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NOD-like receptors (NLRs) are intracellular sensors of the innate immune system that recognize intracellular pathogen-associated
molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs). Little information exists regarding the incidence
of positive selection in the evolution of NLRs of birds or the structural differences between bird and mammal NLRs. Evidence of
positive selection was identified in four avian NLRs (NOD1, NLRC3, NLRC5, and NLRP3) using the maximum likelihood
approach. These NLRs are under different selection pressures which is indicative of different evolution patterns. Analysis of
these NLRs showed a lower percentage of codons under positive selection in the LRR domain than seen in the studies of Toll-
like receptors (TLRs), suggesting that the LRR domain evolves differently between NLRs and TLRs. Modeling of human,
chicken, mammalian, and avian ancestral NLRs revealed the existence of variable evolution patterns in protein structure that
may be adaptively driven.

1. Introduction

Nod-like receptors (NLRs) are pivotal sensor proteins of the
innate immune system with diverse functions. They detect
pathogen-associated molecular patterns (PAMPS) of invad-
ing microbes and danger-associated molecular patterns
(DAMPs), thus initiating an innate immune response.

Structurally, members of the NLR family share a similar
tripartite domain organization: a variable N-terminal
domain, a central nucleotide-binding and oligomerization
domain (NACHT), and a C-terminal domain [1].

NLRs are grouped into subfamilies based on their specific
N-terminal protein-protein interaction domain: the caspase
recruitment domain (CARD), the pyrin domain (PYD), the
baculovirus inhibitor of apoptosis protein repeat (BIR)
domain, or an acidic transactivation domain [1, 2]. These
N-terminal domains are involved in recruiting downstream

effector molecules [2] and signal transduction. Moreover,
the N-terminal region of an additional subfamily, NLRX1,
contains a mitochondrial targeting sequence that shares no
homology to any other protein [3, 4]. The central NACHT
domains are similar to the STAND (signal-transduction
ATPases with numerous domains) subclade of the AAA+
ATPases superfamily [5–7]. The central NACHT domain is
required for protein oligomerization [1, 8].

NLRs detect PAMPS via a C-terminal leucine-rich repeats
(LRR), which is a 20-29 residue repeated sequence with con-
served and characteristically spaced hydrophobic residues [9,
10]. Recently, about 23NLRs and NLR-like proteins have been
reported in humans [11]. NLRs, including NLRP1, NLRP3,
NLRP6, NLRP7, NLRC4, NLRP12, and NAIP, have been
observed to activate the assembly of inflammasomes and
mediate caspase-1 activation, leading to inflammation and cell
pyroptosis [12, 13]. Other NLRs, such as NOD1, NOD2,
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NLRC3, NLRC5, NLRP10, NLRX1, and CIITA, have been
reported to induce the activation of nuclear factor-kB (NF-
κB) and the mitogen activated protein kinase (MAPK) signal-
ing pathway, or act as transcriptional regulators [12, 13].

Most studies on NLRs have focused on NLRs of mam-
mals and fish. Recent studies on NLRs of early diverging
organisms have suggested adaptive evolution in NLRs. In
Hydra, which have large and complex NLR repertoires, NLRs
recruit downstream adaptor molecules after activation. These
NLRs, with the associated adaptor proteins, may induce apo-
ptosis or activate putative NF-κB/JNK transcription factors,
thus regulating downstream cell responses and the expres-
sion of antimicrobial peptide [14]. It has been suggested that
NLRs are ancient genes with putative cytoplasmic defense
functions in basal metazoans and a commonmetazoan ances-
tor [14]. Gene expansion and domain gain, loss, and shuffling
have occurred in the NLRs ofHydra andmany other animals,
indicating that NLRs have evolved in a species-specific man-
ner to adapt to various ecological niches [14, 15].

