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Since 2014, Salmonella 4,[5],12:i:- has emerged as the most common serovar of Salmonella enterica identified from swine samples submitted to veterinary diagnostic laboratories in the United States. To compare the pathogenicity of S. 4,[5],12:i:- in swine to the known pathogenic Salmonella Typhimurium and lesser pathogenic Salmonella Derby, 72 pigs (20 per Salmonella serovar treatment and 12 controls) were inoculated with either S. Typhimurium, S. 4,[5],12:i:-, S. Derby, or sham-inoculated and followed for up to 28 days thereafter via rectal temperature, fecal scoring, and fecal culture. Animals were euthanized on days 2, 4, or 28 to determine the gross and histopathologic signs of disease and tissue colonization. The results clearly demonstrate that for the isolates selected, serovar 4,[5],12:i:- possesses similar ability as serovar Typhimurium to cause clinical disease, colonize the tonsils and ileocecal lymph nodes, and be shed in the feces of infected swine past resolution of clinical disease. To compare the competitive fitness of S. 4,[5],12:i:- to S. Typhimurium in swine when co-infected, 12 pigs were co-inoculated with equal concentrations of both S. Typhimurium and S. 4,[5],12:i and followed for up to 10 days thereafter. When co-inoculated, serovar 4,[5],12:i:- was consistently detected in the feces of a higher percentage of pigs and at higher concentrations than serovar Typhimurium, suggesting an increased competitive fitness of 4,[5],12:i:- relative to serovar Typhimurium when inoculated simultaneously into naïve pigs. Whole genome sequencing analysis of the isolates used in these studies revealed similar virulence factor presence in all S. 4,[5],12:i:- and S. Typhimurium isolates, but not S. Derby, providing additional evidence for similar pathogenicity potential between serovars 4,[5],12:i:- and Typhimurium. Altogether, this data strongly supports the hypothesis that S. 4,[5],12:i:- is a pathogen of swine and suggests a mechanism through increased competitive fitness for the increasing identification of Salmonella 4,[5],12:i:- in swine diagnostic samples over the past several years.
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INTRODUCTION

Salmonella infections in swine, known as salmonellosis, can cause septicemia, enterocolitis, or subclinical infections (1, 2). The septicemic form is often caused by Salmonella Choleraesuis and generally has high mortality, low morbidity, and signs including anorexia, fever, lethargy, and dyspnea (1). The enterocolitic form has historically been associated with Salmonella Typhimurium and generally has low mortality, high morbidity, and signs including anorexia, fever, lethargy, and diarrhea (1). A large number of serovars have also been associated with subclinical disease, which does not cause overt signs of disease but may be associated with reduced productivity and average daily gain (3), in addition to increasing the risk of contamination of the final product during harvest thereby presenting a food safety concern.

With the characteristics of infection and outcome determined partly by the infecting serovar, a more thorough understanding of the pathogenesis of disease caused by highly prevalent serovars can aid in understanding the expected course of disease and appropriate control measures. In previous years, S. Typhimurium was the most commonly reported serovar in humans and swine (4, 5). More recently, however, S. 4,[5],12:i:- has been increasingly identified worldwide in humans, swine, cattle, and poultry (4, 6, 7). In fact, S. 4,[5],12:i:- has been documented to be more common than S. Typhimurium in the U.S. swine population based on data from the National Veterinary Services Laboratory (NVSL) and the Iowa State University Veterinary Diagnostic Laboratory (ISU-VDL) since 2014 (6–8). Although S. 4,[5],12:i:- has been reported more frequently, additional research is needed to evaluate the specifics of its pathogenicity in swine. Based on published research using multiple-locus variable number tandem repeat analysis (MLVA), phage typing, pulsed-field gel electrophoresis (PFGE), polymerase chain reaction (PCR), and whole-genome sequencing (WGS), it is highly likely that S. 4,[5],12:i:- is a monophasic variant of S. Typhimurium (9–16). Thus, S. 4,[5],12:i:- could resemble the disease-causing ability of S. Typhimurium. However, considering the required involvement of flagella in the pathogenesis of Salmonella overall, S. 4,[5],12:i:- may have an impaired ability to infect swine and cause disease (17–19) as only one phase of flagellar antigens is expressed in this serovar.

To date, only two studies have been published on the pathogenesis and severity of disease caused by S. 4,[5],12:i:- infections in swine, with contradictory findings being reported in relation to fecal scoring and rectal temperature following infection (20, 21). Neither study assessed the gross or histologic pathology associated with inoculation of S. 4,[5],12:i:- in swine, although a recent retrospective study found that identification of S. 4,[5],12:i:- from clinical specimens was associated with histopathologic evidence of disease (22). While little is known about the pathobiology of S. 4,[5],12:i:-, the literature is much more clear on the fact that S. Typhimurium is considered to be pathogenic in swine while other common serovars such as S. Derby are not known to cause significant enteric disease despite frequent isolation (20, 22, 23). Given the differences in the presentation of salmonellosis based on the infecting serovar as well as inter-study differences, more work is needed, with larger sample sizes and at various ages to better determine the effect of S. 4,[5],12:i:- infection in swine, particularly when compared to other serovars with known levels of pathogenicity.

Yet another risk associated with Salmonella infections of swine is the potential for persistence of the organism, with subsequent transmission to other pigs or contamination of their environment through shedding in feces (24–26). With Salmonella transmission occurring primarily through the fecal-oral route, an improved awareness of the expected shedding pattern would also facilitate appropriate interpretation of fecal culture results and understanding of the course of infection. Many serovars have been documented to cause persistent infections in swine as evidenced by prolonged fecal shedding, including Typhimurium, Derby, Yoruba, and Cubana (27, 28), although the duration of persistence varies with serovar, infecting dose, and host-specific factors (2, 28). In pigs naturally infected with various serovars of Salmonella, fecal shedding was highly variable on an individual pig basis in terms of both the pattern and amount of shedding (2). Only one study has been completed to evaluate the persistence of S. 4,[5],12:i:- in swine following experimental infection, with detection in the feces of 4/4 swine observed up to 49 days after infection with S. 4,[5],12:i:- (20). This data indicates the potential for S. 4,[5],12:i:- to cause persistent infections in swine, which may be mediated through colonization of sites other than the large intestine.

The ability to colonize tissues throughout the pig has also been shown to differ by serovar. While S. Typhimurium is able to colonize the ileum, ileocecal lymph nodes, tonsils, and mandibular lymph nodes, other serovars such as S. Rissen and S. Anatum have been shown to colonize a smaller subset of those tissues (29). However, S. Typhimurium is less able to colonize non-enteric viscera (liver, spleen, lung) and skeletal muscles when compared to ileum, colon, tonsils, and mesenteric lymph nodes (30). Following experimental infections with S. 4,[5],12:i:-, the tonsils, ileocecal lymph nodes, cecal mucosa, and Peyer's patches were all colonized with Salmonella on DPI 7 in one study (21) while the tonsils, mesenteric lymph nodes, and intestinal tissues were observed to be colonized with Salmonella on DPI 21 and 49 in another study (20). Due to the strong correlation between colonization of various tissues of swine at the time of slaughter and increased risk of contamination of the carcass (29), it is necessary to understand the colonization potential of each serovar and the role of host factors to fully assess the potential public health risk from Salmonella infections.

The rise in prevalence of Salmonella 4,[5],12:i:- in livestock and humans also raises the question of why the serovar has recently emerged and become increasingly prevalent. Salmonella 4,[5],12:i:- has repeatedly been reported to be more highly resistant to antimicrobials relative to S. Typhimurium (6, 31, 32), which may provide a significant advantage to its survival in swine operations with extensive antimicrobial drug use. Likewise, S. 4,[5],12:i:- is commonly resistant to heavy metals such as zinc and copper, which can be added to livestock feeds as an alternative to antibiotics to reduce bacterial infections (16, 33). With the antimicrobial properties of some heavy metals, it is evident that resistance to them may provide a selective advantage over more susceptible serovars. Another potential mechanism leading to the emergence of the S. 4,[5],12:i:- serovar is the ability to outcompete other serovars in vivo. Salmonella 4,[5],12:i:-, despite lacking one phase of flagellar antigens, has retained its ability to adhere to and invade porcine intestinal epithelial cells in vitro (34). Additionally, a study of 133 monophasic isolates showed that the majority possessed the ability to form biofilms (35); this could enhance the in vivo survivability while reducing the effects of antimicrobials on the bacteria (35, 36). Salmonella 4,[5],12:i:- also commonly possesses multiple virulence genes that may contribute to its survival within the host and environment; these genes include but are not limited to sipC which is involved in cell adhesion and invasion, sopB which promotes the influx of inflammatory cells and fluid secretion involved in diarrhea, and hilA which activates the invasion process (37). The combination of biofilm formation, presence of virulence genes involved in pathogenesis, resistance to antimicrobials, and resistance to heavy metals may all function together to provide a selective and competitive advantage to S. 4,[5],12:i:- in swine production.

Based on the limited data available, we hypothesized that Salmonella 4,[5],12:i:- possesses abilities similar to that of S. Typhimurium and greater than that of S. Derby in regards to pathogenicity, colonization, and persistence in swine. We also hypothesized that S. 4,[5],12:i:- displays a competitive advantage in colonization over S. Typhimurium to allow the monophasic serovar to predominate in swine. To address some of the gaps in knowledge related to these hypotheses, three separate animal studies were performed with the following objectives: (1) determine the comparative pathology of S. Typhimurium, S. 4,[5],12:i:-, and S. Derby relative to uninfected pigs; (2) compare the ability of the three serovars to colonize tissues throughout the pig; (3) evaluate the persistence of the three serovars in swine over time; and (4) assess the ability of S. 4,[5],12:i:- to outcompete S. Typhimurium in co-inoculated pigs. In addition, whole genome sequencing was performed to further characterize the isolates chosen for this work.



