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ABSTRACT: Deoxyribonucleic acid-based tests were
used to assign paternity to 625 calves from a multiple-
sire breeding pasture. There was a large variability in
calf output and a large proportion of young bulls that
did not sire any offspring. Five of 27 herd sires produced
over 50% of the calves, whereas 10 sires produced no
progeny and 9 of these were yearling bulls. A compari-
son was made between the paternity results obtained
when using a DNA marker panel with a high (0.999),
cumulative parentage exclusion probability (Pg) and
those obtained when using a marker panel with a lower
Pg (0.956). A large percentage (67%) of the calves had
multiple qualifying sires when using the lower resolu-
tion panel. Assignment of the most probable sire using
a likelihood-based method based on genotypic informa-
tion resolved this problem in approximately 80% of the
cases, resulting in 75% agreement between the 2
marker panels. The correlation between weaning
weight, on-farm EPD based on pedigrees inferred from

the 2 marker panels was 0.94 for the 24 bulls that sired
progeny. Partial progeny assignments inferred from the
lower resolution panel resulted in the generation of
EPD for bulls that actually sired no progeny according
to the high-Pg panel, although the Beef Improvement
Federation accuracies of EPD for these bulls were never
greater than 0.14. Simulations were performed to model
the effect of loci number, minor allele frequency, and
the number of offspring per bull on the accuracy of
genetic evaluations based on parentage determinations
derived from SNP marker panels. The SNP marker
panels of 36 and 40 loci produced EPD with accuracies
nearly identical to those EPD resulting from use of
the true pedigree. However, in field situations where
factors including variable calf output per sire, large
sire cohorts, relatedness among sires, low minor allele
frequencies, and missing data can occur concurrently,
the use of marker panels with a larger number of SNP
loci will be required to obtain accurate on-farm EPD.
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INTRODUCTION

In commercial ranch settings that utilize multiple-
sire mating strategies, cattle producers have no simple
way to determine the number of progeny sired by each
bull or the relative performance of their progeny. Paren-
tal assignment by means of DNA testing is becoming
less expensive. Marker-based pedigree assignment is
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now a feasible option for commercial producers and
facilitates sire evaluation (Dodds et al., 2005). Tradi-
tionally, highly polymorphic microsatellite (STR)
markers have been the choice for parentage inference
(Vignal et al., 2002), but there is increasing interest in
using SNP for this purpose due to their abundance,
potential for automation, low genotyping error rates,
and ease of standardization between laboratories (An-
derson and Garza, 2006). The low resolving power of
biallelic loci means that SNP panels need to include
more loci than STR panels to achieve similar discrimi-
natory power. Two SNP marker panels comprised of 32
and 37 SNP loci, respectively, have been proposed for
use in bovine parentage analysis and identity testing
(Heaton et al., 2002; Werner et al., 2004).

A set of marker loci can be characterized by its cumu-
lative parentage exclusion probability (Pg), i.e., the

3159



3160

probability that a random individual other than a true
parent from a population in Hardy-Weinberg equilib-
rium can be proven not to be the true parent of another
randomly chosen individual. For unrelated sires, the
probability of unambiguous parentage assignment is
equal to Py raised to the power of the number of nonpar-
ent candidate bulls in the breeding group (Sherman et
al., 2004). Although the number of bulls in a breeding
group does not directly affect Pg, the likelihood of unam-
biguously identifying the true sire by excluding every
nonparent candidate decreases when more candidate
sires are present. In herds with many natural service
sires in a breeding group, panels with low Py may result
in multiple bulls qualifying as possible sires for a single
calf [i.e., not being excluded as a sire (Sherman et al.,
2004)]. Rather than discarding information from such
individuals from sire evaluations, a calf’s performance
can be fractionally assigned to all qualifying bulls using
likelihood scores derived from their genotypes
(Weaber, 2005).

Here, we report on field data using a 28 SNP panel
to assign paternity to calves in a commercial herd that
employed a multiple-sire breeding pasture. A compari-
son was made between genetic evaluations obtained
when using a powerful STR “gold standard” marker
panel to assign paternity and those obtained when us-
ing the 28 SNP panel with a comparatively low Pg in
combination with software designed to fractionally as-
sign the performance of calves to multiple qualifying
bulls. Additionally, simulations were performed to
model the effect of loci number, minor allele frequency
(MAF), and number of offspring per bull on the accuracy
of genetic evaluations based on parentage determina-
tions derived from SNP data.

MATERIALS AND METHODS

This study was conducted on a commercial farm using
animals that are owned by the cooperator and standard
animal husbandry practices for blood collection.

