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ABSTRACT Avian pathogenic Escherichia coli
(APEC) can cause significant morbidity in chickens.
The thymus provides the essential environment for T
cell development; however, the thymus transcriptome
has not been examined for gene expression in response
to APEC infection. An improved understanding of the
host genomic response to APEC infection could inform
future breeding programs for disease resistance and
APEC control. We therefore analyzed the transcrip-
tome of the thymus of birds challenged with APEC,
contrasting susceptible and resistant phenotypes. Thou-
sands of genes were differentially expressed in birds
of the 5-day post infection (dpi) challenged-susceptible
group vs. 5 dpi non-challenged, in 5 dpi challenged-
susceptible vs. 5 dpi challenged-resistant birds, as well

as in 5 dpi vs. one dpi challenged-susceptible birds. The
Toll-like receptor signaling pathway was the major in-
nate immune response for birds to respond to APEC in-
fection. Moreover, lysosome and cell adhesion molecules
pathways were common mechanisms for chicken re-
sponse to APEC infection. The T-cell receptor signaling
pathway, cell cycle, and pb3 signaling pathways were
significantly activated in resistant birds to resist APEC
infection. These results provide a comprehensive assess-
ment of global gene networks and biological function-
alities of differentially expressed genes in the thymus
under APEC infection. These findings provide novel in-
sights into key molecular genetic mechanisms that dif-
ferentiate host resistance from susceptibility in this pri-
mary lymphoid tissue, the thymus.
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INTRODUCTION

Colibacillosis, caused by avian pathogenic FEs-
cherichia coli (APEC), is an extraintestinal disease
that may manifest as septicemia, pericarditis, or air-
sacculitis in poultry (JanBen et al., 2001; Stordeur
et al., 2004). APEC also has been recently identified
as a possible cause of human disease (Rodriguez-Siek
et al., 2005; Ewers et al., 2007; Johnson et al., 2007;
Russo and Johnson, 2003). Studies report that APEC
shares similar phylogenic background and certain viru-
lence genes with human extraintestinal pathogenic Es-
cherichia coli (ExPEC), suggesting the potential of
zoonotic risk of APEC (Manges and Johnson, 2012).
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Moreover, contaminated chicken meat and eggs are po-
tential sources of human infections (Vincent et al., 2010;
Bergeron et al., 2012).

APEC generally gains entry to the host bird via the
respiratory tract (Dho-Moulin and Fairbrother, 1999).
From there, bacteria enter the bloodstream and gain ac-
cess to the viscera resulting in a multisystemic disease.
Colibacillosis causes multimillion-dollar annual losses in
the US poultry industry due to morbidity, mortality,
and condemnation of infected products (Kabir, 2010).
In the United Kingdom, a recent longitudinal survey of
4 broiler flocks sampled weekly for 4 wk showed 39% of
dead birds resulted from colibacillosis (Kemmett et al.,
2013). Also in the U.K., 70% of dead birds were caused
by colibacillosis from a separate analysis of causes of
mortality 2 to 3 d after placement of broiler chicks
(Kemmett et al., 2014). Although antibacterial agents
have been used successfully to prevent this disease, re-
strictions on antibiotic usage in poultry production and
APEC’s increasing resistance to antimicrobial agents
have made colibacillosis control problematic (Lanz
et al., 2003; Yang et al., 2004). Thus, control of col-
ibacillosis by means other than antimicrobial agents is
highly desirable.
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Figure 1. Graphical representation of experimental design. There were 3 levels of experimental variables: challenge status, necropsy
d, and pathology level of infected birds. The 6 studied groups are indicated in bold.

Variation in gene expression can be very useful in
studying specimens treated under different conditions
at a genome-wide level (Alizadeh et al., 2000; Ross
et al., 2000; Bahar et al., 2006). Many types of chicken
microarrays have been used in genome-wide gene
expression studies, including a macrophage microarray,
avian innate immunity microarray, 44 K Agilent mi-
croarray, and Affymetrix chicken genome array (Call
et al., 2001; Lavric et al., 2008; Li et al., 2008; Kranis
et al., 2013). The new technology of RNAseq is an effi-
cient and reliable tool to investigate genetic architecture
and sequence variation and to quantify gene expression
through whole transcriptome analysis (Ozsolak and Mi-
los, 2011). We have reported its use in previous stud-
ies of the transcriptomic response of bone marrow and
bursa to systemic APEC infection (Sun et al., 2015a;
2015b). The current study used RNAseq technology to
characterize the transcriptomic response of genes in-
volved in the early phases of immune response against
APEC by studying the primary lymphoid organ, the
thymus.

