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ABSTRACT 

Salmonella enterica is a foodborne pathogen of major significance, and as such it 

has been extensively studied by researchers around the world.  However, despite the 

numerous scientific publications on Salmonella, there are still many gaps in our 

understanding of its biology.  One such gap is in the bacteria’s interactions with 

invertebrate hosts, and in particular, oysters.  Nearly 70 million pounds of oysters are 

consumed in the United States each year, and previous work in the Joens’ laboratory 

found Salmonella in roughly 7% of the market oysters they sampled, with the majority of 

the isolates being the Newport serovar.  The majority of oysters are consumed raw, which 

makes the presence of Salmonella within oysters a potentially significant food safety 

problem.   

To more closely examine the interactions between Salmonella and oysters, the 

Present Study developed a method to consistently and reproducibly raise oysters in a 

controlled laboratory environment in order to systematically expose them to enteric 

bacteria and quantify the amount of surviving bacteria at various time points after the 

initial exposure.  Use of this model system throughout the Present Study led to four main 

conclusions. 

The first is that Salmonella enterica serovar Newport is capable of surviving in 

oysters for at least 60 days, from an average concentration of 3.7x103 CFU/g of oyster 

meat after 10 days, to over 102 CFU/g of oyster meat after 60 days.  The second main 

conclusion is that the Newport serovar of Salmonella, which was found in such 

predominance in the earlier Joens’ laboratory study, does not appear to have any special 
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adaptations for survival within oysters, as other strains of Newport and other serovars of 

Salmonella survived equally well within our model.  The third main conclusion, based on 

the results of immunohistochemistry, is that the relationship between Salmonella and 

oysters is not a transient interaction that is limited to the outside of the oyster’s gut 

epithelium, but involves a long-term colonization inside the oysters’ connective tissues.  

Because the survival of Salmonella in oysters could be have a pathogenic nature, the 

Present Study knocked out two key type III secretion systems (T3SS) found in two 

distinct Salmonella pathogenicity islands (SPI-1 and SPI-2) known to be critical for 

pathogenesis in mammalian hosts and examined their role in the bacteria’s ability to 

survive within oysters.  The results revealed that neither the SPI-1 nor the SPI-2 T3SS 

were necessary for Salmonella’s survival in oysters, which led to the final conclusion of 

the Present Study that the nature of Salmonella’s infection of oysters is fundamentally 

different than the pathogenesis that occurs in mammalian hosts and that further study of 

the mechanisms of the survival of Salmonella in oysters is needed to better understand 

the important and interesting relationship between a significant source of food and this 

common, and occasionally deadly, foodborne pathogen. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Salmonella 

 Salmonella is one of the most important foodborne pathogens, and as such, is also 

one of the most well studied pathogenic bacteria.  This review encompasses the portions 

of our current understanding of Salmonella’s biology most relevant to the Present Study. 

  

1.1.1 Taxonomy 

 Salmonella is a γ-proteobacteria in the family Enterobacteriaceae, with the genera 

Citrobacter, Shigella, and Escherichia being the most closely related (45).  The 

taxonomy and nomenclature of Salmonella at the species level has been a controversial 

and often-debated topic (13).  The most current classifications divide strains into two 

species: Salmonella enterica and Salmonella bongori.  The type species, Salmonella 

enterica, is further divided into six sub-species (84).  Because the vast majority of 

medically relevant strains of Salmonella fall under the same species and sub-species, 

Salmonella enterica sub-species enterica, a further division of serotype is used by 

following what is known as the Kauffman-White scheme, a system based on 

immunological reactions to the somatic lipopolysaccharide structures (O) and flagellar 

antigens (H) of the bacterium.  There are known to be over 2,400 different serovars, but 

nearly half of the human clinical cases of salmonellosis in the United States are caused by 

the top five serotypes: Typhimurium, Enteritidis, Newport, Javiana, and Heidelberg (22). 
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 Clinically, Salmonella serotypes are further divided into typhoidal (Typhi and 

Paratyphi) and non-typhoidal (all others, including the most commonly isolated serovars 

mentioned previously) based on their disease manifestations, with the thyphoidal 

infections resulting in a severe enteric fever, while the others result in a more mild 

gastroenteritis (62). 

Serotyping, while convenient, does not necessarily convey genetic relatedness.  

Two isolates can be classified as different serovars but can be more closely related than 

two strains from the same serovar, if the majority of the genetic diversity exists within the 

few genes encoding these antigenic structures.  More modern genomic techniques, such 

as Pulsed Field Gel Electrophoresis (PFGE), Restriction Fragment Length Polymorphism 

(RFLP) analysis, or Multilocus Sequence Typing (MLST), or in some cases whole 

genome sequencing, have been, or are being, developed in order to classify strains of 

Salmonella based on genomic differences (9), but a single preferred method has yet to be 

chosen as each technique has strengths and weaknesses (36).  The United States Centers 

for Disease Control (CDC) maintains a large database of PFGE profiles, known as 

PULSENet, to coordinate the efforts of public health laboratories to track and classify 

Salmonella strains (42), and has thus become a de facto standard, but the techniques 

behind PFGE can be costly and time consuming. 

 

1.1.2 Basic physiology and isolation 

 Salmonellae are Gram-negative, motile, facultatively anaerobic bacilli with 

peritrichous flagella.  Much like their related enteric bacteria, they produce acid upon the 
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fermentation of glucose, but unlike fecal coliform bacteria, they do not ferment lactose 

(62).  The selective and differential media used most often in this Present Study was 

xylose-lysine-deoxycholate (XLD) agar, which selects for enteric bacteria through the 

use of the bile salt, deoxycholate, and differentiates based on the bacteria’s ability to 

ferment xylose, decarboxylate lysine, and produce hydrogen sulfide gas (16).  The 

detection of these various biochemical reactions results in pink to red colonies with black 

centers, or colonies that are entirely black (5).  Routine cultivation of both Salmonella 

and Escherichia coli in the Present Study was done using the widely used Luria-Bertani 

(LB) media (76). 

 

1.1.3 Pathogenesis 

 The type of interactions Salmonella can have with a host range from a non-

pathogenic colonization through a self-limiting gastroenteritis to a life-threatening 

systemic infection (89).  The particular course of a Salmonella infection depends on, 

among other factors, the host-serovar combination, with the same serovar being capable 

of acting as innocuous normal flora in one type of host and a pathogen in another (55).  

The pathogenesis in mammalian hosts is clearly the most thoroughly studied aspect of 

Salmonella.  It has been well-established that adhesion and invasion of intestinal 

epithelial cells and subsequent entry into and survival within the gut-associated lymphoid 

tissue, or GALT, begins the process of salmonellosis.  It is within the GALT that an 

important virulence mechanism, the ability to survive within macrophages, becomes 

crucial for systemic spread (89). 
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Extensive studies of the Salmonella genome and its relatives have led to the 

discovery of a number of clusters of genes important to pathogenesis.  The two most 

important and well-studied of these genomic islands are aptly named: Salmonella 

Pathogenicity Island 1 and 2, or SPI-1 and SPI-2.  Each of these genomic clusters contain 

numerous genes required for infection that are absent from Salmonella’s avirulent 

relatives and are believed to have come from a horizontal gene transfer event (50). 

 The first, SPI-1, contains genes used in the initial attachment and invasion of cells 

in the intestinal mucosa.  SPI-1 is roughly 40 kb and contains approximately 30 genes 

required to construct and operate a type III secretion system (T3SS) that enables the 

bacteria to inject effector molecules directly into the host cell’s cytosol.  This eventually 

leads to the abnormal internalization of bacteria into large Salmonella-containing 

vacuoles (SCV) typically within the enterocytes and M cells of the intestinal mucosa 

(50).  The T3SS of SPI-1 has been very thoroughly examined and reviewed elsewhere 

(50, 53, 60, 64), but one gene that has been shown through the use of knockout mutants 

to be required for the invasion phenotypes is invA (41).  Further studies of the roughly 76 

kDa InvA gene product have shown it to be a key component of the inner-membrane 

portion of the T3SS and may function to form a channel through which effector 

molecules can be delivered (28).  invA mutants fail to translocate SPI-1 effector 

molecules (28) and show significant attenuation in mouse models of disease due to 

decreased invasion of the intestines (41). 

 The second pathogenicity island, SPI-2, contains a suite of genes that enable the 

organism to survive and replicate in phagocytes.  Like SPI-1, SPI-2 is roughly 40 Kb 
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long and encodes for a separate and mostly independent type III secretion system, which 

has also been well studied and reviewed (53, 57, 64, 91).  Mutants lacking key 

components of SPI-2 are unable to cause systemic disease in animal models of disease.  

The key functionality of effector molecules from SPI-2 is to manipulate the phagocyte’s 

ability to process the Salmonella-containing vacuole into a phagolysozome through a 

number of methods (91), thus sparing the bacteria from reactive species designed to 

destroy them. Due to the migratory nature of leukocytes, survival within phagocytes 

allows for further dissemination about the host that can eventually progress into a 

systemic and possibly life-threatening infection (50).  Similar to invA of the SPI-1 

complex, ssaV is a gene encoding for a 681 amino acid protein thought to play a role in 

the inner membrane channel of the SPI-2 T3SS (57) and ssaV mutants have been shown 

to be defective in translocating SPI-2 effector molecules, thereby reducing their fitness in 

a variety of assays (8, 14, 39, 49, 69, 77, 87). 

 There is a great deal more to the pathogenesis of Salmonella than SPI-1 and SPI-

2.  In fact, there have been up to 12 other pathogenicity islands described (67), along with 

a variety of virulence plasmids (24, 26, 83).  The other pathogenicity islands carry genes 

encoding pilli, fimbriae, a putative type one secretion system, as well as numerous other 

effector proteins that utilize the SPI-1 and SPI-2 T3SSs for translocation (67).  The most 

important of the virulence plasmids contain the spv operon, which contains five genes 

thought to play a role in the systemic spread of Salmonella throughout its host (26) by 

inducting apoptosis of infected macrophages (59).  Many other plasmids, including the 

pSN254 plasmid sequenced as part of the genome of Salmonella Newport (strain SL254), 
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contain multiple antibiotic resistance genes.  One of the main regulators of all of these 

Salmonella virulence factors is the PhoP and PhoQ two component regulatory system, 

which is known to influence the activity of at least 40 different genes (52).  

The number of putative virulence factors identified and researched in Salmonella  

is staggering, and extensive reviews on details of Salmonella’s pathogenesis beyond the 

scope of the Present Study, can be found elsewhere (50, 52, 62, 64, 83).  Any number of 

these genes, along with the numerous genes that are not yet characterized, could be 

essential for Salmonella to survive within oysters, but the Present Study focused on two 

of the most demonstrably important genes, invA and ssaV, in our current understanding of 

this bacterium. 

 

1.1.4 Epidemiology 

The CDC estimated that there are approximately 1.4 million cases of Salmonella 

in the U.S. each year, resulting in 15,000 hospitalizations, and 400 deaths each year (88), 

and an estimated cost to society between 500 million dollars and 2.3 billion dollars (40).  

While the incidence of other foodborne pathogens, like Campylobacter, 

Cryptosporidium, E. coli O:157, Listeria, and Yersinia, declined between 29-49% in the 

decade between 1996 and 2005, the incidence of Salmonella only declined 9%, with most 

of that decline due to a reduction in only one serotype, Typhimurium, while the other 

serotypes remained mostly unchanged (81).  The food sources most commonly associated 

with Salmonella infections are poultry and cattle (81), but an ever-increasing amount of 

outbreaks have been associated with produce lately such as, melons, sprouts, tomatoes, 
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mangoes, and peppers (47).  Produce is seen as a particularly troubling source of 

Salmonella because, like oysters, it is frequently consumed raw. 

 

1.1.5 The Newport serovar and its link to cattle 

The Newport serovar of Salmonella enterica is the third-most commonly isolated 

serovar in laboratory confirmed clinical cases in humans, comprising 10% of all 

Salmonella cases in 2007 (21).  The incidence of Newport infections reported to the 

CDC’s FoodNet database increased dramatically between 1997 and 2002 and has since 

leveled off (22).  In 2003, 20.7% of human isolates of Newport sent to the CDC’s 

National Antimicrobial Resistance Monitoring System were designated as the 

MDR_AmpC phenotype reserved for those strains resistant to at least 7 antimicrobials 

(86). 

In non-human clinical cases, Newport is the second most isolated serovar, with 

the majority of those cases in cattle (22).  Numerous studies have established cattle as a 

source of Salmonella Newport, some of which are reviewed elsewhere (4, 37), but unlike 

most serovars’ commensal relationship with poultry, Newport is capable of causing a 

severe enteritis in cattle (37).  A survey of 831 dairy herds in the northeastern United 

States resulted in 576 cultured confirmed cases of salmonellosis in 93 of the tested herds, 

with 41% of those positive samples belonging to the Newport serovar (30).  In a follow-

up study, investigators found the median duration of fecal shedding in these positive 

cattle was 50 days, with a maximum of 391 days (29), and studies have shown that fecal 

shedding can persist long after clinical signs of disease have resolved (37).  This sub-
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clinical shedding of Salmonella is a major factor in transmission of the bacteria into the 

food supply, where Salmonella can routinely be isolated from retail meats (92, 95). 

Beyond the possible contamination of the food supply, cattle have been linked to 

the development of multidrug-resistant Salmonella (44, 86).  A collaborative study by 

state veterinary diagnostic labs found that 62% of their cattle-derived Newport isolates 

were resistant to at least 9 antimicrobials (96), and a different study found that that 

multidrug-resistant strains of Newport were 18 times more likely to be of bovine origin 

than from humans (51).  A study of commercial dairy herds in Washington State found 

that, when averaged, one herd was introduced to 1.2 new multidrug-resistant strains of 

Newport each year (3).   

