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Vibrio vulnificus is a bacterium commonly found in shellfish and surrounding 

waters.  V. vulnificus is an opportunistic pathogen capable of causing serious illness in 

humans, usually through the consumption of raw oysters; it is the leading cause of 

reported fatalities associated with seafood consumption.  Ingestion of raw oysters can 

lead to fulminant primary septicemia, especially in individuals with pre-existing health 

conditions, such as liver disease, hemochromatosis, or a compromised immune system.  

Additionally, the contact of wounds with raw oysters, oyster fluids, or seawater 

contaminated with V. vulnificus may also lead to wound infections in otherwise healthy 

individuals, which can lead to severe necrosis that may require surgical debridement or 

amputation, or even sepsis and death.  Bacteriophages are viruses that specifically infect 

bacteria.  Using an iron dextran-treated mouse model of V. vulnificus infection, our 

laboratory determined that administration of V. vulnificus phages significantly inhibited 

infection of skin tissues, systemic infection of liver, and mortality of infected mice.   
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This study was undertaken to examine the potential of V. vulnificus-specific phages 

to decontaminate oysters of V. vulnificus so as to render them safe for human 

consumption.  Phages in our collection and newly isolated phages were characterized by 

plaque morphology, host range, and level of infectivity using soft agar overlay and 

microtiter phage typing methods.  Seventy-five percent of V. vulnificus strains examined 

were sensitive to at least one phage. 

An experimental oyster infection model was developed for the examination of 

phage treatment to decontaminate oysters infected with V. vulnificus.  Pretreatment of 

oysters with rifampicin prior to infection with rifampicin-resistant V. vulnificus FLA042 

resulted in levels of infection as high as 106 CFU/g tissue.  The treatment of FLA042-

infected oysters with phages CK-2 and 3a each at 1 x 108 PFU/mL resulted in decreases 

of contamination in the range of 10 to 100-fold compared to a control group.  With the 

use of a marker plasmid and ampicillin enrichment assays, we showed that V. vulnificus 

grew very little in experimentally treated oysters, possibly explaining the limited success 

of treatment of experimentally infected oysters with phages. 

The potential of decontaminating market oysters with a cocktail of phages was also 

examined with the use of a selective medium, VVM, and a DNA-hybridization probe for 

enumeration of V. vulnificus in oysters.  This treatment resulted in a 10-fold decrease in 

the level of contamination, demonstrating the potential of decontaminating market 

oysters with V. vulnificus-specific phages.  However, we were unable to improve upon 

the success of phage treatment to levels that we feel would be commercially acceptable.  

Modifications to the phage treatment method may circumvent the issue of the lack of 

V. vulnificus growth.   
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CHAPTER 1 
INTRODUCTION 

Bacteriophages 

The Discovery of Bacteriophages  

In 1915, Frederick Twort, a British bacteriologist, observed “degenerative changes” 

on some staphylococcal colonies that were extracted from calf lymph (1).  He also 

observed that these “degenerative changes” were transmittable to a new culture of 

bacteria using the filtrate of the original culture.  Although his observations were of 

significant value, Twort did not pursue his findings further, presumably due to financial 

constraints.  Two years later, Felix d’Herelle, a French-Canadian self-made 

microbiologist working at the Pasteur Institute in Paris, described how an “invisible 

microbe” from the filtrates of stool samples of dysentery patients lysed a broth culture 

and caused clear plaques on a bacterial lawn of dysentery bacillus (2).  Regarding these 

observations, he later wrote: "In a flash I had understood: what caused my clear spots was 

in fact...a virus parasitic on bacteria."  He correctly recognized that the plaques were 

caused by a bacterial virus that infects and lyses the bacteria.  He later called these 

bacterial viruses bacteriophages, meaning “bacteria eaters.”  The word “phage” is a 

shortened version of the word “bacteriophage.” 

Phage Biology 

Bacteriophages are one of the most abundant biological entities found on Earth (3).  

These viruses, which are specifically infectious to bacteria, are found all over the world, 

even in such extreme places as in hot springs.  It has been estimated that a milliliter of 
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coastal seawater contains 107 phage-like particles (4).   All bacteriophages contain 

nucleic acid, either DNA or RNA, encapsulated in a protein coat called a capsid.  The 

nucleic acid can be single or double stranded.  Morphologically, bacteriophages are 

composed of one of three forms: an icosahedral head containing a tail, an icosahedral 

head containing no tail, or a filamentous form.  Ninety-six percent of all characterized 

bacteriophages are of the icosahedral head, containing dsDNA, and tail form (5).  Due to 

the presence of a tail, these phages taxonomically fall under the Caudovirales order.  

Depending on the size of the tail, bacteriophages are further differentiated into three 

families: Siphoviridae, Myoviridae, or Podoviridae.  The differences of tail morphology 

among the families are as follows: Siphoviridae consist of a long, non-contractile tail; 

Myoviridae consist of a contractile tail; and Podoviridae consist of a short, non-

contractile tail. 

Bacteriophages are further characterized into two distinct life cycles: virulent or 

temperate.  In the virulent (lytic) life cycle, a lytic phage binds to a specific bacterial 

surface receptor.  For efficient binding of a phage to a receptor, a phage may require a 

cluster of the specific receptor or the presence of divalent cations, such as Mg+2 and Ca+2.  

After attachment of the phage to the receptor, lysins on the tail of the phage degrade the 

peptidoglycan matrix of the host permitting the penetration of the tail into the cell.  With 

the penetration of the tail tip into the host, the phage genome passes through the tail of 

the phage and into the host.  The phage genome encodes enzymes that override the 

metabolic machinery of the host.  The seized metabolic machinery of the host is then 

used for the mass production of structural components for the eventual assembly of 

progeny phages.  After numerous progeny phages are made, phage genome-encoded 
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lysins and holins lyse the bacterial cell.  Holins assemble pores in the inner membrane of 

the cell wall allowing lysins to reach the peptidoglycan for degradation.   

In the temperate (lysogenic) life cycle, a temperate phage infects bacteria in the 

same manner as described with lytic phages.  Upon infection, however, a temperate 

phage has the ability to proceed through the processes of a lytic cycle, as described for 

lytic phages above, or proceed through a lysogenic cycle.  In the lysogenic cycle, the 

phage genome does not express enzymes that override the metabolic machinery of the 

host.  Instead, the phage genome is either integrated into the DNA of the host or exists as 

a plasmid, and the infection becomes latent.  The phages in this state of latent infection 

are called prophages.  A repressor protein blocks the expression of the lytic genes of the 

phage genome.  However, the repressor may be inactivated and the prophage activated at 

any time by environmental factors, causing reversion to a lytic life cycle and production 

of progeny phages. 

Early Phage Therapy Attempts 

Upon d’Herelle’s observations regarding phage biology in his laboratory, he sought 

to test the effectiveness of phage as a treatment for infectious diseases in animals.  He 

demonstrated the prophylactic properties of phage against the infectious disease avian 

typhosis, a gastrointestinal disease caused by the bacterium Salmonella gallinarum (6).  

Upon orally treating chickens with S. gallinarum-specific phage prior to their 

introduction to a chicken pen that housed chickens infected with avian typhosis, the 

pretreated chickens were less likely to experience S. gallinarum infection.  In another 

phage therapy experiment using animals, d’Herelle was able to protect water buffaloes 

from experimental infection of bovine hemorrhagic septicemia, caused by the bacterium 

Pasteurella multocida, by pretreatment with P. multocida-specific phage (6). 
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 After these and other encouraging results with phage therapy in treating infectious 

diseases in animals, d’Herelle attempted to treat humans afflicted with pathogens such as 

Vibrio cholerae and Yersinia pestis with either prophylactic or therapeutic phages, 

respectively (7,8).  Prior to attempting phage treatments on patients, d’Herelle 

administered himself, co-workers, and even some of his own family members with phage 

suspensions to investigate their safety (6).  Although the method d’Herelle used for 

verification of safety of phage suspensions is not an accepted method by today’s 

standards, during his time this method was widely accepted.  After he concluded that the 

filtrates were safe for human use, he sought to treat humans with therapeutic phages.   

One of d’Herelle’s most widely reported cases of phage therapy on humans 

occurred while d’Herelle was stationed at the League of Nations quarantine station in 

Alexandria, Egypt.  This particular case was reported in the French medical periodical, 

La Presse Médicale, in which d’Herelle treated four people infected with the bacterium 

responsible for bubonic plague, Y. pestis, with Y. pestis-specific phage (9).  He injected Y. 

pestis phage suspension directly into the buboes, the term given to the lymph nodes that 

are inflamed and infected with Y. pestis.  He specifically injected the phage suspension 

into inguinal and axillary lymph nodes, and the four patients eventually recovered from 

this dreaded disease.  In another example of the potential benefits of phage therapy, V. 

cholerae-specific phages were used as a prophylaxis in the Indian region of Naogaon 

resulting in a significant decrease of deaths associated with cholera compared to the 

Habiganj region of the country, which refused to participate in the V. cholerae phages 

study (10,11). 
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During the 1920s and 1930s, companies in the United States produced 

commercially available phage products (12).  Eli Lilly & Co. produced a commercial 

phage product called “staphylo jel” and other phage products that supposedly treated 

Streptococcus spp. and colon bacilli infections.  Moreover, E. R. Squibb & Sons had a 

phage product against Staphylococcus spp., and a division of Abbott Laboratories had a 

phage product for Staphylococcus spp. and colon bacilli.  However, the effectiveness of 

these commercially available phage products was in doubt.  In the 1930s, d’Herelle and 

colleagues analyzed many commercial phage products and found that most were inactive.  

To confirm this finding, Max Delbrück analyzed a commercial phage product that was 

advertised to consist of polyvalent phages (10).  Analysis of the product, however, 

revealed that it only contained one viable phage type.  Further investigation revealed that 

this particular company was amplifying the polyvalent phages in a single infection 

process, resulting in the selection of one phage, T7 in this case. 

Eventually many factors amassed in contributing to the demise of phage therapy, 

including the lack of understanding of phage biology.  While d’Herelle believed that 

bacteriophages were bacterial viruses, many in the scientific community at the time 

believed that phages were enzymes.  In view of that fact, scientists were characterizing 

phage solutions as strong or weak preparations depending on the “strength” a phage 

solution would have to lyse a culture of bacteria.  Moreover, phage products were also 

treated with chemicals, such as phenol and merthiolate, for preservation.  The addition of 

such chemicals was common practice at the time as a method to preserve vaccines and 

pharmaceutical products; however, these chemicals may have degraded or inactivated 

many of the phage preparations.  Furthermore, restriction and modification processes 
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possessed by bacteria were not completely understood until the 1950s, which was years 

after the first studies of phage therapy.  Moreover, the role of the host immune system 

during phage treatment was mostly overlooked or ignored.  Antibodies against phage 

after extended phage treatment can render phage therapy ineffective in such cases (13).  

After the discovery of antibiotics, scientific enthusiasm for phage therapy trials ceased in 

the United States and in most of Western Europe.  Nevertheless, phage therapy continued 

in the Soviet Union and in some Eastern European countries, especially in Poland and in 

the Republic of Georgia (13). 

Renewed Interest in Phage Therapy  

During the 1980s in the United Kingdom, Smith and colleagues reexamined the 

efficacy of phage therapy in animal infections (14-17).  In one particular experiment, they 

selected phages that required the Escherichia coli (E. coli) K1 capsular antigen as a 

receptor for phage attachment.  Mice and farm animals were pre-treated with these 

selected phages and then experimentally infected with E. coli O18:K1:H7 ColV+.  The E. 

coli-specific phages were effective in protecting the animals from the E. coli.  Even 

though phage-resistant E. coli isolates were recovered from these animals, the resistant E. 

coli were less virulent due to the loss of the K1 capsule, an antigen necessary for 

pathogenesis.  Furthermore, compared to multiple doses of certain antibiotics, including 

tetracycline, ampicillin, and chloramphenicol, a single dose of phage performed better in 

treating the infection, presumably due to the fact that phages amplify exponentially as 

long as bacterial growth persists, whereas antibiotics begin to degrade at the point of 

administration.      

Following the reports by Smith and colleagues of their phage studies in 

experimentally infected animals, a number of other research projects reinforced the 
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potential of phage therapy as an antimicrobial strategy against pathogens.  Below is a 

summary of several reported experiments that have demonstrated encouraging results in 

treating various bacterial infections in patients or contamination of foods with 

bacteriophages. 

Since Smith and colleagues’ experiments with E. coli and E. coli bacteriophages, 

others have also reported positive results in reducing or eliminating E. coli infections 

using E. coli phages.  In one study, mice were orally infected with E. coli and then treated 

with four broad host range E. coli phages that survived passage through the 

gastrointestinal tract of mice when given in drinking water (18).  The four administered 

bacteriophages lysed the E. coli.  Furthermore, the normal E. coli gut flora was minimally 

lysed by the four administered E. coli phages, suggesting that the normal flora E. coli is 

somehow protected from infection and lysis by the four bacteriophages.  The protection 

from phage lysis observed for the normal E. coli gut flora may demonstrate physical 

differences, such as the level of biofilm formation and/or colonization, between the 

normal E. coli gut flora and the E. coli that was orally administered.  Nevertheless, this 

report suggests a possible use of phages for E. coli infections.   

In another study, the efficacy of the antibiotic enrofloxacin was compared to 

bacteriophages for treating E. coli infections in broiler chickens (19).  A mortality rate of 

68% was observed when birds were experimentally infected with 104 CFU of E. coli that 

were injected directly into the thoracic air sac of birds.  When enrofloxacin or 109 PFU 

each of two different bacteriophages were intramuscularly injected immediately after 

bacterial infection, the mortality rate decreased to 3% and 15%, respectively.  If both 

enrofloxacin and bacteriophages were administered simultaneously, no mortality was 
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observed.  These observations suggest that bacteriophage alone can considerably reduce 

the mortality rate of these infections, although not as significantly as enrofloxacin, and 

that there is a possible synergistic effect between the mode of actions of the antibiotic 

enrofloxacin and the two bacteriophages.  This study further reinforced the potential of 

phages as a therapeutic against E. coli infections.   

Enterococcus faecium is a bacterium commonly found in the United States in 

hospitals and nursing homes.  Additionally, E. faecium can cause fatal bacteremia and 

endocarditis, especially in immunocompromised individuals.  Merril and colleagues 

studied the efficacy of bacteriophage therapy against vancomycin-resistant E. faecium 

(VRE) (20).  A VRE strain was injected intraperitoneally (i.p) at a concentration of 109 

CFU into mice, which caused 100% morbidity within 48 h.  When 3 x 108 PFU of VRE-

specific phage was administered 45 min after the infection, 100% of the infected mice 

recovered from the infection.  If the VRE phage was administered upon the first signs of 

illness, 50% of the infected mice were rescued.  In total, the above experiments 

demonstrated a potential for VRE phage usage in E. faecium infections.  

Staphylococcus aureus, a bacterium that causes pyogenic inflammatory diseases, is 

of great health concern due to its ability to cause toxic-shock syndrome and many 

iatrogenic infections.  Furthering the public health concern regarding this bacterium is the 

fact that methicillin-resistant S. aureus (MRSA) strains are becoming more prevalent.  In 

an attempt to study the potential of phage therapy in a mouse model, mice were injected 

i.p. with 8 x 108 CFU of S. aureus, including methicillin-resistant strains.  These doses 

caused bacteremia and death in greater than 80% of mice within 24 hr and in 100% of 

mice within 7 days (21).  When the mice were injected i.p. with S. aureus-specific phage 
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between 0 and 24 hr after bacterial infection, the mice were rescued from morbidity.  In 

this particular phage experiment, the phage were effective at multiplicity of infection 

(MOI) between 0.1 and 200. 

Soothill also studied the protective efficacy of S. aureus phage against 

experimental S. aureus wound infections in rabbits (22).  Rabbits were injected 

subcutaneously (s.c.) with 8 x 107 CFU of S. aureus, followed immediately with s.c. 

injection at the site of the infection with 2 x 109 PFU of S. aureus phage.  Of the eight 

phage-treated rabbits, only one rabbit developed an abscess after four days, whereas all 

eight rabbits in the control group developed abscesses.  Furthermore, the number of 

bacteria was significantly lower in the phage-treated group compared to the control 

group.  Rabbits injected with 8 x 107 CFU of S. aureus and then treated with 6 x 107, 6 x 

106, or 6 x 105 PFU of phage developed abscesses after 4 days with the exception of one 

of the rabbits that received phage at 6 x 107 PFU.  However, the size of the abscesses and 

the number of bacteria found in the abscesses proportionally decreased with increasing 

concentration of phage.  Lastly, rabbits infected with 5 x 107 CFU of S. aureus, and then 

treated with 3 x 109 PFU of S. aureus phage administered at 6, 12, or 24 h from the time 

of infection developed similar sized abscesses after 4 days and equal number of bacteria 

at the site of infection.  These experiments suggest that S. aureus phage possesses a 

prophylaxic property against S. aureus infections, at least in experimentally S. aureus-

infected rabbits.  Soothill and colleagues, however, acknowledged that the protection 

achieved in these experiments was not as robust as phage experiments reported with 

gram-negative bacteria, suggesting a possible obstacle for phage therapy against gram-

positive bacterial infections.  However, the experiments reported by Merril and 
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colleagues detailed above (20) and the experiments reported by Soothill and colleagues 

demonstrate a potential for phage treatments against S. aureus.     

Enterococcus faecalis is a facultative anaerobic bacterium that can cause 

endodontic infections in humans.  E. faecalis infections, which are known to be resistant 

to several antibiotics, are occasionally persistent even after antibiotics and other measures 

are taken to eliminate the bacteria from the root canals and dentinal tubules of patients.  

In an ex vivo experiment studying the effectiveness of phage treatment against E. faecalis 

infections, the root canals and the dentinal tubules of human teeth were inoculated with 

E. faecalis and incubated for varying time periods (23).  After the infection period, they 

were treated with E. faecalis-specific bacteriophage at MOIs of 0.1, 1, and 10 for 3 h to 

72 h.  At all of the MOIs, the bacteriophage was able to inhibit the growth of the bacteria 

and/or reduce the number of bacteria.  The result of this in vitro experiment implies a 

possible use of phage as an antimicrobial strategy against endodontic infections of E. 

faecalis. 

Clostridium difficile is an enteric bacterium that causes pseudomembranous colitis 

and death in humans.  C. difficile infections commonly emerge as a secondary infection 

after individuals are treated with antibiotics for a different bacterial infection.  Hamsters 

that were intragastrically injected with 103 CFU of C. difficile would die within 96 h (24).  

However, the hamsters survived the experimental infection if treated with C. difficile 

bacteriophage immediately after the infection with C. difficile, suggesting a possible role 

of phages against C. difficile infections. 

Two possible obstacles encountered with phage therapy are the release of bacterial 

endotoxins after phage treatment with detrimental effects in patients and the inability of 
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phages to infect and lyse intracellular bacterial infections.  However, studies may provide 

solutions to these possible impediments.  To address the issue of released endotoxin, a 

novel approach was undertaken in treating Pseudomonas aeruginosa infections with a 

non-replicating and non-lytic bacteriophage (25).  P. aeruginosa is an opportunistic 

pathogen known to be resistant to several antibiotics.  The bacterium is one of the leading 

causes of acquired infections in hospitals and is the leading cause of mortality in people 

afflicted with cystic fibrosis (26).  A P. aeruginosa filamentous phage was genetically 

engineered to become non-replicating and non-lytic.  An export protein gene was 

exchanged with a restriction endonuclease-methylase cassette gene.  Mice that were 

experimentally infected with three times the minimum lethal dose of P. aeruginosa 

normally die within 24 h.  However, if either the genetically engineered or the non-

engineered phage was administered at an MOI of at least 1000, the mice were rescued 

from the P. aeruginosa infection.  When mice were experimentally infected with five 

times the minimum lethal dose of P. aeruginosa, the survival rate was significantly 

higher with the non-replicating and non-lytic phage compared to the lytic phage, 70% 

compared to 20%, respectively.  The higher survival rate with the genetically engineered 

phage suggested that the higher survival rate was due to the decrease in the release of 

bacterial endotoxins and, thus, inflammation.  This study suggests that the usage of non-

replicating and non-lytic phages for treating certain infections, such as P. aeruginosa 

infections, may be more advantageous than the usage of lytic phages. 

A novel approach was undertaken to treat an intracellular bacterial infection with 

phage (27).  An intracellular bacterial infection is not usually treatable with phage 

because of the inability of phage to infiltrate into host cells.  Mycobacterium tuberculosis, 
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an acid-fast bacterium that infects macrophages, kills millions of people every year 

around the world.  Although M. tuberculosis infections are treatable with antibiotics, the 

slow growth of the bacteria makes treatment difficult.  The treatment of M. tuberculosis 

usually requires an uncommonly extended time of antibiotic treatment compared to other 

bacterial infections.  Of further concern to public health, antibiotic-resistant strains of 

M. tuberculosis are emerging at an alarming rate.  A bacterium with similar 

characteristics to M. tuberculosis, Mycobacterium avium is also a threat to public health.  

Like M. tuberculosis, M. avium is a slow growing bacterium that infects macrophages.  

M. avium infections occur in individuals afflicted with acquired immune deficiency 

syndrome (AIDS), although increasing numbers of individuals not afflicted with AIDS 

have been reported to be infected with M. avium.  Bermudez and colleagues infected a 

mouse peritoneal macrophage cell line, RAW 264.7, monolayer with M. tuberculosis or 

M. avium at an MOI of either 1 or 10 (27).  The M. tuberculosis or M. avium infected 

macrophage monolayer was then treated with Mycobacterium smegmatis, a non-virulent 

mycobacterium, infected with TM4, a lytic phage that produces non-stable lysogens.  

M. smegmatis was used as a vehicle to transfer TM4 into the intracellular environment of 

the macrophage monolayer where M. tuberculosis or M. avium were residing.  

M. smegmatis containing 7.8 x 107 PFU of TM4 was added for 30 min to the 24 h 

M. avium-infected macrophage monolayer.  After two days, the bacteriophage 

significantly inhibited the growth of intracellular M. avium.  After four days, the 

bacteriophage significantly reduced the number of intracellular M. avium by 10-fold.  To 

a 48 h M. avium-infected macrophage monolayer, treatment with M. smegmatis infected 

with TM4 for 30 min resulted in a 100-fold decrease in the number of intracellular 
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M. avium.  Moreover, M. smegmatis infected with 6.7 x 107 PFU of TM4 was added for 

30 min to a 24 h M. tuberculosis-infected macrophage monolayer.  Approximate 10-fold 

and 100-fold decreases in the number of intracellular M. tuberculosis were observed after 

2 and 4 days, respectively.  This particular study suggests a possible method for phage 

treatment of intracellular bacterial infection, in particular M. tuberculosis and M. avium, 

by use of non-virulent strains of bacteria as vehicles to transfer lytic phage into 

intracellular environments where phage usually would not reside. 

Although beyond the scope of this research project, it must be noted that numerous 

studies have also been reported on isolated phage-encoded lytic enzymes in treating 

bacterial infections in animal models.  For example, Fischetti and colleagues successfully 

treated infections caused by bacteria such as Streptococcus pneumoniae and Bacillus 

anthracis in animal models with phage-encoded lytic enzymes (28-36). 

Numerous studies have also focused on using bacteriophages as a method for 

biocontrol in food products.  As mentioned above, a couple of experiments studied the 

potential of phage on E. coli-infected animals (14-19).  The effectiveness of phage 

treatment on E. coli-contaminated steak meat was also studied (37).  Steak meat was 

infected with 2 x 102 CFU of E. col, and the contaminated meat was then treated with a 

phage cocktail of three phages each at 2 x 108 PFU/ml, corresponding to an MOI of 106.  

The bacteriophage cocktail completely eliminated bacteria in seven of the nine cases.  

Such observation would suggest a possible role of phages in reducing or eliminating the 

number of E. coli in contaminated steak meat. 

Fresh cut fruits and vegetables are more likely to be contaminated with pathogenic 

bacteria than whole fruits and vegetables due to the fact that the peel and rind act as a 
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protective coat against bacterial invasion and contamination.  Leverentz and colleagues 

studied the usefulness of bacteriophage treatment as a method of biocontrol on freshly cut 

fruits that were artificially contaminated with Salmonella enteritidis (38).  S. enteritidis 

infecting honeydew melon slices and apple slices survived at temperatures as low as 5°C.  

Furthermore, at temperatures of 10°C and 20°C the bacteria increased by 2 logs and 5 

logs, respectively.  When the slices were treated with bacteriophage, the concentration of 

bacteria was reduced on honeydew melon slices by 3.5 logs at 5°C and by 2 logs at 20°C.  

Moreover, the results obtained with bacteriophage treatment were better than the results 

obtained with chemical sanitizers.  However, the phage treatments did not work on apple 

slices.  The lack of phage killing on apple slices may be due to the acidic pH environment 

of apple slices. 

Leverentz and colleagues also studied the usefulness of bacteriophage as a method 

for biocontrol on freshly cut fruits artificially contaminated with Listeria monocytogenes 

(39).  After the experimental infection of apple and honeydew melon slices with L. 

monocytogenes, the fruit slices were treated with L. monocytogenes phage.  Compared to 

an untreated group, the phage-treated group reduced the number of bacteria by 2 to 4.6 

logs in honeydew melon slices and by 0.4 logs in apples.  Once more, the lack of a more 

pronounced decrease of bacterial levels in apple slices may have been due to the acidic 

pH environment of apple slices.  Leverentz and colleagues took these experiments one 

step further.  They studied the efficacy of phage treatment accompanied with nisin, a 

bacteriocin, and nisin alone as a method for biocontrol of L. monocytogenes on 

experimentally infected fruit slices.  When the fruit slices were treated with phage and 

nisin, the number of bacteria in honeydew melon slices was reduced by 5.7 logs and in 
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apple slices by 2.3 logs.  Moreover, nisin alone reduced contamination in honeydew 

melon slices by 2.3 logs and in apple slices by 2 logs.  These experiments by Leverentz 

and colleagues showed the usefulness of bacteriophages as a method for biocontrol of 

S. enteritidis and L. monocytogenes in experimentally infected fruit slices.  In addition, 

the synergistic approach of using both phages and bacteriocins as a method of biocontrol 

may be useful.  

Campylobacter jejuni is a bacterium that causes gastrointestinal disease in humans.  

Poultry is a major reservoir of Campylobacter, which is easily spread in a broiler house.  

In an experiment to assess the efficacy of phage in artificial infections with 

Campylobacter, chicken skins were experimentally infected with Campylobacter at 104 

CFU and 106 CFU (40).  After 30 min of incubation, the contaminated skins were treated 

with phage at different MOIs ranging from 0.001 to 100,000 and stored at a temperature 

of either 4°C or -20°C.  Although no significant decrease was observed with the lowest 

phage treatment of 103 PFU, a significant decrease was observed at the highest phage 

treatment of 107 PFU.  Furthermore, a more significant decrease was observed on phage-

treated chicken skins stored at -20°C compared to phage-treated chicken skins stored at 

4°C, probably due to the harsher environment confronting the bacteria at the lower 

temperature.  These experiments suggest a possible use of phage to lower the number of 

Campylobacter bacteria on contaminated chicken skin.  