MATERIALS AND METHODS

Ethics Statement

All animal care and experimental procedures were
reviewed and approved by the lowa State University
Institutional Animal Care and Use Committee (#11-
07-6460-G).

Avian Pathogenic Escherichia Coli (APEC)

Experimental Design

A total of 360 commercial male broilers (meat-type
chickens) were used in the pathogen-challenge trial. At

4 wk of age, 288 birds were inoculated with APEC
O1 intra-air sac and, for the control group (same type
and age), 72 were injected with the same volume of
phosphate buffered saline (PBS). The APEC O1 strain
and experimental procedures have been previously de-
scribed in detail (Sandford et al., 2011; Sandford et al.,
2012). At necropsy, the lesions on the liver, air sacs, and
pericardium were scored. The range of scores for each
tissue was: liver, 0 to 2; air sac, 0 to 3; and pericardium,
0 to 2. The sum of its tissue lesion scores was used to
assign the level of pathology of the individual bird. If
the summed lesion scores were 0 to 3, birds were clas-
sified as resistant (mild lesion). If the summed lesion
scores were 4 to 7, birds were classified as suscepti-
ble (severe lesion). The lesion scores were normally dis-
tributed over the 288 infected birds (Sun et al. 2015a).
Thymi were collected at one or 5 days post infection
(dpi). A total of 6 treatments were thus classified: 1 dpi
challenged-resistant birds; 1 dpi challenged-susceptible
birds; 1 dpi non-challenged birds; 5 dpi challenged-
resistant birds; 5 dpi challenged-susceptible birds; and
5 dpi non-challenged birds (Figure 1). Birds selected for
RNA-seq analysis were from the 2 phenotypic extremes
for APEC-induced pathology: resistant birds with 0 to
1 lesion scores and susceptible birds with 6 to 7 lesion
scores. These were the same birds as the study of Sun
et al. (2015a). Four individual bird replicates were used
for each treatment group, totaling 24 samples.

mRNA isolation, cDNA Library Preparation,
and Sequence Analysis

An Ambion MagMAX-96 Kit (AM1839) (Applied
Biosystems, Foster City, CA) was used to isolate RNA
from the thymus samples. The quality and quantity
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Table 1. Primers sequence for PCR validation

Gene Forward sequence (5'-3") Reverse sequence (5'-3')

IL7 CATCGAAGAGCTGGTAAATATG GCCATACTCTGTAGTGATCC
IL7TR ATGGTGATGGGACCTTTG CACAGCCAGGGTATAGTTAG
LCK CACCGGAGGCTATCAATTAC GTTGGTCATCCCTGGATATG
ZAPT70 ACCCACGAGGAAGATTAAG ATGCTGCCATAGTAGAAGG
CD3Z GCCAGGACGATGTGTATAA TCTGCAGGGAAGAGTAAAC
IL18 AGGTGAAATCTGGCAGTGGAAT ACCTGGACGCTGAATGCAA
IL8 GCCCTCCTCCTGGTTTCAG TGGCACCGCAGCTCATT
IFNGR TGGCAGAGAGAAACACTAC CCCAGTAGGACACATGATAC
NOD1 CTGTGTCCTGCAGAAAGT CCTGCTAACTGGATCTGTATT
LIG4 CACAGTGCTCTCCATCAA TCCATACGCCATCCTTTC
TLR6 TGCATAAGAGTGAGAATCTGG TACTACATAGGCTCCTCACA

of RNA were assessed using the Agilent 2100 Bioana-
lyzer according to the manufacturer’s instructions (Ag-
ilent Technologies). RNA Integrity Numbers (RIN) for
all the RNA samples selected to construct the cDNA
libraries were greater than 8.0. Next, an Illumina
TruSeq ® RNA Sample Preparation v2 Kit was uti-
lized to convert 0.1 to 4 ;4 g RNA into cDNA libraries.
Twenty-four cDNA libraries, which included 4 biolog-
ical replicates (birds) for each treatment, were con-
structed. Briefly, fragment mRNA was purified using
oligo-dT beads from the initial RNA and reverse tran-
scribed into a double strand cDNA fragment. End re-
pair, adenylation, adapter ligation, and PCR ampli-
fication were then carried out in conformance with
the TruSeq® manufacturer’s instructions (Protocol:
#15026495, May 2012). A Qubit® Quantitation Plat-
form and HS dsDNA kit (Invitrogen, Paisley, UK) were
then used to test and quantify the cDNA libraries.
Six ¢cDNA libraries, including one for each of the 6
treatments, were sequenced in the same lane of the
Mumina® HiSeq 2000 at the Iowa State University
DNA facility (4 lanes for the 24 ¢cDNA libraries) with
single end 100 bp cycles.

