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Abstract As a consequence of the close integration of
cattle into the food chain of humans, forensically relevant
cases involving cattle (Bos taurus) DNA analysis are
common. However, scientific publications reporting the
information content of the commonly used bovine short
tandem repeat (STR) loci remains scarce. Population
studies were performed for 16 polymorphic STR loci
(BM1818, BM1824, BM2113, CSRM60, CSSM66,
ETH3, ETH10, ETH225, HAUT27, ILSTS006, INRA023,
SPS115, TGLAS3, TGLA122, TGLA126, and TGLA227)
including 4,162 randomly selected cattle representing 20
distinct breeds. The power of parental exclusion, expected
and observed heterozygosity, probability of identity, and
non-amplifying (“null”) allele frequencies were calculated.
Major differences existed in the information content
between different cattle breeds. The selection of 16 STR
loci, partially recommended by International Society for
Animal Genetics as the minimum standard needed for
bovine STR typing, was sufficient for forensic analysis.
Furthermore, the efficacy of the loci was assessed in
assigning unknown individuals to the correct breed based
on genotype data. The individual assignment tests provided
excellent success in several breeds.
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Introduction

The recently sequenced bovine (Bos taurus) genome
suggests a continued genetic exchange between wild cattle
populations during their coexistence over a wide geograph-
ical range [1]. At present, since the domestication event of
cattle several 1,000 years ago, more than 50 distinct breeds
are recognized. As a consequence of the close integration of
cattle into the food chain of humans, forensically relevant
cases involving cattle, such as identity forgery or cattle
theft, are relatively common. Some of these examples have
been published recently, demonstrating the relevance of this
issue in forensic casework [2]. However, population studies
detailing the information content of the majority of widely
used cattle short tandem repeat (STR) loci remains limited
[3, 4], making the application of these loci difficult,
especially in a forensic setting.

Bovine STR loci are extensively used for parentage
verification by the animal breeding industry, and the first
description of cattle microsatellites in the 1990s has
eventually led to international recommendations for these
loci in 1998 by the International Society for Animal
Genetics (ISAG); ISAG currently recognizes and has
validated in numerous interlaboratory comparison tests 12
microsatellite loci for routine use in bovine kinship analysis
(http://www.isag.org.uk/ISAG/all/ISAG2008 CattleParentage.
pdf). New challenges are now emerging for genotyping
laboratories because official organizations have initiated
recommendations and minimum requirements for identity
and kinship analysis. The International Committee for
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Animal Recording has recently instituted a working group
on guidelines of accreditation of DNA paternity testing in
cattle (www.icar.org). Recently, Budowle et al. [5] de-
scribed the recommendations that need to be implemented
by different laboratories for animal DNA forensic and
identity testing. As a first step in the improvements in
bovine genotyping, recently a proposal for a repeat-based
nomenclature of 16 microsatellite markers (BM1818,
BM1824, BM2113, CSRM60, CSSM66, ETH3, ETH10,
ETH225, HAUT27, ILSTS006, INRAO023, SPSI115,
TGLAS3, TGLA122, TGLA126, and TGLA227) was
published [6]. A second step in this process is the reporting
of large-scale population data, similar to the standard
operating procedure in humans and recently described in
other nonhuman species relevant in forensic casework, such
as cats [7, 8] and dogs [9—11]. Measures including power of
exclusion (PE) and the observed heterozygosity (HO) have
been used in bovine parentage verification to assess the
quality and power of routine analysis [ 12—14]. In this study,
based on a data set of 4,162 animals representing 20 breeds,
the efficacy of a set of 16 bovine STRs (BM 1818, BM 1824,
BM2113, CSRM60, CSSM66, ETH3, ETH10, ETH225,
HAUT27, ILSTS006, INRA023, SPS115, TGLAS53,
TGLA122, TGLA126, and TGLA227), all recommended
by the Food and Agriculture Organization of the UN (www.
fao.org), is reported for forensic investigations. This set of
16 STRs, which includes the 12 loci recommended by
ISAG for bovine parentage testing, is included in a
commonly used commercial kit (Finnzymes Diagnostics,
Espoo, Finland) and routinely employed by bovine geno-
typing providers. Recently, all 16 STR loci, originally
described as dinucleotide repeat sequences, were shown to
exhibit a simple or compound variable repeat structure [6],
and a proposal was presented for the allele nomenclature of
the 16 STR loci based on the number of repeat units and
adopted from the recommendations of the International
Society of Forensic Genetics (ISFG) for the nomenclature
of human STRs. Furthermore, Van de Goor et al. [6]
provide information on details such as locus name,
chromosomal location, repeat structure and sequence,
original reference, primer sequences, and size range of the
amplicon length. It is a natural addition to present
population data on the performance of the STR loci, as
presented in this publication. The genotype data of the STR
loci were used to assess marker statistics (PE, expected
heterozygosity (HE), HO, probability of identity (P;p), and
null allele frequencies). Furthermore, the improved power
of the 16 loci, compared to the 12 loci recognized by ISAG
as a minimum standard for identity and kinship analysis,
has been investigated. Finally, the reliability of individual
assignment tests in identifying the correct breeds of origin
of unknown samples, based on genotype data, was
explored.

