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Abstract
Salmonella enterica serovar Typhimurium isolate HJL777 is a virulent bacterial strain in pigs. 
The high rate of salmonella infection are at high risk of non-typhoidal salmonella gastroenteri-
tis development. Salmonellosis is most common in young pigs. We investigated changes in 
gut microbiota and biological function in piglets infected with salmonella via analysis of rectal 
fecal metagenome and intestinal transcriptome using 16S rRNA and RNA sequencing. We 
identified a decrease in Bacteroides and increase in harmful bacteria such as Spirochaetes 
and Proteobacteria by microbial community analysis. We predicted that reduction of Bacteroi-
des by salmonella infection causes proliferation of salmonella and harmful bacteria that can 
cause an intestinal inflammatory response. Functional profiling of microbial communities in 
piglets with salmonella infection showed increasing lipid metabolism associated with prolifer-
ation of harmful bacteria and inflammatory responses. Transcriptome analysis identified 31 
differentially expressed genes. Using gene ontology and Innate Immune Database analysis, 
we identified that BGN, DCN, ZFPM2 and BPI genes were involved in extracellular and im-
mune mechanisms, specifically salmonella adhesion to host cells and inflammatory respons-
es during infection. We confirmed alterations in gut microbiota and biological function during 
salmonella infection in piglets. Our findings will help prevent disease and improve productivity 
in the swine industry.
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INTRODUCTION
Various stress factors such as environmental and nutritional stresses as well as weaning affect animal 
productivity and health. In the case of piglets with reduced digestive capacity, protein is not digested 
by salmonella in the gastrointestinal tract and fermentation of these proteins proceeds, which generate 
branch chain fatty acids and ammonia nitrogen. These products are toxic metabolites of the intestinal 
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mucosa that damage the intestinal mucosa and cause diarrhea. This usually decreases villus height 
and digestive enzyme activity during the first few days after weaning [1]. Weaning stress is the main 
cause of economic loss to pig farmers. In addition, salmonella-infected pigs entering the human 
food chain is a cause of concern in terms of food safety. To address this concern, it is desirable to 
eliminate the problem at the weaning step [2]. 

Salmonella enterica serovar Typhimurium is widely isolated serotype of S. enterica in pigs. S. 
typhimurium isolate HJL777 is a strong, virulent strain in mice [3]. In pigs, the disease is susceptible 
to all ages, but it is most common in weaned pigs. The common clinical symptom in pigs with 
salmonella-infected is enterocolitis. Due to infected pigs can shed salmonella for at least 28 weeks, 
these pigs can become salmonella storages, which can be a potential factor for infecting other 
animals. S. typhimurium is highly contagious and can spread dramatically within pig populations 
once infected [4]. Piglets with salmonella-infected can cause significant economic losses to pig 
farmer.

Intestinal microbial communities associate with the overall development and metabolic of 
animals. In addition, the intestinal microbiome is a vital stimulus in the development of the immune 
system in pigs. The microbiome changes by many factors such as antibiotics, stress and diet [5]. The 
16s rRNA gene sequences of intestinal microbes have been used to determine taxonomic identities. 
Additionally, when the production of 16s rRNA gene sequences is combined with high throughput 
DNA sequencing, it provides a means of describing microbial presence in various communities. 
Furthermore, Freeman et al. [6] provides a detailed atlas of gene expression in a variety of pig tissues 
through transcriptome analysis using RNA sequencing, with particular emphasis on the intestines. 
However, research into gene expression in pig intestines using RNA sequencing is still lacking.

Various methods to reduce or eliminate salmonella infection in young pigs have been used, 
such as vaccination, competitive exclusion, feed and water treatments, antibiotic administration, 
disinfection of animals, and segregated weaning to clean accommodations [2]. However, when 
weaned pigs are infected with salmonella, little is known about the exact effects of salmonella on the 
intestinal microbiome, gene expression patterns, and biological function based on genomics. In this 
study, we aimed to identify the change in gut microbiota and biological function of piglets when 
they were infected with salmonella. This was accomplished by analyzing the fecal metagenome and 
intestinal transcriptome using 16S rRNA and RNA sequencing. Many studies have researched 
the metagenomics features of gut microbial using feces and the role of the small intestine, which 
is primarily involved in the host’s immune system [7]. Our studies will help to prevent salmonella 
infection in young pigs. Furthermore, these studies will support disease prevention and improve 
productivity in the swine industry.

MATERIALS AND METHODS
Experimental animals
In this study, we used six female three-way crossbred (Landrace × Yorkshire × Duroc) piglets. All 
animal experiments were performed with in accordance with national and university guidelines. 
The animal protocol reported in this study was approved by the Chonbuk National University 
Animal Ethics Committee in accordance with the guidelines of the Korean Council on Animal 
care (CBNU 2015-029). We randomly assigned weaned piglets at 4 weeks after birth to the control 
and treatment groups (n = 3). Each group was housed in an environmentally controlled separate 
room to prevent cross-contamination between groups in the experimental swine unit of the College 
of Veterinary Medicine at Jeonbuk National University. Each room was equipped with a ventilation 
fan and separate air-conditioning system. Piglets were fed ad libitum with fresh water and weaning 
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food (FARMSCO, Anseong, Korea) for the entire duration of the experiment. The information of 
experimental animals in the experiment is the same as our previous paper.

Salmonella infection
The wild type S. typhimurium isolate HJL777 was used as a challenge strain, as described by a 
previous study [8]. After 1 week allowing for adaptation, 3 piglets in the infected group were orally 
challenged with 5×10E9 CFU) of HJL777 in 2 mL of sterile phosphate-buffered saline (PBS)-
sucrose. All piglets were monitored daily for diarrhea during the 4-week post-challenge period. 
Induction of diarrhea by the challenge strain was confirmed by isolating the challenge strain from 
the rectal swab of a piglet with diarrhea [9].

Blood sampling and serum immunoglobulin G assay
For immunoglobulin G (IgG) measurements, we collected blood samples from piglets on days 
0, 14 and 28 during the 4-week trial. Whole blood samples were collected from the jugular vein 
of pigs using a serum collection tubes (BD Vacutainer SSTTM II Advance, Becton Dickinson, 
Plymouth, UK), and serum was obtained by centrifuging at 2500×g for 20 minutes within 3 hours 
of collection. Serum was stored at –20℃ for subsequent analysis of IgG. Standard ELISA was 
performed using a pig IgG ELISA quantification kit according to the manufacturer’s instructions 
(Bethyl Lab, Montgomery, TX, USA) to determine the IgG concentration in the serum.

Collection of rectal feces and intestinal tissues
At the end of the animal experiment, all piglets were euthanized by intramuscular administration 
of ZoletilTM 50 (Virbac; 7–10 mg/kg of body weight; Carros, Cedex, France) and xylazine (2.32–
3.48 mg/kg; Bayer Korea, Ansan, Korea). Rectal fecal samples were collected from each piglet and 
transferred to sterile tubes, and the samples were immediately frozen on dry ice. For subsequent 
isolation of fecal microbial DNA, it was stored at -80℃. The small intestine was removed from the 
cavity and divided into 10 equal length portions. Each distal portion of the small intestine (segment 
8) was transferred to a sterile tube and immediately frozen on dry ice and stored at −80℃ for 
subsequent RNA isolation.

Histochemical staining
The small intestine (duodenum, jejunum, ileum) from piglets was collected and fixed with 10% 
neutral buffered formalin (NBF). Paraffin-embedded tissue blocks were cut to 5 μm. The excised 
samples were deparaffinized in xylene, hydrated with a series of ethanol, and then stained with 
hematoxylin and eosin (HE) to analyze the histological composition of the tissues. Stained sections 
were dehydrated in ascending ethanol, removed from xylene, and mounted on slides. Digital images 
were taken at a fixed 100× magnification using a Leica DM2500 microscope (Leica Microsystems, 
Wetzlar, Germany).

