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We identified and evaluated differentially expressed genes (DEGs) by RNA-Sequencing (RNA-Seq) in the

intestinal mucosa of two Fayoumi chicken lines, M5.1 and M15.2, that are affected by necrotic enteritis (NE); these

chicken lines share the same genetic background but have different major histocompatibility complexes. RNA-Seq

generated over 49 and 40 million reads for lines M5.1 and M15.2, respectively. The alignment of these sequences

with the Gallus gallus genome database revealed the expression of more than 14,500 genes in two lines, among which

581, 1270, and 1140 DEGs were detected when lines M15.2 and M5.1 were compared with the control and compared

between each other. The analysis of all DEGs using the gene ontology database revealed annotations for 111 bio-

logical processes, 32 cellular components, and 17 molecular functions, and KEEG pathway mapping indicated that the

DEGs were primarily involved in immunity, responses to various stimuli, and signal transduction. In addition, we

analyzed 183 innate immune genes that were differentially expressed in NE-induced chicken lines, including 46 CD

molecular genes, 89 immune-related genes, and 13 β-defensin genes with 3 lineage-specific duplications. Taken

together, the transcriptional profiles showed that line M5.1 was more resistant to NE than line M15.2 and that differ-

ential gene expression patterns were associated with host genetic differences in resistance to NE. qRT-PCR and

RNA-Seq analyses showed that all the genes examined had similar responses to NE (correlation coefficient R＝0.84

to 0.88, p＜0.01) in both lines. To the best of our knowledge, this is the first study that describes NE-induced DEGs

using RNA-seq in two lines with different levels of susceptibility to NE. These results will lead to increased insights

on NE disease resistance mechanisms and the role of host genes in the control of the host immune response.
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Introduction

Necrotic enteritis (NE), first reported in chickens by Parish

(1961), is an enteric disease caused by Clostridium per-

fringens, a gram-positive, anaerobic, spore-forming, rod-

shaped bacterium. NE is a global problem and costs the in-

ternational poultry industry over USD 2 billion per year in

production losses and control measures (McReynolds et al.,

2009). NE is caused by netB toxin-producing C. perfringens

type A, and to a lesser extent by type C strains, and it is a

major enteric disease of chickens worldwide (Mot et al.,

2013). High-throughput RNA sequencing (RNA-Seq) is a

powerful tool used to identify differentially expressed tran-

scripts, to classify transcriptomes in different cell types,

developmental stages, and conditions, and to detect novel

transcripts and genes (Mortazavi et al., 2008; Trapnell et al.,

2010, 2012; Wang et al., 2013). Recently, RNA-Seq has

been used to analyze genes from different species, including

humans (Mortazavi et al., 2008; Wang et al., 2013), mice

(Trapnell et al., 2010), Thale Cress (Arabidopsis thaliana)

(Lister et al., 2008), cattle (Chitwood et al., 2013), and duck

(Huang et al., 2013). In our previous study, transcriptome

profiling was used to clarify the molecular mechanisms

underlying the pathogenesis of NE and analyze immune gene

responses in two inbred chicken lines (6.3 and 7.2) with NE

(Truong et al., 2015a, 2015b). However, differentially ex-

pressed transcripts in Fayoumi chickens co-infected with

Eimeria maxima and C. perfringens have not yet been in-

vestigated.

Fayoumi chickens, which originated in Egypt and have

been genetically selected into two lines (M5.1 and M15.2),
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have been reported to be resistant to avian leucosis (Pinard-

Van Der Laan et al., 1998). The analysis of genetic diversity

in the original M5.1 and M15.2 lines indicated a genetic

coefficient of 0.99 with broiler and Leghorn chicken lines

(Zhou and Lamont, 1999). These two Fayoumi chicken

lines share the same genetic background but have different

major histocompatibility complexes (MHC) in the micro-

chromosome (Zhou and Lamont, 1999). Moreover, line

M5.1 is more resistant to E. maxima than line M15.2 (Kim et

al., 2008, 2009). In particular, the Fayoumi chicken lines

show different levels of body weight loss and intestinal

lesions upon NE induction, and line M5.1 was more resistant

to NE than line M15.2 (Kim et al., 2015). However, the

transcriptomes of M5.1 and M15.2 lines with NE have not

been evaluated. This study is a RNA-Seq-based genome-

wide expression analysis of differentially expressed genes

(DEGs) in two Fayoumi chicken lines, M5.1 and M15.2,

after NE induction to identify host genes associated with

resistance to NE. The analysis of the expressed genes in

clusters in different functional categories clearly reveals the

molecular and cellular events associated with NE.

Materials and Methods

Experimental Animals and Sample Collection

The strain of C. perfringens (Del-1, 1.0×10
9
/mL) and E.

maxima (41A, 1.0×10
4
/mL) was prepared according to pro-

tocols of the Animal Biosciences and Biotechnology Labo-

ratory of the Agriculture Research Service, United States

Department of Agriculture. Fayoumi chicken lines M5.1 and

M15.2 were obtained from Iowa State University. The

method used to induce NE was described by Kim et al.

(2015). Briefly, 20 chickens were randomly selected and

infected with E. maxima (1.0×10
4
oocysts/bird) by oral

gavage on days 14 and 18, followed by oral gavage with C.

perfringens strain Del-1 (1.0×10
9
CFU/bird). NE was in-

duced according to protocols of the Beltsville Area Insti-

tutional Animal Care and Use Committee, United States

Department of Agriculture. Intestinal mucosal samples were

collected at 20 days post-hatching (Hong et al., 2012).

