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Summary The objectives of this study were to develop breed-specific single nucleotide polymorphisms
(SNPs) in five pig breeds sequenced with Illumina’s Genome Analyzer and to investigate
their usefulness for breed assignment purposes. DNA pools were prepared for Duroc,
Landrace, Large White, Pietrain and Wild Boar. The total number of animals used for
sequencing was 153. SNP discovery was performed by aligning the filtered reads against
Build 7 of the pig genome. A total of 313 964 high confidence SNPs were identified and
analysed for the presence of breed-specific SNPs (defined in this context as SNPs for which
one of the alleles was detected in only one breed). There were 29 146 putative breed-specific
SNPs identified, of which 4441 were included in the PorcineSNP60 beadchip. Upon
re-examining the genotypes obtained using the beadchip, 193 SNPs were confirmed as
being breed specific. These 193 SNPs were subsequently used to assign an additional 490
individuals from the same breeds, using the sequenced individuals as reference populations.
In total, four breed assignment tests were performed. Results showed that for all methods
tested 99% of the animals were correctly assigned, with an average probability of assign-
ment of at least 99.2%, indicating the high utility of breed-specific markers for breed
assignment and traceability. This study provides a blueprint for the way next-generation
sequencing technologies can be used for the identification of breed-specific SNPs, as well as
evidence that these SNPs may be a powerful tool for breed assignment and traceability of
animal products to their breeds of origin.

Keywords assignment test, breed-specific single nucleotide polymorphisms, next-generation
sequencing, pig, traceability.

Single nucleotide polymorphisms (SNPs) have become the

Introduction ) oo . :
marker of choice for many studies in animal genetics and

In the last few years, we have witnessed a very rapid
development in the field of next-generation sequencing
technologies. Presently, several technologies are able to
generate large volumes of sequence data in a fast, accurate
and inexpensive way, including Illumina’s Genome Ana-
lyzer (Bennett 2004), Roche’s 454 (Margulies et al. 2005),
ABI’s SOLIiD (Shendure et al. 2005), Helicos (Milos 2008),
and Pacific Biosciences’ real-time sequencing (Eid et al.
2009). The high-throughput nature of these technologies
has greatly accelerated the pace of scientific discovery in
recent years.
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genomics, and SNP identification has benefited greatly from
the rapid development in next-generation sequencing
technologies. To date, several studies have led to the
detection of thousands of SNPs in different species (Wied-
mann et al. 2008; Kerstens et al. 2009; Ramos et al. 2009;
Sanchez et al. 2009; van Bers et al. 2010). Currently, high-
density SNP genotyping assays that allow thousands of
genotypes to be obtained simultaneously are already avail-
able for several livestock species, including pigs (Ramos
et al. 2009) and cattle (Matukumalli et al. 2009). These
tools and developments will play a central role in future
studies in animal genetics and genomics.

The potential of several DNA-based methods for the
identification of animals at different levels, from individual
to breeds and species, has also been investigated. This trend
has followed the increasing attention paid by the general
public to the origins of the food it consumes. Therefore,
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there is a need for systems that can increase consumer
confidence in product safety by reliably assuring traceability
of food, including products of animal origin such as meat
and dairy products. To date, several types of DNA markers
have been tested for their potential use in traceability
schemes, including microsatellites (Dalvit et al. 2008a,b),
AFLPs (Negrini et al. 2007) and SNPs (Negrini et al.
2008a,b). These studies explored the assignment of indi-
viduals to their breeds of origin, using likelihood, frequency
and Bayesian-based methods, with results showing some
promise, but also some limitations. Next-generation
sequencing technologies now offer new and unprecedented
possibilities for the development of tools that will enhance
the progress in the application of DNA tests for the trace-
ability of animals and animal products.

The objectives of this study were to develop specific SNPs
in five pig breeds by applying a next-generation sequencing
strategy and to validate their utility for breed assignment
and traceability purposes.

