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The Toll-like receptor (TLR) and peptidoglycan recognition protein
1 (PGLYRP1) genes play key roles in the innate immune systems of
mammals. While the TLRs recognize a variety of invading patho-
gens and induce innate immune responses, PGLYRP1 is directly
microbicidal. We used custom allele-specific assays to genotype
and validate 220 diallelic variants, including 54 nonsynonymous
SNPs in 11 bovine innate immune genes (TLR1-TLR10, PGLYRP1)
for 37 cattle breeds. Bayesian haplotype reconstructions and me-
dian joining networks revealed haplotype sharing between Bos
taurus taurus and Bos taurus indicus breeds at every locus, and
we were unable to differentiate between the specialized B. t. tau-
rus beef and dairy breeds, despite an average polymorphism den-
sity of one locus per 219 bp. Ninety-nine tagSNPs and one tag
insertion-deletion polymorphism were sufficient to predict 100%
of the variation at all 11 innate immune loci in both subspecies and
their hybrids, whereas 58 tagSNPs captured 100% of the variation
at 172 loci in B. t. taurus. PolyPhen and SIFT analyses of nonsynon-
ymous SNPs encoding amino acid replacements indicated that the
majority of these substitutions were benign, but up to 31% were
expected to potentially impact protein function. Several diversity-
based tests provided support for strong purifying selection acting
on TLR10 in B. t. taurus cattle. These results will broadly impact
efforts related to bovine translational genomics.
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The bovine genome sequence and first-generation HapMap
projects (1, 2) will soon enable genome-assisted selective

breeding (3), marker-assisted vaccination (as diagnostics for
enhanced vaccine design or animal response), and the develop-
ment of innate immunologicals used as anti-infectives (4) as
methods to mitigate economically important diseases. The
mammalian innate immune system provides host defense against
a variety of pathogens without requiring prior exposure (5, 6),
and genes modulating innate immunity have often been consid-
ered candidate loci for improving host resistance to disease in
agricultural species. The recently evolved field of innate im-
munity was originally catalyzed by the discovery that TOLL, a
Drosophila protein governing developmental polarity, was also
required for an effective antifungal immune response in adult
Drosophila (7–10). To date, nine members of the TOLL gene
family have been identified in Drosophila, whereas mammals
possess 10 or 12 functional Toll-like receptor (TLR) genes
(TLR1-TLR10 in humans and cattle (TLR1-TLR9 and TLR11-
TLR13 in mouse) (6, 9–14).
Members of the mammalian TLR gene family facilitate the

recognition of pathogen-associated molecular patterns (PAMPs)
and elicit host innate immune responses (5, 6) to invading bac-
teria, viruses, protozoa, and fungi. The mammalian TLRs encode
type-I transmembrane proteins of the IL-1 receptor (IL-1R)
family that possess N-terminal leucine-rich repeats involved in
ligand recognition, a transmembrane domain, and a C-terminal
intracellular Toll/IL-1 receptor homologous (TIR/IL-1R) do-
main for signal transduction (5, 6, 15). Mammalian TLR gene

family members are primarily expressed by antigen-presenting
cells, such as macrophages or dendritic cells, and previous in-
vestigations have elucidated the ligand specificities for most
mammalian TLRs, with six gene family members (TLR1, TLR2,
TLR4, TLR5, TLR6, TLR9) known to recognize microbial
(bacteria, fungi, protozoa) and synthetic ligands, and five gene
family members (TLR3, TLR4, TLR7–TLR9) known to recog-
nize viral components (1, 11, 15). TLR10 is the only functional
member of the human TLR gene family for which specific li-
gands are yet to be identified (16). However, given evidence that
the TLR10 protein forms functional heterodimers with both
TLR1 and TLR2 (16), it is possible that TLR10 may participate
in the recognition of a variety of microbial PAMPs, including
those recognized by TLR2 (16–18).
Unlike the TLR proteins, mammalian peptidoglycan recog-

nition proteins (PGRPs; encoded by PGLYRP1-PGLYRP4)
modulate innate immunity via PAMP recognition and micro-
bicidal activity (19, 20). Mammalian PGLYRP2 hydrolyzes bac-
terial peptidoglycan, with the remaining three functioning as
bactericidal or bacteriostatic proteins (20–22). Bovine PGLYRP1
binds to a variety of microbial components and kills diverse mi-
croorganisms (19). Consequently, bovine PGRPs may be gen-
eralists in both antimicrobial affinity and activity (19), rendering
them potentially important for suppressing infectious diseases in
food animal species.
To date, several studies have demonstrated that some naturally