RNA Extraction and Quality Analysis

Total RNA was extracted from the intestinal mucosal layer

using the TRIzol RNA extraction kit (Invitrogen, Carlsbad,

CA, USA), purified using the RNeasy Mini Kit (Qiagen,

Germantown, MD, USA), and treated with DNase I (Promega,

Madison, WI, USA) according to the manufacturer’s in-

structions. RNA concentration and quality were further de-

termined using the Agilent 2100 bioanalyzer (Agilent

Technologies, San Diego CA, USA) and a Tecan F2000

microplate reader (Tecan group Ltd., Männedorf, Switzer-

land). Samples with RNA integrity ＞7 and high-quality

RNA (28S/18S＞1) were used in the experiments.

RNA-Seq, Mapping, and Identification of DEGs

Total RNA of all samples was pooled from each experi-

mental group before library preparation. The mRNA li-

braries for Illumina sequencing were constructed using total

RNA, as previously described by Trapnell et al. (2010). Se-

quencing was performed at the Theragen Bio Institute

(Suwon, Korea) using an Illumina HiSeq 2000 high-

throughput sequencer, according to the manufacturer’s

specifications. RNA-Seq data were analyzed according to a

method described previously by Trapnell et al. (2012).

Briefly, each read was mapped to the Gallus gallus reference

genome (v.4.0), which was obtained from the University of

California, Santa Cruz (UCSC) database (UCSC: http://

genome.ucsc.edu/), using TopHat v.2.0.3 (http://tophat.cbcb.

umd.edu/) and Bowtie v.0.12.8 (http://bowtie-bio.source

forge.net/index.shtml), both from Illumina iGenomes (http:

//support.illumina.com/). Transcript abundance and differ-

ential gene expression were calculated with the program

Cufflinks v.2.0.1 (http://cufflinks.cbcb.umd.edu/), as previ-

ously described by Trapnell et al. (2012). To identify DEGs,

we used the EdgeR package (Robinson et al., 2010). The

data were normalized by the fragments per kilobase of exon

model per million mapped reads (Mortazavi et al., 2008),

and data on reads per kilobase per million reads were used to

quantify the relative gene expression. The threshold for

considering a gene as a DEG was a false discovery rate＜

0.01. FDR＜0.01 and |log2-ratio| ≥ 2 were used to validate

the DEGs.

Expression Pattern, Gene Ontology, and Pathway Enrich-

ment Analysis of DEGs

The genes identified were subjected to hierarchical cluster-

ing using Cluster (MeV v4.9: www.tm4.org) and Java Tree-

view (http://jtreeview.sourceforge.net/). The hierarchical

clustering map for the genes in lines M5.1 and M15.2 was

prepared using Euclidean distance, with p-values ≤ 0.01.

Samples from the intestinal mucosal layer of the two lines

were compared as treatment vs. control, respectively. The

gene ontology (GO) functional enrichment analysis was per-

formed using Blast2GO (version 2.7.1) (http://www.blast2

go.org/). Kyoto Encyclopedia of Genes and Genomes (KEGG:

http://www.kegg.jp/) pathway analysis was performed using

DAVID Bioinformatics Resources version 6.7, NIAID/NIH

(http://david.abcc.ncifcrf.gov/tools.jsp).

Quantitative Real-Time PCR

To confirm the differential expression of genes identified

by RNA-Seq, quantitative real-time (qRT)-PCR was used for

validation. Primer sequences of 19 cytokine genes and an in-

ternal control gene (chicken glyceraldehyde-3-phosphate de-

hydrogenase: GAPDH) were designed using Lasergene soft-

ware (DNASTAR Inc. Madison, WI, USA) and synthesized

by Genotech Co. Ltd. (Daejeon, South Korea; Table S1).

Complementary DNA was synthesized using 3 μg of total

RNA treated with DNase I (Thermo Scientific, Waltham,

MA, USA), according to the manufacturer’s recommenda-

tions. RNA was reverse-transcribed using the Maxima First

Strand cDNA Synthesis Kit (Thermo Scientific), according

to the manufacturer’s recommendations. The gene expres-

sion of cytokines was quantitated using standard curves

generated using log10 -diluted cDNA from individual total

RNA, as previously described by Hong et al. (2012). Com-

plementary DNA (100 ng) was added to a reaction mixture

containing 10 μL of 2X Power SYBR Green Master Mix

(Roche, Indianapolis, IN, USA), 0.5 μL of each primer, and
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RNase-free water to a total volume of 20 μL. qRT-PCR was

performed using a LightCycler 96 system (Roche) and a

standard cycling program. The relative gene expression was

quantitated using the 2
-ΔΔCt

method after normalization with

GAPDH (Livak and Schmittgen, 2001).

Statistical Analysis

Statistical analysis was performed using SPSS software

version 21.0 for Windows (IBM, Chicago, IL, USA). Data

were expressed as mean±standard deviation. Comparisons

were performed using Student’s t-test for two-group com-

parisons, and the level of statistically significant difference

was set at p＜0.05.

Results and Discussion

Gene Profiling for the NE-afflicted Chicken Lines

We examined global gene expression profiles using the

intestinal mucosa transcriptomes of the two NE-induced

Fayoumi chicken lines and controls (Table 1). Approxi-

mately 439 million paired-end reads were aligned with the

merged reference gene set. After gene mapping to the G.

gallus reference genome database, 46,030,728, 40,720,918,

49,822,608, and 52,698,770 uniquely mapped reads were

acquired from the controls and NE-induced lines M15.2 and

M5.1, respectively (Table 1). To assess the quality of RNA-

Seq data, several quality-control analyses were performed.

