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Integrative ATAC-seq and RNA-seq analyses of IPEC-J2 cells reveals porcine transcription and chromatin accessibility changes associated with Escherichia coli F18ac inhibited by Lactobacillus reuteri
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Escherichia coli is the main cause of postweaning diarrhea in pigs, leading to economic loss. As a probiotic, Lactobacillus reuteri has been used to inhibit E. coli in clinical applications; however, its integrative interactions with hosts remain unclear, especially in pigs. Here, we found that L. reuteri effectively inhibited E. coli F18ac adhering to porcine IPEC-J2 cells, and explored the genome-wide transcription and chromatin accessibility landscapes of IPEC-J2 cells by RNA-seq and ATAC-seq. The results showed that some key signal transduction pathways, such as PI3K-AKT and MAPK signaling pathways, were enriched in the differentially expressed genes (DEGs) between E. coli F18ac treatment with and without L. reuteri groups. However, we found less overlap between RNA-seq and ATAC-seq datasets; we speculated that this might be caused by histones modification through ChIP-qPCR detection. Furthermore, we identified the regulation of the actin cytoskeleton pathway and a number of candidate genes (ARHGEF12, EGFR, and DIAPH3) that might be associated with the inhibition of E. coli F18ac adherence to IPEC-J2 cells by L. reuteri. In conclusion, we provide a valuable dataset that can be used to seek potential porcine molecular markers of E. coli F18ac pathogenesis and L. reuteri antibacterial activity, and to guide the antibacterial application of L. reuteri.
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1. Introduction

Bacterial diarrhea is one of the most serious causes of postweaning diarrhea (PWD), which endangers the sustainable development of the pig industry in China and is especially harmful to the health of piglets (Wu et al., 2016). Bacterial diarrhea is mainly caused by pathogenic Escherichia coli F18. Several of its common clinical symptoms include diarrhea, decreased growth velocity, weight loss, and death (Moxley and Duhamel, 1999). Porcine pathogenic E. coli strains harbor specific colonization factors, including fimbrial adhesins F18 and F4 (K88; Fairbrother et al., 2005). There are 2 closely related antigenic variants of F18, F18ab, and F18ac. While F18ab-positive strains are known to be associated with edema disease, E. coli-carrying F18ac are known to cause diarrhea (DebRoy et al., 2009). The development of resistance to widely used antibiotics in a variety of E. coli, as well as the increased prevalence and gravity of postweaning syndrome, urgently require the use of alternative strategies to control them (Fairbrother et al., 2005). Of the probiotics and postbiotics used as substitutes for antibiotics, of particular interest are the bacteriocinogenic probiotics, that is, bacterial strains capable of producing bacteriocins that confer health benefits to the host.

Lactobacillus reuteri is a gram-positive bacterium belong to Firmicutes, Bacilli, Lactobacillales, Lactobacillaceae, Limosilactobacillus (Zheng et al., 2020), which can colonize in gastrointestinal tract and then has a variety of beneficial effects on diarrhea, intestinal infection, inflammatory bowel syndrome (IBS), inflammatory bowel disease (IBD), and colorectal cancer (Lebeer et al., 2008; Dore et al., 2014; Mu et al., 2018; Dore et al., 2019). L. reuteri may be a useful, safe, and supportive measure for the treatment and prevention of diarrhea, reducing both the duration and the intensity of diarrhea symptoms, having beneficial health effects (Szajewska et al., 2014). L. reuteri ATCC 53608, isolated from pig intestines also has a similar antibacterial effect, which against pathogenic (Staphylococcus aureus Salmonella enterica ssp. enterica, and Listeria monocytogenes), and pathogen surrogate (Escherichia coli DH5α) microorganisms (Ortiz-Rivera et al., 2017). However, our understanding of its specific intestinal protection and antibacterial mechanisms is still limited. Notably, oral administration of L. reuteri to healthy breastfed mice promoted intestinal immune tolerance and was linked to the proliferation of beneficial gut microbiota (Liu et al., 2019). L. reuteri also induced an anti-inflammatory response by affecting the secretion of macrophage-derived cytokines (Dias et al., 2021). Additionally, L. reuteri, together with a tryptophan-rich diet, could reprogram intraepithelial CD4(+) T cells into immunoregulatory T cells (Cervantes-Barragan et al., 2017). L. reuteri protected the intestinal mucosal barrier integrity by moderately modulating the Wnt/β-catenin pathway to avoid overactivation (Wu et al., 2020). The understanding of these mechanisms and of regulatory changes at the genomic chromatin level remains incomplete.