Read Quality Control, Alignment,
and Reads Number Calculation

Fastx toolkit software (version 0.0.13) was used to
remove the adapter for each read, and quality of RNA-
seq reads from all the samples was checked using
FastQC software (version 0.10.1) keeping a Phred score
of 32. Then the filtered reads from each sample were
separately aligned to the Gallus gallus 4.0 reference
genome from Ensembl using TopHat2 (version 2.0.9)
and Bowtie (version 2.1.0) software with default param-
eters. The abundance of reads for all annotated genes
was counted using the HT'seq software package (version
0.5.4p3) in Python.

Statistical and Biological Analysis

To test the samples’ relationship, Qlucore Omics Ex-
plorer (version 3.0) was used to conduct principal com-
ponent analysis (PCA) by using the read count data
from the 24 samples. Then, the software package edgeR

(version 3.0.8) was run in R software (version 2.15.3) to
identify differentially expressed (DE) genes. The gener-
alized linear model (GLM) analysis in edgeR based on
the negative binomial distribution was applied. Then
relevant linear contrasts were constructed to compare
treatment conditions. The Benjamini-Hochberg method
was used to control false discovery rate (FDR) (Ben-
jamini and Hochberg, 1995) at 5%. To avoid gene length
bias, the GOseq package (version 1.10.0) (Young et al.,
2010) was utilized for further gene ontology (GO) and
pathway analysis while controlling FDR at 5%. Ani-
mal systems biology analysis and modeling center (AS-
BAMC) was used to generate the significant pathways.

Candidate Genes for qPCR Validation

Quantitative real time PCR (qPCR) was performed
to measure the mRNA expression levels of 11 selected
genes (IL7, IL7R, LCK, ZAP70, CD3Z, IL18, ILS,
IFNGR, NOD1, LIG4, TLR6) using the same 24 RNA
samples used for sequencing. The gene selection crite-
ria were involvement in multiple immune response path-
ways and significance in the RNAseq analysis. An inter-
nal control gene (28 S rRNA) was used for normaliza-
tion of the initial concentration of RNA. Primers were
designed for amplifying fragments in the qPCR reaction
using sequences from NCBI and Primer 3 (Rozen and
Skaletsky, 2000). Primer sequence detail is displayed in
Table 1. qPCR was performed in triplicate on individ-
ual thymus samples. Reactions of qPCR were carried
out using the QuantiTect SYBR Green kit (Qiangen
Inc., Valencia, CA) as described by Redmond and co-
workers (Redmond et al., 2010). The following equation
was used to calculate the adjusted cycle threshold (Ct)
values: 40 — [Ct target gene mean + (Ct 28S median —
Ct 28S mean)(slope of target gene/slope of 28S)]. The
Fit Model procedure in JMP software (SAS Institute
Inc., Cary, NC) was used to analyze the Ct value. Rela-
tive gene expression values were calculated for different
treatment contrasts.

Availability of Supporting Data

The RNAseq data can be obtained from the NCBI
Gene Expression Omnibus (GEQO) database with the
accession number GSE69014.



2806

(A)

30,000,000
25,000,000
20,000,000
15,000,000
10,000,000

5,000,000

i

SUN ET AL.

|

Reads

Average

NC1

NC5

R1

il

—

W Unique
mapped reads

19,885,393
(78.62%)

20,969,875
(78.78%)

17,818,575
(78.60%)

19,390,265
(78.43%)

18,616,381
(78.00%)

21,860,003
(78.93%)

20,657,260
(79.00%)

Total
mapped reads

20,791,138
(82.96%)

21,923,661
(83.15%)

18,616,138
(82.80%)

20,302,228
(82.88%)

19,519,886
(82.60%)

22,797,586
(83.08%)

21,587,326
(83.25%)

Clean reads

25,137,302

26,465,116

22,621,478

24,595,699

23,718,993

27,405,388

26,017,136

M Raw reads

26,588,664

27,181,382

23,873,849

26,808,688

25,276,844

28,932,358

27,458,865

/' 5 UTR_Exons
/

21.59%
Introns

4.28%

Intergenic

22.16%
3’ UTR_Exons

Figure 2. Types of reads and total mapped reads distribution. A: The raw, clean, total mapped, and unique mapped reads in each
of the 6 treatment groups. NC1, 1 d post infection (dpi) non-challenged birds; NC5, 5 dpi non-challenged birds; R1, 1 dpi resistant birds; R5, 5
dpi resistant birds; S1, 1 dpi susceptible birds; S5, 5 dpi susceptible birds. B: The total mapped reads distribution of the thymus transcriptome.

