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 ABSTRACT 

 Implementation of genomic evaluation has caused 
profound changes in dairy cattle breeding. All young 
bulls bought by major artificial insemination orga-
nizations now are selected based on such evaluation. 
Evaluation reliability can reach approximately 75% for 
yield traits, which is adequate for marketing semen of 
2-yr-old bulls. Shortened generation interval from using 
genomic evaluations is the most important factor in 
increasing the rate of genetic improvement. Genomic 
evaluations are based on 42,503 single nucleotide poly-
morphisms (SNP) genotyped with technology that 
became available in 2007. The first unofficial USDA 
genomic evaluations were released in 2008 and became 
official for Holsteins, Jerseys, and Brown Swiss in 2009. 
Evaluation accuracy has increased steadily from in-
cluding additional bulls with genotypes and traditional 
evaluations (predictor animals). Some of that increase 
occurs automatically as young genotyped bulls receive a 
progeny test evaluation at 5 yr of age. Cow contribution 
to evaluation accuracy is increased by decreasing mean 
and variance of their evaluations so that they are simi-
lar to bull evaluations. Integration of US and Canadian 
genotype databases was critical to achieving acceptable 
initial accuracy and continues to benefit both countries. 
Genotype exchange with other countries added predic-
tor bulls for Brown Swiss. In 2010, a low-density chip 
with 2,900 SNP and a high-density chip with 777,962 
SNP were released. The low-density chip has increased 
greatly the number of animals genotyped and is expect-
ed to replace microsatellites in parentage verification. 
The high-density chip can increase evaluation accuracy 
by better tracking of loci responsible for genetic dif-
ferences. To integrate information from chips of vari-
ous densities, a method to impute missing genotypes 
was developed based on splitting each genotype into 
its maternal and paternal haplotypes and tracing their 
inheritance through the pedigree. The same method is 
used to impute genotypes of nongenotyped dams based 
on genotyped progeny and mates. Reliability of result-
ing evaluations is discounted to reflect errors inherent 

in the process. Further increases in evaluation accuracy 
are expected because of added predictor animals and 
more SNP. The large population of existing genotypes 
can be used to evaluate new traits; however, phenotypic 
observations must be obtained for enough animals to 
allow estimation of SNP effects with sufficient accuracy 
for application to the general population. 
 Key words:   genomic evaluation , SNP effect , reliabil-
ity 

 INTRODUCTION 

 Genetic evaluation of dairy cattle has provided the 
means for steady genetic improvement in production, 
fitness, and conformation traits. The evaluations have 
been based on milk recording and breed association 
programs for type traits. Widespread use of superior 
bulls through AI has been the primary vehicle for prog-
ress. Identification of superior bulls has been expensive 
and time consuming because of the need to wait for 
milking daughters and the cost of collecting their data 
to achieve an evaluation of adequate accuracy. The 
great promise of DNA analysis has recently become a 
reality with the advent of low-cost genotyping of large 
numbers of SNP markers. The history of this develop-
ment, current application in dairy cattle, and expected 
future developments are presented. 

 HISTORY 

 For many years and many species, DNA markers have 
been used for research and as parentage verification. 
Parentage verification began with analysis of blood 
groups (Stormont, 1967) and transitioned to microsat-
ellite markers (Dekkers, 2004). Marker-assisted selec-
tion, which uses linkage relationships between markers 
and QTL to provide genomic information for traits of 
interest (Soller, 1994), has been investigated for use in 
breeding programs but has had only modest commer-
cial value because of the cost and difficulties associated 
with marker validation (Misztal, 2006). For livestock, 
the search for major genes related to quantitative 
traits has had limited success, because only a small 
portion of genetic variation can be explained by the 
collection of markers investigated (Andersson, 2001). 
For dairy cattle, most traits of economic importance 
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are controlled by many genes, each of small effect (Cole 
et al., 2009; Hayes et al., 2010). Because gene effects 
are small, a large amount of data is needed to estimate 
the effects accurately, and dense markers are needed to 
ensure that the association between marker and QTL 
persists across families.