occurring TLR variants enhance the risk of severe infections in
humans, mice, and most recently, domestic cattle (23–26). In ad-
dition to the emerging molecular and population-based case-
control data, bovine health-related quantitative trait loci (QTL)
have been localized to genomic regions either proximal to or di-
rectly overlapping one or more TLR loci, and at least two health-
related QTL are proximal to PGLYRP1 (25–31). Unfortunately,
the resolution of the highest density SNP assay available for cattle,
the Illumina BovineSNP50 (32), is inadequate to resolve the
identity of any of the TLRs as underlying these QTL. Therefore, a
considerable need exists to characterize the naturally occurring
variation and haplotype structure within the bovine TLRs to
evaluate the involvement of these loci in bovine disease suscepti-
bility. This information will facilitate translational genomics re-
lated to marker-, and ultimately, whole-genome-assisted methods
of animal selection to develop cattle populations with increased
resistance to infectious diseases.
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Herein, we characterized 220 bovine polymorphisms within
the 10 TLRs and PGLYRP1 (27–29, 33) in 37 cattle breeds
representing Bos taurus taurus, Bos taurus indicus, and sub-
specific hybrids. We also comprehensively report on bovine TLR
and PGLYRP1 haplotype structure, haplotype sharing among
breeds and subspecific lineages, and provide median joining
networks as putative representations of haplotype evolution (34).
These results provide insights into the evolution of 11 innate
immune genes within two bovine lineages and enable focused
efforts in bovine translational genomics.

Results
Bovine Polymorphism Validation, Minor Allele Frequency Spectrum,
and Haplotype Inference.We genotyped 325 SNPs and seven indels
distributed within 11 bovine innate immune genes (TLR1-TLR10
& PGLYRP1) (27–29, 33) via custom fluorescent assays applied
to a cohort of elite cattle sires (n = 101) representing 37 breeds.
Ten SNPs failed to cluster within their National Center for Bio-
technology Information RefSeq coordinates based on bovine
genome assembly Btau4.0, and were excluded from further
analysis. Of the remaining 322 loci, 220 were validated as diallelic
and were reliably scored (216 SNPs + 4 indels; Table S1), 37 were
monomorphic, and 65 failed quality control because of either
poor genotype clustering (n = 54) or discrepancies between the
original sequences and the fluorescent genotyping assays (n =
11). Of the 216 SNPs, 54 (25%) were predicted to encode non-
synonymous substitutions (nsSNPs). Overall, 214 SNPs and four
indels were successfully incorporated into 144 discrete haplotypes
via Bayesian reconstructions (35) (Table 1). Two validated SNPs
(TLR2 rs68268259; TLR4 rs8193072) could not be incorporated
into haplotypes with best-pair phase probabilities ≥ 0.90. The
total number of predicted haplotypes, percentage of sires with
haplotype phase probabilities ≥ 0.90, number of variable loci with
minor allele frequency (MAF) ≤ 0.10, genic distributions of va-
lidated variable sites, size of the investigated regions, and average
estimates of linkage disequilibrium (LD; r2) between adjacent

sites are presented in Table 1. The MAF spectrum ranged from
0.005 to 0.50 and four SNPs were determined by Haploview (36)
to deviate from Hardy-Weinberg equilibrium (HWE) at autoso-
mal loci (n = 101 sires, 37 breeds; TLR10 rs55617227; TLR3
rs42851896, rs42851897, rs55617164). However, because theoret-
ical panmixia best applies to individual breeds, differences in allele
frequencies among breeds because of drift or selection are likely
responsible for departures from HWE.

