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ABSTRACT 

Salmonella enterica serovar Typhimurium (S. Typhimurium) is an important human 

pathogen. The Centers for Disease Control and Prevention (CDC) estimates that 1,027,561 

people become ill with nontyphoidal Salmonellosis annually, and S. Typhimurium is one of 

the most common disease causing serovars. Quantification of the true number of cases of 

salmonellosis is hampered by the presence of a carrier state. These carriers are animals and 

humans that carry the pathogens for a variable period of time without showing any clinical 

signs. One of the biggest barriers to controlling and preventing salmonellosis in a population 

is identification of these carriers. Identifying these latent carriers of chronic infections is vital 

to preventing such disease transmission and creating avenues for novel control and 

treatments. 

In my dissertation research, we developed a cell culture model to study latent 

Salmonella infections. By activating human monocytes with retinoic acid and vitamin D3, 

we were able to isolate Salmonella from such cells 45 days after inoculation. We 

subsequently used this model to identify genes that were upregulated in this chronic infection 

model. We found that aceA, a gene that codes for isocitrate lyase, is significantly 

upregulated on days 10 and 30 post infection.  



 

 

Isocitrate lyase is part of the glyloxylate cycle. Some bacterial species have developed 

a mechanism to utilize acetone as a carbon source to synthesize tricarboxylic acid (TCA) 

cycle intermediates. This anaplerotic reaction allows organisms to conserve carbon and use 

alternative carbon sources. This cycle is one way in which bacteria can adapt and survive in 

an intracellular environment. This intracellular survival is key to latent infections persisting 

within a host. It is biologically plausible that, in order to survive in a latent state, S. 

Typhimurium would up-regulate genes that would facilitate intracellular survival.  

After establishing the cell culture model, we tested the hypothesis that aceA is 

upregulated in latent infections of S. Typhimurium in a mouse model. We orally challenged 

mice that were resistant to Salmonella infection, collected their feces, and collected tissue 

specimens at several time points up to 135 days post-challenge. These samples were cultured 

and tested using quantitative polymerase chain reaction (qPCR). The qPCR results showed 

that tissue samples from inoculated mice had increased aceA expression 95 days after 

challenge.  

Finally, we examined whether aceA expression could be detected in cattle lymph 

node samples. Supra-mammary lymph nodes from 40 dairy cattle and mesenteric lymph 

nodes from 100 culled cattle were sampled and submitted for culture and qPCR. None of the 

supra-mammary lymph nodes were positive for Salmonella via culture or aceA qPCR; 

however, 11 mesenteric lymph nodes showed increased aceA expression in qPCR compared 

to 5 culture positive lymph nodes. Further research is necessary, but these results 

demonstrate some of the advantages of using genetic primers to identify latent Salmonella 



 

 

infections in clinically normal cattle. In addition, the assay may be able to differentiate 

between latent and active salmonellosis and could be used to provide targeted drug delivery. 

  



 

 

GENERAL AUDIENCE ABSTRACT 

 Salmonella enterica serovar Typhimurium (S. Typhimurium) is an important human 

pathogen. Determining the true number of cases of salmonellosis is made more difficult 

because of the presence of a carrier state. These carriers are animals and humans that carry 

the pathogens for a variable period of time without showing any clinical signs. Identifying 

these latent carriers of chronic infections is vital to preventing such disease transmission and 

creating avenues for novel control and treatments. 

 In my dissertation research, we looked at genetic markers from an offshoot of the 

tricarboxylic acid (TCA) cycle, the glyoxylate pathway. We used these markers to test the 

hypothesis that these glyoxylate pathway genes would be upregulated in latent S. 

Typhimurium infections. Our research involved developing a cell culture model, then using 

the results from the cell culture model to inform a mouse model experiment, and then a cattle 

lymph node diagnostic study. The cell culture model indicated that the gene for isocitrate 

lyase, aceA, is significantly upregulated compared to housekeeping genes. We found the 

presence of aceA in chronically infected mice, as well as cattle lymph node samples. Further 

research is necessary, but these results some of the advantages of using genetic primers to 

identify latent Salmonella infections in clinically normal cattle.
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GENERAL INTRODUCTION 

 The public health importance of chronic infections due to intracellular pathogens 

cannot be overstated. By definition, these asymptomatic carriers of chronic infections 

continue to shed intermittently the disease-causing agent without showing any symptoms. 

This stealth nature of intracellular pathogens makes eradication of such diseases a challenge 

and makes latent carriers a unique public health risk. Salmonella typhi (S. typhi), the 

causative agent of typhoid fever, infects over 20 million people annually, resulting in 

associated health care costs of hundreds of millions of dollars [1]. Additionally, Salmonella 

enterica subspecies enterica serovar Typhimurium (S. Typhimurium) is one of the most 

common causes of food-borne nontyphoidal Salmonellosis in the United States; the Centers 

for Disease Control and Prevention (CDC) estimates that 1,027,561 cases of nontyphoidal 

Salmonellosis cases in the United States occur annually [2]. The majority of nontyphoidal 

Salmonellosis is spread via food borne transmission from either acute or chronic infections. 

Acute infections are by definition more readily obvious; symptoms often include diarrhea, 

fever, chills, and abdominal pain. Chronic infections, on the other hand, are much more 

difficult to identify. Identifying latent carriers of chronic infections is vital to preventing such 

disease transmission and creating avenues for novel treatments. After active infections have 

been identified and removed, eliminating the carrier mode may eventually result in 

eliminating diseases caused by an intracellular pathogen. 

Since survival depends on the ability to generate energy, the ability to get the most 

out of every available carbon atom becomes critical. Chronic infections of Mycobacterium 
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tuberculosis (M. tuberculosis), species of Brucella, S. Typhimurium, and other intracellular 

pathogens have to upregulate genes that are associated with these alternative forms of 

metabolism [3]. It makes sense that the interior environment of a host cell, whether it is 

macrophages or epithelial cells, may not have all the ideal nutritional requirements that the 

bacteria would have outside the cell. As such, the need to make do with the available 

nutrients from their host cells becomes vital to bacterial intracellular survival. The glyoxylate 

shunt is one mechanism that allows bacteria to do just that. The glyoxylate shunt is a bypass 

of the TCA cycle that permits gluconeogenesis starting from acetyl-CoA following fatty acid 

catabolism. It avoids the CO2 generating step of the TCA cycle and converts one molecule of 

acetyl-CoA and one molecule of isocitrate into two C4 compounds that can be used for 

biosynthesis.  

Since fatty acids of membranes, and not carbohydrates, are probably the main carbon 

source in this intracellular environment, carbon needs to be conserved wherever possible. 

There are two enzymes involved in the glyoxylate shunt that are potential chronic/latent 

infection markers: isocitrate lyase (aceA) and malate synthase (aceB). Additionally, glycine 

dehydrogenase (gcvP) is an enzyme that was thought to be related to the glyoxylate shunt; it 

was hypothesized that glycine dehydrogenase reduced glyoxylate to glycine concurrently 

with the oxidation of NADH to NAD+ to maintain redox balance by recycling NADH/NAD 

[4]. Isocitrate lyase catalyzes the reversible catabolism of isocitrate into succinate and 

glyoxylate and is the first step in the glyoxylate shunt. Malate synthase catalyzes the 

condensation of glyoxylate and acetyl-CoA into malate. Malate can then be converted into 

phosphoenolpyruvate, which is the substrate for the first enzyme in gluconeogenesis. In M. 
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tuberculosis, glycine dehydrogenase, isocitrate lyase, and malate synthase showed higher 

activity levels, when in a nonreplicating persistent state, making them potential candidate 

genes for detecting latent infections [3,4].  

The first step in exploring the role of the glyoxylate cycle is to develop an in vitro cell 

culture model that can maintain a chronic Salmonella infection. Intracellular microbial 

persistence research has been limited by the amount of time that these macrophages have 

been able to be maintained after infection. The majority of “long-term infection” models only 

last for a few hours [5] with a maximum of 24-48 hours [6]. There is a need for long-term 

infection modeling of S. Typhimurium. Currently, cell culture models are not capable of 

persisting longer than 24-48 hours after infection. However, S. Typhimurium is not the only 

pathogen that can persist within phagocytic cells. Research has found that treating 

undifferentiated monocytes (e.g., THP-1 cells) with retinoic acid and vitamin D3 (RAVD) 

increased uptake of M. tuberculosis but inhibited the subsequent intracellular growth [7]. 

THP-1 cells require differentiation before they can acquire macrocytic properties, including 

uptake of bacteria. The most common chemical activator of THP1 cells is phorbol myristate 

acetate (PMA). PMA induces adherence, upregulates phagocytic receptors, and promotes a 

general macrophage-like state. However, PMA is not endogenously produced by the host and 

is, in fact, toxic for humans in vivo. On the other hand, all-trans retinoic acid (RA) and 

vitamin D3 (VD) are normally found in the host, either endogenously produced or consumed 

in diet, and are also activators of THP1 monocytes [7]. Given that both M. tuberculosis and 

S. Typhimurium are intracellular pathogens, it is plausible that similar conditions may allow 

for intracellular persistence of S. Typhimurium. 
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The next step after in vitro studies is to begin in vivo experiments. One foundational 

model for these experiments is inbred mice. One strain of mice, 129S1/SvlmJ, has been 

shown to be more resistant to Salmonella infection. These mice are genotypically 

homozygous for the natural resistance-associated macrophage protein-1 gene (Nramp1+/+), 

which makes these mice more resistant to intracellular infection [8]. This increased 

resistance makes the mice more likely to develop chronic and latent Salmonella infections. 

After examining the role of glyoxylate cycle genes in chronically infected mice, if found 

over expressed, the final step is to explore their expression levels in the target population: 

cattle. Cattle that are latently infected with Salmonella will shed the bacteria without 

showing any clinical signs. There is increasing evidence that Salmonella species may reside 

within lymph nodes of cattle [9-12]. 

The hypothesis of this project is that, by identifying genes that are upregulated during 

chronic infections, latent carriers of Salmonella can be identified within a population. The 

purpose of this project was to develop a protocol for identifying latent carriers of Salmonella 

within a population using qPCR. By using a cell culture model, it is possible to identify 

genes that are highly upregulated in chronic long-term infections. A small-scale mouse 

chronic infection study will be performed using a laboratory strain of mice that are bred to be 

chronic carriers of Salmonella.  Finally, such identified target genes will be used to identify 

latent carriers of Salmonella in cattle. Additionally, these upregulated genes as identified 

from this model may be an avenue for the development of novel antimicrobial treatment of 

chronic/latent carriers of S. Typhimurium infections, one of the most important sources of 

human infections.   
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Chapter 1: Chronic Infections and Salmonella - Literature Review 

 

BACKGROUND 

General History 

Chronic infections as a result of intracellular pathogens are significant threats to 

public health. These asymptomatic carriers of chronic infections continue to intermittently 

shed the disease-causing agent without showing any symptoms. This stealth nature of 

intracellular pathogens makes elimination of such diseases a challenge and makes latent 

carriers a unique public health risk. Salmonella typhi (S. typhi), the causative agent of 

typhoid fever, infects over 20 million people annually, resulting in associated health care 

costs of hundreds of millions of dollars [1].Within the United States, Salmonella enterica 

subspecies enterica serovar Typhimurium (S. Typhimurium) is one of the most common 

causes of food-borne nontyphoidal Salmonellosis. Salmonella enterica serovar Typhimurium 

and Salmonella enterica serovar Enteritidis are the most common disease causing serovars in 

the United States [21]. Approximately 42,000 cases of salmonellosis are reported and 

confirmed annually in the United States [22], but the actual case numbers are likely to be 

much higher. The Centers for Disease Control and Prevention (CDC) estimates that 

1,027,561 cases of nontyphoidal salmonellosis cases in the United States occur annually [2]. 

All age groups are affected, but infants, the elderly, and the immunocompromised are at 

greater risk for developing severe or complicated diarrheal or septicemic disease. 

Contaminated food has been identified as the primary source of Salmonella infections in 
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humans [96]. In 2007, there were 2,541 Salmonella serotypes described by the CDC, of 

which, 1531 were serotypes of Salmonella enterica subsp. enterica [95].  

Quantification of the true number of Salmonella infections is hampered by the 

presence of a carrier state. These carriers are animals and humans that carry the pathogens 

for a variable period without showing any clinical signs. One of the biggest barriers to 

controlling and preventing salmonellosis in a population is identification of these carriers. 

Identifying these latent carriers of chronic infections is vital to preventing such disease 

transmission and creating avenues for novel control and treatments. Being able to identify 

and eliminating carriers may eventually result in elimination of diseases caused by 

intracellular pathogens. 

Intracellular Survival  

Microbes have evolved mechanisms to survive and thrive within hostile and evolving 

cellular environments. In particular, Salmonella must survive within macrophages and 

combat host intracellular killing mechanism [87, 88]. Not only do the bacteria have to find 

strategies to survive this environment, they also need to find a way to obtain and maintain a 

selective advantage. One such tool is the pathogenicity island, which is a segment of DNA 

containing many genes that can be inherited by vertical transmission [67]. 

Once the macrophage engulfs the bacteria via phagocytosis, the phagosome and the 

bacteria contained within it can have several different fates [68]. The first option is what 

awaits bacteria that do not have any intracellular survival mechanisms. The phagosome will 

fuse with the lysosomal compartment and the bacteria are digested within 30 minutes. The 
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digestion is accomplished via a metabolic burst within the phagocyte, producing nitric oxide, 

reactive oxygen species, free radicals, and hydrogen peroxide [69]. Additionally, the 

phagosome will rapidly decrease its intracellular pH to below 5.0, which may itself be toxic 

to the bacteria or limit its replication. Lysosomes also contain many types of hydrolytic 

enzymes that are designed to either kill the bacteria or digest the pathogens in order to create 

antigens for the presentation to the immune system. 

Surviving this process can take many different forms. Some, like Yersinia species, 

can prevent phagocytosis [117]. Some (e.g., Listeria and Shigella) escape into the cytosol 

after lysing the phagocytomal membrane, while yet others prevent acidification of the 

phagolysosome (e.g., Mycobacteria) [70].   