Of interest to our project, Nakai et al. of Japan studied the efficacy of phage 

therapy on infectious diseases in aquaculture (41).  Lactococcus garvieae is an 

opportunistic pathogen of yellowtail fish that has considerably damaged the yellowtail 

aquaculture industry in Japan since its first outbreak in 1974.  Nakai et al. demonstrated 
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that L. garvieae-specific phage pre-treatment can protect and rescue yellowtail against 

experimental infection with L. garvieae.  Another pathogen that Nakai et al. studied was 

Pseudomonas plecoglossicida that causes hemorrhagic ascites in ayu, a popular fish for 

sport fishing in Japan (42).  P. plecoglossicida phage-impregnated feed protected ayu 

against experimental infection with P. plecoglossicida.  These two studies demonstrated a 

possible role of phages in treating aquatic infectious diseases. 

Vibrio vulnificus 

Vibrio vulnificus Pathogenesis and the Oyster Industry 

The first known isolation and description of Vibrio vulnificus were reported in 1964 

by the United States Centers for Disease Control (CDC) (43-45).  However, the isolate 

was incorrectly identified as Vibrio parahaemolyticus.  A distinguishing characteristic of 

V. vulnificus from other Vibrio species is the ability of V. vulnificus to ferment lactose.  

Due to this distinction, V. vulnificus was recognized as a distinct member of the Vibrio 

genus in the mid to late 1970s. 

V. vulnificus is a gram-negative, curved rod-shaped bacterium.  Containing a single 

polar flagellum, this motile bacterium is commonly found in estuarine and marine 

environments.  V. vulnificus is an opportunistic pathogen capable of causing serious 

illness in humans (46,47).  V. vulnificus is commonly found in aquatic environments with 

tropical to subtropical temperatures.  Furthermore, V. vulnificus is a halophilic organism 

that preferentially grows in aquatic environments with salinities ranging from 15 parts per 

thousand (ppt) to 25 ppt (48,49).  Nevertheless, the bacterium has been isolated in harsher 

temperatures and salinity.  V. vulnificus has been isolated at temperatures as low as 9°C 

and as high as 31°C.  V. vulnificus has also been isolated at salinity levels as high as 34 

ppt; however, salinity levels above 25 ppt are deleterious to the growth of the bacterium.  
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In the U.S., V. vulnificus is commonly found in coastal waters of the Gulf of Mexico 

coast, although the bacterium is also frequently found in estuaries on the west coast, New 

England (50,51), and in the Chesapeake Bay (52). 

In the U.S., V. vulnificus is the leading cause of reported fatalities associated with 

seafood consumption, particularly oysters (53-55).  Most human cases of infection 

associated with V. vulnificus occur in the Gulf Coast region, mainly Florida and 

Louisiana (56,57).  Almost all cases of infection occur between the months of April and 

September (57) with warmer water temperatures, which increase the levels of 

V. vulnificus in the environment, especially in oysters.  Ingestion of raw oysters can result 

in fulminant primary septicemia, especially in individuals with pre-existing health 

conditions (46,58).  These pre-existing conditions include liver disease, such as cirrhosis 

due to hepatitis or alcoholism, and compromised immune systems, as occur in individuals 

with AIDS or people that are undergoing chemotherapy.  Another pre-existing condition 

frequently observed in humans infected with V. vulnificus is hemochromatosis, a 

condition which results in high saturation of iron binding proteins (59).  In all these cases, 

V. vulnificus causes primary septicemia, symptoms of which include fever and shock, 

have a mortality rate of approximately 60%, even with antibiotic treatment (60,61). 

V. vulnificus can also cause wound infections in otherwise healthy individuals (62), 

with a mortality rate of approximately 25% (45,47,63).  These wound infections typically 

occur when a wound comes in contact with seawater or raw seafood contaminated with 

V. vulnificus.  Wound infections caused by V. vulnificus usually include symptoms of 

pain, edema, and erythema.  Moreover, wound infections may lead to severe necrosis that 



18 

 

may require surgical debridement or amputation.  Furthermore, these infections can lead 

to septicemia.  

Due to the health hazards associated with the consumption or handling of raw 

oysters, the general public has become increasingly more apprehensive about consuming 

oysters.  With consumer uneasiness about the safety of oysters, the oyster industry has 

suffered economically.  In fact in 2003, the state of California banned the importation of 

raw, untreated oysters harvested from the Gulf Coast due to safety concerns (64).  This 

California ban has caused much discontent in the Gulf Coast, especially in the oyster 

industry due to the economic consequences of such a decision.  The economic loss due to 

the California ban is estimated to be about 20 million dollars a year.  As a result, the state 

of Louisiana is contemplating filing a lawsuit against California for what the government 

of Louisiana and many oystermen consider an unfair ban (65).  The California ban of 

untreated oysters harvested from areas known to harbor V. vulnificus, mostly Louisiana 

and Florida, is an example emphasizing the devastating economic cost that naturally 

contaminated oysters have on the oyster industry, an industry that has been valued at over 

95 million dollars (66).   

A few post-harvest treatments (PHT) have been developed and employed to lower 

the level of V. vulnificus in oysters (67).  One method involves treating oysters with 

hydrostatic-high pressure as high as 45,000 psi to kill V. vulnificus.  In fact, this 

procedure eliminates other potentially harmful bacteria, including the pathogen V. 

parahaemolyticus.  This particular technique also opens the oyster allowing the quick 

removal of oyster meat, thus, reducing the number of employees needed for shucking 

oysters.  Developed by the AmeriPure Oyster Companies, cool pasteurization is a second 
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PHT utilized to decrease the level of V. vulnificus.  The oysters are placed in seawater 

that is mildly heated to a temperature that kills V. vulnificus, and then the seawater is 

rapidly cooled.  Another PHT utilized for reduction of V. vulnificus in oysters is the 

Individual Quick Freezing (IQF) method.  The IQF method freezes oysters for a small 

time period effectively killing the bacteria.  Although all of these methods reduce or 

eliminate V. vulnificus in oysters, the methods also have some disadvantages.  All of 

these methods kill the oyster.  Another problem is that oyster enthusiasts complain that 

the texture and/or taste are changed by such PHT.  Another setback encountered with 

such treatments is the increased economic cost for treating oysters, which is usually 

passed on to the consumer.  Furthermore, PHT methods must decrease the level of 

V. vulnificus in oysters to non-detectable levels (<30 MPN (Most Probable Number)/g) 

for the product to be considered safe for consumption.  The FDA approved method for 

enumeration of V. vulnificus in oysters is the procedure of Tamplin, et al., which is 

described in Chapter 9 of the FDA Bacteriological Analytical Manual, 7th Edition.  

Phage-Treatment of Experimentally V. vulnificus Infection of Mice 

In our laboratory, the potential of bacteriophages as a therapy against V. vulnificus 

was studied in a mouse model (68).  Four clinical isolates, M06-24/O, VV1009, 2400112, 

and NSV-5829, and four environmental isolates, MLT403, MLT365, MLT367, and 

99-796DP-E7, of V. vulnificus were used.  Mice were injected i.p. with iron dextran, 

resulting in an overload of iron levels.  After a period of at least 30 min, mice were 

subsequently injected subcutaneously (s.c.) with a lethal dose of V. vulnificus.  

V. vulnificus-phages, CK-2, 153A-5, and 153A-7, suspended in phosphate-buffered saline 

containing gelatin (BSG) were administered intravenously (i.v.) at varying concentrations 

and at varying time periods after the infection.  To observe the efficacy of phage 
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treatment, five parameters were observed: rectal temperature, skin lesion score, number 

of bacteria in the skin lesion, number of bacteria in the liver, and survival rates.  High 

levels of bacteria in skin lesions represent a localized infection, and high levels of 

bacteria in the liver represent a systemic infection.  Phage administration at a high titer, 

108 PFU, significantly lowered the mortality rate of mice compared to a control group.  

Moreover, the phage treatment significantly lowered the frequency of localized 

V. vulnificus infection, measured by skin lesion score and the number of bacteria in the 

skin lesion, and systemic infection, measured by temperature and the number of bacteria 

in the liver.  Interestingly, a sea salt effect was observed with one of the tested phages, 

phage 153A-7, on protecting mice against V. vulnificus infections.  Since phage 153A-7 

requires seawater for lysis of host bacteria, no protection was offered by this phage in the 

V. vulnificus infection mouse model.  Overall, the phages were more effective if 

administered immediately after the infection.  Postponing phage administration for more 

than 3 hr after infection made the phage treatment unsuccessful for the control or 

elimination of the infection.    This study illustrated the potential of phage therapy in 

local and systemic infections with V. vulnificus. 

With these positive results, the research project described in this thesis was 

undertaken to examine the feasibility of treating experimentally and naturally 

contaminated market oysters with V. vulnificus-specific bacteriophages with the goal of 

decreasing the number of V. vulnificus infections associated with the consumption of 

oysters at the source of such infections – the oyster. 
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Specific Aims 

Specific Aim 1: Isolation and Characterization of Bacteriophages.  

Bacteriophages for V. vulnificus were isolated for greater range of killing of the 

V. vulnificus strains in our collection and for V. vulnificus strains that were insensitive or 

only slightly sensitive to the phages.  All phages, both newly isolated and those in our 

collection were characterized by host range, plaque morphology, and level of infectivity 

using a soft agar overlay phage typing method and a microtiter phage typing method.  

Plaque morphology was studied using the soft agar overlay phage typing assays.  

Transmission electron micrographs were obtained of certain phages for categorization by 

morphology. 

Specific Aim 2: Establishment of an Experimental Oyster Infection Model and 
Treatment of the Experimentally Infected Oysters with Phages to Reduce 
Numbers of V. vulnificus. 

An experimental oyster infection model was established for infection of oysters 

with a substantial level of V. vulnificus contamination.  With the establishment of an 

oyster infection model, the efficacy of phage treatment was studied to examine the 

potential of phage treatments as a method to decontaminate infected oysters. 

Specific Aim 3: Phage Treatment of Naturally Infected Oysters. 

Naturally infected oysters were treated with a pool of phages specific for 

V. vulnificus.  The level of V. vulnificus was enumerated by either a selective medium for 

V. vulnificus or a DNA-hybridization probe specific to V. vulnificus to examine the 

potential of utilizing a pool of V. vulnificus phages to decontaminate naturally infected 

oysters. 
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CHAPTER 2 
MATERIALS AND METHODS 

Bacterial Strains, Media, and Growth Methods 

V. vulnificus clinical strains MO6-24/O, LL728, 2400112, and VV1009 and 

environmental isolates MLT365, MLT367, and MLT403 were the primary strain utilized 

throughout these studies.  In addition, we utilized a collection of 25 clinical and 25 

environmental isolates of V. vulnificus provided by Dr. Angelo DePaola of the Food and 

Drug Administration (F.D.A.).  V. vulnificus FLA042, a spontaneous rifampicin (Rif)-

resistant mutant of MLT403, and FLA077, a spontaneous Rif-resistant mutant of 

MO6-24/O, were utilized for the experimental oyster infections.  V. vulnificus FLA077 

containing the marker plasmid pGTR902 was used for the segregation assays described 

below. 

V. vulnificus was grown in Luria-Bertani broth containing 0.85% (wt/vol) NaCl 

(LB-N) or on LB-N plates containing 1.5% (wt/vol) agar at 37°C.  V. vulnificus was 

occasionally grown in Luria-Bertani broth containing seawater adjusted to a total salt 

concentration of 0.85% (wt/vol) (LB-SW) or on LB-SW plates containing 1.5% (wt/vol) 

agar at 37°C.  The salinity of seawater, originating from the University of Florida 

Whitney Laboratory for Marine Bioscience or purchased from the Sigma-Aldrich 

company, was determined with the use of a refractometer.  Luria-Bertani broth containing 

sea salts at a final concentration of 20 ppt from the commercially available products Red 

Sea Salt (Red Sea; Houston,Texas) (LB-RS) and Instant Ocean (Aquarium Systems, Inc.; 

Mentor, Ohio) (LB-IO) were also used.  LB-SW or LB-SW plates were commonly 
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required for assays involving phage.  Soft agar of both LB-N and LB-SW was prepared 

containing 0.75% (wt/vol) agar.  Soft agar was kept in a dry bath at 42°C until 

immediately before use.  V. vulnificus-selective medium (VVM) plates were prepared as 

described by Cerda-Cuellar et al. (69,70), containing 15 g of D-(+)-cellobiose, 10 g of 

NaCl, 4 g of yeast extract, 4 g of MgCl2·6H2O, 4 g of KCl, 40 mg of cresol red, 40 mg of 

bromothymol blue, 105 U/L of polymyxin B, 105 U/L of colistin methanesulfonate, and 

15 g of agar per L of distilled deionized water (ddH2O), with the exception of the 

adjustment of the pH of the medium to 8.5 prior to the addition of agar and boiling.       

All V. vulnificus strains were stored in LB-N containing 35% (vol/vol) glycerol at -

70°C.  A static overnight starter culture was prepared by inoculating 10 mL of LB-N and 

incubated at room temperature (RT) overnight.  A fresh culture was prepared by diluting 

the static overnight starter culture 1:20 into LB-N or LB-SW and shaking at 37°C.  

Between 1 h and 1.5 h later, the shaking culture normally reached a cell density of 

approximately 2 x 108 CFU/mL corresponding to late logarithmic phase of growth.  The 

shaking culture density was determined by optical density reading at 600 nm (OD600).  

The optical density reading of 0.39 was previously determined to be equivalent to 

approximately 1.0 x 108 CFU/mL and was used as a conversion factor between OD600 

readings and CFU/mL values.  Sterile phosphate-buffered saline containing 0.1% (wt/vol) 

gelatin (BSG) was used for dilution of bacteria. 

Bacteriophage Strains, Isolation, Amplification, Purification, and Quantification 

Bacteriophage Strains 

Of the 22 bacteriophages in our collection, 12 were obtained from Dr. Angelo 

DePaola of the F.D.A.: 152A-2, 152A-8, 152A-9 152A-10, 153A-5, 153A-7, 153A-8, 

154A-8, 154A-9, 108A-9, 110A-7, and 7-8a (71,72).  The remaining phages were 
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isolated by our laboratory.  Phage CK-2 was isolated by Dr. Donna Duckworth from 

estuarine mud sediment from Cedar Key, FL.  Phage CB1 was isolated from mud 

sediment from Cedar Bay, FL, and phage EJc was isolated from oysters from Cedar Key, 

FL with the help of Eric Wilkening.  Phages 1a, 2a, 3a, 4a, 4b, AOIA-D, CKIA-B, and 

CKIF-G were isolated from oysters from Cedar Key, FL, or Apalachicola Bay, FL. 

Bacteriophage Isolation 

The phage enrichment and isolation procedures were conducted on both estuarine 

mud sediment and oysters.  Oysters harvested from Cedar Key, FL or Apalachicola Bay, 

FL were purchased from Northwest Seafood, Gainesville, FL.  When using oysters for 

the phage enrichment and isolation procedures, oysters were first scrubbed and washed 

under running deionized water.  They were then shucked, and the oyster meat was 

removed for further use.  Seawater at a salinity of 20 ppt was added to the oyster tissue at 

1 mL/g of oyster tissue, and the mixture was homogenized using a Stomacher 80 

(Tekmar; Cincinnati, Ohio).  For all experiments using seawater, seawater was always 

used at 20 ppt. Fifty milliliters of either the homogenate or sediment mud contents was 

mixed with 50 mL of LB-N or LB-SW.  The mixture was then inoculated with 1 mL of 

static overnight starter culture(s) consisting of V. vulnificus strain(s) of interest.  The 

inoculated mixture was shaken overnight at 37°C. 

After shaking overnight, the mixture was centrifuged at 13,776 x g for 10 min at 

4°C to remove bacterial debris, oyster homogenate, and mud sediment.  The supernatant 

was then filtered through a 0.2 µm filter.  The amplified phages in the filtrate were 

further amplified by mixing 1 mL of the filtrate with 1 mL of static overnight starter 

culture of V. vulnificus strain(s) of interest.  This mixture of phage and bacteria was 

supplemented with 8 mL of LB-N or LB-SW and shaken overnight at 37°C.  If more than 
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one V. vulnificus strain was used for the phage enrichment procedure, the filtrate was 

amplified separately in each of the V. vulnificus strains.  After the culture was shaken 

overnight, it was centrifuged at 13,776 x g for 10 min at 4°C, and the resulting 

supernatant was filtered through a 0.2 µm filter.  Approximately 20 µl of the filtrate was 

streaked on LB-SW plates, and 4 mL of LB-SW soft agar inoculated with 1 x 107 

CFU/mL of log phase V. vulnificus was poured onto LB-SW plates from the least 

concentrated area towards the most concentrated area of the streaked filtrate.  The LB-

SW plate(s) was incubated overnight at 37°C.  

The next day, the clearest and most isolated plaques were picked using a Pasteur 

pipet.  The agar plug was placed in 100 µl of BSG containing 10 µl of chloroform and 

was stored overnight at 4°C.  The mixture was then centrifuged at 13,776 x g for 10 min 

at 4°C to remove bacterial debris and agar.  The supernatant was used for a plaque-

purification step.  The supernatant was streaked on a LB-SW plate, and soft agar 

containing 1 x 107 CFU/mL of log phase V. vulnificus was poured over the LB-SW plate, 

as described above.  The plate was incubated overnight at 37°C, and the clearest and most 

isolated plaque was again picked using a Pasteur pipet.  The agar plug was placed in 100 

µl of BSG containing 10 µl of chloroform and stored overnight at a temperature of 4°C.  

The next day, the mixture was centrifuged at 13,776 x g for 10 min at 4°C to remove 

bacterial debris and agar.  The resulting supernatant was stored at 4°C for the 

amplification procedure. 

Bacteriophage Amplification 

 Both broth and plate methods were employed for phage amplification.  Almost all 

phages in our collection amplified efficiently using the broth amplification method, 

although certain phages amplified more efficiently using the plate method.  Thus, the 
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broth amplification technique, which necessitates less time for phage amplification, was 

utilized as the preferential method unless, as detailed above, phages required the plate 

amplification technique for more efficient amplification.   

Broth phage amplification method 

For the broth phage amplification method, 1 L of LB-N or LB-SW was inoculated 

with 5 mL of static overnight starter culture of V. vulnificus.  The culture was shaken at 

37°C until the culture reached an optical density corresponding to 2 x 107 CFU/mL.  The 

culture was then infected with bacteriophage an MOI of 0.02 and shaken at 37°C until a 

change in the culture was observed from turbid to clear, corresponding to the phage-

induced lysis of the bacteria.  One milliliter of chloroform was then added to the culture, 

which was shaken at 37°C for an additional 15 min to lyse any remaining bacteria.  The 

culture was centrifuged at 13,776 x g for 10 min at 4°C to remove bacterial debris, and 

the supernatant was stored at 4°C for the purification procedure. 

Plate phage amplification method 

For the plate phage amplification method, 10 mL of LB-N or LB-SW broth was 

inoculated with a static overnight starter culture of V. vulnificus at a dilution of 1:20.  The 

culture was shaken at 37°C until the culture reached a density of 2 x 108 CFU/mL, 

determined by OD600, and then 4 x 107 CFU was combined with a volume of phage 

equivalent to an MOI of 0.5, and the tube was vortexed.  After a 10 min incubation period 

at RT, 4 mL of LB-SW soft agar was combined with the phage-bacteria mixture, 

vortexed, and poured onto a LB-SW plate.  The soft agar overlay LB-SW plate was 

incubated overnight at 37°C.  The soft agar was removed using a sterile spatula, 

suspended in either 5 mL of BSG or seawater containing 20 µL of chloroform, and stored 

at 4°C.  After at least 4 h, the mixture was centrifuged at 13,776 x g for 10 min at 4°C to 
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remove the soft agar and bacterial debris.  The supernatant was stored at 4°C for the 

purification procedure.  

Purification of Phage 

For purification of phage, 0.2 mL of 20% (wt/vol) polyethylene glycol (PEG) 8000, 

2.5 M NaCl was added per mL of phage solution, vortexed, and stored overnight at 4°C.  

The phage mixture was centrifuged at 13,776 x g for 10 min at 4°C, and the resulting 

supernatant was discarded.  To remove the remaining PEG in the phage suspension the 

mixture was centrifuged once more for approximately 1 min at 13,776 x g at 4°C, and the 

remaining supernatant was removed using a Pasteur pipet.  The pellet was suspended in 

seawater and filtered through a 0.2 µm filter.  The filtrate was stored at 4°C. 

Quantification of Phage 

For new phage solutions in which phage titers were unknown, the drop titer method 

was initially utilized to establish an approximate titer for each phage.  The full plate titer 

method was utilized to establish a more accurate phage titer for each phage in our 

collection.  Sterile seawater at 20 ppt was used for dilution of phage for all quantification 

assays.   

Drop titers 

A culture of V. vulnificus was grown to 2 x 108 CFU/mL as described above, and 4 

x 107 CFU was inoculated  into 4 mL of LB-N or LB-SW soft agar.  The mixture was 

vortexed and poured onto a LB-SW plate.  Afterwards, 10 µl of serially diluted phage 

stock was dropped onto the soft agar overlay, and the plates were incubated overnight at 

37°C.  Individual plaques from the drops were counted, and the approximate titer was 

calculated.   
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Full plate titers 

A culture of V. vulnificus was grown to 2 x 108 CFU/mL, and 4 x 107 CFU was 

infected with 100 µl of serially diluted phage and vortexed.  After 10 min incubation at 

RT, 4 mL of LB-N or LB-SW soft agar was added and vortexed.  The resulting mixture 

was then poured over a LB-SW plate, and the plate was incubated overnight at 37°C.  

The next day, the plaques were counted, and titer was calculated. 

Phage Typing 

 The phage typing studies were undertaken to characterize host range and plaque 

morphology of each phage.  Two methods were utilized for the phage typing studies: the 

soft agar overlay phage typing method and the microtiter phage typing method, 

developed as part of these thesis studies.   

Soft Agar Overlay Phage Typing Method 

A culture of V. vulnificus was grown to 2 x 108 CFU/mL as described above.  After 

the bacterial culture reached the appropriate density, 4 mL of LB-SW soft agar was 

inoculated with 4 x 107 CFU and poured onto a LB-SW plate.  After pouring the soft agar 

onto the LB-SW plate, 10 µl containing 1 x 106 PFU of phage was dropped on top of the 

soft agar overlay.  The plate was incubated overnight at 37°C.  The next day, the plates 

were analyzed for plaques, and results were scored as follows: 0- no effect, 1- faintly 

turbid confluent plaque, 2- <10 small plaques, 3- >10 small plaques, 4- turbid confluent 

plaque, 5- clear confluent plaque.      

Microtiter Phage Typing Method 

A culture of V. vulnificus was grown to 2 x 108 CFU/mL as described above.  Each 

well of a 96 well microtiter plate was inoculated with the bacteria at varying 

concentrations from 1 x 106 CFU/mL to 1 x 108 CFU/mL.  The wells contained phages at 
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an MOI of either 1 or 10.  The plate was read at 630 nm using a Bio-Tek ELx800 plate 

reader and KC Junior software (Bio-Tek Instruments, Inc.) at time intervals ranging from 

every 15 min to every 1 h for a total time period of 4 to 24 h.  Depending on the 

experiment, plates were incubated at RT or 37°C between readings. 

Phage Treatment of Experimentally Infected Oysters 

Experimental Infection of Oysters 

Oysters were cleaned with running deionized water and placed in either a small (9.5 

L) or large (14.2 L) Nalgene polypropylene autoclavable pan that was aerated with a 

Maxi-Jet 400 aquarium pump (Marineland; Moorpark, California).  The Nalgene 

polypropylene pans contained either 3 L or 6 L of autoclaved seawater for the small or 

large pans, respectively.  After overnight acclimation, for some experiments the oysters 

were treated with Rif overnight by the addition of concentrated Rif to the seawater with a 

final concentration of 50 µg/mL to kill the natural bacterial flora. 

After overnight treatment with Rif, the seawater was inoculated with log phase 

V. vulnificus FLA042 or FLA077 at a final concentration of 1 x 106 CFU/mL in the 

presence of Rif.  Before addition of the bacteria into the seawater, the log phase bacterial 

culture, which was grown as detailed above, was centrifuged at 13,776 x g at RT for 10 

min.  The resulting pellet was suspended in seawater prior to the addition of the bacteria 

to the seawater to prevent the addition of nutrients from the bacterial culture into the 

oyster culture.  Depending on the experiment, oysters were incubated with bacteria from 

0.5 h to 24 h.  The V. vulnificus-infected seawater was sampled at varying time points, 

serially diluted, and plated on LB-N plates containing Rif. 
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Phage Treatment 

After the infection period, the infected oysters were transferred to another Nalgene 

polypropylene pan containing sterile seawater.  Depending on the number of oysters used 

for each experiment, a large pan containing 6 L of sterile seawater or a small pan 

containing 3 L of sterile seawater was utilized for the experiment.  Bacteriophage(s) was 

then added to the seawater at varying final concentrations ranging from 5 x 107 to 5 x 109 

PFU/ml for various periods of time. 

Harvest of Oysters 

After the phage treatment period, the shells of the oysters were rinsed with 

deionized water, and the oysters were shucked.  The oyster meat was rinsed with sterile 

seawater and removed.  Seawater was added to the oyster tissue at 1 mL/g of oyster 

tissue, and the mixture was homogenized, as detailed above.  The homogenate was 

serially diluted and plated on LB-N plates containing Rif. 

Phage Treatment of Naturally Infected Oysters 

Phage Treatment 

Freshly purchased oysters were cleaned under running deionized water and placed 

in either a small or large Nalgene polypropylene pan containing 3 L or 6 L of sterile 

seawater, respectively, and aerated with an aquarium pump.  The oysters were then 

immediately treated with a pool of phages for various periods of time ranging from 12 h 

to 48 h. 

Harvest of Oysters 

Viability of oysters was first confirmed by taping the shell with a pipet and 

observing closing.  The shell of oysters was rinsed with deionized water, and the oysters 

were shucked.  The oyster meat was rinsed with sterile seawater and removed.  Seawater 
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was added at 1 mL/g of tissue, and the tissue was homogenized using a stomacher.  The 

homogenate was serially diluted and plated on selective medium VVM (69,70) to 

enumerate V. vulnificus.   

