairy industry.

Objective 2:	Characterize phenotypic measures of dairy practices, and provide the dairy industry with information needed to determine the impact of various herd management decisions on profitability. 

Summary of most significant accomplishments and their related impact:

To improve accuracy of estimated relative conception rate, a phenotypic measure of bull fertility and broaden the data on which bull fertility was evaluated, “sire conception rate” was developed through an extensive 4-year research effort. Factors were identified that were related to the bull that provided the unit of semen and that helped to improve prediction of whether that unit of semen resulted in a pregnancy. Factors also were identified that were related to the cow receiving the unit of semen and that distorted the fertility measure for the bull providing the semen (nuisance variables); those nuisance variables were removed to obtain the best measure of the bull's success in impregnating the cow. Sire conception rates were provided to the dairy industry for the first time in August 2008. Because differences in bull fertility greatly affect the value of semen purchases, the more accurate measure will allow producers to improve herd reproduction and lessen reproductive losses.
The effect of changing national standards for somatic cell count in milk were documented. In 2009, the European Union announced that its standards would be enforced for any herds supplying imports. For herds participating in Dairy Herd Improvement testing or shipping milk to four Federal Milk Orders, noncompliance was determined to be 0.9 and 1.0%, respectively, based on U.S. standards of 750,000 cells/mL and 7.8 and 16.1% for European Union standards at 400,000 cells/mL. With no change in herd management, proposed changes in U.S. standards would increase noncompliance in Dairy Herd Improvement and Milk Order herds up to 14.1 and 23.3%, respectively. Because the alternative standards being considered are substantially more stringent than the current U.S. standard, U.S. producers will need to place more emphasis on preventing and combating mastitis and doing more directed culling to improve milk quality.
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Relationship of objectives and accomplishments to current plan:

Characterization of herd management practices is needed to quantify economic values for selection indexes so that genetic progress and financial benefits can be maximized (proposed objective 3). Documentation of phenotypic measures aids in identifying potential new traits for genetic selection.  

Objective 3: 	Improve accuracy of prediction of economically important traits currently evaluated, determine merit and potential for developing genetic predictions for new traits, and investigate methods to incorporate high-density genomic data.

Subobjective 3.A:	Develop methodology for calculation of genome-enhanced breeding values using SNP genotypes. 

Subobjective 3.B:	Develop methodology for accurate genetic predictions for new traits such as fertility and health.
Summary of most significant accomplishments and their related impact: 