In recent years, several important structures and func-
tions of NLRs have been discovered in mammals. However,
due to the different environmental conditions and ecological
niches occupied by mammals and birds, conceivably their
NLRs have evolved differently, generating unique structural
and functional properties. Although evolution of the NOD
subfamily of NLRs is known to be conserved in mammals,
NOD2 ismissing in chickens. Inmammals,NOD2 senses spe-
cific bacterial muramyl dipeptides (MDP). In contrast to
NOD2 in mammals, MDP are recognized by NLRP3 in
chickens, suggesting that chicken NLRP3 replaces the role of
mammalian NOD2 [16]. In mammals, NLRC5 is an impor-
tant regulator of the MHC class-I antigen presentation path-
way [17, 18]; however, one report showed no direct
relationship betweenNLRC5 knockdown andMHC-I expres-
sion in chickens [19]. Moreover, the NLRP3 PYD domain,
which ismissing inXenopus and zebrafish, has been identified
in chickens [20]. Collectively, these observations suggest a
pattern of molecular evolution of NLRs in vertebrates that is
different from birds. Thus, the innate immune systems in all
organisms, from Hydra and corals, to fish, birds, and mam-
mals, have evolved in response to environmental conditions.

The aim of this work was, therefore, to identify evidence
of positive selection in avian NLRs, to examine the structural
and functional evolution of NLRs in birds, and to further
elaborate the structural and functional diversity of NLRs
between mammals and birds. Using Maximum Likelihood
method, evidences of long-term selective pressure in the
NLR genes have been found. To better understand how the
CARD-binding properties of NLRs structurally and func-
tionally diversified, ancestral NLR proteins were recon-
structed and the structures of ancestral CARDs compared.
Data from this study may provide more evidence for the role
of positive selection in the evolution of NLRs.

2. Results

Our study identified some positive selection sites in the path-
ogen recognition domains of NLRs that were examined. To
evaluate the functional significance of the inferred positively

selected sites, the location for each putatively positive site has
been summarized in supplementary materials (Table 1). Our
results provide evidence of positive selection in the NACHT
domain of the avian NOD1, NLRC3, NLRP3, and NLRC5
(supplementary materials Table 1 and Figure 1). The
NACHT domain plays a crucial role in the NLRs. It
contains several characteristic motifs, namely, Walker A,
Walker B, Sensor 1, and WH motif [21].

It has been reported that the sequence variations in the
NACHT domain in human NLRs, especially in the vicinity
of conserved regions or motifs, may influence the cycle of
nucleotide-binding, -hydrolysis, -release, and/or conforma-
tional changes induced by NTP-hydrolysis, thus leading to
inflammatory disorders [22, 23]. To investigate the effects
of positive selection on the NACHT domain in four mole-
cules, the positions of conserved motifs and residues under
selective pressure were analyzed (Figure 1). None of observed
positively selected codons were located within or close to the
conserved motifs required for ATPase activity, activation,
and oligomerization. As shown in the multiple sequence
alignment between the Gallus and human sequences
(Figure 1), motifs involved in NACHT functions are con-
served among NLR proteins.

2.1. NLRC5. The quantity and distribution of positively
selected codons varied among NLRs. The highest accumula-
tion of positively selected sites occurred in NLRC5. Many
sites under positive selection were located in N-terminal
and C-terminal domains of the avian NLRC5. Remarkably,
NLRC5 lacked the canonical N-terminal domain present in
other defined domains of NLRs [24]. The N-terminal domain
of NLRC5 is considered an atypical CARD. NLRC5 has a
bipartite nuclear localization signal (NLS) which is required
for nuclear localization of NLRC5 [17]. The NLS, the trans-
port signal for nuclear protein import [25], is highly
conserved in mammals and contains critical residues, i.e.,
Lys121, Arg122, Arg132, Arg133, and Lys134 in humans
[26, 27]. Surprisingly, our sequence alignment indicates that
the NLS (amino acids 121 to 134) was mostly absent in the
Gallus and the avian ancestor NLRC5 sequences (Figure 2).