 

1.2 Oysters 

While much is understood about the interactions between Salmonella and 

vertebrates, there is much less known about its relationships with invertebrates, which 

could be an overlooked and important aspect of Salmonella’s ecology (90).  Some work 

has been done examining the interactions between Salmonella and arthropods (56), 

protozoa (10, 72, 93),  and nematodes (1, 18, 82), but of more direct concern to human 

health is the relationship between Salmonella and mollusks, and in particular oysters, 

which are typically consumed raw and are a major risk factor for the acquisition of 

foodborne diseases (17). 
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1.2.1 Taxonomy 

 Oysters are classified under the phylum, Mollusca, one of the most diverse in the 

animal kingdom with over 50,000 known species.  Their class is Bivalvia, which includes 

other two-shelled animals used for food such as mussels, scallops, and clams (43).  The 

two species of commercial importance in the United States are Crassostrea gigas, grown 

on the west coast of the North American continent, and the closely related Crassostrea 

virginica, which is indigenous to the Mid-Atlantic coast of the United States, and is now 

raised along the entirety of the eastern and gulf coasts of the United States (6).  All of the 

experiments presented in the Present Study were conducted using Crassostrea gigas, also 

known as Pacific oysters, but ancillary experiments conducted in our lab have used 

Crassostrea virginica with similar results. 

 

1.2.2 Digestive system of an oyster 

 The feeding process of an oyster begins in the gills, the largest organ, and the site 

of both gas exchange and food entrapment.  Cilia on the gill surface rhythmically beat to 

create waves of water currents that move food particles towards the mouth.  There is 

much debate and research on the exact mechanisms by which suspended particles are 

captured and sorted prior to entry into the esophagus and stomach, but there is little 

dispute that this process does occur (68).  Once particles have reached the esophagus, 

most are coated in mucous and are transported further into the digestive tract by ciliary 

action.  A photomicrograph of an oyster’s digestive track, set within the vesicular 

connective tissue can be seen in Figure 1.1A, while a close-up of the ciliated 
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pseudostratified columnar epithelium that lines most of the gut is seen in Figure 1.1B.  

The stomach acts to further sort 

particles and begin the process of 

digestion, although it does this 

without peristaltic movements.  

Beyond the stomach, food enters 

into a region known as the style 

sac where the muco-

proteinaceous crystaline style 

rotates around the tough gastric 

shield in order to mechanically 

break down food particles and 

begin mixing the food with 

digestive enzymes like amylases, 

cellulases, chitinases, and 

lysozymes.  It is at this point that 

nutrients released from this 

digestive process are free to enter 

the digestive diverticula where 

absorption can occur.  There are two main cell types found with the diverticula, or 

digestive glands are the columnar digestive cells (seen in Figure 1.2A) capable of 

endocytosis of nutrients and exocytosis of waste, and the pyramidal basophil cells (seen 

Figure 1.1.  Photomicrographs of H&E stained digestive 
tract.  (A) shows 100X view of digestive track set within 
vesicular connective tissue, while (B) shows 400X view of 
the heavily ciliated epithelial lining of the digestive tract. 
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in Figure 1.2B), which can be secretory or serve as precursor cells to replace lost 

digestive cells (32).  The remaining portion of the digestive tract includes the midgut and 

the rectum, which do not seem to serve much digestive function but rather act as conduits 

for excretion (58). 

 Some studies have suggested that the circulating cells found in hemolymph, or 

hemocytes, which serve many diverse roles and can be seen in Figure 1.3B, are involved 

in digestion and transport of nutrients.  There is some disagreement among mollusk 

biologists about how to classify the different types of hemocytes found among the 

Figure 1.2.  Photomicrograph of H&E stained Digestive Gland.  Columnar Digestive Cells in (A) and 
Pyramidal Basophil Cells in (B) 
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various bivalves, but most agree that two general classifications can be made between the 

agranular hyalinocytes and the granulocytes (25).  The post-phagocytosis digestive 

process of hemocytes appears to follow the typical process associated with other 

eukaryotic cells where the initial endosome is processed and eventually introduced to 

digestive enzymes contained within acidic lyzosomes.  The granules seen 

microscopically are the likely source of these digestive reagents.  As the process reaches 

a conclusion, the digested contents of the mature phagolysozome get converted into 

glycogen stores within the hemocytes that are eventually broken down into glucose and 

released into the hemolymph as needed through a presently-unknown mechanism (25). 

 This same digestive process appears to be used whether the substrate is a plant-

derived foodstuff or a bacterial pathogen.  Along with their digestive role, hemocytes also 

play a key role in defense from parasites.  Granulocytes are known to be attracted to both 

Gram-positive and Gram-negative bacteria and such chemotaxis may involve the 

interaction between lectins and various carbohydrate residues found on the exterior of 

some bacteria (25).  However, certain pathogens of oysters, including the Gram-negative 

Vibro parahaemolyticus and other protistan parasites, are able to subvert detection by 

these mechanisms, which is likely an important trait for initiating disease (71). 
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Figure 1.3.  Photomicrograph of H&E stained connective tissue.  The Leydig cells of the vesicular 
connective cells can be most clearly seen near (A), while examples of circulating hemocytes are 
illustrated with (B)  

1.2.3 Role of oysters in foodborne disease 

Foodborne diseases cause approximately 76 million illnesses, 325 thousand 

hospitalizations, and 5,000 deaths in the United States each year (65) and estimates 

attribute 10-19% of these illnesses to seafood consumption (17).  A study over a four-

year period in Great Britain calculated that shellfish were the riskiest food to eat in terms 

of number of cases per serving, over six times the risk of poultry and nearly 27 times the 

risk of red meat (2).  In the decade between 1999-2008, the United States’ supply of 

oyster meat, both imported and domestically produced, averaged over 69 million pounds 
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(70), and while exact data are not kept on the amount of oysters consumed raw, estimates 

place the percentage at roughly 50% (35).  Oysters are filter feeders that concentrate and 

digest planktonic food from their surroundings, deriving nutrition from algae, 

phytoplankton, bacteria, and detritus.  Oysters also concentrate potentially harmful 

contaminants such as toxins and heavy metals, as well as bacterial and viral pathogens 

(17) which can have negative consequences for human health.  One study showed that 

fecal contaminants are 3 to 62 times greater in an oyster as compared to the surrounding 

water (15).  Based on these findings, the U.S.F.D.A. established the National Shellfish 

Sanitation Program (NSSP) to provide state governing bodies with guidelines for 

improving the safety of the U.S. supply of shellfish.  Current regulations require a body 

of water used for shellfish production to be tested for fecal coliform bacteria (34).  Along 

with testing water and oyster samples for coliforms, a commonly used process known as 

depuration is used to improve the safety of bivalves destined to be consumed raw by 

maintaining the oysters in clean, rapidly circulating seawater in the attempts to purge 

oysters of bacteria. However, the effectiveness of this technique for certain microbes is 

still in question (23, 74, 75, 78, 80). 

 

1.2.4 Salmonella in oysters 

 Despite numerous studies, the role of Salmonella in mollusk-associated acute 

gastrointestinal disease is difficult to estimate and the results of direct surveillance 

research have varied considerably.  A study of lagoons near Veracruz, Mexico, where the 

majority of Mexico’s oyster production occurs, found Salmonella in 86.7-100% of water 
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samples over a two year period (19).  92.6% of sea water samples in Lebanon were 

positive for Salmonella over the course of a year (48) and even in colder waters, such as 

the North Sea, Salmonella can still be found (85).  A more recent study surveyed the 

Little River in Georgia and found Salmonella in 79.2% of their water samples over the 

course of one year (46).  A study of two estuaries in Australia found Salmonella in 10% 

of water samples and 4.2% of oyster samples (33). 

Along with finding Salmonella in sea water, marine invertebrates can also harbor 

the pathogen.  A mid-1990’s study in Ireland found the overall prevalence of Salmonella 

was 8% amongst the 433 mollusks they tested (94), while a 2004 study in Italy showed 

only a 1% prevalence in their samples of mollusks (61).  An extensive study in Spain 

found the overall prevalence of Salmonella in oysters to be 2.5% with a slight upward 

trend during the course of the four-year study which concluded in 2001.  The same study 

found that two-thirds of the oysters positive for Salmonella were below European Union 

guidelines for fecal coliform contamination (63), and thus would have been deemed safe 

for consumption.  A Brazilian study surveyed both water samples and oysters and found 

30% of water samples and 10% of oysters from an estuary near Sao Paulo to be positive 

for Salmonella (73). 

In 2007 the FDA conducted a comprehensive year-long nationwide survey of 

market oysters and found Salmonella in 8.6% of their pooled market oyster samples by 

PCR and 1.5% via culture methods with all positive samples coming from oysters raised 

in NSSP approved growing areas (31).  Previous work in our laboratory by Brands et al. 

(12) found an overall prevalence of Salmonella in 7.4% of individual market oysters in 
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the United States in 2002, and like the Spanish (63) and FDA studies (63), the Brands 

study showed no correlation between fecal coliform testing and the presence of 

Salmonella (12).  Seventy-seven percent of the isolates found in 2002 (11) were the 

Newport serotype and of those isolates, 98% of them shared one Pulsed Field Gel 

Electrophoresis (PFGE) genotype.  This PFGE profile, designated JJPX01.0014 by the 

CDC, matched the first multi-drug resistant strain of Newport submitted to the CDC’s 

PulseNet program and the strain isolated from oysters was confirmed to be resistant to at 

least 7 antimicrobials (11). 

 Along with the marine invertebrates, other marine creatures have also been found 

to carry Salmonella.  Sea otters (66), sea lions, elephant seals (79), and even penguins 

(54) have all tested positive for Salmonella in various studies.  There are even cases of 

Salmonella in porpoises, Phocoena phocoena, (38) and one report of an infection in a 

stranded neonatal killer whale, Orcinus orca (27).  The pinniped (seal, sea lion, otter, 

etc.) infections are of particular relevance to the Present Study because they are, even 

more so than humans, major consumers of marine invertebrates like oysters. 

 

1.3 Hypotheses and specific aims of this study 

 Based on the current state of our understanding of Salmonella and oysters, and the 

previous work in our lab that found Salmonella in roughly 7% of market oysters (12), this 

study sought to quantify the survivability of Salmonella in oysters and the related estuary 

environment.  The Present Study also sought to determine if the particular genotype of 

Newport found in such predominance in the Brands et al. study (11) has a selective 
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advantage over other strains of Salmonella within these same environments.  Finally, the 

Present Study sought to determine if the survival of Salmonella in oysters was due to a 

pathogenic infection or a more commensal-like process, and if a pathogenic process was 

involved, would the two major pathogenicity islands known to be important to 

Salmonella’s virulence in mammalian hosts also be applicable to this invertebrate host.  

Specifically,  the aims of the Present Study were to: 

• Quantify Salmonella Newport’s ability to survive within fresh river water and 

brackish bay water and compare this survivability to a non-pathogenic strain of E. 

coli 

• Quantify Salmonella Newport’s ability to survive within oysters and compare this 

survivability to a non-pathogenic strain of E. coli 

• Compare the survivability of a strain of Salmonella Newport isolated from oysters 

to other strains of Salmonella, including Newport from human and bovine origins 

as well as other serovars frequently implicated in human disease 

• Determine if laboratory enrichment procedures used by Brands et al. biased the 

recovery process towards one particular genotype of Newport 

• Determine where within the oyster’s tissue Salmonella resides 

• Determine, through mutagenesis, if genes required for mammalian virulence are 

also required for oyster survival 
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CHAPTER 2: PRESENT STUDY 

2.1 Survey of restaurant oysters for the presence of Salmonella 

 In 2006, we selected three restaurants in the Tucson area that served raw oysters.  

Roughly three dozen oysters were purchased from each establishment and tested for the 

presence of Salmonella following the same procedures previously used by Brands et al. 

(12), which involved aseptically shucking the oysters in PBS and then enriching the 

homogenate.  The first enrichment involves diluting the homogenate in lactose broth and 

incubating the mixture at 37°C for 24-hours, while the second enrichment follows similar 

procedures in tetrathionate broth.  The resulting tetrathionate culture was then plated on 

bismuth-sulfite agar.  Any colonies that appeared to be Salmonella were confirmed with 

PCR (7), and any confirmed colonies were subsequently typed with Newport antisera by 

following the directions provided by the manufacturer (Difco Laboratories; Becton, 

Dickson and Company, Sparks, MD).  The results of this small surveillance study showed 

that two of the three restaurants served oysters contaminated with Salmonella, with 7.7% 

of the total number of oysters testing positive for the pathogen, a number consistent with 

the previous nationwide survey (12).  Of the eight isolates of Salmonella detected, six 

serotyped as Newport, which also corroborated the data from the previous study by 

Brands et al. (12).   
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Restaurant # Tested # Positive % + # Newport 
% 

Newport 

1st 36 2/36 5.6% 1/2 50% 

2nd 36 0/36 0% - - 

3rd 32 6/32 18.8% 5/6 83.3% 

Total 104 8/104 7.7% 6/8 75% 

Table 2.1.  Detection of Salmonella in oysters served in Tucson restaurants. 