At the request of the dairy industry, an unofficial “interim” evaluation was developed for progeny-test bulls based on lactation data from herds with bull daughters that calved in recent months. The interim evaluations can provide information accurate enough for semen collection and storage (banking) for bulls of potentially superior genetic merit. The dairy industry approved release of the interim evaluations 3 times a year between official evaluations, and the first release to the industry was in November 2007. The earlier delivery of bull evaluations for milk yield is worth about $11 million annually as a result of better genetics.
To improve accuracy of genetic evaluations of dairy cattle for economically important traits, estimates of genetic merit based on genotype were developed for economically important traits: yield (milk, fat, and protein), somatic cell score (indicator for mastitis resistance), productive life (longevity), daughter pregnancy rate (cow fertility), calving ease, final score (conformation), and net merit (a genetic-economic index) and combined with traditional genetic evaluations. Genomic predictions for genotyped bulls and cows (mostly calves) began to be distributed in April 2008 to owners and to organizations that paid for genotyping. The availability of high-accuracy estimates of genetic merit at an early age in an animal’s life allows more accurate decisions when selecting parents of the next generation as well as increases genetic gains by shortening generation intervals. The evaluations are used for breeding decisions that affect milk production of future generations of dairy animals and thus future efficiency of the national dairy herd and future prices of dairy products.
To transition those genomic predictions from a research project to a production system, numerous changes were made to the USDA genetic evaluation program to enable efficient management of genomic information, incorporate it in official USDA evaluations, and distribute those evaluations to stakeholders. Breed and AI organizations now can use an online query to designate animals to be genotyped, determine if the animal has already been nominated, and check for the reason if a genotype was rejected; four commercial laboratories provide genotypes that are stored in the USDA national dairy database, and the most recent international evaluations are combined with genomic and traditional data into a single evaluation that includes all available information. Genomic information began to be included in official USDA genetic evaluations of dairy cattle that were released to the dairy industry in January 2009. The United States was the first country to replace traditional genetic evaluations with genomic evaluations based on direct examination of DNA, and the programs and edited genotypes developed by USDA scientists were also used to compute Canadian national evaluations in August 2009; USDA and Canadian researchers cooperated in developing international evaluation methods to combine genomic information from all countries. The dairy industry can make better breeding and culling decisions, especially for young animals, if it has easy access to highly accurate estimates of genetic merit that include genomic data. 
Because of recent availability of a low-density marker panel at a low cost, the number of animals with genomic information increased greatly. Methods to combine genomic information from low-density genotypes with previous higher density information were implemented for national genetic evaluations of yield and fitness traits of Holsteins, Jerseys, and Brown Swiss and made official in December 2010. The availability of genomic evaluations for animals with low-density genotypes has increased the accuracy of their estimated genetic merit compared with their traditional evaluations. For young animals with low-density genotypes, gain in accuracy over parent average was about 80% of the gain realized with higher density genotypes. Low-density genotypes also provide a low cost alternative to traditional parentage verification (see subobjective 1.A).
Methods to combine genomic and pedigree relationships among Holsteins, Jerseys, and Brown Swiss were compared by estimating adjustments for averages and regressions of genomic on pedigree relationships. Adjustments for base population allele frequencies and adjustments to make pedigree relationships match genomic relationships more closely in multibreed populations were also determined. Results showed that genomic inbreeding accurately detected pedigree inbreeding and that breed identity could be determined more accurately using all markers than marker subsets. The results provide a basis for future multibreed genomic evaluations.
Genetic evaluations of cows were adjusted to improve accuracy of genomic predictions. Upward bias in traditional evaluations of cows with high genetic merit had been adversely affecting accuracy of genomic predictions when those cows were added to the reference population for estimating marker effects. Initially, only evaluations of genotyped cows were adjusted to have the same average and variance as bulls. However, evaluations of genotyped cows then were not comparable to those of nongenotyped cows. The method was revised and extended to all cows so that genotyped and nongenotyped cows could be compared more fairly. The efficiency of selection programs will improve because cows will be ranked more accurately, which will benefit breeding organizations and dairy producers.
National genetic evaluations for heifer and cow conception rate were developed and implemented for bulls (January 2009) and cows (August 2010), and the two new traits were included in genetic estimates for longevity. Declining fertility in the U.S. dairy herd had been a concern of the dairy industry since the 1970s, and the increased use of estrous synchronization as part of reproductive management programs had intensified the importance of conception rate as a fertility trait. Genetic evaluations for fertility traits enhance animal well-being and welfare as well as provide an improved understanding of relationships between yield and functional traits. The availability of conception rate evaluations allows international comparisons that can enhance exports of semen, embryos, and animals and positively impact the U.S. trade balance.
To investigate the possibility of selecting for genetic resistance to infection with Mycobacterium avium ssp. paratuberculosis, milk ELISA scores for Johne’s disease were collected through the Dairy Herd Improvement program. Genetic and environmental effects on those scores were examined as well as the effect of Johne’s disease on milk and fitness traits. Genetic merit for Johne’s resistance was calculated for bulls. Estimated breeding values and genetic relationships between traits indicated that the incidence of Johne’s disease can be reduced through either sound management or genetic selection.
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Relationship of objectives and accomplishments to current plan:

Development and enhancement of the national genetic evaluation system to improve evaluation accuracy will continue (proposed objective 2). Much emphasis will be placed on improving procedural efficiency as massive amounts of pedigree, genotypic, and phenotypic data are combined.

Objective 4.	Investigate economic value of traits and correlations among them to most efficiently combine evaluations to select for healthy dairy animals capable of producing quality milk at a low cost in many environments.

