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Dual Transcriptomic Analyses Unveil Host–Pathogen Interactions Between Salmonella enterica Serovar Enteritidis and Laying Ducks (Anas platyrhynchos)












	 
	ORIGINAL RESEARCH
published: 05 August 2021
doi: 10.3389/fmicb.2021.705712





[image: image]

Dual Transcriptomic Analyses Unveil Host–Pathogen Interactions Between Salmonella enterica Serovar Enteritidis and Laying Ducks (Anas platyrhynchos)

Yu Zhang1,2, Lina Song1,2, Lie Hou2, Zhengfeng Cao2, Wanwipa Vongsangnak3, Guoqiang Zhu1, Qi Xu1,2* and Guohong Chen1,2

1Joint International Research Laboratory of Agriculture and Agri-Product Safety, The Ministry of Education, Yangzhou University, Yangzhou, China

2College of Animal Science and Technology, Yangzhou University, Yangzhou, China

3Department of Zoology, Faculty of Science, Kasetsart University, Bangkok, Thailand

Edited by:
Alina Maria Holban, University of Bucharest, Romania

Reviewed by:
Devendra H. Shah, Washington State University, United States
Regan Hayward, Helmholtz Institute for RNA-based Infection Research (HIRI), Germany
Michael Kogut, Agricultural Research Service, United States Department of Agriculture, United States

*Correspondence: Qi Xu, xuqi@yzu.edu.cn

Specialty section: This article was submitted to Microbial Immunology, a section of the journal Frontiers in Microbiology

Received: 06 May 2021
Accepted: 13 July 2021
Published: 05 August 2021

Citation: Zhang Y, Song L, Hou L, Cao Z, Vongsangnak W, Zhu G, Xu Q and Chen G (2021) Dual Transcriptomic Analyses Unveil Host–Pathogen Interactions Between Salmonella enterica Serovar Enteritidis and Laying Ducks (Anas platyrhynchos). Front. Microbiol. 12:705712. doi: 10.3389/fmicb.2021.705712

Salmonella enteritidis (SE) is a pathogen that can readily infect ovarian tissues and colonize the granulosa cell layer such that it can be transmitted via eggs from infected poultry to humans in whom it can cause food poisoning. Ducks are an important egg-laying species that are susceptible to SE infection, yet the host–pathogen interactions between SE and ducks have not been thoroughly studied to date. Herein, we performed dual RNA-sequencing analyses of these two organisms in a time-resolved infection model of duck granulosa cells (dGCs) by SE. In total, 10,510 genes were significantly differentially expressed in host dGCs, and 265 genes were differentially expressed in SE over the course of infection. These differentially expressed genes (DEGs) of dGCs were enriched in the cytokine–cytokine receptor interaction pathway via KEGG analyses, and the DEGs in SE were enriched in the two-component system, bacterial secretion system, and metabolism of pathogen factors pathways as determined. A subsequent weighted gene co-expression network analysis revealed that the cytokine–cytokine receptor interaction pathway is mostly enriched at 6 h post-infection (hpi). Moreover, a number of pathogenic factors identified in the pathogen–host interaction database (PHI-base) are upregulated in SE, including genes encoding the pathogenicity island/component, type III secretion, and regulators of systemic infection. Furthermore, an intracellular network associated with the regulation of SE infection in ducks was constructed, and 16 cytokine response-related dGCs DEGs (including IL15, CD40, and CCR7) and 17 pathogenesis-related factors (including sseL, ompR, and fliC) were identified, respectively. Overall, these results not only offer new insights into the mechanisms underlying host–pathogen interactions between SE and ducks, but they may also aid in the selection of potential targets for antimicrobial drug development.
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INTRODUCTION

Salmonellosis is an important foodborne illness that primarily occurs as a consequence of consuming eggs contaminated with Salmonella enteritidis (SE) (Gantois et al., 2009; Pijnacker et al., 2019) with more than 75% of SE outbreaks being linked to eggs or products derived therefrom (Braden, 2006). For example, an egg-linked international outbreak of SE infection has been occurring in the European Union for many years, posing a significant risk to consumer health and socioeconomic outcomes (Pijnacker et al., 2019). Although efforts to control SE outbreaks by vaccination and related interventional strategies to date have been made, these approaches have not completely prevented SE prevalence amid poultry flocks. Therefore, better strategies need to be further explored to control SE infection.

