
Genomics 92 (2008) 235–245

Contents lists available at ScienceDirect

Genomics

j ourna l homepage: www.e lsev ie r.com/ locate /ygeno
Analysis of sequence variability and protein domain architectures for bovine
peptidoglycan recognition protein 1 and Toll-like receptors 2 and 6

C.M. Seabury ⁎, J.E. Womack ⁎
Department of Veterinary Pathobiology, College of Veterinary Medicine, Texas A&M University, College Station, TX 77843-4467, USA
⁎ Corresponding authors. Fax: +1 979 845 9972.
E-mail addresses: cseabury@cvm.tamu.edu (C.M. Sea

jwomack@cvm.tamu.edu (J.E. Womack).

0888-7543/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.ygeno.2008.06.005
a b s t r a c t
a r t i c l e i n f o
Article history:
 The mammalian Toll-like

Received 24 April 2008
Accepted 10 June 2008
Available online 9 August 2008

Keywords:
Innate immunity
Toll-like receptors
Leucine-rich-repeats
Cattle
Peptidoglycan recognition protein
receptors (TLRs) recognize invading pathogens, thereafter provoking innate
immune responses, whereas peptidoglycan recognition protein 1 (PGLYRP1) is directly microbicidal. The
primary objective of this study was to characterize single-nucleotide polymorphisms (SNPs) and insertion-
deletion polymorphisms (indels) within bovine TLR2, TLR6, and PGLYRP1, thereby facilitating future TLR
signaling, association, and PGLYRP1 microbicidal assays relevant to bovine innate immunity. Comparative
sequence analysis for 10 bovine breeds revealed 83 polymorphisms (82 SNPs, 1 indel), with 15
nonsynonymous SNPs located within predicted functional domains. Of the 83 polymorphisms detected, 72
(87%) are reported here for the first time. Several predicted amino acid replacements encoded by bovine TLR2
and TLR6, but not PGLYRP1, resulted in the confident prediction of protein domain alterations. Prediction and
comparison of protein domain architectures for TLR2 and TLR6 revealed six regions of leucine-rich-repeat
patterning that was conserved among multiple species. Collectively, differences in the patterns and
frequencies of polymorphism were noted between bovine TLRs that predominantly recognize viral ligands
(TLRs 3, 7, 8, 9) and those that recognize microbial and/or unknown ligands (TLRs 1, 2, 5, 6, 10).

© 2008 Elsevier Inc. All rights reserved.
Advances in agricultural genomics have often been fueled by the
supposition that improving host genetics through selective breeding
may ultimately aid in the suppression of economically important
diseases in food-animal populations. Because the innate immune
system in mammals provides host defense against a variety of
pathogens without requiring prior exposure [1,2], genes involved in
innate immunity have been considered putative candidate loci for
potentially improving host genetics in agricultural species. Notably,
the field of innate immunity was strongly impelled by the discovery
that Toll, a Drosophila protein governing developmental polarity, also
elicited an effective antifungal immune response in adult Drosophila
[3–6]. Since the initial description of Toll, nine members of the Toll
gene family have been identified within the Drosophila genome,
whereas mammals are generally considered to possess 10 or 12
functional Toll-like receptor (TLR) genes (TLRs 1–10 in human, TLRs 1–
9 and 11–13 in mouse) [2,5–7]. The mammalian TLRs are type I
transmembrane proteins of the interleukin-1 receptor (IL-1R) family
that possess N-terminal leucine-rich repeats (LRR) involved in ligand
recognition, a transmembrane domain, and a C-terminal intracellular
Toll/IL-1R homologous domain for signal transduction [1,2,8]. To date,
ligand specificities for most mammalian TLRs have been elucidated,
with six gene family members (TLRs 1, 2, 4, 5, 6, 9) known to recognize
bury),

l rights reserved.
microbial and/or synthetic ligands, and five gene family members (3,
4, 7, 8, 9) known to recognize viral components [for reviews see 1,7,8].

Expression of bovine and ovine TLRs 1–10 was recently identified
in selected tissues [9], and all 10 bovine TLRs have been mapped using
radiation hybrid technology [10–12]. Detailed polymorphism studies
have also emerged for bovine TLRs 1, 3, 4, 5, 7, 8, 9, and 10 [13–15].
However, few detailed reports currently exist regarding the frequency
and distribution of genetic polymorphismswithin bovine TLRs 2 and 6
[9,10,16–18]. Importantly, bovine TLR2 has been implicated in host
responses to mycobacteria [19–21], including Mycobacterium avium
subsp. paratuberculosis, the causative agent of Johne's disease in
ruminants [22]. Additionally, TLR2 has been demonstrated to
recognize a variety of components derived from gram-positive
bacteria, gram-negative bacteria, yeast, spirochetes, and fungi [23–
31]. Given the diverse array of microbial pathogen-associated
molecular patterns (PAMPs) that TLR2 recognizes, some authors
consider it to be the most promiscuous TLR [32]. Interestingly, the
promiscuity of TLR2 has primarily been attributed to its ability to
heterodimerize with both TLR1 and TLR6, thereby enabling the
resulting protein complexes to recognize a variety of microbial
PAMPs [31,32]. Recent studies also emphasize the importance of
defining TLR polymorphisms by illustrating how certain naturally
occurring genetic variants may enhance the risk of severe infections in
humans and mice [for reviews see [33,34]. Therefore, we consider
TLR2 and TLR6 to be potentially important candidate genes for
resistance to microbial diseases of both humans and cattle.
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Unlike the TLR proteins, several of the mammalian peptidoglycan
recognition proteins (PGRPs) modulate innate immunity via pattern
recognition of invading microbes followed by bactericidal or bacterio-
static activity [35,36]. The peptidoglycan recognition proteins were
originally classified into four categories based on transcript length
(short, PGRP-S; long, PGRP-L; intermediate, PGRP-Iα, PGRP-Iβ), but
have since been formally named peptidoglycan recognition proteins 1,
2, 3, and 4 (PGLYRP1, PGLYRP2, PGLYRP3, PGLYRP4), respectively, by
the Human Genome Organization Gene Nomenclature Committee
[35,36]. Specifically, mammalian PGLYRP2 hydrolyzes bacterial pepti-
doglycan, with the remaining three PGLYRPs functioning as bacter-
icidal or bacteriostatic proteins [for reviews see [36–38]. A recent
study indicates that bovine PGRP-S (PGLYRP1) has multiple functions
and microbial affinities [35]. Interestingly, bovine PGLYRP1 binds to a
range of microbial components and kills diverse microorganisms [35].
Therefore, bovine PGRPs may be generalists in both antimicrobial
affinity and activity [35]. For these reasons, we consider PGLYRP1 to be
a potentially important candidate gene for resistance to microbial
diseases of both cattle and humans.

In this study we report a comparative sequence analysis for bovine
TLR2, TLR6, and PGLYRP1 using a DNA panel consisting of nine breeds
derived from Bos taurus, Bos indicus, and crosses thereof (B. taurus—
Angus, Charolais, Holstein, Limousin; B. indicus—Brahman, Nelore;
crossbred—Braford, Piedmontese, Romagnola). For each comparative
analysis, the Hereford reference sequence from the Bovine Genome
Project (http://www.hgsc.bcm.tmc.edu/projects/bovine/) was also
included. Detailed information regarding the origins of the breeds
surveyed may be accessed at the Oklahoma State University Web site
(http://www.ansi.okstate.edu/breeds/cattle/). The results of this study
will facilitate future association and TLR signaling studies relevant to
bovine innate immunity. Moreover, we also describe how nonsynon-
ymous SNPs (nsSNPs) within bovine TLR2, TLR6, and PGLYRP1
influence protein domain prediction while also comparatively defin-
ing conserved domain architectures among cow, human, mouse, rat,
dog, and chicken.