The highest accumulation of positively selected sites was
observed in the LRR region of NLRC5 (Figure 3 and supple-
mentary materials Table 1). NLRC5 contains a large LRR
region that is different from other NLRs, with varying
number of LRRs [26, 28]. To gain more insight into the
functional significance of the putatively selected sites in
LRRs, LRRSearch (http://www.lrrsearch.com) [29] was used
to analyze the number and the location of the LRR of the
chicken NLRC5. In general, the LRR domain contains 20–
29 amino acid residues. It has a highly conserved segment
(HCS) that consists of a consensus sequence and a variable
segment (VS), which is located before the HCS of the next
LRR. The HCS contains the consensus sequence
LxxLxLxxN/CxL [10, 30, 31]. Of the 39 codons identified
under positive selection in the LRRs of NLRC5, only 5 were
localized in the HCS.

2.2. NOD1. The percentage of NOD1 sites under positive
selection that were located in the known functional domains
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was low. In this study, only two positively selected sites (93
and 359) have been found within the functional domains.
Amino acids 93 and 359 were located within the CARD
domain and NACHT domain of avian NOD1, respectively.
In the avian NOD1, Cys93 was replaced by Tyr, His, Arg,
Leu, Phe, and Ser. Because the crystal structure of the human
NOD1 CARD has been resolved and residues involved in the
downstream signaling and interaction with RIP2 are recog-
nized [32], we aligned the sequences of NOD1CARD domain
and plotted the CARD domain structure and electrostatic
potential for human and Gallus NOD1 as well as for recon-
structed ancestral NOD1 proteins (Figure 4). The results
obtained henceforth suggested that the positively selected site
93 is not a key residue in the NOD1-RIP2 interaction. Since a
similar degree of positive selection in interacting molecules is
expected, we analyzed the positively selected codons in RIP2
(supplementary materials Table 1). Amino acids 324, 371,
and 412 were identified to be under positive selection but
were not located within the CARD domain of RIP2.

2.3. NLRC3 and NLRP3. It has been reported that NLRC3,
together with NOD1, originated from a gene duplication
event that occurred before the divergence of birds and mam-
mals [33]. A minimum number of adaptive substitutions
were present within the avian NLRC3s (supplementary mate-
rials Table 1 and Figure 3), showing a stabilized selection
pattern of evolution. Although the functions of many
substitutions are unknown, they would support the
hypothesis that species-specific adaptations occur because of
different environmental conditions and pathogens. NLRP3
participates in the assembly of inflammasome complexes.

Mutations in NLRP3 are associated with many inflammatory
diseases in humans [34]. Our analysis of avian NLRP3s
detected many amino acid sites that are under positive
selection (supplementary materials Table 1 and Figure 3).

3. Discussion

Evidence of positive selection in the bird NLRs is reported in
this study with variable quantity and distribution of posi-
tively selected residues.

3.1. NOD1. NOD1 is a crucial molecule in innate immunity.
It activates the NF-κB pathway by recruiting the protein
receptor-interacting protein 2 (RIP2) through the interaction
of CARDs. Two positively selected codons have been found
in the functional domain of the Gallus NOD1, amino acids
93 and 359. Interactions between NOD1 and RIP2 mainly
depend on electrostatic interactions in the CARD domain
[32]. The CARD domain, as an important effector domain,
belongs to the death domain superfamily. Members of the
death domain superfamily always promote homotypic
and/or heterotypic interactions with other effector domain
containing proteins.

In NOD1, the CARD domain is indispensable for down-
stream signaling, involved in many different cellular pro-
cesses, such as apoptosis and inflammation. Because of
functional constraints, residues with critical functions may
be under slow evolutionary rate [35]. It has been reported that
the core residues which constitute the polar surface and the
hydrophobic core of CARD are conserved [36]. As expected,
the CARD domain of NOD1 had a lower percentage of
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Figure 1: Adaptive substitutions in avian NLRs NACHT domain. We have aligned the NACHT domain of NLRs (human and Gallus shown).
Adaptive amino acid substitutions and important motif of NACHT are indicated along the top of the alignment. Adaptive amino acid
substitutions in NACHT are represented with star (∗); motifs involved in ATP binding and hydrolysis of NACHT are indicated along the
top of the alignment.
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positively selected codons than other NLRs, and it showed
greater selective constraints.

