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ABSTRACT. Nucleotide-binding oligomerization domain-containing 
protein-1 (NOD1) is a cytoplasmic pattern recognition receptor (PRR) 
and a key member of the NOD-like receptor (NLR) family. It has 
been reported that NLRs recognize a variety of microbial infections 
to induce the host innate immune response via modulation of NF-κB 
signaling. However, no reports on chicken NOD1 have been reported to 
date. In the current study, the full-length cDNA sequence of NOD1 was 
cloned. The complete open reading frame of NOD1 contains 2856 bp 
and encodes a 951 amino acid protein. Structurally, it is comprised of 
one caspase recruitment domain at the N-terminus, seven leucine-rich 
repeat regions at the C-terminus, and one NACHT domain between the 
N and C-termini. Phylogenetic analyses showed that chicken NOD1 
clusters with duck and turkey. Furthermore, tissue-specific expression 
analyses of chicken NOD1 were performed using quantitative reverse 
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transcription-PCR. NOD1 is widely distributed in various tissues, with 
the highest expression observed in testes. Finally, induced expression 
of chNOD1 and its associated adaptor molecule receptor-interacting 
protein 2, as well as the effector molecule NF-κB, was observed 
following S. enterica serovar Enteritidis infection. These findings 
highlight the important role of chicken NOD1 in response to pathogenic 
invasion. The present study is the first report of the cloning, expression, 
and functional analysis of chicken NOD1 and provides the foundation 
for future research on the structure and function of chicken NOD1.

Key words: Chicken; Receptor-interacting protein 2; Full-length cDNA;
Nucleotide-binding oligomerization domain-containing protein -1; NF-κB

INTRODUCTION

Four pattern recognition receptor families have been discovered in animals: Toll-
like receptors (TLRs), retinoic acid-induced gene-like receptors (RLRs), NOD-like recep-
tors (NLRs), and AIM2-like receptors (ALRs) (Akira et al., 2006; Uematsu and Akira, 2008; 
Kawai and Akira, 2009; Hayashi et al., 2011). TLRs have been extensively studied and have 
been shown to recognize bacterial ligands at the plasma membrane as well as on the luminal 
side of intracellular vesicles (Uematsu and Akira, 2006; Masumoto et al., 2006). Discovered 
more recently are the NLRs which are located in the cytosol and are intracellular pattern rec-
ognition receptors (PRRs) (Inohara et al., 2005; Ting and Davis, 2005). Similar to TLRs, they 
are involved in immunity against pathogenic microorganisms (Jacobs and Damania, 2012) 
and play an important role in the defense against pathogen infection by recognizing pathogen-
associated molecular patterns (PAMPs). As well, they are involved in initiating the innate 
immune response, thereby leading to an adaptive immune response (Kawai and Akira, 2009; 
Kersse et al., 2011; Koizumi et al., 2012).

Structurally, the NLR family of receptors are large multi-domain proteins typically 
characterized by a tripartite architecture: an N-terminal protein-protein interaction domain 
composed of a caspase activation and recruitment domain (CARD), pyrin domain (PYD), or 
baculovirus “inhibitor of apoptosis” repeat (BIR) domain that generates and transmits down-
stream signals, a central nucleotide oligomerization (NACHT) domain that mediates self-
regulation and oligomerization, and a C-terminal leucine-rich repeat that recognizes specific 
ligands for receptor association (Werts et al., 2006; Wilmanski et al., 2008). NOD1 and NOD2 
were first discovered as cytosolic proteins involved in the intracellular recognition of microbes 
and their products (Philpott and Girardin, 2010). NOD1 senses meso-diaminopimelic acid 
(meso-DAP)-containing peptidoglycans of Gram-negative bacteria (Chamaillard et al., 2003; 
Girardin et al., 2003), whereas NOD2 detects muramyl dipeptide (MDP), the largest peptido-
glycan motif that is common to Gram-negative and -positive bacteria (Inohara et al., 2000; 
Girardin et al., 2001). 

