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Genetic markers provide a potentially powerful means of identifying the breed of individual animals.
In this study diallelic and microsatellite loci were compared for their e�ciency in discriminating
among cattle breeds. Data were simulated for seven European cattle breeds using allele frequencies
estimated at 20 microsatellite and 30 diallelic markers. Animals were assigned to the breed for which
their genotype had the highest probability, and the power of the method assessed by estimating the
error rate or proportion of animals misclassi®ed. The number of markers required for discriminating
among pure, or both pure and crossbreed, animals was investigated using either randomly sampled
markers or markers selected on individual error rate. The relationship between individual marker
variability and discriminatory power was also investigated. Microsatellite markers were found to be
more powerful than diallelic markers for distinguishing among the breeds. The most discriminatory
markers were those with the highest average heterozygosity and observed number of alleles. The
number of markers needed to achieve a particular error rate could be reduced by selecting markers
with the lowest individual error rates. Discrimination among both crossbreeds and pure breeds
required approximately three times as many markers as discrimination among pure breeds alone.
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Introduction

Livestock populations have been subject to a variety of
evolutionary forces during their histories. The cumula-
tive e�ects of genetic drift, caused by founder e�ects and
small population size, together with natural and arti®-
cial selection has led to the formation of distinct breeds.
Studies of cattle breed relationships, based on genetic
markers, have found that breeds are signi®cantly di�er-
entiated at the genetic level (MacHugh, 1996; Blott et al.,
1998). Genetic markers could therefore provide a
potentially powerful way of identifying the breed to
which an individual animal belongs, when pedigree
information is missing or suspect.
Livestock genetic conservation is currently based on

the maintenance of pure-breeding populations (Hall &
Bradley, 1995) and genetic markers can provide a
method of identifying when introgression or cross-
breeding has taken place (Bradley et al., 1994). A test
of breed identity would also be valuable for the
validation of livestock products. This application may

become increasingly important as breed names become
more widely used as a `brand' name for livestock
products (e.g. `Aberdeen Angus' beef, `Ayrshire' and
`Jersey and Guernsey' milk). Protection of the brand
name may require that the products can be validated by
a DNA test.
Di�erent types of genetic marker will vary in their

information content. Microsatellite loci have been
identi®ed as particularly useful markers for discriminat-
ing among populations. Bowcock et al. (1994) and
MacHugh (1996) found that individuals from the same
populations clustered together when a phylogenetic tree
was constructed from microsatellite marker genotypes.
New genotyping technologies have recently been devel-
oped (e.g. microarray chips for typing single nucleotide
polymorphisms (SNPs)) which allow large numbers of
samples to be genotyped using semiautomated assays
(Delahunty et al., 1996). Single nucleotide polymor-
phisms are usually diallelic (Delahunty et al., 1996), and
although this means that they are inherently less
informative than markers with multiple alleles such as
microsatellites, they have several advantages for forensic
applications (Kwok et al., 1994).
The main objective of this paper was to compare the

two types of marker, diallelic and microsatellite mark-
ers, for their e�ciency in distinguishing among cattle
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breeds. The analysis was based on published estimates
of allele frequencies at microsatellite loci (MacHugh
et al., 1997) and diallelic blood type loci (Blott et al.,
1998), in seven European cattle breeds. Bowcock et al.
(1994) suggested that measures of marker variability,
such as heterozygosity and FST, may be indicators of the
power of individual loci to discriminate among popu-
lations. If these measures are correlated with discrimi-
natory power, then markers could be selected on the
basis of them. The relationship between marker vari-
ability and discriminatory power is investigated in this
paper. Commercial tests of breed may also require that
crossbreed animals can be identi®ed, because a number
of cattle breed meat marketing schemes (e.g. Aberdeen
Angus marketing in the UK, and the `Hereford Prime'
scheme in New Zealand) not only accept pure-bred
animals but also o�spring of pure-bred bulls. The
number of markers required to identify crossbreed
animals was investigated by simulating data for
crossbreed populations and assessing the e�ciency of
microsatellite markers at distinguishing among them.