MATERIALS AND METHODS


Salmonella Isolate Selection

Salmonella enterica serovars Typhimurium, 4,[5],12:i:-, and Derby isolates were selected from the collection of clinical isolates submitted to the ISU-VDL. These isolates were originally cultured from clinical samples submitted to the ISU-VDL using standard laboratory protocols (8). Serotyping was completed by the NVSL. Selection of isolates for all studies was based on the following criteria: (1) isolation from clinical samples submitted to the ISU-VDL, (2) originated from 3 to 13 week-old pigs, and (3) association with histopathologic lesions suggestive of salmonellosis. For the pathogenesis study (animal study #2), an isolate of S. Typhimurium that had previously been used in a successful animal study (ISU-VDL, unpublished data) that met all of the criteria above was selected. To ensure identification of an appropriate clinical isolate of Salmonella 4,[5],12:i:- that had retained its virulence following laboratory passage, a small scale preliminary study was performed using three separate isolates of 4,[5],12:i:- meeting the above criteria (animal study #1). For the competitive fitness animal study (animal study #3), clinical isolates of S. Typhimurium and S. 4,[5],12:i:- that met the above criteria and exhibited complimentary resistance profiles (S. 4,[5],12:i:- isolate susceptible to ceftiofur (MIC < 1) but resistant to gentamicin (MIC > 16); S. Typhimurium isolate susceptible to gentamicin (MIC <1) but resistant to ceftiofur (MIC >8) were utilized for this study. Antimicrobial susceptibility testing was completed using the Sensititre™ system and Sensititre™ Bovine/Porcine MIC Plate (ThermoFisher Scientific, Catalog #BOPO6F) according to Clinical and Laboratory Standards Institute (CLSI) guidelines in the VET08 document (38). Ceftiofur has a veterinary-specific swine breakpoint for respiratory disease pathogens only (Streptococcus suis, Actinobacillus pleuropneumoniae, and Pasteurella multocida) from which the breakpoint for Enterobacteriaceae is currently extrapolated. Gentamicin has a human Enterobacteriaceae breakpoint which was utilized to guide breakpoint determinations in swine isolates in this study. Based on the human and veterinary breakpoints available for these antimicrobials, extrapolated breakpoints were used to determine susceptibility, intermediate susceptibility, and resistance for the antibiotics of interest on the Sensititre™ Bovine/Porcine MIC Plate.



General Culture Conditions, Inoculum Preparation, and Sample Culture

Salmonella isolates from clinical cases submitted to the ISU-VDL were stored in brain heart infusion (BHI) broth with 20% glycerin at −80°C. Isolates were removed from the freezer, sub-cultured onto tryptic soy agar with 5% sheep blood (BA) (Remel Products, Lenexa, KS), and incubated for 18–24 h at 35°C. Plates were evaluated for purity of culture prior to use.


Inoculum Preparation for in vivo Studies

Once pure cultures were obtained, colonies of Salmonella were added to Mueller Hinton (MH) broth (BD Diagnostics, Sparks, MD). Based on quantitative Salmonella culture completed previously to determine the correlation between the optical density and CFUs of Salmonella, a target optical density (OD600) of 0.09 would approximately correlate to 1 ×108 CFU/mL; this was the goal of the inoculum. Once the inoculum was prepared, serial dilutions of the inoculum were plated to BA to determine the actual concentration of Salmonella, and the remaining inoculum was stored at 4°C for <2 h until administered to the piglets.



Salmonella Detection and Quantification

Fecal and tissue samples were collected during the animal studies for culture using both quantitative and enrichment techniques. All samples collected for culture, including feces throughout the trial and tissues from necropsy, were stored at 4°C immediately following collection and were then transferred to the freezer (−80°C) within 1–5 h of collection (variation based on day of sampling) until further processing could be completed.

Samples collected for quantification of Salmonella were thawed at 37°C until they reached room temperature, weighed, and added to Phosphate Buffered Saline (PBS) (Fisher Scientific, Rochester, MN) to create a 1:10 dilution of each sample. Tissue samples were further ground with a mortar-and-pestle type grinder to facilitate pipetting of samples. Serial dilutions were plated to Xylose-Tergitol-Lysine-4 (XLT4) agar (Remel Products) and then incubated at 35°C without CO2. Colonies with morphology characteristic of Salmonella were counted daily for 3 days of incubation. Interpretation of standard plate count results used the following criteria: (1) quantification at day 3 was used to calculate concentration in the original sample unless plates were overgrown with normal flora at day 3 in which case counts from previous days were used to calculate concentrations; (2) plates with 25-250 colonies were considered reliably countable and (3) counts were averaged if more than one plate was in the countable range. Samples that had Salmonella detected by quantitative culture but below the countable level of 25–250 colonies were listed as 1,000 CFU/mL. Samples that had Salmonella detected by enrichment culture but not from quantitative culture were listed as 100 CFU/mL. A minimum of one characteristic and representative colony per sample per pig was confirmed as Salmonella using Matrix Assisted Laser Desorption Ionization-Time of Flight-Mass Spectrometry (MALDI-TOF-MS) following manufacturer's recommendations (Bruker Daltonic Inc., Billerica, MA). Per ISU-VDL protocol, a minimum MALDI-TOF-MS confidence score of 2.10 was required for a confirmatory genus level identification.

In addition to quantification by serial dilutions, 0.25 mL of 1:10 dilution of each sample was enriched in 5 mL of Buffered Peptone Water (BPW) (Remel Products). The BPW was incubated for 18–24 h at 35°C without CO2 prior to subculture to Brilliant Green agar with Novobiocin (BGN) (BD Diagnostics; Sigma-Aldrich, St. Louis, MO) and XLT4 agar. The BGN and XLT4 agars were incubated at 35°C without CO2 for 48 h and were observed for colonies with morphology characteristic of Salmonella. A minimum of one colony from enrichment subculture per sample was confirmed as Salmonella using MALDI-TOF-MS.

For isolation and identification of each serovar of Salmonella following co-inoculation of both Typhimurium and 4,[5],12:i:- from samples in animal study #3, Salmonella quantification was performed via standard plate counts on XLT4 supplemented with either ceftiofur or gentamicin [3 types of XLT4 agar: (1) XLT4 agar with gentamicin sulfate (VetOne, Boise, ID) at a concentration of 8 μg/mL to inhibit growth of S. Typhimurium, (2) XLT4 agar with ceftiofur in the form of Naxcel® (Zoetis, Parsippany, NJ) at a concentration of 0.5 μg/mL to inhibit growth of S. 4,[5],12:i:-, and (3) XLT4 without additional antibiotics]. To ensure the plates were inhibitive to the expected serovar, 1–2 representative colonies per animal per time point were confirmed as Salmonella by MALDI-TOF-MS and then were identified at the serovar level using real-time multiplex PCR (rtPCR) (8).




Animal Studies


General Information

All studies involving animals were approved by the Iowa State University Institutional Animal Care and Use Committee (IACUC) prior to initiation (11-16-8391-S). All swine used in the studies were 5 weeks of age at the initiation of the study; this age was selected based on evaluation of the most common age of animals positive for 4,[5],12:i:- from diagnostic samples from pigs with diarrhea and histologic lesions consistent with salmonellosis submitted to the ISU-VDL over the past 8 years as well as successful induction of disease with other serovars of Salmonella in this age group (24, 39, 40). All animals were pre-screened as negative for porcine reproductive and respiratory syndrome virus (PRRSV) and porcine epidemic diarrhea virus (PEDV) via pooled PCR testing as well as Salmonella negative status via individual enrichment fecal culture and/or PCR on enriched cultures prior to initiation of the study. The pigs were acclimated for 72 h following arrival prior to inoculation during which baseline weights, temperatures, and fecal scores were recorded and pre-inoculation fecal swabs were obtained. Pigs were allocated to treatment groups, and each treatment group was housed in a separate biosecure room for the duration of each study. Throughout the acclimation and study periods, all pigs were fed a non-medicated diet of predominantly corn and soybean meal formulated to meet or exceed the NRC guidelines. Pigs were fed ad libitum except for the 12 h prior to inoculation during which all pigs were held off feed. All pigs were euthanized using barbiturate overdose.



Scoring Systems: Fecal Consistency, Gross Pathology, and Histopathology

Fecal scoring was standardized across all trials on a scale of 1–5 (1 = dry feces, 2 = moist feces, 3 = mild diarrhea, 4 = severe diarrhea, and 5 = watery diarrhea) as previously described (41). This scoring system is depicted in Supplemental Figure 1. Fecal scores of 1 and 2 were both considered to be normal scores, with a score of 2.5 or above indicating the presence of diarrhea. Pigs were diagnosed with clinical disease when the fecal score was 3 or above and/or rectal temperature was outside of the normal range of 101.5–103.5°F (38.6–39.7°C).