The approach that Salmonella takes in order to survive within host cells starts with 

phagocytosis. Phagocytosis has been characterized as a classic receptor-mediated 

endocytosis. Bacterial ligands interact directly with cellular receptors, which include Fc 

receptors, carbohydrate receptors, and cell adhesion molecules (70). What S. Typhimurium 

does with regards to phagocytosis is unusual, both in terms of its entry mechanism and the 

resulting phagosome’s morphology. What happens in all bacterial phagocytosis is that once 

the bacterium makes contact with the host membrane, there are rearrangements of the 

macrophage’s local cytoskeleton and membrane ruffling [71-72]. Salmonella utilizes a Type 

III Secretion System (T3SS) to actively invade macrophages and epithelial cells. Invasion via 

T3SS1, which is encoded on Salmonella Pathogenicity Island 1 (SPI1), is a highly specific 

process that depends on well controlled and tightly regulated bacterial factors (e.g., SipA, 

SipC, SopB/SigD, SopE2, and SptP) [74]. These effector proteins induce dramatic 
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reorganization of the local actin cytoskeleton, massive membrane ruffling, and rapid 

internalization of the bacterium [75]. Flagella and fimbrae are also thought to increase the 

invasiveness of Salmonella [76], but it is thought that these components come with a trade-

off: flagellin monomers are potent inducers of innate immunity [77].   

Another difference between Salmonella containing phagosomes and phagosomes that 

have other bacteria is that the Salmonella containing vacuole (SCV) is much larger. This size 

likely contributes to Salmonella survival by diluting toxic compounds or factors and 

attenuates the acidification of the vacuole by increasing the volume [72]. This process allows 

Salmonella to induce its own uptake into epithelial cells and macrophages, effectively 

protecting it from the much more deadly neutrophil population. Neutrophils kill Salmonella 

quickly and effectively; less than 10% of an initial inoculum survives after phagocytosis by 

neutrophils [73], so by entering epithelial cells or macrophages, the bacteria effectively buys 

itself time to survive. 

Once the SCV is created, a second T3SS, T3SS2, is required for survival within the 

macrophage [78]. Unlike T3SS1, T3SS2 is located on Salmonella Pathogenicity Island 2 

(SPI2). The SCV moves from the cell periphery to a juxtanuclear position at the microtubule-

organizing center [79]. After this repositioning, the bacteria can begin to replicate. 

Replication is accompanied by the formation of Salmonella-induced filaments (Sifs), which 

are dynamic tubules that originate from the SCV and radiate outward [80]. Studies have 

indicated that specific SifA may displace a GTPase involved in lysosome function and 

prevent this enzyme from functioning [81]. Another defense mechanism macrophages utilize 

for digestion of phagocytized bacteria is NADPH oxidase (NOX2). NOX2 produces reactive 
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oxygen species (ROS) that are required to kill intracellular pathogens. To counter this attack, 

Salmonella protects itself from ROS by using a superoxide dismutase, SodCI. This enzyme is 

critical for surviving within the harsh phagosomal environment. 
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Figure 1. Intracellular lifestyle of Salmonella. This figure illustrates how Salmonella 
initially invades and then survives within macrophages and epithelial cells [89]. 
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  Figure 2. Salmonella within a macrophage. An electron micrograph showing 
Salmonella actively replicating within a macrophage 24 hours post-infection. Image 
taken by Nicholas Arpaia, Robert D. Ogg electron Microscope Laboratory, University 
of California. Photo permission from author. 
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Survival within the eukaryotic host requires the bacteria to obtain ions that are 

required for bacterial function, including iron, magnesium, potassium, and zinc. To get the 

necessary iron, the bacteria need to be able to overcome the activity of the host’s iron-

binding proteins (e.g., transferrin, Nramp1). Fortunately for Salmonella, in response to iron 

deprivation, the bacteria can produce two siderophores: enterobactin and salmochelin [82]. 

These siderophores can subvert the host’s attempts to sequester iron, allowing the SCV to 

collect enough iron to be unaffected by Nramp1. To obtain magnesium, Salmonella has three 

systems required for survival: CorA, MgtA, and MgtB. CorA and MgtA are both magnesium 

ion transporters, while MgtB is not a transporter but is required for intramacrophage survival 

[83, 84]. In order to acquire zinc, Salmonella requires the ZnuABC high-affinity uptake 

system [85]. Potassium is obtained through the Trk system, which is a multiunit protein 

complex that acts as a low-affinity potassium transporter [86].  

Since survival depends on the ability to generate energy, the ability to get the most 

out of every available carbon atom becomes critical. Chronic infections of Mycobacterium 

tuberculosis (M. tuberculosis), species of Brucella, S. Typhimurium, and other intracellular 

pathogens have to upregulate genes that are associated with these alternative forms of 

metabolism. It makes sense that the interior environment of a host cell, whether it is 

macrophages or epithelial cells, may not have all of the ideal nutritional requirements that the 

bacteria would have outside the cell. As such, the need to make do with the available 

nutrients from their host cells becomes vital to bacterial intracellular survival.  

There are several mechanisms that Salmonella can utilize in order to obtain carbon. 

Indeed, Salmonella has a broad and versatile metabolism that allows it to function as a 
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generalist. Salmonella can metabolize carbon using glycolysis, the Pentose-Phosphate 

pathway, the Entner-Dourdoroff/KDPG pathway (KDPG), oxidative carboxylation, and the 

TCA cycle with anaplerotic reactions (e.g., the glyoxylate cycle) [89]. 
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Figure 2. Salmonella central carbon metabolism. This figure shows the multiple ways Salmonella species 
can obtain carbon while in the intracellular environment, including glycolysis, the KDPG pathway, the PP 
pathway, oxidative decarboxylation, and the TCA cycle +/- the glyoxylate shunt [89]. 
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There are three possible routes for Salmonella to directly catabolize glucose: 

glycolysis, the PP pathway, and the KDPG pathway. Of these three, the primary one of 

importance is glycolysis [90, 91]. It is also thought that the NADPH that is produced via the 

PP pathway is used as electron donors to subvert the reactive oxygen species found within 

the SCV. Additionally, PP pathway can produce ribose through its non-oxidative branch, 

which can be used for nucleotide synthesis [90]. 

Both glycolysis and the KDPG pathway produce pyruvate, which can be further 

metabolized to acetyl-CoA by pyruvate dehydrogenase. This pyruvate can then be fed into 

the TCA cycle. The importance of this connection between pyruvate and the TCA cycle is 

demonstrated by reduced growth and attenuated intracellular response by mutants that are 

deficient in pyruvate dehydrogenase subunit 1 [92]. These mutants are able to be eliminated 

from macrophages completely within 24 hours of infection [92], emphasizing the important 

role that these pathways play in maintaining intracellular infections of Salmonella. 

In addition to glycolysis, the TCA cycle appears to be a critical component for 

intracellular survival. Mutants that had defects in the TCA cycle showed a loss of virulence, 

indicating that a complete TCA cycle is necessary during acute infection [7, 93]. During 

chronic infections, however, the role of the TCA cycle (and the cycle itself) changes. 

Chronic infections require the bacteria to shift its priorities. The glyoxylate shunt is a 

mechanism that allows bacteria to do just that. The glyoxylate shunt is a bypass of the TCA 

cycle that permits gluconeogenesis starting from acetyl-CoA following fatty acid catabolism. 

It avoids the CO2 generating step of the TCA cycle and converts one molecule of acetyl-CoA 

and one molecule of isocitrate into two C4 compounds that can be used for biosynthesis.  
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Salmonella and Cattle  

Both beef and dairy cattle are susceptible to Salmonella species infection. The cattle 

become infected mostly by ingesting food or water that has been contaminated with feces 

from animals shedding the organism. Clinical signs of salmonellosis in cattle, like many 

other species, have a wide spectrum: asymptomatic, mild, fulminant bacteremia or 

septicemia, and endotoxemic infections are all potential outcomes. The manifestation of 

illness of an individual depends on serovar, infectious dose, host nutrition and immunity 

[45]. Dairy herds are more susceptible to salmonellosis than beef herds [45]. In dairies, 

Salmonella can also be an opportunistic infection; however, the source can also be other 

infected cows. Identifying infected cows is a challenge because asymptomatic or subclinical 

cows can shed, albeit infrequently, as many organisms in their feces as clinically affected 

animals [45]. 

On dairies, outbreaks typically last for months because of several factors, including 

carrier animals, environmental persistence, risk factor persistence, and reinfection. 

Salmonella most commonly has been introduced into dairies via contaminated feed; under 

appropriate moisture, temperature, and pH conditions, Salmonella species can replicate 

approximately every 30 minutes [45]. In the environment, Salmonella can persist for up to 5 

years in areas that are out of direct sunlight or in feed. S. dublin can survive in dry feces for 

more than a year. While rendering kills Salmonella, post-processing contamination is 

common; it accounts for 50% of contaminated rendered feed products [105]. Aside from 

environmental contamination, carrier animals are also a significant source of infection on a 

dairy. Chronic carriers can shed 108 to 109 bacteria per day in feces, and 102 to 105 organisms 
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per mL of milk. These levels are alarming because the infectious dose in cattle is 

approximately 109 organisms [105].  

Risk factors for endemic salmonellosis on a dairy include large herd size, high density 

of feral cats, rodents and wild bird access to feed storage, antimicrobial use prior to or at the 

time of exposure, using flush water systems, feeding animal byproduct protein sources to 

lactating cows, and allowing commodity storage areas to become wet [45]. 

Treating symptomatic cattle is an expensive prospect for dairies. Supportive care and 

prudent antimicrobial use are often necessary for up to 6 days, and still has a poor prognosis 

[106]. It is also challenging to implement preventive strategies into a dairy herd after an 

outbreak. The current standard is that at least 20% of the population must have their feces 

cultured and repeat cultures must be performed at 3 and 6 months, or in the event of another 

outbreak, in order to distinguish recovering animals from latent carriers [45]. PCR based 

testing is available, but it requires the same timeframe as culturing and is more expensive. 

The primary strategy for salmonellosis in dairies is focused on prevention. Using “all in-all 

out” systems, maintaining a closed herd, minimizing new additions, separating calving cows 

and sick cows, separating heifers and calves from cows, restricting access to pond water, and 

disinfecting waterers with bleach twice daily are all effective methods to decrease 

Salmonella introduction. According to the Center for Food Safety and Public Health 

(CFSPH), biosecurity is the cornerstone of non-typhoidal Salmonella prevention on the farm. 

Part of that biosecurity is being able to identify carrier animals to be isolated and treated or 

culled [123]. The American Association of Bovine Practitioners suggests 11 action steps to 

tackle herd salmonellosis [107]: 
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1. Break fecal-oral transmission link by minimizing fecal contamination 

2. Maximize host resistance of susceptible animals and minimize exposure dose 

3. In the face of an outbreak, treat all animals as if they were shedding 

4. Control fomites (e.g., rodents, flies, birds, feral dogs and cats) 

5. Implement sanitation program based on cleaning and disinfecting all organic 

matter 

6. Look for development of newer vaccines 

7. Promote a healthy intestinal environment in cattle by minimizing oral 

antibiotics 

8. Maximize rumen function by providing consistent dry matter intake 

9. Be aware that Salmonella can persist in the environment for 4-5 years 

10. Minimize amount of time feed spent in moist, warm environments by utilizing 

smaller feed batches 

11. Warn farm families about the zoonotic potential of Salmonella  

Aside from animal welfare and economic issues, Salmonella in cattle can have 

downstream consequences for humans as well. Consumption of ground beef has been linked 

to outbreaks of salmonellosis [54-57]. Historically, the source of Salmonella from these 

carcasses was from the carcass surface. Interventions aimed at removing Salmonella from 

those carcasses at the end of the slaughter process have been developed and are effective [58-

60]. Despite these accomplishments, Salmonella species can commonly be isolated from 

ground beef. In 2011, the USDA Food Safety Inspection Service recovered Salmonella from 

2.4% of ground beef samples in the United States [61].  
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One possible source of this contamination is lymph nodes that have been incorporated 

into the ground beef. There is increasing evidence that Salmonella species may reside within 

lymph nodes of cattle [62-65]. This latency may account for the prevalence of Salmonella in 

ground beef even in the presence of effective ground beef surface decontamination. Research 

on the ecology of Salmonella serovars within mandibular, mesenteric, mediastinal, and 

subiliac lymph nodes from Mexican cattle presented for harvest at an abattoir revealed 

varying prevalence within lymph node anatomic location, ranging from 91.2% in mesenteric 

to 7.4% in mediastinal lymph nodes. Of these Salmonella isolates, 8 different serotypes were 

identified [66]. The peripheral lymph nodes (e.g., cervical) were not tested. It is also worth 

noting that in pigs, Salmonella was not uniformly distributed throughout the individual 

lymph node [116]. This variety of Salmonella serovars and lymph node distributions makes 

identifying latent carriers even more challenging.  

 

GLYOXYLATE CYCLE 

 

Due to their unicellular state, bacteria have adapted to take advantage of their 

environments. One alternative source of carbon is acetone. Some species of bacteria, protists, 

plants, and fungi can use acetate as the sole source of carbon by using it to synthesize TCA 

cycle intermediates in the glyoxylate cycle. This cycle is absent in animals and human 

tissues. The glyoxylate cycle is categorized as an anaplerotic reaction, meaning that it is a 

reaction that replaces cycle intermediates. In the glyoxylate cycle, TCA cycle intermediates 



 

 
 
21 

are synthesized from acetate. Some bacterial species can use acetate as its sole source of 

carbon, while others can use excess glycine for this purpose. This carbon cycle is 

characterized by two enzymes that are unique to the glyoxylate pathway: isocitrate lyase and 

malate synthase. Isocitrate lyase transforms isocitrate to succinate and glyoxylate. Glyoxylate 

is then combined with acetyl-CoA and, through malate synthase, to form malate and CoA. 

The enzymes that catalyze the first steps in these processes are collectively known as the 

glycine cleavage complex (GCC). The glyoxylate cycle is a modified TCA cycle. Two 

decarboxylations of the TCA cycle are bypassed, allowing the conversion of acetyl-CoA to 

form oxaloacetate without losing the acetyl-CoA carbon as carbon dioxide. The end result is 

that the glyoxylate pathway converts two-carbon acetyl units into four-carbon units 

(succinate), which can be used for energy production and biosynthesis. Specifically, 

isocitrate lyase (ICL) and malate synthase (MS) are the enzymes that allow bacteria to persist 

in a hostile and nutritionally challenged intracellular environment. This alternative cycle 

allows acetate (and any molecules that give rise to it) to contribute carbon and support 

microbial slow growth. Bacteria that have the glyoxylate pathway have a metabolic 

versatility that is thought to provide a competitive advantage in certain environments. In fact, 

enzymes in the GCC have been found to be necessary for intracellular persistence in a 

variety of organisms, including M. tuberculosis, B. abortus, and Leishmania major [3-8, 23-

25]. This pathway is absent in most other organisms, making it a target for drug therapies. It 

is theorized that bacteria divert carbon from the beta-oxidation of fatty acids into the 

glyoxylate pathway in order to survive a nutrient-starved intracellular environment. Isocitrate 

lyase, encoded by aceA, and malate synthase, encoded by aceB, form an operon transcribed 

from aceB to aceA that is regulated at the level of transcription [26]; the relationship between 
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this operon and other repressors has not been fully elucidated. Interestingly enough, aceA 

and aceB are induced under dehydration conditions as well, indicating that they are 

“survival” genes for S. Typhimurium [27].  