Materials and methods

Data

The analysis was based on the comparison of seven
European (Bos taurus) breeds; Aberdeen Angus (AA),
Charolais (CH), Holstein-Friesian (FR), Hereford (HF),
Jersey (JS), Kerry (KY) and Simmental (SM). Blood
type data (described in Blott et al., 1998) were provided
by the Roslin Cattle Blood Typing Service. The allele
frequencies at 30 red cell antigen loci were assumed to
represent frequencies at a typical set of diallelic loci in
European cattle breeds. These blood type allele frequen-
cies are available on the Cattle Diversity Database
(http://www.ri.bbsrc.ac.uk/cdiv-www/). Allele frequen-
cies at 20 microsatellite markers were published by
MacHugh et al. (1997) (ftp site: acer.gen.tcd.i.e./pub/
cow_microsat/). Details of the microsatellite data col-
lection and genotyping protocols are described in
MacHugh et al. (1997).

Data simulation

The observed allele frequencies in the seven breeds were
used to simulate new genotypes. First, microsatellite and
diallelic marker genotypes were generated for the seven
pure breeds. Second, microsatellite marker genotypes
were generated for ®ve of these breeds (Aberdeen
Angus, Charolais, Friesian, Hereford and Simmental)
and four crosses, namely between the Friesian and (i)
Aberdeen Angus (FR ´ AA), (ii) Charolais (FR ´ CH),
(iii) Hereford (FR ´ HF) or (iv) Simmental (FR ´ SM).

These represent typical crosses that might be made by
farmers when using terminal beef sires on nonelite dairy
cows. Genotypes were simulated for the pure breed
animals assuming Hardy±Weinberg equilibrium (ran-
dom mating within breeds). Genotypes for the cross-
breed animals were generated by sampling the ®rst allele
from one parental breed and the second allele from the
other parental breed. The number of animals (geno-
types) simulated for each pure breed was the same
number as in the original data sets; this ranged from 52
Kerry to 7778 Holstein-Friesian for the blood typing
data (Blott et al., 1998), and 33 Aberdeen Angus to 40
Friesian and Kerry for the microsatellite data
(MacHugh et al., 1997). The same numbers of animals
as in the original pure-breed samples were simulated in
order to re¯ect the degree of error in the original
sampling process. Fifty animals were generated for each
of the crossbreed populations. The simulation was
repeated 200 times for each data set.

Allocation of an individual to a breed

Breed identi®cation can be treated as a decision problem.
Given the genotype of an animal a decision must be
made as to which breed the animal comes from. Each
individual (x) can be considered as a vector of genotypes
at m loci, having a probability density function fk(x) in
breed k and fj (x) in breed j. An allocation rule is required
that partitions the sample space, so that an individual is
assigned to a particular breed according to the region in
which its genotype falls. Two regions of error will be
associated with the allocation rule. The probability of
allocating an individual to breed j when it actually came
from breed k and the probability of allocating the
individual to breed k when it actually came from breed j.
The two types of error may not be equally serious and
this can be accounted for by specifying two costs caused
by misclassi®cation. An allocation rule is derived by
minimizing the expected overall cost (Krzanowski &
Marriott, 1995). The incidence of individuals may also
di�er between the two populations; some breeds are
more numerous than others, so prior probabilities qj, qk
of drawing an individual from breed j or breed k,
respectively, can be speci®ed.