During SE infection, both the SE and the host mobilize all available resources to win the life-and-death struggle (Aprianto et al., 2016). One the one hand, SE encodes a number of pathogenic factors, such as PAMPs, including components of the bacterial cell wall–peptidoglycans, lipopolysaccharide, flagellin, and secretion system effectors to attack host innate immune (LaRock et al., 2015). Moreover, SE manipulates the cellular mechanisms of host organisms via pathogen–host interactions (PHIs) in order to take advantage of the capabilities of host cells, leading to infections; subsequently, transovarial transmission to offspring results in the spread of SE through the production of contaminated eggs and fecal matter (Gantois et al., 2009; Jennings et al., 2017). On the other hand, the host response to infection depends on innate immunity in which intrinsic mechanisms are responsible for recognizing and responding to SE challenge. The NFKBIA, IL1B, IL8, and CCL4 genes were consistently induced after endotoxin treatment in chicken (Ciraci et al., 2010). Besides this, the AVD, EXFABP, IRG1, AH221, TRAP6, SAA, and all immunoglobulin genes also played important roles in the course of SE infection in chickens (Matulova et al., 2012). These findings only revealed the mechanism of Salmonella in the process of infection from host or pathogen. However, pathogen infection is a complex process involving the interaction between pathogen and host. Understanding of the host–SE interactions may reveal the underlying mechanism of SE infection, which will lay the theoretical foundation for better strategies to control the SE pathogen.

Ducks, especially Shaoxing and Pekin ducks, are an economically important poultry species, which are susceptible to SE infection (Yan et al., 2008; Cha et al., 2013; Zhang et al., 2019a). Notably, SE has recently grown to be the most common Salmonella serotype to be isolated from laying ducks throughout the world, and its prevalence in countries such as China and the United Kingdom have led to major economic losses while threatening human health and contaminating water (Martelli et al., 2016; Yang et al., 2019; Wang et al., 2020). SE is known to readily infect ovarian tissues and to colonize the granulosa cell layer in poultry (Thiagarajan et al., 1994). However, the PHIs between SE and duck granulosa cells (dGCs) have not been effectively defined. As such, we herein generated a time-resolved model of the SE infection of dGCs to simultaneously assess dynamic changes in gene expression in both duck and SE cells via a dual RNA-seq approach, enabling us to characterize the interactions between these two species and to identify key duck immune genes and SE virulence genes related to these responses.



MATERIALS AND METHODS


Ethics Statement

The Institutional Animal Care and Use Committee of Yangzhou University (Jiangsu, China) approved all animal studies conducted herein, which were consistent with experimental animal use guidelines and regulations. All ducks were housed in a standard facility that met the requirements outlined in the Laboratory Animal Requirements of Environment and Housing Facilities (GB 14925-2001) publication, and all protocols were consistent with the Jiangsu Administration Rules for Laboratory Animal Use.



Experimental Model Animals and Bacterial Strains

Healthy Shaoxing ducks (Anas platyrhynchos, Chinese native breed, 26 weeks old) that were free of Salmonella were obtained from the National Waterfowl Conservation Farm (Taizhou, China). SE (No. MY1, phage type 4) was isolated from ducks and maintained by the Key Laboratory of Animal Disease and Human Health of Sichuan Province (Deng et al., 2008). The National Center for Medical Culture Collection (Beijing, China) established the phage type and serotype of SE isolates.



dGCs Isolation and SE Infection

Duck granulosa cells were isolated and cultured as in prior studies (Gilbert et al., 1977; Zhang et al., 2019b). Briefly, 10–15 adult prehierarchical follicles were collected from egg-laying ducks under sterile conditions. Yolks and vitelline membranes were removed by rinsing these follicles with Ca2+- and Mg2+-free PBS, after which tissues were minced into 1–2 mm3 pieces and digested with type II collagenase (1 mg/mL; Sigma, St. Louis, MO, United States) for 5 min at 37°C. Samples were then passed through a 200-μm nylon filter, centrifuged twice for 5 min at 67 × g, washed with M199 media to remove the remaining collagenase and cell debris, followed by resuspension in 3 mL of 50% Percoll, centrifugation at 421 × g for 15 min, and cell layer isolation. The dGCs were then suspended in M199 media (5% fetal calf serum, 2 mmol/L L-glutamine, 5 μg/mL transferrin, 10 μg/mL insulin, 1.75 mM HEPES [4-(2-hydroxyerhyl) piperazine-1-erhanesulfonic acid]) and counted with 0.1% trypan blue being added to assess viability. Only samples with >90% cell survival were used for subsequent experiments. Cells were allowed to adhere in tissue culture flasks for 24 h prior to experimental utilization, after which purity was initially determined by indirect immunofluorescence assay (IFA) to detect follicle granulosa cell-specific receptor, follicle-stimulating hormone receptor (FSHR) expression using anti-FSHR antibodies (1:500, Proteintech, Rosemont, IL, United States, L594-22665).