 

2.2 Survival of various exposure concentrations of Salmonella 

 The initial study to determine the survivability of Salmonella in oysters started 

with five groups of oysters, each exposed to a different concentration of bacteria under 

the same conditions outlined in Manuscript 1 (Appendix A).    Like the subsequent oyster 

experiments, each study examined three oysters per group at each time point, and the 

entire study was repeated three independent times.  Each group was placed into 10 liters 

of a mixture of artificial sea water and bacteria cultures.  Group 5 was exposed to an 

average final concentration of  2.3x108 CFU/ml of Salmonella Newport LAJ160311, a 

strain originally isolated from oysters by Brands et al. (11).  Group 4 was exposed to an 

average final concentration 1.7x106 CFU/ml of the same bacteria, Group 3 to 3.9x104 

CFU/ml, and Group 2 to 7.8x102 CFU/ml.  Group 1 remained as an unexposed negative 

control.  Every five days for 30 days after exposure to the bacteria, the number of viable 

bacteria remaining in the oyster tissues was assayed as described in Manuscript 1 
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(Appendix A).  The results, shown in Figure 2.1, show a typical dose-response with the 

concentration of surviving bacteria being proportional to the concentration of the 

exposure.  After five days, Group 3, the group exposed to roughly 104 CFU/ml of 

bacteria, had one oyster that was free of detectable Salmonella, while Group 2, the ~102 

group, had 7 of the 9 oysters free of Salmonella.  Because of the significant numbers of 

oysters without Salmonella in Group 2, the ~102 CFU/ml inoculation level was ruled out 

for any future studies as it appeared to be a concentration of bacteria that was insufficient 

for proper colonization.  The highest concentration group, Group 5, with an average 

exposure concentration of over 108, was also ruled out due to the significant drop off of 

surviving bacteria between days 5 and 10.  It seemed likely that somewhere between 106-

108 CFU/ml a saturation point, where the maximum concentration of bacteria that could 

be retained within the oyster, was reached.  There were also logistical concerns with 

culturing the tens of liters of bacteria needed to expose oysters to such high 

concentrations of Salmonella.  The end result of this experiment resulted in the selection 

of 106 as the optimal exposure concentration for future studies.  Of the two viable groups 

remaining, Groups 3 and 4, Group 4 had oysters that were consistently colonized with 

higher amounts of Salmonella with the least amount of variance.  Another important 

outcome of this initial study was the identification of one unexposed, negative control 

oyster, on Day 20 of the first of three replicate studies, that had detectable colonies of 

Salmonella when assayed.  This lead to refinement of the homogenization procedures that 

prevented any further contamination events from occurring. 
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Figure 2.1.  Survival of various inoculums of Salmonella Newport in Oysters.  Oysters were exposed to different 
concentrations of Salmonella (the log transformed average CFU/ml is shown in parentheses in the figure legend) 
for 24 hours and the amount of surviving bacteria was assayed every 5 days for 30 days.  The data shown is the 
log transformed composite average of three independent trials +/- the 95% confidence intervals for each data 
point. 

 

2.3 Summary of Manuscript 1 (Appendix A) 

The first manuscript describes research conducted that attempted to follow-up on 

the previous work done in the Joens laboratory by Brands et al. (11, 12), which contained 

three key results.  The first was that roughly 7% of market oysters from around the 

country contained Salmonella.  The second was that of those Salmonella isolates, 

approximately 77% of them were the same Newport serovar, with 98% of those Newport 

isolates having the same PFGE pattern.  The final key result was that coliform testing on 

the oysters sampled failed to predict if an oyster contained Salmonella.  These results 

raised the following questions that the Present Study attempted to address.  One, how 

long can Salmonella Newport survive either in oysters, or their environment?  Two, can 
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the predominance of the Newport serovar, and in particular the JJPX01.0014 genotype 

that was so prevalent in the previous study, be explained by a greater survivability in 

oysters or their environment when compared to other strains of Salmonella.  Finally, 

could the previous failure of the coliform testing to indicate oysters contaminated with 

Salmonella be explained by an oyster survivability difference between Salmonella and a 

typical fecal coliform like E. coli. 

To attempt to answer these questions, we first assayed the survivability of three 

strains of Salmonella Newport and one strain of E. coli in fresh river water and brackish 

bay water, the two aquatic environments most associated with oysters. The results of 

these experiments showed that Salmonella Newport could survive within the water 

samples at higher concentrations than a strain of E. coli but both species of bacteria were 

no longer culturable out of the water samples by day 12 and there were no significant 

differences in survivability between the three strains of Newport tested.  

Next we established a method whereby we could reliably and consistently expose 

oysters to various strains of bacteria and enumerate the concentration of bacteria 

remaining within the oysters at various time points after exposure.  This work established 

that after just one exposure, Salmonella Newport could survive within oysters for at least 

two months at concentrations ranging from 3.7x103 CFU/g of oyster meat after 10 days, 

to just over 102 CFU/g of oyster meat after 60 days, but that it did not survive within 

oysters any differently than any of the other strains of Salmonella tested. 

Once we established that Salmonella could survive within oysters for long periods 

of time, we compared the survivability of our strain of Newport previously isolated from 
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oysters with a non-pathogenic strain of E. coli (ATCC 25922).  The results of that 

experiment clearly showed a drastic difference between the two strains of bacteria.  The 

concentration of Salmonella followed the pattern of slow decline set forth in the previous 

experiment, with an initial average concentration of 103 CFU/g after 15 days and a final 

concentration of 71.9 CFU/g after 60 days.  In contrast, the amount of E. coli in the 

oysters was 200 times lower than that of Salmonella at the first time point, a trend that 

continued throughout the study.  E. coli was undetected in a majority of the oysters in that 

group by the second time point at 30 days. 

The work in manuscript 1 also investigated the effectiveness of depuration, a 

technique used in the shellfish industry which subjects the oysters to a constant flux of 

clean seawater in the hopes that it will rid the oysters of potential pathogens, on 

Salmonella.  The oysters were exposed to and assayed for surviving bacteria using the 

same procedures as the previously discussed long-term survival studies, and the results 

showed that after three days of depuration there was still 1.2x104 CFU/g of Salmonella 

remaining in the oyster meat, a concentration that was a 100-times greater than the 

recovered E. coli. 

 

2.4 Analysis of enrichment media used to detect Salmonella in oysters 

2.4.1 Introduction 

The research contained within the first manuscript failed to provide an 

explanation for the unusual predominance of the one specific genotype of Salmonella 

Newport found by Brands et al. (11), which was clearly not due to a greater capacity to 
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survive within oysters or the related aquatic environments (Appendix A).  In order to 

determine if an artificial selection for the JJPX01.0014 genotype of Newport occurred in 

the enrichment process used by Brands et al. (12), we examined the growth 

characteristics of various strains of Salmonella in each medium used to detect Salmonella 

in the oysters. Previously published testing has found that when testing foods with these 

enrichment methods, the composition of food can play a role in the ability of the 

enrichment process to properly detect Salmonella (16), so we also tested the ability of 

this same enrichment process to detect the various strains of Salmonella used in 

Manuscript 1’s in oyster homogenates. 

 

2.4.2 Methods 

Standard bacterial growth curves were conducted in lactose and tetrathionate 

enrichment broths on the strains of Salmonella used in portions of Manuscript 1 

(Appendix A).  Cultures were grown overnight in LB broth by shaking at 200 r.p.m. at 

37°C.  The optical density at 600 nm (OD) of each culture was analyzed using a 

spectrophotometer (Eppendorf, Hauppauge, NY), and then diluted in PBS to an OD of 

0.01 and sub-cultured into the enrichment media being tested. 

For the lactose broth cultures, 2 µl of the dilute solutions of bacteria in PBS were 

added to 2 ml of lactose broth in the wells of a 24-well tissue culture plate (Greiner Bio-

One, Monroe, NC).  The plate was then placed in a Synergy HT multi-mode microplate 

reader (BioTek, Winnoski, VT) which was set up to shake the cultures continuously and 

maintain a constant temperature of 37°C.  Every hour for 24 hours, the reader would 
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cease shaking and measure the optical density at 600 nm and record the results for each 

well. One well was left uninoculated to serve as a blank and three wells were used per 

strain of bacteria and the results averaged at each time point. 

For the tetrathionate broth cultures, the colloidal properties of tetrathionate broth 

interfered with the spectrophotometer readings, so direct plate counts were performed 

instead.  10 µl of the diluted PBS solutions previously mentioned were added to 10 ml of 

tetrathionate broth supplemented with 0.6% iodine and 0.5% potassium iodide in a sterile 

15 ml conical vial.  The vials were then incubated with agitation at 37°C.  Every three 

hours for 18 hours post-inoculation, samples from the conical vials were removed and 

ten-fold serial dilutions into sterile PBS were plated on LB agar plates for enumeration of 

colony forming units per ml of enrichment media. 

Oyster homogenate from the studies conducted in Manuscript 1 (Appendix A), 

that had been previously frozen at -80°C, were thawed and then tested for the presence of 

Salmonella as described by previously (12).  Briefly, one ml samples of contaminated 

oyster homogenates were diluted 1:10 in lactose broth and allowed to incubate with 

agitation for 24 hours at 37°C.  One ml samples of the lactose broth cultures were then 

sub-cultured 1:10 into tetrathionate broth supplemented with 0.6% iodine and 0.5% 

potassium iodide, and allowed to incubate with agitation for 24 hours at 37°C.  After 24 

hours in the tetrathionate enrichment broth, 100 µl samples of the culture were plated on 

bismuth-sulfite agar (BSA) and incubated for 24 hours at 37°C.  Colonies with the 

characteristic appearance of Salmonella on BSA were observed and noted. 
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2.4.3 Results 

Growth curves conducted on some of the strains of Salmonella used in 

Manuscript 1 (Appendix A) in lactose broth (Figure 2.4.1) and tetrathionate broth (Figure 

2.4.2) show that the LAJ160311 isolate of Salmonella Newport with the JJPX01.0014 

PFGE profile does not grow any faster or to higher levels in either enrichment broth 

when compared to any of the other strains tested.  The strain of Enteritidis and the strain 

of Typhimurium were both slow to leave lag phase in lactose broth when compared to the 

other strains, however, Enteritidis eventually grew to a concentration consistent with the 

other strains after 12 hours of growth, while Typhimurium reached stationary phase with 

a lower concentration of cells.  There was no significant difference between any of the 

strains’ growth patterns in tetrathionate broth. 

When the enrichment and detection process used by Brands et al. (12) to detect 

Salmonella in market oysters was also used to detect the strains of Salmonella in the 

frozen homogenates of the artificially contaminated oysters studied in Manuscript 1 

(Appendix A) all strains of Salmonella were recovered equally well. 
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Figure 2.4.1.  18 hour growth curves of Salmonella in lactose broth. 

 

 

 

Figure 2.4.2.  18 hour growth curves of Salmonella in tetrathionate broth  
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2.4.4 Conclusions 

The analysis of the enrichment and detection methods used by Brands et al. failed 

to discover any significant difference between any of the strains of Salmonella tested in 

either of the two enrichment media previously used.  The results, when combined with 

the results described in Manuscript 1 (Appendix A) suggest that the predominance for 

that one genotype of Newport was most likely due to a phenomenon that occurred at the 

initial source of Salmonella, before running off into the bodies of water that transported 

the bacteria to the oysters. 

 

2.5 Summary of Manuscript 2 (Appendix B) 
The research described in the second manuscript starts to investigate the 

mechanism by which Salmonella Newport survives within oysters.  The initial step used 

immunohistochemistry (IHC) with anti-Salmonella antibodies to identify where within 

the oyster’s tissues the bacteria was residing.  The results initially showed numerous 

bacteria within the lumen of the digestive track and along the apical side of the epithelial.  

The staining also revealed Salmonella within the columnar digestive cells of the digestive 

glands.  Further analysis of oyster tissues collected as many as 30 days after exposure to 

Salmonella found the bacteria amongst the vesicular connective tissue and circulating 

hemocytes.  This result shows that Salmonella was able to breech the epithelium of the 

oyster and establish what appears to be an infection within the oyster. 

Based on the IHC data, and our current understanding of Salmonella’s 

pathogenesis in mammalian hosts, we hypothesized that Salmonella was using its well-
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studied type-three secretion systems (T3SS) and their effectors, encoded within two 

important pathogenicity islands, SPI-1 and SPI-2, to survive within oysters.  To test this 

hypothesis, two genes that were known to be vital for proper function of these T3SS were 

deleted from Salmonella Newport SL317 by using allelic exchange.  Putative mutants 

were screened on selective media and the altered genotypes were confirmed with a 

variety of PCR reactions. 

The five different PCR primer combinations used to confirm the mutations are 

listed in Manuscript 2 (Appendix B).  The first two pairs confirmed that the resistance 

marker was in the chromosome in the correct place by using primers specific to regions 

of the chromosome upstream and downstream of the cloned areas in combination with 

primers for start and end of each marker.  The second primer pair showed the lack of the 

sacB gene within the mutants, as the presence of this gene would indicate that the suicide 

vector sequence was still present and that complete homologous recombination had not 

yet occurred.  Along those same lines, primers specific for a region of the gene that 

should have been removed from the chromosome during a double-crossover homologous 

recombination event were used to confirm that the proper deletion had occurred within 

the mutant colony. Finally, the most definitive test was done by using a primer pair 

upstream and downstream of the altered region of the chromosome to demonstrate that 

the size of the mutant chromosome was physically reduced in the area of the knockout.  

Since both invA and ssaV are fairly large genes, replacing those genes with resistance 

markers reduced the expected size of the chromosome in this area, and the PCR reactions 

confirmed these results for both mutants. 
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Once the altered genotypes were confirmed, basic gentamicin protection cell 

culture assays, commonly used to evaluate Salmonella mutants, were used to confirm that 

the phenotypic changes expected from these mutations were observable.  The first assay 

involves enumerating the invasiveness of the mutant strains by exposing a human 

intestinal cell line, Henle-407, to the bacteria and evaluating the amount of intracellular 

bacteria after 90 minutes.  The results of this assay showed more than a three log 

reduction in the invA mutant’s ability to invade these cells when compared to the wild-

type strain while the ssaV mutant had no significant reduction.  The second assay 

measures the bacteria’s ability to survive and proliferate within macrophages by allowing 

a murine macrophage-like cell line, J774A.1, to phagocytose the Salmonella strains and 

measuring each strain’s concentration within the cells after two hours and then again after 

22 hours.  The results of this assay showed that the concentrations within the 

macrophages of the wildtype strain and the invA mutant were 3-fold higher after the 20 

hour incubation period while the concentration of the ssaV mutants went down.  Both 

types of tissue culture assays confirmed that the mutant strains created for the Present 

Study had altered phenotypes that were consistent with our present understanding of the 

knocked out genes. 

With the altered genotypes and phenotypes were confirmed, oysters were then 

exposed to these mutants, and the corresponding wild-type strain, and the survivability of 

each strain was assayed using the same methodology outlined in Manuscript 1 (Appendix 

A).   The data from this experiment showed no difference in survivability for any of the 

mutant strains, as each was recovered from oysters in concentrations consistent with the 
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wild-type strain.  The results were also consistent with the concentrations previously 

observed and reported in Manuscript 1 (Appendix A).  The results of this study imply that 

the ability of Salmonella Newport to survive within oysters is independent of SPI-1 and 

SPI-2 and that the mechanism of survival within oysters does not rely on the same 

mechanisms used to infect mammalian hosts. 