RESULTS

mRNAseq Read Alignment and Sample
Variability

Twenty-four individual thymus samples were ana-
lyzed by RNAseq. These included one sample from each
of 6 treatment conditions from 4 biological replicates.
After sequencing the cDNA libraries, the average total
raw reads were 26.59 million. By trimming the adap-
tor contamination using the Fastx toolkit and FastQC
quality control, the average number of clean reads over
all samples was 25.14 million. The number of raw and
clean reads for each treatment group is displayed in
Figure 2A. Using TopHat2, an average of 82.96% of
the reads mapped back to the reference genome and
the unique mapped reads accounted for an average of
78.62% (Figure 2A). Examination of the total mapped
reads distribution is illustrated in Figure 2B. Distri-
bution of reads among the 6 treatment groups was
relatively consistent. On average, 74.44% of the reads
mapped to exons, including 48.00% CDS _exons, 22.16%
3" UTR_exons, and 4.28% 5 UTR_exons (Figure 2B).
There were 21.59% and 3.97% of the reads located into
introns and intergenic, respectively (Figure 2B).

After alignment, the average number of reads for all
samples was 12.53 million using HTseq counting. The
average transcriptome coverage, i.e., the number of de-
tected transcripts over the total annotated transcripts,
was 85.89%. To further explore the relationship among
the total 24 samples, PCA was used to cluster similar
samples in multivariate space. The PCA results showed
that the 5 dpi susceptible birds were distinct from the
other 5 treatment groups (Figure 3). Additionally, 1 dpi
susceptible birds differed slightly from the 4 groups: 1
dpi resistant, 5 dpi resistant, 1 dpi non-challenged, and
5 dpi non-challenged birds. Variability among replicates
in each treatment group was low and the clear separa-
tion of the different groups indicated that susceptible
birds possess a unique characteristic expression pattern

that was greatly different from resistant and from non-
challenged birds.

Analysis of Differentially
Expressed (DE) Genes

From a total of 16,693 detected transcripts, 2,484
transcripts were novel. After keeping genes with read
counts above one count per million for at least 3 samples
in at least one treatment group and removing the other
low-expression reads, 11,585 transcripts were statisti-
cally analyzed. Comparisons of gene expression with
respect to treatment, time, and pathology effects were
carried out to identify candidate genes that respond
to APEC infection. Nine total contrasts were con-
structed for interesting 2-way comparisons. The num-
bers of up-regulated DE transcripts were greater than
those of down-regulated ones for most of the 9 contrasts
(Table 2).

Tests for 4 comparisons (pair-wise contrasts) identi-
fied large numbers of DE genes: 1 dpi susceptible vs.
1 dpi non-infected birds, 5 dpi susceptible vs. 5 dpi
non-infected birds, 5 dpi susceptible vs. 5 dpi resistant
birds, and 5 dpi vs. 1 dpi susceptible birds (Table 2).
However, tests for the other comparisons detected only
a few DE genes (N < 25). There were 158 DE genes
detected comparing 1 dpi susceptible vs. 1 dpi non-
infected birds. Thousands of DE genes were identified
when comparing 5 dpi susceptible vs. 5 dpi non-infected
birds; 5 dpi susceptible vs. 5 dpi resistant birds; and 5
dpi vs. 1 dpi susceptible birds. These results indicate
that there were large differences between 5 dpi suscep-
tible birds and 5 dpi resistant birds, and between 5 dpi
susceptible birds and 5 dpi non-challenged birds. How-
ever, resistant birds differed little from the non-infected
birds. The transcriptomic response of susceptible birds
greatly increased over time post infection, whereas a
time-related response increase did not occur in resis-
tant and non-infected birds.
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Table 2. Numbers of significantly differentially expressed genes (FDR < 5% & FC > 1.5).

# of T DE genes # of | DE genes

Contrast # of DE genes
1 dpi susceptible vs. 1 dpi non-infected birds 158
1 dpi susceptible vs. 1 dpi resistant birds 23

1 dpi resistant vs. 1 dpi non-infected birds 4

5 dpi susceptible vs. 5 dpi non-infected birds 3,061
5 dpi susceptible vs. 5 dpi resistant birds 3,816
5 dpi resistant vs. 5 dpi non-infected birds 3
5 dpi vs. 1 dpi susceptible birds 2,563
5 dpi vs. 1 dpi resistant birds 3
5 dpi vs. 1 dpi non-infected birds 2

89 69

19 4

2 2
2,162 899
2,640 1,176

0 3
2,089 474

3 0

2 0

Note: FC, fold change; dpi, days post infection; #, number; DE, differentially expressed.