To have further insight of the functional evolution of the
NOD1 CARD and to understand if the positively selected
residue (residue 93, located in α5) has the potential to influ-
ence the function of the CARD, we predicted the ancestral
amino acid state of the CARD for mammals and birds and
analyzed its 3D structure. The CARD domain of human
NOD1 consists of six antiparallel α-helices packed around
a hydrophobic core with residues E53, D54, and E56 of α3
involved in the interaction with RIP2 [32]. It has been
reported that the surface shape of CARD and electrostatic
interaction of oppositely charged residues plays a significant
role in CARD-CARD interactions [32, 36, 37]. Mutations in
L44, I57, and V41 greatly reduced activation of NOD1

signaling which demonstrated the significance of hydropho-
bic residues [32].

Our alignment results (Figure 4) showed that the ances-
tral CARD of mammals and avian species are conserved.
Not only are the residues buried in the hydrophobic core
and involved in interactions of the avian ancestor relatively
well conserved but the shape and electrostatic potential of
the binding area of the avian ancestor are very similar to
human and chicken NOD1 (Figure 4). In human and mam-
malian ancestor, the NOD1 CARD domain residue 93 was
replaced by Tyr, but the electrostatic distribution in this
region was not altered (Figure 4). We examined the location
of amino acid 93 and found that it was buried, leaving the
electrostatic distribution on the surface of CARD unchanged.
Similarly, analysis of avian RIP2 showed that the residues
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Figure 2: Sequence and primary functional differences in NLRC5 CARD are established (human, chicken, mouse, mammalian ancestor, and
avian ancestor). (a) Sequence alignments of NLRC5 CARD domain. Adaptive amino acid substitutions in birds are represented with star (∗).
Secondary structures of protein are shown along the top of the alignment. NLS (amino acids 121 to 134 in human) are shown. (b–e) The
atypical CARD of NLRC5 consists of five α-helices (α1, α2, α4, α5, and α6) that are packed around a hydrophobic core. The CARD shape
and electrostatic potential for human, chicken, mouse, mammalian ancestor, and avian ancestor are plotted. The surfaces are color-coded
according to electrostatic surface potential: red, −10 kT; white, 0 kT; and blue, +10 kT. (f) Structural alignment of human, chicken,
mammalian ancestor, and avian ancestor NLRC5 atypical CARD.
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(R486, R525, and R530) of the RIP2 CARD domain involved
in the interaction with NOD1 CARD were not under positive
selection (supplementary materials Table 1), and these
residues were conserved between avian and human
(supplementary materials S1). This is consistent with its
important biological function.

3.2. NLRC5. The N-terminal domain of NLRC5, which con-
tains repeated α-helices and is strikingly distinct from other
CARDs, is referred to as an atypical CARD. To investigate
the structural differences of atypical CARDs, we compared
the human, chicken, mammalian, and avian ancestral struc-
tures using homology modeling on an atypical mouse CARD,
whose conformation is known [38]. Atypical CARD of
NLRC5 consists of five α-helices that are packed around a
hydrophobic core, with the difference to other CARDs (such
as NOD1 CARD) being the absence of α3, which was
replaced with an α2-α4 loop. Interestingly, other studies of
NOD1 CARD have suggested conserved α2 and α3 domains
which form a putative interaction surface with the CARD of
binding partner [36]. In our study, no positive selection is
identified in α2 and α3 of CARD domains in NOD1 (positive
selection 93 codon is in CARD α5 of NOD1). NLRC5, how-
ever, also contacts with the binding partner by CARD-
CARD interaction and contains four positively selected sites
that fall in the α2, α4, and α2-α4 loop of atypical CARD
domain (supplementary materials Table 1 and Figure 2).