Invasion Assays

Invasion assays were conducted as in prior reports (Jouve et al., 1997; Lane and Mobley, 2007). Briefly, bacteria were cultured in LB broth to an OD600 of 2.0 (at mid logarithmic phase) at 37°C. dGCs were added to 96-well plates (1 × 105/well) for 24 h, after which they were washed thrice with PBS (pH 7.2) prior to the addition to each well of 100 μL of SE in Dulbecco’s modified Eagle medium (DMEM) at a multiplicity of infection (MOI) of 10 with DMEM being added to control wells. Plates were then cultured 37°C for 1 h, after which PBS supplemented with 50 μg/mL gentamicin was added to kill any non-invasive bacteria. Cells were then incubated for an additional 1 h period and then lysed by 0.5% Triton X-100 (Solarbio, Beijing, China) for 30 min before vigorous pipetting. Samples were removed, diluted, and plated on LB agar to determine the number of colony forming units (CFU) per monolayer. Samples were assessed in triplicate.

Salmonella enteritidis infection was confirmed via an IFA approach as detailed previously (Zhang et al., 2019c). Briefly, medium was removed, and cells were washed three times with 0.01 M PBS, fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100, and blocked for 1 h with 10% FBS in PBS. After a 2-h incubation with an anti-Salmonella antibody (1:2000, Abcam, Cambridge, MA, United States, ab69253), cells were washed thrice with PBS, stained with DAPI (0.2 mg/mL) for 15 min at 37°C, and imaged via fluorescence microscopy (Leica, Wetzlar, Germany).



RNA-Sequencing

TRIzol (Invitrogen, Carlsbad, CA, United States) was used based on provided directions to extract RNA from 0, 3, 6, and 9 hpi groups (n = 3, respectively) with 1% agarose gel electrophoresis being used to assess RNA quality and contamination. A NanoPhotometer spectrophotometer (IMPLEN, Westlake Village, CA, United States) was also used to assess RNA purity, and a Qubit RNA Assay Kit and a Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, United States) were used to measure RNA concentrations. An RNA Nano 6000 Assay Kit and a Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, United States) were then used to assess RNA integrity. Next, a strand-specific library was constructed followed by the previous method (Parkhomchuk et al., 2009; Borodina et al., 2011). Briefly, oligo (dT) beads were used to enrich for eukaryotic RNA in each sample first, then prokaryotic mRNA was enriched via the removal of rRNA with a Ribo-Zero Magnetic Kit (Epicentre) and Quick-RNATM Fungal/Bacterial Microprep (Zymo Research). After enrichment, fragmentation buffer was used to fragment mRNA into short segments, after which first-strand DNA synthesis was conducted using random hexamer primers. Second-strand cDNA synthesis was then performed with DNA polymerase I, RNase H, dNTPs, and an appropriate buffer. A QiaQuick PCR extraction kit was then used for cDNA isolation, followed by end repair, polyadenylation, and Illumina sequencing adapter ligation. Ligation product size selection was then performed via agarose gel electrophoresis, followed by PCR amplification and sequencing runs of paired-end 150 bp with an Illumina HiSeq 2500 instrument at Major BioTech Co., Ltd. (Shanghai, China).

Raw reads were trimmed and subjected to quality control using Sickle1 and SeqPrep2 with default settings. After cleaning, data were mapped to the duck [NCBI: IASCAAS_PekingDuck_PBH1.5 (GCF_003850225.1)] and SE (NC_011294.1) reference genomes using TopHat2 and Bowtie2, respectively (Trapnell et al., 2010; Langmead and Salzberg, 2012). The “MarkDuplicate” tools of Picard3 were used removed the reads that mapped to both organisms. Relationships among samples were assessed with the gmodels R package4.



