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Abstract

Aim: The active domains (TIR and NACHT) of the pattern recognition receptors (PRRs: Toll-like receptors [TLRs]
and nucleotide-binding oligomerization domain [NOD]-like receptors [NLR], respectively) are the major hotspots of
evolution as natural selection has crafted their final structure by substitution of residues over time. This paper addresses
the evolutionary perspectives of the TLR and NLR genes with respect to the active domains in terms of their chronological
fruition, functional diversification, and species-specific stipulation.

Materials and Methods: A total of 48 full-length cds (and corresponding peptide) of the domains were selected as representatives
of each type of PRRs, belonging to divergent animal species, for the biocomputational analyses. The secondary and tertiary
structure of the taurine TIR and NACHT domains was predicted to compare the relatedness among the domains under study.

Results: Multiple sequence alignment and phylogenetic tree results indicated that these host-specific PRRs formed entirely
different clusters, with active domains of NLRs (NACHT) evolved earlier as compared to the active domains of TLRs
(TIR). Each type of TLR or NLR shows comparatively less variation among the animal species due to the specificity of
action against the type of microbes.

Conclusion: It can be concluded from the study that there has been no positive selection acting on the domains associated
with disease resistance which is a fitness trait indicating the extent of purifying pressure on the domains. Gene duplication
could be a possible reason of genesis of similar kinds of TLRs (virus or bacteria specific).

Keywords: bioinformatics, domain, evolution, nucleotide-binding oligomerization domain-like receptors, selection
pressure, toll-like receptor.

Introduction of adaptive immunity, thereby bridging the two arms
of immunity. Two families of PRRs, viz., Toll-like
receptors (TLRs) and nucleotide-binding oligomeri-
zation domain (NOD)-like receptors (NLRs) are evo-
lutionary conserved from early invertebrates to recent
mammals. These receptors have direct involvement
in fitness of the individuals by conferring resistance
against various microbes [2].

TLRs were the first type of PRRs identified that
perceive an extensive variety of PAMPs. Till date,

Early sensing followed by immediate dismissal
of pathogenic microbes by the host immune system is
the primary mechanism of host defense mechanism.
The innate immune response initiation requires rec-
ognition of conserved, molecular structures broadly
shared by microbes, and pathogens that are known as
pathogen-associated molecular patterns (PAMPs) and
is mediated by germline-encoded pattern recognition
receptors (PRRs) [1]. On detection of PAMP within

the host’s body, PRRs trigger intracellular signaling
cascades that execute the first line of host defense
through the expression of a variety of pro-inflamma-
tory molecules leading to maturation of dendritic cells,
responsible for the subsequent activation and shaping
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more than 10 functional TLRs have been identified.
TLRs recruit a specific set of adaptor molecules that
harbor TIR domain, such as MyD88 and TIR-domain-
containing adapter-inducing interferon-f. NLR fam-
ily includes more than 20 NLRs that communicate
intracellularly and respond to various PAMPs to
trigger inflammatory responses. One such study pro-
vided with evidence of TLR being able to orches-
trate immediate global and local responses through
both quantitative and qualitative cytokine production,
thereby leading to generation of highly specific innate
immune response [3]. A few NLRs, for example,
NALP1 (NLRP1) and NALP3 (NLRP3), those having
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the NACHT domain structure the inflammasomes
alongside ASC and caspase-1 complexes, intercede
preparing of mature IL-1b from pro IL-1, resulting in
mobilization of the effectors of inflammation, which
is another pathway for innate immune response elici-
tation [4]. TLRs, working together with NLRs, act in
a synergistic, complementary, or compensable manner
to orchestrate proficient elimination of pathogenic bac-
teria [5]. TIR and NACHT are the important domains
of the TLR and NLR families, respectively, which
are the most studied, potent mediators of inflamma-
tion. Evolution and functional specification of protein
domains reveal the evolutionary relics of the conserved
patterns, and their studyis relatively more important
than the complete gene study because domains are the
conserved part of protein sequences which has evolved
for functional diversification than rest of the protein
chain. Thus, in the light of evolutionary study, domains
particularly provide an insight of how molecular evo-
lution uses domains as building blocks of protein
architecture over the years. Proell and team performed
the similar work, where the sequence and structure
modeling details of various NLRs, where evolutionary
tree depicted the conservation of characteristic func-
tional regions within the NLR family [6]. Analysis
of NACHT domains was done rather than full-length
protein, to address the possible evolutionary history
of NLR proteins. Specific functional roles of the leu-
cine-rich repeat (LRR) domains of TLR and NLR
genes has already been demonstrated by performing
quantitative and comparative analysis of surface fea-
tures of LRR domains in humans. Comparison of LRR
surface features led its way to the possible hypothesis
of similar functional roles despite the differences in
structural and genomic organization [7]. Zhang et al
estimated that the evolution of TLR and NLR families
took place in a species specific as well as domain shuf-
fling manner, which predicted the evolution of same
domain architectures, independently [2].