 

 Figure 3: Schematic representation of the glyoxylate cycle. This shunt of the TCA cycle 
allows the bacteria to conserve carbon. Source:  Overview of the Glyoxylate Cycle [40]. 
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Since fatty acids of membranes, and not carbohydrates, are probably the main carbon 

source in this intracellular environment, carbon needs to be conserved wherever possible. 

Due to their involvement in the glyoxylate shunt, isocitrate lyase (aceA) and malate synthase 

(aceB) are potential latent infection markers. Additionally, glycine dehydrogenase (gcvP) is 

an enzyme that was thought to be related to the glyoxylate shunt; it was hypothesized that 

glycine dehydrogenase reduced glyoxylate to glycine concurrently with the oxidation of 

NADH to NAD+ to maintain redox balance by recycling NADH/NAD+ [4]. Isocitrate lyase 

catalyzes the reversible catabolism of isocitrate into succinate and glyoxylate and is the first 

step in the glyoxylate shunt. Malate synthase catalyzes the condensation of glyoxylate and 

acetyl-CoA into malate. Malate can then be converted into phosphoenolpyruvate, which is 

the substrate for the first enzyme in gluconeogenesis. In M. tuberculosis, glycine 

dehydrogenase, isocitrate lyase, and malate synthase showed higher activity levels, when in a 

nonreplicating persistent state. In particular, the activity of glycine dehydrogenase was 

increased dramatically; a 10-fold increase in enzymatic activity was reported [3]. Isocitrate 

lyase and malate synthase did not show the same 10-fold increase, but their importance in 

intracellular bacterial survival make them excellent candidates for detection of chronic 

infection [4-8]. A recent study indicates that the putative gcvP as identified by Goldman [4] 

may actually be an alanine dehydrogenase and play an essential role in nitrogen utilization 

[38].  

There is a clear demarcation between the role of the TCA cycle in acute and 

chronic/latent infections. A complete TCA cycle is required for acute infections, as its 
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products are necessary for the bacteria’s virulence [7, 93]. Indeed, there was no up-regulation 

of isocitrate lyase during acute infection [17], nor was there any change in virulence in 

strains with a defect in β-oxidation of fatty acids [93]. However, once Salmonella transitions 

from the acute phase to the chronic/latent phase, it becomes necessary to use acetate and fatty 

acids as carbon sources. This change in nutrient availability is what triggers Salmonella’s 

preferential use of the glyoxylate shunt instead of the complete TCA cycle [6, 7]. These 

observations may provide a way to target latently infected animals (once identified) for 

effective treatment using peptide nucleic acid(s) designed specifically to aceA and aceB 

gene(s). 

The genetic basis of persistence of bacterial infections is an avenue for research that 

has not been thoroughly explored. By measuring the expression of glyoxylate pathway related 

genes, we may be able to develop a mechanism to detect bacteria that are in the latent phase. 

One of the problems associated with researching carrier states is the difficulty in using cell 

culture as a model. S. Typhimurium is virulent and highly effective when it comes to invading 

both epithelial cells [14] and macrophages [15-17]. Mouse models have been developed and 

used with varying degrees of success [18,19]. A cell culture model for M. tuberculosis was 

successfully maintained for up to 60 days by using THP1 cells, a human monocyte line, that 

were activated with retinoic acid and vitamin D3 (RAVD) prior to infection [20]. Using these 

techniques, it may be possible to create a long-term cell culture model for S. Typhimurium 

infection that would allow for a more cost-effective way to identify potential gene targets for 

detection and testing of novel antimicrobials. 
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EXISTING MODELS 

 

Cell Culture (In Vitro) 

For Salmonella infection models in cell culture, there are two broad categories of study: 

epithelial cells and phagocytic cells. Epithelial cells are used to examine what S. Typhimurium 

is doing in acute disease; specifically, epithelial cells found in the host’s intestine. That is the 

mechanism by which salmonellosis causes its enteric symptoms. Salmonella invasion is 

facilitated by a type III secretion system, which allows bacteria to secrete effector proteins into 

the host cell. The cumulative effect of these secreted effectors results in the bacteria being 

engulfed by the host epithelial cell [31]. At this point, Salmonella can access the underlying 

tissue, grow within the lymphatic system, and spread to the liver and spleen, where unchecked 

growth leads to enteric fever and death [28,31]. For these models, the HeLa cell line is 

commonly used [28,29]. Phagocytic cells, on the other hand, are commonly used when looking 

at host-pathogen interaction. Many serovars of S. enterica, including Typhiumurium, function 

as facultative intracellular parasites. Once inside the macrophage, the bacteria form a 

Salmonella-containing vacuole (SCV) that allows it to hide from the immune system and forms 

the basis of latent infections [17]. The issue of long-term infection models is moot for acute 

disease research; most of these infections are only maintained for one to two hours. Persistence 

research, on the other hand, has been limited by the amount of time that these macrophages 

have been able to be maintained post-infection. The majority of “long-term infection” models 

only last for a few hours [17] with a maximum of 24 hours [31]. 
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Mouse Studies (In Vivo) 

While it is necessary and preferable to use cell culture to test different hypotheses 

about how the transcriptome changes over time, the next step after in vitro studies is to begin 

in vivo experiments. One foundational model for these experiments is inbred mice. Common 

strains of mice include BALB/C and C57BL/6 mice. These strains tend to be more 

susceptible to developing clinical signs after infection with S. Typhimurium, which makes 

them excellent candidates for acute infection studies. These mice show overt signs of 

infection, including hunched posture, reduced movement, loss of body weight, and 

piloerection [108]. On the other hand, these mouse strains are not ideal for studying chronic 

infection of S. Typhimurium.  

There is another strain of mice, 129S1/SvlmJ, that are more resistant to Salmonella 

infection. These mice are genotypically homozygous for the natural resistance-associated 

macrophage protein-1 gene (Nramp1+/+), which makes these individuals more resistant to 

intracellular infection [109]. These mice are able to be inoculated with a dose of S. 

Typhimurium broth culture via oral gavage. Nramp1 is encoded by the SLC11A1 gene in 

humans, and it encodes a multi-pass membrane protein with 12 domains that functions as a 

transporter involved in iron metabolism [110-112]. To demonstrate its role in resistance to 

infection, a homozygous recessive mutant Nramp1-/- was created. These knockout mutants 

had normal appearance and longevity, but were no longer able to demonstrate resistance to 

infection with Mycobacterium, Salmonella, and Leishmania. To confirm these results, 

transferring Nramp1 back into the genetic background restores resistance to those infectious 

agents [113].  
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Expression patterns of Nramp1 mRNA have shown that Nramp1 is highly expressed 

in phagocytic cells, in particular cells of mature myeloid monocyte/macrophage and 

granulocytic lineages [109, 112-114]. Interestingly enough, Nramp1 presence or absence 

does not affect the replication or pathogenesis of non-intracellular bacteria like 

Staphylococcus aureus, Bacillus subtilis, and Pseudomonas aeruginosa [112]. Additionally, 

there is a relationship between Nramp1 and SPI2 [115]. SPI2 is the collection of S. 

Typhimurium genes that encode the T3SS that allows the bacteria to survive and replicate 

within the SCV. In order for S. Typhimurium to replicate within splenic macrophages of 

Nramp1+/+ mice, SPI2 is essential. Indeed, SPI2-associated virulence factors, including the 

response regulator for the PhoPQ two-component regulatory system, are up-regulated when 

trying to establish an intracellular niche in Nramp1+/+ mice [115]. If the host lacks Nramp1, 

the Salmonella is quite virulent and causes a fulminant acute infection. If the Salmonella 

lacks SPI2, the host is able to clear the infection. This interplay between the host’s immune 

system and the Salmonella virulence factors is necessary for détente that is intracellular 

persistence and chronic infection. 

 

SALMONELLA DIAGNOSTICS 

 

Diagnosing acute infections of Salmonella has traditionally relied upon culturing the 

bacteria from the patient’s feces or blood. Salmonella is not part of the normal flora of 

animals or humans, so its presence in feces while symptomatic is usually diagnostic. 
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Unfortunately, diagnosing via culture requires at least 4 days to confirm a negative result, 

and 6-7 days to confirm a positive result [104]. The ability of Salmonella to persist in latent 

carriers can complicate this interpretation, however. It is possible that a latent carrier of the 

bacteria recrudesces and begins to shed Salmonella after being infected by another diarrheal 

agent (e.g., norovirus). In this case, finding Salmonella in the stool would provide the true 

information that the animal is indeed infected with Salmonella, but it could be misleading as 

to the acute cause of the patient’s symptoms. This assumption could lead to inappropriate 

treatment and wasting valuable time.  

Beyond misdiagnosing causes of diarrhea, chronic carriers of Salmonella infection are 

some of the biggest obstacles in outbreak investigations. Given that these animals will 

intermittently shed the bacteria without showing any overt signs of infection, the exposure 

can continue without any obvious cases, potentially infecting new cases and complicating the 

public health response. This is a problem in human and veterinary medicine; indeed, the most 

famous carrier of all time was “Typhoid” Mary Mallon, a cook in New York City in the early 

1900’s. She was thought to have infected 51 people with S. typhi and was forcibly isolated 

for over thirty years [32]. 

Modern epidemiological analyses and diagnostics are based on pulsed-field gel 

electrophoresis (PFGE), which is the surveillance tool for the network of public health 

laboratories known as PulseNet. PulseNet was established in 1996 in an effort to identify 

cases of foodborne illness, which are related and potentially come from the same common 

source. Within the United States, there are 87 laboratories that are a part of PulseNet, 

including at least one laboratory in each state. The database is also cumulative, which allows 
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for assessment of how outbreaks are changing over time. According to the CDC, each year 

PulseNet has identified approximately 1500 clusters of foodborne disease at local or state 

levels, 250 multistate clusters, and 10-15 multistate outbreaks that are widely dispersed [94]. 

The pathogens included in PulseNet are Clostridium botulinum, Campylobacter jejuni, 

Cronobacter, Escherichia coli O157:H7, Listeria monocytogenes, Salmonella, and Shigella 

[94]. The technique behind PulseNet is PFGE. PFGE uses restriction enzymes that cut DNA 

at specific sequences in order to create large DNA fragments and “fingerprints” for each 

bacterial isolate. The DNA is isolated and treated with restriction enzymes, resulting in 

fragments of DNA of varying sizes. The fragments are then loaded into an agarose gel and 

separated based on size using a constantly changing electric field. This process creates a 

fingerprint of DNA fragments that is unique to the bacteria that produced it. These 

fingerprints are then compared to the PulseNet database to see if they match any other 

samples collected [94]. PulseNet has collected more than 350,000 PFGE patterns since 1996, 

including outbreaks that cover more than Salmonella 500 serotypes [97]. While PFGE is 

time-consuming, labor intensive, and does not provide as detailed genetic information as 

other tests [98], it is a standardized protocol having a wide reach. PFGE fingerprints are 

reproducible and comparable across laboratories that participate in PulseNet, both within the 

United States and across the globe [97]. This allows the study of Salmonella’s global 

ecology, epidemiology, transmission, and emerging serotype evolution. A database 

consisting of 45,923 Salmonella PFGE patterns was constructed in order to perform a meta-

analysis of predominant serotypes and the relationships between serotypes [99]. This analysis 

found similarities among PFGE patterns that had not been recognized before, including 
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between serotypes Muenchen and Newport [99]. This information is useful as a way to 

identify relationships among serotypes that may not have been known before. 

Additionally, polymerase chain reaction (PCR) has been used more and more due to 

its decreasing costs, sensitivity, and rapid turnaround of information. Real-time PCR (RT-

PCR) monitors the amplification of a targeted DNA molecule during PCR and can be used 

quantitatively (qPCR). The principle behind this technology is based on the fact that cells 

regulate gene expression by turnover of messenger RNA (mRNA), which is responsible for 

determining the amount of protein a particular gene is to make. Essentially, the amount of 

expression a gene has at a given time or under given circumstances can be measured by the 

number of mRNA copies present in a sample. The total amount of RNA is isolated from a 

sample, and first must be reverse-transcribed into a single strand of complementary DNA 

(cDNA). This step allows for the stabilization of the genetic information, as RNA is unstable 

due in part to the presence of RNAse enzymes in the environment. Once the cDNA is made, 

that sample is added to a buffer solution that contains specific gene primers, 

deoxyribonucleotides, thermo-stable DNA polymerase, and a fluorophore marked substance 

that will allow the PCR thermocycler to measure the amount of product at the end of the 

cycle [100]. 

The ability of qPCR to allow quantification is important for research, as traditional 

methods of RNA detection like Northern blots, do not allow for precise quantification of 

genetic material [100]. RT-PCR has two methods for quantifying nucleic acids: relative 

quantification and absolute quantification [101]. Absolute quantification gives the precise 

number of DNA molecules in comparison to DNA standards, while relative quantification is 
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based on internal reference or housekeeping genes. Because it does not require a standard 

calibration curve, relative quantification is easier to carry out than absolute quantification. 

The internal reference gene in relative quantification RT-PCRs is the benchmark for 

measuring expression levels of the target gene mRNA. Because this internal reference gene 

is the basis for data interpretation, it is imperative that it be stable [102]. 

To interpret the results of relative qPCR, the level of fluorescence is plotted against 

the number of cycles on a logarithmic scale. The threshold for detection of DNA-based 

fluorescence is set at 3-5 times the standard deviation of signal noise against background. 

The cycle number where the measured fluorescence surpasses that threshold is identified as 

the threshold cycle, or Ct. Expression is calculated by subtracting the Ct of the gene of 

interest from the Ct of the housekeeping gene. By comparing it to an internal control, this 

step normalizes variation among samples. As such, it is important that the selecting 

housekeeping gene be very similar and consistent across samples [103]. Current Salmonella 

PCR diagnostics are based on the fimA gene sequence, which codes for a major subunit of 

Salmonella type 1 fimbriae. All Salmonella serovars possess a closely related fimA gene. 

Short regions of this gene are conserved across pathogenic Enterobacteriaceae members, 

including all Salmonella strains [105].  