The critical change was the development of assays 
that can be used to genotype large numbers of SNP at 
low cost. Although SNP are only biallelic (2 states), 
the large number available allows tracking the inheri-
tance of short chromosomal segments. An international 
consortium of government, university, and industry 
cooperators worked with Illumina (San Diego, CA) to 
develop a set of SNP to be included on a chip (Van 
Tassell et al., 2008). A commercial set of 54,001 was 
included in the original release of the BovineSNP50 
BeadChip (Illumina, 2010b). Consortium members 
had access to the new chip in fall 2007, and it became 
publicly available in late December 2007. In July 2010, 
Illumina released 2 new genotyping chips: a low-density 
chip (Bovine3K) with 2,900 SNP (Illumina, 2010c) 
and a high-density chip (BovineHD) with 777,962 
SNP (Illumina, 2010a).

Genotypes from chips processed at the Beltsville Ag-
riculture Research Center (MD), University of Missouri 
(Columbia), and University of Alberta (Edmonton, 
AB, Canada) were used in initial research to determine 
which SNP should be used in genomic evaluation. Some 
SNP were excluded because of low call rate, poor calling 
properties, or high correlation with other SNP (Wig-
gans et al., 2009b). Procedures were developed to check 
for parent-progeny conflicts and other inconsistencies 
(Wiggans et al., 2010b). Extensive simulation work by 
VanRaden (2008), which was based on the research of 
Meuwissen et al. (2001), enabled development of ge-
nomic evaluation methods, which were applied once 
genotypes became available for US dairy cattle. The 
phenotypic and genotypic information for a predictor 
population was used to estimate SNP effects. Predictor 
animals are genotyped animals with traditional evalu-
ations (i.e., they do not include genomic information). 
The SNP effects estimated from a predictor population 
can be used to calculate genomic evaluations for ani-
mals without traditional evaluations (VanRaden, 2008; 
VanRaden et al., 2009). A nonlinear option allows for 
a heavy-tailed distribution of SNP effects to accom-
modate any trait on which a single gene has a large 
effect. The first unofficial USDA evaluations based on 
SNP genotypes were released in April 2008. Genomic 
evaluations became official for Holsteins and Jerseys 
in January 2009 and for Brown Swiss in August 2009.

The money to genotype thousands of animals came 
from research grants and contributions from AI and 
breed organizations. In return for their support, the AI 

organizations received the exclusive right to have males 
genomically evaluated until May 2013. The commercial 
laboratories of GeneSeek (Lincoln, NE) and Genetics & 
IVF Institute (Fairfax, VA) participated in the initial 
genotyping and processing of commercial samples. They 
were joined later by DNA LandMarks (Saint-Jean-sur-
Richelieu, QC, Canada), Genetic Visions (Middleton, 
WI), and Expression Analysis (Durham, NC).

Many countries have adopted the use of genomic 
information in their genetic evaluations (Loberg and 
Dürr, 2009). Canada collaborated with the United 
States in developing genomic evaluations based on 
BovineSNP50 genotypes (Wiggans et al., 2009a) and 
released official genomic evaluations in 2009 (Van 
Doormaal et al., 2009). France first used microsatellite 
markers in a marker-assisted selection program in 2001 
and then began using a relatively small number of SNP 
for unofficial evaluations in 2008 (Ducrocq et al., 2009). 
The Netherlands uses SNP from a customized Illumina 
chip (de Roos et al., 2009) as well as the BovineSNP50 
BeadChip (Interbull, 2010). New Zealand was an early 
adopter of the BovineSNP50 chip for its evaluation 
system and has encouraged widespread use of young 
genomically evaluated bulls (LIC, 2008); Australia 
plans to release official genomic evaluations in 2011 
(Nieuwhof et al., 2010). Germany has implemented a 
genomic evaluation system (Reinhardt et al., 2009), 
and Italy and Switzerland expect to provide genomic 
evaluations in 2011 (Loberg and Dürr, 2009).

A cooperative endeavor called EuroGenomics was 
established in 2009 by 5 European breeder-owned 
companies that represent Belgium, Denmark, Finland, 
France, Germany, the Netherlands, and Sweden (Da-
vid et al., 2010). The goal was to share genotypes for 
predictor bulls, thus improving evaluation accuracy in 
each participating country. As part of the cooperative 
effort, a system was developed to allow data exchange 
between the BovineSNP50 BeadChip and the custom-
ized Netherlands chip (Druet et al., 2010). Predictor 
population numbers reported by countries that par-
ticipated in the Interbull validation test for genomic 
evaluations of protein yield (Interbull, 2010) in August 
2010 are shown in Table 1. In December 2010, EuroGe-
nomics (2010) extended its collaborative effort and now 
has a predictor population of 18,300 bulls.