A number of reports are available on the evolu-
tion of domain architecture as well as functional roles
of many PRR domains, but till date, the evolution-
ary relationships between TLR and an NLR domain
is largely unknown. Thus, our present research work
targets the determination of evolution of the PRR
domains (TIR and NACHT domains of TLR and NLR
genes, respectively) in divergent animal species with
regard to the impact of natural selection, their chrono-
logical divergence and structural attributes implying
the functional specification.

Materials and Methods

Ethical approval

There is no need to obtain permission from insti-
tutional animal ethics committee to pursue this type
of study.

Sequence database searches
The available TLRs and NLRs full-length cds
and amino acid sequences of divergent species were

downloaded in FASTA format from nucleotide data-
base of NCBI for studying the evolutionary relation-
ship between different species. The TIR and NACHT
domains within the TLR and NLR peptides, respec-
tively, were identified using SMART database (http://
smart.embl-heidelberg.de/), and the domain-specific
coding sequence (open reading frames [ORF]) and the
translated amino acid sequences were saved in FASTA
format in separate files for further analysis.

Construction of phylogenetic tree and time tree

The domain specific nucleotide sequences of
divergent TLRs and NLRs from various animal spe-
cies were subjected to multiple sequence alignment
using online tool multiple alignment using fast Fourier
Transform (http://www.ebi.ac.uk/Tools/msa/maftt/).
The ORF of coding sequences weresubjected to evo-
lutionary analyses. The best evolutionary model was
determined based on the least Bayesian information
criterion (BIC) scores using MEGAG6 [8]. The Akaike
Information Criterion, corrected (AICc) value, max-
imum likelihood value (InL), and the number of
parameters (including branch lengths) were compared
for each of the models.

The coding sequences were subjected to anal-
ysis using maximum likelihood method for the phy-
logenetic tree construction, and the reliability of the
branching of the tree was checked by 1000 bootstrap
resampling [9]. Construction of phylogenetic tree,
Fisher’s exact test and codon-based test for determin-
ing the selection pressure on the domains was done
using MEGAG6 software [8].

The molecular clock test was performed on the
divergent PRR-domains against the null hypothesis of
equal evolutionary rate by comparing the maximum
likelihood values for the given topology with and
without the molecular clock constraints under general
time reversible (GTR) model along with gamma dis-
tributed rates among sites with 5 discrete gamma cat-
egories [10]. Divergence time calibration constraints
of minimum and maximum divergence time as 1 and
10 units, respectively, to optimize and convert into
absolute divergence time. The log-likelihood value of
the used topology (to calculate the divergence time of
each of the RelTime tree) is —13,170.36. The branch
length of the tree has been adjusted to the relative
number of substitution per site.

Estimation of evolutionary divergence and homoge-
neity of substitution patterns

The evolutionary divergence between all the
selected 48 coding sequences for TLR and NLR
domains were estimated to obtain the base substitu-
tion per site using the maximum composite likelihood
model, with gamma distribution of 5 categories [11].
The heat map was constructed using data generated
by the analysis of relative pairwise distances between
the PRR domains by WGCNA package of R (ver-
sion 3.2.3). Codon-based test of purifying selection
for analysis between sequences has been performed
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using the probability of rejecting the null hypothesis
of strict neutrality (H;: dN = dS) in favor of the alter-
native hypothesis (H,: dN<dS). Here, “dS” and “dN”
are the numbers of synonymous and nonsynonymous
substitutions per site, respectively. The variance of the
difference between the substitutions was computed
using the analytical method using the Nei-Gojobori
method. The analysis for codon-based test of purify-
ing selection for analysis between sequences indicated
that the null hypothesis of strict neutrality hasbeen
clearly rejected in the species with p<0.05.