Materials and methods

Animals and DNA samples

Porcine DNA used for sequencing was obtained from four
commercial breeds, namely Duroc (DU), Landrace (LR),
Large White (LW) and Pietrain (PI), and the Wild Boar
(WB). The numbers of pigs were 32, 27, 35, 22 and 37 for
DU, LR, LW, PI and WB, respectively, making a total of 153
animals. DNA pools were made for each breed and con-
tained equal amounts of DNA from each individual. The
samples for the commercial breeds originated from the USA,
Netherlands and Denmark and are representative of germ-
plasm for pork production, while WB was sampled mainly
in Europe, with five samples being collected in Japan.

In the second phase, additional individual pigs from the
same breeds were selected for genotyping with the Por-
cineSNP60 beadchip (Ramos et al. 2009). Specifically, the
numbers of samples were 57, 74, 110, 82 and 167 for DU,
LR, LW, PI and WB, respectively, for a total of 490 samples.
These additional samples originated from the same regions
as the 153 samples that were sequenced.

Identification of breed-specific SNPs

Details regarding library construction, sequencing and fil-
tering of the Genome Analyzer reads, as well as the proce-
dures adopted for SNP detection and filtering, have been
described previously (Ramos et al. 2009). For each SNP that
passed the applied filtering criteria, all reads were analysed
according to the breed information, using the unique
identifier with which they had been labelled. A SNP was
labelled as breed specific when the allele was only present in
one of the five breeds and not detected in any of the other
four.

Genotyping with the PorcineSNP60 beadchip and
validation of the breed-specific SNPs

To perform validation of the putative breed-specific SNPs,
the 153 DNA samples used for sequencing were all geno-
typed with the PorcineSNP60 beadchip. In addition, a total
of 490 individuals from the same breeds used for sequencing
were also genotyped with the beadchip, in order to evaluate
the usefulness of the breed-specific SNPs for breed assign-
ment purposes. Genotyping was performed at Illumina and
ServiceXS following the manufacturer’s recommendations.
Genotypes that displayed a GenCall score lower than 0.7
were removed from the data set.

A total of 43 582 SNPs identified using the same data set
had previously been included in the PorcineSNP60 bead-
chip, including 4441 putative breed-specific SNPs, which
allowed validation of that subset of SNPs. For each SNP,
breed specificity was evaluated by comparing the alleles
detected with sequencing with the alleles present after
genotyping the same DNA samples with the PorcineSNP60
beadchip.

Breed assignment tests

All assignment tests were carried out by defining the 153
individuals that were sequenced as the reference popula-
tions, to which the additional 490 animals from the same
breeds were assigned.

The genotype data that were tested derived from three
sets of SNPs. The first set included all the SNPs that had
confirmed their breed specificity after checking the geno-
types obtained with the PorcineSNP60 beadchip for the 153
sequenced individuals, for a total of 193 SNPs (hereafter
referred to as ALLBSS).

A second set of 100 SNPs was selected from the set of
putative breed-specific SNPs that did not confirm breed
specificity when their genotypes were checked. This set of
100 SNPs was selected by taking 20 SNPs per breed that
displayed the most extreme differences in allele frequency
from the other four breeds (hereafter referred to as FREQ).
These frequency differences were computed by initially
calculating the difference in allele frequency between one
breed and the other four, followed by determination of the
sum of the four differences previously calculated. This sec-
ond set of SNPs was selected to simulate a situation where a
sequencing effort would be unable to generate any breed-
specific SNPs, after checking the genotypes for those SNPs.

Finally, a third set was formed by randomly selecting a set
of 100 SNPs from the 43 582 SNPs identified with the same
data set that had been included in the Beadchip (hereafter
referred to as RANDOM). This was done with the objective
of simulating a situation where information on each SNP
allele frequency is not considered when selecting a set
of SNPs. The SNPs available for selecting the random set
also included the set of 193 SNPs that confirmed breed

© 2011 The Authors, Animal Genetics © 2011 Stichting International Foundation for Animal Genetics, 42, 613-620



specificity, but none of these SNPs was included in the set of
randomly chosen SNPs.