Enumeration of lactic acid bacteria
A 10 g rectal stool sample was aseptically removed from a sterile tube and placed in a Whirl-Pak® 
bag (Nasco, Fort Atkinson, WI) containing 90 mL of 0.1% peptone water. Samples were placed in 
the stomach for 2 minutes and serially diluted. The diluted samples were then plated on de Man, 
Rogosa & Sharpe (MRS) plates containing 0.05% (w/v) bromocresol purple (BCP). The plates 
were then incubated anaerobically at 37℃ for 48 h. Counts were recorded in colony forming units 
per gram (CFU/g).
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Fecal DNA preparation and microbial community analysis
The Epicenter DNA Isolation Kit was used to isolate three biologically replicated DNA from each 
dietary group and extract approximately 900 ng of DNA from each sample. DNA quality was 
checked with the Bioanalyzer using the Agilent RNA 6000 Pico Kit (Agilent, Santa Clara, CA, 
USA). To sample the V3-V4 variable region of the 16S rRNA gene, all samples in the reservoir 
were prepared using the 16S library preparation protocol and the Nextera XT DNA index kit 
(Illumina, San Diego, CA, USA). Quantification of the library was measured using a CFX96 
real-time polymerase chain reaction (PCR) system (BioRad, Hercules, CA, USA). Samples were 
then loaded into the MiSeq reagent cartridge (Illumina) and instrument. This loading resulted in 
automated cluster generation and 2 × 300 base pair (bp) paired-end sequencing.

Using the MiSeq output, the Quantitative Insights Into Microbial Ecology (QIIME) (version 
1.9.1) [10] generates useful information about the microbial community in each sample. We 
performed the upstream and downstream analysis. In the upstream analysis, we merged paired-
end reads and then conducted demultiplexing of the merged reads. As we performed this step, 
we applied --barcode_type ‘not-barcoded’ option because the barcode sequence has already been 
removed from our sequence data. Some of the chimeric sequences could be generated from 
multiple parent sequences in PCR amplification step and confirmed chimeras in our fasta files 
using the GREENGENES database [11] and vsearch (2.4.4 version) [12]. And then, we filtered 
out the identified chimera sequences from the fasta files. The filtered sequences were clustered 
into Operational Taxonomic Units (OTUs) to produce groups of organisms defined by unique 
phenotypic similarities that establish candidate taxa [13,14]. The OTUs were calculated based on 
sequence identity. If the sequence was more similar than the user-defined identity threshold, the 
sequence represented as a percentage is clustered together. The threshold at this level was set to 97% 
of sequence similarity, which was traditionally estimated to represent bacterial species [15]. The 
OUT picking was performed with open-reference OTU picking method. Reads were clustered 
in correspondence with the reference sequence, and the remaining reads that did not match the 
reference sequence were clustered in de novo method [16]. In the downstream analysis, we carried 
out diversity (Shannon and Simpson) and richness (Observed, Chao1, and ACE) analysis in control 
and salmonella-infected groups [17]. We compared microbial communities based on compositional 
structures. Using QIIME and Student’s t-test, we conducted unweighted and weighted UniFrac 
analysis in order to extract multi-level taxonomic abundance and to compare relative abundance and 
identify differentially abundant microbes in the control and salmonella-infected groups. To take into 
account different read productions, we used percentages instead of read counts. We performed the 
calculation of species richness for a given number of individual samples based on the construction 
of rarefaction curves using 3 scripts in QIIME [18]. The ‘multiple_rarefactions.py’ script was used 
to generate rarefied OUT tables, ‘alpha_diversity.py’ was used to compute alpha diversity metrics for 
each rarefied OUT table, and ‘collate_alpha.py’ was used to collate alpha diversity results. The detailed 
scripts and options related to aforementioned analysis were presented in our previous paper [19].

We predicted the functional-gene profile of microbial communities based on maker gene 
survey and database of reference genomes using Phylogenetic Investigation of Communities 
by Reconstruction of Unobserved States (PICRUSt) (1.1.4 version) [20]. We used ‘normalize_
by_copy_number.py’ to normalize the OTU table by separating each OTU by the known and 
predicted 16S copy number abundance and then we used ‘predict_metagenomes.py’ to make the 
final metagenome functional prediction. The next step was collapsing table data to a specified level 
in a hierarchy using ‘categorize_by_function.py’. We used this script with ‘--level 2’ and ‘--level 3’ 
options. A value of 1 is the highest level. Using these results, we predicted taxonomic and functional 
profiles based on statistical analysis using STAMP (2.1.3 version) [21]. All unclassified reads were 
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removed and we exhibited p-value greater than 0.05. At level 2 and level 3, effect size (difference 
between proportions) was less than 0.01 and 0.03, respectively. Categories are sorted by effect sizes 
calculated using the two-sided Welch’s t-test.

RNA preparation and RNA-seq analysis
We isolated RNA from the ileum tissues using TRIzol reagent (Invitrogen) and identified total 
RNA quantity and quality using a NanoDrop1000 spectrophotometer (Thermo Scientific, 
Wilmington, DE, USA) and Bioanalyzer 2100 (Agilent Technologies, Palo Alto CA, USA). 
The mRNA from total RNA was converted into an appropriate template molecule library for 
subsequent cluster generation using reagents provided in the Illumina ® TruSeq™ RNA Sample 
Preparation Kit. Next, we formed a second strand to generate double-stranded cDNA for 
constructing the TruSeq library. Then, the short ds-cDNA fragment was ligated to a sequencing 
adapter and the appropriate fragment was separated by agarose gel electrophoresis. And then, the 
TruSeq RNA library constructed through PCR amplification and quantified using quantitative 
PCR (qPCR) based on the qPCR Quantification Protocol Guide. In addition, we used the Agilent 
Technologies 2100 Bioanalyzer (Agilent Technologies) to library validation. We carried out paired-
end sequencing (read length: 101 bp, insert size: 150–180 bp) using the generated RNA library and 
the HiSeq™ NextSeq 500 platform (Illumina). We performed a commonly used RNA-seq pipeline 
to measure transcriptome levels based on the generated RNA-seq reads. First of all, we removed 
adapter and trimmed the reads to make clean reads using Trimmomatic (v 0.32). And then, these 
clean reads were mapped to the genome reference (Sscrofa 11.1) in Ensembl database using hisat2 
(v 2.1.0). Finally, we predicted the count of uniquely mapped reads for each of the 25,880 annotated 
genes from 6 samples based on the Sus scrofa transfer format (GTF) using the featureCounts 
(v 2.0.0) in SUBREAD packages (v 1.6.0) [22]. The detailed options related to aforementioned 
analysis were presented in our previous paper.

To identify differentially expressed genes (DEGs) between the control and salmonella-infected 
groups, we used DESeq2 (1.10.1 version) in R packages [23]. Based on empirical Bayes shrinkage 
method variance and fold changes were estimated by modeling the number of reads according 
to a negative binomial distribution. The p-value was then used to evaluate statistical significance. 
To control the false positives in RNA-seq dataset, we adjusted these estimated p-values using 
the false discovery rate (FDR) method based on multiple testing. The significant DEGs were 
confirmed under criteria such as |log2 (fold change)| ≥ 1.5 and FDR ≤ 0.05. And then, we 
performed functional clustering and enrichment analysis based on the official gene symbols 
using overrepresentation enrichment analysis (ORA), gene ontology (biological process, cellular 
component, and molecular function) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway database in WebGestalt [24]. Through these analysis, we predicted the functional groups 
by comparing transcriptome in the control and salmonella-infected groups (Fig. 1).

RESULTS
Salmonella infection and clinical signs
Piglets of the control group showed no clinical signs until 28 days after salmonella treatment, while 
diarrhea was observed from all piglets of the salmonella treatment group (Table 1). The number 
of lactic acid bacteria in fecal samples was significantly lower in the salmonella treatment group 
compared to the control at p < 0.05 (Fig. 2).
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Impact of Salmonella infection on the gut epithelial layer
When piglets were infected with salmonella, photomicrographs of the epithelial layers of the small 
intestine, colon and cecum showed decreased intestinal villi height and crypt depth (Fig. 3). In 
addition, we found that the height of the villi was significantly reduced in the segments of the 
ileum, jejunum and duodenum.

