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Abstract: Hybrid resequencing of the antibacterial innate immune genes coding for toll-like recep-
tors, namely TLR1, TLR2, TLR4, TLR5, and TLR6, using HiSeq and PacBio technologies of pooled
population samples of Czech Simmental (Czech Red) cattle allowed us to determine haplotypes
formed by the polymorphisms present. Directly determined haplotypes within the range of the
large proximal amplicon in TLR2 formed two clusters in the network tree graph. The distribution of
the statistically reconstructed haplotypes based on individual genotyping of the present SNPs was
consistent. Similarly, the statistically reconstructed haplotypes in TLR5 and TLR6 formed two clusters.
The trend of bimodal distribution was also observed in TLR4, while the limited diversity of TLR1 did
not allow for any conclusion. The observed bimodal distribution is consistent with earlier reports
for cattle populations worldwide. The stability of this phenomenon cannot be ascribed to historical
origin but rather to a long-term effect of balancing selection. The equilibrium might be based on
two different essential functions performed by the TLR genes or their products. The formation of
two kinds of heterodimers by the TLR2 product, namely, TLR2/TLR1 and TLR2/TLR6 with different
ligand specificities, is considered to be a particular case. On the other hand, the better expression of
the bimodal groups in the 5′-proximal SNPs supports the localization of the selection targets in the
upstream regulatory regions or the functional interactions in the proximal part of the transcripts.

Keywords: innate immunity; toll-like receptors; antibacterial TLRs; infection pressure; balancing se-
lection

1. Introduction

Animal toll-like receptors (TLRs) play a key role in the recognition of the conserved
molecules of bacterial, fungal, and viral origin, the so-called pathogen-associated molecular
patterns (PAMPs) [1], as a class of pattern-recognizing receptors (PRRs). Although originally
discovered in Drosophila as a morphogenetic gene [2] and only later recognized as an
essential factor of resistance against pathogens [3], they are distributed almost universally.
Toll-like receptors evolved in the animal kingdom starting in Porifera [4]. Homologs of the
most conserved region of the toll-like receptor, region TIR (Toll interleukin-1 receptor and
resistance genes), can be found even in plant genes for antimicrobial defense [5].

Toll-like receptors are activated by ligands originating from pathogens and involved
in pathogenesis (pathogen-associated molecular patterns, PAMPs). Subsequently, they
mediate downstream triggering of the transcriptional response via the toll-signaling path-
way [1]. In addition to their function in innate immunity in vertebrates, the pleiotropic
effects of toll-like receptor coding genes (TLRs) have been demonstrated in many other
traits, both at the molecular and organismal levels [6]. For example, effects on parturition
in the mouse model have been demonstrated using a line with a TLR4 knockout [7]. In
livestock species, TLRs have been considered prospective targets for breeding mainly as
representatives of innate immunity genes [8,9].

In cattle (Bos taurus L.), ten paralogues denoted as TLR1–TLR10 are differentiated into
the so-called antibacterial and antiviral series [10]. Genes TLR1, TLR2, TLR4, and TLR6
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recognize polysaccharidic or glycoprotein ligands originating from the cell walls of Gram-
negative and Gram-positive bacteria. The product of TLR5 is an exception by recognizing
the protein flagellin from bacterial flagella. The toll-like protein product consists of the
outer region, which is extracellular in the antibacterial group, the transmembrane part, and
the inner (intracellular) region.

Natural variation in bovine TLR genes has been repeatedly reported for a panel of
world cattle breeds [11–13], and is documented in public nucleotide sequence databases,
such as the European Variation Archive (EVA) of the European Bioinformatics Insti-
tute (https://www.ebi.ac.uk/eva/?Home; accessed on 21 June 2023) and ENSEMBL
(https://www.ensembl.org/info/docs/tools/vep/index.html; accessed on 21 June 2023).
Some of the variants in coding regions are predicted to disturb the function of the protein
product [14–18]. According to expectations, associations with health traits in cattle pop-
ulations have been reported for naturally occurring variants [13,16,19]. For instance, the
predicted functional change in c.2021C>T in TLR4, affecting the transmembrane region,
causes a shift in somatic cell count in milk [14,20]. In TLR2, the 1047G>T and 1313G>A
nonsynonymous polymorphisms have been reported to be effective in increasing suscepti-
bility to mycobacterial infections in cattle—tuberculosis and paratuberculosis (PTB) [16–18].
Nevertheless, in many cases, synonymous mutations without a change to the protein
structure or even mutations in the noncoding regions of bovine TLR genes demonstrated
associations with phenotypic traits. For example, noncoding 1313G>A in TLR2 is part of a
haplotype that increases susceptibility to PTB [19].

