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ABSTRACT

To facilitate routine genomic evaluation, a database
was constructed to store genotypes for 50,972 single
nucleotide polymorphisms (SNP) from the Illumina
BovineSNP50 BeadChip (Illumina Inc., San Diego,
CA). Multiple samples per animal are allowed. All SNP
genotypes for a sample are stored in a single row. An
indicator specifies whether the genotype for a sample
was selected for use in genomic evaluation. Samples
with low call rates or pedigree conflicts are designated
as unusable. Among multiple samples that qualify for
use in genomic evaluation, the one with the highest call
rate is designated as usable. When multiple samples
are stored for an animal, a composite is formed during
extraction by using SNP genotypes from other samples
to replace missing genotypes. To increase the number
of SNP available, scanner output for approximately
19,000 samples was reprocessed. Any SNP with a minor
allele frequency of >1% for Holsteins, Jerseys, or Brown
Swiss was selected, which was the primary reason that
the number of SNP used for USDA genomic evaluations
increased. Few parent—progeny conflicts (<1%) and a
high call rate (>90%) were additional requirements
that eliminated 2,378 SNP. Because monomorphic SNP
did not degrade convergence during estimation of SNP
effects, a single set of 43,385 SNP was adopted for all
breeds. The use of a database for genotypes, detection
of conflicts as genotypes are stored, online access for
problem resolution, and use of a single set of SNP for
genomic evaluations have simplified tracking of geno-
types and genomic evaluation as a routine and official
process.

Key words: genomic evaluation, genotyping, single
nucleotide polymorphism

Received September 28, 2009.
Accepted January 18, 2010.
'Corresponding author: George. Wiggans@ars.usda.gov

INTRODUCTION

Soller (1994) presented an overview of the potential
for using marker-assisted selection for traits of eco-
nomic importance. By 2004, the commercial use of
genomic selection for livestock was growing but still
small; for example, individual marker tests were avail-
able for diacylglycerol acyltransferase (DGAT) and
growth hormone-releasing hormone for dairy animals
(Dekkers, 2004). Since then, genomic evaluations based
on genotypes from the BovineSNP50 BeadChip (Tllu-
mina Inc., San Diego, CA) have become the basis for
selecting young bulls for use in Al and selling semen of
bulls without a progeny test in the United States and
Canada; they also influence selection of bull dams and
service sires.

Numbers of animals with genomic evaluations calcu-
lated since the first unofficial release in April 2008 are
given in Table 1. For Holsteins, the increase was almost
1,400 animals per month, which shows the high par-
ticipation in the genomic evaluation program. Genomic
evaluations became official for Holsteins and Jerseys in
January 2009 and for Brown Swiss in August 2009.

Several issues must be considered in the selection of
SNP for genomic evaluation so that evaluation accuracy
is maximized (Wiggans et al., 2009). A SNP with fre-
quent parent—progeny conflicts would reduce evaluation
accuracy because it would be unreliable. Many missing
genotype calls might indicate that a SNP was difficult
to score and, therefore, also unreliable. Increasing the
number of SNP used for genomic evaluation is expected
to increase the accuracy of evaluations through better
tracking of QTL (VanRaden et al., 2009b). As the num-
ber of genotyped animals increases, even SNP with a
low minor allele frequency can contribute to evaluation
accuracy.

In the United States, USDA initially maintained
genotype data for dairy cattle by adding new genotypes
to a master file at each genomic evaluation. Genotypes
were checked for consistency with parent genotypes to
maximize the probability that the genotype was from
the indicated animal. Call rate requirements were im-
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Table 1. Numbers of genotyped animals with genomic evaluations by
breed and evaluation date

Evaluation date Holstein Jersey Brown Swiss
April 2008 6,121

June 2008 10,403 — —
August 2008 12,588

October 2008' 14,720 1,574 —
December 2008* 17,830 2,086

February 2009 19,596 2,380 —
April 2009 21,941 2,734 723
June 2009 25,365 3,071 877"
August 2009 28,046 3,282 906
October 2009 30,618 3,482 949
December 2009 33,415 3,630 991

1 .. .
Released as unofficial evaluations.