Gut microbial diversity
The salmonella-infected group had significantly higher number of microbial species than the control 
group (Figs. 4A, 4D, and 4E). The explicitly model evenness suggested that the salmonella-infected 
group had significantly higher microbial diversity than the control group (Figs. 4B and 4C).

This clustering in the unweighted UniFrac analysis reveals the qualitative presence of salmonella 
bacteria in the fecal matter (or gut) of the salmonella-infected group. Also, there was similar distinct 
clustering of two groups on the weighted UniFrac, meaning that the salmonella-infected group 

Fig. 1. Flow chart associated with analysis of fecal microbiome and intestinal transcriptome. 5-weeks-
old female piglets were fed a weaner diet or a weaner diet with salmonella-treated for 4 weeks (n =3 per group). 
Rectal feces and ileal tissues were collected at the end of animal trial and were perfomed metagenomic and 
transcriptomic analysis to confirm the changes in gut microbiota and gene expression patterns in weaned piglets 
with salmonella-infected.
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tended to be separated from the control group microbiota (Fig. 5).

Taxonomic composition comparison
In the rarefaction curve figure, the number of OTUs in the salmonella-infected group was higher 
than in the control group (Fig. 6). Based on these result, it was hypothesized that salmonella caused 
changes in the intestinal microbiome, and thought that the difference between the two groups was 
clearly distinguished.

We confirmed the diversity of microbial composition and relative abundance at the phylum 
level in the fecal microbiome of piglets by 16S rRNA sequencing. Bacteroidetes and Firmicutes 
were two most abundant phyla in both groups. Also, Spirochaetes and Proteobacteria numbers 
were more increased in the salmonella-infected group than in the control group. The percentages of 
relative abundances of Bacteroidetes, Proteobacteria, Firmicutes, and Spirochaetes were significantly 
different at p-values 0.0001, 0.0093, 0.018, and 0.047 between the control and salmonella-infected 
groups, respectively  (Fig. 7 and Table 2).

We observed that Bacteroidetes and Clostridia were the most abundant in both groups at class 
level of microbial taxonomy. Also, Spirochaetes and Erysipelotrichi numbers were more increased 
in the salmonella-infected group than in the control group. The relative abundances of the orders 

Fig. 2. Enumeration of lactic acid bacteria in fecal samples from the control and salmonella-infected 
groups. Each graph represents the mean ± SD of three replicates per group. The number of survival cells in 
fecal samples was significantly lower in the samples from the salmonella-infected group compared to the control 
group at p < 0.05.

Table 1. The number (%) of piglets in the control and salmonella-infected group showing clinical signs
Group Piglets Diarrheic piglets Piglets died by diarrhea

Control 3 0 (0%) 0 (0%)

Salmonella1) 3 3 (100%) 0 (0%)
1)Piglets of the salmonella-infected group were orally infected with a wild type virulent Salmonella typhimurium isolate HJL777 at 
5 weeks of age and all pigs were monitored daily for diarrhea during the 4-week post-challenge period.
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Fig. 3. Photomicrographs of epithelial layers of the small intestine, colon and cecum in piglets between 
the control and salmonella-infected group. The intestinal villi height and crypt depth were reduced with 
salmonella-infected.

Fig. 4. Microbial diversity (Simpson and Shannon index) and richness (Observed, Chao1 and ACE index) in fecal samples of piglets between the 
control and salmonella-infected group. Differences are p < 0.05 as measured by T-test.

C

D E

A B
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Bacteroidales and Spirochaetales between the two groups were significantly different with p-values 
of 0.0001 and 0.048, respectively (Fig. 8 and Table 3).

We confirmed that Bacteroidales and Clostridiales were the most abundant in both groups at 
order level of microbial taxonomy. Additionally, numbers of Spirochaetales and Erysipelotrichales 
were more increased in the salmonella-infected group than in the control group. The relative 
abundances of the orders Bacteroidales and Spirochaetales between two groups were significantly 
different with p-values of 0.0001 and 0.049, respectively (Fig. 9 and Table 4).

We found a total of 12 different microbial at family level of microbial taxonomy in two groups 
and Prevotellaceae and Ruminococcaceae were the most abundant. Also, Porphyromonadaceae, 
Spirochaetaceae, Clostridiaceae, Erysipelotrichaceae, and Christensenellaceae were increased in 
the salmonella-infected group. The abundances of families Prevotellaceae, Porphyromonadaceae, 

Fig. 5. Principal coordinate analysis (PCoA) plots in fecal samples of piglets between the control and 
salmonella-infected group. (A) unweighted UniFrac, (B) weighted UniFrac analysis.

A B

Fig. 6. Rarefaction of the control (63, 64, 65) and salmonella-infected (69, 70, 81) groups.
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Clostridiaceae, and Spirochaetaceae were significantly different between the two groups (p < 0.05, 
Fig. 10 and Table 5).

Analysis of modulation of predicted microbiome functionality by Salmonella-infected
We identifed KEGG Orthology group (KOs) abundances based on 16S rRNA sequences using 
PICRUSt tool. As a result of analysis, 6908 Kos was predicted. Bray-Curtis compositional 
dissimilarity represented significant differences of predicted functions (p < 0.001) in the control and 
salmonella-infected groups based on OTU analysis. Further analyses focused on differences between 
the control and salmonella-infected groups. Analyses of functions at KO level 2 functions in these 
groups identified 11 differentially abundant KOs among the control and salmonella-infected groups 
(Fig. 11A). These functions include lipid metabolism, biosynthesis of other secondary metabolites, 
and immune system-related functions. The pathways of biosynthesis of other secondary metabolites 
and immune system-related functions were identified as having a slightly higher abundance in the 
control group. The pathway of lipid metabolism was identified as having higher abundance in the 
salmonella-infected group. Analyses of functions at level 3 in these groups identified 29 differentially 

Fig. 7. Histogram showing taxonomic composition and relative abundance (> 0.1%) at phylum level in 
fecal samples between the control and salmonella-infected group.

Table 2. Taxonomic composition and relative abundance at the phylum level in fecal samples from the control and salmonella-infected groups

Phylum
Control Salmonella-infected group T-test 

p-value63-F 64-F 65-F 69-F 70-F 81-F
Bacteroidetes* 71.97% 70.64% 68.17% 46.88% 44.03% 47.45% 0.0001 

Firmicutes* 27.20% 25.99% 30.56% 35.45% 43.79% 46.98% 0.0186 

Proteobacteria* 0.01% 0.04% 0.24% 2.79% 2.06% 1.36% 0.0093 

Spirochaetes* 0.01% 0.05% 0.12% 6.05% 5.74% 1.31% 0.0480 

Unknown 0.82% 3.28% 0.92% 8.83% 4.38% 2.90% 0.1315 



Metagenome and transcriptome analysis in intestine of salmonella-treated piglets

1154  |  https://www.ejast.org https://doi.org/10.5187/jast.2022.e73

abundant KOs among the control and salmonella-infected groups (Fig. 11B). The observed 
functions include butanoate metabolism, propanoate metabolism, and fatty acid metabolism, which 
all had higher abundance in the salmonella-infected group.

Transcriptome analysis in the small intestine 
We generated RNA-seq reads from the small intestine of the control and salmonella-infected 
groups in piglets. Using the Trimmomatic tool, we found that the mean sequencing quality criteria 
passed in the control and salmonella-infected groups, respectively, were 94.61% and the average 
number of sequence reads was 15.8 million and 15.6 million. And then, we identified that most of 
mapping rate was over 96%, which could be considered to have been successfully mapped to the pig 
reference genome (Sscrofa11.1) (Table 6).

We observed that readcount data of host expression distinctly divided between the control 
and salmonella-infected groups through principal component analysis (PCA) analysis (Fig. 12A). 
We identified 31 DEGs in the small intestine of piglets using RNA-seq analysis (Table 7) and 

Fig. 8. Histogram showing taxonomic composition and relative abundance (> 0.1%) at the class level in 
fecal samples from the control and salmonella-infected groups.