For some experiments, the oyster homogenate was plated on LB-N plates for 

analysis with the V. vulnificus alkaline phosphatase-labeled oligonucleotide probe 

(VVAP), which was kindly provided by Dr. Anita Wright, for enumeration of 

V. vulnificus (73).  The VVAP probe consisted of a segment of the cytolysin gene that 

was covalently linked with E. coli alkaline phosphatase.  LB-N plates with colonies from 

the oyster experiment were lifted onto Whatman 541 filters.  The filters were saturated 

with lysis solution (0.5 M NaOH and 1.5 M NaCl) for approximately 5 min to lyse the 

bacterial cells.  The filters were dried, and colonies were fixed onto the filter by 

microwaving at high until the filters appeared dry.  The dried filters were treated with 20 

mL of 2 M ammonium acetate neutralization solution per filter for 5 min at RT with 

shaking (80 to 125 RPM).  The filters were then rinsed twice with 20 mL of 1X standard 

saline citrate buffer (SSC) per filter for 20 sec with shaking followed by incubation with 

20 mL of 1X SSC containing 10 µl of proteinase K (20 mg/mL) per filter in a water bath 

at 42°C for 30 min.  The filters were rinsed three times with 20 mL of 1X SSC per filter 

for 10 min with shaking.  For every 10 filters, 30 mL of hybridization buffer: 0.5% 

(wt/vol) of bovine serum albumin, 1% (wt/vol) of sodium dodecyl sulfate (SDS), and 

0.5% (wt/vol)  polyvininylpyrrolidone in 5X SSC buffer was added, and the filters 

incubated for 30 min at 56°C with shaking (80 to 125 RPM).  The filters were then 

treated with 2 mL of hybridization buffer containing 5µl of VVAP per filter, and 

incubated at 56°C with shaking (80 to 125 RPM) for 1 h.  The filters were shaken with 20 
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mL per filter of 1X SSC/1X SDS pre-warmed at 56°C for 10 min at RT.  The filters were 

then rinsed five times with 20 mL per filter of 1X SSC for 5 min at RT with shaking.  To 

develop the probe, 20 mL of nitro blue tetrazolium/ 5-bromo-4-chloro-3-indolyl 

phosphate solution, mixed 1 NBT/BCIP tablet per 10 mL of ddH2O, was added per 10 

filters.  The filters were incubated at RT with shaking.  After the development of VVAP, 

the filters were rinsed three times with 20 mL per filter of ddH2O for 10 min at RT.  The 

filters were dried in a dark room overnight, and purple-brownish colonies were 

considered positive for V. vulnificus. 

Bacterial Growth Assays 

pGTR902 Marker Plasmid 

V. vulnificus FLA077 containing the marker plasmid pGTR902 ((Starks, A.M., et 

al., submitted to Mol. Microbiol.) was utilized to study the state of growth of V. vulnificus 

in experimentally infected oysters.  The pGTR902 marker plasmid contains the pBAD-

araC regulatory system.  The pBAD-araC system strictly controls the transcription of the 

pir gene, which produces the π protein that is necessary for the replication of plasmids 

such as pGTR902 containing the R6K origin of replication.  In the presence of the 

inducer arabinose, the AraC protein binds to an activation region upstream of the pBAD 

promoter inducing the transcription of pir, and, thus, replication of pGTR902.  However, 

in the absence of arabinose, the transcription of pir is not induced, resulting in non-

replication of pGTR902.  During bacterial replication under non-permissive conditions, 

the lack of replication of pGTR902 results in the segregation of the plasmid from the 

bacterial population as plasmid-less cells are generated with each division.  

Consequently, examining the proportion of  the recovered bacterial population containing 

pGTR902 (the growth proportion) after infection of oysters reveals the number of 
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replications of V. vulnificus during the infection.  Conversely, the level of death of 

V. vulnificus during an experimental oyster infection was calculated as the ratio of 

bacteria containing pGTR902 at a given time point to the number of bacteria containing 

pGTR902 at the beginning of the experiment (killing proportion).  Once a bacterial cell 

containing the non-replicating plasmid is killed, the plasmid cannot be restored to the 

population.  Hence, a drop in the absolute number of marker plasmid-containing cells 

with time reveals the rate of bacterial death.  Both growth and killing proportions are 

expressed as log values. 

Experimental infection of oysters 

V. vulnificus FLA077(pGTR902) was grown to log phase as described above with 

the exception that the LB-N broth contained 1% (wt/vol) arabinose and 300 µg/mL of 

kanamycin (Kan).  The log phase culture of FLA077(pGTR902) was centrifuged at 

13,776 x g at 4°C for 10 min, and the pellet was suspended in sterile seawater.  The 

oysters were infected at a final concentration of 1 x 106 CFU/mL for 7 h.  After the 7 h 

infection with FLA077(pGTR902), the infected oysters were transferred to pans 

containing sterile seawater. 

Harvest of oysters 

After varying periods of time in the sterile seawater, the oysters were harvested in 

the same matter as described above for experimental infection of oysters. Homogenates 

were serially diluted and plated on LB-N and LB-N containing 1% (wt/vol) arabinose and 

300 µg/mL of Kan. 

Ampicillin Treatment Assay 

The ampicillin treatment assay was used as an alternative method to examine the 

growth of V. vulnificus in the artificially infected oyster model.  Ampicillin inhibits 
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enzymes responsible for the synthesis of peptidoglycan and causes death of only 

replicating bacteria.  Hence, the sensitivity or resistance of vibrios infecting oysters to 

ampicillin can indicate if the vibrios were replicating in the oysters.     

Experimental infection of oysters  

Oysters were infected as described above with V. vulnificus FLA042 or FLA077 at 

a final concentration of 1 x 106 CFU/mL in the presence of Rif.  After a 7 h infection 

period, the infected oysters were transferred to another Nalgene pan containing sterile 

seawater.  The oysters were then treated overnight with ampicillin at concentrations of 10 

µg/mL, 33 µg/mL, or 100 µg/mL.   

Harvest of oysters 

After the overnight treatment with ampicillin, the oysters were harvested in the 

same manner as described above.  The homogenate was serially diluted and plated on 

LB-N plates containing Rif. 

Statistical Analysis 

 For oyster experiments, log CFU/g tissue was calculated.  Mean and standard 

deviation were calculated for each group.  A two-tailed student t-test was utilized for 

statistical analysis between groups.  A p value of 0.05 or less was considered statistically 

significant. 
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CHAPTER 3 
RESULTS 

Rationale for Study 

The reevaluation of phage therapy, starting with the studies reported by William 

Smith and colleagues in the 1980’s and later by other researchers (61), revealed the 

potential of bacteriophages as an antimicrobial strategy in numerous real-life 

circumstances ranging from bacterial infections in patients to biocontrol of pathogens for 

foods.  Furthermore, at a time in medicine in which bacterial pathogens are increasingly 

developing antibiotic resistance, phage therapy may afford an alternative to antibiotics for 

treatment of infectious diseases.   

The successful results obtained by our laboratory utilizing V. vulnificus-specific 

phages in treating local and systemic disease caused by V. vulnificus in a mouse model 

(55) prompted the studies described in this thesis to investigate the potential of 

V. vulnificus bacteriophages to reduce or eliminate the number of V. vulnificus in both 

naturally and experimentally contaminated oysters.  Bacteriophage-mediated 

decontamination of V. vulnificus in oysters prior to human consumption would result in 

prevention of the disease by blocking the most common pathway of the bacteria for 

infection in humans.  This would, in turn, have a positive effect on the shellfish industry. 

Specific Aim 1: Isolation and Characterization of Bacteriophages.  

The phage typing studies were undertaken to characterize host range, level of 

infectivity, and plaque morphology of each phage in our collection.  Two methods were 

utilized for the phage typing studies: the standard soft agar overlay and the microtiter 
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method, which was developed as part of these thesis studies.  These methods helped us 

determine which phages to utilize in our V. vulnificus bacteriophage treatment 

experiments with experimentally and naturally V. vulnificus-infected oysters.  Moreover, 

using the results of the phage typing experiments, attempts were undertaken to isolate 

phages infective to strains of V. vulnificus that were insensitive or only slightly sensitive 

to the initial phages in our collection.  Transmission electron micrographs (TEM) were 

obtained of most of the newly isolated phages.     

Soft agar Overlay Phage Typing Method 

Using the standard soft agar overlay phage typing method, we examined the host 

range and the level of infectivity for each phage in our collection to each V. vulnificus 

isolate in our collection.  The standard soft agar overlay phage typing experiments were 

performed as described in the Materials and Methods section.  Briefly, 10 µL of phage 

solution containing 1 x 106 PFU was dropped onto a soft agar overlay containing 1 x 107 

CFU/mL of a V. vulnificus strain grown to log phase.  After overnight incubation, 

plaques, if any, were visually examined and scored accordingly to the following scheme: 

0 - no effect, 1 - faintly turbid confluent plaque, 2 - <10 clear small plaques, 3 - >10 clear 

small plaques, 4 - turbid confluent plaque, 5 - clear confluent plaque.   

A score of 5 was assigned to a clear confluent plaque caused by the phage infecting 

and lysing every cell of the bacteria.  A score of 4 was assigned to a turbid confluent 

plaque, indicating that the phage could infect the strain with high efficiency, but that 

resistant bacterial cells either were present in the initial population (i.e., the V. vulnificus 

strain was a mixed population) or arose after infection with phage (i.e., the phage was 

temperate and generated lysogens).  Although it is possible that the turbid confluent 

plaques were caused by temperate phages, we obtained results with full plate titer assays 
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that suggested otherwise.  For example, when full plate titer assays of each phage were 

performed, none of the plaques had a “bulls-eye” appearance, a turbid center surrounded 

by a clear ring, which is usually associated with temperate phages.  The issue regarding 

the turbid confluent plaques was not pursued any further.  The scores of 3 and 2 

corresponded to the number of clear plaques in the spot of the phage drop.  These are 

somewhat confusing situations because 106 PFU were dropped onto the bacteria, yet only 

a countable number of plaques formed.  This result suggests that the phage infected the 

particular V. vulnificus strain with very low efficiency.  The inability of a phage to 

produce a clear confluent plaque on a particular V. vulnificus strain may indicate limiting 

factors by either the phage or bacterium.  Limiting factors such as bacterial restriction 

modification systems, inefficient adsorption, or defective lysis of the bacterium by the 

phage are a few examples that may explain the results observed with scores between 2 

and 3.  A slightly turbid confluent plaque was given the lowest possible score of 1 due to 

the inability of confirming the confluent plaque as an actual turbid confluent plaque or 

merely an artifact caused by the addition of the phage solution onto that spot of the soft 

agar containing bacteria.   

In Table 3-1a-c, the highest score of two soft agar overlay phage typing 

experiments is presented for each strain of V. vulnificus that we obtained from Angelo 

DePaola with each strain of bacteriophage in our collection, and the number of phages 

that affected each strain of V. vulnificus is presented as well.  To guide choices for which 

phages would be suitable for use in treating oysters, we focused on a score of 5.  

However, to be able to more sensitively compare the host ranges of the phages, a lower 

score of 4 was also considered.  If a very stringent score of 5 was used for scoring 
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sensitivity, 36 of the 50 strains of V. vulnificus (72%) were sensitive to at least one phage 

in our collection.  Using a score of 5, V. vulnificus FLA104, FLA107, FLA108, FLA110, 

FLA111, FLA112, FLA113, FLA118, FLA119, FLA121, FLA126, FLA127, FLA128, 

and FLA138 were insensitive to all of the bacteriophages in our collection.  If any 

confluent plaque, a score of 4 or 5, was used for consideration of sensitivity, 39 of the 50 

V. vulnificus strains (78%) were sensitive to at least one phage, allowing the addition of 

V. vulnificus FLA111, FLA113, and FLA128 as sensitive to at least one of the phages in 

our collection. 

In Table 3-1d, the highest score of two soft agar overlay phage typing experiments 

is presented for the seven V. vulnificus strains commonly used in our laboratory, 

MO6-24/O, 2400112, VV1009, LL728, MLT365, MLT367, and MLT403, with each 

strain of bacteriophage in our collection.  The soft agar overlay phage typing experiments 

revealed that these seven strains of V. vulnificus developed complete lysis (score of 5) to 

at least three of the bacteriophages in our collection.  If these seven strains of 

V. vulnificus are included with the 50 FDA strains, 75% (43 of the 57 strains) of the 

V. vulnificus strains had a score of 5 and 81% (46 of the 57 strains) had a score of at 

least 4. 

The host range of each phage in our collection was also determined using the soft 

agar overlay phage typing method using a score of 5 to define sensitivity (Table 3-2).  

Phage CK-2 had the narrowest host range, infective to only one of the 57 V. vulnificus 

strains (2%), MLT403.  Phages 154A-9, 7-8A, and CB-1 also had narrow host ranges, 

being infective to only four of the 57 strains each (7%).  On the other end of the spectrum 

of host range using a cutoff score of 5, phage 3a had the broadest host range, infecting 35 
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of the 57 V. vulnificus strains (61%), and bacteriophages 153A-7 and 108A-9 were 

infective to 33 out of the 57 strains (58%).  However, using a score of 4 as a cutoff, the 

host ranges increased for these and other phages; phage 3a continued to have the broadest 

host range, infecting 39 of the 57 (68%) V. vulnificus strains; phage 153A-7 infected 37 

(65%); phages 153A-8, 154A-8, and 108A-9 infected 36 (63%) strains (data not shown). 

Table 3-1.  Level of infectivity of each strain of V. vulnificus to each strain of V. 
vulnificus-bacteriophage.  Two soft agar overlay assays were performed on 57 
strains of V. vulnificus using 19 phage strains.  Scoring scheme was as 
follows: 0 - no effect, 1 - faintly turbid confluent plaque, 2 - <10 clear small 
plaques, 3 - >10 clear small plaques, 4 - turbid confluent plaque, 5 - clear 
confluent plaque.  The highest score of the two soft agar overlay phage typing 
experiments is presented.  Grey shaded boxes represent a difference greater 
than 2 between the shown score and the score not shown.  The bottom row 
labeled “total” indicates the number of phage strains that scored a 5 on a 
particular V. vulnificus strain.   
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Table 3-1. Continued 
D  Strains of V. vulnificus 

  

M
06

-2
4/

O
 

24
00

11
2 

VV
10

09
 

LL
72

8 

M
LT

36
5 

M
LT

36
7 

M
LT

40
3 

152A-2 5 3 5 5 0 0 0 
152A-8 5 1 5 0 0 0 0 
152A-9 5 3 5 3 0 0 0 
152A-10 5 2 5 0 0 0 0 
153A-5 5 0 4 5 1 1 0 
153A-7 5 5 5 2 5 5 0 
153A-8 5 3 5 3 5 5 0 
154A-8 5 5 5 0 5 5 0 
154A-9 5 0 4 0 0 0 0 
108A-9 5 5 5 0 5 5 0 
110A-7 5 2 5 0 1 1 2 
7-8a 5 2 5 0 0 0 2 
CK-2 2 2 2 0 0 0 5 
CB-1 5 2 2 5 0 0 3 
EJc 5 5 5 3 0 0 0 
1a 5 3 5 2 0 0 0 
3a 5 1 5 5 5 5 5 
4a 5 0 5 4 4 4 5 
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4b 5 2 5 2 0 0 0 
 Total 18 4 15 4 5 5 3 
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Table 3-2.  Host range for each strain of V. vulnificus-bacteriophage.  The soft agar 
overlay method was performed on 57 V. vulnificus strains using 19 phage stains.  The 
number of V. vulnificus strains that exhibited a score of 5 with a particular phage strain is 
shown. 
 

Strains of V. 
vulnificus-

bacteriophage 
 

Number of strains of V. 
vulnificus sensitive to 
strain of V. vulnificus-

bacteriophage 
152A-2  5 
152A-8  12 
152A-9  5 
152A-10  6 
153A-5  15 
153A-7  33 
153A-8  30 
154A-8  27 
154A-9  4 
108A-9  33 
110A-7  11 

7-8a  4 
CK-2  1 
CB-1  4 
EJc  10 
1a  6 
3a  35 
4a  18 
4b  7 

 
Effect of Sea Salts on the Infectivity of Certain Phages 

While working with V. vulnificus bacteriophages, it came to our attention that the 

use of sea salts in LB-SW and of seawater as a diluent caused a considerable effect on the 

infectivity properties of certain phages.  The use of sea salts significantly increased the 

number of plaques during quantification assays of certain phages.  The presence of 

divalent cations Mg+2 and Ca+2 has been previously reported to be important for efficient 

attachment and, thus, infection of certain phages to bacteria (62).  Moreover, Mg+2 and 

Ca+2 are present in seawater, the natural environment of the isolated phages in our 

collection.   
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Phage CB-1 was one of those phages for which sea salts had an enhancing effect on 

the infection and lysis of V. vulnificus LL728.  To examine if Mg+2 and Ca+2 in sea salts 

explained the sea salt effect, we used LB-N, LB-N supplemented with 0.05 M MgCl2, 

LB-N supplemented with 0.038 M MgCl2 and 0.15 M CaCl2, and LB-SW soft agar (Fig. 

3-1).  A stock of phage CB-1 was used to infect V. vulnificus LL728 using the different 

soft agars poured onto LB-N plates, and the efficiency of forming plaques was measured.  

The use of LB-SW soft agar enabled more plaques to form than did LB-N soft agar (11.5 

± 0.01 log PFU/mL and 9.5 ± 0.15 log PFU/mL, respectively, (p=2.1 x 10-5).  The 

supplementation of LB-N soft agar with 0.05 M MgCl2 (10.7 ± 0.15 log PFU/mL) also 

enabled more plaques to form than with LB-N soft agar alone (p=5.7 x 10-4).  

Furthermore, the supplementation of LB-N soft agar with 0.038 M MgCl2 and 0.15 M 

CaCl2 (11.4 ± 0.03 log PFU/mL) resulted in a number of plaques comparable to the 

number of plaques on LB-SW soft agar.  These results suggest that Mg+2 and Ca+2 in 

seawater are required by certain phages for efficient infection of V. vulnificus.  The 

positive effect of using sea salts was also detected when phages were diluted with 

seawater instead of BSG and added into LB-N soft agar.   

No differences were observed on plaquing efficiency when media were 

supplemented with seawater purchased from Sigma, obtained from the Whitney 

Laboratory, or reconstituted from dehydrated sea salts (Red Sea Salts).  However, the use 

of Instant Ocean sea salts in the medium or as diluent for phages did not cause the same 

increase in infectivity of certain phages and on the growth of V. vulnificus (data not 

shown).  The fact that Instant Ocean sea salts is synthetically formulated to mimic the 

chemical composition of natural seawater may explain its relative ineffectiveness for 
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plaquing assays and on the growth of V. vulnificus.  Therefore, seawater from the 

Whitney Laboratory was used for all subsequent experiments involving V. vulnificus-

specific bacteriophages. 
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Figure 3-1.  Effect of Mg+2 and Ca+2 on lysis of V. vulnificus LL728 by phage CB-1.  

LB-N, LB-N supplemented with 0.05 M MgCl2, LB-N supplemented with 
0.038 M MgCl2 and 0.15 M CaCl2, and LB-SW soft agars were inoculated 
with LL728, which was infected with phage CB-1 and poured onto a LB-N 
plate.  Triplicates of each were incubated overnight at 37°C, and plaques were 
enumerated the next day.  Bars represent mean ± standard deviation.  * - 
significant difference compared to LB-N (LBN + 0.5 M MgCl2, p=2.1 x 10-5; 
LBN + 0.15 M CaCl2 + 0.038 M MgCl2, p=5.7 x 10-4; LB-SW, p=2.7 x 
10-5).  # - significantly different compared to LBN + 0.15 M CaCl2 + 0.038 
M MgCl2 (p=1.6 x 10-3) or LB-SW (p=8.4 x 10-4). 

 
Development of a Microtiter Phage Typing Method 

A microtiter phage typing method was developed as an alternative technique to the 

soft agar overlay phage typing method to quantify the infectivity of phages to 

V. vulnificus.  The microtiter method utilized the platform of a microtiter plate containing 

96 wells, each with a bacterial culture infected with a phage.  The optical density of the 

culture in each well was read using a microtiter plate reader.  One benefit of the 
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microplate method was that multiple strains of V. vulnificus could be examined in various 

combinations with different phages.  Such an experiment would necessitate numerous 

Petri dishes when using the soft agar overlay phage typing method.  The small scale 

procedure of a microplate also required significantly less volumes of media, phages, and 

bacterial cultures.  Moreover, the sensitivity of a microplate reader permitted the 

determination of infectivity in considerably less time compared to the overnight 

incubation period of time required for the soft agar overlay phage typing method.  Prior 

to using the microtiter phage typing method with the seven commonly used V. vulnificus 

strains, optimization of parameters such as bacterial concentration and MOI was done for 

the most effective visualization of lysis.  

Since seawater had an effect on infectivity of certain bacteriophages, a microtiter 

experiment was performed to study the effect of LB-N and LB-SW on the infectivity of 

phages 152A-2, 153A-7, 153A-8, and 154A-8 on V. vulnificus strains M06-24/O, 

2400112, LL728, and VV1009 (Figs. 2a-d).  V. vulnificus was grown to exponential 

phase in the appropriate medium, diluted to 1 x 106 CFU/mL, and infected with phages at 

an MOI of 10.  Each well was then supplemented with LB-N or LB-SW to a final volume 

of 200 µl.  The optical densities of the resulting mixtures were measured every 1 h for 4 

h.  The uninfected control groups in either LB-SW or LB-N of any of the V. vulnificus 

strains grew to significantly higher densities every 1 h for the first 3 h, initially starting at 

an OD of approximately 0.04.  While the uninfected control group in LB-SW continued 

growing to significantly higher densities at 4 h reaching ODs of approximately 0.50, the 

uninfected control group in LB-N began to level off at ODs of approximately 0.37.  The 

phage-infected groups that were negative for phage infection followed similar patterns as 
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their corresponding uninfected control group.  However, the phage-infected groups that 

were positive for phage infection exhibited a decrease in density compared to their 

corresponding control group usually within the first couple of hours.  That density was 

usually sustained for the rest of the experiment, although occasionally further decreases 

in density were observed for some of the phages.   

Significant lysis of M06-24/O in LB-SW was observed with bacteriophages 152A-

2, 153A-7, 153A-8, and 154A-8 (range of OD630 0.04 to 0.26, p=0.002 to 0.011) 

compared to the uninfected control group (OD630 0.50) at 4 h.  However, lysis of M06-

24/O in LB-N with some of the same bacteriophages was not as robust; although by 4 h 

some of the phages had begun to cause a decrease in bacterial OD.  The observation that 

LB-SW positively affected the ability of phages to infect and lyse M06-24/O was also 

observed with the other V. vulnificus strains.  Particularly, the ability of phage 152A-2 to 

infect and lyse M06-24/O was greater with LB-SW compared with LB-N.  The 

remarkable effect of LB-SW on phage 152A-2 infection was further confirmed using 

V. vulnificus LL728 (Fig. 3-2c) and VV1009 (Fig. 3-2d). 

LB-SW also caused significantly higher growth of some V. vulnificus strains in the 

microtiter experiments.  At 4 h, strain M06-24/0 grown in LB-SW had a significantly 

higher yield compared to the LB-N (OD630 0.50 ± 0.03 vs. 0.37 ± 0.001, p=0.024).  

Furthermore, between 3 and 4 h the bacteria ceased to grow in LB-N, while in LB-SW 

the bacteria were still growing to higher densities.  The growth-stimulatory effect of LB-

SW on V. vulnificus was observed with other strains, with an average 24% increase in 

yield compared to LB-N.    
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igure 3-2.  Effect of LB-N and LB-SW on the infectivity of phages to V. vulnificus.  
Using the microtiter method, the effect of LB-N and LB-SW on the infectivity 
of phages 152A-2, 153A-7, 153A-8, and 154A-8 was examined on V. 
vulnificus strains: a) M06-24/O, b) 2400112, c) LL728, and d) VV1009.  The 
control group was not infected with phage.  Duplicates were performed for 
each bacteria-phage combination.  Bars represent mean ± standard deviation.  
* - significant difference compared to control group (p= 4.2 x 10-4 to 0.034); 
# - significant difference between the corresponding control groups in LB-N 
and LB-SW (p=0.024 to 0.031). 
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Figure 3-2.  Continued 
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Figure 3-2.  Continued 
 

The growth-stimulating effect of sea salts on the growth of V. vulnificus led us to 

study the effect of using SW as a diluent compared to BSG, which contains no sea salts, 

on the growth of V. vulnificus in either a LB-N or LB-SW medium using the microtiter 

phage typing method.  Cultures of V. vulnificus M06-24/O, MLT403, and 2400112 were 

grown to exponential phase, diluted in either SW or BSG, and inoculated in either LB-N 

or LB-SW to a final concentration of either 1 x 105 CFU/mL or 1 x 106 CFU/mL.  The 

bacterial cultures were read every 1 h for 6 h (Figs. 3a-c).  As seen in the previous 

experiment (Figs. 2a-d), V. vulnificus consistently grew to higher densities in LB-SW 

than in LB-N, and the bacteria ceased to grow in LB-N, which was also seen in the 

previous experiment.  Utilizing SW instead of BSG as diluent also caused an increase in 

densities of V. vulnificus in LB-N.  Thus, SW was a more effective diluent for the 

microtiter experiments compared with BSG. 

D 
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Figure 3-3.  Effect of using SW as diluent on the growth of V. vulnificus in either LB-N 

or LB-SW.  V. vulnificus cultures were diluted to a final concentration of 
either 1 x 105 CFU/mL or 1 x 106 CFU/mL with diluent SW or BSG and 
supplemented with either LB-N or LB-SW.  Triplicates were performed for 
each bacteria-phage combination.  Bars represent mean ± standard deviation.  
* - significant difference compared to the corresponding BSG diluted group 
(p=4.4 x 10-6 to 0.030); # - significant difference compared to the 
corresponding LB-N group (p=5.3 x 10-6 to 0.047). 
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Figure 3-3.  Continued 
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As detailed for the soft agar overlay phage typing assays, an inhibitory effect was 

observed on phage infectivity and V. vulnificus growth using Instant Ocean sea salts 

compared to other sources of seawater.  To examine if this effect also occurred using the 

microtiter phage typing method, the growth of V. vulnificus FLA042 and infectivity of 

phage CK-2 was studied using LB-SW, LB-IO, and LB-RS (Fig. 3-4).  FLA042 was 

grown to exponential phase, diluted to 2 x 106 CFU/mL, and infected with phage CK-2 at 

MOIs of 0.1, 1, 10, and 100.  The resulting mixtures were measured at 0.5 h, 1 h, 2 h, 3 h, 

4 h, and 6 h.  No significant differences were observed for changes in OD for CK-2 

infectivity related to the usage of the different sea salts.  However, the bacterial density of 

the control group in LB-IO was significantly lower compared to the control groups in 

LB-SW and LB-RS (at 4 h, LB-SW: OD630 0.47 ± 0.01; LB-IO: OD630 0.44 ± 0.01, 

p=0.006).  These results indicated that the use of LB-SW or LB-RS was optimal for the 

microtiter experiments.  Therefore, LB-SW was used for the rest of the microtiter 

experiments because, of the three sea salt formulations, it most likely reproduces the 

environmental conditions encountered by V. vulnificus and its phages in nature. 

