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ABSTRACT 

 

Fresh market tomatoes have been associated with 15 multistate Salmonella 

outbreaks between 1973 and 2010. While, S. enterica survival has been studied in tomato 

plants, field studies have been limited. To understand pathogen growth and survival, in 

crop fields, surrogate or attenuated organisms must be developed and validated. The 

purpose of this study was to compare the growth and survival of seven attenuated S. 

enterica Typhimurium and Newport strains against virulent strains S. Typhimurium 

ATCC14028 and S. Newport J1892 in optimum (TSB and TSB+kan) and minimal M9 

growth media, and in commercial, red ripe tomatoes. Bacterial growth in media was 

assessed via BioScreen. Tomatoes were separately inoculated with 7 Log CFU/g of each 

isolate via vacuum infiltration, surface spot inoculation, or diced inoculation. Populations 

of each strain were determined on Days 0, 1, 3, and 5. In media, there were few 

differences in overall growth and growth rates between mutant isolates and wild-type 

(P<0.05).  Growth in M9 was less (P<0.01), while growth rates were higher (P<0.01) 

than in TSB. In tomatoes (per treatment), there were no significant differences between 

growth rates of each isolate compared to WT (P>0.05); however, Salmonella strains in 

diced tomatoes had a higher growth rate than that in spot treated tomatoes (P>0.05).  The
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growths of all the isolates in tomatoes indicated that under the tested conditions, isolates 

acted similarly to their WT counterparts. Thus, these strains may be able to be used as 

surrogate organisms in field studies.  
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Chapter 1: Introduction 
 
 There are 9.4 million identifiable cases of foodborne illnesses estimated to occur annually 

in the United States (Scallan et al., 2011). Salmonella enterica is associated with the leading 

number of bacterial foodborne cases. Salmonellosis accounts for 1.2 million bacterial foodborne 

illnesses each year (Scallan et al., 2011). In recent years, there has been an increasing trend of S. 

enterica contaminations associated with fresh produce (Lynch et al., 2009). The four most 

common S. enterica serovars associated with fresh produce outbreaks are: Enteritidis, 

Typhimurium, Newport, and Javiana (CDC, 2009). This project focuses on S. Typhimuirum and 

S. Newport serovars because of their associations with tomato outbreaks in the United States. 

(Zheng et al., 2013). 

Approximately 14 million tons of tomatoes are produced annually in the United States, 

making Solanum lycopersicum the second highest value market vegetable crop (Boriss et al., 

2005). The American public consumes approximately two million tons of fresh tomatoes per 

year. In recent years, tomatoes have been identified in a high number of S. enterica outbreaks. 

Salmonella linked contamination of raw tomatoes has been attributed to 15 multistate outbreaks 

between 1973 through 2010; 12 outbreaks having occurred since 2000 (FDA, 2013). 

Typhimurium and Newport are two of the most common S. enterica serovars associated with 

tomato outbreaks. 

Produce can become contaminated with foodborne pathogens through many pathways. 

Contamination may occur from soil, water, human contact, processing procedures, and even 

inherited from each flowering generation (Zheng et al., 2013). The association of foodborne 

pathogens with tomatoes and tomato plants is a very complex process influenced by temperature, 
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pH, soil type, tomato cultivar, tomato maturity, and even the contaminating serovar of S. enterica 

(Zhuang et al., 1995; Barak et al., 2008; Zheng et al., 2013). Understanding the complexities of 

produce food safety issues is challenging. In recent years, due to increased numbers of (multi-

drug) antibiotic resistant S. enterica serovars, the need to identify and understand S. enterica 

invasion and colonization of fresh produce from farm-to-table has become more pronounced. 

Due to the virulent nature of these pathogens, research must be confined to a controlled 

Biosafety Level 2 research laboratory. This limitation makes it difficult to transfer discovery to 

real world situations in the field or in the processing plant unless otherwise quarantined. One 

approach for overcoming this obstacle, when working in real world situations, is to use indicator 

or surrogate organisms instead of the virulent pathogen. A surrogate organism is a type of 

indicator organism that may be used “to imitate the survival of microbial pathogens in fresh 

produce” (James et al., 2006). This project examines attenuated isolates of S. enterica developed 

from pathogenic S. enterica serovars Typhimurium and Newport. Attenuation has been 

accomplished by introducing point mutations to knock out one or more genes associated with 

virulence (Noel et al., 2010). The null hypothesis is that these attenuated strains will not 

demonstrate significant differences in growth ability, competitiveness or persistence when 

compared against the pathogenic wild types; hence, attenuated strains of pathogenic organisms 

may be used as surrogate organisms for testing in field settings (Noel et al., 2010). The proposed 

research will focus on investigating the effects of virulence and attachment/motility genes on 

Salmonella survival, and comparing attenuated S. enterica Typhimurium and Newport strains to 

corresponding wild-type strains to identify specific strains for candidacy as promising surrogates 

to be used for further studies on tomatoes grown in the field.  
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Specific Objectives 

 (1) Compare the growth rates of attenuated S. enterica Typhimurium and S. enterica 

Newport strains against clinical, virulent strains of S. Typhimurium and S. Newport in optimum 

and minimal growth media. 

(2) Evaluate the growth, survival, and persistence of attenuated S. enterica 

Typhimurium and S. enterica Newport strains against clinical, virulent strains of S. Typhimurium 

and S. Newport on and within imported, commercial, red ripe tomatoes from the grocery store. 

 

Hypothesis 

H0: The growth, survival, and persistence of attenuated strains of S. enterica  Typhimurium and 

S. enterica  Newport are not significantly different from virulent, wild-type strains of S. enterica  

Typhimurium and S. enterica  Newport, in vivo and in vitro. 

 

Ha: The growth, survival, and persistence of attenuated strains of S. enterica  Typhimurium and 

S. enterica  Newport are significantly different from virulent, wild-type strains of S. enterica  

Typhimurium and S. enterica  Newport, in vivo and in vitro. 
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Chapter 2: Literature Review 

Food-borne Outbreaks 

Produce-related foodborne illnesses 

 There are an estimated 48 million cases of foodborne illnesses annually in the United 

States; of these, 128,000 cases result in hospitalizations and 3,000 cases result in death. (Scallan 

et al., 2011). While foodborne illnesses can be caused by a variety of sources, the severity of 

illness varies among individuals depending on age, health, demographic, and even location. 

Previously, foodborne outbreaks were primarily associated with animal products; however, 

recent trends have shown an increasing association with fresh produce (Meng and Doyle, 2002; 

Lynch et al., 2009). In the 1970’s, less than 1% of reported outbreaks were associated with fresh 

produce; but by the 1990’s, over 6% were. Similarly, the number of foodborne illness cases 

associated with produce outbreaks rose from <1% to 12% (Svapalasingam et al., 2004). Between 

1998 – 2008, produce accounted for 46% of illnesses and 1.1 million individuals fell ill to fruits 

associated with foodborne pathogen contamination (Painter et al., 2013).  

The increasing number of reported outbreaks can be attributed to several trends including 

the consumers’ demand for fresh produce year-round to more sophisticated tools for identifying 

and tracking outbreaks. Furthermore, increased demand and increased land use bring crop areas 

closer with areas of animal production, animal waste, and animal byproducts; thereby, increasing 

the likelihood of fresh produce becoming contaminated. Produce handling has changed to 

include longer transportation for minimally processed fresh produce to reach the customer. 

Additionally, in the past two decades, because of increased consumer demand for fresh fruits and 

vegetables, fresh produce imports have increased dramatically (Huang and Huang, 2007). 
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Increased transportation times and distances provide a greater opportunity for bacteria to quickly 

take residence and multiply upon improperly processed and handled produce (Lynch et al., 

2009).  

 

Pathogen Contamination of Produce 

Pathogens can contaminate a food product at any point throughout the food’s production 

cycle. Fruits and vegetables can become contaminated during the pre-harvest environment 

directly from the soil, through the root system, and even through abrasions, cuts or openings on 

the surface. Pathogen uptake from contaminated water has also been demonstrated through leaf 

stomata and root systems (Gu et al., 2011). Post-harvest contamination can occur through cross 

contamination in the packinghouse or during handling. Pathogens can also easily enter produce 

that has been cut or bruised during its life cycle or during processing through natural openings 

like the stem scar or the calyx; as well as invade plant seeds early during the reproductive cycle 

of the plant and become internalized in the next generation (Charkowski et al., 2002; Gu et al., 

2011). Once the pathogen has been internalized, it is not likely to be removed or killed through 

surface washing or submersion in disinfectant. As a result, prevention of contamination is 

paramount in fresh produce production. 

 

S. enterica Contamination in Food 

Salmonella enterica is the second leading cause of foodborne illnesses (Scallan et al., 

2011) with more than 1.2 million cases identified annually (CDC, 2011). The cases account for 

35% of yearly hospitalizations and are the leading cause of foodborne illness associated deaths 
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with 450 deaths per year (Scallen et al., 2011). Since 2006, S. enterica spp. foodborne outbreaks 

of salmonellosis have been linked to such common foods as tomatoes, peanut butter, ground beef 

and cantaloupes (CDC, 2013). The four S. enterica serotypes with the highest isolation rates are 

S. Enteritidis, S. Typhimurium, S. Newport and S. Javiana (CDC, 2009).  

Despite its desirability, fresh market tomatoes have also been linked to numerous 

outbreaks of salmonellosis. Between 1998 and 2006, 12 of 71 produce related outbreaks were 

associated with tomatoes (CSPI, 2007; Berstein, 2007). While there have not been many import 

associated outbreaks, scares with related import produce like the 2008 multistate outbreak of S. 

enterica serovar Saintpaul discovered in jalapenos, peppers, and thought to have also been in 

tomatoes, has increased vigilance and awareness (Klontz et al., 2010).  

Both S. Typhimurium and S. Newport have consistently been linked to recurring tomato-

associated salmonellosis. Of twelve S. enterica tomato-related outbreaks, at least four outbreaks 

originated from the same pulse-type of S. Newport that was traceable back to Virginia’s Eastern 

Shore where they were grown, harvested, and then packed for shipment. A pulse-type is the 

recognizable Pulse Field Gel Electrophoresis [PFGE] pattern established by each strain. In one 

specific outbreak, it was determined that the outbreak isolate was derived from environmentally 

contaminated pond water used for irrigation and pesticide application and whose paths had cross-

connections with the water pipes irrigating the crops (Greene et al., 2008). In a recent study, 

multiple S. enterica serovars were introduced to Virginia’s Eastern Shore’s sandy loam soil and 

inoculated onto tomato blossoms. Serovars Newport and Javiana were found to thrive within 

Virginia’s sandy loam soil. S. Newport had the highest recovery rate in the tomato’s root and 

water system and persisted very well on the tomato fruit; whereas, S. Typhimurium did not 

compete well and had a low recovery from those locations (Zheng et al., 2013). Zheng et al. 
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(2013) concluded that some serovars of S. enterica (Javiana and Newport) “are more adapted for 

survival and persistence in the tomato plant environment” while others (Typhimurium) may be 

more likely to contaminate tomatoes in the post-harvest environment. Furthermore, they 

demonstrated that the recovery of S. enterica was also dependent on the fruit ripeness and its 

field/harvest conditions.  