 

2.6 Conclusions and Future Directions 

 The underlying advance that was crucial to most of the experiments in the Present 

Study, as well as others’ work in the Joens laboratory, was the development of a method 

of consistently and reproducibly raising oysters in a controlled laboratory environment, 

given geographical and fiscal constraints, so that these invertebrate hosts could be 

systematically exposed to different strains of enteric bacteria and later assayed for any 

surviving bacteria.  This fundamental development led to the four main conclusions of 

the Present Study. 

The first is that Salmonella Newport is capable of surviving in oysters for a 

relatively long time, and when compared to the length of time the bacteria is capable of 

surviving in seawater alone, it can be deduced that the relationship between the host and 

the microbe is of critical importance to this phenomenon.  Secondly, the Newport 

serovar, which was found with such predominance in the early study by Brands et al. 

(11), does not appear to have any special adaptations for survival within oysters, as other 

strains and serovars of Salmonella survived equally well within our model.  Third, based 

on the results of the immunohistochemistry, it can be inferred that the interactions 
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between Salmonella and oysters is not limited to transient interactions with the outside of 

the oyster’s gut epithelium, but involves a long-term colonization of the oysters’ 

connective tissues.  Finally, since the survival of Salmonella in oysters appeared to be of 

a more pathogenic nature, the Present Study knocked out two key type III secretion 

systems (T3SS) found in two distinct pathogenicity islands (SPI-1 and SPI-2) known to 

be critical in Salmonella’s pathogenesis in mammalian hosts and examined their role in 

the bacteria’s ability to survive within oysters.  The results showed that neither SPI-1 nor 

SPI-2 were necessary for Salmonella’s survival in oysters, which implies that the nature 

of the infection in these invertebrate hosts is fundamentally different than the one that 

takes place in mammalian hosts. 

 Like most scientific endeavors, the Present Study brings up just as many new 

unanswered questions as answers.  There are three main areas in which I feel further 

study is warranted.  The first is an unresolved issue that remains from the start of the 

Present Study, and that is the underlying reason for the overwhelming predominance of 

the Newport serovar in the study by Brands et al. (11).  The research put forth in this 

dissertation provides evidence that the selection for the particular strain of Salmonella 

found so abundantly in 2002 probably did not take place within fresh river water, 

brackish bay water, within the oysters themselves, or within the enrichment media used 

to detect the bacteria in oysters.  That leaves an unknown, and at this point, most likely 

unobservable, environmental phenomenon that occurred at the source of the Salmonella 

prior to the previous sampling dates. 
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The second area of research that could follow from the Present Study is a more 

thorough and definitive comparison of the difference between Salmonella’s survival in 

oysters to that of a variety of fecal coliforms.  The survivability comparison between 

Salmonella Newport strain LAJ160311 and E. coli ATCC 25922, described in 

Manuscript 1 (Appendix A), as well as the IHC work described in Manuscript 2 

(Appendix B), suggest a fundamental difference in how a pathogenic bacterium, with 

numerous virulence factors, copes with the microenvironment within an oyster, versus 

how a non-pathogenic bacterium might do the same. To further solidify the argument that 

fecal coliforms are less equipped to survive within oysters than Salmonella, thus 

explaining their failure to properly indicate contaminated oysters (12, 20, 94),  a more 

extensive comparison of multiple coliform species could be done using the same model 

established by this Present Study. 

Along with quantifying the survivability difference between Salmonella and other 

fecal coliforms, further investigation into the host-microbe interactions between oysters 

and an organism like E. coli is needed.  Extensive efforts were made during the course of 

the Present Study to analyze tissues from oysters exposed to E. coli, with both IHC and in 

situ hybridization, but neither a suitable primary antibody nor DNA probe was ever 

found.  The solution likely requires the generation of antibodies specifically targeted to 

the strain of E. coli used in the oyster experiment and the subsequent optimization of the 

IHC protocol used in Manuscript 2 (Appendix B), but such efforts would probably 

provide insightful results. 
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The final area of possible future research involves identifying and confirming 

genes that are necessary for Salmonella’s extended survival in oysters, and efforts have 

already been undertaken by other members of the Joens’ lab to do just that.  As was 

mentioned in the discussion in Manuscript 2 (Appendix B), the same process that results 

in the viable but non-replicating state observed within murine macrophages (77) may also 

play a role in Salmonella’s survival in oysters. 

Overall the Present Study has advanced our understanding of the relationship 

between an important foodborne pathogen and a source of food that is often associated 

with illness and established a foundation for future studies.  Hopefully, through 

continuation of the research described within this dissertation, we can come to a better 

understanding of how oysters become contaminated with Salmonella and possibly 

develop ways to prevent it from occurring or, at the very least, better detect the presence 

of Salmonella in oysters before any contaminated animals are consumed. 
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Abstract 

 Salmonella enterica is the leading cause of laboratory-confirmed 

foodborne illness in the United States and raw shellfish consumption is a 

commonly implicated source of gastrointestinal pathogens.  Since previous 

epidemiological studies in the United States have shown that oysters are 

contaminated with Salmonella, and in particular, a specific strain of the Newport 

serovar, this work sought to further investigate the host-microbe interactions 

between Salmonella Newport and oysters.  A procedure was developed to 

reliably and repeatedly expose oysters to enteric bacteria and quantify the 

subsequent levels of bacterial survival.  The results show that 10 days after an 

exposure to Salmonella Newport, an average concentration of 3.7x103 CFU/g 

remains within the oyster meat, and even after 60 days there still can be more 

than 102 CFU/g remaining.  However, the strain of Newport that predominated in 

the previous market survey does not survive within oysters or the estuarine 

environment better than any other strains of Salmonella we tested.  Using this 

same methodology, we compared Salmonella Newport’s ability to survive within 

oysters to a non-pathogenic strain of E. coli and found that after 10 days the 

concentration of Salmonella was 200-times greater than that of E. coli.  We also 

compared those same strains of Salmonella and E. coli in a depuration process 

to determine if a constant 120 L/hr flux of clean seawater could significantly 

reduce the concentration of bacteria within oysters and found that after 3 days 

the oysters retained over 104 CFU/g of Salmonella while the oysters exposed to 
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the non-pathogenic strain of E. coli contained 100-times less bacteria.  Overall, 

the results of this study demonstrate that any of the clinically relevant serovars of 

Salmonella can survive within oysters for significant periods of time after just one 

exposure event.  Based on the drastic differences in survivability between 

Salmonella and a non-pathogenic relative, the results of this study also suggest 

that virulence factors may play a role in Salmonella’s interactions with oysters. 
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Introduction 

Foodborne diseases cause approximately 76 million illnesses, 325 

thousand hospitalizations, and 5,000 deaths in the United States each year (21) 

and estimates attribute 10-19% of these illnesses to seafood consumption (6).  A 

study over a four year period in Great Britain calculated that shellfish were the 

riskiest food to eat in terms of number of cases per serving, over six times the 

risk of poultry and nearly 27 times the risk of red meat (1).  In the decade 

between 1999-2008, the United States’ supply of oyster meat, both imported and 

domestically produced, averaged over 69 million pounds (22), and while exact 

data are not kept on the amount of oysters consumed raw, estimates place the 

percentage at roughly 50% (12).  Oysters are filter feeders that concentrate and 

digest planktonic food from their surroundings, deriving nutrition from algae, 

phytoplankton, bacteria, and detritus.  Oysters also concentrate potentially 

harmful contaminants such as toxins and heavy metals, as well as bacterial and 

viral pathogens (6) which can have negative consequences for human health.  

One study showed that fecal contaminants are 3 to 62 times greater in an oyster 

as compared to the surrounding water (5).  Based on these findings, the United 

States Food and Drug Administration (FDA) established the National Shellfish 

Sanitation Program (NSSP) to provide state governing bodies with guidelines for 

improving the safety of the U.S. supply of shellfish.  Current regulations require a 

body of water used for shellfish production to be tested for fecal coliform bacteria 

(11).  Along with testing water and oyster samples for coliforms, a commonly 
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used process known as depuration is used to improve the safety of bivalves 

destined to be consumed raw by maintaining the oysters in clean, rapidly 

circulating seawater in the attempts to purge oysters of bacteria. However, the 

effectiveness of this technique for certain microbes is still in question (8, 24-27).  

 The United States Centers for Disease Control (CDC) estimated that there 

are approximately 1.4 million cases of Salmonella in the U.S. each year, resulting 

in 15,000 hospitalizations, and 400 deaths each year (30), with an estimated cost 

to society between 500 million dollars and 2.3 billion dollars (13).  Despite 

numerous studies, the role of Salmonella in mollusk-associated acute 

gastrointestinal disease is difficult to estimate and the results of direct 

surveillance research have varied considerably.  A mid-1990’s study in Ireland 

found the overall prevalence of Salmonella was 8% amongst the 433 mollusks 

they tested (31), while a 2004 study in Italy showed only a 1% prevalence in their 

samples of mollusks (18).  An extensive study in Spain found the overall 

prevalence of Salmonella in oysters to be 2.5% with a slight upward trend during 

the course of the four-year study which concluded in 2001 (19).  A Brazilian study 

surveyed both water samples and oysters and found 30% of water samples and 

10% of oysters from an estuary near Sao Paulo to be positive for Salmonella 

(23). 

In 2007 the FDA conducted a comprehensive year-long nationwide survey 

of market oysters and found Salmonella in 8.6% of their pooled market oyster 

samples by PCR and 1.5% via culture methods (10).  Previous work in our 
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laboratory by Brands et al. found an overall prevalence of Salmonella in 7.4% of 

individual market oysters in the United States in 2002 (4).  Seventy-seven 

percent of the isolates found in 2002 (3) were the Newport serotype and of those 

isolates, 98% of them shared one Pulsed Field Gel Electrophoresis (PFGE) 

genotype.  This PFGE profile, designated JJPX01.0014 by the CDC, matched 

the first multi-drug resistant strain of Newport submitted to the CDC’s PulseNet 

program and the strain isolated from oysters was confirmed to be resistant to at 

least 7 antimicrobials (3). 

 Based on the current state of our understanding of Salmonella’s 

interactions with oysters, this study sought to further examine the strain of 

Salmonella isolated from oysters in 2002 by Brands et al. (3) by quantifying its 

ability to live within oysters and comparing this survivability to other strains of 

Salmonella as well as a non-pathogenic strain of E. coli. 
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Strains used in these experiments are 

summarized in Table 1.  Due to logistical constraints during preliminary studies 

the current studies for the sake of consistency, 

inoculums for both the water and oyster survival studies were prepared from 48-

hour cultures, with 24 hours spent stationary at room temperature and 24 hours 

ur laboratory have used a more 

stationary phase culture with the same results (data not 

shown).  Enumeration of viable bacteria, from both the water samples and oyster 

homogenates described below, was done by serial dilutions in phosphate-

buffered saline (PBS) and direct plating on the appropriate detection media for 

Deoxycholate (XLD) agar incubated at 

glucuronide (MUG) agar at 

(29).  Both XLD 

and MUG agar were compared to LB agar in preliminary studies (data not 

ed by the type of 

media used.  Preliminary studies were also done to show that endogenous 

glucuronidase activity from oyster tissues was easily distinguishable on EC-MUG 

(data not shown).  

owth media and agar additives were obtained from Difco Laboratories 

(Becton, Dickson and Company, Sparks, MD), except for the EC MUG broth 
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Water Survival.  Samples of fresh water from the Yaquina River and brackish 

water from Yaquina Bay were obtained near Newport, OR (no relation to the 

origin of the serovar’s name) and shipped overnight to Tucson, AZ. The river 

water samples were split into 5 sterile 1L Nalgene containers and maintained at 

an ambient temperature between 18-20°C. Aeration of the water samples was 

provided by standard aquarium air pumps (Tetra, Blacksburg, VA) and stones 

(Penn-Plax, Hauppauge, NY).  Each container was then inoculated with cultures 

of human, bovine, or oyster isolates of Salmonella Newport or E. coli ATCC 

25922, grown as previously described, with all strains having an initial 

concentration between 1.0x107 to 5.1x107 CFU/ml for the river water experiments 

and between 1.8x106 to 2.5x106 CFU/ml for the bay water experiments.  One 

container of each type of water was left uninoculated to serve as a negative 

control. Every three days for 12 days, 10 ml samples of each container were 

taken and vacuum filtered using a Microfil filtration system and sterile mixed 

cellulose ester filters with a pore size of 0.22 µm (Millipore, Billerica, MA).  After a 

sample had passed through the flexible filters they were placed in 1 ml of sterile 

PBS and vortexed thoroughly to resuspend any bacteria, thereby concentrating 

the sample 10-fold.  The surviving bacteria were then enumerated by serial 

dilutions and direct plating as described previously. 
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Oyster Survival. Pacific oysters, Crassostrea gigas, were acquired from a 

commercial source in Alaska (Kachemak Shellfish Growers Cooperative, Homer, 

AK).  Alaskan oysters were chosen because they have always been free of 

Salmonella (4). Prior to any experiments, 10-15% of every incoming batch of 

oysters were homogenized by aseptically shucking, weighing, and blending the 

oyster tissues into a 1:5 dilution of sterile phosphate-buffered saline (PBS) using 

a T18 basic Ultra-Turrax tissue homogenizer (IKA, Wilmington, NC).  The 

resulting oyster homogenates were then confirmed to be free of Salmonella, and 

E. coli if relevant to the experiment, by the same direct plating method described 

previously. 