I hypothesize that a protocol for identifying latent carriers of Salmonella within a 

population using qPCR targeting glyoxylate cycle genes can be developed. Current modeling 

techniques are either cell culture models that are limited by time [17] or mouse models that 

are expensive [19].  By developing a novel cell culture model, it becomes possible to identify 

glyoxylate genes that are highly upregulated in chronic long-term infections. From there, 
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these targeted genes can be tested in specific populations. By using this long-term cell 

culture infection model, different gene(s) can be identified as targets of latency before 

moving on to an in vivo scenario, allowing for refinement and precision in detection. The 

next step is to test these targets in vivo. A small-scale mouse chronic infection study was 

performed using a laboratory strain of mice that are bred to be chronic carriers of Salmonella. 

Finally, as the lymph nodes of cattle commonly harbor Salmonella [62], the target genes will 

be used to try to identify latent bovine carriers of Salmonella.  In the first cattle study, the 

aim was to detect Salmonella in peripheral lymph nodes, specifically supra-mammary lymph 

nodes from dairy cattle in Tennessee, to maximize ease of sampling from live animals. In our 

second cattle study, we used mesenteric lymph nodes from culled beef cattle of a South 

Carolina slaughterhouse. In a previous study of beef cattle in Texas, Salmonella was isolated 

from 91.2% of mesenteric lymph nodes [48], making these specimens an ideal target for our 

efforts. Additionally, these upregulated gene(s) as identified from this model may be an 

avenue for the development of novel targeted antimicrobial treatment of latent S. 

Typhimurium infections in food animals. The outcome of these studies has the potential to 

not only identify latent carriers of intracellular pathogens in a herd, but may also allow for 

the development of prophylactic treatment of such carriers to eliminate one of the potential 

sources of infection/spread in a herd through small-molecule, host-directed chemical agents 

[118] or liposome-entrapped antimicrobials [119].  
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Chapter 2: Determining the degree of up or down-regulation of S. 

Typhimurium genes in a novel long-term cell culture infection model 
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ABSTRACT 

 We report development of a long-term Salmonella enterica ssp. enterica serovar 

Typhimurium infection model using the human monocyte THP-1 cell line. The THP-1 cells 

were activated using retinoic acid and vitamin D3 (RAVD) in order to differentiate the cells 

from monocytes to macrophages. Using this cell culture system, S. Typhimurium was 

isolated from the macrophages 45 days post infection. This cell culture model was used to 

measure S. Typhimurium gene expression on day 1, day 10, and day 30 post-infection. The 

only significant increases in expression levels were for aceA Day 10 and Day 30.  
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Determining the degree of up-regulation and down-regulation of S. Typhimurium genes 

in a novel long-term infection model 

INTRODUCTION 

Enteric diseases are a growing problem throughout the world. Salmonella enterica 

subspecies enterica serovar Typhimurium and Salmonella enterica subspecies enterica 

serovar Enteritidis are the most common disease causing serovars in the United States [1]. 

Approximately 42,000 cases of salmonellosis are reported and confirmed annually in the 

United States [2], but the actual case numbers are likely to be much higher. Indeed, the CDC 

estimates the true number to be over 1.2 million cases each year with approximately 400 

fatalities [3]. Part of the problem when it comes to knowing the true number of affected 

people or animals is the subclinical nature of most cases, which is depended upon dose of 

Salmonella, nutritional, and health status of the host and further complicated by the presence 

of a carrier state. Carriers are latently infected, meaning they can shed the pathogens without 

showing any clinical signs. There are several strategies that allow a pathogen to enter a latent 

state. S. Typhimurium’s persistence is partly due to its ability to invade phagocytic cells, 

including macrophages. Once inside the macrophage, the bacteria form a Salmonella-

containing vacuole (SCV) that allows it to hide from the immune system and forms the 

eventual basis of latent infections [4]. The bacteria essentially use the host’s immune system 

to hide.  

This carrier problem is not just limited to veterinary medicine either. Perhaps the most 

famous carrier in history was “Typhoid” Mary Mallon, a cook in New York City in the early 
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1900’s. She was thought to have infected 51 people with S. typhi. Three of those cases were 

fatal. Ultimately, she was forcibly isolated for over thirty years and she died in isolation [5]. 

Identifying these latent carriers in both human and animal populations is not just an artifact 

from a bygone age, but rather a modern problem as well. 

Since it is impossible to identify these carriers using traditional diagnostic methods or 

case identification, it is necessary to explore other avenues. One such option is to try to 

identify S. Typhimurium genes that are highly upregulated when the bacteria are in the latent 

state. Bacteria have different requirements for surviving within a macrophage than they do 

when they are initially invading a cell, meaning that different genes are likely expressed at 

different stages of infection. Molecular techniques like quantitative PCR could be used to 

find asymptomatic animals that have bacteria that are overexpressing the gene(s) associated 

with persistence and are thus carrying latent infections. 

The majority of “long term cell culture infection” models only last for a few hours. In 

fact, the cell culture model with the longest Salmonella post-infection period is about 24 

hours [4]. Currently, no cell culture models are capable of persisting longer than 24 hours 

after wild type Salmonella infection. However, S. Typhimurium is not the only pathogen that 

can persist within phagocytic cells. Research has found that treating undifferentiated 

monocytes (THP1 cells) with retinoic acid and vitamin D3 (RAVD) increased uptake of 

Mycobacterium tuberculosis (M. tuberculosis) but inhibited the subsequent intracellular 

replication [6]. THP1 cells require differentiation before they can acquire macrocytic 

properties, including uptake of bacteria. The most common chemical activator of THP1 cells 

is phorbol myristate acetate (PMA). PMA induces adherence, upregulates phagocytic 
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receptors, and promotes a general macrophage-like state. However, PMA is not 

endogenously produced by the host. On the other hand, all-trans retinoic acid (RA) and 

vitamin D3 (VD) are activators of monocytes and are normally found in the host. These 

compounds are either endogenously produced or consumed in the diet [6]. Given that both 

M. tuberculosis and S. Typhimurium are intracellular pathogens, it is plausible that similar 

conditions may allow for intracellular persistence of S. Typhimurium. 

Since survival depends on the ability to generate energy, maximizing the yield from 

each available carbon atom is paramount. Chronic infections of M. tuberculosis, species of 

Brucella, S. Typhimurium, and other intracellular pathogens have to upregulate genes that 

are responsible for the alternative forms of metabolism. The interior environment of a host 

cell is relatively barren from a nutritional perspective. As such, the need to make do with the 

available nutrients from their host cells becomes vital to bacterial intracellular survival. 

Bacteria have evolved mechanisms to utilize the available resources. One such mechanism is 

the glyoxylate shunt. The glyoxylate shunt is a bypass of the TCA cycle that permits 

gluconeogenesis starting from acetyl-CoA following fatty acid catabolism. It avoids the CO2 

generating step of the TCA cycle and converts one molecule of acetyl-CoA and one molecule 

of isocitrate into two C4 compounds that can be used for biosynthesis.  

There are two enzymes involved in the glyoxylate shunt that are potential 

chronic/latent infection markers: isocitrate lyase (aceA) and malate synthase (aceB). 

Additionally, glycine dehydrogenase (gcvP) is an enzyme that was thought to be related to 

the glyoxylate shunt; it was hypothesized that glycine dehydrogenase reduced glyoxylate to 

glycine concurrently with the oxidation of NADH to NAD to maintain redox balance by 
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recycling NADH/NAD [7,8]. Isocitrate lyase catalyzes the reversible catabolism of isocitrate 

into succinate and glyoxylate and is the first step in the glyoxylate shunt. Malate synthase 

catalyzes the condensation of glyoxylate and acetyl-CoA into malate. Malate can then be 

converted into phosphoenolpyruvate, which is the substrate for the first enzyme in 

gluconeogenesis. In M. tuberculosis, glycine dehydrogenase, isocitrate lyase, and malate 

synthase showed higher activity levels, when in a nonreplicating persistent state. Persistence 

research has been limited by the amount of time that these macrophages have been able to be 

maintained post-infection. The majority of “long-term infection” models only last for a few 

hours [4] with a maximum of 24 hours [6].  

Previous S. Typhimurium cell culture infection studies have identified genes that are 

upregulated or downregulated at 4, 8, and 12 hours after infection [4]. The genes that were 

identified as being upregulated after 12 hours included hha, a negative modulator of hilA 

transcription, soxS, an oxidative stress resistance gene, and ompR, a Salmonella 

Pathogenicity Island II/Type III Secretion System (SPI2/T3SS) regulator. It is biologically 

plausible that, upon transitioning from an extracellular to an intracellular environment, the 

bacterium would prioritize resources on suppressing invasion proteins, superoxide defenses, 

and pathogenicity island regulation. At the same time, various genes that were not necessary 

for intracellular survival were being downregulated, including crp, a cAMP-regulator, pgi, 

glucose-6-phosphate isomerase, pmrA, an LPS regulator, sipA, Salmonella invasion protein, 

and fimA, a major fimbriae component. While useful for extracellular survival and invasion, 

it would not be a prudent use of resources to suppress the starvation stress response, undergo 
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glycolysis and generate carbon dioxide, express toxic LPS genes, enhance polymerization for 

extracellular bacteria, or construct fimbriae for attachment. 

Using this novel cell culture model developed for long-term S. Typhimurium 

infection, the expression levels of genes that had been previously identified as up or down 

regulated [4] at 12 hours were quantified using polymerase chain reaction (PCR). The goal of 

this research is to use a long-term cell culture model to measure the expression level of other 

candidate S. Typhimurium genes to identify chronic/persistent infections using quantitative 

PCR (qPCR). 

MATERIALS AND METHODS 

Development of long-term infection model 

Human THP1 monocytoid cell line was maintained at 37°C and 5% CO2 in HEPES 

buffered RPMI-1640 medium with 10% heat inactivated fetal bovine serum (FBS) [6]. Cells 

were sub-cultured so that the cell counts did not exceed 106/mL. The cells were then 

expanded into 25 cm3 flasks and were activated with 1 μM of RA and 1 μM of VD or with 1 

ng/mL of PMA for 3 days. RAVD concentrations were selected based on the physiologic 

levels that occur in vivo. It is noted that the version of VD used in this study was 

cholecalciferol. While VD is primarily metabolized to 1,25-dihydroxyvitamin D3 in the liver 

and the kidneys, macrophages have been shown to use cholecalciferol for their antimicrobial 

processes. Since RA is susceptible to UV light, the RAVD activated cells were wrapped in 

aluminum foil during the 3-day activation period. 
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S. Typhimurium LT2 was cultured in Tryptic Soy Broth (TSB) overnight. Previously 

performed growth curves indicated that overnight culture of S. Typhimurium reached 109 

colony forming units (CFU)/mL. After 3 days of activation, the THP1 cells were scraped 

gently and the suspension was counted using a hemocytometer.  They were found to contain 

~2.5x105 cells/mL. The cells were then dispensed into a 24-well plate with 1 mL of cells 

suspension into each well. The overnight S. Typhimurium culture was diluted in PBS from 

109 CFU/mL to 107 CFU/mL for infection studies. 100 ul of the 107 CFU/mL dilution of S. 

Typhimurium culture contained 106 CFU of inoculum. 

The activated THP1 cells were infected with 100 ul of the 107 CFU/mL dilution of S. 

Typhimurium LT2, resulting in a multiplicity of 10:1 for 30 minutes. The media was 

replaced with media plus 50 ug/mL of gentamicin for 1 hour to kill extracellular Salmonella. 

After that hour, the media was replaced with media plus 25 ug/mL of gentamicin and the 

cells were maintained in this environment for up to 60 days. Since gentamicin does not 

penetrate cell membranes, the antibiotics only kill extracellular S. Typhimurium. Every 3 

days, the media was changed after gentle centrifugation for 5 minutes at 150 xg. The media 

was then removed, fresh RPMI + 25 ug/mL of gentamicin was added. After 10, 25, 30, and 

45 days post infection, the cells were lysed, diluted, plated on Tryptic Soy Agar (TSA) 

plates, and the CFU/mL were calculated. 

The viability of the THP1 cells post-infection was assessed using Trypan blue. If the 

cells were damaged, they take up the stain and appear blue on a hemocytometer. The number 

of blue cells were counted for RAVD activated cells, PMA activated cells, and un-activated 

controls after 10, 25, 30, and 45 days. 
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Measurement of gene expression of latent Salmonella infections 

The THP1 cells were activated using retinoic acid and vitamin D3 and infected per the 

protocol above. After reviewing literature [4,13], genes that were reported to be upregulated 

(Table 2.1, 2.3) and downregulated (Table 2.2, 2.4) were identified as targets for qPCR. The 

expression levels of these genes were measured at 4 hours, 8 hours, 12 hours, and 24 hours 

after infection. Upregulated genes include a negative modulator of hilA transcription (hha), a 

superoxide resistance gene (soxS), and a SPI-2/T3SS regulator (OmpR). Downregulated 

genes include a starvation stress response gene (crp), an enzyme involved in glycolysis (pgi), 

an LPS regulator (pmrA), an invasion protein (sipA), and a gene involved in fimbriae 

synthesis (fimA). The 16s rRNA gene rsmC was used as a housekeeping gene due to its 

stability and consistent expression regardless of environment [14].  

Primers for each gene target were designed using Primer3Plus software. The mRNA 

was isolated from the THP1 infection model on days 0, 1, 10, and 30. Additional measures to 

protect the integrity of the mRNA included working in a room without any additional 

personnel, liberal use of RNAse Away (ThermoFisher), and rapid conversion of the mRNA 

to complimentary DNA (cDNA). The quantity of cDNA was measured using a NanoDrop 

(ThermoFisher) spectrophotometer to ensure that each reaction had a similar amount of 

cDNA at the starting point. The qPCR mixture included 12.5 μL of SYBR Green PCR 

Master Mix reagent (Applied Biosystems), 0.5 μL of 10 μM of each primer, 10 μL of 

RNAse-free water, and 5 μL of cDNA in a final volume of 28.5 μL. qPCR was performed in 

a Bio-Rad iCycler thermocycler (SABiosciences) with an initial step of 2 min at 50 °C and 

10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, and 1 min at 60 °C. Additionally, 
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melt curves were produced with each qPCR run. This experiment was repeated twice with 

the same experimental conditions. This was done to demonstrate our ability to establish the 

cell culture model.  

Expression levels were calculated by utilizing the ΔΔCt method. This analysis utilizes 

the calculated differences between the Ct values for the rsmC housekeeping gene and the Ct 

values of the experimental gene of interest at the different experimental time points. 

Expression level is calculated using the formula 2(- ΔΔCt). 

Statistical analysis 

T-tests and p values were calculated using JMP version 10.0.2 (SAS Institute, Inc, 

Cary, NC). 