Determining the sites of positive or negative selection

The extent of positive selection by specific
codons wasdetermined by Datamonkey (www.data-
monkey.org/) online server, using different statistical
methods, single likelihood ancestor counting (SLAC),
fixed effects likelihood (FEL), Internal branch FEL,
and random effects likelihood (REL). A hierarchical
testing was done with nested likelihood ratio tests
along with AIC selection (http://www.datamonkey.
org/help/models.php). Variation in rate of evolu-
tion along both branches, and sites was adjusted by
Branch-site REL tests [12] for episodic diversifying
selection. This analysis enables to determine the lin-
eages on which a subset of sites has evolved under
positive selection, without requiring prior knowledge
about which lineages are of interest.

Comparison of predicted structures of domains

The predicted amino acid sequences (using
ExPASy translation tool: http://web.expasy.org/trans-
late/) of the TLR and NLR domains were subjected
to secondary structure prediction using PSIPRED

v3.0(http://bioinf.cs.ucl.ac.uk/psipred/) and ab ini-
tio tertiary structure prediction using online tools
RaptorX (http://raptorx.uchicago.edu/). The three-di-
mensional (3D) protein structure obtained from
RaptorX was subjected to structure validation using
WHAT IF online tool (http://swift.cmbi.ru.nl/whatif/),
and Ramachandran’s plot analysis was performed
for validation of the predicted protein structure using
molprobity online tool (http://molprobity.biochem.
duke.edu/).

Results
Multiple sequence
construction

The multiple sequence analysis was performed
on the coding sequences of TIR domains of TLR and
NACHT domains of NLRs of divergent species. The
overall alignment window (shown below) was saved
to depict the conserved regions of all TIR and NACHT
domains (Figure-1). The best model, i.e. GTR+gamma
(G) was selected for further evolutionary analysis
selected cds depicted that GTR+G was the best model
among the rest with minimum BIC score 0f27,381.45.
The phylogenetic tree was constructed subjecting 48
TLR and NLR coding sequences, each representing a
set of divergent class/order of animals for comprehen-
sible interpretation (Figure-2).

The phylogenetic tree revealed the separate
branching of viral-recognizing TLRs (3, 7, 8 and 9)
from that of non-virus-specific TLRs (1, 6 and 10). The
later set of TLRs was forming a separate branch at the
top of the phylogenetic tree, whereas former TLRs were
clustering near the TLR3 sub-branch. In another study

alignment and phylogeny
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Figure-1: Multiple sequence alignment overview window (generated by multiple alignment using fast Fourier transform
online tool) displaying the alignment of cds encoding active domains of divergent toll-like receptors and Nod like receptors

from various animal species.
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Figure-2: Phylogenetic tree constructed from cds encoding the active domains of 48 divergent toll-like receptors and Nod
like receptors, using maximum likelihood method (1000 bootstrap resampling).

predicted by Areal et al worked on mammalian TLR
domains (LRR, TIR, etc.) and studied to identify signa-
tures of positive selection, and the results indicated that
viral(TLR3, 7, 8, 9) and non-viral (TLR1-6, 10) TLRs
display different patterns of molecular evolution [13].
NLRPI11 forms a separate node from rest of the NLRs
and other NLRs which form several different sub-
branches within a major branch. The phylogenetic tree
depicts even the clustering of various NLRs accord-
ing to their functional divergence, being reproduction
(NLRP 2, 4 and 7) and non-reproduction related (3,
6, 10 and 12). Tian ef al evaluated the evolution and
functional divergence of NLRP genes depicting that
NLRP11 being a primate-specific NLR undergoes lin-
eage-specific duplication in primates [14].

The molecular clock test phylogenetic tree diver-
gence time depicted in the clock test was in agreement
to the traditional evolution, wherein each of the TLRs
and NLRs branched out in a specific manner of fishes
being the first to branchout, followed by avian and
lastly mammals (Figure-3).

Estimation of evolutionary divergence and homoge-
neity of substitution patterns between sequences

Evolutionary divergence was calculated based
on the prediction of heat maps. The heat map is a
colored graphical representation of the evolutionary
divergence of the TLRs and NLRs coding sequences
in different species incorporated in this study. The
heat map showed that evolutionary divergence
(Figure-4) was maximum in the NACHT domains of
NLRP11 (magenta) while least evolutionary diver-
gence, i.e., maximum conservation was seen in TIR
and NACHT domains of TLRs and NLRs (red) with
respect to each other. Intermediary evolutionary diver-
gence (green) was noted in the case of NLR domains
with respect to various TLR domains. The mean dis-
tance between each PRR-group was calculated which
have been depicted as heat map (Figure-5), which
shows that the least distance (red) was seen among
TLRs and NLRs. When considered in respect to the
evolutionary divergence between TLR and NLRs, the
distance was intermediary (yellow). The values of
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Figure-3: Molecular clock tree depicting the divergence of the pathogen recognition receptor-domains over time. The tree
has been constructed using molecular clock test to compare the maximum likelihood values for the tree topologies obtained
assuming presence vis-a-vis absence of the molecular clock constraints under general time reversible model (+G).

divergence within the same group of various PRR dis-
cussed shows that TLRS and NLRP3 show maximum
values for base substitution per site (Table-1).