Cattle Population and DNA Collection

Blood or semen samples were obtained from 8 Angus
and Hereford Al or 27 natural-service herd sire candi-
dates run as a single cohort in a multiple-sire breeding
pasture, and their 625 yearling progeny. Artificial in-
semination was performed on a subset of cows before
their exposure to the herd sires. The DNA was isolated
from semen using a standard phenol-chloroform extrac-
tion method, and from FTA cards (Whatman Inc., Flor-
ham Park, NJ) according to manufacturer’s instruc-
tions. The herd sires included 4 paternal half-sib
groups: 3 groups consisting of 2 sires, and 1 group con-
sisting of 5 sires. Herd sires ranged from 1 to 8 yr of
age at the time of breeding. All bulls had passed a
breeding soundness examination by a licensed veteri-
narian before the breeding season.
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Genetic Testing and Parentage Assignment

The STR genotyping based on 23 STR named AD-
CYC, BM203, BM888, BM1818, BM1824, BM2113,
BM4107, BM4208, BRN, CYP21, ETH10, ETH152,
ETH225, INRA23, OarFCB5, OarFCB193, RMO006,
RMO067, SPS115, TGLA94, TGLA122, TGLA126, and
TGLA227 was performed at the Veterinary Genetics
Laboratory (VGL), University of California, Davis.
These markers are routinely used at VGL for parentage
verification of cattle. Primer sequences for the STR are
available in public databases and can be obtained
through marker name queries using “Marker Search”
at the US Meat Animal Research Center’s cattle ge-
nome Web site (http://www.marc.usda.gov/genome/ge-
nome.html; last accessed August 2007) and the “Re-
quest on Loci” at BOVMAP database (http://locus.jouy.-
inra.fr/cgi-bin/bovmap/intro2.pl; last accessed August
2007). The PCR reactions with fluorescence-labeled
primers were carried out according to VGL standard
protocols, and amplicons were resolved by capillary
electrophoresis on ABI 3730 sequencers (Applied Bio-
systems, Foster City, CA). The fragment size analysis
software STRand (http://www.vgl.ucdavis.edu/informa-
tics/STRand/; last accessed August 2007) was used
for genotyping.

The SNP-based genotyping using 28 SNP (GenBank

accessions  AY761135, AY773474, AY776154,
AY841151, AY842472, AY842473, AY842474,
AY842475, AY849380, AY850194, AY851162,
AY851163, AY853302, AY853303, AY856094,
AY857620, AY858890, AY860426, AY863214,
AY914316, AY916666, AY919868, AY929334,
AY937242, AY939849, AY941204, AY942198,

AY943841; http://www.ncbi.nlm.nih.gov/sites/entrez?
db=Nucleotide; last accessed August 2007) derived
from the Heaton et al. (2002) paper was performed by
a commercial genotyping company (Genaissance, Du-
luth, GA).

Genotyping results from these 2 sets of analyses were
run through Cervus (http://www.fieldgenetics.com/
pagesaboutCervus_Overview.jsp; last accessed August
2007; Marshall et al., 1998), to determine the number
of alleles per loci or MAF in the case of the biallelic
SNP panel. Samples that contained DNA from more
than 1 animal were removed from STR analysis before
the data were run through the program. This program
was also used to estimate number of alleles, observed
and expected heterozygosity (assuming Hardy-Wein-
berg equilibrium), polymorphic information content
(PIC; Botstein et al., 1980), goodness-of-fit Hardy-Wein-
berg equilibrium test, and loci exclusion probabilities
for the situation where genotypes were available for
putative parents of one sex but the other parent was
unknown [Excl(1)] or both parental genotypes were
available and one of the parents is known with certainty
[Excl(2)]. The cumulative parentage exclusion probabil-
ity (Pg) for the 2 marker sets was calculated according
to Jamieson and Taylor (1997).
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Paternity based on STR was determined by compar-
ing the genotypes of all 35 potential sires against each
calf’s genotype. An exclusion was recorded when a bull
and a calf had no allele(s) in common at a locus. Sire
assignments based on STR were made in 2 rounds of
analyses. First, sire(s) was assigned to a calf if there
were no exclusions. Second, for remaining calves, a sire
was assigned if he was the only bull with a 1-locus
exclusion. Paternity was denoted unknown if no bull
met either criterion.

Paternity based on SNP was assigned with the Sire-
Match software (E. J. Pollak, Cornell University), which
uses a likelihood-based method to compute a probability
that a putative sire is the true sire given genotypes of
the calf, the dam, and all putative sires. In the current
study, the dam’s genotype was not collected and so pop-
ulation genotype frequencies computed from the geno-
types of all bulls and calves were used. Genotype mis-
matches were not permitted; one excluding locus dis-
qualified a bull. In cases where 2 or more bulls qualified
with no exclusions as potential sires for a given calf
(for both STR and SNP panels), probabilities from Sire-
Match were used to either categorically assign each calf
to the single most probable sire or fractionally assign
calves to all compatible (no exclusions) bulls for the
genetic evaluations.