Salmonella enterica is a hardy and adaptive pathogen. The bacterium is able to grow and 

persist on the tomato surface and within its pulp (Zhuang et al., 1995). Moreover, it can also 

become internalized within the tomato and persist through maturation and propagation (Guo et 

al., 2001). With the development of more complex processing procedures to increase commodity 

shelf-life, opportunities for Salmonella proliferation or cross-contamination also rise. (Lynch et 

al., 2009). Not only has salmonellosis been linked to pre-diced tomatoes held at room 

temperature; but, colonization, persistence and contamination by S. enterica on whole product 

can vary depending on tomato cultivar, tomato maturity, soil type and Salmonella serovar (Barak 

et al., 2008; Zheng et al., 2013). 

 

Tomato Production 

With a total production yield of more than $2 billion dollars a year, the tomato (Solanum 

lycopersicum) is now the second-highest value and “fourth most popular” market vegetable in 

the United States” (Boriss et al., 2005; USDA ERS, 2014). In 2005, a total of 14 million tons of 

tomatoes, 2 million for fresh consumption and 12 million for processing, were produced; that 

number has since increased to over 28.9 million tomatoes produced for fresh consumption in 

2010 (Boriss and Brunke, 2011). From 1985 to 2008, the per capita consumption of raw 
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tomatoes has increased from 12.3 pounds to 18.5 pounds (Boriss and Burke, 2011). It is lauded 

not only as a delicious addition to one’s meal, but also as an antioxidant rich, nutritious food.  

The increased desire for tomatoes has led to an increase of production both within the 

United States and in other countries. California and Florida are the largest tomato producing 

states, followed closely by Virginia, Georgia, Ohio, and Tennessee (Boriss and Brunke, 2011; 

USDA ERS 2014). While these states produce the majority of tomatoes, the United States also 

imports about one-third of the tomatoes it consumes. Winter, spring, and fall demand is heavily 

met by imports from Mexico garnering about 1.5 million tons of tomatoes in 2010 (Boriss and 

Brunke, 2011). Increased demand for nationwide production and imports have been attributed to 

and driven by better growing conditions, protected-culture technologies, increased diversity of 

tomato availability, and consumer preferences (USDA ERS, 2014). 

The Use of Surrogate Organisms 

Addressing produce food safety issues is challenging. Due to the nature of the pathogens, 

work must be confined to a controlled Biosafety Level 2 Research Laboratory. This constraint 

accentuates the difficulties of transferring discovery to real world situations either in the field or 

in the processing plant. One approach to overcoming this obstacle in real world situations is to 

use indicator or surrogate organisms instead of the pathogen. An indicator organism is defined as 

“a microorganism or group of microorganisms that indicate a food has been exposed to 

conditions posing an increased risk that food may be contaminated with a pathogen or held under 

conditions conducive for pathogen growth” (FDA/CFSAN, 2001b). When present in food, 

indicators may signal the presence of target pathogen(s) in the food. One type of indicator 

organism recommended by the Food and Drug Administration [FDA] to be used in evaluating 

production processes is a surrogate organism. A surrogate organism should be an avirulent strain 



	  

	   9 

of the pathogen used to “imitate the survival of microbial pathogens in fresh produce” (Busta, 

2003; James, 2006) through similar growth and survival patterns as the target pathogens. For 

instance, as fears of Listeria monocytogenes contamination have increased in ready-to-eat 

products, the presence of non-pathogenic strains of Listeria (L. innocua and L. welshimeri) may 

not only indicate the presence of L. monocytogenes in the processing environment, but also serve 

as surrogate organisms to test the efficacy of processing methods during production (Busta, 

2003). 

First implemented in the low-acid canning industry, the surrogate organism Bacillus 

stearothermophilus was used to determine the presence or absence of a pathogen after 

antimicrobial treatment without having to introduce pathogenic Clostiridum botulinum spores 

into the food (FDA/CFSAN, 2001b; Gurtler, 2010). Identifying a surrogate organism to use in 

place of a pathogen would greatly benefit pre-harvest fresh produce microbiology. Researchers 

could inoculate the surrogate organism into the growing environment – either in the plant or in 

the field – in lieu of the pathogen and determine/extrapolate its growth and persistence. For a 

surrogate organism to be effective, it must meet six criteria (FDA/CFSAN, 2001b; James 2006): 

(1) It should be a nonpathogenic strain of the target organism; (2) It should demonstrate similar 

behavior as the target organisms in the environment study; (3) It should be easy to prepare and to 

remain stable; (4) It should exhibit enumeration, sensitivity, and inexpensive detection means; 

(5) It should attach to the produce surface at a similar rate as the target organism; (6) It should 

exhibit genetic stability to allow the test to be reproduced independently.  

The development of attenuated microorganisms from virulent strains to be used as 

surrogate organisms is thought to be more applicable for produce to prevent the environmental 

release of virulent strains. One way to identify a surrogate is to “create” one through attenuation 



	  

	   10 

of a previously pathogenic strain. While there has been speculation regarding the comparability 

of developed attenuated strains to virulent strains, it is oftentimes assumed that elimination of 

virulence genes does not impact growth, “stress tolerance, phenotypes, competitiveness” or 

persistence (James, 2006). Attenuated strain development has increased rapidly and simple 

screening tests have cursorily shown that pathogen and attenuated surrogate are equal (Noel et 

al., 2010); however, more in-depth research must be conducted to confirm the surrogate 

organism exhibiting similar characteristics to its pathogenic counterpart.  

 

Salmonella enterica spp. 

 

Salmonella is a facultative, anaerobic Gram negative, rod shaped, non-spore forming 

bacterium in the Enterobacteriaceae family. The majority of its members are motile and 

Salmonella serovars are often characterized by their somatic heat-stable lipopolysaccharide O-

antigens, capsular surface virulence [Vi] antigen (found only in S. Typhi, Paratphyi C, and 

Dublin) and flagellated heat-labile H antigen proteins (Cooke et al., 2007; Saeed and Naji, 2007). 

There are two species of Salmonella, S. enterica and S. bongori, consisting of over 2600 

serovars. The S. enterica species is further divided into seven subspecies characterized by DNA 

homology and hosts (Saeed and Naji, 2007). Subspecies 1, Salmonella enterica subspecies 

enterica, contains the many strains associated with human pathogenicity resulting in 

salmonellosis. 

Salmonella is a highly adaptive microorganism; it can adapt well to extreme 

temperatures, extreme pH conditions, fluctuating water activities, varying salt concentrations, 

and can survive for years in frozen foods (Montville & Matthews, 2008). The optimal pH range 
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of S. enterica is between pH 6.5 – 7.5; but, the bacterium can also grow at pH levels as low as 4 

and as high as 9.5. The organism’s ability to persist at pH 4 contributes to its survival in 

tomatoes and other low-acid foods. When Salmonella is acid shocked, it will initiate an acid 

tolerance response to remain in stationary phase. Once adapted to adverse conditions (acid or 

increased temperatures), mutations within the microorganism will allow it to continue to persist 

and multiply while its other faculties for survival will also increase. 

 

Salmonellosis 

Salmonella enterica is characterized as typhoidal Salmonella or non-typhoidal 

Salmonella [NTS] (Saeed and Naji, 2007). Young children, elderly, and immuno-compromised 

individuals tend to be most susceptible to infection. The chemical composition of fattier foods 

also contributes to a lower infective dose (Montville & Matthews, 2008). Symptoms of infection 

with NTS usually occur within 8 – 72 hours of infection. Salmonellosis is usually self-limiting 

and will not persist into a carrier state. Usually, the illness presents as gastroenteritis distress 

resulting in nausea, vomiting, diarrhea, abdominal cramping, chills, and possible fever (Saeed 

and Naji, 2007). In extreme cases, NTS can result in systemic infections such as aseptic reactive 

arthritis, Reiter’s Syndrome, endocarditis (in S. Typhimurium), and infantile/juvenile meningitis 

(Montville & Matthews, 2008; Saeed & Naji, 2007).  
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Pathogenicity and Virulence of Salmonella enterica 

Basics of Salmonella enterica Pathogenicity and Virulence 

The virulence and pathogenicity of Salmonella can be found in a collection of 

chromosomal pathogenicity islands [SPI], genomic islands [SGI], and virulence plasmids (Rhen 

et al., 2007). To incur salmonellosis, Salmonella must compete with host gut microflora by 

colonization through attachment and entering/invading intestinal epithelial cells using 

proteinaceous appendages (Montville & Matthews, 2008). While the sole effect of virulence 

genes is to initiate and sustain infections, the role is split into two types. Shared among most 

pathogens, general “housekeeping” genes regulate nutrient uptake, enact stress response, and 

ensure pathogen survival. On the other hand, SPIs typically contain the classical virulence genes 

conveying the pathogenesis for infection (Morgan, 2007). The genetic determinants for virulence 

and antibiotic resistance often occur on the pSLT virulence plasmid (Montville & Matthews, 

2008). Other virulence and antibiotic resistance genes can be found in the bacterial genome. In 

this project, the specific genes that will be discussed are the agfB, afgC, yihT, yihT-ompL, bcs, 

sirA genes and the pSLT virulence plasmid in S. Typhimurium, and the antibiotic resistance TolC 

genes in S. Newport.  

 

Salmonella enterica Pathogenicity Islands (SPI) & sirA gene 

Unlike many pathogenic bacteria in which SPIs dictate the direct physical manifestations 

of pathogenicity, SPIs are differentiated between the many Salmonella serovars. S. enterica 

serovars Typhimurium and Newport contain complexly regulated virulence genes (Dorman et 

al., 2007). As previously mentioned, while many of these genes contribute to direct 
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pathogenicity, many also regulate “housekeeping” duties. Salmonella pathogenicity island 1 

(SPI-1), a 38.8 kb segment of chromosome, is important in invading epithelial cells, initiating 

inflammatory responses by lysing macrophages, and initiating enteropathogenesis through the 

type-III secretion system (TTSS) found in mammalian virulence by transporting proteins across 

three biological membranes (Hueck, 1998). Additionally, SPI-1 facilitates iron (Fe2+) and 

magnesium (Mg2+) uptake; both being important in basic cellular function (Morgan, 2007). SPI-

1 contains four genes coding for regulatory proteins: hilA, hilC, and hilD, and hilF. Proteins HilC 

and HilD both affect and regulate the hilA gene, which in turn regulates the sirA gene.  