*Released as unofficial evaluations in December 2008 but considered to
be official in January 2009.

posed because a low call rate usually indicates poor
quality or small quantity of DNA. Parentage checking
was quite effective in detecting switched samples and
enabling correction of parentage errors. Because the
final evaluation is a blend of genomic predictions and
traditional evaluations that include mean genetic merit
of parents, correct parent information contributes to
evaluation accuracy.

Updating genotype files for each evaluation did not
allow easy recovery of genotypes for animals that had
previously been excluded because of a conflict but could
be recovered because of a pedigree correction. Only SNP
currently being used for evaluation were maintained in
the system. Increasing the number of SNP to be used
required accessing the original data. To address those
issues, USDA developed a database that supported
storage of genotypes for all samples and all SNP.

For initial USDA genomic evaluation of dairy cattle,
separate sets of SNP were used for the Holstein, Jersey,
and Brown Swiss breeds (Wiggans et al., 2009). The
development of a SNP genotype database was an op-
portunity to change the SNP selected for calculation of
genomic evaluations. Thus, using the same set of SNP
across breeds and increasing the number of SNP used
for genomic evaluation could be investigated.

The objectives of this report are to 1) detail the
structure of the genotype database developed by USDA
for dairy cattle, 2) document how SNP genotypes in the
database were selected for use in genomic evaluation,
and 3) describe the procedure used to designate which
sample genotype is used for each animal.

DATABASE TABLES

Using the IBM DB2 database management system
(http://www-01.ibm.com/software/data/db2/), data-
base tables were created to store genomic informa-
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tion. The tables are maintained with C programming
language, and web interface is through ColdFusion
(http://www.adobe.com/products/coldfusion). The ap-
plication was patterned after USDA’s strategy for yield
information (Norman et al., 1994) and supports tight
integration with USDA’s pedigree data for dairy cattle.
A web query was developed to allow an organization
to record information for animals that it intends to
genotype (i.e., nominate an animal) in a nomination
database table. The query also allows the organization
to confirm that the animal is included in the pedigree
database as well as indicate that it is genotyping the
animal; this procedure avoids submission of multiple
samples for an animal and designates the recipient of
the genomic evaluation. Genotyping laboratories also
are provided access to the nomination table to enable
verification of sample identification, thereby reducing
the risk of incorrect assignment of genotypes.

Genotypes are submitted monthly from 4 commer-
cial laboratories (DNA Landmarks, Saint-Jean-sur-
Richelieu, Quebec, Canada; GeneSeek, Lincoln, NE;
Genetic Visions, Middleton, WI; and Genetics and IVF
Institute, Fairfax, VA). Conlflict reports are provided to
the laboratories and to genotype requesters shortly af-
ter the genotypes are received. The database currently
contains BovineSNP50 BeadChip genotypes from com-
mercial laboratories, those collected for the original
research on USDA genomic evaluations (Wiggans et al.,
2009), and those provided by the Swiss Brown Cattle
Breeders Federation (Zug, Switzerland) for 523 Brown
Swiss bulls.

The relational database table for genotypes has 1 row
per sample and 18 columns for identification and de-
scriptive information as well as a large character object
(58,336 bytes) containing the genotypes for individual
SNP (Table 2). A genotype for an individual SNP is
the number of occurrences (0, 1, or 2) of the counted
allele (arbitrarily chosen); if the allele indicator is
missing, a genotype of 5 is assigned. The Illumina Bo-
vineSNP50 BeadChip barcode and position letter (A to
L) uniquely identifies the sample, which allows multiple
unique genotypes to be stored for each animal, which
is identified by an internal sequence number (animal
key). The inclusion of a breed evaluation code supports
extraction by breed.