Differentially Expressed Gene (DEG) Analyses

The gene abundances were quantified by software RSEM, and the gene expression level was normalized by using the fragments per kilobase of transcript per million mapped reads method (Li and Dewey, 2011). Differentially expressed genes (DEGs) among samples were identified with the edgeR package (Robinson et al., 2010). DEGs were defined as those genes with a | log2FC| ≥ 2 and a false discovery rate (FDR) < 0.05. After identification, Blast2GO (Conesa and Götz, 2008) was utilized for the GO annotation of these genes (Conesa et al., 2005), and the KEGG program was utilized for KEGG pathway enrichment analyses (Kanehisa and Goto, 2000). The weighted gene co-expression network analysis (WGCNA) R package was used to conduct a WGCNA of gene expression patterns across samples (Langfelder and Horvath, 2008). Following pair-wise correlation matrix calculation, an adjacency matrix was calculated by raising the correlation matrix based on a power value (β) that had been selected based upon scale-free topology criteria (scale-free topology criteria R2 ≥ 0.85). Topological overlap was then assessed. A cluster tree branch gene co-expression module was constructed based upon average linkage hierarchical clustering. Module eigengenes were statistically classified (dynamicTreeCut algorithm, parameters deepSplit = 2, minModulesize = 30) (Langfelder et al., 2008), after which very similar modules were merged, leading to the identification of key host genes associated with responses to SE infection at different time points. Clusterprofiler and DAVID were used for KEGG and GO enrichment analysis, respectively (Huang et al., 2009; Yu et al., 2012).



Interaction Network Construction and Prediction of the Regulation of Pathogenicity-Associated Genes

Genes involved in PHIs were identified by using BLASTp to compare potentially relevant genes against the PHI-base version 4.8 database (September 2019) (Urban et al., 2020). Network-based inferences necessitating a gene expression profile is centralized and standardized using the min-max normalization method (Zhu et al., 2019). Gene expression pattern analysis is used to cluster genes of similar expression patterns for multiple samples. To examine the expression pattern of DEGs, the expression data of each sample (in the order of treatment) were normalized to 0, log2 (v1/v0), log2 (v2/v0), and then clustered by Short Time-series Expression Miner software (STEM) (Ernst and Bar-Joseph, 2006). Host dGCs DEGs (euk-DEGs) and prokaryotic SE-associated DEGs (pro-DEGs) were then selected to predict associations between key virulence genes and host genes via an expression correlation analysis. Interaction networks of euk-DEGs and corresponding pro-DEGs were constructed using Cytoscape (Shannon et al., 2003). To improve network visibility, the edges (connections) were filtered to show only those with a degree cutoff = 2, a node score cutoff = 0.2, k-core = 2, and max depth = 100. The two significant networks were then calculated with the MCODE plug-in (Bader and Hogue, 2003).



qPCR-Based Result Validation

In order to validate RNA-seq results via qPCR, 12 duck genes (IL15, CCR7, IL18R1, CD40, IL23R, IL20RA, TNFRSF8, TNFRSF13B, TNFRSF4, CSF3R, IL2RG, TNFRSF18) and 17 SE virulence-associated genes (sseL, sseE, invE, ssaM, ssaN, ssaP, spiC, slyA, spaR, aroA, sipB, prgH, hilD, ompR, fruR, fliC, sipA) were selected for analysis with GAPDH and gyrA being used for the respective normalization of duck and SE transcript expression levels. Primers were designed with the Primer 5 software (Premier, Canada) based upon sequencing data (Table 1), and were synthesized by Sangon Biotech (Shanghai, China). TRIzol (Takara, Dalian, China) was used based on provided directions to extract RNA from prepared samples. All qPCR reactions were conducted with an ABI 7500 instrument (Applied Biosystems, Foster City, CA, United States) with individual reactions being composed of 10 μL 2 × SYBR Premix Ex Taq II (Takara), 0.4 μL of each primer (10 μM), 0.4 μL 50 × ROX Reference Dye II (Takara), 2 μL cDNA, and ddH2O to a final volume of 20 μL. Thermocycler settings were 95°C for 30 s, 40 cycles of 95°C for 5 s, 60°C for 34 s. The thermal program for RT-qPCR was 98°C for 30 s, followed by 40 cycles of 98°C for 10 s and 60°C for 30 s. All samples were conducted with three technical replications. The 2–ΔΔCT method (Kenneth and Thomas, 2002) was used to assess relative gene expression levels.