If all costs are assumed to be equal then the rule can
be simpli®ed (Krzanowski & Marriott, 1995), so that the
individual (x) is assigned to breed k rather than breed j if

qjfj�x� < qkfk�x�; j 6� k:

In other words, an individual is assigned to the breed
for which its genotype posterior probability is highest.
Within each breed the probabilities of the genotypes can
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be estimated from a multinomial distribution, the
parameters of each distribution being the allele frequen-
cies in each breed. Estimates of the gene frequencies,
obtained by sampling individuals from each breed, can
be used to construct the allocation rule.
The probability of each simulated individual's geno-

type occurring in each breed was calculated over all
markers. Assuming Hardy±Weinberg equilibrium within
the pure breeds, genotype probabilities at a single locus
are pjx

2 for the homozygotes and 2pjxpjy for the hetero-
zygotes. The genotype probabilities in the crossbreed
animals are pjxpky for the homozygotes and pjxpky +
pjypkx for the heterozygotes. pjx and pkx are the
frequencies of allele x in breeds j and k, and pjy and
pky are the frequencies of allele y in breeds j and k,
where x ¹ y. The genotype probability over all m
markers is given by. If equal prior probabilities are
assigned to the breeds then the individual is simply
allocated to the breed for which this probability is
highest.

Prior probabilities

When sampling has been carried out separately from
each population (the situation when animals are delib-
erately sampled from each breed), rather than from a
mixture of the breeds (which might be the case for data
collected over a given time period by a commercial
genotyping service, for example), there are no simple
estimates of the prior probabilities available from the
data (Krzanowski & Marriott, 1995). Unless extra
information is available, equal prior probabilities must
be assumed. The analysis presented here assumes equal
prior probabilities for the breeds, but in a commercial
test it might be desirable to incorporate prior probabil-
ities. Additional information that might be used to
provide prior probabilities is the population distribution
or census sizes of breeds.

Estimation of the error rate

The e�ciency of the di�erent markers for discriminating
among the breeds was measured by calculating the
proportion of animals that were misclassi®ed with each
set of markers. The overall proportion of animals
misclassi®ed (error rate) was calculated as the total
number of animals allocated to the wrong breeds
divided by the total number of animals to be allocated.
Two types of error were determined: type I error, or

the proportion of individuals of one breed that are
allocated to another breed (really breed A but allocated
to breed B), and type II error, or the proportion of
individuals that are allocated to one breed but are really
of another breed (allocated to breed A but really a

member of breed B). For any individual breed the two
types of error may not be equal; however, across all
breeds being compared the two error rates are equal to
one another. Both types of error were calculated for
each individual breed. Error rates were determined at
each replicate of the simulation and the mean error rate
over all 200 replicates calculated.

Random sampling of markers

The e�ect of increasing the number of markers, on the
accuracy of breed identi®cation, was investigated by
randomly sampling markers with replacement from the
original set of markers. For the microsatellite loci the
number of markers sampled ranged between one and 60,
and for the diallelic markers the numbers sampled
ranged between one and 250. This random sampling of
markers assumes that the original markers are a random
set of markers of their type, and are representative of the
distribution of allele frequencies at these loci.

Selection of microsatellite markers

The e�ciency of individual microsatellite markers for
discriminating among breeds was investigated by esti-
mating the error rate for each marker separately.
Markers were then selected on their individual error
rates. The best markers were combined, those with
lowest error rates being added ®rst, and the resulting
combined error rates were compared with those ob-
tained when markers were randomly sampled. Marker
selection was carried out for the microsatellite markers
only, as they were more variable in numbers of alleles
and average heterozygosity than the diallelic markers,
allowing any relationship between these measures and
error rate to be more clearly seen.
The relationship between individual marker variabil-

ity and error rate was investigated by comparing the
error rate against average expected heterozygosity
(calculated as 1 ±

P
p2), number of alleles observed

(averaged over all breeds) and FST for each individual
marker. FST was calculated as r2/[p(1 ± p)], where p is
the mean allele frequency over all the breeds and r2 the
variance of the allele frequency among the breeds. This
value was then averaged over all alleles at a locus.