Established on multiple Salmonella pathogenicity islands (i.e. SPI-4 and SPI-5), the sirA 

(Salmonella invasion regulator) operon, coding for sirA gene expression, which dictates the 

“global regulator of genes mediat(ing) enteropathogenesis” is the start of an important cascading 

reaction. It is crucial in assisting attachment to abiotic surfaces while interacting with short chain 

fatty acids in the host organism through the BarA/SirA-Csr protein complex (Ahmer et al., 

1999). The BarA/SirA-Csr two-component system indirectly affects flagellar genes by increasing 

virulence genes and decreasing expression of motility genes. (Teplitski et al., 2003; Dorman, 

2007). Additionally, the sirA gene is necessary for the development of virulence factors, 

including encoding for a type-III export apparatus which injects Salmonella proteins into the host 

cell by bypassing two of its own membranes and invading the host’s cell membrane and into its 

cytoplasm (Ahmer et al., 1999). It is also responsible for biofilm formation (Teplitski et al., 

2006).  

The SirA protein/BarA sensor kinase complex transmits environmental levels of short 

chain fatty acids which in turn reciprocally regulates SPI-1 and flagellar gene expression. In 

mammals S. enterica invasion occurs within the large intestine and SirA/BarA can distinguish 
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between the large and small intestines by detecting the presence of bile. Previous research by 

Noel et al. (2010) indicated that S. Typhimurium with mutations to sirA did not differ 

significantly in competitive fitness from the wild type S. Typhimurium. Because of its 

importance in virulence transmission, it is imperative to understand sirA’s capabilities for growth 

and persistence.  

 

Adhesin: Curli genes (afg operon) 

Adhesion of Salmonella, using non-flagellar, fimbrial and non-fimbrial adhesins, to the 

host’s cell wall (plant or mammal) is imperative for invasion and infection (Korhonen, 2007; 

Fronzes et al., 2008). Adhesins of the outer membrane consist of a high concentration of 

fimbriae, autotransporters, and outer membrane proteins that interact with host components. In 

mammals, expression of the fimbriae, filamentous surface organelles, contribute to intestinal 

persistence by attachment and infection (Tezcan-Merdol et al., 2007). They consist of a large 

portion of a cell’s energy expense; but due to multiple variations of fimbrial structures all 

contributing to pathogenicity, the genes coding for fimbrial structures are important targets for 

gene regulation in cells (Korhonen, 2007). These structures not only mediate interactions 

between the bacterium, other bacteria, and the host, but also contribute to colonization, invasion, 

conjugation, and biofilm formation (Gibson, 2006). In mammals, fimbrial attachment occurs in 

ileal Peyer’s patches to maximize Salmonella enterica growth in the intestines. Continued 

interaction with the host will result in colonization of damaged tissues and contribute to invasion 

through weaker spots in the tissue and possibly into the systemic system. Due to the combination 

of having the major subunit protein, the fimbrin, bound to smaller subunits, the fimbriae of both 

plants and mammals are able to interact and bind with host organism components and 
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carbohydrate receptors. Finally, fimbriae can form biofilms to protect themselves and continue 

persistence.  

There are at least thirteen characteristic types of fimbrial operons in Salmonella 

Typhimurium; however, the one pertinent to this project is the thin and aggregative curli 

structure governed by the agf operon oft found in S. Typhi, S. Typhimurium, S. Newport and 

other NTS strains (Townsend et al., 2001; Zon et al., 2011). Curli production has been strongly 

attributed to both plant and mammalian adhesion and invasion through divergently expressed 

agfBAC and agfDEFG operon expressions (Fronzes et al., 2008). Additionally, the agf operon 

controlling curli manifestation is found in a common ancestor of both Salmonella and 

Escherichia coli. Not only does the agf operon control curli expression, it contains the pathogen-

associated molecular patterns necessary to induce the characteristic response of salmonellosis. 

Curli presence upregulates a pro-inflammatory response in the host and can cause extensive 

bleeding and septic shock in the victim. This project specifically focuses on S. Typhimurium 

isolates with mutated agf genes because it is very difficult to delete S. Newport agf genes (Barak 

et al., 2005). AgfB and agfC genes are associated with the expression of fimbrial curli genes 

necessary for attachment and invasion of Salmonella in both plants and mammals. Additionally, 

both sets of genes positively contribute to pro-inflammatory responses and biofilm formation. 

AgfB is the main positive effector regulating surface attachment of bacteria; thus, mutations 

and/or deletions in the expression of this protein have demonstrated reduced attachment 

capabilities (Barak et al., 2011; Zaragoza, 2012).  
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AgfD complex on bsc, yihT, and yihT-ompL gene expressions 

 The agfD complex, mentioned briefly above, also controls thin aggregative fimbriae 

expression in response to environmental conditions (Römling, 1998). AgfD also affects the 

bacterial cellulose synthesis (bcs) operon which encodes for four proteins contributing to 

cellulose biosynthesis and attachment: bscA, bscB, bscC, and bscD (Zogaj et al., 2001). The bsc 

genes, not only increases the pathogen’s tolerance to environmental stress, but forms a main 

component of the biofilm extracellular matrix while also acting as a blocking agent for flagella 

rotation motility (Gualdi, 2008). With increased production in curli, there may be decreased 

cellulose production (Anriany et al., 2006). When the bcs gene is mutated, cellulose production 

is lowered; however, these mutants were as competitively fit as the wild type strains and no 

difference in transcription was seen (Anriany et al., 2006; Noel et al., 2010).  

 Also positively affected by agfD genes, yihT and yihT-ompL gene expressions are 

associated with encoding aldolase in O-antigen capsule synthesis and translocation while 

positively affecting pathogen attachment onto plant tissue (Zaragoza et al., 2012). This set of 

genes is neither virulent nor expressed in mammalian cells (Zaragoza et al., 2012; Morvasi et al., 

2013). In immature green tomatoes, the agfD genes are expressed and actively contribute to plant 

pathogenesis and persistence; however, in mature red tomatoes, while the genes are still 

expressed, the results do not affect competitive fitness when compared with wild-type growth 

(Zaragoza, 2012; Noel et al., 2011).  
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Virulence Plasmid: pSLT 

S. Typhimurium contains a 90kb virulence plasmid (pSLT) with the ability to replicate on 

the same bacterial chromosome. The virulence plasmid codes for virulence genes that have been 

shown to mutate and to fuse to form drug resistance genes, thereby conferring antibiotic 

resistance to the pathogen (Dorman et al., 2007). Additionally, the plasmid has the ability to 

transmit and transfer itself in vivo to aid in systemic spread, rapid multiplication. and infection of 

other tissues in the host (Tezcan-Merdol et al., 2007). The virulence plasmid also codes for 

proteins that function to lyse macrophages, thereby initiating an inflammatory response. In rich 

growth medium, virulence plasmid gene expression is low; whereas in low pH minimal media, 

gene expression is high (Tezcan-Merdol et al., 2007). Experiments have shown that deletion of 

the pSLT plasmid did not seem to affect the competitive fitness of Salmonella presence in 

tomatoes; therefore even without the plasmid, mutated S. Typhimurium species appeared to 

colonize and persist at relative rates; thus, indicating that the plasmid’s main effect is 

pathogenicity as opposed to basic growth (Noel et al., 2010). 

 

Antibiotic Resistance and TolC receptors 

Non-typhoidal Salmonella strains are widespread and have a multitude of hosts and 

reservoirs: humans, soil, intestinal tracts of animals, and water. There is increasing concern at the 

high numbers of animal-associated strains cultured from foodborne outbreaks or human illnesses, 

many of which demonstrate antibiotic resistance. Antibiotic resistance in bacteria is either 

intrinsic or acquired. Acquired resistance has been attributed to mutations and/or horizontal gene 

transfer events. Antibiotic resistance expresses itself through antibody-destroying enzymatic 
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production, to efflux systems preventing antibiotic activity within the cell, to modifications to the 

drug’s target site, to production of bypass pathways to avoid the antibiotic completely (Bakry et 

al., 2014).  

Discovered in the 1980’s, S. Typhimurium Type 104 [DT 104] was the first established 

Salmonella serovar to develop multi-drug resistance.  Furthermore, Salmonella Newport has 

demonstrated multi-drug resistances to multiple first and second line antibiotics (Parvathi, 2011). 

It seems that the multi-drug resistance of S. Newport is 18 times more highly associated in 

bovine origin than in human isolates; however, this serovar can still be confer pathogenicity into 

human hosts (Hoelzer, 2010). More alarmingly, the number antibiotic resistant Salmonella 

strains have increased significantly in the meat/poultry industry where antibiotics are oftentimes 

used to control endemic infections (Boonmar et al., 1998). The rise in antibiotic resistant bacteria 

is attributed to the widespread use of antibiotics in nonhuman niches, especially in its liberal 

application in food-producing animals, feeds, and lots (Martinez and Baquero, 2002). To provide 

an avenue for identification and tracking of drug resistant strains, the National Antimicrobial 

Resistance Monitory System [NARM] was developed in 1996 through the combined efforts of 

the FDA, CDC, and USDA (Montville & Matthews, 2008).  

 Present in both S. Typhimurium and S. Newport the TolC genes encode for an outer 

membrane channel. It is part of a set of multidrug efflux pumps, constituted as a transporter exit 

duct, which contribute to multidrug resistances by expelling antibacterial agents from within the 

pathogen. Thus, antibiotic resistance increases and antimicrobial agents introduced into the 

system are rendered useless (Stegmeier et al., 2006; Zgurskaya & Nikaido, 2000; Poole, 2002). 

The transporters not only exclude antibiotics, but also distribute waste products and infective 

proteins into the host (Horiyama et al., 2010). Studies conducted by Horiyama et al. (2010) have 
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demonstrated that mutated TolC genes can increase susceptibility of the organism to infection; 

this has yet to be repeated. While it has been extremely difficult to attenuate the virulence of any 

strain of S. Newport, the antibiotic resistant TolC genes and corresponding receptors has been 

successfully altered and attenuated (Barak et al. 2011). 

 Ultimately, the genes chosen for this project are considered imperative for bacterial 

pathogenesis. By demonstrating that with these attenuations, bacterial growth within the host can 

still be mimicked, then these attenuated strains may possibly be used in the field to further 

imitate and demonstrate Salmonella persistence and pathogenesis from soil to plant to table. 
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ABSTRACT 

Fresh market tomatoes have been associated with 15 multistate Salmonella outbreaks 

between 1973 and 2010. While, S. enterica survival has been studied in tomato plants, field 

studies have been limited. To understand pathogen growth and survival, in crop fields, surrogate 

or attenuated organisms must be developed and validated. The purpose of this study was to 

compare the growth and survival of seven attenuated S. enterica Typhimurium and Newport 

strains against virulent strains S. Typhimurium ATCC14028 and S. Newport J1892 in optimum 

(TSB and TSB+kan) and minimal M9 growth media, and in commercial, red ripe tomatoes. 

