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To construct a novel live vaccine against Salmonella enterica serovar Montevideo (SM) infection in chickens, two important bacterial regulatory genes, lon and cpxR, which are associated with invasion and virulence, were deleted from the wild type SM genome. Attenuated strains, JOL1625 (Δlon), JOL1597 (ΔcpxR), and JOL1599 (ΔlonΔcpxR) were thereby generated. Observations with scanning electron microscopy suggested that JOL1625 and JOL1599 cells showed increased ruffled surface which may be related to abundant extracellular polysaccharide (EPS) production. JOL1597 depicted milder ruffled surface but showed increased surface corrugation. ConA affinity-based fluorometric quantification and fluorescence microscopy revealed significant increases in EPS production in JOL1625 and JOL1599. Four weeks old chickens were used for safety and immunological studies. The mutants were not observed in feces beyond day 3 nor in spleen and cecum beyond day 7, whereas wild type SM was detected for at least 2 weeks in spleen and cecum. JOL1599 was further evaluated as a vaccine candidate. Chickens immunized with JOL1599 showed strong humoral responses, as indicated by systemic IgG and secretory IgA levels, as well as strong cell-mediated immune response, as indicated by increased lymphocyte proliferation. JOL1599-immunized groups also showed significant degree of protection against wild type challenge. Our results indicate that Δlon- and/or ΔcpxR-deleted SM exhibited EPS-enhanced immunogenicity and attenuation via reduced bacterial cell intracellular replication, conferred increased protection, and possess safety qualities favorable for effective vaccine development against virulent SM infections.
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INTRODUCTION

Salmonella infection remains a major global public and veterinary health problem (Todd, 1997). Salmonella enterica subspecies enterica serovar Montevideo (SM) has been reported to be one of the 10 most frequently isolated Salmonella strains from human and non-human sources (Crumrine and Foltz, 1969). SM has gained attention in recent years due to several SM-related cases and outbreaks reported in humans (Threlfall et al., 1999; Dominguez et al., 2009). Centers for Disease Control and Prevention (CDC) reported several multistate SM outbreaks in human in the United States since 2009 till recently on May 20161,2 (CDC, 2010). The sources of infection in most cases were linked to live poultry system3, meat, and agricultural products4. According to these CDC reports, since 2009 till 2016 there were 378 SM-cases in human, with approximately 23% of them requiring hospital care. Most people can recover from Salmonella infections, although severe infections may occur among infants, elderly persons, and immunologically challenged persons. When severe infection occurs, Salmonella may proceed to systemic infection resulting in death5. Among livestock, SM is known to infect cattle populations, but is reported to be more devastating and predominant in sheep; it causes abortion in pregnant ewes (Linklater, 1983). An SM outbreak in military dogs that originated from contaminated commercially prepared feed was reported in Germany in 2007 (Schotte et al., 2007). Severe clinical signs are not noted in poultry, but SM is readily isolated from the cecum and cloacal swabs. Very low SM load is required to establish infection (Schleifer et al., 1984). It has been reported that eggs and egg products, and meat and meat products are the most common vehicles of transmission of Salmonella infections (Humphrey, 2004).

The importance of poultry vaccination against SM infection may be analogous to that of Salmonella Enteritidis. Both the Salmonellae have adapted to multiple hosts, can result in in-apparent or mild disease conditions, and lack ideal detection methods, all of which contribute to difficulties in successful control in poultry husbandry (Baumler et al., 2000). For these reasons, vaccination against SM may be more practical for birds. Although commercial vaccines are available for common Salmonella serotypes, the use of Salmonella Enteritidis (serogroup D), Salmonella Typhimurium (serogroup B), and Salmonella Gallinarum (serogroup D) vaccines against SM (serogroup C) infections is not well established, and due to serotype differences cross protection may not be optimum (Hassan and Curtiss, 1994). In the absence of pan-serogroup protective Salmonella vaccine, vaccine development using SM as platform solely for control of SM infection is prudent. SM which is under serogroup C1 in Kauffman and White scheme (Murray et al., 1999), however, apart from protecting SM infections may also be a broad representative vaccine against other related Salmonella serotypes under serogroup C.

In an attempt to develop an ideal SM vaccine for chicken, we investigated the biochemical, phenotypic and immunogenic properties of lon, cpxR, or both genes deletion mutant strains of SM. Further, lon-cpxR double deletion mutant strain was evaluated as a vaccine candidate. The lon gene encodes for the ATP-dependent intracellular Lon protease (Goldberg et al., 1994), which is a powerful negative regulator of epithelial cell invasion in bacterial-host interactions, and is important for systemic infection (Matsui et al., 2003). The cpxR gene plays an important role in the maintenance of the bacterial cell envelope against stress responses (Danese and Silhavy, 1998). Furthermore, the CpxR protein suppresses Salmonella adhesion and invasion (Humphreys et al., 2004). In our previous studies, we had reported that mutants developed by deletion of these two genes, singly or in combination, results in attenuation and enhanced immunogenicity and safety of Salmonella serovars (Kim et al., 2009; Matsuda et al., 2011). Adapting these favorable attributes on SM serovar, we have studied and validated the alterations brought about by these mutations on SM, particularly on colony and microscopic morphology, bacterial physiology, biochemical properties, immunogenicity, host clearance and protective efficacy of the mutant strain against wild type SM challenge.