The assignment tests were performed using the methods
implemented in two software packages, namely GeneClass2
(Piry et al. 2004) and Structure 2.3.1 (Pritchard et al.
2000). The assignment methods available in GeneClass2
included the frequency-based method of Paetkau et al.
(1995) and the Bayesian-based methods of Rannala &
Mountain (1997) (R&M) and Baudouin & Lebrun (2000)
(B&L), while Structure implemented the Bayesian-based
method developed by Pritchard et al. (2000). The runs
performed with Structure 2.3.1 used an initial 20 000
burn-in period followed by 100 000 Markov chain itera-
tions, following the recommendations of Falush et al.
(2007). For the Structure runs, breed information was
considered for the individuals that formed the reference
populations, while K was set to 5, which was the number of
breeds in the reference population set.

Evaluation of the performance of the breed assignment
tests was carried out by analysing, for each breed, the
number of animals incorrectly assigned, the specificity
(calculated as the percentage of animals correctly assigned
to their respective breed) and the average probability
assignment score.

Finally, we collected several parameters for the 4441 SNPs
available for validation, including quality parameters on the
GA reads used in these SNPs, MAQ quality parameters, and
information regarding the read depth for each of these SNPs.
The Welch’s unpaired t-test was used to investigate whether
differences existed between validated and non-validated
breed-specific SNPs for these parameters. The Welch t-test is
a modification of the t-test for independent samples that does
not assume that the variances for each population are equal,
and whose degrees of freedom account for unequal sample
sizes, unequal variances and small sample sizes.

Results

SNP discovery

The total number of SNPs discovered, as well as the number
of SNPs that passed the stringency criteria and the number
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of putative breed-specific SNPs identified, are indicated in
Table 1. After aligning the 247 million sequences to the
reference genome and after application of the stringency
criteria used to filter the initial SNP output, the number had
been reduced to approximately 314K SNPs. This set of SNPs
was then analysed for the presence of breed-specific SNPs.

Among the set of filtered SNPs, total of 29 146 SNPs were
identified as putatively breed-specific (Table 1), indicating
that one of the alleles was present in only one of the five
breeds studied. DU-specific SNPs were the most abundant,
while WB displayed the fewest number of breed-specific
SNPs. The fact that an Alul short RRL was not created for
WB contributed to the smaller number of WB-specific SNPs
identified.

Validation of breed-specific SNPs

From the set of 29 146 putative breed-specific SNPs de-
tected, a total of 4441 were included in the PorcineSNP60
beadchip, without prior knowledge about breed specificity.
Hence, only approximately 15% of the putative breed-spe-
cific SNPs were available for validation. This number was
further decreased by 467 SNPs because of failed assays, and
229 SNPs that displayed no variation when their genotypes
were analysed (Table 2). A total of 3745 SNPs had suitable
genotypes available to proceed with the validation process.
For each of these SNPs, the allele variants detected with
sequencing and with genotyping were compared, and breed
specificity was determined.

A total of 3552 SNPs were not validated as breed specific,
because at least one of the other four breeds shared the
supposedly specific allele. The number of SNPs that failed to
pass the breed specificity test because three or four breeds
shared the allele assessed to be specific from sequence data
alone was 2738 or 77% of the total number. This was a
strong indication that the sequencing strategy adopted was
unable to detect these variants, because they were present
in those breeds. The remaining 23% of the SNPs, a total of
814, failed the specificity validation because of the fact that
one or two of the other breeds carried the same allele.
Table 2 includes the details regarding the SNPs that failed to
pass the breed specificity validation.

Table 1 Summary of the SNP discovery process, including the number of putative breed-specific SNPs identified in each breed.

Specific breed

RRL SNPs Breed-specific DU LR LW Pl WB SNPs on chip
Alul long 124 568 10 312 4294 633 2211 1910 1264 1811
Alul short 105 290 15123 5547 4137 3391 2048 (o} 2158
Haelll 56 816 2447 483 240 733 512 479 359
Mspl 27 290 1264 492 226 257 142 147 113
Total 313 964 29 146 10 816 5236 6592 4612 1890 4441

SNP, single nucleotide polymorphisms.

"The Alul short RRL was not sequenced in Wild Boar, which was the reason why no putative breed-specific SNPs were detected.
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Table 2 Validation of the putative breed-specific SNPs.