Genetic Evaluation

A genetic evaluation of 583 weaning weight records
from progeny of 27 herd bulls and 8 Al sires was carried
out using a sire model equation, y = Xb + Zu + e, where
y represented adjusted weaning weight observed from
a single cohort, b was a vector of sex effects (bull, steer,
heifer), u was a vector of direct sire progeny differences,
X was an incidence matrix relating weaning weight
observations to their sex, Z was an incidence matrix
relating calves with weaning weights to their potential
sires using parentage probabilities ascertained from
either SNP or STR markers, and e was a vector of
residuals. In contrast to the usual Z matrix that con-
tains a single nonzero element of unity in each row, in
the column corresponding to the sire of the calf repre-
sented by that row, this incidence matrix included as
many nonzero elements in each row as there were po-
tential sires for the calf. The sum of all the nonzero
elements in any row was always 1. The number of non-
zero elements in any column was the actual number of
progeny that were assigned to that sire with any non-
zero probability, whereas the total of any column was
the equivalent number of summed progeny assigned to
that sire (i.e., the sum of the fractional probabilities).
The vector u included all known male ancestors of the
calves (i.e., sires and paternal grandsires). This enabled
straightforward computation of the inverse of the nu-
merator relationship matrix and accounted for the half-
sib relationships that existed between some sires.
Weaning weights were adjusted for age at weaning and
dam age according to BIF guidelines (BIF, 2002) using
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the computer software CattlePro (Bowman Farm Sys-
tems Inc., Cynthiana, KY), and the heritability of direct
weaning weight was assumed to be 0.25. Records from
calves with uncertain paternity have reduced genetic
variation, and so the residual variance was inflated for
these animals in order that the assumed phenotypic
variance was identical regardless of paternity probabil-
ities. The resulting mixed model equations were solved
directly, and BIF accuracies (BIF, 2002) were computed
from diagonal elements of the inverse coefficient matrix
as if the assumed paternity was exact. Identical proce-
dures were used in the analysis of simulated data.

Simulation Studies

Two studies were undertaken using simulated mark-
ers to investigate the influence of number of markers,
MAPF, and the number of offspring per bull. The first
study quantified the probabilities a calf in this experi-
ment would be assigned a single sire on the basis of its
genotype. The second study determined the impact of
uncertain paternity on the accuracy of EPD estimated
from field data.

A more comprehensive SNP panel representative of
the field information was simulated by creating 2 addi-
tional SNP markers with identical MAF to each of the
28 actual SNP. This generated a set of 84 realistic loci
that was used to investigate Pg for marker panels rang-
ing in size from 4 to 84 loci. An ideal panel with maximal
exclusion rate was also created with the same number
of markers but with a MAF of 0.5 at each locus. The
probability of a calf having a unique sire pedigree as-
signment [P(unique sire assignment)] was computed
for various panel sizes in increments of 4 loci, for both
the realistic and maximal hypothesized panels. This
probability was computed as: P(unique sire assign-
ment) = (Pg)"!, where n = the number of possible sires,
set at 27 to correspond to the number of natural service
sires in the field study.

The second study simulated individual phenotypes
and genotypes for 4 to 40 markers corresponding to a
known pedigree involving 20 unrelated sires, with 5 or
30 progeny for every sire. The markers had realistic
MAF based on the field study or maximal exclusion
probabilities by assuming a MAF of 0.5 at all loci. The
40 markers were assumed to assort independently. Ex-
clusion probabilities for each marker set and the theo-
retical maximum power of exclusion, assuming equal
MAF, were computed as suggested by Jamieson and
Taylor (1997).

Simulation of Sire Breeding Values and Offspring
Phenotype. The true breeding values were simulated
for the 20 sires using a normal distribution and were
then used for the simulation of progeny phenotypes.
Progeny phenotypes were simulated by adding half the
breeding value of the sire to a normal deviate chosen
to reflect a trait with h? = 0.25, the value assumed in
analyzing the field data.
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Simulation of Sire and Offspring Genotypes. Al-
leles at each locus were simulated for each sire by sam-
pling a random number from the Uniform (0, 1) distri-
bution. If the realization was less than or equal to the
MATF then the first allele was assigned, otherwise the
alternate allele was assigned. Genotypes for progeny
were generated by sampling a single allele from the
sire pair, and a second from an unknown dam popula-
tion with equal allele frequencies.

Paternity Probabilities. Paternity probabilities
were assigned using a likelihood based approach analo-
gous to the algorithm used by Sire Match. Genetic eval-
uations were undertaken using the same procedures
described for the field data, except that an additional
evaluation could be undertaken using the actual rela-
tionships that were used in simulating the data.

Statistical Analysis and Data Sampling. Accuracy
of evaluations, traditionally defined as the correlation
between true and estimated breeding value, were com-
puted as Pearson product moment correlations.

Replicates. Two hundred samplings of sire breeding
values and progeny genotypes and phenotypes were
created for each scenario (number of markers, MAF,
progeny number). For each scenario, paternity proba-
bilities were computed, followed by genetic evaluation
and computation of the accuracy of evaluation.

