
ABSTRACT 

DOMBROSKI, CAROL SUE. Characterization and use of a nalidixic acid resistant 
strain of Vibrio vulnificus for the evaluation of freeze and thermal inactivation in raw 
oysters. (Under the direction of Dr. Lee-Ann Jaykus) 

Vibrio vulnificus is a ubiquitous marine bacterium frequently isolated from 

shellfish and associated with severe and often fatal disease in humans. Various control 

strategies to reduce the disease risk associated with V. vulnificus contamination in 

shellfish have been proposed. However, evaluating the efficacy of these control 

strategies is complicated due to the difficulty in distinguishing V. vulnificus from the high 

background levels of other environmental Vibrios. The purpose of this research was to 

develop a model indicator V. vulnificus strain, which could be readily differentiated from 

background micro flora in order to facilitate the evaluation of processing efficacy. A 

spontaneous nalidixic acid resistant strain of V. vulnificus (Vv-NA) was prepared from a 

wild-type parent (Vv-WT) using selective plating techniques. Vv-NA was identical to Vv-

WT with respect to biochemical characteristics, appearance on selective plating media, 

detection limits using MPN and PCR, and growth rate. In comparative freeze 

inactivation studies, Vv-WT and Vv-NA had nearly identical freeze inactivation profiles 

at -20°C (conventional freezing, 97%) and in liquid nitrogen (cryogenic freezing, 40%). 

At-85°C (cold blast freezing), Vv-NA was slightly more resistant than Vv-WT, i.e., 93% 

inactivation verses 99% inactivation, respectively. Conventional freezing (slow), cold 

blast freezing (fast), and liquid nitrogen (cryogenic) methods were applied to oyster 

homogenates to evaluate freeze inactivation using the model indicator strain. Vv-NA was 

inactivated 95-99% in oyster homogenate after any one of the freezing scenarios. 
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COMPREHENSIVE REVIEW OF THE LITERATURE 

INTRODUCTION 

The adverse human health effects of Vibrio vulnificus were first reported in 197 5 

(Blake et al., 1979). Since that time, V. vulnificus has gained considerable attention due 

to the rapid and lethal characteristics of the disease in humans. Initially, V. vulnificus was 

described as a rare, halophilic lactose-fermenting Vibrio species. This organism causes 

two fairly distinct and rare human disease syndromes, i.e., primary septicemia and wound 

infection. These diseases are associated with the consumption of raw shellfish, primarily 

oysters, or contact with seawater, respectively (Blake et al., 1979). Today, it is well 

known that V. vulnificus is a ubiquitous marine organism which may accumulate to high 

numbers in seawater and shellfish, particularly oysters (Tamplin et al., 1982; Oliver et al., 

1983). 

Various control measures have been suggested in an effort to reduce the disease 

risk associated with V. vulnificus. These include shellfish harvest restrictions, labeling 

requirements, public education, and various processing strategies. For instance, 

restaurants in California, North Carolina, and several Gulf states that serve.shellfish are 

required to post warning labels that describe the specific health risks posed to susceptible 

individuals consuming this food commodity. Public education programs have been 

promulgated by industry and the Food and Drug Administration (FDA), largely focused 

at physicians treating susceptible shellfish consumers. A variety of shellfish harvesting 

restrictions have been proposed, ranging from a complete ban on shellfish harvesting in 

the summer months to specific harvest location restrictions. In almost all cases however, 



these control measures have met with limited success and poor acceptance by shellfish 

harvesters, processors, and conswners. 

MORPHOLOGY AND PHYSIOLOGY CHARACTERISITICS 
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Following a detailed taxonomic study in 1976 and DNA hybridization studies in 

1977, V. vulnificus was given official taxonomic status in 1980 (Oliver, 1989). In this 

process, V. vulnificus was clearly differentiated by nomenclature from V. 

parahaemolyticus and V. a/ginolyticus. V. vulnificus is a Gram negative halophilic 

mesophile. It is classified as an obligate halophile because it requires sodiwn chloride to 

survive and grows optimally when 1-2% NaCl is present in its environment. V. 

vulnificus, as a mesophile, grows optimally at 37°C at which its generation time is 22-30 

minutes. Similar to most members of the Vibrio genus, V. vulnificus is not fastidious and 

grows readily in a variety of media, assuming a sufficient salt concentration is provided. 

One unique biochemical characteristic that distinguishes V. vulnificus from other Vibrio 

species is its ability to ferment lactose (Oliver, 1989). 

Two types of selective and differential media are used to isolate and differentiate 

V. vulnificus from other Vibrio species: (1) Thiosulfate-citrate-bile salts-sucrose (TCBS) 

agar and (2) cellobiose-polymyxin B-colistin (CPC) agar (Massad and Oliver, 1987). 

TCBS agar is used for the isolation of all pathogenic Vibrios, including V. vulnificus. 

Most V. vulnificus strains will not ferment the sucrose in TCBS and therefore appear as 

round green or blue-green colonies. Unfortunately, other Vibrio species may also appear 

as green colonies on TCBS agar. Rare strains of V. vulnificus do ferment sucrose in 

TCBS agar and produce larger yellow colonies. These ambiguities make interpretation of 
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TCBS plating results difficult. CPC agar takes advantage of the colistin and polymyxin 

B resistance of V. vulnificus and V. cholerae. The high temperature ( 40°C) of incubation 

used for CPC agar also selects against the growth of other marine bacteria. The 

fennentation of cellobiose is used as the differential element in CPC agar. V. vulni.ficus 

fennents cellobiose, producing yellow colonies on CPC agar, whereas V. cholerae 

appears purple on this agar, due to its inability to fennent cellobiose (BAM, 1992). 

Vibrio vulnificus also possesses the somewhat unique ability to enter the viable 

but non-culturable state (VBNC). This was first reported in 1989 when Oliver et al. 

observed that V. vulni.ficus was not capable of growth when incubated at temperatures 

lower that 10°C, however this temperature was not lethal to the cells (Oliver and 

Wanucha, 1989). Wolf and Oliver (1992) demonstrated that when V. vulnificus was 

incubated at 5°C, representing typical refrigeration temperatures, the organism entered 

the so-called VBNC state. The VBNC state is characterized by a loss of plateability, a 

reduction in cell size, a reduction in macromolecular synthesis and characteristic cellular 

morphology changes (Oliver, 1993). Entrance into the VBNC state is dependent upon 

the type of organism, perhaps even the particular strain, and the physiological age of the 

culture. Interestingly, non-culturable V. vulni.ficus cells can be restored to a culturable 

state simply by increasing the temperature above 10°C. Both non-culturable and 

resuscitated cells of V. vulnificus have been demonstrated to retain virulence in laboratory 

animals (Wolf and Oliver 1992). The relationship between temperature·and VBNC state 

pose interesting interpretation problems for investigators seeking to evaluate temperature-

based processing strategies to control this organism. 
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ECOLOGY 

Vibrio vu/nificus is ubiquitous in marine environments, has been identified from a 

variety of environmental sources and isolated in diverse geographical locations, including 

80 different U.S. coastal sites from Miami, FL to Portland, ME (Oliver et al., 1983). 

Additionally, V. vulnificus has been identified in oysters from fisheries located in Brazil 

(Matte et al., 1994) and detected at low levels in fish and shellfish collected from Cochin, 

India (Thampuran and Surendran, 1998). While most studies have been conducted in the 

U.S., it is likely that this organism has world-wide distribution. 

The effect of water temperature on the growth and isolation of V. vu/nificus in its 

natural marine habitat has been well documented. Kelly (1982) was the first to describe 

the seasonal variation in the occurrence of V. vu/nificus in the Gulf of Mexico. He noted 

that the organism was seldom recovered from cold water but was often recovered when 

water temperatures were above 25°C. Furthermore, the frequency of recovery increased 

steadily during warm-water periods, peaking in September, after water temperatures had 

been above 25°C for several months. These observations supported the hypothesis that V. 

vu/nificus grew best at elevated temperatures and led to the demonstration of an optimal 

growth temperature of37°C (Kelly, 1982). Research performed in Florida estuaries 

confirmed the seasonal variation of V. vulnificus in seawater and also demonstrated the 

effect of water temperature on the concentration of V. vu/nificus in contaminated 

shellfish. In this case, V. vu/nificus was often isolated from both seawater and oyster 

samples during the summer and fall months but was not detected in either during the 

winter and spring months (Tamplin et al., 1982). 
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The specific effects of temperature on the survival of V. vulni.ficus in seawater and 

shellfish have been described (Kaspar and Tamplin, 1993). In general, an initial study 

demonstrated that the number of V. vulni.ficus increased during a 6-day incubation at 13-

220C, but the organism survived poorly· at temperatures below 8.5°C. In addition to 

temperature, salinity plays an important role in the growth and survival of V. vulni.ficus. 

Kelly (1982) observed that growth of V. vulni.ficus was favored by relatively low salinity 

environments, such that optimal growth occurred in media containing 1.0 to 2.0% NaCl, 

and no growth occurred in media containing <0.1 % NaCl or >5 .0% NaCl (Kelly 1982). 