Gross necropsy scoring was completed on animals across all trials in a standardized manner. The severity and distribution of gross lesions were observed along the intestinal tract, with the entire intestinal tract length opened and evaluated for the presence of fibrinous exudate. Samples collected at time of necropsy for histopathologic evaluation were placed in 10% neutral buffered formalin and included the following: liver; spleen; ileocecal lymph nodes; proximal, middle, and distal jejunum; ileum; cecum; middle (or visible lesion) and apex of spiral colon; and rectum. Histologic evaluation was performed at the ISU-VDL by a pathologist who was blinded to pig number and treatment group. The histologic evaluation protocol is summarized in Table 1. The ileocecal lymph node, spleen, and liver were evaluated for the presence or absence of neutrophils in 5-400X fields of view. These tissues were scored on a scale of 1–6 (1 = neutrophils absent in all views, 2 = neutrophils present in 1/5 views, 3 = neutrophils present in 2/5 views, 4 = neutrophils present in 3/5 views, 5 = neutrophils present in 4/5 views, 6 = neutrophils present in all views). The mean neutrophil count from 5-400X fields of view was determined for each small and large intestine sample. Any view with more than 100 neutrophils was considered “too numerous to count” and listed as 100 for averaging purposes. For large intestine samples, the mean was obtained of three crypt depths per section measured at 10X and using an eyepiece micrometer. Lastly, an ulceration score was determined for each small and large intestine sample. The ulceration score was equal to the number of crypts over which the most severe foci extended. This score ranged from 0 to 5, with 0 indicating a lack of observed ulceration and 5 indicating an ulcer spanning 5 or more crypts.


Table 1. Summary of histopathologic measurements obtained from each of the evaluated tissue sections during all three animal studies.

[image: Table 1]

A scoring system was derived to obtain an overall score of the histopathology data for each section to facilitate comparison between sections of intestine. For a mean neutrophil count of <5, 0 points were assigned. For every increase by 10 neutrophils, one additional point was assigned (i.e., 1 point for 5–10 neutrophils, 2 points for 11–20 neutrophils, 3 points for 21–30 neutrophils, etc.). Ulceration scores translated directly as points to the overall score (i.e., ulceration score of 2 added 2 points to the overall score). For crypt depths, the scoring system was as follows: <700 μm = 0 points, 700–800 μm = 1 point, 800–900 μm = 2 points, 900–1,000 μm = 3 points, >1,000 μm = 4 points). The crypt depth score was shifted to the right by 100 μm for the rectum due to longer crypts in health (i.e., <800 = 0 points, 800–900 = 1 point, etc.). One additional point was added if evidence of submucosal inflammation was noted. Another point was added if crypt abscesses were observed.



Animal Study #1: Preliminary Evaluation of Pathogenicity of Salmonella 4,[5],12:i-

To identify an appropriate clinical isolate of Salmonella 4,[5],12:i:- that had retained its pathogenic ability following laboratory passage, a small scale pilot study was performed using three separate isolates of 4,[5],12:i:-, isolates ISU-SAL239-15 (A), ISU-SAL240-15 (B), and ISU-SAL241-16 (C), meeting the above criteria. A total of 9 5 week-old pigs were individually identified and allocated to one of three treatment groups with three pigs per isolate. Each group was then orally inoculated with 10 mL of Salmonella 4,[5],12:i:- inoculum with one of the three clinical isolates. The actual concentration of the inoculum was 5.3 ×107 CFU/mL, 6.9 ×107 CFU/mL, and 8.6 ×107 CFU/mL for S. 4,[5],12:i:- isolates ISU-SAL239-15 (A), ISU-SAL240-15 (B), and ISU-SAL241-16 (C), respectively. The course of clinical disease as indicated by rectal temperature, fecal score, and fecal Salmonella quantification was then followed for 7 days. After 7 days, the animals were euthanized for gross and histologic evaluation. Tissue samples collected at necropsy for Salmonella quantification included liver, spleen, tonsil, and ileocecal lymph nodes. The results of this study were utilized to select an isolate of S. 4,[5],12:i:- to optimize the results of the large-scale animal study presented below.



Animal Study #2: Pathogenicity of Salmonella Typhimurium, 4,[5],12:i:-, and Derby in Swine

To determine the ability of Salmonella serovar 4,[5],12:i:- to cause disease and establish a carrier state in swine, 72 5 week-old pigs were utilized in a 28 day study examining the effect and duration of infection with 4,[5],12:i:- when compared to the known highly pathogenic serovar Typhimurium and lesser pathogenic serovar Derby. The pigs were individually identified and allocated to the following treatments: (1) 20 pigs received oral inoculation with 4,[5],12:i:- only (isolate ISU-SAL240-15), (2) 20 pigs received oral inoculation with Typhimurium only (isolate ISU-SAL243-14), (3) 20 pigs received oral inoculation with Derby only (isolate ISU-SAL242-16), and (4) 12 pigs sham-inoculated with sterile MH broth served as negative control. The pigs were housed in pens of four, with five total groups per treatment and three for the control group. The groups for each serovar were housed in separate rooms to ensure no cross contamination between treatments would occur.

Following acclimation, the pigs were inoculated with a standardized dose for all serotypes of 10 mL of a target of 1 ×108 CFU/mL Salmonella utilizing a combination of 8 mL oral gavage and 2 mL swabbed directly in the back of the mouth ensuring tonsil exposure as occurs during natural infection with Salmonella. The actual inoculum concentrations were 1.44 ×108 CFU/mL, 1.53 ×108 CFU/mL, and 1.94 ×108 CFU/mL for S. 4,[5],12:i:-, S. Derby, and S. Typhimurium, respectively. Daily fecal scores were taken on all animals for the first 7 days to monitor progression of clinical disease; as overt clinical disease was expected to decrease after the first week of infection, bi-weekly fecal scores were taken for the remainder of the study. All pigs had rectal temperatures recorded once daily for the first 7 days and bi-weekly thereafter for the remainder of the study. Fecal samples were collected from the rectum of all pigs at 2 DPI, and all pigs still alive at DPI 4, 7, 14, 21, and 28 for quantitative (direct) and enriched Salmonella fecal culture to determine the amount of shedding of Salmonella into the environment over time following inoculation.

On DPI 2 and 4, five pigs per treatment group and three control pigs were selected for euthanasia for tissue collection based on the severity of clinical signs (i.e., Salmonella-infected pigs demonstrating the most severe clinical signs based on a combination of rectal temperature and fecal score). The remaining pigs after DPI 4 (10 per experimental group; 6 in control group) were allowed to complete the study and were euthanized for sample collection at 28 DPI. At the time of euthanasia, evaluation of gross lesions was completed and samples were collected for histopathologic evaluation of the jejunum, ileum, cecum, colon, ileocecal lymph nodes, tonsils, liver, and spleen to evaluate the progression of clinical disease over time. Additional tissue samples, including ileocecal lymph nodes, tonsils, liver, spleen, and colon contents, were collected at the time of necropsy for quantitative Salmonella culture to assess the level of Salmonella colonization in these tissues at various points over time following inoculation.



Animal Study #3: Competitive Fitness of Salmonella Typhimurium and 4,[5],12:i:- in Swine

To determine if Salmonella 4,[5],12:i:- has the ability to outcompete other pathogenic serovars of Salmonella, such as Typhimurium, in vivo, 12 5 week-old pigs were co-inoculated with a 50:50 mixture of the two serovars. The isolates used for the study were Salmonella 4,[5],12:i:- ISU-SAL245-16 and Salmonella Typhimurium ISU-SAL244-16, which were selected based on complementary antibiotic resistance profiles in addition to the standard criteria used for all isolates. To compare the pathogenicity of these isolates individually, six additional pigs, three for S. Typhimurium and three for S. 4,[5],12:i:-, were singly inoculated for a controlled comparison. The co-inoculated pigs were housed in pens of four, with three total groups in a single room, while each of the singly inoculated groups were housed in a single pen of three each in separate rooms. Following acclimation, the pigs were inoculated with a standardized dose of 10 mL of 1 ×108 CFU/mL Salmonella utilizing combination of 8 mL oral gavage and 2 mL swabbed directly in the back of the mouth for each serovar for a total of 20 mL for co-inoculated and 10 mL for singly inoculated animals. The actual inoculum concentrations were 1.38 ×108 CFU/mL and 1.73 ×108 CFU/mL for S. Typhimurium and S. 4,[5],12:i:-, respectively. Following inoculation, daily rectal temperatures and fecal scores were taken on all animals for the first 7 days to monitor progression of clinical disease; twice weekly temperatures and fecal scores were taken for the remainder of the study. Fecal samples were collected from all pigs alive on DPI 1–5, 7, and 10 for quantitative culture of both serovars of Salmonella. On DPI 4, five random co-inoculated pigs and all six of the singly inoculated pigs were euthanized and tonsils and ileocecal lymph nodes were collected. The remaining five pigs were euthanized on DPI 10 with collection of tonsils and ileocecal lymph nodes for culture and histopathologic evaluation.

The competition index (CI) was calculated using the following formula: (X–Y)/(X + Y), in which X is the number of Salmonella 4,[5],12:i:- colonies and Y is the number of Salmonella Typhimurium colonies (42). A CI value that is positive indicates that Salmonella 4,[5],12:i:- is more fit while a value that is negative indicates that Salmonella Typhimurium is more fit. A CI value closer to 1 or −1 indicates dominance of Salmonella 4,[5],12:i:- or Salmonella Typhimurium, respectively.