It has been shown that NOD1 and NOD2 are linked to host defenses against various 
pathogenic bacteria, including Listeria monocytogenes (Opitz et al., 2006), Pseudomonas ae-
ruginosa (Travassos et al., 2005), Staphylococcus aureus (Hruz et al., 2009), and Salmonella 
enterica serovar Typhimurium (Geddes et al., 2010). Studies have demonstrated that RIP2/
CARDIAK/RIPK2 (RICK) is a critical downstream mediator of NOD1 and NOD2 signaling 
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(Inohara et al., 1999). Additionally, it has been shown that NOD1/NOD2 signaling is involved 
in NF-kB activation and intestinal inflammation in vivo and in vitro (Geddes et al., 2010; 
Keestra et al., 2011; Oehlers et al., 2011). However, the role of NOD1/NOD2 signaling in 
birds remains unclear. 

Comparative genomic and sequence analyses found NOD1 orthologs in all vertebrate 
species analyzed, whereas NOD2 was absent from the genomes of avian, reptilian, and am-
phibian species (Boyle et al., 2013). Chicken has been a model system in embryology for more 
than a century (Stern, 2005). Thus, the purpose of the present study was to clone the full-length 
cDNA of the chicken NOD1 gene, analyze its expression profile in various chicken tissues, 
and evaluate the gene expression of NOD1, RIP2, and NF-kB after Salmonella infection. Our 
novel findings provide significant scientific value for studying the function of NOD1 in birds.

MATERIAL AND METHODS

Animals and treatment

Healthy Qingyuan partridge chickens were obtained from the National Chicken Ge-
netic Resources (Jiangsu, China). The standard Salmonella enteritidis strain 50336 was ob-
tained from the College of Veterinary Medicine of Yangzhou University (Yangzhou, China). 
The Qingyuan partridge chicken treatment group was subcutaneously injected with 108 CFU/
mL (0.2 mL) of Salmonella. The negative control group was injected with saline (0.2 mL). 
Spleen samples were collected after 1, 3, 5, and 7 days. Ten chickens (5 males, 5 females) were 
randomly selected at each time point.

RT-PCR and rapid amplification of cDNA ends (RACE) 

The RACE technique was used to obtain the full-length chNOD1 cDNA sequence, 
including the 5'- and 3'-untranslated regions (UTRs). Briefly, a PCR fragment of NOD1 was 
obtained from Qingyuan partridge chicken-specific complimentary DNA (cDNA) using Taq 
Polymerase and primers designed based on the predicted reference sequence of NOD1 (XM-
418777.2). The primers are designated NOD1-F1 and NOD1-R1, and the fragment length 
was 422 bp. The primers 5'-GSP1 and 3'-CDS primer A were used in 5' and 3' first strand 
cDNA synthesis, respectively. Four specific nested primers, 5'-NOD1-GSP2, 5'-NOD1-GSP3, 
3'-NOD1-GSP1′, and 3'-NOD1-GSP2′, were designed according to the known chNOD1 cDNA 
fragment sequence. 5'-AAP, 5'-AUAP, and Universal Primer A mix (UPA) were obtained from 
the corresponding RACE Kits. 3'-RACE was conducted with the SMART RACE cDNA Am-
plification kit (Clontech) and 5'-RACE was conducted with 5'-RACE System for Rapid Am-
plification of cDNA Ends (version 2.0) kit (Invitrogen) using 10 mg of RNA isolated from the 
spleen, according to manufacturer instructions.

The deduced full-length chNOD1 sequence was assembled using the 3'- and 5'-RACE 
sequences and the DNAMAN software (Lynnon BioSoft). To confirm the complete sequence 
of the open reading frame (ORF), an ORF primer pair (NOD1-ORF-F and NOD1-ORF-R) 
was designed according to the assembled full-length chNOD1 cDNA. All PCR products were 
gel-purified, cloned into the pMD18T vector (Takara Biotechnology Co., Dalian, China), and 
commercially sequenced.
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Predicted amino acid sequence of chNOD1 