We next determined the appropriate concentration of V. vulnificus M06-24/O for 

effective lysis of bacteria by phages in the microtiter phage typing method.  We aimed for 

a concentration of V. vulnificus that exhibited exponential growth throughout the 

experiment and a density high enough to be detected with the microtiter plate reader at 

the earliest time point of the experiment.  To make the assay more rapid, we looked for 

the earliest detection of lysis.  Starting with concentrations of exponential phase grown 

M06-24/O of 1 x 105, 1 x 106, 3.2 x 106, and 1 x 107 CFU/mL, growth was measured 

every 1 h for 4 h (Fig. 3-5).  At 1 x 107 CFU/mL M06-24/O was detectable and grew 
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mostly for the first 2 h, so phage infectivity and lysis of bacteria should also have been 

detectable over this time period.  Thus, 1 x 107 CFU/mL of M06-24/O was chosen as the 

most probable efficient concentration for the microtiter phage infection experiments.  
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Figure 3-4.  Comparison of LB-SW, LB-IO, and LB-RS on growth of FLA042 and 

infectivity of phage CK-2.  Using the microtiter method, 2 x 106 CFU/mL of 
FLA042 was added to each well supplemented with either LB-SW, LB-IO, or 
LB-RS and infected with CK-2 at MOIs of 0.1, 1, 10, and 100.  Duplicates 
were performed for each bacteria-phage combination.  OD630 of the wells was 
read at 0.5 h, 1 h, 2 h, 3 h, 4 h, and 6 h.  * - significant difference compared to 
uninfected LB-SW (p=0.006); # - significant difference compared to 
uninfected LB-SW or LB-RS (LB-SW, p=0.001; LB-RS, p=0.040). 

Next, M06-24/O at concentrations of 1 x 106, 5 x 106, and 1 x 107 CFU/mL was 

infected with phages 7-8a, 153A-7, 153A-8, and 1a, and the plates were read at 1 h, 2 h, 3 

h, 4 h, and 6 h (Fig. 3-6).  As expected, a trend of bacterial lysis caused by the phages 

among the different groups was observed, regardless of the initial concentration used for 

the assay.  Every phage significantly lysed M06-24/O with similar patterns of time of 
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lysis and level of lysis.  However, a larger separation between the OD reading of the 

control group and the corresponding phage groups was observed at the highest bacterial 

concentration used for this assay, 1 x 107 CFU/mL.  The larger separation between the 

treated and untreated groups at the 1 x 107 CFU/mL allowed for optimal visualization of 

phage lysis.  Therefore, 1 x 107 CFU/mL was considered the optimal bacterial 

concentration to observe phage-induced bacterial lysis in the shortest period of time. 
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Figure 3-5.  Comparison of V. vulnificus M06-24/O growth at various initial 

concentrations.  In a microtiter assay, M06-24/O was added to wells at 1 x 
105, 1 x 106, 3.2 x 106, and 1 x 107 CFU/mL.  Growth was measured every 1 h 
for 4 h. 
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Figure 3-6.  Effect of different concentrations of V. vulnificus M06-24/O on phage 

infection.  In a microtiter assay, initial concentrations of 1 x 106, 5 x 106, and 
1 x 107 CFU/mL of M06-24/O were infected with phages 7-8a, 153A-7, 
153A-8, and 1a at an MOI of 10.  Duplicates were performed for each 
bacteria-phage combination.  Plates were read 1 h, 2 h, 3 h, 4 h, and 6 h.  * - 
significant differences between M06 (1E7 CFU/mL) compared to M06 (1E7 

CFU/mL) infected with phage 153A-8 at 2 h, p=0.019.  No significant 
differences between M06 (5E6 CFU/mL) or M06 (1E6 CFU/mL) to 
corresponding group infected with 153A-8 at 2 h (p=0.267 or 0.312, 
respectively).  # - significant difference between control group and 
corresponding phage infected group (p=3.2 x 10-5 to 0.018).  @ - significant 
difference between control group and corresponding phage infected group 
(p=1.4 x 10-4 to 0.006). 

Final microtiter infections were performed for each of the seven commonly used 

laboratory strains of V. vulnificus (Figs. 7a-g).  All V. vulnificus strains were grown to 

exponential phase in LB-SW, diluted in SW, and inoculated into wells containing LB-SW 

with a final concentration of 1 x 107 CFU/mL.  The bacteria were infected with phages at 

an MOI of 10, and the plates were read every 1 h for 12 h.  In conjunction with the 

microtiter phage typing assay, a soft agar overlay phage typing experiment was also 
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performed at the same time for comparison between both methods.  For the soft agar 

overlay phage typing experiment, the same scoring scheme as above was followed: 0 - no 

effect, 1 - faintly turbid confluent plaque, 2 - <10 clear small plaques, 3 - >10 clear small 

plaques, 4 - turbid confluent plaque, and 5 - clear confluent plaque. 

All phages significantly lysed V. vulnificus M06-24/O and VV1009 by 4 h and 2 h, 

respectively, with the exception of phage CK-2 (Figs. 7a and 7b).  These results agreed 

with those obtained using the soft agar overlay phage typing experiment performed at the 

same time.  In the microtiter experiments, phage CK-2 decreased the growth of both 

strains of V. vulnificus, although the effect was not as significant as with the other phages 

(M06, p=0.023 to 0.259; VV1009, p=0.017 to 0.368).  In contrast, phage CK-2 was 

scored as a 0 on these two V. vulnificus strains in the soft agar overlay assays.  This small 

effect by phage CK-2 may suggest an incomplete infection by CK-2 to both M06-24/O 

and VV1009 by a defective replicating and/or lysing mechanism, which can be detected 

with the microtiter method but not with the soft agar overlay method.    

For V. vulnificus MLT365 between 3 h and 4 h, phages 153A-5, 108A-9, and 3a (at 

4h: range of OD630 0.39 to 0.48, p=4.7 x 10-4 to 0.001) caused the lowest bacterial 

densities that were significantly different compared to the control group (at 4h Control: 

OD630 0.65 ± 0.01) (Fig. 3-7c).  Phages 108A-9 and 3a continued to significantly cause 

the lowest bacterial densities throughout the experiment.  However, phage 153A-5 ceased 

to cause any significant decrease in bacterial density of MLT365, having OD values 

return to the range of the rest of the negative phages.  Thus, phages 108A-9 and 3a but 

not phage 153A-5 were considered to have caused significant lysis.  Phages 153A-5, 

108A-9, and 3a caused turbid confluent plaques in the soft agar overlay method.  These 
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results suggested that certain phages that cause a turbid confluent plaque can be detected 

using the microtiter phage typing method while other phages are more likely not to be 

detected using the microtiter phage typing method.   

For V. vulnificus MLT367, phages 153A-5, 108A-9, 3a caused the greatest 

inhibition of bacterial growth compared to the control group between 3 h and 7 h (at 3 h, 

Control: OD630 0.55 ± 0.02; 153A-5: OD630 0.13 ± 0.001, p=0.; 108A-9: OD630 0.10 ± 

0.00, p=0.001; 3a: OD630 0.28 ± 0.07, p=0.036) (Fig. 3-7d).  In the soft agar overlay 

phage typing method, phages 153A-5, 108A-9, and 3a caused turbid plaques on MLT367.  

These results suggested that phages that caused a turbid confluent plaque on MLT367 in 

the soft agar overlay phage typing method may also be detected as infectious using the 

microtiter phage typing method.  However, other phages that did not cause any plaques 

inhibited bacterial growth in the microtiter assay, suggesting that some level of infectivity 

of the phages to MLT367 was not detectable by the soft agar assay.  In fact, most of the 

phages caused significantly lower bacterial densities compared to the control group at 

certain time points.  The significance of this phenomenon is not known. 

For V. vulnificus MLT403, between 5 h and 6 h, phages CK-2, 3a, and 108A-9 (at 6 

h: range of OD630 0.20 to 0.47, p=0.001 to 0.014) caused significantly lower cell densities 

compared to the control group  (at 6 h Control: OD630 1.06) (Fig. 3-7e).  Between 8 h and 

9 h, as phages CK-2, 3a, and 108A-9 continued to inhibit growth, phages 110A-7 and 

153A-7 began to inhibit bacterial growth compared to the control and the rest of the non-

inhibitory phages (at 9 h: range of p=0.001 to 0.014 ).  Phages CK-2, 3a, 108A-9, 110A-

7, and 153A-7 caused clear plaques in the soft agar overlay phage typing method.  Phage 

152A-9, which caused a turbid confluent plaque using the soft agar overlay method, did 
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not cause significant killing in the microtiter method, suggesting again that certain phages 

that cause a turbid confluent plaques in the soft agar overlay method may not be 

detectable as infective using the microtiter phage typing method.   
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Figure 3-7.  Final microtiter infections of V. vulnificus stains with 14 different phage 

strains at RT.  A microtiter assay was performed at RT for the seven 
commonly used V. vulnificus stains in our laboratory:  a) M06-24/O, b) 
VV1009, c) MLT365, d) MLT367, e) MLT403, f) 2400112, and g) LL728.  V. 
vulnificus strains were added at 1 x 107 CFU/mL per well, infected with phage 
at an MOI of 10, and supplemented with LB-SW.  Duplicates were performed 
for each bacteria-phage combination.  Plates were read every 1 h for 12 h.  
The number in parenthesis corresponds to a soft agar overlay assay with the 
following scoring scheme: 0 - no effect, 1 - faintly turbid confluent plaque, 2 - 
<10 clear small plaques, 3 - >10 clear small plaques, 4 - turbid confluent 
plaque, 5 - clear confluent plaque.  All infected group(s) below the * for that 
particular time point are significantly different compared to the uninfected 
control group (p=0.001 to 0.041). 
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Figure 3-7.  Continued 

B 

C 



61 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 1 2 3 4 5 6 7 8 9 10 11 12

time (h)

O
D

 6
30

 n
m

Control
152A-2 (0)
152A-8 (0)
152A-9 (0)
152A-10 (0)
153A-5 (4)
153A-7 (0)
153A-8 (0)
154A-8 (0)
154A-9 (0)
108A-9 (4)
110A-7 (0)
7-8a (0)
CK-2 (0)
3a (4)

*
*

*

*

*
*

*
*

 
 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 1 2 3 4 5 6 7 8 9 10 11 12

time (h)

O
D

 6
30

 n
m

Control
152A-2 (0)
152A-8 (0)
152A-9 (4)
152A-10 (0)
153A-5 (0)
153A-7 (5)
153A-8 (0)
154A-8 (0)
154A-9 (0)
108A-9 (5)
110A-7 (5)
7-8a (0)
CK-2 (5)
3a (5)

*

*

*
*

*
*

*

* *

 
Figure 3-7.  Continued 

D 

E 



62 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 1 2 3 4 5 6 7 8 9 10 11 12

time (h)

O
D

 6
30

 n
m

Control
152A-2 (0)
152A-8 (0)
152A-9 (5)
152A-10 (0)
153A-5 (0)
153A-7 (5)
153A-8 (5)
154A-8 (5)
154A-9 (0)
108A-9 (5)
110A-7 (5)
7-8a (0)
CK-2 (0)
3a (5)

* *

 
 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

0 1 2 3 4 5 6 7 8 9 10 11 12

time (h)

O
D

 6
30

 n
m

Control
152A-2 (0)
152A-8 (0)
152A-9 (5)
152A-10 (0)
153A-5 (5)
153A-7 (2)
153A-8 (5)
154A-8 (3)
154A-9 (0)
108A-9 (3)
110A-7 (3)
7-8a (0)
CK-2 (0)
3a (5)

*

*
**

*
*****

*

 
Figure 3-7.  Continued 

F 

G 



63 

 

The results of the microtiter method of the above phages overall agreed with the 

results of the soft agar overlay method.  However, the results of the microtiter assays of 

V. vulnificus 2400112 and LL728, as detailed below, did not equate to the results of the 

soft agar overlay assays.  For example, for V. vulnificus 2400112 at 10 h, phages 110A-7 

and 152A-9, both of which caused clear confluent plaques in the soft agar overlay 

method, caused significantly lower cell densities compared to the control group and the 

other phage treatment groups (Fig. 3-7f).  However, phages 108A-9, 152A-9, 153A-7, 

154A-8, and 153A-8, which caused complete clear lysis using the soft agar overlay 

method, yielded ODs within the same range as that of phages that failed to produce 

plaques in the soft agar assay.  For V. vulnificus LL728, only phages 3a and 153A-5 

caused significantly lower cell densities starting at 2 h compared to the control group 

(Fig. 3-7g).  These two phages caused complete lysis with scores of 5 using the soft agar 

overlay method.  Other phages that caused various plaque scores of 2, 3, or 5 using the 

soft agar overlay method did not significantly inhibit bacterial growth in this microtiter 

experiment.  For example phage 153A-8, which caused a score of 5, did not inhibit any 

growth using the microtiter method. 

Some of the discrepancies between results obtained using the microtiter and soft 

agar methods could have been due to incubation temperatures.  The microtiter method 

involved RT infections, while the soft agar method was performed at 37ºC.  Because of 

discrepancies in results obtained between the two methods for V. vulnificus 2400112 and 

LL728, the effect of an increasing the temperature to 37°C on microtiter experiments was 

studied.  The same microtiter procedure, as detailed above, was followed with the 

exception of incubating the microtiter plates at 37°C instead of RT.  For 2400112 at 
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37°C, all phages that caused clear confluent plaques in the soft agar overlay method also 

caused significant lysis using the microtiter method starting between 3 h and 4 h (Fig. 3-

8a).  Furthermore, phages 152A-2, 153A-5 and 154A-9 significantly lysed 2400112, 

although they were scored a 0 in the soft agar overlay phage typing method.  These 

results suggested that a temperature of 37°C is required by certain phages to infect 

V. vulnificus in the microtiter experiments.  Moreover, these results showed that certain 

phages that do not cause plaques in the soft agar overlay experiment may actually cause 

lysis using the microtiter method at 37°C, such as phages 152A-2, 153A-5 and 154A-9.  

For V. vulnificus LL728 at 37°C, all phages that caused scores of 2, 3 or 5 in the soft agar 

overlay method also caused significant inhibition of bacterial growth in the microtiter 

method (Fig. 3-8b).  Of note, phage 154A-9 significantly inhibited VV1009, although it 

was scored as a 0 in the soft agar method.  These results indicate that temperature is an 

important factor when using the microtiter method with certain strains of V. vulnificus, 

such as 2400112 and VV1009, and possibly even the other V. vulnificus strains in our 

collection.  V. vulnificus grows more robustly at 37°C than at RT, possibly allowing more 

efficient infection and lysis by phages.  Furthermore, using the microtiter method at 37°C 

revealed infectivity of phages for certain strains of V. vulnificus not consistently observed 

using the soft agar overlay method alone.  The different environments encountered by 

both phage and V. vulnificus between the soft agar method, a semi-solid state, and the 

microtiter method, a liquid state, may explain why some phages that do not cause any 

significant lysis in the soft agar assays cause significant lysis in the microtiter assays.  

The liquid state may provide a greater probability for phage and bacteria to interact with 

each other.  Although, the other V. vulnificus strains were not examined using the 
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microtiter method at 37°C, this assay could prove useful in more completely analyzing 

their interactions with phages. 
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Figure 3-8.  Microtiter infection assays of V. vulnificus strains 2400112 and LL728 with 

14 different phage strains at 37°C.  A microtiter assay was performed at 37°C 
for:  a) 2400112 and b) LL728.  V. vulnificus strains were added at 1 x 107 
CFU/mL per well, infected with phage at an MOI of 10, and supplemented 
with LB-SW.  Duplicates were performed for each bacteria-phase 
combination.  The number in parenthesis corresponds to a soft agar overlay assay 
with the following scoring scheme: 0 - no effect, 1 - faintly turbid confluent 
plaque, 2 - <10 clear small plaques, 3 - >10 clear small plaques, 4 - turbid 
confluent plaque, 5 - clear confluent plaque.  All infected group(s) below the * 
for that particular time point are significantly different compared to the 
uninfected control group (p=0.001 to 0.047). 
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Figure 3-8.  Continued 
 
Phage Isolation and Transmission Electron Micrographs of New Phages  

Phage isolation 

Due to the inability of phages in our collection to fully lyse (soft agar score of 5) all 

V. vulnificus strains in our collection, isolation of new phages was undertaken to increase 

the percentage of V. vulnificus strains in our collection completely lysed by our pool of 

phages.  The isolation of phages that have broad host ranges and those that infect 

V. vulnificus strains that were insensitive or only slightly sensitive to the phages in our 

collection was attempted to enhance the probability of successful treatment of naturally 

V. vulnificus-infected oysters with a cocktail of phages.   

To isolate phages, phage enrichment and isolation assays were performed using our 

seven commonly used V. vulnificus strains.  Oyster homogenate or sedimentary mud was 

enriched with LB-SW and inoculated with V. vulnificus MO6-24/O, LL728, 2400112, 

B 
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VV1009, MLT365, MLT367, and MLT403.  After overnight incubation at 37°C, the 

mixture was processed to isolate individual phages that were infective to any of the seven 

V. vulnificus strains, as described in the Materials and Methods.  Phages CB1, EJc, 1a, 2a, 

3a, 4a, and 4b were all isolated from oysters that originated from Cedar Key, FL.  As 

above, these phages were isolated prior to our performing the soft agar overlay assays 

and, thus, were included in those assays.  Due to the broad host range of phage 3a, this 

phage was also examined using the microtiter assays.  

Phage enrichment and isolation experiments were also undertaken for V. vulnificus 

strains that were insensitive or only slightly sensitive to any of the phages in our 

collection.  Oyster homogenate was enriched with LB-SW and inoculated with 

V. vulnificus FLA104, FLA107, FLA108, FLA110, FLA112, FLA119, FLA121, 

FLA127, FLA 128, FLA 132, FLA137, and FLA138.  After overnight incubation at 

37°C, the mixture was then processed to isolate phages infective for any of the 

V. vulnificus strains used in this experiment.  Phages AO1A-D, AO2A-B, and CKIF-G 

were isolated on V. vulnificus FLA112, FLA104, FLA137, respectively.  The 

nomenclature used for these phages indicates the source of the oysters.  “AO” indicates 

that the oysters originated from Apalachicola Bay, FL, and “CK” indicates that the 

oysters originated from Cedar Key, FL.  Since these phages were isolated after the soft 

agar overlay phage typing assays were performed, additional soft agar overlay assays 

were performed on these newly isolated phages.  The phages were tested on all of the 

V. vulnificus strains used for the enrichment and isolation experiment (Table 3-3).  Of 

note, phage AO2a-b caused only turbid plaques on FLA104, indicating that the phage 

isolate may perhaps be a temperate phage.  Attempts to isolate lytic isolates of phage 
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AO2a-b were unsuccessful.  Altogether, the phage enrichment and isolation assays 

proved to be effective in selecting phages with very broad host ranges, such as phage 3a, 

and phages with capacity to lyse with a score of 5 V. vulnificus strains in our collection 

that were otherwise insensitive to the previously characterized phages in our collection, 

such as phage CKIF-G. 

Table 3-3.  Host range of newly isolated phages on V. vulnificus.  Using the soft agar 
overlay method, the newly isolated phages AO1a-d, AO2a-b, and CKIF-G 
were examined on V. vulnificus strains that were used for the enrichment and 
isolation assays of these phages. The scoring scheme is as follows: 0 - no 
effect, 1 - faintly turbid confluent plaque, 2 - <10 clear small plaques, 3 - >10 
clear small plaques, 4 - turbid confluent plaque, 5 - clear confluent plaque. 

 
 AO1a-d AO2a-b CKIF-G 

FLA104 0 4 0 
FLA107 0 0 0 
FLA108 0 0 0 
FLA110 0 0 0 
FLA112 5 0 0 
FLA119 0 0 0 
FLA121 0 0 0 
FLA127 0 0 0 
FLA128 0 0 0 
FLA132 0 0 0 
FLA137 0 0 5 
FLA138 0 0 0 

 
Transmission electron micrographs of isolated phages 

The morphologic characterization of isolated phages was determined by using 

transmission electron microscopy.  Transmission electron micrographs were obtained for 

phages EJc, AO1a-d, AO2a-b, and CKIf-g by the Electron Microscopy Core Laboratory 

at the University of Florida.  All of these bacteriophages were of the Caudovirales order, 

consisting of tailed bacteriophages (Fig. 3-9).  Furthermore, phages EJc, AO2a-b, and 

CKIf-g were of the Siphoviridae family, containing a long, non-contractile tail.   Phage 

AO1a-d was of the Myoviridae family, containing a contractile tail.  All of the phages 
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isolated were morphologically similar to phages reported by DePaola et al.(56)  However, 

none of these isolated phages belonged to the Podoviridae family, containing a short, 

non-contractile tail, as some phage isolates reported by DePaola.  Nevertheless, phages 

110A-7 and 7-8 in our collection belong to the Podoviridae family. 

In total, the use of the soft agar overlay phage typing method proved to be an 

effective tool to evaluate all the phages in our collection for such characteristics as host 

range and the level of infectivity to each V. vulnificus strain in our collection.  

Additionally, a microtiter phage typing method was developed and demonstrated to 

complement the results of the soft agar assays.  In fact, the microtiter assays may also 

show phage reactivity on certain strains of V. vulnificus that would have not otherwise 

been observed using the soft agar overlay assays alone.  Furthermore, the phage 

enrichment and isolation that were performed to isolate new phages with characteristics 

such as a broad host range or infectious to a V. vulnificus strain in our collection that was 

insensitive to any of the phages in our collection, proved successful in isolating phages 

such as phage 3a, which had the broadest host range of any of the phages in our 

collection.  Experiments examining the potential of phages in decontaminating naturally 

and experimentally infected oysters were now possible, enabled by the data attained with 

both of the phage typing methods and with the isolation of useful phages.   
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Figure 3-9.  Transmission electron micrographs of isolated phages.  Transmission 

electron micrographs of phages a) AO1a-d, b) AO2a-b, c) CKIF-G, and d) 
Ejc.  Phage AO1a-d is of the Myoviridae family, containing a contractile tail.  
Phages AO2a-b, CKIF-G, and EJc are of the Siphoviridae family, containing a 
contractile tail.  The magnification was 151,000x. 
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Specific Aim 2: Establishment of an Experimental Oyster Infection Model and 
Treatment of Experimentally Infected Oysters with Phages to Reduce Numbers of 

V. vulnificus. 

The overall goal of the studies described in this thesis was to develop methods for 

reducing levels of contaminating V. vulnificus in oysters by using V. vulnificus-specific 

bacteriophages.  Karen Cerveny, who obtained her master’s degree from this laboratory, 

attempted to develop a procedure to experimentally infect oysters with V. vulnificus so 

that more detailed and controlled phage treatment experiments could be performed.  

However, her results demonstrated the difficulty of getting oysters to take up and stably 

maintain relevant levels of V. vulnificus.  Therefore, the studies described below were 

undertaken to develop an experimental oyster infection model to cause an increase in the 

levels of V. vulnificus contamination.  After the establishment of an oyster infection 

model, the efficacy of phage treatment of artificially infected oysters was studied to 

evaluate the potential of phage treatment as a method to decontaminate V. vulnificus-

infected oysters.  

Establishment of an Experimental Oyster Infection Model 

A problem confronted with experimental infection of oysters with V. vulnificus was 

the inability of oysters to stably maintain substantial levels of V. vulnificus.  For example, 

when oysters that were acclimated overnight in fresh, sterile seawater were infected with 

1 x 106 CFU/mL of V. vulnificus FLA042 for 6 h, the level of contamination in oysters 

was 3.7 ± 0.24 log CFU/g tissue (Fig. 3-10).  Although V. vulnificus levels in 

experimentally infected oysters were approximately 103 CFU/g tissue, this was too low of 

a number for the phage treatment experiments because at this level of infection we would 

have a difficult time observing significant drops in contamination due to phage treatment.  

We hypothesized that the normal bacterial flora of the oysters was preventing the uptake 
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of exogenously provided V. vulnificus in our experiments.  Therefore, in an attempt to 

increase the level of V. vulnificus infection in oysters, oysters were pretreated with 50 

µg/mL of Rif overnight during the acclimation period to eliminate their bacterial flora 

prior to infection with V. vulnificus.  This resulted in minimal to nondetectable levels of 

bacterial flora of oysters when plated on LB-N plates (data not shown).  Infection of Rif-

treated oysters with 1 x 106 CFU/mL of V. vulnificus FLA042 for 6 h significantly 

increased the level of V. vulnificus to 6.0 ± 0.59 log CFU/g-tissue (p=3.6 x 10-4) 

compared with non–Rif-treated oysters (Fig. 3-10).  This experimenent was repeated with 

similar results.   

Besides Rif pretreatment, the addition of algae coupled with the infection of oysters 

with V. vulnificus FLA042 was examined for any increase in the level of V. vulnificus 

contamination in experimentally infected oysters.  Oysters eat planktonic algae for food, 

and it had been suggested that oysters accumulate V. vulnificus as a result of their 

adherence to algae.  We examined the effect of providing algae on uptake of vibrios in 

two experimental infection experiments.  First, the effect of adding algae on the level of 

V. vulnificus contamination was studied by infecting acclimated oysters with 1 x 106 

CFU/mL of FLA042 simultaneously with the addition of algae to oysters for 6 h.  The 

commercially available algae (Shellfish Diet 1800; Reed Mariculture, Inc.; Campbell, 

California), specifically formulated for feeding oysters, was added per manufacturer’s 

recommendations.  The mixture of algae and FLA042 was incubated for 10 min prior to 

its addition to the oysters to give time for the bacteria to adhere to the algae.  The 

infection of FLA042 simultaneously with algae resulted in infection levels of 4.2 ± 0.31 

log CFU/g tissue compared to 3.7 ± 0.24 log CFU/g tissue without algae (p=0.084).  In 
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the second experiment, oysters were pretreated with Rif during the acclimation period 

and then infected with 1 x 106 CFU/mL of FLA042 simultaneously with algae for 6 h, as 

for the first experiment. With the combined pretreatment of oysters with Rif and addition 

of algae, the level of FLA042 contamination was significantly increased to 5.7 ± 0.19 log 

CFU/g tissue (p= 6.60 x 10-5) compared to oysters infected with FLA042 without a Rif 

pretreatment or addition of algae.  This level of infection was similar to the level of 

infection with Rif pre-treatment.  Due to the significant increase in the level of 

V. vulnificus infection of oysters with Rif pretreatment, oysters were pretreated with Rif 

in all of the following experiments. 