The oysters were maintained in aquaria containing 15 gallons of 

constantly aerated artificial seawater (ASW) (Instant Ocean, Marineland, Moor 

Park, CA).  A 110-gallon saltwater mixer/dispenser (Marineland, Moor Park, CA) 

was used to mix and store the ASW at a salinity of 25 ppt, as measured by a 

refractometer.  Upon arrival at our labs in Tucson, AZ, the oysters were allowed 

5-10 days to acclimate to the tanks, during which time they were given two 

feedings of 500 µL of an algae-based invertebrate food (Micro-Vert, Kent Marine, 

Franklin, WI).  One third of the water in each tank was changed three times per 

week; which amounts to an influx of new ASW at a rate of 0.34 L/hr to remove 

nitrogenous wastes and maintain water quality throughout the study.  Following 

the acclimation period, food was withheld from the oysters for the 5 days prior to 

inoculation.  In order to expose the oysters to the bacteria, the oysters were 
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removed from their tanks and placed in plastic buckets containing 10L of ASW.  

Cultures of bacteria were diluted in sterile ASW and added to the buckets so that 

the estimated final concentration in each bucket was 106 CFU per ml of ASW, an 

amount that was determined in preliminary studies to be a reliable and consistent 

exposure concentration (data not shown).  Just prior to the addition of the oysters 

to the buckets, samples of inoculum were taken and concentrations of bacteria 

were measured by serial dilutions and plating on LB agar.  One group of oysters 

in each experiment was unexposed to bacteria to serve as a negative control.  

The oysters were left in buckets for approximately 24 hours before being 

returned to their larger aquaria, where the twice-weekly feedings resumed. 

On post-exposure sample days, one oyster per tank (3 tanks per group) 

was aseptically shucked and homogenized and the surviving bacteria quantified 

to determine the number of colony forming units per gram of oyster meat.  Water 

samples, including any expelled feces and other detritus that may have 

accumulated in the bottom of the tanks, were serially diluted, plated, and 

enumerated on the same media used for oyster homogenates to determine if 

there was any viable non-oyster-bound bacteria within any of the tanks. 

 

Depuration.  Oysters were acquired, exposed to bacteria in buckets for 24 

hours, and tested as described previously, however, for the depuration 

experiments they were maintained using the facilities of the Molluscan 

Broodstock Program (MBP) at Oregon State University’s Hatfield Marine Science 
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Center (HMSC).  During acclimation and following exposure to bacteria, each 

group of oysters was housed in 20L flow-through tanks where they were 

continuously exposed to an influx of treated Yaquina Bay water, supplemented 

with an algal diet of diatoms (Chaetoceros sp.) and flagellates (Isochrysis 

galbana Tahitian strain), at a flow rate of 120 L/hr using the standard facilities in 

place to support the MBP.  The incoming water was pumped from the Yaquina 

Bay into a reservoir at the HMSC and then passed through a variety of filters 

down to approximately 1 µm in diameter.  The filtered water was then irradiated 

with ultraviolet light before being pumped into the tanks housing the oysters.  

Effluent from the tanks was treated by the standard chlorination/dechlorination 

protocols used by the HMSC (16).  Every 24 hours for three days, 10 oysters per 

group were removed from the tanks, aseptically shucked and homogenized, and 

their surviving bacterial contents enumerated as described previously.  Samples 

of the influent water were also tested daily for the presence of Salmonella and E. 

coli. 

 

Vertical Transmission.  Oysters were exposed once to an average of 2.3x106 

CFU/ml of Salmonella Newport LAJ160311 in buckets for 24 hours as previously 

described and maintained at the HMSC facilities under the same conditions as 

the depuration study but with a reduced influent flow-rate of 60 L/hr.  Three times 

per week, the oysters were removed from their tanks into dry mesh holding bags 

and their tanks were cleaned.  Twenty-eight days after the initial exposure to 
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Salmonella they were re-exposed as described previously to an average of 

2.8x107 CFU/ml.  Three days after this second exposure, the oysters were 

induced to spawn by following the standard conditioning procedures of the MBP 

(16).  Briefly, groups of 12 oysters were placed in 5L containers where the water 

temperature was alternated every 30 minutes between 20°C and 28°C.  After 7 

hours, the released gametes were filtered through an 80 µm screen, rinsed in 

bay water that was filtered and irradiated as previously described, and then 

retained on a 25 µm screen.  The collected gametes were then resuspended in 

50 ml of the treated bay water and allowed to settle for 15 minutes.  Samples of 

the settled gametes were then pulverized by sterile mortar and pestle sets and 

then plated in triplicate on XLD agar.  The adult oysters were tested for the 

amount of Salmonella remaining in their tissues as previously described. 

 

Statistics.  Prior to any analysis of CFU data, the values were transformed to a 

normal distribution by taking the base-10 logarithm of all data to account for the 

skew inherent in the quantification of exponential growth (17). 

When comparisons were made between just two groups, such as the 

comparison between Salmonella and E. coli in oysters, a Student’s T-test was 

used with an α of 0.05 at each time point.  In the rest of the experiments, multiple 

groups were simultaneous compared to each other, and a one-way analysis of 

variance (ANOVA) for independent samples was conducted followed by a Tukey 
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HSD test to determine significance at a 0.05 level at each time point.  All tests 

were performed using the open-source statistical software, R. 

 All studies were done at least in triplicate and repeated at least three 

independent times.  The composite means of all three replicate trials +/- 95% 

confidence intervals of all data points are presented in the results. 
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Results 

Survival in Fresh River Water.  The survivability of three isolates of Salmonella 

Newport: TEB9356 a human clinical isolate, TEB3082 a bovine isolate, and 

LAJ160311 a strain isolated from oysters, in a fresh water environment was 

tested and compared to that of a representative fecal coliform bacteria.  Each 

strain of bacteria had consistent results, which are summarized in Figure 1A.  

After three days of incubation there was roughly a 40-fold difference between all 

three strains of Salmonella and E. coli ATCC 25922, a statistically significant 

difference (p<0.01).  The Salmonella strains dropped from an average starting 

concentration of 2.4x107 CFU/ml to an average of 8.8x105 CFU/ml, while E. coli 

dropped from an average starting concentration of 3.2x107 CFU/ml to an average 

of 2.2x104 CFU/ml.  After 6 days of incubation, a 35-fold statistically significant 

difference (p<0.05) remained with Salmonella dropping to an average of 2.7x102 

CFU/ml and the E. coli strain falling to 7.8 CFU/ml.  By day 9, the E. coli strain 

was no longer detectable and the Salmonella strains had dropped to an average 

of 4.9 CFU/ml, and by day 12 none of the bacterial strains could be detected in 

the fresh water samples.  At no point were there any significant differences 

between the three strains of Salmonella. 

 

Survival in Brackish Bay Water. The results summarized in Figure 1B show 

that, like the fresh water samples, all of the strains tested in brackish water 

samples showed a consistent decline in viability.  After three days of incubation, 
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E. coli was not detected in the bay water, while the three strains of Salmonella 

had an average reduction from an initial concentration of 2.2x106 down to 

1.6x105.  The difference between E. coli and the three Salmonella strains was 

statistically significant (p<0.01).  Six days after inoculation, E. coli was detected 

at an average of 5.9 CFU/ml, while the Salmonella was found at an average of 

27.2 CFU/ml.  By day 9, the E. coli strain was once again undetectable and the 

Salmonella strains had dropped to an average of 2.4 CFU/ml.  Like the fresh 

water samples, none of the bacterial strains could be detected in the brackish 

water samples by day 12 and there were no significant differences between the 

three strains of Salmonella at any of the time points tested. 

 

Survival of Salmonella in Oysters.  Figure 2 shows that 10 days after exposure 

to the various strains of Salmonella, the amount of culturable Salmonella 

remaining within the oysters ranged between a low of 3.7x102 CFU/g for Newport 

strain LAJ160311 and a high of 3.7x103 CFU/g for Newport strain SL254.  By 30 

days post-exposure, the range of surviving concentrations remained similar to 

the initial time point with a low of 4.8x102 CFU/g for Salmonella Enteritidis and a 

high of 2.0x103 CFU/g for Salmonella Newport SL317.  By the final time point of 

60 days post-exposure, the range narrowed and fell to between 1.2x102 CFU/g 

for Salmonella Javiana and 4.5x102 CFU/g for Salmonella Typhimurium.  There 

were no consistent patterns of statistically significant differences between any of 

the strains of Salmonella studied.  There was never any culturable Salmonella 



 

70

detected in any of the water samples or in the group of unexposed negative-

control oysters. 

 

Survivability of Salmonella Newport versus that of E. coli.  As shown in 

Figure 3, 15 days after being exposed to Newport LAJ160311, an average of 103 

CFU of Salmonella remained within each gram of oyster meat.  During that same 

time period, an average of only 5.0 CFU/g of E. coli ATCC 25922 survived, 200-

times less than the Newport strain, despite similar average exposure 

concentrations of 1.6x106 CFU/ml of Salmonella and 2.0x106 of E. coli.  By day 

30, the average amount of Salmonella had fallen to 3.7x102 CFU/g while the E. 

coli dropped to an average of 2.2 CFU/g.  At this point, only two of the nine 

oysters tested had any detectable amounts of E.coli within them.  After 45 days, 

the oysters exposed to Salmonella still had an average of 67.9 CFU/g surviving 

within their tissues, whereas only 2.64 CFU/g of the E. coli inoculum had 

survived, with six of the nine oysters testing negative for E. coli.  By day 60, the 

E. coli was no longer detected in any of the oysters, while the Salmonella-

exposed oysters retained an average of 71.9 CFU/g within their meat.  At each 

time point, the difference between Salmonella and E.coli was statistically 

significant (p < 0.01).  At no point during the studies were culturable Salmonella 

or E. coli detected in any of the tank water samples collected or in any of the 

unexposed negative control oysters. 
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Survival in Depurated Oysters.   Figure 4 shows that oysters exposed to an 

average of 3.0x106 CFU/ml of Salmonella retained an average of 2.3x104 CFU/g 

of oyster meat after 24 hours of depuration.  At the same time point, oysters 

exposed to 3.2x106 CFU/ml of E. coli retained an average of 2.0x103 CFU/g, 

which is more than a 10-fold reduction when compared to the Salmonella strains.  

Following 48 hours of depuration, the Salmonella-exposed oysters contained an 

average of 1.6x104 CFU/g, while E. coli had an average of  2.2x102 CFU/g still 

within the oysters, a nearly 73-fold difference.  After 72 hours of depuration, the 

oysters exposed to Salmonella retained an average of 1.2x104 CFU/g while E. 

coli retained and average of 1.2x102 CFU/g, a 100-fold difference.  At all three 

time points, the Salmonella strains survived at statistically significantly higher 

levels than the E. coli strain (p<0.01) but none of the Salmonella strains were 

different from each other. 

 After taking the LOG10 of each concentration of bacteria, and subtracting 

the transformed concentrations of bacteria in the oysters at 72 hours from the 

concentrations at 24 hours and dividing by the time elapsed, a rate of clearance 

can be derived from this depuration data.  For the Salmonella strain, a clearance 

rate of 0.006 LOG-CFU/g per hour was observed, while E. coli was cleared over 

4 times faster with a rate of 0.025 LOG-CFU/g per hour. 

 

Vertical Transmission.  The results of our experiments showed that there was 

no Salmonella detected in any of the egg samples that were collected after the 
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oysters were induced to spawn, despite the fact that the parental oysters carried 

an average of 5.6x104 CFU/g of Salmonella Newport within their tissues. 
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Discussion 

 In designing the experiments of this study it was assumed that oysters 

infected with Salmonella are exposed to this pathogen via contaminated estuary 

water, which was itself polluted by either agricultural, industrial, or urban runoff.  

It would be impossible to conduct experiments in the actual environment these 

contamination events occur, so in order to further examine the relationship 

between oysters and Salmonella, we established laboratory models.  The first 

such experimental setup involved water samples, that included all of the natural 

microflora and fauna that could help or hinder the survival of enteric bacteria, 

from a representative watershed that was previously positive for Salmonella 

(unpublished details from the 2002 Brands et al. study (3)).  The second 

experimental model developed was a method in which laboratory-maintained 

oysters could be reliably and consistently exposed to enteric bacteria and the 

relative survivability of each strain of bacteria within the oysters could be 

quantified. 

When examining the survivability of these enteric bacteria in aquatic 

environments relevant to oysters, all three stains of Salmonella Newport could 

survive at higher concentrations than E. coli in these sample aquatic 

environments, but none of the bacteria survived for 12 days.  The results in the 

various water samples establish a baseline for the bacteria’s ability to survive 

within water alone, and when compared to the survival data within oysters, help 
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to illustrate that the oysters themselves play a significant role in Salmonella’s 

ability to survive in this model environment. 

In order to quantify Salmonella’s ability to survive within oysters, a simple, 

yet effective method of exposure and controlled maintenance of the oysters was 

refined in preliminary experiments and used to compare the survivability of 

various strains of enteric bacteria within oysters.  Because the oysters were 

maintained in closed tanks with a slow flux of water for all but the depuration 

experiments, water samples were tested for bacteria alongside the oyster 

homogenates.  Since no viable bacteria were ever detected in the water 

samples, the results show that the numbers of viable bacteria enumerated in 

these experiments originated only from within the oyster tissues and were not 

due to any residual survival within the oysters’ expelled excrement or the tank 

water alone. 

One of the key conclusions from these oyster survival studies was that the 

genotype of Newport found so predominantly in the 2002 survey by Brands et al. 

(3) was no better at surviving within oysters or the related water samples than 

any other strain of Salmonella.  When we compared our oyster isolate to bovine 

and human isolates of Newport with different PFGE profiles in water samples and 

in depurated oysters there was no significant difference found.  When we 

compared two other strains of Newport along with three other commonly isolated 

serovars of Salmonella to our oyster isolate in their long-term survival in oysters, 

there also was no difference found between any of the strains.  Unfortunately, the 
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reasons behind the predominance of that one particular genotype in the 2002 

study (4) still remains elusive, and may remain a mystery if it was due to some 

complicated and as yet unidentified environmental phenomenon that occurred 

prior to the sampling in 2002.  We did perform studies that verified that the 

enrichment process used in the original study by Brands et al. (4) did not 

artificially select for that particular genotype (data not shown), which leaves some 

other issue related to the original source of the Salmonella as the reason for that 

strain’s high prevalence. 

