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Vibrio vulnificus (Vv) is commonly found in raw oysters. When ingested, it can cause fatal 

septicemia in immune-compromised individuals. Since consumers prefer raw oysters, post-

harvest treatments that reduce Vv while preserving the raw oyster’s sensory characteristics are 

important. Freezing can reduce Vv and increase the shelf life of oysters to more than 12 weeks 

when stored at -20°C. 

The objective of this study was to develop predictive inactivation kinetic models for pure 

cultures of Vv using freezing temperatures and rates, frozen storage temperatures and times. 

Vv was diluted in phosphate buffered saline (PBS) to obtain about 10
7
 colonies/ml. Three 

sets of vials were frozen at -10°C, -35°C, and -80°C, and stored at -10°C. Survival of Vv was 

followed after freezing and storage at 0, 3, 6 and 9 days. Two other sets were frozen and stored at 

-35°C and -80°C, and survival was followed after freezing and every week for six weeks of 

frozen storage. For every treatment, time-temperature data was obtained using thermocouples in 

blank vials. The predictive model was developed by analyzing the inactivation data with first 

order, Weibull, and Peleg inactivation models.  
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The effects of three freezing temperatures on survival of Vv was not significantly different 

(α= 0.05), and caused an average 1.6 log10 reduction. After one week, samples stored at -35°C 

and -80°C showed 0.06 and 1.10 log10 reductions from the initial counts, respectively. Samples 

stored at -10°C showed more than 3 log10 reduction regardless of initial freezing temperature.  

The combined effect of freezing and one week frozen storage resulted in 1.5, 2.6 and 4.9 

log10 reductions for samples frozen and stored at -80°C, -35°C and -10°C, respectively. 

Inactivation of Vv may be caused by intracellular formation ice crystals and their subsequent 

growth (re-crystallization) during frozen storage. 

Storage temperature was the critical parameter in survival of Vv. A modified Weibull 

model successfully predicted Vv survival during frozen storage: 

 log10Nt = log10No - 1.22 - {[t / 10 ^ (-1.163 - 0.0466 T)] ^ (0.00025 T2 + 0.01524 T + 

0.49325)}, where No and Nt are initial and time t survival counts, T is frozen storage 

temperature. 
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CHAPTER 1 

INTRODUCTION 

Vibrio vulnificus is a lactose positive, Gram-negative bacillus that is commonly found in 

warm coastal waters (above 20˚C) with salinity between 1.6 and 2.3% (Kelly 1982; Tamplin and 

others 1982). Vibrio vulnificus can cause three clinical symptoms: (1) a severe skin infection, (2) 

gastroenteritis, and (3) primary septicemia. Skin infection occurs after exposure of open wounds 

to Vibrio vulnificus contaminated seawater, while gastroenteritis and septicemia occur after 

eating raw or partially cooked shellfish containing the bacteria. While disease caused from this 

microorganism is not very common, primary septicemia is of special concern in immune-

compromised individuals or individuals with liver disease, since it is fatal in 50% of cases. Raw 

oyster ingestion has been suggested as the primary source of septicemia since Vibrio vulnificus 

accumulates and can multiply in the tissues of the oyster while the oyster is filter feeding 

(Tamplin and others 1982; Kelly and Dinuzzo 1985; Klontz and others 1988; Ruple and Cook 

1992; Tamplin and Capers 1992; Shapiro and others 1998; Strom and Paranjpye 2000). 

Due to negative publicity warning consumers of potential risks related to consuming raw 

oysters, a 60% decline in oyster consumption occurred between 1992 and 2002 (Coleman 2003). 

As a result, the oyster industry has strengthened conventional techniques, such as high and low 

temperature treatments, and created new methods to ensure their product’s safety. These 

techniques are meant to reduce the levels of Vibrio vulnificus and other pathogens and preserve 

the raw oyster’s characteristics as much as possible.  

Among the post-harvest treatments industrially applied, heat pasteurization is the most 

effective in terms of killing the bacteria, but can change the flavor and texture of the oyster. High 

pressure can also kill Vibrio vulnificus, but is an expensive technology. Irradiation preserves 

original characteristics and extends shelf-life, but its use is not openly accepted by oyster 
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consumers. Several other techniques are being developed, such as allowing the oyster to depurate 

in water with special chemicals to eliminate the bacteria, or adding bacteriophages to kill the 

microorganism (Bryan and others 1999; Coleman 2003). Unfortunately, none of these techniques 

preserve raw oysters longer than 21 days under refrigerated conditions. On the other hand, 

freezing of the oysters can increase their shelf life to more than 12 weeks when stored at -20˚C 

(Cook and Ruple 1992). 

Various studies report a reduction in Vibrio vulnificus counts after freezing. Vibrio 

vulnificus in suspension media kept at -20˚C had a faster reduction of culturable cells than did 

holding the cultures at 0˚C (Cook and Ruple 1992). Similarly, a different study showed that 

Vibrio vulnificus in oysters frozen at -25˚C was reduced after 15 days and not detectable after 21 

days (Jeong and others 1991). These results agree with another study carried out in vacuum-

packed oysters that showed a significant decrease in Vibrio vulnificus numbers in each 

successive time interval of frozen storage, from 7 to 70 days (Parker and others 1994). 

Freezing is a common preservation technique for foods in general and oysters in particular. 

If the kinetics of Vibrio vulnificus destruction using this method can be developed, then the 

model can be applied by the industry more easily and with less costs compared to other existing 

or potential methods, since many producers are already familiar with freezing technology and 

have the required equipment. 

Therefore the specific aim of this study was to develop quantitative predictive models 

regarding the inactivation rate of Vibrio vulnificus by different freezing rates and temperatures as 

well as different frozen storage temperatures and times. While the application of the model is 

desired for Vibrio vulnificus in oysters, this study was carried out with pure cultures of the 

bacteria. The uncertainty of initial numbers of the bacteria and physical differences between 
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oysters would be sources of variability that make the development of the model difficult. To 

avoid this, identical vials inoculated with known numbers of Vibrio vulnificus were used for this 

study. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

Background on Vibrio vulnificus 

First described by Hollis and others (1976), Vibrio vulnificus is a Gram-negative, lactose 

positive, motile, curved rod-shaped bacterium with a single polar flagellum. This naturally 

occurring free-living inhabitant of estuarine and marine environments has been associated with 

filter feeding mollusks such as oysters, clams, scallops and mussels. It accumulates and 

concentrates on their tissues (Oliver and others 1982; Klontz and others 1988; Strom and 

Paranjpye 2000).   

Ecology 

Vibrio vulnificus proliferates in water temperatures above 17°C (Kelly 1982, Tamplin and 

others 1982). In addition, it has also been found in waters as cold as 7.6°C (Wright and others 

1996), although it was previously reported non-detectable in waters below 12.5°C (Kelly 1982). 

Many studies have shown higher concentrations of Vibrio vulnificus during the warmer months 

of the year, and lower or undetectable levels during the colder months. Klontz and others (1988) 

found a correlation between water temperature and Vibrio vulnificus concentrations; however the 

correlation was not significant during the warmer months. A subsequent study found a strong 

correlation between concentrations of Vibrio vulnificus in oysters and water temperature until the 

temperature reaches 26°C. Above this temperature bacterial loads appear to have no additional 

increase (Kelly 1982; Tamplin and others 1982; Wright and others 1996; Motes and others 

1998).  

In vitro studies have shown that for a twelve hour incubation period, the optimum 

temperature for the bacteria is 37°C (Kelly 1982). For incubation periods (6 days) Vibrio 
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vulnificus temperature range is from 13 to 22°C, and temperatures outside this range caused a 

90% reduction in bacterial numbers (Kaspar and Tamplin 1993).  

Like temperature, salinity has reportedly shown to be an influence in the occurrence of 

Vibrio vulnificus. Kelly (1982) reported frequently finding the bacteria in salinities lower than 

1.65%, while sites with salinities of 1.80% and above often yielded negative for the 

microorganism. However, Tamplin and others (1982) reported that the bacterium was frequently 

found in salinities of 1.7%, and even more frequently above 2.3%. In vitro studies have shown 

optimal growth at salinities of 0.5 to 2% for 12 hour incubation. For prolonged periods, salinities 

of 0.5 to 2.5% showed an increase in Vibrio vulnificus numbers (Kelly 1982; Kaspar and 

Tamplin 1993).  

Types of Infection and Disease  

Vibrio vulnificus can cause three different diseases: wound infections, primary septicemia, 

and gastroenteritis.  

Primary septicemia is defined as a systemic illness with fever and shock, where Vibrio 

vulnificus is isolated from blood or other sterile sites. Patients usually suffer from fever and chills 

that can be accompanied by abdominal cramps, vomiting, diarrhea, and pain in the extremities. 

Secondary cutaneous lesions, including cellulitis, bullae, and ecchymosis begin to appear within 

24 hours. These lesions can become necrotic and will require surgical debridement or 

amputation. About 60% of the patients suffer septicemic shocks, and about 50% suffer mental 

status changes within a week of the illness. Primary septicemia is fatal in 60-75% of the cases.  

Wound infections are defined as those where the patient had a previous open wound or 

incurred one while in contact with contaminated seawater or seafood drippings. Analysis of the 

wound, blood or other sterile sites shows presence of the bacteria. Symptoms are similar to those 

of primary septicemia, but differ in timing and severity. Inflammation occurs around the wound 
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site, and the disease can advance to lesions similar to those of primary septicemia, and finally to 

septicemic symptoms. Fatality ranges from 20 to 30%. 

Finally, gastroenteritis is characterized by abdominal cramps, vomiting and/or diarrhea, 

with no evidence of open wound infection, and where the bacterium is isolated only from stool. 

These cases do not require hospitalization, and are largely unreported. 

The overall fatality rate for Vibrio vulnificus is from 30% to 48% (Klontz and others 1988; 

Shapiro and others 1998; Strom and Paranjpye 2000). 

 Population at Risk 

Existing medical conditions of patients that become infected with Vibrio vulnificus have a 

large impact on the outcome of the disease. Shapiro and others (1998) reported the following 

preexisting conditions from data obtained from the Center for Disease Control and Prevention 

(CDC) Gulf Coast Surveillance System: liver disease, alcoholism, diabetes, gastrointestinal 

surgery, peptic ulcer disease, hematologic disorder, immunodeficiency, malignancy, and renal 

disease. Among Vibrio vulnificus infections reported in the United States between 1988 and 

1996, liver disease or alcoholism were present in 86% of those cases that resulted in primary 

septicemia. For that period of time, mortality among those patients was 61% (Shapiro and others 

1998). 

Vibrio vulnificus and the Oyster Industry 

Occurrence and Seasonality 

Several studies have reported close association of Vibrio vulnificus with oyster tissues. 

Kelly and DiNuzzo (1985) suggested that the oyster acquired the bacteria passively by filtration 

of contaminated seawater. In fact, relationships between bacterial concentration in seawater and 

bacterial concentration in oysters have been found by several authors. During the warmer months 

of the year, in spring and summer, numbers of Vibrio vulnificus in seawater and oysters have 
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been found at their highest levels, while the bacterial concentration during colder months is very 

low and often undetectable for both seawater and oysters. Ruple and Cook (1992) found that 

40% of the oysters harvested in cool months had Vibrio vulnificus, while 100% of the oysters 

harvested in warm weather had the bacteria, and around 67% of them had counts exceeding 10
5
 

most probable number (MPN) per gram. MPN is a procedure to estimate population density of 

viable organisms in a sample by serial dilution, enrichment and plating. Occurrence of the 

bacteria in oysters was favored by high temperatures and relatively low salinity of the harvesting 

environment. These findings coincide with the incidence of human infections due to Vibrio 

vulnificus. Eighty five percent occurred during warm months of the year (Tamplin and others 

1982; Kelly and Dinuzzo 1985; Ruple and Cook 1992; Tamplin and Capers 1992).  

In the United States, Vibrio vulnificus has been isolated from water and/or oysters in a 

variety of places. Lower densities were found in Pacific, Canadian and North Atlantic waters, 

while the Gulf of Mexico, mid-Atlantic and Chesapeake Bay presented higher densities (Drake 

and others 2007).  Other regions include Belgium, Denmark, Germany, Spain, Sweden and the 

Netherlands (Feldhusen 2000). 

Illnesses Associated with Oyster Consumption 

Primary septicemia from Vibrio vulnificus, probably the leading cause of seafood-related 

deaths in the United States, is largely associated with the consumption of raw oysters. Between 

1988 and 1996, 96% of the primary septicemia cases were on patients who had consumed raw 

oysters. In that period of time, 204 of the Vibrio vulnificus infections reported were associated 

with oyster consumption. Of those, primary septicemia accounted for 89% of the infections 

while gastroenteritis accounted for the remaining 11% (Shapiro and others 1998). Although the 

number of cases of primary septicemia is small, the mortality rate in patients with pre-existing 

medical conditions is high (Ruple and Cook 1992). 
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Vibrio vulnificus illnesses associated with oyster consumption have been reported from 

different harvesting sites. Shapiro and others (1998) traced back 49% of primary septicemia 

cases from raw oyster ingestion between 1988 and 1996 in the United States, and found that a 

large portion of these oysters came from Florida and Louisiana. The major harvesting sites were 

Apalachicola Bay in Florida, Mobile Bay in Alabama, Galveston Bay in Texas, a several bays in 

Louisiana.  

