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Abstract. The aim of the present study was twofold: first, to
design a panel of 96 sires that reflects the breadth of genetic
diversity in U.S. beef cattle, and second, to use this panel to dis-
cover nucleotide sequence diversity and haplotype structures of
interleukin (IL)-8 in commercial populations. The latter is a req-
uisite for epidemiological studies designed to test whetherIL8
alleles are risk factors for acquiring or maintaining bacterial in-
fections in production environments.IL-8 encodes a proinflamma-
tory cytokine that plays a central role in cell-mediated immunity
by attracting and activating neutrophils in the early stages of host
defense against bacterial invasion. Seven single-nucleotide poly-
morphism (SNP) markers were identified by sequencing twoIL8
DNA segments amplified from the panel of 17 popular cattle
breeds (MARC beef cattle diversity panel, version 2.1). Assays for
automated genotype scoring by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS)
were developed to independently verify the seven SNP alleles in
the 96 bulls and 313 cattle from the MARC reference population.
Five haplotype structures, spanning the twoIL8 DNA segments,
were unambiguously defined for the set of sevenIL8 SNPs. Based
on the breadth of germplasm in bovine diversity panel, the five
haplotype structures forIL8 are estimated to represent >98% of
those present in these DNA segments in commercial populations
of U.S. beef cattle. The frequencies of the five respective haplo-
types in the eight Angus sires of the diversity panel (0.75, 0.25,
0.00, 0.00, 0.00) were similar to those scored in 150 purebred
Angus cattle from six herds in four Midwestern states (0.82, 0.18,
0.01, 0.00, 0.00), suggesting that the diversity panel may also be
useful for estimating allele frequencies in commercial populations.

Introduction

Infectious diseases in cattle are a significant source of economic
loss and represent a potential risk to human health (Buzby et al.
1996). Improvements in herd health and food safety may result if
individuals with the highest risk for infectious disease are elimi-
nated from the production cycle. Our aim is to utilize an animal’s
DNA sequence information to estimate its risk of acquiring or
maintaining infections.

Predicting an individual’s genetic predisposition for infection
from its DNA sequence will be a complex undertaking and require
specific knowledge of genotype/phenotype associations in popu-
lations exposed to a variety of environmental conditions (Terwil-
liger and Goring 2000). One route for identifying these associa-
tions begins with case-control studies of gene regions that have a

fundamental biological relationship to the phenotype (Lander and
Schork 1994; Collins and Morton 1998). Two general strategies
have been proposed for utilizing single-nucleotide polymorphism
(SNP) markers to elucidate genotype/phenotype associations in
case-control studies. The first is a direct approach that aims to
identify each SNP over the entire candidate gene region to directly
identify the disease-predisposing mutation. The second is an indi-
rect approach that aims to identify a fraction of SNPs within the
candidate gene region and detect the disease-predisposing muta-
tion through linkage disequilibrium. The latter approach is popular
because it requires fewer SNPs and has the potential of detecting
allelic associations with disease-predisposing mutations across a
wider genomic region. When this latter approach is combined with
well-designed case-control studies, an association may be detected
if the marker allele occurs at a significantly higher frequency in
affected individuals compared with control individuals (Lander
1996; Collins et al. 1997, 1999; Chakravarti 1999; Kruglyak 1999;
Terwilliger and Goring 2000). Because the information content of
an individual SNP is inherently low (biallelic), the set of SNP
alleles residing on a specific segment of a chromosome may be
used as a group (i.e., DNA segment haplotype) to discern addi-
tional allelic variants in the candidate gene DNA segment. Hap-
lotype analysis of candidate genes in target populations is impor-
tant because it lends needed power to SNP-association studies
designed to detect the disease-predisposing mutations through
linkage disequilibrium (Wright et al. 1999; Zollner and von
Haeseler 2000).

A previous report demonstrated an increased abundance ofIL8
RNA in bovine epithelial cells in response toEscherichia coli
O157:H7 lipopolysaccharide (Heaton et al. 1999).IL8 encodes a
proinflammatory cytokine that attracts and activates neutrophils in
the early stages of host defense against bacterial invasion (Zlotnik
et al. 1999). Two haplotypes were described in the MARC refer-
ence cattle population for anIL8 DNA segment spanning intron 2
(Heaton et al. 1999). Whereas these two haplotype alleles were
sufficient for determining theIL8 location on the bovine linkage
map, efficient use of gene-based SNP markers in commercial
populations of cattle will require: 1) identification of the majority
of haplotype alleles for each gene; 2) development of robust, ac-
curate assays for scoring the genotypes; and 3) estimation of allele
frequencies in relevant breeds (Heaton et al. 2001). The present
report identifies five haplotype structures forIL8, four matrix-
assisted laser desorption/ionization time-of-flight mass spectrom-
etry (MALDI-TOF MS) genotype assays for automatically scoring
the seven SNPs, and provides an estimation of the allele and ge-
notype frequencies in 17 breeds from commercial populations.

Materials and methods

Animal groups and genomic DNA samples.Animal pedigrees from
leading suppliers of U.S. beef cattle semen were analyzed by breed and
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Table 2. Composition of MARC beef cattle diversity panel, version 2.1.