Statistical Analysis

No statistical analysis was completed for animal study #1 as the goals of the study could be accomplished without statistical analysis. For the data sets from animal studies #2 and #3, the population homogeneity was assessed using the Shapiro-Wilk test and the population variance was assessed using the Brown-Forsythe test. Based on the results from these two tests, either parametric or non-parametric tests were chosen and performed using GraphPad Prism. For brevity, the same statistical test was used for each dependent variable when necessary (i.e., temperature, quantitative culture). For quantitative culture of feces from animal study #2, one-way ANOVA followed by Dunnett's test was used to compare the mean amount of Salmonella on a log10 basis on DPI 0 to the mean amount of Salmonella on all other days, within each serovar. For the rectal temperatures from animal study #2, the Kruskal-Wallis test with Dunn's post test was utilized to compare the mean temperature on each DPI to the day of inoculation (DPI 0) within each serovar. Rectal temperatures, fecal scores, and histologic lesion scores were also compared between serovar groups at each DPI using the GLIMMIX procedure of the SAS System to complete the Tukey-Kramer test. For quantitative fecal culture from animal study #3, Poisson distribution was used to compare S. Typhimurium to S. 4,[5],12:i:- at each DPI. For all tests, a P < 0.05 was deemed statistically significant.



Whole Genome Sequencing

For the five Salmonella isolates utilized in animal studies #2 and #3, pure cultures were grown on MH agar as for the inoculum preparation. DNA extraction was performed using the Invitrogen™ by Life Technologies™ ChargeSwitch® gDNA Mini Bacteria Kit for purification of genomic DNA from gram negative bacteria. This was followed by the preparation of the sequencing libraries with the Illumina® Nextera® XT DNA Library Prep kit according to manufacturer's instructions. Pooled samples were sequenced using paired end reads (2 ×150 read length) on the Illumina MiSeq platform. Demultiplexed sequencing data from each of the isolates was then uploaded to Illumina® Basespace Sequence Hub for analysis. The sequencing data was processed using SRST2 platform to generate multi-locus sequence typing (updated from PubMLST on 11/30/2014), antimicrobial resistance and virulence gene presence, as well as plasmid replicon identification (43). Antimicrobial resistance gene determination within the SRST2 platform was completed using ARG-ANNOT V3 (44), and plasmid replicons were identified through SRST2 using PlasmidFinder (45). The virulence factor database utilized by SRST2 was generated from VFDB (http://www.mgc.ac.cn/VFs/) on 11/30/2014 for identification of the presence of known virulence factors in Salmonella (46). Draft genome assembly was then completed using SPAdes Genome Assembler (Version 3.9.0) (47).




RESULTS


Animal Study #1: In vivo Evaluation and Selection of a Clinical Isolate of S. 4,[5],12:i:- for Pathogenicity Animal Study


Clinical Disease

Results of the preliminary animal study comparing three separate isolates of Salmonella 4,[5],12:i:- demonstrated that clinical disease, as indicated by a rectal temperatures outside of the normal range of 101.5–103.5°F (38.6–39.7°C) (Figure 1) and/or diarrhea (fecal score ≥3) (Figure 2), was induced by all isolates, although isolates A and B caused an increase in both rectal temperature and in fecal score, while isolate C caused an increase in the fecal score only. Fecal scores and temperatures from the three isolates, averaged among each group, reached their peak at DPI 3 and 2, respectively. There was detectable shedding of Salmonella in the feces with direct culture throughout the entire 7 day study in piglets inoculated with isolates A and B. For the group inoculated with isolate C, mild clinical disease was noted with Salmonella shedding only detectable through DPI 4 in pre-enrichment feces. However, Salmonella was detectable in enriched fecal samples from all pigs at all time points for all groups inoculated with each of the three isolates (Table 2).


[image: Figure 1]
FIGURE 1. Mean rectal temperatures from animal study #1 following inoculation on DPI 0 with three separate isolates of S. 4,[5],12:i:- (A, B, C). The mean and standard error are represented by the vertical bars.



[image: Figure 2]
FIGURE 2. Mean fecal scores from animal study #1 following inoculation on DPI 0 with three separate isolates of S. 4,[5],12:i:- (A, B, C). The fecal scoring system ranged from 1 to 5, with 1–2 being considered normal and 5 being considered severe diarrhea. The mean and standard error are represented by the vertical bars.



Table 2. Culture results of three separate isolates of Salmonella 4,[5],12:i:- from animal study #1.
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Bacterial Culture

Ileocecal lymph nodes, tonsils, spleen, and liver were collected at the time of necropsy on DPI 7, with culture results listed in Table 2. The spleen and liver proved to be a poor sample type for the detection of Salmonella 4,[5],12:i:- infection as only one out of nine and two out of nine pigs, respectively, were positive for Salmonella by quantitative and/or enrichment culture. Ileocecal lymph nodes and tonsils proved to be a better sample for detection of Salmonella 4,[5],12:i:- as nine out of nine and seven out of nine pigs, respectively, were positive for Salmonella by direct and/or enrichment culture.



Gross and Histopathologic Lesions

Although Salmonella 4,[5],12:i:- was detectable in the feces and tissues of the majority of pigs, only one out of nine pigs had gross lesions suggestive of salmonellosis, which consisted of fibrinous colitis; this pig was inoculated with isolate B. Histopathologic evaluation of intestinal tissues on the basis of neutrophil infiltration, crypt elongation, and ulceration revealed that the cecum and spiral colon were the primary target of Salmonella 4,[5],12:i:-, regardless of the specific isolate involved in infection, with minimal to no lesions in the small intestine and rectum (Figure 3). Based on these data, isolate B of S. 4,[5],12:i:- was selected for the full scale animal study described below.


[image: Figure 3]
FIGURE 3. Histologic scores from samples collected at necropsy on day 7 following inoculation with three separate isolates of S. 4,[5],12:i:- (A, B, C) in animal study #1. These scores depict the average histologic lesions, as determined by the ulceration, neutrophil infiltration, and crypt elongation and abscessation, and submucosal inflammation, at the time of necropsy on DPI 7. The mean of each isolate-tissue location combination is represented by the horizontal bar with the standard error represented by the vertical line.





Animal Study #2: Comparison of the Pathogenicity of S. 4,[5],12:i:-, S. Typhimurium, and S. Derby in Swine

A total of 70 of the 72 pigs completed the study and were included in the final analysis. One pig in the S. Derby group was removed from the study due to premature death on DPI 2. The pig was submitted to the ISU-VDL and determined to have died from a vitamin E-selenium responsive nutritional cardiomyopathy, better known as Mulberry Heart Disease. The other pig removed from the study was among the control group pigs euthanized on DPI 2 and was removed from the study due to the presence of Isospora suis, a primary pathogen of swine, detected during histopathologic evaluation. All other animals completed the study and were included in the analysis.


Clinical Disease

The rectal temperature results are shown in Figures 4A–D. Those infected with S. 4,[5],12:i:- had a mean temperature significantly different from DPI 0 on DPI 5, 6, 7, 10, and 17 (Figure 4A). The mean temperature (±SE) of pigs infected with S. Typhimurium peaked on DPI 2 at 103.2°F (±0.3) (38.5°C ± 0.2), with a statistically significant increase relative to DPI 0 on DPI 1, 2, and 4 (Figure 4B). Salmonella Derby-inoculated pigs developed the highest mean temperature on DPI 1 at 103.1°F (±0.1) (39.5°C ± 0.1), with a significant difference from DPI 0 on DPI 1 only (Figure 4C). The control pigs also had a mean rectal temperature significantly different from DPI 0 on DPI 5, 6, and 10 (Figure 4D). Interestingly, there were a number of animals with temperatures that fell outside the normal range, both higher and lower than normal, in the S. Typhimurium and S. 4,[5],12:i:- groups, but not the control or S. Derby groups.


[image: Figure 4]
FIGURE 4. Comparison of rectal temperatures of pigs inoculated with Salmonella serovars 4,[5],12:i:- (A), Typhimurium (B), and Derby (C), and non-inoculated control (D) pigs in animal study #2. Asterisks represent significant differences from the mean temperature on DPI 0 (p < 0.05). Each datum point represents the temperature in individual animal; short horizontal bar represents mean temperature within a group.


The fecal score results are shown in Figure 5. The mean fecal score (±SE) of S. Typhimurium-infected pigs peaked on DPI 2 at 3.7 (±0.3) and S. 4,[5],12:i:- -infected pigs peaked on DPI 2 at 3.5 (±0.3). The S. Derby infected pigs reached a mean fecal score on DPI 4 of 2.8 (±0.2) with all other mean fecal scores being at or below 2.4, therefore indicating that S. Derby did not successfully induce prolonged diarrhea in the pigs with the exception of DPI 4. The sham-inoculated control pigs reached a peak fecal score on DPI 28 at 3.5 (±0.2), but also had elevated mean fecal scores on DPI 10 at 3.3 (±0.2) and DPI 3 at 2.9 (±0.4). Several statistically significant differences in the fecal scores between groups were also noted. On DPI 0, Salmonella 4,[5],12:i:- had a significantly increased mean fecal score relative to S. Derby and S. Typhimurium-infected pigs. The mean fecal score of S. 4,[5],12:i:- pigs was significantly increased relative to S. Typhimurium on DPI 1 and S. Derby and the controls on DPI 2. The mean fecal score of S. Typhimurium pigs was also significantly increased relative to S. Derby and the controls on DPI 2. Salmonella 4,[5],12:i:- pigs had a significantly higher mean fecal score relative to the controls on DPI 4.


[image: Figure 5]
FIGURE 5. Comparison of fecal scores of pigs inoculated with Salmonella serovars 4,[5],12:i:-, Typhimurium, and Derby and non-inoculated control pigs in animal study #2. Symbols represent the mean, with vertical bars representing standard error of the mean. Fecal scores of 1–2 are normal, 3 is mild diarrhea, 4 is moderate diarrhea, and 5 is severe diarrhea. Days with significant differences present are represented by asterisks and are detailed in the text.