SNPs included in the Beadchip 4441
Non-working SNP assays 467
Monomorphic SNPs 229
Number of failed breed-specific SNPs
One breed 365
Two breeds 449
Three breeds 809
Four breeds 1929
Total 3552
Number of validated breed-specific SNPs
Duroc 29
Landrace 16
Large White 24
Pietrain 19
Wild Boar 35
Total 193

SNP, single nucleotide polymorphisms.

A total of 193 SNPs were confirmed to be breed-specific
after the genotypes for these SNPs were analysed (Table 2).
The breed that presented the highest number of specific
SNPs was DU, with 99 SNPs, while LW, PI and LR had 24,
19 and 16 specific SNPs, respectively. A total of 35 WB-—
specific SNPs were also detected. This set of 193 SNPs
formed the first of the SNP sets used in the breed assign-
ment tests. The average frequency at which the specific
allele was found varied, ranging from 19% in LW to
47.8% in DU (Table 3), and frequencies for the specific
allele reached values of 90% in DU and 79% in PI and
WB. When the genotypes for the additional 490 individ-
uals were checked, an additional 106 SNPs lost their breed
specificity, while 87 SNPs still displayed one allele unique
to only one breed (Table 3). WB retained 80% of the
specific SNPs, while for LW, only 17% of the SNPs main-
tained breed specificity after the additional individuals
were analysed. The list containing the names of the 193
SNPs and their sequence is

breed-specific flanking

contained in Table S1. All SNPs have been submitted to
NCBI’s pig dbSNP database (Submitter Handle: WU_ABGC;
Submitter Batch ID: RRIL_batch2).

Assignment tests

All assignment methods tested performed extremely well
when the SNP sets that included all identified breed-specific
SNPs (ALLBSS), and the SNPs with extreme allele frequency
differences (FREQ) were used, while assignments were less
robust when the set of SNPs chosen randomly (RANDOM)
was employed. The results regarding all assignment meth-
ods and SNP sets used are summarized in Table 4.

When the ALLBSS SNP set was used, 486 of 490 ani-
mals were correctly assigned to their breeds of origin. The
four individuals assigned to a wrong breed were LR (3)
and LW (1) pigs. These results were identical for the four
assignment methods used, and hence the specificity for all
methods was 99%, while the average probability of
assignment ranged from 99.2% to 99.9% for the Pritchard
and R&M methods, respectively. Similar values were
obtained for the FREQ SNP set. All methods showed a
slightly higher correct assignment percentage when this
SNP set was used, relative to the ALLBSS set. For the R&M,
B&L and Pritchard methods, only one LR individual was
incorrectly assigned, while for the Paetkau method, two LR
pigs were assigned to the wrong breed. The specificity for
this allele frequency-based SNP set exceeded 99.5% in all
methods, while the average probability of assignment
surpassed 99.8%. For these SNP sets, no significant dif-
ferences between the different assignment methods were
registered. The number of animals assigned to the wrong
breed was higher when the RANDOM SNP set was used,
varying from 17 with the B&L method to 47 when the
Pritchard et al. (2000) method was used. Consequently,
the specificity for this SNP set was smaller when compared
with the two other SNP sets, varying from 90.2% to
96.4% with the Pritchard and B&L methods, respectively.

Table 3 Breed distribution of the validated breed-specific SNPs when the genotypes for the sequenced and additional individuals were analysed.
The frequency values indicated are for the specific allele identified for each SNP.

Sequenced individuals (n = 153)

Additional individuals (n = 490)

Number of Minimum Maximum  Average Number of Minimum Maximum  Average Retention
specific SNPs  frequency ~ frequency  frequency  specific SNPs  frequency  frequency  frequency  percentage’
Duroc 29 0.03 0.9 0.48 42 0.02 0.94 0.4 0.42
Landrace 16 0.05 0.66 0.29 7 0.01 0.3 0.12 0.44
Large White 24 0.05 0.41 0.19 4 0.02 0.19 0.1 0.17
Pietrain 19 0.06 0.79 0.38 6 0.02 0.43 0.22 0.32
Wild Boar 35 0.01 0.79 0.27 28 0.01 0.8 0.21 0.8

SNP, single nucleotide polymorphism.