Summary of most significant accomplishments and their related impact:

Genetic-economic indexes for lifetime merit of dairy cattle were revised in 2010 to reflect the dramatic rise in feed costs since 2006 and its affect on the emphasis that should be placed on traits in national indexes (net merit, cheese merit, and fluid merit). The key economic values as well as milk utilization statistics were updated, and recent changes in premiums paid for somatic cell score were considered. Compared with indexes developed in 2006, less weight now is placed on fat and protein yields and calving ability (an index that includes calving ease and stillbirth), and more emphasis is placed on longevity, mastitis resistance, udder and leg traits, body size (favoring smaller cows), and cow fertility. The revised indexes should improve accuracy of selection of animals to be parents of the next generation of U.S. dairy cattle. The increase in genetic progress from use of the revised indexes is estimated to be worth $6 million annually on a national basis.
Studies were completed to document factors that influence gestation length and to determine the likely consequence from selection for either shorter or longer gestation periods on nine other traits (milk, fat, and protein yields; productive life; somatic cell score; days open; calving ease; stillbirth; and culling). A growing interest in shortening gestation length will be tempered now because it has been shown that selection for either shorter or longer gestation length affects other traits adversely.
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Relationship of objectives and accomplishments to current plan: 

Genetic-economic selection indexes will continue to be updated to reflect current and predicted future economic conditions so that genetic progress, production efficiency, and financial gain can be maximized for the U.S. dairy industry (proposed objective 3). Indexes also will be revised to include new traits as they become available. 
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Education:
1981	University of Illinois, B.S., dairy science
1984	Iowa State University, M.S., animal breeding
1986	Iowa State University, Ph.D., animal breeding

Experience:
1982–86	Graduate Research Assistant, Iowa State University, Ames, IA
1986		Postdoctoral Research Associate, Iowa State University, Ames, IA
1987–88	Postdoctoral Research Associate, University of Wisconsin, Madison, WI
1988–present	Research Geneticist (Animal), USDA, ARS, Beltsville, MD

Accomplishments (past 10 years):
Dr. VanRaden has improved several important areas of animal breeding such as avoidance of inbreeding, selection for more traits, computation of genomic evaluations, and discovery of lethal recessive genes. His methods were made directly available to U.S. dairy producers, and computer programs for routine use have made those advances available to other scientists and producers worldwide. Using methods and programs introduced by Dr. VanRaden in 2005, U.S. genetic evaluations are the only evaluations in the world that adjust for expected inbreeding. He compared crossbred and purebred dairy cattle for economic merit and developed the multibreed evaluation system implemented in 2007. He introduced national rankings for daughter pregnancy rate in 2003, cooperated with Dr. John Cole to introduce stillbirth rate in 2006, and cooperated with Dr. Melvin Kuhn to introduce heifer conception and cow conception rates in 2009. Dr. VanRaden led a team of scientists to revise the lifetime net merit index, which combines genetic merit for available U.S. traits according to economic values into an overall merit for each animal, in 2003 and 2006 and assisted Dr. Cole in a 2009 revision. Official genomic evaluations were implemented for U.S. dairy cattle in January 2009, the first such system in the world, using Dr. VanRaden’s methods and programs. Several other countries quickly adopted those same methods or programs, and the Interbull Centre (Uppsala, Sweden) uses them for the global genomic evaluation of the Brown Swiss breed. Genotypes from a 3,000-marker panel were imputed to 50,000-marker density using methods developed by Dr. VanRaden, and routine genetic predictions from those imputed genotypes were introduced in 2010. His imputation methods also proved to be very efficient for predicting higher density genotypes in large populations. Dr. VanRaden’s methods to split genotypes into haplotypes led to the discovery of five new lethal recessive defects that were reported to breeders in August 2011. Since 2002, Dr. VanRaden has (co)authored 42 scientific journal research papers (senior or sole author of 12) and 57 research abstracts. He has made 11 scientific presentations (including 1 invited paper) at annual meetings of the American Dairy Science Association (ADSA) and formal research presentations in 14 countries. He has (co)authored 1 book chapter and 31 articles in international proceedings. He has (co)authored 25 articles in USDA and popular trade publications and has made over 70 presentations at international, national, State, district, and university meetings. Dr. VanRaden’s accomplishments have resulted in several national awards, including the National Association of Animal Breeders’ Research Award in 2002 and ADSA’s Most Cited Award in 2011 and 2012.
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1994–96		Graduate Research Assistant, Louisiana State University, Baton Rouge, LA
1996–2000	Graduate Assistant, University of Minnesota, St. Paul, MN
2000–02	Computer Analyst II (Webmaster), Louisiana State University, Baton Rouge, LA
2001		Instructor, Louisiana State University, Baton Rouge, LA
2002–03	Data Manager, Southern Regional Climate Center, Baton Rouge, LA
2003–present	Research Geneticist (Animal), USDA, ARS, Beltsville, MD
2010–11	Legislative Fellow, Senator Mark L. Pryor, U.S. Senate, Washington, DC