Significant GO Terms Analysis

To provide sufficient genes for common biological
process analysis, the 4 comparisons with the largest
numbers of DE genes were used for further analysis.
The false discovery rate was controlled at 5% for all
the significant GO terms and pathways in the following
results and discussion.

In the contrast of 1 dpi susceptible vs. non-challenged
birds, the DE genes were mainly involved in these top
3 significant GO terms: defense response to bacterium,
defense response, and response to bacterium. The com-
parisons of 5 dpi susceptible vs. 5 dpi non-infected birds
and of 5 dpi susceptible vs. 5 dpi resistant birds had
the top significant GO terms of immune response, toll-
like receptor signaling pathway, T /B cell activation, and

T-cell lineage commitment. With passage of time post
infection (5 dpi vs. 1 dpi), the susceptible birds’ re-
sponse mainly focused on natural killer cell differenti-
ation, myeloid progenitor cell differentiation, lymphoid
progenitor cell differentiation, and lymphocyte differ-
entiation GO terms.

Significant Pathways Analysis

These 4 comparisons also had significantly changed
pathways in response to APEC infection. Generally,
phagosome, lysosome, toll-like receptor (TLR) sig-
naling pathway, Jak-STAT signaling pathway, cell
adhesion molecules (CAMs), ECM-receptor interac-
tion, and cytokine-cytokine receptor interaction were
dramatically induced in these 3 comparisons: 5 dpi
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dpi, d post infection.

susceptible vs. 5 dpi non-challenged birds, 5 dpi sus-
ceptible vs. 5 dpi resistant birds, and 5 dpi vs. 1 dpi
susceptible birds. Moreover, T-cell receptor (TCR) sig-
naling pathway was strongly suppressed in the above 3
contrasts. Also, cell cycle and p53 signaling pathways
were significantly suppressed in the contrast of 5 dpi
susceptible vs. 5 dpi non-challenged birds and of 5 dpi
susceptible vs. 5 dpi resistant birds. Cell cycle also was
detected in 1 dpi susceptible vs. 1 dpi non-challenged
birds. Figure 4 showed the DE genes that were involved
in the significant pathways in the 4 contrasts. Detailed
information of DE genes of the significant pathways for
the 4 contrasts was displayed in Table S1-S4. These re-
sults indicate that compared to resistant birds, suscepti-
ble birds extensively initiate their pathways of immune
response, signal transduction, and signal molecules and
interaction to resist APEC infection. However, the T-
cell differentiation and proliferation and cell growth are
significantly impaired in susceptible birds.

Validation of RNAseq Data

To validate the RNAseq data, qPCR was performed
on the following 11 genes selected from immune related
genes that were significantly DE in RNAseq: IL7, IL7R,
LCK, ZAP70, CD3%Z, IL18, IL8, IFNGR, NOD1, LIG4,
TLR6. The qPCR results for 10 of 11 selected genes
conformed to the same direction of fold change and sig-
nificance as those in RNAseq data (Table 3). A close
correlation (93.42%) in the expression level was between
qPCR results and RNAseq data. Only one gene, CD37Z,
was not significantly DE in the qPCR experiment; how-
ever, the CD3Z expression pattern in the qPCR exper-
iment conformed to the same direction as for RNAseq
(Table 3).

DISCUSSION

The novel experimental design of the current study
enabled characterization of the resistance and suscep-
tibility mechanisms of different phenotype birds in
response to APEC infection through chicken thymus
transcriptome analysis. The PCA of the thymus tran-
scriptome of different phenotype birds, together with
the identified DE genes in different contrasts (Figure 3
and Table 2), demonstrated that it was appropriate to
classify the challenged birds as resistant or susceptible
birds based upon their total lesion scores.