The strong association between Vibrio vulnificus illnesses and raw oyster consumption 

compared to other fish and shellfish has been attributed to the high concentration of Vibrio 

vulnificus in oyster tissues and that oysters are commonly eaten raw (Ruple and Cook 1992; 

Shapiro and others 1998). Some finfish have been found to posses high densities of Vibrio 

vulnificus, however these species are of less concern since, unlike oysters, they are usually 

cooked before consumption. However, concern has been raised due to their mobility, which can 

lead to transportation of the microorganism to previously uncontaminated sites (DePaola and 

others 1994). 

Infective Dose 

The infective dose of Vibrio vulnificus in humans is not known and this may be due to 

large differences in the amount of raw oysters consumed and bacterial levels per oyster in those 

persons who get the infection.  

Reports have shown that patients had ingested between 3 to 48 raw oysters, usually 24 

hours before the onset of the illness. Median incubation period is 18 hours (Klontz and others 

1988). Jackson and others (1997) reported data that showed illnesses occurring when Vibrio 

vulnificus levels in the oysters reached or exceeded 10
3
/g. When relating bacterial concentration 

with amount of oysters consumed in each case, patients had consumed more than 10
5
 bacteria. 

Blood isolates showed that Vibrio vulnificus was present at 10
7
colony forming units (CFU) per 
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milliliter (ml) of blood or more. Further analysis of samples showed that not all Vibrio vulnificus 

isolated were virulent and indicated that infections are the result of proliferation of a single 

pathogenic strain. 

In Florida, an estimated 70,000 raw oyster consumers have pre-existing medical 

conditions, and only 5-10 cases are reported per year. Kaysner and others (1989) reported that 

for oysters weighting 6 to 9 grams, a total number of log10 3.68 to 4.99 Vibrio vulnificus CFU per 

oyster is present. Considering that in average 6 to 12 oysters are consumed per meal, the 

population at risk is consuming large amounts of the bacteria. The low incidences in illnesses 

suggest that host specificity is a key element in Vibrio vulnificus disease (Jackson and others 

1997). 

Methods for Reducing Vibrio vulnificus in Oysters 

Due to negative publicity warning consumers of potential risks related to the consumption 

of raw oysters, a 60% decline in oyster consumption occurred between 1992 and 2002 (Coleman 

2003). As a result, researchers have been trying to find ways to control and reduce Vibrio 

vulnificus in oysters. A variety of processes have been studied, and some have been found to be 

more effective than others. However, consumer’s preference for raw oysters is a limiting factor. 

While the main concern of the oyster industry is the elimination of Vibrio vulnificus the reality is 

that the consumer not only wants a safe product, but also a raw product. 

Temperature control and refrigeration 

Temperature control of the oysters between harvest and processing or consumption is of 

critical importance. Several authors have reported that temperature abuse causes an increase in 

Vibrio vulnificus, while refrigeration can avoid this increase. Hood and others (1983) reported 

that endogenous Vibrio vulnificus showed a significant increase after 7 days of storage at 8°C 

and 20°C, but declined after 14 days. Cook and Ruple (1989) found that bacterial counts 
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increased at 22 and 30°C, but not at 10°C. Cook (1994, 1997) reported that when oysters are kept 

at 18°C and ambient temperature (22.8 to 31.1°C) for 14 and 30 hours respectively, the increase 

in Vibrio vulnificus was significant. Oysters kept at 10 and 13°C had no change in Vibrio 

numbers for 30 hours. Failure to refrigerate oysters after harvesting can result in almost 2-log 

increase after 14 hours. However, a study carried by Murphy and Oliver (1992) didn’t find a 

change in bacterial concentration in artificially contaminated shellstock kept at temperatures as 

high as 22°C, attributing the difference in their results to better enumeration techniques than 

those used in previous studies. After reporting an increase of more than 2 logs after 3 days when 

oysters were stored at 30°C, Kaspar and Tamplin (1993) suggested that the strain used by 

Murphy and Oliver (1992) lacked the ability to colonize oysters or to compete with the rest of 

the flora. 

Lowering the temperature of the oysters with refrigeration and/or icing after harvest is not 

only used to prevent growth of Vibrio vulnificus between harvest and processing, but according 

to some authors, can also be a method of reduction itself if applied for prolonged periods. Oliver 

(1981) reported a dramatic reduction in Vibrio vulnificus when cells were incubated in oyster 

broth or whole oysters between 0.5 to 4°C, with a log reduction for every 0.5 to 2 hours of 

storage. Cook and Ruple (1992) reported large bacterial reductions when oysters were stored at 

4, 0 and -1.9°C for 14 days. Schwarz (2000) showed that rapid chilling of the oysters through an 

ice water bath followed by refrigeration reduced Vibrio vulnificus between 89-99% as compared 

to oysters directly refrigerated.  

On the other hand, Quevedo and others (2005) reported a minimal reduction in Vibrio 

vulnificus and an increase in total and fecal bacteria after immediate post-harvest ice immersion 

followed by refrigeration. Kaysner and others (1989) reported the survival of the microorganism 
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on shellstock during a 2-week refrigerated storage and in shucked oysters for 6 weeks. It is 

generally accepted that during refrigerated storage Vibrio vulnificus levels may even decline, 

however, refrigerated storage cannot be relied upon to eliminate the bacteria (Drake and others 

2007). 

Thermal processing and heat shock 

Pasteurization and canning of the oysters result in an extension of the shelf-life as well as a 

dramatic reduction of the bacterial population. Pasteurization is commonly used in shucked 

oysters, which need to be refrigerated. Canned oysters are rarely associated with Vibrio 

vulnificus illnesses, since the processing requirements exceed the time and temperature required 

for elimination of most resistant pathogens (Richards 2003).  

Vibrio vulnificus is a fairly heat sensitive organism, with a D-value of 12 seconds at 55˚C 

(Johnston and Brown 2002). In fact, it has been reported that temperatures above 45˚C cause 

death, and that cells are exponentially inactivated at 50˚C or higher (Cook and Ruple 1992; Ama 

and others 1994). Although the application of heat to oysters has been recognized as an effective 

method, heating is complicated by the deterioration of nutritional and sensory quality (Kim and 

others 1997).  

An alternative to high temperature process is cold pasteurization, which results in less 

physical changes. Cook and Ruple (1992) found that exposing the oysters to 50°C for 5 to 10 

minutes is sufficient to eliminate Vibrio vulnificus without imparting a noticeable change in 

appearance or cooked taste.  Andrews and others (2000) reported that treating oysters for 10 

minutes at 50°C resulted in a reduction of Vibrio vulnificus to undetectable levels and sensory 

panels detected no changes in physical characteristics. However, not all microorganisms were 

eliminated at this temperature; therefore shelf-life would be affected by spoilage bacteria.  
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Commercial heat shock is the application of low temperature pasteurization followed by a 

1-minute cold water spraying. This process is used to facilitate shucking of oysters. Hesselman 

and others (1999) found that 1 to 4 minutes at 50°C reduces Vibrio vulnificus 1 to 4 logs and aids 

in the shucking process. Similarly, AmeriPure is a patented process in which fresh oysters are 

cleaned and then placed in a warm bath followed by cold shock in ice cold bath to reduce Vibrio 

vulnificus to undetectable levels (Richards 2003).   

Relaying and depuration 

Relaying is a technique that consists of harvesting shellfish from a contaminated area and 

replanting them into clean water for an extended period. If the water remains clean and the 

environmental conditions remain suitable, the shellfish will naturally purge contaminants 

(Richards 2003). Relaying is not commonly used to remove Vibrio vulnificus from oysters, 

however Motes and DePaola (1996) showed in a study performed with oysters harvested during 

summer months and moved to high-salinity offshore waters, that Vibrio vulnificus can be 

reduced to the levels found in January and February, when Vibrio vulnificus related illnesses 

have never been reported. 

 Depuration, or controlled purification, consists of placing the shellfish in tanks of 

disinfected, recirculating or flow-through seawater to purge contaminants for several days. To 

allow water to recirculate, it needs to be disinfected, and several chemicals have been used: 

chlorines, iodophors, ozone (not legal in US), etc, and also physical treatment of the water with 

ultra violet (UV) light (most commonly used) (Richards 2003).  

While chlorines and iodophors are very effective in disinfecting the water, the oysters stop 

pumping in their presence (Richards 2003). A similar case happens with diacetyl, which 

eliminates Vibrio vulnificus, but when oysters sense this chemical they stop pumping. With 

reduced amounts of diacetyl the oysters will continue to filter-feed, however the reduced 
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amounts of diacetyl were not effective for killing Vibrio vulnificus (Birkenhauer and Oliver 

2003). UV disinfection of the water is effective when the temperature in maintained at 15°C, 

while temperatures above 23°C can actually cause an increase in Vibrio vulnificus (Tamplin and 

Capers 1992). This poses a limitation because maintaining the temperature, as well as salinity 

and dissolved oxygen for these systems can be complicated and expensive. As with relaying, this 

technique preserves the oysters’ characteristics, but requires extensive labor and equipment. 

High Pressure 

High pressure processing (HPP) or “Fresher Under Pressure” consists of applying 

pressures around 200 MPa to inactivate Vibrio vulnificus and preserve the oyster’s raw 

characteristics. One study reported inactivation of pathogenic vibrio species without the risk of 

them entering the viable but nonculturable (VBNC) state, which is a stress-produced dormancy 

state that results in cells that are not able to grow in conventional growth media (see below). 

However the study also reported that cells already in that state were more difficult to eliminate 

(Berlin and others 1999). Another study related pressure with temperature, reporting that 

increases in times and temperatures causes more death to the bacteria. However, cold 

temperatures (-2 and 1°C) help retain the oyster’s fresh-like characteristics, so a treatment of 250 

MPa or more for less than 4 minutes was recommended to achieve a 5 log or more reduction 

(Kural and Chen 2007). Although the oysters are killed with HPP, a study reports that at 400 

MPa at 7°C in two 5 minutes pulses does not change the flavor and facilitates shucking (Lopez-

Caballero and others 2000; Richards 2003). 

Irradiation 

Irradiation is the use of ionizing gamma rays from radionuclides such as Cobalt 60 or 

Cesium 137, or the use of high energy electrons and X-rays produced by machine sources. This 

method offers various advantages depending on the dose: conservation of raw characteristics, 
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survival of the oyster therefore shelf-life extension, possibility of treating bulk and packed 

products, etc. Unfortunately, irradiation of oysters has not been approved by FDA yet, requires 

expensive facilities, and consumers perceive irradiated products as unhealthy and hazardous.  

Vibrio vulnificus is among the most radiation-sensitive bacteria. Dixon and Rodrick (1998) 

reported that Vibrio vulnificus can be eliminated from oysters at doses less than 0.1 kGy. Other 

studies show that low doses from 0.5 to 1.0 kGy are effective in reducing or eliminating Vibrio 

vulnificus from live, fresh shucked or frozen oysters. Panelists were not able to differentiate 

between treated and untreated oysters (Kilgen and Hemard 1995, Andrews 2003).  

Other methods 

Alternative processes are continuously been tested for the reduction or elimination of 

Vibrio vulnificus. Borazjani and others (2003) tested ultrasound, ozone and organic acids (lemon 

juice, citric acid and vinegar) for that purpose in whole and half-shell oysters. The treatments 

were ineffective for whole oysters. For half-shell oysters, treatments with acids were more 

effective, however all treatments failed to reduce the bacteria to acceptable levels which is 3 

MPN/g oyster. 

Sun and Oliver (1992) found that several FDA approved compounds were effective in 

causing lethality on Vibrio vulnificus in vitro, however only diacetyl at a minimum concentration 

of 0.05% was effective in significantly reducing the bacteria in oysters. 

Freezing and frozen storage 

Freezing is a popular technique to reduce Vibrio vulnificus in raw oysters while preserving 

the product’s quality characteristics and extending its shelf life. Various studies report a 

reduction in Vibrio vulnificus counts after freezing and/or frozen storage. As this topic is the 

main concern in this study, the next section will cover the different effects of freezing on Vibrio 

vulnificus. 
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Effect of Freezing on Vibrio vulnificus 

Survival of Microorganisms During Freezing 

Freezing microorganisms in simple aqueous solutions has allowed investigators to study 

the direct effects of freezing on microorganisms without the interventions of undesired variables, 

and has simplified isolation and enumeration processes following freezing treatments (Lund 

2000). However, the actual mechanism of freeze damage to the cells has not been defined yet, 

and scientists have different theories as to what is affecting the survival of microorganisms 

during freezing, frozen storage, and thawing.  