RESULTS AND DISCUSSION

Table 1 shows the descriptive statistics for the 2
marker panels used in the field study. For the STR
panel the mean number of alleles per locus was 9, the
mean PIC was 0.626, and all loci but one were in Hardy-
Weinberg equilibrium. Based on the allele frequencies
present in the herd, the STR marker panel had a cumu-
lative Pg 0f 0.999 in the situation where genotypes were
available for putative parents of 1 sex but the genotype
of the other parent was unknown. A total of 533 calves
(85.4%) were unambiguously assigned to 1 sire, 4 calves
(0.6%) had 2 qualifying sires, and 76 (12.2%) calves had
no qualifying sire (i.e., DNA from the true sire was
apparently missing or there were genotyping errors).
All nonsires were excluded at a minimum of 2 loci except
for 1 assignment where a single highly exclusionary
result at a single locus was used. Sire-calf pairs had
matching alleles at every locus with the exception of
10 cases where a 1-locus mismatch was allowed. Twelve
of the samples (1.8%) were removed from analyses be-
cause they amplified poorly (1) or appeared to contain
DNA from more than 1 animal (11), either due to twin-
ning or admixture during sample collection (Table 2).
Five of the 27 herd sires produced over 50% of the
calves. The leading digit of the sire identification num-
ber denotes the age of the bull at the time of breeding,
and it can be seen that of the 10 natural-service herd
bulls that sired no progeny, 9 were yearlings (Figure 1).

The biallelelic SNP loci had mean PIC of 0.35, and
the calculated Pg without dam genotype was 0.956. This
panel unambiguously assigned 175 (28%) calves to 1
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sire with no mismatches, 420 calves (67%) to 2 or more
qualifying sires (average 3 *+ 2.8), and 29 (5%) of calves
were found to have no qualifying sire (Table 2). At least
1 offspring was assigned to every sire in the group by
the SNP panel, including 56 of 76 calves where the
STR panel excluded all sires in the group. In situations
where more than 1 sire qualified to a calf, the categori-
cal assignment of the most probable sire determined
by SireMatch, matched the STR panel sire assignment
almost 80% of the time. Overall, the 2 methods agreed
in assignment (either to an individual sire or no qualify-
ing sire) in 75% of cases, and disagreed based either
on individual bull assignment (15%) or on whether a
qualifying sire was present (10%). This latter finding
emphasizes the importance of having a marker panel
with relatively high Py when analyzing field data where
parental genotypes, from dams or some sires, are miss-
ing (Vignal et al., 2002). It is also of interest that the
presence of DNA from more than 1 animal in a sample
(e.g., twin, mixed sample) was only recognized with
the microsatellite-based assay where the occurrence of
more than 2 alleles per locus in a single sample could
be distinguished.

The 23-loci STR panel used in this study had higher
exclusion power than is typically used in commercial
genotyping laboratories. The median number of ISAG-
recommended STR microsatellite used in cattle geno-
typing is 12 loci (Baumung et al., 2004), and such panels
would have lower Pg. The 23-loci STR panel helped
ensure sufficient power to determine correct paternity
for each calf in the sample, enabling a valid evaluation
of the SNP assignment. Figure 2 shows the results of
the first simulation study that examined the number
of SNP loci that would be required to achieve a given Pg
assuming 1 unknown parent, given equal or simulated
(based on field study frequencies) MAF at each SNP
locus, and independently assorting loci. It can be seen
that the observed Pg (0.956) in this study with 28 SNP
loci was lower than the theoretical maximal exclusion
rate with equal MAF at the 28 SNP loci (0.976). This
was due to some SNP loci having low MAF in the popu-
lation examined (Table 1).

Figure 2 further illustrates that as the number of
SNP loci increases, Pr and the probability of unique
sire pedigree assignments increased. Increasing the
number of SNP markers with optimal MAF, or the total
number of SNP loci in the panel improved the Py and
hence the probability of single sire assignment. For the
28 SNP panel utilized in the field study, the probability
of a calf having unique sire assignment among the 27
herd bulls was 0.315, and for an idealized panel with 0.5
MAF it was 0.535. The simulated SNP panel required
markers at 64 loci to achieve the same exclusionary
power (0.999) as the 23-loci STR panel and achieve a
0.974 probability of single sire assignment among 27
herd bulls. Inclusion of all 84 loci in the simulated SNP
panel yielded a Pg of greater than 0.9999 and had a
probability of progeny having a unique sire identified,
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Table 1. Marker name, number of alleles, animals genotyped (n), and homozygotes (No.
Homs), observed [H(O)] and expected [H(E)] heterozygosities, polymorphic information
content (PIC), and loci exclusion probabilities, for the situation where genotypes were
available for putative parents of one sex and the other parent was unknown, Excl(1), or
both parental genotypes were available and one of the parents is known with certainty,
Excl(2), for the 23 microsatellite (STR) and 28 SNP (GenBank accession number) genetic
markers, and the minor allele frequency (MAF) for the 28 SNP genetic markers used in
the field study