TABLE 1. Primers of genes used in RT-qPCR.
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Statistical Analyses

Data are means ± standard deviation (SD), and experiments were repeated at least three times. Data were analyzed with SPSS 26.0 (Chicago, IL, United States) via one-way ANOVAs with Dunnett’s test, with p < 0.05 as the significance threshold.



Data Access

RNA-seq data from the present study have been deposited in the Short Read Archive of the National Center for Biotechnology Information (NCBI) under the bio-project number PRJNA721551.




RESULTS


Evaluation of dGC Invasion by SE

After isolation, dGCs exhibited a rounded or ovoid shape and were fully adherent to tissue culture flasks within 24 h of culture at which point they were spread out in a pebble-like manner. These cells reached 100% confluence within 3–5 days, at which time granular material was evident in the cytoplasm. DAPI was used to stain dGCs nuclei, and the cytoplasm of the FSHRs was stimulated to emit red fluorescence for detection by IFA (Figure 1A). After treatment with bacterial suspensions and gentamicin-containing growth media, changes in cell morphology and numbers of invasive SE were assessed at different time points post-infection. At 3 hpi, cells appeared swollen and rounded or irregular in shape with some evidence of vacuolation. At 6 hpi, infected cells were increasingly non-adherent with some blue or black particles, cellular deformation, and clumping in strip-like aggregates. At 9 hpi, some cells had broken down and dissolved with increases in the presence of dark blue particles within dGCs. The media also appeared increasingly flocculated at this time point due to cell exfoliation. IFA staining of the SE in these samples revealed that the degree of bacterial invasion increased significantly over time such that relatively few bacteria were detectable at 3 hpi, whereas these bacterial numbers had expanded significantly by 6 hpi and had invaded most cells by 9 hpi (Figure 1B). The intracellular CFU counts of SE at each time point are listed in Supplementary Table 1.


[image: image]

FIGURE 1. Isolation of dGCs and challenge with SE. (A) Isolation and identification of dGCs. Diagram of a dGC (400×), DAPI staining of cell nucleus, and fluorescent image of FSHR. (B) The changes of morphology and indirect immunofluorescent staining and DAPI staining of dGCs infected at an MOI of 10 at different times post-infection. The row represents 0, 3, 6, and 9 hpi, respectively.




Profiling of Gene Expression Patterns Associated With HPIs

To examine dGCs and SE gene expression profiles over the course of this infection process, we conducted a dual RNA-seq time-course analysis of both dGCs and SE cells at 0, 3, 6, and 9 hpi (Supplementary Table 2). This RNA-seq approach yielded high-quality yields with an appropriately balanced base distribution and a reasonable N% (>10%) consistent with these data being of sufficient quality to permit downstream analyses (Supplementary Table 3). Average base error rate distributions in these sequencing reads were <0.1% and were, thus, considered acceptable. Principal component analysis clustering was then conducted to confirm sample distribution and biological reproducibility (Figures 2A,B). The gmodels R package was used to evaluate the relationships among samples (Supplementary Figure 1). On average, this analysis yielded 78.6 million reads per library with 76.2% of these reads aligning to the duck reference genome and 23.8% aligning to the SE P125109 reference genome (Supplementary Table 4 and Figure 2C). The edgeR package (Robinson et al., 2010) was used to assess gene expression profiles and to identify significant DEGs that met the defined criteria (FDR < 0.05 and | log2FC| > 1) at different time points in both dGCs and SE cells (Figure 2D). For further details regarding DEGs and virulence-associated genes between the 0, 3, 6, and 9 hpi time points and associated biological functions, see Supplementary Tables 5, 6.
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FIGURE 2. Dual RNA-seq generates high-quality data sets suitable for probing host–pathogen transcriptomes. Principal component analysis was performed separately for dGCs and SE libraries. Biological duplicates clustered closely to each other in host (A) and pathogen (B) libraries (see sample duplicates). Variability within samples was mainly dependent on the infection time points but not sequencing batch of the samples; 78.6 million reads per library: 76.2% of the reads aligned to the duck reference genome and 23.8% to the SE P125109 reference genomes (C), the DEG statistics at different specific stage of dGCs (a) and SE (b) interaction (D).