In a third study, which investigated the effects of environmental factors on V. vulni.ficus 

growth, it was demonstrated that V. vulni.ficus levels decreased in non-sterilized seawater 

but increased in sterile seawater stored at 20°C over a two-week period. Clearly, 

environmental factors other than temperature and salinity directly affected the growth and 

survival ohhis organism (Kaspar and Tamplin, 1993). 

Since bacterial cells frequently become more sensitive after environmental 

stresses, using a selective media to identify an injured organism may be inadequate if an 

enrichment step is not included. Indeed, a 1989 study investigated the effect of isolation 

medium on the recovery of viable V. vulni.ficus in shellstock and shucked oysters. In this 

study, V.-vu/ni.ficus levels decreased 1 to 4 log units for two different oyster species held 

at 4°C over 6 days, and a direct-plating procedure gave consistently poorer recovery of V 

vulni.ficus than did a Most Probable Number (MPN) enrichment method.- This study also 

noted that recovery on selective media was influenced by the species of oyster tested 

(Kaysner et al., 1989). These findings are important to consider when evaluating the 

efficacy of various shellfish processing strategies to control V. vulni.ficus. 
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Shellfish are filter-feeding organisms which feed on algae and particulants in the 

estuarine environment and consequently accumulate environmental elements inside their 

intestinal tracts. As a result, microorganisms in the water column (both bacteria and 

viruses) are accumulated and indeed concentrated by shellfish during feeding (Galstoff 

1964, Portnoy et al., 1975). Currently, the level of fecal coliforms is used as an indicator 

of the microbiological quality of shellfish harvesting waters, the presence of which 

indicates a potential for recent fecal contamination. Unfortunately, V. vulnificus is 

ubiquitous to the marine environment and therefore its concentration is independent of 

the levels of fecal coliforms present. In fact, it has been reported that V. vulnificus was 

found more often in waters with a low fecal coliform level of <3/1 0OmL of seawater 

(Tamplin et al., 1982). 

EPIDEMIOLOGY 

Vibrio vulnificus is responsible for two distinct clinical syndromes in humans 

(Blake et al., 1979). The first disease syndrome to be identified was wound infections in 

apparently healthy people who had been in physical contact with contaminated seawater. 

Primary septicemia, the second and more severe disease, was observed in individuals 

who had-consumed raw shellfish and was limited almost exclusively to persons with 

underlying liver disease. A clearer understanding of the risk factors for V. vu/nifzcus-

associated diseases was determined from several case-control studies. Tacket et al. 

(1984) reported that patients with primary sepsis were more likely than controls to have 

eaten raw oysters and to have a history of liver disease. Patients with wound infections 

were more likely than controls to have had recent exposure of the skin to salt water or 
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shellfish. Johnston et al. (1985) confirmed this observation in a case-control study which 

reported that consumption of raw oysters combined with an immunosuppressed health 

status contributed to an increased risk for developing the septic disease. This study 

reported that 89% of the cases with primary septicemia had eaten raw oysters within a 

two-week period prior to illness onset. Also, this study implicated shellfish-related 

injuries and exposure to seawater as risk factors for acquiring wound infections; raw 

oyster consumption was not associated with the wound infection syndrome (Johnston et 

al., 1985). In 1988, Klontz et al. reported a third, gastrointestinal disease syndrome that 

was also associated with raw shellfish consumption. In most cases, this disease is self-

limiting and poses no severe long-term health consequences. 

Several case reports and surveillance studies have provided further information on 

V. vulnificus associated human disease. Klontz et al. (1988) reported mortality rates of 

55%, 24%, and 0% for the septic, wound infection, and gastrointestinal diseases, 

respectively. In 1996, a study of the epidemiology of 690 Vibrio infections in Florida 

found that the gastroenteritis syndrome was predominant (51 %), followed by wound 

infections (24%) and primary septicemia (17%). Case-fatality rates were 1 % for 

gastroenteritis, 5% for wound infections, and 44% for primary septicemia. Ninety-one 

percent of primary septicemia cases and 86% of wound infections occurred from April 

though October; 83% of the primary septicemia cases were associated with raw oyster 

consumption and pre-existing liver disease was present in 48% of these patients (Hlady 

and Klontz, 1996). Most recently, a 1997 review of 333 case reports revealed that V. 

vulnificus was responsible for 80% of all Vibrio-related septic infections. In this case, 

other Vibrio species implicated in primary septicemia were V. parahaemolyticus (9%), V. 



cholerae non-O1 (8%), and V. hollisae (3%). This study emphasized that Vibrio species 

other than V. vulni.ficus may contaminate raw shellfish and are capable of producing 

morbidity similar to V. vulni.ficus (Hlady, 1997). 

Poole and Oliver (1978) were the first to study the pathogenicity of V. vulni.ficus. 
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They discovered that V. vulni.ficus was lethal in a variety of laboratory animals, including 

mice, rats, hamsters, rabbits, and guinea pigs. An initial LD50 of 105 to 106 CFU was 

reported using the mouse model. To simulate infection acquired upon ingestion of V. 

vulni.ficus, a ligated ileal loop study was performed in rabbits and rats. In this study, 

high-density bacteremia (septicemia) developed rapidly, followed by death within several 

hours. Once the bacteria contacted the intestines, the organisms rapidly penetrated the 

intestinal wall and entered the bloodstream, resulting in septic shock and death, usually 

attributable to heart failure (Poole and Oliver 1978). 

Although V. vulni.ficus can be extremely virulent upon ingestion, mortality is 

largely associated with a particular type of health condition. Specifically, only those 

individuals suffering from liver disease, hemochromatosis, cirrhosis of the liver, hepatitis, 

or alcoholism, all of which share a common defect in iron metabolism, are likely to die 

from this disease. Using a mouse animal model, it has been demonstrated that when 

serum iron levels are elevated, even low doses (103 CFU) of V. vulni.ficus cause mortality 
. 

(Wright et al., 1981 ). However, a definitive relationship between infectious dose and 

serum iron levels in humans has yet to be determined. 

The infectious dose of V. vulni.ficus in humans is unknown. Conflicting data has 

been reported regarding differences between the virulence of clinical and environmental 

isolates of V. vulni.ficus (Stelma et al., 1992). In 1995, it was reported that oysters could 
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contain over 100 different strains of V. vulnificus, as evidenced by different pulsed-field 

gel electrophoresis (PFGE) patterns (Buchrieser et al., 1995). Furthermore, the virulence 

of these strains varied considerably. Investigators concluded that infectious dose may be 

different for each specific train, and particularly low infectious dose may be attributable 

to only one or a few strains (Tamplin et al., 1996). 

CONTROL MEASURES 

Harvest Restrictions 

The first proposed V. vulnificus control strategy was harvest restrictions. 

Typically, shellfish harvesting areas are classified using the fecal coliform index. 

Unfortunately, since V. vulnificus is ubiquitous to the marine environment, its levels do 

not correlate with the fecal coliform index and this classification is therefore ineffective 

(Tamplin et al., 1982): Additionally, imposing harvest restrictions based on season is 

economically disastrous and may be ineffective since one epidemiological study revealed 

that raw oysters could serve as the vehicle of transmission of Vibrio infections throughout 

the year (Klontz et al., 1993). 

Depuration 

Depuration has been used worldwide to eliminate microorganisms from shellfish, 

thereby improving product quality and safety. In general, V. vulnificus is not part of the 

natural flora of an oyster, but is concentrated from the water column during the filter -

feeding process. Oysters placed in artificially contaminated water readily concentrate V. 

vulnificus, however elimination by depuration may take up to two weeks (Kelly and 

Dinuzzo, 1985), which is far less efficient than elimination of the fecal indicator bacteria 
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(Jones et al., 1991). Tamplin and Caspers (1992) showed that depuration systems 

conducted at temperatures greater than 23°C actually caused V. vulnificus numbers to 

increase in oysters. However, when depuration was conducted with seawater maintained 

at l 5°C, V. vulnificus was not detected and multiplication in oyster tissues was inhibited. 

Additionally, when oyster shellstock was exposed to UV-treated seawater, V. vulnificus 

did not depurate well from the oysters (Tamplin and Capers, 1992). Most importantly, all 

studies have concluded that complete elimination of V. vulnificus by depuration is not 

achieved and that the organism remains persistent in the shellfish, further limiting the 

efficacy of this control strategy. 

GRAS Compounds 

In 1994, certain GRAS (Generally Recognized As Safe) compounds were tested 

to determine their lethal effect on V. vulnificus. Specifically, diacetyl, lactic acid and 

butylated hydroxyanisole (BHA) were tested in these studies. Only diacetyl was lethal to 

V. vulnificus in naturally-contaminated oysters. Lactic acid and BHA exhibited no effect 

on V. vulnificus and in some cases actually caused an increase in cell numbers. 

Interestingly, the diacetyl treatment that produced a noticeable decrease in V. vulnificus 

levels did not cause a significant decrease in the total number of bacteria, suggesting that 

diacetyl may have greater antimicrobial activity against V. vulnificus (Sun and Oliver 

1994). 