MATERIALS AND METHODS

Bacterial Strains and Genetic Manipulation

The bacterial strains and plasmids used are listed in Table 1. JOL1575 and JOL1577 are wild type SM strains which were originally isolated from domestic hens of South Korea (Korean veterinary culture collection, KVCC-BA1400378 and KVCC-BA1400377). For the construction of SM mutants, JOL1577 was used as a parental wild type strain. Deletion mutants were generated via an allelic exchange method according to a protocol described previously, with minor modifications (Dozois et al., 2002). Briefly, the flanking sequences of the target genes were amplified and cloned into the suicide vector backbone pMEG375 using engineered restriction sites, namely XbaI-SmaI and SmaI-XhoI. The plasmids generated for the lon and cpxR deletions were named pBP294 and pBP210, respectively (Table 1). The deletion plasmids were transferred to wild type SM JOL1577 by conjugation using previously described protocols (Kim et al., 2009). Colony PCR was carried out to confirm the deletion events using the following PCR primers: 5′-CAGGAGTTCTTACAGGTAGA-3′ and 5′-CCACACTCCGCTGTAGGTGA-3′ for lon, and 5′-CATCATCTGCGGGTTGCAGC-3′ and 5′-GATAATTTACCGTTAACGAC-3′ for cpxR. All the live bacterial strains and recombinant DNA materials were handled according to institute biosafety committee guidelines.

TABLE 1. Bacterial strains and plasmids used in this study.
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Growth Character, Colony Morphology, and Electron Microscopy

The growth rates, colony morphology, and microscopic characteristics of SM mutants were observed. One mL of overnight culture was added to a flat-bottom conical flask containing 100 mL of Luria–Bertani broth and incubated at 37°C while shaking at 250 RPM. The optical density at 600 nm (OD600) was determined every 1.5 h for 9.5 h. For colony morphology assessment, each strain was streaked on LB agar and incubated at 37°C for 16 h. For scanning electron microscopic (SEM) examination, 24 h-old colonies grown on LB agar were gently collected and fixed with 1.5% glutaraldehyde in 0.1 M phosphate buffered saline (PBS, pH 7.4). After fixation, the cultures were placed in 1% aqueous osmium tetroxide phosphate buffer and serially dehydrated in acetone. Samples were critical point dried and coated with platinum-palladium alloy for scanning electron microscopy (JSM-5200, JEOL, Japan). For transmission electron microscopy (TEM), 5 μL of log-phase culture was placed on a copper grid. After drying through evaporation, the sample was briefly stained with uranyl acetate and then loaded for TEM examination.

Biochemical Profiles

The biochemical profiles of the strains were analyzed using the API 20E system (BioMérieux, Rhône, France). Cells were grown for 16 h at 37°C on LB agar and resuspended in 0.85% sodium chloride, and the test was conducted as per the manufacturer’s instructions.

Fluorometric Quantification and Fluorescence Microscopy of Extra-Cellular Polysaccharide (EPS) Production

Fluorometric quantification of EPS by the concanavalin A (ConA) binding assay was performed according to a previously described protocol (Robitaille et al., 2006). Briefly, bacterial cells grown on LB agar were resuspended in PBS at an optical density of 0.5 (OD600). FITC-conjugated ConA (Sigma–Aldrich, St. Louis, MO, USA) was added to the suspension at 4 μg/mL, which was incubated for 30 min. The cells were washed twice with PBS, and then 200 μL of each strain was transferred to a microtiter plate and its fluorescence intensity was recorded with a TriStarLB941 microplate reader (Berthold Technologies GmbH and Company, Bad Wildbad, Germany). This experiment was repeated three times.

The abundance of bacterial EPS was also visualized by fluorescence microscopy on the basis of FITC-conjugated ConA binding to EPS. The DNA component of the bacteria was counterstained with 4′,6-diamidino-2-phenylindole (DAPI). The bacterial strains were grown on glass coverslips immersed in LB broth for 16 h. The coverslips were then fixed with 0.5% paraformaldehyde for 1 h. The fluorescence stains, ConA-FITC and DAPI, were added to the coverslips and incubated for 1 h each, followed by gentle washings with PBS. The coverslips were placed on glass microslides and observed under a fluorescence microscope (Axio, Imager.M2, Zeiss, Germany).

Safety Concerns and Bacterial Recovery from Organs

General appearance and health conditions of specific-pathogen free (SPF) birds were observed post-immunization to ascertain any unwanted reaction to the mutant strain. For this experiment, 4 weeks old female brown nicks layer (N = 96) were inoculated with the SM wild and mutant strains (24 birds per group), un-infected control groups were also included. And six birds per group were euthanized at days 0, 3, 7, and 15 post inoculation. In post mortem birds, gross lesions and immunization-related changes were examined on the internal organs with special attention to liver, spleen, lungs, intestines, and caecum of immunized birds. To determine bacterial loads in infected organs, liver, spleen, and cecum samples were collected aseptically, weighed, and homogenized in 2 mL of buffered peptone water (BPW, Becton, Dickinson and Company, Sparks, MD, USA). Caecal samples, given their high inherent bacterial load, were further diluted (1:20) with BPW. One hundred μL of homogenate was inoculated and spread on brilliant green agar plates (BGA) and incubated overnight at 37°C. The CFU on the plates were determined and expressed as mean log10 cfu/g ± SEM (Betancor et al., 2005). Additionally, if no CFU were recovered, the samples were further enriched with Rappaport-Vassiliadis (RV) broth according to a previously described protocol (Matsuda et al., 2011). The colonies obtained were finally confirmed using lab designed SM specific PCR primers (Supplementary Table S1) and also using Salmonella genus-specific PCR primers (Alvarez et al., 2004).

Bacterial Isolation from Fecal Shedding

The presence of the wild type and mutant strains in feces was monitored on days 0, 3, and 7 post-inoculation. Fresh fecal samples were collected from birds isolated in disinfected buckets, weighed and diluted 1:10 by weight with BPW. After homogenization, 100 μL of inoculum was plated on BGA plates and incubated overnight at 37°C. In parallel, 2 mL of the inoculum was enriched in Rappaport-vassiliadis broth and incubated for 48 h at 42°C. Confirmation of SM cultures was performed as described in the previous section.