The usability indicator (Y = yes or N = no) identi-
fies which sample (if any) from an animal will be used
for genomic evaluation. When multiple genotypes are
stored for an animal and they differ by <1,000 SNP,
the genotypes are assumed to be from the same animal
and the sample with the highest call rate is designated
as usable. If >1,000 SNP differ, the most recent sample
is retained and the conflicting genotype is stored with a
negative animal key. This procedure allows the conflict-
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Table 2. Column descriptions for genotype database table

Column no. Description

Sample location on the chip (A-L)

O 00O U W =

Sample plate identifier
Amplification plate identifier
11 Sample location on sample plate

Internal sequence number (animal key)
Ilumina-assigned chip identifier’ (barcode)

Date that row was added or identification was modified
Laboratory where chip was prepared and scanned
Evaluation breed to which genotype contributes

Sample identification when sent to the laboratory

Al organization or breed association requesting genotyping

12 Date the chip was scanned

13 Number of SNP for which genotyping was successful (SNP read quantity)
14 Large character object that stores 58,336 SNP genotypes

15 Indicator to identify if genotype is usable (Y or N)

16 Number of parents with usable genotypes

17 Number of progeny with usable genotypes

18 Tissue from which DNA was extracted

Tlumina Inc., San Diego, CA.

ing genotype to be recovered if it is later determined
to be correct. For an animal with a positive animal
key and multiple genotypes, a composite genotype is
formed during data extraction by using SNP genotypes
from other samples to replace those missing from the
sample designated as usable. The numbers of parents
and progeny with usable genotypes also are stored and
used in deciding which of 2 genotypes with a parent—
progeny conflict is most likely to have been assigned to
the correct animal.

The tissue source identifies whether hair, semen,
blood, or other tissue was the source of the DNA. That
information is useful in understanding differences in
call rate and, for blood, indicating the possibility of
placental mixing of twin DNA.

Although conflicts for homozygous SNP genotypes
can be detected if either parent has been genotyped
(Wiggans et al., 2009), conflicts for heterozygous geno-
types can be detected only if both parents have been
genotyped. If >400 SNP (or >200 homozygote) geno-
types conflict between a progeny and its parent, the
animal genotypes are declared to be conflicting and,
therefore, not usable.

Each sample genotype is compared with all other gen-
otypes in the database to see whether a parent—progeny
relationship exists that is not found in the pedigree. If
such a relationship exists, the animal’s genotype is not
usable. Comparison with all other genotypes also allows
detection of identical genotypes. A table that identifies
animals with legitimate identical genotypes (identical
twins, split embryos, and clones) is maintained, and
their genotypes are usable. A parent—progeny relation-
ship is accepted between the offspring of an animal and
its identical twin or clone.

A call rate of >90% is required for autosomal SNP,
and a call rate of >80% is required for X-specific SNP,
which are used for validation of the sex of the geno-
typed animal. A table that identifies females with no
heterozygous X-specific SNP as a result of inheriting
both X chromosomes from the same ancestor is main-
tained.

Animal breed (Holstein, Jersey, or Brown Swiss) is
validated through SNP that are almost monomorphic
in 1 breed and have <30% of animals homozygous for
that allele in another breed. A total of 622 SNP were
selected with approximately equal numbers of mono-
morphic SNP for each of the 3 breeds. The number of
SNP for which a genotype differs from the monomor-
phic genotype is counted separately for each breed, and
the lowest breed count identifies the sample breed.

Most data conflicts are correctable. When a sire con-
flict is detected, the genomic sire usually is reported
as a parent or progeny relationship not documented in
the pedigree because most sires have been genotyped.
Switches in sample identification are the most com-
mon reason for conflicts. Conflicts because of unre-
ported identical genotypes usually can be eliminated
by determining that the animals are identical twins or
from a split embryo; that information then is added
to the table of animals with identical genotypes. In
some cases, 2 samples are erroneously collected from
only 1 animal of a full-sib pair. Some errors remain
because the animals are no longer of interest or are
from research projects for which an accurate pedigree
was not needed. Table 3 shows the number of animals
for which the genotype was unusable for December
2009 genomic evaluations for various reasons even af-
ter record correction.
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Table 3. Animals excluded from genomic evaluation as of December 2009 by reason for exclusion for 38,287

genotyped animals

Reason for exclusion

Autosomal call rate of <90% 30
Call rate for X-specific SNP of <80% 12
Count of >50 heterozygous X-specific SNP for a male 11
Count of <50 heterozygous X-specific SNP for a female 18
Sire conflict 127
Dam conflict 6
Progeny conflict 7
Identical genotype (not twin or clone) 1
Genomic parent—progeny relationship not found in pedigree data 40
All 251