Radiation 

Ionizing radiation has been shown to be. an effective treatment for improving the 

safety and quality of shellfish. Irradiation studies on the oyster, Crassostrea virginica, 

have demonstrated that Vibrio species are among the most radiation sensitive bacteria and 
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that both V. cholera and V. vulnificus can be eliminated with low doses of 6°Co. 

Irradiated oysters did not demonstrate significant organoleptic changes according to a 

nine-point hedonic scale (Mallett et al., 1991). Unfortunately, further work on irradiation 

control strategies has not been undertaken to date. 

Heating 

Pasteurization has been investigated to extend the shelf-life of oysters. Early 

pasteurization work was performed on shucked oysters, which were blown ( or washed) in 

chlorinated water, placed in flexible pouches, exposed to a thermal treatment in a water 

bath, and then cooled on ice and stored. According to sensory tests, there was little 

difference in the organoleptic characteristics of pasteurized and freshly shucked oysters. 

However, this pasteurization study did not test the effects of heat on shellstock oysters 

nor did it specifically investigate the elimination of V. vulnificus (Chai et al., 1984). In a 

later follow-up study, Chai et al. (1991) reported that the optimum heat process for oyster 

pasteurization in plastic pouches was 75-76°C for 8 minutes. 

The effect of mild heat treatment on the survival of V. vulnificus in both pure 

culture and oysters was studied in 1992. Temperatures above 45°C brought" about rapid 

death of V. vulnificus in broth cultures and a D-value of 78 sec at 47°C was reported 

(Cook and Ruple, 1992). Thermal inactivation experiments were also performed in 

naturally-contaminated oysters, where a treatment of 50°C for 10 min reduced the levels 

of V. vulnificus to non-detectable. The authors described the mild heat treatment as 

unable to impart a noticeable cooked appearance or taste to the oysters (Cook and Ruple, 

1992). 
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Recently, several temperature-based strategies have been considered for the 

specific control of V. vulnificus in shellfish. It has been documented that normal cooking 

and steaming processes are sufficient to eliminate this heat sensitive organism from 

shellfish. AmeriPure Oysters, New Orleans, LA, has designed a patent-pending all 

natural process that applies heat to oysters in their unopened shells and claims to 

inactivate V. vulnificus from shellstock oysters. The FDA has approved the AmeriPure 

process and agreed to relax its labeling requirements for companies that use the new post-

harvest treatment (Anonymous, 1996). 

Cooling 

Although V. vulnificus is sensitive to thermal inactivation processes, heating 

oysters as a means of eliminating this harmful bacterium may not always be desirable. 

Consumers who wish to enjoy raw shellfish create a challenge to harvesters, shippers, 

and distributors who aim at providing a safe seafood commodity. As a result, cold 

temperatures such as refrigeration and freezing have been studied as an alternative 

method for inactivating V. vulnificus yet simultaneously preserving the integrity and 

hence organoleptic quality of raw oysters. 

Oliver (1981) first investigated the survival of V. vulnificus in oyster homogenates 

held at 4°C. His results indicated that V. vulnificus was rapidly inactivated when cells 

were incubated in oyster broth or in whole oysters at 0.5°C to 4°C, with a one-log 

reduction each 0.5 to 2 hours. Oliver also observed that cells died more rapidly when 

inoculated into a pre-cooled oyster broth than when the cells were inoculated directly into 

whole oysters and then stored on ice. As a result, the concept of quick chilling or 

freezing as a potential control strategy was suggested (Oliver, 1981). 
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Research performed by Cook (1997), demonstrated that V. vulnificus will multiply 

in un-chilled oyster shellstock at temperatures greater than 18°C. This study verified a 

recommendation by the National Shellfish Sanitation Program (NSSP) that shellstock 

oysters be stored at temperatures below 7 .2°C to suppress the growth of V. vulnificus. 

Cook completed further research to identify the optimal conditions necessary to prevent 

the growth of V. vulnificus in freshly harvested oysters by refrigeration. He observed that 

the largest increase in numbers of V. vulnificus in freshly harvested shellstock oysters 

occurred during the first 3.5 hours after harvest. The growth of V. vulnificus is rapid in 

un-refrigerated oysters and peaks after only 12 hours. As a result, the NSSP and the 

Interstate Shellfish Sanitation Conference (ISSC) recommended that "Shellstock, not 

intended for wet storage or depuration, shall be placed under temperature control 

(refrigeration) within 12-14 hours of harvest depending upon the average monthly 

maximum water temperature." By the summer of 1995 most Gulf Coast states had even 

more restrictive regulations than those set forth by the NSSP (Cook, 1997). 

In 1995, the ISSC adopted an additional control plan designed to help reduce the 

risk of V. vulnificus infection from raw oysters by minimizing post-harvest increases of 

the bacteria within oysters. The plan stated that any state whose waters had been 

confirmed as the original source of oysters associated with 2 or more V. vulnificus 
. 

illnesses would be required to refrigerate oysters within a specified time after harvest. In 

general, the higher the temperature of the water from which the oyster was harvested the 

quicker the fresh shellstock would have to be refrigerated. Small-scale oyster dredgers in 

the Gulf could not afford the additional cost and space of on-board refrigeration and as a 
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result, the supply, demand, and price for oysters from the Gulf of Mexico decreased 

(Associated Press, 1996). 

Related to refrigeration control strategies, the benefit of commercial processing 

procedures has also been examined. Based on the observation that V. vulnificus 

infections are typically associated with the consumption of raw oysters served on the 

half-shell rather than raw oysters which have been commercially processed, Ruple and 

Cook (1992) investigated the effect of commercial processing on reducing numbers of V. 

vulnificus in raw oysters. Commercial processing consisted of shucking, washing, 

draining, and packing oyster meat on ice. These researchers did not witness a significant 

reduction in the number of V. vulnificus in the oyster meat that was commercially 

processed by this method (Ruple and Cook, 1992). 

Freezing 

A freeze inactivation storage study performed in 1992 further supported the 

durability of V. vulnificus to cold temperatures. The most significant findings were that it 

was possible to culture V. vulnificus from oysters frozen at -20°C after 12 weeks. While 

frozen storage did reduce the number of V. vulnificus present in oysters, by no means was 

the organism completely eliminated (Cook and Ruple, 1992). 

An additional study concerning the combined effect of frozen storage and 

vacuum-packaging on the survival of V. vulnificus in oysters was performed in 1994. 

The benefit of adding a vacuum-packaging step to processed oysters stored at -20°C was 

not significant. After 30 days of prolonged frozen storage, oysters still contained up to 

102 CFU/g of V. vulnificus. Even after 70 days of frozen storage, inoculated samples 

contained 1 log unit of V. vulnificus, further confirming the durability of this pathogen to 
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frozen temperatures for an extended period of time. The economic aspects of this 

process, along with unacceptable changes in organoleptic quality and the failure to 

completely eliminate this pathogen, did not favor further studies of the vacuum-packaged 

oyster product (Parker et al., 1994). 

Cryogenic freezing has also been used to extend the shelf-life of oysters. A study 

performed at the Gulf Coast Research Laboratory (GCRL), Ocean Springs, MS, showed 

that cryogenic freezing with CO2 eliminated 99.9% of V. vulnificus, while preserving 

product quality and freshness. According to the GCRL study, V. vulnificus colonies 

decreased from l.5x10 5 CFU/g in oyster meat to 93 CFU/g after individual quick-

.freezing (IQF) of oysters. While traditional freezing methods cause cell damage and 

moisture loss, leaving the oyster meat mushy and flavorless, individual quick-freezing 

takes place at very low temperatures (-74°C), and claims to virtually eliminate cellular 

damage and flavor loss. (Berne, 1996). 

Thermoradiation 

In 1994, the combined effects of heat and radiation (called thermoradiation) on 

the inactivation of V. vulnificus in oyster homogenates was investigated. This study 

demonstrated that V. vulnificus cells were more sensitive to thermoradiation than heating 

or radiation alone. The investigators observed that cells were more resistant to heating in 
. 

oyster homogenates than in buffers at comparable temperatures. The proteinaceous 

compounds present in oysters most likely contributed to the survival of V. vulnificus. 

Interestingly, the larger the number of cells, the .greater the degree of resistance to heating 

or thermoradiation. Also, this study demonstrated the rapid destruction of V. vulnificus at 

reduced pH values. (Arna et al., 1994). 
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SUMMARY 

Conflicting evidence exists regarding the efficacy of proposed processing 

strategies to control and/or eliminate V. vulnificus from raw oysters. Clearly, thermal 

inactivation has been successful, although oyster meat tends to be protective of 

microorganisms, significantly reducing heat transfer (Arna et al., 1994). Also, there 

remains concern about the organoleptic quality of heat-processed shellfish. While 

cooling may prevent the growth of V. vulnificus in oysters, the ability of this processing 

strategy to completely eliminate this organism is questionable. Furthermore, there is 

conflicting evidence regarding the ability of V. vulnificus to withstand a variety of freeze 

inactivation strategies. 