Table 3. Taxonomic composition and relative abundance at the class level in fecal samples from the control and salmonella-infected groups

Class
Control Salmonella-infected group T-test 

p-value63-F 64-F 65-F 69-F 70-F 81-F
Bacilli 3.38% 3.32% 10.36% 0.67% 3.66% 21.78% 0.6885 

Bacteroidia* 71.97% 70.64% 68.17% 46.88% 44.03% 47.45% 0.0001 

Clostridia 23.32% 21.89% 19.45% 33.00% 38.21% 24.49% 0.0676 

Erysipelotrichi 0.50% 0.78% 0.75% 1.78% 1.91% 0.71% 0.1110 

Spirochaetes* 0.01% 0.05% 0.12% 6.05% 5.74% 1.31% 0.0480 

Unknown 0.83% 3.32% 1.16% 11.62% 6.44% 4.26% 0.0707 
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compared these DEGs to individual samples using heatmap visualization to confirm the expression 
pattern (Fig. 12B). In the salmonella-infected pigs, we identified 23 up-regulated expression genes 
and 8 down-regulated expression genes (Fig. 12C). These data suggests that salmonella bacteria 
causes a significant alteration of the small instestine gene expression pattern in weaned piglets.

We used WebGestalt to perform DEG co-occurrence analysis in the small intestine of piglets by 
comparing control and salmonella-infected groups and identified 10 gene ontology across cellular 
component ranges (Table 8). This analysis found that DEG is primarily involved in the extracellular 
mechanisms involved in salmonella adhesion to host cells during infection. 5 gene ontologies 
were associated with curli fimbriae and biofilm that were related to adhesion of salmonella to host 
cells (extracellular region part [GO:0044421], extracellular region [GO:0005576], extracellular 
space [GO:0005615], extracellular matrix [GO:0031012] and extracellular matrix component 
[GO:0044420]). Decorin (DCN), peptidase inhibitor 15 (PI15), carboxypeptidase X, M14 Family 
Member 1 (CPXM1), biglycan (BGN), collagen type III alpha 1 chain (COL3A1), dickkopf 
WNT Signaling Pathway Inhibitor 2 (DKK2), bactericidal/permeability-increasing protein (BPI), 

Fig. 9. Histogram showing taxonomic composition and relative abundance (> 0.1%) at the order level in 
fecal samples from the control and salmonella-infected groups.

Table 4. Taxonomic composition and relative abundance at the order level in fecal samples from the control and salmonella-infected groups

Order
Control Salmonella-infected group T-test 

p-value63-F 64-F 65-F 69-F 70-F 81-F
Bacteroidales* 71.97% 70.64% 68.17% 46.88% 44.03% 47.45% 0.0001 

Clostridiales 23.32% 21.89% 19.45% 33.00% 38.21% 24.49% 0.0676 

Erysipelotrichales 0.50% 0.78% 0.75% 1.78% 1.91% 0.71% 0.1110 

Lactobacillales 3.33% 3.24% 10.34% 0.59% 3.65% 21.77% 0.6878 

Spirochaetales* 0.00% 0.00% 0.00% 5.91% 5.60% 1.21% 0.0494 

Unknown 0.88% 3.44% 1.29% 11.84% 6.60% 4.37% 0.0714 
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and leucine rich repeat containing 17 (LRRC17) were relevant to the gene ontologies associated 
with extracellular mechanisms. We also found 3 gene ontologies associated with the extracellular 
matrix structural constituent (GO:0005201), extracellular matrix structural constituent conferring 
compression resistance (GO:0030021), and lipopolysaccharide (LPS) binding (GO:0001530) in 

Fig. 10. Histogram showing taxonomic composition and relative abundance (> 0.1%) at the family level 
in fecal samples from the control and salmonella-infected group.

Table 5. Taxonomic composition and relative abundance at the family level in fecal samples from the control and salmonella-infected groups

Family
Control Salmonella-infected group T-test 

p-value63-F 64-F 65-F 69-F 70-F 81-F

Christensenellaceae 0.00% 0.00% 0.00% 3.50% 2.58% 0.12% 0.110 

Clostridiaceae* 1.01% 0.45% 1.14% 1.91% 2.06% 1.37% 0.038 

Erysipelotrichaceae 0.50% 0.78% 0.75% 1.78% 1.91% 0.71% 0.111 

Lachnospiraceae 7.08% 7.01% 2.58% 3.75% 2.20% 3.68% 0.209 

Lactobacillaceae 3.26% 3.20% 10.23% 0.58% 3.63% 21.75% 0.682 

Paraprevotellaceae 10.02% 6.52% 1.23% 8.18% 4.93% 6.27% 0.854 

Porphyromonadaceae* 0.24% 1.08% 0.87% 9.10% 7.95% 2.91% 0.037 

Prevotellaceae* 59.24% 54.97% 52.71% 16.04% 14.07% 25.92% 0.001 

Ruminococcaceae 12.78% 12.43% 4.11% 15.95% 21.16% 11.19% 0.193 

S24-7 2.02% 6.42% 8.91% 3.52% 9.44% 6.53% 0.801 

Spirochaetaceae* 0.00% 0.00% 0.00% 5.91% 5.60% 1.21% 0.049 

Veillonellaceae 1.37% 0.75% 11.37% 3.26% 1.85% 2.47% 0.600 

Unknown 2.45% 6.38% 6.10% 26.50% 22.63% 15.87% 0.008 
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the molecular function range. Like gene ontologies in the cellular component range, these gene 
ontologies were related to extracellular mechanisms. In the biological process range, we found that 
DEGs were mainly involved in the immune response and symptoms associated with salmonella 
infection. 3 gene ontologies were associated with decrease of muscle growth and development in 
piglets (muscle tissue morphogenesis, muscle organ morphogenesis, and muscle cell proliferation) 
and another 3 gene ontologies were associated with symptoms that occur when a salmonella 
infection enters the bloodstream of a piglet (heart development, blood vessel morphogenesis, 
and blood vessel development). 1 gene ontology was involved in the immune response (negative 

Fig. 11. PICRUSt prediction of functional profiling of the microbial communities at taxonomic (A) level 2 and (B) 3 based on the 16S rRNA gene 
sequences. A total of 11 and 28 KEGG pathways at level 2 and level 3, respectively, were significantly changed in the salmonella-infected group when 
compared with the control group. An extended error bar plot indicates differences in functional profiles of microbiota in control and salmonella-infected group (at 
taxonomic Level 2 and 3). Bar plots on the left side present the mean proportion of each KEGG pathway. Dot plots on the right display the differences in mean 
proportions between the two groups using p-values. PICRUSt, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States; KEGG, 
Kyoto Encyclopedia of Genes and Genomes.
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regulation of immune system process). Zinc finger protein, multitype 2 (ZFPM2) and COL3A1 
were relevant to most ontologies, such as muscle tissue morphogenesis (GO:0060415), 
muscle organ morphogenesis (GO:0048644), heart development (GO:0007507), muscle cell 
proliferation (GO:0033002), blood vessel morphogenesis (GO:0048514), and blood vessel 

Fig. 12. Expression pattern comparative analysis between the control and salmonella-infected piglets. (A) Principal component analysis (PCA) plot 
between the control and salmonella-infected RNA-seq samples. (B) Heatmap showing expression pattern of DEGs between the control and salmonella-
infected piglets. Blue is a low expression value and orange is a high expression value. (C) Expression of a total genes between control and salmonella-infected 
piglets. Orange is DEGs. DEGs, differentially expressed genes.