Nakamura et al. (1985) demonstrated that marked
atrophy of the thymus and bursa were observed in nat-
ural colibacillosis of broiler chickens, and the relative
weights of the thymus and bursa were dramatically de-
creased at 1 dpi (Nakamura et al., 1986). Histologically,
the T and B lymphocytes were greatly depleted in the
thymus and bursa, respectively, after 1 dpi in colibacil-
losis of white Leghorn (Nakamura et al., 1986). These
results indicate T and B cells have important func-
tions in bacteria infection. Thus, the primary lymphoid
tissues (bone marrow, bursa, and thymus) have criti-
cal importance to understand how the host’s primary
immune organs respond to systemic APEC infection.
Transcriptome analyses of bone marrow and bursa have
been published on investigations of the earliest phases
of immune response to systemic APEC infection (Sun
et al., 2015a; 2015b), as well as the combined analy-
sis of bone marrow, bursa, and thymus to investigate
primary lymphoid tissues’ interaction or cooperation
(Sun et al., 2016). To date, however, the gene expres-
sion patterns in the thymus of resistant and susceptible
birds under systemic APEC infection have not been re-
ported. The thymus is an essential primary lymphoid
organ, providing an appropriate environment for T cell
precursor development, differentiation, and maturation
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Gene Contrast qPCR RNA-seq
IL7 5 dpi susceptible vs. 5 dpi resistant birds +3.05* +2.36*
5 dpi vs. 1 dpi susceptible birds +4.17 +2.36*
5 dpi susceptible vs. 5 dpi non-infected birds +4.16* +3.14**
IL7TR 5 dpi susceptible vs. 5 dpi resistant birds +4.30** +2.55*
5 dpi vs. 1 dpi susceptible birds +5.11** +2.66*
LCK 1 dpi susceptible vs. 1 dpi resistant birds —2.11* —1.56"*
5 dpi susceptible vs. 5 dpi non-infected birds —3.33" —1.66"*
ZAPT0 5 dpi susceptible vs. 5 dpi resistant birds —3.42* —1.87*
5 dpi vs. 1 dpi susceptible birds —3.51% —2.45%*
5 dpi susceptible vs. 5 dpi non-infected birds —1.89 —2.13**
CD37Z 5 dpi susceptible vs. 5 dpi resistant birds —1.94 —1.83*
5 dpi vs. 1 dpi susceptible birds —1.57 —2.45%*
5 dpi susceptible vs. 5 dpi non-infected birds +4.40** +2.89*
118 5 dpi susceptible vs. 5 dpi resistant birds +4.39** +5.17*
5 dpi vs. 1 dpi susceptible birds +5.43"* +2.93*
5 dpi susceptible vs. 5 dpi non-infected birds +3.00" +4.11%*
IL8 5 dpi susceptible vs. 5 dpi resistant birds +3.38"* +3.94**
5 dpi vs. 1 dpi susceptible birds +2.95% +2.91**
5 dpi susceptible vs. 5 dpi non-infected birds +1.96* +1.67*
IFNGR 5 dpi susceptible vs. 5 dpi resistant birds +1.86* +1.74%*
5 dpi vs. 1 dpi susceptible birds +1.98" +1.59**
NOD1 5 dpi susceptible vs. 5 dpi resistant birds +2.07* +1.68**
5 dpi susceptible vs. 5 dpi non-infected birds —4.29* —1.91%
LIG4 5 dpi susceptible vs. 5 dpi resistant birds —3.53* —1.99**
5 dpi vs. 1 dpi susceptible birds —3.82° —2.10"*
5 dpi susceptible vs. 5 dpi non-infected birds +3.45* +4.56**
TLR6 5 dpi susceptible vs. 5 dpi resistant birds +2.96* +3.12%*
5 dpi vs. 1 dpi susceptible birds +4.11* +3.14**

Note: Fold change between contrasts presented in third and fourth column. + values indicate higher expression in the first group,

— values indicate higher expression in the second group.

" means P-value < 0.01 in qPCR and RNA-seq, * represents P-value < 0.05 in gPCR and RNA-seq.

(Rose, 1979) and unique pathway changes were iden-
tified in thymus transcriptome analysis, compared to
the results of combined analysis of primary lymphoid
tissues.

In the current study, the TLR signaling pathway,
lysosome pathway, CAMs, and TCR signaling path-
way were the major response mechanisms in the thy-
mus after APEC infection. In the comparison of com-
bined analysis of primary lymphoid tissues (Sun et al.,
2016), TLR and CAM were the unique pathway changes
in the thymus. The TLR is the major innate immune
response modulator for chicken resistance to APEC
infection. TLRs can recognize pathogen-associated
molecular patterns (PAMPs) to trigger inflammatory
cascades (Martinon and Tschopp, 2005; Akira et al.,
2006).

The TLR4 protein bound to Gram-negative bac-
teria can interact with TIR-domain-containing adap-
tor proteins (MyD88, MAL, and IRAK4) to transmit
signals, inducing MAPK (mitogen-activated protein
kinases) signaling pathway activation and inflamma-
tory cytokines (Akira et al., 2001; Werling and Jungi,
2003; Akira, 2006; Sutterwala et al., 2006). Moreover,
TLR6 can use the same signaling pathway as TLR4
(Figure 5). TLR5 can bind to flagellin to activate
cytokine IL8 expression and inflammatory response