Bacterial growth in media was assessed via BioScreen. Tomatoes were separately inoculated 

with 7 Log CFU/g of each isolate via vacuum infiltration, surface spot inoculation, or diced 

inoculation. Populations of each strain were determined on Days 0, 1, 3, and 5. In media, there 

were few differences in overall growth and growth rates between mutant isolates and wild-type 

(P<0.05).  Growth in M9 was less (P<0.01), while growth rates were higher (P<0.01) than in 

TSB. In tomatoes (per treatment), there were no significant differences between growth rates of 

each isolate compared to WT (P>0.05); however, Salmonella strains in diced tomatoes had a 

higher growth rate than that in spot treated tomatoes (P>0.05).  The growths of all the isolates in 

tomatoes indicated that under the tested conditions, isolates acted similarly to their WT 

counterparts. Thus, these strains may be able to be used as surrogate organisms in field studies.  
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INTRODUCTION 

 

 There are an estimated 9.4 million cases of foodborne illnesses annually in the United 

States. Salmonella enterica is the leading bacterium associated with these illnesses, accounting 

for 1.2 million bacterial foodborne illnesses each year (Scallan et al., 2011). Recently, there has 

been an increasing trend of Salmonella enterica spp. outbreaks associated with fresh produce 

(CDC, 2009; Lynch et al., 2009). Salmonella linked contamination of raw tomatoes has been 

attributed to 15 multistate outbreaks between 1973 through 2010; 12 outbreaks having occurred 

since 2000 (FDA, 2013).  Tomatoes are the second-highest value market vegetable, and the 

“fourth most popular fresh-market vegetable” (Bernstein, 2007; Boriss et al., 2005; CSPI, 2007; 

USDA ERS, 2014). Many tomato recalls are still due to the possibility of Salmonella enterica 

contamination (FDA, 2014). Two of the most common S. enterica serovars associated with 

tomato outbreaks are Typhimurium and Newport, (Zheng et al., 2013).   

 Produce can become contaminated through many pathways. Contamination may occur 

from soil, water, handling, processing, or may even be inherited from each flowering generation 

(Zheng, 2013). The association of foodborne pathogens, including Salmonella, with tomatoes 

and tomato plants is a very complex process influenced by a multitude of factors including 

temperature, pH, soil type, plant cultivar, plant maturity, and even serovar type (Zhuang et al, 

1995; Barak et al., 2008; Gu et al., 2013; Gu et al., 2011; Gu et al., 2008; Zheng et al., 2013). In 

recent years, partially due to increased numbers of (multi-drug) antibiotic resistant Salmonella 

serovars, the need to identify and understand Salmonella invasion and colonization of fresh 

produce from farm-to-table has become more pronounced.  
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Due to the virulent nature of these pathogens, research must be confined to a controlled 

Biosafety Level 2 research laboratory. This limitation makes it difficult to transfer discovery to 

real world situations in the field or in the processing plant unless otherwise quarantined. One 

approach for overcoming this obstacle is to use indicator or non-virulent, attenuated surrogate 

organisms “to imitate the survival of microbial pathogens in fresh produce” instead of the 

virulent pathogen (James et al., 2006).  

 Attenuated isolates of the clinically virulent S. Typhimurium ATCC 14028 and field-

isolated virulent S. Newport J1892 have been produced through point mutations or deletions of 

virulence-associated genes and have been previously described (Noel et al., 2010). The virulence 

pathogenicity of Salmonella can be found in a collection of chromosomal pathogenicity islands, 

genomic islands, and virulence plasmids (Rhen et al., 2007). The pSLT virulence plasmid is often 

associated with virulence and antibiotic resistance (Montville & Matthews, 2008). The agf 

operons found in a common ancestor of both Salmonella and Escherichia coli (Fronzes et al., 

2008; Townsend et al., 2001) is also extensively studied with two divergent operons, the agfBAC 

complex and the agfD complex. The agfB and agfC genes, controlled by the agfBAC operon, 

contribute specifically to fimbrial curli production, inflammation response within the host, and 

biofilm formation. Curli’s presence up-regulates the pro-inflammatory response in mammalian 

hosts leading to extensive bleeding and septic shock. Conversely, the agfD complex gives rise to 

the bcs genes functioning in attachment, cellulose production, and biofilm formation to increase 

persistence of Salmonella within its host, and increase the pathogen’s tolerance to environmental 

stresses (Zogaj et al., 2001; Gualdi, 2008). The agfD complex also positively affects the yih 

operons leading to yihT and yihT-ompL gene expressions associated with encoding aldolase in O-

antigen capsule synthesis and translocation, while positively affecting pathogen attachment onto 
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plant tissue with aggregative fimbriae (Gibson et al., 2006; Zaragoza et al., 2012; Marvasi et al., 

2013). It has been discovered that the TolC genes encode for an outer membrane channel 

contributing to antibiotic resistance as multidrug efflux pumps by simply excluding and 

displacing antibiotics, antimicrobials, and proteins from within the cell (Horiyama et al., 2010; 

Barak et al., 2011).  

 The previously described attenuated isolates will be examined further in this study. The 

attenuated strains created in Noel et al. (2010) will be evaluated to determine whether any would 

be a suitable surrogate for use in field studies. The purpose of this study was to specifically 

assess whether the growth and persistence of these attenuated Salmonella isolates are comparable 

to wild-type Salmonella Typhimurium and Newport in vitro (in nutrient-rich and minimal 

media), and in vivo (in imported red tomatoes). By demonstrating that with these attenuations, 

bacterial growth within the host can still be mimicked, these attenuated strains may possibly be 

used in the field to further imitate and demonstrate Salmonella persistence and pathogenesis 

from soil to plant to table.  
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MATERIALS AND METHODS 

Bacterial Strains 

 Nine strains of Salmonella enterica serovars Typhimurium and Newport were used for 

this experiment. All isolates are described in Table 1. Briefly, two control strains, S. 

Typhimurium wild-type (WT) (ATCC 14028) and S. Newport WT (J1892; isolated from tomato-

related outbreak) were used. Six mutated S. Typhimurium (ATCC 14028) strains (described by 

Noel et al., 2010); BA770 (14028 pSLT-); JSG1748 (10428Δbcs::kan); TIM2260 

(14028ΔagfB36::kan); TIM2261 (14028ΔagfC37::kan); TIM2262 (14028ΔompL19::kan); 

TIM2263 (14028ΔyihT27::kan) (obtained from Dr. Max Teplitski from the University of 

Florida); and one attenuated S. Newport strain #17 (SeNΔtolC::kan) obtained from Dr. Jie Zheng 

at the FDA. S. Newport strain #17 (ΔtolC::kan) were used. Previously, 50 parts per million 

kanamycin (kan) resistance was conferred onto strains JSG1748, TI2260, TIM2261, TIM2262, 

TM2263, and SeN #17.  

Stored cultures were activated at 36ºC in Tryptic Soy Broth (TSB; BD and Company, 

Sparks, MD) or TSB + 50ppm kan (TSB+kan; Sigma-Aldrich, Saint Louis, MO) if kanamycin 

resistant. Each isolate was transferred consecutively into TSB or TSB+kan and also t-streaked 

three times onto Tryptic Soy Agar (TSA; BD and Company, Sparks, MD) or TSA + 50ppm kan 

(TSA+kan). Colonies from TSA or TSA+kan were then t-streaked and incubated at 36ºC onto 

Xylose-Lysine-Tergitol 4 (XLT-4; Remel Products, Lenexa, KS) to presumptively confirm 

genus. Presumptive positive colonies from XLT-4 plates (and from TSA+kan for JSG1748) were 

then confirmed to be S. enterica via biochemical testing with an API 20E Test Kit (bioMérieux, 

Inc., Durham, NC). Confirmed culture stocks were stored at 4°C and transferred weekly or bi-

weekly for the remainder of the experiments. Prior to each experiment, each culture was 



	  

	   32 

activated by transferring into 10 mL TSB or TSB+kan and incubated for 24 hr at 35°C three 

times consecutively to achieve an actively growing set of cultures 

 

Bioscreen Growth Curve 

 The growth of each strain was evaluated separately in two types of growth media: 

nutrient-rich media (TSB and TSB+kan) and minimal media (M9). Activated cultures were 

centrifuged at 6000 x g RPM for 10 minutes at 5°C, the supernatant was decanted, and cells were 

resuspended in 0.1% PW. Cells were washed twice more and resuspended in 0.1% PW. Washed 

cells were then serially diluted 1:10 in 0.1% PW. An aliquot of washed cells were then 

inoculated into fresh TSB, TSB+kan or M9 in Bioscreen honeycomb microwell plate (Bioscreen, 

Growth Curves, Piscataway, NJ) to achieve a final inoculation of 100 cells/well (200 µL final 

volume/well). Five wells were inoculated with each treatment (strain/media combination). 

Positive controls were the growth of both WT strains, and negative controls were wells of growth 

medium that were uninoculated, 

The plates were read in the Bioscreen C (Growth Curves USA, Piscataway, NJ) at 420 – 

540 nm wavelengths with readings taken every 15 minutes, with a 10 second shaking period 

prior to read for 48 hours (TSB and TSB+kan) or 72 hours (M9) at 36°C. Growth curve data was 

generated by the EZExperiment Software (Growth Curves, Piscataway, NJ). Three repetitions 

were conducted (n=15). 
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Inoculation and Treatment of Tomatoes 

 Whole tomatoes (cultivar Red Beef tomatoes imported from Mexico; 256.83 ± 0.96 g; pH 

4.38±0.05) were obtained no more than 24 hrs prior to use from a Kroger grocery store in 

Blacksburg, VA. Tomatoes were stored at room temperature 22°C (±3°C) overnight. Directly 

prior to treatment on the same day, tomatoes were sprayed with a 70% ethanol solution to reduce 

natural microbial load. Tomatoes were then thoroughly rinsed with sterile deionized water to 

remove any remaining ethanol and dirt particles. Tomatoes were placed into a laminar flow hood 

and allowed to air dry (t = 30 minutes).  

Each Salmonella enterica strain was inoculated in two types of tomatoes (diced or 

whole). Whole tomatoes were either spot or vacuum inoculated. Therefore, three treatments were 

examined (1. diced, 2. whole spot, or 3. whole vacuum). For each treatment, tomatoes were 

inoculated with 100 µL of 8 log CFU/mL inoculum. The positive controls were tomatoes 

inoculated with S. Typhimurium ATCC #14028 and tomatoes inoculated with S. Newport J1892. 

The negative controls were tomatoes inoculated with sterile 0.1% PW.  

 

Whole Vacuum Inoculated Tomatoes 

 Each tomato was inoculated at the stem scar with 100 µL of 8 log CFU/mL S. enterica 

strain (one tomato per strain). Tomatoes were immediately placed in the vacuum chamber and 

subjected to 0.01MPa of pressure for two minutes. The pressure was released to allow 

equilibration to atmospheric pressure. The vacuum-release cycle was repeated twice more for a 

total of three consecutive exposures to vacuum (t = 2 min per exposure). Finally, the tomatoes 
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were placed into individual sterile Whirl-Pak filtered stomacher bags (Whirl-Pak, Nasco, Ft. 

Atkinson, WI), sealed, weighed, then incubated at 22°C (±3°C) to mimic counter-top storage. 