Table 6. RNA-seq reads and mapping rate of the small intestine samples
Sample ID Read Order Yield (bases) # Reads Passed Trimmomatic Overall alignment rate

63-F 1 60,927,940 15,231,985 14,493,162 (95.15%) 97.57%

2 60,927,940 15,231,985 14,493,162 (95.15%)

64-F 1 70,527,820 17,631,955 16,823,411 (95.41%) 96.92%

2 70,527,820 17,631,955 16,823,411 (95.41%)

65-F 1 67,515,972 16,878,993 16,128,617 (95.55%) 96.98%

2 67,515,972 16,878,993 16,128,617 (95.55%)

69-F 1 59,891,304 14,972,826 13,599,210 (90.83%) 97.03%

2 59,891,304 14,972,826 13,599,210 (90.83%)

70-F 1 71,564,156 17,891,039 17,002,853 (95.04%) 96.85%

2 71,564,156 17,891,039 17,002,853 (95.04%)

81-F 1 67,917,992 16,979,498 16,243,632 (95.67%) 97.37%

2 67,917,992 16,979,498 16,243,632 (95.67%)
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development (GO:0001568). Calcitonin receptor like receptor (CALCRL) was relevant to heart 
development (GO:0007507), muscle cell proliferation (GO:0033002), blood vessel morphogenesis 
(GO:0048514), and blood vessel development (GO:0001568). BPI and LRRC17 were relevant to 
the negative regulation of immune system processes (GO:0002683). We subsequently performed 
KEGG pathway analysis and identified viral myocarditis (ssc05416) out of 10 pathways. 
This pathway was related to heart development, blood vessel morphogenesis, and blood vessel 
development among gene ontologies in the biological process range. Sarcoglycan beta (SGCB) was 
relevant to viral myocarditis (Table 9). 

Additionally, we identified that 4 genes (ZFPM2, BPI, DCN, and BGN) among 31 DEGs were 
related to mammalian immune systems based on the Innate Immune Database (IIDB). In the 
salmonella-infected group, serum IgG levels increased significantly compared to IgG levels in the 
control group (Fig. 13).

Table 7. The results of differentially expressed genes in the small intestine (ileum) between the control and salmonella-infected groups

Ensemble Gene ID Gene
name CHR Gene start 

(bp)
Gene end 

(bp) BaseMean log2Fold-
Change lfcSE p-value FDR

ENSSSCG00000013065 ASRGL1 2 9,328,269 9,353,340 1702.892 –1.6315 0.3956 3.7E-05 0.0141

ENSSSCG00000013393 SPON1 2 44,967,984 45,299,677 109.974 1.9623 0.2906 1.4E-11 0.0000

ENSSSCG00000028549 ECM2 3 42,203,121 42,243,547 201.421 1.6594 0.4243 9.2E-05 0.0237

ENSSSCG00000033844 CYP1B1 3 102,195,741 102,206,750 79.045 1.5214 0.3581 2.2E-05 0.0121

ENSSSCG00000034607 OGN 3 42,116,531 42,135,817 491.651 1.5793 0.4000 7.9E-05 0.0221

ENSSSCG00000006038 ZFPM2 4 31,606,751 32,094,340 24.598 1.7665 0.4057 1.3E-05 0.0091

ENSSSCG00000006172 PI15 4 61,114,497 61,142,811 266.100 2.0283 0.3946 2.7E-07 0.0006

ENSSSCG00000000915 DCN 5 91,678,608 91,714,235 1356.792 1.5903 0.3969 6.2E-05 0.0207

ENSSSCG00000023684 MT1A 6 18,660,642 18,673,766 23423.481 –1.9310 0.4387 1.1E-05 0.0085

ENSSSCG00000024911 - 6 18,651,012 18,652,323 46324.146 –1.8918 0.3694 3.0E-07 0.0006

ENSSSCG00000030300 - 6 18,645,059 18,646,033 20681.966 –1.6610 0.4222 8.4E-05 0.0225

ENSSSCG00000033952 CITED4 6 170,324,809 170,326,142 54.996 –1.6365 0.3797 1.6E-05 0.0105

ENSSSCG00000008833 SGCB 8 39,126,925 39,141,517 115.944 1.5609 0.3747 3.1E-05 0.0121

ENSSSCG00000032094 DKK2 8 114,862,228 114,974,322 42.719 1.7752 0.4480 7.4E-05 0.0221

ENSSSCG00000035424 - 8 23,873,398 23,875,795 44.250 1.9346 0.3727 2.1E-07 0.0005

ENSSSCG00000015326 COL1A2 9 74,173,931 74,210,398 3350.901 1.5222 0.3640 2.9E-05 0.0121

ENSSSCG00000015357 MEOX2 9 84,943,197 85,010,157 35.228 2.1193 0.4219 5.1E-07 0.0008

ENSSSCG00000036452 LRRC17 9 103,062,867 103,122,481 37.128 1.6271 0.4485 2.9E-04 0.0498

ENSSSCG00000009334 HSPH1 11 7,733,874 7,759,576 3412.740 1.5735 0.4083 1.2E-04 0.0273

ENSSSCG00000011695 AGTR1 13 88,934,868 88,983,131 23.765 1.7807 0.4416 5.5E-05 0.0198

ENSSSCG00000016031 CALCRL 15 92,233,269 92,332,385 151.667 2.1586 0.3687 4.8E-09 0.0000

ENSSSCG00000016034 COL3A1 15 93,556,912 93,615,815 12025.443 1.6813 0.3971 2.3E-05 0.0121

ENSSSCG00000016035 COL5A2 15 93,611,856 93,981,110 921.477 1.5032 0.3597 2.9E-05 0.0121

ENSSSCG00000016823 - 16 20,005,744 20,060,164 57.101 1.8525 0.3788 1.0E-06 0.0013

ENSSSCG00000007170 CPXM1 17 32,845,254 32,852,063 38.501 1.7570 0.4152 2.3E-05 0.0121

ENSSSCG00000026605 BPI 17 41,344,939 41,392,100 131.627 –1.6669 0.3992 3.0E-05 0.0121

ENSSSCG00000018092 ND6 MT 14,739 15,266 7467.134 –1.9277 0.2412 1.3E-15 0.0000

ENSSSCG00000018093 - MT 15,267 15,335 22.801 –1.9059 0.3828 6.4E-07 0.0009

ENSSSCG00000012548 PWWP3B X 86,785,325 86,814,629 42.179 1.6397 0.3705 9.6E-06 0.0085

ENSSSCG00000012766 BGN X 124,282,224 124,295,448 101.818 1.7727 0.4447 6.7E-05 0.0211

ENSSSCG00000038569 ARMCX1 X 83,132,792 83,136,923 33.709 1.7022 0.3758 5.9E-06 0.0064
CHR, cycle genes homology region; bp, base pair; lfcSE, standard error of the log2FoldChange estimate; FDR, false discovery rate.
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DISCUSSION
S. typhimurium is widely isolated serotype in pigs and S. typhimurium isolate HJL777 is a strongly 
virulent strain in mice. In pigs, the disease is susceptible to all ages, but it is most common in 
weaned pigs. The common clinical symptom in pigs with salmonella-infected is enterocolitis. S. 
typhimurium is highly contagious and can spread dramatically within pig populations once infected 
[4]. Piglets that recover from illness are often stunted and show slow growth. Our evaluation 
of clinical sign showed that all the piglets infected with salmonella had diarrhea. This indicates 

Table 8. The results of gene ontology (GO) analysis of differentially expressed genes (Cellular component, Molecular function and Biological 
process) in the small intestine (ileum) between control and salmonella-infected group

GO ID Description #Genes Enrichment p-value Gene Name
Gene ontology cellular component

GO:0044421 Extracellular region part 8 6.34 7.60E-06 DCN, PI15, CPXM1, BGN, COL3A1, 
BPI, DKK2, LRRC17

GO:0005576 Extracellular region 8 4.86 5.55E-05 DCN, PI15, CPXM1, BGN, COL3A1, 
BPI, DKK2, LRRC17

GO:0005615 Extracellular space 6 5.46 3.93E-04 PI15, CPXM1, COL3A1, BPI, DKK2, 
LRRC17

