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By combining the experiments of reciprocal crosses of chicken infected with 

Salmonella enterica serovar Enteritidis (S. Enteritidis), we  focused on the 

common response of cecal microbiota to an inflammatory state in respect 

of transcriptome and microbiome. The inoculation of S. Enteritidis improved 

the microbial diversity and promoted the microbiota evolution in our infection 

model. Correlation analysis between bacteria and inflammation-related genes 

showed that some intestinal microorganisms were “inflammophile” and thrived 

in an inflamed environment. The global function of cecal microbiome was to 

maintain the homeostasis likely by the up-regulation of microbial metabolism 

pathway in bacitracin, putrescine, and flavonoids production, although the 

bacitracin may affect the symbiotic bacteria Enterococcus. The action of  

S. Enteritidis had close relationships with multiple inflammation-related genes, 

including the genes PTAFR, LY96, and ACOD1 which proteins are related to the 

binding and tolerance of LPS, and the genes IL-18, IL-18R1 and IL-18RAP which 

products can form a functional complex and transmit IL-18 pro-inflammatory 

signal. Additionally, the infection of S. Enteritidis aroused the transcription of 

EXFABP, which protein has a potential to sequestrate the siderophore and 

might cause the decline of Escherichia-Shigella and Enterococcus. S. Enteritidis 

can escape from the sequestrating through the salmochelin, another kind of 

siderophore which cannot be  recognized by EXFABP. Probably by this way,  

S. Enteritidis competed with the symbiotic bacteria and edged out the niches. 

Our research can help to understand the interplay between host, pathogen, 

and symbiotic bacteria.
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Introduction

Animal gastrointestinal tracts are highly populated with a 
diverse array of microorganisms that share a symbiotic 
relationship with their hosts and contribute to the overall health 
and disease state of the intestinal tract (Mon et  al., 2015). 
Microbiota is so important even like an essential “organ,” yet this 
ecosystem remains incompletely characterized (Hooper and 
Gordon, 2001; Eckburg et al., 2005), especially when facing the 
invasion of pathogenic bacteria.

Salmonella enterica is a kind of facultative intracellular 
pathogens (Barrow, 1996; Kaiser et al., 2000). One of its serotypes 
is Salmonella enterica serovar Enteritidis (S. Enteritidis), which is 
most frequently associated with diarrheal disease in humans but 
can colonize chicken intestine with little clinical symptoms (Awad 
et al., 2012). In chickens, the immune response to S. Enteritidis 
infection switches from earlier pro-inflammatory to later anti-
inflammatory tolerance within a few days. Microorganisms in the 
gut undergo selective pressure from the host as well as from 
microbial competitors (Arumugam et al., 2011). This situation is 
more stern for invasive Salmonella, which has evolved multiple 
mechanisms to outgrow other bacteria in hostile environment of 
the inflamed gut, including tetrathionate respiration (Winter et al., 
2010), nitrate respiration (Lopez et  al., 2012), ethanolamine 
nutrition (Thiennimitr et  al., 2011), salmochelin siderophore 
(Raffatellu et al., 2009), and the triggered inflammation itself.

Modest inflammation can help the host to resist the invasion 
of pathogens and is favored by partial microorganisms. Once 
excessively, it will damage the health of host and the normal 
community of microbiota. Understandably, the commensal 
bacteria can actively coordinate the immune tolerogenic response 
of host (Fava and Danese, 2011). We herein examine the chickens 
infected with S. Enteritidis in respect of transcriptome and 
microbiome for the interplay between host, pathogen, and 
symbiotic bacteria, and further knowledge of this microcosm.

