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Direct RNA sequencing reveals chicken post-
transcriptional modifications in response
to Campylobacter jejuni inoculation
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Abstract

Background Campylobacter jejuni (C. jejuni), is a leading cause of food-borne pathogen, poses significant threats
to poultry industry and public health. Post-transcriptional modifications play crucial roles in regulating the immune
system and cell functions. However, the epigenetic regulation in response to C. jejuni inoculation in chicken remains
elusive.

Results The RNA transcriptional profiles and base modification alterations in the chicken cecum following C. jejuni
inoculation were characterized using direct RNA sequencing and analyzed by bio-informatics and expression analysis.
We identified 40,755 transcripts and 23,877 genes following C. jejuni inoculation in the chicken cecum. Of which,
10,503 novel transcripts across 8,560 genes were identified. The number of significantly differential alternative splicing
events and poly(A) tails was 192 and 426, respectively (P <0.05). Particularly, 121 significantly differentially expressed
transcripts which were enriched in defense response to gram-negative bacteria, positive regulation of interleukin-6
production, innate immune response, macrophage activation (P<0.05). Among these, 29 transcripts contained m>C
sites, and 37 transcripts contained mPA sites. The transcripts containing m°A/m°C modifications displayed higher
expression levels and shorter poly(A) tails than those without modifications. Functional analysis of these modules
including differentially expressed transcripts (DETs), transcripts with differentially significant poly(A) tail length, m>C
modified DETs, and m°A modified DETs showed that the negative regulation of interferon-beta production was
enriched (P<0.05). Specially, ENSGALT00000020390 (novel transcript), and ENSGALT00000053962 (IFIH1-202) were
significantly enriched.

Conclusions This study provided a post-transcriptional modification profile in the chicken cecum post C. jejuni
inoculation, including alternative splicing, poly(A) tail length, m°A and m>C modifications. ENSGALG00000012480 and
IFIHT could be potential candidate genes as epigenetic markers following C. jejuni inoculation. The findings provide
new insights into the complexity of expression regulation and data resource of the epitranscriptome, enhancing our
understanding on epigenetic modification regulating C. jejuni inoculation.
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Background

Campylobacter jejuni (C. jejuni) is the leading cause of
Campylobacteriosis, which was recognized as the first
zoonosis in human [1], typically through contaminated
chicken meat and eggs [2]. The chicken cecum is the main
colonization site for C. jejuni [3]. Intensive researches
have confirmed that the high level of cecal colonization
usually leads to a high prevalence of the pathogen at the
flock level and frequent contamination of carcass dur-
ing slaughter and processing. And it affects more than
1.3 million people annually in the United States [4, 5].

Post-transcriptional modifications are widespread in
eukaryotes and have gained extensive attention due to
their major roles in RNA metabolism, immunity, devel-
opment and disease [6]. The poly(A) tail can coopera-
tive with the 7-methylguanosine cap (m’Gppp) on the
5-end of the mRNA to stimulate the translation [7]. The
poly(A) tail lengths underwent distinctive changes dur-
ing macrophage activation [8]. Alternative splicing (AS)
could generate diverse splice isoforms from a single gene
during T cell activation and autoimmune diseases [9, 10].
Recently, aberrant AS events have gained considerable
momentum in the pathogenesis of many diseases, such as
inflammatory bowel disease (IBD) [11], liver disease [12],
and tumor [13]. RNA methylation could be involved in
the half life measurements of embryonic stem cells and
the process of hot shock stress through regulating mRNA
stability, translational efficiency, or gene expression [14,
15].