Amino acid sequence analyses and structural predictions of chNOD1 were performed 
using various bioinformatic software tools. The online analysis tool ORF Finder (http://www.
ncbi.nlm.nih.gov/projects/gorf/orfig.cgi) was used to analyze the predicted chNOD1 amino 
acid sequence. Analyses of physical and chemical parameters were performed using ExPASY-
ProtParam (http://expasy.org/tools/ protparam.html). Transmembrane protein structure predic-
tion was conducted using TMPRED (http://www. ch.embnet.org/software/TMPRED_form.
html). Signal peptide prediction was performed using the SignalP 4.1 Server (http://www.
cbs.dtu.dk/services/SignalP/). Protein secondary structure prediction was conducted using 
SOPMA (http://npsa-pbil.ibcp.fr/cgi-bin/secpred_sopma.pl). We used the Simple Modular 
Architecture Research Tool (http://smart.embl-heidelberg.de) to analyze the protein motifs of 
chNOD1. The neighbor-joining phylogenetic tree was constructed using MEGA 4.0 (http://
www.megasoftware.net/mege). 

RNA isolation

Total RNA was isolated from tissue samples using the TRNzol-A+ reagent 
(TIANGEN, China) according to the manufacturer protocol. Extracted RNA was dissolved 
in RNase-free water and quantified using an UV visible range spectrophotometer at an 
optical density of 260 nm. RNA was treated with DNase (TaKaRa, Shanghai, China) 
following the manufacturer protocol. The integrity of RNA aliquots were verified using 
electrophoresis on a 1% agarose gel stained with ethidium bromide. Reverse transcription 
(RT) reactions (20 µL) consisted of: 1.0 µg total RNA, 50 units Superscript II reverse 
transcriptase (Invitrogen/Life Technologies), 40 units of RNase inhibitor (Invitrogen/Life 
Technologies), 0.5 mM dNTPs, and 100 ng oligo(dT) primer. cDNA products were stored 
at -20 ºC until quantitative PCR analyses.

mRNA quantification using qRT-PCR

Expression of chNOD1, chRIP2, chNF-kB, and chβ-actin was quantified using qRT-
PCR and the Stratagene Mx3000P qPCR system (Agilent Technologies Inc., USA). Primer 
sequences are shown in Table 1. PCR reactions were performed in 20 µL and consisted of 2 μL 
(100 ng) cDNA, 10 μL of SYBR real-time PCR premix (2X) (Tiangen), 0.4 μL of ROX refer-
ence dye (50X), 0.8 μL of each primer (10 mM), and 6.8 μL of ddH2O. All qRT-PCR reactions 
were performed in triplicate. 

Statistical Analyses

The expression levels of the chNOD1, chRIP2, chNF-kB, and chβ-actin genes were 
analyzed using the 2-DDCt method (Pfaffl, 2001), where the Ct value represents the cycle num-
ber at which the fluorescence intensity trace of each reaction intersects the threshold line. The 
specific formulas were as follows: DCt=CtNOD1-Ctβ-actin, DDCt=DCtsample- DCtcalibrator. Results are 
shown as fold-change determined using the 2-DDCt method.
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Table 1.  Primers used in the study.