GO:0031012 Extracellular matrix 3 13.74 0.001178 DCN, BGN, COL3A1

GO:0062023 Collagen-containing extracellular matrix 2 18.95 0.004772 DCN, COL3A1

GO:0038037 G protein-coupled receptor dimeric complex 1 83.36 0.011939 CALCRL

GO:0097648 G protein-coupled receptor complex 1 69.49 0.014311 CALCRL

GO:0044420 Extracellular matrix component 1 52.12 0.019039 COL3A1

GO:0001917 Photoreceptor inner segment 1 46.33 0.021395 ASRGL1

GO:0005581 Collagen trimer 1 19.85 0.049261 COL3A1

Gene ontology molecular function

GO:0005201 Extracellular matrix structural constituent 2 68.58 3.54E-04 DCN, COL3A1

GO:0008238 Exopeptidase activity 2 24.00 0.002947 CPXM1, ASRGL1

GO:0008528 G protein-coupled peptide receptor activity 2 12.80 0.010075 AGTR1, CALCRL

GO:0001653 Peptide receptor activity 2 12.63 0.010336 AGTR1, CALCRL

GO:0030021 Extracellular matrix structural constituent conferring 
compression resistance

1 96.02 0.010375 DCN

GO:0004181 Metallocarboxypeptidase activity 1 48.01 0.020653 CPXM1

GO:0004180 Carboxypeptidase activity 1 34.29 0.028805 CPXM1

GO:0017046 Peptide hormone binding 1 32.07 0.030833 CALCRL

GO:0001530 Lipopolysaccharide binding 1 28.24 0.034878 BPI

GO:0008137 NADH dehydrogenase (ubiquinone) activity 1 28.24 0.034878 ND6

Gene ontology biological process

GO:0018149 Peptide cross-linking 2 133.64 8.75E-05 BGN, COL3A1

GO:0060415 Muscle tissue morphogenesis 2 37.42 0.001223 ZFPM2, COL3A1

GO:0048644 Muscle organ morphogenesis 2 32.26 0.001648 ZFPM2, COL3A1

GO:0002683 Negative regulation of immune system process 3 10.71 0.002343 COL3A1, BPI, LRRC17

GO:0007507 Heart development 3 9.48 0.003318 ZFPM2, CALCRL, COL3A1

GO:0033002 Muscle cell proliferation 2 18.71 0.004849 ZFPM2, CALCRL

GO:0051241 Negative regulation of multicellular organismal process 4 5.13 0.005729 ZFPM2, COL3A1, BPI, LRRC17

GO:0048514 Blood vessel morphogenesis 3 7.67 0.006035 ZFPM2, CALCRL, COL3A1

GO:0001568 Blood vessel development 3 6.85 0.008274 ZFPM2, CALCRL, COL3A1

GO:0045596 Negative regulation of cell differentiation 3 6.81 0.008386 ZFPM2, COL3A1, LRRC17
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a change in intestinal condition caused by changes in the gut microbiota and gene expression 
in piglets infected with salmonella. Salmonella infections in piglets cause significant economic 
loss to pig farmers. Various methods to reduce or eliminate salmonella infection in young pigs 
have been tried, such as vaccination, competitive exclusion, feed and water treatments, antibiotic 
administration, disinfection of animals, and segregated weaning in clean accommodations [2]. 
However, when weaned pigs are infected with salmonella, little is known about the exact effects of 

Table 9. The results of KEGG pathway analysis based on differentially expressed genes (KEGG pathway, Top 10) in the small intestine (ileum) 
between control and salmonella treatment group

Pathway_ID Description #Genes Enrichment p-value Gene name
ssc04974 Protein digestion and absorption 3 22.17 2.8E-04 COL1A2, COL3A1, COL5A2

ssc04933 AGE-RAGE signaling pathway in diabetic complications 3 19.26 4.3E-04 AGTR1, COL1A2, COL3A1

ssc05146 Amoebiasis 2 13.82 8.8E-03 COL1A2, COL3A1

ssc04270 Vascular smooth muscle contraction 2 10.96 1.4E-02 AGTR1, CALCRL

ssc04611 Platelet activation 2 10.59 1.5E-02 COL1A2, COL3A1

ssc04926 Relaxin signaling pathway 2 9.85 1.7E-02 COL1A2, COL3A1

ssc04614 Renin-angiotensin system 1 28.89 3.4E-02 AGTR1

ssc04978 Mineral absorption 1 16.29 6.0E-02 MT1A

ssc04080 Neuroactive ligand-receptor interaction 2 4.66 6.7E-02 AGTR1, CALCRL

ssc05416 Viral myocarditis 1 10.96 8.8E-02 SGCB
KEGG, Kyoto Encyclopedia of Genes and Genomes.

Fig. 13. Comparison of serum IgG in between the control and salmonella-infected groups. (A) Control group results, (B) Salmonella-infected group 
results. IgG, immunoglobulin G.

A

B
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salmonella on the intestinal microbiome, gene expression patterns, and biological functions based 
on genomics. To address this concern, it is desirable to eliminate the problem at the weaning step 
[2]. Thus, we sought to identify the change in the intestinal microbiota and biological function 
of piglets when infected with salmonella through the analysis of the fecal metagenome and 
intestinal transcriptome using 16S rRNA and RNA sequencing. Many studies have researched 
the metagenomics features of gut microbial using feces and the role of the small intestine, which 
is primarily involved in the immune system of the host. The presence of the intestinal microbiota 
positively contributes to the immune system of the host. For this reason, we performed analysis the 
changes of fecal metagenome and transcriptome in small intestine. 

Photomicrographs of the epithelial layer of intestine were congruent with results from another 
studies [25]. In another study, in pigs 10 days after salmonella-infected, histologic analyses indicated 
that epithelial lesion, substantial leukocyte infiltration, mucosal hypermia, submucosal edema and 
lymphoid necrosis of polyphenylene sulfide (PPs) in the small intestine were caused. Histologic 
evaluation of the jejunum and ileum of salmonella-infected pigs showed severe inflammation 
compared to the control group. Similarly, another study showed that the intestinal mucosa in mouse 
infected with salmonella present intestinal erosion and sloughing of the surface epithelium at the 
tip of the villi through histological studies. Also, the villi core showed numerous inflammatory cells. 
Villi are important components of the gastrointestinal tract and play an important role in absorbing 
nutrients into the body across the small intestine [26,27]. And then, the density and size of villi 
are closely related to the intestinal absorption capacity. Changes in the gut microbiome ultimately 
alter the structure of the intestine. The structure of the mucous in the small intestine such as the 
size and shape of the villi was closely associated with the digestion and absorption capacity of the 
small intestine [28,29]. Therefore, we determined that changes in the intestinal microbiome of pigs 
caused by salmonella infection affected digestion and immunity by changing intestinal morphology 
such as the mucosal structure and villus size and shape.

By observing an increase in the diversity of gut microbiota in salmonella-infected pigs, we 
could predict that there was a decrease in the population of benefical microbes and an increase in 
harmful microbes in the infected pigs. Also, we could predict that the decrease in the number of 
viable cells in fecal samples of the salmonella-infected group causes a change in intestinal condition 
due to a decrease in beneficial microbes and an increase in harmful microbes. S. enterica serovar 
Typhimurium causes intestinal inflammation in pigs, disrupting microbial community composition 
[30,31]. For instance, in piglets infected with salmonella, Arguello et al. [32] identified that the 
number of beneficial bacteria, such as Bifidobacterium and Lactobacillus, decreased and the number 
of harmful bacteria, such as Citrobacter, and anaerobic bacteria, including Clostridium, Ruminococcus, 
or Diallister increased in the ileal mucosa. Therefore, intestinal inflammation related to weaning 
causes a disturbance of the intestinal microbiome, which promotes the growth of harmful intestinal 
bacteria [33].