Intragenic LD Architecture and tagSNPs/Indels. Examination of the
intragenic patterns of LD via 95% confidence intervals con-
structed for D′ (36, 37), application of the four-gamete rule (36),
and estimates of recombination between adjacent sites (38, 39)
revealed one or more blocks of strong LD within each of the 11
innate immune genes. Evidence for historical recombination was
detected within TLR3, TLR4, and TLR10, resulting in at least
two detectable LD blocks within each gene. All other genes ex-
hibited a single block of strong LD spanning all, or the majority
of all validated SNPs and indels (n = 218), as indicated by ma-
jority rule of all three analyses (36–39). Pairwise comparisons of
r2 revealed moderate to high levels of average LD across most
genes, with some discrete evidence for historical recombination
events within TLR3, TLR4, and TLR10. Regions of LD and
historical recombination were also detected and enumerated
using the general model for varying recombination rate between
adjacent sites (n = 11 genes) (38, 39). Five comparisons between
adjacent SNP sites [TLR3 (3), TLR4 (1), and TLR10 (1)] pro-
duced median recombination rate estimates that exceeded esti-
mates for the background rate (�ρ) (38, 39) by a factor ≥ 2.0. The
highest median recombination rate estimate was observed in
TLR4 (between rs8193059 and rs8193060), and exceeded the
background rate by a factor ≥ 6.1. Additional fine-scale analyses
(38, 39) failed to identify recombination hotspots within TLR3,
TLR4, or TLR10. Analyses to identify tagSNPs/Indels which
captured 100% of the variation at 218 variable sites within all 11
innate immune genes for 37 breeds yielded 99 tagSNPs and 1

Table 1. Summary data for 11 bovine innate immune genes investigated in 37 cattle breeds

Bovine
gene

BTA
assigna

Total
hapsb

Sires phased
(%)c

MAFs ≤
0.10d

Avg r2

alle

Avg
r2

B.t.t.e
Valid.
SNPsf

Hap
SNPsg

Valid.
indelsh

Valid.
nsSNPsi

Region sizej

(kb)
QTL or
assoc.k

PGLYRP1 BTA18 8 95 2 0.08 0.14 7 7 NA 1 1.6 Q
TLR1 BTA6 7 97 2 0.23 0.47 4 4 NA 1 1.5 Q, A
TLR2 BTA17 17 93 11 0.35 0.60 31 30 1 13 3.0 A
TLR3 BTA27 33 85 15 0.45 0.72 50 50 ND 3 10.6 Q
TLR4 BTA8 13 91 19 0.14 0.37 22 21 NA 6 9.8 Q, A
TLR5 BTA16 13 100 13 0.40 0.59 29 29 3 3 5.1 No
TLR6 BTA6 15 94 4 0.27 0.29 15 15 NA 7 1.9 Q
TLR7 BTAX 7 100 8 0.27 0.23 10 10 NA 1 3.9 Q
TLR8 BTAX 3 100 0 0.93 0.92 9 9 NA 6 2.3 Q
TLR9 BTA22 9 98 2 0.35 0.40 11 11 NA 1 4.3 Q
TLR10 BTA6 19 91 22 0.31 0.45 28 28 NA 12 3.8 Q
Total/Avgl 144 95l 98 0.34l 0.47l 216 214 4 54 4.3l

aBTA assignments based on National Center for Biotechnology Information Refseq (Btau4.0) and radiation hybrid mapping (12).
bTotal haplotypes predicted from all validated markers and best-pair reconstructions (35) with probabilities ≥0.90.
cPercent of sires (n = 101) exhibiting best pair phase probabilities ≥0.90. BTAX haplotypes were direct observations.
dTotal polymorphisms with minor allele frequencies ≤0.10.
eAverage intragenic r2 values estimated for adjacent SNP and indel sites for all cattle or for B. t. taurus (B.t.t.).
fNumbers of putative SNPs validated as polymorphic.
gNumbers of validated SNPs placed on discrete haplotypes.
hNumbers of putative indels validated as polymorphic. NA = not applicable; ND = not determined.
iNumbers of putative nonsynonymous SNPs validated as polymorphic.
jSize of the genic region rounded to the nearest 100 bp. Kb = kilobase.
kBovine health-related QTL overlapping or proximal to investigated gene (Q), or intragenic variation associated (A) with disease susceptibility in case-control
studies (25–31).
lAverage across all investigated genes.
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tagIndel (Table S2). All four SNPs within TLR1 were required to
explain 100% of the genetic diversity. Within B. t. taurus breeds,
58 tagSNPs were required to capture 100% of the variation de-
tected at 172 variable sites (Table S2). The need for fewer
tagSNPs within B. t. taurus cattle reflects higher levels of intra-
genic LD and fewer variable sites.