Primer name	 Primer sequence 	 Primer purpose

NOD1-F1	 5'-TATTTA TGTCTTTGGCGATGC-3'	 422-bp fragment PCR
NOD1-R1	 5'-CTCAGTTCCTGTCCGTCCT-3'	
5'-GSP1	 5'-ACGGCTTCATCTTCCT-3'	  
5'-NOD1-GSP2	 5'-GAAAAACTTGGCCCCTATATCC-3'	
5'-NOD1-GSP3	 5'-AAGACTTTGTATCGTTTGCAGC-3'	 5' RACE PCR
5'-AAP	 5'-GGCCACG CGTCGACTAGTACGGGIIGGGIIGGGIIG-3' 	
5'-AUAP	 5'-GGCCAC GCGTCGACTAGT AC-3'	
3'- CDS primer A	 5'-AAGCAGTGGTATCAACGCAGACTAC(T)30 V N-3'	  
	 (N = A, C, G, or T; V = A, G, or C)
3'-NOD1-GSP1'	 5'-TTGCTACCCAGATCAGGACCCCACAGA-3'	
3'-NOD1-GSP2' 	 5'-ACCCTCTGGTGCTGTTGGTTAGCCTTC-3'	 3' RACE PCR
Universal Primer A 	 Long: 5'-CTAATACGACTCACT ATAGGGCA	
mix (UPA)	 AGCAGTGGTATCAACGCAGAGT-3'
	 Short: 5'- CTAATACGACTCACTATAGGGC-3'	
NOD1-ORF-F	 5'-CTTCTTGCTGGCTCA GCTAT GG-3' 	  
NOD1-ORF-R	 5'-CTCA GAAGCAAATGATCCGTTC-3' 	 NOD1 ORF
NOD1-F	 5'-GCGATGCAGGAATTGGAAAA-3'	 qRT-PCR
NOD1-R	 5'-TGTGAAAAGAACCGTA TGAGGGA-3'	
RIP2-F	 5'-TGGGAGTGAACTATTTG-3'	 qRT-PCR
RIP2-R	 5'-GTTTTCTGACTGGGATT-3'	
NF-kB-F	 5'-GTAACTCGGACAGGGCAG-3'	 qRT-PCR
NF-kB-R	 5'-CGTATCGGAATCGAAAAC-3'	
β-actin-F	 5'-TGCTGTGTTCCCATCTATCG-3'	 qRT-PCR
β-actin-R	 5'-TTGGTGACAATACCGTGTTCA-3'	

RESULTS

Cloning and sequence analyses of chNOD1 

A 422-bp fragment was amplified using the primers NOD1-F1 and NOD1-R1. Based 
on the sequence information, a 750-bp fragment from the 5' end and a 3400-bp fragment from 
the 3' end were obtained after 5'- and 3'-RACE, respectively. The full-length chNOD1 cDNA 
(4502 bp) was obtained using the DNAMAN software, and its sequence has been submitted 
to GenBank (accession number: JX465487). The cDNA contained a 2856-bp ORF, a 124-bp 
5' UTR, and a 1497-bp 3' UTR followed by a 22 bp poly(A) tail. BLASTn was used to obtain 
chNOD1 and chicken genomic sequences. chNOD1 is located on chromosome 2.

Analysis of the predicted chNOD1 amino acid sequence

Physical and chemical properties of chNOD1 

Analyses of the predicted chNOD1 amino acid sequence indicated that the ORF 
encodes a putative 951 amino acid protein with a predicted molecular weight of 108,676.2 
Da and a theoretical isoelectric point (PI) of 6.58. The instability index (II) is calculated to 
be 36.77, thus classifying the NOD1 protein as stable. The grand average of hydropathicity 
(GRAVY) is -0.160, indicating it is a hydrophilic protein. 

Prediction of signal peptides and transmembrane helices in chNOD1 

A signal peptide prediction was performed using Signal 4.1; however, no signal pep-
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tides were found in chNOD1. Transmembrane protein structure prediction was performed 
using TMHMM 2.0, but no predicted transmembrane protein was found in chNOD1 (data 
not shown).

Predicted secondary structure prediction of chNOD1 

Alpha helices (H), extended strands (E), beta turns (T) and random coils (L) are the 
four basic secondary structure elements of protein. The secondary structure of chNOD1 was 
analyzed using SOPMA. Prediction analyses revealed that chNOD1 consists of 527 alpha 
helices (55.42%), 95 extended strands (9.99%), 43 beta turns (4.52%), and 286 random coils 
(30.07%). This indicated that chNOD1 secondary structure is dominated by alpha helices and 
random coils.

Motif and sequence homology analyses of the chNOD1 protein

In this study, analyses of chNOD1 motifs revealed the presence of a CARD and 
NACHT [neuronal apoptosis inhibitory protein (NAIP), Class II transactivator (CIITA), HET-
E, and TP-1] domain, as well as a distinctive arrangement of seven leucine-rich repeat regions. 
These findings are similar to duck, turkey, human, mouse, and fish NOD1 (Figure 1). A low 
complexity region exists in chicken, duck, and turkey that is smaller than the region in human, 
mouse, or fish. In addition, the structural analyses confirmed that chNOD1 belongs to the 
NOD-like receptor family. 