EVALUATION PROCESS

Nomination

Since 2007, genotypes that were usable for genetic 
evaluations have been received by USDA for >70,000 
animals as of December 2010 (Table 2). The availability 
of the Bovine3K chip has greatly increased the number 
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of animals genotyped, and its SNP are expected to 
replace microsatellites for parentage verification. From 
September through December 2010, almost 12,000 Bo-
vine3K chip genotypes (8,947 Holstein and 3,033 Jer-
sey) were received (not shown); 92% of those genotypes 
were for females. The 8 AI and 4 breed organizations 
that arrange for genotyping are designated as request-
ers. They arrange for a DNA sample to be collected 
and attached to a bar-coded mailer. That mailer is 
usually sent to the requester but may be sent directly 
to the genotyping laboratory. The bar code facilitates 
sample processing at the laboratory. The requester is 
expected to nominate each animal by making an entry 
in a database maintained by USDA’s Animal Improve-
ment Programs Laboratory (AIPL) before the sample 
reaches the genotyping laboratory. The nomination 
is either through a web interface or pedigree records 
containing the bar code (also known as sample iden-
tification). The breed associations use the pedigree 
record option for almost all of their nominations, as do 
several of the larger AI organizations. All requesters 
use the nomination query for nomination confirmation 
and update and for problem resolution. The nomina-
tion process ensures that the pedigree for the animal 
is in the AIPL database before the genotype arrives at 
AIPL and simplifies matching the identification associ-
ated with the genotype with the animal’s information 
in the AIPL database.

Genotyping

At the genotyping laboratories, DNA is extracted 
from the sample. In 2010, DNA sources included hair 
(82%), nasal swab (12%), blood (5%), semen (<1%), 
and ear punches (<1%). The process of DNA ampli-
fication and fragmentation, hybridization to the chip, 
labeling, and genotype detection takes 3 d. Data 
generated from the laser reader then are clustered to 
determine SNP genotypes (Illumina, 2010b). Those 
genotypes and corresponding identification information 
are transferred to AIPL.

Genotype Storage and Validation

The AIPL database can store multiple genotypes for 
an animal and relies on chip identification and sample 
location on the chip to identify a sample uniquely. Mul-
tiple samples arise from collection and labeling errors 
as well as upgrading from lower to higher density. As 
samples are loaded, they are checked on an animal basis 
for call rate and parent-progeny conflicts. In addition to 
conflicts with reported parents, a conflict also is desig-
nated if comparison with all other genotypes indicates 
that an animal has a parent-progeny relationship that 
is not found in the pedigree (usually the genomically 
correct parent). A report of SNP with a call rate of 
<90%, a departure from Hardy-Weinberg equilibrium 

Table 1. Numbers of animals with genotypes and traditional evaluations that were used to estimate effects of SNP (predictor populations) in 
August 2010 for Interbull validation of genomic evaluations for protein yield1 by country, breed, and animal sex 

Country

Holstein Jersey Brown Swiss

Bulls Cows Bulls Cows Bulls Cows

Canada2 NA — — — — —
Denmark, Finland, and Sweden3 10,217 — — — — —
France4 NA — — — — —
Germany, Austria, and Luxembourg5 17,477 — — — — —
the Netherlands6 16,173 — — — — —
New Zealand7 2,626 — 1,639 — — —
Poland8 2,085 — — — — —
United States9 9,958 8,122 2,088 740 1,215 116
1Interbull (2010).
2Predictor population for Holsteins as of July 2010 was based on bulls, but number of bulls was not available (NA); predictor population of bulls 
as of December 2010 was 10,667 for Holsteins, 2, 049 for Jerseys, and 1,527 for Brown Swiss (G. Kistemaker, Canadian Dairy Network, Guelph, 
ON, Canada, personal communication).
3Predictor population as of July 2010 that included animals from Austria, Denmark, Finland, France, Germany, Luxembourg, the Netherlands, 
and Sweden.
4Predictor population for Holsteins as of February 2010 was based on bulls; France also had Montbéliard and Normande predictor populations.
5Predictor population as of July 2010 that included animals from Austria, Denmark, Finland, France, Germany, Luxembourg, the Netherlands, 
and Sweden.
6Predictor population as of July 2010 that included animals from Austria, Denmark, Finland, France, Germany, Luxembourg, the Netherlands, 
Sweden, and the United States.
7Predictor populations as of May 2010; New Zealand also had a Holstein-Jersey crossbred predictor population.
8Predictor population as of May 2010 (A. arnecki, National Research Institute of Animal Production, Balice k. Krakowa, Poland, personal 
communication).
9Predictor populations as of June 2010 that included Holsteins from Canada, the United States, and 16 other countries; Jerseys from Australia, 
Canada, Denmark, New Zealand, and the United States, and Brown Swiss from Switzerland, the United States, and 6 other countries.