With the popularization of high-throughput sequencing, revealing changes in host genome-wide chromatin has become possible using sequencing; as a tool, accessible chromatin with next-generation sequencing (ATAC-seq) can be used to detect the unique chromatin landscape associated with a cell type and how it may be altered by perturbation or disease (Grandi et al., 2022). The advantage of ATAC-seq is that it requires only a small number of viable cells and does not require knowledge about transcription factors or epigenetics. In this study, ATAC-seq helped us to actively understand the epigenetic changes that regulate the host during the pathogenic process of E. coli F18ac, and how L. reuei inhibits E. coli F18ac to protect the host cells. We aimed provide unique insights into further understanding of the mechanisms of bacterial interaction with the host at the chromatin level by using ATAC-seq combined with RNA-seq. Our findings also provide a strong reference and basis for the efficient use of the antibacterial properties of L. reuteri.



2. Materials and methods


2.1. Bacterial culture

We purchased L. reuteri (ATCC 53608) from the China Center of Industrial Culture Collection (CICC) (Beijing, China), which we grew in de Man, Rogosa, and Sharpe (MRS) medium at 37°C for 24 h under anaerobic conditions. E. coli F18ac was offered by the veterinary laboratory at the University of Pennsylvania, and was inoculated in Luria-Bertani (LB) medium at 37°C for 24 h. For subsequent cell assays, we collected bacterial cells by centrifugation at 4000 r/min for 5 min and washed with phosphate-buffered saline (PBS) buffer three times. Finally, we used Dulbecco’s modified eagle medium (DMEM) with 10% fetal bovine serum to resuspend the bacterial cells, which we adjusted to a density of 1 × 107 colony forming units (CFU)/mL E. coli F18ac and 1 × 108 CFU/ml of L. reuteri.



2.2. Zone of inhibition assay

We evenly distributed E. coli F18ac over the surface of the LB plate. After the plate was dried, 200 μL of L. reuteri fermentation broth was added into each Oxford cup before the pH was adjusted to 6.0 using NaOH solution, which we transferred to a 37°C incubator for overnight. We compared the inhibition zone diameter values with the prescribed Kirby-Bauer antibiotic testing standard values to determine whether they were resistive, susceptible, or intermediate (Cockerill, 2010).



2.3. Assay of adhesion ability of bacteria to IPEC-J2 cells

We seeded IPEC-J2 cells at a density of 0.7 × 106 cells/mL with DMEM, which we then supplemented with 10% fetal bovine serum. We grew cells to complete confluence, which we subsequently washed three times with PBS and incubated for 4 h in DMEM with E. coli F18ac or simultaneously added extra L. reuteri (Skjolaas et al., 2007; Liu et al., 2017; Yi et al., 2018). For the control group, we replaced the medium only. We washed unadhered bacteria with PBS five times; then, we digested the culture cells with trypsin. We used colony counting to calculate the number of bacteria.



2.4. Sample collection

Figure 1 shows our sample treatment and sequencing process. We divided 18 samples into three 3: control (CTL) group, E. coli F18ac (EC), L. reuteri and E. coli F18ac (LR + EC) groups. IPEC-J2 cells were seeded into 25 cm2 cell culture flask at a density of 0.7 × 106 cells/mL. Cells were maintained with DMEM supplemented with 10% fetal bovine serum in a cell incubator (37°C, under 5% CO2). When the cells were grown to complete confluence, they were incubated for 4 h in DMEM with E. coli F18ac or extra L. reuteri were simultaneously added, without antibiotics (Skjolaas et al., 2007; Liu et al., 2017; Yi et al., 2018). In the control group, only the medium was replaced. We collected three replicate samples for ATAC-seq and RNA-seq from each group. We subsequently IPEC-J2 cells collected for high-throughput sequencing.
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FIGURE 1
 Antibacterial effect of L. reuteri in vitro. (A) Zone diameters of inhibition of L. reuteri against E. coli F18ac. (B) Workflow of adhesion ability assay of bacteria to IPEC-J2 cells. (C) Effect of L. reuteri on E. coli F18ac adhesion to IPEC-J2 cells. (D) Adhesion of L. reuteri to IPEC-J2 cells in E. coli F18ac (vs. control). *p < 0.01; ***p < 0.001.