N6-methyladenosine (m®A) and 5-methylcytosine
(m°C) are the most prevalent, reversible and abundant
internal RNA modifications in eukaryotic cells [16, 17].
It is reported that m®A and m°C modifications can regu-
late the proliferation and differentiation of immune cells
at the gene level, thereby affecting the immune system
[6]. Chen et al. [18] found that m®A and m°C modifica-
tion of GPX4 promotes anticancer immunity via activat-
ing the cGAS-STING. m°A can reprogram naive T cells
for proliferation and differentiation [19]. The deletion of
METTL3 in mouse can inhibit T cell homeostasis and
differentiation [20]. m>C is linked to biological altera-
tion in cells during cancer development [21, 22]. NSUNZ2,
a crucial member of m°C, can allow tumor escape from
chemotherapy by modulating the Ras signaling pathway
[23]. Campylobacter inoculation can activate chicken
immune system and initiate an inflammatory response
[24]. However, the post-transcriptional modification of
chicken responding to C. jejuni inoculation still remains
unclear.

Direct RNA Sequencing (DRS) is able to directly
sequence RNA without the need of ¢cDNA sequencing
or PCR, which can be used for single-molecule sequenc-
ing and direct RNA modifications location analysis [25].
To elucidate the role of chicken post-transcriptional
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modification in regulating C. jejuni inoculation, we char-
acterized the single-base resolution maps of alternative
splicing, poly(A) tail length, m®A, and m°C modifications
of chicken cecum following C. jejuni inoculation using
DRS. Our results will provide new insights into the func-
tions of specific mRNA levels and post-transcriptional
regulation in chicken responding to C. jejuni inoculation,
and provide innovative strategies for chicken disease-
resistance breeding.

Methods

Sample collection

In this study, a total of 20 3-day-old specific patho-
gen free (SPF) White Leghorn chicks were used (Jinan
SAIS Poultry Co., Ltd, China). In brief, each chick in the
treated group (T group) was orally inoculated with 0.5
mL 1.65x10% CFU/mL C. jejuni solution, and chicks in
the control group (C group) were orally inoculated with
0.5 mL sterile PBS solution. Chicks in C and T groups
were raised in two separated incubators under the same
conditions with free access to sterile feed and water. The
cecum rinsed with sterile PBS 3-5 times was collected
in 10 individual chicks from each group at 8 hours post
C. jejuni inoculation (hpi), snap frozen in liquid nitro-
gen and stored at -80°C. All animal procedures were
approved by Shandong Agricultural University Animal
Care and Use Committee (SDAUA-2019-060).

RNA extraction, library preparation and sequencing

Total RNA was extracted from each sample using the
Total RNA Kit I (OMEGA, US) in accordance with the
manufacture’s guideline. The RNA integrity and concen-
tration were measured using Agilent 2100 (Agilent, US)
and Nanodrop (Thermo Fisher Scientific, US), respec-
tively. According to the manufacturer’s instructions, the
total RNA was then purified and concentrated using
NEBNext Poly(A) mRNA Magnetic Isolation Module
(E7490S, New England Biolabs). Library was constructed
for each sample with 20 ug qualified RNA. The library
was loaded onto ONT R9.4 flow cells and sequenced on
a PromethION sequencer (Oxford Nanopore Technolo-
gies, Oxford, UK).

Reads filtering, mapping, and identifying of the transcripts
and novel genes

The raw reads were filtered using NanoFilt (version: 2.6.0)
with parameters “-q 7 -1 50” [26]. Short reads less than
50 bp were filtered with the Fclmr2 (version 0.1.2) [27]:
based on the quality value of the sequencing data (Default
parameter: quality value>7), reads with a quality value
greater than 7 are marked as “pass’, while those with a
quality value less than 7 are marked as “fail”. Reads with
a quality value lower than 7 will be filtered out. The clean
reads were mapped to the chicken reference genome
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Fig. 1 (See legend on next page.)
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Fig. 1 The characterization of genes and transcripts in chicken cecum following C. jejuni inoculation. (A) The number of genes and transcripts identified
by DRS. (B) Number of transcripts corresponding to genes. (C) The read length distribution of transcripts. (D) Number of different types of novel tran-
scripts. i, fully contained within a reference intron; j, multi-exon with at least one junction match; o, other same-strand overlapping with reference exons;
u, none of the above (unknown, intergenic); and x, exonic overlapping on the opposite strand. (E) GO analysis of novel transcripts. (F) KEGG annotation