Lymphocyte Proliferation Assay

The peripheral lymphocyte proliferation assay (LPA) was performed on peripheral blood mononuclear cells (PBMC) samples obtained from birds 21 days post immunization. The LPA was conducted according to a previously described protocol (Rana and Kulshreshtha, 2006). Briefly, soluble antigen was prepared from the SM JOL1577 wild type strain by sonication and ultracentrifugation. In the 3rd week post-immunization, PBMC were isolated from the blood of five randomly selected chickens per group using Histopaque-1077 in a density gradient isolation technique. One hundred μL of 1 × 105 viable PBMC/mL were incubated in triplicate for 48 h at 40°C in a humidified 5% CO2 atmosphere. The cells were then stimulated with 50 μL of medium (RPMI-1640) alone or medium containing 4 μg/ mL of soluble antigen or 10 μg/mL of concanavalin A (ConA). The proliferation of stimulated lymphocytes was measured using a ViaLight-Plus Kit (Lonza Rockland, Rockland, ME, USA). The kit works on a principle of bioluminescent measurement of ATP that is present in all metabolically active cells. The bioluminescent method utilizes an enzyme, luciferase, which catalyzes the formation of light from ATP and luciferin. The emitted light intensity was measured using a luminometer (TriStarLB941, Bad Wildbad, Germany).

Plasma IgG and Intestinal Secretory IgA Concentration

An indirect ELISA was performed to determine the IgG and IgA levels in bird groups vaccinated with JOL1599 either orally or intramuscularly. Five birds each from each group at specified time intervals were sampled. IgG levels were measured from plasma separated from peripheral blood samples. IgA levels were measured from intestinal lavage samples collected according to protocol described previously with minor modifications (Porter and Holt, 1992). Briefly, birds were off feed 16 h prior to sample collections. Birds were administered orally with 5 mL of lavage solution (0.2 M Na2SO4, 0.2 M NaHCO3, 0.1 M KCl, 0.25 M NaCl, 1x serine trypsin protease inhibitor cocktail, 50 mM EDTA, 16.25% polyethylene glycol in distilled water) and kept separately in clean disinfected buckets (with cover lids). Ten minutes post-administration, the birds were injected with 400 μL of 5% pilocarpine solution intramuscularly. Twenty minutes after injection, 1 mL of mucinous droppings samples were collected in micro-centrifuge tubes. For preservation, 10 μL each of 5% bovine serum albumin, 10% sodium azide and 1% PMSF (Phenylmethylsulfonyl fluoride) were added to the samples and stored at -20°C until analysis. The levels of antibody against crude extracts of SM outer membrane protein fraction (OMP) were ascertained. OMP’s of SM JOL1577 were extracted according to protocol described previously (Kang et al., 2002) with minor modifications. Briefly, the SM suspension was subjected to sonication, and then centrifuged at 20,000 rpm for 30 min. The pellet was dissolved in 20 mM Tris-HCl (pH 8.6) containing 1% Sarkosyl and incubated on ice for 30 min. The suspension was centrifuged at 132,000 × g for 1 h at 4°C and the pellet was resuspended in 20 mM Tris-HCl buffer (pH 8.6). Microlon ELISA plate wells (Greiner Bio-One GmbH, Frickenhausen, Germany) were coated overnight (4°C) with the OMP antigen at 500 ng per well in a volume of 100 μL and blocked with 5% skim milk. Primary intestinal wash or plasma samples were added to the wells, followed by secondary goat anti-chicken IgG- or IgA-horseradish peroxidase (HRP) conjugate (1:5,000 dilution). Each step consisted of incubation at 37°C for 1 h, followed by five washes with PBST (PBS + 0.05% Tween 20). Colorimetric changes due to HRP acting on OPD (Sigma–Aldrich, St. Louis, MO, USA) were measured after 5 min for IgG, and 10 min for IgA, at 492 nm (TECAN, Austria). The values for plasma IgG and intestinal IgA recognizing SM-OMP were expressed as the mean OD value ± SE for samples assayed at a dilution of 1:100 and 1:5 in PBS, respectively.

Protective Efficacy of JOL1599 against Wild Type Challenge

Female four-week-old laying chickens (Brown Nick), (N = 45) were divided into three groups (15 birds/groups). The control group consisted of an unvaccinated PBS control, Group A birds were orally immunized with vaccine strain JOL1599 at a dose of 108 cfu, and Group B birds were intramuscularly immunized with JOL1599 at a dose of 107 cfu at 4 weeks of age. All chickens were provided water and antibiotic-free food ad libitum. The bird experiments were conducted under ethics committee approval (CBU 2014-1-0038) from the Chonbuk National University Animal Ethics Committee, in accordance with the guidelines of the Korean Council on Animal Care. These birds were also used for the relevant immunological studies performed in this study. All the birds were orally or intramuscularly challenged with wild type JOL1575 at a dose of 109 cfu at the 4th week post-immunization. Chickens were examined for general conditions and mortality until day 15 post-administration of wild type SM. Bacterial organ recovery from the affected organs was performed as described in the above section, at the 5th day and 15th day post-challenge.

Statistical Analysis

Statistical analyses were used wherever applicable. Analyses were performed with SPSS 16.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance (ANOVA) and Student’s t-tests were used to determine statistically significant differences, with P values of ≤0.05 or ≤0.01 considered significant.

RESULTS

Construction and Confirmation of the Deletion Mutants

The suicide plasmid vector pMEG375 was used as the backbone to construct the deletion plasmids, pBP294 and pBP210. The backbone vector contained the sacB gene encoding Bacillus subtilis levansucrase that facilitates sucrose-based positive selection for double homologous recombination. Deletion events of the lon and/or cpxR genes from JOL1577 were confirmed using PCR primers designed to amplify the target gene region. The reduction in the PCR products sizes due to specific mutation were observed as expected. 1.54 and 2.04 kb bands were observed with the Δlon and ΔcpxR mutants, respectively.