2.5. RNA-seq library construction

We performed RNA-seq using the following method. Briefly, we generated the libraries with 3 μg of RNA per sample. We used an NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, United States) following the manufacturer’s protocols. We used an AMPure XP system (Beckman Coulter, Beverly, United States) to purify the fragments, from which we selected lengths 250 and 300 bp. Then, we digested cDNA with USER Enzyme (NEB, United States), and subsequently performed PCR. We purified the PCR products and clustered the index-coded samples on an Agilent Bioanalyzer 2,100 system (Agilent Technologies, CA, United States) and a TruSeq PE Cluster Kit v3-cBot-HS (Illumina, CA, United States), respectively. Finally, we performed RNA-seq on an Illumina HiSeq platform according to standardized procedures.



2.6. RNA-seq data processing

We used Trimmomatic to process raw data, including cutting adapter and trimming low-quality bases. We calculated the Q20, Q30, and GC contents. All the subsequent analyses were based on the high-quality data after processing. We obtained the porcine reference genome and all gene annotation data from the Genome website. We built an index of the reference genome, and we aligned paired-end clean reads to the reference genome using Hisat2 (version 2.0.5). We counted the read numbers mapped to each gene. The threshold was set as follows: FDR < 0.05, |fold change| ≥ 2.



2.7. Gene ontology and Kyoto encyclopedia of genes and genomes enrichment analysis

We explored Gene ontology (GO) terms and Kyoto encyclopedia of genes and genomes (KEGG) pathways enriched by the differentially expressed genes (DEGs) or annotated genes from differentially accessible regions (DARs) through GO and KEGG analyses. GO and KEGG enrichment analyses are widely used to reflect the relationship between genes and GO terms and pathways. We calculated the significance level as previously described (Chen et al., 2016).



2.8. ATAC-seq library construction

We performed ATAC-seq for IPEC-J2 cells according to Buenrostro’s method (Buenrostro et al., 2013), Briefly, we lysed cells with cold lysis buffer 10 mM tris–HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, and 0.1% Tween 20. We enriched DNA sequences in open chromatin regions with Tn5 transcriptase. We suspended the cell nucleus with a Tn5 transcriptase reaction system, and we purified the DNA at 37°C for 30 min. Then, we performed the PCR amplification reaction. We obtained cleaned up libraries through PCR amplification reactions and then conducted onboard sequencing with the Illumina platform.



2.9. ATAC-seq data analysis

We trimmed the reads in FASTQ format and aligned them to the reference genome of sus scrofa (Sscrofa11.1, INSDC Assembly: GCA_000003025.6) using the Bowtie2 software (Langmead and Salzberg, 2012). We used DeepTools (version 2.07; Ramirez et al., 2014) to map the density distribution of each gene. We used MACS2 (version 2.1.1; Zhang et al., 2008) for peak calling extraction. We estimated the empirical false detection rate (FDR), and selected FDR < 0.05 we as the identified peak. We used DESeq2 software (Love et al., 2014) for differential screening of the samples in each group. We used the ChIPseeker package (Yu et al., 2015) for the functional annotation of genome-wide peaks.



2.10. ChIP-qPCR

We fixed IPEC-J2 cells with 1% formaldehyde for 10 min, which we then quenched with 2.5 M glycine for 5 min, and sonicated to fragments of 200–500 bp in length. Subsequently, we incubated the chromatin fragments with anti-H3K4me3 and anti-H3K27ac, sequentially, which we then reverse-crosslinked. We purified ChIP-DNA for qPCR; the primer details are listed in Supplementary Table S1.



2.11. Indirect immunofluorescence assay

Cells were prepared using 24-well culture plates and fixed in 4% paraformaldehyde, blocked with 5% BSA for 2 h after 0.05% Triton X-100 treatment, and incubated 1 h with phalloidin-FITC (1:1000, Abcam). After washing, the cells were stained with DAPI (1,800, Beyotime Biotechnology), and observed and photographed with a fluorescence microscope.



2.12. Statistical analysis and data availability

All the replicates in each group are presented as the mean ± SD. A two-sided Student’s t-test was used to analyze the differences between two groups. Standard analysis of variance (ANOVA) was used to analyze the differences among three groups. We considered differences as significant at * p < 0.05, ** p < 0.01, and *** p < 0.001.