NOD1 interacts with its binding partner RIP2 by CARD-
CARD interaction mainly through complementary surface
shape and charge [38]. The hydrophobic interactions, how-
ever, make contributions to CARD-CARD interactions
between NLRC5 and its partner RIG-I [38]. Moreover, the
atypical CARD of NLRC5 interacts with the binding part-
ner’s CARD by its hydrophobic surface which is composed
of α1, α6, and the α5–α6 loop but not the α2 and α2-α4 loop
[38]. Our alignment (Figure 2) showed that, except residues
belonging to α0, α2, α4, and the α2-α4 loop, most residues
of the atypical CARD were conserved in chicken, human,

mouse, and avian and mammalian ancestors. For avian, pos-
itively selected sites mainly fall in the α2, α4, and α2-α4 loop
of NLRC5 (Figure 2); the α1, α6, and the α5–α6 loop of
NLRC5 that encode the RIG-I-binding region were more
conserved than the α2 and the α2-α4 loop. A possible expla-
nation may be that the residues in the RIG-I-binding region
are directly involved in downstream signal transduction.
The 3D structures of atypical CARDs were generally similar
in the human, chicken, mouse, mammalian, and avian
ancestors (Figure 2). But the electrostatic potentials of the
pocket formed by α1, α6, and the α5–α6 loop in the
chicken and the avian ancestor are different from both
the human and mammalian ancestral atypical CARDs
which indicates a different evolution pattern of NLRC5
between birds and mammals.

Our additional alignment studies showed that the NLS
(amino acids 121 to 134) was missing in the CARDs of bird
NLRC5s (Figure 2). Sequence analysis of the chicken NLRC5
performed by cNLS Mapper [39] revealed a putative mono-
partite NLS at amino acids 1012-1025, which do not belong
to CARD domain. In the avian ancestor, the NLS has been
found absent using the cNLS Mapper prediction algorithm.
The NLS is the transport signal for nuclear protein import
[25] and is well conserved in mammals.

NLRC5 is an IFN-γ–inducible nuclear protein recognized
as an important molecule for the MHC class-I antigen pre-
sentation pathway in humans [17, 18, 24]. Within the NLS
sequence context, NLRC5 associates with promoters of
MHC class-I genes and activates them, inducing expression
of MHC class-I [17, 18]. Mutations within the NLS may pre-
vent nuclear localization [17] and thereby reduce induction
of MHC class-I expression [27]. It has, however, been
reported that in chicken macrophages, there is no difference
in MHC class-I gene expression between NLRC5 knockdown
cells and controls, suggesting that NLRC5 may be a dispens-
able regulator of MHC class-I in chicken macrophages [19].
In zebrafish, overexpression of NLRC5 induces the expres-
sion of MHC class-II genes but not MHC class-I genes [40].
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These findings indicate the functional divergence of NLRC5
between mammals, birds, and fishes.

3.3. NLRC3. A minimal number of adaptive substitutions
have been found within NLRC3 (supplementary materials
Table 1 and Figure 3), suggesting a stabilized selection
pattern in evolution. It is difficult to speculate about the
impact of functional effects caused by substitutions in
NLRC3 without an available crystal structure. Recent
studies have suggested that NLRC3 functions to regulate
the strength and time of the inflammatory response,
suppress the activation of various innate immune signaling
cascades, and prevent excessive immune responses [41, 42].
NLRC3 can regulate the STING signaling pathway and the
TRAF6 signaling pathway. Also, NLRC3 negatively
modulates STING activation via the response to cytosolic
DNA, cyclic di-GMP, and DNA viruses [41]. Moreover,
NLRC3 negatively regulates the activation of NF-κB through