RESULTS 

Development of long-term infection model 

Both PMA and RAVD activated THP1 cells were able to maintain the S. 

Typhimurium infection over the duration of the experiment. After 10 days, at least 106 

CFU/mL S. Typhimurium were isolated from the lysed THP1 cells for both activation 

methods. The RAVD activated THP1 cells showed a significantly higher number of CFU/mL 

than the PMA activated THP1 cells for all time points except day 45, as seen in Figure 2.1.  

There was no difference in the number of THP1 cells that took up the Trypan blue 

stain between the RAVD, PMA, and nonactivated controls (<1 per hemocytometer field) 

with a ratio of approximately 96% living cells to 4% dead cells at the time points tested. 
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Measurement of gene expression of latent Salmonella infections 

The results from the qPCR examining the glyoxylate shunt genes and the genes that 

were previously identified to be upregulated at 24 hours are found in Figure 2.2. At Day 1, 

all six genes are upregulated compared to the housekeeping gene rsmC. However, by Day 

10, four of those genes are downregulated. By Day 30, four genes are upregulated, but only 

one (aceA) has expression levels greater than 101 compared to Day 0. Indeed, aceA is 

expressed at greater than 108 and 105 times greater than Day 0 at Day 10 and Day 30, 

respectively. 

The results from the qPCR examining the genes that were previously identified to be 

downregulated at 24 hours are found in Figure 2.3. The only gene and the time point at 

which expression significantly increased was pgi at Day 1. The genes that had significant 

decreases in expression level were crp (Day 1 Day 10), and fimA (Day 1, Day 10, and Day 

30). 

DISCUSSION 

Development of long-term infection model 

Monocyte to macrophage differentiation occurs after binding pathogens to monocytes 

via receptors in combination with the release of self-activating cytokines (e.g., TNF-α). 

However, that activation can be achieved in vitro by phorbol esters, or RA & VD. Being able 

to activate monocytes to macrophages in a way that mimics the process ex vivo is critical to 

being able to effectively model latent S. Typhimurium infections. Prior to this research, the 

longest an infection model was able to persist for S. Typhimurium was 24 hours [13]. To the 
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best of our knowledge, an in vitro model to maintain S. Typhimurium infections for 

prolonged periods has not been described. The lack of a long-term infection model limited 

the ability to do research exploring latent S. Typhimurium infections. 

Our data indicate that, by activating undifferentiated THP1 cells with either PMA or 

RAVD, viable S. Typhimurium was able to be isolated in substantial numbers after 45 days 

post infection. These results represent a dramatic advance over previous models. RAVD is 

slightly more appealing of an activating agent because PMA is a tumor promoting agent, 

whereas RAVD is normally produced by the host or consumed as a part of normal foods. 

RAVD appears to activate monocytes and cause them to differentiate into macrophages in 

vivo.  

Having a cell culture model that reflects the chronic and latent state of S. 

Typhimurium infection is important for a variety of reasons. The development of an ex vivo 

long-term infection model for chronic S. Typhimurium has several research implications. It 

may be possible to identify S. Typhimurium genes that are upregulated in chronic/latent 

infections when compared to acute infection. This will provide an effective target for PCR 

detection and clinical diagnosis. A long-term infection model would also allow for further 

analysis of the S. Typhimurium transcriptome over time; there may be differences between 

acute and chronic/latent infections that can be exploited for efficient differential diagnosis 

and effective treatment regimen. Additionally, host-pathogen interactions can be explored 

using ex vivo models before progressing to expensive in vivo experiments. Being able to 

study the dynamics of persistence over time creates new research possibilities. This long-
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term infection model provides us the ability to answer these difficult but important questions 

of acute vs chronic/latent infections due to many intracellular pathogens. 

Measurement of gene expression of latent Salmonella infections 

By using the RAVD activated THP1 cell culture Salmonella infection model, we were 

able to address the differential gene expression of S. Typhimurium over a long-term 

infection. At Day 1, all the 6 genes known to over express were upregulated compared to 

rsmC, the housekeeping gene. These results are consistent with the previous literature that 

measured gene expression up to 24 hours post infection [4]. However, Day 10 and Day 30 

show a different scenario, as four of those genes were now downregulated. This information 

is especially relevant, given the previous cell culture models were only able to be sustained 

for a maximum of 24 hours [4,13]. Without the RAVD activated THP1 model, there is no 

way to look at the dynamic nature of S. Typhimurium gene expression over a long period of 

time. These results may give us an insight into identifying diagnostic targets for chronic and 

latent infections.  

The most significant results were the ones that involve aceA, which is the gene that 

encodes for isocitrate lyase known to be associated with latency. Relative to rsmC, isocitrate 

lyase was increased in expression level by 108 and 105 on Day 10 and Day 30, respectively. 

Isocitrate lyase is the first step in the glyoxylate pathway. This enzyme reversibly cleaves 

isocitrate into succinate and glyoxylate, which allows the bacteria to have a net carbon gain 

[15]. That efficiency and optimal utilization of carbon would be a priority in long term 

intracellular infections makes biological sense. This dramatic and statistically significant 
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increase in expression level also gives the opportunity to detect latent S. Typhimurium 

infections that would otherwise go unnoticed. Even if the increase in expression level were 

not as dramatic, it still represents gene expression at a level that would make detection 

possible. In addition to aceA, the gene hha was also significantly increased at Day 30. 

Compared to its Day 0 levels, hha was increased tenfold. Such information of over 

expression of aceA and hha at day 30 post infection may enhance our ability to differentiate 

chronic/latent infections. 

In order to validate that the RAVD activated THP1 model is consistent with biology, 

the expression level of genes that were identified to be downregulated at 24 hours were also 

quantified. These genes are mostly involved in fimbriae synthesis, invasion genes, and 

glucose metabolism. In fact, pgi on Day 1 was the only gene that was significantly increased. 

It is worth noting that pgi is the enzyme that catalyzes the second step of glycolysis. This 

increase is biologically plausible, as glycolysis could still be the preferred route for acetyl-

CoA early in infection. The increased expression of pgi is not consistent with previous 

research, where it was found to be downregulated after 24 hours; however, pgi was 

upregulated at 12 hours post infection [4]. It is possible that the THP1 infection model has a 

slightly different timeline for utilization of glycolysis, when compared to the J774 murine 

cell culture model. This is the only inconsistency after 24 hours post-infection between our 

research findings and previous literature [4]. 

Even on Day 1, the rest of the genes were significantly down regulated relative to 

rsmC one of the housekeeping genes. It is worth noting that fimA is the gene that is currently 

used for PCR diagnosis of acute S. Typhimurium infections. Given that fimA is significantly 
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down regulated in expression as time goes on, it appears to have no utility for diagnosing 

chronic or latent infections. The results of the quantitative PCR analysis of mRNA 

expression levels of glyoxylate pathway genes not only validates the RAVD activated THP1 

cell culture model, it lays the groundwork for potentially identifying latent S. Typhimurium 

cases. 
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TABLES 

Gene Sequence (Forward and Reverse) 
aceA F: ATCCGCGCTATGTGGATTAC 

R: ATATGGCCGCATTTCTTCAC 
aceB F: GACAGGCAGGTGGTAACGAT 

R: CACTTTGGCAAGGACCTGAT 
gcvP F: GGCCGAAGGATATCATCAGA 

R: CTACCACCACCTGCATTCCT 
hha F: TACGGCGCTGTCAGACAAT 

R: CTGAAGAGGGGATCTTGTCG 
soxS F: GGTATTTGCAGCGGATGTTT 

R: CTACAGGCGGTGACGGTAAT 
OmpR F: CGTTATCGCGTTCGGTAAGT 

R: CCGGATCTTCTTCCACCATA 
 

Table 2.1: Upregulated Genes for qPCR. The above listed genes are the ones identified as 

being upregulated after 24 hours and their sequences from 5ʹ to 3ʹ (ref). 

 
Gene Sequence (Forward and Reverse) 
Crp F: ATGGCTCGTCGCTTACAAGT 

R: CCGATTTCCTGACGAGTGAT 
Pgi F: AACACGTTGTGCCATTCAAA 

R: CCCCACTGGTCGAAAGTAAA 
pmrA F: GAGGGATGGACAGGAACTGA 

R: AACCAGCATGTAGCCAAACC 
sipA F: CCATTCGACTAACAGCAGCA 

R: CGTGACCACCTTTCCATCTT 
fimA F: TGTGCCGTCAGCACTAAATC 

R: TGGTGTTATCTGCCTGACCA 
 

Table 2.2. Downregulated Genes for qPCR. The above listed genes are the ones identified as 

being downregulated after 24 hours and their sequences from 5ʹ to 3ʹ (ref). 

 

 



 

 
 
60 

Gene Function 
aceA* Isocitrate Lyase: Isocitrate → Succinate + Glyoxylate. With 

malate synthase, bypasses two decarboxylation steps in TCA cycle 
aceB* Malate synthase → Catalyzes condensation and hydrolysis of 

acetyl-CoA and glyoxylate 
gcvP* Putative glycine dehydrogenase: Now known to be alanine 

dehydrogenase, recycles NADH in hypoxic conditions 
hha Negative modulator of hilA transcription: hilA located on SPI1 and 

controls genes involved in invasion 
soxS Oxidative stress resistance: Regulates response to increased levels 

of superoxide 
OmpR SPI2/T3SS regulator: Controls porins, Vi polysaccharide 

biosynthesis; SPI2 dependent 
rsmC† 16s rRNA housekeeping gene 

 

Table 2.3: Upregulated gene names and functions of the genes (*- glyoxylate cycle genes, †- 

housekeeping gene used for reference) 

 

Gene Function 
crp Global cAMP regulator: Regulates starvation stress response 
pgi Glucose-6-Phosphate Isomerase: Catalyzes second step in 

glycolysis  
pmrA LPS regulator: Controls expression of LPS modification genes, 

helps resist Fe 3+ moderated killing 
sipA Salmonella Invasion Protein: Binds host actin, enhances 

polymerization near extracellular bacteria 
fimA Fimbriae A: Encodes major fimbrial unit; used for PCR based 

diagnosis of Salmonella 
rsmC† 16s rRNA housekeeping gene  

 

Table 2.4: Downregulated gene names and functions genes (†- housekeeping gene used for 

reference)  
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FIGURES 

 

Figure 2.1: Comparison between CFU/mL intracellular S. Typhimurium isolated from 

RAVD activated or PMA activated THP1 cells (* - p<0.05). Both RAVD and PMA resulted 

in isolating viable S. Typhimurium from the activated macrophages. RAVD yielded 

significantly higher CFU/mL than PMA at Day 25 and Day 30 samples. 
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Figure 2.2: Expression levels compared to Day 0 of upregulated genes (* - p<0.05). The 

expression of aceA was markedly increased at Day 10 and Day 30. The expression of hha 

was also slightly elevated at Day 30.  

 

Figure 2.3: Expression levels relative to Day 0 for downregulated genes (* - p<0.05). With 

the exception of Day 1 pgi, all other genes evaluated were downregulated on Day 1, Day 10, 

and Day 30 as per expectation.  
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Chapter 3: Chronic Salmonella Infection 129S1/SvImJ Mice Model: Evaluation by 

Bacterial Culture and Glyoxylate Cycle and Flagellar Genes Expression Studies in 

Tissues of Experimentally Infected Mice.  
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ABSTRACT 

 We report the use of previously identified genes (e.g., aceA) associated with latent 

infection in 129S1/Svlmj mice to test the hypothesis that it is possible to detect chronic/latent 

Salmonella infections using said gene as a qPCR target. Twenty 129S1/SvImJ mice were 

intragastrically gavaged with either Salmonella enterica subspecies enterica serovar 

Typhimurium LT2 (15 mice) or PBS (5 mice). Fecal samples were collected at 24 hours, 48 

hours, and weekly for 13 weeks post-challenge. Additionally, spleen, liver, small intestine, 

large intestine from 3 mice were harvested at 50, 95, and 135 days post-inoculation for 

culture and qPCR. Salmonella was isolated from pooled fecal cultures as early as 24 hours 

and up to 10 weeks post challenge. Salmonella was recovered from five large intestine, two 

spleen, and one liver samples collected at various time points. Nine of the mice were fimA 

positive on qPCR: three mice were positive on Day 50 (two small intestine samples and one 

spleen sample) and six mice were positive on Day 95 (four large intestine samples and two 

spleen samples) collected at various time points. Four mice were positive for aceA from 

three large intestine samples and one spleen sample collected on Day 95. 
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Chronic Salmonella Infection of 129S1/SvImJ Mice Model: Evaluation by Bacterial 

Culture, Glyoxylate Cycle and Flagellar Genes Expression Studies. 

 

INTRODUCTION 

Salmonella enterica subspecies enterica serovar Typhimurium (S. Typhimurium) is 

one of the most common causes of human food-borne nontyphoidal Salmonellosis in the 

United States; the Centers for Disease Control and Prevention (CDC) estimates that 

1,027,561 cases of nontyphoidal Salmonellosis cases in the United States occur annually [1]. 

In 2002, there were 16,580 cases of laboratory-diagnosed foodborne illnesses, and 

Salmonella was the most common bacterial pathogen identified, accounting for 36.4% of all 

cases [2]. S. Typhimurium and Salmonella enterica ssp enterica serovar Enteritidis are the 

most common disease causing serovars in the United States [3]. Approximately 42,000 cases 

of salmonellosis are reported and confirmed annually in the United States [4], but the actual 

case numbers are likely to be much higher. All age groups are affected, but infants, the 

elderly, and the immunocompromised are at greater risk for developing severe or 

complicated diarrheal or septicemic disease. Salmonella is not just a problem for human 

health; a wide variety of animals can also be suffering from salmonellosis, including pets 

(e.g., birds, reptiles, dogs, cats) and large animals (e.g., cattle, pigs, horses). Multistate 

disease outbreaks due to S. Typhimurium have been associated with pet amphibians, chicks, 

ducklings, and hedgehogs.    
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After developing an ex vivo model to study chronic/latent Salmonella infections in 

RAVD activated THP1 cells, the next step was to begin an in vivo experiment. One 

foundational model for these experiments would be the Nramp1+/+ inbred 129s1/Svlmj mice. 

Common strains of mice include BALB/C and C57BL/6 mice. These strains tend to be more 

susceptible to developing clinical disease after infection with S. Typhimurium, which makes 

them excellent candidates for acute infection studies. These mice show overt signs of 

infection, including hunched posture, reduced movement, loss of body weight, piloerection 

and even death [5]. On the other hand, these mouse strains are not ideal for studying 

chronic/latent S. Typhimurium infection.  