Enrichment Analysis of Pathways and GO Terms for DEGs in SE and dGCs

GO analyses of identified DEGs in dGCs and SE were conducted (Supplementary Tables 7, 8), revealing these genes to be associated with GO terms mainly enriched in host immune function, including immune system process (GO: 0002376), regulation of cytokine production (GO: 0001817), positive regulation of biological process (GO: 0001819), and regulation of cellular metabolic process (GO: 0031323). Bacterial DEGs were additionally associated with bacterial virulence–related protein secretion, such as the metabolic process (GO: 0008152), peptide biosynthetic process (GO: 0043043), and regulation of gene expression (GO: 0010468) GO terms (Supplementary Figure 2). In addition, the top 20 enriched KEGG pathways associated with genes that were differentially expressed during different stages of the SE infection process were assessed (Figure 3). These pathways included the cytokine–cytokine receptor interaction, Toll-like receptor signaling, JAK-STAT signaling, ECM-receptor interaction, and p53 signaling pathways, which play key roles in immune, signal transduction, and transcription-related processes. Statistical analyses suggest that the cytokine–cytokine receptor interaction pathway in dGCs was significantly altered during SE infection as were the two-component system and bacterial secretion system pathways in SE (Table 2). For further details regarding the DEGs associated with the cytokine–cytokine receptor interaction, two-component system, and bacterial secretion system pathways in this experimental system, see Table 3.


[image: image]

FIGURE 3. Top 20 enriched KEGG pathways for difference expression genes between the different stages of the SE infection. All DEGs in specific stage infection were analyzed by KEGG enrichment. Fold change > 2 and FDR < 0.01 was set as the cutoff values: 0 vs. 3 hpi (A), 3 vs. 6 hpi (B), 6 vs. 9 hpi (C) of dGCs in different contrasts, respectively. 3 vs. 6 hpi (D), 6 vs. 9 hpi (E), 3 vs. 9 hpi (F) of SE in different contrasts, respectively.



TABLE 2. Top 2 significantly changed pathways in different group contrasts and specific modules.
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TABLE 3. The significantly changed pathways and enrichment different expression genes of host and bacteria during SE infection.
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Identification of Key Genes Associated With dGC Responses to Infection and SE Pathogenicity

A WGCNA analysis was conducted to assess relationships between particular genes during a given stage of the infection process, grouping similarly expressed genes into modules via average linkage clustering (based on the weighted correlation coefficients of genes, genes are classified according to their expression patterns, and genes with similar patterns are grouped into one module). Herein, a power value of β = 9 (scale-free R2 = 0.85) was utilized for oft-thresholding to ensure a scale-free network (Figure 4A), leading to the identification of 12 modules (Figure 4B). Module connectivity was assessed based upon Pearson’s correlation coefficient values (cor.geneModuleMembership > 0.8) with clinical trait relationships similarly being measured based upon absolute Pearson’s correlation coefficient values (cor.geneTraitSignificance > 0.4). As the identification of modules significantly associated with clinical features was considered to be of biological importance, module–feature relationships were assessed at different pathological stages, revealing that the most closely associated modules at the 0, 3, 6, and 9 hpi time points were the blue, dark red, black, and light cyan modules, respectively (Figures 4C,D and Supplementary Table 9). These four modules were, thus, selected as modules of interest with clinical features worthy of examination in subsequent analyses. Genes in these significant modules at the 0, 3, 6, and 9 hpi time points were associated with metabolic pathways, the MAPK and JAK-STAT signaling pathways, the cytokine–cytokine receptor interaction pathway, and the cell cycle and p53 signaling pathways, respectively (Table 2 and Supplementary Figure 3). The key genes in the cytokine–cytokine receptor interaction pathway within the black modules are additionally listed in Table 4. To further understand SE pathogen-related factor expression over the course of the infection process, identified genes were subjected to a BLAST analysis and annotation of high-abundance genes (expression > 10) using the PHI database with identified pathogenicity-associated factors being listed in Table 4.
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FIGURE 4. Identification and visualization of stage-specific modules based on WGCNA. (A) Analysis of the scale-free fit index for soft-thresholding powers (β) and the mean connectivity for soft-thresholding powers. (B) Clustering dendrogram of genes showing module membership in colors. (C) Heat map of correlations between module and specific infection stage. The colors ranging from green through white to red indicate low through intermediate to high correlations, respectively. MM, the first principal component of the standardized expression profiles of a given module (absolute correlation greater than 0.4 and p-value less than 0.01) are indicated significant. (D) Distribution of average gene significance in the modules associated with the stage-specific modules.