 

Whole Spot Inoculated Tomatoes 

 Tomatoes were spot inoculated by dispensing 100 µL of 8 log CFU/mL S. enterica strain 

(one tomato per strain) in small drops within a 3 cm2 area around the blossom scar (10 – 15 

drops). Inoculum was allowed to dry (t = 20 minutes) before tomatoes were placed into 

individual sterile Whirl-Pak filtered stomacher bags, sealed, weighed, then incubated at 22°C 

(±3°) to mimic counter-top storage. 

 

Diced Tomatoes 

 Tomatoes were diced with a 70% ethanol cleaned knife into 1 x 1 x 1 cm cubes. 150 

grams were weighed and placed into separate Whirl-Pak bags. Inoculum was added directly to 

the bag by dispensing 100 µL of 8 log CFU/mL S. enterica strain (one strain per bag). Bags were 

sealed, and tomatoes were stored at 5°C (±0.5°C) to mimic refrigerator storage of cut tomatoes. 

The populations of each strain on the tomatoes were evaluated on Days 0, 1, 3, and 5. 

Three tomatoes per strain inoculated per day were tested on each day. The spot inoculation and 

vacuum inoculation treatments were both repeated three times each (n=9), and the diced tomato 

inoculation treatment was repeated four times (n=12). 
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Microbial Analysis of Tomatoes Samples 

On each sampling day, tomatoes were weighed, manually crushed, and homogenized in a 

stomacher (Easy Mix, AES Laboratories, Princeton) for two minutes. Tomato homogenates were 

diluted into 0.1%PW, and samples were spread plated in duplicate onto XLT-4, XLT-4+kan, 

TSA, and/or TSA+kan plates. S. Typhimurium ATCC 14028, S. Newport J1892, and S. 

Typhimurium BA770 were plated on XLT-4. All kanamycin resistant strains – excluding S. 

Newport #17 isolate  – were plated on XLT-4+kan; SeN#17 was plated on TSA+kan because its 

attenuation had disabled growth on XLT-4. Negative control samples were plated in duplicate on 

all four types of plates. All plates were incubated for 48 hr at 35°C. The growth of the nine 

Salmonella strains in tomatoes for the three in vivo treatments was performed in triplicate on four 

separate days. XLT-4 and XLT-4+kan plates were counted for Salmonella colony formation 

characterized by black colonies. Due to the addition of kanamycin antibiotic to TSA, white-

yellow colonies growing on TSA+kan plates were assumed to be SeN#17 colonies. 

 

Statistical Analysis 

The growth of the nine Salmonella strains in nutrient rich and minimal media was 

performed in duplicate and triplicate over 48 – 72 hours. Overall growth of strains was calculated 

using the trapezoidal rule of approximating definite integrals for the area under the curve (AUC). 

Data collected from the BioScreenC growth curve was analyzed with One-Way and Two-Way 

ANOVAs, with Tukey’s HSD (P<0.05) in JMP 10 (SAS Institute Inc., Cary, NC).  

 

Due to varying tomato weights, the tomato weights were normalized to maintain 

consistency of data among treatments. The linear growth rate  (Δ) and exponential growth rate 



	  

	   36 

(µ) constants of all nine Salmonella isolates in media were determined from the exponential 

growth phases of each isolate using growth rate constant equations found in Christian et al. 

(1982).  

Data from inoculation treatments was analyzed using One-Way and Two-Way ANOVAs, 

with Tukey’s HSD (P<0.05) in JMP 10. (both one-way and two-way). Growth rates and y-

intercepts of population densities were calculated by fitting a linear regression line to averaged 

growth curve data in Microsoft Excel 2010 (Microsoft, Seattle, WA). Correlation coefficients 

were determined with Pearson’s parametric or Spearman’s non-parametric correlation 

coefficients in JMP 10 (SAS, Cary, NC).  
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RESULTS 

Confirmation of Bacterial Cultures 

All Salmonella strains were presumptively confirmed on XLD agar (TSA+kan for S. 

Newport isolate SeN#17) and with biochemical API 20E tests. Presumptive confirmation of 

Salmonella on XLD agar was determined by growth of black colonies resulting from H2S 

utilization. Thereafter, Salmonella strains were routinely grown and confirmed on XLT-4, XLT-

4+kan, and TSA+kan agar plates. XLT-4 agar plates were used for presumptive confirmation of 

isolates ATCC 14028, BA770, and SeN J1892. XLT-4+kan plates were used for presumptive 

confirmation of S. Typhimurium strains TIM2260, TIM2261, TIM2262, TIM2263, JSG1748. 

Positive Salmonella growth was indicated by black colonies, sometimes with opaque zones of 

clearing. Confirmation of the SeN#17 isolate was determined on TSA+kan plates due to its 

inability to grow normally on XLT-4 agar; growth was indicated by uniform white-yellow 

colonies. Other bacterial growth was suppressed by the 50 ug/mL kanamycin in TSA. 

Uninoculated tomato homogenates were plated on TSA, TSA+kan, XLT-4, and XLT-4+kan to 

assess any background microflora growth on XLT-4 and in the presence of kanamycin; XLT-4 

plates and all plates supplemented with kanamycin had no growth, confirming that there were no 

kanamycin resistant bacterial strains endemic in tomatoes. All Salmonella isolates were 

confirmed in Steve Rideout’s lab via PCR amplification of the invA gene. 

 

Growth Curve and Survival of Strains in Media (in vitro) 

Each S. enterica strain was grown separately in three types of media: nutrient rich media 

(TSB and TSB+kan) and minimal media (M9). The areas under the curve [AUC] and growth 
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rates (linear and exponential) were calculated for each strain in each media. Figure 1 shows the 

growth curve of all Salmonella enterica strains in (a) TSB, (b) M9, and (c) TSB+kan. The AUC 

of all S. enterica strains in each growth medium (TSB, TSB+kan, and M9) is compared in Table 

2, and also shown in Figure 2: (a) TSB, (b) M9, and (c) TSB+kan.  

Two-Way ANOVA was performed to analyze the effects of strains and media types 

(nutrient-rich TSB and minimal media M9) on bacterial growth as well as interactions amongst 

main factors. The interaction between strain and media type is significantly different (P<0.01). 

Growth between the two media are significantly different from one another (P<0.01), with 

overall growth in TSB greater than M9; however, according to Pearson’s correlation coefficient, 

there is no correlation between TSB media growth and M9 media growth (r=0.17; P-value = 

0.12) implying that results obtained from both media types would not be comparable.  

 The strains grew well in nutrient-rich TSB media (Figure 2a). As seen in Table 2, growth 

of both Salmonella wild-type [WT] strains was not significantly different from one another 

(P=0.69). Growths of S. Typhimurium mutant isolates BA770, JSG1748, TIM2260, TIM2261, 

TIM2262, and TIM2263 were not significantly different from the WT ATCC14028 (P>0.05). 

Strains TIM2260, TIM2261, TIM2263, BA770 all grew significantly better than TIM2262 

(P<0.05), which had the least growth of the S. Typhimurium strains (AUC = 3030.12); while 

JSG1748 and TIM2262 grew similarly (P=0.93). TIM2262’s growth, however, was not 

significantly different from the WT (P>0.05).  Growth of both isolates of S. Newport, SeN J1892 

and SeN#17 were not significantly different from one another (P>0.05).  

In minimal M9 media, growth (Figure 2b) in all strains decreased dramatically compared 

to TSB (AUC = approx. 3000 to approx. 1500). Both Salmonella WT strains had significantly 

different AUCs (P=0.0026), with WT isolate ATCC14028 growing significantly better than 
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isolate SeN J1892 (P<0.10) (Table 2). TIM2263 grew significantly better than the mutants 

JSG1748, TIM2260, TIM2261, TIM2262 (P<0.01) and ATCC14028 (P<0. 01) isolates. Contrary 

to growth in TSB, TIM2260 and TIM2261 grew worse than TIM2262 (P=0.10) in M9 media. 

Unlike in TSB or TSB+kan, SeN#17 grew significantly better than S. Typhimurium TIM2261 

(P<0.05) in M9. SeN#17 (AUC = 1692.24) also grew significantly better than its wild-type 

counterpart SeN J1892 (AUC = 1307.96; P<0.01), demonstrating that there is a difference in 

growth between mutant strains and wild-type strains. All other isolates of S. Typhimurium were 

not significantly different from wild-type ATCC14028, except for TIM2263 (P<0.01). 

Two-Way ANOVA was also performed on overall strains in two similar media types 

(TSB and TSB+kan) to compare specific differences between kanamycin-resistant specific 

strains. The interactions between the media on the strains were significantly different (P<0.01). 

Growth of JSG1748, TIM2260, TIM2261, and TIM2263 in both media was similar (P=1.00). In 

media, these strains grew significantly better than isolate TIM2262 (P<0.01). SeN#17 grew 

similarly to JSG1748 (P=0.58) and TIM2262 (P=0.14); but grew significantly less than TIM2263 

(P<0.01), TIM2260 (P<0.01), TIM2261 (P<0.01). The analysis indicated there was a slight 

correlation between both AUCs (r = 0.2105; P=0.02). 

In nutrient-rich TSB+kan media (Figure 2c), none of the WT isolates nor BA770 grew 

which was expected since none were kanamycin resistant; AUCs of all WT isolates were not 

significantly different from each other (P=1.00). Comparison in TSB+kan media was between 

kanamycin resistant strains. Again, S. Typhimurium strain TIM2262 (AUC=3020.19) grew 

significantly less than all the other S. Typhimurium strains, including TIM2260, TIM2261, 

TIM2263, and JSG1748. (P<0.05). Growing very similarly, isolates TIM2260, TIM2261, and 

TIM2263 had the highest levels of growth. On the other hand, as with TSB media, SeN#17 
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(AUC = 3066.66) and TIM2262 (AUC = 3020.19) grew similarly; however, both grew 

significantly less than other Salmonella strains (P<0.01). 

 

Linear and Exponential Growth Rates of Strains in Media (in vitro) 

	   The linear growth rate (Δ) and exponential growth rate (µ) of all nine Salmonella isolates 

in media were determined from the exponential growth phases of each isolate using equations 

found in Christian et al., 1982. Growth rates are depicted in Table 3: A) Linear Growth Rate, B) 

Exponential Growth Rate.  

Two-Way ANOVA was performed to analyze the effects of strains and media types 

(nutrient-rich TSB and minimal media M9) on growth rates as well as interaction amongst main 

factors. The interaction between strain and media type for linear (P<0.03) and exponential 

(P<0.02) growth rates are significantly different. The linear growth rate between the two media 

was not significantly different (P=0.11); whereas, the exponential growth rate between the two 

media was significant (P<0.01), with growth rate in M9 greater than in TSB. According to 

Pearson’s correlation coefficient, there are no correlations between TSB media linear and 

exponential growth rates, and M9 media linear and exponential growth rates (linear: r = -0.26; P-

value = 0.31; exponential: r = -0.33; P-value = 0.19) implying that results obtained from both 

media types would not be comparable.  