Animal group Registrationsa
Fraction of total
registrationsb

Animal
genomes
in panel

Unshared
haploid
genomesc

Minimum allele
frequency required
for its detectiond

Angus 239,476 0.32 8 15.7 0.17
Hereford 106,608 0.14 8 15.9 0.17
Limousin 61,462 0.08 8 15.6 0.18
Simmental 51,390 0.07 7 13.8 0.20
Charolais 49,223 0.07 6 11.7 0.23
Beefmaster 47,349 0.06 5 9.5* 0.27
Red Angus 33,875 0.05 6 11.8 0.22
Gelbvieh 30,178 0.04 6 11.5 0.23
Brangus 27,727 0.04 5 9.3 0.28
Salers 20,144 0.03 5 9.0* 0.28
Brahman 16,000 0.02 6 12.0 0.22
Shorthorn 15,474 0.02 5 9.9 0.26
Maine-Anjou 12,300 0.02 5 10.0* 0.26
Texas Longhorn 12,000 0.02 4 7.8* 0.32
Santa Gertrudis 11,000 0.01 4 8.0 0.31
Chianina 7,864 0.01 4 7.9 0.32
Other beef breeds 7,205 0.01 0 nae na
Beef total: 749,275 1.00 92 179.2 0.017
Holstein 312,116 0.80 4 7.9* 0.32
Other dairy breeds 78,867 0.20 0 na na
Dairy total: 390,983 1.00 4 7.9 0.32

Total 1,140,258 na 96 187.1 0.016

aNational Pedigreed Livestock Council Annual Report, February 1999.
bFraction of either total beef or dairy registrations, respectively.
cAn average based on shared ancestors in pedigrees with at least four generations present. Asterisk (*) denotes the presence of some pedigrees with only three generations. Sires
within breed were selected first on genetic relatedness and second on availability of semen.
dThis “threshold” frequency was defined as the minimum allele frequency at which the probability of observing the allele at least once in an animal group was 0.95. The
probability of observing an allele at least once is 1 − (1 − p)n where “p” is the frequency of the allele and “n” is the number of independent samplings, or, in this case, the number
of unshared haploid genomes for diploid organisms. This assumes that samplings (haploid genomes) are independent and identically distributed (thesame p applies to all animals).
Setting power or the probability of observing the allele at least once to 0.95 results in the equation: 0.954 1 − (1 − p)n. Solving this equation for p yields p4 1 − (0.05)1/n

for all p between 0 and 1.
eNot applicable.

Table 1. Oligonucleotides forIL-8 amplification, DNA sequencing, and MALDI-TOF MS genotyping.

DNA
segmenta

SNP
marker Oligo Oligo sequenceb Orientation Function

Termi-
nation
mixture

Mass
(m/z)c

Multiplex
marker(s)

Annealing
temp. (°C)

Amplicon
length (bp)

IL8DS5 —d AF061521:2U21 cacattccacacctttctacc Sense amplification — — — 55 318
IL8DS5 — AF061521:302L18 cttcaaacaccaccttgc Antisense amplification — — — 55 318
IL8DS5 — AF061521:302L18B2 B2-cttcaaacaccaccttgc Antisense amplification — 5932.6 — 55 318
IL8DS5 — AF061521:42U21 tgagagttattgagagtgggc Sense sequencing — — — 62 —
IL8DS5 — AF061521:274L22 agtcatggttccttgagtacag Antisense sequencing — — — 62 —
IL8DS5 AH2-1 AH2-1.19U19 ggtactaggagtacatagt Sense PROBE primer ddA/ddT 5891.9 AH2-2 40 —
IL8DS5 AH2-1 AH2-1.19U20AT.A ggtactaggagtacatagta Sense A allele analyte ddA/ddT 6189.1 AH2-2 40 —
IL8DS5 AH2-1 AH2-1.19U21AT.G ggtactaggagtacatagtga Sense G allele analyte ddA/ddT 6518.3 AH2.2 40 —
IL8DS5 AH2-2 AH2-2.16U16 agtcagcctagaattg Sense PROBE primer ddA/ddT 4905.3 AH2-1 40 —
IL8DS5 AH2-2 AH2-2.16U17AT.A agtcagcctagaattga Sense A allele analyte ddA/ddT 5202.5 AH2-1 40 —
IL8DS5 AH2-2 AH2-2.16U18AT.C agtcagcctagaattcga Sense C allele analyte ddA/ddT 5820.9 AH2-1 40 —
IL8DS5 AH2-3 AH2-3.22U22 ttagtcagcctagaattgagac Sense PROBE primer ddA/ddT 6696.5 — 40 —
IL8DS5 AH2-3 AH2-3.22U23AT.A ttagtcagcctagaattgagaca Sense A allele analyte ddA/ddT 7055.7 — 40 —
IL8DS5 AH2-3 AH2-3.22U24AT.G ttagtcagcctagaattgagacgt Sense G allele analyte ddA/ddT 7375.9 — 40 —