No. of No. of No. of

Panel Locus alleles animals Homs H(O) H(E) PIC Excl(l) Excl(2) MAF
STR
1 FCB19 2 649 508 0.22 021 0.18 0.02 0.09
2 FCB 7 649 477 0.27 027 0.26 0.04 0.15
3 BM410 8 649 420 0.35 036 0.35 0.07 0.21
4 RMO00 8 648 305 0.53 054 051 0.16 0.33
5 TGLA12 7 649 207 0.68 0.64 0.58 0.23 0.38
6 BM181 7 649 243 0.63 0.64 0.59 0.24 0.41
7 TGLA9 8 649 226 0.65 0.66 0.60 0.24 0.41
8 ETH1 8 649 201 0.69 0.69 0.63 0.26 0.43
9 ETH15 7 647 201 0.69 0.70 0.64 0.26 0.43
10 BM20 14 649 192 0.70 0.70 0.65 0.29 0.46
11 ADCY 8 649 189 0.71 0.69 0.65 0.29 0.47
12 SPS11 9 649 189 0.71 0.69 0.65 0.29 0.47
13 BM182 6 648 177 0.73 0.70 0.66 0.29 0.47
14 INRA2 8 649 168 0.74 0.71 0.66 0.30 0.47
15 RMO06 6 649 186 0.71 0.71 0.67 0.30 0.47
16 TGLA12 13 648 158 0.76  0.72 0.68 0.32 0.50
17 BR 12 649 191 0.71 0.72 0.69 0.33 0.51
18 BM420 8 649 148 0.77 077 0.73 0.38 0.56
19 ETH22 8 649 137 0.79 0.78 0.74 0.39 0.57
20 TGLA22! 10 649 137 0.79 0.81 0.78 0.45 0.63
21 BMS88 10 649 129 0.80 0.82 0.79 0.46 0.64
22 BM211 9 648 115 0.82 0.82 0.80 0.47 0.64
23 CYP2 24 648 50 0.92 091 0.90 0.69 0.81
SNP
1 BTA_AY849380 2 617 432 0.30 0.30 0.25 0.04 0.13 0.18
2 BTA_AY863214 2 634 433 0.32 032 0.27 0.05 0.13 0.20
3 BTA_AY842475 2 631 424 0.33 032 0.27 0.05 0.14 0.20
4 BTA_AY939849 2 634 365 0.42 041 0.33 0.08 0.16 0.29
5 BTA_AY842473 2 651 368 0.44 041 0.33 0.09 0.16 0.30
6 BTA_AY860426 2 615 348 0.43 042 0.33 0.09 0.17 0.31
7 BTA_AY842474 2 646 352 0.46 045 0.35 0.10 0.17 0.34
8 BTA_AY851163 2 619 337 0.46 045 0.35 0.10 0.18 0.35
9 BTA_AY916666 2 617 335 0.46 046 0.35 0.11 0.18 0.36
10 BTA_AY773474 2 626 333 0.47 0.46 0.36 0.11 0.18 0.36
11 BTA_AY942198 2 607 333 0.45 047 0.36 0.11 0.18 0.37
12 BTA_AY842472 2 655 341 0.48 0.47 0.36 0.11 0.18 0.37
13 BTA_AY914316 2 640 335 0.48 047 0.36 0.11 0.18 0.38
14 BTA_AY853302 2 613 331 0.46 0.47 0.36 0.11 0.18 0.38
15 BTA_AY853303 2 647 340 0.47 048 0.36 0.11 0.18 0.39
16 BTA_AY761135 2 625 327 0.48 0.48 0.36 0.11 0.18 0.39
17 BTA_AY850194 2 639 316 0.51 0.48 0.37 0.12 0.18 0.41
18 BTA_AY857620 2 635 326 0.49 049 0.37 0.12 0.18 0.42
19 BTA_AY941204 2 644 316 0.51 049 0.37 0.12 0.18 0.42
20 BTA_AY943841 2 611 303 0.50 0.49 0.37 0.12 0.19 0.43
21 BTA_AY856094 2 648 324 0.50 0.50 0.37 0.12 0.19 0.45
22 BTA_AY841151 2 636 333 0.48 050 0.37 0.12 0.19 0.46
23 BTA_AY851162 2 613 310 0.49 050 0.37 0.12 0.19 0.46
24 BTA_AY919868 2 613 311 0.49 050 0.37 0.12 0.19 0.47
25 BTA_AY929334 2 637 309 0.52 050 0.37 0.12 0.19 0.47
26 BTA_AY858890 2 626 313 0.50 0.50 0.37 0.12 0.19 0.47
27 BTA_AY937242 2 653 315 0.52 050 0.38 0.13 0.19 0.49
28 BTA_AY776154 2 635 312 0.51 050 0.38 0.13 0.19 0.49

IThis locus was not in Hardy-Weinberg equilibrium (P < 0.05).
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Table 2. Predicted and observed percentages of 625 calves assigned to 0, 1, 2, 3, 4, 5, or
more of 35 candidate sires using calf and sire genotypes for a microsatellite (STR) or SNP
genetic marker panel with differing cumulative exclusion probabilities (Pr)