@ Springer

Materials and methods
Samples and DNA extraction

The samples used in this study were collected between
February 2006 and February 2007. In total 4,162 samples
from 20 breeds (Table 1) were available, of which 75%
were hair root samples, 23% blood samples, and 2% semen
straws and other sample types. A limited number of breeds
originate from the Netherlands, i.e., Brandrood Cattle,
Dutch Friesian, Groningen Whiteheaded, Dutch Belted,
Verbeterd Roodbont, and Maas Rijn 1Jssel), whereas all
other breeds exist and are common throughout Europe and
North America. Genomic DNA was isolated using routine
procedures. For blood samples, 10 pl of blood was washed
three times in 150 pl Tris—HCL-based buffer. The cell
pellet was lysed with proteinase K (0.5 U for 45 min at
56°C followed by heat inactivation). For hair root samples,
approximately eight hair follicles were placed into a
polymerase chain reaction (PCR) tube and lysed with
proteinase K (6 U overnight at 56°C followed by heat
inactivation). For the DNA extraction from semen, a DNA
isolation kit was used according to the manufacturer’s
instructions (Puregene, Gentra Systems, Minneapolis, MN,
USA).

Table 1 Cattle breeds and sample numbers (V) included in this study

Breed Abbreviation Number
Blonde D’Aquitaine BA 165
Belgian Blue BBL 51
Brandrood Cattle BRR 41
Charolais CHL 28
Dexter DEX 428
Dutch Friesian FH 42
Groningen Whiteheaded G 24
Galloway GAL 88
Heck Cattle HEC 39
Hereford HER 62
Holstein Friesian HF 2,507
Holstein HOL 254
Limousin LIM 126
Dutch Belted LV 24
Marchigiana MAR 17
Maas Rijn IJssel MRY 41
Scottisch Highlander SH 118
Verbeterd Roodbont VRB 42
Wagyu WAG 20
Waldviertler Blondvieh WAL 45
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STR loci and PCR

Details about the 16 loci (BM1818, BM1824, BM2113,
CSRM60, CSSM66, ETH3, ETH10, ETH225, HAUT27,
ILSTS006, INRAO023, SPS115, TGLA53, TGLAI122,
TGLA126, and TGLA227) have been described by Van
de Goor et al. [6] (an electropherogram is presented in
Fig. 1 of the Electronic Supplementary Material). The
loci were genotyped using the Bovine Genotypes™
Panels 1.1 and 2.1 (Finnzymes Diagnostics). The com-
mercial kit was used according to the manufacturer’s
instructions.

Fragment analysis and allele calling

The products of the PCR reactions were separated
following the manufacturers’ instructions on an ABI 3100
sequencer with the capability to identify five fluorescent
dyes. The data were reviewed, and alleles were called using
GeneScan and Genotyper programs (Applied Biosystems,
Foster City, CA, USA) according to the manufacturer’s
instructions.