Accomplishments (past 10 years):
Dr. Cole’s research program has focused on calving traits, lactation persistency, health traits, and use of climatological data in dairy cattle evaluation. He introduced calving-ease evaluations for Brown Swiss bulls in 2005 and stillbirth evaluations for Holstein bulls in 2006 and worked with Dr. Paul VanRaden on revision of the lifetime net merit index to include those calving traits. He developed the first U.S. evaluation to use data routinely from crossbred animals and was part of the team that developed the U.S. all-breed evaluation in 2007. Dr. Cole estimated variance components for lactation persistency, genetic correlations with yield traits, and breeding values for six U.S. dairy cattle breeds and showed that selection for improved lactation persistency would not adversely affect yield. He also collaborated with university scientists on relationships between persistency and early-lactation metabolic diseases. Dr. Cole developed a database of climate data from around the United States in conjunction with the Hydrology and Remote Sensing Laboratory (Beltsville, MD) and the Southern Regional Climate Center (Baton Rouge, LA) for research on regional climate effects and genotype-by-environment interaction. He also developed the PyPedal software package for pedigree validation and analysis in 2007. In collaboration with regional research project S-1040, Dr. Cole revised the net merit, fluid merit, and cheese merit selection indexes in 2009 to reflect current and predicted future economic conditions. Dr. Cole worked extensively with high-density DNA marker data and published the first estimates of selection limits and Mendelian sampling effects based on haplotypes in 2009. In addition, he developed methods for visualizing high-dimensionality genomics data. Using those data, he identified a QTL associated with dystocia, conformation, longevity, and lifetime economic merit in Holsteins and proposed a physiological explanation for the QTL effect based on comparative bioinformatics with the human and the mouse. In 2011, Dr. Cole developed multiplicative adjustment factors for correcting milk, fat, and protein test-day data to account for effects of region- and season-of-calving, which were added to best prediction programs used to compute lactation yields from test-day data. Those tools are being used by researchers at the University of Florida to study genotype-by-environment interactions affecting yield and fertility. Since 2002, Dr. Cole has (co)authored 50 publications and is senior or sole author of 29 of those, including 15 scientific journal articles, 5 proceeding papers, 2 software packages, 3 popular publications, and 3 Laboratory research reports; he has also authored 43 abstracts.
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[bookmark: PastWiggans]George R. Wiggans

Education:
1968	Cornell University, B.S., dairy science
1969	Cornell University, M.S., animal breeding
1978	Cornell University, Ph.D., animal breeding

Experience:
1968–-69	Graduate Research Assistant, Cornell University, Ithaca, NY
1974–77	Graduate Research Assistant, Cornell University, Ithaca, NY
1977-78	Research Assistant, Cornell University, Ithaca, NY
1978–present	Research Geneticist (Animal), USDA, ARS, Beltsville, MD
1982	Visiting Scientist, Agricultural Research Organization, Volcani Center, Bet Dagan, Israel
1986–87	Visiting Professor, University of Illinois, Urbana, IL
1995		Visiting Scientist, University of New England, Armidale, Australia
1995–96	Visiting Scientist, Livestock Improvement Corporation, Hamilton, New Zealand
2008		Visiting Scientist, Department of Primary Industries, Melbourne, Australia