Consequently, the effects of haplotypes should be considered in place of the effects
of the causal SNPs alone. In contrast to simple SNPs, haplotypes comprising particular
blocks of SNPs and identified via tagSNPs integrate causal polymorphisms in the coding
and regulatory regions [21]. Therefore, knowledge of haplotype structure is a prerequisite
for objective association studies with consequences for breeding.

With respect to this assumption, we decided to explore the haplotype structure of
antibacterial TLR species in the population of Czech Red Pied (CRP) cattle. The choice
of the Czech Red Pied cattle is due to its role among the cattle breeds in the agriculture
of the Czech Republic. CRP cattle are the second most abundant breed, with a tradition
extending back to the middle of the 19th century. Moreover, the availability of an almost
complete set of archived samples characterizing full genetic variability (insemination doses
in the breeding firm CHD Impuls, blood samples in the Institute of Animal Science) was
taken into account. The Czech Red Pied cattle is a member of the Simmental breed type
group. CRP cattle were formed during the 19th and 20th centuries from the import of the
original Simmental cattle, presumably by including the features of local adaptation from
local historical breeds like Czech Red cattle. The state corresponding to the year 2000 is
now conserved as a nucleus herd in the context of the Czech National Programme for the
Conservation of Genetic Resources.

Therefore, the historical changes in the variation of innate immune genes and the
impact of the recent genomic selection cannot be excluded. Moreover, this breed is unrelated
to the breeds used in previous studies on TLR diversity in cattle [11–13,18].

The data originated from a screening of the variability in TLR1, TLR2, TLR4, TLR5,
and TLR6 that was performed in the CRP cattle population. A pooled DNA sample was
resequenced with two NGS technologies: targeted PacBio RSII was combined with whole-
genome HiSeq X Ten to reduce the incidence of false positives. The haplotypes were directly
determined from long PacBio reads on the one hand and statistically reconstructed from
the results of subsequent individual genotyping on the other hand. The distribution of
haplotypes was visualized with a tree graph that allowed us to demonstrate the difference
from the expected equilibrium corresponding to random recombination. The found depar-
ture from equilibrium, which could be observed as a bimodal distribution of haplotype
clusters, was interpreted with respect to the assumed balancing selection.

https://www.ebi.ac.uk/eva/?Home
https://www.ensembl.org/info/docs/tools/vep/index.html
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2. Materials and Methods
2.1. Animals

Thanks to the support of the breeding firm CHD Impuls (Bohdalec, Czech Republic)
and the Association of the Breeders of the Czech Red Pied Cattle, an almost complete
set of archived bull samples characterizing full variability in this breed was available.
The modern population of Czech Red Pied cattle was represented by a set of 164 bulls
originating from the portfolio of CHD Impuls.

2.2. DNA Samples

Genomic DNA was prepared from cryopreserved insemination doses using affinity
binding on paramagnetic particles with the MagSep Tissue Kit (Eppendorf, Hamburg,
Germany). A normalized gDNA set containing 20 ng/µL DNA from each animal was pre-
pared according to the concentrations determined spectrophotometrically and additionally
purified with the AMPure XP magnetic bead procedure (Beckman Coulter, Brea, CA, USA).

2.3. Next Generation Sequencing (NGS)

The conditions of the NGS methods applied have already been published elsewhere
(Novák et al., 2019). In brief, screening for polymorphisms in the bovine antibacterial TLR
series, i.e., TLR1, TLR2, TLR4, TLR5, and TLR6, was performed by hybrid resequencing
of pooled DNA samples of 164 bulls. The amplicon panel (Supplementary Table S1) was
prepared in standard PCR mixtures [22], and the products were sequenced with consensus
circular sequencing (CCS) technology in the PacBio RSII sequencer (Pacific Biosciences,
Menlo Park, CA, USA) in the core laboratory of Eurofins (GATC Services, Constance, Ger-
many). The amplicons covering coding sequences and flanking regions basically followed
a previous publication [22] and were adapted according to the amplicons designed by
White et al. [23] and Seabury et al. [24]. To reduce the error rate of sequencing, these
PacBio sequencing results were completed with whole-genome sequencing (WGS) using
HiSeq X Ten technology (Illumina, San Diego, CA, USA) in the laboratory of Novogene
(London, UK). The obtained 60× coverage in the HiSeq sequencing was sufficient to detect
polymorphisms above the 0.05 frequency at 95% efficiency.