The depuration experiment is of particular interest because the results 

appear, on the surface to contrast a study that found complete elimination of a 

Salmonella Typhimurium strain after just 12 hours of depuration (9).  However, if 

you calculate a clearance rate for their results, based on their maximum 

observed starting concentration of 2x104 CFU/g, you find that their clearance rate 

was approximately 0.09 log(CFU)/g per hour, a rate that is significantly higher 

than our observed rate of 0.006 log(CFU)/g per hour, but reasonable when you 

take into consideration that their flow rate was nearly 20-times higher than ours.  

Besides showing the relative difference in depuration dynamics between our 

strains of Salmonella and E. coli, the depuration results also confirm the 

repeatability of our exposure method.  The depuration experiments were 

performed at a different facility in Oregon under flow-through maintenance 

conditions using a natural source of seawater, but the oysters were found to have 
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levels of contamination consistent with the static tank studies conducted in 

Arizona with artificial seawater. 

Perhaps the most important conclusion of this study, and the one that 

raises the most questions, is that there is a significant difference between the 

ability of the pathogenic Salmonellae to survive in oysters and a non-pathogenic 

strain of E. coli.  In both the static and depuration systems, the concentration of 

E. coli was at least 100-times lower than that of Salmonella Newport after the 

oysters were exposed to similar amounts of bacteria.  These results imply that 

genetic differences between Salmonella and this strain of E. coli, many of which 

are known virulence factors, are important to Salmonella’s survival within oysters.  

This notion suggests an explanation for the inability of coliform testing to reliably 

predict the presence of Salmonella in oysters, a phenomenon that has been 

observed in the study by Brands et al. (4) and in others (7, 31).  From an 

evolutionary biology perspective, this study also raises interesting questions 

about the nature of the interactions between Salmonella and oysters, because it 

appears that Salmonella is capable of a long-term colonization of an invertebrate 

host, a type of interaction that has typically been associated only with higher 

order organisms.  Further study into the mechanisms behind this interesting and 

important host-microbe interaction could provide useful insights into a possibly 

overlooked aspect of Salmonella’s biology. 
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Table 1. Bacterial Strains 

Strain Characteristics and Source 

Salmonella Newport LAJ160311 Oyster Isolate from Brands et al. (4) with the JJPX01.0014 

PulseNet PFGE Profile. 

Salmonella Newport TEB9356 Human Isolate from T.E. Besser, Washington State 

University 

Salmonella Newport TEB3082 Bovine Isolate from T.E. Besser, Washington State 

University 

Salmonella Newport SL254  Sequenced multi-drug resistant strain (GenBank: 

CP001113) obtained from the Salmonella Genetic Stock 

Centre (SGSC), University of Calgary 

Salmonella Newport SL317  Sequenced pan-susceptible strain (GenBank: 

ABEW00000000) obtained from the SGSC, University of 

Calgary 

Salmonella Enteritidis PT4  

NCTC 13349 

Sequenced strain (GenBank: AM933172) obtained from 

SGSC, University of Calgary (28) 

Salmonella Javiana  

CVM35943 

Sequenced strain (GenBank: ABEH00000000) obtained 

from SGSC, University of Calgary 

Salmonella Typhimurium LT2  

ATCC 700720 

Sequenced strain (GenBank: AE006468) obtained from 

SGSC, University of Calgary (20, 32) 

Escherichia coli  

ATCC 25922 

Common coliform control strain obtained from C.P. Gerba, 

University of Arizona (14, 15) 
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Figure 1.   Survival of Salmonella and E. coli in water.  Water samples from the Yaquina River (Fig. 1A) Yaquina 

Bay (Fig 1B) in western Oregon were inoculated with three strains of Salmonella Newport, one of human origin 

TEB9356, one from bovine origin TEB3082, and one isolated from oysters LAJ160311, and E. coli ATCC 25922, 

used to represent a typical fecal coliform.  Every 3 days for 12 days, the numbers of remaining viable bacteria were 

enumerated.  The mean of three independent replicates +/- 95% confidence intervals are displayed. 

 

0

1

2

3

4

5

6

7

3 6 9 12

L
o

g
C

F
U

/m
l o

f 
R

iv
er

 W
at

er

Days Post Inoculation

1A

Salmonella Newport TEB9356

Salmonella Newport TEB3082



 84

 

0

1

2

3

4

5

6

7

3 6 9 12

L
o

g
 C

F
U

/m
l o

f 
B

ay
 W

at
er

Days Post Inoculation

1B

Salmonella Newport 
TEB9356

Salmonella Newport 
TEB3082



 85

Figure 2. Survival of Salmonella in oysters.  Pacific oysters, Crassostrea gigas, were exposed to six different 

strains of Salmonella.  Every 10 days for 60 days, the numbers of viable bacteria remaining within the oysters were 

enumerated. The mean of three independent replicates +/- 95% confidence intervals are displayed. 

 

0

1

2

3

4

5

10 20 30 40 50 60

L
O

G
 C

F
U

/g
 o

f 
O

ys
te

r 
M

ea
t

Days Post Exposure

Enteritidis Javiana

Typhimurium Newport SL254

Newport SL317 Newport LAJ160311



 86

Figure 3.  Survivability comparison of Salmonella Newport and E. coli in oysters.  Pacific oysters, Crassostrea 

gigas, were exposed to Salmonella Newport LAJ160311, previously isolated from oysters, and E. coli ATCC 25922, 

used to represent a typical fecal coliform.  Every 15 days for 60 days, the numbers of viable bacteria remaining 

within the oysters were enumerated. The mean of three independent replicates +/- 95% confidence intervals are 

displayed.  
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Figure 4. Survival of Salmonella and E. coli in depurated oysters.  Pacific oysters, Crassostrea gigas, were 

exposed to three strains of Salmonella Newport, one of human origin TEB9356, one from bovine origin TEB3082, 

and one isolated from oysters LAJ160311, and E. coli ATCC 25922 and then placed in depuration tanks with an 

influent flow rate of 120L/hr.  Every 24 hours days for 3 days, the numbers of viable bacteria remaining within the 

oysters were enumerated. The mean of three independent replicates +/- 95% confidence intervals are displayed. 
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Abstract 

 The consumption of raw oysters is an important risk factor in the 

acquisition of foodborne disease, with Salmonella being one of a number of 

pathogens that have been found in market oysters.  Based on previous work by 

our group that found that Salmonella was capable of surviving in oysters for over 

two months under laboratory conditions, this study sought to further investigate 

the colonization of oysters by this important foodborne pathogen.  

Immunohistochemistry was used to show that Salmonella was capable of 

breaching the epithelial barriers, surviving within the connective tissue of the 

oysters, and evading destruction by the oysters’ phagocytic hemocytes.  Based 

on this information, a typhoid-like infection process was hypothesized and SPI-1 

and SPI-2 mutants were made to further investigate this possibility.  When 

oysters were exposed to the mutant strains, there were no detectable 

deficiencies in their ability to survive in oysters, implying that Salmonella’s ability 

to survive within oysters does not rely upon SPI-1 or SPI-2.  These results 

suggest that Salmonella’s entry into and long-term survival in the oyster’s 

connective tissue is due to some other, currently unknown, process. 
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Introduction 

Salmonella enterica is an important foodborne pathogen, resulting in over 

one million estimated cases each year (44) and the most laboratory confirmed 

cases of any human foodborne disease in the United States (10).  The Newport 

serovar is the third-most commonly isolated serovar, comprising 10% of all 

Salmonella cases in 2007 (10), and the incidence of Newport infections rose 

dramatically between 1997 and 2002 (11) for unknown reasons.  In addition, a 

2003 study found that roughly one-fifth of all Newport isolates sent to the United 

States Centers for Disease Control for testing were multidrug resistant (42). 

 The type of interactions Salmonella can have with a host range from non-

pathogenic colonization, to a self-limiting gastroenteritis, to a life-threatening 

systemic infection (45).  The particular course of a Salmonella infection depends 

on, among other factors, the host-serovar combination, with the same serovar 

being capable of acting as innocuous normal flora in one type of host and a 

pathogen in another (25).  The pathogenesis in mammalian hosts is clearly the 

most thoroughly studied aspect of Salmonella.  It has been well established that 

adhesion and invasion of intestinal epithelial cells and subsequent entry into and 

survival within the gut-associated lymphoid tissue (GALT) begins the process of 

salmonellosis.  It is within the GALT that an important virulence mechanism, the 

ability to survive within macrophages, becomes crucial for systemic spread (45). 

Extensive studies of the Salmonella genome and its relatives have led to 

the discovery of several clusters of genes, or genomic islands, important for 
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pathogenesis.  The two most important and well-studied of these genomic 

islands are aptly named Salmonella Pathogenicity Islands 1 and 2 (SPI-1 and 

SPI-2).  Each of these genomic clusters contain numerous genes required for 

infection that are absent from Salmonella’s avirulent relatives and are believed to 

have originated from horizontal gene transfer (22). 

 The first, SPI-1, contains genes used in the initial attachment and invasion 

of intestinal mucosal cells.  SPI-1 is roughly 40 kb and contains approximately 30 

genes required to construct and operate a type three secretion system (T3SS) 

that enables the bacteria to inject effector molecules directly into the host cell’s 

cytosol.  This eventually leads to the abnormal internalization of bacteria into 

large Salmonella-containing vacuoles (SCV) typically within the enterocytes and 

M cells of the intestinal mucosa (22).  The T3SS of SPI-1 has been very 

thoroughly examined and reviewed elsewhere (22, 24, 29), but one gene that has 

been shown through mutagenesis to be required for the invasion phenotypes is 

invA (17).  Further studies of the roughly 76 kDa InvA gene product have shown 

it to be a key component of the inner-membrane portion of the T3SS and may 

function to form a channel through which effector molecules can be delivered 

(13).  invA mutants fail to translocate SPI-1 effector molecules (13) and show 

significant attenuation in mouse models of disease due to decreased invasion of 

the intestines (17). 

 The second pathogenicity island, SPI-2, contains a suite of genes that 

enables the organism to survive and replicate within phagocytes.  Like SPI-1, 
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SPI-2 is roughly 40 Kb in length and encodes a separate and mostly independent 

T3SS, which has also been well studied and reviewed (24, 27, 47).  Mutants 

lacking key components of SPI-2 are unable to cause systemic disease in animal 

models of disease (47).  The key functionality of effector molecules from SPI-2 is 

to manipulate the phagocyte’s ability to process the Salmonella-containing 

vacuole into a phagolysozome through a number of methods (47), thus sparing 

the bacteria from reactive species designed to destroy them. Due to the 

migratory nature of leukocytes, survival within phagocytes allows for further 

dissemination about the host that can eventually progress into a systemic and 

possibly life-threatening infection (22).  Similar to invA of the SPI-1 complex, 

ssaV is a gene encoding for a 681 amino acid protein thought to play a role in the 

inner membrane channel of the SPI-2 T3SS (27).  ssaV mutants have been 

shown to be defective in translocating SPI-2 effector molecules, thereby reducing 

their fitness in a variety of assays (3, 7, 16, 20, 32, 38, 43). 

While much is understood about the interactions between Salmonella and 

vertebrates, much less is known about its relationships with invertebrates, which 

could be an overlooked and important aspect of Salmonella’s ecology (46).  

Some research has examined the interactions between Salmonella and 

arthropods (26), protozoa (5, 36, 48),  and nematodes (1, 9, 40).  However, of 

more direct concern to human health is the relationship between Salmonella and 

mollusks, and in particular, oysters, which are typically consumed raw.  The 

consumption of oysters is a major risk-factor for the acquisition of foodborne 
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diseases (8) and previous work in our lab found Salmonella in roughly 7% of 

market oysters tested from around the United States at two different times of the 

year (6).  Further work by our group established that Salmonella was capable of 

surviving within oysters for at least two months within a laboratory setting, and 

did so significantly better than a non-pathogenic strain of E. coli. 

This study sought to further examine the mechanisms by which 

Salmonella interacts with oysters.  Through the use of immunohistochemistry 

(IHC), we were able to determine the location within the oyster’s tissue 

Salmonella was taking up residence.  Based on those results, and the findings of 

others that showed SPI-1 and SPI-2 were potentially important in colonizing other 

invertebrate hosts (5, 40), we investigated the importance SPI-1 and SPI-2 to 

oyster colonization by knocking out genes vital to their respective functions and 

then exposing oysters to these mutants using our previously established model 

of infection (30). 
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Materials and Methods 

Bacterial Strains and Cultivation.  Strains used in these experiments are 

summarized in Table 1.  Strains were grown in LB broth and on LB agar plates, 

supplemented with 30 µg/ml chloramphenicol (ICN Biomedicals, Aurora, OH), 50 

µg/ml kanamycin (Shelton Scientific, Shelton, CT), and/or 100 µg/ml 

diaminopimelic acid (DAP, Sigma, St. Louis, MO) when applicable.  Xylose-

Lysine-Deoxycholate (XLD) agar was used for oyster experiments.  LB and XLD 

media were obtained from Difco Laboratories (Becton, Dickson and Company, 

Sparks, MD). 

 

Immunohistochemistry.  Oysters were acquired, acclimated, maintained, and 

exposed to 8.15x107 CFU/ml of Salmonella Newport LAJ160311 as described 

previously (30).  Every 5 days for a total of 30 days post-exposure, three 

randomly selected oysters were aseptically shucked, dissected, and their tissues 

fixed for approximately 48 hours in Davidson’s fixative modified by replacing the 

deionized water with 25 ppt seawater (23).  The tissues were then processed, 

embedded in paraffin, cut into 5 µm sections, and placed on charged slides 

following the standard procedures of the Arizona Veterinary Diagnostic Lab.  The 

slides were then heated to 65ºC for 20 mins, deparaffinized, and rehydrated to 

distilled water through a series of graded alcohol solutions.  Endogenous 

peroxidase-like activity was squelched by placing the slides in a 3% hydrogen 

peroxide solution for 30 mins.  After rinsing in deionized water, the slides were 
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blocked for either four hours at room temperature or overnight at 4°C in a 

solution of 5% skim milk in PBS.  Following blocking, the slides were exposed to 

a 1:500 dilution of primary antibodies for 90 mins.  The primary antibodies (Difco 

Laboratories) were a rabbit anti-Salmonella antibody specific for the C2 LPS 

antigen of the Newport serovar, or a rabbit anti-E. coli specific for the O:157 

antigen of enterohemorrhagic E. coli, which was used as a negative control. 