and pathway of novel transcripts

(GRCg6ba) (http://genome.ucsc.edu/) using Minimap2
(version: 2.17-r941) [28] with parameters “-ax splice -uf
-k14” A Flair (version: 1.5.0) [29] with parameters “-t 20”
was used to obtain a consensus sequence based on the
alignment results. We merged the alignment with only
differences in exons at the 5 end and obtained the non-
redundant transcript sequence using StringTie (version:
2.1.4) [30], thus producing the novel reference transcript
file for the chicken genome. GffCompare (version: 0.12.1)
with parameters “R-C-K-M” [31] was used to discover
novel transcripts and genes. The quality of sequencing
data and reads alignment was in supplemental Table 1.

Analysis of differently expressed transcripts

Salmon 1.4.0 [32] was used to estimate the transcripts
expression by calculating Transcripts Per Million (TPM).
The differentially expressed transcripts (DETs) were iden-
tified with Fold Change >2 and P value <0.05.

Alternative splicing analysis

The transcript was compared to known transcripts of the
genome. Suppa2 software [33] (https://github.com/comp
rna/SUPPA) was used to obtain the variable splice type
and identify the different variable splice between C and T
groups with parameters “ - f IOE - e se SS MX RI FL"

Characterization of poly(A) tail length

The length of poly(A) was calculated using NanoPolish
(version: 0.13.2) with parameters “poly(A)” Mann Whit-
ney U test was used to test the correlation between the
poly(A) length and the expression of transcripts.

The identification and calculation of RNA base
modification

The m°C modifications sites of RNA sequences were
identified with Tombo (1.5) with alternative model
[34]. The m°C modification with fraction>0.7 and cov-
erage>10 was selected for further analysis. The nine
bases surrounding the modified C were used to analyze
the conserved motif using MEME [35]. The m®A modi-
fications sites of RNA sequences were identified with
Tombo’s de novo model and the MINES process (https//
github.com/YeoLab/MINES). The m°A site with frac-
tion>0.5 and coverage>10 was selected for further
analysis. Methylkit software [36] was used to analyze the
differentially methylated sites (DMS).

Functional annotation and enrichment analysis
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis were per-
formed for DETs using clusterProfiler package [37].
P<0.05 was considered significantly enriched.

Quantitative real-time polymerase chain reaction

One ug total RNAs (Note: The batch of RNA used was
consistent with that of RNA sequencing) was used for
c¢DNA synthesis using PrimeScript™ RT reagent Kit with
gDNA Eraser (Takara, Japan). Quantitative real-time
PCR (qRT-PCR) was conducted using SYBR Premix
Dimer Eraser (Takara, Japan) and associated primers
(Sangon, China). The relative gene expression was calcu-
lated using the 2 *A¢ method. The data were analyzed
using the One-way ANOVA. P<0.05 was considered sig-
nificance. The detailed primer was listed in supplemental
Table 2.

Results

Characterization of genes and novel transcripts

We identified 23,877 genes and 40,755 transcripts,
including 8,560 novel genes and 10,503 novel transcripts
(Fig. 1A). Two thirds of genes (n=16,171) contained one
transcript (Fig. 1B). The average read length of tran-
scripts for C and T groups was 2,480.32 and 2,473.20,
respectively (Fig. 1C). The number of transcripts with “0”
type is the least (n =24), whereas that with “u” type is the
highest (n=5,665) (Fig. 1D). The functional annotation
of GO and KEGG pathway for the novel transcripts was
conducted. In term of GO biological process (BP), sig-
nal transduction, cell differentiation, intracellular signal
transduction, cell adhesion, cell migration, apoptotic pro-
cess, viral process, and cell-cell adhesion were enriched
(Fig. 1E, Supplemental Table 3A). For KEGG analysis,
the novel transcript were significantly enriched in NOD-
like receptor signaling pathway, chemokine signaling
pathway, Wnt signaling pathway, Ras signaling pathway,
mTOR signaling pathway, Rap1 signaling pathway, PI3K-
Akt signaling pathway, MAPK signaling pathway, apopto-
sis, and necroptosis (Fig. 1F, Supplemental Table 3B).