The linear and exponential growth rates of Salmonella strains in TSB were noticeable. As 

seen in Table 3, the linear and exponential growth rates of both Salmonella wild-type [WT] 

strains were not significantly differently from one another (P = 0.6; P = 0.10). The linear growth 

rate of S. Typhimurium mutant isolates BA770, JSG1748, TIM2260, TIM2261, and TIM2263 

was not significantly different from WT ATCC14028 (P>0.05) (Table 3a). TIM2260 had the 
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greatest linear growth rate (Δ = 0.50±0.03), while TIM2262 had the slowest growth (Δ = 

0.30±0.03); the two isolates had significantly different linear growth rates (P<0.01).  Similarly, 

seen in Table 3b, S. Typhimurium mutant isolates BA770, JSG1748, TIM2260, TIM2261, and 

TIM2263 grew at similar exponential rates as ATCC14028, which grew the fastest (µ = 

0.16±0.01; P>0.1). As with the linear growth rate, TIM2262 also had the lowest exponential 

growth rate (µ = 0.09±0.01), and grew at a significantly lower rate than WT ATCC14028 

(P<0.01). Its growth rate was similar to JSG1748 (µ = 0.11±0.01), TIM2261 (µ = 0.12±0.01), 

TIM2263 (µ = 0.12±0.01), and SeN#17 (µ = 0.10±0.01) (Table 3b, P>0.11). Linear and 

exponential growth rates of S. Newport isolates SeN J1892 (Δ = 0.45±0.03; µ = 0.13±0.01) and 

SeN#17 (Δ = 0.39±0.03; µ = 0.11±0.01) were not significantly different (P=0.76; P=0.31).  

Growth rates in minimal M9 media, observed in Table 3, were greater than in TSB for 

both linear growth and exponential growth. Linear growth rate was higher in M9 media at Δ ≈ 

0.47±0.02, compared to TSB’s linear growth rate at Δ ≈ 0.43±0.01. The exponential growth rate 

increased significantly from µ ≈ 0.12±0.01 (TSB) to µ ≈ 0.18±0.01 (M9) (P<0.01). However, 

linear and exponential growth rates of Salmonella strains in media were not significantly 

different from each other nor the WT isolates (P>0.12). S. Typhimurium isolate growth rates 

were not significantly different from ATCC14028 (Δ = 0.54±0.09; µ = 0.21±0.03; P>0.21). In 

M9 media, TIM2261 had the lowest overall growth; this also corresponded with the lowest 

growth rates (Δ = 0.24±0.09; µ = 0.08±0.03). SeN J1892 (Δ = 0.47±0.09; µ = 0.20±0.03) and 

SeN#17 (Δ = 0.46±0.09; µ = 0.18±0.03) also had similar growth rates and were not significantly 

different (P<0.10).  

Two-Way ANOVA of growth rates was also performed on strains in two similar media 

types (TSB and TSB+kan) to compare specific differences between kanamycin resistant specific 
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strains. The interactions between the media on the growth rates of the strains were significantly 

different (P<0.01). Similar to the overall growth of strains, in nutrient-rich TSB+kan media, none 

of the WT isolates nor BA770 grew. Growth rates of all WT isolates were not significantly 

different from each other (P=1.00). Comparison in TSB+kan media was between ability to grow 

of kan-resistant strains, and thereby determine the growth rate of strains. Linear and exponential 

growth rates of TIM2260, TIM2261, and TIM2263 in both media were not significantly different 

(P>0.05). The fastest growing kanamycin-resistant isolates were TIM2263 (Δ = 0.50±0.02; µ = 

0.14±0.00) and TIM2260 (Δ = 0.44±0.02; µ = 0.10±0.00), followed by SeN#17 (Δ = 0.40±0.02; 

µ = 0.11±0.00). In both instances, TIM2262 not only had the lowest growth rate, but also was 

statistically different from both TIM2263 (P<0.01) and TIM2260 (Δ = 0.31±0.02; µ = 0.09±0.00; 

P<0.01). SeN#17 had a comparable linear growth rate to all S. Typhimurium isolates, including 

TIM2261 (P=0.99), JSG1748 (P=0.88), and TIM2262 (0.07). SeN#17 had a significantly lower 

exponential growth rate than TIM2263 (P<0.01), but was otherwise similar to JSG1748 

(P=0.97), TIM2260 (P=0.49), TIM2261 (P=1.00), and TIM2262 (P=0.09). There are no 

correlations between TSB and TSB+kan media linear and exponential growth rates. (Linear: r = - 

0.12; P-value = 0.57; Exponential: r = -0.38; P-value = 0.06) implying that results obtained from 

both media types would not be comparable. 

 

Growth Rate of Salmonella Strains in Tomato 

The survival of each strain in three types of tomatoes was evaluated: diced inoculation, 

vacuum inoculation, and spot inoculation. The growth rates and y-intercepts of Salmonella 

isolates were calculated and compared (Table 4). Figure 3 shows the growth curves of all 

Salmonella enterica isolates in tomatoes during various treatments (a) diced inoculation, (b) spot 
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inoculation, and (c) vacuum inoculation. Growth rates and y-intercepts of all Salmonella isolates 

– except SeN#17 – are comparable because enumeration was performed on XLT-4 or XLT-

4+kan plates; SeN#17, however, was enumerated on TSA+kan plates. Due to this plate 

difference, the recovery rate of SeN#17 may actually be very different than isolates grown on 

XLT-4 and XLT-4+kan plates. Despite the differences, for this project, all isolates will be treated 

equally. 

A two-way ANOVA to determine the interactions among the growth rates for the three 

treatments and nine strains was analyzed. There were no interactions between strain and 

inoculation methods (n=17; P>0.88). However, there was a difference in the growth rates among 

treatments (n=3; P=0.0058). The diced treatment growth rate (n=34, 0.82±0.07) was significantly 

higher than spot treatment growth rate (n=27; 0.49±0.62; P>0.05). Neither was significantly 

different from the vacuum treatment growth rate (n=27; 0.62 ±0.62; P=0.13 against diced, and 

P=0.42 against spot). Shown in Table 4, there were no significant differences among the growth 

rate of the strains in each treatment (n=9; P>0.23). However, in vacuum treatment, and spot 

treatment, TIM2261 did have lower growth rates than the other strains (vacuum: 0.53±0.08; spot: 

0.33±0.20).   

Another two-way ANOVA was used to determine the y-intercept interactions of the 

strains and treatments to ascertain that all strains were not only inoculated similarly, but to 

determine their initial growth.  There was no significant interaction between the strain and 

inoculation method (n=17; P=0.47). Differences in y-intercepts among the strains were observed 

(n=9; P=0.01). In fact, SeN#17 had the highest y-intercept of all the strains (b=3.93); which is 

significantly higher than its wild type strain SeN J1892 (b=3.93±0.19; P=0.01). In fact, this 

difference is significantly observable in a greater y-intercept of diced inoculation SeN#17 
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(b=4.64±0.28; P=0.04). Mostly, the y-intercepts for all other S. Typhimurium isolates between 

strains were not significantly different from ATCC14028. In diced tomatoes, isolate TIM2260 

(2.81±0.28) was significantly different from TIM2262 (4.20±0.28; P<0.05). The y-intercepts 

were also significantly different between diced, spot, and vacuum inoculation treatments (n=3; 

P<0.0001). Vacuum treatment saw the greatest y-intercept (n=27; b=4.01±0.11) difference and 

was significantly greater than both diced treatment (n=35; 3.43±0.10; P=0.0015), and spot 

treatment (n=27; 1.89±0.12; P<0.01). The y-intercept for diced inoculation was also significantly 

higher than spot inoculation (P<0.01).  

Spearman’s non-parametric correlation was conducted to determine correlation of growth 

rates, and y-intercepts among different inoculation treatments. Spearman’s non-parametric 

correlation (ρ) of growth rate indicated that there were no correlations between any of the growth 

rates and treatments: between spot inoculation and diced inoculation (ρ = 0.30; P=0.14); vacuum 

inoculation and diced inoculation (ρ = -0.08; P=0.71); and vacuum inoculation and spot 

inoculation (ρ = -0.0037; P=0.99). Additionally, no correlations were found between y-intercepts 

and inoculation methods, either: spot treatment and diced treatment (ρ = -0.23; P = 0.26); 

vacuum treatment and diced treatment (ρ = -0.1289; P=0.5302); and vacuum treatment and spot 

treatment (ρ =0.08; P=0.69).   
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DISCUSSION 

  Prior to this study, much of the research pertaining to Salmonella contamination of 

tomatoes, with wild-type isolates and also mutant strains, had been conducted on the tomato fruit 

or the tomato plant. This project is the first to measure and observe the differences of specific 

attenuated Salmonella isolates in different growth media in different growth media. Additionally, 

this project contributes and affirms results previously obtained regarding these strains and other 

tomato-related projects (Gu et al., 2011; Gu et al., 2013; Noel at al., 2010; Zheng et al., 2013). 

 Salmonella isolates were grown in different media to determine their ability to grow since 

the media could be cursory representatives of substrate. Nutrient-rich TSB promotes the growth 

of Salmonella, while minimal media M9 mimics the real-life scenarios of nutrient depravation, 

or the natural environmental reservoirs that Salmonella could be found in. Significant 

interactions between TSB and M9 media on strains, demonstrates the fitness and utilization of 

media by isolates. The lack of correlation between both growth and strain type, and growth rate 

and strain type, was not expected because there is correlation between the two types of nutrient-

rich broths. The results may have been due to human error and may need to be examined further.  

 As cursorily demonstrated by Noel et al. (2010) in tomatoes, bacterial growth in nutrient 

rich TSB was not significantly different between the various S. Typhimurium mutant isolates 

evaluated in this study and wild-type ATCC14028. In addition, the growth rate constants of the 

strains were not too dissimilar from one another and the wild-type S. Typhimurium. In fact, 

isolates TIM2260, TIM2261, and TIM2263, while demonstrating the most significant growth, 

also had the fastest growths and highest growth rate constants. This reinforces previous studies 

establishing that the genes responsible for virulence are specifically interactive within a tomato 

host and the genes are independent of Salmonella growth and survival (Noel et al., 2010; Barak 
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et al, 2005). However, TIM2262 (ΔompL), while not significantly different from the WT, had a 

lower overall growth than the other mutant strains. With its overall lower growth, TIM2262 also 

demonstrated a much lower linear growth constant. In a previous study, TIM2262, while not 

significantly different from WT ATCC14028, also displayed a decreased competitive fitness in 

nutrient-rich media (Noel et al., 2010).  SeN#17’s overall growth and growth rate was similar to 

S. Newport J1892 in TSB, which could indicate that the isolate’s lack of efflux pumps did not 

significantly impact how well the bacteria grew. Additionally, it is likely that growth rate can 

positively predict the overall growth of Salmonella.   