When the fecal microbiome of the control and salmonella-infected groups in piglets was 
compared, we identified differences in abundance of OTUs of Firmicutes and Bacteroidetes at 
the phylum level. The population of Firmicutes and Proteobacteria increased and Bacteroidetes 
decreased in the salmonella-infected group. In a previous study, salmonella was difficult to grow 
in an environment with a high population of Bacteroidetes. Also, when a host was infected with 
salmonella, the number of Bacteroidetes decreases, making it difficult to protect the host from 
diseases [34]. Using inbred mouse strains with salmonella intestinal burdens, it was demonstrated 
that Bacteroidetes species limit salmonella infection in the gut. They found that Bacteroidetes 
production of the short-chain fatty acid (SCFA) metabolic byproduct propionate directly limits 
salmonella growth in vitro by inhibition intracellular pH homeostasis and limited intestinal 
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expansion and fecal shedding in vivo. Therefore, this protected the mice from salmonella. The 
results of our study revealed that the number of Bacteroidetes decreases in the salmonella-infected 
group; these results were similar to the aforementioned study. In addition, beneficial microbes 
were similarly reduced at order and class level. Enteropathogenic salmonella cause inflammation 
and necrosis in the small and large intestines, which can cause diarrhea and sepsis. These disease 
is most commonly caused in weaned pigs [35]. Diarrheal illnesses may change the composition 
of microbial communities such as Firmicutes and Bacteroidetes in the intestine, causing mucosal 
damage. In inflammatory bowel disease (IBD), the phyla Bacteroidetes and Firmicutes shifted and 
Proteobacteria increased in the mucosa [36]. Increased numbers of Spirochaetes and Proteobacteria, 
which are well known as pathogenic microbes, were detected in the salmonella-infected group. 
Pathogenic Spirochaetes are the cause of important human and pig diseases such as leptospirosis 
and swine dysentery [37]. Spirochaetes bacteria were at the site of interaction of host tissue and 
the immune system [38]. Also, Spirochaetes had unique membrane structures that interacted with 
the immune system. Spirochaetes have LPS known as the pro-inflammatory component of gram-
negative bacteria and glycolipids are associated with the inflammatory response during spirochetal 
infections. Proteobacteria are often the cause of intestinal diseases and constituted the most 
common phylum in the gut microbiome of diarrheic piglets. The phylum Proteobacteria contains 
many gram-negative pathogenic bacteria such as Salmonella, Helicobacter and Vibrio. And then, the 
increase of Proteobacteria can be seen as a potential indicator of unbalance in gut microbiome [39–
41]. In studies of mice with innate immune system deficiencies, evidence was provided supporting a 
causative role of Proteobacteria in intestinal inflammation [42,43]. The results of our study revealed 
that the number of Spirochaetes and Proteobacteria increases at the phylum level in the salmonella-
infected group; these results were similar to the aforementioned study. We predicted that reduction 
of Bacteroidetes and Firmicutes due to salmonella infection caused proliferation of salmonella in the 
small intestine and an increase in harmful bacteria such as Spirochaetes and Proteobacteria, which 
caused inflammatory reactions in the small intestine.

We confimed differences in abundance of OTUs of Prevotellaceae and Ruminococcaceae at 
family level. The population of Ruminococcaceae increased in the salmonella-infected group when 
compared to the control group. In previous study,  the increase of Ruminococcaceae in weaned 
piglets showed a difference frome the levels during the nursing period [44]. Members of the family 
Ruminococcaceae have been associated with cellulolytic activity and production of SCFAs, which 
have many benefits in controling gut health, inhibition of salmonella growth, and having anti-
inflammatory effects. Therefore, the number of Ruminococcaceae in the intestine increased in order 
to inhibit salmonella growth in salmonella-infected piglets. 

We used PICRUSt analysis to predict functional profiling of microbial communities based on 
the 16S rRNA gene sequence. We analyzed functions at two levels (KO level 2 and KO level 3). 
Analyses of KO level 2 functions identified 11 differentially abundant KOs among control and 
salmonella-infected group. The pathways of biosynthesis of secondary metabolites and the immune 
system were identified to have a slightly higher abundance in the control group. In a previous study, 
microbes were shown to have the potential to biosynthesize many secondary metabolites that may 
mediate important host-microbe and microbe-microbe interactions [45]. Also, even if a host with 
normal intestinal microbiota is infected with harmful microbes, the infection does not take hold 
because it is affected by the immune response and metabolite production by intestinal microbes 
[46]. Therefore, we could predict that the salmonella-infected group had lower immune function 
and metabolite production capacity than control group with normal intestinal microbiota because 
the salmonella-infected group did not have normal intestinal microbiota due to salmonella infection. 
Weaned piglets have an immunity gap. This immunity gap occurs when the passive immunity 
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from maternal immune factors provided through the sow’s colostrum has decreased and the active 
immunity from piglet itself has not increased quickly enough. During this time, piglets are very 
vulnerable to infections, which makes them susceptible to disease and increases mortality [47]. Our 
samples were collected 9 weeks after birth. Therefore, we could predict that when piglets susceptible 
to infection due to the immunity gap are infected with salmonella, the immune system will not work 
as well as the control piglets.

The pathway of lipid metabolism was identified as having a higher abundance in the salmonella-
infected group. A previous study in chickens showed that salmonella infection could increase 
lipid synthesis and decrease lipid transportation in chicken hepatocytes. These changes can cause 
excessive lipid accumulation in the liver. Also, the necrosis of hepatocytes was observed in pig 
livers during salmonella infection. In mice infected-salmonella, the increased concentrations of free 
fatty acids (FFA) in plasma caused dyslipidemia [48]. In the current study, we could predict that 
intestinal microbes in piglets infected with salmonella were involved in increasing lipid metabolism 
and causing abnormalities. Furthermore, these microbes might be involved in causing necrosis of 
hepatocytes and liver disease.

We could observe functions such as butanoate metabolism, propanoate metabolism, and fatty acid 
metabolism in 29 differentially abundant KOs at level 3. These functions had a higher abundance 
in the salmonella-infected group than in the control group. Also, these functions were associated 
with SCFAs. SCFAs are produced by anaerobic bacteria such as Bacteroides in the intestine and 
include butanoate and propionate. SCFAs are components of phospholipids and glycolipids and 
are important materials for biofilms such as cell membranes and organelle membranes [49]. In 
rapidly proliferating cells, cells modulate the activation of lipid anabolic metabolism, cell membrane 
formation, energy storage and production of signaling molecules. Fatty acids produced by fatty acid 
synthases led to phospholipid biosynthesis and were used to synthesize cell membranes [50–52]. In 
our study, we could predict that when piglets were infected with salmonella, fatty acid biosynthesis 
increased in order to produce SCFAs to form the cell membranes of harmful bacteria, contributing 
to the proliferation of these harmful bacteria. 

We performed gene ontology analysis (specifically analyzing the biological process, cellular 
component, and molecular function sub-ontologies) to gain a biological understanding of 
31 DEGs in the control and salmonella-infected groups. In cellular component range, 5 gene 
ontologies were involved in extracellular mechanisms that are associated with salmonella adhesion 
to host cells during infection. Adhesion of salmonella to the intestinal epithelial surface is the first 
initiation of disease and is closely related to its colonization of the intestine. The extracellular matrix 
(ECM) can consist of a mixture of various polysaccharides, proteins and nucleic acids [53,54]. 
Salmonella forms biofilms on surfaces of host cells and produces an ECM having curli as the main 
protein component [55,56]. Curli are amyloid fibers that are related to adhesion to surfaces, cell 
aggregation, biofilm formation and environmental persistence, among other things [57]. Among 
the various fimbriae structures, curli fimbriae are encoded by the csg or agf operon and are known 
to play an important role in the adhesion of salmonella to surfaces in host cells by promoting biofilm 
formation upon contact with host cells [58,59]. In humans, Salmonella, which causes typhoid fever, 
forms a biofilm encapsulated by an ECM. The biofilm is a bacterial colony formed by various 
extracellular structures of bacteria and forms a network based on cellulose and LPS as well as 
curli fimbriae. It helps to adhere to the surface of bacteria and protects them from the external 
environment [60]. In addition to fimbriae, a variety of surface-adhesive proteins called adhesion are 
known to help in the attachment of salmonella by interacting with receptors on the host tissues or 
cell surfaces [61].