Statistical analysis of population data

The programs CERVUS 2.0 [15] and Park Microsatellite
Tool Kit [16] were used to calculate the average number of
alleles, PE in the absence of genetic information from the
other parent (PE1), PE if the DNA type of one known parent is
available (PE2), HO, and HE for every population. The table
with the original data as well as the frequency information is
available in the Electronic Supplementary Material.

The sibling probability of identity (sib Pip) and the
Hardy—Weinberg probability of identity (HW Prp) were
calculated using the program GENECAP [17].

Based on data from routing parentage verifications, it was
known that null alleles exist in the loci INRA023 and
HAUT27 in a limited number of (local) breeds. In cases for
which one parent was excluded only for locus INRA023 or
locus HAUT27 and this parent and the suspected offspring
were both homozygous for the locus, additional loci were
genotyped. If, after typing a total of 22 loci, the parent could
still be excluded only for that one locus, the presence of a null
allele was assumed. The presence of those null alleles was
recorded in a database, and their frequencies were calculated.

Table 2 Statistical parameters of 20 cattle breeds based on 12 ISAG-recognized loci

Breed PE1 PE2 HE HE (sd) HO HO (sd) # Alleles # Alleles (sd) HW Pip sib Pip

BA 0.9961 0.9999 0.7394 0.0286 0.7394 0.0099 7.00 245 5.8042E~-13 1.9054E-05
BBL 0.9907 0.9997 0.6908 0.0447 0.6977 0.0186 6.58 1.93 1.7344E-11 5.2269E-05
BRR 0.9801 0.9992 0.6661 0.0362 0.6585 0.0214 5.75 1.86 1.5085E-10 8.9079E-05
CHL 0.9834 0.9994 0.6444 0.0538 0.6488 0.0260 6.25 2.45 5.5851E-11 8.8733E-05
DEX 0.9897 0.9997 0.7087 0.0282 0.6910 0.0064 6.92 2.07 1.0713E-11 3.5946E—-05
FH 0.9957 0.9999 0.7191 0.0428 0.7004 0.0204 7.25 2.67 1.2738E-12 2.9015E-05
G 0.9135 0.9935 0.5688 0.0400 0.5833 0.0291 4.75 0.75 2.4532E-08 4.6570E—04
GAL 0.9730 0.9987 0.6175 0.0471 0.5464 0.0153 6.42 243 2.6957E-10 1.2387E—04
HEC 0.9503 0.9965 0.5939 0.0517 0.5769 0.0228 4.50 1.62 5.7119E-09 2.8087E—04
HER 0.9865 0.9995 0.6999 0.0262 0.7030 0.0168 5.67 1.61 3.2483E-11 4.7772E-05
HF 0.9945 0.9999 0.7207 0.0279 0.7216 0.0026 9.33 3.75 2.2500E-12 2.7805E-05
HOL 0.9931 0.9998 0.7161 0.0241 0.7208 0.0081 7.75 2.53 4.4335E-12 3.1122E-05
LIM 0.9956 0.9999 0.7452 0.0205 0.7454 0.0112 7.50 2.32 8.3602E-13 1.9575E-05
LV 0.9876 0.9996 0.6791 0.0591 0.7014 0.0270 5.25 1.82 4.9785E-11 7.0738E-05
MAR 0.9622 0.9977 0.6481 0.0321 0.5490 0.0348 4.75 1.29 8.4960E-10 1.3585E-04
MRY 0.9892 0.9997 0.7086 0.0281 0.7500 0.0195 5.83 1.85 1.4346E-11 4.0911E-05
SH 0.9571 0.9972 0.6239 0.0372 0.6095 0.0130 433 0.89 2.3307E-09 1.7690E—04
VRB 0.9947 0.9998 0.7233 0.0330 0.7262 0.0199 7.17 3.21 1.3893 E-12 2.6739E-05
WAG 0.9423 0.9956 0.6136 0.0344 0.6667 0.0304 4.58 1.00 2.7596E-09 1.8737E-04
WAL 0.9781 0.9991 0.6470 0.0412 0.6593 0.0204 5.83 1.95 1.4694E—-11 4.4248E-05