The gene coverage method was used to evaluate the RNA-

Seq results. Overall, gene coverage and the distribution of

distinct reads in each sample showed similar patterns in four

RNA-Seq datasets. The analysis of the overall coverage in

line M5.1 indicated that 70% and 76% of the genes in the

control and NE-induced samples, respectively, covered more

than 70% of the chicken genome (Fig. S1). In line M15.2,

more than 73% of the sequence reads in the control and

treated group covered more than 70% of the chicken genome

(Fig. S1). These data indicate the high quality of the RNA-

Seq data and were used for the analysis of gene expression in

the chicken lines. In our previous study (Truong et al.,

2015a), the transcriptomes of two NE-induced inbred

chicken lines (MD-resistant line 6.3 and MD-susceptible line

7.2) provided a total of approximately 38.8 and 40.2 million

sequence reads, respectively. Of the total reads, more than

70% were successfully mapped on the chicken genome, sug-

gesting that more than 14,500 genes were identified in the

intestinal mucosa of lines 6.3 and 7.2. Chitwood et al. (2013)

used RNA-Seq to analyze single bovine blastocysts; these

authors found that approximately 38 million sequencing

reads were generated per embryo and identified the expres-

sion of 9,489 known genes. In addition, Lee et al. (2012)

reported that, out of approximately 168 million pairs of reads

obtained using RNA-Seq from murine hearts, approximately

95 million reads (57%) were uniquely mapped. In this study,

we calculated the genes based on the counted reads mapped

to the G. gallus reference genome, and 12,183 and 12,797

genes were identified in the intestinal mucosa of NE-induced

lines M5.1 and M15.2, respectively; overall, 14,542 genes

were transcribed in four intestinal mucosal layers. In

general, the overall gene expression patterns of line M15.2

were similar to those of line M5.1. We identified DEGs in

these two chicken lines. The expression of 581 and 1,270

genes was significantly altered in lines M15.2 and M5.1,

respectively. In line M15.2, 308 out of 581 DEGs (53%)

were upregulated and 273 out of 581 DEGs (47%) were

downregulated. In line M5.1, 192 out of 1,270 DEGs (15.11

%) were significantly downregulated and 1,078 out of 1,270

DEGs (80.89%) were significantly upregulated (p＜0.01,

fold-change ≥ 2; Table 1 and Fig. 1). These findings, to-

gether with the hierarchical clustering analysis results, showed

the occurrence of more appreciable responses in line M5.1

than in line M15.2 and suggested that 1, 140 genes were

differentially expressed; in addition, 1065 (93.42%) DEGs

were strongly upregulated in line M5. 1 and 75 (6.58%)

DEGs were upregulated in line M15.2 (p＜0.01, fold-

change ≥ 2; Table 1 and Fig. 1). These results clearly indi-

cate that line M5.1 is more resistant than line M15.2.

Innate Immune Responses to NE-induced Chicken Lines

RNA-Seq analysis provided important information on the

differential expression of innate immune genes in the in-

testinal mucosa of the NE-afflicted chicken lines. In our

previous study, we profiled the transcriptome of 149 innate

immune-response genes in the NE-afflicted chicken lines 6.3

and 7.2 (Truong et al., 2015a). In this study, we investigated

the responses of 183 innate immune genes in the NE-
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Table 1. Number of reads and genes detected using RNA sequencing in control and NE induced two chicken

lines

Group Total Reads

No. of

Expressed

genes

No. of uniquely

mapped reads
No. of DEGs

1

Genome Gene
Versus

Control
2
DEG set

Line M15.2-Control 103 ,359 ,764 12 ,199 46 ,030 ,728 37 ,084 ,815

Line M15.2-NE 106 ,627 ,968 12 ,183 40 ,720 ,918 34 ,564 ,640 581

Line M5.1-Control 111 ,112 ,672 12 ,330 49 ,822 ,608 41 ,633 ,677

Line M5.1-NE 119 ,002 ,128 12 ,797 52 ,698 ,770 44 ,821 ,639 1 ,270 1 ,140

1
DEGs are genes that showed significantly different expression with p＜0.01 and fold change ≥ 2.

2
DEG set are genes that showed significantly different expression in NE induced M5.1 and M15.2 chicken line with p＜0.01 and

fold change ≥ 2.



afflicted Fayoumi chicken lines. Herein, the transcriptome

analysis of these innate immune genes is presented as fold

change in the NE-induced lines compared with the unin-

fected control (Fig. 2 and Table S2). In line M15.2, the

expression of seven genes (IL-22RA2, IL-20RA, IL-5, IL-19,

IL-22, IFIH1, and TLR3) significantly decreased by 2.0- to

3.6-fold whereas the expression of 11 genes (IL-20RB, IL-

17REL, TNFRSF13B, TNFAIP2, IL-21, CCLI10, TNFAIP

8L3, TGFBR3, IL-17C, SPP1, and CCR10) significantly in-

creased by 2.3- to 4.2-fold compared NE-afflicted chickens

with the control (p＜0.01, fold-change≥ 2; Fig. 2 and Table

S2). In addition, the expression of five genes (IL-6, IL-17F,

CCLI5, IL-19, and CCR10) significantly decreased by 2.02-

to 6.5-fold and the expression of 43 genes (IFNG, IL-10, IL-

17B, IL-17C, IL-3, IL-5, IL-9, TLR15, TLR2-1, TLR7, etc.)

significantly increased by 2.0- to 5.3-fold in the NE-afflicted

line 5.1 (p＜0.01, fold-change ≥ 2; Fig. 2 and Table S2).