TABLE 4. The key genes and pathologic factors based on pattern expression of specific module and PHI database.
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Co-expression Analysis of DEGs in SE and dGCs

Fuzzy c-means clustering (Bezdek, 1992) and expression correlation analyses were next used to evaluate the expression matrices of DEGs from dGCs and SE cells (Supplementary Figures 4,5). This led to the identification of 16 host genes associated with the cytokine–cytokine receptor interaction pathway that exhibited high fold-change expression patterns during the infection process as well as 17 pathogenicity-associated factors that were primarily associated with functions including regulators of systemic infection, pathogenicity island/component, and type III secretion system components (<0.05, Px,y > 0.6) (Figure 5). In Figure 5, host and pathogen DEGs are, respectively, represented by circles and inverted triangles. The expression levels of most host cytokines were positively correlated with the expression of bacterial virulence factors, particularly the type III secretion-related proteins; bacterial virulence factors ompR, fliC, and ssaU were the negative regulators to the expression of host response genes; and sseL, ttrB, and ompR interact throughout the higher cooperative diversity in the regulatory network.


[image: image]

FIGURE 5. The interaction relationships among the host DEGs of cytokine–cytokine receptor interaction pathways and the pathogenic expression genes of SE. Sixteen host genes interaction with 17 pathogenicity-associated factors during infection (A), Degree cutoff = 2, node score cutoff = 0.2, k-core = 2, and max. depth = 100 as the criteria two significant modules were selected by using plug-in MCODE, Score = 4.8 (B), Score = 2.4 (C), p-value < 0.05, Px,y > 0.6. Red and green color represent bacteria and host, respectively, red solid lines represent positive relationship, and black dashed lines represent negative relationship.




qPCR-Based Validation of Hub Genes and Pathogenicity-Associated Factors

Last, a qPCR approach was used to validate the DEGs identified in the above RNA-seq analysis. In total, 12 hub genes (IL15, CCR7, IL18R1, CD40, IL23R, IL20RA, TNFRSF8, TNFRSF13B, TNFRSF4, CSF3R, IL2RG, and TNFRSF18) and 17 pathogenicity-associated factors (sseL, sseE, invE, ssaM, ssaN, ssaP, spiC, slyA, spaR, aroA, sipB, prgH, hilD, ompR, fruR, fliC, and sipA) were selected for validation. Subsequent qPCR results appeared similar to the outcomes of the dual RNA-seq analysis, thus confirming the validity of these RNA-Seq results (Figure 6).
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FIGURE 6. Linear regression fitted for Log2 fold change of selected genes determined via qPCR and RNA-seq. The selected genes in each comparison were used for linear regression analysis. Log2FC in RNA-seq equals 2– ΔΔCt in qPCR for each comparison. (A) The results of dGCs. (B) The results of SE.





DISCUSSION

Salmonella enteritidis is a zoonotic pathogen that can readily colonized the granulosa cell layer of ovarian tissues (Gantois et al., 2009). Clarifying HPIs will help reveal the mechanism for regulating the virulence of pathogenic bacteria. In this study, the 10,510 DEGs in host dGCs and 265 in SE were identified during SE infection, and 16 cytokine response-related dGCs DEGs (including IL15, CD40, and CCR7) and 17 pathogenesis-related factors (including sseL, ompR, and fliC) were identified. These results were similar to those of chicken granulosa cells or duck ovary tissues challenged by SE (Tsai et al., 2010; Babu et al., 2016; Zhang et al., 2019a). Other genes, including IAP1, CD28, TGFβ2-4, Gal11-13, TRAIL, PSAP, CASP1, AVD, EXFABP, IRG1, and AH221, et al., played an important role of anti-SE immune regulation in cecum and spleen (Calenge and Beaumont, 2012; Matulova et al., 2012, 2013). Together, these data suggest that the immune response of host immune genes were different in different tissues and organs during SE infection. Salmonella, as a pathogen of vertical transmission through the ovary, should establish an ovary-specific immune response during the infection process.