Of the 38,306 animals with usable genotypes for De-
cember 2009 evaluations, 1,175 (3.1%) had >1 genotype
and 82 (0.2%) had 3 genotypes. The additional geno-
types resulted from identification errors and attempts
to resolve conflicts. Both parents had been genotyped
for 39% of the 14,571 genotyped calves born during the
24 mo preceding December 2009.

For animals with usable genotypes, SNP conflicts
with parent genotypes are resolved by designating the
genotype of the animal, or the parent, or both, as miss-
ing. Each animal is compared with all its genotyped
parents and progeny, and the one with the smaller frac-
tion of confirmations has its genotype for that SNP set
to 5 (missing). If the fractions are equal (e.g., neither
the animal nor its parent had any other genotyped par-
ents or progeny), then the SNP genotype is set to 5 for
both animals.

GENOTYPE CALLING

To obtain genotypes, Illumina BovineSNP50 Bead-
Chips are scanned after processing with the Infinium
HD Assay (Hlumina Inc., San Diego, CA) to create
color intensity files in which each allele is specified by
red or green. Those files are input for GenomeStudio
software (Illumina Inc., San Diego, CA), which assigns
SNP marker genotypes by clustering assay results for
each animal and SNP based on differences in signal and
color intensity. Reprocessing of the intensity files was
required to provide genotypes for SNP that had been
skipped previously, primarily because of low minor al-
lele frequency (MAF) for Holsteins.

The database allows for 58,336 SNP, the total num-
ber of SNP assays that was initially placed on the Bo-
vineSNP50 BeadChip. Of those, 56,947 were included
in the research set used by Wiggans et al. (2009); the
other SNP were not considered functional after manu-
facturing by Illumina. The number of included SNP
was further reduced to 50,972 after removing SNP
found not to be useful because they were monomorphic
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across all cattle breeds, contained other polymorphisms
(flanking SNP or insertion/deletions) that affect either
oligonucleotide hybridization or SNP signal intensity
and color detection (i.e., SNP clustering), were null al-
leles, or had patterns that could not be scored as the
result of detected misinheritances or genome duplica-
tions.

Genotypes for additional SNP were collected because
1) the large increase in the number of genotyped ani-
mals increased the usefulness of SNP with an MAF of
<5%, 2) many monomorphic Holstein SNP were useful
for Jerseys or Brown Swiss, and 3) some parentage SNP
had been excluded (Heaton et al., 2007; Matukumalli et
al., 2009). Because only 40,874 SNP had been called for
prior genomic evaluations (Wiggans et al., 2009), ap-
proximately 19,000 genotypes called before March 2009
were redone for Holsteins, Jerseys, and Brown Swiss.

Groups of samples were assembled based on manu-
facturing date and reagent lot number for clustering by
GenomeStudio. A group size of approximately 300 was
used because it could be processed in reasonable time
and provided enough observations to justify cluster ad-
justments. Use of the previous cluster file enabled Ge-
nomeStudio to call most SNP automatically. However,
when the call rate was <93%, clustering was checked to
see whether it could be manually improved by adjust-
ing the boundaries between the 3 SNP genotypes. Pro-
cessed genotypes were then checked against genotypes
currently included in evaluations to detect identification
corrections that had been made to the evaluation data
set but not to the identifications associated with the
intensity files. After genotypes were determined, cluster
files were provided to the 4 commercial laboratories to
standardize the set of called SNP and provide an initial
clustering to maximize consistency across laboratories.