Results

Bovine polymorphisms detected

Collectively, 7798 bp corresponding to bovine TLR2, TLR6, and
PGLYRP1 were interrogated for nine domestic cattle breeds and
compared to the equivalent Hereford reference sequences from the
Bovine Genome Project. Overall, 82 SNPs were identified, resulting in
an average density of 1 SNP for every 95 bp sequenced. Additionally,
one insertion-deletion (indel) polymorphism was detected, with all
possible genotypic classes (+/+,+/−, −/−) observed among the 10 cattle
breeds surveyed. Of the 82 SNPs identified, 70% (n=57) were
transitions and 30% (n=25) were transversions. A search of the
published literature on bovine TLR2, TLR6, and PGLYRP1 revealed that
the majority of the polymorphisms detected (72 of 83; 87%) are
formally reported here for the first time. Notably, predicted amino acid
replacements encoded by bovine TLR2 and TLR6, but not PGLYRP1,
resulted in the prediction of protein domain alterations using the
simple modular architecture research tool (SMART) [39] online
(http://smart.embl-heidelberg.de/).

Tlr2

Bovine TLR2 was previously mapped to BTA17 using several
radiation hybrid approaches [10,12]. According to the reference
sequence provided by the National Center for Biotechnology
Information (NCBI; Accession Nos. NM_174197 and NC_007315), the
bovine TLR2 mRNA comprises two exons spanning 3513 bp, including
both 5′ and 3′ untranslated regions, and encodes a protein consisting
of 784 amino acids. Comparative sequence analysis of TLR2 (3224 bp
comprising the coding and flanking sequences) for 10 bovine breeds
yielded 43 SNPs (Table 1). Of the 29 SNPs detected within the coding
region, 15 (52%) were nonsynonymous. Overall, 60% of the SNPs
encountered were transitions, with transitions also accounting for the
majority (59%) of the genetic variation observed within the coding
region of bovine TLR2. The average density of polymorphism
observed for bovine TLR2 was 1 SNP per 75 bp sequenced. All bovine
TLR2 SNPs and predicted amino acid replacements are described in
Table 1. The genomic positions of all bovine TLR2 SNPs, corresponding
major and minor allele frequencies, SNP genotypes, amino acid
positions, and relevant GenBank accession numbers are also depicted
in Table 1.

Two repetitive sequences (short interspersed nuclear elements or
SINEs) were detected within the targeted region of bovine TLR2
(NC_007315) using RepeatMasker online (http://www.repeatmasker.
org/). Specifically, a SINE classified as ART2A was identified
(NC_007315 positions 9214–9594). Single-nucleotide polymorphisms
(Table 1) and one indel polymorphism (NC_007315 positions 9214–
9215: TG,+/+,+/−, −/−; ss104796296) were detected within the ART2A
repeat, with all indel genotypic classes observed within the bovine
DNA panel (genotypes not shown). Additionally, a second smaller SINE
classified as CHR-2 was also detected (NC_007315 positions 9631–
9796). Two bovine SNPs (Table 1) and no indels were observed within
the CHR-2 repeat. Two overlapping CpG islands were independently
predicted by CpG Plot (156 bp; http://www.ebi.ac.uk/emboss/cpgplot/)
and CpGProD (865 bp; http://pbil.univ-lyon1.fr/software/cpgprod_query.
html) online and were located within the coding region of bovine TLR2.
Moreover, a single plus-strand promoter was predicted for bovine TLR2
using CpGProD (NC_007315, positions 11250–12114) online.

Comparative prediction of TLR2 protein domain architectures
using SMART [39] for B. taurus, B. indicus, Homo sapiens, Mus musculus,
Rattus norvegicus, Canis familiaris, and Gallus gallus revealed three
clusters of LRR patterning that were conserved among all species
investigated (Fig. 1). Predicted amino acid replacements detected
(Table 1) for B. taurus and B. indicus did not result in the SMART
prediction of novel protein domain architectures. However, the
presence of either isoleucine (Ile) or valine (Val) at amino acid
position 211 (Table 1) for B. taurus, B. indicus, and crossbred cattle was
determined to modulate SMART prediction of a low-complexity
region (Fig. 1). The relative locations of predicted amino acid
replacements encoded by bovine TLR2 nsSNPs are depicted in Fig. 1.

Tlr6

Bovine TLR6 was previously mapped to BTA6 [10] and is part of the
50-kb TLR6-TLR1-TLR10 gene cluster previously described [17]. The
bovine TLR6 mRNA comprises four exons totaling 3095 bp, which
includes 5′ as well as 3′ untranslated regions, and encodes a protein
consisting of 793 amino acids (NCBI Accession No. NC_007304) [17].
Notably, the coding region of TLR6 is distributed among two exons, the
latter of which is shared by TLR1 according to the most recent NCBI
reference sequences for bovine TLR6 and TLR1 (NC_007304; build 3.1).
In this study we interrogated 2609 bp of bovine TLR6. The targeted
region included the entire coding sequence as well as 5′ and 3′
flanking sequences. Comparative sequence analysis of 2609 bp for 10
bovine breeds yielded 28 SNPs and no indels (Table 2). Of the 25 SNPs
detected within the coding region of bovine TLR6, 10 were
nonsynonymous (Table 2). Overall, nearly 86% of the SNPs observed
were transitions. Moreover, transitions accounted for 88% of the
genetic variation detected within the coding region of bovine TLR6.
The average density of polymorphism observed for bovine TLR6 was 1
SNP per 93 bp sequenced. All bovine TLR6 SNPs and predicted amino
acid replacements are presented in Table 2. The genomic positions of
all SNPs, major and minor allele frequencies, SNP genotypes, amino
acid positions, and relevant GenBank accession numbers are also
provided in Table 2.
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Table 1
Single-nucleotide polymorphisms (SNPs) detected in bovine TLR2 by comparative sequence analysis of 10 domestic cattle breedsa and the corresponding GenBank accession numbers
for the TLR2 sequences generated for each breed

Alleleb Genomicc Observed frequencyd Amino acid positione Amino acidf First reportg (SNP genotype): bovine breedh dbSNP ID

T/G 9,128 0.90/0.10 NA NA Y (G): P ss104796293
A/G 9,163 0.90/0.10 NA NA Y (G): N ss104796294
T/C 9,166 0.80/0.20 NA NA Y (C): N; (Y): Bd, Bn ss104796295
A/T 9,273 0.80/0.20 NA NA Y (T): N; (W): Bd, Bn ss104796297
A/C 9,400 0.80/0.20 NA NA Y (C): N; (M): Bd, Bn ss104796298
G/A 9,431 0.95/0.05 NA NA Y (R): Bn ss104796299
G/A 9,463 0.80/0.20 NA NA Y (A): N; (R): Bd, Bn ss104796300
G/A 9,474 0.95/0.05 NA NA Y (R): Bd ss104796301
T/C 9,510 0.80/0.20 NA NA Y (C): N; (Y): Bd, Bn ss104796302
C/T 9,564 0.95/0.05 NA NA Y (Y): An ss104796303
G/A 9,579 0.95/0.05 NA NA Y (R): Bd ss104796304
A/C 9,589 0.80/0.20 NA NA Y (C): N; (M): Bd, Bn ss104796305
G/T 9,675 0.85/0.15 NA NA Y (T): N; (K): Bd ss104796306
C/T 9,708 0.80/0.20 NA NA Y (T): N; (Y): Bd, Bn ss104796307
T/C 10,095 0.80/0.20 62 Asn/Asn Y (C): N; (Y): Bd, Bn ss104796308
G/T 10,098 0.55/0.45 63 Glu/Asp Ni,j (T): An, Hn ss104796309

(K): Bd, Bn, Ch, L, P
G/A 10,111 0.90/0.10 68 Gly/Ser Y (A): N ss104796310
G/A 10,364 0.95/0.05 152 Arg/Gln Y (R): Ro ss104796311
A/G 10,540 0.55/0.45 211 Ile/Val N j (G): N, Ro ss104796312