IL8DS4 — AF061521:487U21 atcctttttccattgcttcta Sense amplification — — — 55 344
IL8DS4 — AF061521:814L17 aaggcgcagttcaacag Antisense amplification — — — 55 344
IL8DS4 — AF061521:814L17B1 B1-aaggcgcagttcaacag Antisense amplification — 5633.5 — 55 344
IL8DS4 — AF061521:509U21 gaattcctcagtaaagatgcc Sense sequencing — — — 62 —
IL8DS4 — AF061521:775L18 caggtgagggttgcaaga Antisense sequencing — — — 62 —
IL8DS4 AH2-4 AH2-4.16U16 tgtgggtctggtgtag Sense PROBE primer ddA/ddT 4999.3 AH2-7 40 —
IL8DS4 AH2-4 AH2-4.16U17AT.A tgtgggtctggtgtaga Sense A allele analyte ddA/ddT 5296.5 AH2-7 40 —
IL8DS4 AH2-4 AH2-4.16U19AT.G tgtgggtctggtgtagggt Sense G allele analyte ddA/ddT 5945.9 AH2-7 40 —
IL8DS4 AH2-5 AH2-5.17U17 gaatattttttcagtgt Sense PROBE primer ddC/ddG 5205.5 AH2-6 40 —
IL8DS4 AH2-5 AH2-5.17U18.CG.C gaatattttttcagtgtc Sense C allele analyte ddC/ddG 5478.6 AH2-6 40 —
IL8DS4 AH2-5 AH2-5.17U19.CG.T gaatattttttcagtgttg Sense T allele analyte ddC/ddG 5822.9 AH2-6 40 —
IL8DS4 AH2-6 AH2-6.20U20 tcctgcttttttgttttcgg Sense PROBE primer ddC/ddG 6000.0 AH2-5 40 —
IL8DS4 AH2-6 AH2-6.20U21.CG.C tcctgcttttttgttttcggc Sense C allele analyte ddC/ddG 6335.2 AH2-5 40 —
IL8DS4 AH2-6 AH2-6.20U26.CG.T tcctgcttttttgttttcggtttttg Sense T allele analyte ddC/ddG 7896.2 AH2-5 40 —
IL8DS4 AH2-7 AH2-7.21U21 tttgttaatcttgcaaccctc Sense PROBE primer ddA/ddT 6322.2 AH2-4 40 —
IL8DS4 AH2-7 AH2-7.21U22AT.A tttgttaatcttgcaaccctca Sense A allele analyte ddA/ddT 6619.4 AH2-4 40 —
IL8DS4 AH2-7 AH2-7.21U25AT.G tttgttaatcttgcaaccctcgcct Sense G allele analyte ddA/ddT 7518.0 AH2-4 40 —

aAmplicon sequences for IL8DS5 and IL8DS4 are contained within GenBank reference sequence AF061521.
bSequences listed 58 to 38. B1 is biotin with mass 406.4 Da; B2 is biotin with mass 569.6 Da.
cMass-to-change ratio.
dNot applicable.
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sorted to identify sires with the minimum amount of shared relation-
ships. DNA was extracted from semen as previously described (Heaton
et al. 2001), and 5-ml aliquots of 10 ng/ml solutions were arrayed in
96-well microtiter plates with a Multimek 96-channel pipetting instru-

ment (Beckman Coulter Inc., Fullerton, Calif.). The resulting plates of
DNA samples (MARC beef cattle diversity panel, version 2.1; MBCDP2.1)
were dried in laminar flow hoods, sealed with adhesive tape, and stored
at room temperature until use. The MARC reference cattle popu-
lation (Bishop et al. 1994) was used as a source of DNA for vali-
dating SNP segregation and detecting allele amplification problems. An
additional 79 progeny were included (262 total) to increase the power of
segregation analysis in 313 members of the reference population and
thereby screen against markers displaying non-Mendelian inheritance pat-
terns. DNA from this population was arrayed in 96-well microtiter plates
as described above and was stored at room temperature until use. To
compare allele frequencies between Angus sires in MBCDP2.1 with those
in larger commercial populations, DNA from 150 purebred Angus cattle
sampled from six herds in four Midwestern states was arrayed 96-well
microtiter plates as described above. The herd selection was based on the
owners’ willingness to cooperate. The four American bison genomic
samples used for comparison were described elsewhere (Heaton et al.
2001).

PCR amplification, DNA sequencing, and MALDI-TOF MS
assays.Primers (Table 1) were designed from DNA sequence informa-
tion present in the National Center for Biotechnology Information data-
bases (http:/www.ncbi.nlm.nih.gov, GenBank accession no. AF061521)
with primer analysis software Oligo version 6.0 (Molecular Biology In-
sights, Inc., Cascade, Colo.). Two regions ofIL8 were targeted for ampli-
fication. The first region (bIL8DS5) encompassed the two previously
known SNPs (AH2-1, AH2-2). The second region (bIL8DS4) encom-
passed a portion of exon 4 that is predicted to encode 38 untranslated
mRNA. In each case, the selection of amplification primers was influenced
by the availability of known genomic sequence and the prediction of strin-
gent amplification. For early detection of major allele amplification prob-
lems (e.g., amplification of more than one genomic region), primers were
first used to amplify four families (24 individuals) in the MARC reference
population and screened against the presence of apparent heterozygous
sites in all individuals. Amplicons were then tested with individuals in the
MBCPD2.1, and PCR products were sequenced from both strands with
nested primers (Table 1) as previously described (Grosse et al. 1999).
Animal sequences from both strands were analyzed with polyphred soft-
ware (Nickerson et al. 1997) in conjunction with the phred/phrap/consed
software (Ewing and Green 1998; Ewing et al. 1998; Gordon et al. 1998).
Candidate SNPs were manually identified with consed software and veri-
fied with a MALDI-TOF MS system that used primer oligonucleotide base
extension (PROBE), nano-liter dispensing of extension products onto sili-
con chips (Sequenom, Inc., San Diego, Calif.) (Little et al. 1997c), and
fully automated mass spectrometric analysis. A description of the reagents
and analytes for theIL8 MALDI-TOF MS assays is provided in Table 1.
The principles of the PROBE assay and chip-based mass spectrometry
(Braun et al. 1997; Little et al. 1997a, 1997b, 1997c) and the technical
procedures (Heaton et al. 2001) were previously described. MALDI-TOF
MS assays of candidate SNPs were used to score the MBCDP2.1, and the
genotypes were compared with those obtained by electrophoretic DNA
sequence. SNPs that were apparent by both methods were further charac-
terized by segregation analysis with 313 members of the MARC reference
population. SNPs with apparent Mendelian inheritance patterns were ad-
vanced to haplotype analysis.