Analyzing the positive and negative sites

Datamonkey results for 48 representative diver-
gent sequences were retrieved using different models,
namely SLAC, FEL, and REL. The SLAC revealed
6 positively and 49 negatively selected sites. The
results for FEL and REL model predicted only nega-
tively selected sites, thus suggesting that all sites are
under purifying selection. The graph plot of SLAC
FEL and REL is presented in Figure-6.

Branch site REL scaled on the expected number
of substitutions/nucleotide is given in the Figure-7.
The colors of thebranches of the tree signify strength
of selection: Blue corresponds to purifying selec-
tion (0=0), black or gray to neutral or nearly neutral
(0=1), and red color corresponding to diversifying
(or positive) selection (0>5) while the width of the
branch corresponds to the proportion of sites under-
going episodic diversifying selectionby the sequential
likelihood ratio test at corrected p<0.05.Branch site
REL analysis results revealed 6 nodes under episodic
diversifying selection at 5% (p<0.05).

Comparative analysis of protein structure prediction

Protein structure prediction analysis was per-
formed for 11 PRR-domain specific sequences of
Bos taurus. The structure of NLRP10 of the species
could not be used for structure prediction due the
limitations imposed by the in-between stop codon
(at 24" and 143" codons) in the original sequence
(cds: XP010824097, GenPept: 104974255). Protein
secondary structure prediction revealed that
NACHT domains were longer as compared to the
TIR domains. Secondary structure prediction of the
sequences revealed the number of sheets and helixes
among different types of TLR and NLR domains in
taurine species. An almost same number of sheets
were present in all the TIR domains and a clear
excess of helix in NACHT domains as compared
to that of TIR domains were also observed. The
absence of coiled coil structure was seen in almost
all the sequences. The 3D protein structure anal-
ysis showed beta pleated sheets, a-helix and loop
structures. Ramachandran plot validation revealed
more than 90% of the structure in favoredregions
and 95-100% of the structure is lying in allowed
regions (Table-2). 3D predicted structures from
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Figure-4: Evolutionary divergence heat map: Showing the relative distances among the coding sequences of 48 toll-like
receptors and Nod like receptors domain belonging to different animal species.
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Figure-5: Evolutionary divergence heat map: Showing
the relative distances of sequence pairs between groups
of various PRR domains (constructed by taking mean from
each group of divergent animal species).

RaptorX are shown in Figure-8. Visual description
of the Raptor X tertiary structures predict the pres-
ence of long but few a-helices in TIR domains as
compared to the NACHT domains which constitute
shorter but more number of a-helices. An almost
equal number of beta pleated sheets was seen in
both TIR and NACHT domains, but the structure
prediction clearly predicts the positioning of these
sheets in the center of the structure, indicating their
hydrophobic nature. The absence of coils in both the

TIR and NACHT domains was also confirmed by
both the secondary as well as tertiary structure pre-
diction results. Howe and coworkers analyzed the
NLRs gene family in zebrafish and studied its evo-
lutionary history. The protein structure prediction
revealed overall structure similarity, but individual
domains show different evolutionary patterns [15].
Structure prediction of bubaline Drosha enzyme was
done using similar protein structure prediction tools
and revealed that in light of evolution prokaryotic
RNases have evolved according to the functional
requirements [16].

Discussion

Phylogenetic tree indicated that TLR and NLR
genes have undergone natural selection through the
time in accordance with the requirement of environ-
ment. The evolutionary tree clearly indicated distinct
clustering of TLRs and NLRs, with TLRs forming
an entirely different branch from those of NLRs. The
phylogenetic tree on a broader perspective depicted
that the taurine TLR and NLR sequences are closely
related to that of humans, both being the mammalian
species, while the avian and piscine form a sepa-
rate node. Huang and co-workers cloned the TLR7
gene of Chinese Salamander, where the phyloge-
netic analysis predicted the clustering of avian and
reptiles apart from those of mammals and piscine
supporting the traditional understanding of animal

Veterinary World, EISSN: 2231-0916

1223



Available at www.veterinaryworld.org/Vol.9/November-2016/9.pdf

Table-1: Estimates of average evolutionary divergence
over sequence pairs within groups.