(R): Bd, Bn, Ch, L, P
T/A 10,590 0.90/0.10 227 Phe/Leu Y (A): N ss104796313
T/G 10,779 0.90/0.10 290 Asp/Glu Y (G): L ss104796314
G/T 10,854 0.95/0.05 315 Arg/Arg Y (K): Bd ss104796315
T/A 10,887 0.80/0.20 326 His/Gln Y (A): N; (W): Bd, Bn ss104796316
G/A 10,919 0.80/0.20 337 Arg/Lys Y (A): N; (R): Bd, Bn ss104796317
A/C 10,938 0.95/0.05 343 Ile/Ile Y (M): Bn ss104796318
C/T 11,123 0.95/0.05 405 Thr/Met Y (Y): N ss104796319
A/G 11,159 0.80/0.20 417 Asn/Ser Y (G): N; (R): Bd, Bn ss104796320
A/C 11,217 0.80/0.20 436 Gly/Gly Y (C): N; (M): Bd, Bn ss104796321
T/G 11,413 0.95/0.05 502 Ser/Ala Y (K): N ss104796322
C/T 11,541 0.90/0.10 544 Phe/Phe Y (C): An, Bd, Bn, Ch, Hn, L, P, N, Ro ss104796323
G/A 11,597 0.80/0.20 563 Arg/His Y (A): N; (R): Bd, Bn ss104796324
T/C 11,616 0.75/0.25 569 His/His Y (C): N; (Y): Bd, Bn, Ro ss104796325
A/C 11,688 0.80/0.20 593 Ala/Ala Y (C): N; (M): Bd, Bn ss104796326
G/T 11,691 0.80/0.20 594 Ala/Ala Y (T): N; (K): Bd, Bn ss104796327
C/T 11,723 0.90/0.10 605 Thr/Met Y (T): N ss104796328
C/T 11,748 0.95/0.05 613 His/His Y (Y): Bn ss104796329
C/G 11,904 0.80/0.20 665 His/Gln Y (G): N; (S): Bd, Bn ss104796330
T/C 11,934 0.80/0.20 675 His/His Y (C): N; (Y): Bd, Bn ss104796331
T/C 11,964 0.85/0.15 685 Ile/Ile Y (C): N; (Y): Bd ss104796332
G/C 12,033 0.95/0.05 708 Val/Val Y (S): Bd ss104796333
G/A 12,123 0.80/0.20 738 Glu/Glu Y (A): N; (R): Bd, Bn ss104796334
C/T 12,204 0.80/0.20 765 Pro/Pro Y (T): N; (Y): Bd, Bn ss104796335
G/A 12,257 0.90/0.10 783 Arg/Lys Y (A): L ss104796336

Breed GenBank Breed GenBank Breed GenBank
Angus EU746464 Charolais EU746465 Nelore EU746461
Braford EU746457 Holstein EU746459 Piedmontese EU746462
Brahman EU746458 Limousin EU746460 Romagnola EU746463

a An, Angus; Bd, Braford; Bn, Brahman; Ch, Charolais; Hn, Holstein; L, Limousin; N, Nelore; P, Piedmontese; Ro, Romagnola. All bovine TLR2 sequences are compared to the Hereford
TLR2 sequence (GenBank Accession No. NC_007315).

b Alleles are depicted as major allele/minor allele, with the Hereford (NC_007315) allele depicted in bold.
c Genomic position based on GenBank Accession No. NC_007315.
d Observed frequencies for major and minor alleles, respectively.
e Amino acid position based on GenBank Accession No. NC_007315 (Hereford).
f Amino acid(s) encoded by the major and minor alleles, respectively, with predicted amino acid replacements illustrated in bold.
g Novelty of the polymorphism: Y, first known report of the polymorphism; N, polymorphism has previously been reported.
h Breed reference and annotation of TLR2 SNPs deviating from GenBank Accession No. NC_007315 (Hereford). Heterozygous SNP genotypes are depicted using the IUPAC codes for

heterozygosity; homozygous genotypes are indicated by a standard, single nucleotide (A, C, T, G).
i McGuire et al. [10].
j Opsal et al. [18].
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No repetitive sequenceswere detectedwithin the targeted regions of
bovine TLR6 (NC_007304) using RepeatMasker online (http://www.
repeatmasker.org/). However, it should be noted that the current library
for bovine repeatsmay not be complete, thereby rendering some repeats
unrecognizable by RepeatMasker. No putative CpG islands were
identified by either CpG Plot (http://www.ebi.ac.uk/emboss/cpgplot/)
or CpGProD online (http://pbil.univ-lyon1.fr/software/cpgprod_query.
html). Moreover, no putative promoters were predicted by CpGProD
online.
Comparative prediction of TLR6 protein domain architectures via
SMART [39] for B. taurus, B. indicus, H. sapiens, M. musculus, and R.
norvegicus revealed three clusters of LRR patterning thatwere conserved
among all species investigated (Fig. 2). Both C. familiaris and G. gallus
were excluded from comparative protein domain analyses because no
complete TLR6 amino acid sequencewas available forC. familiaris (http://
www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9615) and no
orthologous TLR6 amino acid sequence could be clearly defined for
G. gallus [40,41] (http://www.ncbi.nlm.nih.gov/mapview/map_search.

http://www.repeatmasker.org/
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http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9031


Fig. 1. Comparative evaluation of TLR2 protein domain architectures for B. taurus, B. indicus, H. sapiens, M. musculus, R. norvegicus, C. familiaris, and G. gallus. Domain diagrams were
generated using SMART [39] and are not precisely scaled. Only confidently predicted and nonoverlapping domains are depicted. Nucleotide and/or amino acid sequences for all
species except B. indicus were retrieved from GenBank (B. taurus NC_007315, H. sapiens NP_003255, M. musculus NP_036035, R. norvegicus NP_942064, C. familiaris NP_001005264,
G. gallusNP_989609). The B. indicus TLR2 sequence was derived from this study. Patterns of leucine-rich repeats conserved across all taxa are indicated by a dashed black box. SMART-
predicted protein domains and regions are as follows: signal peptides are indicated by small red boxes; low-complexity regions are indicated in pink; regions of intrinsic disorder are
indicated by small, blue, horizontal boxes; leucine-rich repeats are depicted as LRR, LRR TYP, PFAM LRR, and LRRCT; vertical blue rectangles indicate the transmembrane domain; TIR
indicates Toll-interleukin 1-resistance homologous domain. Black arrows indicate the locations of predicted amino acid replacements encoded by bovine TLR2 nsSNPs (63 Glu/Asp,
68 Gly/Ser, 211 Ile/Val, 227 Phe/Leu, 290 Asp/Glu, 326 His/Gln, 337 Arg/Lys, 405 Thr/Met, 417Asn/Ser, 502 Ser/Ala, 563 Arg/His, 605 Thr/Met, 665 His/Gln, 783 Arg/Lys; Table 1). Note
that 152 Arg/Gln (Table 1) is not illustrated because the origin of the polymorphism (B. taurus, B. indicus) was not apparent. Predicted amino acid replacements (excluding 152 Arg/
Gln) encoded by bovine TLR2 did not result in the prediction of novel protein domain architectures for either species of Bos. One predicted amino acid replacement (211 Ile/Val; Table
1) was determined to modulate either confident prediction (211 Val) or ablation (211 Ile) of a low-complexity protein domain for B. taurus, B. indicus, and crossbred cattle using
SMART [39], as indicated by large red arrows.
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cgi?taxid=9031). Interestingly, two predicted amino acid replacements
(214Asp → Asn, 494Phe → Ile; Table 2), both independently and/or
collectively, were determined to modulate SMART prediction of two
LRR domains (Pfam-LRR1) for B. taurus (Fig. 2). Specifically, two Pfam-
LRR1 domains were confidently predicted via SMART for the B. taurus
TLR6 reference sequence (NP_001001159 from NC_007304), and two
predicted amino acid replacements (214Asp → Asn, 494Phe → Ile)
were subsequently determined to ablate the confident prediction of
these domains. The two Pfam-LRR1 domains were not confidently
predicted for B. indicus TLR6 using SMART (Fig. 2). In addition to
domain alterations predicted by amino acid replacements, a 5′ and a 3′
transmembrane domain were also predicted for the bovine TLR6
reference sequence (B. taurus; NC_007304, NP_001001159; Fig. 2). The
relative locations of all predicted amino acid polymorphisms encoded
by bovine TLR6 nsSNPs (Table 2) are depicted in Fig. 2.

