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Mobile genetic elements, such as plasmids, can potentially increase the ability of bacteria to infect and persist in vertebrate host cells. IncI1 plasmids are widely distributed in Salmonella from food animal sources and associated with clinically important strains. These plasmids often encode antimicrobial resistance; however, little is known about their impact on the virulence of Salmonella strains. To assess the potential impact of the plasmids on virulence, 43 IncI1-positive Salmonella isolates from human and animal sources were subjected to whole genome sequence (WGS) analyses and evaluated for their abilities to invade and persist for 48 h in Caco-2 human intestinal epithelial cells, form biofilms and encode bacteriocins. Draft WGS data were submitted to predict the presence of virulence and antimicrobial resistance genes, plasmid replicon types present, conduct plasmid multilocus sequence typing (pMLST), and core genome MLST (cgMLST) in the isolates. Caco-2 cells were infected with Salmonella strains and incubated for both one and 48 h for the invasion and persistence assays, respectively. Additionally, Salmonella isolates and IncI1 plasmid carrying transconjugants (n = 12) generated in Escherichia coli were assessed for their ability to produce biofilms and bacteriocin inhibition of growth of other bacteria. All Salmonella isolates infected Caco-2 cells and persisted in the cells at 48 hrs. Persistent cell counts were observed to be significantly higher than invasion assay cell counts in 26% of the isolates. Among the IncI1 plasmids, there were 18 pMLST types. Nearly 35% (n = 15) of Salmonella isolates produced biofilms; however, none of the IncI1-positive transconjugants produced increased biofilms compared to the recipient. Approximately 65% (n = 28) of isolates and 67% (n = 8) of IncI1-positive transconjugants were able to inhibit growth of at least one E. coli strain; however, none inhibited the growth of strains from species other than E. coli. The study characterized IncI1 positive Salmonella isolates and provided evidence about the potential contributions of IncI1 plasmids virulence phenotypes and areas where they do not. These findings should allow for more focused efforts to assess the impact of plasmids on bacterial pathophysiology and human health.

Keywords: Salmonella enterica, IncI1 plasmids, biofilms, bacteriocins, virulence, pMLST

INTRODUCTION

Salmonella enterica is estimated to cause more than one million infections resulting in 400 deaths per year in the U.S. (1). Most Salmonella infections are self-limiting and resolve with symptomatic treatment (2). In some cases, such as co-infection with other bacteria, infection of an immunocompromised host and/or infection by highly virulent strains of Salmonella can lead to more severe, invasive and sometimes fatal infections (3). In such cases, patients typically need antimicrobial treatment to recover from disease. The annual economic impact of all Salmonella infections has been estimated to be up to 4.4 billion dollars due to the cost of treatment, loss of wages, and quality of life (4). Most Salmonella infections are enteric in nature and foodborne salmonellosis is an important economic and public health concern (5, 6). The origin of foodborne salmonellosis can be eggs, poultry products, meat, and fresh produce (5–10). Salmonella is relatively widespread among poultry and other food animals (11, 12).

Salmonella maintains its high presence in diverse hosts through genetic plasticity (13), which allows Salmonella to alter its genetic composition to adapt to changing environmental conditions. This plasticity can be achieved with the help of mobile genetic elements such as plasmids. Plasmids that have been characterized in Salmonella can carry genes associated with increased antimicrobial resistance and virulence for their hosts (5, 14, 15). Plasmid transfer between bacteria leads to the potential for rapid horizontal spread of genes among bacteria. If these genes influence phenotypic characteristics, such as antimicrobial resistance and virulence, then a better understanding of genetic determinants could be vital to the management of foodborne illnesses arising from Salmonella (5).

Plasmids can be grouped based on their incompatibility to co-exist in the same cell (16). Plasmid incompatibility assays for typing are based on phenomena that prevent coexistence of plasmids with the same replication and division mechanisms in a bacterium (17). Incompatibility group I1 (IncI1) plasmids are commonly found in enteric bacteria from food animal sources and are associated with clinically relevant strains. They are known for their potential to carry and disseminate antimicrobial resistance genes among enteric pathogens (18, 19). For example, many of the plasmids associated with the dissemination of genes encoding resistance to ceftriaxone, an antimicrobial agent used in management of severe Salmonella infections, have been reported to be IncI1 plasmids (20).

Similarly, the spread of virulence-associated genes via plasmids could lead to Salmonella-related illnesses difficult to manage, which raises a potential public health concern. Bacterial virulence genes encode factors/molecules that aid a bacterium in colonization of host niche; entry into, survival within and exit from the host cell; evasion or suppression of the host immune response to the bacterium; and/or obtaining limited nutrients from the host environment (21, 22). These factors can include biofilm formation that aid in niche colonization, bacteriocin production that can limit niche competition, nutrient acquisition, secretion systems that facilitate bacterial uptake into host cells and improve intracellular survival, and mechanisms that regulate the expression of virulence mechanisms (22). Genes potentially associated with virulence have been identified on IncI1 plasmids (23); however very few, if any studies have been conducted to directly evaluate IncI1 plasmids and their virulence potential in Salmonella. Thus, the objectives of this study were to characterize Salmonella strains that harbor IncI1 plasmids, both for the presence of antimicrobial resistance and virulence genes and the potential to invade and persist in human intestinal epithelial cells; and to specifically assess the impact of IncI1 plasmids on the ability to produce biofilms and encode bacteriocins that could provide a selective colonization advantage for the strains that carry them.

MATERIALS AND METHODS

Bacterial Isolates

Forty-three S. enterica isolates carrying IncI1 plasmids were selected for this study from a larger set of previously characterized IncI1-positive isolates that were evaluated for antimicrobial resistance, conjugal transfer ability and ability to inhibit the growth of an E. coli strain (24). Isolates selected belonged to serovars Heidelberg (n = 18, 42%), Typhimurium (n = 11, 26%), Newport (n = 6, 14%), Kentucky (n = 4, 9%) and Anatum, Dublin, Cerro, and Montevideo (n = 1, 2% each) (Table 1). Isolates originated from poultry (n = 17, 40%), cattle (n = 13, 30%), swine (n = 8, 19%) and human patients (n = 5, 12%) within the U.S. from 1999 to 2009 (16, 25, 26). E. coli J53 (27, 28) was used as a recipient strain for E. coli transconjugants generated in a previous study (24), but further characterized here. The following strains from ATCC or the FDA NCTR culture collection were used to assess their susceptibility to bacteriocins produced by wildtype Salmonella isolates and transconjugants: Pseudomonas aeruginosa ATCC 27853, Enterococcus faecalis ATCC 29212, Staphylococcus aureus ATCC 29213, S. enterica serovar Typhimurium ATCC 14028, Klebsiella pneumoniae N950, Enterococcus cloacae N1075, and the following E. coli strains ATCC 25922, N734 (E. coli O157:H7), 164, 524, 542, 550, 586, and 590 (29).