Journal of Dairy Science Vol. 94 No. 6, 2011

OUR INDUSTRY TODAY 3205

(difference between number of expected and actual 
heterozygous SNP), or parent-progeny conflicts of >2% 
is returned to the submitting laboratory. Those checks 
serve as a measure of the quality of the genotype calls. 
For BovineSNP50 genotypes, usually <10 SNP were 
outside those limits for any submission. Based on initial 
submission results, laboratories often were successful 
in reclustering problematic SNP to decrease the num-
ber of SNP conflicts in those categories. For Bovine3K 
genotypes, considerable effort was required to deter-
mine which SNP were reliable and to adjust procedures 
to achieve results similar to those for BovineSNP50 
genotypes.

The database allows for storage of genotypes from 
chips with differing numbers of SNP. Currently, the 
Bovine3K, BovineSNP50, and BovineHD chips are sup-
ported. Comparisons of SNP genotypes from different 
chips are supported but limited to SNP in common.

Many conflicts can be resolved. For most cases of sire 
conflict, an alternative sire is suggested. Identical geno-
types often are the result of embryo splits or identical 
twins. Because bulls have only one X chromosome, their 
genotypes for X-specific SNP appear to be homozygous, 
and that characteristic is used in sex validation. Some 
cows inherit both of their X chromosomes from the 
same male ancestor and, therefore, appear to be males. 
If a common male ancestor can be found, genotypes for 
such cows are accepted. The Bovine3K chip includes 
Y-specific SNP, which are used in sex validation. Us-
ability of genotypes is evaluated whenever pedigree of a 
genotyped animal changes.

Genotype Preparation

The SNP genotypes for each animal (42,503 SNP for 
BovineSNP50 genotypes, 38,201 SNP for BovineHD 

Table 2. Numbers of genotyped animals by breed and evaluation date 

Breed
Evaluation  
date1

Predictor2 Young3

Imputed
All  

animalsBulls Cows Bulls Cows

Holstein April 2009 7,600 2,711   9,690 1,943 — 21,944
  June 2009 7,883 3,049   11,459 2,974 — 25,365
  August 2009 8,512 3,728   12,137 3,670 — 28,047
  October 2009 8,568 3,965   13,288 4,797 — 30,618
  January 2010 8,974 4,348   14,061 6,031 — 33,414
  February 2010 9,378 5,086   15,328 7,620 — 37,412
  April 2010 9,770 7,415   16,007 8,630 1,471 41,822
  May 2010 9,958 7,940   16,594 9,772 1,955 44,264
  June 2010 9,958 8,122   17,507 10,713 2,004 46,300
  July 2010 9,963 8,186   18,187 11,309 2,035 47,645
  August 2010 10,430 9,372   18,652 11,021 2,029 49,475
  September 2010 10,611 9,453   19,389 13,333 1,990 52,786
  October 2010 10,616 9,787   20,184 15,288 2,057 55,877
  November 2010 10,619 10,175   20,838 17,095 2,118 58,727
  December 2010 11,293 12,825   21,161 18,336 2,172 63,615
Jersey February 2010 1,977 479   1,172 197 — 3,825
  April 2010 2,072 637   1,250 202 97 4,161
  May 2010 2,079 702   1,308 231 150 4,320
  June 2010 2,088 740   1,391 259 148 4,478
  July 2010 2,088 753   1,461 273 153 4,575
  August 2010 2,145 792   1,476 258 152 4,671
  September 2010 2,153 793   1,590 282 148 4,818
  October 2010 2,155 1,210   1,686 843 162 5,894
  November 2010 2,156 1,816   1,755 1,793 173 7,520
  December 2010 2,217 2,189   1,754 1,924 178 8,084
Brown Swiss February 2010 1,168 54   179 15 — 1,416
  April 2010 1,185 98   188 31 47 1,502
  May 2010 1,188 114   199 34 63 1,535
  June 2010 1,215 116   215 38 66 1,584
  July 2010 1,227 116   223 38 66 1,604
  August 2010 1,248 124   228 35 69 1,635
  September 2010 1,250 121   239 32 64 1,643
  October 2010 1,584 133   252 38 75 2,007
  November 2010 1,548 134   258 40 75 2,016
  December 2010 1,596 146   256 40 79 2,038
1Evaluation dates in boldface are official USDA-DHIA evaluation releases that update traditional evaluations.
2Animals with traditional evaluations (no genomic information included).
3Animals without traditional evaluations.
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genotypes, and 2,614 SNP for Bovine3K genotypes) 
are extracted from the database. Because the number 
of animals with high-density genotypes is too few for 
routine evaluation, only the 38,201 SNP that match the 
BovineSNP50 chip currently are extracted. During ex-
traction, multiple genotype calls for an individual ani-
mal are merged, with preference given to the genotype 
with the highest call rate. Identical twins and animals 
from split embryos have their genotypes harmonized. 
For dams without genotypes, genotypes are imputed 
(constructed from relatives) if the number of genotyped 
progeny and mates is sufficient to reach a call rate of 
90% on an allele basis. Since April 2010, dams with im-
puted genotypes have been included in genomic evalua-
tions. Imputation also is used to add genotypes for SNP 
that are on the BovineSNP50 but not the Bovine3K 
chip. Imputation involves splitting the genotype into 
paternally and maternally contributed chromosomes 
(haplotypes). Haplotype inheritance is traced and used 
to fill in missing genotypes. When pedigree sources are 
not available, the most common, consistent haplotype 
in the population is selected. Table 2 shows the number 
of usable genotypes by breed for most of the genomic 
evaluations released since April 2009.