Morphological, Physiological, and Biochemical Properties of the Mutants

The mutants were examined for any alterations in their morphology, physiology, or biochemical properties. The growth curves of the mutants in LB broth under aerobic conditions were highly similar to that of the wild type, although the mutants tended to grow slower, the differences were not statistically significant. The colonies of Δlon SM mutant strains appeared to be more mucoidal, while the wild type and ΔcpxR SM mutant strains were non-mucoidal. SEM images revealed that both JOL1625 and JOL1599 were more ruffled on their cell surface. Both mutant strains also exhibited higher frequency of elongated cells as compared to wild type strain (Figure 1). JOL1597 cells under SEM appeared more corrugated than the other strains. TEM images also revealed slender and several elongated cells of JOL1624 and JOL1599. Fluorescence microscopy images also revealed the differences in EPS abundance and morphological changes (Figure 2). EPS which were stained green with FITC-ConA were negligible in the wild type and JOL1597 (Figures 2A,B). JOL1625 and JOL1599 showed increase EPS abundance and thus more intense green fluorescence covering the bacteria and their vicinities (Figures 2C,D). The abundance of EPS per cell in SM after 24 h culture on LB agar of JOL1625, JOL1597, and JOL1599 was increased by 2.6-, 1.3-, and 16.2-fold, respectively, relative to wild type JOL1577 (Figure 3). In addition, the amount of EPS per cell of the double mutant JOL1599 was significantly higher than those of the single gene-deleted mutants (P < 0.05, Figure 3). The biochemical properties of the mutant strains examined using the API 20E identification system were all consistent with those of the wild type strain. This indicated that at least the genes involving in the outcome of the API panels were not affected.
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FIGURE 1. Electron micrograph of SM strains. Morphological alterations due to lon, cpxR, and lon-cpxR genes mutations were examined using transmission electron microscopy (TEM, 20,000× magnification, scale bar = 1 μm) and scanning electron microscopy (SEM, 40,000× magnification, scale bar = 0.5 μm). JOL1577, wild type Salmonella enterica serovar Montevideo showed comparatively uniform surface; JOL1597 ΔcpxR bacterial cells showed mild surface corrugation and some cells depicted slender morphology; several JOL1625 Δlon cells exhibited elongation and evince ruffled surface and corrugation; JOL1599 ΔlonΔcpxR cells were also elongated and depicted mild ruffled surface and corrugation.
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FIGURE 2. Fluorescence microscopy for observation of EPS production in SM strains. The abundance of EPS in SM strains was visualized by ConA-FITC staining and counterstaining with DAPI. ConA binds to the EPS of SM and emits a green fluorescence signal, while DAPI stains nucleic acids and emits a blue fluorescence signal. (A) JOL1577 wild type SM showing low EPS abundance; (B) JOL1597 ΔcpxR showing little extra EPS production; (C) JOL1625 Δlon showing increased EPS production and thus more FITC green signal; (D) JOL1599 ΔlonΔcpxR producing more EPS. Magnification: 1000×; Scale bar indicates 10 μm.
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FIGURE 3. Quantitation of relative extracellular polysaccharide production (EPS). A concanavalin-A binding fluorometric assay was used to determine EPS production of the various strains (after 24 h of incubation). Significant differences in EPS productions were observed in the JOL1625 and JOL1599 strains (∗P ≤ 0.05, ∗∗P < 0.01).



In vivo Safety Concerns and Fecal Shedding

To assess the safety of the mutant strains, the general appearance and health conditions of the birds post-immunization were observed. No SM immunization related lesions or necrotic foci were recorded in any of the organs of the immunized groups. The persistency of SM mutants in feces and organs of birds were measured. On day one, all the strains inoculated by oral and intramuscular routes were found in feces. However, no excretion of any strain by fecal shedding was detectable beyond 3 days. The spleens and ceca of chickens inoculated with the mutants did not show any CFU of mutant strains beyond 7 days, while chickens inoculated with the wild type strain retained that strain in their spleens and ceca for longer than 2 weeks. In addition, the organs and fecal samples of control un-inoculated birds groups did not showed any Salmonella organisms upon isolation trials, hence dismissing possible issues of environment-derived Salmonella contamination.

Immunogenicity of the Mutant Strain in Chickens

Specific proliferative response against soluble antigens of SM JOL1577 was determined in the PBMC of vaccinated and unvaccinated bird groups. Cells from immunized groups showed significantly increased proliferation in comparison to that of control group chickens (P ≤ 0.05; Figure 4). The stimulation indices of 1.65 and 1.30 were observed for intramuscularly and orally vaccinated groups, respectively. Cells from all the groups responded similarly to stimulation with mitogen Con-A.
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FIGURE 4. Antigen-specific lymphocyte proliferation in JOL1599-immunized and non-immunized chickens. Lymphocyte stimulation in response to SM-specific antigen was measured on the 3rd week after primary immunization. A significant increase in the stimulatory response was observed in lymphocytes (PBMC) of the immunized groups (∗P ≤ 0.05).



Systemic IgG and mucosal secretory IgA (sIgA) levels were examined to investigate the humoral immune responses induced by JOL1599. The response was analyzed by measuring IgG in plasma, and sIgA in intestinal wash fluid, that recognize the SM-specific antigen, using indirect ELISA. As shown in Figure 5A, plasma IgG was significantly higher in birds inoculated with JOL1599 intramuscularly at weeks 1, 2, 3, and 4 post-immunization (P ≤ 0.01) than in controls. Secretory sIgA titers of chickens immunized with JOL1599 orally and intramuscularly were also elevated significantly compared to control groups (Figure 5B).
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FIGURE 5. Determination of antigen-specific IgG and sIgA levels via indirect ELISA. Specific antibody response against SM-OMP was determined using indirect ELISA format (A) The plasma IgG levels of birds immunized intramuscularly with JOL1599 showed significant increases at each time points, relative to the control group and the orally immunized group. Birds immunized orally with JOL1599 showed significant increases in IgG levels at week 4 post-immunization, relative to controls (∗P ≤ 0.05). (B) The intestinal wash IgA levels of birds immunized orally or intramuscularly with JOL1599 were significantly elevated at each time points, relative to controls (∗P ≤ 0.05).