Materials and methods

Animals and experimental design

As described previously (Hu et al., 2022), the chicks used in 
experiment were two populations of reciprocal crosses [the Cross 
(Guangxi Yao ♂ × Jining Bairi ♀) and the Reverse-cross (Guangxi 
Yao ♀ × Jining Bairi ♂)], which derived from two Chinese local 
chickens, Guangxi Yao and Jining Bairi. For each crossbreed, 100 
mixed gender, Salmonella-negative birds were randomly divided 
into two groups and housed in separated isolators (32 to 35°C, 50 
to 60% RH, and 24 h light) with ad libitum access to water and 
antibiotic-free feed. The strain of S. Enteritidis (CVCC3377) was 
purchased from China Veterinary Culture Collection Center 
(Beijing, China). After rejuvenation with nutrient broth (Hopebio, 
Qingdao, China), the bacterial solution was centrifuged at 
4,000 rpm for 5 min and suspended again with sterilized PBS to 

1.0 × 108 cfu/ml. At 2-day old, the birds of treatment group were 
orally inoculated with 0.3 ml S. Enteritidis, and the birds of control 
group were mock inoculated with the same volume of PBS. At 
3 days post-inoculation (dpi), 9 to 12 birds in each group were 
sacrificed. The cecal contents and cecum tissues were collected 
aseptically for 16S rRNA gene sequencing and RNA sequencing, 
respectively. The experimental procedure was repeated on another 
crossbreed. Thus four groups were generated as Cross Control 
(CC, n = 3 for transcripomic sequencing and 11 for microbiomic 
sequencing), Cross Treatment (CT, n = 3 and 11), Reverse-cross 
Control (RC, n = 3 and 9), and Reverse-cross Treatment (RT, n = 3 
and 9). The animal experiment was approved by the Laboratory 
Animal Management and Use Committee of Shandong 
Agricultural University (Permit Number: SDAUA-2018-058). 
We strove to reduce the suffering of animals.

As described in our previous study (Hu et al., 2022), to focus 
on the common characteristics across the two crossbreeds and 
increase the reliability of the analysis, we combined the experiments 
of reciprocal crosses. That is, the control groups (CC and RC) and 
the treatment groups (CT and RT) were merged into MC and MT, 
respectively. Thus, the sample size was 6 and 20 in each merged 
group for transcriptome and microbiome, respectively. The 
theoretical basis of this method is: (i) the circumstances and the 
operation were repeated to guarantee the experimental consistence; 
(ii) the chicken genotype had reported having a limited effect on 
resistance to S. Enteritidis infection between two inbred lines (Mon 
et al., 2015) and our reciprocal crosses were speculated to have a 
similar genetic resistance to pathogens; (iii) the alpha diversity 
estimates with Shannon (Supplementary Figure S1) and Simpson 
(Supplementary Figure S2) indexes were comparable between the 
reciprocal crosses of non-infected chickens.

Total RNA isolation, library preparation 
and sequencing

The details were described in our previous study (Hu et al., 
2022). RNA sequencing and the preliminary analysis were 
completed in Shanghai OE Biotech Co., Ltd. (Shanghai, China).

Bacterial DNA extraction and 16S rRNA 
gene sequencing

Bacterial DNA was extracted from the samples of cecal contents 
using the OMEGA DNA Kit (Omega Bio-Tek, Norcross, 
United States) according to manufacturer’s protocols. The final DNA 
concentration and purification were determined by NanoDrop 2000 
(Thermo Scientific, Wilmington, United States), and DNA quality 
was checked by 1% agarose gel electrophoresis. The V3-V4 region 
of the bacteria 16S rRNA gene was amplified by PCR using the 
following primer pair: 338F, ACTCCTACGGGAGGCAGCAG, and 
806R, GGACTACHVGGGTWTCTAAT. PCR reactions were 
performed in 20 μl mixture containing 4 μl 5 × FastPfu Buffer, 2 μl 
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2.5 mM dNTPs, 0.8 μl 5 μM each primer, 0.4 μl FastPfu Polymerase 
and 10 ng template DNA under the following cycling conditions: 
3 min at 95°C followed by 27 cycles of 30 s at 95°C, 30 s at 55°C and 
45 s at 72°C, and a final 10 min at 72°C. The pooled products were 
paired-end sequenced (2 × 300) on the Illumina MiSeq platform 
(Illumina, San Diego, United States) according to standard protocols.