Bovine Haplotype Networks and Haplotype Sharing. Evaluation of
all median joining haplotype networks (Fig. 1, Fig. S1, and Table
S3) revealed that: (i) The specialized B. t. taurus beef and dairy
breeds could not be differentiated based on haplotypes predicted
for all 11 innate immune genes, despite an average polymorphism
density of one SNP/Indel per 219 bp; (ii) The 250 Kyr divergence
between B. t. taurus and B. t. indicus (40) was revealed in many,
but not all, haplotype networks (i.e., TLR2, TLR4, TLR5, TLR6,
TLR10); and (iii) Low levels of haplotype sharing between B. t.
taurus and B. t. indicus breeds were predicted for every gene.
Because of the recent formation of B. t. taurus × B. t. indicus hy-
brids in North America, predicted haplotypes for these breeds
predominantly fell within network nodes dominated by both
taurine and indicine breeds, with some haplotypes also localizing
to shared (B. t. taurus and B t. indicus) or unique network nodes.
Predicted haplotypes for breeds generally considered to be of
ancient origin (Braunvieh, Scottish Highland, White Park) were
frequently found within network nodes representing the highest
frequency haplotypes. Network nodes representing high-fre-
quency haplotypes predicted to be shared at low levels among B. t.

taurus and B. t. indicus also contained haplotypes derived from
one or more of the ancient breeds for all loci except TLR9. The B.
t. indicus breed composition within high-frequency nodes con-
taining low levels of haplotypes shared among subspecific lineages
was not restricted to a single indicine breed or sire, with one or
more Brahman and/or Nelore sires contributing to these nodes.

Predicted Impact of Bovine Amino Acid Substitutions and
Evolutionary Inferences. Using PolyPhen (41) and SIFT (42), we
predicted that 37 of 54 (69%) amino acid substitutions encoded
by nsSNPs are benign and tolerated, with 17 of 54 (31%) possibly
eliciting phenotypic effects on the mature proteins (43). Of
these, 12 of 17 (71%) were observed at frequencies ≤ 0.076, but 5
of 17 (29%) located in PGLYRP1, TLR2, TLR3, and TLR6 were
detected at frequencies ≥ 0.126. Results from PolyPhen and
SIFT were congruent for 3 of the 17 (18%) nsSNPs (Table 2).
To examine the potential magnitude of functional and/or

selective constraint related to perturbation of bovine TLR pro-
tein function, we compared the proportion of “benign” or “tol-
erated” amino acid substitutions (37/53) to the proportion
predicted to impact protein function (16/53) using a likelihood-
ratio test and found there to be fewer nsSNP likely to impact
protein function than benign or tolerated amino acid sub-
stitutions (P ≤ 0.054). This is consistent with the hypothesis that
purifying selection operates to preserve the products of most
protein-coding genes (43–45). However, conservative amino acid
substitutions were less frequent than substitutions predicted to
impact protein function (1:2 ratio) for TLR3 and TLR5, con-
sidering the combined PolyPhen and SIFT results. Notably,
TLR10 was the only gene for which we were able to technically
ascertain (KASPar system) and validate every previously re-
ported coding region SNP (28) while also achieving acceptable
phase probabilities (≥ 0.90) for most (91%) of the sampled cattle
(Table 1). Evaluation of TLR10 coding variation within B. t.
taurus breeds (n = 130 chromosomes; 26 breeds) using Tajima's
D (46) and Fu and Li's frequency distribution tests (D*, F*) (47)
revealed significantly negative values for all statistics (D =
−1.69898, P < 0.05; D* = −4.38979, P < 0.01; F* = −4.04479, P
< 0.01). Fu's Fs statistic (48), a haplotype-based frequency dis-
tribution test, also produced a negative value (−1.420), but was
not significant (P > 0.05). Finally, 11 of the 16 segregating sites
observed in TLR10 for B. t. taurus cattle were singletons. Col-
lectively, these analyses suggest strong purifying selection acting
on TLR10 in B. t. taurus cattle. A limited sample size precluded
similar analyses for B. t. indicus cattle.
A regression-based approach that considered all of the variable

sites and the effective number of alleles at each site also demon-
strated that TLR10 possesses significantly less diversity than the
other eight autosomal loci (P ≤ 0.05) (Fig. S2). However, a similar
haplotype-based approach did not support a reduction in TLR10
haplotype diversity relative to the other autosomal genes. More-
over, the haplotype distribution for TLR10 contained multiple
moderate and many low frequency haplotypes.