Protection against Wild Type Challenge

To determine the protective efficacy of JOL1599, orally and intramuscularly immunized chickens were challenged with the wild type strain via oral and IM routes (Table 2). JOL1599 protected the birds and greatly reduced the SM load when introduced orally or intramuscularly. No virulent strain induced pathological lesions were observed in the organs of immunized birds during post mortem examination. However, mild liver and splenic enlargements were observed to varying degrees among the non-immunized control birds. The log protection levels were calculated as average log bacterial count obtained from vaccinated birds, subtracted from the average log bacterial count obtained from un-immunized control birds. At the 5th day post-challenge via the oral route, the protection levels observed in the spleen were 0.00, 1.02, and 1.02; levels in the cecum 0.00, 0.57, and 2.11 for Control, Group A, and Group B, respectively. At the 5th day post-challenge via the IM route, the protection levels in the spleen were 0.00, 0.32, and 1.36; levels in the cecum were 0.00, 2.73, and 2.72 for Control, Group A, and Group B, respectively. At the 15th day after oral challenge, the protection levels in the spleen were 0.00, 2.48, and 2.48; levels in the cecum were 0.00, 0.44, and 1.46 for Control, Group A, and Group B, respectively. Finally, at the 15th day after intramuscular challenge, the protection levels in the spleen were 0.00, 0.40, and 1.02; for Control, Group A, and Group B, respectively. By 15th day post challenge via IM route, caeca of all the groups were cleared of the SM wild type irrespective of immunization status.

TABLE 2. Organ bacterial recovery for chickens immunized with JOL1599.
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DISCUSSION

The need for an ideal SM vaccine is emphasized not only due to the rise in frequencies of SM cases but also due to poor cross protections among different Salmonella vaccines. Despite the fact that various serotype specific Salmonella vaccines are present (Desin et al., 2013), cross protection between the serogroups are uncertain in field conditions. Around the globe, epidemiological studies have revealed strong relationships between SM outbreak cases and history of consumption of contaminated agricultural and livestock products (Elson, 2006; Dominguez et al., 2009; Harada et al., 2011). Reduction of SM in animal populations would be an important measure for the control and prevention of foodborne salmonellosis. In order to reduce SM infections from meat and meat products, with a special focus on the poultry industry, we undertook an investigation on deletion mutant strains of SM suitable for vaccine construction.

Serovar Montevideo isolated from chicken was genetically modified with the goal of generating an ideal vaccine in terms of attenuation, safety, and retained immunogenicity and protection. It has been reported that disruption of the lon gene impairs Salmonella replication in the host cell and its ability to cause overwhelming systemic disease (Takaya et al., 2003). Lon is an ATP-dependent protease, which plays important role in regulation of various physiological activities and pathogenesis of a number of bacteria. Lon degrades naturally unstable proteins that are involved in a great variety of biological processes. In Salmonella Typhimurium, lon has been shown to down regulate Salmonella pathogenicity island (SPI) 1 (Desin et al., 2013). Further, the lon mutant of Salmonella Typhimurium has shown satisfactory attenuation of virulence and induction of protective immunity in mice (Matsui et al., 2003). Owing to regulatory effects of lon on SPI genes, the SM strains were also subjected to molecular characterization in order to ascertain the presence of SPI genes. Prior to gene manipulations, the parental SM strain was screened with lab designed ‘SPI1-SPI5 genes’ specific PCR primers (Supplementary Table S1). All the targeted genes of SPI1 to SPI5 were detected except for avr gene of SPI1 (Supplementary Table S2).

The CpxAR is known as a two-component regulator system, it controls part of the envelope stress response, the pilus assembly, type III secretion system, motility and chemotaxis, adherence, and biofilm development (Wolfe et al., 2008). Overexpression of CpxR protein reduces adhesion and invasion (Humphreys et al., 2004). Presumably, deletion of cpxR would eliminate the suppressive aspects of regulation and may confer competent adhesion and invasion capabilities to the mutant. Therefore, strains constructed by deletion of the lon and/or cpxR genes are expected to possess increased capacities for adhesion and invasion, but reduced replication in the host cell, without causing any side effects or systemic disease. Despite the fact that lon/cpxR genes deletion mutants are already documented in other serotypes of Kim et al. (2009) and Matsuda et al. (2011), it is prudent to validate in each serotypes the effects of such genes that have global regulatory functions. For instance, it may be presumed that the overall effects of the mutations may differ among the serotypes that lacks complete or part of SPI genes.

The growth patterns and biochemical properties of the mutants in the present study were highly similar to those of the parental wild type strain. These findings suggested that the genes disrupted in this study may not be central to the panel of tested metabolic pathways of SM. The SM mutant strains grew slightly slower than did the wild type strain, but this difference was not statistically significant. Similarity in growth rate between wild type strain and mutant strain may not be disadvantageous as severe in vitro growth impairment may be a hurdle for bulk vaccine production. Microscopic observation revealed occurrence of elongated bacterial cells among lon mutant strains. The frequency of cell elongation observed was higher than in wild type SM or cpxR mutant. This change in cell size may be attributed to incomplete or imperfect division among lon mutant strains. Since, Lon is required for cell cycle-dependent regulation of DNA methylation and hence for correct completion of cell division and normal progression of the cell cycle (Tsilibaris et al., 2006). E. coli Lon has also been shown to be involved in the control of DNA methylation via the Dam methylase (Calmann and Marinus, 2003). As observed under fluorescence microscopy, JOL1597 and JOL1599 bacteria showed prominent elevations in EPS production (Figure 2). It is possible that the increased immunogenicity observed in the LPA (Figure 4) and ELISA antibody quantifications (Figure 5) are perhaps due to increased production of EPS, which is reported to be a major antigenic component (Torres-Cabassa and Gottesman, 1987). Although lon gene is not essential for viability, Lon mutants of some bacterial species displayed cellular alterations. Members of Enterobacteriaceae such as E. coli (Torres-Cabassa and Gottesman, 1987), Salmonella Typhimurium (Kim et al., 2009), Salmonella Gallinarum (Matsuda et al., 2011), lon mutants accumulate abnormal proteins; they also form mucoid colonies and long filaments (Schoemaker et al., 1984), which are the outcome of RcsA and SulA stabilization, respectively.