Estimation of SNP Effects

The effects of SNP on traditional evaluations are 
estimated for >30 traits. The traditional evaluations 
are deregressed so that shrinkage based on amount of 
information, which is inherent to estimation of random 
effects, is undone to make the data more like individual 
records. Cow and bull evaluations must be comparable, 
because both are used to estimate SNP effects. There-
fore, traditional evaluations of Holstein and Jersey 
cows for milk, fat, and protein yields and component 
percentages are adjusted to remove overestimation 
usually associated with cow evaluations for yield traits 
(Wiggans et al., 2010a). That adjustment makes the 
mean and variance of the deregressed value for a cow 
similar to that for a bull with similar accuracy. To do 
that, the contribution of parent average is removed 
from the traditional evaluation and then the remainder 
is deregressed, is multiplied by a number less than 1 to 
decrease the variance, and has a constant subtracted to 
decrease the mean.

Deregressed traditional evaluations are regressed on 
each of the 42,503 SNP genotypes (VanRaden, 2008), 
where the genotypes are expressed as the quantity of 
one of the alleles (0, 1, or 2). Because the effects are 
considered to be random, a system with more effects 
than observations is solvable. The solution is the ef-
fect on each trait from replacing 1 allele in the SNP 

genotype with the other allele. In addition to SNP ef-
fects, a polygenic effect is estimated to capture genetic 
variation not accounted for by SNP.

Most SNP have small effects, which are distributed 
evenly across all chromosomes. For both Holsteins and 
Jerseys, the largest effects for milk and fat were found 
on chromosome 14 and were associated with the di- 
acylglycerol O-acyltransferase 1 (DGAT1) gene (Grisart 
et al., 2004). An increased effect for protein yield was 
also found on chromosome 14 for Jerseys. Methods for 
the visualization of SNP effects were described by Cole 
and VanRaden (2010), and plots of the absolute values 
of effects for all 42,503 SNP on 31 traits of economic 
importance are available at the AIPL website (http://
aipl.arsusda.gov/Report_Data/Marker_Effects/mark-
er_effects.cfm).

Calculation of Genomic Evaluation

An animal’s genomic evaluation includes a genomic 
prediction (estimates of SNP and polygenic effects) 
and information from traditional evaluations that is 
not already included in the genomic information. A 
traditional evaluation is calculated for just the subset 
of animals with genotypes to allow determination of 
the traditional information that was accounted for by 
genomics. A selection index is used to combine the 
genomic prediction, traditional evaluation, and subset 
evaluation (VanRaden et al., 2009).