Table 1. Epidemiological information and WGS experimental results for the Salmonella enterica isolates.
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Whole Genome Sequencing (WGS)

Strains 142, 143, 144, 146, 991, 1148, N36, and N89 were sequenced as part of previous studies (24); while the remaining 35 strains were sequenced as part of the current study. DNA was extracted using a DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA) and DNA sequencing libraries were constructed using the Nextera XT DNA Library Preparation kits (Illumina, San Diego, CA, USA) sequencing reactions were carried out on an Illumina MiSeq instrument using 2 × 250 paired-end format. The sequencing data was processed as described previously (30, 31). Genome sequences from the 43 individual strains were evaluated using PlasmidFinder (32) to predict replicon/incompatibility (Inc.,) groups, ResFinder (33) for antimicrobial resistance gene detection, cgMLSTFinder (34) for core genome multilocus sequence typing (cgMLST), pMLST (32) for plasmid MLST (pMLST) and Pathosystems Resource Integration Center (PATRIC) (35). PATRIC analyses were carried out to identify the presence of predicted virulence factors, including those associated with bacteriocin production. Virulence factor data was extracted from PATRIC, transformed to binary data and imported into BioNumerics (Applied Maths, Austin, TX) for phylogenetic analysis using Dice coefficients and the generation of a dendrogram using unweighted pair group means with averages (UPGMA) methods. DNA sequence data are available at the accession numbers shown in Table 1.

Biofilm Production Assay

The ability of Salmonella strains, recipient E. coli J53 and their respective transconjugants to produce biofilms was evaluated using the polystyrene microtiter plate method (36). Briefly, each strain was grown overnight in tryptic soy broth (TSB) at 37°C. The following day, the cells were diluted 1:100 in TSB and 200 μL of each bacterial suspension were inoculated into three wells of sterile 96-well flat-bottomed polystyrene plates. Negative control wells containing only TSB were also inoculated in triplicate. The plates were covered and incubated statically for 24 h at 37°C. After incubation, the growth medium was removed, and the wells were washed three times with 250 μL of phosphate buffered saline (PBS). The attached bacteria were then fixed with 200 μL of methanol (Sigma-Aldrich, St. Louis, MO) per well for 15 min, after which the plates were emptied and dried at room temperature. The plates were stained with 50 μL per well of crystal violet stain (0.41%; Fisher Diagnostics, Middletown, VA) for 5 min. The stain was removed, and the plate was washed under running tap water and subsequently air-dried. Next, 200 μL of 33% glacial acetic acid (Sigma-Aldrich) was added to the wells and the optical density (OD) of each well was measured at 550 nm in a SpectrMax Absorbance Reader (Molecular Devices, San Jose, CA). For analysis, the absorbance of the blank was subtracted from the wells to compensate for background absorbance. The experiments were repeated and the arithmetic mean value and standard deviations of the OD values for the six replicates was calculated. The results were further analyzed using Excel (Microsoft, Redmond, WA) using a t-test for significant difference (p < 0.05) in biofilm formation relative to the negative control and/or E. coli J53 for the transconjugants.

Bacteriocin Inhibition Assay

The ability of Salmonella and transconjugant strains to produce colicins was evaluated by assessing growth inhibition of E. coli J53 (24) and the P. aeruginosa, E. faecalis, S. aureus, S. enterica, K. pneumoniae, E. cloacae, and the eight additional E. coli strains described above. Each of these isolates was grown overnight on tryptic soy agar with 5% sheep's blood and incubated overnight at 37°C. The following day bacterial growth was removed from the plates with a sterile swab and suspended in sterile demineralized water and the bacterial cell concentration adjusted to approximately 0.5 McFarland standard. The suspension was swabbed for confluence on blood agar plates and 5 μl of a Salmonella or E. coli transconjugant inoculum were prepared by suspending the equivalent of 5–6 bacterial colonies in 200 μl of sterile water, was spotted onto swabbed plate. The plates were incubated at 37°C for 16 to 18 hrs and then examined for growth inhibition of the bacterial lawn adjacent to the Salmonella or transconjugant growth. Inhibition was identified by a complete zone of growth inhibition around the Salmonella or transconjugant spots.

Bacteriocin-Associated Gene Detection

For the wildtype Salmonella strains, bacteriocin-associated genes were identified from whole genome sequencing data using PATRIC and BLAST searching against the colicin genes. For the transconjugants, PCR reactions were carried out to detect the presence of 10 different bacteriocin-related genes (cia, cib, colA, colD, colE1, colM, cvaA, cvaB, cvaC, and imm). The primer sequences are listed in Table 2. Three to four colonies were collected from the plates and suspended in 200 μl of sterile water. The cells were lysed using a boiling method to prepare DNA template (37). PCR reactions included 2X Master Mix (Promega, Madison, WI), primer pairs (10 pmol), 2.5 μl of boiled template and sterile water to the final 25 μl volume. The genes were amplified with the following steps: denaturation at 95°C for 5 min, 30 cycles of denaturation at 95°C for 30 secs, annealing at either 52°C (cvaA, cvaB, and cvaC), 58°C (cib and imm) or 60°C (cia, colA, colD, colE1, and colM) for 30 secs, and extension at 72°C for 90 s, and a final extension at 72°C for 7 min. The resulting PCR products were separated on 2% E-gels (Invitrogen, Carlsbad, CA) and visualized under UV-light using a Gel-Doc XR system (Bio-Rad, Hercules, CA).


Table 2. Bacteriocin gene primers.
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pMLST

For the wildtype Salmonella strains, pMLST profiles were identified from whole genome sequencing data. For the transconjugants, DNA template were prepared as previously described above for PCR and the repI, ardA, trbA, sogS, and pilL gene loci were amplified following the methods outlined previously (38). The resulting PCR products were separated on 2% E-gels, visualized under UV-light and the positive PCR reactions purified using the QIAquick PCR Purification Kit (Qiagen). The purified PCR products were sequenced at the University of Arkansas for Medical Sciences Sequencing Core Facility. The fasta files from WGS and individual allele-specific sequencing reads were submitted for identification of pMLST alleles and sequence types through the IncI1 pMLST database (https://pubmlst.org/plasmid/).

Tissue Culture

Caco-2 cells were grown in Modified Eagle Medium (Corning, Manassas, VA) supplemented with 10% FBS, 1% of Pen/Strep/Amphotericin B (Sigma-Aldrich, St. Louis, MO), amino acids (Lonza, Walkersville, MD), and Glutamax (Thermo Fisher Scientific, Waltham, MA). Cells were grown in a 37°C incubator with 5% CO2 atmosphere. Prior to infection, Salmonella isolates were grown in LB broth overnight. The following day, the optical density of the cell suspension was measured with a spectrophotometer (Genesys 20, Thermo Fisher Scientific, Waltham, MA) at 600 nm and the predicted number of bacteria was calculated. Caco-2 cells were treated with trypsin and dispersed into 24-well culture plates and grown to confluence. The antibiotic-containing media was removed, the culture cells washed with sterile media and representative wells enumerated to determine the numbers of Caco-2 cells/well. Each experiment was conducted with three replicates and repeated for a total of six infections.

Invasion Assay

Caco-2 cells were then infected with a 10 times greater number of Salmonella (i.e., multiplicity of infection 10:1). After infection, the cells were incubated at 37°C in 5% CO2 for 1 h. Gentamicin (200 μg/ml) was added to each well, and the cells were incubated for another hour. Cells were subsequently washed three times with PBS and then lysed with 0.1% 4°C Triton-X and suspensions were serially diluted followed by plating on LB agar plates. After overnight incubation at 37°C, the cells on the plates were enumerated to quantify the number of bacteria that invaded the Caco-2 cells (39).

Persistence Assay

After an initial 1-h incubation, gentamicin (100 μg/ml) was added to each well and the plates were incubated for 48 h. After which, the cells were washed, lysed and plated as described for the invasion assay.