Derangement of the gut microbial community caused by salmonella infection could induce 
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propagation of harmful microbes, thus causing and exacerbating intestinal inflammation [62]. We 
assumed that the increased intestinal microbial diversity in piglets infected with salmonella was 
due to increased numbers of harmful microbes in the small intestine, which would increase gut 
inflammation and the expression of immune-related genes to form an immune response. Therefore, 
we predicted the expression patterns of DEGs associated with our assumption. We performed gene 
ontology analysis (specifically the cellular component, molecular function, and biological process 
sub-ontologies) to help understand the biological functions of 31 DEGs between the control and 
salmonella-infected groups. We then identified 4 DEGs by gene ontology and the IIDB associated 
with extracellular mechanisms and inflammatory/immune responses.

Out of 4 DEGs, BGN, a key member of the small leucine‑rich proteoglycan family, is an 
important component of the ECM with proinflammatory effects. BGN is typically expressed in 
the nerve, bone, cartilage, skin, and muscles, modulating the morphology, growth, adhesion, bone 
mineralization, inflammation, migration, and differentiation of epithelial cells [63]. BGN may 
regulate inflammation and innate immunity [64]. In recent studies, BGN activates inflammatory 
pathways by signaling through toll-like receptor (TLR) 2 and 4 in macrophages, resulting in 
secretion of tumor necrosis factor (TNF)α and mature interleukin (IL)-1β. In receptor knockout 
mice, BGN can activate the inflammatory pathway and trigger a downstream signaling pathway by 
directly binding to these receptors [65,66]. The upregulation of BGN has been reported in multiple 
types of solid cancer, including ovarian carcinoma, prostate cancer, pancreatic cancer, gastric cancer, 
and colon cancer. Overexpressed BGN has been reported to be associated with the aggressive 
growth and metastasis of tumors [67,68]. 

BGN expression in cancer cells was accompanied by an increased expression of the proteoglycan 
DCN. DCN, a member of the small leucine-rich proteoglycan gene family, is one of the important 
components of the ECM. DCN plays of role as a ligand of various cytokines and growth factors 
by directly or indirectly interacting with the signaling molecules related to cell growth, adhesion, 
metastasis, proliferation and differentiation [69]. DCN interacts with TLR2 and TRL4 in 
macrophages, at the same time causing transient activation of mitogen-activated protein kinase 
(MAPK) and nuclear factor κ-light-chain enhancer of activated B cells (NF-κB) signaling 
pathways. The result is improved release of inflammatory factors such as TNF-α, IL-12p70 and 
IL-10. In a mouse study, Zhao et al. the correlation between DCN expression and autophagy in 
the intestinal tissue of mice with IBD. The expression of DCN and the autophagy protein was 
increased in the intestinal tissues of the IBD mice [70]. Autophagy plays of role as an important 
cellular pathway for the maintenance of homeostasis. In addition, autophagy is closely associated 
with inflammation and is induced by a variety of inflammatory factors [71]. In a mouse study, Xiuli 
Bi X et al. [72] used a DCN-deficient (DCN-/-) mouse model to identify the importance of DCN 
in intestinal carcinogenesis. They found that targeted inactivation of DCN cause intestinal tumor 
formation [70]. 

ZFPM2 plays an important role in many cells with immune system development, differentiation, 
tumor formation and function. ZFPM2 is particularly associated with fine adjustment the TLR-
triggered innate immune response. In mouse study, overexpression of ZFPM2 increased the 
production of proinflammatory cytokines such as TNF-α, IL-6 and IFN-β [73]. BPI (bactericidal 
permeability increasing protein) is antimicrobial protein in neutrophils. BPI specifically binds to 
the surface of gram-negative bacteria through the lipid A component of LPS and acts as a killer 
of gram-negative bacteria. It is part of the innate immune system [74]. In human studies, when 
salmonella is ingested by the host, salmonella may be exposed to various antimicrobial peptides and 
proteins such as BPI [74,75]. 

Four DEGs were identified by gene ontology and IIDB analysis and were found to be related to 
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inflammatory and immune responses. Among these genes, three genes (BGN, DCN, and ZFPM2) 
were up-regulated and one gene (BPI) was down-regulated in piglets infected with salmonella. 
We predicted that in cases of up-regulated gene expression (BGN, DCN, and ZFPM2), an 
increase of harmful microbes in the small intestine due to salmonella infection leads to an increase 
in the inflammatory response as well as an increase in the expression of immune genes caused by 
deterioration of the intestinal condition. In the case of the down-regulation BPI, we hypothesized 
that an increase of harmful microbes in small intestine caused by salmonella infection would lead to 
a decrease of bactericidal permeability proteins and loss of the ability to kill the bacteria.

Like gene ontologies in the cellular component range, the gene ontologies in the molecular 
function range were related to extracellular mechanisms. LPS, the main component of the outer 
membrane of Gram-negative bacteria, is associated with adhesion or invasion of epithelial cells. 
The previous studies demonstrated that in the LPS-defective mutants of Salmonella, the colony 
of the mouse intestine is damaged and the mutants lacking the O antigen are attenuated in the 
mouse [76]. In our study, we predicted that when piglets are infected with salmonella, salmonella 
forms a variety of ECM such as curli fimbriae, cellulose, and LPS for attachment before invasion 
into tissues and cells, forming a colony called biofilm. In other words, we could predict that this 
extracellular mechanism would work in piglets infected with salmonella. 

In the biological process range, 3 gene ontologies were associated with symptoms that occur 
when salmonella infection enters the bloodstream of piglet: heart development, blood vessel 
morphogenesis, and blood vessel development. In a previous study, it was determined that when 
salmonella infection enters bloodstream of the host (bacteremia), it can infect tissues throughout 
body of the host, including the lining of the heart or valves (endocarditis) and the lining of blood 
vessels [77]. Therefore, we predicted that salmonella infection in piglets could cause heart disease. 
Another 3 gene ontologies were associated with decrease of muscle growth and development in 
piglet: muscle tissue morphogenesis, muscle organ morphogenesis, and muscle cell proliferation. A 
previous study in chickens identified that when they were infected with salmonella, muscle growth 
was reduced. 1 gene ontology was involved in immune response: negative regulation of immune 
system process. Thus, we predicted that salmonella infection causes regulatory mechanism to 
suppress immunity in the host.

We subsequently performed KEGG pathway analysis and identified viral myocarditis (ssc05416) 
out of 10 pathways. This pathway is related to heart development, blood vessel morphogenesis, 
and blood vessel development among gene ontologies in the biological process range. In a previous 
study, when salmonella infection entered bloodstream (bacteremia) in host, it was shown that 
it could infect tissues throughout the body of the host, including the lining of heart or valves 
(endocarditis) and the lining of blood vessels in the host. Another study reported that a human 
male developed acute myocarditis following salmonella infection [78,79]. Therefore, we predicted 
that when piglets are infected with salmonella, it can cause heart diseases such as viral myocarditis.

Immunoglobulin G (IgG), an antibody present in blood and extracellular fluid, plays of role as 
protection the body from infection by binding pathogens such as viruses, bacteria and fungi. We 
expected that serum IgG would be a more direct indicator of piglet health than other indicators 
such as average daily weight gain and feed intake. Therefore, we measured its concentrations at 
2-week intervals in the control and salmonella-infected groups. The data from serum IgG analysis 
implied that salmonella-infected piglets have a stronger immune response than non-salmonella-
infected (control) piglets in order to resist salmonella infection in the small intestine.
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CONCLUSION
In conclusion, we predicted that salmonella infection in weaned piglets causes increases of harmful 
bacteria in the small intestine and increases in lipid metabolism related to proliferation of harmful 
bacteria and the intestinal inflammatory response. Through gene ontology analysis, we identified 
DEGs that were involved in extracellular mechanisms associated with the adhesion of salmonella 
to the intestinal epithelial surface, a key first stage of pathogenesis that is central to colonization of 
intestinal epithelial cells. Furthermore, we confirmed that these genes were related to inflammatory 
and immune responses that occur during salmonella infection. Our study confirmed the change in 
the intestinal microbiome its function as well as the further biological function of the host based 
on genomic analysis from samples from salmonella-infected piglets. Our data suggests the effects 
of salmonella on changes in the intestinal microbiome, gene expression patterns, and biological 
function.
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