Results

Comparison of diallelic markers with
microsatellite markers

Figure 1 shows the comparison between microsatellite
and diallelic markers when used to discriminate among
seven pure breeds. Approximately 10 microsatellite
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markers were required to achieve a 5% mean error rate
compared with about 65 diallelic markers.

Selection of individual microsatellite markers

Table 1 shows the average heterozygosity, number of
alleles observed, FST and mean error rate for each
individual microsatellite marker (mean values across all
breeds). The relationships between average heterozy-
gosity, average number of alleles observed, FST and
error rate for each of the markers are shown in Fig. 2.
The markers that are most e�cient at distinguishing
among breeds (those that have the lowest error rate) are
markers with the highest heterozygosities, and the
greatest number of observed alleles. There is no clear
relationship between FST and error rate.

Figure 3 illustrates the di�erence between using ran-
domly sampled markers compared with selecting mark-
ers on their individual error rates. It can be seen that,
using microsatellite markers to discriminate among the
seven pure breeds, error rates of less than 5% can be
achieved with approximately ®ve to six selected markers
compared with about 10 randomly sampled markers.

Discrimination among pure and crossbreed
animals

First crosses between breeds are closely related to both
parental breeds, and this makes the problem of discrim-
ination more di�cult. Table 2 shows both the type I and
type II errors when the best ®ve selected microsatellite
markers (lowest individual error rates) were used to
discriminate among ®ve pure breed (Aberdeen Angus,
Charolais, Friesian, Hereford, Simmental) and four
crossbreed populations (Friesian crossed with Aberdeen

Angus, Charolais, Hereford or Simmental). The highest
type I errors are seen in the ®rst-cross Friesians, i.e. a
fairly high proportion of these animals (30±40%) are
mistaken for another breed, usually one of the parental
breeds or another of the Friesian crosses. Type II error
is highest for the pure-bred Friesian where 36% of
animals allocated to Friesian are from other breeds;
these misallocated animals are most likely to be ®rst-
cross Friesians. Type II error is also high among the
crossbreed Friesian populations (20±30%), either be-
cause animals from the parental breeds are wrongly
allocated to them or the Friesian crosses are confused
with one another.

Figure 3 illustrates the use of randomly sampled
markers against selected markers for discriminating
among pure and crossbreed animals. About 30 random-
ly sampled markers were su�cient to achieve error rates
of 5%, compared with the 10 randomly sampled
markers required to discriminate with the same error
rate among the seven pure breeds. The selection of
markers was restricted by the fact that a total of only 20
microsatellite markers were available. The curve asymp-
totes at an error rate of around 12% for seven or more
markers. It is possible that given markers that were all
equally as discriminatory as the best ®ve then error rates
of 5% or less could be achieved with no more than
10±15 markers, at least for the crossbreeds chosen in this
example.

Fig. 1 E�ciency of microsatellite markers compared with
diallelic markers for discriminating among seven European

cattle breeds (markers were randomly sampled).

Table 1 Average heterozygosity, number of alleles
observed, FST and error rate for each microsatellite
marker. Markers are ranked by error rate

Average No.
Marker heterozygosity alleles FST Error

BM2113 0.73 6 0.164 0.66
ETH131 0.76 8 0.133 0.67
BTMICROS 0.63 5 0.234 0.70
HEL1 0.64 5 0.240 0.72
HBB 0.67 6 0.131 0.75
ETH152 0.51 4 0.308 0.76
ETH225 0.65 5 0.201 0.77
HEL5 0.69 6 0.174 0.78
BoLA DRP1 0.79 8 0.064 0.79
ILSTS001 0.44 4 0.295 0.80
HIS-H1 0.40 3 0.218 0.83
ILSTS005 0.51 3 0.224 0.84
OCAM 0.33 3 0.359 0.85
TGLA116 0.53 3 0.222 0.85
RBP3 0.46 3 0.205 0.86
TGLA48 0.51 3 0.214 0.87
ILSTS014 0.33 3 0.166 0.87
RASA 0.52 3 0.204 0.87
PRL 0.20 2 0.132 0.90
BoLA DP2B 0.27 2 0.078 0.95
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Discussion