The function of differentially expressed transcripts
following C. jejuni inoculation

There were 121 transcripts (Fold Change>2, P<0.05)
differentially expressed between the treated and con-
trol groups, with 59 upregulated and 62 downregulated
transcripts in treated group (Fig. 2A). The expression of
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5 RT-qPCR validated genes were consistent with those
of Direct RNA sequencing (Fig. 2B). Then, we conducted
functional annotation of GO and KEGG pathway for
these differentially expressed transcripts (DETs) corre-
sponding genes. Those DETSs were significantly enriched
in 86 GO terms (57 biological process (BP), 23 molecu-
lar function (MF), and 6 cellular components (CC))
(P<0.05) (Supplemental Table 4A). Notably, cathelici-
din-3 (CATH3), cathelicidin-1 (CATHI), Avian beta-
defensin 1 (AvBDI), Avian beta-defensin 7 (AvBD?),
Interferon induced with helicase C domain 1 (IFIHI),
RNA binding motif protein 11 (RBM1I), Mitochon-
drial rRNA methyltransferase 2 (MRM?2) were signifi-
cantly enriched in immune-related terms such as defense
response to gram-negative bacteria, positive regulation of
interleukin-6 production, innate immune response, mac-
rophage activation, and epigenetic modification-related
pathways, including RNA methylation and regulation of
alternative mRNA splicing via spliceosome, RNA methyl-
transferase activity (P<0.05) (Fig. 2C). For KEGG analy-
sis, there were 21 pathways significantly enriched, such
as PPAR signaling pathway, steroid hormone biosyn-
thesis, viral protein interaction with cytokine and cyto-
kine receptor, metabolism of xenobiotics by cytochrome
P450, and drug metabolism - cytochrome P450 (P <0.05)
(Fig. 2D, detailed in Supplemental Table 2B). C-X-C motif
chemokine ligand 13-like 2 (CXCLI3L2) was involved
in viral protein interactions with cytokines and cytokine
receptors.

The variation of alternative splicing following C. jejuni
inoculation

We characterized the alternative splicing (AS) types in
each group and counted the number of significantly dif-
ferent AS types corresponding transcripts in each type.
The number of skipping exon (SE) splicing events was
the largest (28.2%) of all the AS types, whereas that of
the mutually exclusive exons (MX) splicing events was
the least (2.02%) (Fig. 3B). We identified 414 significantly
different AS events between groups T and C. The high-
est number of significantly different AS types between
T and C groups was SE (n=54) and the least was AL
(n=10) (Fig. 3C). The number of unique AS in T group
was lower than that in C group (Fig. 3D). Functional
enrichment of these significantly different AS events
were enriched in immune-related pathways such as baso-
phil activation involved in immune response, pyroptosis,
cellular response to biotic stimulus, positive regulation of
inflammatory response to antigenic stimulus, regulation
of NIK/NF-KB signaling (P<0.05) (Fig. 3E, detailed in
Supplemental Table 5A). KEGG enrichment of these sig-
nificantly different AS events indicated associations with
11 pathways including the p53 signaling pathway, drug
metabolism-cytochrome P450, Lysine biosynthesis, Toll
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and Imd signaling pathway, and C-type lectin receptor
signaling pathway (P<0.05) (Fig. 3F, detailed in Supple-
mental Table 5B).