Discussion
Our assays provide a 55-fold increase in marker density relative to
the Illumina BovineSNP50 assay, which queries only four SNPs
within (TLR6, TLR10) or proximal to (TLR7, TLR8) 4 of the 11
innate immune genes investigated. Validated polymorphisms,
haplotype distributions, and tagSNPs/Indels elucidated in this
study will directly facilitate finemapping of existing bovine health-
related QTL while also enabling independent evaluation of SNPs
tentatively associated with susceptibility to Johne disease (25–31).
Because of limitations related to our genotyping assays, we were
able to technically ascertain all previously described coding poly-
morphisms (27–29, 33) only for bovine TLR10, and TLR1 variants
posed the greatest technical challenge because of sequence sim-
ilarity withTLR6. For this reason, at least partial DNA sequencing

Bovine TLR10 Haplotype Network 1
SNP Positions 1-13

Bovine TLR10 Haplotype Network 2
SNP Positions 15-28
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Fig. 1. Median joining (MJ) haplotype networks for bovine TLR10 using
haplotypes predicted for all cattle (n = 101; 37 breeds). Because MJ networks
require the absence of recombination (57), each network represents intra-
genic regions of elevated LD. Haplotypes predicted for B. t. taurus, B. t. in-
dicus, and hybrids (termed “composite”) are color coded. Numbers indicate
SNP positions (28) in numerical order (1–21 are coding) (Table S1). Node sizes
are proportional to haplotype frequency and all branch lengths are drawn to
scale. Alphabetized letters at nodes represent the breed distribution of each
haplotype (Table S3). Median vectors are indicated as “mv.”
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from long-range PCR products designed to specifically amplify
each locus will be needed to ascertain all polymorphisms present
within these two genes.
Evaluation of r2 values between adjacent variable sites within the

autosomal genes provided evidence for enhanced intragenic LD
within B. t. taurus breeds (69 cattle; 26 breeds), relative to the
combined sample (101 cattle, 37 breeds;B. t. taurus,B. t. indicus,B.
t. taurus × B. t. indicus hybrids) (Table 1). This result is consistent
with recent studies of bovine haplotype structure and LD over
relatively short physical distances (2, 49), and reflects the fact that
250 Kyr of divergence between B. t. taurus and B. t. indicus cattle
(40) has allowed drift and/or selection to drive different haplotypes
to high frequency between the subspecies. In contrast to the au-
tosomal loci, average r2 values between adjacent variable sites
within the X-linked genes (TLR7, TLR8) increased when all sub-
specific breeds were combined (Table 1). We expected uniformly
higher LD within the X-linked genes because of the smaller ef-
fective population size (chromosomal) and female-limited re-
combination, as compared to autosomal loci. However, we did not
expect phase relationships to be preserved across subspecies, which
is required for an increase in r2 on pooling of the subspecific
samples, with strong selection also required to converge on a small
numberof effectiveTLR7 andTLR8haplotypes inboth subspecies.
Notably, for variable sites evaluated herein, only three haplotypes
were predicted for TLR8, and only two TLR7 haplotypes were
found in 85% of the surveyed cattle (Fig. S1 and Table S3). LD is
extremely highwithin bovineTLR8, moderate inTLR7, andhigh in
TLR3 (Table 1), as compared to other loci, which suggests differ-
ences in intragenic selection, as recently suggested for the human
TLRs (50). Future studies in which all polymorphisms are techni-
cally ascertained and analyzed in larger samples representing in-
dividual breeds will be necessary to properly assess deviations from
a strictly neutral model of evolution for these genes.
Remarkably, median joining haplotype networks for all loci

(Fig. 1 and Fig. S1) were unable to discriminate between the
specialized B. t. taurus beef and dairy breeds, but did reveal low
levels of haplotype sharing between theB. t. taurus andB. t. indicus
breeds (Table S3). An inability to distinguish between specialized
beef and dairy breeds based upon haplotypic data has previously

been demonstrated (49), but not at the high-resolution SNP den-
sities usedhere. Because some level of haplotype sharing amongB.
t. taurus and B. t. indicus breeds was predicted at all investigated
loci, it seems unlikely that hybrid introgression has occurred at
every locus, including all regions of genes that have been dissected
by historical recombination (Fig. 1, Fig. S1, and Table S3).
Therefore, two alternative explanations seem plausible: (i) Hap-
lotype sharing across the B. t. taurus and B. t. indicus lineages
represents retention of conserved ancestral variation that predates
subspecific divergence, or (ii) Both lineages have evolutionarily
converged on a relatively small number of innate immune hap-
lotypes at these loci. Comprehensive sequencing and phylogenetic
analyses that include B. t. taurus, B. t. indicus, and other members
of the subfamily Bovinae will likely be necessary to elucidate the
origin of Bos spp. haplotype sharing.
Our analysis of amino acid substitution phenotypes using Poly-