IL8 haplotype assignment.Segregation analysis was used to assign
haplotypes that were present in 28 founders of the MARC reference popu-
lation. In addition, some animals from commercial populations contained
homozygous genotypes, and thus their haplotypes were unambiguously
assigned. Remaining haplotypes were assigned by sequencing a set of
individual cloned PCR products from heterozygous sires as previously
described (Heaton et al. 2001).

Results

Panel design for SNP discovery in U.S. beef cattle.A panel of
animal DNA was assembled to broadly sample the genetic diver-
sity of commercial populations, yet limit the group to 96 samples
for automated DNA sequencing and genotype analysis (Table 2).
This animal group contained 92 sires from 16 beef breeds and four
sires from one dairy breed. The beef breeds comprise greater than

Fig. 1. Physical maps of bovineIL8 and MALDI-TOF MS spectra ofIL8
SNP markers. PanelA: Comparison of the complete humanIL8 sequence
(GenBank accession number M28130, (Mukaida et al. 1989) and the partial
bovine IL8 sequences. The partial bovine mRNA sequence was recon-
structed from GenBank accession numbers S82598 (Morsey et al. 1996)
and AF061521 (Heaton et al. 1999); the latter sequence was edited to
include new amplicon sequence (intron 3, 1268 bp) generated with ampli-
fication primers AF061521:2U21 and AF061521:814L17. The symbol leg-
end is as follows: shaded rectangles, genomic exon regions; lines connect-
ing shaded rectangles, introns; open rectangles, cDNA sequence; dashed
vertical lines, ends of partial cDNA sequences; and solid arrows, coding
sequence. The SNP marker names in the MARC cattle database (http://
sol.marc.usda.gov) begin with an “AH” prefix, and their relative position is
indicated by vertical lines within the amplicon. PanelB: MALDI-TOF MS
spectra of sevenIL8 SNP markers for heterozygous individuals. Assays
were developed and executed as described in the Methods section. All
spectral peaks represent singly charged ions whose mass-to-charge ratio
(m/z) was compared with calibrates for mass determination. The respective
masses for each indicated SNP spectral peak (allele analyte) are presented
in Table 1.
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99% of the germplasm used in the U.S. beef cattle industry, based
on the number of registered progeny for each breed (NPLC Report
1999). The number of animals used for each breed group was
influenced by the number of registered progeny and the probability
of allele detection (Table 2, footnote “d”). The lower limit (four
genomes) allows identification of the “major” alleles in the breed
group (frequencies greater than 0.32). The upper limit (eight ge-
nomes) increases the ability to detect “minor” alleles in the breed
group (frequencies between 0.17 and 0.32). For selection of indi-
vidual sires within each breed, the aim was to maximize the total
number of unshared haploid genomes by selecting sires with few
relationships within and between pedigrees. The resulting panel of
96 sires (MBCDP2.1) was estimated to contain 187 unshared hap-
loid genomes and was expected to allow a 95% probability of
detecting any allele with a frequency greater than 0.016 in the
group.

Identification of IL8 SNPs in cattle.Two regions of theIL8 gene
were targeted for PCR amplification for use in SNP discovery (Fig.
1A; exon2/intron 2, exon 4). Comparison of the DNA sequences
amplified from 187 haploid genomes in MBCDP2.1 showed that
the consensus sequences for both amplicons were 100% identical
to their respective regions of bovineIL8 (GenBank accession no.
AF061521). The sequence alignment also indicated seven sites for
candidate SNPs, two of which were known to be present in the
MARC reference population (Heaton et al. 2000).

Four MALDI-TOF MS assays were used to confirm the animal
genotypes from electrophoretic sequencing and score the allele and
genotype frequencies in 96 sires from MBCDP2.1 and 313 mem-
bers of the MARC reference population. Both alleles from all
seven SNPs were observed in MALDI-TOF MS assays with the
discovery panel (Fig. 1B). Five of the seven SNP markers were

present in the reference population (AH2-1, 2, 4, 5, and 7), and the
observed segregation was consistent with the expected Mendelian
patterns. Based on the correspondence of genotypes from two
methods and the consistent segregation of individual SNPs, these
sevenIL8 SNPs appear to be genuine, and the four MALDI-TOF
MS assays appear to provide accurate automated genotype scoring.

Although the SNP discovery panel, MBCDP2.1, was primarily
designed to capture the breadth of allelic diversity in commercial
populations, it was suggested that this panel may also provide a
useful estimation of SNP allele and genotype frequencies for com-
mercial herds of purebred cattle. This hypothesis was tested by
scoring the sevenIL8 SNP genotypes in 150 purebred Angus cattle
sampled from six herds in four Midwestern states and comparing
the SNP frequencies with the eight Angus sires present in the
MBCDP2.1. Analysis of all sevenIL8 SNPs showed little differ-
ence between the allele and genotype frequencies averaged for six
Angus herds and those from the MBCDP2.1 Angus sires. This
result suggests that the allele frequencies summarized from the
MBCDP2.1 (Table 3) may be useful in predicting which SNPs
have optimum informativity in various breeds and provide a rea-
sonable starting point for designing genetic tests that are broadly
applicable in commercial populations.