The comparison of lines M5.1 and M15.2, indicated that the

expression of five genes (IL17F, SPP2, CCR10, IL19, and

CCLI5) was downregulated by 2.31- to 6.34-fold and the

expression of 28 genes (IFNG, IL-22, IL-34, IL-5, TLR3, and

TLR7, among others) was significantly upregulated by 2.0- to

5.27-fold (p＜0.01, fold-change ≥ 2; Fig. 2 and Table S2).

Therefore, number of innate immune genes expressed in line

M5.1 was considerably higher than that in line M15.2.

Th1, Th2, Th17, and pro-inflammatory cytokines have key

roles in immune responses to infection (Allam et al., 2011).

Of these cytokines, Th1 cytokine genes IFN-γ, IL-21, and IL-

2 were upregulated in the two chicken lines: IL-21 was

strongly upregulated by 2.78- and 2.56-fold in M5.1 and

M15.2 lines, respectively (p＜0.01, fold-change ≥ 2; Fig. 2

and Table S2). IL-3 and IL-10 were significantly upregu-

lated by 2.19- and 1.54-fold in line M5.1, respectively, and

by 2.62- and 1.73-fold in line M15.2, respectively. In con-

trast, IL-5 was downregulated by 3.17-fold in line M15.2 and

upregulated by 5.3-fold in line M5.1 (p＜0.01, fold-change

≥ 2; Fig. 2 and Table S2). These results may indicate that

NE induction results in the expression of Th1 and Th2

cytokines in both lines, and the expression levels of Th1 and

Th2 cytokine genes were significantly higher in line M5.1

than in line M15.2. We found that four genes that encode

cytokine Th17, including IL-17B, IL-17C, IL-17REL, and IL-

23R in line M5.1, and IL-17C and IL-17REL in line M15.2,

were upregulated by 2.3- to 5.0-fold (p＜0.01, fold-change

≥ 2; Fig. 2 and Table S2). Therefore, Th17 and pro-inflam-

matory cytokines were expressed to a greater extent in line

M5.1 than in line M15.2. The analysis of the transcription of

pro-inflammatory cytokines or receptors in line M5.1 indi-

cated that the expression of five out of six genes in the IL-1

cytokine family (IL-1R2, IL-1RAP, IL-1RAPL1, IL-1RAPL2,

and IL-1RL1), IL-18R1, and of 4 out of 29 genes in the TNF

family (TNFAIP2, TNFAIP8L3, TNFRSF13B, and TNFRSF

6B) was upregulated by 2.0-to 3.5-fold (p＜0.01, fold-

change ≥ 2; Fig. 2 and Table S2). In contrast, in line M15.2,
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Fig. 1. Heatmap of genes that showed significantly different expres-

sion in line M5.1 and M15.2 compared to control and line M5.1 as

compared line M15.2-NE infected. This heatmap generated from

hierarchical cluster analyses of genes (Euclidean Distance correlation).

Genes included in this figure showed significantly different gene ex-

pression (p＜0.01, log2 fold change compared treatment to control).

Genes showed in red were up regulated and those showed in green were

down regulated in line M5.1 and M15.2 NE induced.



the expression of pro-inflammatory cytokines changed by

‒1.7- to 1.6-fold in the IL-1 cytokine family and 1.3-fold in

IL-18R1; in addition, 3 out of 29 genes of the TNF family

(TNFAIP2, TNFAIP8L3, and TNFRSF13B) were upregulated

2.7 to 3.2-fold (Fig. 2 and Table S2). In our previous study,

the expression of Th1, Th2, Th17, and pro-inflammatory

cytokines was higher in resistant line 6.3 compared with sus-

ceptible line 7.2 in response to NE (Truong et al., 2015a).

These results suggest that these cytokines may play an

important role in different immune responses to NE in lines

M5.1 and M15.2.

Similarly, the transcription analysis of genes of the TLR

family indicated that the expression of TLR3 was signifi-

cantly downregulated by 2.0-fold (p＜0.01) in line M15.2

whereas the expression of TLR7, TLR15, and TLR2-1 signifi-

cantly increased by 2.67- to 3.50-fold in line M5.1 (p＜0.01;

Fig. 2 and Table S2). Chemokines also play an essential role

in the immune response to pathogen infections (Kaiser et al.,

2005; Khawli et al., 2008). The transcriptome analysis of 23

chemokines, including C-C motif, C-X3-C motif, and C-X-C

motif, indicated that the expression of nine chemokines (six

genes encoding C-C motif, one gene encoding C-X3-C motif,

and two genes encoding C-X-C motif) was markedly up-

regulated by 2.0- to 5.0-fold and the expression of two

chemokines (CCLI5 and CCR10) was significantly downre-

gulated by 2.4- to 3.6-fold in line M5.1 (p＜0.01, fold-

change ≥ 2; Fig. 2 and Table S2). Unexpectedly, the ex-

pression of only two chemokine genes (CCLI10 and CCR10)

significantly increased by 3.06- and 4.15-fold in line M15.2,

respectively (p＜0.01, fold-change ≥ 2; Fig. 2 and Table

S2).