Pglyrp1

Bovine PGLYRP1 has been placed on BTA18, according to build 3.1
of the bovine genome (http://www.ncbi.nlm.nih.gov/mapview/
map_search.cgi?taxid=9913). The bovine PGLYRP1 mRNA comprises
three exons totaling 688 bp, which includes 5′ as well as 3′
untranslated regions, and encodes a protein consisting of 190
amino acids, according to the reference sequence provided by NCBI
(NCBI Accession No. NC_007316). Comparative sequence analysis of
1965 bp spanning the coding and contiguous flanking regions of
bovine PGLYRP1 for a panel of 10 cattle breeds revealed 11 SNPs and
no indels (Table 3). Of the 3 SNPs detected within the coding region
of bovine PGLYRP1, 2 were nonsynonymous. Overall, nearly 64% of
the SNPs observed were transitions. However, transversions
accounted for the majority (66%) of the genetic variation detected
within the coding region. The average density of polymorphism
observed for bovine PGLYRP1 was 1 SNP per 179 bp sequenced. All
bovine PGLYRP1 SNPs and predicted amino acid replacements are
presented in Table 3. Additionally, the genomic positions of all bovine
PGLYRP1 SNPs, corresponding major and minor allele frequencies,
SNP genotypes, amino acid positions, and relevant GenBank
accession numbers are also provided in Table 3.

Analysis of bovine PGLYRP1 (2064 bp; NC_007316) via RepeatMasker
online (http://www.repeatmasker.org/) revealed five repetitive

http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9031
http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9913
http://www.ncbi.nlm.nih.gov/mapview/map_search.cgi?taxid=9913
http://www.repeatmasker.org/


Table 2
Single-nucleotide polymorphisms (SNPs) detected in bovine TLR6 by comparative sequence analysis of 10 domestic cattle breedsa and the corresponding GenBank accession numbers
for the TLR6 sequences generated for each breed

Alleleb Genomicc Observed frequencyd Amino acid positione Amino acidf First reportg (SNP genotype): bovine breedh dbSNP ID

A/T 13,851 0.90/0.10 NA NA Y (T): An ss104796337
T/G 14,066 0.90/0.10 43 Leu/Arg Y (G): Bn ss104796338
A/G 14,121 0.80/0.20 61 Gln/Gln Y (G): Bn, N ss104796339
A/G 14,197 0.85/0.15 87 Arg/Gly Y (G): Bn; (R): N ss104796340
G/Ai 14,578 0.50/0.50 214 Asp/Asn Nj (A): Bd, Bn, N ss104796341

(R): An, Ch, Hn, L
G/A 14,589 0.80/0.20 217 Ala/Ala Y (A): Bn, N ss104796342
C/T 15,060 0.90/0.10 374 Asp/Asp Nk (Y): Ch, Ro ss104796343
A/G 15,121 0.80/0.20 395 Thr/Ala Y (G): Bn, N ss104796344
T/C 15,213 0.80/0.20 425 Ser/Ser Y (C): Bn, N ss104796345
C/T 15,312 0.80/0.20 458 His/His Y (T): Bn; (Y): N ss104796346
T/A 15,418 0.95/0.05 494 Phe/Ile Y (W): An ss104796347
T/C 15,453 0.85/0.15 505 Asn/Asn Y (C): Bn; (Y): N ss104796348
C/T 15,492 0.95/0.05 518 Cys/Cys Y (Y): L ss104796349
C/T 15,515 0.55/0.45 526 Ala/Val Nk,l (C): Bd, Bn, N ss104796350

(Y): An, Ch, Hn, L, Ro
G/A 15,516 0.70/0.30 526 Val/Alam Nl (A): Bd ss104796351

(R): An, Ch, Hn, L
C/G 15,555 0.80/0.20 539 Asp/Glu Y (G): Bn, N ss104796352
G/A 15,568 0.85/0.15 544 Val/Ile Y (A): Bn; (R): N ss104796353
G/A 15,703 0.55/0.45 589 Val/Ile Nk,l (A): Bd, Ch, L ss104796354

(R): An, Hn, Ro
C/T 15,753 0.70/0.30 605 Leu/Leu Nl (T): Bd ss104796355

(Y): An, Ch, Hn, L
A/G 15,943 0.80/0.20 669 Ile/Val Y (G): Bn, N ss104796356
C/T 15,960 0.70/0.30 674 His/His Nl (T): Bd ss104796357

(Y): An, Ch, Hn, L
A/G 15,966 0.80/0.20 676 Arg/Arg Y (G): Bn, N ss104796358
T/C 15,990 0.80/0.20 684 Ile/Ile Y (C): Bn, N ss104796359
T/C 16,038 0.80/0.20 700 Phe/Phe Y (C): Bn, N ss104796360
T/C 16,041 0.65/0.35 NA NA Y (T): Bd, Bn, Ch, L, N ss104796361

(Y): An, Hn, Ro
G/A 16,068 0.65/0.35 NA NA Y (G): Bd, Bn, Ch, L, N ss104796362

(R): An, Hn, Ro
C/T 33,094 0.60/0.40 701 Val/Val Nk (C): An, Ch, N, P, Ro ss73689418

(Y): Hn, L
C/T 33,118 0.95/0.05 709 Ser/Ser Nn (Y): N ss73689419

Breed GenBank Breed GenBank Breed GenBank
Angus EU746466 Charolais EU746469 Nelore EU746474
Braford EU746467 Holstein EU746470 Piedmontese EU746472
Brahman EU746468 Limousin EU746471 Romagnola EU746473

a An, Angus; Bd, Braford; Bn, Brahman; Ch, Charolais; Hn, Holstein; L, Limousin; N, Nelore; P, Piedmontese; Ro, Romagnola. All bovine TLR6 sequences are compared to the Hereford
TLR6 sequence (GenBank Accession No. NC_007304).

b Alleles are depicted as major allele/minor allele, with the Hereford (NC_007304) allele depicted in bold.
c Genomic position based on GenBank Accession No. NC_007304 (Hereford).
d Observed frequencies for major and minor alleles, respectively.
e Amino acid position based on GenBank Accession No. NC_007304 (Hereford).
f Predicted amino acid(s) encoded by the major and minor alleles, respectively, with predicted amino acid replacements depicted in bold.
g Novelty of the polymorphism: Y, first known report of the polymorphism; N, polymorphism has previously been reported.
h Breed reference and annotation of TLR6 SNPs deviating from GenBank Accession No. NC_007304 (Hereford). Heterozygous SNP genotypes are depicted using the IUPAC codes for