Statistical Analyses

For each of the invasion and persistence experiments, statistical analyses were conducted using Microsoft Excel (ver. 2016, Redmond, WA). To normalize the impact of inoculum differences across the experiments, each bacterial cell count was divided by respective inoculum dose to obtain the relative invasion or persistence ratios. The average of the ratios of the six replicates was calculated along with the standard deviation for each set. Differences between the cell survival of invasion and persistence were evaluated to facilitate an understanding the contribution of the different plasmids using two-tailed paired T-test and p < 0.05 was considered as a significant difference between two groups compared.

RESULTS

Forty-three IncI1 positive S. enterica isolates, representing eight different serovars were examined in the present study (Tables 1, 3). From these strains, 12 transconjugant containing IncI1 plasmids, but lacking other known plasmids were produced in recipient E. coli J53 and were further evaluated for the impact of IncI1 plasmids on bacterial physiology (Table 4). Each of the Salmonella isolates underwent WGS analyses and the sequencing assemblies were deposited in GenBank under the accession numbers shown in Table 1. The assembled sequencing contigs were submitted to the ResFinder program to identify predicted antimicrobial resistance genes (Supplemental Table 1). All isolates were positive for aac(6′)-Iaa, which is not associated with a resistance phenotype in Salmonella (40) and not included in the table. All but three isolates (856, 891, and N865), were positive for at least one additional antimicrobial resistance gene. The plasmid content of each strain was assessed using PlasmidFinder and the results presented in Table 1. All strains carried the IncI1 replicon and most carried additional identified replicon types, including IncA/C (42%, n = 18), IncHI2 (33%, n = 14), ColpVC (26%, n = 11), IncX1 (23%, n = 10), and IncFIB (16%, n = 7) (Table 1). In addition, the WGS data was analyzed using cgMLST and PATRIC to characterize the bacterial genomes. PATRIC identified putative virulence factors by comparison to their PATRIC-VF database that matched sequence annotations to the predicted Salmonella virulence factors. Supplemental Table 2 indicates the putative virulence factors predicted in the strains. The result of phylogenetic analysis based on the presence of the virulence factors is presented in Figure 1. Figure 1 also contains the data for the average ratio of bacterial persistence counts to the inoculum in Caco-2 cells for the respective isolates, which can serve as a phenotypic marker of potential virulence. The summary results of the cgMLST analyses are shown in Table 1, there were 34 different cgMLST types, with the largest groups being ST 18855 and 43318 (each 9%, n = 4). Supplemental Figure 1 shows a cladogram based on the cgMLST SNP analyses indicating a representation of the genetic relatedness of the strains.


Table 3. Results of the bacteriocin experiments for the Salmonella enterica isolates.

[image: image]




Table 4. IncI1-positive transconjugants and the results of the pMLST and bacteriocin studies.
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FIGURE 1. Results of the phylogenetic analysis of the virulence factor profiles. The heatmap indicate the presence (red) or absence (green) of specific virulence genes as shown in Supplemental Table 2. In addition, the calculation of the average ratio of persistence cell counts to the inoculum levels are shown in the right-hand column. The color shading of the values is based on the ratio, with green at the lower levels of persistence through red at the higher levels.



The results of the IncI1 pMLST experiments of the Salmonella isolates identified 18 different allele profiles (Table 1). The most common STs identified were 26 (26%, n = 11), 12 (23%, n = 10), and an undefined ST with the allele profile (3, 2, 17, 3, 3; Table 1, 9%, n = 4). For seven of the isolates not all five alleles were detected; however, three (7%) and two (5%) of these isolates had shared overall profiles (Table 1). Among the 12 IncI1 transconjugants evaluate, there were six different allele profiles, including three that did not have a previously identified STs. The most common STs were 26 (50%, n = 6) and 12 (17%, n = 2) (Table 4).

The results of the bacteriocin inhibition assays and PCR results for the Salmonella isolates are shown in Table 1. None of the IncI1-positive Salmonella isolates inhibited the non-E. coli strains, including P. aeruginosa, E. faecalis, S. aureus, S. enterica, K. pneumoniae, and E. cloacae. As noted previously (24), the majority of isolates (65%, 28/43) were able to inhibit the growth of E. coli 53 (27). For the other seven E. coli strains tested, the results were varied, none of the isolates inhibited E. coli ATCC 25922 and veterinary clinical strains 164, 524, 550, and 586. E. coli O157:H7 isolate 734, and veterinary E. coli isolates 542 and 590 were inhibited by Salmonella isolates N134 and N136 (Table 3). The detection of the bacteriocin-associated genes in the Salmonella isolates are shown in Table 3. All of the isolates were positive for the colicin receptor genes cirA and omr and the colicin v-associated gene cvpA, with the exception of isolate 67 for cvpA. Among the predicted bacteriocin-encoding gene families, colicin lysis protein (clp: n = 1, 2%), channel-forming colicins (cib: n = 32, 74% and cia: n = 2, 5%), colicin production (cvpA: n = 42, 98%, cvaC: n = 3, 7%, colE: n = 1, 2%) were detected. Two different colicin immunity proteins were predicted among the strains (NCBI protein ID: Q2VNY0: n = 26, 60%) and (protein ID: V1L9U1: n = 4, 9%). All strains that were able to inhibit E. coli J53 growth carried either cib (n = 27, 96%) and/or cia (n = 2, 7%), and with the exception of isolates 67 and 76 carried the colicin b immunity (imm) gene (Table 3). Isolate 76 was negative for cib, but positive for cia. Five strains were stains were positive for cib but did not inhibit E. coli J53, each of these lacked the colicin immunity gene (Q2VNY0). Isolates N134 and N136, which inhibited the greatest number of E. coli were positive for cib, cvpA, cvaC, and imm. Isolate 991, was positive for cib, cvpA, and cvaC, but negative for imm and subsequently there was no observed inhibition of any of the bacterial strains.

Of the 12 IncI1 transconjugants, eight (67%) were able to inhibit the growth of E. coli J53, but did not inhibit the growth of any of the other strains tested, including all other E. coli (Table 4). All eight of the transconjugants that inhibited E. coli J53 carried the cib and imm genes, while those that did not inhibit growth were negative for each of the bacteriocin genes tested (Table 4). Each of the strains that inhibited the growth of E. coli J53 were either ST26 (n = 5), ST12 (n = 2) or an unclassified ST (n = 1).

The biofilm experiments demonstrated that there was variability of the wild-type strains to form biofilms. Fifteen of the 43 (35%) isolates had significantly increased absorbance versus the negative control, indicating an ability to form biofilms. All 12 transconjugants appeared to have biofilm formation ability; however only two (17%) reached the level of significance. The recipient strain E. coli J53 also had non-significantly higher absorbance (p = 0.11). When the biofilm forming ability of the transconjugants was compared to E. coli J53, none had significantly greater biofilm ability than J53 alone, indicating that the potential contribution of the plasmid(s) to biofilm formation is minimal.