phen and SIFT (Table 2) indicates that the bovine TLR family has
evolved under functional and selective constraints, with < 31% of
amino acid replacements expected to potentially affect protein
function; the majority of these (71%) were observed at low fre-
quencies (≤ 0.076). These findings are consistent with SIFT/Poly-
Phen estimates for humanprotein coding genes, where 25 to 32%of
amino acid substitutions are predicted to affect protein function
(43), thereby supporting the hypothesis that some level of purifying
selection operates to preserve the products and function of most
protein coding genes (43–45). However, several nsSNPs encoding
amino acid substitutions predicted to alter protein function were
observed at moderate to high frequencies (Table 2).
Frequency distribution tests applied using all coding region

polymorphisms previously described within bovine TLR10 (28)
indicated an excess of rare and/or singleton variants in B. t. taurus
cattle (n = 130 chromosomes; 26 breeds). Significantly negative
values for Tajima’s (D) and Fu and Li’s tests (D*, F*) are often
interpreted as evidence for either purifying or directional selection,
but may also indicate a recent population expansion, or violations
of either themutation-drift equilibriumassumption (46) or random
sample requirement (47) for these tests. Although Fu’s Fs statistic
was negative (−1.420), coalescent simulations to estimate the crit-
ical values of Fs did not support significant directional selection of

Table 2. Summary data for 17 nonsynonymous SNPs predicted to impact protein function

Bovine gene SNPa dbSNP ID GenBank protein ID AA Subst.b Protein domainc PolyPhen resultd SIFT resultd SNP Freqe

PGLYRP1 T > C rs68268284 NP_776998 Y76H PGRP-Ami_2 PD T 0.265
TLR2 T > A rs68268251 NP_776622.1 F227L NCP PD T 0.070

G > A rs68268260 NP_776622.1 R563H LRRCT B AF 0.220
TLR3 G > T rs42852439 NP_001008664.1 S664I LRRCT PD T 0.425

G > A rs55617272 NP_001008664.1 G426S LRR-12 PD AF 0.045
TLR4 A > C rs8193049 NP_776623.5 N151T LRR-3 PD T 0.030

A > G rs8193055 NP_776623.5 K381R LRR-6 B AF 0.021
TLR5 G > A rs55617251 XP_594146.3 A659T Transmembrane B AF 0.025

G > A rs55617166 XP_594146.3 E842K NCP B AF 0.015
TLR6 T > G rs68268270 NP_001001159.1 L43R NCP PD AF 0.020

A > G rs68268272 NP_001001159.1 R87G LRR-1 B AF 0.070
A > G rs68268275 NP_001001159.1 T395A LRR-3 B AF 0.126

TLR8 G > A rs55617351 NP_001029109.1 S468N NCP B AF 0.475
TLR10 G > A rs55617437 NP_001070386.1 R18H Signal Peptide PD T 0.076

C > G rs55617286 NP_001070386.1 I134M LRR-4 B AF 0.059
A > C rs55617297 NP_001070386.1 K753T TIR PD AF 0.020
G > A rs55617343 NP_001070386.1 R763H TIR B AF 0.046

aSNPs were previously described (27–29, 33) and validated in the present study.
bAmino acid (AA) substitutions predicted from reference proteins (GenBank Protein ID) and/or previous studies (27–29, 33).
cProtein domain locations predicted by SMART (http://smart.embl-heidelberg.de/). Only confidently predicted domains are depicted [NCP,
no confident prediction; leucine-rich repeats (LRR) are named in order of prediction].
dResults from PolyPhen and SIFT (41, 42). Results other than “Benign (B)” or “Tolerated (T)” are predicted to be Possibly Damaging (PD) or
Affect protein Function (AF).
eObserved frequency of nonsynonymous SNP allele in all 37 cattle breeds.
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TLR10 haplotype variation within B. t. taurus cattle. Likewise, a
regression-based comparison of all 11 innate immunity genes re-
vealed less than expected allelic diversity in TLR10 relative to the
other autosomal loci, but no evidence of reduced haplotypic di-
versity (Fig. S2). Recent studies provide evidence of population
bottlenecks at the time of domestication and breed formation in
modern cattle (2, 49), which are expected to drive frequency dis-
tribution tests toward more positive values because of the loss of
rare variants. Similarly, ascertainment bias because of sequencing
small numbers of individuals results in the discovery of primarily
common variation which biases frequency distribution tests toward
more positive values (51), yet an excess of rare and/or singleton
TLR10 variantswere present in ourB. t. tauruspanel.Oneplausible
explanation for this is that strong purifying selection has con-
strained TLR10 within the B. t. taurus lineage. This explanation is
supported by evidence that the vertebrate TLRs evolved under
purifying selection (52, 53), thereby preserving host ability to rec-
ognize specific PAMPs. Interestingly, TLR10 is the only functional
member of the human TLR gene family for which a specific ligand
has not been identified (16). Therefore, the elucidation of one or
more relevant ligands may provide further insight into bovine
TLR10 evolution.