The isolation and identification of V. vulnificus from clinical samples is 

reasonable straightforward, however identifying this bacterium from environmental 

sources is more complicated (Aono et al., 1997; Oliver et al., 1992; Vanoy et al., 1992). 

Accordingly, evaluating the efficacy of proposed processing strategies in shellfish is 

difficult without a useful means by which to distinguish V. vulnificus from other 

background Vibrio species. With this in mind, the purpose of this work was· to develop 

and characterize a spontaneous nalidixic acid resistant mutant of V. vulnificus and then 

use the mutant as an indicator to evaluate processing control strategies in raw oysters. 
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CHARACTERIZATION AND USE OF A NALIDIXIC ACID RESISTANT 
STRAIN OF VIBRIO VULNIFICUS FOR THE EVALUATION OF FREEZE AND 

THERMAL INACTIVATION IN RAW OYSTERS 

ABSTRACT 

Vibrio vulnificus is a ubiquitous marine bacterium frequently isolated from 

shellfish and associated with severe and often fatal disease in humans. Various control 

strategies to reduce the disease risk associated with V. vulnificus contamination in 

shellfish have been proposed. However, evaluating the efficacy of these control 

strategies is complicated due to the difficulty in distinguishing V. vulnificus from the high 

background levels of other environmental Vibrios. The purpose of this research was to 

develop a model indicator V. vulnificus strain, which could be readily differentiated from 

background micro flora in order to facilitate the evaluation of processing efficacy. A 

spontaneous nalidixic acid resistant strain of V. vulnificus (Vv-NA) was prepared from a 

wild-type parent (Vv-WT) using selective plating techniques. Vv-NA was identical to Vv-

WT with respect to biochemical characteristics, appearance on selective plating media, 

detection limits using MPN and PCR, and growth rate. In comparative freeze 

inactivation studies, Vv-WT and Vv-NA had nearly identical freeze inactivation profiles 

at -20°C (conventional freezing, 97%) and in liquid nitrogen (cryogenic freezing, 40%). 

At -85°C (cold blast freezing), Vv-NA was slightly more resistant than Vv-WT, i.e., 93% 

inactivation verses 99% inactivation, respectively. Conventional freezing (slow), cold 

blast freezing (fast), and liquid nitrogen (cryogenic) methods were applied to oyster 

homogenates to evaluate freeze inactivation usii:ig the model indicator strain. Vv-NA was 

inactivated 95-99% in oyster homogenate after any one of the freezing scenarios. 



Thermal inactivation comparisons using the capillary tube method at 47° -52°C revealed 

statistically significant differences in D-values between Vv-WT and Vv-NA. However 

these D-values were considerably higher than those reported by other investigators and 

hence provided a conservative means by which to evaluate thermal inactivation. When 

applied to seeded oyster homogenates, D-values of 1.3 ± 0.09 min and 0.41 ± 0.01 min 

were obtained at 46°C and 48°C, respectively. This study demonstrates that Vv-NA is 

readily enumerated and serves as an effective surrogate for evaluating the degree of V. 

vulnificus inactivation provided by freezing and thermal treatments of oyster 

homogenates. 

INTRODUCTION 

24 

Vibrio vulnificus is a naturally-occurring marine bacterium isolated intermittently 

from shellfish and their harvesting waters and epidemiologically associated with severe 

and frequently fatal infections in susceptible individuals. The most severe human disease 

syndrome associated with this organism is primary septicemia, which is almost always 

attributable to the consumption of raw oysters (Tacket et al., 1984). Individuals with 

particular health conditions, most often related to liver dysfunction, are at particular risk 

and mortality rates as high as 50% have been reported (Klontz et al., 1988). 

Gastroenteritis has also been associated with the consumption of shellfish contaminated 

with V. vulnificus, but with far less devastating consequences (Klontz et al., 1988). 

Despite the fact that septic V. vulnificus infection is relatively rare, significant 

public attention has focused on assuring the safety of raw shellfish, with particular 

attention on controlling this pathogen. Proposed control strategies have included harvest 
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restrictions, controlled purification, irradiation, and several thermal and freeze 

inactivation strategies. However, seasonal harvest restrictions are ineffective since raw 

oysters can serve as a vehicle of transmission of V. vulnificus infections throughout the 

year (Klontz et al., 1993). It has been demonstrated that V. vulnificus is not completely 

removed by depuration or relaying (Kelly and Dinuzzo, 1985). While V. vulnificus is 

quite radiation sensitive, these methods have not been thoroughly investigated even 

though preliminary reports suggest irradiated raw shellfish does not experience 

organoleptic changes (Mallet et al., 1991). 

Currently, temperature-associated control measures are receiving the most 

attention. For instance, a mild heat treatment (50°C for 10 min) performed on naturally-

contaminated oysters has been reported to inactivate V. vulnificus to non-detectable levels 

and a patent for this type of procedure is pending (Cook and Ruple, 1992; Andrews, 

1998). Other investigators have used cryogenic freezing to inactivate V. vulnificus from 

whole shell oysters in an effort to preserve product integrity and organoleptic quality 

(Berne, 1996; Oliver, 1981). However, some investigators have reported that although 

frozen storage reduced the number of V. vulnificus in oysters, the organism was not 

completely eliminated (Cook and Ruple, 1992). 

The isolation and identification of V. vulnificus from clinical samples is 

reasonably straightforward, however identifying this bacterium from environmental 

sources is more complicated (Aono et al., 1997; Oliver et al., 1992; Vanoy et al., 1992). 

Environmental members of the Vibrio genus comprise >50% of the bacterial isolates 

from marine waters. Most of these marine Vibrios have not been characterized 

phenotypically, and are easily confused with V. vulnificus. Specifically, research 
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demonstrates that the characterization of a marine Vibrio as sucrose-negative and lactose-

positive is not sufficient to assure its identity as V. vulnificus (Oliver, 1989). 

Accordingly, evaluation of the efficacy of proposed processing strategies in shellfish is 

difficult without a useful means by which to distinguish V. vulnificus from background 

Vibrio species. 

Biological indicators are important tools for food microbiologists who seek to 

evaluate food processing efficacy. These indicators can aid in detecting and 

differentiating microorganisms that are difficult to culture. For instance, some 

investigators have sought to develop specific non-pathogenic indicators (Listeria 

innocua) to evaluate thermal processes designed to control L. monocytogenes (Foegeding 

and Stanley, 1991; Fairchild and Foegeding, 1993). In this case, these investigators 

facilitated detection by transforming the biological indicator with antibiotic resistance 

using a plasmid vector (Foegeding and Stanley, 1991) or alternatively, by selection of 

antibiotic resistant strains using a gradient plating technique (Fairchild and Foegeding, 

1993). Other investigators have sought to use "marker" organisms to facilitate detection 

of organisms which are difficult to culture or distinguish from among a large background 

microflora (Mead et al., 1994; Panchev, 1995; Kaspar and Tamplin, 1993; Wang et al., 

1996). Biological indicators used in these cases were readily distinguished by either 
. 

specific antibiotic resistance traits or by transformation with a plasmid containing lux 

genes, allowing for detection by bioluminescence. 

The purpose of this work was to evaluate the efficacy of two temperature-based 

strategies to control V. vulnificus in oysters. In order to facilitate detection, a 

spontaneous nalidixic acid resistant mutant strain of V. vulnificus was developed and 
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compared to the parental strain with respect to a variety of biochemical and physiological 

parameters. The indicator was then utilized to effectively determine V. vulnificus 

inactivation in response to freezing and thermal treatments in a model shellfish system. 

MATERIALS AND METHODS 

Bacteriological media 

Most media used in this work has been previously described in the FDA 

Bacteriological Analytical Manual (BAM, 1992). All bacteriological media were 

obtained from Difeo Laboratories (Detroit, MI) unless otherwise stated and were 

prepared according to manufacturer's recommendations, or altered accordingly based on 

requirements of the experimental design. In most cases, incubations were done at 37°C 

for 18-24 h unless otherwise stated. Non-selective media included Brain Heart Infusion 

(BHI) Broth and Plate Count Agar (PCA). PCA was used to enumerate overall 

microflora, while BHI agar supplemented with 2% NaCl (BHI-NaCl) was used to 

enumerate all halophilic microflora. Marine Broth (MB) and Marine Agar (MA) were 

used to culture V. vulnificus in most studies; alternatively, BHI-NaCl in broth form was 

used in the growth rate and freezing studies. 

The Most Probable Number (MPN) method was used to culture and enumerate V. 

vulnificus from complex shellfish matrices or after any temperature-based inactivation 

experiments. The MPN procedure is typically used to enumerate organisms that are 

difficult to detect by direct plating methods. T~s work used the 3-tube MPN procedure 

to allow for the enrichment of V. vulnificus (Kaspar and Tamplin, 1988; BAM, 1992). 