Another parameter studied in our experimental infection of oysters with 

V. vulnificus was the effect of the duration of time of infection on the level of infection in 

oysters.  Rif-pretreated oysters were infected with 1 x 105 CFU/mL of FLA042, and 

samples of water and oysters were taken at 0.5 h, 1 h, 1.5 h, 2.5 h, and 6 h (Fig. 3-11).  

The level of infection of oysters with FLA042 reached 2.6 ± 0.33 log CFU/g-tissue by 1 h 

and a significantly higher level of 5.0 ± 0.75 log CFU/g-tissue by 6 h (p=0.013).  

Although the levels of FLA042 in oysters increased by 1000-fold throughout the 

experiment, the levels of FLA042 in the water only increased by 10-fold to 1.6 x 106 

CFU/mL.  Interestingly, the levels of contamination in both water and oyster tissues 

reached equilibrium at approximately 105 to 106 CFU/mL (data not shown).  Therefore, 

experimental infection of oysters for at least 6 h should result in maximum levels of 

contamination in oysters.  For subsequent phage treatment of experimental oyster 

infections, Rif-pretreated oysters were infected with V. vulnificus for 6 h to 7 h for 

optimal levels of contamination in oysters.  However, we also examined a shorter period 
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of infection of 1 h to examine decontamination with phage treatment with a lower level 

of contamination in oysters and briefer exposure of vibrios to the oyster environment. 
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Figure 3-10.  Effect of rifampicin and algae on experimental infection of oysters with V. 

vulnificus FLA042.  Oysters were infected with 1 x 106 CFU/mL of V. 
vulnificus FLA042 for 6 h.  Control (n=4) - oysters that were not treated with 
rifampicin or algae, + Rif (n=4) - oysters treated with rifampicin overnight, 
Algae (n=3) - oysters that were fed algae, and Algae/Rif (n=3) - oysters that 
were fed algae and treated with rifampicin overnight.  * - significantly 
different compared to – Rif (+ Rif, p=3.6 x 10-4; Algae/Rif, p=6.6 x 10-5).  
Algae group was not significantly different compared to – Rif (p=0.084). 
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Figure 3-11.  Effect of the duration of infection time on the level of V. vulnificus infection 

in oysters.  Rifampicin-pretreated oysters were infected with 1 x 105 CFU/mL 
of V. vulnificus FLA042.  Water and oysters were sampled at 0.5 h (n=3), 1h 
(n=4), 1.5 h (n=5), 2.5 h (n=10), and 6 h (n=3).  Data are reported as mean ± 
standard deviation.  

 
We hypothesized that UV treatment of the water of experimentally infected oysters 

during a rinse cycle would eliminate or decrease the level of V. vulnificus in the water, 

whereas the V. vulnificus infecting the oysters would be protected.  The use of DNA 

damaging ultraviolet light (UV) is widely used in aquariums to decrease the level of 

pathogenic bacteria in the water.  The UV filter used in aquariums is an elongated UV 

lamp inserted into a plastic tube containing openings on both ends of the tube where 

water enters and exits the tube.  When water enters the tube, UV inflicts lethal damage to 

the bacteria, killing them.  Furthermore, the usage of a UV filter has also been reported 

for decontamination of oysters during a UV depuration process (63).  The use of a UV 
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filter in such an application would prevent a superficial infection of oysters due to the 

brief exposure to the contamination of the water bathing the oysters.     Oysters were 

infected with 1 x 106 CFU/mL of FLA042 for 1 h and then rinsed with UV light 

treatment for 24 h (Fig. 3-12).  No decrease in the level of FLA042 contamination in 

oysters was seen with the use of UV filters for 24 h when compared to the level of 

FLA042 contamination in oysters that were not UV treated.  However, the level of 

FLA042 contamination in the water was decreased by about 1.7 logs with UV filtration.  

These results suggested that most of the V. vulnificus in the oysters was stable and not 

merely due to superficial contamination with the water.  However, these results were 

inconsistent with other UV filtration experiments conducted in our laboratory.  At times, 

the use of UV filters did not lower the level of V. vulnificus contamination in the water 

housing the oysters.  Moreover, UV filters sometimes lowered the level of V. vulnificus 

contamination in oysters compared to oysters not treated with UV filtration.  A possible 

reason for the lack of consistent killing of V. vulnificus in the water could have been that 

the UV filters were unable to perform properly at all times.  One considered problem was 

the residual level of Rif in the water, which often colored the water light red and could 

have interfered with the UV filters.  As we accumulated more experience with 

experimental infections, we felt confident that the levels of infection of oysters were not 

simple surface contamination with the water in which the oysters were sitting.  Therefore, 

UV filters were deemed unnecessary for the subsequent experimentally infected oyster 

experiments. 



77 

 

0

1

2

3

4

5

6

No UV treatment UV treatment

lo
g 

C
FU

/g
-ti

ss
ue

 o
r l

og
 C

FU
/m

L

Water
Oyster

 
Figure 3-12.  Effect of ultraviolet light filters on experimental infection of oysters with 

V. vulnificus.  Oysters were experimentally infected with 1 x 106 CFU/mL of 
V. vulnificus FLA042 for 1 h and then transferred to fresh seawater.  The 
water housing the oysters was either treated with UV light (n=12) or not (n=9) 
for 24 h.  Bars represent mean ± standard.  The UV treated and nontreated 
oyster groups were not significantly different (p=0.119). 

 
By examining parameters such as the efficacy of Rif treatment prior to infection of 

oysters, the beneficial addition of algae during experimental infections of oysters, the 

duration of infection of oysters, and the efficacy of UV filtration, we were able to 

develop an experimental infection of oyster model that increased the level of V. vulnificus 

in oysters to levels to as high as 106 CFU/g tissue.  The use of Rif-pretreatment without 

algae feeding was considered the most efficient and reliable method to infect oysters with 

a Rif-resistant V. vulnificus strain; thus, the use of Rif alone was the method used for the 

rest of the experiments.  With the development of this oyster infection model, testing the 

efficacy of phage treatment of experimentally infected oysters was now possible. 
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Bacteriophage Treatment of Experimentally Infected Oysters 

After the parameters for experimental infection of oysters with V. vulnificus were 

established, phage treatment parameters were examined using experimentally infected 

oysters.  However, prior to phage treatment experiments, the level of naturally occurring 

phages infective to the two strains of V. vulnificus that were to be used for the 

experimentally infected oysters, M06-24/O and MLT403, were analyzed in both oysters 

and in the water used for housing the oysters.  After oysters were acclimated in seawater 

overnight, tissue was homogenized, centrifuged to remove debris, and filtered through a 

0.2 µm filter to remove bacterial cells.  The filtrate was serially diluted, mixed with 4 mL 

of LB-SW soft agar containing 1 x 107 CFU/mL of either M06-24/O or MLT403, 

vortexed, and poured on a LB-SW plate.  Naturally occurring phages infective for M06-

24/O (3.5 ± 0.43 log PFU/g-tissue) and MLT403 (2.0 ± 0.30 log PFU/g-tissue) were 

isolated from the oysters (Fig. 3-13).  However, no naturally occurring phages infective 

to either M06-24/O or MLT403 were recovered from the water.  The isolation of 

naturally occurring phages in oysters as high as 3.5 logs PFU/g tissue may represent a 

possible interference with our phage treatment of experimentally infected oysters.  

Furthermore, the inability of recovering any lytic phages from the water may indicate that 

the phages are stably retained by the oysters.   

We next wanted to know how well phages would be taken up by and retained in 

oysters.  The assumption was that phages would at least be in equilibrium with the water 

pumped by the oysters; however, we were unsure if phages would be stably maintained in 

oyster tissues after the water had been changed.  Phage CK-2 incubation and retention 

was examined in oysters (Fig. 3-14).  Oysters were acclimated overnight in seawater and 

incubated with 1 x 107 PFU/mL of phage CK-2.  Unlike the previous experiment, no 



79 

 

naturally occurring phages infective for MLT403 were detected in the water or oysters 

before treatment with CK-2.  Oysters that were treated with CK-2 had 7.3 ± 0.13 log 

PFU/g tissue and 7.7 log PFU/mL in the water.  When CK-2-treated oysters were rinsed 

with fresh seawater overnight, the level of CK-2 in tissues, 6.7 ± 0.12 log PFU/g-tissue, 

was similar to that from the pre-rinsed group.  However, the level of CK-2 in the water 

was decreased to 5.2 log PFU/mL.  The difference between the level of CK-2 in oyster 

tissue and water in the rinsed group suggested that phage CK-2 was stably retained by the 

oysters.  
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Figure 3-13.  Analysis of the number of naturally occurring phages present in market 

oysters and water that are infectious to V. vulnificus M06-24/O and MLT403.  
After an overnight acclimation period, oysters (n=4) and the water housing the 
oysters were analyzed using the soft agar overlay method to determine the 
number of lytic phages present in the water and oysters for M06-24/O and 
MLT403. 
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Figure 3-14.  Retention of phage CK-2 in oysters.  Oysters (n=9) were incubated 

overnight with (n=2) or without phage CK-2 at 1 x 107 PFU/mL.  Oysters that 
were incubated overnight with phage CK-2 were either sampled immediately 
after the incubation period (CK-2 group)(n=3) or sampled after an overnight 
rinse period in fresh seawater (CK-2 with rinse group)(n=2).  Bars represent 
mean ± standard deviation.  * - significantly different compared to CK-2 
(p=0.014). 

Treatment of Experimentally Infected Oysters with Phages 3a and CK-2 

Phages 3a and CK-2 were studied both separately and combined to evaluate their 

potential to decontaminate oysters that were experimentally infected with V. vulnificus 

FLA042.  Phages 3a and CK-2 were chosen for the phage treatment experiments due to 

certain characteristics of these phages that were considered beneficial.  For example, we 

were able to obtain very high titer lysates (CK-2) or the phages exhibited broad host 

ranges (3a).  Oysters were infected with V. vulnificus FLA042 for either 1 h or 6 h at 1 x 

106 CFU/mL, as described above, and were treated overnight with either phage 3a (with 1 

h infection only) or CK-2 at 1 x 108 PFU/mL.  Oyster tissues were then harvested, 
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homogenized, serially diluted, and plated on LB-N-Rif plates.  Treatment of oysters 

experimentally infected with FLA042 with phages 3a or CK-2 alone did not cause any 

significant decrease in the level of contamination (Fig. 3-15)(data for phage 3a not 

shown). 
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Figure 3-15.  Treatment of V. vulnificus FLA042-infected oysters with phage CK-2.  

Oysters that were infected with 1 x 106 CFU/mL of V. vulnificus FLA042 for 
either 1 h (n=6) or 7 h (n=9) were then treated with 1 x 108 PFU/mL of phage 
CK-2 overnight.  Bars represent mean ± standard deviation.  No significant 
differences between control and phage treated groups (1 h, p=0.134; 7 h, 
p=0.944). 

Since treatment of experimentally infected oysters with either phages 3a or CK-2 

separately did not cause any significant decrease in the level of FLA042 contamination, 

treatment of experimentally infected oysters with a combination of phages 3a and CK-2 

was studied.  We hypothesized that the combination of both phages could increase the 

level of decontamination in oysters.  Oysters that were experimentally infected with 
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FLA042 for 1 h were treated overnight with a combination of phages 3a and CK-2 (1 x 

108 PFU/mL each).  Oyster tissues were harvested, homogenized, serially diluted, and 

plated on LB-N-Rif.  With a 1 h infection, the combination of phages CK-2 and 3a 

caused a significant drop of 99% in levels of FLA042 from 5.7 ± 0.43 log CFU/g-tissue 

(untreated control group) to 3.5 ± 0.38 log CFU/g-tissue (CK-2 + 3a treated group)(p=2.9 

x 10-4) (Fig. 3-16). 
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Figure 3-16.  Effect of CK-2 and 3a treatment of oysters infected for 1 h with V. 

vulnificus FLA042: before and after homogenization.  Oysters were infected 
with 1 x 106 CFU/mL of FLA042 for 1 h.  The control group (n=20, 
combination of three experiments) was only infected with FLA042.  The CK-
2 + 3a group (n=19, combination of three experiments) was treated overnight 
with CK-2 and 3a at 1 x 108 PFU/mL each.  The CK-2 + 3a after 
homogenization group (n=4, a single experiment) was a control group in 
which the oyster tissue was spiked with a phage solution containing CK-2 and 
3a at 1 x 108 PFU/ml each prior to the homogenization of the oyster tissue.  
Bars represent mean ± standard deviation.  * - significantly different 
compared to the control group (p=5.9 x 10-11).  CK-2 + 3a after 
homogenization group was not significantly different compared to the control 
group (p=0.801). 
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In the 3a and CK-2 combined phage treatment of oysters experiment, it was 

possible that the phages did not kill the vibrios in the oyster tissues during treatment, but 

instead killed the bacteria after the tissues had been homogenized.  This manner of phage 

efficacy would not be relevant to treatment of market oysters.  Therefore, another group 

of infected oysters was examined for the effect of adding phages 3a and CK-2 

immediately prior to homogenization of oyster tissues, as opposed to incubating the live 

oysters with phage overnight.  The same concentration of phages CK-2 and 3a (1 x 108 

PFU/mL each) as used for the phage treatments of live oysters was added to oyster tissue 

instead of seawater, and the mixture was homogenized, serially diluted, and plated on 

LB-N–Rif.  This brief post harvest phage incubation of oyster tissue with phages 3a and 

CK-2 did not cause a significantly lower recovery of FLA042 (p=0.801)(Fig. 3-16).  

Therefore, the killing of FLA042 by phages CK-2 and 3a during treatment of live oysters 

had occurred during the phage treatment period, rather than after homogenization of the 

oyster tissue.  This experiment was repeated again, and similar results were obtained. 

We considered the possibility that the residual V. vulnificus in oyster tissues after 

phage treatment consisted of spontaneous phage-resistant mutants of the infecting strains.  

Therefore, 5 colonies of FLA042 on the LB-N-Rif plates per oyster were tested for phage 

sensitivity, and all of the colonies examined had retained their sensitivity to both phages 

CK-2 and 3a.  Therefore, the inability of phages 3a and CK-2 to completely 

decontaminate FLA042 experimentally infected oysters was not likely due to 

spontaneous phage-resistant mutants.      

The effect of the duration of infection with FLA042 in experimentally infected 

oysters on the effectiveness of phage treatment was studied with phages 3a and CK-2.  
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The same procedure for experimental infection of oysters and phage treatment with 

phages 3a and CK-2 was followed, as above, with the exception of infecting the oysters 

for either 6 h or 24 h.  When oysters were infected with FLA042 for 6 h and then treated 

overnight with phages CK-2 and 3a, the level of contamination was lowered from 6.3 ± 

0.59 log CFU/g tissue (Control group) to 5.4 ± 0.60 (CK-2 + 3a treated 

group)(p=0.008)(Fig. 3-17).  When oysters were infected with FLA042 for 24 h prior to 

phage treatment with CK-2 and 3a, the level of contamination of FLA042 was lowered 

from 5.4 ± 0.72 log CFU/g-tissue (Control) to 4.3 ± 0.69 log CFU/g-tissue (CK-2 + 3a 

treated) (p=0.036) (Fig. 3-17).  The most effective phage treatment with phages 3a and 

CK-2 was observed on experimentally infected oysters infected with FLA042 for 1h.  

This was unfortunate because treatment of naturally contaminated oysters would involve 

V. vulnificus that had resided in the oysters for extended periods of time, and they might 

be more resistant to phage treatment. 

The reasons behind the inability of phages CK-2 and 3a to fully clear FLA042-

infected oysters of the bacteria were considered for improving the methods.  Possible 

mechanisms of failure of phage treatment considered included: genotypically resistant 

mutants (as examined above), a V. vulnificus strain not expressing phage receptors in the 

oyster environment and becoming phenotypically resistant, inability of phages to 

encounter V. vulnificus that had invaded into tissues, and lack of growth of V. vulnificus 

in stably infected oysters.  As detailed above, because colonies recovered after phage 

treatment of experimentally infected oysters retained sensitivity to both phages 3a and 

CK-2, we do not believe that spontaneous phage-resistant mutants were the cause for the 

incomplete elimination of V. vulnificus during phage treatment.  We also do not believe 
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V. vulnificus FLA042 is down regulating the expression of phage receptors in the oyster 

environment because some experiments demonstrated the ability of phages CK-2 and 3a 

to kill up to 99% of the initial bacterial population.  Had the bacteria shut down 

expression of the phage receptors, we would not have expected to see such efficient 

killing; however, we cannot rule out the possibility that a small population of bacteria in a 

specific environment had changed relevant gene expression. Another possible 

explanation for the lack of complete decontamination in oysters was the lack of growth of 

V. vulnificus, since phage infection and lysis require the active growth of bacteria.  The 

CFU of V. vulnificus in experimentally infected oysters stabilized at approximately 6 h of 

infection at 105 to 106 CFU/g tissue, suggesting that the bacteria were in stationary phase.  

The more efficient decontamination observed with phage treatment of oysters 

experimentally infected for only 1 h, as opposed to 6 h, could have been due to the fact 

that fewer of the bacteria had reached stationary phase before phage treatment at 1 h.      

Growth of V. vulnificus in Oysters 

Since we had evidence that V. vulnificus might be replicating to a very limited 

extent in experimentally infected oysters and this could have affected phage treatment, 

we used two complementary methods, a marker plasmid and ampicillin (Amp) 

enrichment, to examine the state of growth of V. vulnificus during experimental infections 

with FLA077 and FLA042. 

Marker plasmid pGTR902 

The state of growth of V. vulnificus in experimentally infected oysters was initially 

studied with V. vulnificus FLA077 containing the marker plasmid pGTR902.  The 

pGTR902 marker plasmid, which was constructed by Angela Starks (Starks, A.M., et al., 

submitted to Mol. Microbiol.) contains a pBAD-araC regulatory system that strictly 



86 

 

controls the transcription of the pir gene, which produces a protein that is necessary for 

the replication pGTR902.  In the presence of the inducer arabinose, the AraC protein 

binds to an activation region upstream of the pBAD promoter, from which transcription 

of pir is induced, and replication of the plasmid is enabled.  However, in the absence of 

arabinose, pir is not expressed resulting in non-replication of the plasmid.  During 

bacterial replication under nonpermissive conditions, lack of replication of pGTR902 

results in the segregation of the plasmid from the bacterial population because of the 

accumulation of plasmid-free cells with each division.  Because the plasmid cannot 

replicate in oysters, monitoring the number of plasmid-containing bacteria at different 

times reveals how much bacterial death has occurred.  Consequently, growth and killing 

of V. vulnificus can be analyzed using the marker plasmid with an oyster infection 

experiment.  The growth proportion of V. vulnificus was calculated as the ratio of the 

number of bacteria containing pGTR902 to the total number of bacteria in oysters.  The 

killing proportion was calculated as the ratio of the number of bacteria containing 

pGTR902 at various time points during the experiment to the number of bacteria 

containing pGTR902 at the beginning of the experiment. 

Oysters were experimentally infected with V. vulnificus FLA077(pGTR902) for 7 h 

in the same manner as detailed above with the exception that the bacteria were grown to 

exponential phase in the presence of 1% (wt/vol) arabinose and 300 µg/mL of Kan to 

maintain carriage of the plasmid.  The oysters were harvested, homogenized, serially 

diluted, and plated on LB-N, LB-N–Rif, and LB-N–Kan-Ara.  Details of the media are in 

the Materials and Methods.  Since both the LB-N and the LB-N-Rif plates had 

comparable CFU throughout these experiments, only LB-N-Rif plates were used for 



87 

 

analysis of the state of growth of FLA077.  The growth proportion of FLA077 at various 

time points was calculated by the ratio of the number of bacteria containing the marker 

plasmid pGTR902, enumerated on LB-N-Kan-Ara plates, to the total number of bacteria 

in oysters, enumerated on LB-N-Rif plates, and is expressed as a log value.  The death 

proportion of FLA077 in an experimental oyster infection was also calculated by the ratio 

of the number of bacteria containing the marker plasmid pGTR902 at various time points 

during the experiment to the number of bacteria containing the marker plasmid pGTR902 

in the beginning of the experiment, and is expressed as a log value. 

After a 7 h infection of oysters with FLA077(pGTR902), the oysters contained 4.9 

± 0.85 log CFU/g tissue and a growth proportion of -1.4 (Fig. 3-18).  This demonstrated 

that some initial replication had occurred, as previously observed with FLA042 between 

1 h and 6 h.  However, the growth proportions at 4 h, 16 h, and 40 h of incubation in 

fresh, sterile seawater were relatively constant (ranging from log -2.4 to log -2.7).  The 

lack of change of the growth proportion from 4 to 40 h indicated a lack of growth of 

FLA077.  If growth was occurring during the later incubation periods, the growth 

proportions would have decreased due to the segregation of the marker plasmid in the 

absence of arabinose.  There was a killing proportion drop of -0.6 logs at 4 h indicating 

some death of the bacteria had occurred between the end of the 7 h infection and the 4 h 

rinse.  However, the killing proportions at 4 h, 16 h, and 40 h of incubation in fresh, 

sterile seawater were relatively constant (ranging from log -0.6 to log -0.9), indicating a 

lack of death of the vibrios over this time period.  The results observed with the 

pGTR902 marker plasmid demonstrated that very little, if any, growth of V. vulnificus 

occurred during experimental infection with V. vulnificus.  This may be an important 
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factor for the lack of complete decontamination of experimentally infected oysters with 

treatment of phages CK-2 and 3a.  This experiment was repeated, and similar results were 

obtained. 
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Figure 3-17.  Effect of CK-2 and 3a treatment of oysters infected for 6 h or 24 h with V. 

vulnificus FLA042.  Oysters were infected with 1 x 106 CFU/mL of FLA042 
for 6 h or 24 h.  The CK-2 + 3a groups of either the 6 h (n=8) or 24 h (n=5) 
infection periods were treated overnight with CK-2 and 3a at 1 x 108 PFU/mL 
each.  Bars represent mean ± standard deviation.  * - significantly different 
compared to the control group (6 h, p=0.008; 24 h, p=0.036). 
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Figure 3-18.  Segregation of the marker plasmid pGTR902 in V. vulnificus in 

experimentally infected oysters.  Oysters were infected with 1 x 106 CFU/mL 
of FLA077(pGTR902) for 7 h.  After the 7 h infection period, the infected 
oysters were either immediately sampled (After 7 h of infection group)(n=5) 
or placed in fresh seawater for rinsing periods of 4 h, 16 h, or 40 h (n=5 each 
group).  Oysters were harvested, homogenized, and plated on both LB-N–Rif 
and LB-N–Kan-Ara.  The growth proportions and killing proportions are 
presented for each group.  Bars represent mean ± standard deviation.  No 
significant differences between after 7 h of infection (Rif) and 4 h, 16 h or 40 
h of UV rinse (Rif) (p=0.114 to 0.832).  No significant difference between 
after 4 h of UV rinse (Rif) and after 16 h of UV rinse (Rif) (p=0.094).  No 
significant difference between after 7 h of infection (Kan) and 4 h of UV rinse 
(Kan) (p=0.062).  Significant difference for growth proportion after 7 h of 
infection (p=0.007).  Significant difference between growth proportions after 
7 h of infection and after 4 h of UV rinse (p=0.01). 

Ampicillin treatment assays 

The Amp treatment assays were undertaken to further study the state of growth of 

V. vulnificus in oysters.  The mode of action for Amp is the inhibition of enzymes 

responsible for the synthesis of peptidoglycan, which causes osmotic lysis of bacterial 

cells.  If the bacteria are not replicating, peptidoglycan is not synthesized, and Amp will 
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not lyse the cells.  Phenotypic resistance of genetically sensitive bacteria to Amp or 

similar antibiotics can therefore serve as a marker for lack of replication.  Therefore, if 

vibrios in the experimentally infected oysters were not killed by treatment with Amp, this 

could indicate the lack of growth of V. vulnificus.  Amp is also useful for these 

experiments because it has good penetration of tissues and cells. 

Prior to the Amp treatment experiments, the effective concentration of Amp had to 

be determined for the oyster experimental infection assays.  The minimal inhibitory 

concentration of Amp was determined for strain FLA077 by making two-fold serial 

dilutions starting from 100 µg/mL of Amp in LB-N.  The Amp broths were inoculated 

with a final concentration of 1 x 107 CFU/mL of FLA077 that was grown to exponential 

phase and incubated overnight at 37°C.  The minimal inhibitory concentration of Amp 

for FLA077 was 6.3 µg/mL (Table 3-4).   

Table 3-4.  Minimal inhibitory concentration of Amp for V. vulnificus FLA077.  Two-
fold serial dilutions of Amp starting at 100 µg/mL in LB-N.  Strain FLA077 
was grown to exponential phase and inoculated into each corresponding broth 
to a final concentration of 1 x 107 CFU/mL.  The broths were incubated 
overnight at 37°C and then visually inspected for turbidity. 

Ampicillin concentration (µg/mL) Growth level of FLA077 
25.0 Clear 
12.5 Clear 
6.3 Clear 
3.1 Turbid 
1.6 Turbid 
0.0 Turbid 

 
Amp concentrations of 10, 33, and 100 µg/mL were then tested on oysters 

experimentally infected with FLA042 to decide which concentration of Amp to use on 

the following Amp treatment experiments.  Oysters that were treated with Rif overnight 

were infected with FLA042 for 7 h and then rinsed overnight with SW containing 10, 33, 

or 100 µg/mL of Amp.  The oysters were harvested, homogenized, serially diluted, and 
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plated on LB-N-Rif plates.  The treatment of oysters with Amp, regardless of the 

concentration, significantly decreased the level of contamination by 2.4 to 2.5 (range of 

p=0.004 to 0.005).  No significant differences were observed among the different 

concentrations of Amp used for the overnight rinse (Fig. 3-19).  These results showed 

that any of the Amp concentration could work for the Amp enrichment experiments; the 

higher concentration of Amp (100 µg/mL) was used for the rest of the Amp enrichment 

assays in oysters.  Although the intention of this particular experiment was to determine 

the appropriate concentration of Amp for the Amp enrichment assays detailed below, this 

experiment demonstrated that a subset of the population of V. vulnificus FLA042 in the 

oysters was unable to be killed with Amp, approximately 103 CFU/g tissue.  This 

observation suggested that a portion of the bacteria was not growing adequately in the 

oysters for Amp killing.   

We then compared the abilities of treatment with Amp at 100 µg/mL, treatment 

with phages 3a and CK-2 (1 x 108 PFU/mL each), or a combination of these treatments to 

clear oysters experimentally infected for 6 h with FLA042.  When oysters were treated 

with Amp, the level of FLA042 was lowered by 3.1 logs (99.9%) (p=0.001)(Fig. 3-20).  