Raw fastq files were demultiplexed, quality-filtered by 
Trimmomatic and merged by FLASH with the following criteria: 
(i) The reads were truncated at any site receiving an average 
quality score < 20 over a 50 bp sliding window. (ii) Primers were 
exactly matched allowing 2 nucleotide mismatching, and reads 
containing ambiguous bases were removed. (iii) Sequences whose 
overlap longer than 10 bp were merged according to their overlap 
sequence. Operational taxonomic units (OTUs) were clustered 
with 99% similarity cut-off using UPARSE and chimeric sequences 
were identified and removed using UCHIME. The taxonomy of 
each 16S rRNA gene sequence was analyzed by RDP Classifier 
algorithm against the Silva138 16S rRNA database using 
confidence threshold of 70%. 16S rRNA gene sequencing and the 
preliminary analysis were completed in Majorbio Biotech Co., Ltd. 
(Shanghai, China).

Statistical analysis

We performed the analyses of DESeq2, BugBase, PICRUSt1, 
Wilcoxon rank-sum test, Studen’s t test and so on, which details 
were recorded in the results. Most of them were run on the 
OEBiotech Cloud1 and the Majorbio Cloud.2

Availability of data

The transcriptome data and the microbiome data were 
deposited in National Genomics Data Center3 under BioProject 
accession number CRA005292 and CRA004605, respectively.

Results

The triggered inflammatory response in 
cecum tissue

The result of 16S rRNA gene sequencing showed that 
S. Enteritidis (OTU607) was detected in treatment groups (CT 
and RT) but not in the control groups (CC and RC; 
Supplementary Table S1), suggesting the success of challenge 
work. As described in our previous study (Hu et al., 2022), 
after the merging, there were total 15,205 genes in RNA-seq 

1 https://cloud.oebiotech.cn

2 www.majorbio.com

3 https://ngdc.cncb.ac.cn/

dataset of 12 samples and 525 differentially expressed genes 
(|log2FC| > 1 and Padj < 0.05; Supplementary Table S2), of 
which 394 and 131 were up-and down-regulated compared to 
the control (MC), respectively. The RNA-seq data were 
validated with 29 genes by RT-qPCR. All the 30 genes enriched 
in inflammatory response term were up-regulated significantly 
and the NF-κB signaling pathway was activated at mRNA 
level. Importantly, the negative regulators of NF-κB signal, 
ACOD1 and TNIP3, and the anti-inflammatory cytokine 
IL-10 were all increased sharply at mRNA level. The above 
data indicated that the innate immune response was triggered 
and was transforming to the anti-inflammatory tolerance 
at 3 dpi.

Microbial richness and diversity

16S rRNA gene sequencing of 40 samples generated 2,386,945 
high-quality sequence reads (415 nt in average), which were 
clustered into 943 OTUs (Supplementary Table S1) including 10 
phyla, 15 classes, 39 orders, 66 families, 122 genera, and 198 
species. All the samples were rarefied to 30,221 reads. The 
Firmicutes phylum had the most OTUs (798, 84.6%) and reads 
(864,800, 71.5%), following Proteobacteria (86, 9.1%; 341,097, 
28.2%), Bacteroidota (28, 3.0%; 189, 0.02%), Actinobacteriota (11, 
1.2%; 1,469, 0.12%), Patescibacteria (1, 0.1%; 2, ~0%), 
Verrucomicrobiota (1, 0.1%; 2, ~0%), Acidobacteriota (1, 0.1%; 1, 
~0%), Elusimicrobiota (1, 0.1%; 1, ~0%), Synergistota (1, 0.1%; 1, 
~0%), and some unclassified OTUs (15, 1.6%; 1,278, 0.11%).

As described in Materials and Methods, we  merged the 
control groups (CC and RC) and the treatment groups (CT and 
RT) into MC (n = 20) and MT (n = 20), respectively. Analysis on 
OTU level showed that the richness estimate with Sobs (Figure 1A) 
and Chao (Figure 1B) indexes was comparable between MC and 
MT (p = 0.105 and 0.365, respectively), but the latter had a 
tendency of increase. At the same time, the evenness estimate with 
Shannoneven (Figure 1C) and Simpsoneven (Figure 1D) indexes 
was increased significantly after inoculation (p = 4.2E-04 and 
0.029, respectively). Under the co-action of richness and evenness, 
the diversity estimate of MT with Shannon (Figure  1E) and 
Simpson (Figure 1F) indexes had a marked increase compared to 
MC (p = 8.4E-04 and 0.002, respectively). It should be noted that 
the diversity analysis within each crossbreed had the similar result 
(Supplementary Figures S1, S2).