"The retention percentage refers to the number of SNPs that maintained breed specificity after the genotypes for the additional 490 individuals were

analysed.
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Table 4 Performance of the breed assignment methods tested for the three SNP sets analysed (ALLBSS, FREQ and RANDOM).

Rannala & Mountain (1997)

Baudouin & Lebrun (2000)

Paetkau et al. (1995) Pritchard et al. (2000)

Assigned Assigned Assigned Assigned
to wrong Av. to wrong Av. to wrong Av. to wrong Av.
Breed n breed Specificity Prob." breed Specificity Prob. breed Specificity Prob. breed Specificity Prob.
SNP set 1: all breed-specific SNPs
Duroc 57 0 1 1 0 1 1 0 1 1 0 1 1
Landrace 74 3 0.959 0997 3 0.959 0.990 3 0.959 0982 3 0.959 0.976
Large White 110 1 0.991 0.999 1 0.991 0.999 1 0.991 0.999 1 0.991 0.994
Pietrain 82 O 1 1 0 1 1 0 1 1 0 1 0.999
Wild Boar 167 0 1 0999 O 1 0997 O 1 0999 O 1 0.992
Overall 490 4 0.990 0999 4 0.990 0.997 4 0.990 099 4 0.990 0.992
SNP set 2: SNPs with extreme allele frequency differences
Duroc 57 0 1 1 0 1 1 0 1 1 0 1 1
Landrace 74 1 0.986 0.9% 1 0.986 0.994 2 0.973 0.999 1 0.986 0.991
Large White 110 0 1 1 0 1 0999 O 1 1 0 1 0.999
Pietrain 82 O 1 1 0 1 1 0 1 1 0 1 0.999
Wild Boar 167 0O 1 1 0 1 1 0 1 1 0 1 1
Overall 490 1 0.997 0.999 1 0.997 0.999 2 0.995 0.999 1 0.997 0.998
SNP set 3: randomly chosen SNPs
Duroc 57 0 1 0999 O 1.00 0999 O 1 0999 O 1 0.999
Landrace 74 12 0.838 0969 9 0.878 0.957 15 0.797 0.982 27 0.635 0.887
Large White 110 4 0.964 0999 4 0.964 0.999 2 0.982 099 O 1 0.998
Pietrain 82 O 1 0999 O 1 0999 O 1 0999 1 0.988 0.987
Wild Boar 167 4 0.976 0.998 4 0.976 0992 4 0.976 0.998 19 0.886 1
Overall 490 20 0.956 0.993 17 0.964 0.989 21 0.951 0.995 47 0.902 0.974

SNP, single nucleotide polymorphism.

Specificity was defined as the percentage of animals correctly assigned of the total number of animals assigned.

"Average probability of assignment.

Discussion

This study illustrates the usefulness of applying next-gen-
eration sequencing technologies in the development of high
utility SNP markers, which are, in this context, breed-spe-
cific SNPs. The analysed data set was collected with the
objective of maximizing the number of SNPs discovered
across the five porcine breeds used. However, even though
the sequencing strategy was not designed to specifically
target this type of SNP, it was still able to identify in excess
of 29K putative breed-specific SNPs. To maximize the dis-
covery of these SNPs, the strategy should involve sequenc-
ing the RRLs at greater sequence depths to facilitate the
identification of the less frequent breed-specific variants and
to reduce the number of false positives. Nevertheless, the
results obtained with the validated breed-specific SNPs
showed that the sequencing strategy adopted in this work
was still able to identify SNPs for which the frequency of the
specific allele ranged from 1% to 90%. This was a clear
indication that even the rare allelic variants of each breed
were identified, which confirmed the robustness of using
next-generation sequencing for this purpose. Therefore, it
is likely that a dedicated sequencing strategy specifically
designed to identify breed-specific markers will enhance the
discovery rate while reducing the false positive rate of this

type of SNP. In addition, the sequencing data used in this
work were collected with Illumina’s Genome Analyzer I,
with reads that were sequenced to a length of 36 nucleo-
tides. Owing to ongoing improvements in sequencing
technologies, various alternatives now exist that can deliver
even higher volumes of data at a much cheaper price
compared to the first-generation Illumina GA that was used
in this study. The increase in the availability of sequence
data will facilitate SNP discovery and boost the identifica-
tion of breed-specific variants.