Poly(A) tail length variation of transcripts following C.
jejuni inoculation

To determine the potential interaction of other factors
with transcript expression, we analyzed the poly(A) tail
length and expression of the corresponding transcripts.
The average length of the poly(A) tails of the transcripts
in T group was 84.21, which was shorter than that in C
group (86.81) (Fig. 4A). The length of the poly(A) tails
of the transcripts was negatively correlated with their
expression (R)=-0.33, Ri)=-0.32, P<0.05) (Fig. 4B).
Compared to C group, there were 271 transcripts con-
tained shorter poly(A) tails and 155 transcripts contained
longer poly(A) tails in T group (Fig. 4C, detailed in Sup-
plemental Table 6). GO annotation results showed that
the transcripts contained significantly different poly(A)
tail length were highly enriched in some immune-related
functional terms including response to stress, defense
response, innate immune response, negative regulation
of cytokine production, and epigenetic-related terms
including RNA splicing and RNA modification (P<0.05)
(Fig. 4D, detailed in Supplemental Table 7). Significantly
enriched KEGG pathways (P<0.05) were divided into
two groups, (1) Metabolism-related pathways includ-
ing sulfur relay system, porphyrin metabolism, steroid
hormone biosynthesis, ubiquitin-mediated proteolysis,
ubiquinone and other terpenoid-quinone biosynthesis,
and metabolism of xenobiotics by cytochrome P450, (2)
Immune-related pathway including apoptosis - multiple
species (Fig. 4E).

The profiling of m>C modification in the transcripts

We captured the genetic features of the 9 bp m°C meth-
ylation sites in T and C groups. The positions of the first,
second, fourth, and eighth bases in the m°C methylation
sites were changed between T and C groups (Fig. 5A).
Followed by the 3'UTR region, the m°C sites in T and
C groups were mainly distributed in the CDS region
(Fig. 5B). The proportion of m°C sites on different chro-
mosomes in T group was similar to that in C group, with
the highest proportion on Chr 1 (Fig. 5C). There were 29
DETs containing m°C modifications, of which, 14 were
upregulated and 15 were downregulated in T group com-
pared with C group (Fig. 5D, detailed in Supplemental
Table 8A). These DETs containing m°C modifications
were significantly enriched in 140 GO terms, including
93 BP, 34 MF, and 13 CC terms (P<0.05) (Supplemental
Table 8B). For BP terms, regulation of interferon-alpha
production, response to xenobiotic stimulus, immune
response-regulating signaling pathway, macrophage acti-
vation involved in immune response, toll-like receptor
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Fig. 6 Profiling of m®A modification in the transcripts following C. jejuni inoculation. (A) The genetic features of the 5 bp long m®A methylation sites of
C (right) and T (left) groups. (B) The proportion of m®A motif of C (right) and T (left) groups. (C) The ratio of m°A-modified sites distributed in the 5'UTR,
CDS, and 3'UTR of C and T groups. (D) The proportion of mPA sites on the chromosome in C and T groups. (E) The number of differentially expressed
transcripts containing m°A sites. (F) GO analysis of differentially expressed transcripts containing m°A sites. (G) KEGG pathway of differentially expressed

transcripts containing m°®A sites

4 signaling pathway, and negative regulation of NIK/
NEF-KB signaling were significantly enriched (Fig. 5E).
KEGG analysis results showed that these DETs contain-
ing m°C modifications were significantly enriched in 18
pathways (P<0.05) (Supplemental Table 8C) including
ether lipid metabolism, steroid hormone biosynthesis,
drug metabolism - cytochrome P450, bile secretion, drug
metabolism - other enzymes (Fig. 5F).