Briefly, dilutions of V. vulnificus broth cultures or artificially-contaminated shellfish were 
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enriched at 37°C for 24 h in Alkaline Peptone Water containing 2% NaCl (APW). One 

loop from each tube was then streaked to two different selective plating media, i.e., 

Thiosulfate-Citrate-Bile Salts-Sucrose (TCBS) agar or modified Cellobiose-Polymyxin 

B-Colistin (CPC) agar. The TCBS plates were incubated at 37°C for 24 h, while the 

CPC plates were incubated at 40°C for 24 h. Plates were observed for typical colonies 

after incubation, i.e., green colonies on the TCBS agar and yellow colonies on the CPC 

agar. Results were reported as an average of duplicate analyses, rounded to two 

significant figures, and expressed as MPN of V. vulnificus per g of oyster tissue or per 

mL of initial culture media. 

Development of spontaneous mutant (Vv-NA) of V. vulniflcus 

A wildtype strain of V. vulnificus (ATCC 27562, American Type Culture 

Collection, Rockville, ·MD) (Vv-WT) was grown overnight in MB to a concentration of 

approximately lxl0 8 CFU/mL. Serial ten-fold dilutions of the overnight culture were 

spread-plated on MA plates supplemented with 20ug/mL of nalidixic acid (Sigma 

Chemical Co., St. Louis, MO) (Miller, 1972) and incubated at 37°C for 24 ti. 

Spontaneous nalidixic acid resistant colonies appeared at a frequency of approximately 

l:lxl0 6 Vv-WT cells. Mutant colonies (Vv-NA) were chosen and streaked to fresh 

nalidixic acid-supplemented MA for purification before biochemical characterization. 

Characterization of Vv-NA and comparison to wildtype (Vv-WT) 

Biochemical Reactions: Overnight MB cultures of Vv-WT and Vv-NA were 

subjected to eight biochemical tests as recommended by BAM (1992) including the; 
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DrySlide Oxidase Test; Motility Media Test; o-nitrophenyl-beta-D-galactosidase Test 

(ONPG); and growth characteristics in Triple Sugar Iron (TSI) Agar, Gelatin Agar (GA), 

Gelatin Agar with 2% NaCl (GS), Tryptic Soy Agar supplemented with 2% NaCl (TSA-

NaCl), and Brain Heart Infusion Agar supplemented with 2% NaCl (BHI-NaCl). 

Wildtype and mutant strains were further characterized using the API 20E Biochemical 

Identification Kit (bioMerieux Vitek, Inc., Hazelwood, MO). 

Enrichment and Selective Plating: To compare MPN detection limits between the 

mutant and wild-type strains, overnight suspensions of Vv-WT and Vv-NA cultured in 

MB at 3 7°C were serially diluted in Phosphate Buffered Saline (PBS) and used in the 

enrichment step of the MPN procedure. Enrichment was performed using either Alkaline 

Peptone Water containing 2% NaCl (APW) (pH=8.5), or APW supplemented with 

20ug/mL of nalidixic acid (APW-NA). Likewise, the MPN enrichment tubes were 

streaked to TCBS, CPC, TCBS supplemented with 20ug/ml nalidixic acid (TCBS-NA), 

and CPC supplemented with 20ug/ml nalidixic acid (CPC-NA). The supplemented and 

non-supplemented enrichment and selective plating studies were done in a matrix format. 

After standard overnight incubation at 37°C (TCBS and TCBS-NA) and 40°C (CPC and 

CPC-NA), plates were observed for characteristic growth to designate positive tubes and 

used to calculate the MPN per mL. 

Growth Rate: One-hundred uL of overnight BHI-NaCl cultures of Vv-WT and 

Vv-NA were inoculated into 100 mL of fresh BHI-NaCl broth and incubated at 37°C. 

One mL of each broth culture was removed hourly for eight hours and absorbance read at 

600nm using a Shimadzu UV-260 Spectrophotometer (Kyoto, Japan). Simultaneously, 
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1 mL of each broth culture was serially diluted in PBS and plated in duplicate to BHI-

NaCl agar. All growth rate experiments were performed in triplicate. Plots of growth 

rate versus time and plots of optical density values versus time were charted on Microsoft 

Excel using mean values (Microsoft Corp., Redmond, WA). 

Freeze Inactivation: A freeze inactivation comparison was performed between 

Vv-NA and Vv-WT to verify that the mutant strain was similar to the parental strain. Ten 

mL of overnight BHI-NaCl culture in Nalgene test tubes (Fisher, Atlanta, GA) were 

subjected to one of three freezing conditions: (l)-20°C for 24 h; (2)-85°C for 24 h; or 

(3) liquid nitrogen (LN2) submersion for 30 s. Cultures were thawed at room 

temperature, serially diluted in PBS and plated in duplicate to BHI-NaCl. Control tubes 

consisting of the overnight BHI-NaCl cultures just prior to freezing were similarly diluted 

and plated to establish the baseline CFU/mL. Each freeze inactivation experiment was 

performed in triplicate. Percent inactivation was calculated as follows: 

% Inactivation = Baseline CFU/mL - CFU/mL after Freeze-thaw x 100 
Baseline CFU/mL 

· Thermal Inactivation: Overnight suspensions of Vv-WT and Vv-NA_ cultured in 

MB were heat inactivated using the capillary tube method described by Foegeding and 

Leasor (1990). Briefly, capillary tubes were filled to a volume of 500 uL and heat sealed, 

submerged into a water bath, then removed from the water bath at designated time 

intervals and placed into an ice slurry. Specifically, capillary tubes were sampled prior to 

heat treatment, at 2 min intervals for 47°C, at 30 sec intervals for 50°C; and at 15 sec 

intervals for 52°C. After sampling, tubes were immediately cooled on ice, then sanitized 

by dipping in sodium hypochlorite (500 ppm, pH 6.5), crushed, serially diluted in PBS 
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and spread plated in duplicate to BHI-NaCl agar. Triplicate thermal inactivation trials 

were completed for each strain at all three temperatures. The slopes of the linear 

regression lines were plotted by Microsoft Excel from the survivor curves (log survivors 

vs time) in order to calculate D-values, where D = -slope-1
• 

DNA Extraction and PCR: One mL suspensions of overnight cultures of Vv-WT 

and Vv-NA were centrifuged at 10,000 x g for 5 min to sediment the bacterial cells. The 

pellet was washed twice in lmL PBS. DNA extraction was performed according to the 

protocol for using DNAzol (Molecular Research Center, Inc., Cincinnati, Ohio). In this 

method, cells were lysed using a guanidine-detergent solution, which hydrolyzes RNA 

allowing the selective precipitation of DNA with ethanol. Precipitation was followed by 

resuspension in 20-30uL of sterile water. 

The oligonucleotide primers for V. vulnificus used in this study have been 

previously described (Hill et al., 1991). The two 19-base primers, VVpl (5'-

CCGGCGGTACAGGTTGGCGC-3 ') and VVp2 (5' -CGCCACCCACTTTCGGGCC-3 ') 

are based on the cytotoxin-hemolysin gene (Yamamoto et al., 1990). PCR was done with 

the Gene-Amp kit (Applied Biosystems, Foster City, CA) as described in the 

manufacturer's instructions. Reaction tubes were incubated at 94°C for 10 minutes, 

followed by PCR amplification for 30 cycles, each consisting of94°C for 1.75 min, 67°C 

for 2 min, and 72°C for 2 min. A 10 to 15 uL portion of the PCR product was analyzed 

by gel electrophoresis on 2% agarose, stained with ethidium bromide, and visualized by 

UV light. 
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Freeze inactivation of V. vulnificus in oyster homogenate 

Live shell oysters obtained from Smyrna, NC (October-March 1998) were rinsed 

with tap water, brushed to remove dirt and debris, shucked and drained to remove excess 

liquor. Approximately 100 g of pooled oyster meats (n=24) were homogenized for 90 

seconds at the highest speed setting using a Servall omni-mixer (Norwalk, CT). Oyster 

homogenate was centrifuged at 10,000 x g for 10 min to remove shell debris and air 

bubbles. The separated watery liquor was then gently incorporated back into the oyster 

homogenate using a glass rod stirrer. Uninoculated oyster homogenate was then pipetted 

into 3 identical thin-walled hollow aluminum tubes (Courtesy of the Department of 

Biological and Agricultural Engineering, NCSU), capped with rubber stoppers and sealed 

with tape. One of these three uninoculated (control) tubes had a thermocouple placed 

within the center of the tube. Fifty g of oyster homogenate was inoculated with 50 uL of 

an overnight MB suspension of Vv-NA containing approximately lxl0 6 CFU/mL. Vv-

NA was mixed into the homogenate, and three aluminum tubes were filled with the 

inoculated oyster homogenate, capped, and taped closed. One g aliquots of both 

uninoculated and inoculated oyster homogenate (controls) were serially diluted in PBS 

and then; (1) spread plated to PCA in duplicate, (2) spread plated to BHI-NaCl in 

duplicate; and (3) inoculated into APW for completion of the MPN enumeration 

procedure. 