2.4. Sequencing Data Processing

The read assemblies were built on the Fasta files of reads using the Geneious Mapper
algorithm implemented in the Geneious program package (Biomatters, Auckland, New
Zealand) and the UMD 3.1.1 bovine genome sequence (https://www.ncbi.nlm.nih.gov/
assembly/GCF_000003055.6/) (accessed on 21 June 2023) issued by the Centre for Bioinfor-
matics and Computational Biology, University of Maryland. The mapping to the reference
sequence was iterated 5 times to reduce the error rate. The reliability of the single nucleotide
polymorphism (SNP) detection was enhanced by comparing the results obtained with the
two sequencing platforms. Additionally, the detected polymorphisms were verified by
matching with the variants present in the EVA database. For compactness and continu-
ity with previous publications, the individual gene reference sequences FJ147090 (TLR1),
EU746465 (TLR2), AC000135.1 (TLR4), EU006635 (TLR5), and AJ618974 (TLR6) were used
for SNP identification.

2.5. Characterisation of SNPs

The functional consequences of the validated mutations were estimated using the
prediction software Variant Effect Predictor (VEP) distributed by the ENSEMBL database.
These results were confronted with an independent evaluation of the calculated impact
using the SIFT (Sorting Intolerant from Tolerant) program [25].

2.6. Genotyping

Subsequent genotyping of individual animals was performed using the primer ex-
tension method [26] in the commercial modification SNaPshot (Thermo Fisher Scientific,

https://www.ncbi.nlm.nih.gov/assembly/GCF_000003055.6/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000003055.6/


Diversity 2023, 15, 811 4 of 15

Waltham, USA). The genotyped SNPs in coding or presumed regulatory regions partially
overlapped with those used in previous association studies in this cattle population [27].
The individually genotyped SNPs, along with the corresponding SNaPshot reactions, are
specified in Table 1.

2.7. Haplotype Determination

When the density of SNPs was sufficient, the haplotypes present in the populations and
their frequencies were determined directly from the long-read PacBio amplicon sequences.
In practice, this approach was applied to the proximal amplicon 1 of TLR2.

In parallel, the haplotypes present in the population were statistically reconstructed
from the SNPs determined by individual genotyping. The reconstruction was performed
using the PHASE program [28] version 2.1. The program is based on the Bayesian algorithm
for haplotype phasing and is available at http://www.stat.washington.edu/stephens/
software.html (accessed on 21 June 2023). The statistical reconstruction allowed for the
determination of haplotypes on a whole-gene scale.

2.8. Haplotype Graph Construction

The distances among haplotypes and haplotype frequencies were visually presented
as tree graphs. Data were used for the initial network graph construction using the median-
joining (MJ) algorithm according to Bandelt et al. [29], as implemented in the Network
program (Fluxus Technology, Colchester, UK). The algorithm combines the advantages of
Kruskal’s algorithm for finding minimum spanning trees and Farris’s maximum-parsimony
(MP) heuristic. The algorithm favors short connections and adds new virtual vertices called
“median vectors”. In the second step, the superfluous (nonparsimonial) links are reduced
using the maximum parsimony (MP) method, according to Polzin and Daneschmand [30].

The most likely tree of the set of the minimum spanning trees obtained upon the
reduction step was used for presentation. The remaining tree variants did not differ
significantly, and the differences mostly included only the positions of leaves within the tree
graph. The node positions were adjusted by editing for the sake of graph comprehension.

3. Results
3.1. Directly Read Haplotypes

The SNPs present in the population were established within the range of the de-
signed PacBio amplicons at 200–300× coverage. The existence of SNPs was verified by the
consistency with the SNPs revealed in short reads provided by the HiSeq technology at
60× coverage. In the next step, the realness of the found SNPs was supported by the match
with the known SNPs present in the EVA database. Data on the variability in antibacterial
TLRs in the studied population have been partially published elsewhere [22,27].