The duration of fecal bacterial shedding was studied to evaluate the possibility of prolonged fomite contamination. Fecal samples from birds inoculated with mutant strains were negative at earlier times than fecal samples from birds inoculated with the wild type. Furthermore, no adverse effects on the general health conditions of chickens were observed, confirming that our vaccine candidates would be safe for immunization of birds.

All the mutant strains developed in this study were generated from a parental SM wild type strain, JOL1577, which was isolated from hen. This homology in primary host makes JOL1577 a suitable vaccine development platform for use against chicken SM infection. The immunogenicity of the JOL1577-derived mutant JOL1599, was analyzed against SM-specific antigens. Systemic antibodies facilitate Salmonella clearance from blood by opsonization followed by phagocytosis (Brumme et al., 2007). The specific sIgA in the gut mucosa prevents Salmonella from entering the intestinal epithelium (Strindelius et al., 2004). Our results showed that JOL1599-immunized chickens demonstrated significant plasma IgG and intestinal IgA immune responses that augmented the protective responses against the wild type challenge. Cell-mediated immune (CMI) responses are important for recovery from Salmonella infections, as Salmonella survive and replicate within macrophages (Mastroeni et al., 1993). In the current study, ATP bioluminescence was used as a marker of cell viability to measure lymphocyte proliferation following soluble SM-specific antigen stimulation. Significant responses were detected at the 3rd week post-immunization in the JOL1599 groups, with the intramuscularly immunized group showing slightly higher index values than the orally immunized one. These findings indicate that the CMI branch of the immune response is thoroughly stimulated by the candidate strains.

JOL1599 is a ΔlonΔcpxR double deletion mutant generated from parental wild type JOL1577 SM isolated from hen. The mutant strain was chosen as a vaccine strain for further study based on our assumption that double deletion of both the lon and cpxR genes might exert favorable effects by increasing its bacterial adhesion and invasiveness while reducing its in vivo replication rate (Kim et al., 2009). Although the same parental strain, JOL1577 could also have been used as challenge strain, it was more practical to investigate the vaccine potential of mutant JOL1577 in conferring protection against another isolate of SM, rather than against its identical clone. Hence in this study, JOL1575 was used as the challenge strain. Immunization with JOL1599 greatly reduced the bacterial count in challenged vaccinated birds compared to challenged unvaccinated controls. Overall, birds vaccinated intramuscularly showed higher levels of protection, i.e., lower bacterial loads than birds vaccinated orally (Table 2). In the present study, although immunization of birds via oral route could significantly enhance the immune response and protection efficacy as compared to un-immunized control birds, however, these response and efficacy are lower than those induced by IM route. It is tempting to speculate that live Salmonella vaccine administered via IM route may induce systemic as well as mucosal immune response. Since, Salmonella upon intramuscular mock infection also gets disseminated and gradually colonized certain mucosal sites of intestines and caecum. Further, IM route of immunization may be more advantageous than oral route due to properties such as slower immunogens dispersions, absence of interfering/degrading digestive tract contents and tolerance (Muir et al., 2000). In addition, IM injection would evoke much stronger systemic immune response while it still could further stimulated mucosal immunity. Based on the overall appearance of the internal organs SM infection in adult chickens may not consistently result in pathological lesions. Only mild enlargement of liver and spleen were observed in un-immunized control birds, which may be attributable to normal immune responses to active SM infection.

CONCLUSION

The data from the present study indicate that deletion of virulence-associated genes in the JOL1625, JOL1597, and JOL1599 strains cause alterations in Salmonella, such as surface alteration and increased EPS production. Furthermore, JOL1599 possessed strong immunogenicity as revealed by humoral and cell mediated immune responses. It also provided adequate protection to immunized birds against wild type challenge and possessed satisfactory attenuation and safety qualities. Taken together, our findings indicate that a novel live mutant, JOL1599, is a potential candidate for use in prevention and control of Salmonella Montevideo infection.
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5 http://www.cdc.gov/salmonella/montevideo-03-16/signs-symptoms.html (accessed 8 August 2016)

REFERENCES

Alvarez, J., Sota, M., Vivanco, A. B., Perales, I., Cisterna, R., Rementeria, A., et al. (2004). Development of a multiplex PCR technique for detection and epidemiological typing of Salmonella in human clinical samples. J. Clin. Microbiol. 42, 1734–1738. doi: 10.1128/JCM.42.4.1734-1738.2004

Baumler, A. J., Hargis, B. M., and Tsolis, R. M. (2000). Tracing the origins of Salmonella outbreaks. Science 287, 50–52. doi: 10.1126/science.287.5450.50

Betancor, L., Schelotto, F., Fernandez, M., Pereira, M., Rial, A., and Chabalgoity, J. A. (2005). An attenuated Salmonella enteritidis strain derivative of the main genotype circulating in Uruguay is an effective vaccine for chickens. Vet. Microbiol. 107, 81–89. doi: 10.1016/j.vetmic.2005.01.004

Brumme, S., Arnold, T., Sigmarsson, H., Lehmann, J., Scholz, H. C., Hardt, W.-D., et al. (2007). Impact of Salmonella Typhimurium DT104 virulence factors invC and sseD on the onset, clinical course, colonization patterns and immune response of porcine salmonellosis. Vet. Microbiol. 124, 274–285. doi: 10.1016/j.vetmic.2007.04.032

Calmann, M. A., and Marinus, M. G. (2003). Regulated expression of the Escherichia coli dam gene. J. Bacteriol. 185, 5012–5014. doi: 10.1128/JB.185.16.5012-5014.2003

 CDC (2010). Salmonella Montevideo infections associated with salami products made with contaminated imported black and red pepper – United States, July 2009-April 2010. Morb. Mortal. Wkly. Rep. 59, 1647–1650.