PEI power of exclusion in the absence of genetic information from the other parent, PE2 power of exclusion if the DNA type of one known
parent is available, HE expected heterozygosity, HE (sd) standard deviation HE, HO observed heterozygosity, HO (sd) standard deviation HO, #
Alleles average number of alleles, # Alleles (sd) standard deviation # alleles, HW P;, Hardy—Weinberg probability of identity, sib P;p sibling

probability of identity
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The accuracy of assigning individuals to the breed of
origin based on genotype data was studied using individual
assignment tests, implemented in the program GeneClass
v.2.0 g [18]. The program includes several assignment
methods, but only the Bayesian statistical approach was
applied due to its known efficacy [19]. Assignment success
was assessed using at least 15 individuals per breed, all
having a complete 16-locus genotype.

Results and discussion

Assuming one known parent, the 12 loci recognized as a
minimum standard by ISAG had a PEl for all breeds
combined of 0.9777. Assuming two known parents, the 12
loci exhibited a PE2 of 0.9987. When using 16 loci, PE1
increased to 0.9936 and PE2 to 0.9998. Based on the 12
ISAG loci, the major breed of this study, i.e., Holstein
Friesian, exhibited a PE1 of 0.9945 and a PE2 of 0.9999
(Table 2). Using 16 loci, Holstein Friesians showed a PE1
of 0.9989 and a PE2 of 0.9999 (Table 3). Furthermore,
based on the 12 ISAG-recommended loci, the breed with
the lowest PE1 (the local Dutch breed Groningen White-
headed) had a PEl of only 0.9135 and PE2 of 0.9935

(Table 2). With the additional four loci, PE1 in this breed
increased to 0.9818 and PE2 to 0.9996 (Table 3). Notably,
when using 12 loci, only four breeds reached a PE2 of
0.9999 (Table 2). However, when using 16 loci, only five of
the 20 breeds exhibited a PE2 lower than 0.9999 (Table 3).

The HE for 12 loci was lowest in the Groningen
Whiteheaded (0.57, Table 2), and the HE for 16 loci was
lowest in the Heck Cattle breed (0.59, Table 3). The HO for
12 and for 16 loci was lowest in Galloway Cattle (0.55 and
0.56, respectively; Tables 2 and 3). The average number of
alleles calculated for 12 loci was lowest in the Scottisch
Highlander (4.33, Table 2) and for 16 loci the average
number of alleles was lowest in the Heck Cattle breed
(4.25, Table 3).

Both the overall HW Pjp and sib Pyp across the 12
ISAG-recognized loci were lowest for Blonde D’ Aquitaine
(5.80E—13 and 1.91E—05, respectively; Table 2) and high-
est for Groningen Whiteheaded (2.45E—08 and 4.66E—04,
respectively; Table 2). Both the overall HW P;p and sib Pip
based on the 16 loci were lowest for Blonde D’aquitaine
(3.61E—17 and 4.64E—07, respectively; Table 3) and high-
est for Heck Cattle (1.69E—11 and 2.12E—05, respectively;
Table 3). The results for the two Pjp calculation methods
hence had a close association, but the HW Pjp-based values

Table 3 Statistical parameters of 20 cattle breeds based on 16 microsatellite loci