heterozygosity; homozygous genotypes are indicated by a standard, single nucleotide (A, C, T, G).
i Both alleles are equally represented in the sample.
j Opsal et al. [17].
k McGuire et al. [10].
l Menzies and Ingham [9].
m Ala or Val at amino acid position 526 is modulated by variation encoded by genomic position 15,515.
n Seabury et al. [15].
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sequences. Altogether, the repetitive sequences totaled 480 bp and
contained the following five repeats: SINE/MIR (594–687), SINE/MIR
(745–785), SINE/MIR (1221–1359), SINE/BovA (1393–1504), SINE/MIR
(1615–1708). Six SNPs detected for bovine PGLYRP1 occur within four of
the repetitive sequences described above (see Table 3 for SNP positions).
All of the repetitive sequences identified were located in noncoding
regions, according to the bovine PGLYRP1 reference sequence provided
byNCBI online (NC_007316). Two putative CpG islands (NC_007316; 48–
431 and 1832–2007) were predicted using CpG Plot (http://www.ebi.ac.
uk/emboss/cpgplot/) online. One overlapping CpG island and putative
promoter (NC_007316; 1–840) was also predicted via CpGProD (http://
pbil.univ-lyon1.fr/software/cpgprod_query.html) online.
Comparative prediction of PGLYRP1 protein domain architectures
using SMART [39] for B. taurus, B. indicus, H. sapiens, M. musculus, R.
norvegicus, and C. familiaris revealed three domains that were
conserved among all taxa as follows: signal peptide, animal
peptidoglycan recognition protein homologous to bacteriophage T3
lysozyme (PGRP), and a zinc amidase/N-acetylmuramoyl-L-alanine
amidase activity (Ami_2) domain that overlapped with PGRP (Fig. 3).
Predicted amino acid replacements encoded by bovine PGLYRP1
nsSNPs (Table 3) did not result in the prediction of novel protein
domain architectures or domain alterations using SMART [39]. The
domain locations and distribution of all bovine PGLYRP1 predicted
amino acid replacements for B. taurus and B. indicus are comparatively

http://www.ebi.ac.uk/emboss/cpgplot/
http://www.ebi.ac.uk/emboss/cpgplot/
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Fig. 2. Comparative evaluation of TLR6 protein domain architectures for B. taurus, B. indicus, H. sapiens, M. musculus, and R. norvegicus. Domain diagramswere generated using SMART
[39] and are not precisely scaled. Only confidently predicted and nonoverlapping domains are depicted. Nucleotide and/or amino acid sequences for all species except B. indicuswere
retrieved from GenBank (B. taurus NC_007304, NP_001001159; H. sapiens NP_006059; M. musculus NP_035734; R. norvegicus NP_997487). The B. indicus TLR6 sequence was derived
from this study. Patterns of LRRs conserved across all taxa are indicated by dashed, black boxes. SMART-predicted protein domains and regions are as follows: regions of low
complexity are indicated in pink; regions of intrinsic disorder are indicated by small, blue horizontal boxes; leucine-rich repeats are depicted as LRR, LRR TYP, PFAM LRR, and LRRCT;
vertical blue rectangles indicate the transmembrane domain; TIR indicates Toll-interleukin 1-resistance homologous domain. Black arrows indicate the locations of predicted amino
acid polymorphisms encoded by bovine TLR6 nsSNPs (43 Leu/Arg, 87 Arg/Gly, 214 Asp/Asn, 395 Thr/Ala, 494 Phe/Ile, 526 Ala/Val, 539 Asp/Glu, 544 Val/Ile, 589 Val/Ile, 669 Ile/Val; see
Table 2). Two predicted amino acid replacements (214Asp → Asn; 494Phe → Ile; Table 2), either independently or collaboratively, ablate confident prediction of the two PFAM LRR
domains indicated by large red arrows.
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illustrated in Fig. 3. Additionally, a consensus PGLYRP1 protein domain
architecture representing H. sapiens, M. musculus, R. norvegicus, and C.
familiaris is depicted in Fig. 3. Gallus gallus was excluded from the
comparative protein domain analysis because no orthologous
PGLYRP1 (PGRP-S) amino acid sequence could be definitively
identified using the Chicken Genome Resources online (http://www.
ncbi.nlm.nih.gov/genome/guide/chicken/).

Discussion

Domain architecture and nsSNPs

Previous studies provide evidence that the LRR-containing ecto-
domains of the TLR proteins are likely to facilitate detection of
invading PAMPs [8,33,42–44]. Comparative prediction of TLR2 protein
domain architectures for multiple mammalian lineages and one
outgroup avian lineage revealed at least three conserved regions of
LRR patterning among all species investigated (Fig. 1). Notably,
comparative protein domain analysis for TLR2 revealed that C.
familiaris (GenBank NP_001005264) was the only species for which
a transmembrane domain was not confidently predicted by SMART
[39]. Signal peptides and Toll-interleukin-1 resistance (TIR) domains,
as defined by SMART [39], were predicted for TLR2 of all species
investigated (Fig.1). Nonsynonymous SNPswere detectedwithinmost
major protein domains predicted for bovine TLR2 (Fig. 1), with
predicted amino acid replacements observed within the LRR,
transmembrane, and TIR domains (Fig. 1). Themajority of all predicted
amino acid replacements detected for bovine TLR2 were observed for
breeds influenced and/or derived from B. indicus (Table 1; Fig. 1).
Interestingly, one predicted amino acid replacement (211Ile/Val)
encoded by a nsSNP at TLR2 genomic position 10,540 (Table 1) was
determined to modulate the presence or absence of a low-complexity
protein domain for B. taurus, B. indicus, and crossbred cattle during
sequential SMART [39] analyses (Fig. 1). Notably, the low-complexity
region was not predicted for the bovine TLR2 reference sequence (B.
taurus; NC_007315, NP_776622), which encoded Ile at amino acid
position 211. With the exception of C. familiaris lacking a predicted
transmembrane domain, the predicted protein domain architectures
for TLR2 were similar for all species investigated, indicating a
detectable level of conservation across mammal and bird lineages.

Comparative prediction of TLR6 protein domain architectures for
five mammalian lineages revealed at least three conserved regions of
LRR patterning across all taxa investigated (Fig. 2). The majority of all
nsSNPs and predicted amino acid replacements detected for bovine
TLR6 were observed for breeds derived from B. indicus. No signal
peptides were predicted for the five mammalian TLR6 amino acid
sequences evaluated using SMART [39]. Interestingly, a 5′ and a 3′
transmembrane domainwere predicted for the bovine TLR6 reference

http://www.ncbi.nlm.nih.gov/genome/guide/chicken/
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Table 3
Single-nucleotide polymorphisms (SNPs) detected in bovine PGLYRP1 by comparative sequence analysis of 10 domestic cattle breedsa and the corresponding GenBank accession
numbers for the PGLYRP1 sequences generated for each breed

Alleleb Genomicc Observed frequencyd Amino acid positione Amino acidf First reportg (SNP genotype): bovine breedh dbSNP ID

G/C 130 0.55/0.45 34 Gly/Gly Y (C): Hn, L, P, Ro ss104796363
(S): Ch

T/C 254 0.80/0.20 76 Tyr/His Y (C): Bn, N ss104796364
C/T 661 0.95/0.05 NA NA Y (Y): N ss104796365
C/G 677 0.90/0.10 NA NA Y (G): An ss104796366
G/A 972 0.75/0.25 NA NA Y (A): Bn; (R): Bd, N, P ss104796367
G/A 979 0.95/0.05 NA NA Y (R): Bd ss104796368
G/C 1395 0.95/0.05 NA NA Y (S): N ss104796369
C/T 1411 0.95/0.05 NA NA Y (Y): Ro ss104796370
C/T 1457 0.90/0.10 NA NA Y (T): Ro ss104796371
T/C 1686 0.65/0.35 NA NA Y (Y): Bd, Hn, P ss104796372
T/G 1954 0.90/0.10 184 Trp/Gly Y (G): An ss104796373