Overall growth in minimal media was significantly lower than for growth in nutrient rich 

media. An earlier study looking at the effects of minimal media utilization with varying glucose 

concentrations of Salmonella ATCC14028 demonstrated higher levels of growth and increased 

growth rates with the addition of more nutrients (Burge et al., 1987). As observed in Figure 1B, 

not only is the lag phase longer in minimal media, the exponential phase, too, is considerably 

shorter (Burge et al., 1987). Despite Burge et al.’s study demonstrating a positive correlation 

between higher nutrient concentrations with higher growth rates, exponential growth rate 

constants in minimal M9 media were significantly higher than in nutrient-rich TSB, while linear 

growth rate constants were similar to nutrient-rich TSB. This may be due to the organism’s 

ability to quickly adapt to a natural environment given the constraints; additionally, this further 

supports the theory that the mutated genes do not affect the ability of Salmonella spp. to growth 

and persist. Conversely, this difference should be studied further. 

Of the S. Typhimurium isolates, the AUC value of TIM2263 in M9 is significantly higher 

than that of JSG1748, TIM2260, TIM2261, TIM2262, and wild-type ATCC14028. Although the 

agfD genes control both TIM2262 and TIM2263, TIM2262 may have experienced diminished 
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growth because mutating the entire ompL gene may have triggered a larger survival affect than 

mutating only the TIM2263 yihT gene, which is located upstream. The lower AUC values of 

TIM2262 may also indicate that the ompL gene does play a greater role in basic survival, and 

mutated yihT-ompL Salmonella isolates may be slightly disadvantaged in normal environmental 

reservoirs. As demonstrated in this study and in other tomato studies, mutants “lacking the entire 

yihT-ompL operon persisted similarly to WT inside red ripe tomatoes”; however, it’s expression 

in green tomatoes results in pathogenesis and persistence (Noel et al., 2010; Teplitski et al., 

2012; Zaragoza et al., 2012). As such, this is only pertinent to tomato persistence through 

aggregative fimbriae and capsule biosynthesis capabilities for plant surfaces, but may be affected 

in media growth. Additionally, the AUC and growth rates of isolate TIM2261 in M9 media were 

observably lower than in nutrient-rich TSB. Previous research data has also indicated that while 

the competitive fitness is lowered in agfB and agfC mutated genes in nutrient rich media, it was, 

as seen, not significantly different (Noel et al., 2010). However, if places in an environmental 

reservoir, it is likely that these genes which would normally code for biofilm formation, curli 

production, and inflammation has a diminished function, and that these genes are also necessary 

for survival in stressful conditions. 

SeN#17’s ability to survive significantly better in media than WT SeN J1892 may be 

affected by its mutation. SeN#17’s mutation occurs in the deletion of its efflux pumps, perhaps 

due to the inability of its pumps, the isolate is instead able to utilize all the nutrients available 

within the M9 media, versus its WT SeN J1892 that would be able to discriminate between 

nutrients available.  

Finally, comparison of fitness for attenuated strains is imperative to observe minute 

differences. The interactions between both types of media and strains were significantly different 
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due to many of the strains not having kanamycin resistance. As indicated previously in 

kanamycin resistant isolates, JSG1748, TIM2260, TIM2261, and TIM2263 not only had good 

overall growth and higher growth rates, but isolate TIM2262’s decreased growth and lower 

growth rate exemplified positive relationships between growth rate and overall growth, and 

further demonstrated gene yihT-ompL’s significance in S. enterica growth and survival in 

different substrates. Finally, mutant SeN#17’s lowered overall growth in TSB+kan, which was 

not observed in either non-kanamycin supplemented media types may be a testament of its 

reaction to the antibiotic. It is likely that there are other conditions affecting its ability to discern 

antibiotic from nutrients.   

  

 The survival and persistence of Salmonella within tomatoes and tomato plants has been 

extensively studied (within the leaves, internalization through stomata, on the surface of tomato, 

between Salmonella serovars, and between tomato cultivars) (Barak et al., 2005; Barak et al., 

2011; Gu et al., 2011; Gu et al., 2013; Noel et al., 2010; Zaragoza et al., 2012; Zheng et al., 

2013). Indeed, the initial study by Noel el al. (2010) demonstrated that the isolates used in this 

study did not demonstrate significant differences in growth and persistence (fitness) compared to 

the wild-type strains when inoculated on “superficially wound[ed] surfaces” of ripe-red tomato 

fruits. This study confirms this, as the growth rates of the mutant strains were not significantly 

different from their wild-type counterparts (ATCC14028 or SeN1892) between the different 

treatments. Indeed, even at the lowered pH of 4.38, Salmonella survival has demonstrated 

remarkable recovery with its initial inoculation levels (Gu et al., 2011).  

However, as seen in Table 4, initial concentrations (y-intercept) among different 

treatments were observable (P < 0.05). It is possible that the strains do not colonize on the 
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tomatoes at the same starting concentrations. The strains inoculated in diced tomatoes had a 

significantly higher growth rate than spot treatment. Salmonella’s psychrotrophic abilities to 

continue to persist in colder temperatures allow for its continued persistence; however, acidity 

has been shown to enhance and contribute to Salmonella survival, especially at lower 

temperatures (Adelia et al., 1987; D’Aoust, 1991). In this case, diced tomatoes (pH ~ 4), were 

inoculated with Salmonella, then stored at 4°C and tested over 5 days. In other refrigerated 

substrates, Salmonella concentrations have been shown to increase by one-log within 24 hours 

(D’Aoust, 1991) as is comparable in this study with a one-log increase within 24 hours but no 

significant increases until Day 3. As expressed in D’Aoust’s (1991) and Adelia et al.’s (1987) 

studies, this increases concerns about the safety of refrigerated foods, especially in low-acid 

conditions with great nutrient availabilities (as seen in diced tomatoes). Prior to the beginning of 

the study, all isolates were confirmed to grow at 109 c/mL every day. All isolates were diluted 

and inoculated into the samples at same concentration.   

Both diced and spot treatments had similar growth rates as the vacuum inoculation 

treatment. Vacuum inoculation is used to mimic internalization of Salmonella spp. without the 

need of inoculating tomato plants at inception. As seen in Gu et al. (2011), internalized 

Salmonella spp. persisted and had higher recovery values than surface inoculated tomatoes. 

While the tomatoes were stored at 24°C or room temperature which is lower than the ideal 

Salmonella optimal growing temperature, Maitland et al. (2011) and Pollard et al.’s (2013) 

previous studies with vacuum inoculation to internalize S. enterica into tomatoes, demonstrated 

comparable recovery rates from within tomatoes. This study further confirmed Pollard’s findings 

of 5 Log CFU/g average recovery from SeN J1892 vacuum inoculated tomatoes. Additionally, 

internalized Salmonella survives better than surface colonized Salmonella even when 
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contamination occurs prior to fruit production (Gu et al., 2011). All the strains grew at the same 

rates in vacuum inoculated tomatoes, thus allowing them all to be potential candidates for further 

studies.  

The average growth rate of Salmonella strains in spot inoculated tomatoes was 

significantly lower than that in diced inoculated treatment (P<0.01). Methodologies of spot 

inoculations vary between studies: some studies inoculate isolates on the stem scar (Maitland et 

al., 2013), while other studies (Lang et al., 2004) inoculate on the blossom scar. Inoculation on 

the stem scar would be similar to inoculation via wounded surface (Noel et al., 2010), which 

with these specific strains demonstrated no significant differences in growth rate. On the other 

hand, this study inoculated on the blossom scar (stem scar down) thus mimicking a supposedly 

impenetrable, waxy surface that is not ideal for Salmonella persistence. The inability to 

distinguish between recovery from the surface versus what may have become internalized or 

penetrated into the tomato was a limitation in this study and could be explored / addressed for the 

future. Separation of peel from fruit, and enumeration of isolates, will further explore the 

internalization capabilities of certain strains via expressed genes.  

Not only is growth rate important, but also the y-intercept (inoculation concentration) 

was observed; and as mentioned before, there were differences in the initial inoculation 

concentration at Day 0 between strains. As had been cursorily reported before in Noel et al. 

(2010), for S. Typhimurium isolates, none were significantly different from ATCC14028. 

SeN#17 had the highest initial concentration of all isolates, even when compared with wild-type 

SeN J1892. TIM2261 also had lowered growth rate values than the other S. Typhimurium 

isolates; indeed, mutating the agfC gene may be detrimental to tomato survival, even if not 

significantly (Noel et al., 2013; Zaragoza, 2012; Barak et al., 2011). Theoretically speaking, 
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SeN#17 should not have had a higher initial concentration than all other isolates. Because the 

tolC gene is a multi-drug efflux pump that also pumps out any non-nutritive materials, perhaps 

since mutant SeN#17 is lacking the pumps; it instead, is able to utilize most components of the 

tomato upon interaction. Additionally, since SeN J1892 is perpetually indicted as a tomato-

related infectious agent, it is possible that a mutant strain would have similar if not worse 

colonization properties than the wild-type strain (Horiyama, 2011). In fact, deleting the TolC 

gene may be generally detrimental to basic Salmonella survival in vivo. 

As observed, and unexplainable, there were no correlations between the growth rates and 

the inoculation treatments; nor was there any correlation between y-intercepts and inoculation 

treatments. Another confounding and unexpected factor is that while there wasn’t any correlation 

between nutrient-rich media, minimal media, and growth; there was correlation between the two 

types of nutrient-rich media.  

In conclusion, while the strains mostly grew and persisted at the same rate, due to slight 

variations, some strains should be studied further to determine positive and/or negative 

interactions before being further tested, including SeN#17, TIM 2261, and TIM 2262. SeN#17 

persisted quite variably in vivo and in vitro, while TIM2261 persisted differently in minimal 

media versus nutrient rich media, and TIM2262 continually demonstrated decreased fitness when 

compared to the other strains. 
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TABLES & FIGURES 

Table 1. Salmonella isolates used in experiment. 
 Strain Origination Function 

S. Typhimurium 
(SeT)   

ATCC 14028 Virulent wild-type 
strain   

BA770 14028 pSLT-  Virulence plasmid 
JSG 1748 14028 ∆bcs::kan  Cellulose and biofilm 

secretion 
TIM2260 14028 ∆agfB36::kan  (a) Curli production 

(b) Inflammation 
(c) Biofilm 

formation 

TIM2261 
14028 ∆agfC37::kan  

TIM2262 14028 ∆ompL19::kan  (a) O-antigen 
capsule 

(b) attachment 
TIM2263 14028 ∆yihT27::kan  

S. Newport (SeN)    
SeN J1892 Virulent clinical 

strain   

SeN #17 SeN ∆tolC::kan  Multi-drug efflux pumps 
  

 

  



	  

	   56 

Table 2. Area under the curve [AUC] for Salmonella strains grown in TSB, 
TSB+kan, and M9 media.  