The aluminum tubes for freeze study were briefly stored at 4°C prior to freeze 

processing to equilibrate temperatures. Aluminum tubes were then placed into one of 

three freeze environments; conventional freezer at -17°C overnight (24 hr), cold blast 

freezer at-25°C (25 min), or submerged into liquid nitrogen (90 sec). After treatment 



33 

times, the tubes were thawed on the bench-top at room temperature. Homogenate was 

decanted from each tube into a Whirl-pak bag (Nasco, Inc., Sante Fe Springs, CA), the 

tubes were rinsed with PBS to assure removal of the entire volume of homogenate, and 

then the samples were serially diluted with PBS and plated to PCA, BHI-NaCl, and 

enriched in APW. Each freezing process was evaluated in triplicate. Percent inactivation 

of total aerobic microflora (excluding halophiles) (PCA), total halophilic microflora 

(BHI-NaCl), and Vv-NA (MPN enrichment procedure) was expressed as follows: 

% Inactivation= Baseline CFU/g - CFU/g after Freeze-thaw x 100 
Baseline CFU/g 

Thermal inactivation of V. vulnificus in oyster homogenate 

Fresh shell oysters, purchased from a local retailer supplied by the Gulf states 

(April-June 1998), were rinsed with tap water, brushed to remove dirt and debris, 

shucked and drained to remove excess liquor. Approximately 100 g of pooled oyster 

meats were homogenized for 90 seconds at the highest speed setting using a Servan 

omni-mixer. Oyster homogenate was centrifuged at 10,000 x g for 10 min to remove 

shell debris and air bubbles. The separated watery liquor was then gently incorporated 

back into-the oyster homogenate using a glass rod stirrer. Sixty g of this suspension was 

inoculated with 60 uL of an overnight MB suspension of Vv-NA (approximately lx10 6 

CFU/mL). Vv-NA was thoroughly incorporated into the homogenate by gentle mixing 

and then 10 g samples of the homogenate were pipetted into 4 oz Whirl-pak bags. 

Labeled bags were carefully flattened and sealed by folding in order to eliminate air 

pockets. Samples were stored briefly at 4°C prior to thermal exposure in order to 
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equilibrate temperatures. One g samples of the untreated inoculated homogenate 

( control) were also kept on ice until enrichment and plating. 

For thermal inactivation, Whirl-pak bags were positioned between two wire-mesh 

square plates fastened by clips to ensure that the samples were flat and secure during 

heating. One sample had a thermocouple placed inside to monitor temperature during 

heat inactivation. The inoculated samples, plus the sample containing the thermocouple, 

were aligned upright within a porous box cage and the entire cage was submerged into a 

water bath held at 46° or 48°C. After the target internal temperature was observed in the 

control sample, remaining samples were removed at designated time intervals (1 min 

intervals for 46°C, 0.5 min intervals for 48°C) and placed immediately into an ice slurry. 

After cooling, the thermally-treated samples and unheated controls were serially diluted 

in PBS and plated in duplicate to PCA and BHI-NaCl, and enriched in APW according to 

the 3-tube MPN method. In this case, only CPC agar was used for the MPN selective 

plating media since CPC agar is the preferred agar media for the detection and 

enumeration of V. vulni.ficus. Each thermal inactivation experiment was performed in 

triplicate. Percent inactivation of total aerobic microflora (excluding halophiles) (PCA), 

total halophilic microflora (BHI-NaCl), and Vv-NA (MPN enrichment procedure) was 

expressed as follows: 

% Inactivation= Baseline CFU/g - CFU/g after heating x 100 
Baseline CFU/g 

The slopes of the linear regression lines were plotted by Microsoft Excel from the 

survivor curves (log survivors vs time) in order to calculate D-values, where 

D = -slope-1• 
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RESULTS 

Characterization of Vv-NA and comparison to Vv-WT 

A thorough comparison of biochemical and physiological characteristics of the 

wildtype strain of V. vulnificus ( Vv-WT) and the nalidixic acid resistant mutant strain of 

V. vulnificus (Vv-NA) was completed in order to assess comparability of the strains. 

Eight different biochemical tests yielded similar results for both strains (Appendix A). 

Vv-NA colonies appeared more translucent and slightly smaller on BHI-NaCl agar than 

did Vv-WT. The API 20 E Biochemical Identification Kit also produced identical 

biochemical profiles for both Vv-WT and Vv-NA (Appendix B). It can be noted that 

although the amygdalin microtube, designated AMY, differed between the two strains, 

the final identification profile remained the same for both strains (bioMerieux Vitek, Inc., 

Personnel Communication). The limits of detection for PCR were identical at 1x103 CFU 

for both Vv-WT and Vv-NA (Appendix C). 

To evaluate the ability of Vv-NA to be consistently recovered from nalidixic acid-

supplemented media and to compare MPN detection limits between Vv-NA and Vv-WT, 

an MPN comparison was undertaken in matrix format. In this experiment, overnight 

suspensions of both Vv-NA and Vv-WT were enriched and plated on both antibiotic 

supplemented and non-supplemented media. Both Vv-NA and Vv-WT were detected 

similarly (at approximately lx106 CFU/mL) in media without nalidixic acid 

supplementation (Table 2.1). Vv-NA was also detected readily (4.5x105 - l.2x106 

CFU/mL) when APW or the selective plating media (TCBS or CPC) was supplemented 

with nalidixic acid. In fact, there were no statistically significant differences in detection 
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limits for Vv-NA when comparing supplemented and non-supplemented media. 

However, Vv-WT could not be detected using either antibiotic-supplemented enrichment 

broth or selective plating media, falling below the limit of detection for the MPN assay in 

all cases. Antibiotic supplementation of only the selective plating media was chosen for 

all subsequent thermal and freeze inactivation experiments because final recoveries of 

Vv-NA were slightly better using non-supplemented APW and because of concern about 

providing optimal opportunity for resuscitating injured bacterial cells. 

The growth curves (Figure 2.1) and optical density curves (Appendix D) for Vv-

WT and Vv-NA were similar. The maximum optical density obtained for Vv-NA was 

slighter lower than Vv-WT, which can be attributed to the more translucent phenotype of 

the mutant strain. Although initial experiments indicated a slight variation between the 

maximum populations achieved by each strain, repeated overnight cultures demonstrated 

that both strains reached nearly identical final populations after 18-24 hours of growth in 

both MB and BHI-NaCl broth (Data not shown). 

The freeze inactivation rates (Table 2.2) for Vv-WT and Vv-NA were practically 

identical for-20°C at 97.6% and 97.3%, respectively. A slight statistically significant 

difference was apparent between the strains when frozen at -85°C, with Vv-NA 

demonstrating 93.3% inactivation compared to 99.2% inactivation for Vv-WT. Similar 

freeze inactivation rates were again observed for Vv-WT and Vv-NA submerged in LN2 at 

40.9% and 38.4%, respectively. Because of the similarity between freeze inactivation 

profiles, and the fact that Vv-NA provided a slightly more conservative estimate of freeze 

inactivation at -85°C, Vv-NA was deemed acceptable for use in subsequent freeze 

inactivation studies for homogenized oysters. 
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The D-values for Vv-WT and Vv-NA in pure culture were calculated from 

survivor curves (Figures 2.2, 2.3, and 2.4) at three different temperatures (Table 2.3). 

The D-values (given in minutes) are slightly different between the two strains at 47°C and 

50°C, but almost identical at 52°C. Specifically, these were 2.2 ± 0.1, 0.83 ± 0.07, and 

0.21 ± 0.02 for 47°, 50°, and 52°C for Vv-WT; and 3.0 ± 0.01, 0.56 ± 0.02, and 0.22 ± 

0.02 for 47°, 50°, 52°C for Vv-NA. The corresponding Z-values for Vv-WT and Vv-NA 

were, 5.02°C and 4.38°C, respectively. 

Evaluation of freeze treatments in oyster homogenates 

Freeze inactivation rates are shown in Table 2.4 for organisms enumerated either 

by PCA, BHI-NaCl, or MPN using both TCBS-NA and CPC-NA agars. Freeze 

inactivation rates using PCA were 'indicative of inactivation of the oyster-associated 

aerobic (non-halophilic) bacterial population and fell within the range of 14-63%. Freeze 

inactivation of total halophiles (BHI-NaCl) ranged from 78-94%, with lower 

temperatures generally providing better inactivation. When evaluating freeze inactivation 

of Vv-NA specifically, bacterial recoveries on TCBS-NA were always less tµan those 

enumerated using the CPC-NA selective media. In general, freeze inactivation of Vv-

NA in oyster homogenates ranged from 95-99% and while there were slight variations 

betweeu inactivation rates for each of the freezing methods, none of these was 

statistically significant. Overall, the lowest percent inactivation rates were observed for 

the non-selective media (BHI-NaCl), indicating that other halophilic bacteria are 

probably less sensitive to freeze inactivation than is V. vulnificus. In general the rapid 
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homogenates, although again, the differences between treatments were not significant. 