Breed GenBank Breed GenBank Breed GenBank
Angus EU746455 Charolais EU746450 Nelore EU746453
Braford EU746448 Holstein EU746451 Piedmontese EU746454
Brahman EU746449 Limousin EU746452 Romagnola EU746456

a An, Angus; Bd, Braford; Bn, Brahman; Ch, Charolais; Hn, Holstein; L, Limousin; N, Nelore; P, Piedmontese; Ro, Romagnola. All bovine PGLYRP1 sequences are compared to the
Hereford PGLYRP1 sequence (GenBank Accession No. NC_007316).

b Alleles are depicted as major allele/minor allele, with the Hereford (NC_007316) allele depicted in bold.
c Genomic position based on GenBank Accession No. NC_007316 (Hereford).
d Observed frequencies for major and minor alleles, respectively.
e Amino acid position based on GenBank Accession No. NC_007316 (Hereford).
f Amino acid(s) encoded by the major and minor alleles, respectively, with predicted amino acid replacements illustrated in bold.
g Novelty of the polymorphism: Y, first known report of the polymorphism depicted; N, polymorphism has been previously reported.
h Breed reference and annotation of PGLYRP1 SNPs deviating fromGenBank Accession No. NC_007316 (Hereford). Heterozygous SNP genotypes are depicted using the IUPAC codes

for heterozygosity; homozygous genotypes are indicated by a standard, single nucleotide (A, C, T, G).
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sequence (B. taurus; NC_007304, NP_001001159). Comparative align-
ment of the TLR6 protein domain architectures predicted by SMART
[39] revealed two transmembrane domains for all species investigated
except R. norvegicus (Fig. 2). To date, no other mammalian TLR loci
have been reported or predicted to contain two transmembrane
domains. The biological significance of this predicted protein domain
architecture is currently unknown. Predicted bovine amino acid
replacements encoded by nsSNPs were determined to modulate
protein domain alterations during SMART [39] analyses (Fig. 2).
Specifically, two amino acid replacements (214Asp → Asn, 494Phe →
Ile), both independently and/or collaboratively, were determined to
abolish confident prediction of two distinct LRR domains (Pfam-LRR1;
amino acid positions 101–119 and 123–146) using SMART [39] (see
Fig. 2). Representatives of B. indicus (Brahman, Nelore) investigated
herein were monomorphic at TLR6 amino acid positions 214 and 494
(encoding 214Asn, 494Phe; Table 2). Therefore, the two LRR domains
(Pfam-LRR1) spanning amino acid positions 101–119 and 123–146
were not confidently predicted for B. indicus TLR6 using SMART [39]
(Fig. 2). In contrast, nsSNPs corresponding to TLR6 amino acid
positions 214 and/or 494 (Table 2) were observed for bovine breeds
representing B. taurus (Angus, Charolais, Holstein, Limousin), with
relevant variation (Asp214Asn; Phe494Ile) modulating either con-
fident prediction or ablation of the two bovine TLR6 LRR (Pfam-LRR1)
domains as described above (see Table 2; Fig. 2). Collectively, the
distribution of nsSNPs detected for bovine TLR6 included most major
protein domains predicted by SMART [39], with predicted amino acid
replacements noted within the LRR, transmembrane, and TIR domains
(Fig. 2).

Among the loci interrogated in this study, comparative sequence
analysis of PGLYRP1 for 10 domestic cattle breeds revealed the fewest
nsSNPs. However, it should be noted that only three variable
nucleotide sites were observed within the PGLYRP1 coding sequence,
two of which were nonsynonymous (Table 3). The two nsSNPs were
observed within regions encoding the overlapping PGRP/Ami_2
domains (B. indicus) and a 3′ unstructured region of bovine PGLYRP1
(B. taurus), with no nsSNPs detected within the predicted signal
peptides or 5′ unstructured regions (Table 3; Fig. 3). Interestingly, only
representatives of B. indicus (Brahman, Nelore) were observed to
encode nsSNPs within the major protein domains (PGRP/Ami_2)
confidently predicted by SMART [39] (Table 3; Fig. 3). Unlike bovine
TLR2 and TLR6, nsSNPs detected for bovine PGLYRP1 did not manifest
as confidently predicted protein domain alterations during sequential
SMART [39] analyses. Comparative analysis of the predicted protein
domain architectures for PGLYRP1 of sixmammalian lineages revealed
a single consensus configuration that was conserved among all species
evaluated (Fig. 3).

Bovine quantitative trait locus (QTL) alignment with TLR2, TLR6, and
PGLYRP1

Currently, three online databases that provide public access to
bovine QTLs are available for fine mapping and genomic orientation
toward candidate genes through QTL alignment with the bovine
genome. Each database is hosted by an independent academic
institution, with one sponsored by Texas A and M University (Bovine
QTL Viewer: http://bovineqtlv2.tamu.edu/index.html) and the other
two hosted by Iowa State University (http://www.animalgenome.org/
QTLdb/cattle.html) and the University of Sydney, Australia (http://
www.vetsci.usyd.edu.au/reprogen/QTL_Map/). As previously reported
[15], a search of the three databases for health-related QTL identified
on BTA6 revealed two bovine QTLs overlapping the TLR10-TLR1-TLR6
gene cluster. Specifically, a genome-wide suggestive QTL affecting
bovine spongiform encephalopathy was determined to overlap with
the TLR10-TLR1-TLR6 gene cluster on BTA6 [45]. A second QTL of
genome-wide significance for clinical mastitis [46] also overlapped
with the chromosomal region harboring the bovine TLR10-TLR1-TLR6
gene cluster. Similar queries of all the available bovine databases did
not reveal any health-related QTL that overlapped with the chromo-
somal position of TLR2 or PGLYRP1, located on BTA17 and BTA18,
respectively. However, a microsatellite marker on BTA18 (BM2078)
was significantly associated with M. avium paratuberculosis infection
in cattle during a recent genome scan [47]. The physical distance
between BM2078 and PGLYRP1 is approximately 7 Mb based on build
3.1 of the B. taurus genome (http://www.ncbi.nlm.nih.gov/mapview/

http://bovineqtlv2.tamu.edu/index.html
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Fig. 3. Comparative evaluation of PGLYRP1 protein domain architectures for B. taurus, B.
indicus, H. sapiensa, M. musculusa, R. norvegicusa, and C. familiarisa. Domain diagrams
were generated using SMART [39] and are not precisely scaled. Only confidently
predicted domains are depicted. Nucleotide and/or amino acid sequences for all species
except B. indicus were retrieved from GenBank (B. taurus NC_007316, NP_776998; H.
sapiens NP_005082; M. musculus NP_033428; R. norvegicus NP_445825; C. familiaris
XP_855038). The B. indicus PGLYRP1 sequence was derived from this study. SMART-
predicted domains and protein regions are indicated as follows: signal peptides are
indicated by small red boxes; PGRP indicates animal peptidoglycan recognition protein
homologous to bacteriophage T3 lysozyme; Ami_2 indicates zinc amidase/N-acet-
ylmuramoyl-L-alanine amidase activity. PGRP and Ami_2 overlap. Black arrows
illustrate the locations of predicted amino acid polymorphisms encoded by bovine
PGLYRP1 nsSNPs (76 Tyr/His, 184 Trp/Gly; Table 3). Predicted amino acid replacements
encoded by bovine PGLYRP1 did not result in the prediction of novel protein domain
architectures or protein domain alterations for either species of Bos.

Fig. 4. Comparative evaluation of the total observed SNPs and average SNP density (bp/
SNP) for bovine PGLYRP1 as well as TLRs 1, 2, 3, 5, 6, 7, 8, 9, and 10. Total observed SNPs
and average SNP densities for bovine PGLYRP1, TLR2, and TLR6 were derived from this
study. Total observed SNPs and average SNP densities for all other TLR loci were derived
from previous studies [14,15]. Collectively, bovine TLRs predominantly recognizing viral
ligands (TLRs 3, 7, 8, 9) revealed a significantly lower average SNP density (p=0.0001;
two-tailed, Fisher's exact test) than those recognizing microbial and/or unknown
ligands (TLRs 1, 2, 5, 6, 10).
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map_search.cgi?taxid=9913). Subsequent interval mapping failed to
provide further statistical support for a M. avium paratuberculosis
infection QTL on BTA18 [47].