 Strain TSB1,2 TSB+kan1,3 M91,4 

S. 
Typhimurium    

ATCC 14028 WT 3141.92 ± 413.91abc 445.15 ± 29.21d 1539.51 ± 197.61bcd 

BA770 ∆pSLT- 3271.90 ± 171.09a 466.09 ± 51.52d 1620.21 ± 154.16abc 

JSG 1748 ∆bcs 3236.12 ± 137.50ab 3194.29 ± 193.54b 1403.16 ± 196.88de 

TIM2260 ∆agfB 3369.76 ± 148.00a 3247.65 ± 95.03ab 1478.68 ± 103.53cde 

TIM2261 ∆agfC 3346.43 ± 78.98a 3257.59 ± 116.46ab 1418.77 ± 147.62cde 

TIM2262 ∆ompL 3030.12 ± 228.75bc 3020.19 ± 111.57c 1480.49 ± 114.45cde 

TIM2263 ∆yihT 3313.58 ± 110.79a 3331.80 ± 99.75a 1788.35 ± 39.99a 

S. Newport     

J1892 WT 3005.25 ± 193.33c 444.86 ± 38.74d 1307.96 ± 120.68e 

SeN #17 ∆tolC 3206.01 ± 105.47abc 3066.66 ± 90.43c 1692.24 ± 106.84ab 

 Media 
(Control) 476.73 ± 28.52d 463.64 ± 21.16d 317.85 ± 8.99f 

Columns with different superscript letters are significantly different. 
1 One-way ANOVA; Tukey’s HSD; p<0.05 
2 Number of replicates: ATCC 14028 (n = 10), media (n = 14), all other strains (n = 15)  

3 Number of replicates: SeN#17 (n = 11), media (n = 14), all other strains (n = 15) 
4 Number of replicates: all strains and media (n = 10) 

  



	  

	   57 

Table 3. Growth Rates for Salmonella strains grown in TSB, TSB+kan, and M9 
media: (A) Linear Growth Rate; (B) Exponential Growth Rate.  
	  

(A) Linear Growth Rate (Δ) 
 

 Strain TSB1,2 TSB+kan1,2 M91,2 

S. 
Typhimurium    

ATCC 14028 WT 0.50 ± 0.03a 5.55e-17±0.02d 0.54 ± 0.09a 

BA770 ∆pSLT- 0.42 ± 0.26ab 0.00±0.02d 0.56 ± 0.09a 

JSG 1748 ∆bcs 0.42 ± 0.26ab 0.36 ± 0.21bc 0.32 ± 0.09a 

TIM2260 ∆agfB 0.50 ± 0.26a 0.44 ± 0.02ab 0.56 ± 0.09a 

TIM2261 ∆agfC 0.43 ± 0.26ab 0.39 ± 0.02bc 0.24 ± 0.09a 

TIM2262 ∆ompL 0.30 ± 0.26b 0.31 ± 0.02c 0.52 ± 0.09a 

TIM2263 ∆yihT 0.43 ± 0.26a 0.5 ± 0.02a 0.56 ± 0.09a 

S. Newport     

J1892 WT 0.45 ± 0.26a 5.55e-17 ±0.02d 0.47 ± 0.09a 

SeN #17 ∆tolC 0.39 ± 0.26ab 0.40 ± 0.02abc 0.46 ± 0.09a 

Columns with different superscript letters are significantly different. 
1 One-way ANOVA; Tukey’s HSD; p<0.05 

2 TSB and TSB+kan (n = 3), M9 (n = 2) 

 

  



	  

	   58 

(B) Exponential Growth Rate (µ) 
 
 Strain TSB1,2 TSB+kan1,2 M91,2 

S. 
Typhimurium    

ATCC 14028 WT 0.16 ± 0.01a 4.16e-17±0.01d 0.21 ± 0.03a 

BA770 ∆pSLT- 0.13 ± 0.01ab 1.39e-17±0.00d 0.23 ± 0.03a 

JSG 1748 ∆bcs 0.12 ± 0.01ab 0.10 ± 0.00bc 0.15 ± 0.03a 

TIM2260 ∆agfB 0.14 ± 0.01ab 0.12 ± 0.00ab 0.21 ± 0.03a 

TIM2261 ∆agfC 0.12 ± 0.01ab 0.11 ± 0.00 bc 0.08 ± 0.03a 

TIM2262 ∆ompL 0.09 ± 0.01ab 0.09 ± 0.00c 0.21 ± 0.03a 

TIM2263 ∆yihT 0.12 ± 0.01ab 0.14 ± 0.00a 0.21 ± 0.03a 

S. Newport     

J1892 WT 0.13± 0.01ab 0.00±0.00d 0.20 ± 0.03a 

SeN #17 ∆tolC 0.11 ± 0.01ab 0.11 ± 0.00bc 0.18 ± 0.03a 

Columns with different superscript letters are significantly different. 
1 One-way ANOVA; Tukey’s HSD; p<0.05 

2 TSB and TSB+kan (n = 3), M9 (n = 2) 
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Table 4. Statistical analysis of parameter estimates for the growth of Salmonella 
strains in treatments  

Treatment Strain Slope ((log CFU/g)*day-1) Intercept (log 
(CFU/g)) 

Diced Treatment1,2 

 (P=0.3715) (P>0.0009) 
S. Typhimurium   

ATCC 14028 0.77 ± 0.29a 3.15 ± 0.33bc 
BA770 1.01 ± 0.25a 2.98 ± 0.28bc 

JSG 1748 1.03 ± 0.25a 3.14 ± 0.28bc 
TIM2260 1.04 ± 0.25a 2.81 ± 0.28bc 
TIM2261 1.18 ± 0.29a 2.88 ± 0.33bc 
TIM2262 0.32 ± 0.25a 4.20 ± 0.28ab 
TIM2263 0.73 ± 0.25a 3.84 ± 0.28abc 

S. Newport   
J1892 0.74 ± 0.25a 3.26 ± 0.28bc 

 SeN #17 0.52 ± 0.25a 4.64 ± 0.28a 

Vacuum Treatment1,3 

 (P=0.3818) (P=0.128) 
S. Typhimurium   

ATCC 14028 0.68±0.08a 3.75±0.24a 
BA770 0.75±0.08a 3.62±0.24a 

JSG 1748 0.61±0.08a 3.97±0.24a 
TIM2260 0.73±0.08a 3.73±0.24a 
TIM2261 0.53±0.08a 4.19±0.24a 
TIM2262 0.63±0.08a 4.38±0.24a 
TIM2263 0.50±0.08a 4.01±0.24a 

S. Newport   
J1892 0.64±0.08a 3.81±0.24a 

SeN #17 0.52±0.08a 4.62±0.24a 
  (P=0.6793) (P=0.5976) 

Spot Inoculation1,3 

S. Typhimurium   
ATCC 14028 0.61±0.20a 1.59±0.46a 

BA770 0.62±0.20a 1.51±0.46a 
JSG 1748 0.54±0.20a 1.63±0.46a 
TIM2260 0.63±0.20a 1.84±0.46a 
TIM2261 0.33±0.20a 2.63±0.46a 
TIM2262 0.52±0.20a 1.74±0.46a 
TIM2263 0.40±0.20a 1.93±0.46a 

S. Newport   
J1892 0.63±0.20a 1.63±0.46a 

SeN #17 0.13±0.20a 2.52±0.46a 
Columns (by treatment) with different superscript letters are significantly different. 

1 One-way ANOVA; Tukey’s HSD; p<0.05 
2 ATCC14028 (n = 3), all other strains (n = 4) 

3 n = 3  
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Figure 1. Growth Curves of Salmonella strains in various media: (A) TSB; (B) M9; 
(C) TSB+kan 
	  

(A) TSB 
 

 

(B) M9 
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(C) TSB+kan 
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Figure	  2.	  AUC	  of	  Salmonella	  isolates	  in	  each	  type	  of	  media:	  (A)	  TSB;	  (B)	  M9;	  (C)	  
TSB+kan.	  	  
 

(A) TSB 

 

Isolates with different superscript letters are significantly different; One-way ANOVA; Tukey’s HSD; 
p<0.05 
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(B) M9 

 

Isolates with different superscript letters are significantly different; One-way ANOVA; Tukey’s HSD; 
p<0.05 

 

 

(C) TSB+kan 

 

Isolates with different superscript letters are significantly different; One-way ANOVA; Tukey’s HSD; 
p<0.05 
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Figure 3. Growth Curves of Salmonella strains in tomatoes under various 
treatments: (A) Diced Inoculation; (B) Spot Inoculation; (C) Vacuum Inoculation. 
 

(A) Diced Inoculation 
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(B) Spot Inoculation 

 

 
 

(C) Vacuum Inoculation 
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Chapter 4: Conclusion 

 

Ultimately, the goal of this study is to determine if the growth and persistence of 

Salmonella serovars Typhimurium and Newport mutated isolates was similar to their WT 

counterparts. For the most part, many of the isolates do grow comparably to their WT 

strain. If only the growth rate of isolates within the different tomatoes treatments were 

considered, all isolates all grew very similarly. However, Salmonella strains are very 

condition dependent. Some strains will remain in certain phases of growth at varying 

times. When the growths of strains were compared in nutrient rich and minimal media, 

there was not much difference in overall growth; however, considerations must be taken 

depending on the media type. Minimal media, while mimicking an environmental 

reservoir, affected the growth and growth rates of TIM2261 and SeN#17 more than other 

isolates; additionally, S. Typhimurium isolates TIM2261 and TIM2262 had lower growth 

than the other isolates, which when translated into an environmental function may 

actually show decreased recovery rates.  

 A few limits of the study should also be taken into account. It might be beneficial 

to compare growth and persistence at two different temperatures, rather than the optimal 

growth temperatures that we chose in this study. Additionally, instead of inoculating at 7 

Log CFU/mL may not have mimic inoculation levels that would be seen in a field setting. 

An additional set of trials should be considered where the initial inoculation level is lower 

(4 Log CFU/mL).  

The inoculation methods that were chosen for this study were to mimic the most 

replicated methods from current research.  Additional inoculation methods could have 
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been explored such as observing the differences in the location of the spot inoculation 

treatments (blossom scar versus stem scar). Regardless of inoculation method, all 

tomatoes were analyzed using the same method.  For spot inoculated fruit, it may have 

been beneficial to separate the flesh from the tomato fruit and enumerate Salmonella 

from it separately.  This approach may have provided more information related to 

detection and recovery of Salmonella isolates. This could very well show how much 

Salmonella can be internalized with regards to the various strain mutations, too.  

 The future of this project is quite promising. As has been demonstrated, the 

growth and persistence of all the isolates in tomatoes (both in this study and in previous 

studies) indicate that the isolates are very similar to their WT. To ensure that strains are 

indeed attenuated, with no significant virulence, an animal study with zoonotic pigs could 

be performed. From there, strains that are truly identified as attenuated and having their 

virulence negated can be used as surrogate organisms in field studies. Future fieldwork 

with Salmonella strains can consist of full fieldwork (instead of in selected fields only) to 

determine Salmonella distribution, colonization, and persistence in tomato fields, in 

plants, and in the fruit itself.  