Figure 1. Comparison of the protein motifs in chicken NOD1, duck NOD1, turkey NOD1, human NOD1, mouse 
NOD1, and fish NOD1. CARD: Caspase recruitment domain; NACHT: (NAIP, CIITA, HET-E, and TP-1 containing 
domain); leucine-rich repeat; bar A: Low-complexity region.
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The NOD1 amino acid sequences of different species were aligned using NCBI 
BLASTp. BLAST analyses showed that the NOD1 protein from Qingyuan partridge chicken 
shared 99% amino acid sequence similarity with the predicted chicken NOD1 protein (Gen-
Bank: XP-418777.2). chNOD1 showed 96% identity with turkey NOD1, 91% with duck 
NOD1, 61-68% with mammalian NOD1, and 52% with fish NOD1. A phylogenetic tree was 
constructed to show the clustering of NOD1 and confirmed that chNOD1 has the greatest 
similarity with NOD1 from duck and turkey (Figure 2).

Figure 2. Consensus neighbor-joining tree based on the sequences of different types of NOD1. Sequences were 
aligned using the Clustal W program. The phylogenetic tree was constructed by neighbor-joining methods using 
MEGA5.0. Figures represent percentage values from 1000 bootstrapping trials. Other sequences were selected 
from GenBank.

Expression levels of chNOD1 mRNA expression in tissues

chNOD1 mRNA expression was detected in 12 tissues from 12-week-old Qingyuan 
partridge chickens (5 males, 5 females). Statistical analyses were applied to evaluate any dif-
ferences due to sex, however, no sex-specific effects were observed. Therefore, chNOD1 ex-
pression was analyzed using a combination of males and females. We detected varying levels 
of chNOD1 mRNA expression in heart, liver, spleen, lung, kidney, thymus, bursa, small in-
testine, oviduct, ovaries, testes, and brain. The chNOD1 was most highly expressed in testes 
(5.45), followed by oviduct (4.62), heart (3.87), spleen (3.19), thymus (3.02), lung (2.98), 
kidney (2.71), and ovary (2.44). The lowest levels of expression was observed in bursa (1.07), 
brain (1.38), liver (1.27), and intestine (1.0) (Figure 3). 
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Figure 3. chNOD1 mRNA expression in various tissues in Qingyuan partridge chicken. Data are reported as means 
± SE.

Expression levels of chNOD1, chRIP2, and chNF-kB mRNA during Salmonella 
challenge

In this study, chNOD1, chRIP2, and chNF-kB expression was detected 1, 3, 5, and 
7 days after the Salmonella Enteritidis challenge in Qingyuan partridge chickens. No sex-
specific effects were detected with respect to chNOD1, chRIP2, and chNF-kB expression. 
Our results showed that chNOD1 expression increased from day 1 to day 7, with a significant 
increase at day 5. The downstream genes chRIP2 and chNF-kB were significantly increased 
after 3 and 5 days (Figure 4). 

Figure 4. chNOD1, chRIP2, and chNF-kB mRNA expression during Salmonella challenge after 1, 3, 5, and 7 days. 
Data are reported as means ± SE. *indicates significantly different from control.
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DISCUSSION