interaction with TRAF6 [42]. It has been demonstrated that
an interaction between the NACHT domain of NLRC3 and
STING is mediated by the LRR domain [41]. Thus, NLRC3
may decrease STING dependent innate immune activation
[41]. The NACHT domain of NLRC3 also affects the NF-κB
pathway by binding with TRAF6 [42]. NLRC3 binds to
TRAF6 via the TRAF-binding motif in the NACHT domain
[42]. NLRC3 has two TRAF-binding motifs that are
conserved among various species [42]. Our analysis found
conserved TRAF2-binding sites in birds (Figure 5). NLRC3
has been reported to be an inhibitor of the PI3K-AKT-mTOR
pathways [43]. Moreover, an NLRC3-like protein of zebrafish
has a negative regulatory function on macrophage activation
and inflammation. It has been reported that both the PYD
and the NACHT domains are essential for function of the
NLRC3-like protein in zebrafish, and loss of function
mutations in the zebrafish NLRC3-like protein may result in
systemic inflammation [44]. This provides support for cross-
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Figure 4: Sequence and primary functional differences in NOD1 CARD. (a) Alignment of NOD1 CARD domain sequences. Star (∗)
indicates adaptive amino acid substitutions of NOD1 CARD in birds. (b) The NOD1 CARD shape and electrostatic potential for
human, chicken, mouse, mammalian ancestor, and avian ancestor are plotted; the surfaces are color-coded according to electrostatic
surface potential: red, −10 kT; white, 0 kT; and blue, +10 kT. Residues reported to be important for NOD1/RIP2 interaction, and NF-κB
activation in human is labeled.
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species functionality of NLRC3 [43]. Hence, it is possible that
mutations in NLRC3 are likely to influence inflammatory
signaling pathways and even induce inflammatory disorders.
These studies, collectively, provide reasonable evidence that
NLRC3 evolved under strong stabilizing selection.

3.4. NLRP3. NLRP3 is a member of the NLR family and
belongs to the NLRP subclass characterized by the presence
of a PYD. Human NLRP3 is activated in response to a broad
range of stimuli including bacteria, fungi, yeast, viruses, par-
asites, pore-forming toxins, crystals, TLR ligands, bacterial
RNA, and DAMPs, such as ATP and hyaluronan [45–48].
NLRP3 participates in the assembly of inflammasome com-
plexes, which in most cases, help the host eliminate invading
pathogens. Aberrant accumulation of inflammasome signals
may result in disease in humans. Mutations in and around
the NACHT of NLRP3 cause three auto-inflammatory dis-
eases: FCAS (familial cold auto-inflammatory syndrome),
MWS (Muckle–Wells Syndrome), and CINCA/NOMID
(chronic infantile neurological cutaneous and articular syn-
drome/neonatal onset multisystemic auto-inflammatory dis-
ease) [34]. Several amino acids showed evidence of positive
selection that were detected in or around the NACHT
domain of NLRP3 in the chicken and avian ancestor
sequences we examined (Figures 1 and 3).

A relatively recent study has demonstrated that the muta-
tions may affect the stabilization of NLRP3 by increasing its
half-life [49], showing that the NLRP3 protein, stable at
lower temperatures, was degraded at 37°C [49]. In avian spe-
cies, high metabolic rates may lead to high body temperature-
s—the mean body temperatures for all birds has been
reported to be 38.54°C (±0.96) for resting birds, 41.02°C
(±1.29) for birds in the active phase, and 43.85°C (±0.94)

for highly active birds [50]. These findings suggest that posi-
tive selection found in or around the NACHT domain of bird
NLRP3 may be associated with adaptation to a higher body
temperature in birds. In the chicken, NOD2 was replaced
with NLRP3 as another potential PRR to sense MDP [16].
Recent studies have reported that the NLRP3 gene is variable
between mammalian and avian species [51]. The PYD
domain of NLRP3 was not identified in Xenopus or the
zebrafish [20]. Another inflammation-related molecule, IL-
1β, has also been identified to be highly variable between
mammalian and avian species, suggesting potentially differ-
ent mechanisms in the host inflammatory responses between
these classes [51].