(Hayashi et al., 2001). In the current study, TLR6
(TLR1LA), TLR4, TLR5, and IL8 were all over-
expressed in 5 dpi susceptible vs. 5 dpi non-challenged
and 5 dpi susceptible vs. 5 dpi resistant birds (Figure 5).
These results may indicate that susceptible birds at-
tempt to trigger high levels of activation of the innate
immune response to resist the systemic APEC infection,
compared to resistant and non-challenged birds.
MAPK and ERK have important functions in signal
transduction under cellular stresses (Davis, 1993; Kyr-
iakis and Avruch, 1996). Currently, controversial ev-
idence showed signal transduction pathway JNK and
MAPK had a complex role in transmitting a distinct
cellular effect in different cell lineages (Huh et al.,
2004). For example, MAPK signaling was activated
when pathogenic bacteria invaded (Watanabe et al.,
2001). Activation of ERK1/2, JNK, and p38 MAPK
was induced in the infection of epithelial cell lines
with Listeria monocytogenes, Salmonella enterica, or
enteropathogenic Escherichia coli (EPEC) (Chen et al.,
1996; Hobbie et al., 1997; Czerucka et al., 2001). In our
study, the p38 (MAPK11, MAPK12, and MAPK13),
ERK (MAPK1), and JNK (MAPK9) genes were over-
expressed in 5 dpi susceptible vs. 5 dpi non-challenged
birds and 5 dpi susceptible vs. 5 dpi resistant birds.
It seems that susceptible birds activated signaling
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Figure 5. Toll-like receptor (TLR) signaling pathway. Red = significantly up-regulated differentially expressed genes. Green = signif-
icantly down-regulated differentially expressed genes. dpi, d post infection; FC, fold change; FDR, false discovery rate; NA, none available.

transduction pathways to protect cell survival un-
der systemic APEC, compared to resistant and non-
challenged birds.

Moreover, the TLR signaling pathway also produced
the costimulatory molecules (CD40, CD80, and CD86)
to stimulate T cells (Melief et al., 2002; Severa et al.,
2007). In the current study, CD40, CD80, and CD86
were more highly expressed in 5 dpi susceptible birds
than in 5 dpi non-challenged and 5 dpi resistant birds
(Figure 6). The same phenomenon was also observed
in the contrasts of 5 dpi vs. 1 dpi susceptible birds
(Figure 6). Additionally, TLR6 (TLR1LA), TLR4,
TLR5, MAPKI1, and CD40 also were significantly
changed in bone marrow in 5 dpi susceptible vs. 5 dpi
non-challenged birds (Sun et al., 2015a). TLR4 and
CD40 were also DE in bone marrow in 5 dpi suscep-
tible vs. 5 dpi resistant birds (Sun et al., 2015a). These
genes might be potential biomarkers for chicken host
response to APEC infection.

CD40 also was involved in the significantly changed
pathways CAMs. Here, the CAMs pathway was
strongly induced in the thymus in 5 dpi susceptible
vs. 5 dpi resistant birds and 5 dpi susceptible vs. 5
dpi non-challenged birds. The VCAMI, ITGB1, and
ITGAG6 genes were all more highly expressed in 5 dpi
susceptible birds than in 5 dpi non-challenged and
5 dpi resistant birds in the current study, strongly
suggesting important roles of these genes. The highly
induced CAMs pathway, together with previous re-

ports of thymus atrophy and T lymphocyte deple-
tion under colibacillosis (Nakamura et al., 1985; Naka-
mura et al., 1986), indicates that CAMs might be
the major local tissue repair mechanism after APEC
infection.

As the thymus provides the essential environment
for T-cell development and maturation, many distinct
stages of T-cell development were marked with changes
in gene expression under APEC infection. The TCR
signaling is a critical requisite signal to initiate T-cell
selection, proliferation, activation, and response mag-
nitude in mice one d after Listeria infection (Zehn
et al., 2009). The interaction between antigen peptide
and MHC complexes can activate the TCR signal to
trigger a complex downstream series of signaling cas-
cades that can result in a variety of outcomes (Ander-
son et al., 1996; Kannan et al., 2012). The proximal sig-
naling events include activation of Src tyrosine kinase
Lck, phosphorylation of ITAMs in the TCR/CD3 com-
plex, recruitment and activation of ZAP70, phospho-
rylation of LAT, recruitment of a variety of signaling
molecules, and the activation of NFAT and NF-kB (Irv-
ing and Weiss, 1991; Chan et al., 1992; Letourneur and
Klausner, 1992; Bubeck et al., 1996; Zhang et al., 1998;
Smith-Garvin et al., 2009). In the present study, the key
genes (CD3Z, LAT, ZAP70, GRAP2, and VAV) in the
TCR signal had reduced expression levels in the 3 con-
trasts of 5 dpi susceptible vs. 5 dpi non-infected birds,
5 dpi susceptible vs. 5 dpi resistant birds, and 5 dpi vs. 1
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Figure 6. T-cell receptor (TCR) signaling pathway. Red = significantly up-regulated differentially expressed genes. Green = significantly
down-regulated differentially expressed genes. dpi, d post-infection; FC, fold change; FDR, false discovery rate; NA, none available.