Measure of Accuracy

Reliability measures how much information contrib-
utes to the evaluation. For genomic evaluations, reli-
ability combines daughter equivalents from genomics, 
parent average, and information from the traditional 
evaluation not accounted for through genomics. The 
genomic contribution is approximated by a function 
of the weighted sum of the genomic relationships of 
the animal with the predictor population. The weight 
is the reliability with the component for parent aver-
age removed. The genomic relationship with predictor 
animals and their evaluation reliability are the primary 
determinants of accuracy for genomic evaluations. 
Thus, the genomic contribution is lower for less re-
lated animals, such as those with foreign ancestors or 
subpopulations that contributed little to the current 
population (Wiggans and VanRaden, 2010).

The increase in evaluation reliability from including 
genomic information can be demonstrated by compar-
ing August 2006 traditional parent averages for young 
bulls without daughter information, their August 2006 
genomic evaluations that include SNP and polygenic 
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effects estimated from the August 2006 predictor popu-
lation in addition to their traditional parent average, 
and their June 2010 daughter deviations deregressed 
from their traditional evaluations (Table 3). Mean reli-
ability for August 2006 genomic evaluations of young 
bulls across all yield, health, and fertility (where appli-
cable) traits (not shown) was 57% for Holsteins, 55% for 
Jerseys, and 52% for Brown Swiss. Gains in reliability 
above parent average (Table 3) ranged from 2.7 to 47.6 
percentage units for Holsteins, 9.6 to 29.2 percentage 
units for Jerseys, and 3.0 to 25.8 percentage units for 
Brown Swiss. Reliability gains were lowest for stillbirth, 
which had the smallest predictor population because 
cow evaluations were not included and because fewer 
bulls had evaluations as data collection had begun more 
recently than for other traits. Coefficients of determina-
tion (R2) also are provided in Table 3 as a measure of 
the relationship between 2006 evaluations (either par-
ent average or genomic evaluation) and 2010 daughter 
deviations (deregressed values). The R2 ranged from 3.1 
to 36.7 for parent average and from 9.6 to 62.1 for ge-
nomic evaluation. Reliabilities for both parent average 
and genomic evaluation are higher than their respective 
R2, because reliability adjusts for error variance (differ-
ing amounts of information) and because selection had 
occurred in the genotyped population. Coefficients for 
regression of June 2010 daughter deviation on August 
2006 genomic evaluations (Table 3) ranged from 0.87 to 
1.08 for Holsteins, 0.88 to 1.30 for Jerseys, and 0.84 to 
1.09 for Brown Swiss; a coefficient close to 1 indicates 
that a 1-unit difference in the genomic evaluation re-
sults in a 1-unit change in the trait. For bias in genomic 
evaluation (Table 3), a negative value indicates that 
the initial August 2006 genomic evaluation was higher 
than the June 2010 deregressed value.

Changes in methodology for genomic evaluation also 
affect the measure of evaluation accuracy. Implementa-
tion of the adjustment for cow evaluations in April 2010 
increased the gain in reliability from genomics by about 
3 percentage units for Holstein and Jersey yield traits 
(Wiggans et al., 2010a). The accuracy loss from impu-
tation required to include Bovine3K genotypes required 
a reliability adjustment. Reliabilities are converted 
to daughter equivalents and discounted by the lower 
call rate and loss in accuracy. The adjusted daughter 
equivalents then are converted back to reliabilities. 
Predictive ability of genetic merit with a low-density 
chip with 3,000 equally spaced SNP was reported to 
be 84 to 89% of that with the BovineSNP50 chip for 
Holsteins (Vazquez et al., 2010) and around 95% for 
Jerseys (Weigel et al., 2010). In December 2010, reli-
abilities for official PTA for milk yield, which included 
all sources of information, ranged from 74 to 81% for 
93% of young Holstein bulls (Figure 1).

Distribution

Genomic evaluations are calculated monthly. At each 
triannual release of official USDA-DHIA evaluations, 
all genomic evaluations are released. Between those 
releases, genomic evaluations are released only for new 
animals or young bulls that are not being marketed so 
that evaluations of marketed bulls do not fluctuate be-
tween official evaluations. Evaluations of bulls that are 
less than 2 yr old and not enrolled in the cross-reference 
program of the National Association of Animal Breed-
ers are distributed only to the owners and requesting 
AI organizations.

FUTURE

Genomic evaluations are expected to continue to 
increase in accuracy. The largest contributor to that 
increased accuracy will be additional predictor animals. 
Table 2 shows the natural increase in the US predictor 
population at each official evaluation from bulls with a 
first progeny-test result at approximately 5 yr of age. 
The US predictor population also increases the month 
following evaluation release when newly evaluated for-
eign bulls can contribute. In addition, the Cooperative 
Dairy DNA Repository (Ashwell and Van Tassell, 1999) 
has semen straws for >10,000 bulls with traditional 
evaluations but that have not been genotyped yet. A 
way may be found to pay for genotyping some of those 
bulls. Work also continues on how to make information 
from cows more useful. New Zealand has genotyped all 
of their bulls and are considering cows as a way to add 
to their predictor population (Spelman et al., 2010).