Crumrine, M. H., and Foltz, V. D. (1969). Survival of Salmonella Montevideo on wheat stored at constant relative humidity1. Appl. Microbiol 18, 911–914.

Danese, P. N., and Silhavy, T. J. (1998). CpxP, a stress-combative member of the Cpx regulon. J. Bacteriol. 180, 831–839.

Desin, T. S., Köster, W., and Potter, A. A. (2013). Salmonella vaccines in poultry: past, present and future. Expert Rev. Vaccines 12, 87–96. doi: 10.1586/erv.12.138

Dominguez, M., Jourdan-Da Silva, N., Vaillant, V., Pihier, N., Kermin, C., Weill, F.-X., et al. (2009). Outbreak of Salmonella enterica serotype Montevideo infections in France linked to consumption of cheese made from raw milk. Foodborne Pathog. Dis. 6, 121–128. doi: 10.1089/fpd.2008.0086

Dozois, C. M., Daigle, F., and Curtiss, R. (2002). Identification of pathogen-specific and conserved genes expressed in vivo by an avian pathogenic Escherichia coli strain. Proc. Natl. Acad. Sci. U.S.A. 100, 247–252. doi: 10.1073/pnas.232686799

Elson, R. (2006). National increase in human Salmonella Montevideo infections in England and Wales: March to June 2006. Euro. Surveill. 11:E060629.1.

Goldberg, A. L., Moerschell, R. P., Chung, C. H., and Maurizi, M. R. (1994). ATP-dependent protease La (lon) from Escherichia coli. Methods Enzymol. 244, 350–375. doi: 10.1016/0076-6879(94)44027-1

Hassan, J. O., and Curtiss, R. III. (1994). Development and evaluation of an experimental vaccination program using a live avirulent Salmonella typhimurium strain to protect immunized chickens against challenge with homologous and heterologous Salmonella serotypes. Infect. Immun. 62, 5519–5527.

Harada, T., Sakata, J., Kanki, M., Seto, K., Taguchi, M., and Kumeda, Y. (2011). Molecular epidemiological investigation of a diffuse outbreak caused by Salmonella enterica serotype Montevideo isolates in Osaka prefecture, Japan. Foodborne Pathog. Dis. 8, 1083–1088. doi: 10.1089/fpd.2011.0862

Humphrey, T. (2004). Salmonella, stress responses and food safety. Nat. Rev. Microbiol. 2, 504–509. doi: 10.1038/nrmicro907

Humphreys, S., Rowley, G., Stevenson, A., Anjum, M. F., Woodward, M. J., Gilbert, S., et al. (2004). Role of the two-component regulator CpxAR in the virulence of Salmonella enterica serotype Typhimurium. Infect. Immun. 72, 4654–4661. doi: 10.1128/IAI.72.8.4654-4661.2004

Kang, H. Y., Srinivasan, J., and Curtiss, R. (2002). Immune responses to recombinant pneumococcal Pspa antigen delivered by live attenuated Salmonella enterica serovar Typhimurium vaccine. Infect. Immun. 70, 1739–1749. doi: 10.1128/IAI.70.4.1739

Kim, S. W., Moon, K. H., Baik, H. S., Kang, H. Y., Kim, S. K., Bahk, J. D., et al. (2009). Changes of physiological and biochemical properties of Salmonella enterica serovar Typhimurium by deletion of cpxR and lon genes using allelic exchange method. J. Microbiol. Methods 79, 314–320. doi: 10.1016/j.mimet.2009.09.025

Linklater, K. A. (1983). Abortion in sheep associated with Salmonella Montevideo infection. Vet. Rec. 112, 372–374. doi: 10.1136/vr.112.16.372

Mastroeni, P., Villarreal-Ramos, B., and Hormaeche, C. E. (1993). Adoptive transfer of immunity to oral challenge with virulent Salmonellae in innately susceptible BALB/c mice requires both immune serum and T cells. Infect. Immun. 61, 3981–3984.

Matsuda, K., Chaudhari, A. A., and Lee, J. H. (2011). Evaluation of safety and protection efficacy on cpxR and lon deleted mutant of Salmonella gallinarum as a live vaccine candidate for fowl typhoid. Vaccine 29, 668–674. doi: 10.1016/j.vaccine.2010.11.039

Matsui, H., Suzuki, M., Isshiki, Y., Kodama, C., Eguchi, M., Kikuchi, Y., et al. (2003). Oral immunization with ATP-dependent protease-deficient mutants protects mice against subsequent oral challenge with virulent Salmonella enterica serovar typhimurium. Infect. Immun. 71, 30–39. doi: 10.1128/IAI.71.1.30-39.2003

Muir, W. I., Bryden, W. L., and Husband, A. J. (2000). Immunity, vaccination and the avian intestinal tract. Dev. Comp. Immunol. 24, 325–342. doi: 10.1016/S0145-305X(99)00081-6

Murray, P. R., Baron, E. J., Pfaller, M. A., Tenover, F. C., and Yolken, R. H. (eds) (1999). Manual of Clinical Microbiology, 7th Edn. (Washington, DC: ASM Press).