Factors expected to cause damage to cells during freezing are: low temperatures, formation 

of intracellular ice, formation of extracellular ice, intracellular solute concentration, and 

extracellular solute concentration. All of these factors will be affected by the rate of freezing. It 

must be noticed that damage can also occur during thawing and will be affected by the rate of 

thawing as well (Lund 2000).  

In a review about the freezing of biological systems, Mazur (1970) explained that cells 

generally undergo supercooling, by remaining unfrozen at -10 or -15ºC, even when the medium 

around them has ice. Since vapor pressure of supercooled water is higher than that of ice, cells 

need to equilibrate. For slowly cooled cells or cells with high water permeability, equilibrium 

will be reached by transferring internal water to external ice, resulting in dehydration. However, 

if the cell membrane has low water permeability or the cells are cooled rapidly, equilibrium will 

be achieved when a substance (colloids, dissolved substances, or clumped water molecules) acts 

as a nucleus for intracellular ice formation. The critical rate that defines slow and fast cooling is 

specific for each cell and depends on its permeability to water and on the ratio of the cell volume 

and its surface area (Karow and Webb 1965; Mazur 1970, 1963).  
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Regardless of how the equilibrium was achieved, cells will be subjected to “solute effects”, 

which refers to intracellular and extracellular solute concentration that may cause a precipitation 

of the solutes if their solubilities are exceeded, and result in a change in pH, that can be 

detrimental to cells. Slowly cooled cells will be exposed to this effect for a longer time (Mazur 

1970). Lovelock (1953) showed that the effect of the solutes is not instantaneous and attributed 

the survival of rapidly frozen cells to this observation. Farrant and Morris (1973) suggested that 

the concentration of solutes itself does not cause injury, but the added stress of freezing and 

thawing is what causes death of the cells. 

Formation of intracellular ice produces small crystals that have high surface energies, 

which will be reduced by growing or by fusing with other small ice crystals. The rate of this 

process will be higher in smaller crystals and at higher temperatures, so this process is very 

important during warming. In fact, a study by Bank and Mazur (1973) found that the size of the 

crystals is a function of initial crystal size, storage temperature and time, and that crystal growth 

is detectable in temperatures as low as -45ºC. The formation of large ice crystals is lethal to cells 

in most cases, and death seems to occur as a result of the extraction of bound water from vital 

structures and from proteins (Karrow and Webb 1965; Mazur 1970). 

Mazur (1970) suggested that the optimum rate range for cell survival is one that will be 

slow enough to prevent intracellular ice formation, but fast enough to prevent the cell from being 

affected by prolonged exposure to concentrated solutes. However, for some cells, there is no 

optimum range. 

In their review about the responses of mesophilic bacteria to cold stress, Panoff and others 

(1998) list membrane damage and DNA denaturation as possible causes of bacterial death after 

freezing and thawing, besides protein damage. Bacterial cells, which are sensitive to freezing, 
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will usually undergo a slow death rate upon freezing, and their response can be described as an 

exponential function (Haines 1938; Panoff and others 1998).  Alur and Grecz (1975) reported 

that DNA fragmentation occurred at higher rates after fast freezing than it did after slow 

freezing. However, after 24 hour storage, the slow frozen cells yielded the same results as fast 

frozen cells. The authors suggested that death was related to DNA and membrane degradation 

since DNA is attached to plasma membrane. 

Viable but Non Culturable State 

The viable but nonculturable state (VBNC) is a dormancy state in which the bacteria fail to 

form colonies on routine bacteriological media on which they will normally grow, but are alive 

and capable of renewed metabolic activity (Oliver 2005). This state is different from cell injury, 

because even though injured cells cannot be grown on selective media, they can still be grown in 

nutrient-rich media (Drake and others 2007). Enumeration of total cell counts, including VBNC 

cells, can be done by a variety of methods, including acridine orange staining, substrate 

responsive assay, examination of metabolic activity, or by establishing intact cytoplasmic 

membrane (Oliver 2005). McDougald and others (1998) present a good review of these methods. 

VBNC state is a response to environmental stresses which would otherwise be lethal to the 

bacteria, such as suboptimal pH, cold temperatures, and starvation (Oliver 2005). Vibrio 

vulnificus maintained at ambient temperature in a nutrient free media remained culturable for 

more than 30 days, and survived more than 1500. On the other hand, the bacteria entered the 

VBNC state within 40 days when moved to a storage temperature of 5°C, while viability tests 

showed a concentration of more than 10
6
 viable cells per ml (Wolf and Oliver 1992, Oliver 

1995). Likewise, cells maintained at 35°C and moved to 15°C prior to storage at 6°C remained 

culturable, while cells moved directly from 35°C to 6°C entered the VBNC state (Bryan and 

others 1999).  
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Morphologically VBNC cells have been reported to decrease in cell size, and the shape 

changes from rods to cocci (Oliver and others 1991). Metabolic changes occur as well. Linder 

and Oliver (1989) reported an increase in short chain saturated fatty acids as the incubation 

temperature decreased, which allows membrane fluidity at lower temperatures. The same effect 

is achieved with an increase in unsaturated fatty acids as temperature decreases, as was found by 

Oliver and Colwell (1973). Temperature changes cause a decrease in protein, RNA, and DNA 

synthesis in less than 15 minutes; however cold shock proteins are synthesized during the first 

hour (Oliver 1995, McGovern and Oliver 1995). 

Resuscitation of the VBNC state has been reported to occur by reversing the factor that 

induced the state in the first place, like increasing the temperature after cold-stress (Nilsson and 

others 1991).  Oliver and others (1995) inoculated Vibrio vulnificus cells in membrane diffusion 

chambers in estuarine water during cold months, and observed that the cells entered into the 

VBNC state. When VBNC cells were placed in estuarine waters during the warmer months, cells 

appeared to resuscitate into fully culturable state within 24 hours. Oliver and Bockian (1995) 

reported that VBNC Vibrio vulnificus cells could also resuscitate in vivo, as they observed when 

injecting the bacteria in mice. 

The actual existence of the VBNC state has been a topic of discussion for a long time. 

Some authors state that some viable cells remain viable in unfavorable conditions, and when they 

are subjected to optimum conditions replicate and become detectable on the appropriate media, 

giving the appearance of resuscitation (Bogosian and others 2000). 

Nevertheless, whether the VBNC state exists with its subsequent resuscitation or not, the 

main concern lies in the virulence of cells in this state. Linder and Oliver (1989) suggested a loss 

of virulence in VBNC cells injected in mice, but the infective dose that was used in their study, 
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(5x10
4
 cells)  was lower than the 50% lethal dose. In a later study, Oliver and Bockian (1995) 

injected mice with 10
5
 VBNC Vibrio vulnificus cells, showing culturable cells in mice that died. 

Their results suggested that even though the virulence decreases in the VBNC state, the cells can 

still cause death. 

Cold Adaptation 

McGovern and Oliver (1995) studied the response of Vibrio vulnificus to moderate 

temperature downshifts, focusing on protein synthesis. Since the VBNC state in the bacteria can 

be induced at 10°C and results in a halt in growth and protein synthesis, the authors studied a 

change in temperature from 23°C to 13°C. Doubling times for the higher temperature occurred in 

3 hours, while it took 13.1 hours to achieve the same amount of cells when stored at 13°C, after a 

little lag. They found that the rate of protein synthesis after the temperature downshift presented 

an immediate and sharp decline, and that during the cold stress response 40 proteins were 

synthesized at higher levels. Peak expression was reached in 15 minutes by 5 of the proteins, in 

30 minutes by other 10, in 1 hour for another 5, in 2 hours by 13, and in 4 hours for the 

remaining 7. 

After studying cultures kept at 35°C and 15°C, Bryan and others (1999) observed that 

cultures kept at 15°C underwent a decline in cell counts, followed by an increase to the initial 

level and a maintenance of bacterial counts for 162 hours. Colonies kept at 35°C showed an 

initial increase in the first 24 hours followed by a 3 log decrease in the remaining 138 hours. 

These results suggested that Vibrio vulnificus can adapt and remain viable at 15°C, even though 

growth is stopped.  

The authors compared a culture shifted from 35°C to 6°C, against one with a 3 hour 15°C 

step in the middle. The latter showed a 4.5 times higher viability than the first culture. These 

results suggest that keeping the cultures at the intermediate temperature of 15°C before final 
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storage at 6°C allows the bacteria to improve their tolerance to colder temperatures, possibly by 

synthesizing cold-adaptive protein(s), as opposed to the cold-shock proteins found in other 

bacteria. In fact, the protein analysis also suggested that proteins responsible for the adaptive 

response of the bacteria differ from those found in E. coli. Furthermore, McGovern and Oliver 

(1995) reported in their study that the protein that was not present before the temperature 

downshift and appeared increased by a factor of 35 one hour after the temperature change, 

largely differ in apparent molecular mass and isoelectric point from cold shock proteins found in 

other bacteria.  

Bryan and others (1999) reported that when protein synthesis was inhibited at 15°C before 

storage at 6°C, a rapid decline in viable counts was observed. Cells without protein inhibition 

showed a 6 log higher viability than the others treated with the same temperatures. Even though 

a decline occurred at 15°C in both groups of cells, the cells capable of synthesizing proteins at 

15°C were able to maintain their numbers better when stored at 6°C. These results suggested that 

survival at 6°C was possible after protective cold-induced proteins were synthesized.  

Finally, the authors investigated the effect of the intermediate 15°C temperature before 

freezing, and showed that the “pre-cooled” bacteria had an overall 2.2 log higher viability than 

the one frozen directly from 35°C. This result suggests that submitting the bacteria to 

refrigeration temperatures may be counter-productive for freezing as a post harvest process to 

reduce Vibrio vulnificus in oysters. 

Most studies of cold adaptation and cold shock in bacteria have been done by counting 

CFU on solid media. The evaluation of VBNC cells and their resuscitation will probably modify 

the current understanding of cold responses in cells (Panoff and others 1998).  
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Previous Freezing Studies with Vibrio vulnificus 

Several studies have been conducted to evaluate the effect of freezing on Vibrio vulnificus 

in oysters and in suspension media. These studies report a reduction of the bacteria in oysters and 

oyster meat. Jeong and others (1991) reported a reduction in the bacteria of 2.8 MPN/g log units 

in shellstock oysters after 15 days of storage at -25ºC. Cook and Ruple (1992) froze shucked 

oyster meat contaminated with naturally occurring Vibrio vulnificus and observed large 

reductions, but the bacteria was still present after 12 weeks of storage at -20ºC. Oyster meats 

were frozen by three different methods: Individually Quick Frozen (IQF) with liquid carbon 

dioxide at -30ºC, blast frozen at -20ºC, and conventionally frozen at -20ºC.  

Parker and others (1994) reported significant reductions of 3 to 4 logs in Vibrio vulnificus 

in oysters frozen at -20ºC. A portion of the oysters analyzed were vacuum packed, and those 

showed a significantly greater reduction of the bacteria. Most reductions occurred within the first 

7 days, but counts continued to decline during storage. However, after 30 days, 2 logs of the 

bacteria were still detected, and after 70 days, some samples still contained 1 log. 

Mestey and Rodrick (2003) studied the effects of cryogenic freezing and subsequent 

storage on Vibrio vulnificus by using and comparing carbon dioxide (-67ºC) and liquid nitrogen 

(-91ºC) to freeze whole and half-shell oysters. For whole oysters, bacterial levels were 

undetectable after 14 days for carbon dioxide and after 21 days in most cases for liquid nitrogen. 

Recoverable numbers for half-shell oysters were lower at all storage intervals, and were 

undetectable after 14 days for both methods, and a few times only after 7 days. 

Studies with pure cultures provide a better understanding and an ease in processing for 

freezing studies, due to the fewer variables affecting the outcome of experiments. However, it 

must be remembered at all times that survival of the bacteria in oysters may be different due to 

variations in freezing and thawing rates and protective effect of the oyster’s meat. 
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Cook and Ruple (1992) reported that pure cultures suspended in media and frozen at -20ºC 

showed a greater decrease than those stored at 4, 0 and -1.9ºC, but even after 19 days 

approximately 1 log of culturable cells could be recovered. Bryan and others (1999) reported 

approximately 4 log reduction in 75 hours when Vibrio vulnificus cultures where frozen at -78ºC, 

but only a 2 log reduction if the microorganism was previously incubated at 15ºC. 

Bang and Drake (2002) studied the effect of freeze-thaw cycles on the survival of cold-

stressed bacteria. Pure cultures were suspended in dilution media and kept at 5ºC for 5 days. 

After the incubation period, cultures were subjected to 5 freeze-thaw cycles consisting of 

freezing and storing at -20ºC for 24 hours followed by air thawing at 23ºC for 30 minutes. 