Groups Base subst/site* SE
TLR1 0.43 0.04
TLR2 0.29 0.03
TLR3 0.53 0.05
TLR4 0.37 0.04
TLR5 0.49 0.04
TLR6 0.14 0.02
TLR7 0.39 0.04
TLR8 n/c n/c
TLR9 0.55 0.06
TLR10 0.13 0.02
NLRP1 n/c n/c
NLRP3 0.49 0.05
NLRP5 n/c n/c
NLRP6 n/c n/c
NLRP7 n/c n/c
NLRPS 0.37 0.04
NLRP10 0.27 0.03
NLRP11 n/c n/c
NLRP12 0.25 0.03
NLRP13 0.02 0.01
NLRP14 0.01 0.01

*Base substitution per site. SE=Standard error,
TLR=Toll-like receptor, NLR=Nod like receptor

evolution [17]. Alcaide and team also worked on the
molecular evolution of TLR domains in divergent
non-model avian species and demonstrated the first
ever model of avian evolutionary pattern as well as
TLR polymorphism, which indicated a huge excess
of silent nucleotide substitution, in agreement to our
current work [18].

Furthermore, the TLRs are shown to make
separate branches depending on the use of different
pathways used by different TLRs. TLR3 diverging
into an entirely different branch from the rest of the
TLRs as it utilizes the MyD88 independent path-
way, unlike the rest of the TLRs, which makes use
of MyD88 dependent pathway. A similar finding was
supported by Roach ef al. which demonstrated that
TLR can be grouped depending on the usage of the
MyDS88adaptor. They presented a unique phyloge-
netic analysis of TIR domain regions of TLR recep-
tors indicating a separate evolutionary origin for the
MyD88-dependent and MyD88-independent signal-
ing pathway [19].

The clock test for TLR sequences revealed a
clear-cut divergence time difference between TLRs
and NLRs, which further evolved over time. As can
be seen in the divergence tree TLR3 is forming a
separate clade from the rest of the TLRs. TLRs and
NLRs evolved separately with Homo sapiens NLRP9
branching out from the TLR clad at a later interval.
Human and taurine TLRs diverged rather recently as
compared to what was seen in NLRs. Overall, molec-
ular clock test revealed a recent divergence of TLRs
as compared to NLRs, as NLRs were seen to separate
out quite early in evolution.

Gene duplication is an important event of

evolutionary process, where duplicates are produced
to create new functions during functional divergence
and process of speciation [20]. Molecular clock test
phylogenetic tree describes the common ancestral
relationship between TLRs and NLRs but with func-
tional diversification, they both separated out during a
major divergence event at an early stage of evolution.
Huang et al predicted the molecular evolution pattern
in TLR1 gene of birds and mammals and demonstrated
that TLR1 gene family has been mostly under purify-
ing selection, with few sites of directional selection
as well [21]. Comparative phylogenetic analysis of
chicken TLR receptor gene family was performed by
Temperley et al., proving insights of gene evolution.
Phylogenetic analysis shoes the absence of TLR8 and
TLRO in chicken, due to gene loss event [22]. NLR
genes have many a times undergone extensive expan-
sions and fusion phenomenon as well as duplication
event independently in many species throughout evo-
lution [15].

Evolutionary divergence measures the diver-
gence of sequences between two species with respect
tocertain parameter. The cluster formation in heat
maps also provided with the same inference of
NLRPI1 being the divergent of all. NLRP11 being
a primate-specific NLR was not a part of clusters
made by NLR family rather was diverging sepa-
rately from all in the form of a separate branch. The
divergence within same group of various PRR shows
that TLRS and NLRP3 shows maximum values for
base substitution per site and is being supported by
another study of TLR molecular evolution study in
avain TLRs, TLR5 was shown to be exhibiting high-
est levels of genetic polymorphism and nonconserva-
tive amino acid substitutions, in agreement with our
search results [18].