Accomplishments (past 10 years):
Dr. Wiggans has had a critical role in the development and improvement of the national genetic evaluation system. His contributions over the past 10 years have included development and enhancement of evaluations for calving traits; estimation of new variance components for type traits for non-Holstein breeds; addition of the type trait rear legs (rear view) for two breeds and milking speed for Brown Swiss; enhancement of daughter pregnancy rate evaluation by using pregnancy diagnosis; and implementation of an all-breed evaluation. He has worked in data quality by assisting in development and enhancement of the data editing system, particularly the validation of test-day data (including detection of abnormal yields, enforcement of consistency among data elements, and resolution of conflicts in international pedigree information). In anticipation of the inclusion of genomic information in genetic evaluations, Dr. Wiggans led the Laboratory’s effort in collecting, checking, and storing genotypes. As part of the implementation and enhancement of national genomic evaluations for dairy cattle, he developed procedures to approximate evaluation accuracy and to adjust cow evaluations to improve their accuracy in estimating marker effects. He has analyzed results from high-density genotyping chips. His current research activities are focused on improvement of genomic evaluation, with particular emphasis on quality and management of genotypes from genotyping chips of different densities and interfacing with breeding organizations. Dr. Wiggans is recognized domestically and internationally as an authority on projection and standardization of yield records, genetic evaluation of dairy goats, application of an animal model to large data sets, and development of a test-day model. Since 2002, he has (co)authored 40 scientific journal research papers and 32 research abstracts. He has made 11 scientific presentations (including 1 invited paper) at annual meetings of the American Dairy Science Association (ADSA). He has (co)authored 3 book chapters and 19 articles in international proceedings. He has (co)authored 8 articles in USDA and popular trade publications and made over 75 presentations at international, national, State, district, and university meetings. In 2006, he was presented with the Outstanding Service Award by the National Dairy Herd Information Association. In 2012, he was elected an ADSA Fellow.
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Heyen, D.W., J.I. Weller, M. Ron, M. Band, J.E. Beever, E. Feldmesser, Y. Da, G.R. Wiggans, P.M. VanRaden, and H.A. Lewin. 1999. A genome scan for QTL influencing milk production and health traits in dairy cattle. HPhysiol. Genomics 1:165–175H.
Banos, G., G.R. Wiggans, and R.L. Powell. 2001. Impact of paternity errors in cow identification on genetic evaluations and international comparisons. HJ. Dairy Sci. 84:2523–2529H. 
Wiggans, G.R., and R.C. Goodling, Jr. 2005. Accounting for pregnancy diagnosis in predicting days open. HJ. Dairy Sci. 88:1873–1877H.
Wiggans, G.R., L.L.M. Thornton, R.R. Neitzel, and N. Gengler. 2006. Genetic parameters and evaluation of rear legs (rear view) for Brown Swiss and Guernseys. HJ. Dairy Sci. 89:4895–4900H.
Wiggans, G.R., L.L.M. Thornton, R. Neitzel, and N. Gengler. 2007. Short communication: Genetic evaluation of milking speed for Brown Swiss dairy cattle in the United States. HJ. Dairy Sci. 90:1021–1023H.
Wiggans, G.R., J.B. Cole, and L.L.M. Thornton. 2008. Multiparity evaluation of calving ease and stillbirth with separate genetic effects by parity. HJ. Dairy Sci. 91:3173–3178H.
VanRaden, P.M., C.P. Van Tassell, G.R. Wiggans, T.S. Sonstegard, R.D. Schnabel, J.F. Taylor, and F.S. Schenkel. 2009. Invited review: Reliability of genomic predictions for North American Holstein bulls. HJ. Dairy Sci. 92:16–24H. 
Cole, J.B., P.M. VanRaden, J.R. O’Connell, C.P. Van Tassell, T.S. Sonstegard, R.D. Schnabel, J.F. Taylor, and G.R. Wiggans. 2009. Distribution and location of genetic effects for dairy traits. HJ. Dairy Sci. 92:2931–2946H. 
Wiggans, G.R., T.S. Sonstegard, P.M. VanRaden, L.K. Matukumalli, R.D. Schnabel, J.F. Taylor, F.S. Schenkel, and C.P. Van Tassell. 2009. Selection of single-nucleotide polymorphisms and quality of genotypes used in genomic evaluation of dairy cattle in the United States and Canada. HJ. Dairy Sci. 92:3431–3436H. 
Weigel, K.A., C.P. Van Tassell, J.R. O’Connell, P.M. VanRaden, and G.R. Wiggans. 2010. Prediction of unobserved single nucleotide polymorphism genotypes of Jersey cattle using reference panels and population-based imputation algorithms. HJ. Dairy Sci. 93:2229–2238H. 
Wiggans, G.R., P.M. VanRaden, L.R. Bacheller, M.E. Tooker, J.L. Hutchison, T.A. Cooper, and T.S. Sonstegard. 2010. Selection and management of DNA markers for use in genomic evaluation. HJ. Dairy Sci. 93:2287–2292H.
Wiggans, G.R., P.M. VanRaden, and T.A. Cooper. 2010. Improved reliability approximation for genomic evaluations in the United States. HJ. Dairy Sci. (submitted)H.
VanRaden, P.M., J.R. O’Connell, G.R. Wiggans, and K.A. Weigel. 2011. Genomic evaluations with many more genotypes. HGenet. Sel. Evol. 43:10H. 
Cole, J.B., G.R. Wiggans, L. Ma, T.S. Sonstegard, T.J. Lawlor Jr., B.A. Crooker, C.P. Van Tassell, J. Yang, S. Wang, L.K. Matukumalli, and Y. Da. 2011. Genome-wide association analysis of thirty one production, health, reproduction and body conformation traits in contemporary U.S. Holstein cows. HBMC Genomics 12:408H.
Wiggans, G.R., P.M. VanRaden, and T.A. Cooper. 2011. The genomic evaluation system in the United States: Past, present, future. HJ. Dairy Sci. 94:3202–3211H.
VanRaden, P.M., K.M. Olson, G.R. Wiggans, J.B. Cole, and M.E. Tooker. 2011. Genomic inbreeding and relationships among Holsteins, Jerseys, and Brown Swiss. HJ. Dairy Sci. 94:5673–5680H. 
Daetwyler, H.D., G.R. Wiggans, B.J. Hayes, J.A. Woolliams, and M.E. Goddard. 2011. Imputation of missing genotypes from sparse to high density using long-range phasing. HGenetics 189:317–327H.
Wiggans, G.R., T.A. Cooper, P.M. VanRaden, and J.B. Cole. 2011. Technical note: Adjustment of traditional cow evaluations to improve accuracy of genomic predictions. HJ. Dairy Sci. 94:6188–6193H. 
Wiggans, G.R., P.M. VanRaden, and T.A. Cooper. 2011. Technical note: Adjustment of all cow evaluations for yield traits to be comparable with bull evaluations. HJ. Dairy Sci. 95:3444–3447H.
Wiggans, G.R., T.A. Cooper, P.M. VanRaden, K.M. Olson, and M.E. Tooker. 2012. Use of the Illumina Bovine3K BeadChip in dairy genomic evaluation. HJ. Dairy Sci. 95:1552–1558H. 