Bacterial counts declined with freeze-thaw cycles, but it was found that cold-stress did not 

significantly improve survival. 

Contrary to previously mentioned studies, Johnston and Brown (2002) reported that 

freezing did not have much effect on Vibrio vulnificus, showing a maximum of 1.5 log reduction 

after 24 hours. This result was obtained through Thoma count, which allows observation through 

microscopy. Staining of cells showed very little membrane damage. 

Microbial Modeling 

Microbial modeling allows the description and prediction of microbial behavior under 

specific environmental conditions. These conditions can be intrinsic, like pH, or extrinsic, like 

temperature or salinity. Microbial responses are tested under controlled conditions and the results 

are then expressed as a mathematical equation that will allow prediction of untested 

combinations of conditions. Even though several conditions affect the growth or decline in 

microbial populations, only a few have a relevant influence, and it is preferred to use as few 

variables as possible in the equation. It is assumed that the effect of a factor is independent of 

whether the microorganism is in a broth or food, as long as other relevant factors are equivalent 
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(Ross and McMeekin 1994; Whiting 1995). Little has been published regarding the microbial 

modeling of Vibrio vulnificus. 

Classification of Models 

There are several ways to classify models. The most general classification is to divide them 

into growth models and inactivation or survival models.  Within these two categories, they can 

be classified as primary, secondary and tertiary level models.  

Primary level models describe the change in a microbial parameter, such as CFU/ml or 

toxin formation, over time. Examples of these models are exponential growth rate and first order 

thermal inactivation. Secondary level models describe the responses of primary models to 

changes in environmental conditions, such as pH or temperature. The Arrhenius relationship or 

square root model are some examples. Tertiary level models are generated by computer software 

that apply primary and secondary models into programs that calculate responses to changing 

conditions.  

Primary and secondary level models can also be subdivided according to other criteria. 

They can be linear or nonlinear, segregated or non-segregated, structured or non-structured. In 

addition, the models can be descriptive (empirical) or based on microbiological criteria 

(mechanistic, kinetic) (Whiting 1995). 

Of special interest for this study are inactivation kinetics or survival models. The term 

inactivation is generally used to describe a fast decline in microbial population by an active 

agent, and survival implies a slower decline (Whiting 1995). These types of models are 

subdivided into four main groups: linear curves, curves with tailing, curves with shoulders and 

sigmoidal curves. 

A linear curve, or log-linear, describes a first order reaction in which the rate of microbial 

reduction is proportional to the population. 



 

36 

A curve with tailing is a linear slope that shows a reduction in the rate of microbial decline, 

i.e. a change in their slope, usually towards the end. The slope of the tailing can be a smaller or a 

zero slope. Reasons proposed for this rate reduction or survival are that a part of the microbial 

population may be more resistant or that they are protected by external factors, such as dead cells 

or inactivation of microbicidal agent.  

A curve with a shoulder starts with a zero slope which, after a transition, is followed by the 

slope of the linear curve. There are many reasons as to why a shoulder can occur, such as the 

need of a cumulative effect, or death resulting when the synthesis of a particular component is 

inactivated.  

Curves with shoulders or with tailings are known as biphasic curves, while curves with 

both conditions are known as sigmoidal curves (Xiong and others 1999). 

Validation of Models 

Two steps must be taken to validate a model once it has been built. The first is to test its 

accuracy with new data and new combinations of variables. This will allow an estimation of the 

goodness of fit and will show if and where additional data is needed. Complex models tend to be 

very specific, which can be a limitation when testing new data.  

The second step is to compare model predictions with microbial responses in actual foods. 

This will show the model’s limitations and may show if additional factors must be tested and 

included in the model. Errors in growth or survival should always tend towards faster growth 

rates or better survival, respectively, to make a conservative prediction (Whiting 1995). 

Limitations of Models 

Statistically, it’s very important to have an estimate of the variation of calculated values. 

Even if models are usually accompanied by an estimate of the error, the quality of the model 
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remains subjective. Transforming values, such as log10 CFU/ml instead of actual population, or 

pH values instead of hydrogen ion concentration, can result in more linear responses than reality. 

It is very important that the model is accompanied by a description of its limitations; 

specific microorganisms, factors tested and considered in the model, ranges for each of these 

factors, and combinations of factors.  The model user must be aware that using the model outside 

its limitations may not give valid answers.  

It should also be remembered that, even if models must be tested in food and therefore 

competition between the target microorganisms and the rest of the normal microbial flora should 

be considered and tested as well, the normal microbial flora varies from sample to sample 

(Whiting 1995). 

Objectives 

The general objective of this study was to develop quantitative predictive models to 

describe the inactivation of Vibrio vulnificus by freezing temperatures and frozen storage. While 

the application of the model is desired for the bacteria in oysters, this study was carried out with 

pure cultures of the bacteria. The uncertainty of initial numbers of the bacteria and physical 

differences between oysters would be sources of variability that make the development of the 

model difficult. To avoid this, identical vials inoculated with known numbers of Vibrio vulnificus 

were used for this study. 

Specific objectives for this study were: 

 To determine the parameters related to freezing and thawing that have an effect on survival 

of Vibrio vulnificus, and use those that result in significant differences to model the 

survival of the bacteria.  

 To observe and compare the effects of freezing temperatures and freezing rates on survival 

of the organism. 

 To observe and compare the effects of frozen storage temperatures and times on the effect 

of the organism. 
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 To develop a mathematical model to predict the survival of the organism under different 

freezing and frozen storage conditions. 
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CHAPTER 3 

MATERIALS AND METHODS 

Bacterial Strain and Culture Conditions 

Vibrio vulnificus ATCC 27562 isolated from blood was used for these studies. The bacteria 

were maintained in 10ml of sterilized Difco© (Sparks, MD) Marine Broth 2216 at 37°C and 1ml 

was transferred every two days. A transfer was performed 24 hours prior to experimental use.  

Sample Preparation 

The following procedure was followed for each experiment and describes one set of 

samples. One milliliter of a fresh culture was transferred into 100ml of Marine Broth and 

incubated at 37°C for 24 hours. The culture of Vibrio vulnificus was then centrifuged for 20 

minutes at relative centrifugal force of 2289 x g, and re-suspended in Phosphate Buffered Saline 

(PBS) with Magnesium Chloride (Hardy Diagnostics, Santa Maria, CA) to a concentration of 

approximately 10
7
 CFU/ml. The concentration of Vibrio vulnificus suspended in PBS was 

estimated spectrophotometrically by adjusting the optical density to 0.450 at a wavelength of 

600nm. Twenty five screw-cap vials (Nunc* Internally Threaded CryoTube* 3.6ml vials, Fisher 

Scientific, Pittsburgh, PA) were filled with 3ml of the culture suspension.  

To determine viable plate counts of the culture, a 1ml aliquot was serially diluted on PBS 

and plated onto duplicate Difco© (Sparks, MD) Marine Agar 2216 plates and incubated 

overnight at 37°C. Colonies were counted following the procedure for enumerating bacteria by 

conventional plate count method stated in the U.S. Food and Drug Administration 

Bacteriological Analytical Manual Online (BAM 2001). This method will be referred throughout 

this study as direct plating. 
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Freezing Studies 

Freezing studies were divided into three sections. The objective of Section A was primarily 

to determine the effect of thawing temperatures on the survival of Vibrio vulnificus and to 

determine the amount, if any, of injured cells with freezing. Based on the results obtained in 

Section A, Sections B and C were designed to observe the effects freezing temperatures, frozen 

storage temperatures and times on the survival of the microorganisms. A summary of treatments 

in each section is shown on Table 3-1. 

Table 3-1.  Freezing studies experimental design 

Section 
Freezing T 

(°C) 

Storage T 

(°C) 

Storage time 

(days) 

Thawing T 

(°C) 

Counting 

Method 

A 

-10 

-35 

-80 

No storage No storage 3, 30 
DP 

MPN 

B 
-35 

-80 

-35 

-80 
0,7,14,21,28,35,42 30 DP 

C 

-10 

-35 

-80 

-10 0,6,9,12 30 DP 

DP = Direct plating. MPN = Most probable number. 

 

Section A 

A set of sample tubes was placed on a tube rack and frozen at -10°C using a still air 

freezer. Once samples had reached the freezer temperature, six samples were removed from the 

freezer. Three samples were thawed for approximately 10 minutes in a water bath until they 

reached 30°C, and three were thawed for approximately 165 minutes in a walk-in refrigerator at 

3°C and then warmed up to 30°C in a water bath for approximately 6 minutes. Survival of Vibrio 

vulnificus was followed as described below. Samples were also frozen at -80°C and at -35°C and 

thawing protocols described above were followed. Every experiment was repeated 3 times. 

To obtain Vibrio vulnificus survival data, viable plate counts were determined by direct 

plating, as described above. In addition, a 3-tube Most Probable Number (MPN) procedure, 
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which is a method to estimate the density of microorganisms in a liquid, was used with a non-

selective nutritionally rich liquid media to allow recovery of injured cells (Ray and Speck 1973). 

Briefly, 3 replicate tubes with 9ml of 1% Alkaline Peptone Water (APW), pH 8.4, used as 

enrichment media were inoculated with 1 ml of the sample’s serial dilution. In the same way, the 

next three tubes were inoculated with the subsequent dilution, and so on for the next 3 dilutions. 

After 18 hours of incubation at 37°C, the numbers of turbid tubes, i.e. positive tubes, per dilution 

were noted and the population density of the sample was obtained by referring to a 3 tube, 5 

dilution MPN table (BAM 2001). The difference in counts obtained by direct plating and by 

MPN was assumed to show the amount of injured cells.  

Section B 

A set of sample tubes was placed on a rack and frozen at -80°C using a still air freezer. 

Once samples had reached the freezer temperature, three samples were removed from the 

freezer. The remaining samples were kept for storage at -80°C. Three samples were removed 

every week for six weeks. Each time, samples were thawed at 30°C in a water bath for 

approximately 10 minutes for microbiological analysis. Sample tubes were also frozen and 

stored at -35°C and the sampling procedure described above was followed.  

Table 3-1 shows the experimental design for the mentioned studies. Every experiment was 

repeated 3 times. Viable counts were determined by direct plating. 

Section C 

A set of samples was placed on a rack and frozen at -80°C using a still air freezer. Once 

samples had reached the freezer temperature, three samples were removed from the freezer and 

thawed in a water bath at 30°C for approximately 10 minutes for microbiological analysis. The 

remaining samples were moved to a -10°C freezer for storage. Once samples reached -10°C, 

three samples were removed and thawed at 30°C for approximately 10 minutes for 
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microbiological analysis. In the same way, three samples were removed from the freezer every 

three days for up to 12 days, and thawed as described above. The same procedure was followed 

for samples frozen at -35°C and -10°C, and stored at -10°C, with the only difference that samples 

frozen at -10°C remained in the same freezer for storage.  

Table 3-1 shows the experimental design for the mentioned studies. Every experiment was 

repeated 3 times. Viable counts were determined by direct plating. 

Temperature Data Acquisition 

Thermocouples (TCs, type T, Omega Engineering, Stamford, CT) were placed in “blank” 

vials containing only PBS to obtain time-temperature data of each experiment. Perfluoroalkoxy 

(PFA) insulated 24 gage TCs were connected to a data acquisition system. The module, OMB-

DAQ-56 from Omega Engineering (Stamford, CT), was connected to a computer with a data 

acquisition and real time display software developed in our laboratory. 

Blank vials were identical to those used for samples, but were equipped with a Teflon 

“ring” placed in the middle section of the vial, as the one shown in Figure 3-1. The ring had a 

centered perforation to place and maintain the TC tip centered in the vial, and 2 side perforations 

to allow water flow and expansion during freezing and thawing. The cap of the vial was also 

perforated in the center to allow for the TC to be introduced into the vial. 

For each freezing treatment, sample vials were placed in the rack leaving a space between 

tubes to have a uniform heat transfer. Four vials with TCs were randomly placed between 

samples, following the free-space arrangement. Additional blank vials were placed in the corner 

spaces of the rack, since heat transfer was faster in those positions. Once the rack was set-up, the 

data acquisition was started and the rack was introduced into the corresponding freezer. Prior to 

each experiment, a TC was placed in the freezer to monitor internal ambient temperature 

throughout the freezing process.  
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A)     B)      

Figure 3-1. Vial and thermocouple. A) Vial equipped with thermocouple and teflon ring. B) 

Teflon ring. 

The slow freezing rates at -10°C and at -35°C caused supercooling (SC) of samples. 

Unfortunately, the SC was not consistent between and within experiments: it could last for 

several minutes and be as low as 10°C below the freezing point for one sample, but be 

completely absent in the next one. To avoid or stop SC, the rack was bumped against the freezer 

wall. The energy released in the impact would initiate the crystallization process in the samples 

stopping the SC of it, and beginning the phase change part of the freezing process. 