Microbial community composition

The Firmicutes and Proteobacteria phyla were dominant in 
the cecal microbiota of 5-day-old chickens regardless of 
whether S. Enteritidis was inoculated or not (Figure  2). 
Compared to control, Firmicutes increased from 66.91 to 
76.17% (p = 0.041) while Proteobacteria decreased from 32.80 
to 23.64% (p = 0.044).

https://doi.org/10.3389/fmicb.2022.963678
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://cloud.oebiotech.cn
http://www.majorbio.com
https://ngdc.cncb.ac.cn/


Hu et al. 10.3389/fmicb.2022.963678

Frontiers in Microbiology 04 frontiersin.org

Further analysis on family (Figure 3) and genus (Figure 4) 
levels showed that the decline of Proteobacteria phylum was 
principally caused by Enterobacteriaceae family (from 32.72 to 
23.63%, p = 0.044) and its Escherichia-Shigella genus (from 30.32 
to 18.75%, p = 0.005), though its two other genera Salmonella 
(from 0 to 1.09%, p = 1.13E-08) and Klebsiella (from 1.87 to 3.07%, 
p = 0.304) had an increase compared to control.

For Firmicutes phylum, the Lachnospiraceae family had 
the largest increase after S. Enteritidis inoculation (from 22.76 
to 33.14%, p = 0.060; Figure 3), which was mainly attributed to 
its two genera, an unclassified (from 10.56 to 11.95%, 
p = 0.072) and NK4A136 group (from 2.38 to 10.54%, p = 0.186; 
Figure  4). The secondary contribution to the increase of 

Lachnospiraceae family was from Ruminoccus torques group 
(from 1.53 to 3.13%, p = 0.507), Sellimonas (from 2.45 to 
2.70%, p = 0.218) and Blautia (from 2.19 to 2.40%, p = 0.377). 
A norank genus of Ruminococcaceae family was increased 
significantly (from 1.42 to 2.64%, p = 0.001) though the overall 
increase of this family was not marked (p = 0.239). 
Erysipelotrichaceae family was almost composed of 
Clostridium innocuum group, which increased markedly after 
inoculation (from ~0 to 1.49%, p = 5.9E-04). It is worth noting 
that, contrary to the overall up-regulation of Firmicutes 
phylum, Enterococcaceae family and its only Enterococcus 
genus decreased notably after inoculation (from 9.11 to 4.89%, 
p = 0.053).

A B

C D

E F

FIGURE 1

Alpha diversity of cecal microbiota. (A) Sobs index; (B) Chao index; (C) Shannoneven index; (D) Simpsoneven index; (E) Shannon index; and 
(F) Invsimpson index.
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The predicted phenotypes and functions 
of cecal microbiota

To explore the influence of microbiota change on 
phenotype, we used the BugBase tool to predict the phenotypes 

(Figure 5). After inoculation, the Gram-positive bacteria and 
the anaerobes were decreased (p < 0.05), but the facultative 
anaerobes, the bacteria containing mobile elements, and the 
potential pathogen were increased (p < 0.05). As S. Enteritidis 
only contributed about 1% of the proportion, we deduced that 

FIGURE 2

Difference analysis on Phylum level.

FIGURE 3

Difference analysis on Family level.
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the phenotypic differences were derived from cecal microbiota 
rather than S. Enteritidis alone.