From the total number of putative breed-specific SNPs
identified, only approximately 15% were available for
validation, because those were the ones that had been
included in the PorcineSNP60 beadchip. The remaining
number of putative breed-specific SNPs was not the subject
of a validation effort, but because the SNPs on the Por-
cineSNP60 beadchip were optimized for having interme-
diate allele frequencies over several breeds, it is in fact
likely that validation rates of all the putative breed-specific
SNPs could be even higher. When the SNPs that failed to
confirm breed specificity were analysed, it was clear that
the main reason for failure was insufficient sequencing
depth. This was demonstrated by the fact that for
approximately 77% of the non-validated breed-specific
SNPs, the supposedly specific allele was also present in
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three or four of the breeds analysed, which is a clear
indication that the sequencing strategy was not able to
identify all the variants originally present in the breeds
sequenced. In the future, this problem will be alleviated by
sequencing at greater sequence depths.

Another important detail is the original sampling of the
breeds and/or populations to be sequenced. From the 193
validated breed-specific SNPs, 106 lost their specificity when
the additional 490 individuals from the same five breeds
were analysed. This indicated that the original sampling of
the breeds did not capture all of the variation that was
present in each of them. Ideally, the sampling should be as
representative as possible, which may prove difficult for
breeds with a worldwide distribution, such as the porcine
breeds used in this study. In any case, a total of 87 SNPs still
maintained breed specificity, including an 80% retention
rate in WB, indicating that WB is highly differentiated from
domesticated Sus scrofa. Similarly, the high retention rate of
breed-specific SNPs in DU may reflect the high degree of
differentiation of this breed from all other European and
North American pig breeds. Conversely, the low retention
rate of breed-specific SNPs in PI, LW and LR may reflect the
low degree of differentiation among these so-called white
breeds (Megens et al. 2008). In any case, and regardless of
the degree of differentiation of each breed, it will still be
critical to adopt a sampling strategy that will capture a
substantial proportion of the genetic variation of a partic-
ular breed. This task will be less demanding in breeds with
smaller numbers of individuals, such as local or indigenous
breeds, as these will be easier to sample.

The large number of putative breed-specific SNPs identi-
fied by sequencing will probably render it impossible to test
all of them. Therefore, it would be important to have a way
to select the SNPs with the highest probability of being truly
specific. The results from the application of the Welch t-test
to a set of parameters collected in the two SNP groups where
breed specificity had been confirmed or discarded revealed
significant differences for three parameters, namely total
read count for the SNP (P < 0.0001), read count for the
major allele (P < 0.0001) and read count for the minor
allele (P < 0.05). These were parameters for which the
means were higher in the group of SNPs that were con-
firmed to be breed-specific. These results clearly indicate
that from the group of putative breed-specific SNPs identi-
fied from the sequence data, SNPs with higher read counts
should be prioritized for subsequent validation. This will be
important to allow a better selection of SNPs, increase val-
idation rates and decrease the costs associated with the
validation process.

The results from the breed assignment tests when the
SNP set ALLBSS was used were excellent, because 99% of
the individuals (486 of 490) were correctly assigned to
their breeds of origin with a very high probability of
assignment (Table 4). A slight improvement in the results,
namely in the specificity, was observed with the FREQ