Time-temperature data was obtained for freezing and thawing processes, and when moving 

the samples from one freezer to another. 

Freezing Rates and Slopes 

Every freezing experiment had several time-temperature datasets, one from each TC. 

Freezing and cooling rates were calculated by using Equation 3-1, where Tt is the temperature of 

the sample at any given time, Ti is the initial temperature of the sample, and Tamb is the 

temperature of the freezer, i.e. the ambient temperature. The resulting data was plotted against 

time, and curves similar to the one shown in Figure 3-2 were obtained.  
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Figure 3-2 shows the three stages of the freezing process: first cooling or prefreezing, 

phase change or freezing, and second cooling or reduction to storage temperature. Slopes and R
2
 

values for first and second cooling of experiments from Section B and C were calculated using 

linear regressions, and lengths of the freezing phases mentioned above were also determined. 

These values, obtained from individual TCs, were averaged and standard deviations were 

calculated. This process was repeated for all experimental replicates at a given temperature. 

Values resulting from each of these replicates were averaged and standard deviations were 

calculated.  

 
 

Figure 3-2. Example of cooling rate vs. time plot 

Statistical Analysis 

Statistical analysis of the data consisted of performing an analysis of variance (ANOVA) 

and Duncan’s multiple range test to evaluate the difference in survival means between 

treatments, using SAS 9.1. At all times α= 0.05. Seven aspects were analyzed regarding 

microbiological data: 

 Mean comparison of Vibrio vulnificus counts obtained by direct plating and MPN to 

determine the presence of injured cells, using data from Section A of the experimental 

procedure. 
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 Mean comparison of bacterial counts obtained by direct plating for samples thawed at 4°C 

and at 30°C to determine the effect of thawing temperatures on survival of Vibrio 

vulnificus, using data from Section A of the experimental procedure. 

 Mean comparison of logarithmic reductions (log reductions) immediately after freezing at -

10°C, -35°C and -80°C, to observe the effect of freezing on survival of Vibrio vulnificus. 

Data from sections B and C of the experimental procedure were used.  

 Mean comparison of log reductions when storing Vibrio vulnificus at -80°C and at -35°C, 

and throughout the storage period, using data from Section B of the experimental 

procedure. Each combination of storage temperature and time was considered a treatment. 

The objective was to observe the individual and combined effects of storage temperature 

and time. 

 Mean comparison of logarithmic reductions of Vibrio vulnificus frozen at -80°C, -35°C, 

and -10°C, and stored at -10°C, and throughout the storage period, using data from Section 

C of the experimental procedure. Each combination of storage temperature and time was 

considered a treatment. The objective was to observe the individual and combined effects 

of storage temperature and time. 

 Mean comparison of log reductions after 6 days of storage at -10°C and after 7 days of 

storage at -35°C and -80°C, to observe the effect of freezing and storage temperature on 

survival of Vibrio vulnificus. Data from Section B and C of the experimental procedure 

were used.  

 Mean comparison of overall log reductions of Vibrio vulnificus after 6 days of storage at -

10°C and 7 days of storage at -35°C and -80°C to observe the cumulative effects of 

freezing temperature, storage temperature and change of storage temperature. Data from 

Section B and C of the experimental procedure were used.  

In addition an ANOVA and Duncan’s multiple range test (α= 0.05) was also used to 

determine if freezing rates obtained by all freezing temperatures were statistically different. 

Finally, the same statistical procedure was used to compare different parameters throughout the 

model development, to verify that assumptions on which the model was based were accurate.  

Model Development 

Statistical analysis of the survival data showed that variables that had an effect in the 

survival of the Vibrio vulnificus were frozen storage temperature and frozen storage time. Using 

Cancalc Analyze Software (Engineering and Cybersolutions Inc., Gainesville, FL), storage data 

collected from each freezing experiment in Section B and C were analyzed by fitting into 
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existing inactivation kinetic models: first order, Weibull and Peleg. Once the inactivation during 

storage was accurately described, constants were determined to predict inactivation that occurred 

during freezing. 

Inactivation During Frozen Storage 

Each dataset consisted of survival data throughout frozen storage time. Since this section 

of the modeling only analyzed inactivation during storage, time 0 of storage was considered the 

initial Vibrio vulnificus population.   

Based on the results from the statistical analysis the following assumptions were tested 

regarding inactivation of Vibrio vulnificus during storage: 

 Assumption 1: The rate of Vibrio vulnificus inactivation depends on the storage 

temperature. 

 Assumption 2: If survival of Vibrio vulnificus depends only on the storage temperature, 

then model parameters that are a function of temperature should be statistically the same at 

the same storage temperature. 

Assumption 1 was tested by analyzing the isothermal kinetics of inactivation of samples 

stored at the same temperature as they were frozen. Therefore, three treatments were analyzed: 

frozen at -80°C and stored at -80°C (Fr-80/St-80), frozen at -35°C and stored at -35°C (Fr-35/St-

35), and frozen at -10°C and stored at -10°C (Fr-10/St-10). Each of these treatments had three 

datasets corresponding to each of the triplicates.  

Assumption 2 was tested by performing an ANOVA and Duncan’s multiple range test to 

determine if the temperature dependent parameters for same storage temperature of each model 

were statistically the same, regardless of the freezing temperature. Three treatments were 

analyzed: frozen at -80°C and stored at -10°C (Fr-80/St-10), frozen at -35°C and stored at -10°C 

(Fr-35/St-10), and frozen at -10°C and stored at -10°C (Fr-10/St-10). Each of these treatments 

had three datasets corresponding to each of the triplicates.  
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First order kinetics 

First order isothermal analysis of survival data for each treatment yielded D and k values, 

both functions of temperature. The k-value represents the rate of inactivation of the 

microorganism, while the D-value, or Decimal Reduction Time, is the non-logarithmic reciprocal 

of the k-value and represents the time required to reduce the microbial population by a factor of 

10. In this case, D-values are given in days. This behavior is represented by Equation 3-2, where 

No is the original number of microorganisms and Nt is the number of microorganisms at time t. 
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D-values for isothermal datasets were used to determine the z-value, which represents the 

temperature difference necessary to change the D-value by one log10 cycle. In this case, units for 

z-value were degrees Celsius. D-values for each triplicate of Fr-80/St-80, Fr-35/St-35, and Fr-

10/St-10 were plotted against their correspondent storage temperature, i.e. -80°C, -35°C, and -

10°C. Since the program does not accept repeated temperature values, the temperatures used 

were: -80.001, -80.002, and -80.003 instead of -80°C; -35.001, -35.002, and -35.003 instead of -

35°C; and -10.001, -10.002, and -10.003 instead of -10°C. The z-value is the negative reciprocal 

of the slope.   

Once the D-values and the z-value were determined, equations for first order microbial 

inactivation (Equation 3-3 and 3-4) were used to predict numbers of survivors at any given time. 

The reference temperature was selected by comparing standard deviations of D-values for each 

storage temperature, and selecting the one with the least variation. 
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For Equation 3-3 Nt is the number of Vibrio vulnificus at time t in days, No is the initial 

number of Vibrio vulnificus during storage, and DT is the D-value in days at any given 

temperature T obtained through Equation 3-4. DTref is the D-value at the reference temperature 

Tref, and z is the z-value in degrees Celsius. 

To verify that the survival of Vibrio vulnificus depends only on the storage temperature 

(Assumption 2), D-values for datasets stored at -10°C were determined and compared by 

performing an ANOVA and Duncan’s multiple range test. 

Weibull kinetics 

While first order inactivation kinetics assumes a linear survival curve, most survival curves 

appear to be nonlinear. Weibull kinetics models survival through the use of two parameters, α 

and β (Equation 3-6). The α parameter is a function of temperature described by Equation 3-5. 

The β parameter refers to the shape of the survival curve, where β<1 describes a concave-upward 

curve, β>1 a concave-downward curve, and β=1 a linear curve (van Boekel 2002). 
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After obtaining the α- and β-values for the three isothermal datasets, Fr-80/St-80, Fr-35/St-

35, and Fr-10/St-10, logarithmic α-values were plotted against their corresponding storage 

temperature, -80°C, -35°C, and -10°C, to determine the a- and b-values. Since the program does 

not accept repeated temperature values, the temperatures used were: -80.001, -80.002, and -

80.003 instead of -80°C; -35.001, -35.002, and -35.003 instead of -35°C; and -10.001, -10.002, 

and -10.003 instead of -10°C. The a-value corresponds to the intercept of the straight line, and 

the b-value is the absolute value of the slope, as shown in Equation 3-6.  
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Unlike the temperature dependent parameter α, the β parameter refers to the shape of the 

curve, therefore the Weibull model uses only one β-value. This value is obtained by comparing 

all β-values per temperature, and selecting an average of the set that presents the least variation. 

Once the β-, a- and b-values were determined, Equation 3-7 for Weibull microbial 

inactivation was used to predict numbers of survivors at any given time, by plugging in Equation 

3-6.  
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After the model was tested it became evident that while traditionally the β-value is selected 

as described above, for this case, β-value would better be described as a function of temperature. 

Therefore, after removing outlier values, quadratic and linear equations were tested for 

improvement of experimental data fit. 

To verify that the survival of Vibrio vulnificus depends only on the storage temperature 

(Assumption 2), α-values for datasets stored at -10°C were compared by performing an ANOVA 

and Duncan’s multiple range test. 

Peleg kinetics 

Peleg isothermal kinetics are described by Equation 3-8, where β is the temperature 

dependent parameter described by Equation 3-9. The n parameter refers to the shape of the 

survival curve, where n<1 describes a concave-upward curve, n>1 a concave-downward curve, 

and β=1 a linear curve (Peleg 2003). 
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After obtaining the n- and β-values for the three isothermal datasets, Fr-80/St-80, Fr-35/St-

35, and Fr-10/St-10, the correspondent storage temperature were plotted against [ln(e
β
-1)] to 

determine the survival parameters of the microorganism, i.e. the critical temperature (Tc) and k-

value. Since the program does not accept repeated temperature values, the temperatures used 

were: -80.001, -80.002, and -80.003 instead of -80°C; -35.001, -35.002, and -35.003 instead of -

35°C; and -10.001, -10.002, and -10.003 instead of -10°C. The k-value corresponds to the slope 

of the straight line and Tc, which is the critical temperature at which the inactivation intensifies, 

to the intercept of the straight line with the temperature axis.     

Unlike the temperature dependent parameter β, the n parameter refers to the shape of the 

curve, therefore the Peleg model uses only one n-value. This value is obtained by comparing all 

Once the Tc and k-values were determined, Equation 3-10 for Peleg microbial inactivation 

was used to predict numbers of survivors at any given time, by plugging in Equation 3-9.  

n

To10t10 tNlogNlog            (3-10) 

After the model was tested it became evident that while traditionally the n-value is selected 

as described above, for this case, n would better be described as a function of temperature. 

Therefore, after removing outlier values, a linear equation was tested for improvement of 

experimental data fit. 

To verify that the survival of Vibrio vulnificus depends only on the storage temperature 

(Assumption 2), β-values for datasets stored at -10°C were compared by performing an ANOVA 

and Duncan’s multiple range test. 

Inactivation During Freezing 

Once the model for Vibrio vulnificus inactivation during storage was selected, it was 

necessary to add the inactivation during freezing to the model. 
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The average and standard deviation of the log reduction in survivors during freezing at all 

temperatures was found, using data from Sections B and C of the experimental design. The 

standard deviation was subtracted from the mean log reduction. This way, inactivation of Vibrio 

vulnificus due to freezing would be accounted for in a conservative way. The number obtained 

represents the inactivation during freezing. 

Analysis of Residuals 

Values predicted by the model were subtracted from the experimental values to determine 

the residuals (Equation 3-12). Residual values were plotted against predicted values to observe 

the accuracy of the model. 

Residuals = log(experimental counts) – log(predicted counts)         (3-12) 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Freezing Studies 

Injured Cells 

Two methods were used to obtain viable counts of Vibrio vulnificus in Section A of the 

freezing studies: direct plating and most probable number (MPN). The enrichment media of the 

MPN procedure allows injured bacteria to recover and become viable, while direct plating will 

only show bacteria capable of forming colonies at the moment of plating. Therefore, by 

subtracting direct plate counts from MPN counts, the number of injured bacteria can be obtained.  

Data from Section A of the freezing studies showed that bacterial counts after freezing 

obtained by the two methods were not significantly different (α= 0.05). Overall means of counts 

were 7.01x10
6
 colonies/ml and 6.07x10

6
 MPN/ml, obtained by direct plating and MPN, 

respectively. Figure 4-1 shows the statistical analysis, with no significant differences (α= 0.05) 

within any of the three freezing temperatures and thawing methods. 

 
Figure 4-1. Bacterial counts/ml obtained by direct plating (CFU) and by most probable number 

(MPN) shown in logarithmic scale. Bars show standard deviations. 