Avian β-defensin Genes Are Differentially Expressed to

NE-induced Chicken Lines

Defensins are small cysteine-rich cationic peptides with a
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Fig. 2. Hierarchical clusters of 183 innate immune genes responsive

to E. maxima and C. perfringens coinfection in the intestinal mucosa

of two chicken lines were based on Euclidean distance correlation

analyses. The genes included here showed significant differences in

gene expression (p＜0.01, log2 fold change compared treatment to con-

trol). The genes shown in red were upregulated and those in green were

downregulated.



strong antimicrobial activity against bacteria, fungi, and

viruses (Lehrer and Ganz, 2002). Avian β-defensins play a

significant role in the avian innate defense system (Sugiarto

and Yu, 2004). To date, 14 β-defensin genes have been de-

scribed in chickens: gallinacin (GAL) 1, 1A, and 2 to 13

(Lynn et al., 2007; van Dijk et al., 2008; Hong et al., 2012),

and 14 β-defensin genes with six lineage-specific duplica-

tions (LSDs) of AvBD3 (AvDB3A-F) were identified in duck

(Huang et al., 2013). In this study, transcriptome analysis

indicated that 13 avian defensin genes (AvDB1 to AvDB14,

except AvBD7) and three LSDs of these genes (AvDB3ST1,

AvDB3ST2, and AvDBST4) were expressed in the two chicken

lines. Of these, 12 β-defensin genes were markedly upregu-

lated in at least one chicken line compared with the control (p

＜0.01; Fig. 3). Similar to a previous study that used com-

mercial chickens, AvDB2, AvDB4, AvDB11, and AvDB12

were significantly downregulated (p＜0.01) in the two chicken

lines compared with the controls (Fig. 3). The comparison

of the two lines indicates that the expression of 6 β-defensin

genes (AvBD3ST1, AvBD3ST4, AvBD6, AvBD8, AvBD13,

and AvBD14) significantly increased by 2.1- to 5.58-fold in

M5.1 line (p＜0.01, fold-change ≥ 2) whereas the expres-

sion of 4 β-defensin genes (AvBD1, AvBD3, AvBD9, and

AvBD10) significantly increased by 2.0- to 2.2-fold in line

M15.2 (p＜0.01, fold-change ≥ 2; Fig. 3). In our previous

study, we measured the β-defensin expression in the jejunum

and found that AvBD8, AvBD10, and AvBD13 were highly

expressed whereas AvBD1, AvBD6, AvBD9, AvBD11, and

AvBD12 were moderately expressed in chickens with NE. In

addition, β-defensin genes were differentially expressed in

commercial chickens in response to NE, which indicates that

β-defensins play an important role against NE (Hong et al.,

2012). Our results suggest that more β-defensin genes are

expressed in line M5.1 than in line M15.2 and that line M5.1

is more resistant to NE than line M15.2.

Expression of CD molecules in the NE-induced Chicken

Lines

CD molecules are antigens present in the cell membrane

during cell development (Stefanova and Horejsi, 1991; Zola

et al., 2007). Most CD antigens are involved in immune

functions. We investigated the gene expression patterns of

46 CD molecules in the intestinal mucosa of the two lines

using RNA-Seq data. In line M5.1, 12 CD genes (CD4,

CD1D, CD226, CD2, CD8B, CD72, CD200, CD28, CD274,

CD1B, CD79B, and CD180) were upregulated by 2.1- to 3.8-

fold whereas CD36 was downregulated by 2.3-fold (p＜0.01,

fold-change ≥2; Fig. 4 and Table S3). By contrast, in line

M.15.2, the expression of 5 genes (CD180, CD86, CD14, CD

40LG, and CD9) was strongly downregulated by 2.1- to 5.0-

fold whereas the expression of 2 genes (CD34 and CD72)

significantly increased by 2.5- and 2.8-fold (p＜0.01, fold-

change ≥2; Fig. 4 and Table S3). The comparison between

these chicken lines indicated that 7 CD genes (CD72, CD

109, CD4, CD300LD, CD180, CD79B, and CD9) were up-

regulated by 2.4- to 3.4-fold (p＜0.01, fold-change≥ 2; Fig.

4 and Table S3).

Interestingly, CD4, CD8B, CD28, and CD72, which were

significantly upregulated in line M5.1, form a co-receptor

that assists the T cell receptor in communicating with an

antigen-presenting cell and activating T-cells (Ansari-Lari et

al., 1996; Suzawa et al., 2007). The expression of CD72 in-

creased in both chicken lines; CD72 protein is associated

with the cellular and humoral immune systems of animals

and is an important marker for progenitor B-cell leukemia

(Schwarting et al., 1992; Ishida et al., 2003). CD72 is ex-

pressed in B cells, where it appears to mediate the interaction

between B and T cells. Similarly, CD180 belongs to a fami-

ly of pathogen receptors known as Toll-like receptors

(TLRs). CD180/MD-1 works in concert with TLR4 to con-

trol the recognition of B cells and signaling of lipopolysac-

charide, which is a constituent of the cellular membrane of

gram-negative bacteria (Miura et al., 1996). Our results

indicated that the CD1 gene family, including CD1B and

CD1D, was upregulated in line M5.1 whereas CD1D was

downregulated in line M15.2 (Fig. 4 and Table S3). The

lipid antigens in the CD1 family and CD2 activate natural

killer T (NKT) cells via interaction with the T-cell receptor

present on the membrane of NKT cells. When activated,

NKT cells rapidly produce Th1 and Th2 cytokines via the

synthesis of IFN-γ and IL-4 (Zhou et al., 2006; Bendelac et

al., 2007). Furthermore, CD226 is expressed on the surface

of NKT cells, monocytes, and a subset of T cells. CD226 is a

member of the immunoglobulin superfamily and contains
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Fig. 3. Identification of β-defensins family genes re-

sponsive of two chicken lines to NE induced in the in-

testinal mucosa. The genes included here showed signifi-

cant differences in gene expression (p＜0.01, log2 fold

change compared treatment to control). Genes shown in red

was up regulated, and those shown in green was down

regulated in chicken lines relative to control.