Next, an anti-rabbit peroxidase-conjugated polymer (Envision; DakoCytomation, 

Carpinteria, CA) was applied for 30 mins, followed by 3,3'-diaminobenzidine 

(DAB; Dako) for 5 mins to produce a brown precipitate at the location of primary 

antibody accumulation.  The slides were then counter-stained with hematoxylin 

(Dako) for 5 mins before dehydration and coverslipping.  Incubation steps were 

done using a DAKO Autostainer to automate and standardize incubation times 

between samples.  The contrast and white balance of all photomicrographs were 

adjusted equally and the images were cropped using Photoshop CS4.  No other 

alterations to the images were made. 

 

Generation of Mutants.  Knockout mutants were constructed via allelic 

exchange using the pDS132 suicide vector as described elsewhere (33).  PCR, 

using the primers listed in Table 2, was used to amplify roughly 1 Kb fragments 

of Salmonella Newport SL317 chromosomal DNA upstream and downstream of 

the genes targeted for disruption as well as the antibiotic resistance genes used 

to mark the gene deletions.  These fragments were digested with the appropriate 
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restriction enzymes, along with the DpnI restriction endonuclease which was 

used to inactivate template DNA, and then sequentially cloned into the pBC KS+ 

cloning vector.  For the invA knockout, the cat gene from pBC, which confers 

resistance to chloramphenicol, was spliced between the homologous fragments 

upstream and downstream of the invA gene, while the ssaV knockout similarly 

used a kanamycin resistance gene from the EZ-Tn5 transposon.  A derivative of 

the pDS132 plasmid was made, dubbed pDS132-Kan, by removing the cat gene 

on the backbone pDS132 and replacing it with the same kanamycin resistance 

gene used elsewhere through a series of partial digestions and ligations.  The 

roughly 3kb constructs were then subcloned from the pBC vector into pDS132 or 

pDS132-Kan by using PCR primers with new flanking cut sites compatible with 

the suicide vector.  The resulting plasmids, pDS132-Kan-∆invA and pDS132-

∆ssaV, conferred resistance to both chloramphenicol and kanamycin to pir+ 

cloning strains of E. coli, contained a sacB negative selection marker, and the 

necessary oriT and transfer genes required for conjugation. 

pDS132-∆ssaV was introduced into wild-type Salmonella Newport SL317 

via electroporation using a Gene Pulser II (BioRad, Hercules, CA) set to 2.5 kV, 

200Ω, and 25 µF.  After a post-electroporation recovery period of a few hours, 

transformants were plated LB agar supplemented with kanamycin.  Colonies 

were then patched in duplicate onto one plate containing kanamycin and one 

plate containing chloramphenicol, which served to identify single crossover 

merodiploids and, more importantly, any double crossover mutants that 
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completed the allelic exchange process and lost the resistance to 

chloramphenicol.  Potential double-crossover mutants were then screened with a 

variety of PCR primer pairs to confirm the desired mutation had occurred. 

 pDS132-Kan-∆invA was introduced into a DAP-dependent pir+ 
χ7213 

strain of E. coli described elsewhere (37) via electroporation and selection on LB 

agar media supplemented with DAP, kanamycin, and chloramphenicol.  The 

transformed χ7213 strain was then used to introduce the suicide vector to wild-

type Salmonella Newport SL317 via conjugation.  Briefly, overnight broth cultures 

of both bacteria were grown with the relevant additives, after which the two broth 

cultures were mixed and then incubated on LB agar with DAP only.  After an 

overnight incubation, the bacteria were harvested in PBS and then plated on LB 

agar with chloramphenicol, but without DAP, a combination that only allows 

transformed Salmonella to grow.  The resulting transformants were then similarly 

screened on plates containing either chloramphenicol or kanamycin, but in this 

case all transformants selected turned out to be merodiploids.  To induce a 

double-crossover, the sacB counter-selection gene was used by plating serial 

dilutions of overnight LB broth cultures on a modified LB agar, supplemented with 

chloramphenicol, that had its salt content replaced with 5% sucrose.  Colonies 

that survived the sucrose negative selection were screened again using patch 

plates containing the two antibiotics.  Putative double-crossover mutants were 

then examined with a panel of PCR tests to confirm the desired mutations had 

been obtained. 
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 PCR conditions were generally 95°C for 5 mins followed by 30 cycles of a 

1 min denaturing step at 95°C, a 1 min annealing step at 60°C, and 1 min of 

extension at 70°C for every kb of expected product.  Cloning of DNA was 

performed using Accuprime Pfx polymerase (Invitrogen, Carlsbad, CA), while 

PCRs done for screening and confirmation were completed using Thermoprime 

Taq (Thermo Scientific, Barrington, IL). 

 

Invasion Assays.  Invasion assays were perfomed following the work of others 

with limited modifications (17, 18).  Briefly, the non-polarized human intestinal 

epithelial cell line, Henle-407 (21), was grown in Basal Medium Eagle (BME, 

Cellgro, Manassas, VA) supplemented with 10% fetal bovine serum (BME-FBS, 

Atlas Biologicals, Ft. Collins, CO), in a 37°C incubator supplemented with 5% 

CO2. The Henle-407 cells were seeded into 24-well tissue culture dishes with 

approximately 5x105 cells per well and incubated for roughly 24 hours.  Overnight 

cultures of bacteria grown in LB Broth were passed at a 1:100 dilution into fresh 

LB broth and allowed to grow to log phase for 2-3 hours.  Each strain of bacteria 

used was then diluted in PBS to an OD600 of 0.1 and then further diluted 1:10 in 

BME-FBS.  The media used to incubate the cells in the tissue culture plates was 

then replaced with this new inoculated media, resulting in an MOI of between 10-

20.  The cells were incubated with the bacteria for 90 mins at which point the 

wells were washed three times with PBS and the media replaced with BME-FBS 

supplemented with 100 µg/ml of gentamicin (HyClone Laboratories, Logan, UT) 
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and further incubated for 90 min.  After the gentamicin incubation, which was 

used to kill any remaining extracellular bacteria, the cells were washed three 

times with PBS and then lysed by the addition of 0.1% deoxycholate in PBS. The 

lysate was collected and 10-fold serial dilutions in PBS were plated on LB Agar to 

determine the concentration of bacteria surviving within the cells.  Each strain of 

bacteria was tested in quadruplicate and the entire experiment was repeated at 

least three independent times. 

 

Macrophage Survival Assays.  Macrophage survival assays were conducted as 

described elsewhere, with a few modifications (4, 14, 15, 41).  Briefly, the mouse 

macrophage-like cell line, J774.A1 (35) was grown in Delbucco’s Modification of 

Eagle’s Medium (DMEM, Cellgro, Manassas, VA) supplemented with 10% fetal 

bovine serum (DMEM-FBS) in a 37°C incubator supplemented with 5% CO2.  

The J774.A1 cells were seeded into 24-well tissue culture dishes with 

approximately 5x105 cells per well and incubated for roughly 24 hours.  

Stationary phase bacterial cultures were diluted in PBS to an OD600 of 0.1 and 

then opsonized for 15 min with the addition of heat-inactivated normal mouse 

serum (Sigma, St. Louis, MO).  This solution was then further diluted 1:10 in 

DMEM-FBS resulting in a MOI of between 10 and 20.  The cells were incubated 

with the bacteria for 30 min to allow for phagocytosis and then washed three 

times with PBS and then incubated for 90 min in DMEM-FBS supplemented with 

100 µg/ml of gentamicin.  At this 2 hr time point, the cells were washed three 
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times with PBS and half the wells for each strain had their media replaced with 

DMEM-FBS with 10 µg/ml of gentamicin and incubated for another 20 hr while 

the other half was lysed by the addition of 0.1% deoxycholate in PBS.  The lysate 

was collected and 10-fold serial dilutions in PBS were plated on LB Agar to 

determine the concentration of bacteria surviving in the macrophages at each 

time point.  The fold-increase was calculated by dividing the number of bacteria 

remaining at 20 hours by the number initially counted at 2 hours.  Each strain of 

bacteria was tested in quadruplicate and the entire experiment was repeated at 

least three independent times. 

 

Survival of Mutants in Oysters.  Pacific oysters, Crassostrea gigas, were 

acquired, maintained, exposed to bacteria, and analyzed as described previously 

(30).  Briefly, oysters were obtained from a commercial source in Alaska 

(Kachemak Shellfish Growers Cooperative, Homer, AK) and shipped overnight to 

Tucson, AZ.  The oysters were maintained in 15 gallons of constantly aerated 

artificial seawater (ASW, Instant Ocean, Marineland, Moor Park, CA) in 

polycarbonate tanks with thrice-weekly water changes of one-third of the total 

tank volume.  They were fed 1 ml of an algae-based invertebrate food (Micro-

Vert, Kent Marine, Franklin, WI) after each water change.  After an acclimation 

period, the oysters were transferred to plastic buckets containing 10L of ASW 

with approximately 106 CFU/ml of bacteria and left for 24 hours, before being 

returned to their tanks. Inoculums were prepared from 48-hour cultures, with 24 
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hours spent stationary at room temperature followed by 24 hours spent shaking 

at 37°C.  Samples of the inoculum water were serially diluted in PBS and plated 

on LB agar to determine the exact concentration of each strain of bacteria used.  

On post-exposure sample days, one oyster per tank (3 tanks per group) was 

aseptically shucked, weighed, and homogenized into a 1:5 dilution of sterile 

phosphate-buffered saline (PBS).  The resulting homogenate was then serially 

diluted and plated on Xylose-Lysine-Deoxycholate (XLD) agar and incubated at 

37°C to determine the number of colony forming units per gram of oyster meat.  

On test days 20 and 30, homogenates were simultaneously plated on LB agar 

with chloramphenicol and kanamycin to confirm that the Salmonella detected on 

the XLD agar plates were the proper strains. 

 

Statistics.  As described previously (30), CFU data were transformed to a 

normal distribution by taking the base-10 logarithm to account for the skew 

inherent in the quantification of exponential growth prior to performing any 

statistical analysis (28).  To determine if any observed differences between 

strains of bacteria were statistically significant, either in the cell culture or the 

oyster assays, one-way analysis of variance (ANOVA) tests for independent 

samples were conducted followed by a Tukey HSD test.  All tests were 

performed using the open-source statistical software, R. 
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Results 

Immunohistochemisty.  At 5 days post-exposure (D.P.E.) to the Salmonella, 

staining of oyster tissues with anti-Salmonella antibody shows that antibody-

antigen complexes can be localized to three places.  The first area of staining, 

shown in Fig. 1A, identifies the bacteria as being closely associated with or inside 

the pseudostratified epithelial cells lining the gut and in darker staining foci within 

the gut lumen.  The second area of prominent staining, seen in Fig. 1B, occurs in 

the digestive glands, which are blind-ended tubules where most of the oyster’s 

nutrient absorption occurs.  The staining is specific to the columnar digestive 

cells of the gland and appears to be absent from the pyramidal basophil cells.  

The third site of staining occurs within the vesicular connective tissue throughout 

the body of the oyster, shown in Fig 1C.  In stained areas of connective tissue 

there is often a corresponding infiltration of hemocytes, identified by their small 

dark-blue staining nuclei.  At 10 and 15 D.P.E., the distribution of staining 

remained the same but the extent of the staining around the gut mucosa and in 

the digestive glands declined.  Beyond 15 D.P.E., the staining is almost 

exclusively within the connective tissue of the oyster, including within the oysters’ 

hemocytes (Fig 2).  Two controls were run alongside the anti-Salmonella 

antibody tests of Salmonella-exposed tissues.  The first control used a different 

antibody, an anti-E. coli antibody, on the same Salmonella-exposed tissues, and 

these experiments showed rare and very faint staining in the same areas 

identified by the anti-Salmonella antibodies.  The second control was to process 
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tissues from unexposed oysters in an identical fashion as the Salmonella-

exposed tissues using the anti-Salmonella antibodies and these resulted in no 

significant staining patterns. 

 

Cell Culture Assays.  Cell culture assays were performed to confirm the mutant 

phenotypes expected by knocking out the invA and ssaV genes from Salmonella 

Newport.  As expected, the ∆invA mutant was deficient in its ability to invade the 

intestinal epithelial cell line, Henle-407, but had normal levels of macrophage 

survival.  Specifically, the ∆invA strain had an average of 2.72 LOG CFU/ml 

remaining within the cells, compared to 5.83 for the Typhimurium LT2 strain, 

which was used as a positive control, 6.09 for wild-type Newport, and 6.11 for the 

∆ssaV mutant strain.  The LOG transformed CFU/ml values for each well of each 

strain were used in the ANOVA test previously described to determine that the 

amount of invasion seen with the ∆invA mutant was statistically significantly 

reduced when compared to the other strains (p<0.01). 

Also as expected, the ∆ssaV mutant was able to invade intestinal cells 

with similar efficiency as wildtype, but had reduced macrophage survival abilities.  

In particular, the ∆ssaV mutant started with a concentration of 4.77 CFU/ml but 

dropped to 4.72 CFU/ml by the second time point.  In contrast, the Typhimurium 

control strain grew from an average LOG CFU/ml of 4.75 to 5.34, a 3.88 fold-

increase during the course of the assay.  The wild-type Newport strain had a 3.02 

fold-increase, from 5.76 to 6.24 LOG CFU/ml, and the ∆invA mutant also had a 
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3.00 fold-increase, from 5.03 to 5.51 CFU/ml, during its time within the 

macrophages. The fold-increase values for each well of each strain were used in 

the ANOVA test previously described to determine that the survival ability of the 

∆ssaV mutant was statistically significantly reduced when compared to the other 

strains (p<0.01). 