 

53 

These results suggest that exposing Vibrio vulnificus to freezing treatments does not result 

in injured cells; cells will either die or retain their ability to form colonies. Whether inactive cells 

are really dead or they are in the VBNC state needs to be further investigated. 

Thawing Temperatures 

Samples in Section A of the experiments were thawed at 30°C and at 4°C to observe the 

effect of thawing temperatures on the survival of Vibrio vulnificus after freezing. On average, 

thawing at 30°C until water bath temperature was reached (30°C) lasted 10 minutes. On the other 

hand, slow thawing lasted on average 166 minutes until refrigerator temperature was reached (2 

to 4°C). Samples were then warmed up to 30°C, which on average lasted 7 minutes. As 

examples, Figure 4-2A shows a plot of thawing at 3°C followed by warming to 30°C and Figure 

4-2B shows thawing at 30°C. In both cases, samples were thawed from -35°C. 

A)  

B)  

Figure 4-2. Thawing curves. A) In refrigerator temperature and warming up to 30°C in a water 

bath. B) In a water bath at 30°C. 
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Overall microbial counts obtained by the two thawing methods were not found to be 

significantly different (α= 0.05). The mean count for thawing at 4°C was 8.09x10
6 

CFU/ml and 

for thawing at 30°C was 5.93x10
6
 CFU/ml. Figure 4-4 shows the statistical analysis, where no 

significant differences were found between the two thawing temperatures at any of the freezing 

temperatures. These results show that thawing temperatures, and therefore thawing rates, do not 

have a significant role in the survival of Vibrio vulnificus. 

 

Figure 4-3. Bacterial counts/ml obtained after thawing at 4°C and at 30°C, in logarithmic scale. 

Bars show standard deviations. 

Freezing Temperatures and Rates 

All sections of the experimental procedure involved freezing at -10°C, -35°C, and -80°C. 

However, since the main goal of Section A was to observe the presence of injured cells and the 

effect of thawing temperatures, only Section B and C were used to analyze the freezing 

temperatures and rates.  

Two freezing parameters were of main interest: first cooling and phase change. First 

cooling may define a possible adaptation to cold; slow cooling rates may allow Vibrio vulnificus 

to synthesize cold adaptation proteins. The length of phase change, on the other hand, will define 
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the formation of intracellular or extracellular ice, as well as the initial size of the ice crystals. 

Figure 4-4 shows a sample time-temperature curves for vials frozen at -10°C and at -80°C. 

A)  

B)  

Figure 4-4. Time-temperature curves. A) Samples frozen at -80°C. B) Samples frozen at -10°C 

Table 4-1 shows a summary of the average length of each freezing phase per freezing 

temperature. It can be observed that the total freezing time at -10°C was roughly 2 times the 

freezing time at -35°C and 4 times the freezing time at -80°C.  

Table 4-1.  Lengths of freezing phases in minutes 

Freezing temperature 
-80°C  -35°C  -10°C 

Length STD  Length STD  Length  STD 

First cooling (min) 3.03 0.21  7.50 0.32  20.72 4.26 

Phase change (min) 7.90 0.33  27.09 2.38  87.98 18.71 

Second cooling (min) 26.15 2.57  38.91 8.28  41.03 3.44 

Total (min) 37.09 2.71  73.50 9.79  149.72 20.16 

 STD= Standard deviation 



 

56 

By plotting the cooling rates (Equation 3-1) of first and second cooling for each time-

temperature curve, slopes and R
2
 were determined. Averages for each slope per freezing 

temperature are shown in Table 4-2. Statistical analysis showed that the slopes of first cooling at 

different temperatures are different from each other. Figure 4-5 shows a sample cooling rates 

plots for vials frozen at -10°C and at -80°C. 

Table 4-2.  Slopes of cooling rates 

Freezing temperature 
-80°C -35°C -10°C 

Slope STD  Slope STD  Slope  STD 

First cooling (min
-1

) -0.093 0.006  -0.082 0.004  -0.063 0.002 

R
2
 first cooling (min

-1
)   0.983 0.006    0.993 0.005    0.997 0.003 

Second cooling (min
-1

) -0.192 0.030  -0.099 0.015  -0.099 0.052 

R
2
 second cooling (min

-1
)   0.993 0.005    0.991 0.003    0.949 0.052 

STD= Standard deviation 

A)  

B)  

Figure 4-5. Cooling rate plots. A) Samples frozen at -80°C. B) Samples frozen at -10°C 
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Survival data showed a decrease in bacterial counts during freezing. Statistical analysis of 

the log10 reductions at the three different temperatures showed no significant differences (α= 

0.05). Mean log10 reductions during freezing were 1.53 at -80°C, 1.77 at -35°C, and 1.56 at -

10°C, with an overall mean of 1.63 and standard deviation of 0.41.  

These results show that, while there is a reduction of Vibrio vulnificus during freezing, the 

temperature of freezing does not have an effect on the survival. In addition, it can be assumed 

that the freezing rate does not have an effect on the survival either.  

The mechanism of cell damage during freezing should be possible to determine through 

observation with electron microscopy, which was not performed for this study. However, based 

on literature available, it can be assumed that damage occurred by formation of intracellular or 

extracellular ice crystals and the subsequent dehydration and/or puncture of the cells.  

Bryan and others (1999) reported better survival of Vibrio vulnificus after freezing due to 

adaptation to cold temperatures after a three hour incubation at 15°C. Even though this study did 

not include incubation periods, first cooling rate and length varied with each freezing 

temperature, resulting in different times of exposure to cold temperatures. Freezing at -10°C 

allowed Vibrio vulnificus to be exposed to cold temperatures for approximately 20 minutes 

before reaching sub-zero temperature, while freezing at -80°C only allowed for 3 minutes of 

exposure. Since log10 reductions obtained by both temperatures were statistically the same, it can 

be assumed that the cells were not able to adapt to cold within 20 minutes.  

Effect of Storage Temperatures and Times 

Storage at -80°C and at -35°C 

Section B of the experimental procedure consisted on freezing samples at -80°C and at -

35°C, followed by storage at the same temperature. Samples were removed immediately after 

freezing and every week for six weeks to follow survival of the bacteria. Statistical analysis of 



 

58 

log reductions showed that there was an interaction between time and temperature. Significant 

differences (α= 0.05) were found when comparing the overall effect of storage temperatures, 

with a mean log reduction of 0.089 for samples stored at -80°C and of 1.262 for samples stored 

at -35°C. Note that log reductions during frozen storage were calculated by considering bacterial 

counts after freezing, i.e. first data point of storage, as the initial bacterial population.  

When comparing individual data points, no significant differences (α= 0.05) were found 

through the six weeks of storage at -80°C. Samples stored at -35°C were shown to be statistically 

different from each other throughout time, and from those stored at -80°C, as Figure 4-6 shows. 

 

 

Figure 4-6. Log10 reduction during storage at -35°C and -80°C. Bars show standard deviations. 

These results show that storage temperature has a significant effect on the inactivation rate 

of Vibrio vulnificus. A possible explanation for this response to different storage temperatures 

might be in the presence of intracellular ice crystals. As described by Bank and Mazur (1973), 

the size of the crystals is a function of initial crystal size, storage temperature and storage time. 

During freezing at both temperatures, ice crystals were formed inside the cells. Ice crystals 

formed at the freezing rate corresponding to -80°C were theoretically smaller than those formed 

at the freezing rate corresponding to -35°C. Based the on analysis of survival of Vibrio vulnificus 
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frozen at different temperatures, it can be assumed that they caused equal amount of damage to 

cells. However, during storage at -80°C ice crystal growth is minimal, while at -35°C is already 

detectable (Bank and Mazur 1973). Therefore, intracellular ice crystal growth during storage at -

35°C may have caused inactivation of Vibrio vulnificus by damaging membranes. 

As mentioned in the review of the literature, intracellular ice formation has been attributed 

to rapid freezing rates, while cell dehydration and solutes effects has been attributed to slow 

freezing rates. Solute effects should cause most inactivation during freezing, where unfrozen 

cells are exposed to changes in pH and precipitation of solutes. However, freezing at -35°C and -

80°C caused the same amount of reduction. Only during storage they behaved differently. These 

results suggest that what ultimately causes inactivation of Vibrio vulnificus, is intracellular ice 

crystal growth and not solute effects. Nevertheless, this is only circumstantial evidence; 

observation through electron microscopy is needed to confirm the above mentioned scenarios. 

Storage at -10°C 

Section C of the experimental procedure consisted of keeping samples frozen at -10°C, -

35°C, and -80°C stored at -10°C. Bacterial counts of the samples were determined after freezing 

and after change of colder temperatures to -10°C. Additional samples were removed from the -

10°C freezer every 3 days for up to 9 days to follow survival of the bacteria. For this section, 

initial bacterial count were considered as follows: for samples frozen at -10°C, initial storage 

population was the one obtained immediately after freezing; for samples frozen at -35°C and -

80°C the initial storage population was the one obtained after samples were transferred to storage 

at -10°C. 

Statistical analysis of log reductions showed that there was no interaction between the 

freezing temperature and storage time. Mean log reduction throughout time was different at 

every data point. Mean log reduction at days 3, 6 and 9 were 2.45, 3.23, and 4.14, respectively. 
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In regards to the effect of freezing temperature on samples stored at -10°C, significant 

differences (α= 0.05) were found as shown Table 4-3.  

Table 4-3.  Overall effect of freezing temperatures in samples stored at -10°C.  

Freezing temperature -80°C -35°C -10°C 

Mean log10 reduction 2.51 ab 2.20 b 2.66 a 

Means with the same letter are not significantly different (α= 0.05). 

Data corresponding to the twelfth day was removed since it was available in only one 

replicate of one treatment (Fr-10°C/St-10°C set 1). In a similar way, data for the ninth day of Fr-

35°C/St-10°C was not available for two sets (2 and 3), so it was completed by repeating the 

previous microbial count. Since it is evident that Vibrio vulnificus counts do not increase with 

time, it was a conservative choice to use the data from the previous data point to have a better 

statistical analysis. For the complete original dataset, please refer to Appendix 1. 

Individual data points were analyzed by considering each freezing temperature and time as 

a separate treatment, as shown in Figure 4-7. Significant differences (α= 0.05) were found 

throughout time in most cases. After 3 days there were no significant differences (α= 0.05) 

between treatments, same case at the sixth day. At the ninth day it was found that samples frozen 

at -35°C were significantly different (α= 0.05) than those frozen at -10°C and at -80°C.  

 
 

Figure 4-7. Log10 reduction during storage at -10°C. Bars show standard deviations. 
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These results suggest that regardless of the freezing temperature or freezing rate, samples 

stored at the same temperature will have similar rates of inactivation. Just as with the analysis of 

Section B, it can be assumed that formation of intracellular ice crystals and their subsequent 

growth is what causes death of cells.  

One week of storage 

To compare the effects of the three storage temperatures on survival of Vibrio vulnificus it 

was necessary to select one point in time. Therefore, seven days of storage was selected for 

Section B of the experimental procedure, and six days for Section C. While this comparison is 

not completely accurate, it allows a more complete and valuable comparison of effect of storage 

temperature.  

Statistical analysis of log reductions during storage showed significant differences between 

samples stored at the three different temperatures (α= 0.05), however there was no significant 

difference among survival of samples stored at -10°C and frozen at different temperatures, as 

shown in Figure 4-8.  

 
 

Figure 4-8. Log10 reduction after 1 week of storage at -10°C, -35°C, and -80°C. Bars show 

standard deviations. 
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These results confirm that storage temperature is the variable that defines the rate of 

inactivation of Vibrio vulnificus during 1 week of storage. Circumstantial evidence suggests that 

death of cells may be caused by growth of intracellular ice crystals.  

It is possible that regardless of the initial crystal size, the combination of initial size and 

growth causes cell injury, with subsequent death. During fast freezing, small ice crystals are 

formed, and in warmer temperatures they grow faster. During slow freezing that is still fast 

enough to allow intracellular ice formation, larger ice crystals form. However their rate of 

growth at warmer temperatures is slower than that of smaller crystals. Nevertheless, their 

original size plus their growth will probably cause the same amount of damage than smaller ice 

crystals cause.  

Following these assumptions, freezing at -80°C results in the formation of small 

intracellular ice crystals that grow very fast at -10°C. On the other hand, freezing at -10°C results 

in larger intracellular ice crystals that grow very slow at -10°C, but they still grow. Since their 

initial size was big, when they grow, they cause the same damage caused by the fast growing 

small ice crystals. Freezing at -35°C lies somewhere in the middle, with medium ice crystals that 

grow at a medium rate, causing, once again the same amount of damage.  