The results of the invasion and persistence assays for the Salmonella isolates are displayed in Figure 2. All isolates tested could invade Caco-2 cells. Twelve of the forty-three (28%) isolates demonstrated significantly higher bacterial cell counts after 48 hrs of infection compared to their initial inoculum levels, which is indicative of intracellular growth. An additional 12 isolates (26%) exhibited increased cell numbers after 48 h that did not reach statistical significance. Seven of the isolates (16%) examined, yielded persistent cell populations significantly lower than those observed in the invasion assays (p < 0.05). An additional 12 (28%) showed decreased persistence that did not reach statistical significance.
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FIGURE 2. Results of the invasion and persistence assays. The invasion bars (light blue) indicate the average of ratios of cells recovered vs. inoculum detected after a 1 h invasion period and persistence bars (orange) indicate the average of ratios of cells recovered vs. inoculum detected following a 48 h incubation period. Each set of experiments was done in triplicate and repeated. The error bars indicate the standard deviation across the 6 counts for each isolate. Isolate numbers are noted on X-axis, while average of ratios of cells recovered vs. inoculum detected are expressed along Y-axis. *Indicates statistically significant difference between invasion and persistent averages of ratios for given isolate (p < 0.05).



When the ratio of persistence to the initial inoculum were examined based on serotype (Figure 1), the isolates from S. Newport demonstrated a significantly lower survival in host cells than those of serovars Typhimurium (p = 0.00015) and Heidelberg (p = 0.0036), while S. Kentucky strains had significantly lower persistence than those of S. Typhimurium (p = 0.0098), but not S. Heidelberg (p = 0.089). Similarly, when the sources of the isolates were compared, isolates collected from swine showed a significantly lower persistence in Caco-2 cells than those isolated from chickens (p = 0.007), turkeys (p = 0.015), and human patients (p = 0.017). There were no significant differences between isolates containing the three most common pMLST types (noted above) and increased persistence within the Caco-2 cells.

DISCUSSION

Salmonella enterica can infect several different hosts, with their transmission being primarily via the fecal-oral route (5). Several Salmonella strains have the ability to form biofilms that allow groups of cells to be more resilient to killing and persist in the environment, potentially facilitating contamination of food products, animal production environments and within host organisms (36). After ingestion, Salmonella enters the intestinal tract and can cause gastroenteritis, the most common illness caused by Salmonella infection. To cause infection, Salmonella must compete with intestinal bacteria and colonize the intestinal epithelia. The production of bacteriocins can provide a competitive advantage for the Salmonella against members of the microbiota, such as E. coli (41, 42). Intestinal epithelial cells provide Salmonella a niche for colonization in their host (43). A type 3 secretion system (T3SS) encoded by Salmonella pathogenicity island 1 (SPI-1) facilitates the uptake of the Salmonella into the host cells (44). After entering epithelial cells Salmonella become engulfed into Salmonella-containing vacuoles (SCV). Within the SCV, Salmonella can move toward the basal side of the epithelium where they can be taken up by macrophages or dendritic cells (45). Through these immune cells, Salmonella can enter the lymphatic and systemic circulation leading to systemic infection (11). Therefore, intestinal epithelial cells play an important role in the pathogenesis of Salmonella infection. The Caco-2 cell line is derived from human intestinal epithelial cells and has been commonly used to study Salmonella pathogenesis (39, 43, 46). Caco-2 cells in combination with the WGS analyses were used in this study to gain a better understanding of IncI1 plasmid-positive Salmonella virulence, using invasion, persistence and intracellular proliferation in intestinal epithelial cells as the model system.

In the virulence assay, we observed that persistent cell populations after 48 hrs of infection were higher than the invasion cell counts in many of the isolates examined (Figure 2). All of the isolates in the study contained the genes encoding the SPI-1 T3SS apparatus (Supplemental Table 2), which likely facilitated the uptake of the Salmonella into the host cells (44). Among the different serovars tested, isolates from serovar Typhimurium appeared to have increased persistence capacity by showing higher average persistent cell counts, in general. Salmonella Typhimurium is known to be able to persist in the SCV, as well as the host cell cytosol (47, 48). Survival in the SCV is aided by a second T3SS encoded on SPI-2, whose effectors are important for intracellular survival. The presence of the SPI-2 encoded genes were identified in the strains and can contribute to the survival and proliferation within the host cells (49). Differences in the SPI-2 regulation and expression could give S. Typhimurium an advantage for persistence within intestinal epithelial cells, potentially allowing for more efficient intracellular multiplication than other serovars, however their exact contributions need to be further quantified. While statistical significance was observed, these numbers need to be evaluated in the context that there were uneven distributions of isolates from different sources and serotypes, with S. Newport and swine being on the lower end of representation, thus the impact of each isolate examined could disproportionately alter the overall results.

To attempt to get a better handle on the potential specific contribution that the IncI1 plasmids may have had on persistence and other characteristics examined, we used pMLST to subtype the IncI1 plasmids in the Salmonella isolates and the transconjugants. If there were particular IncI1 plasmid types that were associated with the more persistent phenotypes, pMLST might help discern these differences. Based on the results of the Caco-2 tissue culture experiments and corresponding results of pMLST, there did not appear to a connection between plasmid type and persistence in the epithelial cells. Of the strains that had significantly increased and decreased persistence or intracellular multiplication compared to the initial inoculum, there were overlaps in plasmid types, for example, isolates 706 and 93 had the same allele profiles (ST 26), yet opposite persistence profiles, with strain 706 having the highest ratio of cell numbers to inoculum at 48 hrs and 93 the lowest (Figure 1). Ideally, these invasion and persistence experiments would have been completed in the transconjugants or in plasmid-cured Salmonella; however, attempts to cure the plasmids or transfer the plasmids into a well-characterized Salmonella strain to conduct the invasion and persistence experiments were unsuccessful in the present study. Also, the E. coli transconjugants generated were not ideal for the comparative assessment of invasion and persistence because they lack the T3SS important for entry into intestinal epithelial cells. Our ongoing efforts in the lab are focused on optimization of methods for plasmid curing and transfer of plasmids into Salmonella recipients which facilitate further genetic characterization of these and other plasmids. Because isolates with similar plasmid types spanned the spectrum of persistence, from significantly reduced persistence to significantly increased cell numbers, the results indicate that the IncI1 plasmids may not be major contributors to persistence in Salmonella.

Likewise, the IncI1 plasmids did not play a significant role in the ability to form biofilms. While some of the strains formed biofilms, there was no consistent trend across the IncI1-positive isolates (Figure 3). Over half of the strains tested did not have significantly more biofilm formation compared to the blank wells which had no cells. Furthermore, in the experiments with transconjugants, the addition of the IncI1 plasmids to the recipient strain did not significantly increase the biofilm producing ability of E. coli J53 (Figure 4).
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FIGURE 3. Results of the biofilm assays for the wildtype strains. The bars indicate the average absorbance at 550 nm of the stained cells attached to the assay plates. Each set of experiments involved 3 replicates and the experiments were repeated. The error bars indicate the standard deviation across the 6 absorbance readings for each isolate. Isolate numbers are noted on X-axis, while average absorbance is expressed along Y-axis. *Indicates statistically significant difference between the isolate and the non-inoculated blank (p < 0.05).
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FIGURE 4. Results of the biofilm assays for the transconjugants and E. coli J53 recipient. The bars indicate the average absorbance at 550 nm of the stained cells attached to the assay plates. Each set of experiments involved 3 replicates and the experiments were repeated. The error bars indicate the standard deviation across the 6 absorbance readings for each isolate. Isolate numbers are noted on X-axis, while average absorbance is expressed along Y-axis. None of the transconjugants had a significantly higher (p < 0.05) absorbance than the recipient strain E. coli J53.