Although most of the PacBio amplicons used (according to Supplementary Table S1)
did not yield a sufficient number of SNPs to create an informative haplotype graph, the
proximal amplicon of TLR2 (amplicon T2_1 in Supplementary Table S1) contained nine
SNPs (Table 2) that allowed for direct haplotype determination. The description of directly
read haplotypes present in this region of amplicon T2_1 is summarized in Supplementary
Table S2.

The directly read haplotypes were used as an input in the Network program. The
haplotype frequencies in the population and the haplotype relatedness were visualized as
nodes and edges of a created network graph, subsequently reduced to the most likely tree
from among the set of the minimum spanning trees, i.e., graphs without cyclic structures,
connecting all vertices and with a minimized summary weight of the edges. The node size
represents the particular haplotype frequency in the population. However, the connecting
path within the tree does not necessarily correspond to the shortest path between two nodes
in the full network. The finding of the minimum tree is complex and includes the sum of
the weights of all edges across the tree graph. This approach is illustrated in Figure 1A.

http://www.stat.washington.edu/stephens/software.html
http://www.stat.washington.edu/stephens/software.html
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Table 1. Individual genotyping reactions in TLR1, -2, -4, -5, and -6 and basic characteristics of genotyped polymorphisms in the bull population of the CRP cattle,
partially following Bjelka and Novák [27].

Gene SNP
Identifier

Chromosomal
Position SNP a SNaPshot Primer (Sequence 5′→3′) Multiplex SNP Type Predicted Effect b Variant Frequency

TLR1 rs43702940 6_59688857 798C>T CGCCAAACCAACTGGAGGATCGT A1 synonymous low 0.473

TLR1 rs210538093 6_59687893 1762G>A CAGCCCAGGGACCACAATGGTGA C1 Val523Ile moderate 0.380

TLR1 rs109456287 6_59687558 2097T>C (T4)CTCTGGACAAAGTTGGGAGACAAGAC C2 synonymous low 0.780

TLR2 rs68343162 17_3953930 115T>C (T10)GAAATAACCAAGAGGGAAATGGAAT A2 intron modifier 0.827

TLR2 17_3953036 1009A>G ACACACCTCTGCAGGTCTCTGTTGC B1 Ala151Thr tolerated 0.260

TLR2 rs68268249 17_3953001 1044T>C (T9)GTGAAAAGCCTTGACCTGTCCAACAA B3 synonymous low 0.847

TLR2 rs55617172 17_3952998 1047G>T (T12)GCAGGTCTCTGTTGCYGACATAGGTGAT B4 missense, 63Glu>Asp moderate 0.490

TLR2 rs68268250 17_3952985 1060G>A (T5)CACACCTCTGCAGGTCTCTGTTGC B2 Gly68Ser moderate 0.700

TLR2 rs43706434 17_3952732 1313G>A (T18)CTGTTACTATTTCCTACTTTTAGGGTC B5 Arg152Gln
in LRR5 c moderate 0.787

TLR2 rs68268260 17_3951499 2546G>A (T12)GGTCGACTGGCCCGATGACTACC C3 Arg563His
in LRR20c moderate 0.877

TLR2 rs41830058 17_3951480 2565T>C (T16)CTACCRCTGTGACTCTCCCTCCCA C4 synonymous low 0.688

TLR2 rs68343171 17_3951162 2883T>C (T18)CCACTTGCCAGGAATGAAGTCTCGCTT C5 synonymous low 0.118

TLR2 rs68268268 17_3950839 3206G>A (T17)GGTTAAATTTGAGAGCTGCAATAA F1 Arg782Lys tolerated 0.833

TLR4 rs29017188 8_108829143 245G>C CTTCTTCTTCCTCTAACTTCCCCTC D1 5′-UTR changing
expression 0.401

TLR4 rs43578094 8_108829508 610C>T (T5)GGGCCCAGCACAGGGAAACTGAGCA D2 intron modifier 0.931

TLR4 rs8193046 8_108833985 5087A>G (T10)GCTAAGGTGCATGCAGGAAGACACC D3 intron modifier 0.575

TLR4 rs8193047 8_108834032 5134G>A (T13)GATTTTGTAGAGATTCAGCTCCATGCA D4 synonymous low 0.849

TLR4 rs43578100 8_108836897 7999A>G (T21)GGTTTCCTATTCAGCAGAAATATT D5 intron modifier 0.463

TLR4 rs8193060 8_108838320 9422C>T ACTCGCTCCGGATCCTAGACTGCAG E1 synonymous low 0.356