Two features are apparent from the haplotype frequencies
presented in Table 3. First, some SNPs were present in 16 of
the 17 breeds (e.g., AH2-5), whereas one SNP was apparent in
only a single heterozygous Brahman sire (AH2-3). Second, some
pairs of SNPs were tightly linked, i.e., had identical allele and
genotype frequencies in all groups. For example, the “A” allele
frequency of AH2-4 is identical to the “T” allele frequency of
AH2-5, regardless of which animal group is analyzed. Thus, if one
site had contained the causal mutation for a hypothetical pheno-
type, the other site would be a useful marker for the adjacent

Table 3. SNP allele and genotype frequencies forIL8 in beef cattlea.

AH2-1 AH2-2 AH2-3

Allelec Genotype Allele Genotype Allele Genotype
Animal Groupb G A G,G G,A A,A A C A,A A,C C,C G A G,G G,A A,A

Angus MBCDP2.1 0.75 0.25 0.63 0.25 0.13 0.75 0.25 0.63 0.25 0.13 1.00 — 1.00 — —
Angus Herds 1 to 6 combined 0.82 0.18 0.68 0.28 0.04 0.82 0.18 0.68 0.28 0.04 1.00 — 1.00 — —

Angus Herd 1 0.58 0.42 0.33 0.50 0.17 0.58 0.42 0.33 0.50 0.17 1.00 — 1.00 — —
Angus Herd 2 0.77 0.23 0.65 0.26 0.10 0.77 0.23 0.65 0.26 0.10 1.00 — 1.00 — —
Angus Herd 3 1.00 — 1.00 — — 1.00 — 1.00 — — 1.00 — 1.00 — —
Angus Herd 4 0.95 0.05 0.89 0.11 — 0.95 0.05 0.89 0.11 — 1.00 — 1.00 — —
Angus Herd 5 0.80 0.20 0.61 0.39 — 0.80 0.20 0.61 0.39 — 1.00 — 1.00 — —
Angus Herd 6 0.86 0.14 0.76 0.19 0.05 0.86 0.14 0.76 0.19 0.05 1.00 — 1.00 — —

HerefordMBCDP2.1 0.94 0.06 0.88 0.13 — 0.94 0.06 0.88 0.13 — 1.00 — 1.00 — —
Limousin MBCDP2.1 0.69 0.31 0.38 0.63 — 0.69 0.31 0.38 0.63 — 1.00 — 1.00 — —
SimmentalMBCDP2.1 0.86 0.14 0.71 0.29 — 0.86 0.14 0.71 0.29 — 1.00 — 1.00 — —
CharolaisMBCDP2.1 0.75 0.25 0.50 0.50 — 0.75 0.25 0.50 0.50 — 1.00 — 1.00 — —
BeefmasterMBCDP2.1 0.70 0.30 0.40 0.60 — 0.70 0.30 0.40 0.60 — 1.00 — 1.00 — —
Red AngusMBCDP2.1 1.00 — 1.00 — — 1.00 — 1.00 — — 1.00 — 1.00 — —
GelbviehMBCDP2.1 0.67 0.33 0.67 — 0.33 0.67 0.33 0.67 — 0.33 1.00 — 1.00 — —
BrangusMBCDP2.1 0.70 0.30 0.60 0.20 0.20 0.70 0.30 0.60 0.20 0.20 1.00 — 1.00 — —
SalersMBCDP2.1 0.90 0.10 0.80 0.20 — 0.90 0.10 0.80 0.20 — 1.00 — 1.00 — —
BrahmanMBCDP2.1 1.00 — 1.00 — — 1.00 — 1.00 — — 0.92 0.08 0.83 0.17 —
ShorthornMBCDP2.1 0.50 0.50 — 1.00 — 0.50 0.50 — 1.00 — 1.00 — 1.00 — —
Maine-AnjouMBCDP2.1 0.40 0.60 0.20 0.40 0.40 0.40 0.60 0.20 0.40 0.40 1.00 — 1.00 — —
Texas LonghornMBCDP2.1 1.00 — 1.00 — — 1.00 — 1.00 — — 1.00 — 1.00 — —
Santa GertrudisMBCDP2.1 0.50 0.50 0.25 0.50 0.25 0.50 0.50 0.25 0.50 0.25 1.00 — 1.00 — —
ChianinaMBCDP2.1 0.75 0.25 0.75 — 0.25 0.75 0.25 0.75 — 0.25 1.00 — 1.00 — —
HolsteinMBCDP2.1 0.13 0.88 — 0.25 0.75 0.13 0.88 — 0.25 0.75 1.00 — 1.00 — —

MARC reference parents 0.77 0.23 0.54 0.46 — 0.77 0.23 0.54 0.46 — 1.00 — 1.00 — —
Bison 1.00 — 1.00 — — 1.00 — 1.00 — — 1.00 — 1.00 — —