3. Results


3.1. Effective inhibition of Escherichia coli F18ac by Lactobacillus reuteri in vitro

Because L. reuteri can effectively inhibit E. coli in vitro, we first investigated the efficiency of L. reuteri inhibition of E. coli F18ac in vitro. The Oxford cup results showed that the inhibition zone diameter reached 12.97 ± 0.69 mm, which is considered intermediate inhibition (Figure 1A). More importantly, L. reuteri acts as a probiotic that inhibits bacteria in the intestine and regulates host cell activity. As an effective intestinal epithelial cell model (Peterson and Artis, 2014), we used IPEC-J2 cells to perform bacterial adhesion assays (Figure 1B), effectively revealing that L. reuteri significantly reduced the adhesion level of E. coli F18ac to IPEC-J2 cells by in vitro occupancy (p < 0.05). In contrast, the adhesion level of L. reuteri also decreased (p < 0.001; Figures 1C,D). Our results indicated that L. reuteri effectively inhibited E. coli F18ac in IPEC-J2 cells.



3.2. RNA-seq reveals pathways regulated during bacteriostatic process of Lactobacillus reuteri

To thoroughly investigate the regulatory mechanism of the antibacterial activity of L. reuteri, we performed RNA-seq and ATAC-seq on IPEC-J2 cells with different treatments (Figure 2A). After quality control, we assessed the high-quality raw data (Supplementary Table S2) prior to downstream analysis. The results of PCA showed that each group could be well separated except for LR.EC sample 2 (Supplementary Figures S1A,D). The results of GO and KEGG enrichment analyses showed that the 373 DEGs in the E. coli F18a group compared with the control group were most enriched in the transmembrane receptor protein tyrosine kinase signaling pathway (Figure 2B) and the HIF-1 signaling pathway (Figure 2C). We screened only seven DEGs in E. coli F18a and L. reuteri co-incubation group compared with the E. coli F18a group; they were most enriched in cAMP-mediated signaling (Figure 2D) and viral protein interaction with cytokine and cytokine receptor (Figure 2E). Because a few DEGs were enriched after L. reuteri treatment, we performed GSEA to find pathways that play critical roles in the antibacterial process of L. reuteri. We found 97 upregulated pathways and 11 downregulated pathways between E. coli F18ac and the control groups (Figures 3A,C; Supplementary Table S3), and 8 upregulated pathways and 13 downregulated pathways between E. coli F18ac with or without L. reuteri groups (Figures 3B,D; Supplementary Table S4). Among these, we found 12 pathways that were upregulated after E. coli F18ac treatment, then were downregulated after L. reuteri treatment, and 4 pathways that were downregulated after E. coli F18ac treatment and then upregulated after L. reuteri treatment by examining the intersection (Supplementary Figure S2). These pathways may play an important role in the antibacterial process of L. reuteri.
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FIGURE 2
 Workflow of sequence and enrichment analyses of RNA-seq dataset. (A) Workflow of experimental procedure and sequence analysis. (B,C) GO and KEGG enrichment analyses between E. coli F18ac and control groups. (D,E) GO and KEGG enrichment analyses between E. coli F18ac with and without L. reuteri groups. BP, Biological Process; CC, Cell Component; MF, Molecular Function.
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FIGURE 3
 GSEA analysis identified pathways that participate in antibacterial process of L. reuteri. (A) Up- and downregulated enriched genes of top 5 pathways between E. coli F18ac and control groups. (B) Up- and downregulated enriched genes of top 5 pathways between E. coli F18ac with and without L. reuteri groups. Dot plots showing the up- and downregulated pathways in descending order on the y-axis by NES: left plot presents pathways compared between E. coli F18ac and control groups (C); right plot represents pathways compared between E. coli F18ac with and without L. reuteri groups (D). Blue and yellow dots indicate top 5 upregulated and downregulated pathways, respectively.