TLR4 rs8193072 8_108839208 10310T>G (T25)CCACCTGAGGAGGAGAATCCCCTGA E6 3′-UTR low 0.839

TLR5 16_27307966 305A>G GCATGGTAAC TCGTGTACAC CATCAGA F1 upstream modifier 0.385

TLR5 16_27307783 488C>G (T6)CCAGGGATGAAACCCRTGTCTCCTG E2 upstream modifier 0.383

TLR5 rs55617223 16_27307726 545C>T (T10)CCAGGGAAGTCTTGCTGGCCTACTG E3 upstream modifier 0.407

TLR5 ss73689429 16_27307652 619T>G CCACAGCACCTTTGAGGCTGTGAC G1 upstream modifier 0.853
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Table 1. Cont.

Gene SNP
Identifier

Chromosomal
Position SNP a SNaPshot Primer (Sequence 5′→3′) Multiplex SNP Type Predicted Effect b Variant Frequency

TLR5 ss73689443 16_27306535 1736C>T (T2)GTACTTACAAYCATGCTTGCTATTTTT G2 upstream modifier 0.617

TLR5 rs55617187 16_27304557 3714T>C (T15)GATTGAGCCAATGGATAAAAGCACT E4 synonymous low 0.481

TLR5 rs55617178 16_27304380 3891C>T (T18)CACGAGGAACAGAGTCAAGGTGACAGT E5 synonymous low 0.907

TLR5 rs55617288 16_27303645 4626C>T (T9)GGGGTCGCAAAGAGTAGGACATGACC G3 downstream modifier 0.690

TLR5 14_27302910 5144A>G (T16)CGTTTCCAGAGGGGCTGGTCAGTG H4 downstream modifier 0.10

TLR6 rs43702941 6_59706074 855G>A (T3)CCCAAATAGCTTTTTCTCTGTCCAAGTG F2 Asp214Asn moderate 0.714

TLR6 6_59706064 865G>C (T10)GTCAGTTGTAAGCACSCTAAACTATTC F3 Gly217Ala moderate 0.316

TLR6 6_59705939 990G>A (T15)CCTTACTAAATTTTACCCTCAACCAC F4 Val259Met moderate 0.484

TLR6 rs68268274 6_59705592 1337T>C (T18)GATAAGTGTCTCCAATCTAGCTAAAGT F5 Asp374Glu moderate 0.333

a Positions of SNPs are determined in the reference sequences FJ147090, EU746465, AC000135.1, EU006635, and AJ618974 for TLR1, TLR2, TLR4, TLR5, and TLR6, respectively. b The
functional effect of the change predicted using VEP software. c LRR—leucine-rich repeat domains located in the extracellular part of receptors and essential for ligand binding.
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Table 2. SNPs in directly read haplotypes in the proximal amplicon of TLR2 in the bull population of
the CRP cattle.

Gene SNP
Identifier

Chromosomal
Position SNP a Multiplex Effect

Prediction
Variant

Frequency

TLR2 rs68343162 17_3953930 115T>C intron low 0.163

TLR2 rs68268242 17_3953823 222A>T intron moderate 0.168

TLR2 rs68343164 17_3953633 412G>A intron low 0.159

TLR2 rs378996667 17_3953622 423G>A intron modifier 0.176

TLR2 rs68268244 17_3953586 459T>C intron modifier 0.150

TLR2 rs68343166 17_3953517 528G>A intron tolerated 0.173

TLR2 rs68268246 17_3953507 538A>C intron low 0.176

TLR2 rs68268247 17_3953421 624G>T intron moderate 0.19

TLR2 rs68268248 17_3953388 657C>T intron moderate 0.168
a Positions of SNPs are determined in the reference sequence EU746465.

Surprisingly, 15 haplotypes formed by the SNPs from the first amplicon of TLR2
(amplicon located in the proximal part of the TLR2 transcript) formed two distinct clusters
(Figure 1A), which can be denoted as a bimodal distribution of frequencies.