The codon-based test predicted the clear excess
of synonymous mutation (dS) as compared to non-
synonymous mutation (dN) predicting the purifying
selection. A similar study of the sequence analysis of
the TLR4 gene in Bubalus bubalis indicated that the
sequences (ruminants) experienced a purifying selec-
tion during the course of evolution as the null hypoth-
esis of strict neutrality in favor of the alternative
hypothesis of positive selection was rejected [23]. In
another recent study of in silico characterization and
functional divergence of two cathelicidin variants in
sheep also suggested the separate clustering of mam-
malian cathelicidins from avian fowlicidins. Avians
showed a purifying selection pattern quite different
from what was seen in mammalian [24].

The graph plot of SLAC REL and FEL is a
diagrammatic representation of dN-dS values ver-
sus the codons. It can be concluded that there are
very few positively selected sites in SLAC model
and none found in both FEL and REL analyses,
depicting only negative/purifying selection. Hence,
all the codons have experienced purifying selection
during evolution. Purifying selection in Avian TLRs
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Figure-6: Graphical representation of the dN-dS test statistic versus the codon positions obtained from (a) Single likelihood
ancestor counting, (b) fixed effects likelihood, and (c) random effects likelihood analyses, predicting mostly the negatively

selected sites.

was seen in the prediction of evolution patterns of
TLR multi-gene family. A clear excess of synony-
mous over nonsynonymous at every TLR locus was
seen, using SLAC and REL models with positive
selection was seen only in few pathogen recognition
domains [18].

A branch-site evolutionary model provides a
framework, based on statistical estimation to provide
adequate evidence for episodic selection. Branch-site
tests measure selective pressure by estimating the
value of omega (), i.e. the ratio of non-synonymous
(B) to synonymous (o) substitution rates, and the epi-
sodic positive selection is inferred if the proportion
of sites in the sequence gives statistically significant
support for ©>1 along the lineages. The phylogenetic

tree based on branch-site REL result depicting the
episodic diversifying selection. It was seen on most
lineages, when a site evolves under purifying selec-
tion, site methods which assume ® is constant over
time may be unable to identify any episodic positive
selection. It has been noted that positive selection is
more readily identified in smaller alignments because
inclusion of additional sequences may cause no lon-
ger detection of sites [12]. In another study, using
the same data monkey models, bubaline Dicer I gene
was studied to be undergoing purifying selection.
Comparative analysis revealed the conservation of
domain structure across all the higher eukaryotic spe-
cies [25].
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Figure-7: Phylogenetic tree of 48 divergent animal species based on BS-random effects likelihood result depicting the
episodic diversifying selection. The colors of the branches signify strength of selection: Blue corresponds to purifying
selection (w=0), black or grey to neutral or nearly neutral (w=1), and red color corresponding to diversifying (or positive)
selection (w>5) while the width of the branch corresponds to the proportion of sites undergoing episodic diversifying
selection (for better representation, the tree has been halved and arranged horizontally).

Table-2: Secondary structure prediction results.

TLR and NLR #H-S-C* Raptor Xp #Amino acids® Number of residues in the regions
domains and species value Favored* (%)  Allowed** (%)  Outlier
TIRTLR1Bta 5-5-0 3.85e-08 142 125 (88.0) 141 (99.3) 1
TIRTLR2Bta 5-5-0 1.38e-07 143 134 (93.7) 141 (98.6) 2
TIRTLR4Bta 5-5-0 1.48e-06 144 132 (91.7) 144 (100.0) 0
TIRTLR5Bta 5-5-0 1.99e-07 144 138 (95.8) 143 (99.3) 1
TIRTLR6Bta 5-5-0 5.46e-08 142 139 (97.9) 142 (100.0) 0
TIRTLR7Bta 5-4-0 1.51e-06 157 147 (93.6) 154 (98.1) 3
TIRTLR8Bta 5-5-0 1.04e-06 159 150 (94.3) 157(98.7) 2
TIRTLR10Bta 5-5-0 3.74e-08 144 137 (95.1) 141 (97.9) 3
NACHTNLRP1Bta 8-4-0 3.42e-07 168 153 (91.1) 162 (96.4) 6
NACHTNLRP3Bta 7-5-0 6.09e-07 168 156 (92.9) 163 (97.0) 5
NACHTNLRP5Bta 7-4-0 5.74e-07 163 147 (90.2) 156 (95.7) 7
NACHTNLRP6Bta 6-5-0 3.79e-07 168 154 (91.7) 163 (97.0) 5
NACHTNLRP9Bta 7-4-0 3.79e-07 168 156 (92.9) 164 (97.6) 4
NACHTNLRP10Bta 6-4-0 NA* NA* NA*