NOD1 gene sequences have been cloned successfully from mouse (Inohara et al., 
1999), cow (Zimin et al., 2009), pig (Tohno et al., 2008), and fish (Chen et al., 2010), however, 
no full-length chicken NOD1 cDNA sequence had been reported. In this study, the chNOD1 
gene was successfully cloned from Qingyuan partridge chicken. The Qingyuan partridge 
chicken NOD1 protein showed 99.8% identity with the predicted chicken NOD1 protein, how-
ever, we found two amino acid differences at residues I619T and R744K. CARD domains are 
interaction motifs found in a wide array of proteins, typically those involved in inflammation 
and apoptosis processes. A number of CARD proteins play a role in regulating inflammation 
in response to bacterial and viral pathogens, as well as to a variety of endogenous stress sig-
nals (Bouchier-Hayes and Martin, 2002). The NACHT domain is an evolutionarily conserved 
protein domain found in association with other domains, such as the CARD domain, pyrin 
domain, HEAT repeat domain, WD40 repeats, leucine-rich repeats or BIR repeats (Koonin 
and Aravind, 2000). Leucine-rich repeats are 22-28 amino acid motifs that are found in pro-
teins with diverse functions and cellular locations. In the current study, we noted one CARD 
at the N-terminus, seven leucine-rich repeats regions at the C-terminus, and one NACHT do-
main between the N- and C-termini. The structural composition indicates that chNOD1 may 
function similarly as the NOD1 proteins in other species. Phylogenetic tree analyses showed 
that chicken NOD1 clustered with the duck and turkey NOD1. The amino acid sequence of 
chNOD1 has a high degree of similarity with the mammalian and fish NOD1. 

Previous studies have shown that NOD1 is widely expressed in many cell types and 
tissues. For example, the NOD1 transcript is expressed in various human adult tissues includ-
ing heart, placenta, lung, skeletal muscle, liver, kidney, spleen, thymus, and ovary (Inohara 
et al., 1999). Quantitative PCR detected NOD1 mRNA in multiple tissues isolated from adult 
and newborn swine, including the esophagus, duodenum, jejunum, ileum, ileal Peyer’s patch-
es, colon, spleen, and mesenteric lymph nodes (Tohno et al., 2008). The expression profile 
showed that gcNOD1 and gcNOD2 were ubiquitously expressed in adult tissues in grass carp 
(Chen et al., 2010). However, it remained unknown whether the NOD1 gene was expressed 
in chicken tissues. 

In this study, we detected chNOD1 transcripts in 12 tissues with varying expression 
levels. These results demonstrating that chNOD1 is widely expressed in chicken tissues, which 
is in agreement with other reports in other species. Conventional immune organs such as the 
thymus and spleen, express high levels of NOD1, whereas bursae express NOD1 at low levels. 
King et al. (2009) reported that NOD1 and NOD2 mRNAs were constitutively expressed in 
the endometrium. In the female reproductive tract, NOD1 gene expression was highest in the 
oviduct and was constitutively expressed in this tissue. Our results show the highest chNOD1 
expression in the testes and oviduct. These data indicate that NOD1 may have an important 
role in the reproductive system.

NOD1 is a member of the NLR family containing an N-terminal CARD domain, 
required to trigger NF-kB signaling. The CARD domain of NOD1 binds the CARD domain 
of RIP2 through homophilic CARD-CARD interactions (Correa et al., 2012) and induces NF-
kB. Several studies have shown that NOD1 detects the minimal tri-DAP structure of Gram-
negative bacteria, including Salmonella typhimurium, Legionella pneumophila, and Shigella 
flexneri (Berrington et al., 2010; Keestra et al., 2011; Robertson and Girardin, 2013). In order 
to examine whether Salmonella infection activates chNOD1 signaling in chicken, Salmonella 
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enteritidis was used to infect Qingyuan partridge chickens. We found increased expression 
of chNOD1, chRIP2, and chNF-kB after the Salmonella challenge. These results suggest 
that chNOD1 signaling is involved in the process of eliciting an immune response to Gram-
negative bacteria. NOD2 has been shown to activate RIP2 and NF-kB (Inohara et al., 2000; 
Girardin et al., 2001; Zhao et al., 2012). In this study, chNOD1 expression was significantly 
upregulated 5 days after the Salmonella challenge, however, chRIP2 and chNF-kB increased 3 
and 5 days after the challenge. NOD2 is not expressed in chicken, therefore, we speculate that 
other genes are interacting with RIP2 to mediate NF-kB expression.

There are few studies of NLRs in avian species. Therefore, we cloned the full-length 
NOD1 cDNA, confirmed its expression in a wide range of tissues, and determined that Salmo-
nella enteritidis activates NOD1 signaling in chicken. Our novel findings provide important 
information regarding the study of NOD1 in birds.
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