Porter, R. E., and Holt, P. S. (1992). Use of a pilocarpine-based lavage procedure to study secretory immunoglobulin concentration in the alimentary tract of white leghorn chickens. Avian Dis. 36, 529–536. doi: 10.2307/1591745

Rana, N., and Kulshreshtha, R. C. (2006). Cell-mediated and humoral immune responses to a virulent plasmid-cured mutant strain of Salmonella enterica serotype gallinarum in broiler chickens. Vet. Microbiol. 115, 156–162. doi: 10.1016/j.vetmic.2006.01.011

Robitaille, G., Moineau, S., St-Gelais, D., Vadeboncoeur, C., and Britten, M. (2006). Detection and quantification of capsular exopolysaccharides from Streptococcus thermophilus using lectin probes. J. Dairy Sci. 89, 4156–4162. doi: 10.3168/jds.S0022-0302(06)72460-2

Schleifer, J. H., Juven, B. J., Beard, C. W., and Cox, N. A. (1984). The susceptibility of chicks to Salmonella Montevideo in artificially contaminated poultry feed. Avian Dis. 28, 497–503. doi: 10.2307/1590357

Schoemaker, J. M., Gayda, R. C., and Markovitz, A. (1984). Regulation of cell division in Escherichia coli: SOS induction and cellular location of the sulA protein, a key to lon-associated filamentation and death. J. Bacteriol. 158, 551–561.

Schotte, U., Borchers, D., Wulff, C., and Geue, L. (2007). Salmonella Montevideo outbreak in military kennel dogs caused by contaminated commercial feed, which was only recognized through monitoring. Vet. Microbiol. 119, 316–323. doi: 10.1016/j.vetmic.2006.08.017

Strindelius, L., Filler, M., and Sjöholm, I. (2004). Mucosal immunization with purified flagellin from Salmonella induces systemic and mucosal immune responses in C3H/HeJ mice. Vaccine 22, 3797–3808. doi: 10.1016/j.vaccine.2003.12.035

Takaya, A., Suzuki, M., Matsui, H., Tomoyasu, T., Sashinami, H., Nakane, A., et al. (2003). Lon, a stress-induced ATP-dependent protease, is critically important for systemic Salmonella enterica serovar typhimurium infection of mice. Infect. Immun. 71, 690–696. doi: 10.1128/IAI.71.2.690-696.2003

Threlfall, E. J., Hampton, M. D., Ward, L. R., Richardson, I. R., Lanser, S., and Greener, T. (1999). Pulsed field gel electrophoresis identifies an outbreak of Salmonella enterica serotype Montevideo infection associated with a supermarket hot food outlet. Commun. Dis. Public Health 2, 207–209.

Todd, E. C. (1997). Epidemiology of foodborne diseases: a worldwide review. World Health Stat. Q. 50, 30–50.

Torres-Cabassa, A. S., and Gottesman, S. (1987). Capsule synthesis in Escherichia coli K-12 is regulated by proteolysis. J. Bacteriol. 169, 981–989.

Tsilibaris, V., Maenhaut-Michel, G., and Van Melderen, L. (2006). Biological roles of the Lon ATP-dependent protease. Res. Microbiol. 157, 701–713. doi: 10.1016/j.resmic.2006.05.004

Wolfe, A. J., Parikh, N., Lima, B. P., and Zemaitaitis, B. (2008). Signal integration by the two-component signal transduction response regulator CpxR. J. Bacteriol. 190, 2314–2322. doi: 10.1128/JB.01906-07

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 © 2016 Lalsiamthara and Lee. 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) or licensor 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/fmicb-07-01634-t001.jpg
Strain/plasmid

JOL

PMEG375

pB!
pB!

1575

L1677

L1625

L1697

L1599

pP294
pP210

Description

S. Montevideo wild type, isolated
from hen, challenge strain

S. Montevideo wild type, isolated
from hen, parental strain

Alon, a derivative of S. Montevideo
JOL1577

AcpxR, a derivative of S.
Montevideo JOL1577

Alon, AcpxR, a derivative of S.
Montevideo JOL1577

Suicide vector to construct
derivatives of S. Montevideo

pMEG375 Alon
PMEG375 AcpxR

Reference

Lab stock,
KVCC-BA1400378

Lab Stock,
KVCC-BA1400377
This study
This study
This study

Dozois et al., 2002

This study
This study





OPS/images/cross.jpg
3,

i





OPS/images/fmicb-07-01634-t002.jpg
Days post challenge Route

Immunization Challenge
5 Control Oral
Oral Oral
M Oral
Control M
Oral M
M IM
15 Control Oral
Oral Oral
M Oral
Control IM
Oral M
M IM

Significant diifference at *P < 0.05, **P < 0.01 as compared to corresponding Control counts.

Liver

00
0+0
0+0
1.59£0.25
0.62 £ 0.62*
0+0*
00
0+0
0+0
0+0
0+0
0£0

Bacterial recovery (log1o)

Spleen

1.02£0.51
0+ 0%
00
3.46 £ 0.05
3.14 +£0.02
210+ 0.31
248 £0.73
0+0*
0+0*
3.33+£0.04
2.93+0.08
2.31 £0.15*

Caecum

4.96 +0.38
4.39 £ 0.42
2.85 +0.34*
3.90+0.71
117 £0.34*
1.18 £ 0.59*
5.35 +£0.07
491011
3.89 £0.73*
0+0
0£0
0+0





OPS/images/cover.jpg
, frontiers
in Microbiology

Virulence Associated
Genes-Deleted Salmonella
Montevideo Is Attenuated, Highly
Immunogenic and Confers
Protection against Virulent
Challenge in Chickens





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-07-01634-g001.jpg





OPS/images/fmicb-07-01634-g002.jpg
-

=






OPS/images/fmicb-07-01634-g003.jpg
;.

.
*i

2

R L T N O XX T AN
o — o —( o
199 1ad apureydoesAjod
IR[N[[99-BI)IXd JANEY

Control JOL1625 JOL1597 JOL1599





OPS/images/fmicb-07-01634-g004.jpg
(@]

—(
(IS) XopuJ UoneMWNS

T
—

M Oral

Control





OPS/images/fmicb-07-01634-g005.jpg
0D492

0D492

15

-e- Control
- Ol