In July 2010, Illumina (2010a) released a high-
density chip with 777,962 SNP, and Affymetrix (2011; 
Santa Clara, CA) released a high-density chip with 
648,855 SNP in January 2011. Although such chips can 
provide genotypes that increase accuracy of genomic 
evaluations by better tracking of the loci responsible for 
genetic differences, the accuracy gains are not expected 
to be large (VanRaden and Tooker, 2010). As with low-
density SNP, high-density SNP would be imputed from 
current genotypes. The first step is to collect enough 
high-density genotypes so that most haplotypes are 
represented. Several thousand genotyped animals may 
be required. The ultimate density is full sequencing, 
and its cost has been decreasing. With full sequenc-
ing for a substantial number of animals, SNP that are 
the causative mutation or are closely linked to it may 
be identified (Meuwissen, 2010). Identification of those 
SNP may enable an increase in evaluation accuracy and 
a decreased number of SNP needed for evaluation. The 
higher density genotypes may also support genomic 
evaluations of crossbred cattle, because the SNP may 
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be close enough to the QTL that the phase of the as-
sociation persists across breeds. However, even with ac-
curate tracking of QTL alleles, their effects may differ 
between breeds.

A method to calculate traditional and genomic evalu-
ations in a single step is being developed (Aguilar et al., 
2010). Holstein Association USA plans to adopt that 
system for conformation evaluations in 2011. A single-
step evaluation system that includes both phenotypic 
records and genomic information could account for the 
selection bias that will affect traditional evaluation 
systems when the only new bulls to receive traditional 
evaluations are those that have been genomically se-
lected.

Increased Accuracy Through Collaboration

Collaboration is the least expensive way to increase 
the predictor population and, thus, increase accuracy. 

Collaboration between the United States and Canada 
was quite successful in initially increasing the size of 
the predictor population and continues to add to it. 
Research collaboration has helped to improve evalu-
ation methodology, and coordination across countries 
has aided with producer acceptance by minimizing dif-
ferences and explaining existing differences. Genotypes 
from the United States were traded with Switzerland, 
Germany, and Austria to increase the number of pre-
dictor bulls for Brown Swiss.

As experience with genomics accumulates, the ben-
efit of a larger predictor population becomes apparent. 
Therefore, groups with small populations look to join 
larger groups to have evaluations with competitive ac-
curacy, and larger groups see an opportunity to increase 
accuracy of selection decisions further. EuroGenomics 
is a collaboration among several European countries, 
which have a combined predictor population greater 
than for Canada and the United States. That collabora-

Table 3. Observed reliabilities (REL) in August 2006 for traditional parent averages and genomic evaluations1 of young bulls without daughter 
information, coefficients of determination (R2 × 100) between August 2006 evaluations and June 2010 daughter deviations deregressed from 
traditional evaluations, coefficients (b) for regression of June 2010 daughter deviations on August 2006 genomic evaluations, and bias in genomic 
evaluation by trait and breed 