3.3. Identification of accessible chromatin in IPEC-J2 cells using ATAC-Seq analysis

We detected the accessible chromatin alterations to explore the antibacterial mechanism of L. reuteri with ATAC-seq. The results showed that the density distribution of the reads around TSS were strongly enriched (Supplementary Figure S1E), indicating that the chromatin regions were successfully detected by ATAC-seq. We annotated 4,145 genes by the DARs between E. coli F18ac and control groups, and 1,481 genes between E. coli F18ac with and without L. reuteri groups (Supplementary Figures S1F–G). Then, we enriched these genes by GO and KEGG analyses. Genes in the E. coli F18a group compared with the control group were most enriched in the tube morphogenesis and the Human papillomavirus infection (Figures 4A,B). Genes in the E. coli F18a and L. reuteri coincubation group compared with the E. coli F18a group were most substantially enriched in the tumor necrosis factor production and the Human papillomavirus infection (Figures 4C,D). We identified pathways such as the PI3K-AKT and MAPK signaling pathways that were also enriched in the RNA-seq analysis; these pathways are closely related to the cell cycle, apoptosis, and cell communication (Engelman et al., 2006; Ertel and Tozeren, 2008), which may be the important regulatory pathways for the antibacterial effect of L. reuteri. Furthermore, 14 genes were intersected between the DEGs and the genes annotated by DARs when we set the threshold at p < 0.05 (Figure 5A). The visualization of the DEGs’ expression revealed that most of the genes were upregulated after E. coli F18ac treatment and downregulated after L. reuteri, indicating that L. reuteri likely inhibited E. coli F18ac by regulating these genes (Figure 5B). However, we noted a low overlap between RNA-seq and ATAC-seq datasets. H3K4me3 and H3K27ac are known to mark active promoters (Calo and Wysocka, 2013), which may lead to changes in chromatin accessibility but do not correspond to differential transcription. Therefore, we investigated the degree of histone H3K4me3 and H3K27ac enrichment of randomly selected genes to explain this phenomenon, and the results showed that H3K4me3 and H3K27ac enrichment increased in regions where chromatin accessibility was not increased, in line with our speculation (Figure 5C).
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FIGURE 4
 Go and KEGG enrichment analyses from ATAC-seq dataset reveal mechanism of antibacterial process of L. reuteri. (A,B) GO and KEGG enrichment analyses between E. coli F18ac and control groups. (C,D) GO and KEGG enrichment analyses between E. coli F18ac with and without L. reuteri groups. Enriched genes were annotated by DARs from ATAC-seq.
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FIGURE 5
 Integrative analysis of RNA-Seq and ATAC-Seq datasets. (A) Candidate gene were identified in two steps using overlap: the first step was overlap between different compared groups, and the second step was overlap between DEGs from RNA-seq dataset and annotated genes from ATAC-seq dataset. We set the threshold to a p value <0.05; we annotated ATAC-seq peaks to genomic features with the chipseeker package, and only 837 genes had gene names after annotation from DARs. (B) Heatmap of 14 overlapping genes in different groups. (C) Fold changes of histone H3K4me3 and H3K27ac were determined by ChIP-qPCR in chromatin accessible regions of UBTD2, LRRC39, GRIK4, ENSSSCG00000014143, and ARNTL2. Data are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.




3.4. Regulation of actin cytoskeleton involved in regulation of Lactobacillus reuteri mediated bacteriostasis

We focused on the regulation of actin cytoskeleton, which was upregulated after E. coli F18ac treatment and downregulated after L. reuteri treatment in GSEA (Supplementary Figure S2); some peaks of the pathway genes were also notably altered (Figure 6A). We therefore surveyed the effect of different treatments on F-actin, which is the key downstream molecule. We found that considerably rearrangement and aggregation of F-actin occurred after E. coli F18ac treatment, which was alleviated by treatment with L. reuteri (Figure 6B). Accordingly, we hypothesized that the regulation of the actin cytoskeleton is one of the important regulatory pathways of L. reuteri mediated bacteriostasis. We thereafter visualized the genes of the regulation of the actin cytoskeleton both of the datasets, and then identified ARHGEF12, EGFR, and DIAPH3 as potential key genes for which visualization revealed that their expressions were noticeably higher after E. coli F18ac treatment. The application of L. reuteri restored their expressions (Figure 6C). Enteropathogenic E. coli effector EspH can specifically regulate the ARHGEF12 protein, thereby inhibiting the actin cytoskeleton regulated by small G proteins in host cells (Dong et al., 2010). EGFR was identified as a contributor to E. coli invasion of the BBB in vitro (Wang et al., 2016). Consequently, ARHGEF12, EGFR, and DIAPH3 seem to be critical regulatory molecules in the process of E. coli F18ac inhibition by L. reuteri (Figure 6D).
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FIGURE 6
 Regulation of actin cytoskeleton involved in regulation of L. reuteri-mediated bacteriostasis. (A) KEGG map of regulation of actin cytoskeleton. Red indicates genes identified by RNA-seq, blue indicates genes identified by ATAC-seq, and pink indicates genes identified by both. (B) IFA assay was used to visualize F-actin in different treatments. The red arrows represent the rearrangement and aggregation of F-actin. (C) Visualization of ARHGEF12, EGFR, and DIAPH3 used by IGV in the two datasets. (D) Mechanism hypothesis diagram for the regulation of actin cytoskeleton involved in regulation of L. reuteri-mediated bacteriostasis. Red dashed lines represent the effect of E. coli F18ac, blue dashed lines and crosses represent the effect of L. reuteri.