The results presented show that microsatellite markers
are more powerful than diallelic markers for distin-

guishing among cattle breeds, at least when the distri-
bution of diallelic marker frequencies is similar to that
observed at blood type loci. Error rates below 5% can
be achieved with 11±18 randomly sampled microsatel-
lites against 65±100 randomly sampled diallelic markers.
If the most discriminatory markers are selected then the
number of markers required to achieve the same error
rates can be reduced, by about half. The most powerful
markers for breed discrimination are those with high
average heterozygosities, and with greater mean num-
bers of observed alleles (across all breeds). The between-
population variance in gene frequencies, estimated by
FST, does not appear to have any clear relationship with
the error rate for individual microsatellite markers. This
suggests that the concern expressed by Bowcock et al.
(1994), that markers with high diversity (high average
heterozygosity across breeds) will be less informative for
distinguishing among populations, is unfounded. Mark-
ers could be preselected on their average heterozygosity
and number of alleles, using published information, in
order to reduce the amount of genotyping required to
develop a breed identi®cation test.
The number of breeds being compared also a�ects the

error rates obtained with a given set of markers. The
larger the number of breeds being compared, the more
markers are required, particularly if the breeds are
closely related. When only the seven pure breeds are
compared the error rate is less than 2% using 15
markers. However, if crossbreed populations are also
considered, then more than 40 markers are required to
achieve the same error rate (Fig. 3). The precise number
of markers required to achieve a particular error rate

Fig. 2 Three measures of marker variability: (a) average
heterozygosity; (b) average number of alleles observed; and
(c) FST, plotted against mean error rate for each of 20
microsatellite markers.

Fig. 3 Comparison between randomly sampled microsatellite
markers and markers selected on individual error rates, when

used to discriminate among either seven pure breeds1 or ®ve
pure breeds of cattle (Aberdeen Angus, Charolais, Friesian,
Hereford and Simmental) and four Friesian crosses.
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will depend on the number and type of populations that
are to be compared.

The most powerful markers for distinguishing among
populations would be those that are ®xed for di�erent
alleles in di�erent breeds (breed-speci®c alleles). Euro-
pean cattle breeds have, traditionally, been distinguished
by phenotypic di�erences in coat colour, presence or
absence of horns (polling) and traits such as double
muscling. The genes controlling some of these traits
have recently been identi®ed (Brenneman et al., 1996;
Joerg et al., 1996; Grobet et al., 1997), and it has been
suggested that these markers may be useful in a DNA
test for breed identi®cation (Georges & Andersson,
1996).

Allocation of individual animals to breeds using the
method described in this paper depends on the estima-
tion of multilocus genotype probabilities. These prob-

abilities are subject to sampling ¯uctuation, because the
allele frequencies used to calculate them are estimated
from samples drawn from the di�erent breeds. When
reporting the results of a test on an individual animal it
would be desirable to be able to attach some level of
con®dence to its allocation. Chakraborty et al. (1993)
have described how standard errors and con®dence
intervals for multilocus genotype probabilities can be
evaluated, and give simple approximations to the
sampling variance. Alternatively, bootstrapping could
be used to estimate the con®dence interval, by resam-
pling the observations on which the allele frequency
estimates are based. A new multilocus genotype prob-
ability would be generated at each bootstrap replicate,
and 95% con®dence intervals could be constructed
around the probability of the genotype occurring in each
breed.