3.2. Reconstructed Haplotypes

To verify this result in an independent way, the haplotypes in all five investigated
genes were obtained using statistical reconstruction. First, polymorphisms were genotyped
in 164 bulls with SNaPshot (primer extension) assays, according to Table 1. The allele
frequencies found in the population are also summarized in Table 1. The variants present
in the TLR1, TLR2, TLR4, TLR5, and TLR6 genes in the individual animals were processed
using the PHASE program to determine the conceivable haplotypes and their assumed
frequencies (Supplementary Table S3). The group of the most realistic haplotypes was se-
lected using the thresholds in frequency (>0.5 predicted copy/population) and the standard
error/frequency ratio (<1), as well as the drop in the calculated frequency distribution plot.
The drop in the predicted haplotype frequency graph is supposed to indicate the boundary
between the real haplotypes and the artifacts of statistical reconstruction or haplotypes
arising from genotyping errors.

The filtered haplotypes were used as an input in the reconstruction of the population
structure in the Network program. In the case of all 10 SNPs in TLR2 used to reconstruct
the haplotypes, the observed pattern (Figure 1B) matched the pattern observed in directly
read haplotypes in Figure 1A. Two main nodes of two clusters were separated by five
resulting substitutions (in fact, by nine substitutions, including reversions) and were
radially surrounded by minor haplotypes. This pattern became more distinct when only
six SNPs proximal to the 5′ end of TLR2 were used for statistical haplotype reconstruction
(Supplementary Table S3) and subsequently involved in graph building (Figure 1C). This
variant corresponds even more to the bimodal distribution of haplotypes observed in the
direct reading of TLR2, as shown in Figure 1A, than the graph employing all SNPs in
Figure 2B.

Similar to the case of TLR2, the bimodal distribution was detectable in the statistically
reconstructed haplotypes of TLR5 (Figure 2A), TLR4 (Figure 2B), and TLR6 (Figure 2C) after
graphical clustering. Analogously to TLR2, the bimodal distribution in TLR5 was clearer
in the 5′-proximal region of the transcript (not shown). In TLR1, an analogical structure
was not found, since the low number of three SNPs that were present in the population of
Czech Red Pied cattle created only rudimentary haplotypes forming a simple tree graph
presented in Figure 2D.
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Figure 1. Distribution of directly determined vs. statistically reconstructed haplotypes in TLR2.
(A)—network tree graph for directly read haplotypes in proximal amplicon 1 of TLR2 (comprising
9 SNPs), (B)—network tree graph for statistically reconstructed haplotypes (from 10 SNPs), and
(C)—network tree graph for statistically reconstructed haplotypes (built on 5′-proximal 6 SNPs). The
node size represents the haplotype frequency.
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Figure 2. Network tree graph for statistically reconstructed haplotypes in additional TLRs. (A)—
TLR5 (haplotypes built from 9 SNPs); (B)—TLR4 (from 7 SNPs); (C)—TLR6 (from 4 SNPs); and (D)—
TLR1 (from 3 SNPs). The node size represents the haplotype frequency. 

Figure 2. Network tree graph for statistically reconstructed haplotypes in additional TLRs. (A)—TLR5
(haplotypes built from 9 SNPs); (B)—TLR4 (from 7 SNPs); (C)—TLR6 (from 4 SNPs); and (D)—TLR1
(from 3 SNPs). The node size represents the haplotype frequency.
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4. Discussion
4.1. Context of the Previous Knowledge

Bimodal clustering of the SNP haplotypes in the antibacterial genes TLR2, TLR4,
TLR5, and TLR6 was independently detected in the population of Czech Red Pied cattle.
This trend was expressed mainly in TLR2 and to different extents in the remaining genes.
The low diversity found in TLR1 did not allow us to confirm this phenomenon for this
gene. Direct haplotype reading from long sequencing reads, and haplotype statistical
reconstruction from the genotyping results led to a consistent model in TLR2.

A match with the previously noted clustering of bovine TLR haplotypes in unrelated
cattle breeds can be determined. This phenomenon was first reported and analyzed in a
panel of cattle breeds, namely, for the TLR3 and TLR8 genes [13]. Subsequently, haplotype
clustering was reported for TLR2 and as a tendency for TLR4 in Turkish historical cattle
breeds and the Holstein population in Turkey by Bilgen et al. [18]. Despite thorough
statistical processing in the work by Fisher et al. [13], the origin of this disequilibrium is
still unexplained. The unrelatedness of the breed sets studied to date, present work [13,18]
indicates that haplotype clustering is neither of a common historical origin nor associated
with current introgression into modern breeds. Nevertheless, balancing selection was
suggested as a reason for the observed disequilibrium by Fisher et al. [13].