Bacterial Culture

All pre-inoculation fecal samples were negative for Salmonella via enriched culture and PCR. Throughout the duration of the study, all samples collected from the control pigs were confirmed negative for Salmonella by enrichment culture. Fecal culture results are summarized in Supplemental Table 1 and depicted in actual log10 CFU/mL in Figure 6. The mean amount of Salmonella shed in the feces peaked at 3.0 (±0.1) log10 CFU/mL on DPI 4 in S. Typhimurium infected pigs. Pigs infected with S. 4,[5],12:i:- reached a peak level of Salmonella in feces on DPI 2 at 3.4 (±0.2) log10 CFU/mL while those infected with S. Derby also reached a peak level on DPI 2 at 2.9 (±0.1) log10 CFU/mL. All serovar groups had a significantly increased amount of Salmonella in the feces on DPI 2, 4, and 7 relative to DPI 0, and S. Typhimurium-infected pigs also had a significantly increased amount in the feces on DPI 14. Enriched feces remained positive for Salmonella in the S. Typhimurium group in 20% of pigs (2 of 10) on DPI 28, while the S. 4,[5],12:i:- group only remained positive until DPI 21, at which time 30% of fecal samples (3 of 10) were positive.


[image: Figure 6]
FIGURE 6. Comparison of quantitative culture results for Salmonella in feces collected from pigs inoculated with Salmonella serovars 4,[5],12:i:-, Typhimurium, and Derby in animal study #2. The mean CFU/mL and standard error are represented by the horizontal and vertical lines, respectively. Statistically significant differences (p < 0.05) were determined within each group compared to DPI 0 at which time no Salmonella was detectable. Days with significant differences present from DPI 0 are represented by asterisks and were as follows: S. 4,[5],12:i:- on DPI 2, 4, and 7; S. Derby on DPI 2, 4, and 7; S. Typhimurium on DPI 2, 4, 7, and 14.


Samples collected at necropsy on DPI 2, 4, and 28 were also cultured for the presence of Salmonella (Table 3). On DPI 2 and 4, all Salmonella-inoculated pigs, with the exception of one S. Derby-inoculated pig on DPI 4, had detectable levels of Salmonella in their colon contents. The liver and spleen of Salmonella-infected pigs had variable results based on infecting serovar and timing after inoculation, ranging from 60% of S. Typhimurium-inoculated pigs positive in the liver on DPI 2 while S. Derby-inoculated pigs were negative for Salmonella in the spleen and liver at all necropsy time points. The ileocecal lymph nodes were positive on DPI 2 and 4 from all Salmonella-inoculated pigs. However, the lymph nodes were only positive in 50% (5 of 10) of S. 4,[5],12:i:- -inoculated pigs, 67% (6 of 9) of S. Derby-inoculated pigs, and 40% (4 of 10) of S. Typhimurium-inoculated pigs on DPI 28. Tonsils were positive from all Salmonella-infected pigs on DPI 2 and 4, except for three S. Derby-inoculated pigs on DPI 4 and one S. Typhimurium-inoculated pig on DPI 2. On DPI 28, tonsils were positive for Salmonella from 90% (9 of 10) of S. 4,[5],12:i:- -inoculated pigs, 67% (6 of 9) of S. Derby-inoculated pigs, and 40% (4 of 10) of S. Typhimurium-inoculated pigs.


Table 3. Comparison of Salmonella culture results from samples collected during necropsy from pigs inoculated with Salmonella serovars 4,[5],12:i:-, Typhimurium and Derby in animal study #2.
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Gross Lesions

Gross lesions suggestive of salmonellosis (i.e., fibrinous colitis) were absent in all control pigs and S. Derby-infected pigs necropsied on DPI 2 but were present in two out of five pigs inoculated with S. Typhimurium and two out of five inoculated with S. 4,[5],12:i:-. At DPI 4, similar results were found, with two out of five S. 4,[5],12:i:- -inoculated pigs and four out of five S. Typhimurium-inoculated pigs possessing gross lesions suggestive of salmonellosis while none of the control or S. Derby-inoculated pigs had gross lesions. Representative gross lesions from S. 4,[5],12:i:- and S. Typhimurium-inoculated pigs on DPI 4 are shown in Figures 7A,B, respectively. However, by DPI 28, only one of 10 S. Typhimurium-inoculated pigs and one of 10 S. 4,[5],12:i:- -inoculated pigs had gross lesions suggestive of salmonellosis while none of the control or S. Derby-inoculated pigs had gross lesions visible.


[image: Figure 7]
FIGURE 7. Representative gross lesions following infection with Salmonella 4,[5],12:i:- and Salmonella Typhimurium. Spiral colon. (A) Pig inoculated with Salmonella 4,[5],12:i:-, DPI 4, severe diffuse fibrinous colitis. (B) Pig inoculated with Salmonella Typhimurium, DPI 4, severe diffuse fibrinous colitis.




Histopathology

Histopathologic lesions observed upon evaluation of tissues from necropsied animals were primarily limited to ulceration, neutrophil infiltration, and crypt elongation in the cecum and spiral colon for all serovars. On DPI 2 (Figure 8), there were statistically significant differences in histologic lesion scores in the ileum, cecum, and spiral colon. In the ileum, S. 4,[5],12:i:- had induced significantly higher histologic lesion scores than the sham-inoculation and S. Derby but not more severe than S. Typhimurium. In the cecum, S. Typhimurium and S. 4,[5],12:i:- -inoculated pigs had a significantly greater histologic score than control pigs and S. Derby-inoculated pigs but not greater than one another. In the mid (or lesion of) spiral colon, S. 4,[5],12:i:- had induced significantly different histologic lesion scores from S. Derby only while S. Typhimurium had induced significantly different histologic lesion scores than S. Derby and controls. In the apex of the spiral colon, S. Typhimurium-inoculated pigs had a significantly greater histologic score than S. Derby-inoculated pigs; however, S. 4,[5],12:i:- mean histologic score was not significantly different from those inoculated with S. Derby or the control group. On DPI 4 (Supplemental Figure 2A), there were statistically significant differences in the histologic scores in the cecum and mid (or lesion of) spiral colon only. In the cecum, S. 4,[5],12:i:- -inoculated pigs had significantly more severe lesions than those inoculated with S. Derby and controls; S. Typhimurium-inoculated animals did not have a significantly higher histologic score than of S. 4,[5],12:i:-, S. Derby, or sham-inoculated pigs. In the mid (or lesion of) spiral colon, pigs inoculated with S. Typhimurium had significantly higher histologic scores than pigs inoculated with S. Derby and control pigs. On DPI 28 (Supplemental Figure 2B), there were no statistically significant differences in the histologic scores between the treatment groups in any of the intestinal sections evaluated. Overall, histopathologic lesions suggestive of clinical salmonellosis were present consistently in the S. Typhimurium and S. 4,[5],12:i:- -inoculated groups on DPI 2 and 4 but not the S. Derby-inoculated or control groups. Thus, Salmonella 4,[5],12:i:- infection resulted in a similar severity of diarrhea, disturbance in rectal temperature, colonization of tissues, and gross and histologic lesions as with Salmonella Typhimurium infection.
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FIGURE 8. Comparison of histologic lesion scores from pigs inoculated with Salmonella serovars 4,[5],12:i:-, Typhimurium, and Derby and non-inoculated control pigs in animal study #2. Histologic lesion scores represent a summary of the ulceration, neutrophil infiltration, crypt elongation and abscessation, and submucosal inflammation at the time of necropsy on DPI 2. Mean and standard error are represented by the symbols and vertical lines, respectively. Different letters indicate statistically significant differences between serovar groups, separated by tissue location (p < 0.05). Histologic lesion scores from pigs euthanized on DPI 4 and 28 depicted in Supplemental Figure 2.


It is worthwhile to mention that other potential secondary swine pathogens were encountered during the study. Balantidium coli, which has not been noted to cause disease as a primary pathogen in swine, was noted upon histologic examination in a portion of pigs from each Salmonella-inoculated group euthanized on DPI 2 (5/5 of 4,[5],12:i:- pigs; 1/5 of Typhimurium group; 1/5 of Derby group; 0/2 of control group) and DPI 4 (5/5 of 4,[5],12:i:- group, 3/5 of Typhimurium group, 2/5 of Derby group, and 0/3 of control group). By DPI 28, the proportion of pigs with B. coli present on histopathologic examination decreased substantially (1/10 of 4,[5],12:i:- group, 2/10 of Typhimurium group, 0/9 of Derby group, and 0/3 of control group). Cryptosporidium was also detected on DPI 2 (in 2/5 of 4,[5],12:i:- group, 1/5 of Typhimurium group, 2/5 of Derby group, and 1/2 of control group) and on DPI 4 (in 3/5 of 4,[5],12:i:- group, 1/5 of Typhimurium group, 3/5 of Derby group, and 2/3 of control group). No Cryptosporidium was detected on DPI 28. No histopathologic lesions suggestive of clinical disease caused by enteric pathogens of swine other than Salmonella were detected during the histopathologic examination.