Table 2(a) Proportion of true breed (rows) allocated to each breed category

Allocated breed

True breed AA CH FR HF SM FR ´ AA FR ´ CH FR ´ HF FR ´ SM Type I error

AA 0.920 0.004 0.002 0.007 0.001 0.058 0.003 0.004 0.001 0.080
CH 0.006 0.854 0.005 0.009 0.012 0.010 0.084 0.006 0.014 0.146
FR 0.003 0.003 0.808 0.001 0.006 0.081 0.049 0.026 0.024 0.192
HF 0.010 0.009 0.001 0.904 0.001 0.006 0.004 0.064 0.001 0.096
SM 0.000 0.010 0.003 0.001 0.918 0.003 0.008 0.002 0.054 0.082
FR ´ AA 0.096 0.008 0.086 0.006 0.004 0.701 0.046 0.045 0.009 0.299
FR ´ CH 0.007 0.115 0.093 0.004 0.016 0.063 0.590 0.043 0.068 0.410
FR ´ HF 0.010 0.012 0.056 0.079 0.003 0.073 0.060 0.696 0.013 0.304
FR ´ SM 0.003 0.013 0.114 0.001 0.121 0.029 0.055 0.014 0.650 0.350

The proportion of animals allocated to breeds other than their true breed is the type I error. For example, in row one 92% of true AA
were allocated to AA, 8% of true AA were allocated to other breeds (including 6% to FR ´ AA). Results shown were obtained by using
the ®ve best microsatellite markers, selected for lowest individual error rates, to discriminate among ®ve pure European cattle breeds
and four Friesian crosses.

Table 2(b) Each column shows proportion of animals assigned to each breed category according to their true breed origin

Allocated breed

True breed AA CH FR HF SM FR ´ AA FR ´ CH FR ´ HF FR ´ SM

AA 0.825 0.004 0.001 0.006 0.000 0.039 0.003 0.003 0.000
CH 0.006 0.788 0.003 0.009 0.010 0.008 0.071 0.005 0.012
FR 0.003 0.003 0.644 0.001 0.006 0.066 0.045 0.024 0.024
HF 0.010 0.008 0.001 0.856 0.001 0.004 0.003 0.050 0.001
SM 0.000 0.009 0.002 0.001 0.806 0.003 0.007 0.002 0.048
FR ´ AA 0.130 0.010 0.085 0.009 0.005 0.713 0.053 0.052 0.011
FR ´ CH 0.010 0.148 0.093 0.006 0.020 0.064 0.686 0.050 0.084
FR ´ HF 0.013 0.015 0.055 0.109 0.004 0.075 0.069 0.799 0.016
FR ´ SM 0.004 0.017 0.114 0.002 0.147 0.030 0.064 0.016 0.804
Type II error 0.175 0.212 0.356 0.144 0.194 0.287 0.314 0.201 0.196

The proportion of animals allocated to a breed, which were really of another breed, is the type II error. For example, in column one 82.5%
of animals allocated to AA were true AA, 17.5% of animals allocated to AA were from other breeds (13% being FR ´ AA).
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Monte Carlo methods, such as bootstrapping, could
also be used to approximate the distribution of geno-
types within each breed making it possible to test
whether an animal's genotype is extreme for the breed.
Animals falling into the bottom or top 2.5% of the
distribution, for example, could be rejected as members
of the breed. Gotz & Thaller (1998) have suggested that
this enables the hypothesis that the animal belongs to a
known population vs. all other possible populations to
be tested. In reality, it may be necessary to compare the
genotype distribution for all possible breeds of interest.
Enough markers should then be used to give the best
separation of the genotype probability distributions, as
the more the distributions overlap the greater will be the
error rates.
Current genotyping technologies make a DNA test of

breed possible. Microsatellite markers have been shown
to be more powerful than diallelic markers for this type
of test, and would be the marker of choice at the
moment. There are some practical disadvantages to the
use of microsatellites, however. Genotyping error can be
high and it is di�cult to compare genotypes typed in
di�erent laboratories. Developments in automated ge-
notyping methods may ultimately favour the use of
diallelic markers, because these technologies will allow
many hundreds of loci to be scanned in a reliable and
cost-e�ective manner.
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