It must be mentioned that balancing selection is considered a reason for polymor-
phisms in the TLR2 gene in other species, namely in species that serve as models in
population genetics. This might be exemplified in the bank vole (Myodes glareolus), where
balancing selection has been demonstrated by Kloch et al. [31]. One of the three TLR2
haplotype clusters observed in this model was assigned to resistance against the bacterium
Borrelia afzelii [32]. Using the polymorphism pattern distribution across Europe, the stable
polymorphism in this species was dated back before the split of the mitochondrial lineages
0.19–0.56 Mya [33]. In contrast, no consequences of supposedly balancing selection were
observed in a related species, yellow-necked mice. This difference was assigned to different
strategies to combat Borrelia infections in these two rodent species [34].

4.2. Possible Reasons for the Observed Haplotype Clustering

Therefore, the yet unanswered question is how the presence of clusters of haplo-
types in the TLR genes of cattle, observed independently in several breeds from different
geographical locations, is stably supported in the world population.

The existence of balancing selection has been postulated by Fisher et al. [13] for TLR3
and TLR8. However, in the simplest case of the heterozygote advantage, the mechanism of
recombination should lead to merging both haplotype groups with time.

On the other hand, fluctuating selection by alternating infectious agents has been
considered by Bilgen et al. [18] to explain this TLR haplotype disequilibrium in Turkish
cattle populations. Analogically, in roe deer (Capreolus capreolus), the antagonistic selection
exerted by Toxoplasma and Chlamydia infections alternating across years and landscape
features was suggested as a reason for a stable TLR2 polymorphism [35]. Consistently, only
limited support for the TLR heterozygote advantage was found in the studied set of cervid
TLR2, TLR4, and TLR5, i.e., for otherwise the most common reason of balancing selection
leading to polymorphism. Moreover, the case of balancing selection in TLRs in rodents,
declared to be caused by balancing selection presumably due to either frequency-dependent
selection or a rare allele advantage during Borrelia infection [31], might also be the result of
alternating infections regularly occurring in natural habitats [32].

However, one of the haplotype groups should be, sooner or later, lost in this fluctuating
selection model either by the temporarily prevailing unilateral infection pressure or as a
result of stochastic processes leading to gene erosion in limited populations. To preserve
distinct haplotype groups over a long time period on the worldwide cattle population scale,
the mechanism must be more stable and independent of the unpredictable timing of the
waves of epizooties.
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The alternating infection pressure might also be interpreted as infections occurring
during the life cycle of animals and representing, for instance, calfhood diseases and adult
animal threats. This might be a stable factor of frequency-dependent balancing selection
favoring certain groups of haplotypes.

4.3. A Dual Function Hypothesis

However, the most likely explanation is that the balancing selection originates from two
different essential functions performed by TLR genes or their products simultaneously. The
haplotype groups might then represent protein isoforms adapted to one of these functions. An
example of a dual function might be the formation of two kinds of products differing in ligand
specificity, such as the interactions of the TLR2 product with TLR1 and TLR6. This leads
to the formation of two functional dimers with different recognized ligands [36]. While the
TLR2/TLR1 protein dimer recognizes triacylated lipoproteins, TLR2/TLR6 detects diacylated
lipoproteins, both of bacterial origin. The insufficiency in one of these two functions, provided
by a specialized group of haplotypes, might lead to frequency-dependent selection in favor of
the depleted haplotype group. The discrimination of two bacterial antigen groups might also
be mediated by the TLR2/TLR10 heterodimers that have been documented [37], although
their function is not clear until now.

This model matches the permanent selection pressures performed by two groups
of pathogens differing in surface antigens. In particular, mycobacterial infections and
borreliosis are caused by bacteria forming triacylated lipoproteins that are recognized
by the heterodimer TLR2/TLR1 [38]. On the other hand, the diacylated lipoprotein of
the mastitis causal agent, Staphylococcus aureus, can be recognized by the heterodimer
TLR2/TLR6. Nevertheless, the combination of some conditions, such as acidic pH and
a post-logarithmic growth phase, is required for the expression of this trait. Also, high
temperatures and high salt concentrations additively accelerated the accumulation of the
diacyl lipoprotein form of Staphylococcus [39].

While mycobacterial infections are considered to be ubiquitous, the role of borreliosis
is not so perceived, although it is also a factor acting in cattle almost worldwide [40].
However, Borrelia afzelii is still considered to be a causal agent of the TLR2 haplotype
disequilibrium in rodents [32]. This hypothesis does not comply with the fact that none of
the polymorphic sites are located directly in the TLR1–TLR2 interface in the bank vole, as
determined by molecular modeling [32].