MBCDP2.1 Total 0.74 0.26 0.59 0.29 0.11 0.74 0.26 0.59 0.29 0.11 0.99 0.01 0.99 0.01 0.00

aWithin each animal group, the allele and genotype frequencies are presented as the fraction of haploid and diploid genomes, respectively. A frequency of zero is denoted with
a dash.
bGenotypes for 28 founders of the MARC reference population and four bison are presented for comparison.
cAllele genotype frequencies that sum to 0.99 or 1.01 are the result of rounding errors.
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Table 4. Haplotype allele and animal genotype frequencies forIL8 in cattlea

Animal Groupb

Haplotype Allelec Animal Genotype

1 2 3 4 5 6 1,1 2,2 3,3 4,4 5,5 1,2 1,4 1,6 2,3 2,4 3,4

AngusMBCDP2.1 0.75 0.25 — — — — 0.63 0.13 — — — 0.25 — — — — —
Angus Herds 1 to 6 combined 0.81 0.18 — 0.01 — — 0.68 0.04— — — 0.27 — — — 0.01 —

Angus Herd 1 0.58 0.42 — — — — 0.33 0.17 — — — 0.50 — — — — —
Angus Herd 2 0.74 0.23 — 0.03 — — 0.65 0.10 — — — 0.19 — — — 0.06 —
Angus Herd 3 1.00 — — — — — 1.00 — — — — — — — — — —
Angus Herd 4 0.95 0.05 — — — — 0.89 — — — — 0.11 — — — — —
Angus Herd 5 0.80 0.20 — — — — 0.61 — — — — 0.39 — — — — —
Angus Herd 6 0.86 0.14 — — — — 0.76 0.05 — — — 0.19 — — — — —

HerefordMBCDP2.1 0.94 0.06 — — — — 0.88 — — — — 0.13 — — — — —
Limousin MBCDP2.1 0.63 0.31 — 0.06 — — 0.25 — — — — 0.63 0.13 — — — —
SimmentalMBCDP2.1 0.86 0.14 — — — — 0.71 — — — — 0.29 — — — — —
CharolaisMBCDP2.1 0.58 0.25 — 0.17 — — 0.17 — — — — 0.50 0.33 — — — —
BeefmasterMBCDP2.1 0.60 0.30 0.10 — — — 0.40 — — — — 0.40 — — 0.20 — —
Red AngusMBCDP2.1 1.00 — — — — — 1.00 — — — — — — — — — —
GelbviehMBCDP2.1 0.67 0.33 — — — — 0.67 0.33 — — — — — — — — —
BrangusMBCDP2.1 0.60 0.30 — 0.10 — — 0.40 0.20 — — — 0.20 0.20 — — — —
SalersMBCDP2.1 0.90 0.10 — — — — 0.80 — — — — 0.20 — — — — —
BrahmanMBCDP2.1 0.50 — 0.25 0.17 — 0.08 0.33 — 0.17 — — — 0.17 0.17 — — 0.17
ShorthornMBCDP2.1 0.50 0.50 — — — — — — — — — 1.00 — — — — —
Maine-AnjouMBCDP2.1 0.30 0.60 — 0.10 — — 0.20 0.40 — — — 0.20 — — — 0.20 —
Texas LonghornMBCDP2.1 0.88 — — 0.13 — — 0.75 — — — — — 0.25 — — — —
Santa GertrudisMBCDP2.1 0.50 0.50 — — — — 0.25 0.25 — — — 0.50 — — — — —
ChianinaMBCDP2.1 0.38 0.25 — 0.38 — — 0.25 0.25 — 0.25 — — 0.25 — — — —
HolsteinMBCDP2.1 0.13 0.88 — — — — — 0.75 — — — 0.25 — — — — —

MARC reference parents 0.71 0.23 — 0.05 — — 0.46— — — — 0.43 0.07 — — 0.04 —
Bison — — — — 1.00 — — — — — 1.00 — — — — — —

MBCDP2.1 Total 0.66 0.26 0.02 0.06 — 0.01 0.48 0.11 0.01 0.01 — 0.27 0.07 0.01 0.01 0.01 0.01

a Within each animal group, the allele and genotype frequencies are presented as the fraction of haploid and diploid genomes, respectively. A frequency of zero is denoted with
a dash.
b Genotype results for 26 founders of the MARC reference population and four bison are presented for comparison.
c An IL8 haploytype allele is defined as the concatenated set ofIL8 SNP alleles present on a chromosome. Haplotype definitions: 1, GAGATTG; 2, ACGGCTA; 3, GAGGCCG;
4, GAGGCTA; 5, GAGGCTG; 6, GAAGCCG. Allele or genotype frequencies that sum to 0.99 or 1.01 are the result of rounding errors.

Table 3. (Continued)

AH2-4 AH2-5 AH2-6 AH2-7

Allele Genotype Allele Genotype Allele Genotype Allele Genotype
A G A,A A,G G,G T C T,T T,C C,C T C T,T T,C C,C G A G,G G,A A,A

0.75 0.25 0.63 0.25 0.13 0.75 0.25 0.63 0.25 0.13 1.00 — 1.00 — — 0.75 0.25 0.63 0.25 0.13
0.81 0.19 0.68 0.27 0.05 0.81 0.19 0.68 0.27 0.05 1.00 — 1.00 — — 0.81 0.19 0.68 0.27 0.05