In addition to the biofilm and persistence studies, this study examined the production of bacteriocins and their potential ability to inhibit multiple species including enteric organisms such as S. enterica, K. pneumoniae, E. cloacae, and E. coli. Our earlier work indicated that several of the Salmonella isolates and transconjugants generated from these strains were able to inhibit E. coli J53 (24), thus in the current study we examined multiple E. coli isolates, the other enteric organisms noted above, and potential pathogens such as P. aeruginosa, E. faecalis, and S. aureus to further explore the potential spectrum of activity. When bacteriocin-associated genes were evaluated, some isolates were positive for multiple bacteriocin genes. Even with the multiple genes, the spectrum of activity for most isolates was narrow, only inhibiting a limited number of E. coli. Two isolates N134 and N136 were able to inhibit four different E. coli, including an E. coli O157:H7 strain. These two isolates contained multiple bacteriocin-associated genes, such as cib, which is commonly associated with IncI1 plasmids (50) and cvaC that is typically associated with IncFIB plasmids (51). Both isolates were positive for both IncI1 and IncFIB plasmids, however neither plasmid appeared to be conjugative for either isolate so were not able to evaluate their impact in the transconjugants.

The development of the transconjugants in E. coli generated using the well-characterized E. coli J53 strain (27, 28), helped to determine the impact of the IncI1 plasmids on bacterial inhibition. The majority (67%) of transconjugants that carried IncI1 plasmid were able to inhibit the growth of E. coli J53. All of these transconjugants received the colicin immunity gene, imm and cib bacteriocin gene. The IncI1 plasmids from each of these strains fell into ST 26, 12 or a unique profile (isolate 482). One Salmonella isolate (100) with ST 26 IncI1 plasmid lacked cib or imm and was not able to inhibit the grow of any strains tested, which was contrary to all other ST 26 plasmid-positive isolates. Taken together, these results demonstrate the importance of specific IncI1 plasmids for the dissemination of bacteriocins that may provide a selective advantage in an environment containing certain E. coli populations.

IncI1 plasmids may persist in Salmonella populations due to their contribution to antimicrobial resistance and bacteriocin production but at the same time appear to have minimal metabolic costs on the host strains. Johnson et al. (52) showed that the acquisition of IncI1 plasmids did not significantly add to the fitness cost of a host bacterium and in some cases led to a negative fitness cost (i.e., increased fitness) to the strains that acquired them. In strains carrying IncA/C plasmids, the fitness cost of also acquiring an IncI1 plasmid was no greater than carrying the IncA/C plasmid alone or in some cases a negative cost (52). This may help explain why many of the isolates with the greatest ability to multiply and persist in the epithelial cells (i.e., highest persistence/invasion ratios) carried multiple large plasmids, including IncA/C, IncHI2, IncFIB, and IncX (Figure 2 and Table 1).

Additionally, there is evidence that intestinal inflammation and iron limitation may impact bacteriocin function due the expression of the enterobactin siderophore (iron chelator) receptors on the bacterial cell surface, which can also serve as a receptor for colicin 1b (encoded by cib) (41, 53). Results from the PATRIC-VF analyses show that each of the strains have the siderophore receptors. With the increased expression of the colicin receptors by commensal E. coli, it may allow the Salmonella to impair their competitors for nutrients and colonization that facilitates uptake into the intestinal epithelial cells (42). The presence of plasmid-associated genes within the host may also impact the susceptibility to bacteriocins, expression of plasmid-associated siderophores, salmochelin, and aerobactin, by E. coli have been shown to limit the impact of Salmonella in the gastrointestinal tract (54). Interestingly, the two isolates that inhibited the greatest number of E. coli (N134 and N136) carried an IncFIB plasmid in addition to IncI1 and the veterinary E. coli strains that they inhibited (542 and 590) lacked the aerobactin operon, while the four (164, 524, 550, and 586) not inhibited were positive for the aerobactin operon (29), which is commonly carried by IncFIB plasmids (39). The reason for this dichotomy could either be due to E. coli carrying an IncFIB-encoded immunity protein or having the aerobactin machinery to acquire iron without needing to highly express the enterobactin receptor. Thus, there is a continued need to be decipher the biology of plasmids to help understand factors that contribute to the public health challenges faced by consumers.

CONCLUSIONS

Salmonella are important foodborne pathogens in humans and are major concerns for food animal production. Increased virulence of Salmonella and the capability to disseminate virulence determinants rapidly on plasmids, make them a concern for public health. This study was undertaken to characterize IncI1 plasmid carrying Salmonella isolates and identify potential contributions of IncI1 plasmids to virulence. The WGS analyses indicated that the IncI1 plasmids are spread across a generically diverse range of Salmonella including multiple serotypes, cgMLST profiles and having diverse virulence gene profiles. Additionally, there was diversity among the IncI1 plasmids evaluated in the study as evidenced by the multiple pMLST subtypes among the Salmonella isolates evaluated in the study. While these plasmids were not apparent significant contributors to increased biofilm formation or persistence in intestinal epithelial cells, the study does indicate a role of specific IncI1 plasmids to inhibit the growth of other bacteria and potentially contribute to virulence. Bacteriocins can provide a colonization advantage to Salmonella and subsequently facilitate invasion of the intestinal epithelial cells. The study demonstrated that Salmonella containing IncI1 plasmids frequently carry multiple antimicrobial resistance genes and can persist and often multiply with human intestinal epithelial cells. Overall, the study shows that it is important to begin to decipher areas of virulence where IncI1 plasmids likely contribute, while at the same time describing other areas where they do not. These results will allow us to hone in on specific plasmid-encoded factors that impact bacterial pathophysiology and human health.

DATA AVAILABILITY

The datasets generated for this study can be found in GenBank, Accession numbers are listed in Table 1.

AUTHOR CONTRIBUTIONS

SR and SF secured the funds for the project. SF, SR, PK, NA, and JH designed the studies. PK, AC, NA, JD, and BK conducted the laboratory studies. SF, PK, SR, NA, YS, and JH conducted the data analyses. PK, AC, SF, and SR wrote the final manuscript. All contributed to the editing and refinement of the finished manuscript.

ACKNOWLEDGMENTS

We would like to thank Dr. Rajesh Nayak, Regulatory Health Scientist, Regulatory Compliance and Risk Management, Food and Drug Administration, National Center for Toxicological Research, for providing some of the isolates used in this study. PK's graduate assistantship was provided by the Center for Advanced Surface Engineering, under the National Science Foundation Grant No. OIA-1457888 and the Arkansas EPSCoR Program, ASSET III. AC and NA are supported through fellowships administered through the Oak Ridge Institute for Science and Engineering. The information in this manuscript is not a formal dissemination of information by FDA and does not represent agency position or policy.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2019.00298/full#supplementary-material

Supplemental Table 1. Antimicrobial resistance genes detected by WGS analyses.

Supplemental Table 2. Virulence-associated genes detected from WGS data analyzed using the PATRIC-VF database.

Supplemental Figure 1. Cladogram of SNP analyses of WGS data. Isolate numbers in red indicate strains that had significantly greater persistence relative to invasion numbers and those in blue have significantly lower persistence numbers.