In cattle, some of the SNPs known for TLR2 were linked to the recognition of the
considered bacterial groups: 1313G>A (Arg152Gln) was reported to increase susceptibility
to bovine tuberculosis [17], while 385T>G was reported to affect mastitis incidence in
Holstein, Simmental, and Sanhe cattle [15]. Unfortunately, no correlation of the former
polymorphism with the reconstructed haplotype groups can be seen in our work, as
documented in Supplementary Table S3 and in Figure 2A, where 1313G>A is represented
by the sixth nucleotide in the haplotype sequence. The latter polymorphism, 385T>G, was
not found in the studied population of CRP cattle at all. Therefore, the correlation of these
SNPs with haplotype groups could not be used to corroborate the dual infection pressure
hypothesis as a reason for the observed balancing selection.

Two factors exerting the selective advantage of the individual groups of haplotypes
might be other pairs of ligands or proteins interacting with toll-like receptors. For example,
exogenous vs. endogenous groups of TLR ligands of different functions might preferentially
direct the selection towards different haplotype groups. Exogenous and endogenous
ligands have been associated with the nonimmune functions of TLRs [41]. Multiple roles
of TLRs have been demonstrated, including a role in female reproductive functions, as
reported for mice as a model species and strongly evidenced with the TLR4-deficient
genotype [7]. The role of TLR4 in perinatal signaling is so strong that it is used for the
development of drugs reducing perinatal risk in human medicine [42]. If both the immune
and nonimmune signaling functions are essential, none of the specialized haplotype groups
will be lost.
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Additionally, non-TLR protein interactors with TLR molecules in the standard sig-
naling pathway might counteract the loss of specialized haplotype clusters. These factors
might include myeloid differentiation protein-2 (MD-2), which forms a functional complex
with TLR4, and bacterial lipopolysaccharide [43].

Another line of evidence for the historical selection of TLR gene variants can be
obtained from the study of conserved breeds in the programs of genetic resources. For
example, elevated frequency of TLR1, -2, and -4 alleles associated with anti-mycobacterial
resistance was found in the historical Marchigiana breed [44].

4.4. Approaches to the Discrimination of the Causative Mechanisms

Since the better expression of bimodal clustering in the 5′-proximal SNPs supports
the localization of the selection targets in the upstream regulatory regions or the functional
interactions in the proximal part of the transcripts, additional analysis of the extragenic
regions might represent an approach to solving the existing questions. A low-error NGS
over newly designed large amplicons would help produce more comprehensive data.

An insight into the stable divergence of the haplotypes in the immune receptor genes
might be provided by research on the bimodal distribution of haplotypes in the genes for
killer-cell immunoglobin-like receptors (KIRs), as reported by Roe et al. [45].

The observed disequilibrium in the TLR haplotypes should also be interpreted in the
context of the haplotype-resolved genomes being constructed for several cattle populations.
The first case was reported by Low et al. [46] (2021) for the Holstein cattle breed. Also,
the in silico modeling of interactions of the TLR protein variants with known ligands and
adaptors might provide additional evidence for the dual function hypothesis.

5. Conclusions

The formation of two clusters of haplotypes in the genes for toll-like receptors, namely,
TLR2, TLR4, TLR5, and TLR6, was observed in the population of Czech Red Pied cattle.
Since this finding is consistent with previous reports in other cattle breeds, the phenomenon
seems to be general. To explain the stability of haplotype disequilibrium, simultaneous
adaptation to two different functions can be considered. In the particular case of TLR2,
it might be the fitting of the SNP series to the interactions in the functional heterodimers
formed with the TLR1 and TLR6 proteins. Additional evidence for this hypothesis can
be provided by extending the haplotypes over the adjacent regulatory regions and by
interaction studies of the TLR protein variants. Both the surveyed haplotypic variations and
the anticipated phenotypic effects indicate that the present findings should be considered
in breeding for the health and reproductive traits of cattle.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/d15070811/s1. Supplementary Table S1: Reference sequences
and amplification primers for bovine TLRs; Supplementary Table S2: Haplotypes of TLR2 directly
determined by PacBio resequencing; and Supplementary Table S3: Reconstructed haplotypes for the
TLR1, -2, -4, -5, and -6 genes.
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