NACHTNLRP12Bta 6-5-0 4.02e-07 169 159 (94.1) 166 (98.2) 3
NACHTNLRP13Bta 7-5-0 2.81e-07 168 158 (94.0) 165 (98.2) 3
NACHTNLRP14Bta 7-4-0 3.70e-07 168 153 (91.1) 164 (97.6) 4

$H=Helix, S=Beta pleated sheet, C=Coils. *The prediction could not be done due to presence of stop

codons (at 24% and 143" codons) in the original predicted coding sequence (cds: XP010824097, GenPept: 104974255),
@Total number of amino acids of each of the corresponding TIR and NACHT domains, *Against expected number of
residues in favored region for all the sequences as revealed by Ramachandran’s plot analysis, **Against expected
number of residues in allowed region for all the sequences as revealed by Ramachandran’s plot analysis
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Figure-8: Three-dimensional structures of TIR and NACHT domains of taurine toll-like receptors and nucleotide-binding
oligomerization domain like receptors (ab initio method) using the software Raptor X, showing the exact positioning of

a-helices and beta pleated sheets.

Conclusion

This study predicts evolutionary pattern of TIR
and NACHT domains of the TLR and NLR genes,
respectively. Molecular phylogeny clearly depicts sim-
ilar patterns of evolution in divergent species (mamma-
lian, avian and piscine); however, different evolution-
ary time frame (NLRs evolved earlier as compared to
TLRs) is evident for these two domains under study.
Interestingly, only negative selection (indicating puri-
fying pressure) has been impacting the domains of TLR
and NLR genes. The domains are associated with dis-
ease resistance which is a fitness trait. Each group of
TLR or NLR shows comparatively less variation within
themselves again due to the specificity of action against
the type of microbes. It can be proposed that gene dupli-
cation could be a possible reason of genesis of similar
kinds of TLRs (virus-specific, bacteria specific).

Authors’ Contributions

CSM: Conceived and designed the experiments.
CSM, RB, DD and RV: Analyzed the data. RB:
Wrote the first draft of the manuscript. JSA and PPD:
Contributed to the writing of the manuscript. RB,
CSM, DD, RV, PPD and JSA: Agree with manuscript
results and conclusions. RB, CSM, DD, RV, PPD and

JSA: Jointly developed the structure and arguments
for the paper. RB, CSM, DD, RV, PPD, JSA: Made
critical revisions and approved final version. All
authors reviewed and approved the final manuscript.

Acknowledgments

The authors thankfully acknowledge the fund-
ing provided by Department of Biotechnology,
Government of India (Project # AAB-009).

Competing Interests

The authors declare that they have no competing
interests.

References

1. Janeway, C.A. and Medzhitov, R. (2002) Innate immune
recognition. Annu. Rev. Immunol., 20: 197-216.

2. Zhang, Q., Zmasek, C.M. and Godzik, A. (2010) Domain
architecture evolution of pattern-recognition receptors.
Immunogenetics, 62: 263-272.

3. Tan, R., Ho, B., Leung, B.P. and Ding, J.L. (2014) TLR
cross-talk confers specificity to innate immunity. /nt. Rev.
Immunol., 33: 443-453.

4. Langefeld, T., Mohamed, W., Ghai, R. and Chakraborty, T.
(2009) Toll like receptors and NOD-like receptors: Domain
architecture and cellular signalling. Adv. Exp. Med. Biol.,
653: 48-57.

5. Park, J.H., Kim, Y.G., Shaw, M., Kanneganti, T.D.,

Veterinary World, EISSN: 2231-0916

1227



Available at www.veterinaryworld.org/Vol.9/November-2016/9.pdf

10.

11.

12.

13.

14.

15.

16.

Fujimoto, Y., Fukase, K., Inohara, N. and Nunez, G. (2007)
Nod1/RICK and TLR signaling regulate chemokine and
antimicrobial innate immune responses in mesothelial cells.

and Arora, J.S. (2015) Expression profiling and in silico
characterization of bubaline Drosha in light of evolution.
Int. J. Adv. Res., 3(11): 2956-2966.