REFERENCES

 1. Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson MA, Roy SL, et al. Foodborne illness acquired in the United States–major pathogens. Emerg Infect Dis. (2011) 17:7–15. doi: 10.3201/eid1701.P11101

 2. Acheson D, Hohmann EL. Nontyphoidal salmonellosis. Clin Infect Dis. (2001) 32:263–9. doi: 10.1086/318457

 3. Gordon MA. Salmonella infections in immunocompromised adults. J Infect. (2008) 56:413–22. doi: 10.1016/j.jinf.2008.03.012

 4. Scharff RL. Economic burden from health losses due to foodborne illness in the United States. J Food Protect. (2012) 75:123–31. doi: 10.4315/0362-028X.JFP-11-058

 5. Foley SL, Johnson TJ, Ricke SC, Nayak R, Danzeisen J. Salmonella pathogenicity and host adaptation in chicken-associated serovars. Microbiol Mol Biol Rev. (2013) 77:582–607. doi: 10.1128/MMBR.00015-13

 6. Ricke SC, Dawoud TM, Shi Z, Kaldhone PR, Kwon YK. Foodborne Salmonella in laying hens and egg production. In Ricke SC, Atungulu GG, Rainwater CE, and Park SH, Editors. Food and Feed Safety Systems and Analysis. Oxford, UK: Elsevier Inc. (2017). p. 156–71. doi: 10.1016/B978-0-12-811835-1.00009-9

 7. Hanning I, Nutt JD, Ricke SC. Salmonellosis outbreaks due to fresh produce: sources and potential intervention measures. Foodborne Pathogens Dis. (2009) 6:635–48. doi: 10.1089/fpd.2008.0232

 8. Howard ZR, O'Bryan CA, Crandall PG, Ricke SC. Salmonella enteritidis in shell eggs: current issues and prospects for control. Food Res Int. (2012) 45:755–64. doi: 10.1016/j.foodres.2011.04.030

 9. Finstad S, O'Bryan CA, Marcy JA, Crandall PG, Ricke SC. Salmonella and broiler processing in the United States: relationship to foodborne salmonellosis. Food Res Int. (2012) 45:789–94. doi: 10.1016/j.foodres.2011.03.057

 10. Ricke SC. Insights and challenges of Salmonella infections in laying hens. Curr Opin Food Sci. (2017) 18:43–9. doi: 10.1016/j.cofs.2017.10.012

 11. Foley SL, Lynne AM. Food animal-associated Salmonella challenges: pathogenicity and antimicrobial resistance. J Anim Sci. (2008) 86:E173–87. doi: 10.2527/jas.2007-0447

 12. Dunkley KD, Callaway TR, Chalova VI, McReynolds JL, Hume ME, Dunkley CS, et al. Foodborne Salmonella ecology in the avian gastrointestinal tract. Anaerobe. (2009) 15:26–35. doi: 10.1016/j.anaerobe.2008.05.007

 13. Jakočiune D, Bissgaard M, Pedersen K, Olsen JE. Demonstration of persistent contamination of a cooked egg product production facility with Salmonella enterica serovar Tennessee and characterization of the persistent strain. J Appl Microbiol. (2014) 117:547–53. doi: 10.1111/jam.12536

 14. Pulcrano G, Pignanelli S, Vollaro A, Esposito M, Iula VD, Roscetto E, et al. Isolation of Enterobacter aerogenes carrying blaTEM−1 and blaKPC−3 genes recovered from a hospital intensive care unit. APMIS. (2016) 124:516–21. doi: 10.1111/apm.12528

 15. Martinez JL, Baquero F. Interactions among strategies associated with bacterial infection: pathogenicity, epidemicity, and antibiotic resistance. Clin Microbiol Rev. (2002) 15:647–79. doi: 10.1128/cmr.15.4.647-679.2002

 16. Sanad Y, Johnson K, Park SH, Han J, Deck J, Foley SL, et al. Molecular characterization of Salmonella enterica serovars isolated from a turkey production facility in the absence of selective antimicrobial pressure. Foodborne Pathog Dis. (2016) 13:80–7. doi: 10.1089/fpd.2015.2002

 17. Han J, Lynne AM, David DE, Tang H, Xu J, Nayak R, et al. DNA sequence analysis of plasmids from multidrug resistant Salmonella enterica serotype Heidelberg isolates. PLoS ONE. (2012) 7:e51160. doi: 10.1371/journal.pone.0051160

 18. Mo SS, Sunday M, Ilag HK, Langsrud S, Heir E. Transfer potential of plasmids conferring extended-spectrum-cephalosporin resistance in Escherichia coli from poultry. Appl Environ Microbiol. (2017) 83:e00654–17. doi: 10.1128/AEM.00654-17

 19. Wong MH, Kan B, Chan EW, Yan M, Chen S. IncI1 plasmids carrying various blaCTX-M genes contribute to ceftriaxone resistance in Salmonella enterica serovar Enteritidis in China. Antimicrob Agents Chemother. (2016) 60:982–9. doi: 10.1128/AAC.02746-15

 20. Smith H, Bossers A, Harders F, Wu G, Woodford N, Schwarz S, et al. Characterization of epidemic IncI1-Igamma plasmids harboring ambler class A and C genes in Escherichia coli and Salmonella enterica from animals and humans. Antimicrob Agents Chemother. (2015) 59:5357–65. doi: 10.1128/AAC.05006-14

 21. Cross AS. What is a virulence factor? Critic Care. (2008) 12:196. doi: 10.1186/cc7127

 22. Webb SA, Kahler CM. Bench-to-bedside review: bacterial virulence and subversion of host defences. Critic Care. (2008) 12:234. doi: 10.1186/cc7091

 23. Johnson TJ, Giddings CW, Horne SM, Gibbs PS, Wooley RE, Skyberg J, et al. Location of increased serum survival gene and selective virulence traits in an avian Escherichia coli isolate. Avian Dis. (2002) 46:342–52. doi: 10.1637/0005-2086(2002)046[0342:LOISSG]2.0.CO;2

 24. Kaldhone PR, Han J, Deck J, Khajanchi B, Nayak R, Foley SL, et al. Evaluation of the genetics and functionality of plasmids in incompatibility Group I1 (IncI1) positive Salmonella enterica. Foodborne Path Dis. (2018) 15:168–76. doi: 10.1089/fpd.2017.2332

 25. Kaldhone PR, Nayak R, Lynne AM, David DE, McDermott PF, Logue CM, et al. Characterization of Salmonella enterica serovar Heidelberg from turkey-associated sources. Appl Environ Microbiol. (2008) 74:5038–46. doi: 10.1128/AEM.00409-08

 26. Marrero-Ortiz R, Han J, Lynne AM, Stemper ME, David DE, Nayak R, et al. Genetic characterization of antimicrobial resistance in Salmonella enterica serovars isolated from dairy cattle in Wisconsin. Food Res Int. (2012) 45:962–7. doi: 10.1016/j.foodres.2011.04.013

 27. Jacoby GA, Han P. Detection of extended-spectrum beta-lactamases in clinical isolates of Klebsiella pneumoniae and Escherichia coli. J Clin Microbiol. (1996) 34:908–11.