Animal Study #3: Evaluation of the Competitive Fitness of S. 4,[5],12:i:- When Co-inoculated With S. Typhimurium in Swine

A total of 10 of the 12 co-inoculated pigs and all of the singly inoculated pigs completed the study and were included in the final analysis. One of the co-inoculated pigs died on DPI 3 and was submitted to the ISU-VDL for evaluation; it was determined to have died from septicemia as the ileum, colon, liver, spleen, tonsils, and ileocecal lymph nodes were all culture positive for Salmonella. One additional pig was euthanized on DPI 6 due to neurologic deficits, severe fever, and deteriorating condition. This pig was also submitted for evaluation at the ISU- VDL, and was determined to have meningoencephalitis caused by Haemophilus parasuis. Both of these pigs were removed from the analysis, leaving 10 pigs for analysis in the co-infected group. While the original intent was to utilize the same 4,[5],12:i:- and Typhimuirum isolates in both animal studies #2 and #3, due to an inability to clearly demonstrate differentiation of these isolates using their resistance profiles and selective media, two new isolates of each strain with complementary resistance profiles that could be clearly differentiated on selective media were chosen for this study.


Clinical Disease

To ensure that both the S. Typhimurium and S. 4,[5],12:i:- isolates were able to cause comparable disease when infecting a pig individually, three pigs were inoculated with only S. Typhimurium and three with only S. 4,[5],12:i:-. In S. 4,[5],12:i:- -infected pigs, the mean temperature peaked on DPI 2 at 102.5°F (±0.1) (39.2°C ± 0.1). Salmonella Typhimurium-infected pigs had a peak mean temperature of 102.4°F (±0.5) (39.1°C ± 0.3) on DPI 4. The peak mean fecal scores of each group were 3.7 (±0.3) on DPI 3 in S. 4,[5],12:i:- -infected pigs and 3.0 (±0.6) on DPI 2 and DPI 4 in S. Typhimurium-infected pigs. These results indicated that both isolates were able to individually cause mild clinical disease in pigs. In pigs that received both S. Typhimurium and S. 4,[5],12:i:-, the mean fecal score peaked on DPI 1 at 4.0 (±0.3) but remained above 3.5 on DPI 2, 3, and 4. The mean temperature of co-infected pigs peaked at 103.3°F ± 0.3) (39.6°C ± 0.2) on DPI 2. There was a notable increase in the severity and duration of clinical disease in pigs infected simultaneously with S. Typhimurium and S. 4,[5],12:i:- compared to pigs infected with either serovar of Salmonella individually, however, the inoculum dose for the co-infected pigs was double that of the singly-infected animals.



Bacterial Culture

In the 10 pigs that completed the co-inoculation study, there was a higher mean concentration of S. 4,[5],12:i:- detected via culture compared to S. Typhimurium at DPI 1, 2, 3, 4, 5, and 10, and the difference was statistically significant on DPI 1, 2, 3, 4, and 10 (Figure 9). The largest difference in amounts of S. 4,[5],12:i:- and S. Typhimurium occurred on DPI 2. On DPI 7, the only time point in which the average amount of S. Typhimurium exceeded the amount of S. 4,[5],12:i:- in feces, the difference was not statistically significant. Of the three pigs singly inoculated with S. 4,[5],12:i:- and four samples collected from each pig on DPI 1–4, only three out of 12 samples had detectable levels of Salmonella present in their feces. Similar results were found with the S. Typhimurium pigs, with only three out of 12 samples possessing detectable levels of Salmonella (Supplemental Figure 3).


[image: Figure 9]
FIGURE 9. Quantitative fecal culture results from animal study #3 in which pigs were co-inoculated with equal amounts of serovars of Salmonella: 4,[5],12:i:- and Typhimurium. Each data point represents the log10 CFU/mL result in individual animals. The mean and standard error are represented by the horizontal and vertical lines, respectively. Asterisks represent days in which the mean amount of S. 4,[5],12:i:- was significantly different from the mean amount of S. Typhimurium (p < 0.05).


All three pigs singly infected with S. Typhimurium were positive for Salmonella in their tonsils and ileocecal lymph nodes on DPI 4. Of the three pigs infected singly with S. 4,[5],12:i:-, only one had Salmonella present in the tonsils on DPI 4, and two had Salmonella in the ileocecal lymph nodes (Supplemental Figure 3). Of the pigs that were infected simultaneously with both S. Typhimurium and S. 4,[5],12:i:-, seven of the 10 pigs had tonsils culture positive for S. 4,[5],12:i:- and six pigs of the 10 were positive for S. Typhimurium (Figure 10). Of those pigs positive for Salmonella in their tonsils, five had higher levels of S. 4,[5],12:i:-, two had higher levels of S. Typhimurium, and three did not have any detectable Salmonella. As for the ileocecal lymph nodes, eight pigs were positive for S. 4,[5],12:i:- and six were positive for S. Typhimurium. Similar to the tonsils, five had higher levels of S. 4,[5],12:i:-, one had higher levels of S. Typhimurium, four had equivalent levels of the two serovars, and one did not have any detectable Salmonella.


[image: Figure 10]
FIGURE 10. Quantitative culture results from samples collected upon necropsy in animal study #3 in which pigs were simultaneously co-inoculated with equal amounts of two serovars of Salmonella: 4,[5],12:i:- and Typhimurium. Each data point represents the log10 CFU/mL result in individual animals. The mean and standard error are represented by the horizontal and vertical lines, respectively.




Competition Index

The competition index (CI) was calculated for each set of samples collected, including feces, tonsils and lymph nodes. In the feces on all days except for DPI 7, the competition index was greater than zero, indicating that S. 4,[5],12:i:- had a higher level of fitness in relation to intestinal colonization compared to S. Typhimurium (Figure 11A). The CI was also greater than zero in both the tonsils (0.32 and 0.52) and ileocecal lymph nodes (0.39 and 0.2) on DPI 4 and DPI 10 (Figure 11B), respectively. These results indicate that S. 4,[5],12:i:- also demonstrated a higher level of fitness in colonization of tonsils and ileocecal lymph nodes when compared to S. Typhimurium.
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FIGURE 11. The competition index (CI) calculated based on the culture results from animal study #3. The CI was calculated for (A) fecal samples collected throughout the study period and (B) samples collected at the time of necropsy on DPI 4 and 10. The CI represents the fitness of Salmonella 4,[5],12:i:- relative to Salmonella Typhimurium, with a positive CI indicating that S. 4,[5],12:i:- is more fit within the host and a negative CI indicating that S. Typhimurium is more fit within the host. Values closer to 1 or −1 indicates that 4,[5],12:i:- or Typhimurium were the dominant Salmonella serovar in that set of samples, respectively.





Whole Genome Sequencing Analysis of the Salmonella Isolates Utilized in Animal Studies #2 and #3

The sequencing results of the five isolates utilized in animal studies #2 and #3 were analyzed for MLST, plasmid type, virulence gene presence and antimicrobial resistance gene presence. Supplemental Table 2 includes the results of the MLST profile, with both S. 4,[5],12:i:- isolates belonging to the ST34 clade, both S. Typhimurium isolates belonging to the ST19 clade, and the Derby isolate belonging to the ST40 clade. PlasmidFinder was used to identify the presence of plasmid replicons in the 5 strains used in the study (Supplemental Table 3). All isolates of Salmonella utilized in these studies harbored at least 2 plasmid replicons. Plasmid replicons were all unique between each isolate, except for the identification of IncI1 in both the S. Derby isolate and one of the S. typhimurium isolates. Virulence Factor Database was used to identify the presence of known pathogenicity genes in Salmonella (summary Table 4; detailed Supplemental Table 4). Overall, the profile of virulence genes was very similar for the four S. 4,[5],12:i:- and S. Typhimurium isolates; however, several genes including lpf, stc, stj, and sodC1 were notably absent in the S. Derby isolate. Conversely, the S. Derby isolate harbored several virulence operons not present in either of the four S. 4,[5],12:i:- and S. Typhimurium isolates, including peg, sta, and ste. Finally, ARG-Annot was utilized to identify the antimicrobial resistance genes present in the isolates (Supplemental Table 5); this data was then compared to the phenotypic data obtained via the initial clinical diagnostic workup when the isolate was identified. Both sequenced S. 4,[5],12:i:- isolates carried the previously described genotypic profile for ampicillin, streptomycin, sulfonamides, and tetracycline resistance (referred to as ASSuT) that has been defined to include the simultaneous presence of blaTEM-1, strA, strB, sulII, and tet(B) genes (48, 49). Additional resistance genes including blaCMY (ISU-244-16 only) and qnrB (ISU-240-15 only), which are commonly associated with plasmids, also were present and conferred resistance to cephalosporins and fluoroquinolones, respectively.