3.5. LRR Domains of NLRs. Previous research has shown a
high number of positively selected codons located in LRR
domain of TLRs [52]. Our results, however, indicate a differ-
ent level of positive selection acting in LRR domain of NLRs.
NLRC5, NOD1, NLRC3, and NLRP3 showed lower percent-
age of codons under positive selection in the LRR domain
than TLRs. The TLRs are transmembrane proteins which
recognize PAMPs through the extracellular domain of LRRs.
The NLRs are intracellular, cytoplasmic sensors. Recent stud-
ies have emphasized that interactions between NLRs and
PAMPs may be indirect and involve intermediates of host
cells, which like R proteins indirectly sense PAMPs in plants
[1, 53, 54]. This may explain the different patterns of evolu-
tion observed for LRRs in TLRs and NLRs. NLRC5 contains
a large LRR region that is different from other NLRs, with the
exact number of LRRs being uncertain [26, 28]. LRRs of the
human NLRC5 are involved in the interaction with IKKα
and IKKβ, blocking phosphorylation and degradation of
the inhibitory IκB proteins, thus, inhibiting NF-κB activation
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[55]. In addition, the LRR region of human NLRC5 is
responsible for nuclear export of NLRC5, as well as transcrip-
tional activation [56]. Of the 39 codons identified under pos-
itive selection in the LRRs of the chicken and avian ancestral
NLRC5, only 5 amino acids were localized in the HCS.
Although the number of LRRs in NLRC5 is still controver-
sial, the C-terminal LRR repeat of human NLRC5 has been
reported to be of 36 amino acid residues in length [26] while
others have suggested that the C-terminal capping motifs
may serve to protect the protein [57]. Interestingly, recent
studies have also described an NES (nuclear export signal)
in the C-terminal region of LRRs that mediates nuclear
export in humans [17].

It is reasonable to predict conserved evolution for this
region. Our analyses mapped one codon under positive selec-
tion (residue 1800), which falls in the region closest to the C-
terminal LRRs. Because of the large size of the LRR region
and unusual structure of NLRC5, it has been speculated that
NLRC5 might sense different stimuli, compared to other
NLRs [28]. Some of the positively selected amino acid sites
in LRRs may, thus, be involved in the recognition of these
diverse stimuli. The detailed molecular basis of the role of
NLRC5 in host defense and immune signaling, however, is
largely still unknown.

4. Conclusion

The Nod-like receptors of the innate immunity represent the
first line of defense against the pathogens. These are involved
in pathogen recognition and, thus, need to evolve rapidly in a
dynamic arms race with pathogens. Evidence of positive
selection of NLRs in birds has been observed. Adaptive selec-
tion in avian NLRs was different than either avian TLRs or
mammalian NLRs. NLRs have shown adaptive divergence
in structure and function throughout the avian evolution.
This work provides a basic understanding of structural and
functional evolution in avian NLRs. By looking for structural
differences between human, chicken, mammalian ancestral,
and avian ancestral NLRs, we propose that the different envi-
ronmental conditions encountered by mammals and birds
might have induced structural and functional differentiation
among members of the NLR family. Different NLRs with
varied functions might have experienced unique pressures
which might have induced the evolutionary change.

5. Materials and Methods

5.1. Data Collection. The coding regions of three chicken
(Lingnanhuang: LNH) NOD-like-receptor genes, NOD1,
NLRC3, and NLRP3, were obtained by polymerase chain
reaction (PCR) amplification using gene-specific primers
(primer details in supplementary materials S2). Chicken
NLRC5 and all avian NLR sequences (accession number
displayed in supplementary materials S3) were collected
from NCBI (http://www.ncbi.nlm.nih.gov). NOD-like-
receptor amino acid sequences of chicken, avian ancestors,
and mammalian ancestors are displayed in supplementary
materials S2.

5.2. Sequence Alignment. Sequence alignments were pro-
duced using PROBCONS version 1.12 [58]. The alignments
used for phylogenetic analyses were processed using Gblocks
v0.91b [59] to detect and filter potentially unreliable and mis-
aligned regions. To detect positive selection in individual
codons of the NLR sequences, a phylogenetic tree was recon-
structed by MrBayesv3.2.2 (http://mrbayes.csit.fsu.edu/)
[60]. All analyses were run with 2000,000 generation in
Mrbayes. Convergence was considered to have been achieved
with split frequency values of <0.01. If the split frequency did
not drop below 0.01, the analysis continued with additional
2000,000 generations. The first 25% of the topologies were
discarded as burn-in. Sequence analysis of the chicken
NLRC5 was performed by cNLS Mapper (http://nls-mapper
.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) [39].