The profiling of m®A modification in the transcripts

The features of 5 bp m°A methylation sites in T and C
groups were similar (Fig. 6A). The proportion of GGACA
motif was the highest among all m°A motifs, represent-
ing 33.8% and 33.4% in T and C groups, respectively. The
GGACC motif was the least abundant motif, represent-
ing approximately 18.1% and 18.4% in T and C groups,
respectively (Fig. 6B). Similar to the m®C modification,
the mPA sites in T and C groups were mainly located in
the CDS region (Fig. 6C). Except for chromosome 20, the
m®A density on different chromosomes in T group was
higher than that in C group (Fig. 6D). The global level of
m®A decreased substantially following C. jejuni inocu-
lation (Supplemental Fig. 1). There were 37 DETs con-
taining m®A modifications, with 17 upregulated and 20
downregulated transcripts in T group compared with C
group (Fig. 6E, detailed in Supplemental Table 9A). Those
DETs were significantly enriched in 148 GO terms (96
BP, 46 MF, and 6 CC) (P<0.05) (Supplemental Table 9B).
Enriched BP terms mainly focused on the regulation of
interferon-alpha production, interferon-beta production,
cellular response to xenobiotic stimulus, type I interferon
production, immune response regulating signaling path-
way, and macrophage activation involved in the immune
response (Fig. 6F). Twenty KEGG pathways were sig-
nificantly enriched (P<0.05), such as RIG-I-like receptor
signaling pathway, platinum drug resistance, drug metab-
olism - other enzymes, steroid biosynthesis (Fig. 6G,
detailed in Supplemental Table 9C).

Joint analysis of post-transcriptional modification
following C. jejuni inoculation

To further clarify the function of m°C and mPA, we
analyzed the correlation between m°C/m°®A modifica-
tions and the expression of their target transcripts. The
expression of transcripts containing m°C or m°®A was
significantly higher than that of the transcripts with no
modification (P<0.05). M°C- modified transcripts with
higher fractions had higher expression levels, whereas

m®A- modified transcripts with lower fractions had
higher expression levels (P<0.05) (Fig. 7A and B). To
discover the interaction between m°C and mCA, we
compared the expression of transcripts with both modi-
fications to that of transcripts with one modification.
Transcripts containing both modifications had relatively
higher expression levels than those with only m®A modi-
fications or without modifications (Fig. 7C). In contrast
to m®A, transcripts with only m°C modifications showed
relatively higher expression levels than those with both
modifications or without modifications (Fig. 7D). m°C-
or m®A- modified transcripts had significantly shorter
poly(A) tail lengths than those without modifications
(Fig. 7E). Intriguingly, only m°C- modified transcripts
had the shortest poly(A) tail length compared to those
only m°A- modified transcripts and without modifica-
tions (Fig. 7F). These results indicated that m°C was
more effective in promoting the expression of transcripts.
Additionally, their impact on poly(A) tail length was
opposite to that on the expression.

To further verify the crucial process and hub genes of
chicken responding to C. jejuni inoculation, we merged
GO terms of these modules, including DETs, transcripts
with differentially significant poly(A) tail length, m°C
modified DETs, and m®A modified DETs. Terms like
response to the virus and negative regulation of inter-
feron-beta production were identified (P<0.05) (Fig. 7G).
Specially, ENSGALT00000020390 (novel transcript), and
ENSGALT00000053962 (IFIH1-202) were significantly
enriched (P<0.05). Furthermore, we visualized the m®A/
m°C modifications on these two target genes between C
and T groups. Compared to C group, T group had more
m®A and m°C sites on these two target transcripts, novel
transcript ENSGALT00000020390 only had m°A sites
without m°C site (Fig. 7G, detailed in the Supplemental
Fig. 2).