4. Discussion

Lactobacillus reuteri, as a probiotic, can be effectively used in the treatment of diarrhea and other symptoms in children in clinical practice, but we do not have a sufficient understanding of the host regulation mechanism during its antibacterial process. In this study, we examined the transcriptome and chromatin accessibility landscape of IPEC-J2 induced by E. coli F18ac and the antibacterial process of L. reuteri using RNA-seq and ATAC-seq. To the best of our knowledge, this is the first report of the transcriptome and chromatin accessibility landscape, simultaneously showing differential responses of porcine IPEC-J2 cells to infection with E. coli F18ac as well as the inhibition by L. reuteri. We confirmed that L. reuteri has an inhibitory effect on E. coli F18ac through in vitro antibacterial experiments. L. reuteri can inhibit the growth of E. coli and thus inhibit the intestinal infections (Mu et al., 2018). IPEC-J2 cells are reference cellular substrates that can provide useful information about the intestinal interaction between host and enteric pathogens (Mariani et al., 2009). We were able to observe the molecule changes in the cellular responses induced by E. coli F18ac and L. reuteri with the IPEC-J2 model. We found that many of the E. coli F18ac induced DEGs and DARs were enriched in some key signaling pathways, one of which was the PI3K-AKT signaling pathway, which is one of the most important intracellular pathways that regulates cell growth, motility, survival, metabolism, and angiogenesis (Engelman et al., 2006; Alzahrani, 2019). Inhibition of the PI3K-AKT signaling pathway can lead to reduced cell proliferation and increased cell death (Hennessy et al., 2005). Another important pathway was the MAPK pathway, which is located downstream of many growth-factor receptors (Fang and Richardson, 2005) and hence mediates cell communication with extracellular environments (Ertel and Tozeren, 2008). The abundance of DEGs and DARs within the PI3K-AKT and MAPK pathways suggested that these pathways may be involved in E. coli F18ac infection and the antibacterial process of L. reuteri.