Notably, TLR2 recognizes a variety of microbial products and
generally functions as a heterodimer with either TLR1 or TLR6 [8,31].
The TLR2/TLR1 heterodimer is known to recognize a variety of
lipoproteins, including those derived from mycobacteria and menin-
gococci [8,26,48], whereas the TLR2/TLR6 heterodimer recognizes
mycoplasma lipoproteins, peptidoglycan, and components derived
from both protozoa and fungi [8,49]. Importantly, TLR2 may also
recognize ligands such as the gram-positive cell wall component
lipoteichoic acid, mycobacterial-derived lipoarabinomannan, and
atypical lipopolysaccharide as either homodimers and/or heterodi-
mers with other non-TLR proteins [for specific review see 8]. Recent
studies indicate that TLR2/6 heterodimers also recognize Bacillus
anthracis, the causative agent of anthrax [50], and that bovine TLR2
mRNA abundance significantly increases during mastitis infection
[11]. For these reasons, TLR2, TLR6, and TLR1 should not be discounted
as potentially important candidate genes for bovine genetic improve-
ment, vaccine development [51], or innate immunologicals [52] aimed
at suppressing economically important diseases in domestic cattle.

Peptidoglycan (PGN) is a major constituent of bacterial cell walls
and one of the main microbial components detected by the
mammalian innate immune system [53]. The recognition of PGN in
mammals is modulated by several gene families, including the TLRs,
nucleotide-binding oligomerization domain-containing proteins, and
the PGRPs [for review see 53]. Bovine PGLYRP1 is found within
neutrophils as well as eosinophils and exhibits the same immune
staining pattern as β-defensin [35,54]. To date, relatively few studies
exist with respect to the bovine PGRPs [35,55]. Importantly, previous
studies indicate that bovine PGLYRP1 is capable of killing micro-
organisms in which PGN is exposed (Staphylococcus aureus, Listeria
monocytogenes), buried (Salmonella typhimurium), or even absent
(Cryptococcus neoformans), thereby providing evidence for a diverse
role in bovine innate immunity [35,55]. For this reason, we consider
bovine PGLYRP1 to be a potentially important candidate gene
underlying differential susceptibility to gram-positive bacteria,
gram-negative bacteria, and fungi [35,55].

Comparison of polymorphisms among the bovine TLRs

Using the same bovine DNA panel, recent studies provide detailed
descriptions of 222 SNPs and 15 indels within 33,022 bp of the
bovine TLRs that recognize viral (TLRs 3, 7, 8, and 9) PAMPs [14], as
well as microbial (TLRs 1, 5) and/or unspecified (TLR10) ligands [15].
Notably, because TLR10 has been shown to form functional hetero-
dimers with both TLR1 and TLR2, it is possible that TLR10 may
collaboratively aid in the recognition of a variety of microbial PAMPs
[56]. Including polymorphism data reported in this study, compara-
tive sequence analysis for 10 bovine breeds revealed a total of 293
SNPs and 16 indels localized within 38,855 bp spanning bovine TLRs
1, 2, 3, 5, 6, 7, 8, 9, and 10 ([14,15], this study). Notably, bovine TLR
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Table 4
Oligonucleotide primers for PCR amplification and sequencing of bovine PGLYRP1, TLR2,
and TLR6

5′ to 3′

PGLYRP1a

PGLYRP1_1 (666 bp)b F: ATCTCCGCGTGTCCTTTC
R: TGACCCTGAAGCTGAGAGAG

PGLYRP1_2 (694 bp)b F: TGGATTCGCTTGGTAAAGTC
R: AGAGGTTGTAGGTGGCAGAG

PGLYRP1_3 (965 bp)b F: AGAAGATGGGCTCGTGTATG
R: GTGTGAGAAGACGGACAGG

TLR2c

TLR2_1 (816 bp)b F: TCCTGCTCCATATTCCTACG
R: TGACTGTGTTTGACATCATGG

TLR2_2 (668 bp)b F: CTCATTCATTTATGGCTGGC
R: GACCTGAACCAGGAGGATG

TLR2_3 (681 bp)b F: AGATCACCTATGTCGGCAAC
R: CATGGGTACAGTCATCAAACTC

TLR2_4 (774 bp)b F: AGCATCCATCAGTGAAATGAG
R: GGTAAGAAGGAGGCATCTGG

TLR2_5 (730 bp)b F: AGTTTAACCCAGTGCCTTCC
R: TGGAGTCAATGATGTTGTCG

TLR2_6 (436 bp)b F: CCTACTGGGTGGAGAACCTC
R: ACCACCAGACCAAGACTGAC

TLR6d,e

TLR6_1 (876 bp)b F: ATTGAGAGTAATCAGCCAAT
R: GTAAGGTTGGTCCTCCAGTG

TLR6_2 (805 bp)b F: ACTACCCATTGCTCACTTGC
R: CTATACTCCCAACCCAAGAGC

TLR6_3 (845 bp)b F: GACACACGCTTTATACACATGC
R: CACTGACACACCATCCTGAG

TLR6_4 (604 bp)b F: GCCAAGTATCCAGTGACGTG
R: AATGGTGTTCTGTGGAATGG

a Contig accession number used for PGLYRP1 primer design: NC_007316.
b Expected amplicon sizes based on NC_007316, NC_007315, NC_007304.
c Contig accession number used for TLR2 primer design: NC_007315.
d Contig accession number used for TLR6 primer design: NC_007304.
e TLR6_3F and TLR6_4R were used for PCR amplification to ensure specificity for

bovine TLR6, with TLR6_3F, TLR6_3R, TLR6_4F, and TLR6_4R used for direct sequencing.

243C.M. Seabury, J.E. Womack / Genomics 92 (2008) 235–245
SNP and indel polymorphisms were detected using the same bovine
DNA panel in all three studies. A comparative evaluation of total
observed SNPs and average SNP density for bovine TLRs 1, 2, 3, 5, 6, 7,
8, 9, and 10, as well as bovine PGLYRP1, is depicted in Fig. 4. Overall,
bovine TLRs recognizing viral PAMPs (3, 7, 8, 9) revealed a
significantly lower average SNP density (p=0.0001; two-tailed
Fisher's exact test) than those recognizing microbial and/or unknown
ligands (TLRs 1, 2, 5, 6, 10; see Fig. 4). We previously reported a
similar result [15]. However, the addition of TLR2 and TLR6 SNP data
enhances the significance of the difference previously noted [15].
Further comparison between TLRs primarily recognizing viral PAMPs
[14] and those recognizing microbial and/or unknown ligands ([15],
this study) also revealed a more than threefold difference in the total
number of SNPs detected within the coding regions (viral PAMPs, 33;
microbial/unknown, 101). However, no significant difference (two-
tailed Fisher's exact test) was noted for a comparison of the
distribution of nonsynonymous (viral PAMPs, 16; microbial/
unknown, 48) and synonymous (viral PAMPs, 17; microbial/
unknown, 53) SNPs between the two TLR groups ([14,15], this
study). Therefore, it is currently unclear whether bovine TLRs that
primarily recognize nonviral ligands are subject to different func-
tional and/or selective constraints, as compared to those primarily
recognizing viral ligands, or whether significant differences noted in
average SNP densities may somehow be related to the sampling
scheme in all three studies. The answers to these questions currently
remain unknown.