 The mice strain, 129S1/SvlmJ, is more resistant to Salmonella infection. These mice 

are genotypically homozygous for the natural resistance-associated macrophage protein-1 

gene (Nramp1+/+), which makes these animals more resistant to intracellular infections [6]. 

This resistance is conferred by making the intracellular environment within epithelial cells 

less hospitable to Salmonella, and by making bacteria within Salmonella Containing Vesicles 

(SCV) more likely to survive inside a macrophage. This strain of mouse can be persistently 

infected with a dose of S. Typhimurium culture via oral gavage. Nramp1 is encoded by the 

SLC11A1 gene in humans, and it encodes a multi-pass membrane protein with 12 domains 

that functions as a transporter involved in iron metabolism [8-10]. To demonstrate its role in 

resistance to infection, a homozygous recessive mutant Nramp1-/- was created. These 

knockout mutants had normal appearance and longevity but were no longer able to 

demonstrate resistance to infection with Mycobacterium, Salmonella, and Leishmania. To 

confirm these results, transferring Nramp1 back into the genetic background restored 

resistance to those infectious agents [10].   
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Expression patterns of Nramp1 mRNA have shown that Nramp1 is highly expressed 

in phagocytic cells, in particular cells of mature myeloid monocyte/macrophage and 

granulocytic lineages [7, 10-12]. Interestingly enough, Nramp1 presence or absence does not 

affect the replication or pathogenesis of non-intracellular bacteria like Staphylococcus 

aureus, Bacillus subtilis, and Pseudomonas aeruginosa [10]. Additionally, there is a 

relationship between Nramp1 and Salmonella Pathogenicity Island 2 (SPI2) [12]. SPI2 is the 

collection of S. Typhimurium genes that encode the Type 3 Secretion System (T3SS) that 

allows the bacteria to survive and replicate within the Salmonella containing vacuole (SCV). 

In order for S. Typhimurium to replicate within splenic macrophages of Nramp1+/+ mice, 

SPI2 is essential. Indeed, SPI2-associated virulence factors are upregulated, when trying to 

establish an intracellular niche in Nramp1+/+ mice [12]. If the host lacks Nramp1, the 

Salmonella is quite virulent and causes a fulminant acute infection leading to high mortality. 

If the Salmonella lacks SPI2, the host can clear the infection relatively easily. This interplay 

between the host’s immune system and the Salmonella virulence factors is necessary for 

détente that is intracellular persistence and chronic infection due to intracellular pathogens 

like Salmonella.  

The goal of this research was to establish a persistent infection animal model and to 

determine the anatomic sites where the bacteria are harbored during latent infections. These 

aims were accomplished by identifying the presence of Salmonella within infected 

129S1/SvImJ mice using bacterial culture and Salmonella specific qPCR. Fecal samples as 

well as selected harvested organs were cultured for Salmonella at various time points. The 

targets for qPCR were determined by the results found in the latent Salmonella cell culture 
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model described in the previous chapter. Two targets for qPCR were used: fimA expression 

to identify acute infections, and aceA expression to identify latent infections. 

MATERIALS AND METHODS 

Research protocols were in accordance with the National Institutes of Health’s Guide 

for the Care and Use of Laboratory Animals and approved by the Virginia Tech Institutional 

Biosafety and Animal Care and Use Committees. In this study, three groups of five 

129S1/SvImJ mice (Groups 1, 2 & 3) challenged by oral gavage with a dose of 2 x 108 S. 

Typhimurium LT2 that had been genetically transformed with pNSTR-lux (16) to track 

bacterial spread through bioluminescence. One group of five mice was given PBS via the 

same route to act as control (Control Group). The mice for each box were selected via 

convenience sampling. Each group of mice were housed in separate cages (e.g., Group 1 was 

housed in cage 1) in the same room. The cages were designed to allow feces to be collected. 

To determine bacterial shedding, feces from each cage were collected from animals weekly, 

pooled, and examined for presence of the Salmonella via culture and PCR. To make the 

pellets liquid, the fecal samples were weighed, and PBS was added at a 10:1 ratio based on 

the weight of the feces. The sample was diluted to 10-9 and plated on XLT-4 agar plates 

(Hardy Diagnostics), which selectively cultures for Salmonella species. The plates were then 

incubated at 37° C for 16 hours. 

To determine bacterial organ clearance, spleen, liver, small intestine, large intestine, 

and bone marrow were harvested and cultured for presence of Salmonella on 50, 95, and 135 

days post infection. Two mice from the control group were processed on days 50 and 95, 
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while the remaining control mouse was processed on day 135. Two mice from each 

experimental group were euthanized and organs were collected under aseptic conditions on 

day 50 and day 95. The remaining three mice in each group were processed in the same way 

on day 135. Portions from each of the dissected organs were homogenized using a roto-stator 

tissue homogenizer. The lysate was then plated on MacConkey’s agar and incubated 

overnight at 37° C. 

The remaining sections of the harvested organs were placed in RNALater (Qiagen), a 

RNA storage and stabilizing solution, and frozen at -80°C. The samples were thawed, 

homogenized using a roto-stator tissue homogenizer, and total RNA was isolated from the 

lysate using a Qiagen kit. The total RNA was then converted to single strand cDNA. Primers 

for fimA and aceA were designed in order to differentiate acute, chronic and latent 

Salmonella infections, respectively. The qPCR was performed using SYBR Green and 

housekeeping genes for both S. Typhimurium (rsmC) and Mus musculus (GAPDH) were 

included as controls. The primers for fimA and aceA were run through a Basic Local 

Alignment Search Tool (BLAST) to ensure that there was no homology with other host or 

pathogen gene sequences. The qPCR mixture included 12.5 μL of SYBR Green PCR Master 

Mix reagent (Applied Biosystems), 0.5 μL of 10 μM of each primer, 10 μL of RNAse-free 

water, and 5 μL of cDNA in a final volume of 28.5 μL. qPCR was performed in a Bio-Rad 

iCycler thermocycler (SABiosciences) with an initial step of 2 min at 50 °C and 10 min at 95 

°C, followed by 40 cycles of 15 s at 95 °C, and 1 min at 60 °C. 
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Statistical analysis 

T-tests and p values were calculated using JMP version 10.0.2 (SAS Institute, Inc, 

Cary, NC). 

RESULTS 

Fecal/organ culture and luminescence 

A convenience sample of feces from each cage were collected and tested for the 

presence of Salmonella. Examination of fecal samples resulted in isolation of S. 

Typhimurium from the fecal samples of challenged mice as early as 24 hours and up to 10 

weeks post challenge (PC) (Table 3.1), peaking at 4 weeks post challenge (Fig 3.1). No 

bacteria were isolated from the Group 2 mice in cage 2 after 5 weeks. S. Typhimurium was 

isolated from the large intestines up to 50 days post challenge (5 animals), spleens up to 95 

days post challenge (2 animals), and liver 135 days post challenge (1 animal). S. 

Typhimurium was not isolated from the feces or organs of the unchallenged control mice at 

any of the time points. Whole-body imaging did not reveal bioluminescence in challenged 

animals. Only one isolate from collected on day 50 post challenge was luminescent. Plasmid 

screening of bacterial isolates indicated the absence of plasmid from the majority of isolates. 

Plasmid isolation and restriction mapping of isolated plasmids revealed the existence of 

plasmids of variable sizes, sequences and none of them had the Lux operon. 

 

 



 

 
 
73 

Quantitative PCR 

With regards to fimA, the qPCR identified one mouse with increased expression in 

two sites on day 50, five mice with increased expression in one site on day 95, and one 

mouse with decreased expression in one site on day 50. No mice had detectable levels of 

fimA on day 135. The anatomic locations of the samples with fimA were in the large 

intestine, spleen, bone marrow, and small intestine (Table 3.2). For aceA, there were no 

detectable levels of mRNA on day 50 from any samples examined from the infected group of 

mice, but there were four mice with increased levels of aceA expression in one anatomic site 

per mouse on day 95. None of the mice examined on day 135 had detectable levels of aceA. 

The anatomic locations of these positive results were the large intestine and spleen (Table 

3.3). No control mice were qPCR positive for either fimA or aceA throughout the study. 

DISCUSSION 

 

The results from the fecal culture show quite a bit of variability among the 

experimental groups. Due to the design of the metabolic cage that housed the mice, the feces 

for each group were pooled and tested as a unit. This process meant that it was impossible to 

trace fecal culture results back to an individual mouse. Both group 1 and group 3 showed a 

similar pattern of bacterial growth. At 48 hours, there was a slight decrease in CFU/mL, but 

those numbers began to rebound after a week. The number of CFU/mL peaked at 4 weeks 

PC and began to slowly decline after that point in time. Group 1 had higher CFU/mL than 

group 3 at each time point. Group 2, on the other hand, had overall lower CFU/mL when 

compared to groups 1 and 3. Possible explanations of this discrepancy include that 
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individuals in group 2 may have had some additional innate immunity against Salmonella 

challenge, or ineffective bacterial infection due to pathogenic variability or concentration. 

Either scenario could result in a reduction of the overall bacterial load for the cage.  

The anatomic locations from which Salmonella were cultured or identified via qPCR 

provide insight into bacterial persistence. Previous chronic infection studies relied upon a 

variant of S. Typhimurium that had decreased expression of AgfA fibers [13]. AgfA fibers 

are thought to mediate bacterial attachment to intestinal epithelial cells [14]. These previous 

studies [13,14] used an attenuated strain of S. Typhimurium to infect BALB/c mice in the 

same manner as this experiment used S. Typhimurium LT2 to infect Nramp1+/+ 129S1/SvImJ 

inbred mice. While the previous study did not look at large intestinal carriage, the variant 

Salmonella was isolated from the spleen, liver, and small intestine of infected BALB/c mice 

8 weeks after infection [13]. Those results are consistent with the locations S. Typhimurium 

LT2 was isolated in the 129S1/SvImJ mice. These results support the hypothesis that this 

strain of mice can be used as an animal model for studying Salmonella latency. The 

luminescence results indicate that pNSTR-lux is an unstable plasmid and construction of a 

chromosomal constitutively expressed lux operon may be needed as a better tool to study 

chronic S. Typhimurium infections. 

The qPCR results for fimA expression indicate that there may be some residual acute 

infection taking place within the challenged mice. In particular, two mice (Mouse 3 day 50, 

Mouse 1 day 95) were Salmonella PCR positive at or in multiple anatomic locations. These 

disseminated infections may represent a simmering subclinical infection that exists between 

a fulminant acute infection and a chronic infection, or it is possibly a result of individual 
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variability among the mice. The down regulation of fimA in the large intestine of Mouse 2 on 

Day 50 may potentially represent an acute infection transitioning to a latent/chronic 

infection.  

The results of the aceA qPCR are interesting in that this gene was only detectable at 

day 95. This delayed detection is consistent with the hypothesis that aceA expression is 

critical to long-term survival within the host and the maintenance of chronic/latent infections. 

Localizing aceA expression to the large intestine and the spleen is consistent with two of the 

hypothesized Salmonella latent infection locations [15].  

The findings of these experiments suggest that the 129S1/SvImJ mouse model has 

utility for the study of S. Typhimurium chronic/latent infections. This model will allow 

researchers to identify key features in host-pathogen interactions; in particular, since the 

genetic variation is in the host, it may be possible to gain insight into Salmonella’s 

transcriptome and the interactions among gene(s) as the bacteria forms a persistent infection 

within the host. This information could provide a better understanding of all the pieces that 

are required for persistence seen in latency. Additionally, this experimental mouse model 

provides a platform for testing potential targets to detect latent Salmonella infection in 

additional animal species of interest (e.g., cattle). 
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TABLES 

 

 Control Group 1 Group 2 Group 3 

24 hours 0 1.6x104 1.1x102 1.2x103 

48 hours 0 5.0x103 2.9x102 2.2x101 

1 week 0 4.5x105 1.5x104 7.0x103 

2 weeks 0 1.5x105 1.0x103 3.6x103 

3 weeks 0 7.0x106 1.6x104 8.0X103 

4 weeks 0 1.4x108 0 4.1x105 

5 weeks 0 7.8x105 1.3x103 1.5x104 

6 weeks 0 1.3x103 0 2.0x102 

 

Table 3.1: Results of S. Typhimurium bacterial fecal culture from experimental and 

control mice measured in colony forming units per milliliter of feces (CFU/mL).  
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Mouse ID Cage Number Site Day ∆Ct (fimA-rsmC) Regulation Direction 

3 1 Small intestine 50 -1.26 Up 

3 1 Bone marrow 50 -2.64 Up 

2 1 Large intestine 50 7.90 Down 

1 1 Bone marrow 95 -1.58 Up 

1 1 Spleen 95 -7.63 Up 

4 1 Bone marrow 95 -1.93 Up 

3 1 Spleen 95 -1.17 Up 

6 3 Spleen 95 -6.39 Up 

 

Table 3.2: Positive fimA qPCR results for harvested organs of infected 129S1/SvImJ 

mice. The anatomic site, day, ∆ cycle threshold (Ct) value difference between fimA and 

rsmC, and whether fimA was up or down regulated are also included. 
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Mouse ID Site Day ∆Ct (aceA-rsmC) Regulation Direction 

1 Large intestine 95 -2.64 Up 

3 Spleen 95 -3.52 Up 

6 Large intestine 95 -2.22 Up 

7 Large intestine 95 -1.98 Up 

 

Table 3.3: Positive aceA qPCR results for harvested organs of infected 129S1/SvImJ 

mice. The anatomic site, date, ∆ cycle threshold (Ct) value difference between aceA and 

rsmC, and whether aceA was up or down regulated are also included. 
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FIGURES 

 

 Figure 3.1: Quantification (in CFU/mL) of S. Typhimurium isolated from the 

feces of the control cage and the three experimental cages (* - p<0.05). Salmonella was not 

isolated from the uninfected controls throughout the study period. 

  

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

1.E+09
Co

lo
ny

 F
or

m
in

g 
U

ni
ts

/m
L

Time (Weeks)

Fecal CFU Count

Control

Cage 1

Cage 2

Cage 3

*
 



 

 
 
80 

REFERENCES 

 

1. Pappas G, Papadimitriou P, Akritidis N, Christou L, Tsianos EV (2006). The 
new global map of human brucellosis. Lancet Infect Dis. 6: 91–9.  
 

2. Centers for Disease Control and Prevention (2003). “Preliminary FoodNet data 
on the incidence of foodborne illnesses-selected sites, United States, 2002.” 
MMWR Morb. Mortal. Wkly. Rep. 52:340-3. 