Furthermore, the cytokine–cytokine receptor interaction pathway, two-component system, and bacterial secretion system were enriched to involve HPIs. Results of the present study were not in agreement with the findings of Huang et al. (2016) and Wang et al. (2019), who demonstrate that the IgA production signaling pathway and TLR4-FOS/JUN pathway contributed to the protection of chicken from Salmonella invasion, respectively. The reason for these different pathways might be due to sequencing methods. In the present study, the dual transcriptomic analyses were performed to unveil HPIs. Westermann and Vogel (2018) prove that dual RNA sequencing is an effective strategy to reveal the pathogenic mechanisms and the host immune response although the RNA sequencing could only reflect the immune response of the pathogen or host. In this sense, the cytokine–cytokine receptor interaction pathway, two-component system, and bacterial secretion system are more likely to be involved in the immune response during Salmonella infection.

Evaluating host–SE interactions not only helps uncover the pathogenesis of SE infections, but also has the potential to develop to antimicrobial drug targeting. For example, sMtb-RECON was established by a combination model of bacteria Mycobacterium tuberculosis (Mtb) and human macrophage-like cell line THP-1 metabolic processes used as the elucidation of metabolic drug responses in a manner that has the potential to reduce antibiotic abuse (Rienksma et al., 2019). In another study, a dual RNA-sequencing time-course approach was used to monitor transcriptomic responses in both Salmonella typhimurium and infected HeLa cells, revealing a link between the S. typhimurium PinT virulence gene and the induction of immune signaling responses in HeLa cells via JAK-STAT signaling pathways (Westermann et al., 2016). In the present study, we find that BPSS1504 was involved in SE infection, which served as a Type VI secretion system (T6SS) component capable of influencing hemolysin-coregulated protein Hcp1 secretion and T6SS apparatus integrity (Hopf et al., 2014). The interaction between BPSS1504 and T6SS might be a potential target to develop an antimicrobial drug for SE clearance.



CONCLUSION

In conclusion, the 10,510 euk-DEGs and 265 pro-DEGs were screened during duck SE challenge using dual RNA-seq, which enriched in the host cytokine–cytokine receptor interaction pathway and bacterial two-component/secretion system throughout the process, respectively. Also, a number of PHIs between cytokine–cytokine receptors and virulence-associated genes were found in this process based on WGCNA. Furthermore, the intracellular network associated with the regulation of SE infection in ducks was constructed, and 16 cytokine response–related dGC DEGs (including IL15, CD40, and CCR7, et al.) and 17 pathogenesis-related factors (including sseL, ompR, and fliC, et al.) were identified. Also, the interaction between BPSS1504 and T6SS might be involved in immune regulation during SE infection. These data offer novel insights into the complex HPIs that occur upon SE infection of ducks, and unveil novel potential targets for SE infection diagnosis and antimicrobial drug development.
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Supplementary Figure 3 | Visualization of gene expression levels and KEGG enrichment analysis of significant modules. Clustering heat map and bar plot represent gene expression levels of each module. In the heat maps, the colors range from green to red, indicating low to high expression levels, respectively. Panels (A–D) and panels (E–H) represent blue, dark red, black, and light cyan modules.

Supplementary Figure 4 | dGC clustering of dDEGs (scaled and centered log2 values) over the time course of the infection. Gray lines represent the expression of individual genes; black lines are shown the variance; p-value < 0.05.

Supplementary Figure 5 | SE clustering of DEGs (scaled and centered log2 values) over the time course of the infection. Gray lines represent the expression of individual genes; black lines are shown the variance; p-value < 0.05.

Supplementary Table 1 | Intracellular CFU counts of SE at 0, 3, 6, and 9 h post-infection.

Supplementary Table 2 | Summary of dual RNA sequencing for the samples.

Supplementary Table 3 | Base information statistics before and after filtering.
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Supplementary Table 5 | Analysis of dGCs differentially expressed mRNAs between 0, 3, 6, and 9 h post-infection.

Supplementary Table 6 | Analysis of SE differentially expressed mRNAs between 3, 6, and 9 h post-infection.

Supplementary Table 7 | GO enrichment analysis of dGCs difference expression genes between 0, 3, 6, and 9 h post-infection.

Supplementary Table 8 | GO enrichment analysis of SE difference expression genes between 3, 6, and 9 h post-infection.

Supplementary Table 9 | Identification of stage-specific modules based on weighted gene co-expression network analysis.
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