Table 4. Results of Virulence Factor Database (VFDB) analysis for the presence of known virulence genes based on whole genome sequencing of isolates of Salmonella utilized for inoculation of pigs in animal studies #2 and #3.
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DISCUSSION

The work completed in these studies clearly demonstrates that for the representative isolates selected, Salmonella serovar 4,[5],12:i:- possessed a comparable ability to Salmonella Typhimurium to cause significant clinical disease in swine. In addition, this serovar, along with Typhimurium and Derby, can be carried in the tonsils and lymph nodes and shed in the feces of infected animals for weeks following exposure and illness. Potential sequelae to this carriage includes likely contamination of the environment with subsequent infection of pen mates and contamination of carcasses and meat at harvest leading to food safety concerns. Overall, all three animal studies provided insight into the pathogenesis of disease caused by S. 4,[5],12:i:- in swine. Animal study #1 allowed us to compare three separate isolates of S. 4,[5],12:i:-, all of which had retained their ability to cause disease through the culture process as indicated by the observed fever and/or diarrhea as well as histopathologic evidence of disease. Fecal shedding for all isolates continued for the duration of the study from DPI 1–7. Animal study #2 enabled evaluation of the pathogenicity, fecal shedding, and colonization of swine by S. Typhimurium, S. 4,[5],12:i:-, and S. Derby. The mean rectal temperature of pigs infected with all three Salmonella serovars peaked at DPI 1–2. The mean fecal score reached its peak at DPI 2 for S. Typhimurium and S. 4,[5],12:i:- -inoculated pigs, with S. Derby-inoculated pigs reaching a lower peak at a later time than the other two serovars. The rectal temperatures and fecal scores indicated that S. 4,[5],12:i:- has a similar disease-causing ability to S. Typhimurium and induces a more severe disease than that caused by S. Derby. Detectable fecal shedding continued through DPI 28 for S. Typhimurium-innoculated pigs and DPI 21 for S. 4,[5],12:i:- -inoculated pigs and S. Derby-inoculated pigs. The colonization of tonsils and ileocecal lymph nodes appeared to be similar across DPI 2, 4, and 28 in all three serovar groups. Gross lesions suggestive of salmonellosis were primarily observed on DPI 2 and 4 and were limited to those pigs infected with S. Typhimurium or S. 4,[5],12:i:-. Histologic lesions occurred primarily in the cecum and spiral colon, with significantly higher scores in the pigs infected with S. Typhimurium and S. 4,[5],12:i:- as compared to S. Derby. Finally, animal study #3 revealed that for the isolates selected, S. 4,[5],12:i:- demonstrated a competitive advantage over S. Typhimurium in vivo, which was evidenced by the significantly higher mean levels of S. 4,[5],12:i:- cultured from various tissues and feces relative to S. Typhimurium on DPI 1, 2, 3, 4, and 10.

Many studies have demonstrated that S. 4,[5],12:i:- is a monophasic variant of S. Typhimurium, however, the characterization of S. 4,[5],12:i:- as a pathogen of swine has not been as readily documented. To our knowledge, only two studies have been published on experimental infections of swine with S. 4,[5],12:i:-, leaving a large gap in our understanding of this emerging serovar. One of the recently published studies was a small-scale study in experimentally infected swine, which revealed that S. 4,[5],12:i:- has maintained a similar disease-causing ability to that typically associated with S. Typhimurium (21). Specifically, at DPI 2, the infected pigs developed a fever and diarrhea, and they shed S. 4,[5],12:i:- in their feces throughout the 7 days following inoculation (21). Overall, the authors of that study concluded that both S. Typhimurium and its monophasic variant, S. 4,[5],12:i:-, can cause gastrointestinal disturbances, further substantiating the claim that expression of only one flagellar phase does not alter the pathogenicity (21, 34). The results of this small-scale study with respect to the clinical disease established by S. 4,[5],12:i:- was in alignment with our work as we determined that diarrhea and fever occur on DPI 2 following infection with S. 4,[5],12:i:- and that the disease and lesions induced by S. 4,[5],12:i:- closely resemble that induced by S. Typhimurium. However, that study utilized fecal moisture content to determine if the pigs had developed diarrhea (21). Fecal moisture content analysis is a much more objective way to evaluate the level of diarrhea in swine compared to fecal scoring, even though fecal scoring is a more common method in studies of this type (41, 50). Due to the size and scope of our study, we utilized fecal scoring to facilitate evaluation of a larger sample size.

The second and more recent study was similar to our comparison of Salmonella serovars 4,[5],12:i:-, Typhimurium, and Derby but did not include a control group for comparison (20). In contrast to our findings, this study found that all S. 4,[5],12:i:-, S. Derby, and S. Typhimurium-inoculated pigs, with the exception of one S. Derby-inoculated pig on DPI 21, one S. Typhimurium-inoculated pig on DPI 14, and one S. Typhimurium-inoculated pig on DPI 45, were shedding Salmonella throughout the study at all time points from DPI 1-49 (20). This is contrary to the findings of our study and other studies that have reported that Salmonella shedding varies on an individual basis, varies with the infecting serovar, and is not continuous (2, 25, 26, 28). The deviation in this study from what has been reported previously from other studies and our findings is likely due to the larger amount of feces collected for culture, as this study used 30 grams of feces as opposed to approximately 0.5 grams of feces used in our study and an increased fecal sample mass has been correlated to increased analytical sensitivity (51). This study also reported that S. 4,[5],12:i:- infection of swine resulted in fever and diarrhea on DPI 21 while diarrhea observed in pigs infected with S. Typhimurium occurred on DPI 7 and 10 and with S. Derby on DPI 14 (20). This is much different from that observed in other studies of experimental infections with S. Typhimurium and S. 4,[5],12:i:- in swine, which generally report fever and diarrhea on DPI 2–4, as well as our study which also indicated disease occurs much sooner after infection. As is the case for selection of bacterial isolates for use in any animal study, there is the potential that variation in pathogenicity between isolates of the same bacterial species or serovar can exist and may complicate comparisons between studies.

Salmonella Typhimurium is well-recognized as an enteric pathogen of swine. Many studies have been completed to determine the course of disease typical of the pathogen. It caused significantly increased rectal temperatures and fecal scores in 3 to 4 week-old pigs at DPI 2–3 while also colonizing the liver, spleen, tonsils, and ileocecal junction (52). Another study echoed similar findings in 4 week-old experimentally infected pigs, with 100% of pigs shedding Salmonella in their feces through DPI 28, 20% developing a fever and 55% exhibiting diarrhea (53). Both of these studies had similar conclusions to ours from animal study #2 in that S. Typhimurium causes fever, diarrhea, and fecal shedding of the organism following infection. Salmonella Derby has been less thoroughly evaluated in vivo in swine, likely due to its lesser-pathogenicity. However, one study found that it is shed in the feces of some pigs through DPI 56 and potentially even longer, indicating an ability to persist within the host (28). The results from our study showed S. Derby is shed for a shorter duration in the feces, specifically through DPI 21, compared to the study that reported fecal shedding of S. Derby occurs for 8 weeks post infection. However, given the presence of Salmonella in the tissues collected on DPI 28 from all three groups, including tissues from pigs inoculated with S. Derby, it is clear that all of these serovars of Salmonella are able to persist within exposed pigs through DPI 28. The absence of Salmonella in feces was likely the result of low diagnostic sensitivity in our study and/or a low quantity of Salmonella being shed rather than an absence of sustained infection.

A subset of pigs in animal study #2 developed a fever while another subset developed hypothermia. When comparing the mean rectal temperatures of the pigs in each treatment group, it was noted that S. 4,[5],12:i:- did not appear to successfully induce a fever. However, evaluation of the rectal temperatures of the pigs by the percentage within, above, or below the normal temperature range (101.5–103.5°F or 38.6–39.7°C) revealed that S. 4,[5],12:i:- caused fever in some and hypothermia in others. Specifically, in the first 4 days following infection, S. 4,[5],12:i:- had caused 25–90% of pigs to have rectal temperatures outside of the normal range, which was comparable to S. Derby-infected pigs with 11–50% outside of the normal range and S. Typhimurium-infected pigs with 20–35% outside of the normal range. This is in contrast to the control group in which no more than 22% of pigs had rectal temperatures outside of the normal range during the same timeframe. Fever is widely accepted as a response to infection, as it creates a more hostile environment for the bacteria within the host to improve host resistance to spread of the infection. However, hypothermia represents another potential response to infection. Hypothermia is a mechanism in place thought to downregulate pro-inflammatory cytokine release to reduce excessive tissue damage and is generally associated with severe systemic infection (54, 55). Thus, calculation of the average temperature in each group may not be the best measure of clinical disease manifestation in these groups as severely ill animals can also exhibit lower than normal body temperatures. Estimation of total number of animals with temperatures outside the normal range might represent a better indication of clinical disease in this case. For example, on DPI 1, 2, 3, and 4, 25, 45, 27, and 87%, respectively, of S. 4,[5],12:i:- -infected pigs had rectal temperatures outside the normal range of 101.5–103.5°F (38.6–39.7°C). This is in contrast to 0, 18, 0, and 22% for control pigs over the same time period. Oddly, the control pigs as well as the S. 4,[5],12:i:- -infected pigs also exhibited as a group decreased body temperatures between DPI 5–7; as the whole group experienced this change, it is likely that room temperature fluctuations related to normal husbandry activities such as cleaning of the pens contributed to this changes in these groups. All four experimental groups were housed in separate rooms throughout the study, which may explain why this was not seen in the other two groups.

When co-inoculated at the same levels, S. 4,[5],12:i:- was consistently detected in the feces of a higher percentage of pigs and at higher levels than S. Typhimurium in our study. Additionally, the competition index within the feces, tonsils and ileocecal lymph nodes demonstrated that S. 4,[5],12:i:- has a greater level of fitness in colonization of the host than S. Typhimurium. While this study only represents a comparison of a single isolate each of S. 4,[5],12:i:- and S. Typhimurium and further studies with multiple isolates are warranted, this finding may provide an hypothesis as to why S. 4,[5],12:i:- has been increasingly identified in swine diagnostic samples over the past several years. Although no studies have been published on the clinical disease resulting from simultaneous infections with more than one serovar of Salmonella, there have been reports of simultaneous infections of Salmonella and other viral or bacterial pathogens of swine having additive effects (56, 57). Accurate identification of co-infections is likely rare in clinical practice as only a single colony of Salmonella is typically selected from the culture plate for final identification and characterization, leaving the possibility for co-infections to be occurring frequently yet rarely detected. Future research is warranted to better understand the impact that co-infections might play in clinical disease in the field. Our results suggest the potential for synergism between S. 4,[5],12:i:- and S. Typhimurium when present simultaneously in swine, but a larger sample size and equivalent inoculum concentrations between co-infected and singly-infected groups would be necessary to confirm this finding. As all pigs were inoculated with the same dose of each serotype, this resulted in double the inoculation dose for the co-infected pigs when compared to the singly-inoculated groups. While this is a comparatively small difference when compared to a logarithmic scale, if this study were to be repeated, administration of the same total dose of Salmonella in the inoculum for singly and co-infected pigs would aid in differentiation of the effect of the dose from the effect of the co-infection.