SNP SELECTION

A total of 29,548 sample genotypes (25,594 Holstein,
3,083 Jersey, and 871 Brown Swiss) were extracted.
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Figure 1. Minor allele frequency by breed (Holstein, Jersey, and
Brown Swiss) for 43,385 SNP selected for calculating USDA national
genomic evaluations.

From those genotypes, MAF were determined, and
SNP with an MAF of >1% for at least 1 breed were
retained. Next, call rate was checked. For a SNP with
an MAF of 50%, a call rate of >90% was required. That
requirement increased to 100% as MAF declined to 0.
Similarly, the percentage of parent—progeny conflicts
allowed was decreased from 1 to 0% as MAF decreased
from 50%. Remaining SNP were checked against all
other SNP with similar MAF, and redundant SNP were
eliminated. Genomic evaluations were calculated using
the same SNP set across breeds to determine whether
the presence of many monomorphic SNP affected the
rate of convergence.

Numbers of SNP by reason for exclusion from use in
genomic evaluation are given in Table 4. Of the 14,951
SNP excluded, 2,378 were removed because of the new
checks for low call rate or high rate of parent—progeny
conflict.

Of the 43,385 SNP that could be used for genomic
evaluation, Jerseys and Brown Swiss both had >11%,
with an MAF of <1% compared with <4% for Hol-
steins (Figure 1). For all breeds, numbers of SNP were
fairly uniform (2% of total SNP) for MAF from 2 to
50%. Inclusion of SNP with MAF of <1% did not affect
convergence of solutions for SNP effects.

Previous USDA genomic evaluations had been based
on 38,416 SNP for Holsteins, 31,6568 SNP for Jerseys,
and 34,593 SNP for Brown Swiss (VanRaden et al.,
2009a). Based on the methods of VanRaden et al.
(2009Db) for assessing improvement in reliability of ge-
netic evaluations from inclusion of genomic predictions,
the added SNP increased reliability across traits (not
shown) by 0.4 percentage units for Holsteins (range of
—0.5 t0 0.9) and 0.3 percentage units for Jerseys (range
of —0.5 to 0.7); reliability across traits for Brown Swiss
(not shown) decreased by 0.2 percentage units (range
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of —1.0 to 1.2), most likely because few Brown Swiss
genotypes were available. Therefore, a single set of
43,385 SNP was adopted for all breeds for calculation
of genomic evaluations in August 2009.

CONCLUSIONS

Methods for managing genomic data have been
developed to allow storage in a database, immediate
determination and reporting of conflicts, convenient
access to genotypes, and documentation of reasons for
exclusion. A web query enables requesters to nominate
animals, which provides a check on animal identifica-
tion and indicates who should receive the evaluation.
Another query shows identification information for all
genotypes for an animal and, if none are usable, the
reasons why. A single set of 43,385 SNP for use across
breeds was implemented in August 2009 to simplify
data management and allow research on across-breed
evaluation.

The evolution of SNP assays in marker density (both
higher and lower) and cost will generate a need to be
able to manage genotypes across assay platforms. The
database developed can be adapted by 1) adding a
platform code to indicate the set of SNP contained in
the genotype segment, 2) standardizing for the highest
density platform and then either assigning a genotype
of 5 (missing) or imputing missing SNP genotypes for
data from lower density platforms, or 3) creating sister
tables for genotypes from each platform.
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Table 4. Total number of SNP by reason for exclusion from use in genomic evaluation

Reason for exclusion n
Maximum number of SNP for Illumina Bovine SNP50 BeadChip' 58,336
Insufficient number of oligo-bound beads (3 microns) to assay SNP accurately 1,389
Unscorable SNP 5,975
Minor allele frequency of <1% 3,488
Call rate of <90% 2,017
Parent-progeny conflict rate of >1% 361
Highly correlated 1,721
Used for genomic prediction 43,385
Tllumina Inc., San Diego, CA.
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