 
3. Miller, S. and Pegues, D., “Salmonella Species, Including Salmonella Typhi,” 

in Mandell, Douglas, and Bennett’s PRINCIPLES AND PRACTICE OF 
INFECTIOUS DISEASES, Sixth Edition, Chap. 220, pp. 2636-650 (2005). 

 
4. “Salmonella.” Centers for Disease Control and Prevention. Online. Google 

Chrome. http://www.cdc.gov/salmonella/general. 1 Aug 2014. 
 

5. Wickham, M. E., Brown, N. F., Provias, J., Finlay, B. B., Coombes, B. K. 
(2007). “Oral infection of mice with Salmonella enterica serovar Typhimurium 
causes meningitis and infection of the brain.” BMC Infectious Diseases 7: 65.  

 
6. Vidal S, Gros P, Skamene E (1995). “Natural resistance to infection with 

intracellular parasites: molecular genetics identifies Nramp1 as the 
Bcg/Ity/Lsh locus.” J Leukoc Biol. Oct 58(4): 382-90. 

 
7. Cellier M, Govoni G, Vidal S, Kwan T, Groulx N, Liu J, Sanchez F, Skamene 

E, Schurr E, Gros P (1994). "Human natural resistance-associated macrophage 
protein: cDNA cloning, chromosomal mapping, genomic organization, and 
tissue-specific expression." J Exp Med. 180 (5): 1741–52. 

 
8. Kishi F (1994). "Isolation and characterization of human Nramp cDNA." 

Biochem. Biophys. Res. Commun. 204 (3): 1074–80. 
 

9. Canonne-Hergaux, F., Gruenheid, S., Govoni, G. and Gros, P. (1999). “The 
Nramp1 Protein and Its Role in Resistance to Infection and Macrophage 
Function.” Proceedings of the Association of American Physicians. 111: 283–
9. 

 
10. Govoni G., Vidal S., Gauthier S., et al (1996). “The Bcg/Izy/Ish locus: genetic 

transfer of resistance to infections in CS7BL6J mice transgenic for the 
NramplGly169 allele.” Infect. Immun. 64: 2923-9. 

 



 

 
 
81 

11. Cellier M., Shustik C., Dalton W., et al (1997). “Expression of the human 
Nramp1 gene in professional primary phagocytes: studies in blood cells and in 
HL-60 promyelocytic leukemia.” J. Leukoc. Biol. 61: 96-105. 

 
12. Zaharik M, Vallance B, Puente J, Gros P, Finlay BB (2002). “Host-pathogen 

interactions: Host resistance factor Nramp1 up-regulates the expression of 
Salmonella pathogenicity island-2 virulence genes.” PNAS 99 (24): 15705-10. 
 

13. Sukupolvi S., A. Edelstein, M. Rhen, S.J. Normark, J.D. Pfeifer (1997). 
“Development of a murine model of chronic Salmonella infection.” Infect. 
And Immun. 65(2):838-42. 

 
14. Sukupolvi S, Lorenz RG, Gordon J, Bian Z, Pfeifer JD, Normark S, Rhen M 

(1997). "Expression of thin aggregative fimbriae promotes interaction of 
Salmonella typhimurium SR-11 with mouse small intestinal epithelial cells." 
Infect Immun. 65(12): 5320-5. 

 
15. Monack DM, Bouley DM, Falkow S (2004). "Salmonella typhimurium 

persists within macrophages in the mesenteric lymph nodes of chronically 
infected Nramp1+/+ mice and can be reactivated by IFNγ neutralization." J 
Exp Med 199: 231-41. 

 

16. Seleem MN, Ali M, Boyle SM, Sriranganathan N (2008). “Reporter genes for 
real-time in vivo monitoring of Ochrobactrum anthropic infection.” FEMS 
Microbio Letters 286(1): 124-9. 

  



 

 
 
82 

 
Chapter 4: Differentiation of Acute vs. Latent Salmonellosis in Cattle Using the 

Glyoxylate Pathway Gene aceA, Flagellar Gene fimA, and validation by Bacterial 

Culture 

 

 

Betsy A. Schroeder, Nammalwar Sriranganathan 

Center for Molecular Medicine and Infectious Diseases, Department of Biomedical Sciences and 

Pathobiology, College of Veterinary Medicine, Virginia Tech, Blacksburg, Virginia, USA. 

MRJI, 26(3): 1-7, 2018; Article no.MRJI.46492 

 

  



 

 
 
83 

ABSTRACT 

  We report the use of a previously identified gene associated with latent 

infection (e.g., aceA) to test the hypothesis that it is possible to detect chronically/latently 

infected cattle using said gene as a qPCR target. Supra-mammary lymph nodes were 

collected from 40 dairy cattle at an abattoir, sampled, and cut in half. One half of each node 

was cultured on Salmonella chromogenic agar, while the other half was tested using qPCR 

for both an acute infection associated gene (fimA) and a chronic/latent infection associated 

gene (aceA). The Salmonella culture isolation results were compared with the qPCR results 

for the above two genes. None of the lymph nodes were qPCR positive for fimA or aceA, and 

none of the lymph nodes were culture positive. This suggests that the experiment should be 

done using a larger sample size. Therefore, mesenteric lymph nodes, from 100 cattle sent to 

an abattoir, were subjected to the aforementioned protocol. One half of each sample was 

cultured on Salmonella chromogenic agar, while the other half was tested using qPCR for 

both an acute infection associated gene (fimA) and a chronic/latent infection associated gene 

(aceA). The Salmonella culture isolation results were compared with the qPCR results for the 

above two genes. None of the cattle were qPCR positive for fimA indicating that none of the 

cattle slaughtered were actively shedding Salmonella. Whereas 11 lymph nodes were qPCR 

positive for aceA, indicating a potential for shedding Salmonella. Of those 11 aceA qPCR 

positive, only 5 of them were culture positive. This may suggest that the number of 

Salmonella in the sample cultured was below detection limit for the assay (less than 20 CFU 

per gram of tissue). Further research is necessary, but these results demonstrate potential use 
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of using targeted primers to identify latent Salmonella infections in clinically normal cattle. 

In addition, the assays may be able to differentiate between latent and active salmonellosis. 
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Differentiation of Acute vs. Latent Salmonellosis in Cattle Using the Glyoxylate 

Pathway Gene aceA, Flagellar Gene fimA, and validation by Bacterial Culture 

INTRODUCTION 

Salmonellosis has classically been a problem in intensively raised dairy, cattle, 

poultry, swine, and has been identified as an increasing problem in feedlot beef cattle. Some 

of the factors that allow Salmonella to thrive on a farm is the widespread environmental 

contamination resulting from Salmonella shedding, contaminated feed and the organism’s 

ability to survive for prolonged periods in suitable conditions outside the host [1]. According 

to the National Animal Health Monitoring System, 52.6% of sampled swine farms had 

positive fecal cultures for Salmonella [2].  On cattle dairy farms, 24.7% of the bulk tank milk 

filters were positive for Salmonella, 10.8% of bulk tank milk samples were RT-PCR positive, 

and 39.7% of dairy cows were fecal culture positive for Salmonella [3]. In addition to being 

linked to human outbreaks, dairies affected with salmonellosis have increased mortality, 

treatment costs, reduced milk yield, weight loss, regulatory and insurance costs which may 

lead to bankruptcy [4]. Additionally, antimicrobial resistance is on the rise in such 

Salmonella strains, further clouding the diagnostic and treatment picture. In case of swine 

farms sampled, 57.7% of Salmonella isolates were resistant to three or more antimicrobials 

[2], and 17% of dairy cattle isolates were resistant to at least one antimicrobial drug [3]. 

Cephalosporin(s) resistance is on the rise, which is especially a cause for concern because 

these are the drugs that are most commonly used to treat Salmonella infections in humans 

[4]. This emerging resistance has heightened the need for accurate diagnostics, treatment 
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protocols, and especially, identification of latent carriers in order to stem human outbreaks, 

protect public health, and make animal farms economically viable. 

In particular, consumption of ground beef has been linked to outbreaks of 

salmonellosis [5-8]. Historically, the sources of Salmonella from these cases were from the 

animal carcass surface. Interventions aimed at removing Salmonella from those carcasses at 

the end of the slaughter process have been developed and are relatively effective [9-11]. 

Despite these interventions, Salmonella species continue to be isolated from ground beef. In 

2011, the USDA Food Safety Inspection Service recovered Salmonella from 2.4% of ground 

beef samples in the United States [12]. This may suggest that one of the primary targets for 

the control of salmonellosis in animals and humans would be elimination of latent carriers. 

One possible source of this contamination is lymph nodes that have been incorporated 

into the ground beef. There is increasing evidence that Salmonella species may reside/persist 

within lymph nodes of cattle [13-16]. This latency may account for the prevalence of 

Salmonella in ground beef even in the presence of effective ground beef surface 

decontamination. Research on the ecology of Salmonella serovars within mandibular, 

mesenteric, mediastinal, and lymph nodes from Mexican cattle presented for harvest at an 

abattoir revealed varying prevalence within lymph node anatomic location, ranging from 

91.2% in mesenteric to 7.4% in mediastinal lymph nodes [17]. Of these Salmonella isolates, 

8 different serotypes were identified [17]. This variety of Salmonella serovars and the 

distribution of infected LNs makes identifying latent carriers even more important for 

controlling and potentially removing one of the important sources of infection to human 

beings and animals. 
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On dairy farms, outbreaks typically last for several months because of many factors, 

including carrier animals, environmental persistence, risk factor persistence, and reinfection. 

Salmonella has been introduced into dairies via contaminated feed; under appropriate 

moisture, temperature, and pH conditions, Salmonella species can replicate approximately 

every 30 minutes [18]. In the environment, Salmonella can persist for up to 5 years in areas 

that are out of direct sunlight or within feed. S. dublin can survive in dry feces for more than 

a year. While rendering kills Salmonella, post processing contamination is common; 

accounting for 50% of contaminated rendered feed products [19]. Aside from environmental 

contamination, carrier animals are also a significant source of cross contamination on a dairy. 

Chronically affected carriers can shed 108 to 109 bacteria per day in feces and 102 to 105 

organisms per mL in milk. These levels are alarming because the infectious dose in cattle is 

approximately 109 organisms [19]. With the increasing popularity of raw milk consumption 

this will become an even more important source of human infection. 

The need to address shedding cattle as a source of nontyphoidal Salmonella (NTS) 

infections in people has become increasingly more urgent [23]. Recently, researchers have 

described co-infections of human immunodeficiency virus (HIV) and NTS that disseminate 

beyond the gastrointestinal tract and cause bacteremia [24]. Another concerning trend is the 

emergence of multidrug-resistant (MDR) strains of both typhoid fever and NTS.  First line 

treatment for typhoid fever in humans consists of fluoroquinolones like nalidixic acid and 

ciprofloxacin [25].  Fluoroquinolones cannot be used in an extra-label fashion in food 

animals. Even if those drugs were available to veterinarians for treating diarrheal disease, 

fluoroquinolone resistance has been reported in Southeast Asia [26]. In addition to affecting 
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human health, Salmonella can spread rapidly within a herd. In an experimental evaluation of 

transmission within a herd, deliberately infected calves were released into a herd. These 

seeder calves were able to transmit S. Typhimurium to up to 80% of naïve calves within one 

week. Of those newly infected calves, 23% became asymptomatic carriers [27]. Being able to 

identify carriers of Salmonella in livestock may allow health professionals to decrease the 

prevalence of infection, interrupt the transmission routes, and improve the health of animals 

and humans. 

Treating symptomatic cattle is an expensive undertaking for dairies. Supportive care 

and prudent antimicrobial use are often necessary for up to 6 days, and even with such 

treatment prognosis is poor [20]. It is also challenging to implement preventive strategies 

into a dairy herd after an outbreak. The current standard is that at least 20% of the population 

must have their feces cultured, and these cultures must be performed for 3 to 6 months in 

order to distinguish recovering animals from latent carriers [18]. PCR based testing is 

available, but it requires the same timeframe as culturing and is more expensive. The primary 

strategy for salmonellosis in dairies is focused on prevention. Using “all in-all out” systems, 

maintaining a closed herd, minimizing new additions, separating calving cows and sick 

cows, separating heifers and calves from cows, restricting access to pond water, and 

disinfecting waterers with bleach twice daily are all effective methods to decrease 

Salmonella introduction. But even with these measures, incidence of salmonellosis in 

animals and humans have not been dramatically reduced, and there are opportunities for 

further reduction. 
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This research aims to detect the presence of Salmonella within cattle lymph nodes and 

to determine the prevalence of Salmonella within populations of cattle using two tests: 

culture isolation and quantitative PCR. The targets for qPCR were determined by the results 

found in the latent Salmonella cell culture model described in the chapter 2. Two targets for 

qPCR were used: fimA to identify any acute infections, and aceA to identify latent infections. 

Two different population of cattle and two different anatomic locations were tested. The first 

population consisted of supra-mammary lymph nodes from dairy cattle collected in 

Tennessee. The second population tested was mesenteric lymph nodes that were collected 

from cattle that were presented to an abattoir in South Carolina. This research will also help 

assess the utility of using aceA as a tool to identify latent carriers of Salmonella.  

MATERIALS AND METHODS 

Supra-mammary lymph nodes in dairy cattle 

Supra-mammary lymph nodes from 40 cattle were obtained from an abattoir in Bean 

Station, Tennessee. One lymph node was dissected from each animal, giving a total of 40 

lymph nodes from 40 individual cattle. The individual lymph nodes were placed in 

RNALater (Qiagen), a RNA storage and stabilizing solution, and placed on dry ice. Later 

that same day, the lymph nodes were bisected. The samples were appropriately catalogued so 

that it was known which two halves were from the same animal’s lymph node. 

To culture S. Typhimurium from the samples, one half of each of the individual 

bisected lymph nodes was incubated at 37° C for 16 hours in Selenite broth (Hardy 

Diagnostics), which reduces fecal coliform growth and selectively enriches for Salmonella 
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species [22]. After incubation, the enriched samples were plated on HardyChrome agar 

(Hardy Diagnostics), a highly selective chromogenic medium that allows for rapid visual 

differentiation between Salmonella (magenta) and non-Salmonella (gray) colonies. The 

Salmonella Chromogenic Agar Base combines two chromogens for the detection of 

Salmonella species: 5-Bromo-6-Chloro-3-Indolyl caprylate (Magenta-caprylate) and 5-

Bromo-4-Chloro-3-Indolyl b-D galactopyranoside (X-gal). X-gal is a substrate for the 

enzyme β-D-galactosidase. Growth of non-Salmonella species result in gray or blue colonies. 

Hydrolysis of Magenta-caprylate by lactose negative Salmonella species results in magenta 

colonies [22]. 