two Ig-like domains of the V-set (Tahara-Hanaoka et al.,

2004). Similar to other cytokines and CD molecules, CD226

was upregulated by 2.44-fold in line M5.1 and was down-

regulated by 1.12-fold in line M15.2 (Fig. 4 and Table S3).

These results indicate that CD molecules are more highly

expressed in line M5.1 than in M15.2 and may better regulate

the response of innate immune genes to NE in line M5.1

compared with M15.2.

Expression of Immune-related Genes in the NE-induced

Chicken Lines

On the basis of annotation data from the GO Consortium,

89 immune-related genes were identified in this study. To

evaluate the host response to NE and the genetic differences

between the two chicken lines, the list of immune-related

genes was used to narrow the previously identified DEGs (p

＜0.01). Using the designated cut-off fold-change of 2.0,

four genes in line M15.2 and 15 genes in line M5.1 were

found to be differentially expressed after NE induction

(Table S4); among them, 11 genes were more highly ex-

pressed in line M5.1 than in line M15.2 (p＜0.01, fold-

change ≥ 2; Table S4). Several of these DEGs play impor-

tant roles in protein transportation, transmembrane trans-

portation as well as in the interaction between B cells, T-cell

immunoglobulin, and BCL2. These genes are probably as-

sociated with the degradation and processing of antigens for

MHC class I and II molecules (Table S2). Most of the DEGs

related to MHC-II antigen-processing pathways, including

immunoglobulin, cytokine, and hemoglobin, were signifi-

cantly upregulated or downregulated (Table S4).

GO Analysis of DEGs

The analysis of enriched GO terms allowed us to identify

significant categories that could be overlooked when eval-

uating individual genes. The enriched GO terms can help

interpret the dominant functions controlled by DEGs

(Ashburner et al., 2000). Using GO analysis, approximately

1270 genes with known functions at the logarithm growth

phase were identified in Fayoumi line M5.1 and were cate-

gorized into 69 terms in the biological processes, in 17 terms

in cellular components, and in eight terms in molecular func-

tions. Of the 1270 genes with known functions, 211 genes

were assigned to the molecular function category (127 genes

were upregulated and 84 genes were downregulated; p＜

0.01, fold-change ≥2), 141 genes were assigned to the

cellular component category (116 genes were upregulated

and 25 genes were downregulated; p＜0.01, fold-change

≥2), and 918 genes were assigned to the biological process

category (628 genes were upregulated and 290 genes were

downregulated; p＜0.01, fold-change ≥2; Table S5A). Simi-

larly, GO analysis of line M15.2 suggested that 417 genes

with known functions at the logarithm growth phase were

categorized into 42 terms in biological processes, in 15 terms

in cellular components, and in nine terms in molecular func-

tions, and all the genes with 2-fold changes belonged to the

aforementioned categories and were differentially expressed

(p＜0.01). Of the 417 genes with known functions, 53 genes

were assigned to the molecular function category (15 genes

were upregulated and 38 genes were downregulated; p＜

0.01, fold-change ≥ 2), 149 genes were assigned to the cel-

lular component category (75 genes were upregulated and 74

genes were downregulated; p＜0.01, fold-change ≥ 2), and

215 genes were assigned to the biological process category

(120 genes were upregulated and 95 genes were downregu-

lated; p＜0.01, fold-change ≥ 2; Table S5B).

Six major categories in GO’s biological process in line

M5.1 were associated with signal immune response, single-

multicellular organism process, regulation of locomotion,

monocarboxylic acid metabolism, immune processes, and

multi-organism processes. However, GO terms in line

M15.2 were included in two major clusters: anion transport

and immune response (Fig. S2). In addition, two major clus-

ters for cellular component in line M5.1 were associated with

contractile fibers and extracellular region, and three major
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Fig. 4. Expression of 46 CD marker genes in NE in-

duced chicken lines. The heatmap was generated from a

hierarchical analysis of the 46 CD marker genes that showed

significant changes in the NE induced chicken lines. The

genes included here showed significant differences in gene

expression (p＜0.01, log2 fold change compared treatment

to control) in at least one experiment. The genes shown in

red were upregulated expression and those in green were

downregulated in the two NE-induced chicken lines.



clusters for cellular component in line M15.2 were associated

with the external plasma membrane, high-density lipoprotein

particles, and the extracellular region (Fig. S2). The GO

term molecular function had four major clusters in line M5.1:

iron-ion binding, gram-positive bacteria binding, chemokine

activity, and monooxygenase activity, and four major clus-

ters in line M15.2: organic acid transmembrane transporter

activity, transporter activity, lysozyme activity, and integrin

binding (Fig. S2). Compared with the results of our previous

study (Truong et al., 2015a), GO analysis of Fayoumi

chicken and of the inbred chicken lines 6.3 and 7.2 indicated

the presence of similar DEGs, and the number of genes that

GO enriched categories biological process and cellular com-

ponent differed between the upregulated and downregulated

genes. Therefore, the GO molecular functional enrichment

analysis suggests different roles and functions for the genes

identified in the two Fayoumi chicken lines.