 

Survival of Mutants in Oysters.  Figure 3 summarizes the concentration of 

Salmonella found within the oysters over the course of the 30-day experiment.  

The oysters were exposed to either an average of 3.94x106 CFU/ml of the wild-

type strain, 4.39x106 CFU/ml of the ∆invA mutant, or 4.91x106 CFU/ml of the 

∆ssaV mutant.  Five days into the experiment, the oysters exposed to wild-type 

Salmonella Newport contained an average of 1.06x104 CFU/g of oyster meat, the 

oysters exposed to the ∆invA mutant contained an average of 7.26x103 CFU/g, 

and the oysters exposed to the ∆ssaV mutant contained an average of 1.69x104 

CFU/g.  From those average values, the amount of bacteria within the oysters 

declined slowly, consistent with the results of our earlier studies (30), until the 

levels of bacteria after 30 days were 4.34x102 CFU/ml for wildtype, 4.36x102 

CFU/ml for ∆invA, and 6.91x102 CFU/ml for ∆ssaV.  Using the ANOVA 

techniques previously described, there were no statistically significant differences 

between any of the strains at any time point.   
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Discussion 

We previously investigated Salmonella’s ability to survive within oysters 

(30) based on a survey done in 2002 that found Salmonella in about 7% of the 

market oysters sampled, with a large majority of those isolates being the Newport 

serovar (6).  Based on those studies, it appeared that Salmonella was capable of 

a relatively long-term colonization of oysters, and this study sought to further 

characterize the interactions between Salmonella and this invertebrate host. 

Given the length of time that Salmonella was able to survive within 

oysters, especially when compared to the length of time it can survive in 

saltwater alone (30), it is unlikely that Salmonella is merely transiently passed 

through an oyster’s gut.  The previous data implied that, most likely, Salmonella 

establishes a more stable relationship with the host.  In order to determine 

whether that interaction was limited to a normal flora-like attachment to the apical 

surface of the gut epithelium or involved a more invasive infection of the oyster, 

we used IHC on tissue from oysters exposed to Salmonella to determine the 

location within the oyster that Salmonella had colonized.  The results of the IHC 

clearly showed that Salmonella was not just associated with the apical surface of 

the gut epithelium, but within cells of the digestive gland and eventually beyond 

the epithelial barrier and within the connective tissue of the oyster.  The 

consistent presence of Salmonella within hemocytes throughout the study 

suggests that Salmonella might be capable of surviving within the oysters’ 

hemocytes for long periods of time.  The timeline and distribution of the 
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Salmonella suggested a typhoid-like infection process with initial invasion into the 

columnar epithelial cells of the digestive gland, followed by uptake into and 

survival within phagocytes, which then disperse the bacteria into other areas of 

the host. 

Based on the information gleaned from the IHC results, we wanted to 

determine if the persistence of Salmonella within the oyster tissues was due to 

an actively invasive process that utilized the same well-known virulence factors 

that Salmonella uses to infect mammalian hosts.  It seems plausible that the 

genes encoded in these pathogenicity islands, acquired by Salmonella during 

horizontal gene transfer events, could have evolved in such a way that the 

functionality of the T3SS would remain useful in more primitive hosts, especially 

considering that some evidence of this has already been found with other 

invertebrate hosts (5, 40).  In order to test this, we knocked out two genes, invA 

of SP-1 and ssaV of SPI-2, whose roles in the pathogenesis of Salmonella are 

well established, and whose mutant phenotypes are easily confirmed in vitro.  

While most research on SPI-1 and SPI-2 has been conducted using 

Typhimurium strains, we wanted to conduct our mutagenesis in the same 

Newport serovar that was used in the IHC work and was predominant in oysters 

in the study by Brands et al. (6).  However, due to complications we encountered 

trying to introduce marked mutations in the multi-drug resistant strain isolated 

from oysters, Newport LAJ160311, we instead mutated a pan-susceptible strain, 

Newport SL317, previously shown to survive within oysters just as well as the 
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LAJ160311 strain (30).  We did not concern ourselves with the polarity of the 

mutations, because our goal was to entirely disrupt the function of each 

pathogenicity island’s T3SS, something a polar mutation would only help with, 

and not to examine the specific role of these two genes per se. 

When the wild-type and mutant strains of Salmonella were introduced to 

the oysters, the results for the wild-type strain were very consistent with the 

previous experiments (30), and at no point during the 30 day experiment was 

there ever a significant difference between the wild-type or the mutants, implying 

that neither invA nor ssaV, and by extension, neither SPI-1 nor SPI-2, are 

necessary for Salmonella’s survival within oysters.  In some ways, these results 

were quite surprising but there are many possible explanations for why this might 

be the case.  While it is clear that Salmonella gains entry into the epithelial cells 

of the digestive glands, this may be an intentional part of the oyster’s digestive 

process and not due to invasion by the bacteria, since the digestive glands of the 

oyster are known to endocytose and digest food particles found within the lumen 

of the digestive glands (31).  Clearly, in order to survive once inside the digestive 

cells of the oyster, Salmonella appears to have actively prevented or resisted the 

digestive process that involves the usual lysosomal compounds, but the 

mechanism of such resistance must be unrelated to SPI-1 or SPI-2.  It is also 

unclear how the Salmonella gets out of the digestive cells.  It could be a process 

driven by the host, as the end products of digestion are thought to be released 

directly into the surrounding hemolymph (31), or an active escape by the 
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bacteria.  If it is the latter, then it is clear from this study that the process is not 

mediated by either SPI-1 or SPI-2. 

Finally, once the bacteria have reached the connective tissue, finding 

Salmonella within circulating hemocytes is not unexpected, given their 

immunological role within oysters. It has been well established that an oyster’s 

phagocytic hemocytes respond to bacterial infections (2, 12), including infections 

by Salmonella as shown by the hemocyte infiltration in areas of oyster tissue that 

stained positive for Salmonella in this study (Fig. 1C).  However, there are 

documented cases, mostly from the Vibrio genus, where bacteria can evade the 

actions of hemocytes, and other immune effectors, and establish persistent 

infections (19, 34, 39).  The fact that the ssaV mutants showed no deficiency in 

oyster survival might be the most surprising result of the mutant experiment.  It 

seemed likely, from an evolutionary biology perspective, that the SPI-2 T3SS 

could have been just as involved in hemocyte survival as it is in macrophage 

survival.  Perhaps these results serve to strengthen the notion put forth by D.W. 

Holden’s lab that SPI-2 is concerned only with proliferation of Salmonella within 

macrophages and does not significantly mediate the bacteria’s ability to avoid 

destruction by the macrophage (20, 38). 

The results of this study suggest that the nature of Salmonella’s 

colonization of oysters is entirely different than that of a mammalian host in that 

neither actively invading epithelial cells nor proliferating within macrophages is 

important.  At no time during any of the previous oyster studies (30) or in this 
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one, does the average number of colony forming units per gram of oyster ever 

increase during the course of the experiment, implying that the bacteria may 

merely be resisting digestion and destruction, through mechanisms independent 

of either SPI-1 or SPI-2.  In recently published work, Shea et al. describe large 

proportions of Salmonella as entering a viable but non-replicating state upon 

phagocytosis by macrophages (38), a description that would certainly fit the 

consistent patterns of viability seen when Salmonella was introduced to oysters 

in our lab. 

It is clear from this study that there is much left to discover when it comes 

to the interaction between this important foodborne pathogen and oysters, a host 

organism that is often consumed raw and in its entirety.  Further study, perhaps 

by using transposon libraries and microarrays, or the recently described 

florescence dilution methods (20), may allow us to better understand how these 

bacteria survive within oysters, which may subsequently lead to a means of 

preventing oysters from being colonized with Salmonella, or at the very least, 

lead to better methods for detecting contaminated oysters and preventing their 

consumption. 
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Table 1. Bacterial Strains and Plasmids 
 

Strain or plasmid Relevant Characteristics Source 

Salmonella   

    Typhimurium 
LT2 

Used as positive control in cell culture assays (30) 

    Newport 
LAJ160311 

Multi-drug resistant oyster isolate 
(6, 30) 

    Newport SL317 Pan-susceptible wild-type strain 
(30) 

    Newport ∆invA SL317 invA::KanR This 
study 

    Newport ∆ssaV SL317 ssaV::CmR This 
study 

E. coli  
 

    DH5α MCR General Cloning Strain Our 
Collection 

    SM10 λpir Propagation of π-dependent plasmids Our 
Collection 

    χ7213 DAP dependent strain used for conjugating π-
dependent suicide vectors (denoted as strain 
MGN617 in the reference) 

(37) 

Plasmids   

    pBC KS+ CmR , ori f1, general cloning plasmid.  Source of 
cat gene. 

Our 
Collection 

    pUC18-EZ-Tn5 Source of kanR gene. Our 
Collection 

    pDS132 CmR, ori R6K, sacB, π-dependent 
counterselectable suicide vector 

(33) 

    pDS132-Kan Replaced cat gene from pDS132 with KanR 
gene 

This 
Study 

    pBC∆invA pBC carrying invA deletion allele, CmR This 
Study 

    pBC∆ssaV pBC carrying ssaV deletion allele, CmR, KanR This 
Study 

    pDS132-Kan-
∆invA 

pDS132-Kan carrying invA deletion allele, CmR, 
KanR 

This 
Study 

    pDS132-∆ssaV pDS132 carrying ssaV deletion allele, CmR, 
KanR 

This 
Study 
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Table 2. PCR Primers 
 
Primer Sequence Comment 

invA1-F-EcoR TATGGTATGAATTCTCAGGATGCGACCCAGC
ATA Cloned region upstream of invA 

invA1-R-Xma AGATGATCCCCGGGCAGTAATTCAGGTCGTA
AAC 

invA2-F-Xba TGGACTCCTCTAGACTGGCAGTACCTTCCTC
AGC Cloned region downstream of 

invA invA2-R-Sac ATATTATCGAGCTCAACGCGCGAAGCGTAAG
A 

ssaV1-F-Kpn AATTGGTACCCGTCCGCTTACCGAAGAGA  
Cloned region upstream of 
ssaV ssaV1-R-Xma AATTCCCGGGTTGAGGAATACCCTGGAA  

ssaV2-F-
BamH 

AATTGGATCCGCTGTCGTCTCGTCATAA  
Cloned region downstream of 
ssaV 

ssaV2-R-Xba GATCTCTAGAATATCATCGCCTTCCACCAG  

iaKO-F-Sph CTAAGCATGCGGATGCGACCCAGCAT 
Transfer knockout construct to 
pDS132-Kan iaKO-R-Pst ATAACTGCAGAACGCGCGAAGCGTAA 

svKO-F-Sph ATCTGCATGCTCCGCTTACCGAAGAGA 
Transfer knockout construct to 
pDS132 svKO-R-Sac CATTGAGCTCATATCATCGCCTTCCAC 

cat-F-Xma TTATCCCGGGTGACGGAAGATCACTT 
Cloned chloramphenicol 
resistance gene cat-R-Xba TTTATCTAGAAATTACGCCCCGCCC 

kan-F-Xma AATTCCCGGGAGGTCGTGTCTCAAAA  
Cloned kanamycin resistance 
gene kan-R-BamH AATTGGATCCGTGGACCAGTTGGTGATTT  

sacB-F GGTCAGGTTCAGCCACATTT 
Detects presence of sacB.  
Merodiploids positive for this 
sequence, while complete 
knockouts are negative. 

sacB-R TTGCCTTTGATGTTCAGCAG 

invA-int-F CTCGCCTTTGCTGGTTTTAG Detects presence of wild-type 
invA. Knockout mutants 
missing this sequence. invA-int-R TGTCACCGTGGTCCAGTTTA 

invA-up-F TTGTCCCGGCAGACATC Primers are upstream and 
downstream of cloned invA 
area.  Knockout mutants show 
truncated product. invA-dn-R GGTAATCAGCGGTTCACGA 

ssaV-int-F CCGGCGTCCCTCTCCCTGAG Detect presence of wild-type 
ssaV.  Knockout mutants 
missing this sequence. ssaV-int-R TCCGCAAAATCGGCAGCGGT 

ssaV-up-F AACTGGAGCGCAGGCAGCAG Primers are upstream and 
downstream of cloned ssaV 
area.  Knockout mutants show 
truncated product. 

ssaV-up-D CGCCAGGCACCGTCGCAATA 
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Table 3. Cell Culture Assays 

 

 Invasion Macrophage 

Survival 

Strain % of Typhimurium positive control 

Wild-type SL317 104.37 77.82 

SL317 ∆∆∆∆invA    46.66* 77.18 

SL317 ∆∆∆∆ssaV 104.75  25.03* 

* Statistically significant difference when compared against other two strains 

(p<0.01) 
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Figure 1.  Photomicrographs of IHC stained oyster tissues. Row (A) shows gut 

epithelium at 200x magnification, Row (B) shows digestive gland tissue 400x, 

and Row (C) shows vesicular connective tissue at 200x.  Left column shows 

oysters exposed to Salmonella and stained with an anti-Salmonella antibody, 

while the right column shows negative controls, on top Salmonella exposed 

oysters stained with an anti-E. coli negative control antibody, and on the bottom 

unexposed oysters stained with anti-Salmonella antibodies.   
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Figure 2.  Photomicrographs of IHC

magnification.  Each time-point

exposure (B), and 30 days post

Salmonella antibodies. 

 

 

 

 

 

Photomicrographs of IHC-stained oyster tissues at 1000x 

point, 5 days post-exposure (A), 15 days post-

exposure (B), and 30 days post-exposure (C) shows staining with anti-
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Figure 3. Survival of mutant Salmonella in oysters.  Pacific oysters, Crassostrea gigas, were exposed to two 

mutant strains of Salmonella Newport, along with a wild-type control.  Every 5 days for 30 days, the numbers of 

viable bacteria remaining within the oysters were enumerated. The mean of three independent replicates, done in 

triplicate, +/- 95% confidence intervals are displayed. 
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