Breed PE1 PE2 HE HE (sd) HO HO (sd) # Alleles # Alleles (sd) HW Prp sib Pip

BA 0.9994 0.9999 0.7445 0.0225 0.7492 0.0084 7.38 2.39 3.6135E-17 4.6444E-07
BBL 0.9988 0.9999 0.7112 0.0353 0.7169 0.0158 6.88 1.86 9.3268E—-16 1.2303E-06
BRR 0.9950 0.9999 0.6675 0.0333 0.6677 0.0184 5.81 1.76 6.2547E-14 3.7793E-06
CHL 0.9980 0.9999 0.6819 0.0437 0.6920 0.0218 6.44 2.16 1.8725E-15 1.8179E-06
DEX 0.9982 0.9999 0.7198 0.0218 0.6985 0.0055 7.06 1.88 9.7739E-16 9.0543E-07
FH 0.9994 0.9999 0.7346 0.0328 0.6830 0.0179 7.13 2.33 7.2897E-17 6.5354E-07
G 0.9818 0.9996 0.6082 0.0357 0.6198 0.0248 4.94 0.85 4.3745E-12 1.4586E—05
GAL 0.9928 0.9999 0.6280 0.0385 0.5589 0.0132 6.63 2.19 9.1643E-14 4.9362E—06
HEC 0.9790 0.9993 0.5875 0.0454 0.5673 0.0198 4.25 1.57 1.6876E—11 2.1152E-05
HER 0.9979 0.9999 0.7143 0.0217 0.7137 0.0144 5.88 1.50 2.2681E—15 1.1730E—06
HF 0.9989 0.9999 0.7221 0.0217 0.7223 0.0022 9.19 3.27 3.4939E-16 8.1949E-07
HOL 0.9983 0.9999 0.7156 0.0195 0.7175 0.0071 7.69 233 9.8730E—16 1.0128E—06
LIM 0.9991 0.9999 0.7391 0.0176 0.7297 0.0099 7.50 2.07 1.4851E-16 6.3615E-07
LV 0.9965 0.9999 0.6825 0.0447 0.6849 0.0237 5.19 1.60 2.6860E—14 2.8644E—06
MAR 0.9902 0.9998 0.6554 0.0277 0.5882 0.0298 5.06 1.29 2.8239E-13 5.5714E-06
MRY 0.9982 0.9999 0.7235 0.0220 0.7637 0.0166 6.00 1.71 1.1834E~-15 9.8974E-07
SH 0.9820 0.9995 0.6101 0.0348 0.5900 0.0113 4.38 0.81 6.0064E—12 1.3015E-05
VRB 0.9992 0.9999 0.7344 0.0257 0.7247 0.0172 7.19 2.81 8.7031E-17 6.3130E-07
WAG 0.9745 0.9991 0.6095 0.0271 0.6469 0.0267 4.38 0.96 7.6389E—-12 1.3666E—05
WAL 0.9947 0.9999 0.6500 0.0371 0.6708 0.0175 5.94 1.84 2.8006E—15 1.5663E—06

PE1 power of exclusion in the absence of genetic information from the other parent, PE2 power of exclusion if the DNA type of one known
parent is available, HE expected heterozygosity, HE (sd) standard deviation HE, HO observed heterozygosity, HO (sd) standard deviation HO, #
Alleles average number of alleles, # Alleles (sd) standard deviation # alleles, HW P;, Hardy—Weinberg probability of identity, sib P;p sibling

probability of identity
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were much lower than the more conservative sib Pip.
Furthermore, the P;p based on 16 loci was much more
powerful than that based on only 12 loci (Tables 2 and 3).

Regarding the individual loci, the average PE2 and HO,
combined for all breeds, was lowest for the locus SPS115
(0.33 and 0.49, respectively; Tables 4 and 5), and the HW
Pip was highest for this locus (0.29; Table 6). The PE2 and
HO were highest for the locus TGLAS3 (0.61 and 0.76,
respectively; Tables 4 and 5), whereas the HW P;p was
lowest for TGLA227 (0.08; Table 6).

Alleles were identified and grouped according to their
estimated fragment length using fixed allelic bins encom-
passing one base pair. In order to improve forensic
standards in cattle, the population data presented in this
study provide extensive information on a selection of loci
used by many laboratories, comparing the power of the 12
ISAG-recognized loci with a set containing 16 loci. The 12
loci recognized by ISAG are, in several cases, insufficient
for a reliable analysis. Therefore, it is recommended that the
number of recognized loci by ISAG should increase. On
average, the 16-locus system used in this study is
sufficiently powerful for resolving forensic parentage and
kinship analysis, as the PE2 value reached a minimum of
0.9993 in all breeds. Selection of the 12 loci recommended
as a minimum set by the ISAG was a long process,
involving several rounds of interlaboratory comparison
tests, which started during the 1990s by selecting the first
nine followed by the selection of three additional markers
in 2008. Following the eventual recommendations of the
ISAG, the loci have been extensively used, and large
databases have been generated. Hence, while it could be
argued that some of the 12 loci display low polymorphism
in some important breeds (e.g., TGLA122 in Dexter Cattle
or SPS115 in Belgian Blue), it is not a realistic nor a good
recommendation to replace any of the 12 loci. Instead, it is
best to increase the number of loci to attain statistical values
suitable for forensic applications, as has been done in this
study.