dpi susceptible birds (Figure 6). Deficiency of PDCD1,
a co-inhibitory receptor expressed on T cells, can pro-
mote autoimmunity (Latchman et al., 2004; Keir et al.,
2006; Hirahara et al., 2012). This gene was also down-
regulated in 5 dpi susceptible birds compared to 5 dpi
resistant or 5 dpi non-challenged birds. Collectively, the
TCR signal was deeply impaired in susceptible birds,
which indicates T-cell proliferation, activation, differ-
entiation, and maturation are significantly impaired by
APEC infection in susceptible birds. Moreover, CD3Z
was also significantly DE in bone marrow in 5 dpi sus-
ceptible compared to 5 dpi resistant birds (Sun et al.,
2015a), indicating this gene is a positive marker of re-
sistance in birds.

Expression of NFATC can result in T-cell anergy and
NFKBIE can inhibit NF-kB transactivation (Whiteside
et al., 1997; Heissmeyer et al., 2004). These 2 genes
both exhibited higher expression in 5 dpi susceptible
birds, indicating damage of the TCR signal. T cells are
activated not only by antigen presentation signals but
also by co-stimulatory molecules for negative and posi-
tive regulatory signal transduction pathways (De Koker
et al., 2011). CTLA4 can interact with CD80 or CD86

to terminate T-cell activation and result in cell-cycle
arrest (Alegre et al., 2001). In the current study, ex-
pression of CTLA4 and CD86 were increased in 5 dpi
susceptible vs. 5 dpi non-challenged birds and 5 dpi
vs. 1 dpi susceptible birds. These results suggest that
APEC infection suppresses T-cell activation in suscep-
tible birds.

Moreover, IL7 exerts a significant impact on naive
T-cell survival, proliferation, and homeostasis in mam-
mals (Hsu and Mountz, 2010; Vicente et al., 2010; Hong
et al., 2012). Hsu and Mountz (2010) reported that
the interaction between IL7 and IL7R could lead to
proliferation and progression of T cells. IL7 and IL7R
also play pivotal roles in the development of v§ T
cells (Watanabe et al., 1991; Plum et al., 1993). ILTR
can also be highly expressed in CD4" and CD8" cells
and correlated with T-cell activation status in chickens
(Van Haarlem et al., 2009). IL7 signaling is a negative-
feedback loop (IL-7TR — CD8 — TCR 4 IL-7R) that
drives cell-intrinsic IL7TR and TCR oscillatory signal-
ing (Huang and August, 2015). In the present study,
IL7 and IL7R had increased expression levels in 5 dpi
susceptible vs. 5 dpi resistant birds and 5 dpi vs. 1
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dpi susceptible birds. These results suggest that the
over-expressed IL7 and IL7R may down-regulate TCR
signaling.

Conclusion

The current study provides novel evidence that, in
susceptible birds, T-cell development, activation, and
cell cycle progression are impaired by APEC infec-
tion through reduced expression of regulatory genes
in TCR signaling, while the innate immune response
is activated through cross-talk among multiple signal-
ing pathways. Infection with APEC induces very few
transcriptomic differences between challenged-resistant
and non-challenged birds. Taken together, the tran-
scriptome analysis of thymus tissue during APEC in-
fection demonstrates that both T-cell development and
immune response mechanisms concurrently contribute
to avian resistance to APEC infection. Moreover, many
genes, especially TLR4, CD40, CD3Z, were identified
as potential markers for host resistance to APEC infec-
tion. The CAM pathway might be a major local tissue
repair mechanism after APEC infection. These findings
contribute to the knowledge of the transcriptomic re-
sponse in the thymus of genes that are involved in the
earliest phases of the immune response to APEC, in-
cluding those that drive the subsequent cellular immune
reaction. The current study is foundational to the iden-
tification of genetic variation that differentiates birds
that are susceptible or resistant to the pathological ef-

fects of APEC.

Abbreviation

DE, differentially expressed; APEC, avian
pathogenic FEscherichia coli; ExPEC, extraintestinal
pathogenic Escherichia coli; dpi, day post infection;
PCA, principal component analysis; GO, gene on-
tology; TLR, toll-like receptor; CAM, cell adhesion
molecule; TCR, T-cell receptor.
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