SNP set for all assignment methods used, while the values
for the average probability of assignment were compara-
ble. For the FREQ SNP set, only two LR individuals were
incorrectly assigned when the method of Paetkau et al.
(1995) was used, while for all other methods, only one
LR individual was assigned to the wrong breed (Table 4).
The FREQ SNP set was selected from the group of puta-
tive breed-specific SNPs that failed to validate breed
specificity. This SNP set was used to simulate the possi-
bility that a sequencing effort would fail to identify any
validated breed-specific SNPs. It should be emphasized
that very stringent criteria for specificity were used in the
validation procedure, because any putative breed-specific
SNP was not validated if a single count of the specific
allele was observed in a different breed. However, these
non-validated breed-specific SNPs still displayed sub-
stantial differences in the allele frequencies for each of the
breeds, which were sufficient to allow an outstanding
power for breed assignment purposes. The results ob-
tained for the ALLBSS and FREQ SNP sets clearly indi-
cated that prior information about the variants present in
each breed, obtained with next-generation sequencing,
will identify SNP markers that will be extremely useful for
breed assignment purposes. In contrast, the RANDOM
SNP set was chosen without any prior information on the
allelic variants. The breed assignment results obtained
with this set were clearly worse when compared with the
previous sets. The number of animals assigned to the
wrong breed varied from 17, for the B&L method imple-
mented in GeneClass2, to 47 for the method of Pritchard
et al. (2000) implemented in Structure 2.3.1., and a de-
crease in the average probability of assignment was ob-
served for all methods. These differences illustrated the
benefit that will be gained by having prior information
about the breed distribution of SNP allelic variants. All
assignment tests were performed using reference popula-
tions, which were the individuals that had originally been
sequenced, in order to simulate a practical, ‘real-world’
application of this type of technology. The slightly better
performance of the FREQ SNP set, when compared with
the ALLBSS set, could possibly be because of the impact of
including SNPs with very low minor allele frequency in
the ALLBSS set. Nevertheless, the outstanding results
obtained with the ALLBSS and FREQ SNP sets indicate
that this approach can potentially be translated into
applications used in the traceability of animals and their
products to their breeds of origin.

Previous studies performed in different cattle breeds have
explored the use of either AFLP (Negrini et al. 2007) or
microsatellite (Dalvit et al. 2008a,b) markers for breed
assignment purposes, with results that were less convincing
that the ones presented here. In addition, the use of these
types of markers will likely decrease in the future, mainly
because of the higher costs associated with using AFLPs and
microsatellites compared to SNPs. Other studies used SNP
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markers for breed assignment purposes in cattle, with
SNP sets selected in candidate genes for meat quality and
production traits (Negrini et al. 2008a,b), but without any
prior information about the allele frequencies for those
markers in the breeds analysed. Overall, the results from
those studies did not achieve the levels of specificity and
probability assignment that were observed in this work,
even though comparable results were obtained for some of
the cattle breeds analysed in the studies performed by
Negrini et al. (2008a,b).

In principle, the approach proposed in this study can be
applied to any populations that differ at an unknown
number of locations in their genome, including popula-
tions with varying degrees of differentiation between them.
Some of these differences will be specific to one of the
populations and can be used for multiple applications. The
most variable factor will be the amount of sequencing
needed to identify the target number of breed-specific
markers. However, as mentioned previously, the technol-
ogy has been improving and the costs decreasing, which
will make the amount of sequencing needed of smaller
concern. In the European Union, there are many animal
products to which the Product of Designated Origin (PDO)
or Protected Geographic Indication (PGI) labels have been
awarded. The production of many of these products is
based on the use of a single breed, which is usually also a
pre-requisite for the PDO/PGI label to be awarded. The
many examples of this situation span different species and
countries and include fresh meat, processed meat products,
cheeses and other products. Customers generally associate
the PDO/PGI products with higher quality, and these
products are normally sold at higher prices, making them
vulnerable to fraud. Hence, effective and reliable control
mechanisms and verification systems are needed for food
safety control, to assure consumer confidence and to pre-
vent frauds. The approach proposed in the present study
will be suitable to achieve all these goals, at least for the
products where a single breed is used, by using state of the
art sequencing technologies for the development of high
utility SNP markers.

Conclusions

This study provides a blueprint for the use of next-genera-
tion sequencing technologies in the identification of breed-
specific SNP markers, by offering possible strategies for how
to sample and sequence the breeds/populations of interest,
select sets of putative breed-specific SNPs displaying higher
validation rates, and offering strong evidence of the utility of
using breed-specific SNPs for assigning individuals to their
breeds of origin. In fact, the number of correct breed allo-
cations surpassed 99% for all assignment methods tested,
indicating that this approach will be a powerful tool in the
molecular traceability of animal products to their breeds of
origin.
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