As above, this result suggested that a subset of the bacterial population, approximately 

103 CFU/g tissue, was not growing adequately to enable ampicillin killing of the bacteria.  

When oysters were treated with phages CK-2 and 3a, the level of contamination was 

lowered by 1.2 logs (97%) (p=0.026).  These results were comparable to the results of the 

earlier phage treatments of 3a and CK-2 on oysters experimentally infected with FLA042 

for 6 h.  When oysters were treated with both Amp and phages CK-2 and 3a, the level of 

FLA042 contaminating was lowered by 3.8 logs (p=0.001).  CFU of V. vulnificus in 
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oysters treated with Amp, CK-2, and 3a were not significantly different from that in 

oysters treated with only Amp (p=0.26).  This result suggests that bacteria killed by 

phages CK-2 and 3a could also be killed by Amp.  However, Amp alone killed more 

bacteria than did phages CK-2 and 3a (p=0.001).  The greater efficiency in killing by 

Amp may be due to its ability to penetrate oyster tissues compared to phages CK-2 and 

3a or in their differences in mode of killing the bacteria.    
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Figure 3-19.  Effect of ampicillin treatment on V. vulnificus FLA042 in experimentally 

infected oysters.  Oysters were infected with FLA042 for 7 h.  The oysters 
were then transferred to fresh seawater containing 10, 33, 100 µg/mL of Amp, 
or no Amp (Control group)(n=3 each group).  Bars represent mean ± standard 
deviation.  * - significantly different compared to the control group (p=0.004 
to 0.005).  
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Figure 3-20.  Effect of ampicillin enrichment compared to treatment with phages CK-2 

and 3a on V. vulnificus FLA042 in experimentally infected oysters.  Oysters 
were infected with FLA042 for 7 h.  The oysters were then transferred to fresh 
seawater containing 100 µg/mL Amp, 1 x 108 PFU/mL each of phages CK-2 
and 3a, combination of both treatments, or no treatment (Control group)(n=4 
each group).  Bars represent mean ± standard deviation.  * - significantly 
different compared to the control group (Amp 100 µg/mL, p=8.6 x 10-4; CK-2 
+ 3a, p=0.026; Amp 100 µg/mL + CK-2 + 3a, p=6.6 x 10-4).  # - significantly 
different compared to the Amp 100 µg/mL and Amp 100 µg/mL + CK-2 + 3a 
(Amp 100 µg/mL, p=8.7 x 10-4; Amp 100 µg/mL + CK-2 + 3a, p=9.5 x 10-4).   

Since the marker plasmid assays were performed with V. vulnificus FLA077 and 

the Amp enrichment assays were performed with FLA042, the Amp enrichment assay 

was also performed with FLA077 to relate the two methods using one strain.  Oysters 

were infected for 7 h with FLA077, as described above, and treated overnight with Amp 

(100 µg/mL).  As observed using FLA042, levels of FLA077 in oysters were 

significantly lowered with Amp treatment by 2.6 logs (99%) (p=1.0 x 10-8)(Fig. 3-21).  

The inability of Amp treatment to completely eliminate FLA077 from oysters was 
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consistent with the hypothesis that a portion of the bacterial population in the oysters was 

not growing sufficiently to enable killing by either Amp or phages. 
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Figure 3-21.  Effect of ampicillin enrichment on V. vulnificus FLA077 in experimentally 

infected oysters.  Oysters were infected with FLA077 for 7 h.  The oysters 
were then transferred to fresh seawater containing 100 µg/mL of Amp or no 
Amp (Control group)(n=6 each group).  Bars represent mean ± standard 
deviation.  * - significantly different compared to the control group (p=1.0 x 
10-8). 

Attempts at Stimulation of V. vulnificus Growth Coupled with Phage Treatment 

We considered that if the residual population of V. vulnificus not killed by phages 

in experimentally infected oysters was due to a lack of growth, we might be able to 

render this resistant population of bacteria susceptible by stimulating their growth.  

Therefore, attempts were made to stimulate the growth of FLA042 in oysters with 

subsequent treatment with phages CK-2 and 3a.  Two strategies were utilized to increase 

the growth of FLA042: addition of FeCl3 to the water and increase in water temperature. 
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Iron supplementation 

To study the effect of supplementation of water with FeCl3 on V. vulnificus growth 

in oysters and efficiency of phage treatment, oysters were experimentally infected with 

FLA042 for 7 h, as described above, with the exception that 5 µM of FeCl3 was added to 

the water during the infection period.  Supplementation with FeCl3 did not significantly 

increase the growth of FLA042 in oysters (p=0.389)(Fig. 3-22).  Moreover, 

supplementation with Fe+3 did not significantly affect the effectiveness of phage 

treatment.  In fact, the phage treatments in the oysters supplemented with Fe+3 resulted in 

nonsignificant values compared to the control group (p=0.280).  Therefore, 

supplementation of water with 5 µM FeCl did not stimulate growth of V. vulnificus or 

increase killing of V. vulnificus by phage.  These results suggested that Fe+3 is not 

limiting the growth of V. vulnificus during oyster infections.  This experiment was 

repeated, and similar results were obtained. 

Elevated water temperature 

To study the effect of an increase in water temperature on growth of V. vulnificus in 

experimentally infected oysters, water heaters were used to increase the temperature of 

the seawater to 32.5°C from the usual RT of approximately 23°C.  The oysters were 

experimentally infected, as described above, and water temperature was increased to 

32.5°C simultaneously with the treatment with phages 3a and CK-2.  The increased water 

temperature significantly increased the level of FLA042 in non-phage-treated oysters by 

0.9 logs CFU/g-tissue (p=5.60 x 10-4)(Fig. 3-23).  The level of FLA042 in the phage-

treated oysters at RT was significantly decreased by 1.1 logs (p=8.7 x 10-5) while the 

phage-treated oysters at 32.5°C was significantly decreased by1.8 logs (p=1.2 x 10-6).  

However, the final levels of contamination in oysters in both the RT and 32.5°C phage-
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treated groups were not significantly different from each other (p=0.521).  These findings 

suggested that the phage treatment killed the “extra” bacteria apparently stimulated by the 

increased temperature, resulting in the same level of residual contamination in either 

phage-treated group.  These results suggested that phages 3a and CK-2 were only able to 

kill the bacteria that were in a state of growth, since the final levels of bacterial 

contamination were the same for either the oysters that were at RT or at 32.5°C.  This 

experiment was repeated, and similar results were obtained 
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Figure 3-22.  Effect of supplementation of seawater with FeCl3 on V. vulnificus FLA042 

growth in experimentally infected oysters and on the efficacy of phage 
treatment.  Oysters were infected with FLA042 for 7 h.  The oysters were then 
transferred to fresh seawater with or without 5 µM of FeCl3 and treated and 
with or without 1 x 108 PFU/mL each of phages CK-2 and 3a (n=3 each 
group).  Bars represent mean ± standard deviation.  No significant difference 
between control and control + FeCl3 (p=0.389).  No significant difference 
between control and phage-treated groups (Control vs. CK-2 + 3a, p=0.096; 
Control + FeCl3 vs. CK-2 + 3a + FeCl3, p=0.280).   
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Figure 3-23.  Effect of water temperature on the efficacy of phage treatment of V. 

vulnificus FLA042-infected oysters.  Oysters were infected with FLA042 for 7 
h.  The oysters were then incubated overnight in fresh seawater at either RT or 
32.5°C and treated with or without 1 x 108 PFU/mL each of phages CK-2 and 
3a (n=10 each group).  Bars represent mean ± standard deviation.  * - 
significantly different compared to its corresponding control group (Control 
(RT) vs. CK-2 + 3a (RT), p=8.7 x 10-5; Control (32.5°C) vs. CK-2 + 3a 
(32.5°C), p=1.2 x 10-6).  # - significantly different compared to control 
(RT)(p=5.6 x 10-4). 

Altogether, we developed an oyster infection model for V. vulnificus enabling us to 

stably infect oysters with high levels of V. vulnificus.  The establishment of this oyster 

infection model further enabled us to examine the potential of decontaminating 

experimentally infected oysters with phages.  Although phage 3a or CK-2 alone were 

unable to significantly lower the level of contamination in oysters, their combination 

resulted in significant decreases in the level of contamination in experimentally infected 

oysters ranging from a low of 0.9 logs to a high of 2.2, depending on the duration of 

infection of the oysters with V. vulnificus.  With the use of pGTR902 marker plasmid and 
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an Amp enrichment assay, we were able to demonstrate that in experimentally infected 

oysters a subset of the population of V. vulnificus was not adequately growing to be 

phage-sensitive. 

Specific Aim 3: Phage Treatment of Naturally Infected Oysters. 

With the limited success of phage treatment of experimentally infected oysters, 

attempts were undertaken at decontaminating naturally infected oysters with a pool of 

V. vulnificus-specific phages.  Because the V. vulnificus strain composition of naturally 

contaminated oysters would be unknown, we hypothesized that we would need a cocktail 

of phages for effective treatment.  With the characterization of host range, morphology, 

and level of infectivity of the phages in our collection by using the soft agar and the 

microtiter phage typing methods, suitable phages were selected for use.  In the 

experimentally infected oyster assays, detailed in Specific Aim 2, the level of 

contamination of a V. vulnificus spontaneous Rif-resistant strain in oysters was measured 

with the use of LB-N-Rif plates.  However, such an approach for enumeration of 

V. vulnificus contamination in naturally infected oysters would be unacceptable because 

the natural V. vulnificus strains would be sensitive to Rif and using plain LB-N plates 

would enable the growth of the other bacterial contaminates of the oysters.  Other 

technical approaches that are widely used for the enumeration of V. vulnificus 

contamination in naturally infected oysters were used for these experiments.  This 

involved a selective medium, VVM, for V. vulnificus (58,59) and a DNA-hybridization 

probe specific to the V. vulnificus hemolysin/cytolysin gene (60).   
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Quantification Methods Evaluated for Enumeration of V. vulnificus Naturally 
Occurring in Oysters  

We tested two different selective media which have been widely used to enumerate 

the number of V. vulnificus in naturally infected oysters, TCBS and VVM, to evaluate 

their level of sensitivity in detecting V. vulnificus.  TCBS (thiosulphate-citrate-bile salts-

sucrose) contains sucrose as the main carbon source and bile salts for selection of 

V. vulnificus.  V. vulnificus grows as green colonies on TCBS.  On the other hand, the 

selective medium VVM contains 105 U/L of the antibiotics polymyxin B and colistin 

methanesulfonate for selection of V. vulnificus, which is insensitive to these antibiotics.  

VVM contains D-(+)-cellobiose as the primary carbon source, thus V. vulnificus grows as 

yellow colonies on this medium. 

Because some selective media often yield low plating efficiencies for the bacteria 

of interest, we examined the plating efficiencies of different V. vulnificus strains on VVM 

and TCBS.  Log phase cultures of V. vulnificus M06-24/O and MLT403 were plated on 

each selective medium and on nonselective LB-N plates.  The number of V. vulnificus 

colonies on VVM plates was comparable to that on LB-N plates.  However, the number 

of the colonies on TCBS plates was considerably lower compared to that on either VVM 

or LB-N plates.  In fact, at the dilutions that were utilized for this experiment no colonies 

were observed on TCBS, while approximately 107 CFU/mL were observed on both VVM 

and LB-N (data not shown).  Because VVM exhibited no detrimental effect on plating 

efficiency, as opposed to TCBS, VVM plates were chosen for use for the enumeration of 

V. vulnificus in oysters.  To test the selectivity of VVM and TCBS, V. cholerae and E. 

coli were plated on each selective medium.  V. cholerae grew as green colonies on VVM 

and yellow colonies on TCBS.  E. coli did not grow on either medium, supporting the 
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selective nature of VVM or TCBS for vibrios.  However, as reported by Cerda-Cuellar et 

al. non-V. vulnificus bacteria can grow either yellow on VVM {3649,3648} or green on 

TCBS, suggesting that due care most be taken in interpreting our studies that all yellow 

colonies on VVM or green colonies on TCBS are positive for V. vulnificus.  

Having established the selectivity and sensitivity of VVM and TCBS for vibrios, 

we examined the usefulness of TCBS and VVM to quantitatively identify V. vulnificus in 

both naturally contaminated oysters and oysters experimentally infected with 

V. vulnificus FLA042.  For the naturally infected oysters, LB-N plates yielded nearly 10-

fold higher numbers of colonies compared with yellow colonies on VVM plates (Fig. 3-

24).  This result was expected because V. vulnificus comprises only a fraction of the total 

bacterial flora of oysters, and all of the culturable bacteria would grow on LB-N while 

only a subset would grow on VVM, by design.  However, a significant difference of 2.4 

logs was observed between yellow CFU on VVM plates compared to green CFU on 

TCBS plates (p=6.3 x 10-4).  This result suggested that either VVM was not selective 

enough and permitted non-vibrios to grow, or that TCBS was not enabling efficient 

plating of V. vulnificus from oysters.  Based on the results above with V. vulnificus grown 

in culture, we favored the former hypothesis.  In experimentally infected oysters, similar 

levels of FLA042 were enumerated on LB-N and VVM plates; however, a significantly 

lower number of FLA042 was enumerated using TCBS plates (p=0.004).  Therefore, 

VVM plates were used to enumerate V. vulnificus in naturally contaminated oysters 

treated with a pool of phages, taking into account that not all yellow colonies on a VVM 

plate are V. vulnificus.   
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Figure 3-24.  Plating efficiencies of LB-N, VVM, and TCBS on marker oysters and on V. 

vulnificus FLA042 experimentally infected oysters.  Oysters were either 
sampled immediately after arrival into the laboratory or sampled after an 
experimental infection with FLA042.  The oysters were harvested, 
homogenized, serially diluted and plated on LB-N, VVM, and TCBS plates 
(n=4 each group).  Bars represent mean ± standard deviation.  * - significantly 
different compared to LB-N or VVM (Naturally infected oysters: LB-N, p=4.9 
x 10-4; VVM, p=6.3 x 10-4)(FLA042 infected oysters: L-BN, p=0.004; VVM, 
p=0.003). 

After the determination that VVM was suitable for enumeration of V. vulnificus in 

naturally contaminated oysters, phage treatment of naturally infected oysters with a 

cocktail of phages was performed.  Phages with broad host ranges were selected using the 

data collected with the soft agar overlay and microtiter phage typing assays from Aim 1.  

Phages 153A-5, 153A-8, 154A-8, 3a and 4a were selected for treating naturally infected 

oysters because they exhibited broad host ranges using the soft agar overlay phage typing 

method.   
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Naturally infected market oysters were placed in sterile seawater.  Immediately 

afterwards, half of the oysters were treated overnight with the cocktail of phages at 1 x 

108 PFU/mL for each phage.  Oysters were harvested, homogenized, serially diluted, and 

plated on VVM plates.  All flat, yellow colonies typical of V. vulnificus on VVM plates 

were considered as V. vulnificus.  In the phage cocktail-treated group, the level of 

V. vulnificus was significantly decreased by 1.5 logs compared to the control group 

(p=0.052)(Fig. 3-25).  This marginally significant decrease in the phage-cocktail treated 

oysters demonstrated the potential of phages to lower the level of V. vulnificus 

contamination in market oysters.  Furthermore, the decrease of 1.5 logs observed in the 

phage-cocktail treated oysters was comparable to the approximate 1 log decrease 

observed in the experimentally infected oysters that were infected with FLA042 for either 

6 h or 24 h and treated with phages CK-2 and 3a.  In fact, the level of V. vulnificus 

contamination could be artifactually high and the decontamination artifactually low in 

market oysters due to the possibility of counting some of the yellow colonies as 

V. vulnificus.    

To confirm and extend the first phage-cocktail treatment of naturally infected 

oysters, three additional phages that had broad host ranges were added to the initial pool.  

Additionally, levels of V. vulnificus contamination of some of the market oysters were 

analyzed before the oysters were placed into water to evaluate changes in the levels of 

contamination caused by the incubation of oysters in seawater during the experiment.  

Another set of market oysters was incubated overnight in sterile seawater (control group), 

and a third group of oysters was placed into seawater and treated overnight with the 

expanded cocktail of phages at a lower concentration of 1 x 107 PFU/mL per phage.  
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Oysters were harvested, homogenized, serially diluted, and plated on VVM plates.  The 

incubation of oysters overnight in seawater significantly increased the level of 

V. vulnificus contamination in oysters by 1.1 logs compared to the oysters that were 

harvested without being placed into seawater (p=0.002)(Fig. 3-26).  This result showed 

that V. vulnificus had replicated in the oysters during the overnight incubation.  Treatment 

with the expanded pool of phages caused a 1.4 log decrease in V. vulnificus compared to 

the control group (p=3.7 x 10-4)(Fig. 3-26).  This decrease in V. vulnificus contamination 

in the oysters was comparable to that observed in the first phage-cocktail treatment 

experiment detailed above.  However, the number of V. vulnificus in the phage-treated 

group was not significantly different from that of the oysters harvested without ever 

being placed into seawater.  This result suggested that phage treatment only killed the 

population of V. vulnificus that grew as a result of the oysters being placed in seawater 

during the overnight phage cocktail treatment period.  This result was also consistent with 

the hypothesis that a significant portion of the V. vulnificus population is not growing in 

the oysters, as was hypothesized during treatment of experimentally infected oysters with 

phages CK-2 and 3a, the pGTR902 marker plasmid segregation experiments, and the 

ampicillin experiments. 

Because VVM plates are not absolutely selective for V. vulnificus, we also used the 

VVAP DNA hybridization probe to examine the effectiveness of phage cocktail 

treatment in naturally V. vulnificus-contaminated oysters.  Market oysters were placed in 

fresh, sterile seawater.  Half of the oysters were immediately treated overnight with a 

cocktail of phages containing all the phages in our collection with the exception of phage 

CB-1, at 1 x 107 PFU/mL for each phage for either 24 h or 48 h.  The 48 h phage cocktail 
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treatment period was included to examine if a longer phage treatment period would 

improve decontamination of naturally occurring V. vulnificus in oysters.  No oysters were 

sampled before being placed into seawater.   
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Figure 3-25.  Effect of treatment of market oysters with a cocktail of phages.  Market 

oysters (n=8) were placed in fresh seawater and incubated overnight.  During 
the overnight incubation period, half of the oysters were treated with a 
cocktail of phages (phages 153A-5, 153A-8, 154A-8, 3a and 4a) each at 1 x 
108 PFU/mL.  Oyster were harvested, homogenized, serially diluted, and 
plated on VVM.  Bars represent mean ± standard deviation.  * - significantly 
different compared to control group (p=0.032). 
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Figure 3-26.  Effect of treatment of market oysters with a cocktail of phages.  Market 

oysters were placed in fresh seawater and incubated overnight.  During the 
overnight incubation period, half of the oysters were treated with a cocktail of 
phages (phages 108A-9, 110A-7, 153A-5, 153A-7, 153A-8, 154A-8, 3a, and 
4a) each at 1 x 107 PFU/mL (n=5 each group).  Some market oysters were also 
sampled immediately after their arrival into the laboratory (Shucked same day 
group)(n=4).  Oyster were harvested, homogenized, serially diluted, and 
plated on VVM.  Bars represent mean ± standard deviation.  * - significantly 
different compared to control group (p=3.7 x 10-4).  # - significantly different 
compared to shucked same day group (p=1.7 x 10-3).  No significant 
difference between shucked same day and phage treated group (p=0.310). 

After 24 h of phage treatment, V. vulnificus contamination was significantly 

lowered by 1.1 logs compared to the control group (p=0.009)(Fig. 3-27).  No further 

decontamination of V. vulnificus was observed with the longer phage treatment of 48 h 

(p=0.012).  The > 1 log decrease in V. vulnificus contamination from this phage cocktail 

treatment of naturally infected oysters using the VVAP hybridization probe confirmed 

the results observed in the experiments using VVM plates for enumeration of 

V. vulnificus.  Moreover, these results suggested that a 24 h phage cocktail treatment is 
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sufficient for phage treatment of naturally V. vulnificus-infected oysters, since no further 

killing was observed with a 48 h phage cocktail treatment. 

 

0

1

2

3

4

5

24 48

period of treatment (h)

lo
g 

C
FU

/g
-ti

ss
ue

Control
Phage cocktail

* *

 
Figure 3-27.  Effect of treatment of market oysters with a cocktail of phages.  Market 

oysters were placed in fresh seawater and incubated for either 24 h or 24 h.  
During the incubation periods, half of the oysters were treated with a cocktail 
of all the phages in our collection, with the exception of phage CB-1, each at 1 
x 107 PFU/mL.  Oyster were harvested, homogenized, serially diluted, and 
plated on LB-N.  Using the LB-N plates, colonies were enumerated and 
verified with the use of the VVAP DNA-hybridization probe (n=5 each 
group).  Bars represent mean ± standard deviation.  * - significantly different 
compared to control group (24 h, p=0.009; 48 h, p=0.012). 

Although the use of VVM plates for enumeration of V. vulnificus was found to be 

very efficient in terms of time and effort, results were obtained a day after the plating of 

the oyster homogenate onto VVM plates, there was considerable concern that the yellow 

colonies on the VVM plates were truly V. vulnificus or other bacterial species that cause 

the same yellow colonies.  Thus, the use of the VVAP DNA-hybridization technique, 
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although more time consuming compared to the VVM plates, was considered the optimal 

method for enumeration of V. vulnificus in market oysters due to the probes specificity 

for V. vulnificus   

In summary, we applied the previous methods and results to attempt to 

decontaminate market oysters of natural V. vulnificus contamination.  This included use 

of phage typing methods to choose pools of phages for treatment and culture and DNA 

hybridization methods to identify V. vulnificus from oysters.  The best decontamination 

results yielded only approximately 90% decreases in V. vulnificus levels in oysters.  

Although promising, this level of efficiency is not likely to be acceptable to the seafood 

industry.  Based on results obtained with the experimental infection model, we feel it is 

likely that there is a population of V. vulnificus in the oysters that is recalcitrant to killing 

by phages added to the water – either because they are not growing or because they are 

physically inaccessible to the phages. 
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CHAPTER 4 
DISCUSSION 

The Potential use of V. vulnificus-Specific Phages in Treating V. vulnificus Infections 

Since the reports in the 1980’s by Smith and colleagues reevaluating the potential 

of phage therapy (8-11), numerous other studies from other laboratories have reported 

successful treatment of bacterial infections with bacteriophages (reviewed in (61)).  With 

these positive reports on phage therapy, our laboratory undertook a project to assess the 

potential of phage therapy using a mouse model for V. vulnificus infection (55).  

V. vulnificus-specific phages were examined for use as a treatment of local and systemic 

infections by V. vulnificus.  In doing so, our laboratory demonstrated that phages are 

capable of treating such infections when administered at an appropriate time after the 

infection.  With these positive findings, the studies detailed in this thesis were undertaken 

to evaluate the potential of using V. vulnificus phages to decontaminate oysters either 

experimentally or naturally infected with V. vulnificus. 

Isolation and Characterization of Bacteriophages 

Soft Agar Overlay Phage Typing Method 

The specificity of phages for infecting host bacterial strains has been widely used 

as a technique, i.e., phage typing, to differentiate strains of bacteria.  Besides bacterial 

identification purposes, the conventional soft agar overlay phage typing method has been 

utilized to characterize such phage properties as host range, plaque morphology, and level 

of infectivity.  With the assessment of the characteristics of each phage, a more accurate 

determination of which phage or phages have potential for use as therapy is possible.  For 
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example, phages that exhibit broad host ranges would be more useful because they can 

infect and lyse many strains of a bacterial species, increasing the probability of successful 

elimination of a bacterial infection.  Moreover, phages with the most potential for phage 

therapy applications exhibit complete lysis on a soft agar overlay assay, because this 

demonstrates the ability of a phage to infect and lyse every cell of the bacterial 

population.  Phages with such efficient infection and lysis are more likely to completely 

and efficiently eliminate a bacterial infection in an individual.  For these reasons, the soft 

agar overlay phage typing method was used with all of the phages in our collection to 

determine properties such as host range and level of infectivity for later consideration in 

the V. vulnificus decontamination experiments. 

A scoring scheme was developed for the soft agar assays to document the level of 

infectivity of each of the phages to 57 different strains of V. vulnificus.  A clear confluent 

plaque was designated as 5, which we considered optimal for a phage therapeutic 

application.  Phage-bacterial strain combinations that resulted in a turbid confluent plaque 

were scored as a 4, while combinations that resulted in only a few clear plaques were 

scored as 2 or 3, depending on how many plaques were developed.  A turbid confluent 

plaque suggested that the phage could lyse a large proportion of the bacteria, causing a 

confluent plaque, but that resistant bacterial cells either were present in the initial 

population or arose after infection with phage.  If the initial population contained a subset 

of bacteria that were resistant to phage infection and lysis, then a turbid plaque could 

form due to the growth of the resistant bacteria.  The resistance could be explained in 

these situations by either a mixed population of two different V. vulnificus strains, or a 

subset of the population of a single strain of V. vulnificus being resistant to the phages.  
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For the mixed population of two different V. vulnificus strains scenario, one strain of the 

bacteria can be completely susceptible to phage infection and lysis whereas a second 

strain of bacteria in the same culture could be resistant to the phage, allowing these cells 

to continue growing.  Alternatively, a subset of the population of a single strain of 

V. vulnificus could contain the ability to suspend the expression of a specific receptor that 

is necessary for certain phages to infect the bacteria, affording these cells resistance to 

phage infection, although this is probably unlikely.  Another explanation of the confluent 

turbid plaque formations was that the phage may be a temperate phage, resulting in the 

generation of lysogens.  However, inspection of individual plaques during the full-plate 

titer assays of each phage never revealed plaques with a “bulls-eye” appearance, a turbid 

center with a clear ring, which is typical of temperate phages.  Furthermore, no phage 

consistently caused turbid confluent plaques.  All phages that caused a confluent turbid 

plaque to at least one V. vulnificus strain also caused a clear confluent plaque on at least 

four V. vulnificus strains.  Although these findings are not direct proof that the phages in 

our collection were all virulent phages, they suggest that the more likely explanation for 

the turbid confluent plaques was that a subset of the initial bacterial population was 

resistant to the phage, either because the initially homogenous population had 

accumulated resistant mutants or that the bacterial strain was actually a mixed culture of 

at least two strains of V. vulnificus.  To determine if a bacterial strain is actually a mixed 

culture, the strain can be streaked on a LB-N plate for isolation of colonies.  Different 

colony morphologies would indicate that the culture contains more that one strain of 

bacteria.  The individual colonies also should not exhibit a turbid confluent plaque with 

the soft agar method because they should represent a pure bacterial strain that should 
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either be sensitive or resistant to the phage.  Furthermore, examination of total cellular 

proteins by SDS-PAGE could also be used to determine if the isolated colonies are of the 

same strain.  With the exception of V. vulnificus FLA111, all V. vulnificus strains that 

produced a turbid confluent plaque were also observed to produce other plaque 

formations, ranging from a few clear plaques to clear confluent plaques.  These findings 

suggest that the more likely cause of the turbid confluent plaques by these strains of 

V. vulnificus was the existence of a homogenous strain of V. vulnificus containing cells 

that were resistant to the phage.  On the other hand, V. vulnificus FLA111 developed 

confluent turbid plaques with all of the phages that were infectious to this bacterial strain, 

suggesting that this strain of V. vulnificus may be a mixed culture of two different strains 

of V. vulnificus.   