As we previously reported [15], no nsSNPs were detected within
the predicted transmembrane or TIR domains of bovine TLRs 3, 7, 8,
and 9 [14], whereas a total of 10 nsSNPs were detected within the
predicted transmembrane and/or TIR domains of bovine TLRs 1, 2, 5, 6,
and 10 ([15], Figs. 1 and 2 of this study). This trend remains one of the
most remarkable disparities noted during comparative sequence
analyses of the bovine TLRs [14,15]. As previously hypothesized [15],
the biological significance of this disparity might be related to the fact
that the TLR transmembrane domain is required for determining
cellular localization (intracellular versus cell surface) [for review see
[57]. Specifically, TLRs 3, 7, 8, and 9 reside in acidified intracellular
compartments that are conducive to the degradation, release, and
subsequent recognition of foreign viral or bacterial (TLR9, bacterial
CpG DNA) nucleic acids [for review see [57]. For this reason, any
alterations in the normal cellular localization patterns may be
potentially deleterious to bovine innate immunity.

Conclusions and future studies

Including the results reported herein, detailed polymorphism
studies have now emerged for all 10 of the bovine TLR loci [13–15].
Moreover, we also provide the first detailed study of genetic variation
within bovine PGLYRP1. The primary objective of this study was to
characterize SNPs and indels that will enable future association and
TLR signaling studies relevant to bovine innate immunity. In addition,
we also sought to understand how nsSNPs within bovine PGLYRP1,
TLR2, and TLR6 influence the prediction of protein domain
architecture, while also comparatively defining conserved domain
patterning among mammalian and nonmammalian taxa. Collectively,
83 polymorphisms were identified within the three genes investi-
gated, with at least 15 nsSNPs located within predicted domains
considered to be functionally relevant. Comparative analysis of
predicted protein domain architectures for TLR2 and TLR6 revealed
six regions of LRR patterning that was conserved among all species
investigated. Future work will entail SNP validation and haplotype
inference for larger sample sets to enable association studies as well
as QTL fine mapping in cattle. Additionally, the bovine TLR SNPs
described here, as well as those previously described [13–15], will
facilitate future ligand recognition studies as well as allele-specific
PGLYRP1 microbicidal assays that may help elucidate molecular
mechanisms modulating differential susceptibility to important
diseases affecting domestic cattle.

Materials and methods

Primers and PCR amplification

All PCR primers were designed using Primer3 online (http://frodo.wi.
mit.edu/cgi-bin/primer3/primer3_www.cgi), with a 58 °C optimal
annealing temperature. PCR primers for amplification and direct
sequencing of TLRs 2 and 6 and PGLYRP1 are presented in Table 4. In
total, threeprimerpairsweredesigned for PGLYRP1, sixprimerpairswere
designed forTLR2, and fourprimerpairsweredesigned forTLR6.Working
stockswere diluted to 10 μMfor PCR amplification and direct sequencing.

A single step-down thermocycling procedure was used to generate
amplicons for bovine TLR2, TLR6, and PGLYRP1 amplicon 3 (PGLYRP1-
3F and PGLYRP1-3R; Table 4) using 25-μl PCRs and thermal conditions
as previously described [15]. Thermal cycling parameters and 25-μl
PCRs utilized to generate the two remaining 5′ amplicons for bovine
PGLYRP1 (Table 4; PGLYRP1-1, PGLYRP1-2) were also identical to those
previously described [15], with the following exception: initial
annealing temperature of 60 °C followed by a final annealing
temperature of 57 °C. To ensure PCR specificity for TLR6, we generated
amplicons for all cattle breeds investigated using the primer pair
TLR6_3F and TLR6_4R (expected size ∼1059 bp; Table 4), with 25-μl
PCRs and thermal parameters as previously described [15]. All resulting
PCR products were visualized via agarose gel electrophoresis and
subsequently purified using the QIAquick PCR purification kit (Qiagen,
Valencia, CA, USA) according to the manufacturer's recommendations.

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
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Sequencing

Direct sequencing of all PCR products for bovine PGLYRP1, TLR2,
and TLR6 was initially performed on a control sample to verify
sequence identities prior to the polymorphism screen. Thereafter, all
purified bovine TLR amplicons were sequenced directly in both
directions using Big Dye Terminator Cycle Sequencing technology in
conjunction with GeneAmp 9700 PCR Systems (Applied Biosystems,
Foster City, CA, USA) in 10-µl reaction volumes. Sequencing reaction
volumes, constituents, concentrations, and thermal cycling para-
meters followed Seabury et al. [15]. All sequencing reactions were
purified using G-50 Sephadex columns (Biomax, Odenton, MD, USA)
according to the manufacturer's recommended protocol. Purified
sequencing reactions were dried using a Speed Vac and stored at
−20 °C. Each sample was rehydrated with 15 μl of ABI HiDi formamide
(Applied Biosystems) and resolved on an ABI 3130 automated
sequencer (Applied Biosystems).

DNA samples

DNA from an Angus bull (J.E.W.38) [15] was utilized for primer
optimization and verification of amplicon sequence identities via
BLAST (http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.
cgi?taxid=9913) and/or CLUSTALW (http://clustalw.ddbj.nig.ac.jp/top-
e.html) alignment with the relevant Hereford reference sequence
from the Bovine Genome Project. Bovine DNA samples representing
multiple cattle breeds were also available in a local repository [15,58].
In addition to the Angus sample used for optimization, one bovine
DNA sample was also selected from the following breeds: Braford,
Brahman, Charolais, Holstein, Limousin, Nelore, Piedmontese, and
Romagnola. The source of the DNAwas commercially available semen
[58]. Bovine DNA samples were specifically chosen with the intent of
surveying a diverse spectrum of germplasm representing both B.
taurus and B. indicus [14,15]. All sequences generated in this study
were compared to the publicly available Hereford sequence from the
Bovine Genome Project (http://www.hgsc.bcm.tmc.edu/projects/
bovine/).

Comparative sequence analysis

All bovine sequences were assembled and analyzed via
Sequencher 4.7 (Gene Codes Corp., Ann Arbor, MI, USA) using the
more rigorous default assembly parameters. Sequence quality was
verified by electropherogram inspection and confirmed by
Sequencher 4.7 quality analysis score. Heterozygous nucleotides
were flagged manually during electropherogram inspection and
confirmed by Sequencher 4.7 analysis of overlapping sequences.
Several amplicons were evaluated by a secondary round of PCR and
sequencing to validate observed polymorphisms. Heterozygous
nucleotides were annotated with the appropriate IUPAC-IUB code
for heterozygosity within Sequencher 4.7, and the final consensus
sequences were exported for further analysis. Electropherograms
displaying evidence of indel polymorphism were imported into
Mutation Surveyor 3.00 (SoftGenetics, State College, PA, USA) for
resolution of heterozygous indels by deconvoluting the sequence
traces into two separate sequences. Both alleles from the Mutation
Surveyor heterozygous indel prediction were also observed as
homozygous indel polymorphisms within the sample of 10 bovine
breeds, with all possible genotypic classes (+/+,+/−, −/−) observed
within the sample. Forward and reverse sequences flanking a
heterozygous indel were also used to manually identify the position
and sequence of the indel. Mutation Surveyor heterozygous indel
prediction and manual methods were fully congruent as previously
described [15].

The online utility SMART [39] (http://smart.embl-heidelberg.de/)
was used for comparative prediction of TLR and PGLYRP1 protein
domain architectures. For all protein domain searches and predictions
the normal mode of SMART was used with the following settings:
include PFAM domains, signal peptides, internal repeats, and intrinsic
protein disorder. Using the settings described above, SMART was also
employed to investigate how predicted amino acid replacements
influence the prediction of protein domain architectures for bovine
PGLYRP1, TLR2, and TLR6. Predicted amino acid replacements were
sequentially evaluated in SMART according to how they were
observed in the sample (genotypically).

Statistical analysis

Two-tailed Fisher's exact tests were performed using the freeware
STAT-SAK (G.E. Dallal). Two-by-two tables constructed for compar-
isons are available upon request. A pb 0.05 was considered statistically
significant.
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