Based on data from parentage verification cases, null
alleles were identified in the Blonde D’Aquitaine breed for
the locus INRAO023 (frequency 0.036). For the locus
HAUT27, null alleles were found in Blonde D’Aquitaine
(0.006), Charolais (0.014), Dutch Friesian (0.007), Holstein
Friesian (0.0002), and in the Limousin breeds (0.006). The
presence of null alleles in loci (INRA023 and HAUT27) is
undesirable for legal case work. Because INRA023 is one
of ISAG-recognized loci, it is not recommendable to
replace this locus, but instead, the null alleles should be
sequenced and primers modified to prevent the problem.
Based on the results of this study, replacement of the locus
HAUT27 could be considered.

The ISAG loci were not initially selected based on large-
scale scientific studies dealing with their informativeness.
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Therefore, reporting such data for all relevant breeds is
important. Only after reviewing such data can the statistical
power of the analysis be objectively assessed by the
forensic community. While we provide here results for 20
cattle breeds, some important breeds are still missing from
our data set (e.g., Angler, Ayrshire, Brown Swiss, Guern-
sey, Jersey, Montbeliarde, and Simmental), and their
inclusion in later studies is warranted.

Statistical methods that estimate the probability of
sampling identical genotypes using theoretical equations
generally assume random associations between alleles
within and among loci. These calculations may be subject
to some inaccuracy for some animal populations due to
population substructure. In any case, the probability of
identity estimates calculated in this study confirm that the
16 loci should provide sufficient information for forensic
analyses involving the identity of individual samples.

When using a data set consisting of complete 16-locus
genotypes, the overall proportion of individuals correctly
assigned to a breed was 88.2%. The individual assignment
tests provided excellent assignment success in some of the
breeds, and a total of 11 cattle breeds had >90% success in
assignment of individuals into their correct reference
populations, of which four breeds (Dexter, Heck Cattle,
Hereford, and Wagyu breeds) showed 100% assignment
success (Table 7). If similar power was also a reality in all
other breeds, individual assignment tests could prove very

Table 7 Individual assignment success reached in the cattle breeds
using 16 loci

Breed Assignment success (%)
BA 98.2
BBL 96.1
BRR 77.3
CHL 85.7
DEX 100
FH 73.8
G 95.8
GAL 83
HEC 100
HER 100
HF 54.9
HOL 67.7
LIM 97.6
LV 95.8
MAR 82.4
MRY 87.8
SH 97.5
VRB 76.2
WAG 100
WAL 93.3
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useful for numerous forensic applications. For example,
they could be applied for determining the breed of origin of
a meat or dairy product, as has been attempted in some
earlier studies [20, 21]. However, based on our large-scale
data, assignment success is too low for most breeds for
such applications when using 16 polymorphic loci. In
concordance with simulation studies [19], assignment
success in cattle is clearly improved when increasing the
number of loci from 12 to 16 (data not shown).

The routine set of 16 STR loci of our study may be the
choice for routine forensic casework, as they are easy to
type and display short fragment lengths, a fact that is
important for the analysis of genomic DNA. The forensic
usefulness of the cattle STR loci was further advanced by
the recent publication of a repeat-based nomenclature
system for the 16 bovine STR loci [6] as advocated by
the ISFG recommendations. Finally, it is necessary to
generate a community-wide allelic ladder for the 16 STR
loci; this can be accomplished based on the allele sequence
data and the repeat-based nomenclature.
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