Conclusions
Our analysis of haplotype structure, LD architecture, and tagSNP/
Indel assignment for 11 bovine innate immune genes will enable
studies which assess the relationships between variation within
these genes and differential susceptibility to disease (25–31).
Moreover,ouranalyseswill contribute to thedesignofnext-generation
bovine genotyping assays for mapping variation underlying bovine
health-related traits.
Perhaps one of the most interesting outcomes of this study was

our inability to completely discriminate between specialized B. t.
taurus beef and dairy breeds, or even B. t. taurus and B. t. indicus
breeds, based on high-resolution haplotypes for 11 innate immune
genes. Because the high- versus low-intensity management of dairy
versus beef herds results in different disease profiles among cattle,
we expect these results to tangibly impact future initiatives to
translate bovine innate immune variation into health-related trait
information. Inaddition to the interbreedand subspecifichaplotype
sharing, evidence for strong purifying selection within B. t. taurus
TLR10 was unexpected. Clearly, evolution under strong purifying
selection would help ensure bovine TLR10 ligand recognition.
However, what specific ligand or ligands recognized by TLR10 are
important enough to elicit strong purifying selection in B. t. taurus
cattle? The answer to this question is currently unknown.

Methods
DNA Samples and Genotyping. Bovine DNA samples (n = 101) representing
B. t. taurus, B. t. indicus, and their hybrids were isolated from spermatozoa
(54). Bovine subspecies designation, breed names, and sample sizes (in pa-
rentheses) were: B. t. taurus: Angus (three), Belgian Blue (four), Blonde
d'Aquitaine (five), Braunvieh (four), Brown Swiss (two), Charolais (five),
Chianina and Chiangus (five), Corriente (one), Gelbvieh (four), Hereford
(three), Holstein (three), Jersey (one), Limousin (three), Maine-Anjou (four),
Murray Gray (two), Normande (one), Pinzgauer (one), Red Angus (three),
Red Poll (one), Salers (three), Senepol (two), Shorthorn (five), Simmental
(one), Tarentaise (one), Scottish Highland (one), White Park (one); B. t. in-
dicus: Brahman (three), Nelore (two); Hybrids, termed Composites: Beefmaster
(five), Braford (three), Brahmousin (two), Brangus (five), Piedmontese (one),
Red Brangus (two), Romagnola (two), Santa Gertrudis (four), Simbrah (three).
Subspecies were assigned based on phenotype and breed origin (http://www.
ansi.okstate.edu/breeds/cattle/).

SNPs and indels were genotyped using the KASPar allele-specific fluo-
rescent genotyping system (Kbiosciences). Thermal cycling parameters and
reaction concentrations followed manufacturer’s recommendations, with
some modifications to MgCl2 concentrations. Primer sequences and MgCl2
concentrations are available on request. Genotype clustering and calling was
performed using KlusterCaller software (Kbiosciences) and the endpoint
genotyping module incorporated within the Roche LC480 (Roche Applied

Science). Both methods produced congruent genotype calls. Genotype
quality was assessed by comparing KASPar-derived genotypes to those de-
rived from sequencing data previously reported (27–29, 33), with incon-
sistent genotypes categorized as quality control failures. Variable sites
failing quality control were excluded.