Effect of Overall Treatments 

To compare the overall effect of the five treatments on survival of Vibrio vulnificus a point 

in time was selected. Just like the previous section, seven days of storage was selected for 

Section B of the experimental procedure, and six days for Section C. While this comparison is 

not completely accurate, it allows a more complete and valuable comparison of the overall effect 

of treatments, combining reductions during freezing, storage, and change of storage temperature 

immediately after freezing, as shown in Figure 4-9.  
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Figure 4-9. Log10 reduction of overall treatments. Bars show standard deviations. 

As shown in Figure 4-9, the move of the samples from freezers at -80°C and -35°C to a 

storage temperature of -10°C causes an additional 0.75 average log reduction. This added 

reduction makes the overall log reduction of Fr-35°C/St-10°C and Fr-80°C/St-10°C statistically 

different (α= 0.05) from Fr-10°C/St-10°C.  

These results show that while the freezing temperature causes a reduction in survival of 

Vibrio vulnificus, what ultimately determines the rate of inactivation is the storage temperature. 

However, the added effect of a change of temperature in storage has a small added effect on the 

overall reduction. 

However it must be taken into consideration that for this study the change in temperature 

was from a colder temperature to a warmer temperature. This causes an increase in crystal 

growth, which leads to increase in bacterial death. It is very possible that a change to a colder 

temperature will not cause an additional reduction, or at least that the reduction will not have a 

significant effect in the overall outcome of the treatment. This should be tested in future 

experiments. 
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Inactivation Model 

Inactivation During Frozen Storage 

First order kinetics 

First order isothermal analysis of survival data during storage for each triplicate of each 

treatment yielded D and k values, as shown in Table 4-4. A plot of log D-values vs temperature 

(Figure 4-10) had a slope whose reciprocal resulted in a z-value of 29.45 C°. Fr-80/St-80 set 3 

resulted in an outlier, therefore was removed from the analysis. 

Table 4-4.  First order isothermal analysis 

Freezing 

Temperature (°C) 

Storage 

Temperature (°C) 
Set number D-value (days) k-value (days

-1
) 

-80°C -80°C 
1 596.81 0.0039 

2 502.08 0.0046 

    3* 155.94 0.0148 

-35°C -35°C 
1 29.84 0.0978 

2 29.19 0.0789 

  3 23.54 0.0772 

-10°C -10°C 

1 2.33 0.9888 

2 2.25 1.1081 

3 2.08 1.0249 

*Outlier 

 
 

Figure 4-10. Log10 D-values vs temperature 
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Aside from the z-value, it was necessary to determine the reference temperature (Tref) and 

reference D-value (DTref) to use first order Equations 3-3 and 3-4. A comparison of standard 

deviations of D-values for each storage temperature showed that D-values corresponding to         

-10°C had the least variation, therefore Tref was 10°C and the average D-value resulted in DTref of 

2.22 days. 

Using Tref and DTref, Equation 4-1, or more specifically Equation 4-2, was used to 

determine DT for each storage temperature. Knowing the initial number of Vibrio vulnificus 

during storage, predicted values for survival at each storage temperature were determined at each 

time t by plugging DT into Equation 4-3, where Nf is Vibrio vulnificus numbers after freezing. 

z

T)C10T(

10*DD 10T



              (4-1) 





 C54.29

TC10

10*days22.2DT
            (4-2) 

T

ft
D

t
NlogNlog                  (4-3) 

 

Figure 4-11. First order isothermal inactivation during storage at -80°C. D=528.94 days. 
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Figure 4-12. First order isothermal inactivation during storage at -35°C. D=15.66 days. 

 

Figure 4-13. First order isothermal inactivation during storage at -10°C. D=2.22 days. 

While the first order equation did a fairly good job of describing inactivation during 

storage at -80°C, as shown in Figure 4-11, it became evident that inactivation during storage at -

35°C and -10° did not follow first order inactivation kinetics; the curve shows an upward 

concavity (Figure 4-12 and 4-13). 
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Weibull kinetics 

Weibull isothermal analysis of survival data during storage for each triplicate of each 

treatment yielded α- and β-values, as shown in Table 4-5. A plot of log α-values vs temperature 

(Figure 4-14) showed that Fr-80/St-80 sets 1 and 2 were outliers, therefore those values were 

removed from the dataset. Analysis of α-values resulted in a= -1.163 and b=0.0466. 

Table 4-5.  Weibull isothermal analysis 

Freezing 

Temperature (°C) 

Storage 

Temperature (°C) 
Set number α-value β-value 

-80°C -80°C 

1* 9.27x10
-4 

-0.242 

2* 1.03x10
-123 

-0.008 

3 221.534 0.876 

-35°C -35°C 

1 3.246 0.239 

2 5.741 0.285 

3 5.548 0.276 

-10°C -10°C 

1 0.204 0.406 

2 0.032 0.203 

3 0.501 0.489 

*Outliers 

 

 

 

Figure 4-14. α-values vs temperature 

β was found to be best described by β-35=0.3796, since β-values showed less variability at 

the mentioned temperature. However, upon testing the model, it became evident that β-values 
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would be best described by relating it to temperature through a linear or a quadratic equation 

(Figures 4-15 and 4-16). By testing these two equations, it was determined that the quadratic 

equation was more adequate than the linear one. 

 

 

Figure 4-15. Linear β-values vs temperature 

 

 

Figure 4-16. Quadratic β-values vs temperature 

Using a and b, Equation 4-4 was used to determine αT for each storage temperature. ΒT for 

each temperature was determined using Equation 4-5. Knowing the initial number of Vibrio 
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vulnificus during storage, predicted values for survival at each storage temperature were 

determined at each time t by plugging in Equations 4-4 and 4-5 into Equation 4-6,, where Nf is 

the bacterial numbers after freezing. 

)T0466.0(163.1

T 10               (4-4) 

49325.0T01524.0T00025.0 2

T            (4-5) 

49325.0T01524.0T00025.0

)T0466.0(163.1ft10

2

10

t
NlogNlog












             (4-6) 

The predictions for inactivation during storage obtained through Weibull kinetics resulted 

fairly accurate as shown in Figures 4-17, 4-18, and 4-19.  

Next, assumption 2 was tested: if survival of Vibrio vulnificus depends only on the storage 

temperature, then model parameters that are a function of temperature should be statistically the 

same at the same storage temperature. Therefore, α-values from the three experiments stored at -

10°C were analyzed. Mean α-values were not significantly different (α=0.005), showing that 

survival of the Vibrio vulnificus only depends on storage temperature. 

 

 

Figure 4-17. Weibull isothermal inactivation during storage at -80°C. α=366.23, β=0.87. 
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Figure 4-18. Weibull isothermal inactivation during storage at -35°C. α=2.94, β=0.30. 

 

 

Figure 4-19. Weibull isothermal inactivation during storage at -35°C. α=0.20, β=0.37. 

Table 4-6.  Weibull non-isothermal analysis 

Freezing Temperature (°C) Storage Temperature (°C) Mean α-value 

-80°C -10°C 0.2102 a 

-35°C -10°C 0.2613 a 

-10°C -10°C 0.2458 a 

Means with the same letter are not significantly different (α= 0.05). 
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Peleg kinetics 

Peleg isothermal analysis of survival data during storage for each triplicate of each 

treatment yielded β- and n-values, as shown in Table 4-7. Analysis of β-values resulted in 

k=0.0275 and Tc=-34.52. Fr-80/St-80 set 3 resulted in an outlier, therefore was removed from the 

analysis. 

Table 4-7.  Peleg isothermal analysis 

Freezing 

Temperature (°C) 

Storage 

Temperature (°C) 
Set number β-value n-value 

-80°C -80°C 

1 0.18481 -0.24176 

2 0.09778 -0.00821 

  3* 0.00883 0.87584 

-35°C -35°C 

1 0.75475 0.23895 

2 0.60811 0.28463 

3 0.62315 0.27603 

-10°C -10°C 

1 1.90462 0.4058 

2 2.00812 0.20271 

3 1.4025 0.48917 

*Outlier 

n  was found to be best described by n-10=1.7718, since n-values showed less variability at 

the mentioned temperature. However, upon testing the model, it became evident that n-values 

would be best described by relating it to temperature through a linear equation (Figures 4-20).  

 

 

Figure 4-20. N-values vs. temperature 
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Using k and Tc, Equation 4-7 was used to determine βT for each storage temperature. nT for 

each temperature was determined using Equation 4-8. Knowing the initial number of Vibrio 

vulnificus during storage, predicted values for survival at each storage temperature were 

determined at each time t by plugging in Equations 4-7 and 4-8 into Equation 4-9, where Nf is 

the bacterial counts after freezing. 

  52.34T*0275.0

T e1ln              (4-7) 

4672.0T0071.0nT                  (4-8) 

  4672.0T0071.0)52.34T*(00275.0

f10t10 t*e1lnNlogNlog              (4-9) 

While Peleg kinetics did a fairly good job of describing inactivation during storage at -

35°C, as shown in Figure 4-22, it became evident that inactivation prediction during storage at -

10°C and -80°C was inadequate. In fact, Peleg predicts that with time, storage at -80°C will 

cause an increase in the bacterial population. Obviously, this is false (Figures 4-21 and 4-23). 

 

 

Figure 4-21. Peleg isothermal inactivation during storage at -80°C.  β=0.34, n= -0.10. 
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Figure 4-22. Peleg isothermal inactivation during storage at -35°C. β=0.10, n=0.22. 

 

 

Figure 4-23. Peleg isothermal inactivation during storage at -10°C. β=1.05, n=0.40. 

Inactivation During Freezing 

Table 4-8 shows log10 of initial counts before freezing (No), log10 of counts after freezing 

(Nf), and the corresponding log10 reductions. Average log10 reduction was calculated along with 

the standard deviation. To obtain a conservative constant for describing the inactivation of Vibrio 

vulnificus during freezing, the standard deviation was subtracted from the average log10 
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reduction (Equations 4-10, 4-11, 4-12). Note that it was previously determined statistically that 

inactivation due to freezing is not significantly different among the three temperatures. 

Table 4-8. Inactivation during freezing 

Freezing 

Temperature (°C) 

Storage 

Temperature (°C) 
Log10 No Log10Nf Log10 reductions 

-80°C -80°C 

8.03 6.36 1.66 

8.03 6.95 1.08 

7.58 5.93 1.65 

-80°C -10°C 

7.58 5.93 1.65 

7.94 6.36 1.58 

7.87 6.32 1.55 

-35°C -35°C 

7.64 6.24 1.40 

7.94 6.40 1.53 

7.81 6.38 1.44 

-35°C -10°C 

7.81 6.38 1.44 

7.80 5.24 2.56 

7.51 5.28 2.24 

-10°C -10°C 

8.23 7.31 0.91 

7.45 5.69 1.76 

7.76 5.75 2.00 

 

Average log10 reduction = 1.63          (4-10) 

Standard deviation = 0.41          (4-11) 

Average log10 reduction – Standard deviation = 1.22       (4-12) 

Therefore, inactivation during freezing can be described through Equation 4-13, regardless 

of the freezing temperature. 

22.1NlogNlog o10f10            (4-13) 

Final Inactivation Model 

Combining the inactivation kinetics during storage as described by the Weibull model 

(Equation 4-6) and the inactivation during freezing (Equation 4-13), the final inactivation model 

is described by Equation 4-14. Figure 4-24 shows the experimental values from the five 
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treatments (Fr-80/St-80, Fr-80/St-10, Fr-35/St-35, Fr-35/St-10, Fr-10/St-10) and the values 

predicted by Equation 4-14. 
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)T0466.0(163.1o10t10

2

10

t
22.1NlogNlog












       (4-14) 

 

 

Figure 4-24. Inactivation model and experimental data 

Analysis of Residuals 

Table 4-9 shows log10 experimental values and log10 predicted values, as well as the 

residuals values. Note that time 0 days corresponds to the values after freezing. A plot of 

residuals against predicted values is shown in Figure 4-25. 

Residual values above 0 result when the prediction of surviving microorganisms was lower 

than the experimental value, which is undesirable for an inactivation model. Analysis of 

residuals showed that all residual values are below 0.20, indicating that whenever inactivation is 

overestimated, it’s very close to the real value. On the other hand, negative residuals values 
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represent when the prediction of surviving microorganism was greater than the experimental 

value. Figure 4-25 shows several occasions in which the inactivation was underestimated, 

however this results in a more conservative approach, which is desirable for inactivation models. 

The lowest residual value was -1.50. 