Discussion

As an enteric pathogen in the chicken gut, C. jejuni sig-
nificantly impacts gut permeability and organ invasion,
posing a tremendous threat to poultry health [38]. RNA
post-transcriptional modifications (PTMs) are a perva-
sive features common to all domains of organisms [39].
Accumulating evidence shows that PTMs can influence
the fundamental characteristics and functions of RNAs,
including their structure, stability, cellular localization
and inter-molecular interactions [40, 41].
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Fig. 7 Conjoint analysis of epigenetic modifications following C. jejuni inoculation. (A) Comparison of the expression level of transcripts with and without
m°C modification in C and T groups. High indicates the transcripts with the maximum fraction ranging from 0.9 to 1.0; low indicates the transcripts with
the maximum fraction ranging from 0.7 to 0.9; no indicates the transcripts without m°C modification. (B) Comparison of the expression level of transcripts
with and without m®A modification in C and T groups. High indicates the transcripts with the maximum fraction ranging from 0.5 to 1.0; low indicates
the transcripts with the maximum fraction ranging from 0.0 to 0.5; no indicates the transcripts without m°A modification. (C) The expression level of
transcripts with different modifications. Both indicates the transcripts modified by both m°%A and m°C; m®A indicates the transcripts modified by m°A
only; m°C indicates the transcripts modified by m°C only; no indicates the transcripts without mCA and m°C modifications. (D) Comparison of poly(A) tail
length of transcripts with and without m®A modification in Cand T groups. m°A indicates the transcripts modified by m°A; no indicates the transcripts not
modified by m°A. (E) Comparison of poly(A) tail length of transcripts with and without m°C modification in C and T groups. m°C indicates the transcripts
modified by m°C; no indicates the transcripts not modified by m>C. (F) The poly(A) tail length of transcripts with different modifications. (G) The intersec-
tion of GO terms of the DETs, differential poly(A) tail length corresponding to transcripts, m°C modified DETs, and m°A modified DETs modules. (H) The
chromosomal location of m°C and m®A of ENSGALT00000020390 (novel transcript) (left) and ENSGALT00000053962 (IFIHT) (right) in Cand T groups. moA:

depth > 10, fraction > 0.5; m°C: depth > 10, fraction > 0.7

In this study, we determined an unbiased quantita-
tive transcriptome and profiled post-transcriptional
modifications with manifestation in novel transcripts,
alternative splicing, poly(A) tails, m°C methylation, and
m®A methylation of chicken cecum following C. jejuni
inoculation by direct RNA sequencing, providing a more
authentic and comprehensive snapshot of the RNA land-
scape in the response to C. jejuni inoculation. We identi-
fied 8,560 novel genes and 10,503 novel transcripts. GO
enrichment and KEGG analysis result showed that these
novel transcripts were mainly associated with immune
related processes like apoptotic process, NOD-like recep-
tor signaling pathway, chemokine signaling pathway, Wnt
signaling pathway, Ras signaling pathway, and mTOR sig-
naling pathway. These pathways have been proved to be
associated with the immune response to bacterial infec-
tions [42, 43]. Our results suggest that the response of
chicken to C. jejuni inoculation mainly involved in the
above aspects of immune-related biological processes,
and further improving the annotation of the chicken
genome responding to C. jejuni inoculation and obtain-
ing new information on their functions.

Notably, we also performed alternative splicing analy-
sis, and most of the specific alternative splicing events of
T group were fewer than those of C group. Alternative
splicing events is universal phenomenon in functionally
coordinated and biologically important networks in the
context of physiologically normal and disease status [44].
Transcripts usually undergo one or more forms of alter-
native splicing [45]. In our study, these specific alternative
splicing events corresponding to transcripts were mainly
enriched in immune-related terms such as basophil acti-
vation involved in immune response, pyroptosis, cellular
response to biotic stimulus, positive regulation of inflam-
matory response to antigenic stimulus, Notch signaling
pathway, and regulation of NIK/NF-KB signaling. Aber-
rant RNA splicing can produce the abnormal modulation
of immune activity in infections and immune diseases
[46]. Co-incubation of HeLa cells with C. jejuni triggers
the activation of the transcription factor NF-KB [47]. It
was speculated that C. jejuni inoculation could inhibit
the production of alternative splicing and thus regulate

the immune response process. Poly(A) tails are bound by
the cytoplasmic polyadenylate-binding protein (PABPC),
thus promote translation and prevent mRNA degrada-
tion [7]. Here, the length of the poly(A) tails of the tran-
scripts was negatively correlated with their expression
levels. The length of poly(A) tail might be coupled to the
gene expression level, the transcripts with high expres-
sion level contain relatively short tails [48].