5.3. Tests of Selection. All sequences for testing positive selec-
tions have been displayed in supplementary materials S3. To
test positive selections at NLRs, the ratios of nonsynonymous
(dN) to synonymous (dS) substitutions per site were com-
pared in a maximum likelihood (ML) framework. A ratio of
dN/dS > 1 is interpreted as evidence of positive selection. In
order to improve the accuracy of the positive selection
results, two ML frameworks were selected, the codeml pro-
gram of PAML [61] and the HyPhy package of the Data
Monkey Web Server (http://www.datamonkey.org) [62].
For codeml, two alternative models (M7 and M8) were
chosen and compared with twice the difference of log-
likelihood value (2ΔlnL) with 2 degrees of freedom to inves-
tigate whether sites were under positive selection in each
NLRs. For codeml, the Bayes Empirical Bayes (BEB) poste-
rior probability method was calculated in conjunction with
site models to identify individual codons as adaptive [63].
In HyPhy, three distinct models, SLAC, FEL, and REL, were
conducted; the level of statistical significance was set at a p
value=0.1 for SLAC and FEL and Bayes Factor = 50 for REL
analysis, sites with a p value <0.1 for SLAC and FEL, and
Bayes Factor > 50 for REL was accepted to identify candi-
dates for selection.

Protein-coding substitutions identified as more than or
equal to two ML methods were considered adaptive. In order
to identify robust sites under positive selection, only sites
with evidence of selection in at least two of the ML methods
were considered. In addition, the PAL2NAL program [64]
was used to convert the amino acid alignment into a
codon-based DNA alignment for PAML codeml test.

5.4. Ancestral Sequence Reconstruction. Ancestral protein
sequences were reconstructed using MEGA 6 [65] with the
maximum likelihood algorithm. All nucleotide sequences
were converted to corresponding protein sequences were
aligned with PROBCONS. For each alignment, the best fit-
ting nucleotide substitution model for each codon position
was evaluated using the AIC criterion in MEGA with “find
best DNA/Protein models.” An evolutionary tree was recon-
structed with the ML method. For each internal node of the
tree, MEGA exported a file including information of most
probable ancestral sequences, and program ExtAncSeqMEGA
[66] could then extract the ancestral DNA and protein
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sequences from the file. The accuracy scores of ancestral DNA
and protein sequences were estimated. All ancestral sequences
have been displayed in supplementary materials S2.

5.5. Homology Modeling and Structural Analysis. To obtain a
more precise idea of the functional evolution of avian NLRs,
structural homology models are built with MODELLER v9.5
[67]. Then, the structures were processed using the PDB2PQR
server (http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/) [68] to add
hydrogen atoms and force field parameters. Electrostatic
surface potentials were estimated with APBS web solver
(Adaptive Poisson Boltzmann Solver). The visualization of
structures and electrostatic potentialmapswas generatedwith
VMD1.9.1 [69].

Data Availability

GenBank accession numbers of chicken (Lingnanhuang) NLR
nucleotide sequences (generated in the course of the study) are
as follows: MT385526, MT385527, and MT385528. The
chicken sequences (third-party data) and ancestral sequences
are deposited in Supplementary File S2. The accession number
of avian nucleotide sequences analyzed in the article is depos-
ited in Supplementary File S3.

Additional Points

Significance Statement. Despite several studies on the evolu-
tion of TLRs in birds, a clear picture of the evolution of birds
NLRs has not yet emerged.We have found evidence of positive
selection of NLRs within the birds, reconstructed avian, and
mammalian ancestral sequence of NLRs and compared the
structural and functional differences of NLRs between mam-
mals and avian. Different evolution patterns of the molecular
binding region were specifically investigated in our study.
Our analyses of avian NLR family provide more evidence for
the role of positive selection in the evolution of NLRs.
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