 28. Yi H, Cho Y-J, Yong D, Chun J. Genome sequence of Escherichia coli J53, a reference strain for genetic studies. Genome Announc. (2012) 194:3742–3. doi: 10.1128/JB.00641-12

 29. David D, Lynne AM, Han J, Foley SL. Evaluation of a virulence factor profiling in the characterization of veterinary Escherichia coli. Appl Environ Microbiol. (2010) 76:7509–13. doi: 10.1128/AEM.00726-10

 30. Aljahdali NH, Kaldhone PR, Foley SL, Khajanchi BK. Whole genome sequences of 35 incompatibility group i1 plasmid-carrying Salmonella enterica isolates from food animal and clinical sources. Microbiol Resour Announc. (2019). doi: 10.1128/MRA.00831-19

 31. Khajanchi BK, Yoskowitz NC, Han J, Wang X, Foley SL. Draft genome sequences of 27 Salmonella enterica serovar Schwarzengrund isolates from clinical sources. Microbiol Resour Announc. (2019) 8:e01687–18. doi: 10.1128/MRA.01687-18

 32. Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M, Lund O, Villa L, et al. PlasmidFinder and pMLST: in silico detection and typing of plasmids. Antimicrob Agents Chemother. (2014) 58:3895–903 doi: 10.1128/AAC.02412-14

 33. Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O, et al. Identification of acquired antimicrobial resistance genes. J Antimicrob Chemother. (2012) 67:2640–4. doi: 10.1093/jac/dks261

 34. Alikhan N, Zhou Z, Sergeant M, Achtman M. A genomic overview of the population structure of Salmonella. PLoS Genet. (2018) 4:e1.17261 doi: 10.1371/journal.pgen.1007261

 35. Wattam AR, Davis JJ, Assaf R, Boisvert S, Brettin T, Bun C, et al. Improvements to PATRIC, the all-bacterial bioinformatics database and analysis resource center. Nucleic Acids Res. (2017) 45:D535–42. doi: 10.1093/nar/gkw1017

 36. Borges KA, Furian TQ, de Souza SN, Menezes R, Tondo EC, Salle CTP, et al. Biofilm formation capacity of Salmonella serotypes at difference temperature conditions. Pesq Vet Bras. (2018) 38:71–6. doi: 10.1590/1678-5150-pvb-4928

 37. Wang H, Gill VS, Cheng CM, Gonzalez-Escalona N, Irvin KA, Zheng J, et al. Evaluation and comparison of rapid methods for the detection of Salmonella in naturally contaminated pine nuts using different pre-enrichment media. Food Microbiol. (2015) 46:58–65. doi: 10.1016/j.fm.2014.06.028

 38. García-Fernández A, Chiaretto G, Bertini A, Villa L, Fortini D, Ricci A, et al. Multilocus sequence typing of IncI1 plasmids carrying extended-spectrum beta-lactamases in Escherichia coli and Salmonella of human and animal origin. J Antimicrob Chemother. (2008) 61:1229–33. doi: 10.1093/jac/dkn131

 39. Khajanchi BK, Hasan NA, Choi SY, Han J, Zhao S, Colwell RR, et al. Comparative genomic analysis and characterization of incompatibility group FIB plasmid encoded virulence factors of Salmonella enterica isolated from food sources. BMC Genomics. (2017) 18:570. doi: 10.1186/s12864-017-3954-5

 40. Salipante SJ, Hall BG. Determining the limits of the evolutionary potential of an antibiotic resistance gene. Mol Biol Evol. (2003) 20:653–59 doi: 10.1093/molbev/msg074

 41. Cascales E, Buchanan SK, Duché D, Kleanthous C, Lloubès R, Postle K, et al. Colicin biology. Microbiol Mol Biol Rev. (2007) 71:158–229. doi: 10.1128/MMBR.00036-06

 42. Bäumler AJ, Sperandio V. Interactions between the microbiota and pathogenic bacteria in the gut. Nature. (2016) 535:85–93. doi: 10.1038/nature18849

 43. Wrande M, Andrews-Polymenis H, Twedt DJ, Steele-Mortimer O, Powollik S, McClelland M, et al. Genetic determinants of Salmonella enterica serovar Typhimurium proliferation in the cytosol of epithelial cells. Infect Immun. (2016) 84:585–95. doi: 10.1128/IAI.00734-16

 44. Galán JE, Wolf-Watz H. Protein delivery into eukaryotic cells by type III secretion machines. Nature. (2006) 444:567–73. doi: 10.1038/nature05272

 45. Sindhwani A, Arya SB, Kaur H, Jagga D, Tuli A, Sharma M. Salmonella exploits the host endolysosomal tethering factor HOPS complex to promote its intravacuolar replication. PLoS Pathog. (2017) 13:e1006700. doi: 10.1371/journal.ppat.1006700

 46. Balakrishnan A, Chakravortty D. Epithelial cell damage activates bactericidal/ permeability increasing-protein (BPI) expression in intestinal epithelium. Front Microbiol. (2017) 8:1567. doi: 10.3389/fmicb.2017.01567

 47. Knodler LA, Vallance BA, Celli J, Winfree S, Hansen B, Montero M, et al. Dissemination of invasive Salmonella via bacterial-induced extrusion of mucosal epithelia. Proc Natl Acad Sci USA. (2010) 107:17733–8. doi: 10.1073/pnas.1006098107

 48. Knodler LA, Nair V, Steele-Mortimer O. Quantitative assessment of cytosolic Salmonella in epithelial cells. PLoS ONE. (2014) 9:e8468. doi: 10.1371/journal.pone.0084681

 49. Hensel M. Salmonella pathogenicity island 2. Mol Microbiol. (2000) 36:1015–23. doi: 10.1046/j.1365-2958.2000.01935.x

 50. Ayala FJ, Krane DE, Hartl DL. Genetic variation in IncI1-ColIb plasmids. J Mol Evol. (1994) 39:129–33.

 51. Johnson TJ, Thorness JL, Anderson CP, Lynne AM, Foley SL, Han J, et al. Horizontal gene transfer of a ColV plasmid has resulted in a dominant avian clonal type of Salmonella enterica serovar Kentucky. PLoS ONE. (2010) 5:e15524. doi: 10.1371/journal.pone.0015524

 52. Johnson TJ, Singer RS, Isaacson RE, Danzeisen JL, Lang K, Kobluk K, et al. In vivo transmission of an IncA/C plasmid in Escherichia coli depends on tetracycline concentration, and acquisition of the plasmid results in a variable cost of fitness. Appl Environ Microbiol. (2015) 81:3561–70. doi: 10.1128/AEM.04193-14

 53. Guterman SK. Colicin B: mode of action and inhibition by enterochelin. J Bacteriol. (1973) 114:1217–24.

 54. Deriu E, Liu JZ, Pezeshki M, Edwards RA, Ochoa RJ, Contreras H, et al. Probiotic bacteria reduce Salmonella Typhimurium intestinal colonization by competing for iron. Cell Host Microbe. (2013) 14:26–37. doi: 10.1016/j.chom.2013.06.007