J. Immunol., 179: 514-221. 17. Huang, L., Fan, Y., Zhou, Y., Jiang, N., Liu, W.Z.,
Proell, M., Riedl, S.J., Fritz, J.H., Rojas, A.M. and Meng, Y. and Zeng, L.B. (2015) Cloning, sequence analysis
Schwarzenbacher, R. (2008) The nod-like receptor (NLR) and expression profiles of toll-like receptor 7 from Chinese
family: A tale of similarities and differences. PLoS One, giant salamander Andrias davidianus. Comp. Biochem.
3(4): e2119. Physiol. B., 184: 52-57.
Istomin, A.Y. and Godzik, A. (2009) Understanding diver- 18.  Alcaide, M. and Edwards, S.V. (2011) Molecular evolution
sity of human innate immunity receptors: Analysis of sur- of the toll-like receptor multigene family in birds. Mol. Biol.
face features of leucine-rich repeat domains in NLRs and Evol., 28(5): 1703-1715.
TLRs. BMC Immunol., 10(48): 1471-2172. 19.  Roach, J.M., Racioppi, L., Jones, C.D. and Masci, A.M.
Tamura, K., Stecher, G., Peterson, D., Filipski, A. and (2013) Phylogeny of toll-like receptor signaling: Adapting
Kumar, S. (2013) MEGA6: Molecular evolutionary genet- the innate response. PLoS One, 8(1): e54156.
ics analysis Version 6.0. Mol. Biol. Evol., 30: 2725-2729. 20.  Zhou, X., Lin, Z., Ma, H. (2010) Phylogenetic detection of
Felsenstein, J. (1981) Evolutionary trees from DNA numerous gene duplications shared by animals, fungi and
sequences: A maximum likelihood approach. J. Mol. Evol., plants. Genome Biol., 11(4): R38.
17(6): 368-376. 21. Huang, Y., Temperley, N.D., Ren, L., Smith, J., Li, N. and
Nei, M. and Kumar, S. (2000) Molecular Evolution and Burt, D.W. (2011) Molecular evolution of the vertebrate
Phylogenetics. Oxford University Press, New York. p333. TLR1 gene family - A complex history of gene duplication,
Tamura, K., Nei, M. and Kumar, S. (2011) Prospects for gene conversion, positive selection and co-evolution. BMC
inferring very large phylogenies by using the neighbor-join- Evol. Biol., 11(149): 1471-2148.
ing method. Proc. Natl. Acad. Sci. USA., 101: 11030-11035. 22.  Temperley, N.D., Berlin, S., Paton, L.R., Griffin, D.K. and
Pond, S.L.K., Murrell, B., Fourment, M., Frost, S.D.W., Burt, D.W. (2008) Evolution of the chicken toll-like recep-
Delport, W. and Scheffler, K. (2011) A random effects tor gene family: A story of gene gain and gene loss. BMC
branch site model for detecting episodic diversifying selec- Genomics, 9(62): 1471-2164.
tion. Mol. Biol. Evol., 28: 3033-3043. 23. Bhardwaj, R., Brah, G.S., Arora, J., Kaur, S. and
Areal, H., Abrantes, J. and Esteves, P.J. (2011) Signatures Mukhopadhyay, C.S. (2015) Cloning and molecular char-
of positive selection in Toll-like receptor (TLR) genes in acterization of toll-like receptor 4 (TLR-4) gene in Indian
mammals. BMC Evol. Biol., 11(368): 1471-2148. water buffalo (Bubalus bubalis). Indian Journal of Animal
Tian, X., Pascal, G. and Monget, P. (2009) Evolution and Sciences, 85(3): 19-24.
functional divergence of NLRP genes in mammalian repro- 24. Dhaliwal, K.K., Arora, J.S., Mukhopadhyay, C.S. and
ductive systems. BMC Evol. Biol., 9(202): 1471-2148. Dubey, P.P. (2015) In silico characterization of functional
Howe, K., Schiffer, P.H., Zielinski, J., Wiehe, T., Laird, G.K., divergence of two cathelicidin variants in Indian sheep.
Marioni, J.C., Soylemez, O., Kondrashov, F. and Leptin, M. Evol. Bioinformatics online., 11: 189-196.
(2015) Structure and evolutionary history of a large fam- 25.  Singh, J., Mukhopadhyay, C.S., Arora, J.S. and Kaur, S.
ily of NLR proteins in the zebrafish. Available from: http:// (2014) Biocomputational and evolutionary analysis of bub-
www.dx.doi.org/10.1101/022061. Cited on 07-07-2015. aline dicerl enzyme. Asian Aust. J. Anim Sciences., 28(6):
Kaur, J., Mukhopadhyay, C.S., Dhanoa, J.K., Sethi, R.S. 876-887.

seoskoskoskoskoskoskosk

Veterinary World, EISSN: 2231-0916

1228




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