Table 4-9. Comparison between experimental and predicted values 

Freezing 

Temperature 

(°C) 

Storage 

Temperature 

(°C) 

Storage 

Time 

(days) 

Experimental 

values 

(log10) 

Predicted 

values 

(log10) 

Residual 

-80°C -80°C 

0 6.60 6.70 -0.10 

7 6.47 6.67 -0.20 

14 6.59 6.65 -0.06 

21 6.45 6.62 -0.17 

28 6.51 6.60 -0.09 

35 6.53 6.57 -0.05 

42 6.44 6.55 -0.11 

-80°C -10°C 

0 5.80 6.60 -0.80 

3 3.19 3.91 -0.72 

6 2.30 3.14 -0.84 

9 1.12 2.58 -1.46 

-35°C -35°C 

0 6.35 6.59 -0.25 

7 5.27 5.33 -0.06 

14 5.01 5.08 -0.07 

21 4.91 4.91 0.01 

28 4.62 4.77 -0.15 

35 4.74 4.66 0.08 

42 4.66 4.56 0.10 

-35°C -10°C 

0 5.01 6.51 -1.50 

3 2.74 3.82 -1.08 

6 2.12 3.05 -0.92 

9 2.34 2.49 -0.15 

-10°C -10°C 

0 6.86 6.71 0.15 

3 3.80 4.02 -0.22 

6 3.16 3.24 -0.08 

9 2.85 2.69 0.16 

12 1.30 2.24 -0.94 
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Figure 4-25. Residuals vs. predicted values 
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CHAPTER 5 

CONCLUSIONS AND FURTHER STUDIES 

Conclusions 

Freezing Studies 

There are many variables affecting the survival of Vibrio vulnificus during freezing. In 

these experiments, several factors have been studied by submitting pure cultures of the bacteria 

to freezing, thawing, and frozen storage treatments.  

By comparing two bacterial counting methods, it was determined that submitting Vibrio 

vulnificus to freezing conditions does not result in injured cells; cells will either die or retain their 

ability to form colonies. However, there is a possibility that the bacteria entered the VBNC state, 

which needs to be further investigated. 

When submitting Vibrio vulnificus to freezing treatments there is a reduction in bacterial 

survival, regardless of the freezing temperature. This suggests that the temperature of freezing 

does not have an effect on the survival. Likewise, different thawing temperatures showed no 

significant differences between bacterial counts. Whether the reduction occurs during freezing or 

thawing remains unclear, but it can be suggested that occurs due to intracellular ice formation.  

Analysis of storage data revealed that storage temperature has a significant effect on the 

inactivation rate and will ultimately define the survival of Vibrio vulnificus. Storage of the 

bacteria at different temperatures revealed warmer temperatures are most lethal to the bacteria.  

Colder temperatures show slower inactivation rates. In addition, when storing Vibrio vulnificus 

frozen at different temperatures in the same storage temperature, similar inactivation rates were 

observed. These results suggest that temperatures that allow a faster rate of crystal growth during 

storage are more lethal for Vibrio vulnificus. However this circumstantial evidence needs to be 

confirmed by electron microscopy. 
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Finally, an analysis of the overall effect of the freezing treatments on Vibrio vulnificus 

showed that the reduction caused by changing frozen samples to a different temperature for 

storage caused an additional reduction in survival. However, only a change from colder to 

warmer frozen storage was studied. Nevertheless, these results suggest that the crystal growth 

caused while samples were warming up caused the increased lethality of the treatments. 

Inactivation Model 

As recognized by several authors, first order kinetics was not suited for describing the 

reduction of all bacterial populations, and certainly not Vibrio vulnificus during frozen storage. 

Peleg inactivation kinetics also failed to predict adequately the inactivation of Vibrio vulnificus, 

regardless of trying to fit the non-temperature dependent n-value to temperature. 

The model developed to describe the inactivation kinetics of Vibrio vulnificus during 

freezing and frozen storage was found to be a combination of a constant for describing the 

reduction during freezing, and an adaptation of the Weibull model for describing the reduction 

during frozen storage. Unlike conventional Weibull kinetics, this study showed that, in case of 

Vibrio vulnificus, not only α but also β should be a function of temperature. In our case β is best 

described through a quadratic equation. 

Further Studies 

Like many other studies, these results answer some questions regarding the inactivation of 

Vibrio vulnificus with freezing and frozen storage, but also raise several others.  

While the existence of a VBNC state in Vibrio vulnificus may always be debatable, it is 

very important to examine that possibility in future studies. Oliver and Bockian (1995) reported 

that VBNC cells were still capable of causing illness and death, therefore two things should be 

taken into consideration. The first one is to determine if Vibrio vulnificus enters the VBNC state 

during freezing or frozen storage. The second one is to determine if cells already in the VBNC 
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state are inactivated by the mentioned treatments. If one of these possibilities is true, then they 

must be included in the inactivation model presented in this work. 

This study presents circumstantial evidence of Vibrio vulnificus inactivation due to 

intracellular ice crystal formation and growth. Observation of cells after freezing and at different 

points of the storage will confirm these claims. Transmission Electron Microscopy (TEM) will 

allow a detailed analysis of cell membrane and organelles, as well as the identification and 

measurement of intracellular ice crystals. 

The initial ice crystal size is mainly defined by the freezing rate, or the length of the phase 

change step in the freezing process, not by the freezing temperature. By submitting sample vials 

to different freezing rates at the same freezing temperature, the role of these two variables in the 

inactivation of Vibrio vulnificus can be isolated. Survival data and TEM observation will allow a 

better understanding of the mechanism of damage during the freezing process.  

As discussed by many authors, Vibrio vulnificus is able to adapt to cold temperatures when 

submitted to temperatures around 15°C for a few hours (McGovern and Oliver 1995; Bryan and 

others 1999). This adaptation can be elucidated by submitting the bacteria to freezing treatments 

and frozen storage temperatures. Through TEM analysis, the physical response of the bacteria 

and their ability to survive these treatments can be observed. If the reason for inactivation Vibrio 

vulnificus during freezing and frozen storage is in fact intracellular ice crystal growth, then cold-

adapted bacteria capable of a better survival should show decreased intracellular formation. 

Regarding the model development, models should be validated under conditions different 

from the ones used to build them. While the model presented in this study accurately describes 

the inactivation of Vibrio vulnificus, as shown by the residual analysis, an appropriate validation 

should be conducted.  
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Finally, the model presented in this work was developed with vials of pure cultures. This 

model should be tested and adapted to describe the inactivation of Vibrio vulnificus in oysters, 

considering additional variables, such as size and shape of the oysters.  
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APPENDIX A 

SURVIVAL DATASETS 

Section A 

Table A-1.  Survival datasets from Section A 

Freezing 

Temperature 

Initial Counts by 

direct plating 

(CFU/ml) 

Thawing at 30°C Thawing at 4°C 

Direct plating 

(CFU/ml) 

Most probable 

number 

(MPN/ml) 

Direct plating 

(CFU/ml) 

Most probable 

number 

(MPN/ml) 

-80 

1.55E+08 1.75E+07 8.93E+06 5.27E+07 1.25E+07 

1.07E+07 1.24E+07 4.38E+07 6.88E+06 1.25E+07 

1.60E+08 8.28E+06 3.63E+06 1.46E+06 2.30E+06 

-35 

6.90E+07 3.42E+06 6.97E+06 1.16E+06 2.03E+06 

5.30E+07 3.00E+05 6.53E+05 2.45E+05 1.84E+05 

1.27E+08 7.98E+05 1.38E+06 1.32E+06 1.16E+06 

-10 

5.30E+07 2.38E+06 2.15E+06 4.68E+06 4.60E+06 

1.69E+08 2.38E+06 2.41E+06 1.83E+06 4.05E+06 

1.13E+08 5.93E+06 9.10E+03 2.55E+06 3.60E+03 

 

Section B 

Table A-2.  Survival datasets from Section B 
 Fr-80/St-80 Fr-35/St-35 Control 

 Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 

Initial 1.06x10
8
 1.07x10

8
 3.80x10

7
 4.35x10

7
 8.65x10

7
 6.50x10

7
 6.15x10

7
 5.65x10

7
 1.68x10

8
 

0 days 2.31x10
6
 8.83x10

6
 8.50x10

5
 1.74x10

6
 2.54x10

6
 2.38x10

6
 5.25x10

7
 5.18x10

7
  

7 days 1.88x10
6
 5.97x10

6
 1.00x10

6
 1.07x10

5
 2.19x10

5
 2.33x10

5
 3.53x10

7
 4.60x10

7
 4.05x10

7
 

14 days 2.67x10
6
 8.18x10

6
 7.08x10

5
 6.90x10

4
 1.53x10

5
 8.32x10

4
 1.59x10

7
 1.42x10

7
 1.22x10

7
 

21 days 1.74x10
6
 6.03x10

6
 6.43x10

5
 5.32x10

4
 8.89x10

4
 1.04x10

5
 5.73x10

6
 3.50x10

6
 1.66x10

6
 

28 days 1.48x10
6
 7.70x10

6
 4.97x10

5
 2.90x10

4
 3.85x10

4
 5.78x10

4
 2.82x10

6
 1.76x10

6
 7.48x105 

35 days 2.10x10
6
 7.47x10

6
 5.18x10

5
 3.32x10

4
 7.28x10

4
 5.77x10

4
 2.06x10

6
 1.76x10

6
 1.17x10

6
 

42 days 2.03x10
6
 5.75x10

6
 5.65x10

5
  4.84x10

4
 4.40x10

4
 2.12x10

6
 9.73x10

5
 1.53x10

6
 

 

Section C 

Table A-3.  Survival datasets from Section C 
 Fr-80/St-10 Fr-35/St-10 Fr-10/St-10 

 Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 

Initial 3.80x10
7
 8.70x10

7
 7.40x10

7
 6.50x10

7
 6.35x10

7
 3.25x10

7
 1.68x10

8
 2.82x10

7
 5.70x10

7
 

After 

freezing 
8.50x10

5
 2.28x10

6
 2.10x10

6
 2.38x10

6
 1.73x10

5
 1.89x10

5
 2.06x10

7
 4.94x10

5
 5.67x10

5
 

0 days 3.32x10
4
 1.63x10

6
 2.21x10

5
 1.65x10

5
 7.98x10

4
 6.55x10

4
    

3 days 2.50x10
2
 2.09x10

3
 2.31x10

3
 1.00x10

3
 4.40x10

2
 2.20x10

2
 1.51x10

4
 1.53x10

3
 2.18x10

3
 

6 days 5.00x10
1
 2.80x10

2
 2.70x10

2
 3.48x10

2
 2.00x10

1
 3.00x10

1
 3.43x10

3
 6.40x10

2
 2.75x10

2
 

9 days 0 1.00x10
1
 3.00x10

1
 2.20x10

2
   2.10x10

3
 0 4.00x10

1
 

12 days       2.00x10
1
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APPENDIX B 

STATISTICAL ANALYSIS 

Freezing Studies 

Table B-1.  Statistical analysis of the effect of counting methods on bacterial counts, Section A. 

A) ANOVA.  B) Means. Method 1: direct plating, Method 2: MPN.   

A)

 

 

B)
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Table B-2.  Statistical analysis of effect thawing temperature (°C) on bacterial counts, Section A. 

A) ANOVA. B) Means by freezing temperature. C) Means by thawing temperature. 

A) 

 

B)
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C) 

 

Table B-3.  Statistical analysis of effect of freezing temperature (°C) on log10 reductions, Section 

B and C. A) ANOVA. B) Means 

A) 
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B) 

 

Table B-4.  Statistical analysis of effect of storage temperature (-35 and -80°C) and time (days) 

on log10 reductions, Section B. A) ANOVA. B) Means by time in days. C) Means by 

temperature. 

A) 
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B) 

 

C)
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Table B-5.  Statistical analysis of effect of storage temperature (-35 and -80°C) on log10 

reductions when considering each time-temperature a separate treatment, Section B. 

A) ANOVA. B) Means. A=Fr-80/St-80°C, C=Fr-35/St-35°C; numbers represent 

storage time in days. 

A)  

 

B) 
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Table B-6.  Statistical analysis of effect of freezing temperature (°C) and storage time (days) at   

-10°C on log10 reductions, Section C. A) ANOVA. B) Means by time in days. C) 

Means by temperature. 

A) 

 

B) 
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C) 

 

Table B-7.  Statistical analysis of effect of freezing temperature (°C) on log10 reductions  when 

considering each time-temperature a separate treatment, Section C. A) ANOVA. B) 

Means. B=Fr-80/St-10°C, D=Fr-35/St-10°C, E=Fr-10/St-10°C; numbers represent 

storage time in days. 

A) 
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B) 

  
Table B-8.  Statistical analysis of effect of storage temperature (°C) and one week of storage on 

log10 reductions, Section B and C. A) ANOVA. B) Means.  

A) 
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B) 

 

Table B-9.  Statistical analysis of cumulative effect of freezing and storage temperature (°C) and 

one week of storage on log10 reductions, Section B and C. A) ANOVA. B) Means. 

A= Fr-80/St-80°C, B=Fr-80/St-10°C, C=Fr-35/St-35°C, D=Fr-35/St-10°C, E=Fr-

10/St-10°C; numbers represent storage time in days; change to storage at -10°C. 

A) 
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B) 

 

Inactivation Model 

Table B-10.  Statistical analysis of the temperature dependent parameter Alpha for the Weibull 

model for inactivation during storage. A) ANOVA. B)Means.  

A) 
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B) 
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