In other phage-bacterial strain combinations, individual clear plaques, as opposed 

to confluent spots, were observed at the spot where phage was dropped onto the soft agar 

overlay, in spite of the fact that 106 PFU were dropped onto the bacteria.  This result 

suggested that the phage infected the particular V. vulnificus strain with very low 

efficiency.  Limiting factors such as bacterial restriction modification systems, inefficient 

adsorption, or defective mechanism for lysis of the bacteria are possible explanations for 

these results.  The isolation and amplification of such a clear plaque could result in the 

isolation of a phage that may now produce a clear confluent plaque at 106 PFU on that 

particular V. vulnificus strain.  However, this was not examined. 

Seventy-five percent of our V. vulnificus strains scored a 5 for at least one of our 

phages.  However, if a score of 4 was also considered, 3 additional V. vulnificus strains 

were sensitive to at least one of our phages, increasing the percentage of bacterial strains 
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to 81% that were infected by at least one of the phages.  The ability of our phages to 

infect and lyse up to 81% of the V. vulnificus strains indicated that experiments testing 

the potential of decontaminating oysters of V. vulnificus infections were possible using a 

cocktail of these phages.  For those experiments, a cocktail of phages with broad host 

ranges, detailed below, would hopefully enable the killing of a large proportion of 

naturally occurring V. vulnificus strains contaminating oysters.  

The host range for each of our phages was studied using the soft agar overlay 

method for consideration of which phages to use for the phage treatment experiments on 

V. vulnificus-infected oysters, especially in naturally infected oysters.  For example, 

phage 3a, isolated from oyster homogenate, had a remarkably broad host range of 61% of 

the V. vulnificus strains in our collection using a score of 5 or 68% if a score of 4 is used.  

Phages 153A-7, 153A-8, 108A-9, and 154A-8 also exhibited broad host ranges, infecting 

58% to 68% V. vulnificus strains in our collection, depending on whether the cutoff score 

was 4 or 5.  Since phages 3a, 153A-7, 153A-8, 108A-9, and 154A-8 demonstrated broad 

host ranges, they were included in the cocktail used in the phage treatment experiments 

of naturally V. vulnificus-infected oysters, as detailed in Specific Aim 3.   

On the other end of the spectrum of host range, phage CK-2 had the narrowest host 

range, infecting only V. vulnificus MLT403 with a score of 5.  Phages 154A-9, 7-8A, and 

CB-1 also had narrow host ranges, infective to only 4 of the 57 strains each (7%).  Phage 

CK-2 was used for phage treatment of oysters experimentally infected with V. vulnificus 

FLA042.  Although phage CK-2 had a narrow host range, it had certain characteristics 

that were considered beneficial for the usage of the phage for testing the potential of 

decontaminating V. vulnificus-infected oysters with phages.  For example, phage CK-2 
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created the clearest and largest plaques when infecting V. vulnificus MLT403 or its Rifr 

derivative, FLA042.  Additionally, we could obtain very high titer lysates in the range of 

1012 PFU/mL to produce large numbers of phage for our use.    

With the use of the soft agar method, we determined that the phages in our 

collection can infect up to 81% of the V. vulnificus strains with a score of at least 4.  

Thus, we felt that this level of coverage against V. vulnificus infections was sufficient for 

phage treatment of naturally infected oysters, detailed in Specific aim 3.  Nevertheless, 

with the data obtained in the soft agar assays, phage enrichment and isolation assays were 

performed against V. vulnificus strains that were either insensitive or slightly insensitive 

to the phages in our collection, resulting in the isolation of phages infective to some of 

these strains.   

Microtiter Phage Typing Method 

Although the soft agar overlay phage typing method was useful in characterizing 

the phages in our collection, a microtiter method was developed to minimize certain 

disadvantageous aspects of the soft agar overlay method.  The soft agar overlay method 

required large amounts of materials for the testing of the 57 strains of V. vulnificus and an 

overnight incubation period to see results of the interaction between phage and bacterial 

strains.  The soft agar overlay method also required human inspection and interpretation 

of the qualitative aspects of plaque formations (clear vs. turbid) of each phage; hence, the 

method was susceptible to some subjectivity.   

The appropriate medium, diluent, concentration of V. vulnificus, and concentration 

of phage were studied for optimization of the microtiter assays.  Since a sea salt effect 

was observed on the infectivity of certain phages, LB-N and LB-SW were studied in the 

microtiter method.  In LB-SW V. vulnificus grew to an average 24% higher density in a 
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shorter period of time compared to LB-N.  The use of LB-SW also increased the ability 

of certain phages to lyse certain bacterial strains.  For example, a remarkable effect of 

LB-SW on phage 152A-2 infection and lysis of V. vulnificus MO6-24/O, LL728, and 

VV1009 was shown using the microtiter method (Figs. 2a, 2c, and 2d).  Phage 152A-2 

significantly lysed V. vulnificus MO6-24/O, LL728, and VV1009 in LB-SW, whereas in 

LB-N no significant lysis was observed with phage 152A-2.  The use of SW instead of 

BSG as diluent also was beneficial for the growth of V. vulnificus in the microtiter assays 

(Figs. 3a-c).  Higher bacterial densities were consistently observed with V. vulnificus 

M06-24/O, MLT403, and 2400112 when diluted in SW instead of BSG before their 

addition into LB-N.  These results suggested that the use of SW in the medium and/or as 

diluent provided a more natural environment for V. vulnificus and its phages in which to 

interact.  Furthermore, we hypothesized that the sea salts contained important cations, 

such as Mg+2 and Ca+2, that are important for the adsorption of certain phages to bacteria.  

This sea salts effect was further demonstrated on the infection and lysis of V. vulnificus 

LL728 by phage CB-1 (Fig. 3-1)   The most suitable concentration of bacteria was also 

studied for the optimization of the assay; 1 x 107 CFU/mL for V. vulnificus was the 

optimal concentration to enable a rapid determination of phage lysis. 

After the optimal microtiter parameters were established, the final microtiter 

experiments were performed on the seven V. vulnificus strains commonly used in our 

laboratory.  The data compiled with this assay were then compared to the results of the 

soft agar overlay assays performed simultaneously, and there was general agreement 

between the methods.  For a phage-bacterial strain combination that had no effect using 

the soft agar overlay method, the OD readings in a microtiter assay usually increased 
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with time and eventually plateaued similarly to the no phage control.  For a phage-

bacterial strain combination that had any effect using the soft agar overlay method, the 

OD readings in a microtiter assay usually decreased within the first couple of hours and 

plateaued at that level, although some levels decreased even more or others gradually 

increased over time.  The microtiter experiments of M06-24/O and VV1009 completely 

agreed with the soft agar overlay phage typing assays.  Phages that caused a significant 

decrease in bacterial densities also caused a clear confluent plaque in the soft agar 

overlay assays.  Moreover, the significant lysis of M06-24/O and VV1009 in the 

microtiter assays was seen between 2 h and 4 h, which was a significantly shorter period 

of time for results compared to an overnight incubation period for the soft agar overlay 

experiments (Figs. 7a and 7b).  Interestingly, phage CK-2 caused a small but detectable 

decrease in OD of M06-24/O and VV1009 in the microtiter experiments, although no 

plaques were observed in the soft agar overlay phage typing assays.  Therefore, the 

microtiter assays might be more sensitive than the soft agar method.  The minute effect of 

phage CK-2 on these V. vulnificus strains may correspond to an incomplete infection by 

the phage.  One possible explanation for this incomplete infection is the expression of a 

receptor needed by phage CK-2 for attachment and infection of the bacteria at very small 

numbers by only a subset of the bacterial population.  Thus, the small probability of 

phage CK-2 to attach and infect the bacteria is reflective of the small but yet significant 

lysis observed on the microtiter assay, while no effect is observed in the soft agar overlay 

assays.  Another possible explanation for the incomplete infection of M06-24/O and 

VV1009 by CK-2 is that the phage has a defective replicating and/or lysing process for 

these strains of bacteria.  
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As seen with M06-24/O and VV1009, phages that caused a clear, confluent plaque 

on a V. vulnificus strain using the soft agar overlay phage typing assays always 

significantly lysed the strain using the microtiter method.  In contrast, phages that caused 

turbid confluent plaques on the soft agar overlay method did not always cause 

measurable lysis using the microtiter method.  For example, for V. vulnificus MLT403 all 

phages that caused a clear confluent plaque (153A-7, 108A-9, 110A-7, CK-2, and 3a) 

caused significant lysis in the microtiter experiment (Fig. 3-7e).  However, phage 152A-

9, which caused a confluent turbid plaque on MLT403, did not cause significant lysis in 

the microtiter assay.  A similar effect was observed with phage 153A-5 on MLT365 (Fig. 

3-7c).  However, phages 108A-9 and 3a, which caused a confluent turbid plaque in the 

soft agar overlay assays on MLT365, caused significant lysis in the microtiter assay.  

These results suggest that only some phages that cause turbid confluent plaques using the 

soft agar overlay phage typing method may be detected using the microtiter method.  As 

stated above, we considered a turbid confluent plaque on a soft agar overlay plate to 

represent a situation in which a number of bacterial cells was resistant to phage infection 

and, thus, the production of a turbid confluent plaque.  A possible explanation for the 

occasional detection of lysis by phages that caused confluent turbid plaques is different 

levels of lysis.  Some of the phages may cause enough lysis of the phage-sensitive 

bacterial cells to detect a decrease in bacterial density.  However, some phages may not 

be able to cause enough lysis of the phage-sensitive bacterial cells to detect a decrease in 

bacterial density by the reader.  Although the difference in turbidity of the confluent 

plaques cannot be detected by eye using a soft agar overlay assay, such a difference in 

turbidity might be detected by the microtiter method. 
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The microtiter method also revealed differences between phages with regard to the 

time required for lysis of different V. vulnificus strains.  For example, phages 108A-9, 

CK-2, and 3a began to significantly lyse MLT403 between 4 h and 5 h.  In contrast, 

phages 153A-7 and 110A-7 began to significantly lyse MLT403 between 7 h and 8 h 

(Fig. 3-7e).  These findings may have a significant impact on the important task of 

choosing the appropriate phage or phages for use as a therapy.  As stated before, 

V. vulnificus may possibly reside in oyster tissues that phages are unable to infiltrate.  

Thus, the inability by phages to penetrate oyster tissues may result in limited success of 

phage treatment of either naturally or experimentally infected oysters.  However, an 

enhanced treatment of V. vulnificus-infected oysters may be achieved by treatment of 

infected oysters with a phage that lyses V. vulnificus at a slower rate.  The vibrios 

infected in the accessible areas might invade into the phage-inaccessible areas and deliver 

the phage.  The use of such a strategy may result in phages indirectly “transported” to 

areas where phages would not otherwise be present.  The phage progeny can now infect 

and lyse V. vulnificus in these areas, resulting in an increase in the level of 

decontamination of V. vulnificus in oysters.  Although not a part of this thesis, an 

enhanced treatment of V. vulnificus-infected mice, as detailed in the Introduction section, 

may have been achieved by treatment of infected mice with a phage that lyses 

V. vulnificus at a slower rate.  An infected, yet unlysed bacterium may shuttle a phage 

into the intercellular fluid were infection of V. vulnificus is reportedly localized, but 

where phages would not otherwise be present due to their inability to pass through the 

vascular endothelium.  After the lysis of this phage-infected bacterium, progeny phages 

would now have the ability of infecting other bacteria that are localized in the 
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intercellular fluid.  A similar approach was reported by Broxmeyer and colleagues, 

detailed in the Introduction (20). By using a non-virulent mycobacterium, M. smegmatis, 

infected with a lytic phage that produced non-stable lysogens, TM4, they were able to 

treat a M. tuberculosis or M. avium infected macrophage monolayer.  M. smegmatis was 

used as a vehicle to transfer phage TM4 into the intracellular environment of the 

macrophage monolayer where M. tuberculosis or M. avium were residing for treatment of 

these infections. 

Although infectivity of phages generally corresponded between the microtiter and 

soft agar overlay methods, results obtained for V. vulnificus 2400112 and LL728 did not 

fully agree between the methods (Figs. 7f-g).  Infection of V. vulnificus 2400112 with 

phages 108A-9, 152A-9, 153A-7, 154A-8, and 153A-8 and V. vulnificus LL728 with 

phage 153A-8 caused clear confluent plaques on the soft agar overlay assays; however, 

these phages did not significantly lower the ODs in the microtiter assays.  Furthermore, 

phages 153A-7, 154A-8, 108A-9, and 110A-7 that yielded scores of 2 or 3 on the soft 

agar overlay assays caused no significant lysis of LL728 in the microtiter assays.  

However, when the microtiter assays for 2400112 and LL728 were repeated at an 

elevated temperature of 37°C instead of the usual RT, the results completely 

corresponded between the methods, even for the phages that scored a 2 or 3 on the soft 

agar overlay method (Figs. 8a-b).  These results suggest that these strains of V. vulnificus 

require an elevated temperature to express the receptors for these phages to infect and for 

replication.  Furthermore, the detection of phages 153A-7, 154A-8, 108A-9, and 110A-7 

on LL728 using the microtiter assays at 37°C, even though they only scores of 2 or 3 in 

the soft agar overlay assays, suggests that at this elevated temperature the detection of all 
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different types of plaques may be possible.  The positive results observed with 

V. vulnificus 2400112 and LL728 at 37°C also suggests that the performance of the 

microtiter assays could be enhanced for the other strains of V. vulnificus at 37°C instead 

of at RT.  V. vulnificus preferentially grows at 37°C compared to RT.  At this preferential 

temperature, V. vulnificus may increase the ability of the phages to infect and replicate.  

Additionally, other phages significantly lysed stains 2400112 and LL728 in the 

microtiter method at 37ºC, even though they did not cause lysis in the soft agar overlay 

assays, for example, phage 154A-9 (Figs. 8a and 8b).  Possible reasons for the differences 

in the detection of infection of phages may be due to environmental differences the 

bacteria and phage encounter between both methods.  In the microtiter assays a liquid 

environment is encountered, while in the soft agar overlay assays a semi-solid 

environment is encountered by both phages and bacteria.  Moreover, as detailed above, 

the difference in temperature in the microtiter assays may also have an impact on phage 

infection and lysis.  Emphasizing this point, although 153A-5 did not cause any plaques 

in the soft agar overlay phage typing assays, it significantly lysed strain 2400112 in the 

microtiter assay at 37°C by 8 h (Fig. 3-8a) but not at RT (Fig. 3-7f).  Interestingly, our 

laboratory reported sporadic protection of mice infected with V. vulnificus 2400112 by 

phage 153A-5, but concluded that these results were of “questionable biological 

significance” (55).  The temperature condition in which this phage can infect and kill 

V. vulnificus 2400112 may have been present in several of the V. vulnificus 2400112-

infected mice but not in all, thus a sporadic protection by the phage.  For example, some 

of the infected mice may have had a more rapidly decreasing temperature due to the onset 
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of V. vulnificus-induced sepsis, resulting in a decrease in the ability of phage 153A-5 to 

infect and lyse V. vulnificus 2400112.   

The development of the microtiter method demonstrated the potential of this assay 

to examine the level of infectivity of phages on V. vulnificus strains in a small scale 

format.  The ability of testing different bacterial strains of V. vulnificus in various 

combinations with different phages in a 96-well microtiter plate is highly efficient and 

productive.  Such an extensive experiment using the soft agar overlay method would 

require significantly more materials.  Furthermore, the sensitivity of detecting minute 

differences in bacterial densities by the microtiter plate reader also allows for rapid 

determination of phage sensitivity of V. vulnificus strains, usually detected in as little as 2 

h.  Furthermore, this method decreased the level of subjectivity that is encountered with 

the soft agar overlay method- either it lysed or not.  The examination of phages in the 

microtiter assays at RT and 37°C may indicate temperature requirements for certain 

phages to infect and lyse certain V. vulnificus strains and different time requirements for 

lysis of bacteria.  Lastly, these two properties, which are not easily examinable using the 

soft agar overlay method, may result in a more comprehensive understanding of the 

nature of the phages in our collection for later consideration in their usage in a 

therapeutic application. 

After the examination of the phages in our collection using both phage typing 

methods and the isolation of additional phages that could be useful for phage treatment 

applications, studies to examine the potential of phages to decontaminate V. vulnificus-

infected oysters were now possible.  The establishment of an experimental oyster 

infection model was deemed an advantageous, controlled method to examine the 
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potential of phages to eliminate V. vulnificus in oysters.  However, attempts at stably 

infecting oysters with substantial levels of V. vulnificus similar to that observed in 

naturally infected oysters, as high as 6 log CFU/g tissue, were unsuccessful.  Infecting 

oysters with V. vulnificus resulted in unacceptably low levels of V. vulnificus, usually 

between 3 and 4 log CFU/g tissue (Fig. 3-10).  This level of contamination was not 

considered to be high enough for phage treatment experiments, because the minimal level 

of detection of V. vulnificus in oyster tissues using LB-N plates was 1.3 log CFU/g tissue.  

We would therefore have difficulty observing significant drops of V. vulnificus 

contamination in oysters treated with bacteriophages.  Thus, we examined different 

parameters to achieve a higher level of infection in oysters.   

To increase the level of FLA042 contamination in oysters, oysters were pretreated 

with Rif prior to infection with FLA042.  We hypothesized that the normal bacterial flora 

of the oysters was preventing the colonization of exogenously administered V. vulnificus 

in our oyster experiments.  We further hypothesized that the pretreatment of oysters with 

Rif would eliminate the normal bacterial flora enabling more effective infection of 

oysters by the inoculated V. vulnificus strain.  In fact, Rif-treated oysters did not yield any 

CFU on LB-N plates; apparently the Rif treatment was extremely effective in eliminating 

normal bacteria flora.  The remarkable elimination of the normal flora, which also 

includes naturally contaminating V. vulnificus, with the use of Rif or any other antibiotic 

may be considered a potential method for decontaminating oysters.  However, the U.S. 

government has a zero tolerance policy on the usage of antibiotics for decontamination 

purposes on consumable products (GAO report number GAO-04-246).  The Rif-treated 

oysters infected with FLA042 for 6 h had a significant increase in the level of 
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contamination with FLA042 of 6.0 ± 0.59 log CFU/g tissue (Fig. 3-10).  The effect of 

longer duration of infection with V. vulnificus was also studied to examine if an infection 

longer that 6 h would result in an increase in the level of contamination in oysters.  

Infection of Rif-treated oysters with V. vulnificus FLA042 for longer than 6 h did not 

result in higher infection levels of FLA042 in oysters compared to Rif-treated oysters 

infected with FLA042 for 6 h.   

It has also been suggested that in the natural environment oysters acquire 

V. vulnificus infections during filter-feeding on algae.  As opposed to filtering the vibrios 

directly, it is believed that the vibrios are attached to the algae that the oysters filter.  

Thus, the effect of feeding oysters algae simultaneously with the infection of V. vulnificus 

was also studied for possible increases in the level of contamination in oysters.  Infection 

of oysters with V. vulnificus FLA042 for 6 h coupled with feeding oysters algae did not 

result in any significantly higher infection levels of FLA042 in oysters compared to 

oysters that were infected for 6 h in the absence of algae (Fig. 3-10).  Furthermore, the 

combination of Rif-pretreatment of oysters and feeding oysters algae simultaneously with 

the infection of V. vulnificus did not cause any higher levels of FLA042 infection 

compared to oysters that were only Rif-treated before infection with FLA042 (Fig. 3-10).  

Thus, we concluded that the treatment of oysters with Rif and infection with V. vulnificus 

for 6 to 7 h was the best method for infecting oysters to yield a high level of 

contamination. 

After the successful establishment of an experimental oyster infection model, the 

examination of the potential of using bacteriophages to decontaminate experimentally 

infected oysters was now possible.  However, prior to any such experiments, naturally 
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occurring phages in oysters and in the water housing the oysters were enumerated using 

the soft agar overlay method.  High levels of infectious phages naturally occurring in 

oysters and in the water could indicate a possible obstacle during phage treatment 

experiments involving experimentally or naturally infected oysters.  On V. vulnificus 

M06-24/O, which was exceptionally sensitive to many phages in our collection, 3.5 ± 

0.43 log PFU/g tissue were isolated from oyster homogenate (Fig. 3-13).  On 

V. vulnificus MLT403, which was insensitive to many of the phages in our collection, 2.0 

± 0.30 log PFU/g tissue were isolated from oyster homogenate.  DePaola and colleagues 

reported that the number of phages infectious to M06-24/O in oysters ranged from 

approximately 104 to 105 PFU/g tissue throughout the year, using a direct phage 

enumeration procedure similar to the soft agar overlay method we used for our 

experiments (56,57).  Their finding, thus, corresponded with our findings; the slightly 

smaller number of phages enumerated on V. vulnificus M06-24/O by us compared to 

DePaola and colleagues may be related to an overnight incubation period of the oysters in 

seawater in our experiment, probably resulting in the “shedding” of a few of the phages.  

No phages were enumerated in the water housing the oysters, most likely due to the 

levels being below the detectable level using the soft agar overlay method.  Our inability 

to enumerate any phages in the water was similar to the results of DePaola and colleagues 

in which they were unable to detect any phages in the seawater using the direct phage 

enumeration procedure.  However, the water samples we tested were different to those 

experiments reported by DePaola et al.; we enumerated the number of phages in the 

water housing oysters after an incubation period, whereas DePaola et al. enumerated the 

number of phages from natural seawater.  Nevertheless, the inability of enumeration of 



124 

 

phages lytic to V. vulnificus in waters surrounding oysters, either in a natural or 

experimental setting, suggests that the phages are mostly retained in oysters as opposed to 

freely flowing in the water.  Having as high as 104 to 105 PFU/g tissue of naturally 

occurring infectious phages in oysters as reported by DePaola could result in interference 

of these phages with the attempts of treating either naturally or experimentally infected 

oysters with phages.  For example, some of the naturally occurring phages may be 

temperate phages that are infecting V. vulnificus, rendering them immune to infection by 

the administered phages in our experiments that have similar phage types by 

superinfection immunity.  However, this may not be very plausible.  Although we found 

high levels of infectious phages for M06-24/O, we found smaller levels of infectious 

phages for MLT403 in oysters.  Since most of our experimental oyster infection 

experiments involved Rif resistant MLT403, FLA042, we felt that naturally occurring 

phages at the range of 102 PFU/g tissue should not significantly interfere with our phage 

treatment experiments.  

We next examined the ability of phages to be retained by oysters using phage CK-2 

by comparing the PFU in oyster tissues and the water housing the oysters before and after 

a rinse.  If similar concentrations of phage CK-2 were present in oysters and in the water, 

the results would suggest that the phages are not retained by oysters, instead the phages 

are freely moving between the oysters and the water.  Prior to the commencement of this 

experiment, a portion of the oysters was sampled to enumerate the number of lytic phages 

infectious to MLT403.  Unlike the previous experiment, no naturally occurring phages 

were found in the oysters or in the water housing the oysters.  Oysters that were 

administered 1 x 107 PFU/mL of phage CK-2 had equal levels of phage CK-2 in the 
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oysters and in the water, 7.3 ± 0.13 log PFU/g tissue vs. 7.7 log PFU/mL, respectively 

(Fig. 3-14).  However, after an overnight rinse in fresh seawater, the level of phage CK-2 

in oysters was mostly retained compared to a significant decrease in phage CK-2 in the 

water, 6.7 ± 0.12 log PFU/g tissue vs. 5.2 log PFU/mL, respectively.   

Altogether, this finding agreed with our earlier observation on naturally occurring 

phages and the experiments reported by DePaola et al. (56,57) that oysters do retain 

phages infectious to V. vulnificus.  As reported by DePaola et al., phages infectious to 

V. vulnificus are found throughout different oyster tissues and fluids.  The lowest 

concentrations of phages were found in the hemolymph and the mantle fluid; however, 

the lowest concentrations of V. vulnificus were also found in these fluids.  The 

relationship between phages and different oyster tissues may block the ability of oysters 

to eliminate the phages, resulting in the retention of the phages.  Furthermore, the fact 

that phages infectious to V. vulnificus are found throughout different oyster tissues and 

fluids may suggest possible elimination of V. vulnificus contamination with the 

administration of therapeutic phages.  

The treatment of oysters experimentally infected with V. vulnificus FLA042 with 

either phage 3a or CK-2 separately at 1 x 108 PFU/mL did not result in any significant 

decrease in the level of V. vulnificus contamination in oysters (Fig. 3-15).  We 

hypothesized that the combination of both phages 3a and CK-2 at 1 x 108 PFU/mL each 

could result in more killing of FLA042 in infected oysters.  Since phages 3a and CK-2 

most likely attach to different receptors, we hypothesized that the infection of cells by 

both phages 3a and CK-2 simultaneously may result in more efficient infection and 

killing, resulting in possible significant decreases in the level of V. vulnificus 
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contamination in oysters.  Furthermore, the use of two different phages would also 

increase the probability of killing the cells that may become resistant to one of the 

phages.  Depending on the length of infection of oysters with FLA042, a significant 

decrease in the level of V. vulnificus contamination in oysters resulted with the 

combinational administration of both phages CK-2 and 3a.  The highest decrease in 

contamination, as high as 2.2 logs (>99%), was observed with oysters that were infected 

with FLA042 for 1 h (Fig. 3-16).  Smaller decreases, approximately 1 log (90%), were 

observed with oysters that were experimentally infected for 6 h or 24 h prior to treatment 

with phages CK-2 and 3a (Fig. 3-17).  The difference in decontamination could indicate 

that the V. vulnificus were in a more susceptible physiological phase at 1 h of infection 

compared to 6 h or 24 h.  As stated above, by 6 h the level of infection of oysters with 

V. vulnificus seems to reach equilibrium.  This longer period of infection may allow the 

bacteria to reach equilibrium and attain a physiological state that makes the bacteria more 

resistant to phage infection and lysis by phages CK-2 and 3a.  We hypothesized that this 

physiological state may correspond to a growth transition of the bacteria into stationary 

phase.  The transition of V. vulnificus growth to stationary phase might impede the ability 

of phages CK-2 and 3a to infect and lyse these bacteria.  However, another plausible 

explanation is the ability of V. vulnificus to invade oyster tissues that phages are unable to 

penetrate, resulting in the protection of the bacteria from phage infection and lysis.  This 

may explain the observed greater protection of the bacteria with a 6 h infection compared 

to a 1 h infection.  The longer period of infection of oysters prior to phage treatment may 

have allowed the bacteria more ample time to invade oyster tissues that phages cannot 

infiltrate.  If any of these explanations are true, then treating naturally infected oysters 
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may be difficult, if not impossible, because oysters in the wild are infected with 

V. vulnificus for a considerable time.  Another possible explanation for the inability of 

phages CK-2 and 3a to completely eliminate V. vulnificus FLA042 contamination in 

oysters may have been to the occurrence of spontaneous phage-resistant bacterial cells.  