0.58 0.42 0.33 0.50 0.17 0.58 0.42 0.33 0.50 0.17 1.00 — 1.00 — — 0.58 0.42 0.33 0.50 0.17
0.74 0.26 0.65 0.19 0.16 0.74 0.26 0.65 0.19 0.16 1.00 — 1.00 — — 0.74 0.26 0.65 0.19 0.16
1.00 — 1.00 — — 1.00 — 1.00 — — 1.00 — 1.00 — — 1.00 — 1.00 — —
0.95 0.05 0.89 0.11 — 0.95 0.05 0.89 0.11 — 1.00 — 1.00 — — 0.95 0.05 0.89 0.11 —
0.80 0.20 0.61 0.39 — 0.80 0.20 0.61 0.39 — 1.00 — 1.00 — — 0.80 0.20 0.61 0.39 —
0.86 0.14 0.76 0.19 0.05 0.86 0.14 0.76 0.19 0.05 1.00 — 1.00 — — 0.86 0.14 0.76 0.19 0.05

0.94 0.06 0.88 0.13 — 0.94 0.06 0.88 0.13 — 1.00 — 1.00 — — 0.94 0.06 0.88 0.13 —
0.63 0.38 0.25 0.75 — 0.63 0.38 0.25 0.75 — 1.00 — 1.00 — — 0.63 0.38 0.25 0.75 —
0.86 0.14 0.71 0.29 — 0.86 0.14 0.71 0.29 — 1.00 — 1.00 — — 0.86 0.14 0.71 0.29 —
0.58 0.42 0.17 0.83 — 0.58 0.42 0.17 0.83 — 1.00 — 1.00 — — 0.58 0.42 0.17 0.83 —
0.60 0.40 0.40 0.40 0.20 0.60 0.40 0.40 0.40 0.20 0.90 0.10 0.80 0.20 — 0.70 0.30 0.40 0.60 —
1.00 — 1.00 — — 1.00 — 1.00 — — 1.00 — 1.00 — — 1.00 — 1.00 — —
0.67 0.33 0.67 — 0.33 0.67 0.33 0.67 — 0.33 1.00 — 1.00 — — 0.67 0.33 0.67 — 0.33
0.60 0.40 0.40 0.40 0.20 0.60 0.40 0.40 0.40 0.20 1.00 — 1.00 — — 0.60 0.40 0.40 0.40 0.20
0.90 0.10 0.80 0.20 — 0.90 0.10 0.80 0.20 — 1.00 — 1.00 — — 0.90 0.10 0.80 0.20 —
0.50 0.50 0.33 0.33 0.33 0.50 0.50 0.33 0.33 0.33 0.67 0.33 0.50 0.33 0.17 0.83 0.17 0.67 0.33 —
0.50 0.50 — 1.00 — 0.50 0.50 — 1.00 — 1.00 — 1.00 — — 0.50 0.50 — 1.00 —
0.30 0.70 0.20 0.20 0.60 0.30 0.70 0.20 0.20 0.60 1.00 — 1.00 — — 0.30 0.70 0.20 0.20 0.60
0.88 0.13 0.75 0.25 — 0.88 0.13 0.75 0.25 — 1.00 — 1.00 — — 0.88 0.13 0.75 0.25 —
0.50 0.50 0.25 0.50 0.25 0.50 0.50 0.25 0.50 0.25 1.00 — 1.00 — — 0.50 0.50 0.25 0.50 0.25
0.38 0.63 0.25 0.25 0.50 0.38 0.63 0.25 0.25 0.50 1.00 — 1.00 — — 0.38 0.63 0.25 0.25 0.50
0.13 0.88 — 0.25 0.75 0.13 0.88 — 0.25 0.75 1.00 — 1.00 — — 0.13 0.88 — 0.25 0.75

0.71 0.29 0.46 0.50 0.04 0.71 0.29 0.46 0.50 0.04 1.00 — 1.00 — — 0.71 0.29 0.46 0.50 0.04
— 1.00 — — 1.00 — 1.00 — — 1.00 1.00 — 1.00 — — 1.00 — 1.00 — —

0.66 0.34 0.48 0.35 0.17 0.66 0.34 0.48 0.35 0.17 0.97 0.03 0.96 0.03 0.01 0.68 0.32 0.50 0.36 0.14
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mutation, since recombination has not yet eroded this apparent
SNP haplotype.

IL8 haplotype structures.The set of SNP alleles present on a
DNA segment of a single chromosome comprises a haplotype
allele. For small (amplicon-sized) regions of the chromosome, the
number of haplotypes (H) predicted to arise from a particular set of
sequential mutations (S) follows the simple relationship: H4 S +
1 (Heaton et al. 2001). This assumes that reversible mutations and
recombination events within the DNA segment are rare. Thus,
seven SNPs forIL8 provide the opportunity to identify eightIL8
haplotype structures in commercial populations.

Segregation analysis of the MARC reference population re-
vealed three SNP haplotype alleles (Table 4; alleles 1, 2, and 4)
with consistent Mendelian inheritance patterns. A fourth haplo-
type (Table 4; allele 3) was identified from a Brahman sire in
MBCDP2.1 because it was homozygous for all seven SNPs. A
fifth haplotype (allele 6) was predicted to occur in a heterozygous
Brahman sire with allele 3. The prediction was confirmed by clon-
ing and sequencing a 1268-bp PCR product that spanned all seven
SNPs (data not shown). Combinations of these fiveIL8 DNA
segment haplotype alleles accounted for 100% of the genotypic
variation observed in the MBCDP2.1 sires and the six purebred
Angus herds (Fig 2A). The breed-based comparison ofIL-8 hap-
lotypes illustrates two features. First, two SNP haplotypes pre-