STR (Py = 0.999) SNP (Pg = 0.956)
No. of sires
assigned Predicted Observed % Predicted Observed %
per calf % of calves (No. of calves) % of calves (No. of calves)
0 0 12.2 (76) 0 4.6 (29)
1 96.7 85.4 (533) 21.7 28.0 (175)
2 3.3 0.6 (4) 33.9 24.6 (154)
3 <0.1 0 25.7 13.9 (87)
4 0 0 12.6 10.9 (68)
5 0 0 4.5 5.4 (34)
>6 or more 0 0 1.6 12.3 (77)
No result 0 1.8 (12) 0.0 (1)

among 27 sires, of greater than 0.9978. Coincidentally, the maximal probability of single sire inclusions and
the largest deviation between probability of identifica-  those from the constructed panel decreased as more
tion of a single sire for a progeny using the Py from the =~ SNP loci were added to the system. However, as the
idealized panel or that of the panels with MAF less  number of loci was increased, the incremental improve-
than 0.50 occurred with a SNP panel consisting of 28  ments occurred at a decreasing rate. More than 20 addi-
loci as was used in this field study. Deviations between  tional SNP (~50 total) were required to achieve a 90%
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Figure 1. Calf output of 27 herd bulls of varying ages in a multiple-sire breeding pasture, as determined using
genetic marker panels with differing probabilities of exclusion.
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Figure 2. Theoretical maximal and actual SNP marker panel exclusion probabilities (Pg) with increasing numbers
of SNP based on equal minor allele frequencies (MAF) and observed (unequal) MAF, respectively, and the probability
of single sire inclusion for a multiple-sire breeding pasture containing 27 sires. The number of loci (28) included in
the SNP panel used to analyze the field data set is indicated with a vertical line.

chance of obtaining a single sire assignment to a prog-
eny when there were 27 putative sires.

The calculation of Pg based on allelic frequencies as-
sumes all candidate bulls are unrelated. In the context
of a commercial ranch setting where half-sib sires are
common, it is important to recognize that as the number
or relatedness of putative sires in a multiple-sire breed-
ing group increases, additional numbers of marker loci
would be required to maintain single sire assignments
at a fixed rate (Pollak, 2005).

A comparison of the sire evaluations for weaning
weight derived from pedigree assignments for the 2
panels used in the field study is shown in Table 3. In
this analysis multiple bulls qualifying to a single calf
were fractionally assigned to all qualifying males ac-
cording to the likelihood score computed by Sire Match.
The STR pedigree included 24 sires, 12 paternal grand
sires, and 503 calf records, whereas the SNP pedigree
included 35 herd sires, 14 paternal grand sires, and
558 calf records. The reason for the larger number of
calf records in the genetic evaluation based on the SNP
panel assignments was that the SNP panel analysis
included records from some calves that were excluded
from all known sires in the STR panel analysis. In the
case of the SNP panel with a Pg of 0.956, bulls that

actually sired no progeny according to the STR panel
were incorrectly assigned fractional probabilities of
calves summing to as many as 9 equivalent progeny
(the sum of the fractional probabilities for each sire),
which resulted in them receiving an erroneous EPD.
Although the correlation between the STR and SNP-
based EPD was 0.94 for the 24 bulls that had progeny
according to the STR panel, the generation of EPD for
bulls that actually sired no progeny would create obvi-
ous problems from the perspective of genetic improve-
ment. In some cases, erroneous assignments based on
the SNP-panel results placed bulls among the top 10
bulls for weaning weight EPD, although in this particu-
lar example the BIF accuracy of such EPD was never
higher than 0.14, and the number of equivalent progeny
was less than 10. Ideally, the resolution of the marker
panel would be sufficient to minimize the assignment
of equivalent progeny to such sires.

Figure 3 illustrates the results of the second simula-
tion study and shows that for bulls with 30 progeny
each, the accuracy of EPD was 0.81 when the true pedi-
gree was used for estimation. Note that this accuracy
was constant across all simulations examining varying
number of loci and allele frequencies. Increasing the
number of SNP loci improved the Pg for both panels and
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Table 3. Weaning weight EPD and Beef Improvement Federation accuracies (Acc) calcu-
lated from adjusted weaning weight (kg) records representing 27 herd bulls and 8 Al
sires from a single multiple-sire breeding pasture using parentage assignments derived
from a microsatellite (STR; Pg = 0.999) or SNP panel (P = 0.956) with differing cumulative

exclusion probabilities (Pr)