Evaluation of thermal treatments in oyster homogenates 
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To investigate the efficacy of Vv-NA in the evaluation of thermal inactivation in 

oysters, a model experiment was designed to determine D-values in homogenized oyster 

meat. Temperatures of 46°C and 48°C were used since these resemble those used in 

commercial processing and reported by other investigators (Andrews, 1998). Samples 

after thermal inactivation were plated for enumeration on both PCA and BHI-NaCl, and 

for MPN enumeration using CPC-NA as the selective media. D-values were determined 

based on survivor curves (Figures 2.5 and 2.6). In general, the D-values using non-

selective media (BHI-NaCl) were higher, at 2.4 ± 0.48 min for 46°C and 0.93 ± 0.06 min 

for 48°C (Table 2.5). The data was similar when enumerating with PCA; in the case of 

PCA, inactivation rates were highly dependent upon oyster sample lot (Data not shown). 

When evaluating thermal inactivation of Vv-NA in oyster homogenates using the MPN 

enrichment method with CPC-NA selective media, D-values of 1.3 ± 0.09 min for 46°C 

and 0.41 ± 0.01 min for 48°C were determined based on survivor curves (Figures 2.7 and 

2.8). The corresponding Z-value for Vv-NA plated to CPC-NA was 3.99°C. Vv-NA 

could be readily identified, and the problems with interfering background microflora 

were virtually eliminated using this mutant V. vulnificus strain. 
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DISCUSSION 

Numerous methods of marking microorganisms to facilitate detection have been 

reported. Foegeding and Stanley (1991) transformed Listeria innocua with an antibiotic-

resistance plasmid in an effort to develop an indicator to evaluate thermal resistance of L. 

monocytogenes. Similarly, Foegeding et al. (1992) used antibiotic-resistance plasmid-

transformed Pediococcus acidilactici and L. monocytogenes to evaluate the effect of 

sausage fermentation on the survival of L. monocytogenes. In these cases, the authors 

acknowledged the low probability that indigenous microflora would possess the same 

resistance as the antibiotic resistant strain. Their method did permit selection of target 

bacterial strains from a mixed background microflora and facilitated monitoring of 

minority populations (Foegeding et al., 1992). 

Another popular method for marking bacteria involves incorporating Iux genes to 

produce bioluminescence in the organism of interest. Luminescence has been utilized as 

a "real-time" (without cultural enrichment) method for detecting key target bacteria in 

complex food or environmental matrices (Stewart and Williams, 1992). Bioluminescent 

strains of several foodbome pathogens have been used to study freeze and heat induced 

injuries in bacteria (Stewart and Williams, 1993). Also, a bioluminescent strain of E. coli 

0157:H7·has been used as a marker to evaluate sanitation-based control strategies for this 
. 

organism in the food processing environment (Panchev, 1995). All of the above-noted 

methods mark the target bacteria by genetic engineering via plasmid insertion. Several 

concerns surround the use of plasmid-encoded traits, including; plasmid loss or 

inconsistent gene expression, the technical difficulties sometimes associated with genetic 
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engineering techniques and the public perception of genetically engineered 

microorganisms. 

An alternative to plasmid-encoded antibiotic resistance or Lux gene expression is 

the production of spontaneous antibiotic resistance using selective pressures in antibiotic-

supplemented cultural media. In this method, bacteria would undergo chromosomal 

mutation to antibiotic resistance. Since the resulting antibiotic resistance trait is the result 

of a chromosomal mutation, the characteristic could well be more stable in contrast to 

plasmid-encoded antibiotic resistance. Further advantages include the simplicity of 

creating and selecting strains, since the method does not require complex genetic 

engineering nor is impacted by the negative public perception associated with 

genetically-modified microorganisms. 

Naliclixic acid is an antibiotic that inhibits DNA replication by targeting the 

bacterial gyrase protein, preventing the coiling and uncoiling of DNA required in 

transcription, and ultimately resulting in cell death (Miller, 1972). Since it is fairly 

simple to create spontaneous nalidixic acid resistant bacterial strains using simple 

selective plating techniques, this method has been used in the creation of identifiable 

marker organisms for a number of bacterial species. In its first application, investigators 

used a nalidixic-acid resistant strain of E. coli K12 as a marker to identify sites of cross-

contamination in a poultry plant. In this case, the investigators used the "tagged" E. coli 

strain as a surrogate for Salmonella, since the isolation, identification, and enumeration of 

Salmonella is complicated in environmental samples. More recently, researchers have 

created nalidixic acid-resistant strains of E. coli 0157:H7 which have been used to 

evaluate the survival and growth characteristics of the organism in bovine feces (Wang et 
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al., 1996). E. coli 0157:H7 strains designed using a similar strategy are also being used 

to examine shedding of the organism from animals (Price, 1998). Fairchild and 

Foegeding (1993) used a similar strategy, however employing spontaneous streptomycin 

and rifampin resistance, to develop a non-pathogenic L. innocua strain which could be 

used as a biological indicator in the evaluation of thermal inactivation of L. 

monocytogenes in milk. In all of these cases, the antibiotic resistance property was used 

primarily to facilitate identification of the target organism from among high background 

levels of indigenous fecal or environmentally-associated bacteria, an issue that has 

consistently complicated the detection of key foodbome pathogens. The advantages of 

using antibiotic resistant strains was the ability to isolate and enumerate the organism 

effectively with the aid of highly specific selective media (Mead et al., 1994). 

In our study, a nalidixic acid resistant mutant of V. vulnificus was prepared as a 

model indicator to facilitate the evaluation of processing strategies to eliminate this 

organism from raw oysters. In the past, researchers have encountered difficulties when 

attempting to isolate and identify V. vulnificus in shellfish due to the high background 

levels of indigenous microflora (Aono et al., 1997). The utilization of a nalidixic acid 

resistant strain of V. vulnificus (Vv-NA) has proven to be a relatively simple and effective 

way to evaluate thermal and freeze processing strategies. Incorporation of Vv-NA into 
. 

evaluating the inactivation of V. vulnificus from raw oysters, enabled identification of the 

organism in the presence of high levels of naturally-occurring Vibros. 

In order to effectively utilize an identifiable marker strain as a surrogate for a 

wild-type bacterial strain, the two must be comparable in key biochemical, physiological, 

growth, and inactivation parameters. Interestingly, many previous reports provide 
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With respect to thermal inactivation profiles, both Vv-NA and Vv-WT demonstrated 

similar Z-values of 4.38°C and 5.02°C, respectively. Because the D-values in this study 

were considerably higher than those reported by other investigators (Cook and Ruple, 

1992), it was concluded that Vv-NA would again offer a conservative estimate of thermal 

inactivation in oyster meat. In short, the Vv-NA mutant had a high degree of similarity to 

the parental strain in all key parameters. To our knowledge, this is the most extensive 

comparison between parental and biological indicator strains reported to date. We 

believe that determination of strain similarity is imperative in order to justify the use of 

the mutant as a surrogate for the wild-type strain. 

Vv-NA was used to evaluate inactivation of V. vulnificus during freeze processing. 

Experiments in both pure culture and oyster homogenates were performed to ascertain the 

effects of freezing rates on oyster tissues. Freeze-inactivation of Vv-NA in pure culture 

was most effective under more conventional freezing methods, ranging from 93-99%, 

whereas cryogenic freezing was less effective, yielding only about 40% inactivation. 

However, in oyster homogenates, our results indicated 95-99% inactivation of V. 

vulnificus regardless of freezing method; in this case, inactivation never exceeded two 

logs (i.e., 99%). This is in slight contrast to the results reported by Cook and Ruple 

(1992), who consistently reported 2 to 3 log inactivation of various strains of V. vulnificus 
. 

in pure culture. Cook and Ruple (1992) observed a 99.4% inactivation of V. vulnificus in 

raw oysters frozen by an "individually quick freeze" (IQF) method (-30°C for 13 min), 

99.9% by blast freezing (-23°C for 24 h), and 99.7% inactivation by conventional 

freezing (-20°C for 24 h). These investigators also reported an additional 1 to 2 log 

inactivation after extended storage of the product at -20°C for up to 12 weeks, although 
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they were never able to obtain complete elimination of V. vulni.ficus during frozen 

storage. While we are uncertain as to the explanation for these slight differences in 

freeze inactivation of V. vulni.ficus reported in different studies, there were some 

significant methodological differences between these two studies. For instance, Cook 

and Ruple (1992) did their freezing studies using naturally contaminated whole oysters, 

whereas our study used homogenates of oysters which were artificially contaminated 

prior to freezing. Additionally, Cook and Ruple (1992) froze oysters without prior 

packaging in the IQF method, whereas our work was done using aluminum tubes to 

control contact of the oyster meat with LN2 as well as to control for the time to obtain 

complete freezing. Consequently, issues such as metabolic state of the V. vulnificus, or 

alternatively, location of the organism in the shellfish, may affect overall freeze 

inactivation rates. Regardless of the relatively minor differences in freeze inactivation 

rates, the results reported in this study support previous observations that V. vulnificus is 

a durable bacterium which is not completely eliminated by freezing (Cook and Ruple, 

1992; Kaysner et al., 1989). 