At the time the co-inoculation study was conducted, whole genome sequencing of the isolates had not yet been performed. Further investigation of the genotypic antimicrobial resistance genes present in the isolates suggests that the resistance to gentamicin in the S. 4,[5],12:i:- isolate was likely mediated through the strA/strB genes which have been shown to be frequently inserted into the chromosome in S. 4,[5],12:i:- ASSuT resistant isolates (48, 49). Resistance to ceftiofur in the S. Typhimurium isolate was likely mediated by blaCMY, which has been previously associated with the IncI1 plasmid which was also identified via whole genome sequencing in this isolate (58). In theory it is possible that transfer of these AMR genes may have occurred between our isolates in vivo, however, further investigation would be necessary to definitively prove that the blaCMY gene was indeed located on this plasmid and determine if conjugative transfer genes such as tra or pil were present on same plasmid which would make the possibility of transfer more likely (58). Of the two resistance genotypes utilized for differentiation in this study, it is much more likely that exchange of plasmid-associated genes such as blaCMY could have occurred rather than exchange of genes believed to be chromosomally-located. If this had occurred in high numbers, we would have expected that the culture results for the S. Typhimurium isolate may have appeared elevated compared to the S. 4,[5],12:i:- isolate regardless of which serovar was actually more successful in colonizing the host. This was not the case, and screening of colonies via serovar specific rtPCR also did not identify any colonies that were not of the appropriate serovar present on the opposite selective plate. Therefore, while gene transfer is theoretically possible, it does not appear likely that this occurred in high enough numbers to affect the results of the study.

Both isolates of S. 4,[5],12:i:- utilized in animal studies #2 and #3 belonged to the ST34 sequence type, harbored the ASSuT resistance profile, and are likely part of a recently emerged clade of S. 4,[5],12:i:- that appears to be the predominate clade in swine production in the United States (59). The S. Typhimurium isolates belonged to the ST19 sequence type which has been circulating in the Midwest since 2000 (59); this provides additional evidence that suggests that the S. 4,[5],12:i:- isolates selected did not evolve from local S. Typhimurium but instead are more similar to a multi-drug resistant clade first reported in Europe (10). Based on the commonality between previously described circulating strains of S. 4,[5],12:i:- and S. Typhimurium, it is reasonable to suggest that the pathogenicity results presented here are representative of the circulating S. 4,[5],12:i:- and S. Typhimurium isolates within swine production systems in the Midwest United States today. Both isolates of S. 4,[5],12:i:- contained similar virulence genes to that of the S. Typhimurium isolates, but differed significantly from the S. Derby isolate. This difference was particularly noticeable within the fimbrial adherence determinates (Lpf, Stc and Stj were present only in S. 4,[5],12:i:- and S. Typhimurium; Peg, Sta, and Ste were present only in S. Derby). It is plausible that differences in the determinates of the ability to adhere within the gastrointestinal tract might help explain some of the differences observed in pathogenicity within the swine host. However, several genes known to be involved in virulence, including sipC which is involved in cell adhesion and invasion, sopB which promotes the influx of inflammatory cells and fluid secretion involved in diarrhea, and hilA which activates the invasion process (37), were found to be present in all isolates sequenced including S. Derby.

A recent study attempted to determine the pathogenicity potential of various isolates of Salmonella in humans by comparing whole genome sequencing and the presence of known virulence genes to a phenotypic assessment of in vitro virulence (60). Within that study, S. 4,[5],12:i:- was considered to have a high probability of in vitro infection [P (inf)], similar to but slightly less than that of S. Typhimurium, which had the highest probability of all isolates studied. Unfortunately, the variability in P (inf) between individual strains tested was greater than that of the variability between each serovar, therefore, they could not rank the probability of in vitro infection based on serovar alone. The presence of plasmid-associated virulence genes (perf, rck, and spv) was associated with increased P (inf) and was present in all but one S. Typhimurium strain studied, but none of the S. 4,[5],12:i:- isolates despite both strains having high P (Inf). In our study, only one of the S. Typhimurium isolates (ISU-SAL243-14) displayed these genes. The sodC1 gene, however, was present in the S. Typhimurium and S. 4,[5],12:i:- strains tested but absent in S. Derby; this gene was associated with high P (inf) and has been previously described to be present in S. 4,[5],12:i:- and S. Typhimurium (60). That study focused on the genetic determinates of disease in humans and it is unclear how transferrable these results are to swine, therefore, further work is needed to better understand the genetic determinates of virulence within the swine host.

Our studies were not completed without limitations. All samples collected for culture were frozen at −80°C from the time of collection to the time of processing up to 2 months later. The freezing and thawing process may have reduced the viability of some of the Salmonella initially present in the samples (61). Ideally, all samples would have been processed within several hours of collection without any freezing; unfortunately, the large volume of samples collected at any given time point made this option less feasible. An alternative to culture is PCR testing. Many PCR tests have been validated for the detection and identification of Salmonella, which would have also been able to quantify the Salmonella present in the samples, however, this method was not cost-effective for the large number of samples collected during this study. An additional culture-related limitation was the relatively small amount of feces (~0.5 grams) used for culture. The diarrhea induced by the Salmonella infection created challenges regarding collection of large amounts of feces from the rectum of each pig, therefore, a lesser amount of starting material was used than might have been ideal to increase the sensitivity of the test.

In an effort to increase the odds of detecting acute gross and histologic lesions induced by Salmonella infections, Salmonella-infected pigs in animal study #2 were selected for euthanasia on DPI 2 and 4 based on severity of clinical disease. That is, pigs with the highest combined fecal score and rectal temperature in each pen were selected for euthanasia. There is known to be significant individual-level variation in the effects of Salmonella infections in pigs, with some pigs even failing to develop clinical signs and/or gross lesions suggestive of infection (29, 62). If there is a correlation between the severity of clinical disease and persistence of infection or colonization of tissues, these measurements could be biased. The method of selection utilized on DPI 2 and 4 likely also increased the mean gross and histologic lesion scores on these days while potentially decreasing the mean scores on DPI 28. It also may have decreased the mortality rate following Salmonella infections and altered the average temperature and fecal scores of the groups following each euthanasia time point. However, it enabled characterization of the location and types of lesions induced by Salmonella.

Finally, despite thoroughly screening all animals for diseases of specific concern prior to enrollment in the studies, there were a few health issues identified in the animals during the studies that have the potential to confound the results. In an attempt to decrease the affect of these issues, two animals each were not included in the final analysis for both animal studies #2 and #3. In addition, the fecal scores of the control and S. 4,[5],12:i:- groups were mildly increased prior to initation of animal study #2, which could have been due to infection by a non-Salmonella pathogen. Further testing of samples for other pathogens was not pursued given the mild nature of the observed changes and lack of gross or histopathologic evidence of disease caused by other pathogens of concern upon necropsy. During the histopathologic evaluation of tissues from animal study #2, Cryptosporidium and Balantidium coli were also observed in a subset of the pigs in all serovar groups and the control group at all euthanasia time points. The presence of Cryptosporidium did not appear to cause a severe increase in the fecal scores, rectal temperatures, or histopathologic scores in any of the treatment groups. This is evidenced by the fact that in a comparison of the mean fecal scores, rectal temperatures, and histopathologic scores, the majority of measurements were either equivalent between pigs that were positive and negative for Cryptosporidium or higher in those that were negative for Cryptosporidium. Cryptosporidium can cause a mild and self-limiting diarrhea in pigs, although it generally causes an asymptomatic infection, so its effect on the pigs in this study remains unknown. Cryptosporidium was not one of the pathogens that the pigs were screened for prior to arrival, so it is unclear when the infection was obtained. While it would be most ideal to screen the pigs for all possible pathogens including Cryptosporidium prior to enrollment in the study, it would be an inefficient use of resources and was not practical for this study; therefore, the pathogens of the highest concern were selected for screening. Balantidium coli was also noted in the intestinal sections of some pigs. However, this is not generally considered to be a primary pathogen and was likely not independently the cause of diarrhea in the pigs (63). As neither of the previous studies evaluating the pathogenicity of S. 4,[5],12:i:- reported histopathologic results, nor have the majority of studies evaluating the pathogenicity of various Salmonella serovars in swine, these organisms may be frequently present in studies of this nature in this age pig yet be frequently not reported. In addition, while it cannot be claimed that our control group was an ideal control as there were temperature and fecal score variations within this group throughout the study, again, neither of the previous studies evaluating the pathogenicity of S. 4,[5],12:i:- contained a control group for comparison.



CONCLUSION

In conclusion, our results clearly indicate that for the chosen isolates, S. 4,[5],12:i:- induces clinical disease comparable to that of S. Typhimurium with similar corresponding gross and histopathologic lesions. The cause of the emergence of the monophasic serovar may be due in part to a competitive advantage S. 4,[5],12:i:- possess in vivo, as evidenced by the higher mean levels of S. 4,[5],12:i:- relative to S. Typhimurium in a majority of pigs infected with the two serovars simultaneously. Future research should focus on assessing the frequency and potential synergistic effects of concurrent S. 4,[5],12:i:- and S. Typhimurium infections in swine as well as further investigation into the rapid emergence of S. 4,[5],12:i:- in swine production in the U.S.
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