[bookmark: IssuesOfConcern]Issues of Concern Statements

Animal care: Not applicable.

Endangered species: Not applicable.

National Environmental Policy Act: On the basis that this Federal project is undertaken for the sole purpose of conducting research, this project is categorically excluded, in accordance with the National Environmental Policy Act (NEPA). The project facilitates obtaining the national milk supply with a smaller dairy cattle population, thereby reducing any adverse environmental impact that animals may have on the environment.

Human study procedure: Not applicable.

Laboratory hazards: Not applicable.

Occupational safety and health: Safety and health concerns are those related to an office setting. A safety inspection of the Laboratory’s assigned building area is conducted annually by the Beltsville Area’s Occupational Health and Safety Unit. Employees participate in building fire drills (at least one annually), and nearly all employees have received fire extinguisher training. Five employees have been certified for CPR.

Recombinant DNA procedures: Not applicable.

Homeland security: Off-site data storage and a method for recovering quickly after emergencies are provided through contract services. The issue of toxins, biological materials, and biological safety is not applicable.

Intellectual property issues: The genomic evaluation program is based on genotypes that are not publicly available. Various agreements among industry groups as well as a nonfunded cooperative agreement between ARS and the Council on Dairy Cattle Breeding are being developed that specify that industry authorizes access to the materials. The ARS nonfunded cooperative agreement also addresses control of research results originating from the material. Nondisclosure agreements will be concluded with industry partners in the development of genotyping chips to permit them to control release of information about their products.
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	Project No.
	Project Name
	Start
Date
	Termination
Date
	Cooperator

	1265-31000-096-10S
(see Appendix PH)
	Performance and profitability of F1 Norwegian Red × Holstein cattle as compared with pure Holsteins on commercial dairy farms
	09/18/2007
	08/31/2012
	University of Wisconsin 
Madison, WI 53706

	1265-31000-096-15S
(seeH Appendix OH)
	Develop software to demonstrate the response to genetic selection within dairy producer’s own herd
	09/09/2009
	09/08/2014
	Pennsylvania State University
University Park, PA 16802
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