The mechanism behind freeze-associated death of bacteria is poorly understood 

and a topic of considerable debate. There is no evidence that microorganisms are killed 

specificaliy by low temperatures. In point of fact, bacterial cultures are frequently 
. 

preserved by storage at temperatures< 0°C. The susceptibility of bacteria to freeze 

inactivation depends on a number of factors such as the type of organism~ physiological 

state of the culture, and the rate at which the culture is frozen. Furthermore, the 

biochemical matrix in which the organism is frozen, i.e., the specific food product may 

also impact freezing susceptibility of bacteria. The degree of killing by freezing can be 
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separated into two components: (a) sudden mortality immediately on freezing; and (b) 

gradual die-off from prolonged storage at frozen temperatures (Jay, 1992; Neidhardt et 

al., 1990). While considerable commercial interest has focused on freeze inactivation of 

V. vulnificus, there is little supporting scientific evidence to indicate that this is an 

effective control strategy (Berne, 1996). 

Furthermore, it has been reported that V. vulnificus is capable of entering the so-

called viable but non-culturable state (VBNC), which is promoted by incubation at 5°C 

(Wolf and Oliver, 1992). While entry into the VBNC state after freezing has not been 

experimentally demonstrated, this possibility must be considered. This would certainly 

complicate the demonstration of inactivation of V. vulnificus by freezing, since some of 

the "killed" organisms may actually be in this quiescent state. While our study made 

every attempt to utilize cultural enrichment techniques in order to optimize recovery of 

injured bacterial cells, recovery from the VBNC state takes a considerable amount of 

time. Also, it must be recognized that all VBNC cells may not be recovered by the 

standard cultural enrichment method (Kaysner et al., 1989; Nilsson et al., 1991). 

Additionally, recent evidence indicates that V. vulnificus cells in the VBNC ·state may be 

able to cause disease in a laboratory animal model (Oliver and Bockian, 1994). Clearly, 

this characteristic and the associated methodological hurdles may further limit the ability 

to interpret freeze inactivation as a potential strategy to control V. vulnificus in oysters. 

The D-values reported in this study for both Vv-WT and Vv-NA in pure culture 

were significantly higher than those reported previously (Cook and Ruple, 1992). To 

illustrate, D-values at 47°C ranged from 2.2 min to 3.0 min for the V. vulnificus strains 

used in this study, whereas an average D-value of78 s (1.3 min) was obtained using 
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various environmental V. vulnificus strains (Cook and Ruple, 1992). Likewise, at 50°C, 

Vv-WT and Vv-NA had D-values of0.83 min and 0.56 min, respectively, whereas the D-

values reported by Cook and Ruple (1992) at 50°C averaged 39.8 s (0.66 min). At the 

lower temperatures (47°C), the D-values reported in our work were significantly higher 

than those reported in this previous study. Since Cook and Ruple (1992) used a test tube 

method for their thermal inactivation work and our study used a capillary tube method, 

one could hypothesize that methodological differences may play a role in these different 

values. However, one would expect the capillary tube method to result in shorter, rather 

than longer, thermal inactivation times. The capillary tube method also resulted in very 

small standard deviations, as opposed to the test tube method where standard deviations 

were frequently in excess of 15-30% of the reported D-value (Cook and Ruple, 1992). 

Perhaps the fact that the strains used in the Cook and Ruple (1992) study were 

environmental isolates may account for their increased thermal sensitivity. If so, the need 

for controlled thermal death experiments with various representative V. vulnificus strains 

is apparent. Regardless, we are confident that the higher thermal resistance of the ATCC 

27562 V. vulnificus strain, and the associated Vv-NA strain, provides a conservative 

estimate of thermal inactivation of V. vulnificus. 

The D-values obtained for the inactivation of Vv-NA inoculated into homogenized 

oyster meats were 1.3 min and 0.41 min at 46° and 48°C, respectively. At 50°C, the 

organism was inactivated so quickly that adequate thermal death curves could not be 

obtained in this model system. To our knowledge, this is the first study that has actually 

reported D-values for V. vulnificus in oyster meat. While Cook and Ruple (1992) 

conducted some initial experiments looking at thermal inactivation of V. vulnificus in 
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naturally-contaminated oysters, the data obtained did not fit the standard thermal 

inactivation profile. Jn our studyt V. vulnificus was inactivated more quickly in oyster 

homogenate than in modcl inactivation experiments done using pure cultures in capillary 

tubes. This may be due to methodological differences required when working with 

she11fish samples versus pure cultures. Alternatively, the interaction between Vv-NA and 

oyster homogenate must also be considered when comparing processing D-values to 

thermal death studies on pure cultures. It has been reported that toxic compounds 

released from raw oysters during homogenization may affect the viability of V. vulniflcus 

(Oliver, 1981 ). While the D-valucs reported 1n our study may not be entirely 

representative of what would happen if whole oysters were exposed to the same 

temperatures, it docs provide a model upon which future experiments may be based. 

Inoculated pack studies using oysters artificially contaminated with Vv-NA will aid 

investigators in obtaining a more accurate estimate of the effect ofthennal processing on 

both shc1Jfish integrity and inactivation of V. vulnificus. 

CONCLU IONS 

The methods described in this paper offer a simple and effective approach to the 

production of an identifiable marker strain of V. vulnificus. Consequently, this indicator 

(Vv-NA) was readily used to evaluate temperature-based processing strategies in oysters. 

The selective plating approach was a simple method that produced a stable mutation. 

Creation of the mutant did not require complicated molecular biology techniques or 

equipment. Jt is imperative that the mutant strain and the wi]dtype strain be comparable 

with regards to biochemical, physiological, growth and destruction parameters, as was 
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freezing will result in complete elimination of V. vulnificus in contaminated shellfish. 

While some investigators report that heat treatments of 50°C for 10 min ( Cook and 

Ruple, 1992) result in nondetectable levels of V. vulnificus without significantly 

impacting organoleptic quality, consumer acceptance of a "pasteurized" raw oyster 

remains to be seen. Thermal inactivation is complicated by differential heat transfer rates 

in oyster specimens of different size and composition. Certainly, additional research will 

be necessary before thermal treatments can be consistently applied to this food 

commodity. Irradiation remains a promising approach to inactivate V. vulnificus in raw 

oysters, however practical application of this control strategy remains unavailable (Mallet 

et al., 1991). For now, the best protection against septic V. vulnificus disease is public 

education targeting at-risk consumers, and recommendations to thoroughly cook shellfish 

before consumption. 
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TABLE 2.3: D-values for thermal inactivation comparison between Vv-WT and 
Vv-NA (D-values are given in minutes) 

41°c 

50°C 

s2°c 

Vv-WT Vv-NA 

2.2 ± 0.018 3.0 ± 0.01 b 

0.83 ± 0.07x 0.56 ± 0.02Y 

0.21 ± 0.02c 0.22 ± 0.02c 

ab x Y c Values in the same column or row with the same letters are not 
significantly different (P 0.05). Stated values are means of 3 trials ± 
S.D. 
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TABLE 2.4: Freeze inactivation of Vv-NA in oyster homogenate(% inactivation of 
organisms associated with particular media) 

Slow 

Blast 

PCA BHI-NaCl TCBS-NA 

63.0% ± 9.3c 91.8% ± 5.6a 98.7% ± 0.9a 

13.8% ± 18.3d 93.7% ± 1.8a 99.1% ± 0.6a 

30.2% ± 20.0cd 77.7% ± 2.7b 97.2% ± 3.68 

CPC-NA 

97.1% ± I.la 

95.4% ± 3.08 

94.7% ± 4.48 

ab c d Values in the same column or row with the same letters are not significantly 
different (P :S 0.05). Stated values are means of 3 trials ± S.D. 
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APPENDIX A: Morphological and biochemical comparisons between Vv-WT and 
Vv-NA 

Media for Morphology Comparison Vv-WT Vv-NA 
Brain Heart Infusion Agar supplemented Round opaque Round less 
with 2% NaCl (BHI) colonies opaque 

colonies 
Gelatin Agar (GA) No Growth No Growth 

Gelatin Agar supplemented with 2% NaCl Growth Growth 
(GS) 
Tryptic Soy Agar supplemented with 2% Growth Growth 
NaCl (TSA) 

Tests for Biochemical Comparison Vv-WT Vv-NA 
Motility Test Medium supplemented with 
2%NaCl Motile Motile 

o-nitrophenyl-B-D-galactosidase Test 
(ONPG) + + 
Oxidase Test 

+ + 
Triple Sugar Iron Slant supplemented with Alkaline Slant Alkaline Slant 
2% NaCl (TSI) Acid Butt Acid Butt 
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APPENDIX B: API biochemical test comparison between Vv-WT and Vv-NA 

Vv-WT: 

Vv-NA 



PPENDl. : PCR d tection limit comparison between J/v-WT and J/v-NA 
Lanes: M = mark r· (-) = omplete reaction cocktail from PCR without sample 
(i.e. wat r) 

J/l WT Vv-NA 
M 10° 10 104 10 10 106 10 104 10 10 -
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