Next, we investigated transcriptional upstream DEGs, and some genes intersected between ATAC-seq and RNA-seq datasets. However, only 33 genes were intersected, which was unexpected. Among them, TIMP3 and CCR7 are involved in the regulation of PI3K/AKT pathway activity (Rodriguez-Fernandez and Criado-Garcia, 2020; Yang et al., 2022), and the PI3K/AKT pathway was also identified in our enrichment analysis. These results suggested that E. coli F18ac and L. reuteri might be involved in the regulation of PI3K/AKT pathway of host cells through regulation expression of TIMP3 and CCR7. HKDC1 could regulate the AMPK/mTOR signaling pathway to perform its biological function (Wang et al., 2020). TRIM33 and BACH1 could regulate the activation of activation of Wnt/β-catenin (Jiang et al., 2015; Li et al., 2022), and L. reuteri protect the intestinal mucosal barrier integrity by moderately modulating the Wnt/β-catenin pathway to avoid overactivation (Wu et al., 2020). DYRK2, RORA and other genes are also involved in the regulation of cell cycle (Lara-Chica et al., 2022), apoptosis (Li et al., 2022) and other activities. The above studies also fully confirmed that these candidate genes identified in this study may be potential regulatory molecules of L. reuteri to protect host cells against E. coli F18ac. We speculated that one of the reasons why so few genes overlap may be histone modification. Fan, Ren (Fan et al., 2021) also found fewer genes intersected when investigating the association between the specific chromatin-accessible regions and gene expression in murine ovarian GCs upon DON exposure. One potential mechanism is histone acetylation (acetyltransferases/deacetylases) and methylation (methyltransferases/demethylases) between histones and DNA regulating gene expression (Bhaumik et al., 2007). As H3K4me3 and H3K27ac are known to mark active promoters (Calo and Wysocka, 2013), this may lead to changes in chromatin accessibility but does not correspond to differential transcription, hence the lack of overlap in the genes between the two datasets. The ChIP-qPCR results were similar to expectations, and regions with increased chromatin accessibility did not have increased H3K4me3 and H3K27ac enrichment; the trend between the two was inconsistent. Besides, it has been reported that Lactobacillus mucosae strain LM1 caused a > 5.1-fold increase in different types of histones, this indicates a significant alteration in protein biosynthesis induced by L. reuteri in IPEC-J2 cells (Pajarillo et al., 2017). These both partially explained the reasons for the low overlap. In addition, DNA methylation can also affect gene transcription level. In this study, it was found that demethylated transferase lysine K-specific demethylase (KDM) family showed an overall increasing trend after E. coli F18ac infection, while a decreasing trend was showed after the addition of L. reuteri (Supplementary Table S5). However, this trend was not significant, and our study lacked data support at the protein level, which needed to be further explored. L. reuteri strongly regulates interleukin family members such as IL-1α, IL-6 IL-8, and IL-10 (Ma et al., 2004; Pena et al., 2004; Hoffmann et al., 2008). Therefore, we also investigated the transcriptional changes in interleukin-family genes and found that E. coli infection significantly increased the expressions of IL-1α, IL-11, NFIL-3, IL-16, and other cytokines. Zhou et al. identified 867 DEGs (including 30 immune-related genes) in IPECJ2 cells after infection with E. coli F18ac (Zhou et al., 2012). The number of DEGs in our study, especially the number of immune-related genes, was lower than that found by Zhou et al., which may have been due to differences in the MOI (we used 1 × 107 CFU/ml in this study, which is lower than the 1 × 108 CFU/ml used by Zhou et al.). Additionally, L. reuteri treatment did not reduce the uptrend in the levels of these cytokines, suggesting that porcine L. reuteri does not influence E. coli F18ac infection in IPEC-J2 cells by modulating interleukin release. The levels of important chemokines CXCL10, and CXCL11 increased only after L. reuteri treatment. CXCL10 and CXCL11 regulate immune cell migration, differentiation, and activation (Tokunaga et al., 2018), and the increased levels after L. reuteri treatment may have facilitated the recruitment of epithelial cells to immune cells.

Notably, the results of GO and KEGG enrichment analyses did not clearly describe the up- and downregulation changes in DEGs during the bacteriostatic process of L. reuteri. Therefore, we performed GSEA, through which we identified 12 pathways that were upregulated after E. coli F18ac infection and downregulated after L. reuteri treatment; we identified four pathways showing the opposite pattern. Among them, ECM–receptor interaction is involved in cellular–extracellular communication (Cui et al., 2018) and was reported to be associated with the infection process of E. coli (Zhou et al., 2012). The actin cytoskeleton can be manipulated by the effector proteins secreted by E. coli pathotypes (Selbach and Backert, 2005; Campellone, 2010; Navarro-Garcia et al., 2013). These pathways, which are closely associated with E. coli infection, may be a crucial bacteriostatic mechanism of L. reuteri. In this regard, we further found that the chromatin accessibility and expression levels of some key genes in the regulation of actin cytoskeleton were altered. The results of the IFA assay revealed that treatment with E. coli F18ac markedly augmented actin aggregation, whereas L. reuteri treatment effectively lowered this aggregation, indicating that the regulation of the actin cytoskeleton is one of the important mechanisms through which L. reuteri inhibits E. coli F18ac infection. Additionally, ARHGEF12 can be specifically regulated by EspH, a type III secretion system effector protein of E. coli (Dong et al., 2010), EGFR can also benefit E. coli invasion (Wang et al., 2016). Therefore, ARHGEF12, EGFR, and DIAPH3 appear to be the key regulatory targets, which needs to be verified by further experiments.

In summary, our results fully displayed the chromatin accessibility and transcriptional landscape of the E. coli F18ac infection processes as well as the bacteriostatic action of L. reuteri in IPEC-J2 cells. We identified some key signaling pathways and node genes, revealing that E. coli F18ac triggers cellular activities in the host and can be generally regulated by L. reuteri. This study provides mechanistic guidance for the use of L. reuteri as a probiotic in livestock, poultry, and humans, as well as a theoretical basis for the development and use of L. reuteri and its synergistic drugs.
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