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Kaldhone, Carlton, Aljahdali, Khajanchi, Sanad, Han, Deck, Ricke and Foley. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-06-00298-t001.jpg
Incl1 pMLST cgMLST
Isolate Serotype  Source Year  State GenBank PlasmidFinder repl  ardA tbA  sogS pill ST  cgST
Accession
67 Newport ~ Cattle 2002 1A VCBNOO000000 11, A/C 5 4 5 4 2 15593
74 Newport  Cattle 2002 WA VCBOOOO00000 I, AC 2 ND 5 4 3 16836
76 Newport Chicken 2001 GA VCBPO0000000 11, A/C 2 4 5 4 2 14763
89 Newport  Swine 2001 UT  VOIKO0000000 1, A/C 2 ND 5 4 3 18503
93 Newport ~ Swine 2002 KS  VCILOOO0000O I, AC 1 4 13 2 1 26 18560
100 Newport  Turkey 2000 ND  VCIMOOOOO00 I 1 4 13 2 1 26 13903
111 Heidelberg  Catle 2001 OH  VCINOOOOOD0O I, A/G, Hi2 1 3 8 ND 10 43318
114 Heidelberg  Cattle 2002 A VCIO00000000 11, A/C, Hi2 1 3 8 ND 10 43318
115 Heidelberg Cattle 2002 N VCIPOOO00000 11, A/C, HI2 1 3 8 ND 10 43318
116 Heidelberg  Cattle 2002 N VCIQO0000000 11, A/C, Hi2 2 ND 5 4 2 43318
121 Heidelberg ~ Cattle 2002 NA VCSLO0000000 11, AC 3 2 17 3 3 42871
142 Heidelberg  Swine 2002 N NPFC00000000 1, A/C, HI2 1 4 13 2 1 26 18855
143 Heidelberg ~ Swine 2002 MN NPELO00O00000 11, A/C, I2, HI2 1 4 13 2 1 26 18855
144 Heidelberg  Swine 2002 MN  NPEQOO000000 I, A/C, Hi2 3 3 5 4 3 17682
146 Heidelberg  Swine 2002 MN  NPEMO0O0000O I, A/C, ColBS512), 12, 1 2 3 9 2 266 42808
HI2, X4
159 Heidelberg  Turkey 2002 NG VCIRO0000000 I, HI2 1 4 3 4 1 12 108562
470 Typhimurium Swine 1999 NA  VCSKOO000000 I, Colt56, ColddOll, 1 4 5 4 1 25 16704
FIA, FIB, FIC, Fil, HIY,
X1, X4, p0111
471 Typhimurium Swine 1999 NA  VCITOO000000 I, ColpVC, FIB, Fi 1 4 13 2 1 26 15908
482 Typhimurium Turkey 1999 WA VCIU0O000000 It 1 1 3 9 3 98498
695  Heidelberg Turkey 2000 MW*  VOVOOOOO0O I, HI2 1 4 13 2 1 26 17326
706 Heidelberg Turkey 2000 MW VDBX0O000000 I, Col(BS512),X1,X4 1 4 13 2 1 26 13882
715 Heidelberg Turkey 2000 MW'  VCPTOO000000 I1,X1 1 4 B3 2 1 26 13882
849 Dublin Cattle 2005  AZ  VCPUOO000000 H,A/C, Fil, X1 1 8 16 9 2 168924
855 Typhimurium Cattle 2006 wi VCPV0O0000000 11, FIB, FiI 1 1 5 4 2 170278
856  Cermo Cattle 2006 Wi VCPWO0000000 I 3 2 ND 4 3 46285
880 Montevideo Cattle 2006 wi VCISO0000000 " 1 3 3 ND ND 109916
891  Anatum  Catlle 2006 Wi VCPY00000000 I 1 4 5 4 2 80 174486
990 Heidelberg Human 2008 AR VCQKO0000000 I, ColpVC, HI2 1 4 13 2 1 26 20340
991 Heidelberg Human 2009 AR NPEPO00000O I, HI2 2 3 3 10 2 268 18855
1000 Heidelberg  Human 2000 NY  VCPZ00000000 I, ColpVC, HI2 1 4 13 2 1 26 18855
1148 Heidelberg  Human 2007 Wi NPEOO0000000 I 1 4 13 2 1 26 4187
1163 Heidelberg Human 2007 Wi VCQBOOO0D00O I, ColpVC 1 4 3 4 1 12 22762
N134  Typhimurium Chicken Farm unknown WV VCQGO0000000 I, ColpVC, FIB,FIC 1 4 3 4 112 914t
N136 Typhimurium Chicken Farm  unknown WV 'VCQCO0000000 11, ColpVC, FIB, FIC 1 4 3 4 1 12 9141
N36  Typhimurium Chicken unknown WV NPER00000000 11, ColpVC, FIB, FIC, 1 4 3 4 1 12 15967
X1
N53  Typhimurium Chicken unknown WV VCQHO0000000 11, A/C, ColpVC 1 4 3 4 112 14597
N74  Typhimurium Chicken unknown WV VCQDOO00000 11, ColpVC, FIB, FIC, 1 4 3 4 112 4469
Xt
N82  Typhimurium Chicken Farm unknown WV VCQEO0000000 I, AC 1 4 3 4 1 12 17852
N822 Kentucky Chicken Farm 2008 AR VCQIO0000000 11, X1 3 2 17 3 3 21561
N86O  Kentucky ~ Chicken 2008 AR VDBMOOO00OOO I, Col, ColpVC, X1 3 2 173 3 21561
N865  Kentucky ~ Chicken 2008 AR VCQJO0O0000O  I,X1 3 2 173 3 629
N89  Kentucky  Chicken Farm unknown WV NPES00000000 I, ColpVC, HI2, X1 1 4 3 4 1 12 8054
N97  Typhimurium Chicken unknown WV VCQFO0000000 1, A/C 1 4 3 4 112 22m72

“MW, Midwestern State, not further defined; N/A, information not available.
For pMLST, “ND" indicated that the loci was not detected in the WGS contigs.
Table demographic data adapted from Kaldhone et al. (24).
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For the Bacteriocin Inhibition Assay: “+” indicates complete inhibition and *" indicates no apparent inhibition.
For the Bacteriocin Gene Detection: “+" indicates the presence and “~" indicates a absence of the gene in WGS data.





OPS/images/fvets-06-00298-t004.jpg
PMLSTAlelo and ST Bacteriocin inhibiton assays Bacteriocin gene detection

Teansconjugant ropl ardA tbA sogS pilL ST E.coll P E.focolis  S.aurous . Typhimurum K. pnoumonise E. cloacoo E. coli E. coll E. coli E. coli Eccoli Ecoli E.coli cia b cold colD colf{ coM cvad cv
U3 aeuginosa 2212 20213 14028 2502 OtsTHMes 524 %0 s 50
27858
X100 14 w2 1w - - = = - = N 5 = o® & s & = o= B o® = 2 o2 o= = %
xtie 8 4 5 4 2 Uiaw - - - - - N - - - - S. .o
xi21 s 2 73 3 Uiw - - - - - - N - e - - & T
X150 I T - - B = N = = - - . T O 5
i 14 w2 128+ - = e = - = 5w = = < e +
xag2 18 9 3 U + - - - - - - - = = = - e +
Xes5. 14 w2 1% o+ - - - - . - DS - e T .
X108 14 w2 1o o+ - - - - - - O = . T T .
x1s. 14 w2 1w o+ - - B - N - .- - - - e +
X891 14 s 4 2 0 - - - - . - . o = = - . -
X1000 14 w2 1 s o+ - = B = = N S w o= o= = - = o= o= P -
s L I T - 5 = N = u o w = = 5 & B W T 5 &8 =w # &

For the Colicin Inhibition Assay: “+" indicates complete inhibition and - indicates no apparent inhibition.
For the Colicin Gene Detection: “+" indicates a positive PCR reaction and *-" indlcates a negative PCR reaction.
*Non-identical allele:closest match.
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