Breed Trait2

August 2006 REL (%) R2

b Bias3
Parent  
average

Genomic  
evaluation Gain4

Parent  
average

Genomic  
evaluation

Holstein Milk (kg) 38.1 67.5 29.4 19.4 41.1 0.91 −4.0
  Fat (kg) 38.1 73.1 35.0 17.5 43.3 0.96 −0.9
  Protein (kg) 38.1 63.7 25.6 20.3 39.1 0.88 0.6
  Fat (%) 38.1 85.7 47.6 26.9 62.1 1.02 0.0
  Protein (%) 38.1 77.9 39.8 29.5 58.9 0.90 0.0
  PL (mo) 31.0 64.2 33.2 16.4 31.4 1.04 −1.5
  SCS 33.9 60.4 26.5 15.8 31.7 0.88 0.0
  DPR (%) 29.8 46.8 17.0 21.8 29.4 1.08 −0.2
  Sire CE 27.1 40.9 13.8 20.5 28.2 0.79 1.0
  Daughter CE 26.2 44.3 18.1 10.1 17.7 0.93 −1.0
  Sire SB 22.7 29.8 7.2 7.6 10.2 0.87 2.1
  Daughter SB 26.6 29.3 2.7 9.3 10.2 0.89 0.3
Jersey Milk (kg) 39.5 53.9 14.3 38.9 49.2 1.03 89.8
  Fat (kg) 39.5 49.9 10.4 30.7 38.1 0.88 5.8
  Protein (kg) 39.5 49.1 9.6 34.2 41.0 0.94 3.4
  Fat (%) 39.5 64.9 25.3 40.2 58.1 0.97 0.0
  Protein (%) 39.5 61.4 21.8 36.7 52.6 0.96 0.0
  PL (mo) 24.2 50.8 19.1 10.6 19.2 0.97 −0.4
  SCS 18.7 48.9 13.8 10.4 18.3 0.70 0.1
  DPR (%) 24.1 60.0 29.2 9.9 22.7 1.30 −0.1
Brown Swiss Milk (kg) 37.2 53.8 16.7 5.1 24.4 0.61 −163.0
  Fat (kg) 37.2 53.1 16.0 7.5 21.3 0.54 −6.3
  Protein (kg) 37.2 53.0 15.9 6.2 22.4 0.52 −4.1
  Fat (%) 37.2 59.1 22.0 26.4 42.0 1.09 0.0
  Protein (%) 37.2 57.8 20.6 29.8 43.9 1.02 0.0
  PL (mo) 28.3 54.2 25.8 9.7 22.0 1.07 −1.2
  SCS 32.2 53.4 21.2 12.1 23.0 1.02 0.0
  DPR (%) 24.9 28.1 3.0 3.1 9.6 0.48 0.0
1Includes SNP and polygenic effects estimated from the August 2006 predictor population (genotyped animals with traditional evaluations) and 
August 2006 traditional parent averages.
2PL = productive life, DPR = daughter pregnancy rate, CE = calving ease, and SB = stillbirth.
3June 2010 daughter deviation – August 2006 genomic evaluation.
4Genomic REL – parent average REL.
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tion has increased interest in North America to increase 
the predictor population, and discussions are under-
way for various levels of US collaboration with other 
countries. The most useful collaborations will be with 
countries that have used similar sires in recent years, 
because that would result in the highest relationship 
of animals with the predictor population. The genetic 
correlation between countries also is an indicator of the 
amount of information that a genetic evaluation for an 
additional predictor animal can provide.

New Traits

A genotype can be used to evaluate all traits, which 
suggests that new traits can be easily added to selec-
tion objectives. However, genomic evaluations require 
accurate estimates of SNP effects, which in turn, need 
accurate traditional evaluations. As milk production 
becomes increasingly specialized, selection objectives 
will need to account for more of the traits that affect 
profitability. Once sufficient data have been accumu-
lated to evaluate a trait genomically, selection can be 
made at birth (or before) so that the benefit of short-
ened generation interval and resulting increase in rate 
of genetic gain can be realized. However, measurement 
of all traits must be continued to ensure that the SNP 
effect estimates are appropriate for the current popula-
tion.

New Applications

With the increase in availability of genomic evalua-
tions because of the low cost of low-density genotyping, 
their use is expected to extend beyond the current focus 
on bull selection by AI organizations, semen marketing 
for high-ranking bulls without milking daughters, and 
selection of bull dams. Even at a low price, however, 
genotyping must have economic value. Only if better 
decisions can be made will a genomic evaluation be 
worth the cost. Some possible uses include information 
for determining which cows to keep in the herd, which 
to breed to beef bulls, which to breed with sexed se-
men, and which to flush for embryo transfer as well as 
marketing information. In addition, inbreeding can be 
controlled better if more accurate parentage informa-
tion is available or if female genotypes can be compared 
with those of potential service sires.

CONCLUSIONS

Genomic evaluations have revolutionized dairy cattle 
breeding by greatly increasing the accuracy of estimates 
of genetic merit for young animals and could double the 
rate of genetic progress. Those evaluations are based 
on genotypes that are extensively checked for quality, 
and conflicts are resolved. They are becoming more 
accurate as animals are added to the predictor popula-

Figure 1. Reliabilities (REL) for PTA for milk yield for young Holstein bulls.
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tion. All young bulls purchased by major AI organiza-
tions now are selected based on genomic evaluations. 
The development, implementation, and acceptance of 
genomic evaluations have allowed extensive marketing 
of 2-yr-old bulls.
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