However, after testing several V. vulnificus colonies recovered from phage-treated oysters 

for susceptibility to phages CK-2 and 3a, all of the colonies were still susceptible to 

phage infection and lysis. 

One potential artifact of the decontamination of experimentally infected oysters 

treated with phages CK-2 and 3a was that the phages infected and lysed the bacteria only 

after the homogenization of the oyster tissue.  For example, during the incubation period 

with phages CK-2 and 3a, V. vulnificus may have been residing in tissues that phages 

were unable to access; however, upon homogenization of the oyster tissue, the phages 

would now be able to infect and lyse the bacteria.  To test this possibility, tissues of 

oysters that were infected for 1 h with V. vulnificus were spiked with an equal 

concentration of phages CK-2 and 3a that the phage-treated oysters in the experiments 

detailed above would have encountered during phage treatment.  This phage spiked-

oyster tissue was then homogenized and plated for enumeration of V. vulnificus.  Treating 

V. vulnificus-contaminated oyster tissue with phages immediately before homogenization 

did not result in any decontamination (Fig. 3-16).  Therefore, phages CK-2 and 3a 

decontaminated the oysters of V. vulnificus FLA042 during the treatment period of live 

oysters and not after the tissues were homogenized. 

Growth of V. vulnificus in Oysters 

As detailed above, one possibility for the lack of complete elimination of 

V. vulnificus was that the bacteria had slowed or stopped their growth, rendering them 
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phenotypically phage-resistant.  Virulent phages depend on the metabolism of the host 

cell for replication, eventually involving the lysis of the bacterium to release phage 

progeny.  The fact that phage treatment of oysters infected for 1 h was more effective 

than treatment of oysters that were infected for 6 h or 24 h was consistent with the 

possibility that the bacteria had reached stationary phase.  Furthermore, the leveling off 

of the level of V. vulnificus in experimentally infected oysters may also be a direct, but 

not conclusive, evidence of the cessation of growth of V. vulnificus.  Thus, two 

complementary methods were utilized to examine the level of growth of V. vulnificus in 

experimentally infected oysters: a marker plasmid and an Amp enrichment method. 

Marker Plasmid pGTR902 Assay 

A Rif-resistant M06-24/O strain of V. vulnificus, FLA077, containing the pGTR902 

marker plasmid, which was constructed by Angela Starks, was utilized to examine the 

level of growth of V. vulnificus.  In the presence of arabinose, the marker plasmid is 

replicated by the bacteria.  However, in the absence of arabinose, the marker plasmid is 

not replicated by the bacteria and segregates from the population of the bacteria during 

bacterial growth.  The growth proportion was calculated as the ratio of the number of 

bacteria containing the marker plasmid to the total number of bacteria.  Oysters that were 

infected for 7 h with FLA077(pGTR902) were analyzed for the number of bacteria 

containing or not containing the marker plasmid immediately after the 7 h infection 

period and after 4 h, 16 h, or 40 h incubation period in fresh seawater (Fig. 3-18).  The 

growth proportion after the 7 h infection was log -1.4.  However, the growth proportions 

among the rinse periods were relatively constant at log -2.4 to log -2.7.  The relatively 

constant growth proportions indicated a lack of growth of V. vulnificus 

FLA077(pGTR902) even after a 40 h rinse.  The death proportion was calculated as the 
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ratio of the number of bacteria containing the marker plasmid at the various times to the 

number of bacteria containing the marker plasmid before rinsing.  The death proportions 

of FLA077(pGTR902) were also relatively constant among the different rinse cycles 

ranging from log -0.6 to log -0.9.  The relatively constant death proportions among the 

sampling times indicated a lack of death of the bacterial cells.  The relatively constant 

growth proportions and death proportions suggested that V. vulnificus was in stationary 

phase during the experimental oyster infection experiments. 

Ampicillin Enrichment Assays 

Further evidence of the lack of growth of V. vulnificus was obtained with the Amp 

enrichment experiments using both V. vulnificus FLA042 and FLA077.  The antibiotic 

Amp works by the inhibition of enzymes required by bacteria for the synthesis of 

peptidoglycan.  The inhibition of such enzymes results in osmotic bacterial cell lysis.  

However, if bacteria are not replicating, the synthesis of peptidoglycan does not occur, 

and no osmotic bacterial lysis occurs.  The mode of action of Amp can be used as a 

marker for bacterial replication.  In our studies, if V. vulnificus in oysters were not killed 

after Amp enrichment, then this would indicate a lack of growth of the bacteria. 

Oysters that were infected with V. vulnificus FLA042 for either 6 h or 7 h were 

treated overnight with 100 µg/mL of Amp, resulting in a decrease of CFU between 2.4 to 

3.1 logs, (Figs. 19 and 20).  Although a significant portion (as high as 99.9%) of the 

population of V. vulnificus infecting oysters was susceptible to Amp, a level of 

V. vulnificus of approximately 103 CFU/g tissue was still not susceptible to the Amp 

treatments.  The insensitivity to Amp by a subset of the population suggested a lack of 

growth by these bacteria.  In comparison, phages CK-2 and 3a at 1 x 108 PFU/mL each 

decreased the level of V. vulnificus by 1.2 logs (97%), resulting in a level of V. vulnificus 
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of approximately 105 CFU/g tissue not susceptible to phage treatments (Fig. 3-20).  The 

approximate log drop in this experiment was consistent with our earlier results of phage 

treatment of oysters that were infected for 6 h.  Another group of infected oysters was 

treated overnight with both Amp and phages CK2 and 3a.  With the combinational 

treatment, the level of V. vulnificus infection decreased by 3.8 logs (Fig. 3-20).  The 

decrease between the Amp only treated oysters and the combinational treatment of both 

Amp and phages CK-2 and 3a was not significantly different.  These results suggest that 

phages CK-2 and 3a killed the same bacteria that were killed by Amp treatment alone, 

although Amp alone killed more bacteria in total than phages CK-2 and 3a alone.   

The significantly better killing with Amp alone than with phages CK-2 and 3a 

alone were hypothesized to be differences between the phages and Amp, such as their 

mode of killing and/or physical properties.  The more effective killing observed with 

Amp treatment, which readily diffuses through tissues and fluids of animals, may indicate 

a more efficient penetration of Amp through oyster tissues than phages CK-2 and 3a to 

kill the bacteria.  This phenomenon may easily be explained by the larger physical size of 

phages CK-2 and 3a compared to the antibiotic Amp.  Another possibility for the greater 

killing observed with Amp may represent a minute difference in the level of stationary 

phase the bacteria are exhibiting that may be detected with Amp but not with phages CK-

2 and 3a.  Phages CK-2 and 3a may be unable to kill any bacteria that are not fully 

metabolically active, including the expression of necessary receptors for infection, 

whereas Amp can kill bacteria that are only slightly metabolically active.  Another 

explanation may be that lethal concentrations of Amp accumulated in non-actively 

growing bacteria in oysters during the Amp treatments.  After the oyster tissues were 
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homogenized and plated onto a rich medium, the bacteria transitioned to exponential 

growth resulting in the death of these bacteria by the mode of action of Amp.      

Since the marker plasmid assays involved V. vulnificus FLA077 and the above 

enrichment assays involved V. vulnificus FLA042, an Amp enrichment assay was 

performed with V. vulnificus FLA077 to bridge both V. vulnificus growth assays together.  

Oysters were infected for 7 h with V. vulnificus FLA077 and then treated overnight with 

100 µg/mL of Amp.  The treatment of oysters with Amp significantly decreased the level 

of contamination in oysters by 2.6 logs (99%) (Fig. 3-21).  This level of decrease was 

similar to the decrease observed with Amp treatment of V. vulnificus FLA042 infected 

oysters described above.  Moreover, as seen with V. vulnificus FLA042, V. vulnificus 

FLA077 was not completely killed by Amp treatment.  A level of approximately 102 

CFU/g tissue contamination remained in the oysters, again suggesting that a subset of the 

bacteria is not growing sufficiently to be killed by Amp.   

At first analysis, it appeared that the marker plasmid and Amp assays yielded 

discordant results for the replication or lack of replication of V. vulnificus in infected 

oysters.  However, the marker plasmid assay showed significant growth up to 11 hours 

after initial infection.  The lack of growth occurred after that 11 hours of infection.  The 

Amp assay showing 99.9% killing of supposedly replicating vibrios was performed after 

7 hours of infection, within the period of growth observed with the marker plasmid assay.  

Therefore, there may not, in fact, be a discrepancy.  If the Amp assay was performed after 

11 hours of infection, we would hypothesize that the level of killing would significantly 

drop.  The higher level of killing by Amp relative to that observed with phage can 
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possibly be accounted for by the relative sensitivities of these agents to growth or statis of 

the target bacteria. 

Attempts at Stimulation of V. vulnificus Growth Coupled with Phage Treatment 

Since the marker plasmid and the Amp enrichment assays indicated that a lack of 

growth of V. vulnificus may be the hindrance to complete elimination of V. vulnificus in 

oysters, attempts were undertaken to stimulate V. vulnificus growth in oysters to increase 

the level of killing by phages CK-2 and 3a in our experimental oyster infection model. 

V. vulnificus infections in our mouse model required the administration of iron 

prior to infection for a proper infection to ensue.  We hypothesized that supplementation 

of the water with iron during the phage treatment of oysters may stimulate the growth of 

V. vulnificus.  However, the addition of iron at 5 µM did not significantly increase the 

level of growth of V. vulnificus in oysters (Fig. 3-22).  Thus, we concluded that in the 

oyster environment iron is not a limiting factor for the growth of V. vulnificus. 

Another method to attempt to increase the growth of V. vulnificus was an increase 

in water temperature during the phage treatment period from RT to 32.5°C.  The increase 

in water temperature increased the level of growth of V. vulnificus in oysters by 0.9 logs 

(Fig. 3-23).  Moreover, the treatment of oysters with phages CK-2 and 3a at the elevated 

water temperature resulted in a larger decrease of V. vulnificus contamination compared 

to those at RT (1.8 logs vs. 1.1 logs)(Fig. 3-23).  However, both phage-treated oyster 

groups (RT or 32.5°C) were decontaminated to comparable levels of V. vulnificus, 4.5 ± 

0.57 log CFU/g tissue vs. 4.6 ± 0.46 log CFU/g tissue, respectively.  These results 

suggest that the larger decrease of bacteria in the oysters treated with phages CK-2 and 3a 

at 32.5°C was caused by the phages killing the bacteria that were stimulated to grow by 

the increase in water temperature.  These results further suggested our hypothesis that the 
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incomplete elimination of V. vulnificus contamination in experimentally-infected oysters 

by phages 3a and CK-2 may be the lack of growth of the bacteria. 

After establishing an oyster infection model for V. vulnificus that resulted in high 

levels of contamination comparable to levels seen in naturally infected oysters, the 

treatment of experimentally infected oysters with phages CK-2 and 3a resulted in 

significant decontamination.  However, we felt that the levels of decontamination were 

not sufficient to be commercially acceptable.  We hypothesized that the incomplete 

elimination of V. vulnificus with phage treatment in oysters was in part a result of the lack 

of growth of the bacteria.  We were able to demonstrate with the use of a marker plasmid 

and an Amp enrichment assay that a subset of the population of V. vulnificus in oysters 

was not growing adequately, if at all.  These observations suggest a possible reason for 

the inability of phage 3a and CK-2 to completely eliminate V. vulnificus in oysters.  

However, we have no data regarding the state of growth of V. vulnificus in naturally 

infected oysters.  

Phage Treatment of Naturally Infected Market Oysters 

The main goal of this thesis project was to evaluate the potential of phage treatment 

for decontaminating naturally infected market oysters of V. vulnificus.  The significant, 

albeit incomplete, decrease of V. vulnificus in experimentally infected oysters with 

phages CK-2 and 3a suggested that similar results could also be obtained with phage 

treatment of naturally infected oysters.  This could eventually lead to a commercially 

viable strategy to render oysters safer for human consumption.  Currently, as mentioned 

in the Introduction, a few post-harvest treatment (PHT) methods are utilized in the oyster 

industry to decrease the level of V. vulnificus in oysters.  The use of hydrostatic-high 

pressure as high as 45,000 psi, mild elevation of seawater temperature housing oysters, 
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and the temporary quick freeze method have been shown to successfully reduce the level 

of V. vulnificus contamination in harvested oysters.  However, the use of such PHT 

methods can kill the oysters and lead to an additional significant expense that is usually 

passed on to consumers.  Furthermore, oyster enthusiasts complain that the texture and/or 

taste of oysters are altered by such PHT methods.   

If treatment of oysters with phages were satisfactory for the decontamination of 

oysters, it would have advantageous features compared to other PHT methods presently 

utilized in the oyster industry.  For example, phages are relatively inexpensive to produce 

in high concentrations, which would likely lead to a lesser expense passed on to 

consumers.  Due to the specificity of bacteriophages, bacteriophages that infect and kill 

only V. vulnificus would not alter the natural flora as seen with some of the other PHT 

methods.  Moreover, bacteriophages are not known to have any adverse effects in 

oysters; hence, oysters remain alive during phage treatments, unlike other PHT methods. 

In contrast to the use of LB-N-Rif plates to enumerate Rif-resistant V. vulnificus 

strains in the experimentally infected oysters, other enumeration methods had to be 

utilized for enumeration of V. vulnificus contamination in market oysters.  The first 

quantification method evaluated was the use of selective media for enumeration of 

V. vulnificus.  Both TCBS and VVM, or derivatives of VVM such as cellobiose-colistin 

(CC) and cellobiose-polymyxin B-colistin (CPC), have been widely used to quantify the 

number of V. vulnificus in raw oysters (58,59).  Since some selective media have low 

plating efficiencies for the bacteria of interest, the plating efficiencies of both VVM and 

TCBS media were compared and that of LB-N using V. vulnificus M06-24/O and 

MLT403.  VVM had a higher plating efficacy compared to TCBS for both broth cultures 
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of V. vulnificus and with either naturally infected or experimentally FLA042-infected 

oysters (Fig. 3-24).  VVM had a 2.4 log higher efficiency compared with TCBS for 

naturally infected or the experimentally infected oysters.  Furthermore, the plating 

efficacies of both VVM and LB-N were identical.  VVM was selective against E. coli and 

was differential for V. cholerae because of the color difference produced by the bacteria.  

Therefore, VVM was used for several of the phage cocktail treatment studies on market 

oysters.  However, yellow colonies that were not V. vulnificus were observed on VVM 

plates during enumeration of V. vulnificus contamination in naturally infected oysters.  

Thus, careful consideration was taken when interpreting data from the studies of phage 

treatment of naturally infected oysters using the selective medium VVM.  A yellow 

colony that exhibited different colony morphology to those typically associated with 

V. vulnificus was assumed not to be V. vulnificus, and, thus, was not taken into account 

during the enumeration process.  Furthermore, we recognized that not all yellow colonies 

that exhibited colony morphology similar to V. vulnificus were in fact that species of 

bacteria.  However, we concluded that similar proportions of V. vulnificus and non-

V. vulnificus yellow colony-forming bacteria should be present in each individual oyster; 

thus, any significant difference observed between the phage-treated and untreated oyster 

groups most likely represented a decrease in the number of V. vulnificus.  Erroneously 

counting non-V. vulnificus yellow colonies as V. vulnificus would have the effect of 

artifactually decreasing the calculated level of decontamination levels with phage.    

The selection of phages for our experiments was made by the comparison of the 

host range and level of infectivity of each phage compiled during the use of the soft agar 

overlay and the microtiter phage typing methods.  Five phages (153A-5, 153A-8, 154A-8, 
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3a, and 4a) were selected for the first experiment due to their broad host ranges with a 

level of infectivity of 5.  Phage cocktail treatment of naturally infected oysters with these 

phages each at 1 x 108 PFU/mL resulted in a significant decrease of 1.5 logs of 

V. vulnificus contamination in oysters (Fig. 3-25).  This level of decrease was similar to 

the level of decontamination observed in experimentally infected oysters treated with 

phages CK-2 and 3a. 

In an attempt to increase the level of decontamination of V. vulnificus in oysters, 

three more phages exhibiting broad host ranges were added to the cocktail of phages for 

the second experiment.  Phage-cocktail treatment of naturally infected oysters with the 

larger pool of phages (phages 108A-9, 110A-7, 153A-5, 153A-7, 153A-8, 154A-8, 3a 

and 4a) but at a lower concentration of each at 1 x 107 PFU/mL resulted in a similar 

significant decrease of 1.4 logs of V. vulnificus contamination in oysters (Fig. 3-26).  

Furthermore, in the second experiment we demonstrated that the cocktail of phages was 

only able to decrease the level of contamination of these oysters to levels of 

contamination enumerated from oysters that were sampled immediately upon their arrival 

into the laboratory (Fig. 3-26).  The nonphage-treated oysters experienced a rise in 

V. vulnificus CFU during overnight incubation in seawater.  The fact that the phage 

cocktail treatments were able to bring the level of contamination in oysters to the same 

level of contamination they were initially at prior to any incubation period in seawater 

suggested that the phages were only able to kill the bacteria that grew overnight in the 

oysters incubated in seawater.  These findings reflect the results observed with the 

experimentally infected oysters at RT or 32.5°C in which a higher concentration of 

V. vulnificus was observed with the elevated temperature; however, the treatment with 
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phages CK-2 and 3a resulted in decreasing the levels of contamination back down to 

where they were before the incubation at elevated temperature.  It appeared that only the 

“extra” bacteria that were stimulated to grow by the elevated water temperature were the 

“extra” bacteria that were killed by phages CK-2 and 3a.  Thus, the incomplete killing of 

V. vulnificus with phage-cocktail treatment may be due to the lack of growth of the 

bacteria, as demonstrated with experimentally infected oysters treated with phages CK-2 

and 3a at RT or 32.5°C. 

Because VVM plates were not absolutely selective and differential for 

V. vulnificus, a DNA-hybridization probe, VVAP, (60) was used to evaluate the level of 

decontamination of V. vulnificus with a cocktail of phages on naturally infected oysters.  

Oysters were treated with a cocktail of all of the phages in our collection, at 1 x 107 

PFU/mL each, with the exception of CB-1, which was not included.  Similar to the two 

previous phage-cocktail treatment experiments, the phage-cocktail treatment significantly 

decreased the level of contamination of V. vulnificus in oysters by 1.1 logs (Fig. 3-27).  

The use of either the VVM plates or the VVAP DNA-hybridization technique for 

enumeration of V. vulnificus contamination in oysters demonstrated a decrease in 

V. vulnificus contamination of approximately 1 log.  Although the use of VVM plates for 

enumeration of V. vulnificus was less laborious compared to the use of the VVAP probe, 

the specificity of the VVAP probe for V. vulnificus significantly decreased the probability 

of an error in counting bacterial colonies that were non-V. vulnificus during such 

experiments.  Thus, future experiments involving the enumeration of V. vulnificus 

contamination in market oysters should be enumerated with the use of the VVAP DNA-

hybridization probe.  If needed, the VVM plates can be used for estimation or as a 
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secondary method for the determination of the level of V. vulnificus contamination in 

market oysters.  Together, these results demonstrated a phage-induced decontamination 

of naturally infected oysters ranging from 1.1 logs to 1.5 logs.  However, we do not 

consider the remaining levels of V. vulnificus contamination in oysters treated with a 

cocktail of phages, approximately 103 CFU/g tissue, to be safe for human consumption, 

or at least an acceptable commercial application.  

In conclusion, the treatment of experimentally infected oysters with phages 3a and 

CK-2 and naturally infected oysters with a cocktail of phages resulted in a significant 

decrease in the level of V. vulnificus decontamination.  However, the number of 

V. vulnificus that remained in the oysters after phage treatment, approximately 103 CFU/g 

tissue for phage-treated market oysters, was still an unacceptable level for human 

consumption.  The acceptable level of V. vulnificus contamination in oysters set by the 

FDA for human consumption is less than 3 MPN/g tissue.  However, this method is not 

equivalent to the quantitative plating method used in our experiments.  Using both the 

marker plasmid pGTR902 and the Amp enrichment assays, we demonstrated that a 

possible reason for the inability of complete elimination of the bacteria by phages was a 

lack of growth of the bacteria in the oysters.  For phage infection and lysis of a bacterial 

cell to occur, bacteriophages necessitate the metabolic machinery of the host for 

replication.  If an infected bacterium is in stationary phase, then the metabolic machinery 

is not readily available for phage replication and eventual lysis of the bacterium.  This 

hypothesis was further supported with the results of the experimentally FLA042-infected 

oysters treated with phages CK-2 and 3a at either RT or 32.5°C.  Phages CK-2 and 3a 

seem to have killed the bacteria that were stimulated to replicate by the increase in water 
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temperature.  This killing of the stimulated bacteria by phages CK-2 and 3a at the 

elevated temperature resulted in similar final levels of V. vulnificus as in the phage-

treated oysters at RT, suggesting that the state of growth of the bacteria is a factor for the 

incomplete killing of V. vulnificus in experimentally infected oysters.  A similar 

phenomenon was observed with the naturally infected oysters treated with a cocktail of 

phages.  The treatment of naturally infected oysters with a pool of phages resulted in a 

significant decrease of contamination compared with control oysters not treated with 

phage but experiencing the same incubation conditions; however, the final level of 

contamination of the phage-treated oysters was similar to the level of contamination seen 

in oysters that were never incubated overnight in seawater.  This result suggested that the 

phages were only able to infect and lyse the bacteria that were growing during the 

overnight incubation period in seawater.  All in all, the findings in the experimentally and 

naturally infected oyster experiments consistently suggested that a subset of the 

V. vulnificus population in oysters are in stationary phase. 

Our findings suggesting a lack of growth of V. vulnificus in oysters are in 

agreement with a report by Kolter et al. suggesting that bacteria in a marine environment 

are generally in stationary phase due to the lack of nutrients in the environment (64).  

Marine bacteria are believed to go through what is known as a “feast or famine lifestyle” 

in which the bacteria are usually in stationary phase with short periods of exponential 

growth when nutrients come available for utilization by the bacteria.  During stationary 

phase, bacteria are observed to induce different physiochemical properties in comparison 

to properties observed during exponential growth.  During stationary phase, bacterial 

cells decrease in size with the condensation of the cytoplasm.  The nucleoid condenses as 
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well, causing a decrease in gene expression.  While the periplasmic volume increases 

during stationary phase, the cell wall decreases in fluidity and permeability.  These 

physiochemical changes are known to induce significant resistance to environmental 

stresses such as osmotic or heat shock, including cell infection and lysis by 

bacteriophages.  Thus, the physiological state of bacteria is important for phage infection 

and replication.  However, some phage genomes, such as phage T4, are known to 

produce stable infective centers in bacterial cells in stationary phase, termed a 

“hibernation” period (62).  When the bacterial cells exit stationary phase to exponential 

phase, due to the availability of nutrients, the phages begin the replication process 

eventually causing lysis of the bacteria.  Furthermore, some P. aeruginosa-specific 

phages infect and lyse P. aeruginosa in stationary phase even after the bacteria were 

starved for five years (65).  E. coli-phage T7M infects and lyses E. coli that is in 

stationary phase.  The phages in our collection were not examined for their ability to 

infect and/or lyse V. vulnificus in stationary phase.  However, such a study could 

elucidate the usability of these phages during phage treatments of either naturally or 

experimentally infected oysters, and could even explain the lack of complete 

decontamination in oysters with phage treatments.  Furthermore, gram-negative bacteria 

in stationary phase are also believed to be metabolically active, only at a significantly 

lower rate, expressing only vital genes for the survivability of the bacteria.  This last 

finding may explain the greater decontamination levels obtained with Amp treatment 

compared to phage CK-2 and 3a treatment in our Amp enrichment experiments (Fig. 3-

20).         
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Attempts to stimulate growth of V. vulnificus in experimentally infected oysters 

during phage treatment with phages CK-2 and 3a were unsuccessful at stimulating all the 

bacteria to grow and, thus, increasing the probability of infection and lysis by the phages.  

Another supplementation to stimulate growth of V. vulnificus in oysters could be MgCl2 

and KCl, which are present in the VVM selective medium.  These compounds have been 

reported to be stimulating growth factors for V. vulnificus (58,59).  The addition of the 

divalent cation Mg+2 could also increase the ability of certain phages to infect 

V. vulnificus, as described with phage CB-1.  Seawater obtained from the Whitney 

Laboratory was diluted approximately half with ddH2O, halving the concentration of 

these cations.  This could have decreased the growth rate of V. vulnificus in oysters and 

also decreased the ability of our phages to optimally infect and lysis V. vulnificus in 

oysters. 

Another possible approach to increase the level of decontamination in oysters that 

was not examined during this project is an increase in the concentration of phages used 

during the treatment process.  In general, we treated contaminated oysters with 

concentrations of phages ranging from 1 x 107 PFU/mL to 1 x 108 PFU/mL.  However, 

higher concentrations of phages in the range of 1 x 109 PFU/mL to 1 x 1010 PFU/mL may 

result in bacterial lysis from without.  Lysis from without results when a threshold of 

phage adsorptions occur to a single bacterial cell, thus, overwhelming the bacterial cell 

causing non-proliferative lysis of the bacterium (62). Such a strategy may afford a 

technique for killing the bacteria that are in stationary phase, since the replication process 

of phages is not followed during this type of infection.  However, the addition of such 
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large quantities of phages may be an added expense burden if applied in a commercial 

setting. 

Altogether, the results presented in this thesis demonstrate that phage treatment of 

V. vulnificus contamination in both naturally and experimentally infected oysters results 

in decreases of contamination ranging from 1 log to 2 logs, depending on the particular 

experiment.  However, the level of contamination after phage treatment was still too high 

for consideration as a commercial application.  We demonstrated that a possible 

explanation for the incomplete elimination of V. vulnificus contamination in oysters may 

be a lack of growth of V. vulnificus, resulting in the inability of the phages to infect and 

kill the bacteria.  Other potential strategies in conjunction with phage treatment were 

presented above to clarify the potential lack of growth of V. vulnificus and possibly 

render V. vulnificus susceptible to phage infection and lysis, resulting in further decreases 

in contamination.  However, due to a possible lack of growth of V. vulnificus in oysters, it 

may prove impossible to improve upon the level of decontamination of V. vulnificus in 

oysters with the use of therapeutic phages.   
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