Pathway Analysis of DEGs

The pathway analysis was performed to better understand

the biological function of the DEGs in the regulatory system.

The information on the molecular networks and enriched

pathways of the DEGs allowed us to explore the gene net-

work and the underlying molecular mechanisms between the

two chicken lines. Using KEGG pathway mapping, 1851

genes were identified (NCBI Gene ID), in which 1270 and

581 DEGs were identified in lines M5.1 and M15.2 respec-

tively; 1175 genes in line M5.1 and 508 genes in line M15.2

were mapped into several KEGG pathways. The most dif-

ferentially expressed signaling pathways from each group are

listed in Table 2.
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Table 2. Distribution of pathways related of two chicken lines with NE induced. KEGG pathway analyses were per-

formed using DAVID Bioinformatics Resources version 6.7, NIAID/NIH (http://david.abcc.ncifcrf.gov/tools.jsp)

ID Pathway
Line M5.1 Line M15.2

DEGs % p-value DEGs % p-value

gga04080 Neuroactive ligand-receptor interaction 60 3 .9 5 .2E-13 51 5 .4 2E-17

gga04060 Cytokine-cytokine receptor interaction 40 2 .6 0 .00045 19 2 0 .013

gga04020 Calcium signaling pathway 33 2 .2 0 .000034 29 3 .1 5 .7E-08

gga04010 MAPK signaling pathway 31 2 0 .018 11 1 .2 0 .039

gga04510 Focal adhesion 27 1 .8 0 .023 14 1 .5 0 .024

gga04810 Regulation of actin cytoskeleton 27 1 .8 0 .049 14 1 .5 0 .032

gga04514 Cell adhesion molecules (CAMs) 22 1 .4 0 .0042 13 1 .4 0 .038

gga04310 Wnt signaling pathway 21 1 .4 0 .035 14 1 .5 0 .046

gga04630 Jak-STAT signaling pathway 21 1 .4 0 .044 11 1 .2 0 .028

gga04270 Vascular smooth muscle contraction 18 1 .2 0 .015 14 1 .5 0 .0047

gga04110 Cell cycle 14 0 .9 0 .028 3 0 .3 0 .099

gga04910 Insulin signaling pathway 14 0 .9 0 .039

gga04512 ECM-receptor interaction 13 0 .9 0 .0156 10 1 .1 0 .028

gga03320 PPAR signaling pathway 12 0 .8 0 .033 4 0 .4 0 .01

gga04916 Melanogenesis 12 0 .8 0 .023 14 1 .5 0 .0015

gga00590 Arachidonic acid metabolism 11 0 .7 0 .02 2 0 .2 0 .095

gga04370 VEGF signaling pathway 11 0 .7 0 .011 2 0 .2 0 .0015

gga04540 Gap junction 11 0 .7 0 .024 14 1 .5 0 .00056

gga04350 TGF-beta signaling pathway 10 0 .7 0 .034 4 0 .4 0 .023

gga04012 ErbB signaling pathway 9 0 .6 0 .048 3 0 .3 0 .034

gga04914 Progesterone-mediated oocyte maturation 9 0 .6 0 .047

gga04920 Adipocytokine signaling pathway 9 0 .6 0 .022

gga00564 Glycerophospholipid metabolism 8 0 .5 0 .037 5 0 .5 0 .047

gga04070 Phosphatidylinositol signaling system 8 0 .5 0 .046

gga00260 Glycine, serine and threonine metabolism 6 0 .4 0 .012 6 0 .6 0 .02

gga00512 O-Glycan biosynthesis 6 0 .4 0 .011 3 0 .3 0 .046

gga00601 Glycosphingolipid biosynthesis-Lacto 6 0 .4 0 .019 2 0 .2 0 .033

gga03030 DNA replication 6 0 .4 0 .02

gga04672 Intestinal immune network for IgA production 6 0 .4 0 .042 5 0 .5 0 .024

gga00565 Ether lipid metabolism 5 0 .3 0 .036

gga00592 alpha-Linolenic acid metabolism 4 0 .3 0 .02

gga00603 Glycosphingolipid biosynthesis 4 0 .3 0 .011

gga04320 Dorso-ventral axis formation 4 0 .3 0 .037

gga00604 Glycosphingolipid biosynthesis 3 0 .2 0 .038

gga00910 Nitrogen metabolism 4 0 .4 0 .011

gga04260 Cardiac muscle contraction 7 0 .7 0 .021

gga04340 Hedgehog signaling pathway 8 0 .8 0 .024



These data indicate that the elevated expression of genes in

the intestinal mucosa of the infected chickens was strongly

associated with immunity and defense (cytokine-cytokine

receptor interaction), signal transduction (MAPK, JAK-

STAT, ErbB, and phosphatidylinositol signaling pathways),

extracellular matrix (ECM) (e.g., focal adhesion, cell adhe-

sion, and ECM-receptor interaction), and cell cycle-as-

sociated pathways (apoptosis and cell differentiation).

Several upregulated genes are involved in immunological

responses, such as those associated with the MAPK and

JAK-STAT signaling pathways, rather than the downregu-

lated genes in each pathway. These results suggest that new

populations of immune cells are recruited in the intestine and

replace the original population of epithelial cells. Moreover,

these observations are consistent with earlier observations

that several innate immunity genes that mediate cellular

immunity play a key role in the response to NE (Lee et al.,

2011).