In addition, we  used the PICRUSt1 tool to predict the 
functions of cecal microbiota. Among the 125 metabolic pathways 
on level three (Supplementary Table S3), 9 pathways were screened 
out (1.3 foldchanges between MC and MT, p < 0.05, Student’s t 
test), including D-Arginine and D-ornithine metabolism 
(FC = 3.07, p = 8.5E-05), Flavonoid biosynthesis (FC = 2.80, 
p = 0.001), Flavone and flavonol biosynthesis (FC = 2.70, p = 0.006), 
Steroid hormone biosynthesis (FC = 2.59, p = 0.007), N-Glycan 
biosynthesis (FC = 2.52, p = 0.003), Atrazine degradation 
(FC = 1.88, p = 0.006), Other glycan degradation (FC = 1.64, 
p = 0.023), Biosynthesis of siderophore group nonribosomal 

peptides (FC = 0.72, p = 0.027), and Fluorobenzoate degradation 
(FC = 0.67, p = 0.023).

The relationship between bacteria and 
the inflammation-related genes

The host’s genes can not affect intestinal bacteria directly, but 
there must be some indirect relationships between them, especially 
for the inflammation-related genes. As the 12 transcriptomic 
samples were overlapped with the microbiomic samples, 
we constructed the correlation analysis with the most abundant 
50 OTUs and the 30 genes enriched in inflammatory response 

FIGURE 4

The top 21 genera with abundance >1% in treatment or control group.
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term (Figure 6). The result showed that these OTUs were obviously 
divided into three categories. Category 1 is generally negatively 
correlated with these genes while category 2 is positively correlated 
with most of them. Relatively, category 3 has little relationship 
with these genes. It was known that all the 30 inflammation-
related genes were up-regulated after inoculation. We deduced 
that the OTUs in category 1 should be decreased and the OTUs in 
category 2 be increased. Consistantly, after examining our 16S 
rRNA gene sequencing data, we found that all the OTUs with 
p < 0.1 (Student’s t-test between MC and MT) in category 1 were 
decreased after inoculation, including OTU825 (Escherichia-
Shigella), OTU275 (Enterococcus), OTU669 (an unclassified of 
Lachnospiraceae), and OTU668 (an unclassified of 
Lachnospiraceae), while all the OTUs with p < 0.1 in category 2 
were increased after inoculation, including OTU607 (Salmonella), 
OTU269 (Negativibacillus), OTU150 (Flavonifractor), OTU896 
(Clostridium innocuum group), OTU949 (a norank of 
Ruminococcaceae), OTU868 (an unclassified of Lachnospiraceae), 
and OTU886 (an unclassified of Lachnospiraceae). We inferred 
that the microbes in category 2 were more adaptable to the 
inflamed cecal environment than the ones in category 1.

Additionally, we found S. Enteritidis (OTU607) was correlated 
positively with genes PTAFR, EXFABP, IL18, IL18R1, IL18RAP, 
PSTPIP1, TLR2A, LY96, CCL4, BCL6, TLR15, CCR2, ACOD1, and 
THEMIS2 (p < 0.05). By retriving the functions of these genes in 
NCBI, we found that the proteins encoded by PTAFR, LY96, and 
ACOD1 are related to the binding and tolerance of 
lipopolysaccyaride (LPS); the products of IL-18, IL-18R1 and 
IL-18RAP can form a functional complex and transmit IL-18 
pro-inflammatory signal, which is capable of stimulating 
interferon gamma production [the gene IFNG was increased by 
18.06 times (Padj = 3.33E-06) at mRNA level in our RNA-seq 
data], and of regulating both T helper (Th) 1 and Th2 responses. 
Importantly, EXFABP [increased by 14.19 times (Padj = 5.43E-09) 
in our RNA-seq data and 14.62 times (p = 0.006, Student’s t test) in 
RT-qPCR data compared to control] encodes a conserved domain 
(NCBI: cd19439), which is bacteriostatic and tightly binds the 
2,3-catechol-type ferric siderophores associated with enteric 

bacteria and Gram-positive bacilli. These data indicated that the 
host’s inflammatory response was closely related to the 
S. Enteritidis infection.