STR panel SNP panel
Equiv  Act Herd Equiv  Act
Herd bulls EPD Acc prog' progZ Rank bulls EPD Acc prog' progZ Rank
1-8 13,5 0.32 19.0 19 1 1-8 9.0 0.31 20.7 37 1
4-1 5.6 0.36 25.0 25 2 4-1 4.0 034 246 33 6
8-1 46 028 153 18 3 8-1 2.0 021 125 28 11
6-1 25 034 220 22 4 6-1 3.1 029 18.7 31 8
4-2 1.3 0.33 21.0 21 5 4-2 -2.2 021 16.1 73 17
1-1 09 0.11 4.0 4 6 1-1 3.0 0.11 7.1 23 9
2-1 0.4 030 17.0 17 7 2-1 -0.5 0.29 213 59 14
4-3 -1.6 0.39 29.0 29 8 4-3 -0.5 031 259 91 13
3-1 -3.2 0.46 46.0 46 9 3-1 -2.7 0.40 38.2 87 19
4-5 -3.7 049 57.0 57 10 4-5 -1.9 041 433 69 16
2-2 -4.5 0.09 3.0 3 11 2-2 -6.6 0.24 21.7 171 23
6-2 -5.6 0.41 33.0 33 12 6-2 -2.5 0.36 309 58 18
4-4 -7.1 0.43 38.0 38 13 4-4 -6.5 0.37 33.1 58 22
3-2 -7.6 030 17.0 17 14 3-2 -139 028 176 29 25
4-6 -8.1 024 12.0 12 15 4-6 -48 0.15 128 63 21
3-3 -14.3 045 427 43 16 3-3 -17.5 044 434 55 26
2-3 -22.1 0.19 8.0 8 17 2-3 -20.3 0.20 14.2 66 27
1-6 0 1-6 6.6 0.07 3.8 21 2
1-11 0 1-11 6.2 0.10 8.4 44 3
1-7 0 1-9 4.8 0.10 6.3 27 4
1-9 0 1-7 4.6 0.11 8.8 59 5
1-2 0 1-2 3.2 0.14 9.8 87 7
1-4 0 1-4 2.5 0.02 2.4 25 10
1-5 0 1-5 1.8 0.09 4.5 14 12
5-1 0 5-1 -0.7 0.03 1.3 5 15
1-10 0 1-10 -4.6 0.07 6.6 64 20
1-3 0 1-3 -8.3 0.07 3.3 15 24
Al SIRES Al SIRES
AISIRE — 1 14.1 031  19.0 19 1 AISIRE - 1 7.6 022 153 40 3
AISIRE - 2 14.0 0.27 15.0 15 2 AISIRE -2 15.1 0.22 15.9 70 1
AISIRE - 3 9.2 0.23 11.0 11 3 AISIRE - 3 8.0 0.21 13.1 43 2
AISIRE -4 75 0.26 14.0 14 4 AISIRE - 4 6.4 0.18 122 46 4
AISIRE - 5 44 031 18.0 18 5 AISIRE - 5 5.0 0.28 19.5 32 6
AISIRE - 6 1.5 024 120 12 6 AISIRE-6 -12 022 115 19 7
AISIRE-7 -74 0.13 5.0 6 7 AISIRE -7 -1.5 0.13 7.8 41 8
AISIRE - 8 . . . 0 AISIRE - 8 6.3 0.03 5.4 81 5

'Equiv prog is the sum of the fractional probabilities for each sire.
2Act prog is the actual number of progeny that included that sire with any nonzero probability.

resulted in increasingly reliable genetic evaluations,
evidenced by the improved correlations between true
breeding values and EPD. Larger SNP marker panels
of 36 and 40 loci produced EPD with accuracies nearly
identical to those EPD resulting from use of the true
pedigree. It is not possible to ensure a minimum or
equal number of progeny for each sire present in multi-
ple-sire pastures and this presents a problem for genetic
evaluations. Figure 3 shows that accuracies were re-
duced when only 5 instead of 30 progeny per sire were
simulated and included in the evaluation. Likewise the
inclusion of SNP loci with unequal allele frequencies
or related bulls, as would be common in many applied
situations, would also reduce the accuracy of breeding
value estimates due to the inclusion of multiple bulls
as qualifying sires.

The correlations between EPD produced from the
true pedigree and those produced from inferred pedi-
grees derived from analysis using SNP marker panels
of varying power are shown in Figure 4. It can be seen
that as the number of SNP loci in the marker panel
increases, the correlation between the EPD computed
with the inferred pedigree and the true pedigree ap-
proached unity. This can be explained by the more com-
plete and precise resolution of the relationships be-
tween sires and progeny that occurs with a more power-
ful panel. With low numbers of loci the correlations are
poor, indicating low utility of the inferred pedigree. A
panel of 36 or 40 SNP markers produced favorable cor-
relations suggesting that a large portion of genetic vari-
ation was correctly attributed to true sires in the pedi-
gree structure. However, this simulation study did not
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Figure 3. Correlation between simulated and predicted EPD from true or inferred pedigrees derived from genotype
analysis using SNP marker panels with 4 to 40 loci and different minor allele frequencies (MAF) resulting in varying

panel exclusion probabilities (Pg).

include the effect of misassignment of progeny that
were sired by bulls missing from the set of putative
sires, or progeny assigned to unproductive sires that in
fact sired no progeny as was observed in the field study.
Such situations are likely to be relatively common in
field situations, and so the results of the simulation
study may present an overly optimistic picture of the
results that can be obtained with a 40 loci SNP panel
under field conditions.