To culture S. Typhimurium, one half of the bisected lymph nodes was placed in 

Selenite broth (Hardy Diagnostics), which reduces fecal coliform growth and selectively 

enriches for Salmonella species [22], and incubated at 37° C for 16 hours. After incubation, 

the enriched samples were plated on HardyChrome agar (Hardy Diagnostics). Growth of 

non-Salmonella species result in gray or blue colonies. Hydrolysis of Magenta-caprylate by 

lactose negative Salmonella species results in magenta colonies [22]. Growth of Salmonella 

species was identified by magenta colonies resulting from lactose negative Salmonella 

hydrolyzing magenta-carpylate. 

The remaining sections of lymph nodes preserved in RNALater were used for qPCR. 

The lymph nodes were thawed, then disrupted using a roto-stator tissue homogenizer, and 

total RNA was isolated from the lysate using a RNeasy Mini Kit (Qiagen). The total RNA 

was then converted to single strand cDNA using a QuantiTect reverse Transcription Kit 

(Qiagen). Research described in preceding chapters was used as a basis for which genes were 
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used to indicate the presence of either acute or chronic Salmonella infections. Primers for 

fimA for acute infections and aceA for chronic infections were designed using Primer3Plus 

software. The qPCR was performed using SYBR Green and included housekeeping genes for 

both S. Typhimurium (rsmC) and Bos Taurus (GAPDH). The primers for aceA and fimA 

were run through a Basic Local Alignment Search Tool (BLAST) to ensure there was no 

homology with other host or pathogen sequences. The qPCR mixture included 12.5 μL of 

SYBR Green PCR Master Mix reagent (Applied Biosystems), 0.5 μL of 10 μM of each 

primer, 10 μL of RNAse-free water, and 5 μL of DNA in a final volume of 28.5 μL. qPCR 

was performed in a Bio-Rad iCycler thermocycler (SABiosciences) with an initial step of 2 

min at 50 °C and 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C, and 1 min at 60 

°C. 

Mesenteric lymph nodes from beef cattle 

Mesenteric lymph nodes from 100 cattle were obtained from a packing company in 

Gaffney, South Carolina. One lymph node was dissected from each animal, giving a total of 

100 lymph nodes from 100 individual cattle. The individual lymph nodes were bisected on 

site; one half was placed in RNALater (Qiagen), a RNA storage and stabilizing solution, and 

frozen at -80° C. The other halves of lymph nodes were set aside for culture and were frozen 

at -80° C. The samples were appropriately catalogued so that it was known which two halves 

were from the same animal’s lymph node. 

The frozen lymph nodes were thawed, and the same culture technique described for 

the supra-mammary lymph nodes was used for the mesenteric lymph nodes.  
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The remaining sections of lymph nodes preserved in RNALater were used for qPCR 

as described above. The lymph nodes were disrupted using a roto-stator tissue homogenizer, 

total RNA was isolated from the lysate, converted to single strand cDNA, and qPCR using 

SYBR Green was performed using the same primers used in the supra-mammary lymph 

nodes analysis. 

RESULTS 

Supra-mammary lymph nodes in dairy cattle 

 Culturing on the chromogenic agar showed that none of the lymph nodes were culture 

positive for Salmonella. None of the lymph nodes were culture positive for Salmonella on 

the chromogenic agar.  Likewise, after standardization, none of the samples were identified 

as positive based on qPCR aceA or fimA analysis. After standardization, none of the lymph 

nodes were positive for Salmonella via qPCR for aceA or fimA (0%) (Table 4.1). 

Mesenteric lymph nodes from beef cattle 

100 mesenteric lymph nodes were cultured on the chromogenic agar.  7 lymph nodes 

were culture positive for Salmonella and 93 were culture negative (7% positive) (Table 4.1). 

A positive culture result using chromogenic agar was marked by a magenta colored colony, 

while a negative culture result was indicated by the presence of gray-blue colored colonies or 

no growth (Figure 4.1). After standardization, 11 of the lymph nodes were positive for 

Salmonella via qPCR for aceA (11%), and 0 lymph nodes were positive for fimA (0%) (Table 

4.2). Of the 7 culture positive lymph nodes, 5 of them were also aceA PCR positive. There 

were 6 lymph nodes that were positive on aceA qPCR but were culture negative (Table 4.3). 
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DISCUSSION 

Supra-mammary lymph nodes in dairy cattle 

None of the supra-mammary lymph nodes were positive based on either culture or 

qPCR utilizing gene specific primers. This particular processing facility was located in 

central Tennessee, and there was no information on the prevalence of Salmonella in the cattle 

that fed into that facility. The absence of qPCR false positives indicates that the qPCR may 

have a high specificity for detecting Salmonella. Failure to detect Salmonella may be due to a 

low number of Salmonella present in the samples which is below the detection limit of the 

tests or a true absence of Salmonella in the lymph nodes selected. Additionally, since the 

supra-mammary lymph nodes are more distant from the intestines, so it is plausible that these 

lymph nodes may not drain the region of the cattle’s digestive tract that is most likely to have 

Salmonella present. 

Mesenteric lymph nodes from beef cattle 

While evaluating the qPCR results, it is important to first note that none of the lymph 

nodes tested positive on the qPCR for fimA alone. These qPCR results are consistent with the 

environment the type of animals from which the samples were collected as the vast majority 

of animals presented for slaughter are clinically normal; these animals were not actively ill, 

as they passed pre-mortem inspection. It is entirely plausible that none of the animals 

presented to this slaughterhouse had an active Salmonella infection.  

 When comparing the culture results to the aceA qPCR results, there are consistencies 

and discrepancies between the two tests. Of the 7 culture positive samples, 5 of them were 
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also aceA qPCR positive. Given that it appears likely that latently infected cattle harbor 

Salmonella bacteria within their lymph nodes [13-16], it is entirely reasonable that these 

culture positive and qPCR aceA positive samples represent cattle that are latently infected 

with Salmonella. Additionally, there were 2 samples that were culture positive and aceA 

qPCR negative, and 6 samples that were culture negative and aceA qPCR positive. False 

positive qPCR rates for this combination of target gene and protocol are unknown; however, 

since the aceA primer was run through an algorithm designed to ensure that the sequence is 

unique to this particular gene, it is likely that the 6 culture negative aceA qPCR positive 

samples represent latent Salmonella infections that were not identified via culture. One 

possible explanation for this discrepancy is that Salmonella is not thought to be uniformly 

distributed throughout the lymph node [21]; these discordant samples may represent latently 

infected cattle whose lymph node sample did not contain viable bacteria for culture, but the 

bacterial RNA was present. It could also be due to presence of Salmonella at very low 

numbers (i.e., below detection limit for the culture assay). Previous studies found that 

Salmonella prevalence in subiliac lymph nodes of feedlot cattle was approximately 12% 

[14]. While the samples in this study are from a different anatomic location, the overall aceA 

qPCR prevalence (including culture+aceA+ and culture-aceA+ samples) is 11%, which is 

consistent with the aforementioned study. 
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By comparing the two tests (culture and fimA and aceA qPCR) as laid out in Table 

4.3, it is possible to calculate a specificity, sensitivity, predictive value positive (PVP), and 

predictive value negative (PVN) for one test relative to the other. When comparing bacterial 

culture to the fimA and aceA qPCR, the culture has the following characteristics: 

Sensitivity: 45.5% Specificity: 97.8% PVP: 71.4% PVN: 93.5% 

The high specificity is consistent with what was noted in the supra-mammary lymph nodes as 

well, but this experiment should be repeated with a larger sample size for validation. These 

results indicate that aceA qPCR may detect latent Salmonella infections in mesenteric lymph 

nodes better than bacterial culture. 

 According to the Center for Food Safety and Public Health (CFSPH), biosecurity is 

the cornerstone of non-typhoidal Salmonella prevention on the farm. Part of that biosecurity 

is being able to identify carrier animals to be isolated and treated or culled [28]. Historically, 

identification of carrier animals has been limited to testing pooled fecal samples for the 

presence of bacteria or serological tests that detect antibodies against Salmonella. Culture is 

not always reliable because of the intermittent nature of shedding from carrier animals, and 

serology has limitations in individual animals because antibodies do not appear until two 

weeks after infection [28]. There is a clear need for a PCR-based diagnostic test to identify 

asymptomatic carriers within a herd, and these preliminary results indicate that aceA could 

serve as that genetic target.  
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TABLES 

Lymph Node 
# Culture aceA fimA 

Lymph Node 
# Culture aceA fimA 

1 - - - 21 - - - 
2 - - - 22 - - - 
3 - - - 23 - - - 
4 - - - 24 - - - 
5† - - - 25 - - - 
6 - - - 26 - - - 
7 - - - 27 - - - 
8 - - - 28 - - - 
9 - - - 29 - - - 
10 - - - 30 - - - 
11 - - - 31 - - - 
12 - - - 32 - - - 
13 - - - 33 - - - 

14* - - - 34 - - - 
15 - - - 35 - - - 
16 - - - 36 - - - 
17 - - - 37 - - - 
18 - - - 38 - - - 
19‡ - - - 39 - - - 
20 - - - 40 - - - 

 

Table 4.1: Summary of bacterial culture, qPCR aceA, and qPCR fimA results for each 

individual bovine supra mammary lymph node 
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Lymph Node 
# Culture aceA fimA 

Lymph Node 
# Culture aceA fimA 

1 - - - 51 - - - 
2 - - - 52 - - - 
3 - - - 53 - - - 
4 - - - 54* + + - 
5† + - - 55 - - - 
6 - - - 56 - - - 
7 - - - 57 - - - 
8 - - - 58 - - - 
9 - - - 59 - - - 
10 - - - 60 - - - 
11 - - - 61 - - - 
12 - - - 62 - - - 
13 - - - 63 - - - 

14* + + - 64 - - - 
15 - - - 65 - - - 
16 - - - 66* + + - 
17 - - - 67 - - - 
18 - - - 68 - - - 
19‡ - + - 69 - - - 
20 - - - 70* + + - 
21‡ - + - 71 - - - 
22 - - - 72 - - - 
23 - - - 73 - - - 
24 - - - 74 - - - 
25 - - - 75 - - - 
26 - - - 76 - - - 
27 - - - 77 - - - 
28 - - - 78 - - - 
29 - - - 79 - - - 
30 - - - 80‡ - + - 
31 - - - 81 - - - 
32‡ - + - 82 - - - 
33 - - - 83 - - - 
34‡ - + - 84 - - - 
35 - - - 85 - - - 
36 - - - 86 - - - 
37 - - - 87 - - - 
38 - - - 88 - - - 
39 - - - 89 - - - 
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40† + - - 90 - - - 
41 - - - 91 - - - 
42 - - - 92 - - - 

43* + + - 93‡ - + - 
44 - - - 94 - - - 
45 - - - 95 - - - 
46 - - - 96 - - - 
47 - - - 97 - - - 
48 - - - 98 - - - 
49 - - - 99 - - - 
50 - - - 100 - - - 

 

Table 4.2: Summary of bacterial culture, qPCR aceA, and qPCR fimA results for each 

individual bovine mesenteric lymph node (* culture+ aceA+,  † culture+ aceA-, ‡ culture-

aceA+) 

 

 PCR aceA 

Culture 

 Positive Negative 

Positive 5 2 

Negative 6 87 

 

Table 4.3: Comparison of using enriched culture and qPCR for aceA for Salmonella 

detection in bovine mesenteric lymph nodes.  
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FIGURES 

 

Figure 4.1: A photo of lymph node samples that have been enriched in selenite broth and 

streaked on chromogenic agar. Sample 13 is on the left side of the plate illustrating the non-

Salmonella species morphology (e.g., gray-blue) of bacterial isolate. Sample 14 is on the 

right side of the plate and it demonstrates positive Salmonella growth with its magenta 

colonies. 
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Chapter 5: General Conclusions and Future Research 

In this dissertation research, the gene for isocitrate lyase, aceA, has been identified as 

a target for identifying chronically infected carriers of S. Typhimurium. The development of 

a cell culture model for latent Salmonella infections provides an avenue to explore variations 

in gene expression patterns as the bacteria adapt and evade the host’s defenses. Other 

avenues of research include utilizing other strains of Salmonella, especially those strains that 

isolated from mice several weeks after infection. Provided the mouse model has a 

Nramp1+/+ pedigree, Salmonella strains such as SL13444 [1] and SL 1344 sseD::aphT [2] 

can be cultured from spleens as many as 60 days post-infection. This model will allow for 

future research into identifying additional genetic targets for bacterial detection and could 

potentially yield targets for treatment.  

Along those lines, there is a need to develop therapeutic delivery models to target 

these intracellular pathogens. While culling may be used to eliminate chronically infected 

animals from a herd, farmers may elect to treat their cattle instead. To do so more efficiently, 

drug delivery models will be necessary to specifically target cells harboring intracellular 

bacteria. Methods for delivering antimicrobials to the interior of infected cells include 

utilizing liposomes, polymeric nanoparticles, and peptide nucleic acids. Further research 

should be conducted to determine what methods and antimicrobials are best suited for 

delivery to intracellular Salmonella infections. 

 Additionally, the cell culture results were corroborated by the living model 

experiments conducted in naturally resistant mice infected with S. Typhimurium. With this 

evidence, we moved to the species this research most directly affects, cattle. We found 
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evidence of aceA expression in the mesenteric lymph nodes of culled cattle. These results 

would benefit from being repeated with larger sample sizes. Testing larger populations will 

allow for increased confidence in the validity of the results. Ultimately, the ability of aceA to 

function as a reliable diagnostic target depends on its ability to detect individual carriers in a 

large herd population. To most effectively conduct these validation tests, it is important to 

select a population of cattle where the Salmonella prevalence is estimated with a fairly high 

degree of certainty. 

 Finally, the utility of these tests lies in their ability to be used “cow-side” at the farm. 

It is impractical to expect that supra-mammary lymph nodes will be excised from an 

individual animal, and mesenteric lymph nodes are inaccessible in a living animal. A punch 

biopsy, on the other hand, is a more practical method for a veterinary practitioner to obtain a 

sample. However, research conducted in other animals indicates that Salmonella is not 

uniformly distributed throughout a given lymph node [3]. While these data are from pigs, it 

is worth investigating to see if cattle have the same issues with distribution. If the bacteria 

are unevenly distributed throughout the lymph node, then research to determine how large of 

a sample or how many samples from the peripheral lymph node should be conducted. 

Validation studies on these samples should be conducted as well. These additional 

experiments will provide more information on using aceA as a diagnostic target for 

identifying latent Salmonella infections in cattle. 
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