Discussion

Bacterial colonization of the intestinal tract begins after 
birth or hatching, or earlier (Ding et al., 2017; Lee et al., 2019). 
In chickens, initial gut colonizers are recruited from facultative 
anaerobes of the Enterobacteriaceae family (Proteobacteria 
phylum), following the representatives of Firmicutes within a 
week after hatching and the representatives of Bacteroidetes 
lastly (Videnska et al., 2014). According to the clustering result, 
Videnska et al. (2014) defined four developmental stages of 
microbiota composition during the chicken’s whole life 
(60 weeks of age). In the first stage (the first week), the cecal 
microbiota was dominated by Proteobacteria and Firmicutes 
phyla (~99.9% of abundance), which is consistent with our 
data. Importantly, the primary and secondary roles of the two 
phyla were reversed on day 4 and 7  in their study. The 
Firmicutes increased from 34.4 ± 17.9% to 66.5 ± 7.31% while 
the Proteobacteria decreased from 65.5 ± 17.9% to 33.3 ± 7.30%. 
At the same time, both the observed OTU numbers and the 
chao1 index were increased markedly, reflecting the increase of 
microbiota richness. The tendencies of change on phyla and 
richness in their study are coherent to our result of S. Enteritidis 
treatment compared to control. It is suggested that the 
inoculation of S. Enteritidis, a non-host specific pathogen, can 
phenotypically promote the evolution of chicken microbiota 
from single species to a complex community at newly hatching 
period. This might be  due to the inflammation and the 
environmental changes, which broke the original ecological 
balance and induced some low-abundance species 
to proliferate.

Our result at this point is contrary to previous studies (Mon 
et al., 2015; Liu et al., 2018), which reported the diversity of cecal 
microbiota was reduced after S. Enteritidis inoculation. This 

FIGURE 5

The predicted phenotypes.
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discrepancy may be caused by many factors including bacterial 
strains and concentration, chicken breeds and age, etc. For 
example, Mon et al. (2015) inoculated the chicks at 1-day old and 
sampled at 2 and 7 dpi, while we did them at 2-day old and 3 dpi, 
respectively. As well known, the bacterial community succeeds 
rapidly and may exhibit radical shifts at a daily scale (Gilbert et al., 
2010; Cong et al., 2017), especially in the first week after hatching.

Function prediction of cecal microbiome by PICRUSt1 found 
nine metabolic pathways changed significantly compared to 
control. It is worth noting that D-Arginine and D-ornithine 
metabolism is a module of D-Amino acid metabolism (KEGG: 
ko00470). There are two key products derived from this module, 
bacitracin and putrescine. Bacitracin is a natural polypeptide 
antibiotic and interferes with the peptidoglycan synthesis of 
Gram-positive microorganisms (Butaye et al., 2003). Putrescine 

has been demonstrated to promote animal growth and facilitate 
the recovery of intestinal epithelium after infection (Girdhar et al., 
2006). They might contribute to the decrease of Gram-positive 
Enterococcus genus and the restitution of infected epithelium, 
respectively. The other two pathways Flavonoid biosynthesis 
(KEGG: ko00941) and Flavone and flavonol biosynthesis (KEGG: 
ko00944) can synthesize a variety of flavonoids, which exhibit 
diverse biological properties such as anti-inflammatory (Feng 
et al., 2012), antimicrobial (Huang et al., 2014), and cytotoxic (He 
et al., 2022). Flavonoids might be employed by microbiota as a 
kind of colonization resistance to invasive S. Enteritidis. Another 
important metabolic pathway is the Biosynthesis of siderophore 
group (KEGG: ko01053). Some bacteria including Escherichia coli 
(Julien et al., 2020) possess this pathway and produce siderophores 
to promote the uptake of iron, which is of great significance in 

FIGURE 6

The correlation analysis between the top50 OTUs and 30 inflammation-related genes. The significant level in figure is marked as *(0.01 ≤ p < 0.05), 
**(0.001 ≤ p < 0.01), and ***(p < 0.001). 
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their colonization, growth, and invasion. This pathway’s reduction 
should be associated with a significant decrease in Escherichia-
Shigella genus. Based on the above information, we deduced that 
the cecal microbiome might exert colonization resistance and help 
to maintain homeostasis by producing the bacitracin, putrescine, 
and flavonoids. However, the bacitracin can affect the symbiotic 
Gram-positive Enterococcus, which maybe caused the decline of 
this genus.