m®A is increasingly recognized as an important modi-
fication for the regulation of different RNAs in physi-
ological and pathological contexts [49, 50]. In the present
study, the global m®A levels were suppressed following C.
jejuni inoculation, indicating that m®A modification may
be involved in the regulation of C. jejuni inoculation. We
further quantified the distribution and density of m®A
sites. Most m°A sites were distributed in the CDS region
of mRNA, which is consistent with previous studies [51,
52]. Intriguingly, the position of the m°A sites did not
change following C. jejuni inoculation while the position
of the forth base in the m°C methylation site changed.
Zhou et al. [53] found that the position of the second base
in the m°C methylation site changed during sex differen-
tiation, while the m°A sequence features did not change.
We suspect that changes in the m°C methylation site may
occur during some biological processes. Notably, these
transcripts are mainly involved in the immune-related
process such as defense response to gram-negative bacte-
rium, CCR6 chemokine receptor binding, cytolysis, and
innate immune response, which have all been reported
in previous studies [54—57]. Additionally, the terms like
RNA methyltransferase activity was enriched, further
supporting our hypothesis that m®A modification may
be involved in the regulation of C. jejuni inoculation. The
biological importance of m°A and m°C has been previ-
ously confirmed [58, 59].

We clarified the relationship between m°®A/m°>C modi-
fication and the expression level of their targeted tran-
scripts, and found that transcripts containing m®A/m°C
modification displayed higher expression levels and
shorter poly(A) tails than those without modification,
which is consistent with previous research [60]. Par-
ticularly, no interactions were observed between m°A
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and m°C. These modifications can affect the stability or
translation efficiency of the target mRNAs [61]. To deter-
mine the crucial process and hub genes response to C.
jejuni inoculation, we performed a joint analysis of the
intersection of GO terms of these modules including
the DETs, differential poly(A) tail length corresponding
to transcripts, m°C modified DETs, and m°A modified
DETs. ENSGALT00000020390 (novel transcript), and
ENSGALT00000053962 (IFIH1-202) were significantly
enriched. IFIHI gain-of-function has been reported as
a cause of a type I interferon pathology encompassing a
spectrum of auto inflammatory phenotypes [62]. IFIHI as
an innate immune receptor plays a major role in sensing
viral infection and in the activation of a cascade of antivi-
ral responses including the induction of type I interferons
and pro-inflammatory cytokines [63]. These studies fur-
ther support ENSGALG00000012480 (novel gene), and
IFIHI could be potential candidate genes following C.
jejuni inoculation. Furthermore, we visualized the m°®A/
m°C modifications on these two target genes between
C and T groups to better clarify the detailed position
of methylation modifications. Compared to C group, T
group had more m°A and m°C sites on these two target
transcripts, indicating that methylation modifications
were more likely to occur following C. jejuni inoculation.

Conclusions

In conclusion, post-transcriptional modifications, includ-
ing alternative splicing, poly(A) tails and methylation
modifications are associated with the immune defense
process against C. jejuni inoculation. C. jejuni inocu-
lation mainly involved in immune-related biological
processes such as defense response to gram-negative
bacterium, CCR6 chemokine receptor binding, mTOR
signaling pathway and negative regulation of interferon-
beta production. ENSGALG00000012480 (novel gene),
and IFIHI could be potential candidate genes following
C. jejuni inoculation. The findings herein will contribute
to a better understanding of the immune mechanisms of
chickens following C. jejuni inoculation. However, fur-
ther studies are still needed to provide the detailed evi-
dence for the response to C. jejuni inoculation.
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