Fig. 2. IL8 haplotype allele frequencies and haplotype lineages in cattle from commercial populations of U.S. cattle. PanelA: The colored stacked bars
represent different haplotypes for theIL8 locus. The bar length corresponds to their respective frequencies in the animal groups. The haplotype allele
number corresponds to that presented in Table 4. PanelB: Each haplotype is presented as a concatenated set of biallelic SNPs (AH2-1 through AH2-7).
The respective SNP alleles are represented as red or white squares, depending on their occurrence in the reference species (bison, white). The lines
connecting the haplotypes indicate the proposed (unrooted) relationship between haplotype alleles. Haplotypes that are predicted to have occurred but have
not yet been observed are shown with parentheses around them. They are presented as an ambiguous pair of which one, but not both, is predicted. The
number beneath the squares corresponds to the haplotype allele numbers presented in Table 4, whereas the number to the left is the DNA segment haplotype
allele frequency in MBCDP2.1.
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dominate in U.S. beef cattle. The most common haplotype (1,
green) was present in each cattle breed group, whereas the next
most common haplotype (2, blue) was present in all cattle breed
groups except Brahman and Red Angus. The latter haplotype may
occur at some frequency in purebred Brahman and Red Angus
cattle but was not detected in those individuals from MBCDP2.1.
The second point illustrated in Fig. 2A is that two haplotypes were
detected only in breeds influenced by germplasm fromBos indi-
cus. For example, the number 6 haplotype (purple) was detected
only in Brahman, and the number 3 haplotype (red) was detected
only in Brahman and Beefmaster (a composite of Brahman, Here-
ford, and Shorthorn breeds). The latter results indicate that DNA
segment haplotypes may be useful for identifying the ancestry of
different genomic regions.

Genomic DNA from American bison, a related bovid, was
amplified and sequenced to help determine simple phylogenetic
relationships between theIL8 haplotype structures. Four bison
DNAs were tested, and all produced high quality sequence infor-
mation for bothIL8 amplicons. All four bison contained the same
homozygous genotypes for all seven SNP sites, and the combina-
tion of these SNP alleles revealed a novel bovid haplotype struc-
ture (Fig. 2A, allele 5). In addition to the unique haplotype, all four
bison individuals contained an apparent inter-species difference at
nt 282 ofIL8DS5 (“A” in cattle; “G” in bison). A model showing
the relationships between haplotypes is shown in Fig. 2B. This
simplified model does not predict the relative age of these haplo-
types, but simply identifies potential haplotype lineages and pre-
dicts structures for haplotypes that have not yet been observed.
Knowledge of these predicted structures broadens the scope of
automated haplotype assignment in populations with undefined
pedigrees.

Discussion

Knowledge of DNA segment haplotype variation in candidate
gene regions facilitates genotype/phenotype correlation studies.
The present results show theIL8 haplotype structure for a panel of
cattle representing U.S. commercial populations. The seven SNPs
identified from this panel are estimated to represent more than
98% of the SNP alleles present in this region for this group. The
five haplotype alleles present in sires from this panel represent the
majority of the eight possible nonrecombinant alleles. Three re-
maining haplotypes are predicted to be either rare (frequency less
than 0.02) or extinct in the U.S. beef cattle herd. RecombinantIL-8
haplotypes were not apparent in the group and are predicted to be
rare in U.S. cattle as a group.

The allele and genotype frequencies presented in Tables 3 and
4 provide breed-based estimates of informativity for individual
SNPs and haplotypes. For example, SNP AH2-4 is predicted to be
rather informative in the Santa Gertrudis breed as a whole, based
on the 1:2:1 genotype frequency ratios observed for that group in
MBCDP2.1. Conversely, the same SNP marker is predicted to be
infrequently polymorphic in the Red Angus breed. These estimates
of informativity may be particularly useful in designing tests to
confirm parentage, select sires with enhanced heterosis, conserve
germplasm, and identify quantitative trait loci.

An accurate and automated platform for scoring genotypes is a
requirement for making widespread use of SNP markers in cattle.
The MALDI-TOF MS assays designed for the sevenIL8 SNPs
were robust in >4000 genotypes scored and accurate in 31 families
and 262 progeny tested. The results presented here indicate that the
SNP assays will give accurate results for herds that are similar to
the MARC reference population. However, this does not exclude
the possibility that commercial populations may contain some
alleles that will not amplify because cryptic polymorphisms occur

in the genomic region where the amplification primer binds. This
underscores the importance of performing preliminary segregation
analysis in untested herds to detect novel allele amplification prob-
lems.

Past reports (Grosse et al. 1999; Heaton et al. 1999, 2000) have
demonstrated that DNA sequencing is an efficient method to iden-
tify SNPs in cattle. An advantage of a selective gene-based ap-
proach for SNP and haplotype discovery is the flexibility to test
specific gene/phenotype associations in cattle as they become
known in other species. For example, detailed analysis of candi-
date genes with known gene/phenotype associations in humans
and mice was critical in identifyingb2 integrin mutations as the
cause of leukocyte adhesion deficiency in Holstein cattle (Shuster
et al. 1992) and in identifying myostatin mutations as the cause of
double muscling beef cattle (Grobet et al. 1997; Kambadur et al.
1997; McPherron and Lee 1997). These and other examples (Col-
lins et al. 1999) support the assertion that high-resolution tests
within a candidate gene region are indispensable for genetic epi-
demiology.
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