Microorganisms have evolved the ability to thrive in host 
gastrointestinal tract, including in states of inflammation 
(Mukhopadhya et  al., 2012). According to the result of the 
correlation analysis (Figure  6), we  defined three categories of 
bacteria. The bacteria of category 1, represented by genera 
Escherichia-Shigella and Enterococcus, were sensitive to 
inflammtory factors and reduced in this state. The bacteria of 
category 2, represented by genera Salmonella, Negativibacillus, 
Flavonifractor, and Clostridium innocuum group, could thrive in 
the inflamed environment. These bacteria may be the so-called 
“inflammophile” organisms, which in turn can perpetuate the 
inflammation to support their own survival (Mukhopadhya et al., 
2012). It should be noted that there were two unclassified genera 
of Lachnospiraceae in each of these two categories (OTU668 and 
OTU669  in category 1; OTU868 and OTU886  in category 2), 
indicating the functional diversity of this family.

In a study of obesity and diabetes in mice, Cani et al. (2008) 
evidenced that gut bacteria are involved in high-fat diet-induced 
metabolic endotoxemia and inflammation, which attributes to the 
increase of gut permeability and enhancement of LPS absorption. 
As well known, the intestinal epithelium acts as a barrier to avoid 
LPS translocation, but some endogenous or exogenous factors 
may alter this function, such as alcohol consumption and 
pathogen invasion. Salmonella can entry into epithelial cells via a 
type III secretion system, which is present and conserved in all 
Salmonella serotypes tested (Ochman and Groisman, 1996; 
Darwin and Miller, 1999). This action and the subsequent 
inflammation will inevitably cause intestinal epithelium and 
mucosa damage, leading to a leaky gut and ascended plasma 
LPS levels.

In accordance with this research, the genes PTAFR, LY96, 
and ACOD1 were increased notably in our data, symbolizing the 
enhancement of the binding and tolerance of LPS. It was rational 
to infer that the invasion of S. Enteritidis gave rise to the increase 
of facultative anaerobes, potential pathogens, and Gram-
negative bacteria (Figure 5), and a natural rise of LPS in cecal 
contents, which continuously entered into the system through 
the injured epithelium and sustain the immune response of 
the host.

The host’s EXFABP can tightly bind the ferric siderophores, 
which are associated with enteric bacteria and Gram- 
positive bacilli (NCBI: cd19439). The marked decrease of 
Enterobacteriaceae family and Enterococcaceae family (Bacilli 
class) let us image that S. Enteritidis aroused the inflammation 
and EXFABP protein to limit the growth of the two species, and 
competed for their nutrients and niches. At the same time, 

S. Enteritidis produced two siderophores, enterobactin and 
salmochelin. The latter is not recognized by EXFABP, thus 
allowing the S. Enteritidis to escape EXFABP-mediated growth 
inhibition under iron restriction (Julien et  al., 2020). 
Additionally, Firmicutes is characterized by the acquisition of 
Fe2+ via the FeoAB transport system and is independent of the 
siderophore (Polansky et al., 2015; Flannagan et al., 2022), which 
may be  one of the causes that led to its increase after 
S. Enteritidis inoculation.

Conclusion

In an inflammatory state induced by S. Enteritidis, the 
response of cecal microbiota was diverse. Some bacteria such 
as Salmonella, Negativibacillus, Flavonifractor, and 
Clostridium innocuum group had a preference for 
inflammation and outgrew other bacteria. The action of 
S. Enteritidis had close relationships with multiple 
inflammation-related genes, such as PTAFR, LY96, ACOD1, 
IL-18, IL-18R1 and IL-18RAP. Additionally, the challenge of 
S. Enteritidis aroused the transcription of EXFABP, which 
protein can sequestrate the siderophore secreted by enteric 
bacteria and Gram-positive bacilli, such as Escherichia-
Shigella and Enterococcus. S. Enteritidis can escape from the 
sequestrating through the particular salmochelin, another kind 
of siderophore which cannot be  recognized by 
EXFABP. We assumed that, probably by this way, S. Enteritidis 
competed with its relatives and other symbiotic bacteria, and 
profited from others’ misfortune.
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