Haplotype Inference, LD Estimates, and Variant Tagging. Unphased diploid
genotypes were compiled and cross-checked for parsing errors using two
custom software packages (GenoConvert and GenoConvert2; ElanTech Inc.).
Haplotype reconstruction and missing data imputation (≤1.71%) was per-
formed with PHASE 2.1 (35, 55, 56) using all validated intragenic poly-
morphisms, all cattle (n = 101), and the –X10 option. Haplotype estimation
using PHASE 2.1 is not sensitive to departures from HWE (35, 55, 56). Predicted
haplotype phases with best pair probabilities ≥0.90 were retained for further
analysis. Bovine X-linked haplotypes (TLR7, TLR8) were directly established by
genotype homozygosity. Estimates of recombination across each gene were
also assessed in PHASE 2.1 using the general model for varying recombination
rate (38, 39). Deviation from the average background recombination rate (�ρ)
(38, 39) by a factor ≥ 2.0 between adjacent sites was considered evidence for
historical recombination. The potential for recombination hotspots within
TLR3, TLR4, and TLR10 was modeled by specifying a location based on devi-
ations ≥2.0 from �ρ, and by allowing PHASE 2.1 to independently estimate
hotspot locations (38, 39). Statistical support for a putative hotspot was de-
fined by ≥95% of the full posterior distribution of recombination parameters
deviating from the background rate by a factor ≥5.0.

Intragenic LDwas visualizedwithin Haploview (36) using unphased diploid
autosomal genotypes and phase-known X-linked data (TLR7, TLR8) for B. t.
taurus (n = 69) and all cattle combined (n = 101). LD patterns and blocks
were estimated via majority rule from: 95% confidence intervals constructed
for D′ (36, 37), application of the four-gamete rule (36) (fourth gamete >
0.02), and estimates of recombination between adjacent sites (38, 39). To
further evaluate the patterns of LD decay, pairwise r2 values were estimated
with Haploview for all validated markers within each gene for B. t. taurus
and all cattle combined. A minimal set of tagSNPs/Indels capturing 100% of
the variation (r2 > 0.80) segregating in B. t. taurus and all cattle combined
was deduced using the Tagger algorithm in Haploview.

Median Joining Haplotype Networks. Because median joining (MJ) networks
require the absence of recombination (57), genes displaying evidence of
historical recombination (TLR3, TLR4, TLR10) were partitioned into two re-
gions of elevated LD. Haplotypes were reconstructed (35) for each intragenic
region (TLR3, TLR4, TLR10) and best pairs were used for MJ network analyses
(34). This approach improved the proportion of cattle with best pairs phase
probabilities ≥0.90 and eliminated regions displaying overt evidence of re-
combination. All MJ networks were constructed using Network 4.5.1.0 (Fluxus
Technology Ltd) and the suggested characterweights of 10 for SNPs and 20 for
indels. Results were visualized, annotated, and adjusted within Network
Publisher (Fluxus Technology Ltd). Network branch angles were adjusted to
ensure proper magnification and clarity without changing branch lengths.

Amino Acid Substitution Phenotypes and TLR10 Evolutionary Analyses. Bovine
amino acid substitution phenotypes were predicted using PolyPhen (41) and
SIFT (42) (http://genetics.bwh.harvard.edu/pph/; http://sift.jcvi.org/) with the
default settings. A likelihood ratio test was performed assuming a binomial
distribution for nsSNPs versus silent SNP classes to test the hypothesis that
they occurred at equal frequency. Frequency distribution tests, including
Tajima’s D (46) and Fu and Li’s Tests (D*, F*, Fs) 47–48), were performed
in DnaSP v4.90.1 (58) using all TLR10 coding region polymorphisms (28).
Significance levels for frequency distribution tests were defined by con-
fidence intervals estimated for each test statistic via coalescent simulation
(10,000 replicates) (58). Simulations were performed given empirical esti-
mates of θ and the observed number of segregating sites, both with and
without recombination (58, 59).

AteachpolymorphismweestimatedtheeffectivenumberofallelesasEi=1/[1
− 2pi(1 − pi)] = 1/[pi

2 + (1 − pi)
2] = 1/(expected HWE frequency of homozygotes)

where pi is allele frequency at the ith locus. Thus, a measure of polymorphism
diversity is log2(Ei), which also represents the information content of each SNP.
FormonomorphicSNPs log2(Ei) =0andforSNPswithpi=0.5, log2(Ei) =1.Thus,by
summing across the Nj polymorphisms within the jth gene we obtain the di-
versity index Ij ¼ ∑Nj

i¼1 Ei . We used regression analysis to examine the relation-
ship between Ij and Nj for these genes and to test for outliers using 95%
confidence estimates for the fitted regression.We also computed the expected
number of haplotypes at each gene as Ej = 1/(expected HWE frequency of
haplotype homozygotes) and performed a similar regression analysis to exam-
ine the relationship between observed and expected numbers of haplotypes.
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