Many regulated pathways are interconnected or function-

ally overlap, including cytokine/cytokine receptor interac-

Truong et al.: DEGs in Fayoumi Chickens with NE 129

Fig. 5. Quantitative expression analysis of up- and down regulated

genes in intestinal mucosa derived from NE induced line M5.1 and

M15.2 of Fayoumi chicken. Data were expressed as mean values±

standard deviation of samples (n＝3) and expressed as fold change in

mRNA expression: * p＜0.05, ** p＜0.01, and *** p＜0.001.



tions and the JAK-STAT signaling pathway, and immune

cells and other cell types are recruited in adhesion molecule

interactions, such as those found in MHC class I/II, and TGF-

β2 in dendritic cells; the latter interact with CD8, CD4, or

CD226 in T cells (Huang et al., 2006). Of note, we also

observed an increase in the expression of genes that encode

IgA in the intestinal immune network, including genes

encoding class II MHC in dendritic cells, genes encoding

CD28, CD40L, and ICOS in CD4
+
T cells, and genes en-

coding BAFF in epithelial cells (Table 2). Significant levels

of IgA were also found in the gut mucosa in response to

infection with E. maxima (Lillehoj and Lillehoj, 2000; Min

et al., 2013). IgA is a factor involved in intestinal mucosal

immunity and plays a key role in protecting the host against

infections by pathogens such as Toxoplasma gondii

(Bourguin et al., 1991) and Eimeria tenella (Zhou et al.,

2015). We hypothesized that IgA production is essential for

chickens to develop protective immunity and plays an im-

portant role in NE. In both chicken lines, the gene cluster

that included neuroactive ligand-receptor interaction, JAK-

STAT signaling pathway, MAPK signaling pathway, reg-

ulation of actin cytoskeleton, p53 signaling pathway, cytokine-

cytokine receptor interaction, and calcium signaling pathway

represented the largest cluster, particularly in line M5.1,

which is consistent with the response of these chicken lines

to NE.

Two genes of the TGFβ signaling pathway (TGFβ1 and

TGFβ3), which also participate in cytokine-cytokine receptor

interaction and in other pathways, including MAPK, mTOR,

and JAK-STAT signaling pathways, were upregulated in line

M5.1 (Table S2). Most immune cells express TGFβ1, which

plays an important role in the control of the immune system

and shows distinct activity profiles in different cell types and

developmental stages (Letterio and Roberts, 1998). TGFβ3

is involved in the differentiation, embryogenesis, and de-

velopment of cells (Herpin et al., 2005). The stimulation of

skeletal muscle and porcine interstitial cells with TGFβ1

increased the mRNA expression of the p38 MAPK family

and Mekl/2/Erk1/2 signaling pathways (Das et al., 2013). In

this study, the p38 MAPK family (p38β2, p38α, p38γ, and

p38δ), JNK1/2/3, and ERK1/2 were differentially expressed

in the two chicken lines (data not shown). The expression of

TGFβ1 and TGFβ3 was upregulated by 1.12- and 3.39-fold

in line M15.2, respectively, and by 2.34- and 1.50-fold in line
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Fig. 6. Significant correlations between expressions of qRT-PCR

and RNA-Seq in intestinal mucosa of two genetic chicken lines NE

induced.



M5.1, respectively, compared with the controls (p＜0.01;

Table S2). Therefore, further studies are required to deter-

mine how TGFβ1 and TGFβ3 are regulated and controlled in

the two chicken lines at the cellular level after NE induction.

Validation of Differential Gene Expression by qRT-PCR

To determine the expression profile obtained using RNA-

Seq analysis, 19 randomly selected DEGs with different

levels of expression were used for validation by relative

qRT-PCR. The expression levels of these 19 genes are

shown in Fig. 5. We also conducted a simple linear regres-

sion analysis of the relative expression and calculated the

RPKM; the coefficient of determination (or R
2
) was equal to

0.84 for Fayoumi line M5.1 and 0.88 for line M15.2 (Fig. 6).

The expression profiles of the selected genes obtained at

random using qRT-PCR were consistent with the patterns of

expression obtained using RNA-Seq. The results were con-

sidered as the technical validation of the DEG analysis.

Conclusion

In the present study, genome-wide gene expression pro-

files of the host response to NE induction in the intestinal

mucosa of two Fayoumi chicken lines were evaluated using

RNA-Seq. We drew four noteworthy conclusions from our

results. First, using RNA-Seq, we generated the first draft of

approximately 52 and 40 million reads for M5.1 and M15.2

lines, respectively, one of which is a natural host for NE.

Second, we used RNA-Seq transcriptome analysis to char-

acterize the DEG profiles and identify genes responsive to

NE. Overall, genes of line M5.1 were expressed to a greater

extent than those of line M15.2 after NE induction. Third,

we detected 89 immune-related and 46 CD molecular genes

differentially expressed in the two lines. In addition, ap-

proximately 183 innate immune genes were differentially

expressed in the two lines. Fourth, we found 13 β-defensin

genes with 3 LSDs of AvBD3, and these genes might be

involved in the host immune response to NE in these chicken

lines. Our results suggest that line M5.1 is more resistant to

NE than line 15.2; furthermore, they helped elucidate the

mechanisms underlying disease resistance to NE and will

foster the development of effective control strategies against

these enteric pathogens.
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