This study, which included a field trial using commer-
cial ranch records and conditions, highlights some im-
portant factors to consider with respect to parentage
testing for sire evaluations of bulls on large commercial
ranches. There were obviously bulls missing from the
field data set. This may have occurred for a variety of
reasons including neighboring bulls jumping the fence,
precocious bull calves, or inadvertent omission of sire(s)
from sample collection. Missing samples of sires when
using DNA marker-based parentage for genetic evalua-
tion decreases the rate of genetic gain (Dodds et al.,
2005). Sampling bulls for DNA testing as they are put
out with cows, rather than at a later time, would help to
minimize the missing sire samples. A paternity testing
study in 10 large commercial herds in Australia simi-
larly reported an average of 9.9% of calves with missing
sires, with a range from 0 to 33.6% (Holroyd et al.,
2002). Missing sires were especially problematic for the

panel with a low Pg because it was not sufficiently
powerful to exclude nonparent sires from calves when
DNA from the true sire was not in the sire sample
pool. This problem, which is not generally included in
simulation studies or controlled research herds examin-
ing the effectiveness of paternity assay systems, is
likely to be relatively frequently encountered in com-
mercial situations.

There was a large variability in calf output reflecting
variation in mating success to the extent that a large
proportion of young bulls did not sire any offspring.
Other studies have reported similar variability in calf
output among herd sires, and further found success is
moderately repeatable providing the composition of the
bull mating groups remains similar (DeNise, 1999; Hol-
royd et al., 2002). The unexpectedly large number of
young bulls that did not produce any progeny in this
particular trial would present an obvious problem for
sire evaluation programs based on progeny tests, espe-
cially when considering that the years of service subse-
quent to genetic evaluation have a significant effect on
the return on investment for progeny testing (Weaber,
2005). A separate multiple-sire breeding pasture for
yearling bulls would be advantageous.

Using DNA testing to generate on-farm EPD for sires
in multiple-sire breeding groups represents a promising
application of biotechnology. The simulation and field



3168

Van Eenennaam et al.

1.0
0.9 -
=
=) 0.8 -
T
c
< 0.7 -
S8
“ % 0.6
5%
= 2 0.5+
o3 BN . .
u % 0.4 7 —&— Inferred pedigree, equal MAF, 30 progeny/sire
g € . = B = Inferred pedigree, unequal MAF, 30 progeny/sire
2 0.3 1 / =—4 = Inferred pedigree, unequal MAF, 5 progeny/sire
[+
S o021
Q
o
0.1 -
0-0 T T T T T T T T T
4 8 12 16 24 28 32 36 40

Number of SNP loci

Figure 4. Correlation between EPD computed on sires with differing numbers of progeny based on the true and
DNA-inferred pedigrees derived from SNP marker panels with 4 to 40 loci with equal or unequal minor allele

frequencies (MAF).

data presented in this study suggest that SNP panels
for some commercial applications may need to have a
higher Py than can be achieved with the 32 - 37 SNP
loci panels that have been proposed for use in bovine
parentage analysis (Heaton et al., 2002; Werner et al.,
2004). Variable calf output and MAF, large sire cohorts,
relatedness among sires, and missing data can all nega-
tively impact the accuracy of on-farm EPD. In field
situations where several of these variables occur con-
currently, the use of marker panels with high Pg values
will be required to obtain accurate EPD.

Single nucleotide polymorphism discovery is ongoing,
and already bovine SNP panels for parentage determi-
nation that use over 100 loci are commercially avail-
able. The use of progeny testing to develop within-herd
EPD for herd sires on economically-relevant traits has
the potential to generate value by improving the re-
sponse to selection for targeted traits. The return on
investment that results from such progeny testing was
found to be greatly influenced by the cost of parentage
determination (Weaber, 2005). New SNP genotyping
platforms continue to drive down the cost to generate
SNP genotypes, and the future will undoubtedly see
the introduction of inexpensive genotyping assays us-
ing high resolution SNP parentage panels. This will
improve the accuracy of sire assignments and on-farm
genetic evaluations, and may result in progeny testing
becoming an economically viable option for commer-
cial ranchers.

This case study illustrated some problems that may
be encountered in paternity testing in large commercial
herds. Field data are likely to include both missing

sires and sires that did not produce any progeny. Low
resolution marker panels and large cohorts of potential
herd sires are particularly problematic and may result
in sire-assignment errors and imprecise genetic evalua-
tions. The frequency of sire misassignment can be mini-
mized by using a high resolution panel or by simple
management practices that include dividing large
herds into smaller multiple-sire breeding groups with
fewer sires while maintaining the same bull:female ra-
tio, genotyping all potential bulls before breeding, sort-
ing bulls into sire groups with divergent genotypes,
keeping young bulls in separate breeding groups, and
minimizing relatedness among bulls.
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